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ABSTRACT

EFFECT OF LOADING SPAN ON TENSILE MODE F RACTURE
TOUGHNESS FOR THREE-POINT BEND SPECIMEN GEOMETRIES

Kar at a,Cerdhat an
Master of ScienceMining Engineering
SupervisorProf. DrLevend Tutl uoj |l u

January 2020143 pages

Straight notched disk bending specimen geometry has a potential to find size

independent mode | fracture toughness, since the thickness of the disk loaded by three
point bending can be increased. Increasing the thickness and decreasing the loading
span ofbending reduces the severe bending action at the notch tip and a pure tensile

mode stress state can be achieved at and ahead of the crack tip.

3D finite element program (ABAQUS) was used fmmputing the stress intensity
factors by numerical modelig of circular disk geometry (SNDB)Modeling
procedure andtress intensity computatiomork were verified by 3D modeling of
square plate and semircular bendgeometriesunder thregoint bending loadand

comparing the SIF results to tredevant analytal solutions of these two geometries

Tensile mode fracture toughness tests were conductadtohed circular plate type
disk and semcircular diskandesiterock specimens. Tests were carried out under
threepoint bending load€).5 mm wide notchesrpviding a crack length/radius ratio
of a/R=0.20 were machined to the specimens by a sasdeM fracture toughness
test were performed on straight notched disk bending (SNDB) disk specimiens
thicknesses 50 mm and 60 mhoading spans were varied betwie¢0 mm and 90

mm corresponding to span/radius ratioS@%=0.40 to 0.90. Using the sarafRand



S/Rconfigurationsthreepoint bend testwere conducted witithe ISRM suggested
semtcircular bending (SCB) core specimen geometry for comparison puriisBs.
tess were conducteavith 50 mm thicknesss suggested Ankar a G°Il bakeée And

rock type was used in botést series.

Mode | fracture toughness val uelk=189 Ankara G
0 0 ¥4 and Kic=1.23 0 0 @& for 60 mm and 50 mm thickness SNDB test
specimensrespectively. In comparison, mode | fracture toughness value was found

asKic=0.930 0 {d& for the tests with SB specimen

The significanbbservations K|c increasesvith decreasingpan length for SNDBrail

SCB specimens. Another obsation isthe mode | fracture toughnesslue increases

with increasing specimen thickness for SNDB. A tendency to the size independent
fracture toughness value of 1.53 (G was observed as the result of the curve

fitting process on the available test data.

Keywords: Mode | fracture toughness, Mode | stress intensity factor, TPogast
bending, SNDB, SCB, Circular disk geometry, S&ircular disk geometry
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Oz

! ¢ NOKTALI EJME ¥RNEK GEOMETRK®@DERK K¢KN
¢CATLAK TOKLUJU ! ZERKNDE DESTEK ARALI K M
ETKKSK

Kar at a,Cerdhat an
Yuksek LisansMaden M¢hendi sl ifJi
Tez DanRd.brakreévend Tutl uoj | u

Ocak 2020143sayfa
Duz centikli diske ] mfer nefj i geometrjemeem, mbdyut tkaé
tokl ujunu bul ma pot ans.ieyjeillilengklenenddaskin, - ¢ Nk
kal énl éjé& arttéréelabilir. Kal enl & én ar
azal tel masé, -eefi bhmeeuerdaki kezudadh&eer i v e
oninde safekmemodu ger i |l me durumuna ul akél abil/
Dairesel di sk geometri sinin ( SNDB) sayeé
faktorl erini hesaplamak i-in 3D sonlu el

Model |l eme prosedyrhesapbamas-gbeumbURTr e,
dairesee j igmometril erinin ¢- nokta ejil me yg¢k
sonu-I|l arénén b u ki geometrinin Plhgi |

dojrul anméxkter.

Diuz centikli daireseplaka t i p i di sk ve yareé dairesel
czerinde -ekme modu keéreélma tokluju test
yiklerial t eénda ger aBk|l @k20'Tliil kmi it i r-atl ak uz
sajl @mm gendaliégmnmmi kl er bir testere ile
kerélma tokluju testleri, 50 elimfmM&MEB) 60 mm

di sk °rnekl ermimkdte rg e rY-¢ekkblRerke0 iad 02lkilléak | Oa. r9e0
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a-éekléek /T reamékapkeld @kl geerl esné Mmda mdre Ji il kmi9Ot imnr
alRveSIRkonfig¢grasyonl aré kull aneéel ar ak, kar kel a

°nerilen gamMéeéSCBgi rreekdlrdek numunejgneometri si

testl eri yapéelmekt ePnersCHBIi jtiestgi bi 50 mm
ger-eklexktirilmiktir. Her i ki t est serisin
kull anél mékteéer .

Ankara G°l baké Andezit Mo d I keréel ma tokI u
kal énl eéf énda SNDB t esK=1890mwd aldKd=123i - i n sér a
OD0@ ol arak bulunmuktur. Buna karkélék, SCB n

| kérél ma KmoeOKkOBiwj@ otddaj aki bul unmuktur .

SNDB ve SCB numunel eri i - Kenarda z2xlebim® nae-md k| ék
g6zlemdir Bakka bir g%zl em, SNDB i -in artan num
tokluju dejerinin artmaséeéedeyumlMevejurti tatsa may
i Kl eminin bir sonucu ol ar ak, b ody0uddt an baj é&ms

olarakg ®° z | enmi Kkt i r .

Anahtar KelimelerMod | - atl ak tokl uj u, MNdkt alger il me

ejme, D¢z -entikli disk geometrisi, Yaré dai
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CHAPTER 1

INTRODUCTION

1.1. General Remarks

Structures and relent materials have little and/or large flaws and defects as cracks,
micro voids, etc., since they are not perfectly continuous and homogé&mmyging

their size and shape and whether they can propagate under a particular loading
configuration is essentifecausehtese defectaffect strength of the structair parts.

The traditional design of structural parts is based on the ultimate strength or yield
strength. However, small cracks and defects may propagate violently under a
particular combination of cck length and loading configuration before a yield point

is reachedThe fracture mechanics assesi§ these smaldefects will propagate in a
stable or unstable manner.idtone of the branches mechanics which is about the
progressing of cracks undepplied loads in materials. Fracture ananics is an
important tool to determin¢he driving force on a crack and to characterize the

strength to fracture

The strength of any structure or structural part decreases due to the existence of the
cracks. Theredictions about the rate of the crack growing and rate of the decreasing

strength of the structure are aims of the fracture mechanics.

Fracture mechanics comprise different various fields such as applied mechanics,
engineering, etdzach fidd containsa process in itself. For instance, analyses of the
load and crack tip stress is asue of the applied mechani&resses tend to infinity

at the crack tip leading to a mathematical singularity in stress expressions. Depending
on the loading configurain and the crack length, the size of the singulatasninated

zone at the crack tip chang@zutput of stress analysis yields the stress intensity factor

which controls the size of the cragh singularitydominated zond=racture toughness



and critical energy release rate are essential material parameters controlling a
particul ar mat er i alaodspecific loadindg condionGragks a n ¢ e
require more potential energy to propagate and form new surfaces. By knowing the
fracture toughness or tidal energy release rate, surface energy to form new surfaces

can be estimated.

Science and engineering disciplines make use of fracture tougMessuringthe
toughness of cancellous bone is one of the examples of area related to the science of
the maerials and medicglCook, 2005). In Civil Engineeringn example use is in
characterizing the resistance to cracking of asphalt mixtures (Li et al., 2004).
Aerospace Engineering uses to investigate crashes such as failthg éioha

Airlines Boeing 73tue totheseveral cruciatracks (Banks, 2003).

In Geological and Mining Engineering, analyzing fmdure rock mass behavior
(Szwedzicki, 2003), rock cutting and breaking, hydro fracturing can be counted among
the applications employing the fractucaighness and fracture mechanicsie of the
applications of the rock fracture mechanicglenning structures of rodio prevent

or minimize theexistence of théractures or growingof cracks.
1.2.Brief History About Fracture Mechanics

Since ancient timeshtoughout humanity application fields of metals has been
increases with the delopment skill of metalworkingTherefore, unforeseeable
failures occurred sometimes due to the fact that the behavior of the structures which
were built with these materials wld not be predicted correctlyn the nineteenth
century, lots of accidents and casualties occurred because of the increasing use of
metals. Two hundred people died per year in Great Britain between the years 1860
and 1870 because of railway accidemsogk, 2012)Fractuing of wheels, axles or

rails had led to these accidents.

The shortcoming of structures which have-exesting flaws could commeearacks
and brittle fractures.These cracks, brittle fractures and insufficiginbcture

mechanicsaseddesign of structures caused many disastetise past

unde



During World War 11,2700 Liberty Shipswere made to be used in the war. Ten of
these shipsunkby splitting into twoin Alaska.Serious fracturing was observed for
around400ships.90 of them wes consideredritical. (Anderson, 1991)Figure 1.1,
shows one of the liberty ships which were broken into two piddesearches have
shown that there are three main factors that causse finacturing event3he first

one isthe welds containing craskwhich were produced by lelabor force skills.
Another important factor is that several of the creatlsted on theharp cornerdue

to highlocal stresscondensation. The last factor is that Liberty ships were built by

using the steel which had safeoegh yield strength but poor fracture toughness.

Figure1.1.f6 S ¢ h e n ethetskpdhatdoroke into twdRetrieved from
metallurgyandmaterialwordpress.comn

Analyzing and identifying the causes of fracturing events, the remaining Liberty ships
were strengthened with some reinforcements in the hatch corners. Furthermore, extra
steel plates which lgghigh toughness were clinched to the decksoates strategic

locations of the Liberty ships.

I n 195006s, Comet airplanes were popul ar

Comet burst in minutes in their dter afew yearsof service As a result of the


https://metallurgyandmaterials.wordpress.com/

explosion, it was broken into the number aqes and all passengers and crew of the
cabin diedResearchers found that squalaped fuselage windo@sornerscaused
excess stress accumulatiqiigure 1.2) Corners have similar singular stress
distributions like crack fronts due to the sharp cumed. In addition the material in
which aircraft were madbad defects andould not endure long flight©ver the
years, Comet could not withstand the internal cabin pressareit exploded

eventually

Forward Port escape Hatch

Figure 1.2. Main failure origin on Comet3/ithey, 1997)

The Aloha Airlines Boeing 737 airplane failed because of the fatal cracks (Figure 1.3).
In 1988, Boeing 737 of the Aloha Airlines Flight 243 was making the flight fidm

Island, Hawaii to Honolwi. The upper part of thplane was scratched out frdime

center part of theabin because of the pressure of the cabin andethts the belly
landing.59 passengers were injured and one person in the crew died in this disaster
(Jones, R., Molent, L., &itt, S., 1999)



Figure 1.3. Aloha Airlines flight 243 fuselage failur@etrieved fromaerotime.aro)

The investigations which were made after the disaster shineszglwere major cracks
on the support beams under the floor @nel panels of theabin area. Multiple
interacting crackbad caused failing of th&loha Airlines Boeing 737 airplane

Fracture mechanics is a cruciabl for mining engineers in order to handle problems
which are rock slope stability analysis, design of the underground opening, dust
control of the coal mine, fragmentation of the rock by blasting and cu8nggh, R.

N.,& Sun, G., 1990).The rock materials and some combinations of the rock materials
have generally flaws and fracturddock mas surroundingome structuresf the
mining which are shaftgransportatiorgalleries, production chamlseretc. possess

such faws and fractures. Rock masses have discontinultesrock strength and
redistributions of the stress when the rocks are fractured are controlled by these
discontinuities.This is one of the vital problem for rock mechani€snsidering all

this, thesgroblems can be handled by applying properly fracture mechanics with rock
mechanics.


https://www.aerotime.aero/yulius.yoma/18542-history-hour-aloha-airlines-flight-243-incident

1.3. Statement of the Problem

ISRM suggestsome methods to assign rock fracture toughness for méag. IThe
method of theshort rod (Ouchterlony, 1988), chevron bgi@lchterlony, 1988),
crackedchevron notched Brazilian digShetty et al., 1985nd semicircular bending
(Chong and Kuruppu, 1984re some of thennfortunately performing fracture
tests withsome of thesenethods isvery difficult due to the difficulies in sample

preparation and testing procedures

Mode | fracture toughness of theckscan be measured in a simpler way by using
core specimens, since these are available from borehole investigations. Two simple

core specimen geometries and testing oathare adapted here.

Pure tensile modfeacture toughness tests will benductedvith straight notched disk
bendng (SNDB) specimerand semicircular disk bend (SCBypecimeno assigrKic

of the rocks. Loading will be generated by thrgeint bending otthe disks. Main
specimen geometry used in this work is circular plate type core disk named as SNDB.
Results of mode | fracture toughness tests with SNDB geometry will be compared to
the results of the tests with ISRM suggestethicircular bending (SCB$pecimen

geometry.

In the related previous work, the loading span length was kept limited to measure
mode | fracture toughnessith threepoint bend specimen geometries. Relatively
narrower spans are planned to be used in this work in addition to aamde of
various spans used befor@pplicability of core disk test specimens and their
performance on assignitg. of rocksare challenging areas in rock fracture mechanics
because specimen size is restricted wghcimen thickness and core diameter. The
effect of the varying loading span and the effect of the changing specimen thickness
with corebased specimens on the mode | fracture toughness under-adimekend

loading condition should be investigated.



1.4.Objective of the Study

The main objectivefahis thesis is to assignode | fracture toughness of an andesite
rock specimen geometrynder three point bendirlgad. Two specimen geometries
and methods are adopted for this purpose. Thesstraight notched disk bending
(SNDB) test method ansemicircular bending (SCB) test methaa circular disk

shaped rock and seraircular disk shaped rock specimens.

Theaim of the study covers thavestigation of the effect of varying loading span on
Kic with two core specimens and this investigation is mpéahto be carried out here
with the SNDB and SCB geometries under tipeat bending. Another investigation
IS to observe the effect of changing thicknesK@nfor the SNDB geometry. The
purpose is to try to reach a size independent tensile mode &#mtighness, suffering

minimum from the plastic zone ahead of the crack tip
1.5.Methodology of the Study

Numericalandexperimental workor threepoint bending test specimens compose the
methodology of this studyrthe numerical computation of SIF in the netxlwas done

by ABAQUS 2019, which is a licensed software package of the METU computer
center in this studyCircular disk geometrySNDB) and senicircular disk geometry
(SCB)were modeled in three dimensional (3B}h ABAQUS. The stress intensity

factors of SNDB model geomegrhaving different crack length were compared results

to the previous work of Kelek&Tutluojlu
10 mm crack length was selectede inserted to all SNDB model geometries

Numerical computation wagonein two-stageas before and after the experimental
study. The first stagef the numerical computation was dotee define loading
configuration at the crack tif.o reach this aim, the unit load was applied to the model
geometry.The loading ondition was formedby three different pointsThe second
stage was done later study of the experimeiahis stage, fracture loa@dequired
from experimental workvere applied to the numericaloatels created before.



The mode | fracture toughness was computed for grey Ankadasi@ rock
specimensPreparation of the andesite specimens and testing work compose the
experimental studyln testingprocess rock testing machine (MTSyas usedIn
experimental stug 81 fracture toughness tests were conducted. The number of SNDB
teds were 54. The remaining tests were performed with SCB spegewnetris.
Experiments were carried out with displacement control by the software which is

namedasMTE Series 793 Control Sof twar e.

Mode | fracture toughness of thendesite rockcomputedby straight notched disc
bending (SNDB) test werecompared withresults of theK,c from semicircular
bending (SCB) test The analysis of the size effect & was done with SNDB
specimen geometry. The effect of the varying span leogii. was invesigated with
two corebased specimen geometries. Finaltyess analsis wasperformedalong the
pathsahead otfhe crack tidfor SNDB and SCB test specimens compardtiécextent

of thepossibleplasticzoneunderthreepoint bend loadingondition
1.6.Sign Convention

In mechanic studies, if the direction of the stresses, displacements, and forces is
compressive, the sign is takaegatively On the other hand, if the direction of the
stresses, displacements, and forces is tensile, the sign is takerepogitowever,

the rules are vice versa in the study of rock mechanics. It means that the sign of
compressive of the stresses, displacements, and forces are taken positively while the
sign of tensile of the stresses, displacements, and forces are takiarehedde sign
convention of the ABAQUS is the same with general rules used in the study of the
mechanicsAs we know, general Cartesian coordinate system is shown by x, y and z.
ABAQUS points out them as 1, 2 andNoreover, the sign of the stress iméy

factor in mode I(K)) is taken positively when tending of the crack is in opening
direction otherwise it is taken negativéRigure 1.4)



Figure 1.4. Sign of the stress intensity fac{or for model geometry of the SNDB and crack
opening direction

1.7.0Outline of the Thesis

In Chapter lhistory of thefracture mechanics is giveshortly. Also, some general
remarks related to fracture mechanics are given. Furthermore, statement of the
problem, objective and methodology of the study and sign convention of finite element

package program are given in this chapter.

In Chapter 2information about theundamentals of the fracture mechanics for brittle
materialsare given. Meaning and scope bétlinear elastic fracture mechanics are
discussed. It includes fracture modes, stresses and displacanoemdthe crack tip

for mode I. This chapter contains definition of the stress intensity fagtdaegral and
fracture toughness. In addition tod, fracture mechanicapplication areaaregiven
Hydraulic fracturing, rock blasting and drilling, rock excavation, crushing and

grinding processes in mineral processing discussed in this section.



In Chapter 3ISRM suggested methods and beasting methodor mode | fracture
testing are given. Specimgeometries fothese tests and analytical expressions for

calculation of stress intensity factor of themegiven

In Chapter 4, information about software program of ABAQUS is given. Verification
examples with threpoint bending plate and SCB geometiye given. Numerical
modelling of the SNDB specimen are presented. Results fromerical study

performed on mode3IF are given

In Chapter 5experimentalvorks and results to determine mechahpraperties of
andesite are give.esting machine anasing other equipmeiatregiven. Rocedures

of testesarediscussed.

In Chapter 6, fracture tests performed with SNDB and SCB specimen are presented.

Results of the mode | fracture toughness obtairaed fracture testare given.

In Chapter 7the analyses of thdfect of the size andffect of the loading span &
given Kicobtained from SNDB tests and SCB tests are compahektress analyzes

of SNDB and SCRjeometriesare presented.

In Chapter 8, conclusions of thesis are given. Some recommendations are given for

future work.
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CHAPTER 2

FRACTURE MECHANICS

2.1.Fundamentals of the Fracture Mechanics for Brittle Materials

Griffith is the one of the most important people in the fields of frache@hanics. He

was the pioneer of the studies of fractul
which is about calculating the stress concentrations around elliptical holes to estimate
fracture strengths (Roylance, 200Inglis (1913)previously stuged on the stress
concentration around elliptical holdaglis (1913)tried to develop one approach to

foresee the strength of the fracture. Unfortunately, his solutions had some difficulties

by mathematically because the stresses go infinity at thef ttheocrack in the
boundary of the sharp crack (Royl ance, z
reached the theoretical maximum in which the overall stress average was lower.
Furthermore, Griffith studied about the energy balance apprdadhis wok, he

obtained a new relation between surface energy, crack length and applied stress. The
applied stresis inversely proportional tgicd and proportional to ¢ ‘O refers the

energy required to constitute new area of the material suEaeegies are consumed

to form new surfaces due to surfaces contain more energy than a body. Whether a
stretched cracked body remains statigrmarunstable depends on whether the cracked

body contains sufficient energy to form an additional surface in still maintaining
stability (Wang, 1996)If the crack grows, the free surfaces are unloaded and finally,

the strain energy is released. Even tloGriffith has become one of the most famous
developments in materials science, his theory was limited to thelaslyjc and brittle

materials.

In 1957, Griffith Theory of brittle fracture was modified by IrwifYarema, 1996).

Irwin introduced the compt of effective surface energy and used this concept to

11



reformulate the Griffith Theory with regard to singithaiat the crack fronfYarema,
1996).He definedthe term of the stress intensity factor whicluénoted a¥. The
stress intensity factor jgroportional tc, 1. It is called a critical stress intensity
factor which is demonstrated I0 when it attains to critical value. Critical stress
intensity factor is used as a replacement term for fracture toughitr@ss. (1957)
described strain energy rake rate with a different namascrack driving force which

is denoted by . The crack driving force is named as critical strain energy release rate

which is shown a: when it reaches critical limit.

By Wells (1955), facture mechanics analysesreve@ised to show that fuselage in
several Comet jet aircraft the result of fatal cracks reaching a criticalBizeg
1960s, several works were done by different researchers such as Qi§é8aland
Barenblat{1962. They improved models in detail lmkon a narrow tape of yielded
material at the crack tip while the plastic zone correction of the Irwin was a simpler
enlargement of the LEFM (Anderson, 201Wells (1961)studiedaboutopening

displacement at the crack tip.

A new toughness measure whislplastic deformation as nonlinear elastic behavior
was developed by the James Robert Ri®8) According to researches of themes
Robert Ricg1968) the energy release rate may be expressed as-sngagfendent
line integral which is named as Jegral (Anderson, 2017Rice (1968) led the

research of ficture mechanics in the new age by thanks to this approach.
2.2.Linear Elastic Fracture Mechanics

The stress field oiit and aheadf the crackand energy criterion are main crigedn

which Linear E&stic Fracture Mechanics (LEFM) is basddhe relation between the
energy which is required to form new surface and release of the strain energy is
defined by the Energy Balance Criterion. The approximation of the stress intensity
factor which is based odisplacementields and near tip stress was made by Irwin
(1957) Energy balance criterion and stress field approaches can be regarded
equivalent for linear elastic materiaBun & Jin, 2012).

12



LEFM considered materialss elastic, homogenous and isotto\Wang & Duong,

2015)Properties of these materials are independent of time and direction.
2.2.1.Fracture Modes

Normal stress analysis is insufficient to measure the strength of the fragptoredtry
due tostress concentrations formed by cracks. The siresssity factor helps to make

this calculation. It varies according to the loading modes.

There are threfailure modes in fracture mechanics. Thesecatedas mode |, mode
I and mode llI(Figure 2.). The classifications are mainly basedapplying a force

to permita crack to propagate.

LS i e

Mode | Mode 11 Mode 111

Figure 2.1. Fracture modesdhang, Lee & Jeon, 2002)

Mode | is namedsthe tensile opening modkn this mode, the direction of the crack
plane shows crack devg@ment.The crackhasno sheaforceso, there i10 obvious
datafor shear displacement (Backers, 2004)plane sliding or shear modedefined
asmode Il. Crackdriving directionis normalto thefront of thecrackfor modell.

Crack planeextension peallel to the direction of thengar tractionThe third modes
namedasout of plane mode. Shear displacement is acting parallel to the front in the
crack plane (Backers, 200F/urthermore, tiese crack deformations may take place
in any combinationsMixed-mode refers to a combination of the different fracture

modes
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2.2.2.The Stressesand Displacements near the Crack Tigor Mode |

For a linear elastic homogeneous isotropic part, the analytical solutions for the
openingmode stresses and displacements at ackcrtip were developed by
Westergaard (1934) with senmverse method. The relevant stress components for
stress field of the crack tip are shown in Figure 2.2. The distance between the polar
element and the crack tip is shown by distanghich is measwd from the tip. Stress

field near the crack tip is proportional to polar angland pfVii . Stresses have a
singularitypfVi at the crack tip. The coefficient of stress expressions is defined as
stress intensity factor which is shown Ky Three different modes ash0 hv

refer to the modes of theaftture which are defined above

opening

Figure 2.2. Stress components of the linear elastic crack tip stress Aitlohgon, 2015)

The equations to calculate the stresses near the crack tip for mode | arkygive

. —Ai 6 p i i 2.1)
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., M:AT © p i Qi Q& (2.2)
T M:AT i 0t wé i— (2.3)

n bl AGAROAOO

©t, ., Dl AGGOAEIT 2.4)
T L (2.5)
T 11t (2.6)

where;

O  stress intensity factor for mode |
, hormal stress

T shear stress

i distancdrom crack tip

— angle from xdirection

The egiations to calulate the displacements near thack tip for mode | are given

by

6 — —wéE I p ci Q& (2.7)
0 — —{ Q& I p cwéi- (2.8)
0 T (2.9)
I — nNaowedx Qi i (2.10)

o T NaE ©QE
where;

O  stress intensity factor for mode |
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0 displacement component near crack tip
*  shear modulus

i distance from crack tip

— angle fromx-direction

2.3. Stress Intensity Factor

Stress intensity factor is usedfmacture mechanic® foresee thenagnitudeof local
stressesiear the crackip. It definesthe amplitudeof the singularity at the crack tip
(Wang, 1996)Stress intensity factas expressed biL.

Stress intensity factor is a strdsssed measure and it is calculated from the expression

below:
0 LU O Q- (2.11)
where;

,  applied stress

@ crack length
"Q—  correction factor that depends on specimen and crack geometry

0  specimen width

Stress intensity factor may be varied in terms of loadmgfiguration crack e,
crack shape, angspecimen geometrieSome types of stress intensity factor formulas

are given in Figure 2.3

16



(8]
T
—2a__,

— -_—

—2a —» W
e I o

O LU ® R

The crack in an infinite body W

(Wang, 1996) Centre crack in a strip of finite wial

(Wang, 1996)

L ( . VI )

o M
e a__ .
U A a4 w
)] W Q-
0
T T a7 (2)
(8]
01 1.044
O B G U D 05 11
Edge crack in senrinfinite body 2; Ez;
(Wang, 1996) 0:5 1:915

Edge crack in a beatype specimen
under bending

Figure 2.3. Stress intensity faot for different crack type and specimen geomefjWéang, 1996)

To illustrate the concept of stress inten$dgtor, modd stress intensity factors are
computed for a stress=100 Pa an&=0.10 m.r/a is changed and crack tip stress
fields are plottedor varyingr/a in Figure 2.4.

To show the strong beam effedW\=0.5 case is chosen for the SIF of the beam in
Figure 2.4.
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12 —e—PLATE
HALF-PLATE
—=—BEAM f(a/w)=1.50

10

Ki/aZi

Figure 2.4. Crack tip stress fields versus
Figure 24 explains the meaningf changing amplitude of crack tip stress field
singularity. The mode | stress intensity factor of the beam type specimens is higher
than the plate type specimen. The bending action causes a Kighan the tensile

loading of infinite plate.
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2.3.1.The J- Integral

J- integral is more general technique which is used to calculate stress intensity factor.
It means contour integral which is path independent around the crgEigtipe 2.5)
ABAQUS software package uses thenlegral method to analyze the neas tirack
tip. It was defined by the Ricg968)firstly and used like a fracture paramefEne

contour Jintegral was obtained from the potential energy resulting of crack extension.

Figure 2.5. The pathindependent contour around the crack Gh#@ng, 2013)

The Jintegral theory is valid for both materials of the linear elastic and nonlinear
elastic. The concept of the-ihtegral has been used on elagtiastic materials

complying with deformation plasiity. The formula dintegral is given by

U . WQW Y—Qi _ ] ., —EQw (2.12)
where;

” Cauchystresgensor

¢  outward vector components an arbitrary contour near the crack tip

G " displacement component

@ an arbitrarycontour beginning at the lower crack surface ending on the upper

crack surface

@ strain energy
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2.4.Fracture Toughness

Fracture toughness is an important material parameter referring level of critical
condition needed for the starting of fra Smith, Ayatollahi&Pavier, 2006)It is
valid for classification ofthe rocks, design ofherock structures and analysis the

rock related problems. Fracture toughness is derastisel

Fracture toughness is termed as critical value of stregssitytdactor.It shows the
resistance of the materials to fracture and to propagate-ekgtng crackskracture

toughness is directly related to mechanical properties and geometry of the materials.
2.5.Fracture Mechanics Applications

Rock mass commonlynvolves discontinuities and fracturesre@iction of the
behavior of the cracks and flaws useful for applications relevant to rock$he
fracture mechanics approadan provide mechanisma planningrock breaking
processeand prediction of rocknassbehaviorwith discontinuitiesOneobjective is

to avoidthematerialfrom fracturingin disciplines relevant to rock fracture mechanics.
However, hydraulic fracturing, rock blasting and drilling, rock excavation, crushing
and grinding processes in minepabcessing are some of the applications of the rock

fracture mechanics which aims crack production.
2.5.1.Hydraulic Fracturing

In rock fracturemechanics, fluid injection operations in seatéflborehole intervals
requires the term of thieydraulic fracturingo induce andleveloptensile fractures
(Rummel, 1987) Furthermore, deep gas or impulse of the water well have been
required to approach hydraulic fracture mechanite process of hydraulic
fracturing is based on Kirsch's solution for the stress digtoib near a circular hole

in an elastic, homogeneous and isotropic material depending on the external
compressionStudies of the rock fracture mechanics are used to get rock fracturing
resistanceThe new crack surfaces require energy which is calcutatddadequate

pressure. The adequate pressure is obtained by pumps. Lastly, required liquid is

20



estimated.These processes are applied to provide successful fractihey. are

related to hydraulic fracturing.

Fluid storage tanks Inflow Pump trucks

Wellheads

to power plant

Outflow \
=i

~2 108 km

. Injection well

. ‘-1 ydraulic fracture

Figure 2.6. Hydraulic fracturing Frash, 2014)

2.5.2.Rock Blasting and Drilling

The damage of mechanics and developing stress waves to the field of drilling and
blasting is one of the main focus of rock fracture mecharcagmentation
mechanism is an impt@ant process to break rock efficiently by explosive loading and

for controlling to reduce the limit the damage inflicted to the around rock mass
(Rossmanith]1997). Furthermore, liere is a relationshipetween rock blasting and
energy release rate on ftae propagationThis term is defined by strain energy
based fragmentation of rock. The rocks which is in deep from the surface tend to
release stored energyhe strains occur in rock due to this strédse term damage
refers unwanted destruction in kscand surfaces in mining engineering. In mining,
this damage can be different forms like damage of the stope and pillar because of rock

bursts or excessive cracking relevant to mining advance.

The mechanical breakage to excavate the rocks can be applikgigers, drag bits,
hydraulic top hammer and cutters with loads which can be compressive ofT$teear.

force with indenter is applied perpendicularly to rock and force with drag bit is applied
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parallelto rock. The tensile fractures (mode I) emerge frboth of applied forces
(Figure 2.7).

Trust Force |
Trust Force |

!

Cutting Force

Rock Chip ,/ Crushed Zone
7/

| 7/

! Tensile Crack "
Tensile Crack

(a) Drag Bit (b) Indenter

Figure 2.7. Rock cutting with drag bit and indentéslfamgosar & Erarslan, 2015)

FurthermoreBernardino Chiaia studied relation between the penetration rate, cutting

strength and specific ener@@hiaia, 2001)In this study, the relation was estabilished

between tangential force and normal fof€gure 2.8)

F

n

—}l Fn‘ FH:O’FI:I — > = > > >
u m
/ Pl F 0

F2l,F 20

F ol F 2l =7 N

Figure 2.8. Finite element simulations of brittle crackingder a sliding indenter (Chiaia,2001)

The first figure shows the direction of these forces. The another relation is between

the nomal force tangential force ancattue toughnessChip formation is preferred
rather than crushing under indentehe right figure shows the brittle cracking under

a sliding indenter and chip formation.
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0 Yo 0 Y CTCG (2.13)
O oro” 0 o ora” (2.14
where

x stiffness(N/m)

[ non- dimensional factor

S=specific energy(d/  or cutting strength(N/
w= linear penetration (m)

2.5.3.Rock Slope Stability

The discontinuity surfaces or cracks cause slope failures. Generally, a movement starts
from the crackips. This crack tips contain stress concentration. It can lead to failure
which cannot be determined by methods of the limit equilibrikimematics and
discontinuities tendenayf the rock bodieare considered by this method. Failures of

the rock slopare frequently checked by a combination of discontinuities complexly
which facilitate the kinematic releasBr{deau et al., 2009)The preexisting rock

mass cracks, discontinuities, fractures, and damages employ a vital role in slope
stability. The knowng the fracture mechanic process provides an understanding of the
failure mode of the potential and suitable methods of both analysis and corrective

treatment
2.5.4.Crushing and Grinding Processes in Mineral Processing

The fracture mechanics related to comution behavior in mineral processing. The
main purpose of the comminution is to break rocks to the required sizes. It leads the
relation between the surface area and applied energy. Initiatives to reinforce rock
mechanics and comminution approaches aratea¢hem to fracturing have evolved
over the last decadBéarman et al., 1997)he studies of the Bearman (1997) contain

relationship between strength parameters of the rocks and consumption of power and
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size of the product in crushing. According to #etudies, there is important relation

strength parameter with tensile and performance of the crusher.

The optimum design of jaw crusher was considered by using the fundamentals of the
rock fracture mechanics (Donovan, 2003). There is a high correlatoveén the

value of the fracture toughness of rocks particle and comminution energy according
to studies of Donavan. Furthermdiieg-grained rocks have higher fracture toughness
value than coarsgrained rocks according tstudies ofWills and NapiefMunn
(2006).
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CHAPTER 3

MODE | FRACTURE TOUG HNESS TESTING METHOD S

There are different methods to compute the values of the fracture toughness under
mode | (tensile mode) loading conditidroading can be applied to propagate the
crack in the rock specimeng lcompressive loading, three or fepwint bending,

direct tensile loading. To assess the fracture toughness in tensile mode (mode 1), four
methodsare suggested by International Society for Rock Mechaamnt Rock
Engineering(ISRM). These areracked cheron notchedBrazilian disk method
(CCNBD), short rod (SR), chevron bend (CB) and seincular bending method
(SCB). ISRM suggested methods are described first. Finally, straight notched disk
bending method (SNDB) chosen as the major geometry for thlyg & described.

3.1.Cracked Chevron Notched Brazilian Disk Method

The cracked chevron notched Brazilian disk method was applied firs®hétty et

al (1985).CCNBD method is one of the proposed methods by ISRM among fracture
toughnesgest methods for récspecimengFowell et al, 1995) The chevron notch

is prepared with two cuts from the sides of the disc throughout axis of th@titsng

on the identical diametrical cutting plar@@h@ng et aJ 2002). CCNBDspecimens are

loaded under compression atpthe diametric plani@ this method (Figure 3)1
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Figure 3.1. The cracked chevron notched Brazilian disk specin@ralg et al., 2002)

In Figure 3.1 R and 2a refers to tle radius of the specimen and dtaength,

respectivelyTheK| is computedy equation below;

where;
0 failure load

‘O diameter of the specimen

0 thickness of the specimen

W critical dimensionless stress intensity value
3.2.Short Rod Method

The application of the tensilead for specimens has not been preferred because of
some difficulties practically. The specimen preparation sharp notch and data process
are examples of the difficultieShe $iort rod method was found by Barkexr9(77).
International Society for Rock Meahics (ISRM) suggested this method to evaluate

fracture toughnesuchterlony 1988).The tensile load is applied to the core rock
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specimen in this method. The axis of the core specimen should be oriented parallel or
perpendicular to any anisotropy chaeaistic properties. The rock core specimen has

a chevron nath or \-shaped notch in the shoad methodFigure 3.2)

F

Figure 3.2. The sort rod specimeiMfeller, 1991)

In Figure 3.2F refers to theapgied tensileload. The K¢ is computed by expression

below;
0 6cto rO8 (3.2
where;

O failure load

87 87 8t f—(correction factor)

O diameter of the specimen
Y&  variation in specimen height
Y&  initial position of chevron notch ag

Y— chevron notch angle
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3.3.Chevron Bend Method

The chevron bendpecimen wagroposedby the ISRM(Ouchterlony 1988).This
method can be only used for Mode I fracture toughness determirattbrs method,
there is two notches. They are sawed with gsfipangles to the rock core specimen.
The specimen is under thrpeint bending. Thehevron bend specimeés shown in

Figure 3.3.

Specimen Loading
roller

XXX X XXX XXX XXXX X XXX
X
Notch X X

X x XX XXX X X XX
| —>| - 3 |
1

xXx

iSupport
i roller

“ !l Specimen cross-section at
1 the centre of the notch

i
v

Figure 3.3. Thechevron bend specimen (Hadei et al., 2017)

In Figure 3.3P, S, D, a, Lrefers to theapplied load, span length, diameter, notch
length and length of the specimen, respectivélye fracture toughness value is
computed by Equation 3.2 which is the same equation used in calculation of the

fracture toughness in stidod method.
3.4.Semi Circular Bending Method

The SCB specimen was proposed by Chong and Kuru@g4f and many of the
initial developments were done at the University of Wyomkgsgmau et al., 1987).

A number tests fodetermination of the Modefracture toughneswere applied with
semi-circular specimens and thesults from these tests were used for comparable to
other techniques (Lim et al., 199%ng. In this method, threpoint bending load is
applied on a senircular disk specimen. On the upéde of this specimen a roller

is put along the middle of the curvature to be applied load. The other two rollers are
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put under the specimen which are parallel to the upper one. A straight@dges
sawedperpendicularly to the bottom surface alonghe thickness which is parallel
to the rollers. Two rollers are positionedti@ notch with equal distancéikhe semi

circular bendingpecimens shown in Figure 3.4.

Loading
roller

Support
rollers

Figure 3.4. The semicircular bendng specimenElghazel et al., 2016)

In Figure 3.4P, 2S, B, a, 2R, Rfers to the applied load, span length, thicknestsh
length, length and radius of the specimesgpectively. TheKic is computedby

expressiorbelow,

v ®, N (3.3)
where;

0 applied load

@ —= (dimensionlesstress intensity factor)

0 thickness of the specimen

'Y radius of the specimen
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., 0 TCYH
0 =load at fracture

Fracture toughness vaki®f some rocks obtained from SCB method are giden
Table 31.

Table3.1. Fracture toughness values for some rocks

Rock name Kic Span length 9 S/IR Reference
T mm
Oil shale 0.85 61, 18 0.80 Chong et al., 1987
Welsh Limestone  1.02 80, 120, 160 0.80 Singh & Sun, 1990 (b)
Jhonstone 0.06 47.5,76 0.50, 0.80 Lim et al., 1994
Limestone 0.68 80 0.82 Khan & Al-Shayea, 2000
Granite 0.68 60, 80 0.80 Chang et al., 2002
Marble 0.87 60, 80 0.80 Charg et al., 2002
Marble 0.56 45, 60 0.60 Tutluojlu &
Kowloon Granite 1.24 50 0.62 Wong et al., 2019

3.5. Straight Notched Disk Bending Method

The straight notched disk bending specimen fivasdevelopedoy Tut | uoj | u
(2011. This method is named as edge notched disk bend (ENMBR)iha (2017).
The suggestedhreedimensional specimen geometwith circular plate type is
inherently stiffer thamormalspecimen geometriegth beantype(Tut | uoj I,u
2011). In this method, threpoint bending load is applied on a cylindfiaisk

& Kel es

& Kel es

specimen. On the upper side of this specimen a roller is put along the central line to

be applied load. The other two rollers are put under the specimen which are parallel

to the upper central line to support the specinferstraight edge notch isawed
perpendicularly to the bottom surface along topgagwhich is parallel to the rollers.
Two rollers are positioned to the notch with equal distarioeshe supporting

purposeThe specimen geometry is demonstratedigure 3.5
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Loading
roller

Support
rollers

Figure35.St r ai ght notched disk bending speci men

In Figure3.5, P, 2S, t, a, Drefers to the applied load, span length, thicknesih

length and diameter of the specimessgpectively. Th&c is computedy expression

below,

v Q, U O (3.9
where;

0 applied load

W —= (dimensionlesstress intensity factor)

0 thickness of the specimen
'Y radius of the specimen
) 0 7¢O0o

0 =load at fracture

31



32



CHAPTER 4

NUMERICAL MODELING O F THREE-POINT BEND SPECIMEN
GEOMETRIES

The analytical solutions of the many engineering problems are based on partial
differential equationsHowever,finding the exact solution of tee problemdor
complexshaped domasis very difficult. Therefore, the numerical computations of
the stress intensity factoiior the differentbeamgeometriesinder thregoint bending

loadareaccomplished by the finite element method in this study.

The finite element method which is a numerical method is used for solving many
difficult partial differential equations. In this method, the large system is divided into
the smaller parts in order to solve the problem. The smaller parts are named as finite
elements. The simple equations are obtained from these finite elements that are
modeled. Connection of these elements are obtained by ricites, these simple
equations are added to a larger system of equations that model the whole problem.
Some packageprograms have been developed for users to make numerical
computations. ABAQUS, ANSYS, NASTRAN, EBYNA, FRANC2D/L and
FRANC3D are some of them.

4.1. ABAQUS

The numerical computation of Siifrthe models was done by ABAQUS 2019, which
is a licensed software paae of the METU computer center in this study. ABAQUS
is useffriendly, considering the ease in learning and running tools compared with

other programs.
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4.1.1.ABAQUS Notation

ABAQUS package prograremployssix degres of freedomfor the nodes and the
finite elements.Thesemay vary independently. Three of them are referred as
displacements in xy, and z directiongui, W, W). The rest of them areeferred as

rotations which arews, ur2, Ur3) aboutx, y, zaxes (Figure 4).

Figure 4.1. The degree of freedom for SNDB geometry in ABAQUS

The stress and strain components in ABAQUS are listed below.

-, hormal stress in the direction; which iS’Y
-, hormal stress in the direction; which $°Y
-, normal stress in the direction; which iS'Y
- , Sshearstressinthe wplane; whichisY
-, shearstressinthé a&plane; whichisY

-, shear stress in the & plane; which iSY

Stresse are given in tensor notation as;



= » ” ” and in ABAQUS as: l ,i E

- - normal strain in thexdirection
- - normal strain in thed-direction
- - normal strain in thé -direction
- - half of the shear strain in the@ wplane
- - half of the shear stin in the ®w & plane

- - half of the shear strain in th@ & plane

Strains are given in tensor notation as;

- - - O O ©O
- = - - - and in ABAQUSas: O O ©O
- - - O O ©O

The stress intensity factors in ABAQUS atenotedasK;: Mode | stress intensity
factor,Kii: Mode Il stress intensity factdki: Mode 11l stress intensity facto

4.1.2.Useful Terms and Definitions in ABAQUS Modulus

There are lots of user friendly modslin ABAQUS The first module is the part
module. Models are created, edited and conducted in this module. Dividing of the
whole bodies into the small parts is namggartition operation. This is usedd®ate
predefined parts and assigning mesh elements in theg@ametryto these parts. The
successful operation of the partitioning helps to form perfect meshes particularly for
aroundthe cracks. Furthermore, paidining operation is used to identify queries for
readings stres$ataand displacement in required areHse face and cell are important
terms for partition operation. The face term defines closed surfaces in two dimensional
which are partitioned. The kderm defines closed volumes in three dimensional
which are partitionedThese are used with labeling for several purposes such as

assigning load, boundary conditions and mesh types, generating seam and crack, etc.
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The second module is the property mied0’he characteristics of the material are
entered into the property moduldssembly module is another useful tool. Part
instances are generated in assembly moduleads to position instances properly
within a coordinate system in globd@he next mdule is named as step. It is used for
constitutinga seriesfor defining steps of the analysis process.

The other module is interaction module. It is used to create interaction, constraints and
assign interaction property. Furthermore, the seam and enm&clcreated in this
module. The seam crack is an important term in this module to calculate the stress
intensity factor A seamrefers to a face or a virtuakdge that is closed in normally
however it opens when analysis of the model is dbhe.seam hazero thicknessA

seam cannot prolong throughdbée boundaries of a model part a bodyshouldbe
embeddednto in to a cell of a solid parbf a threedimensionalmodel. The crack
properties are determined by using an analysis of the contour intégradesam is
createdAnother term is a cradkont which is defined within the interaction module.

For the analyses of the contour integral, the crack front is defined fif$téyarea

from crack tip to first contour integral is named as the crack fildré.crack front is

used to analyze the first contour integral about singular stresses. The number of
contour integral changes the accuracy of the analy$is. analysis is done with
calculation of the <integral of each contour. The contour integralsammputed on

each node throughout the crack line. The crack line is defined by the connected edges
in a serieghroughout crack front. This is defined with the crack extension direction
which is expressed by g. Furthermore, singularity of the crackaipather important
definition. The cracks are modeled in this program with assumption of the small strain.
This creates singularity at the crack fije singularity of the crack tip strain changes
with used material in the moddi develops of the accuraéor the computation of the
Jintegral. The singularity of the strain is related by-tllei 7 for linear elasticity.

In addition to these, the request of the history outpasssgnedn the module stefp

get data of the stress intensity facteanthe crack tip.
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The load module is used to assign load and define the boundary conditions to the
model. The reference points can be used for applying load and defining boundary
conditions. It refers an element which is unbounded. The reference paiot is
belonging to the main part of the model. Any applied mechanical effect is delivered
to the desired area by using the reference point.

Mesh is generated in mesh module. Seeding property is used for the construction of
the meshThe term seeding is us¢o adjust the number of nodes pdge or instance.

It helps controlling mesh density. The another module is job modideused for the
submission for analysiProgress of the analysis process can be followed in job
module. The final module is visligation module. The outcomes of the analysis which
can be like deformed shapes, plot contours, symbols and material orientations on

deformed shape, animation are shown in this module.
4.2. Verification Work for the Modeling Procedure

To assess the accuraafythe stress intensity facteomputation of the ABAQUSD
modeling work for SNDB specimen geometryot problems for which analytical
solutions are availablare chosenThe threepoint bending plate problem the first
problem.In this verification prokem, plate is undethreepoint bendingcondition
which is very snilar to the SNDBmethod Another verification examples the
modeling of welknown and ISRM suggested SCB specimen geometry uhickes
point bendingThe results from the analytical satuis and numerical solutiawere

compared between them

In the verification work, seam crack length of 10 mm is used for all models. The reason
for this is to keep the crack length as small as possible so that effect of outer and loaded

boundaries is mimized regarding the crack tip stress field.
4.2.1.Three-Point Bending Plate Problem

The numerical model of the threpeint bendingplate isconstructed with three steel

rollers and one plateaded by threg@oint bendingaction of the rollers, (Figure2).
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Dimensionsused for the platare given in Table 4. a/W andS/aratios are taken to
be equal to 0.5 and 8, respectivelynhe material propertiesf the plateassigned to
ABAQUS such aslastic modulu¢e) a nd P o i s s odo rosaffectdhe stress (
intensity factor results of the crack in the plaitae roller diameteis assigneds 10
mm. The material propertied the steel rollers arelastic modulugE) of 200 GPa
and Poi s s o306fersteehrallern  (

Figure 4.2. Geometry of the threpoint bending plate model

Table4.1. Dimensions for square plate

Dimension Value
Thicknesst) 100
Width (W) 20
Length () 100
Span length9) 80
Crack size q) 10

Two supportrollersat the bottom are in contact with the pldtbe third roller at the
top is placedalong the central pathA reference points assignedabove the upper
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steel roller. The loats transferred to the platea reference point. IN vertical loads

distributed throughout the uppeentral path othe plate(Figure 43).

Figure 4.3. The loadng of the threepoint bending platgeometrywith rollers

The seantrack is asgned along the bottom central path of the pl&fgecialcontour
integral paths and partitions are usatithe immediate crack fronthe reason for
forming a circular pattern around the crack tip is to increase the accuracy of SIF
computationsThe contair integralsare used in-Integral method to compute SIF.
The crack line and crack extension direction of the tiaet bending plate can be

seen in Figurd.3.

Bottom supportrollers are assignedixed displacements in yand zdirection. The
referencepoint and steel roller which are at the wipthe plate are fixed in x and z
direction.

The fine mesh was applied around the contour integrals. The mesh and the undeformed
and the deformed states betmodel can be seen in Figurd.4
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Figure 4.4. The mesh geometry of the thrpeint bending plate model with steel rollers

According tothe numerical modellingpf the threepoint bending problemnmode |

stress intensity factdK) was computed as 738.46d .

A polynomial expressiomnvas developed bgrawley (1976)o calculae the stress
intensity factorfor a square platanderplane straircondition. The ratio of the and
stress intensity factor formulas were expressed as a furi@o ) in Equatons 4.1
and 42.

T 8
f(—)=0 — (4.1)

(4.2)

For | 8cd@O1and where;
0 /= Stres intensity factor
0= Thickness

w = Width
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«F Crack length
“¥ Span length

The mode | stress intensity factét)is calculated as 752.36d4a  analytically. The
difference between the numerical and analytical solus§idn88%. It should be ned
that the numerical solution is 3ased while the analytical solution is-bR2sed under

plane strain.
4.2.2.Modeling of the SCB Specimen

SCB specimegeometryis modeled in 3D. Loading span lengths are varied between
S/R=0.40:0.90 Thecracklengthis fixed as 10 mm resulting ia/R=0.20 100 mm
diameter S8 geometries wittb0 mm thicknessest(R=1) aremodeled.The span
length isset a2 S=40,45, 50, 55, 60, 70, 80, 85 and 90 niime different geometries
aremodeled in 3D to compute the SIFSCB. Figured.5 showsa typicalSCBmodel

illustrating the geometric detailslodel dmensions are given in Table24

Figure 4.5. SCB model geometry
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Table4.2. Dimensons of the SCB models

Number t 2S al/S S/R

of the

model mm mm
1 50 40 0.50 0.40
2 50 45 0.44 0.45
3 50 50 0.40 0.50
4 50 55 0.36 0.55
5 50 60 0.33 0.60
6 50 70 0.29 0.70
7 50 80 0.27 0.80
8 50 85 0.24 0.85
9 50 90 0.22 0.90

The crack extemsn direction and the crack fnbare assigned as in Figut®. Three
differentpartitioncirclesareused to define the contour integral region. The outermost
radius of the caiour integral region is set as 5 mrfhe internediate and the
innermost radiusof the contour integral regioare set as 3.5 mm, 0.25 mm
respectivelyFor the reference point generating the load at top, displacemefixedre

in x-direction (1) and z- direction (13). For te upper loading path, which is
perpendicular the crack&ension direction, displacementfigsed in x-direction ().

For thecorner points under the specimen, displacementixaatin z-direction (3).

Displacements of thiinesapplying the bottom supports are fixed Haliyection (12).
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Figure 4.6. Crack tip, crack line and crack extension direction of the SCB model geometry

A vertical line load of-1 N isapplied to the upper boundary from a reference point
above the boundaryrhe reference poinRP-1 corvert the concentrated load to a
distributed loadThe area occupieldy the innermost radius of the contour integral
region is meshed by the hebominated element type with sweep techniquefinfer
meshis constructe@dround the crackp (Figure 47).

Figure 4.7. Contour integral region and the crack tip mesh

The deformed shamd undeformed shape geometaes shown in Figure.&.
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Figure 4.8. Undeformel and deformed shape of the SCB model geometry

The dmensionless stress intensity fact®) of SCB model geometryor mode | is

formulated by the following equatien

A — (4.3)

R (4.9

Sample calculation pcedure for SCB model witB/R=0.40 as follows;
where;

P = applied load (1 N)

R = radius (0.05 m)

t = thickness (0.05 m)

a = cracklength (0.01 m)

K, =64.480 KNI

” p¥f¢ mdru 18UV
" ¢ MhRa

P8 Y
¢ T T8 p
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Ki results and anensionless mode | stress intensity factdid ¢f nine SCB model

geometries are listed in Table34

Table4.3. K, and Y of the SCB models

thicknoss p SR K v
m "EW

0.40 6448 182

0.45 77.35 2.18

050 89.72 253

50 0.55 101.81 2.87

0.60 11390 3.21

0.70 13833 3.90

0.80 163.63 4.62

0.85 17661 4.98

0.90 189.96 5.36

The analytical solution for computing of SCB geometry is given in Lim (1993). The

solutionis based on plane strain assumption. Lim (1993) tabulatetintfemsionless

stress intensity factofer varyinga/R andS/R Tables are referred for the entries here

that are a crack length/radius ratioadR=0.20 and span length/radius ratios of 0.50

and 0.80.

Y resultsof the SCB geometrg o mp ut e d
S/R=0.50 and 0.80, respectively. Modeling work here yields 2.53 and 4.62 for the

from

Li

mo s

relevant loading spans. Results are close to differences around 1%.

t abl

Graphical illustation of theY; versusspan lengthS/Rof the SCB from numerical

mo d e |l

S

aequations iarmghewn in Figurd4

45

es
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Figure 4.9. Dimensionless mode | SIF @Rresults

Following the curve fitting procesa,linear relation expresses the variatiory,ofith
S/Rasin Srawley equationin the previous verification effort-or estimating the
dimensionlessnode | stress intensity factof SCB model geometries for different
loading spandpllowing equationis proposed;

W g X8toe TBOWgfor— p8r (4.5)

4.3.For Deciding the Optimum Crack Length and Comparison Purposes 3D of
the SNDB Geometries and Comparison SIF

The stress intensity fac®of the SNDB circular plate geometmasto becomputed
by using the ABAQUS finite element progralSBNDB specimen geometry as
modeledwith two different thicknesse400 mm diameter SNDB geomiets with 50
mm and 60 mm thigkessesvere modeledTwo span lengths were varied by 60 mm
and 80 mm, corregmding toS/R= 0.60 and5/R=0.80. The preliminary crack lengths
of 10, 12mm and 24 mm were inserted to the models. Totally, twelfierent
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geometriesveremodeled in 3D to compute thé of SNDB geometry in ABAQUS

(Table 44).

Table4.4. Dimensions of the SNDB specimen geometry for computatiaon of Y

Number of a t 2S SIR
the model
mm mm mm
1 10 50
2 12 50
3 24 50
60 0.60
4 10 60
5 12 60
6 24 60
7 10 50
8 12 50
9 24 50
80 0.80
10 10 60
11 12 60
12 24 60

For comparisongomputatiorof Y| can be done by using the formulaslimt | uoj | u &

Keles(2011J). A linear relationshipncluding the variablé&/Ris suggested. Slope m

and the intercept are presented in terms of geometrical eatiti@sdt/RTut | uoj | u

& Keles(2011). Dimensionlesstress intensity factofisnos)by is expressed as

o

To compute theY\snps) variation with thickness of the circular plasnother
expression is suggestedTnut | uoj | u

factorYiisnog)is expressed as

&

Coefficients in Equation 4.@re given in terms a/tandS/RinTut | u o] ésu

(2011)

o

a7

(4.6

& Dikensianlssstless ntkrisy)

- 8 4.7)

& Ke



All results of the dimensionless stress intensity factgrfér 2S=60 mm are given in
Table 45.

Table4.5. Comparison of the,Yof theSNDB for 25=60 mm

; Notch Yi
Thickness length Yi Linear _ Yi Difference
(mm) ABAQUS : Difference ~ Variation 9
(mm) Relation (Eq. 4.9 (%)
(Eq. 4.6 (%) q- %
50 10 3.16 3.11 1.61 3.11 1.61
50 12 3.30 3.14 5.10 3.14 5.10
50 24 4.26 4.15 2.65 4.15 2.65
60 10 2.74 2.80 2.19 2.70 1.48
60 12 2.80 2.72 2.94 2.58 8.53
60 24 2.97 3.04 2.36 2.85 4.21
AveragetSTD 2.80t1.21 3.93t2.67

All results of the dimensionless stress intensity factgrfér 2S=80 mm are given in
Table 46.

Table4.6. Comparisorof theY; of the SNDB for 2S80 mm

Notch M Y,
Thickness lenath Yi Linear Difference Varialtion Difference
(mm) (mrgn) ABAQUS Relation (%) (Eq. 4. (%)
(Eqg. 4.9 o

50 10 4.41 4.29 2.79 4.29 2.79

50 12 451 4.38 2.97 4.38 2.97

50 24 5.56 5.86 5.40 5.56 5.40

60 10 3.79 3.91 3.16 3.69 2.71

60 12 4.05 3.87 4.65 3.65 10.96

60 24 4.56 4.40 3.63 4.16 9.61
Average+STD 3.7711.04 5.74+3.69
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The differenceof Y, between numericahodelsand the formulas is aroundband
less all cases above.

The minimum difference betweenthe Y, of the SNDB obtained fronmumerical
modelsand formulas are observed for the models with 10 mm crack lddgtite a
cracklengthof 10 mmis selectedo be insertedo all SNDB model geometries

4.4.Convergence Study for Contour Integral Region

The number of caoursaround the crack tifs so important in mesh intensity studies.
To find the accurate number of contours $tress intensity factpdifferent number
of contours (4, 6, 10, 14, 16 and 20) wesed (Figure 40).

Figure 4.10. Different number of contours near the crack tip

The K| resultsfrom the models were plotted against the number of contyorsnd
the crack tip in Figure.41.
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Figure 4.11. K, versusnumber of contoureear the crack tip

Ki approacksthe specific valuevith increasingthe number of contourground he
crack tip as seen in Figureld. It can be concluded that 10 contours in the contour

integral region are sufficient to anagythe stress intensity factor
4.5.Modeling of the SNDB Specimen

SNDB (straight notched disk bendingpecimergeometryis modeled in 3D. Loading
span lengths are varied betwe®iiR=0.40-0.90 Thecracklengthis fixed as 10 mm
resulting ina/R=0.2Q 100 mmdiameter SNIB geometries wittb0 mm and 60 mm
thicknessest(R=1 andt/R=1.2) aremodeledThe span length set a®S= 40,45, 50,
55, 60, 70, 80, 85 and 90 mimighteendifferent geometrieare modeled in 3D to
compute the Slef SNDB. Figure 412 showsa typical SCB model illudrating the

geometric detaildMlodel dmensions are given in Table74
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Figure 4.12. Model Geometry of the SNDB specimen

Table4.7. Dimensions of the SNDB models

Number of t 2S alS S/R
the model = mm mm
1 50 40 0.50 0.40
2 50 45 0.44 0.45
3 50 50 0.40 0.50
4 50 55 0.36 0.55
5 50 60 0.33 0.60
6 50 70 0.29 0.70
7 50 80 0.27 0.80
8 50 85 0.24 0.85
9 50 90 0.22 0.90
10 60 40 0.50 0.40
11 60 45 0.44 0.45
12 60 50 0.40 0.50
13 60 55 0.36 0.55
14 60 60 0.33 0.60
15 60 70 0.29 0.70
16 60 80 0.27 0.80
17 60 85 0.24 0.85
18 60 90 0.22 0.90
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The crack extension direction and the cracktf@re assigned as in Figurdd The

ratio between the contour integral region radius and model radigst to 0.1 for
SNDBgeometrie6 Tut | uoj | u & Kel e partitich@rdlesareused hr ee di f f
to define the contour integral region. The outermost radius of th®womtegral
region is set as 5 mnThe internediate and the innermost radiat the contour
integral regionare sé as 3.5 mm, 0.25 mprespectively.For the reference point
generating the load at top, displacementdigesl in x-direction (11) andz- direction

(us). For heupper loading path, which is perpendicular the crack extension direction,
displacement idixed in x-direction (11). For the linesupper and bottom of the
specimenperpendicular to the cradike direction, displacementrefixed in the z
direction (3). Displacements of tHenesapplying the bottom supports are fixed in y

direction ().

Figure 4.13. Crack tip, crack line and crack extension direction of the SNDB specimen

A vertical line load of-1 N isapplied to the upper boundary from a reference point
above the boundaryrhe reference pot RP-1 convertthe concentrated load to a
distributed load.
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The area occupidaly the innermost radius of the contour integral region is meshed by

the hexdominated element type with sweep techniquefier meshis constructed
around the crackp (Figure 414).
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Figure 4.14. Contour integral region and the crack tip mesh

The deformed shapnd undeformed shape geometdaes shown in Figure.45.

Figure 4.15. Undeformedand deformedhape of the SNDBiodel geometry
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The dmensionless stress intensity factgr) of SNDB model geometryor mode | is

formulated by the following equatien

A — (4.9

” — 4.9

Sample calculation procedure for 60 mm thick model 8#R=0.40 as follows;
where;
P=applied load (1N)
D= diameter (0.1 m)
t= thickness (0.06 m)
a= cracklength (0.01 m)
K| =22.760 Ml

o PTG T TBLQ

" Y & Pa

C&©

—— AT
Y& dN 8 p

Ki results and dimensionless mode | stress intensity factgref(eighteen SNDB

modelgeometries are listed in Tableé84
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Table4.8. Dimensionless mode | stress intensity factorsfeY SNDBmodels

Beam

thickness €) S/R Ki v

m "EWT

0.40 33.87 1.91
0.45 40.02 2.26
0.50 4580 2.58
50 0.55 51.34 2.90
0.60 55.95 3.16
0.70 67.41 3.80
0.80 78.09 4.4
0.85 83.48 4.71
0.90 88.91 5.02

0.40 22.76 1.54
0.45 27.71 1.87
0.50 3223 2.18
0.55 36.46 247
60 0.60 40.51 2.74
0.70 48.31 3.27
0.80 56.04 3.79
0.85 59.94 4.06
0.90 63.85 4.32

Graphical illustration of th#) versusspan lengtts/Rfor t=60 mm and= 50 mm are

shown in Figure 4.6.
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Figure 4.16. Y, versusS/Rtwo different beam thicknesses of the SNDB model geometry

Following the curve fitting process, a linear relation expetise variation o¥) with
S/Rasin Srawley equationFor estimating the dimensionless mddgress intensity

factorof SNDBmodel geometries for different loading spadofpwing equatios are

proposed;
Wg OCPOTME TP wior— pdt (4.10
g ULV XX® T YT dor— pg (4.1)
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CHAPTER 5

TESTING WORK FOR CON VENTIONA L MECHANICAL
PROPERTIES

The grey colored Ankara G°| baexkperimdntad esi t e
study. Static deformability and indirect tensile (Brazilian) tests were done to examine

the mechanical properties of the Ankara Giklt]a Andesi t e. nlakid v al ue
compressive strength E(UEGB8Y, PYo @gpnp@sds mod
acquired from the deformability tests. Tensile strength was obtained from the indirect
tensile (Brazilian) test. Tests for mechanical and physical properties were performed
following ISRM suggested procedures. Secemtrolled MTS Rock Testing Maote

was used for loading the specimens.

For specimen preparation, large blocks were drilled by the boring machine to extract
cores. Specimen grinding and polishing finishes the preparation work and specimens

of targeted diameter and thickness are readtekiing.
51.Texture of Grey Ankara G°l baké Andesit e

The type of Ankara G°l baké andesite has
results were available for grey Ankara G
Department of the Middle East Technical \msity. Mechanical and physical

properties of this rock were compared with results of tests by different studies and
persons (Tablé.1).
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Table5.1. Material properties of andesite from different studies

E 9 ucs To
(GPa) (MPa) (MPa)

Tut | &Kjell e k 12.3+0.1 0.15+0.01 82.8+4.1 7.0+0.67
¥zdojan (Z21.913 0.1%001 84.#7.1 9.6+1.8
Present work 28.3+1.1 0.16x0.01 100.8+4.9 8.6+1.1

Reference

Significant differences were observed between the values ofatexiat properties.

In order to investigate what caused the wide variation in the properties, thin section
analysis in Geological Engineering Department was carried out from a sample taken
from the indirect tensile strength test. Analysis results showthigae are some
flowing tendencies of oriented flaws in these samples. These flowing trends were less
frequent in some samples (Figlsd) and highly dominant in some others (Figure
5.2). The loading applied to the sample can be parallel or perpendiouthese
flowing trends; and this effects the test results for Ankara andesite even rock blocks

are picked from neighboring locations {Tlopal personal communicatioNovember
8, 2019.

Figure 5.1. Brazilian test specimen thin section with less frequent flaw population
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Figure 5.2. Brazilian test specimen thin section with high frequent flaw population

5.2. Static Deformability Test

Static deformability testsvere performed on core specimens of Ank&& | b ak é
Andesite Modulusofe | ast i ci t y atia wale measures.sSpecidens were

loaded to failure to obtain the uniaxial compressive strengths (UCS). Four NX size
andesite core specimens were used. VA& 815 Material Testing Systemith
displacementontrolled way with a rate of 0.0005 mnwigs used in the tests. The
specimens had approximately 54 mm diameter and 130 mm length maintaifiihg a

o 2. For t he measur echpeom fjage extensanietars wdrec ¢ o n
attached longitudinally and laterally to detect axial and circumferential deformations

(Figureb.3).
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Figure 5.3. Static deformability test configuration

Static deformability test spenens before and after the testing are shown in Figure
5.4.

Figure 5.4. Static deformability test specimens before and after testing
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MTS Flextest40 controller box for data acquisition was used to obtairfrdat static

deformability tests. Results of fai
uniaxial compressive strength values are given in TaBle
Table5.2: Results of static deformability tests
Failure Elastic Uniaxial
. Diameter Length Poi s s Compressive
Specimen Load Modulus .
(mm) (mm) (kN) (GPa) Ratio Strength
(MPa)
SD-1 54.7 129.8 240.2 28.1 0.16 102.1
SD-2 54.6 129.6 226.6 27.6 0.17 96.7
SD-3 54.7 129.3 226.1 27.6 0.14 97.3
SD-4 54.6 120.9 251.5 30.0 0.15 107.2
Average 54.7+0.1 129.7#0.3 236.1+12.2 28.3+1.1 0.16+0.01 100.8+4.9

From the data, stresdrain curves were drawn. Figusé showsa typical stresand

strain curve for first specimen of static deformability tests. Fi§ufehowsa typical

lateralstrainand axial straircurve for first specimen of static deformability tegt.

staticdeformability testurves can be seen irppendixA.
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Figure 5.5. Stress versus strain cus/@r SD1 specimen
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Figure5.6. Lateral strain versus axial strain curve for-$Bpecimen
The tangent modulus was drawn at around 50% stressaledetrain leveto find the

elastic modulusk) andPois®s n 6 s gr. at i o (

5.3.Indirect (Brazilian) Test

The tensile strength was measured by indirect tensile strength tests. Nine Ankara
G° | b ak é& speardeasswete aiseffive of them had approximately 54 mm
diameterand thicknesses around 33 miaive disk specimens were corepsed by

using thetwo opposing curved jaws (Figuie7). Two disk specimens which had
approximately 54 mm diameter and thicknesses around 27wara compressed
without jaws. Additional twodisk specimens which hadp@roximately 100 mm
diameter and thickreses around 50 mmere compressed withojaws (Figure5.8).

Disk specimens were loaded by using the MTS 815 Material Testing System

displacementontrolled fashion with a rate of 0.001 mm/s
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Figure 5.8. The indirect tensile strength test configuration for 100 mm diameter without jaws

The indirect tensile strengttest specimens before and after testing are shown in
Figureb.9.
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Figure 5.9. The indirect tensile strengthst specimenkeforeandafter testing

Results of peak loads and calculated tensile strerajies are given in Tab&3.

Table5.3. Results of indirect tensile strength tests

Specimen Di(e:;nrﬁ;cer Th(i r(;kr:]\;ass Pee(xlk<NL)oad S-I;?g:gl:%
(MPa)
BT-1 54.7 34.8 27.3 9.1
BT-2 54.6 36.3 29.3 9.8
BT-3 54.7 35.3 325 104
BT-4 54.6 34.2 23.8 8.1
BT-5 54.6 35.8 294 9.5
BT-6 52.70 27.3 155 6.9
BT-7 52.74 27.8 17.9 7.8
BT-8 100.75 50.2 63.7 8.0
BT-9 101.03 50.1 63.4 8.0
Average 8.6:1.1
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From the data of indirect tensile strength telstagdisplacement curves are drawn.
Figure5.10 shows a typical loadisplacement curve for Brazilian tesdl indirect

tensile test curves can be seen in Appendix B.
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Figure 5.10. Load versus displacemeauirve for BF1 specimen
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CHAPTER 6

MODE | FRACTURE TOUG HNESS TESTING WITH SNDB AND SCB
GEOMETRIES

Circular plate type disk specimen (SNDB) and seirdular core disk specimen
(SCB) were used to assign mode | fracture toughKess the grey colored Ankara

G° | bakeée denmoordingtthe failurd foads, fracture toughness of the SNDB
and SCB test specimens were calculated for mode | loading state. Totally, 81 fracture
toughness tests were performed with SNDB and SCB specintacsure tests were

done by servéhydraulic MTS 815 testing machine. In the tests, the loading was
applied on SNDB and SCB specimens by a displaceowtitolled way.

6.1. Specimen Preparation for Mode | Fracture Toughness Test

Specimen preparation is importarbcess of the rock fracture tests. Attention to the
sample preparation process prevents unwanted irregularities and poor results. Some
equipment use for the process of the specimen preparation. Boring machine, milling
machine, diamond circular saw, MT&liper gage, goniometer and water gage are

some of them.

The boring machine was used to core from the large blocks (FAdyrd he only 100

mm diameter cores were used in this experimental works.
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Figure 6.1. Boring machine

Cored specimens were cut discs into different thicknesses which were about 55 mm
and 65 mm for SNDB and SCB specimens by using a rotary saw machine @ajure
Furthermore, e rotary saw machine was used to divide disk specimereni®d

circular disk specimens for the preparation of the SCB specimens.

Figure 6.2. Rotary saw machine

68



Generally, deflection occurred during the cutting processes with rotary saw machine
because the diametef the rotary saw machine is so large. Milling machine was used

to remove this deviation (Figu6e3). It was used to create more flat surfaces of SNDB
and SCB specimens. Diamond impregnated milling cutter were used to reach this aim.
Any irregularities of the test specimens cause incorrect results of the fracture
toughness tests. So, the process in the milling machine is important for the preparation
of the SNDB and SCB test specimens.

Figure 6.3. Milling machine

The diamond circular saw machine was used to open the notch. Notch length was
adjusted by a digital caliper. The diamond impregnated circular saw was utilized for
notching processes on both SNDB and SCB specimens. The thickness of the diamond
impregnated circular saw has 0.5 mm. Fig4 shows the diamond circular saw
machine and digital caliper. The notch length was kept fixed as 10 mm for the SNDB
and SCB specimens. Unfortunately, there is a deviation value of the diamond circular
saw machineThis value is about £0.2 mm. Thus, the notch value was set the digital

caliper 9.9 mm or 10.01 mm to obtain a 10 mm notch length.

The center line was marked on the upper flat surface of the SNDB specimen. SNDB

test specimen was put as parallel to the floiothe diamond circular saw machine
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(Figure 6.4). SNDB test specimens wefiged with the holding fixture equipment

during opening the notalg processes

Figure 6.4. Diamond circular saw machine with SND&st specimen

The centerline was marked on SCB test specimens. Thecgenlar disk was located
in a special bowl to keep it fix during the notching process (Figone

Figure 6.5. Diamond circular sawnachine with SCB test specimen
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6.2.Fracture Tests

The fracture toughness tests were conducted by stiff ©@moolled MTS 815 Rock

Testing System. SNDB and SCB specimens were located between loading platens.

The upper platen has 500kN + 0.25 la=gdl. Disk and semicircular disk specimens

were loadedvith displacementontrolled fashion with a twetage The controller

unit of the FlexTest 40 provides the actuator to act with controlling of displacement.
Inéetially, Il oading was appl 0D.@085nmméThis he t e s
load rate continue till the load limit detector. In second loading stage, loading was
applied to the test specimens with low rat®. 8903 mm/#t the end of the tesime,

the maximum load was recorded to calculate the fracture toughness.

SNDB and SCB specimens were tested under{bo@# bending to find the fracture
toughness value for mode |. Bending condition was provided by rollers that have 8
mm diameter. One athem was located at the upper surface of the specimen for
loading purposes. The other two of them were located at the bottom surface of the
specimen for supporting purposes.

6.2.1.Testing Work with SNDB Specimen

In the fracture toughness tesémchcore speciran diameter vaskept as 100 mm.
With SNDB geometry, specimens with two different circular disk thicknetssé8

and 60 mm were prepared to be tested. The notch length was kept fix@cas for

all SNDB specimensSpecimens with thicknesse$ #R=1 andt/R=1.2 mm were
prepared. Threpoint bending loads were applied to the disks wittedifferent span
lengths: S/R= 0.40, 0.45, 0.50, 0.55, 0.60, 0.70, 0.80, 0.85 and 0.90. Totally, 54
fracture tests were done with SNDB specimen geomgtiy cetail dimersions of the
SNDB specimens are given in Appendix Eigure 6.6 shows the SNDB specimen
during fracture toughness testing under thgemt bending.The randomly chosen
SNDB specimen photos duririge test ancall specimensifterthetest can be seen in

Appendix D.
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Figure 6.6. SNDB specimen configuration

The specimens were labeled to organize the samples and the results of the fracture
toughness testsSpecimens were coded in terms of the disk thickngss) Ength
(S/R and specimen number for SNDB testing work.

SNDBi @'g'l' 040-1
— = Y
Straight Notched Disk Thickness S/R  Specimen number

Bending

SNDB specimens with 50 mm and 60 mm thickness are shown in Eigure
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Figure 6.7. SNDB specimens with 60 and 50 mm thickness

An example of the mode | fracture toughnéks) calculation was presented for
SNDB specimen. To calculake: of the SNDB specimerstress intensity factét was
computed by ABAQUS initially. 100 mm diameter, 60 mm thickness, 40 mm span
length and 10 mm crack length was assigned in ABAQUS for SNDB model geometry
in this example. After the model was run, computedvas found 22.7618 A .

The dimensiordss stress intensity factérwas calculated with Equation 6.1 an@.6

O — (6.1)

, 0FcO o (6.2)
where;
P=applied load (1N)

D= diameter (0.1 m)
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t= thickness (0.06 m)
a= notch length (0.01 m)
. pr¢ T T8rY
” Y & Pa

C& O
Y & A T8t p

pPd T
The mode | facture toughneg¥c) was calculated with Equation 6.3 and.6
Kie ®gaon™ 0 (6.3)
. 0 7¢O o (6.4)
where;
«r = load at fracture (64500 N)
D = diameter (100.25 mm)

t = thickness of the specimen (60.30 mm)

a = notch ength (0.01 m)

» QT ULUALTIp MATIL @ B TT

” v® dvPa
Ke p® T u& o WWmBip p& @ 0 W

All fracture test results for SNDB specimens with 50 mm and 60 mm thickness are
given in Tables.1 and6.2.
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Table6.1. SNDB fracture test results for t=50 mm

Specimen Code Fracture Mode | Fracture  Avg. Mode | Fracture

P Load Toughness(Kjc) Toughness(Kic)
kN EEW EEW_

SNDB-50-040-1 35.65 1.20

SNDB-50-040-2 35.90 1.21 1.29

SNDB-50-040-3 43.63 1.47

SNDB-50-0451 30.28 1.20

SNDB-50-045-2 26.48 1.06 1.97

SNDB-50-045-3 35.42 1.41 '

SNDB-50-0454 36.20 1.44

SNDB-50-050-1 27.86 1.26

SNDB-50-050-2 28.93 1.31 1.25

SNDB-50-050-3 26.27 1.19

SNDB-50-055-1 20.32 1.04

SNDB-50-055-2 2357 1.21 1.23

SNDB-50-0553 2780 1.43

SNDB-50-060-1 20.54 1.14

SNDB-50-060-2 20.93 1.16 1.22

SNDB-50-060-3 24.28 1.35

SNDB-50-070-1 1923 1.30

SNDB-50-070-2 1750 1.18 121

SNDB-50-070-3 16.86 1.14

SNDB-50-080-1 15.34 1.19

SNDB-50-080-2 14.32 1.12 1.20

SNDB-50-080-3 16.58 1.28

SNDB-50-085-1 14.80 1.23

SNDB-50-085-2 15.33 1.27 1.19

SNDB-50-085-3 12.95 1.08

SNDB-50-090-1 14.20 1.25

SNDB-50-090-2 13.69 1.21 1.18

SNDB-50-090-3 12.17 1.08

Average + STD 23.11+8.66 1.23£0.11

Accordingto Table6.1, average mode | fracture toughnd€gs.) of SNDB specimen
with 50 mm thickness was found as #0311- 0 A .

75



Table6.2. SNDB fracture test results for t=60 mm

Specimen Code Fracture Mode | Fracture Avg. Mode | Fracture

P Load Toughness(Kic) Toughness(Kic)
kN EEW E"EW

SNDB-60-040-1 64.50 1.46

SNDB-60-040-2 63.89 1.45 1.52

SNDB-60-040-3 73.46 1.66

SNDB-60-0451 62.35 1.72

SNDB-60-045-2 59.46 1.64 1.50

SNDB-60-045-3 41.19 1.14

SNDB-60-050-1 47.64 1.53

SNDB-60-050-2 45.05 1.45 1.48

SNDB-60-050-3 45.93 1.47

SNDB-60-055-1 41.91 1.52

SNDB-60-055-2 38.01 1.37 1.45

SNDB-60-055-3 40.49 1.47

SNDB-60-060-1 29.63 1.20

SNDB-60-060-2 39.83 1.60 1.41

SNDB-60-060-3 35.69 1.44

SNDB-60-070-1 24.16 1.16

SNDB-60-070-2 30.89 1.49 1.32

SNDB-60-070-3 27.39 1.32

SNDB-60-080-1 18.54 1.04

SNDB-60-080-2 28.06 1.56 197

SNDB-60-080-3 26.94 1.50 '

SNDB-60-080-4 17.50 0.98

SNDB-60-085-1 21.56 1.28

SNDB-60-085-2 2072 1.24 1.25

SNDB-60-085-3 20.62 1.22

SNDB-60-090-1 19.02 1.21 1.21

Average + STD 3786t16.5 1.39+0.19

According to Tableé.2, average mode | fracture toughn@sg) of SNDB specimen
with 60 mm thickness was found as #G99 - 0 A .
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6.2.2.Testing Work with SCB Specimen

The fracture tests with SCB geometry which has 50 mm thickness were performed to
be tested. The notch length was kept fixed as 10 mm for all SCB specimens.
Specimens thickness ¢R=1 were prepared withine different span lengthS/R=

0.40, 0.45, 0.50, 0.55, 0.60, 0.70, 0.80, 0.85 and 0.90. Totally, 27 fracture tests were
done with SNDB specimen geometihe detail dimensions of the SNDB specimens
are given in Appendix CFigure 6.8 shows the SCB specimen during fracture
toughness témg under thregoint bending.The randomly chosen SCB specimen

photos during the test and all specimens after the test can be seen in Appendix D.

Figure 6.8. SCB specimen configuration

The specimens wetabeled to organize the samples and results of the fracture tests.
The specimens were coded in terms of the thickness, span length (S/R) and specimen
number for SCB.
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SCBIL'Q ‘_'9

SemiCircular Thickness Specimen numbe

Bend

One example of the SCB specimen after the testing work is shown in Bigure

Figure 6.9. SCB specimen

An example of the mode | fracture toughndss)(calcubtionwas presented for SCB
specimen.To calculateK,c of the SCB specimerstress intensity factork() was
computed by ABAQUS initially. 100 mm diameter, 50 mm thickness, 40 mm span
length and 10 mm crack length was assigned in ABAQUS for SCB model stgome
in this example. After the model was run, compwedvas found 64.4760 NI

The dimensionless stress intensity facto) (vas calculated with EquationS6and

6.6.

& — (6.5)

. OICYo (6.6)
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where;
P = applied load (1 N)
R = radius (0.05 m)
t = thickness (0.05 m)
a = notch length (0.01 m)
” pf ¢ Tm8tu T8TUL
" ¢ MhAa

. P8 Y
W —_—
¢ i r8t p PRy €

The mode | fracture toughne@d&c) was céculated with Egation 67 and 68.
Ki ®, U & (6.7)

, 0 700 (6.8)

where;
or = load at fracture (18530 N)
R= radius (50.33 mm)
t= thickness of the specimen (50.30 mm)

a= notch length (0.01 m)

. pYuvEnMTU®Oo LB T
, o MPa

Ke p8c opo Vmdip pdp w0 M
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All fracture test results for specimens with 50 mm thickness are given in@.dble

Table6.3. SCB fracture test results for t=50 mm

Specimen Code Fracture Mode | Fracture  Avg. Mode | Fracture

P Load Toughness(Kic) Toughness(Kic)
kN E'EW E"EW_

SCB-50-040-1 19.34 1.24

SCB-50-040-2 18.53 1.18 1.20
SCB-50-040-3 18.31 1.17

SCB-50-0451 13.34 1.03

SCB-50-045-2 13.20 1.02 1.04
SCB-50-0453 13.90 1.07

SCB-50-050-1 11.19 1.00

SCB-50-050-2 11.01 0.98 1.03
SCB-50-050-3 12.54 1.12

SCB-50-0551 12.24 1.24

SCB-50-055-2 6.52 0.66 0.96
SCB-50-0553 9.73 0.99

SCB-50-060-1 6.86 0.78

SCB-50-060-2 7.10 0.81 0.90
SCB-50-060-3 9.65 1.10

SCB-50-070-1 5.09 0.70

SCB-50-070-2 6.84 0.94 0.88
SCB-50-070-3 7.18 0.99

SCB-50-080-1 429 0.70

SCB-50-080-2 4.57 0.74 0.80
SCB-50-080-3 5.98 0.97

SCB-50-0851 4.90 0.86

SCB-50-085-2 3.92 0.69 0.79
SCB-50-0853 4.64 0.81

SCB-50-090-1 291 0.55

SCB-50-090-2 4.14 0.78 0.73
SCB-50-090-3 4.62 0.87

Average + STD 8.98+4.83 0.93+0.19

According to Tablé.3, average mode | &cture toughneg&c) of SCB specimen was
found as 0.980.19 - 0 A .
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CHAPTER 7

RESULTS AND DISCUSSION

The effect of the size and loading sparkaywas observed fdhe tests using SNDB
specimen geometry der threepoint bending load<=ffect of span length oK. for
the tests using wellecognizedSCB geometry under thregoint bending was clearly
identifiedin the laboratory work efforfTheaim isto see that the span length effect
for another similar gauetry and compare the resultsarying span lengths had an
important effect on the mode | fractutoughnesdncreasing thepecimen thickness
had an effecon Kc which wasthe specimesize effect on mode | fracture toughness.
The results of the tests with the twpecimen geometriggelded different mode |
fracture toughnesd.o explain this phenomenostress analys wee conducted on
numerical models of SNDB and SCB test geometrfegerage loads from the
experimeits were applied to the SNDB and S@®del geometrie® comparatively
analyze the extent of the plastic region under mode | loading condition. Stresssanaly

wasperformedalong the pathahead othe crack tip in the models.
7.1. Analysis of the Fracture Toughness Tests Results

AverageKcresults from all of the fracture test results are plotted against span in Figure
7.1. Spans vary fror8/R= 0.40 to 0.90 in thEigure7.1. Each average data point there
corresponds to the average of three tests with the particular geometry. Fitted curves

are attached to the data points in Figure 7.1.
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Fitted cubic polynomialor SNDB data ot=60 mm disk geometrlgas a good fitting
quality with R?>=0.99as seen in thei§ure7.1. For SNDB data with thickness 50 mm
and for SCB data, cubic polynomialurves are the best fits with correlation

coefficients around 0.99.

The measured fracture toughness chamgth the thickness of the SNDB specimen.
Average mode | fracture toughness of all SNDB tests with thicknesses of 60 and 50
mm were 1.39+0.10 061G and 1.23+0.1D 0 (a, respectivelyK;c of the SNDB
specimen for t=60 mm is about 13% higher tKayof the SNDB specimen fa=50

mm. The fracture tests could not be conducted with disks having larger thickness than
60 mm, since crushing wabserved underneath the rollers contacting and loading the
specimens. The high stress concentration under line load caused crushing. Another
observation in Figuré&.l is thatKc difference for 60 mm and 50 mm disk tests gets

larger for smaller spans suaS/R=0.40.

Effect of the loading span dfic for tests with both SNDB and SCB geometries is
clearly observed in overall results. Among all tests, the highest avragel1.52

0 0 @& for 60 mm thick SNDB specimen geometry withe smallest span of
S/R=0.40. For this thickness group, the lowest value is &.81¢a for tests wih
span ofS/R=0.90. Fot=50 mm group, the highest averdgeis 1.290 0 (& again
for the smallest span represented31R=0.40 With span ofS/R=0.90, he lowest

valueis 1.180 0 ¢a for 50 mmthickness group

Kic of the SNDB specimemwith t=60 mm decreases bout26% when span is
increased fromS/R=0.40 to 0.90. The&c of the SNDB specimen for t=50 mm
decreases bgboutl0% when span is increased fr@/R=0.40 to 0.90.

Average mode | fracture toughness value for all SCB specinsenbtained as
0.93:t0.19 0 0 ¢ , regardless of spafthe averagéc measured by the Stests

is about 50% lower than the average of all SNDB tests with 60 mm thickness,
regardless of span. The aver&gemeasured by the SCB tests is about 32% lower

than the average of all SNDB tests with 50 mm thickness.
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Regarding the variation &f,c with span, a similar but stronger effect is observed for
the tests with welknown SCB geometryAmong all SCB tests, the highest average
Kic is 1.20 0 0 (& . For SCB tests, the lowest average vaw®.730 0 (4G .
According to thisKic of the SCB decreases layound 64 when span length is
increased frons/R=0.40 to 0.90

In summary, increasing the thicknegghe SNDB diskspecimergeometryis clearly
identified; K\c increases with disk thickness. This increase is much higher for the tests
with lower S/Rof threepoint bendingoad configurationFor largerS/R the beam
effect gets more dominant resulting in more bending action and Kwealues. For
SCB results, the same trend exists in a stronger fashion. Another important finding
that SCB results are definitely lower than the results of SNDB tests. This can be due
to the fact that SCB geometry is more susceptible to Hianaction caonpared to

SNDB geometry under thrgmint bending with a low span.

According to Figurer.1, the data points around the trend curve of SCB tests show
larger variations. The deviation of data points is higher than those of SNDB tests.

Hence, the curve artle trend line fits better in the results of SNDB tests.

Polynomial function ofthird degreeresults as the best fitetween mode | fracture
toughnesg¢Kic) and span lengti§(R for 60 mm thick SNDB specimens in Figuté.
The averagenaximum and minimin Kic can be obtained by using first derivative test.
A second degree polynomial functisobtained after taking thigrst derivative of
the polynomial function of degree three. The two different critical pairgacquired

from the first derivative opation Theg critical points areat S/R=0.33 and 0.8.
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Figure 7.2. Graph of the fitted function
The polynomial of degree thrder the test results @0 mm thickSNDB speanen
testhas a maximum value BH 0 (G at the pointS/R=0.33 and has a minimum
value 1.200 0 a at the pointS/R=0.98 (Figure 72). The averge maximum and
minimumKjc obtained from both SNDB tests and polynomial of degree three are quite
similar. It is interesting to notéhataverage minimunvalue ofKic =1.200 0 (4 is

exactly equal to the SCB test data point for the lowest sp&rRe0.40

Considering the high quality of the tests, the results, and the fitted trend curves, it can
be claimed that the mode | fractuioughness from a thrg®int bend test approaches

to the identified maximum which i€ =1.53. As reported in the literature section,
SCB testing method is commonly preferred by the researchers due to the its simplicity
in specimen preparation and e&sis of testing procedure. However, as found here, it
suffers too much from beatike bending action. It is suggested that to firklcavhich

is effected minimum from bending action SCB testing should be carried out with a
loading configuration havin§/R=0.40 or less, and the result must be corrected with

the factor found as for SNDB geometry witt60 mm.
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In literature span over radiusS{R changedbetween 0.50 and 0.88CB method
| SRM suggested a rangS&OX.o&80 S(CIBSRidks t2 0aDs7 ) 0. 5
contribution here, successful results for both SNDB and SCB tests are provided for

specimens under thrgmint bending load witl$/R=0.40. For a span &/R=0.40:

Kic snos=1.27Kic s (7.1)

7.2. Stress Analyse®f the SNDB and SCBSpedmen

To investigateéhe plastic zone or scalled fracture process zone (FPZijgss analyses
are conductedlong the paths at the notchesSO§fDB (straight notched disk bending)
and SCB (semcircular bending) geometrie?aths covering sufficient number of
finite elements ahead of the seam crack are assigned to some ABAQUS fhbeels.
selected SNDB and SCB models h#vesameoading configuration witts/R=0.90.
For SNDB geometry, two models wittiR=1.0 and/R=1.2are chosen for the analysis

The reasorior choosing a large span represente®&&0.90 is to proceed with a
geometry which exaggerates the beam bending action.

Average loads from the experimerdse 19.02 kN for 60 mm thickness SNDB
specimen, 13.35 kN for 50 mm thickness SNDB specimen ard K8for SCB
specimenall havingspan ofS/R=0.9. These average loadseapplied to the SNDB

and SCB modsilto simulate and generate the real stress fields of the particular tests.
Purpose is estimate and comparedkient of the plastic regidior thethree cases in

consideration

The stress pattovering the contour integral region ahead of the crack tip is shmown

Figure7.3.
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Figure 7.3. Stress path for mode | loading

Uxx stresds the main stress component leading to the crack opening and propagation.
Stress contourperpendicular to the front of the seam créiek) areplotted for SNDB

and SCB model geometrigfigure7.4). Stress concentration at the crack timigre

intense for SCB model geometry. The least intense stress concentration is observed

for SNDB geometry of 60 mm thickness.
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Values oflixx for SNDB and SCB model geometries are given in Tahle First
column isthe ratio of the true distance along the patid crack lengtiwhich is
represergd asd/a. x of the SCB model geometries are higher than(thef the
SNDB model geometriesi decreases with increasing thickness of SNDB model

geometries.

Table7.1. («wfor SNDB model with 60 mm and 50 mm thickness and SCB model

(d/a) Uxx o_f the Uxx o_f the Uxx Of the
SNDBt=60 mm SNDBt=50mm SCB
MPa MPa MPa
0.00 23.52 24.75 30.63
0.03 15.31 16.16 16.69
0.08 9.56 10.10 10.94
0.13 6.82 7.23 7.42
0.19 5.37 5.72 6.09
0.24 4.44 4.73 5.22
0.30 3.76 4.03 4.62
0.35 3.25 3.48 3.78
0.40 2.85 3.11 3.35
0.45 2.56 2.73 3.38
0.50 2.17 2.30 2.95

Uxxversusd/ais plotted for all three specimen geometries in Figubeln the figure
individually fitted curves for SCB and two SNDB cases are marked and the related
equations are given. Tensile strength thresiwidarked aJo and used to calculate

the extent of possible tensile yield zone oicatted process zone. The extent of the

yielded zone igraditionallysymbolized asy.

89



SNDB

35.00 = SCB
! e SNDB
30.00 (t=50mm)
o = .27(d/; -
Uy =15.12e"%63  _o_Togjle Strengtt
—_ R2=0.92
©
S 25009
£
<
w 20.00
(%3]
o
1) N m
T 15.00 N2
= ENNN
LS YRS
\\\\
10.00 | BN
T0=8.6 @—@———8——Gar ———o—o—
d\\*:\\‘\\\
B G
@ T~
5.00 o= SE
- o, ---
e T
0.00
0i00 0.10 0.20 0.30 0.40 0.50 0.60
. dl min .
ctad el True distance along the path /Crack lengthd/a)
PR ENS oo

R

Figure 7.5. Cixxstress alon@NDB and SCB modsktress path

As can be seen in Figureb, the horizontal stress curves go to infiratythe crack tip
These curveareintersected by the value of the tensile strength which is8.6x1.1
MPafound from indirect tensile strergtestsTo estimatehesizeof a possible plastic

or yield zoneahead othe crack {, the following calculation steps are presented as

an example:

Clxx = TO =15. 126427(d/a)
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where;
d/a=yield parts
ry=yielded zone size or extent
8.6 =15.12¢ 20/
rya= d/a=0.132

The extenhfor SNDB specimens which has 60 mm thickness &% thicknessre
foundasrya=0.132 adrya=0.146 respectivelyl hecalculatedextent for SCB model
was rya =0.170. Etent of thepossibleplastic zone for60 mm tickness SNDB
specimen isaround 11% lowethan SNDB specimewith 50 mm thicknessThe
extent of the yield zonat the crack tipbecome narrowvith increasing specimen

thickness of SNDB specimens.

The extent of thgossibleplastic zoneof the SCB specinen isaround 29%higher
thanSNDB specimerof 60 mm thicknessinder tensile mode | loadingh& extent of
the plasticregionof the SCB specimen isaround 17%higherthan the extent of the

plastic zone fob0 mm thick SNDBspecimergeometry.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

Straight notched disk bending (SNDB) mode | fracture toughness testing method was
preferred due to simplicity of cogased specimen preparation and flexibility to adjust
disk specimen thickness for analyzing size effecth® toughness. Span lengths of
threepoint loading configuration could be varied and optimum span could be found
to reach consistent results for mode | fracture toughness. Anothemptiinéebend

test, so called semcircular bending (SCB) test wasetltchoice for comparison

purposes.

A verification problem of the threpoint bending plate was modeled ABAQUS.
Results were compared to thealyticalsolution Accuracy of the results from the

modeling work was around 2% in this verification problem.

Another verification examplewas the modeling of weknown SCB specimen
geometry undethreepoint bendingThe modeling procedure and work were verified

by modeling SCB geometries and comparing the SIF results available the previous
work. The results wercompatible withindifferences around 1%.

In results of the numerical modeling, one observation is lteatlimensionlessiode

I SIF (Y1) of the SNDBdeceases with increasing thickne¥sof the SNDB and SCB
geometries increases with increasing spagtterffrom S/R=0.40 to S/R=0.90). A
linear relation betweel andS/Rfor both SNDB and SCB geometries is found to be
the best fit.

One significanfinding is thatoverall averag&c of the SNDBdecreases around 13%

(from 1.39- 0 Al to 1.23- 0 [l ) asthe specimen thickness decreases
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Kic of the SNDB specimefor t=60 mm decreases lyound 266 (from 1.52- 0 I
to 1.21- 0 Kl ) with increasingspan(from S/R=0.40 to 0.99 TheK of the SNDB

specimen fot=50 mm decreases layound 106 (from 1.29- 0 Al to 1.18- 0 &I )
with increasingspan(from S/R=0.40 to 0.90).

The effect of the model geometry B is obvious.The averag&c of the SCB tests
(0.93- 0 Al ) is about 50% lower than the average of all SNDB teststw@fi mm
(1.39- 0 /I ). The averag&c of the SCB tests is about 32@tver than the average
of all SNDB tests withi=50mm (1.23- 0 &I ).

The effect of the changing span length is observed ortkwelivn SCB geometry
strongly. Kic of the SCB decreases by around%64from 1.20 - 0 K to

0.73- 0 JI ) with increasingspan lengtlffrom S/R=0.40 to 0.9]. TheK|cdecreasing
trend of the SCB geometry with span lengghseen to be stronger than SNDB
geometry.

One original contribution is that in addition tive S/Rratioscommonlyused in the
previous worksthe fracture toughness tests were performed ®iB0.40for the
first time. Successful resulteere obtained without crushing the beam samples under

the loading and support rollers

It was concluded that the beam effect @ages with the increasi®gRdue to the more
bending action. Hence, the value of the mode | fracture toughness decidased.
beam effect on the SCB geometry under the tpaet bending loading condition

was found to be strongéran the SNDB geometry.

The stress analysis was done on the SNDB and SCB geometries to predict the extent
of the possibleplastic zone at the crack tip under a thyma@Ent bending loading
condition. The extent of the plastic zord the SNDB specimerwith t=60 mmis

around 11% lwerthan SNDB specimewith t=50 mm The extent of thelastic zone

of the SCB specimen iaround 296 and 17%higher than the SNDB specimen

geometriesvith 60 mm and 50 mm thicknesssrespectively.
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Some recommendations for future work are listed as;

U Theseresults will be useful in minimizing fracture process zone (FPZ) for new
testing techniques.

U These results can be used to estimate the tensile stresses and beam action for a
proper design of the bolt mechamis based on fracture mechanics. Beam
action isreduced by decreasing tensile stresses in bolting.

U Shotcrete isa majorsupportingunit for tunnel constructions, underground
openings in mining applications and maother areas. Cracking of shotcrete
is caused by beam action. Furthermaiginkageof the shotcrete results in
tensile loadig leading to thepropagation of cracksThese results will be
useful to predict the life expectancy of shotcrete due to the-agelghrinkage
cracking.The beam type specimen geometries under{bog# bend loading
can be used to estimate the fracture behavior of the shotcrete.

U The effects of the different notch lengths on mode | fracture toughness can be
investigated.

U Process of thepgcimen preparation should lobene carefully. Especially,
flathess and parallelin of the specimen surfaces are very important for
accuracy of the results of the fracture tests.

U Specimendiameter D) can be varied to investigate the effext fracture
toughnessn mode |.

U The effectof thickness and span length and specimen georoetitye mode |
fracture toughness can bevestigatedfor the rock types with different

characteristics.
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