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ABSTRACT

SHEAR MODE FRACTURE TOUGHNESS OF ROCK WITH DIFFERENT
COREBASED SPECIMEN GEOMETRIES

HET,Kév an -
Ph.D, Department of Mining Engineering
SupervisorAssoc.Prof. DrLevend Tutl uoj |l u

February 2014294 pages

Shear mode fracture toughness tests on core specimens of gabbro rock were
conducted. Tests were conducted under thmeet bendingand Brazilian type
indirect compression load. In order to investigate the reasons for having different
fracture toughness values with trifferent testing methods and geometries,
modeling with ABAQUS software was conduct@&tress distributionground the

mode Il notcheswere analyzed. In order to assess whsglecimen geometry
results insimilar stress distributions as in the stress state of a plate under pure
mode 1| stress distributions along sonpaths were compared. Effect of the
thickness of the nohes on the stress intensity factor was analyZed.
experiments, @re specimensiad 100 mm diameter and 60 mm thickness, were

used.

Mode Il fracture toughness results werKccstepF2.39MP a @ m and
Kiiccsteor 1 . 7 6 M Ptlee 8raziliinaypeCSTBD specimenwith notches of

32 mm and 72 mnn length respectivelyMode Il fracture toughness decreased

as the notch length increased. Thvas attributed to the effect of boundary

influence onthefracture toughness.



Mode | and mode Il fracture eighness values fothe threepoint bendSCB

geometry were lower witiKiscer 1. 77 MP &Ka@er@n &2 MPaam.
Another threepoint bendcircular platetype SNDBgeometrymethod produas

closer results to the CSTBD method witicsnoes 2. 1 0 MPa&dm and
Kicsnoe 1. 1 8 MReas@nsfolower fracture toughneswith threepoint

bending loading were explained in terms of having larger yield zones ahead of the

notch and cracks, and the boundary influence issue.

Keywords: Rockfracture, bughnessgcore spetnens, stress intensity modeling,
ABAQUS
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¥Z

¢CEKKKAROT BAZLI KAYA NUMUNE GEOMETRKLE
MAKASLAMA MODU ¢ATLAK TOKLUKLARI

HET,Kév an -
Doktorg Maden M¢ghendi sl i fji Bo Il ¢ mg
Tez Y°medDrtesiend Tutl uojl u

Kubat 292d<ajWad ,

Makasl ama modu -atl ak tokl uju testl eri
yeéer et el megkt gr . T eet kb betBmzighmtipidioekt blmayann e

yéckl eme il e tegeomdifmi ki pterFad&nheéeel de
tokl wjjeriderinin nedenl enodellameler ABAQU® | e n me s

yazél éeme il e ged- &K li-eewriteisiilnndiekktii rgerM | me

analiz edi |l mi«deonretrisinifl plaka tipi saf ednilunmodeli ile

ayne geril me ddppluewméenbeel sahemekol i -in d
czerindeni laleé ndhen] egrelrer i keyas|genmeékt ér .
Kiddet. faktore¢ ¢zerine etkisi anal iz ec
mm kal énl éja sahip karot numunel eri kul |
Baaxhngée- -entik uzunluju 32 mm ile 72 mm
numunel eordi lil-i-natnm ak t okHKydkdmu 2d.eJi5e rMRad m s é
veKiccstep=1. 76 MPaéadm ol avrakka sd apntaa mméawt é&ra.t | al
dej er i -enti Kk Uzunl|Bwj u- aatolkdtkeé ku md adkéi k md & &
nedeni olaraknumunes € nééaratnl ak t okl uju ¢zerindeki e

var él mekteéer .
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SCB geometrisine ait mo d ] ervieermodd¢Kler elaf
Kicscerl. 77 MP@m and Kjigsce=0.92 MP@m o | ar ak bel irl enmi ktir.
nokt andan e jisktei namumnesi (SHRBY, ICSTBD methodu ile elde

edi |l en Kegnpd2.L0a MR@m and Kjesnoel.18 MP@m y a k € n

dejerl er cretmi ktir. i - noktadan ejme alt.
d¢ K¢k -atlak tokl uju dejerlerine sahip ol
-evresinde olukan b¢gyeéek yenil me bl gesi il e

ol ar a&kn meé wtkd r .

Anahtar Kelimeler: Kaya- at | ak,, kao&t ujnwmunel er i, ger il
modellemesiABAQUS
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CHAPTER 1

INTRODUCTION

Rock is not an ideally homogenous material; inherently it contains small flaws,
pores, and/or micro cracks and fractures in its internal structuendimeering
problems, rock mass involves maaeale discontinuitiegn the form of joints,

faults and bedding planes. Behavior of these discontinuities shows differences
under applied loads. The problem begins with fracture initiation, which depends
on animportant material property, called as fracture toughness. Rock fracture
toughness is a rock material parameter that determines the crack resistance at the
onset of the crack growth. This material property plays a vital role in analyzing
the safety issueand production rates in the earth sciences related research work

and projects.

Conventional design procedures were based on the failure mechanics in a
continuum sense. If applied stress exceeded the yield strength of the continuous
material forming thenternal structure of a part, material faileegardless of any
flaws, cracksand micrescale defects in the internal structure. No material is
perfectly continuous and homogenous. Accepting the unavoidable existence of
such discontinuities, a new discipdi in mechanics was needed to investigate and
figure out the mechanisms of fracture process in many complex engineering
materials like metals, rocks, concrete and ceramics. In order to find out the
solutions for crack problems that were encountered inowariengineering
material s, a state of art call ed as
196006s.
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Rock Fracture Mechanics deals with the initiation and propagation of 4amcro
macroascale cracks, fractures and other characteristic discontinuitiesasyoints

and faults, which are common in earth sciences applications. Predicting the
attitude of fractures in geological rock mass units is attractive in applications such
as hydraulic fracturing, rock slope analyses, earthquake mechanics, rock
fragmenation, insitu stress determination, geological disposal of radioactive
wastes, terrestrial carbon dioxide sequestration, underground coal gasification, hot
dry rock geothermal energy extraction, shale gas & shiafgarluction, solution

miningand in mawy other similar practical problems of earth sciences.

By using rock fracture mechanics and rock fracture toughness concepts, producers
of drilling equipmet, rock fragmentation machinesd explosives can improve

their fracturing based efficiency for dotypes of different origin.

1.1 Historical development of fracture mechanics

Before the development of fracture mechanics approaches, conventional design
was based on the failure mechanics in a continuum sense. According to this, if
stress exceeded the Mestrength of the continuous material forming the part,

material failed. A safety factor based design was conducted to remain on the safe

side. In | ate 180006s, although designed

aircraft parts, pipes, weldedipnts, ships and similar structures failed. It was not
possible to explain failure mechanisms with the possible usual mechanisms of the

conventional design approaches.

The establishment of fracture mechanics is closely related to som&neelh

disastersin recent history. Several hundred liberty ships fractured extensively
during World War II. The failures occurred primarily because of the change from
riveted to welded construction and the major factor was the combination of the

poor weld properties withstress concentrationsand poor choice of brittle

s uf



materials in the construction, (Wang, 1996). There were 2,751 Liberty Ships
manufactured between 1941 and 1945. Cracks propagated in 400 of these ships
including 145 catastrophic failures; anoimee broke cmpletely into two Today

only two of these ships still exist, (Banks, 2003).

First major step in the direction of quantification of the effects of crack like

defects was taken by Inglis (1913). He published an article on stress analysis for

an ellipticalhole in an infinite linear elastic plate loaded at its outer boundaries.
However, theory of fracture mechanics is commonly believed to begin with
Griffithodés analytical mo d e | and el astici

cavity in a uniformly baded infinite plate.

In Griffith (1921) and Griffith (1924), the condition under which a small elliptical
crack in a solid became unstable was established. He evaluated the decrease of
energy when a crack of lengthexisted in the plate. In addition, tite point of
incipient fracture this amount of energy must be equal to the energy required to
form new crack surfaces. Introducing cracks of different lengths in a specific
material and recording the various loads at incipient fracture, he showed that the

1/2

productl.(a)”’“ remained essentially constant.

Later, the symboK; was assigned to represent this material constant in the form

1/2

of U.(a)"“and was called the fracture toughness of that matékiabrresponded

to the critical stress aralwas the crack length.

Cornerstone of fracture prediction by te
of publications I n t he | at e 195060s. Ac
characteristics of cracka materials could be defineahd could be measutéen

fracture tests. Irwin defined the work required to create a unit increase in crack

area by fractureG. is a material property and is defined as the critical energy

release rateG is energy release rate per unit increase in crack area and is



sometime named as crack driving force. ®<G. the crack is stablei=G; is
metastable equilibrium or limiting condition; i5>G, the crack is unstable and it

propagates.

Decades coming after 19600s, scientists be
tips. Facture criterion was set in terms of critical values of crack opening
displacement (COD) by Cottrell (1960) and Wells (1961). To account for

contribution of crack tip plasticity and nonlinearities resulting in additional

opening of crack surfaces, Wells védoped a criterion called as Crack Tip

Opening Displacement (CTOD) in 1961. In 1968, Rice generalized and extended

the energy release method to include crack tip plasticity andimear behavior;

he introduced a path independent contour integral ardadrack tip, which

would account for both linear and nbtnear parts of the energy release rate.

Development in the energy approach to fracture prediction invatverdamining

a relatively small size arbitrary contour integral region around the tipeofrack

rather than considering the energy changes of entire specimen. -glastic

fracture mechanics concepts attracted atte
this contour integral. Rice defined a path independent integral nanneiggdal

for two-dimensional noflinear elasticity and for deformation theory of plasticity.

As an alternative to the energy approach, stress intensity factor concept was
developed by Barrenblatt (1962) to examine the fracture prediction using the
stress field neamhe tip of the crackK within the limits of linear elastic fracture
mechanics is the stress intensity factor (SIF) which provides a description of the
elastic stress fieldk depends on the magnitude of the applied stiesger a part

and crack lengtl in the part. By measuring the critical valligfor a part with a

crack of lengtha, fracture toughneds; which is a material property like strength

can be determined experimentally. Extensive compilation of stress intensity
factors for different loading rl crack configurations are available in SIF
handbooks like Sih (1973) and Tada et al., (1973).
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In linear elastic fracture mechanics, the energy and stress intensity factor
approaches are equivalent. This was first shown by Irwin (1957). By showing that
the energy release rate in a cracked body depended only on the conditions at the

tip of the crack, Irwin unified the two approaches to fracture prediction.

With the improvement of numerical modeling techniques, working with stress
intensity approach is more attractive; stress intensity factor for an arbitrary
loading and geometry can be evaluated conveniently by the numerical contour
integration around the a&ck tip. Based on thisidtegral, SIF value can be easily
computed and presented as part of the output, since energy approaches and SIF

approaches are equivalent as long as the material remains linear elastic.

1.2 Statement of theproblem

In geamechanichapplications, earth material is mostly under compressive stress
state due to overburden loads. Shear type of fracture is an important failure
mechanism in rocks under compression. Shear type loading mode is called as
mode Il in fracture mechanics. In nedl type shear loading, crack faces slide
relative to each other; displacements of the crack surfaces are in the crack plane
and in the plane that is perpendicular to the crack front as opening or closure type
movements due to shearing action. Crack atidgn in shear mode takes place
when the mode Il crack tip stress intensity fa¢tpmreaches a critical value. This
critical value is called mode Il plane strain fracture toughness and symbolized as
Kic.

For measurindc different testing geometrieand methods have been proposed

by researchers. Rock testing is conventionally conducted on core type specimen
geometries, since colased specimens can be prepared easily from the contents
of the boxes gathered from investigation borefiol€orebased spcimen

geometries and testing methods Kgg determination are attractive in this sense.



In current practice, not a singkg,. testing method has been suggested and widely
accepted for determining mode Il fracture toughness of rocks. A thorough
compari®n among the available cebased geometries and methods is necessary

to assess the applicability and limitations of theg&taneasurements.

1.3 Objective of the thesis

Pure shear mode, which is named as nlbde originally defined for an infinite
plate loaded at the ends by shear stresses parallel to the faces of the internal crack.
Plate is assumed to be either in plane stress or plane strain condition.

Pure mode Il testing with plate type rock specimens is difficult to conduct,
considering the qgparation of specimens and appropriate experimental set up.
Hard rocks are brittle and machining of small holes to attach shearing fixtures
around the upper and lower boundaries is not practically poskibles can tear
apart. Gleing the shear loadinfixtures to the boundaries will not work, since the

glueing material at the plate ends tears off before the crack shears apart.

For the reasons stated, mode Il fracture toughness testing witFbased
geometries is the logical alternative currently. je@bve is to figure out which
corebased mode Il fracture testing geometry and method result in a mode 1l
fracture toughness that realistically represents the pure mode Il fracture toughness
that would have been obtained by testing with a plate undenpade Il loading.

1.4 Methodology

Shear mode (mode Ifjacture toughness tesia corebased specimen geometries
of SemiCircular Discspecimens (SCB) an@ircular plate (SNDB)specinens
under thregoint bending, andBraziian Disc (CSTBD) pecimens under
concentrated compressive loagsre conducted on a brittfene-grainedgabbro



rock type. Because of relatively homogeneous structural nature, majority of the
test program was conductexh commercially labeleddbsolute Black Indian
Granite (Fine-Grained Ghbro) corebased specimens that were imported from
India quarries. Apart from challenges of machining an initial notch to this rock,
this high strength rock type was preferred being very brittle-gnaghed, and

noticeably homogeneous.

Load applicabn configuration is threpoint bending type compression for SCB
and SNDB geometries. Bending load application span between the two bottom
roller type platens affects the results for such specimen geometries.
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For all geometries considered, angle of initial notch inclinatian produced pure
shear modecondition with respect to the applied compressive load axis was
computed numerically with models of varioustetolength, specimen thickness

and loading span prior to testing of relevant specimen geometries.

For testing with CSTBD method, core specimendimé-grained gabbravere
prepared by machining of initial internal notches wiiigh-pressurewater jet
cutting. Notches with varying length were machined througth an angle of
initial notch inclinationto assure the pure mode Il condition as figured out from

modeling work.

Stress distributions around the notch, ahead of the notch tip and crack prapagatio
direction were investigated by assigning stress paths around these critical regions
in ABAQUS finite elament software. In wdeling work for the determination of
stress intensity factomnd thestress distributiomaround the notch and initiating
crack, the different specimen geometries wereneratecby ABAQUS (Three
dimensional finite elemersoftware). Models were in either 2D (two dimensional)
plane strain sections or 3D (three dimensional blocks), according to the need for

proper structural simulatioof the corebased geometry.

In order to simulate pure mode Il condition for SNDB specimen geometry with
blunted notches, modeling was conducted with the same specimen diameter,
initial notch length, notch thickness, specimen thickness and loading sphe a
testing specimens under various relevant loading angles. SCB specimens were

modeled in the same manner.

On the other hand, different initial notch lengths were employed for CSTBD
specimen models that had the same notch thickness, specimen diankter

specimen thickness as the ones tested.



In order to compare stress distributi@msl yielding condition based on von Mises
yield stress around the initial notches of different specimen geometries under pure
mode Il loading, some model paths with locabinate systems were assigned

around and ahead of the notch front.
1.5 Sign onvention

On the contrary, to the general rock mechanics sign convention, compressive
stresses are taken, as negative and tensile stresses are positive throughout this
study as in general solid mechanics, (Figur@)1.ABAQUS finite element
softwareis used in whole modeling applications in this thes@ordinate axes
marked with 1, 2 and 3 in ABAQUS correspondsy and z axes respectively
following the general tensor nation. For instances,;; stress outpubf ABAQUS
modelscorresponds t&y or Uy Which is thenormal stresgomponent along-x
direction x-y-z system is referred as the globaference system of the whole
specimen modelnl ABAQUS field outputvisualization modulgtransformingor
rotatingthe stress stat® a notchrelated local primed "7} coordinate system
(Figure 13) relevant to the stress paths wilifferentangles stress componei$i;

is now Si1"br G, Mvhich is the normal stress component parallel to the plane of the
notch. by Vor S2Vis the normal stresgperpendicular to the notch plame the

rotated primed system

Sign convention for stress intensity factésandK; in ABAQUS is as folbws.

K, is positive when the crack is opened under tensile stresses, as depicted in
Figure 14. The sign oK depends on the sign of shear stress that is effectare o

the notchor crackplane.Shear stesses are taken to pesitiveasin Figurel.2.
However,when this stress state is transformedounterclockwise directiowith
respect tathe applied loading and notch position SNDB specimemmodel as

shown in Figure B, shear stresstateactingon the squarelementaround the

notch frontis in anegatve form. Resuling K, is computed as negative)(

10



For a notch shown in Figure5l.initiating crackkinks and propagatesapward
towards the application point @oncentrated load® when K, is negative and
angle of crack propagation is computed as|f+¥, is computed apositive inthe
global coordinate systemthen theangle of crack propagation is computed as
negative and crack initiates akohks downwardowards the bottom boundary of

specimen model

Y
A O,
T:n
'
e
g, l X
-«— -~ —_—
]
G,
T\!-"’
-
o

Figure 1.2Positive stress state solid mechanics

11



Figure 1.3Transformed or rotated strestmite in local primed coordinate system of
a stress path

I—» x 1r.2 : P2

Figure 1.4Crack opening and positive mode | stress intensity fagteign
convention at the notch tip illustrated for SNDB specimen geometry
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Figure 1.9llustration of shear stress state at the vicinity of the notch tip for a
SNDB specimen model

1.6 Von mises stress and yieldriterion

Specified as ABAQUS field output ithe precomputation modeling steps, user
can investigate and analyze all stress components sush, &, $s3, Sio, €tc.,
and displacement components, up, andus of the modelblock after the
computation In addition,von Mises stress anothereadily availableparameter

as part othesame output scheme.

According tovon Mises yield criterion, material statb yield when the second
deviator stress invariant called &sreachego a critical value This is called as
von Mises stresin the program output and yielding occurs aseichesto a

critical value known as the yield strengfh, Magnitude of thgielding stresss

the same under tension and compression, since this criteradevetoped to be
usedfor elastiecperfectly phstic or ductile materials like aluminyrsteel, copper,
saturated clayand the other similar materialBefore the plastic flow, material

response against stress is assumed to remain elastic.

13



Von Mises stress criterion is independent of the hydrostatic stress or first stress
invariantl,. This yield criterion is a 3D form involving all three principal stress
componentsGraphically, it isrepresentetby a cylindrical surface (Figure @).in

the prircipal stress space with the meridians being parallel with the hydrostatic
axis (Mises, 1913 Von Mises Stres8y is used to predict yielding of materials in
multi axial loading conditionsnvolving the combined influence of all three

principal stress coponents. lis defined as:

(1.1)

(1.2)

In ABAQUS us er 6 ,mannMised stresss describedwith a different

equivalent form in terms of deviatoric stress tensoy; abis Equation 1.3elow:

(1.3)

In the model outpuinterpretation in terms of von Mises stress, a positive value
for von Mises stress represents a yield condition in tension, and a negative value

corresponds to yielding in compression.
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G,

Figure 1.6Von Mises yield surface in principal stress space

For brittle materials under increasing confining pressure reflected by incréasing
and Us, mean stress ol invariant increases the strength. For materials like
concrete brittle soil androck different tensile and compressive yield strengths are
observed. In fact, tensile strengths of such materials can be significantly lower

than the compressive strengths. Then, MGloulombyield criterion is widely

used todescribe andinalyze the yield phenomenon. Yield surface in the three

dimensional space of principal stresses is graphically represented by a hexagonal

pyramid. (Figure T7)

Compression SMV

L0
2 Hydrostatic axis ¢,=¢,=¢,

Figure 1.73D and 2D Mohr Coulomb vyield daice in principal stress space
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Yield function involving all three principal stresses in the MGlulomb
criterion is expressed below in termslgfinternal friction anglé, cohesiorc,

and the most important enfmyhich is the invariand,:

0 — 0 2
Q —i ME Vel —i Q¢ H Qe i N
o Vo
(1.4)
Here, d is called as Lod Angle (Lode, 1926)or deviatorpolar anglethat is
contolled by the relationship of the intermediate princigtaéss to the major and

minor principal stresseand itisgivenby ( Phase 2 wuser 6s manual,

oViov
— B0 T vmi ot — “To
o QU

(1.5)

No matter which yield criterions used to analyze crack or yielding initiation
location, the important controlling parameter is always the invadiamthich is
strongly dependent on the differescin principal stresses around the notch and
crack front.As the invariantl,, increasesn magnitude brittle Moh€Coulomb

material approaches the yield surface more and more.

1.7 Outline of the thesis

After a brief introduction to rock fracture mechanics in ChapteCHapter 2 is
devoted to application areas of rock fracture mechanieslvanced recovery of
hydrocarbons from deep levels of earth crust by using hydraulic fracturing
techniqueand rock fragmentatiorFracture modes, stress ingég factor, fracture
toughnesand LEFM (Linear Elastic Fracture Mechanics) concepts are dedcribe
in Chapter 3. In Chapter 4, previous studies that involve pure mode Il stress
intensity estimation and measurement work for mode Il fracture tougKneaee

reviewed.
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Finite element modeling and program structure of ABAQUS are defined in
Chapter 5Verification analyses and numerical modeling details of SCB, SNDB
and CSTBD specimen geotries are described in Chapter 6 and 7 respectively.
In Chapter 8 details of laboratory work including experimental set up and
procedures are presentdd Chapter 9stress distributionaround the notch for
SCB, SNDBand CSTBDspecimen geometriee investigated and compared to
the pure mode Il condition of the plate problem. Finally, conclusions and

recommendations for further studies are given in Chagiter
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CHAPTER 2

APPLICATION OF FRACTURE TOUGHNESS IN HYDRAULIC
FRACTURING AND ROCK FRAGMENTATION

Due to the global energy ces faced off duringthe last three decades,
unconventional energy production methods were reevaluatatiebgeveloped
countries. Among the energy production methods, enhanced recovery of
hydrocarbons from deep levels tbfe earth crust is the main title that includes
various ty@s ofthe novelproduction techniqueshale gas, shale oil, enhanced
oil recovery (EOR), coal bed methane (CBM), uiggeund coal gasification
(UCG) and microbiological coal conversion are the Bagiwn novel production
applicationsunder consideratiotoday. In all these novel methods, fracturing in

rocks for increasing the energyoduction is nowadays very popular worldwide.

Because of working athe deep levels ofthe earth crust, enhanced drilling
techniquesncludingthe directional drillingandhydraulic fracturing are the most
important part of thesenovel production methodsProduction capacities of the
drill-holes can battractively improvedoy applying the directional drilling and

thehydraulic fracturing.

Fracturing associated with thedirectional drilling commonly require the
availability of the mode | and mode Il fracture toughness entries in the energy

input computations of the novel applications.

In rock breaking, estimates of the energy input are needed to create broken rock
with new crack surfaces. Both mode | anibde Il fracture toughness entries are
important in such computations. Based on such computations, design of the

cutting tools can be improved. Or the mixture of the blasting agents and the blast
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hole geometries can lproved depending on the rock type. In rock cutting and
drilling work with the tools like the disc cutters and the polycrystalline diamond
compact type bits, fracture toughness used in the form of the energy input

estimation to create the fresh surfacas prove to be a useful parameter.

2.1 Hydraulic f racturing

Hydraulic fracturing (Figure.2), commonly known athe hydraulic fracking is a
moderntechnology that is used in petroleum production, unconventional natural
gas and oil production, geothermahergyextraction and carbon capturand
sequestration applicationisis also anodern technique applied mining through

the boreholes Highly pressurized mixture of ingredients such as water, sand and
chemicalsare pumped into the borehdeto form fracturesin the valuable
deposits Then, the production andfluid transferwith the valuable ingredients

from the boreholean beenhanced tremendously.

. Sand keeps
Natural gas |73 fissures
flows from O open

fissuras into
well o) Fissure

Well

Hydraulic
Fracturing

Fissures

\\

Figure 2.1 Directional drilling and hydraulic fracturing
(Modified from http://bradleydibble.authorsxpress.com/tag/hydrafuicturing)
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First hydro-fracking trials were made in 1947 and the commercial application of
this technique was employed in 194%ertical and horizontal fractures in the
mixed-mode fractung stateswere generatedduring these initial applications of
hydraulic fraturing. By using these fracturegargeed hydrocarbons were
recovered from theelatively great depths athe earth crustlssuesregarding the
contamination ofthe groundwater were detectecand publicizedin different
applicatiors at those times.Public claims related to those issues lead to the

enforcement ohew environmental regulations.

Regarding thefracture mechanics perspectivé the hydro-fracking fracture
propa@tion is greatlyinfluenced by the mod# fracture toughnesssince this is
one of themportantfactors, whichcontrolswhether a fracture divertélin et al.,
2011) During hydraulic fracturing, fracture toughnesgereass with confining
pressureand itdecreases witkexposure of the rock to fluids. Therefore, fracture
toughness values that are determinedtha laboratory conditions are much

smaller than thenes observed ait-situ conditions(Thiercelin et. al., 1989)

One of thenovel application areasf hydraulc fracturing isin-situ shale gas and
in-situ tightshale oil production. In order to enhance the gas @roductionand
reduce the risks regarding tesired manner dfacture propagatiorthe fracture
propagation undethe existingin-situ stress @nditions should be understood in
detail. The majority of these fractureasre under pure mode | loading state.
Chandler et al., 2013 conducted a series of pure mode | experiments on Mancos
shalein the three principle mode | crack orientatioasester, divider and shert
transverse) by using the short rod method under a variety of confining pressures
representing the isitu stress state. It was found that a very substantial anisotropy
was observed in the loading curves &advalues for the thee crack orientations

and the divider type crack orientation has 25% hidkervalue than the other

crack orientations.
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Schmidt, R. A. (1977) tested Colorado oil shale to determine the effects of the
orientation of the bedding planedassified as arrésr, divider and short
transverse on the mode | fracture toughness, (Figure 2.2).-pbigebending

type loading was applied to the dbgned shape rectangular specimdnhsvas

found that the highest modefdacture toughness was attained for the divide
geometry and the lowest was for the short transverse geometry. In addition, it was
determined that mode | fracture toughness of the oil shale that had low kerogen
content (80 ml/kg) was %40 higher than the fracture toughness of the oil shale
samples thathad high kerogen content with 160 ml/kg. Kerogen content
described aamount of organic compounds that are inherently present in the shale
formations. Suitability for the extraction operatios and the economial

production from theil shaleformationscan beprojected based on thegnount

Arrester Type Divider Type

|
}

Bedding Planes «————

I

Short Transverse Type

Figure 2.2 Position of the bedding planes for the oil shale samples subjected to the
threepoint bending for mode | fracture toughness tests
(Modified from Schmidt, R.A., 1977)
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Senseny and Pfeifle, 19&bnducted mode | fracture toughness tests on oil shale,
sandstone, mudstone and siltstone that were originated from Piceance basin by
using the short rod fracture toughness testing method. Core specimens that had

100 mm diameter were machined by the diacheaws. It was determined that

mode | fracture toughness of the sandstone unit resulted in an average toughness

of 1.27 MPaam with ranges from 0.69 to
mudstone and siltstone the average toughness was aroundMP46&8 m wi t h

ranges from 0.17 to 2.61 MPaam.

Hydraulic fracturing is commonly used in the exploitation of Coal Bed Methane
(CBM) to enhance the permeability of coal seams. Increasing the overburden load
also increases the-situ pressure and the permeability of coal seams decreases
because of the @sing cleats and fractures. Jeu et al., 1988 investigated the effect
of different hydraulic fracture techniques for the enhanced recovery of the coal
seams that are located in Piceance Basin, Colorado and San Juan Basin around
New Mexico sites. It was cohaed that higher operating pressures for fracturing

can result in shorter but wider cracks.

2.2 Fracturing for rock f ragmentation

One of the rock fragmentation techniques that can be appli¢gief@xcavatiomf
therock is mechanical breakage. Mechanimadakage in rock can beposedby
usingthe indentation action with high thrustr shearing dominated action of the
drag bits (chips). Differenceelated to the breaking mechanismsttugse can be
explained aghe indenters apphhighernormal force thats perpendicular to the
rock surfacewhereas thalrag bittools apply shearing dominatetbrces that are
parallel to the surfacef the rock to be excavated

Indentertype cutting elements like disc cuttease used for thehard and brittle

rock types ad high-energyneedis a characteristic feature for such cutting units
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compared to the shearing action of tliag bits. While indenteype cutting units
are generallyused for penetrating through the congmetrocks,shearing action
dominateddrag bitsare used in relatively wealer rocks such as coal and
evaporates. Both breakage systemake use of dominantly th&ensile stress
fields and the shear stress fields around the cutting toitsrm rock chipsPure

mode | andhe mixed mode fractures indtein the cuttingregion to be excavated
These fractures incorporate to fothe chipsas the excavated material

Applied Farcel

Applied Force

/ N,
\ i Crushed Rock

LY
Ay Crushed Rock
| N )

1 | A \ -
R W TT— T
P i g ..

! R

& Cracks in Rock

" Cracks in Rock

Figure 2.3 Mechanical rock breakages with the indenter and the drag bit actions
(Modified from Hood and Roxborough, 1992)

A popularfragmentationmethodthat can be applied iaxcavation ofany rock
type is blasting. In rock blasting, fragmentation is dominantly controllethéy
energyinput of the explosives to the formation of the new surfagaergy input
can be assessed in terms ofrislationship betweethe fracture toughnessdthe
critical energy release rate the energy needed to create new cracks or surfaces.
In drilling and cutting operations on rock, specific energy is an importa
controlling parameter of the penetration rate of the cutting and drilling tools.
Energy input to the breaking process and the resulting chip formation with new

cracks and surfaces are related to the mode |, mode Il and the nmikeflacture
toughness
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Fracture toughness an intrinsic property, which is related to the energy eéed
for the rupture. Guo (1990) conducted penetration rate versus rock fracture
toughnesdestsand investigation®n five different rock typegsandstone, white
limestone, ihe gran marble, coarse grain markded basalt)Fracture toughness
of rocks wasfound to be related to the penetration satethese rock unitwith a
correlation coefficienbf 0.90 However, the rock fracture toughnesgasnot the
only parameter thatjovernsthe penetration rate. Thereforeyother important
parameter callechs rock hardness was proposed the same studyor the

determination othe penetration raten these rock types

0 Q& QO 1 I0dEXE "Qa b IO Qx xdpp 0 8
(2.1)

In Deliac (1986), a relationship between mean peak cutting force (MPFC) and
fracture toughnesegarding thechippingefficiency by thedrag tool cutting was

proposeds:

00706 8M v QF
(2.2)
where;

CNj Coefficient depending atmerock type
Kic= Mode | fracture toughness
d = Depth of the cut

Donovan(2003 conducted a series of experiments on rock fracture toughness and
rock comminutionto be used in discovering the breaking mechaniant in
designingthe jaw crushersClose relationship was observed betwéaafracture
toughness andhe specific comminubn energy. When the fracture toughness
increases, required specific comminution energy increases. It was isgyrpnest

this relationshipmore dominantly represented the mechanisms of crusthiag

any otherrock material property such abe tensile stength. The relationship
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between fracture toughness ahd specific comminution energy for determining

the parameters dlhejaw crushemactionwas given by:

0 PP PYY U 6 0 Qép Y'Y pd
(2.3)
0 ™ pYYe U
(2.4)
ool 0 Q¢ pd
(2.5)
where;
P. = Power consumption of the crusher in kW
RR = Reduction ratidor a particle size i
Kec= Mode | fracture toughness of the

Ci = Probability of breakage for particle size i
X = Mass flowof particle siza in metric tonsper hour

P, = Power drawn by the crusher under no load in kW.

Closing this chapter about the impottaapplication areas of the fracture

toughness, it can be stated tfraicture toughness can usefully be related to the

energy input estimations of the field fracturing processes in efforts to increase the

yield of the natural energy sources. Fracture toegh being related to the critical

energy release rate of rock material can be used as an important entry in the

energy input estimations to create the fresh surfaces in rock breaking processes.
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CHAPTER 3
BASICS OF ROCK FRACTURE MECHANICS
In general cracks can initiate and propagate in three basic modes of loading.
These loading types that shown in Fig@r#& areclassified andcalled as Mode |,

Mode Il and Mode lll. If the combination abowveentioned modes can be taken
into consideration, generate@w type of loading condition is called as Mixed

Mode.
ayd .
e
i_

Mode I Mode I Mode 111
Opening Sliding Tearing

Figure 3.1 Fracturenodes

Mode | is the tensile or opening mode. In Mode |, crack propagates along the
crack plane direction.

Mode Il is the sliding or irplane shearing mode.

Mode lll is thetearing mode or oudf plane shear mode.
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3.1 Linear elastic fracture mechanics (LEFM)

LEFM assumes that the material is homogeneous and linear elastic and plastic

deformation around the crack tip is negligible. Isotropic and linear elastic mean

that thematerial properties are independent of direction and these materials have

only two independent elastic constants, which are elastic modi)isagd

Poi ssond@ds r(atlikel €-gi |, 2010) The objective
critical loads that will case a crack to grow in a brittle material.

3.1.1 Stress intensity factor and fracture bughness

LEFM uses and characterizes the local tip stress fields by using the parameter
called as stress intensity factét,(SIF). K depends upon the applied stress, the
size, and placement of the crack, as well as the geometry of the specimen. The

stress intensity factor is calculated as:

O L g

(3.1
where:
v} : remote stress applied to component
a : crack length

f(a/w) : correction factor that depends on specimen and crack geometry

w : specimen width

When the SIF reaches a critical stress state, the crack starts to propagate, and the
material fails, this critical stress state denadsK. and it is known as fracture
toughness. Fracture toughness is a material property that can vary with

temperature, loading rate, thickness and the composition of the material.
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3.1.2 Crack tip stresses for mode | and rode I

Early crack tip stress anmdisplacement solutions that are depicted in Figure 3.2

for Mode | were ideni f i ed by i n Wstedy &heg dVdliendssé s (1 9.
(1957) developed the crack tip stressl displacement solutions for mode Il and

mode 1.

0

Figure 3.2 Crack tip stss components

The predicted stress state for linear elastic material at the crack tip possesses

square root of singularity. ¢ I7I_>) The stress fields near a crack tip of an

isotropic material can be expressed as a protluctand a function off with a

scaling factor K:
The simple form of stress and displacement functions for different Modes near the

tip of the crack (as r t¥lishedbynWestergaarden | i st e
1934
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where:
Sj = Stresdensor in Cartesian coordinates,
fij = Geometric stress factor depending solely on adigle
3.1.3 Crack tip stresses andlisplacements for mode | and rode I
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Displacement Components
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Displacement Components
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3.2 Elasto-plastic fracture mechanics

In general, LEFM is used when the nonlinear behavior of crack tip is small
enough thatcan be neglected. This situation is impossible in many materials.
Thus, to characterize the tirgependent nonlinear behavior of the crack tip that
are encountered in many materials such as metals, H&sttic Fracture
Mechanics (EPFM) conceptised In order to define crack tip conditions, CTOD
(Crack Tip Opening Displacement) and J integral approaches can be used as a
fracture criterion. EPFM fracture criteria assumes that material is isotropic and

elastoplastic.

3.2.1 Jintegral

J integralis an energy based nonlinear fracture criterion for determining the onset
of the crack front. It can be related with stress intensity factor if the material
response is linear at the crack tip. In sksakle yielding, J integral can be
interpreted as irterms of stress intensity factoorfisotropic, perfectly brittle,
linear elastic materialg the crack extends along the crack plane dio®. For
plane strain, under mode |, mode Il, andd®a Ill conditions, below equations can

be used.
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3.2.2 Crack tip opening displacements (CTOD)

In 1961, Wellsfound that LEFM is not applicable when characterizing the tough
materials. He observed that before the sharp crack initiates noticeable crack
blunting was occurred. This observation led Wells to propose a new fracture
criterion CTOD (Crack Tip Opening Digrement), that depends on the degree of
blunting while examining the fracture toughness of the material. This fracture
criterion is generally used for determining the fracture toughness of ductile
materials. Most common definitions for this criterions: ddésplacement of the

original crack tip and the Sintercept.

Figure 3.3Displacement of the original crack tip and thé& @ercept
(Anderson, 1991)
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CHAPTER 4

MODE Il FRACTURE TOUGHNESS TESTING METHODS

Drillings that are conductedin mining industry for mineral and deposit
explorationsgenerally have been madéth wire-line systems and drill jigs for
recovery of undisturbed core samples. Those core samples have been used in
determination of rock properties suchrask strength (deformability testand

fracture parameters.

In order to reduce specimen preparatiome cost, scientist generally used core
based specimens in their experimental testing program for solving many

engineering problems.

Although, corebasedpure node | testing methods have been used widely and
some common types have been accepted biI8Rternational Society of Rock
Mechanics) no suggested cofeased fracture toughness testing method has been
developed and adopted fpure node 1l and mixed mode fracture toughness
testing. Therefore, various experimental programs have been conducted o
different types of specimen geometries for determiminge mode Il and mixed
mode fracture toughness of rackorthatreason to inform the reader about the
previous studies, upcoming part of this thesis was devoted somemfrtheode

Il fracturetoughness testing methods.

4.1 Punchthrough shear est

Punch through Shear Te®RTS) illustrated in Figure 4,lwas firstly introduce
by Watkins (1983) toanalyze shear properties of sodment. In addition,
Watkins (1983) employed finite element analyses to study fratieihavia of
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soil-cement specimens. 100 mm x 100 mm cubic specimens that aremwld i

together by hand were used pureda Il experimers.

Then, Backers et af{2002) applied PTS test for rock materials to deterrpume

mode |l fracture toughness$n Backers study, distinctly from Watkins (1983)
corebased rock samples that are equal in length to diameter with circular notches
drilled into centerd end surfaces were usethe main advantage of this testing
method, during loading axiallyll{ for implementingpure node 1l condition,
confining pressures) can be applied independently from the shear force to the

outer surface of the specimens.

Prior to testing procedure, finite element software called as Phase 2 was used to
determine the optiom specimen dimensiongsirstly, 95 specimendor three
different rock types I{mestone, granitend marble)were tested. During testing
program, influence of initial notch lengthptch diameter, notch symmetry and
confining pressuresup to 70 MPaon node Il fracture toughness were
investigated. It was concluded thmatre node Il fracture toughness increasath
confining pressurehigherthan 30 MPa confining pressyrpure node 1l fracture
toughness valueeachesa constant value for different rock types. In addition,
fracture initiation and propagation weddfered for particular rock type and this
situation was interpreted as: grain size distribution has a strong influence on the

mechanism of micro fracturing and failure. (Backers et. al., 2002)
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Figure 4.1Sample geometry and pdiple loading for théTStest
(Modified from Backers et al., 2002)

In addition, six different rock types were again tested by Backers, &0&to
investigate the influence of high confining pressurepoine node Il fracture
toughness on different rock typds. 2012, updateghure node Il rock fracture
toughness valuethat were determined by using PTS test under high confining
pressures ( >30 MPand low confining pressuresere presented in théinal
paper. According to this papgrure node | andpure nodell fracture toughness

values of some different rock types are summarized in Table 4.1.
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Table 4.1 Fracture toughness values for different rock types
(Modified from Backers et. al., 2012)

K, Kiie Kiie
Rock Type Origin ¢ (lowP) | (high P)
MPaVm | yipaym | MPavm
o
AVI®  Gran gueden| 38 4.7 115
medium grained
Aue Granite, Germany| 1.6 4.2 10.5
coarse grained
Mizunami Granite, | = ;0 | 24 4.2 10.9
medium grained
Seoul Granite Korea | 1.6 4.0 i
fine grained
Carrara Marble Italy 2.4 3.1 6.7
Flecht_lngen Sandstone Germany| 1.2 2.1 5.3
fine grained
Bent‘helm Sandtone, Germany 09 ) ]
fine grained
Ruedersdorf Limestone Germany 11 31 4.2
mudstone

Note: Pure mode Irfacturetoughnessalues were determined by using ISRM
suggested Chevron Bend Method

4.2 Shearbox test

Rao et al. (2003) introduced Shear Box Test, illustrated in FigurémtBis test
technique rock samples were placed between reciprocal beveled dies. Rao et al.
(2003) thought that this experimental set up establishes a favorable condition for
pure node Il fracture toughness testing. Prior to testing, finite element analyses
using ALGOR FEAS3 sftwarewereemployedto determingoure node Il fracture
mechanism in shear box teBure node Il fracture toughness tests with single or
double notches were conductend three different rock typesr@nite, marble and
sandstone). During experimental praig, specimen thicknesB)( dimensionless

38



notch length &W), notch inclinations with respect to the horizontal direction were

investigated.

Figure 4.2 Shear Box Testing
(Rao et al., 2003)

For single notched specimenand doubled notched specimeimms shear box
testing, pure node |l stress intensityK) calculatedby Equations 4.1 and 4.2
respectively (Rao et al., 2003)

0 . ®
—— 0
0 Nw w

(4.1)
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where:
B = Specimen Thickness (mm)
W = Specimen Width (mm)
a = Notch Length (mm)
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where:
P= Applied Load
n = Internal friction angle of rock)

U= Notchinclinationangle ()

It was concluded thashearbox testing is a potential method for determinpuge
mode Il fracture toughneg¥,c) of cubic rock specime since it can create a
favorable condition fopure node Il fracture, and in adibn this pure nodell
testing provide®-3 times higheK; values tharK. results Furthermore, because
of its simple specimen geometry, loading device aode node Il fracture
toughness caldation, this technique was ahuted as an propgiure node Il

fracture toughnesexperiment. (Rao et al., 2003)
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Pure node Il fracture toughness results determined by Shear Bxst are
tabulated in Table 4.2:

Table 4.2 Fracture toughness test resigtermined by Shear Box Test
(Modified fromRao et al., 2003)

Kiie
K, /K
Rock Type MPam ndKie
Granite 4.9 2.6
Marble 6.1 -
Sandstone 5.0 -

4.3 Double edge cracked Bazilian disc (DECBD)

Double Edge Cracked Brazilian DISODECBD) specimenFigure 4.3)was firstly
introduced by Chen et.a(2001). In this gudy, mode | stress intensity factors
were attainedvith weighted function method by using DECBD specimens that
are subjected unddiametrical compressiohen, in 208, Chen éal. conducted

a new study on ode Il stress intensity calculations again using BEC
specimenslit was concluded that seranalytical formula that was derived by
using weighted function method and the results obtained from this method were
precisely in harmony with finite element results. In addition, because of its simple
specimerpreparation for testing and no need a sophisticated loading device, this
specimen geometry was proposed as@dm |l fracture toughness experimerus f

brittle materials like rockgzeramis and concrete¢Chen et al., 2005
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Figure 4.3Double edge @cked Brazilian gc (DECBD)
specimen and loading position
(Chen et al., 208

4.4 Cracked straight through Brazilian disc (CSTBD)

Cracked waight through Brazilianisc (CSTBD) specimen(Figure 4.4)subjected

to diametrical compression has been broadly used bpynresearchers to
investigate mode |, mode Il and mixedode fracture toughness of brittle
materials such as rocks, ceramics, etc. in many yddesause of many
advantages such as: simpleogeetry, easily extraction from rock cores, simple
loading configuration, easily sep praedure, ability to use both in mode | and
mode Il fracture toughness testing and the most important one application of
compressive loads rather than tensile loadsTEBIS speimen is known as an

important node Il fracture toughness specimen. (Ayatollahi and Sistaninia, 2011)

42



Figure 4.4 CSTBD specimen and loading configuration

CSTBD specimen was firstly used hipatskii and Kovichickin mode | fracture
toughness determination in 1967. Themwaji and Sato(1978 used same
specimen typén thdar experimenthprogram for @termination of mode |, mode Il
and mixed mde fracture toughness of marbldaster and graphite materials.
Central craksthat have 0.6 mm notch thickness for marble and the 0.3 mm notch
thickness for graphitand plasterwere nachined each of the specimen types. In
entire testing prograntgrack Length &) / specimen adius R) (a/R =0.5) ratio
were kept constantn addtion, they used boundary collocation and dislocation
method in numerical analysedAfter conducting aboweentioned testing

program, fracture toughness values of particular material were found as:
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Table 4.3 Mode | and mode Il fractumughnessalues of different materials

(Modified from Awaji and Sato, 1978)

Material e e Kiie/ K|
MPa/m | MPaJm o e

Marble 0.93 1.05 1.13

Graphite 0.94 1.09 1.16

Plaster 0.13 0.15 1.14

Then in 1982, Atkinson et algonducteda series of mode | and ade Il
experiments on PMMA (Polymethyl Methacrylaténalytical equations were
derived for calculationsn mode | and rade Il normalized stress intensity factors
of CSTBD specimens. As a resulhey concluded thashort cracksthat have
l/lad.3 (wherel = crack lengtha = disk radius)ratio, yield reliable results for

mixed node fracture toughness analyisisnoderate size specimens

In 1986, to investigate mixed ode behavior of ceramics, Shetty et al. used
CSTBD (diametral compression test) specimens with Knoop indenter surface
flaws. They deduced from experiments tB&TBD specimen fye provides any
combination of mode | andade 1l loading in simple specimen geometry.

Because of the SIF equations on moded node Il suggested by Atkson et al.,
give reliable results onlyfor short cracks Ifa=0.3), Fowell and Xu (1993)
proposed new polynomial equations for determinatiordiofensionlessstress
intensity factorsY; andY);) and critical inclined angle faatisfyingpure mode II
condition a1 CSTBD specimensAccording totheir paper published in 1993,
mode | dimensionless stress intensity facf¥f) can be calculated by using
Equation4.6 error within 246 error forU=a/R=0.05- 0.95. (wherea= cracklength,
R=disk radius)
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M| =0.0354+2.0394-7.03567+12.81545+8.4111F-30.7418F-
29.4959F+62.9739+66.5439F-82.1339FP-73.6742)°+73.846&1 (4.6)

In addition to above equatiofRpwell and Xu, 1993 suggested Equatii and
Equation4.8 for determination oftritical inclined angle(d;) that satisfes pure

mode llcondition and also dimensionlesde Il stress intensity factoy,((U).

dj; =30.44064 . 6 71374.U6%94. 16 8237.19 8 12U 916 3 U
13.3%220806810%2390 4.7

Yi1(0)=0.064622.8956}-6.8663F+9.8566,-0.44558-1.0494F-
13.2492P+9.07837-10.7354F+28.477%F-6.3197°+10.6626)-10.026 8
34.29971}3+1.729214+25.2216° (4.8)

In the same studymode Il fracture toughness of the CSTBD specimeas

calculatedusing the Equatiod.9 below:

C

6 uny
(4.9)
where P, is the maximum load that initiates the crack to propadates the

thickness of the CSTBD specimen and tReis the radius of the CSTBD

specimen.

Krishnan et al. 1998, usedCSTBD speimens to investigate mixed ade
behavior of soft rock, called as Antler sandsto@orebased cylindrical
specimes, each one ®71.9 mm diameter were tested in mode |, mode Il and
mixed modeconditions. In all specimens, 10.5 mm notches were machwtad

two thin cardboard pieces that have 0.1 mm thickness. According to Krishnan et

al., 1998, pure mode licondition was achieved around29’ inclined notch angle
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from verticaland thepure mode llfracture toughness of Antler sandstone was
determinedas 0. 01028 MPaam. | n odea tladture faitune , mi xed
envelopes were developed in both tensbear loading and compressisimear

loading conditions.

Al-Shayea et al. 2000 conducted a series ekperiments oi€STBD specimens

to investigate rmde | mode Il and mixed mde fracture toughness of Saudi
Arabian limestone at a various elevated temperatamed under effective
confining pressurednitial notches inside each specimen were machined using
wire-saw. Specimens that have 98 mm diameter, 22 mm thicknesa/R+@l3

were used in both fracture toughness experimaitsa various elevated
temperaturesind under effective confining pressuré&i-axial loading cell was
used for fracture toughness determination under effective confining stresses. In
addition, rectangular box that is fabricated from a heat and electrical insulting
material was used in fracture toughness determinations under teteva
temperaturesil-Shayea et al., 200fbncluded that, ode | fracture toughness is
substantially increased with confining pressure. However, effect of increasing

temperature was measured an increase arowtd 25
On the other hand, same trengere obseved on node Il fracture toughness

values.However,this time, magnitude of increase was followed a lower gradient.

To summarize studgf Al-Shayea et al.2000, Table 4.4 was generated.
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Table 4.4Fracture toughness results
(Modified from Al-Shayea et al2000

Kicat Kjcat
Kicat Kicat Ky.at Kicat | 28 MPa | 28 MPa
Ambient Ambient - .
. . 116°C 116°C | Confining | Confining
Conditions| Conditions
MPa/m MPam MPa./m MPa/m Pressure| Pressure
m m MPaJm | MPaym
0.42 0.92 0.52 1.00 1.57 2.18

In 2010,Ayatollahiand Torabtested PMMAand soddime glassspecimens with
blunted notches called as U notched Brazilian Disc specimnedsr diametrical
compression for determination of mode | andbda Il fracture toughness.
Specimens that have 10 mm disc thickness for PMMA and 6 mmlisoelglass

were prepared as 80 mm diameter and 40 mm notch length. In addition, to
investigate notclradius (}) effect onmode | and made Il fracture toughness
results specimens that have four different notcadii for PMMA and three
different notchradii sodai lime, were prepared by using carefully cwolled
waterjet. Mode | and rade Il fracture toulgness results that were obtained after

tests are tabulated iable 4.5

47



Table 4.5Effect of notch radius onrdicture toughness results

(Modified from Ayatollahiand Torabi2010

Material } Kic Kiie K,/ K
(mm)| MPa/m MPa./m fle e

0.5 2.23 4.28 1.92

OMMA 1 2.83 5.51 1.95

2 3.77 7.54 2.00

4 5.10 11.32 2.22

| 1 0.71 1.29 1.82

Sodalime 2 1.00 1.85 1.85

Glass
4 1.46 2.92 2.00

Aliha et al., 2012studied node | fracture toughness experiments @uiting
Limestone Tests were conducted by using CSTBD and S@&cimens. Results
showed that mde | fracture toughness of SCB type specimens are much higher
than CSTBD specimens are. Moreover, it is conetudhat node | fracture

toughness is significantly dependent on the geometry and the loading type.

4.5 Semtcircular specimen under three pint bending (SCB

Semtcircular specimen under three pebending (SCB)illustrated in Figure 4.5,

was initially introduced by Chong and Kuruppu (1984). For this specimen
geometry, they provided a relationship for finding the load line displacement from
crack opening displacement by using a rotational fagtarhich depends on the
degree of the nonlinearity of the material. sitfy the finite element method,
Chong and Kuruppu (1984) and Chong et al. (1987) numerically determined the
variation of stress intensity factor for mode | and mixedde loading for very

limited ranges of crack lengths and span lengths.
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Figure 4.5 SCBpecimen and loading configuration

Whittakeretal., 1992 uggested a | arge craclpuda ncl i na
mode Il in SCB specimens and noted that, with such a geometry specimen
preparation becomes very difficult due to the damage in the thin wedge zone
beneath the crackn addition, Whittaker et al., 199Zoncludedthat specimen

thickness has insignificant effect anode Il fracture toughness.

Lim et al, 1993 computed stress intensity factors for samncular specimens

under thregooint bending for a range of specimen geometries with the
normalized crack lengtl/r changing between 008, crack inclination angb

bet wee@BUQUand the nor mal i z208dResufisavere | engt h
expected to be accurate within 1% and this was confirmed by comparing the
computed stress intensity factors to the results found bydhemercialfinite

element package ABAUS. Lim et al, 1993 observed that mode Il loading

becomes increasingly dominant as the support span length is reduced or when the

crack angle ad length are increased.he use of shorter crack lengths are
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suggested for fracture testing as the stressigitief act or 6 s | ess sensiti

variations in specimen geometry.

Lim et al, 1994performed mode | fracture toughness tests on SCB specimens of a
synthetic mudstone to evaluate SCB technique for fracture testing of hocke.

first part of thisstudy, node | fracture toughness values of Johnstone mudstone
with various conditions were examined by using SCB specimens. On the other
hand, secongart of abovanentioned study, mixed mode, anaae Il fracture
toughness values of Johnstone mudstoneewaeavrestigated by using SCB
specimen|In order to obtain mode | and mixedde conditions, vertical notches

for first case and the angled notches for the second case were employed in the
SCB specimensSpecimen diameters were 55, 95, and 144 mm and tlcarsre
thicknesses ranged from 11.9 to 43.9 mm. A notch of approximately 1 mm was
machined in the specimens withaary diamondmpregnated savkKeeping with

crack preparation procedure recommended by Haberfield and Johnstone (1990), a
sharp crack at thep of the notch was scoured with a razor blade. Fatigue pre
cracking was not employed to avoid the damage in specimens of weak and brittle
rock type used here. In fact, in the work of Haberfield and Johnston (1990) it was
found that no significant diéfrences were observed in the results with the use of
fatigue precracking in a series of tests involving notch tip radii from 0.1 to 0.8
mm. It was concludedoy Lim et al., 1994 that semicircular specimen under
threepoint bending was the most appropgiatue to its versdity, cost
effectiveness, anckliability. On the other hand, regarding the experiments being

employed below conclusions were made:
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1 Mode I fracture toughnes¥) decreasewith increasing saturated water
content exponentially.

1 Loading rate hava considerable effect onade | fracture toughnesk(),
with high loading ratesincreasein mode | fracture toughness was
observed.

1 Effect of specimen thickness, specimen size and notch lemgtimode |
fracture toughness iasignificant.

! Pure mode Itondition was achieved when the initial edge notch has’a 54
anglefrom the vertical loading axi%,c andK,; fracture toughness values
for Johnstone mudstone were determined as 2.158MRaand 1.05
MPaamm, respectively.

1 Furthermore, it was observed in the same study that, with increasing notch
inclination angle, the region of high tensile stresses spread increasingly
over the upper surface of the notch.

Ayatollahi et al., 200&onduded a series of mode |, mode Il, amixed node
experiments on PMMA (Polymethyl Methacrylate) by using SCB specimens. In
this experimetal program, specimens that hHo0 mm diameter, 5 mm thickness,
and 0.3 mm notch thickness were tested witR=0.3 andS/R=0.43 ratios. In
order to demonstite crack growth path and propagation direction, SCB models
with consecutive cracks were generated in 20 steps by using ABAQUS finite
element package program. It was concluded thatdiscrepancy between the
theoretical and experimentalstdts was moreignificant for node Il dominated

loading conditions.

In addition,Ayatollahiand Aliha (200Y conducted xperiments on determination
of mode |, mode Il and mixed ade fracture toughness of CSTBD and SCB type
specimens that are commonly used in fractuughioess determination of brittle
rocks. It was deduced thtte crack tip paramete(K,, K;, T-Stress)in either of
the SCB and BD test specimens are influenced considebgbipe specimen
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geometry and loading conditiongzurthermore, itwas seen thatT-stress
magnitude @seful indicator of the strength of the créagk singularity) in SCB
specimen is larger than CSTBD specimen and also oppbsiiesssigns(SCB

(+), CSTBD ¢)) were attained fothese specimen geometries.

In 2011, Aliha and Ayatollahnvestigated the mixed fracture toughness of Iranian
White Marble, called as Harsindble, by using SCB specimens. Several mixed
mode fracture toughness tests were conduitedtainthe mixed mode fracture
resistance envepe in the complete range fngpuremode | topure mode Il SCB
specimens that have 110 mm diameter, 25 mm thickness, and 0.5 mm notch
thickness were tested with varying crack inclination anglés0 (pure node 1),

10, 20 ,30 ,40, 43, 47, 5Qpure mode l) The ratios ofa/R and S/Rwere kept
congant for entire SCB specimenshd average fracture toughness ra€i/K

was found sound 0.4. In other words, the value afode Il fracture toughness

obtained fronSCBtesting workwas noticeably less than thg value.

Ameri et &, 2012 conducted aseries ofexperiments on edgsotchedclassical
SCB type specimens andn the two types of modified SCB specimen to
investigate fracture resistance of Hot Mix Asphalt (HMA). ABAQUS finite
element package program was used to deterthimeralues of shape factors for
the two modified SCB specimenshat were proposed for measuring the mixed
mode fracture resistance of HMA mixtureBhey concluded that although the
classical SCB specimen was found to be more suitable, both types of specime
have similar potential for measuring the mixed mbdetureresistance of HMA

mixtures.

In 2013, Aliha and Saghafi investigated the effect of specimen thickness and
Poi ssonds ratio on mixed mode fracture par
numerich analyses. 2D and 3D models that have 110 mm diameter were

developed for investigating the effect of varying specimen paraméterse were
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(a/R= 0.2, 0.3, 0.4and0.5; b(°) = 0, 10, 20, 30, 40, 5&nd 60;B = 10, 2Q 30,
and40 mm,ratio B/R = 0.182, 0.364, 0.54%nd0.727 andg= 0, 0.1 0.2 0.3
and0.4) As a resulbf 3D-based SCB specimen geometry modelingras found
thats peci men thickness amidfluefte orecmaki@s r at i

parameters such &s, K, andT-Stress.
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CHAPTER 5

FINITE ELEMENT MODELING & PROGRAM STRUCTURE

In order to calculate stress intensity factors (SIF) of the samples with different
geometries, numerical computations are carried out. The commercial finite
element package program ABAQUS is preferred for stress and fracture analyses.
ABAQUS is a user friedly and powerful finite elememhodeling program that is

used broadly in many industrial modeling applications.

In this section, development of finite element modeling is briefly reviewed first.
Then, an introduction to modeling procedure, terminol@yd interpretation of
the results in ABAQUS program package is presented as well as crack simulation

and fracture mechanics capabilities of the package.

5.1 Finite elementmethod

Many problems in engineering and applied science are governed by diffeoential
integral equations. Complexities in the geometry, properties and in the boundary
conditions that exist in most problems usually mean that exact solution cannot be
obtained or obtained in a reasonable form in a reasonable amount of time. Current
productdesign cycle times imply that engineers muoistain design solutions in a
shortamount of time. They are content to obtain approximate solutions that can be
readily obtained in a reasonable period, and with reasonable effort. The FEM
(Finite Element Metha) is one such approximate solution technique. The FEM is

a numerical procedure for obtaining approximate solutions to many of the

problems encountered in engineering analysis, (Barton & Rajan, 2000).

In the FEM, a complex region defining a continuum isceetized into simple

geometric shapes called elements. The properties and the governing relationships
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are assumed over these elements and expressed mathematically in terms of
unknown values at specific points in the elements called nodes. An assembly
process is used to link the individual elements to the given system. When the
effects of loads and boundary conditions are considered, a set of linear or
nonlinear algebraic equations is usually obtained. Solution of these equations
gives the approximate behar of the continuum or system. The continuum has

an infinite number of degrees-freedom (DOF), while the discretized model has

a finite number of DOF. This is the origin of the name, finite element method,
(Barton & Rajan, 2000).

5.2 Origins of the finite elementmethod

The basic concept studies of finite element method were begun approximately 150
years before. The term finite element method was first introduced by Clough in
1960. At this time period engineers used this method for solution of problems
such as stress analysis, fluid flow, heat transfer etc. The first written book on a
FEM was published in 196by Zienkiewicz and Céung. In the late 1960s and
early 1970s, the FEM was applied to a wide variety of engineering problems. The
1970s marke@dvances in mathematical treatments, including the development of
new elements, and convergence studies. Most commercial FEM software
packages originated in the 1970s (ABAQUS, ADINA, ANSYS, MARK, PAFEC)
and 1980s (FENRI S, LARSTRANO8Dthe mMeEE SAMG80) .
important developments in computational methods to occur in thee@ury. In

just a few decades, the method has evolved from one with applications in
structural engineering to a widely utilized and richly varied computational
approachfor many scientific and technological areas, (Barton & Rajan, 2000).
Nowadays, ABAQUS, ADINA andANSYS are the bedtnown finite element
software packages.
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5.3 ABAQUS finite element program package

ABAQUS is a simulation program based on a finite elementhooe The
ABAQUS Finite Element Program Package suite offers powerful and complete
solutions for both routine and sophisticated engineering problems covering a vast
spectrum of industrial applications. It can solve problems ranging from relatively
simple inear analyses to the most challenging nonlinear simulations. It includes
an extensive library of elements that can model virtually any geometry. ABAQUS
can be used to study structural (stress/displacement) problems, heat transfer, mass
diffusion, thermal management of electrical components (coupled thermal
electrical analyses), acoustics, soil mechanics (coupled poresthess analyses

and also fully coupled thermpbre fluidstress analyses), and piezoelectric
analysis. ABAQUS contains an extensiva lof engineering materials including
metals, rubber, polymers, composites, reinforced conarishable and resilient
foams and geotechnical materials such as soils and rock. (ABAQUS16.11

Documentation, 2011)

ABAQUS is easy to use and offers the usavide range of capabilities. Even the
most complicated analyses can be modeled easily. For an instance, problems with
multiple components are modeled by associating the geometry defining each
component with the suitable material models. On the other WathdABAQUS
contact between the solids are easily modeled. (ABAQUS B Dacumentation,

2011)

ABAQUS was developed and maintained by Habbitt, Karlson and Sorensen, Inc.
(HKS) in 1978. The company has several offices around the world;Tach.

Ltd. in Istanbul (‘A to Z Advanced Engineering Technologies’) is the Turkey
Office.
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ABAQUS has some preand posfprocessor units likekeABAQUS/CAE and
ABAQUS/Viewer. ABAQUS/CAE is a Complete ABAQUS Environment that
provides a simple, consistent interface for cregtisubmitting, monitoring, and
evaluating results from ABAQUS simulationABAQUS/CAE is divided into
modules, where each module defines a logical aspect of the modeling process; for
example, defining the geometry, defining material properties, genegatimgsh,
submitting analyses jobs, and interpreting resudBAQUS/Viewer contains

only the posfprocessing capabilities of the Visualization module. It produces the
output database in file types with extension .odb to process results from the
analyses ofmodels. Therefore, results from an ABAQUS analysis run can be
viewed on any other platform supportiA@AQUS/Viewer. It provides deformed
configuration, contour, vector, andi X plots, as well as animation of results,
(ABAQUS 6.1%1 Documentation, 2011).

5.4 ABAQUS main windows andmodules

ABAQUS main window contains title bar, menu bar, toolbars, context bar, model
tree/ results tree, toolbox area, canvas and drawing area, viewport, prompt area,
message area, and command line interface. The componeghts aain window

are illustrated in Figure 5.1.

58



Title bar Menu bar Gonkext bar

Toolbars

<= Abagus/CAE G.10

Ele Modd Weyport View ' Part Ghape Festye |Todk Flipns Hep WP

g

10|

DA R e L B A e @@ kP o'W |
“W"l"ﬂ'!] Moce: [Part x| tods: [rede-t w] par | k|
|5 okl Databace ArEm s v LA @
O Mods (1) | fj:,_
=l Medek L .
G Futs f‘j' I
Fz matestals A
% sections i
e Profies -
=4l Assambiy ..“l. L
=1 o Sheps {1} [
B Fiad Cutput Requests =
BR piskory Cutput Raquests =
h Tmie Fards "R =
fbm ALE Adaptive Miesh Constraines [ b!u
T mteractions |
% Inbaractian Fropavtiss Sl §
Contact Contrals J*_’J. s "
i Contect Tritisliestiors P Ay
] Canstraints o
E Connector Sectiors s e |
© F Fields | p
[% arpitudes . ,"
[ Loads _
L oees [ﬁ &
[ Predefingd Fiekds i
(g remesting Puies | Jj
4] |* I

Executing "onCass
& new model datab
The modal “Hodel

tartup{}” im the sits directory ...

wm=e has been greated

1" has boen coeated

Miodel Tree | Resdulls Tree

Carvas and

Viswpart

Prampt

Massage ares of

Toclboy
. cerrrrand lins imeracs

drawing area asa

Figure 5.1 Components of the main ABAQUS window

Each ABAQUS module contains only the relevant tools. For example, the Part
module contains only the tools needed to create a new part, while the Mesh
modulecontains only the tools for meshing the model. The orders of the modules
in the menu are in a logical sequence therefore when creating a model, following
the logical sequence is required. Before submitting the model for analyzing the
geometry, physical pperties, interactions, boundary conditions, and loads of the

model must be defined in a hierarchical manner by the following list of modules.
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5.4.1 Part module

The Part module allows creating and editing individual parts by sketching their
geometry directlyin ABAQUS. On the other hand, importing parts that are
modeled with other similar programs are accepted.

5.4.2 Property module

Material definitions and material properties of each region of parts are assigned in
this module. Some typical material propertyiops involve linear elastic, plastic
with Mohr-Coulomb, Drucker Pracker, Clay, and Concrete Damaged & Concrete

Smeared Cracking.

5.4.3 Assembly nodule

Assembly module is used for creating the instances of parts and positioning the
instances relative to eadlther in a global cordinate system. Cracks, springs,
and dashpots are modeled under the assembly module. In ABAQUS, crack
modeling based on either crack modeling with Conventional Finite Element
Method or crack modeling with Extended Finite Element Meti)§FEM) is
embedded in this module. Information on crae&deling techniques will be

described in forthcoming paragraphs.

5.4.4 Stepmodule

Step module is used for creating and configuring analysis steps and associated
output requests. Step module provideseguence of steps to capture changes in a
loading and boundary conditions. In ABAQUS, output requests are taken from the
step module. Two output requests are available in ABAQUS. One of them is Field

Output Request and the other one is History Output Reque
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Generally Field Output Request data is generated for the entire model or over a
portion of it. Visualization module is used to view field output data using
deformed shape, contour, or symbol plots. On the other hand, History Output
Request data is gerated at the specific points in the model. The rate of output
depends on how you want to use the data that is generated by the analysis. In
fracture mechanics applications, to calculate the stress intensity factor of a crack,

history output request muse lolefined in the step module.

When assigning the history output request for a crack, firstly contour integral
domain type or in other words previously defined name of the draskto be
selected. Three SIF criteria are available under the Stress Ipt&asitor type
selection window for characterizing the Crack Propagation Direction (CPD).

These are:

1) Maximum tangential stress criterion (MTS),
2) Maximum strain energy release rate criterion (MERR)

3) Ky = O criterion.

A typical model regarding &lve crack propagation criterions was generated for
mixed mode problem in Chapter 6. Predicted crack propagation angle differences

were observed and this situation will be explailzer on

In order to compute CPD at initiation, one of the criteria nmhestselected.

Number of contours around the crack tip after meshing is written in the number of
contours dialog box. These contours are taken into consideration for the
computation of the stress intensity factor around the crack tip for the model

geometry.
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5.4.5 Interaction module

Interaction module is used to specify mechanical and thermal interactions between
regions of a model, connections between two points, connections between two
edges or connections between point and a surface. In the interacualute, other

interactions are defined as constraints (tie, coupling, rigid body, equation) and

connectors.

5.4.6 Load module

The Load module is used to specify prescribed conditions, such as applied loads

and boundary conditions of the model.

5.4.7 Mesh module

The Mesh module is used to generate finite element meshes of the parts and the
assemblies. Seeding, mesh controls, mesh techniques, and element types are

defined in the mesh module.

5.4.8 Job module

After determining and defining all of the necessary spetifina in the model,
the next phase is to finalize the analysis by using Job module. The Job Module is
used to submit a job for analysis and monitor its progress. Multiple models and

runs can be submitted and monitored simultaneously.

5.4.9 Visualization module

The Visualization Module is used to provide graphical display of finite element
models and results. It obtains model and result information from the output

database; user can control what information is written to the output database by
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modifying output equests in the Step module. User can demonstrate output values
of the analysis by using deformed or-deformed shapes, contours, symbols,

vectors, animations, and graphs.

5.4.10 Sketchmodule

The Sketch Module is used to create and managedimvensional profes that

are helped to form the geometry when defining an ABAQUS native part.

5.5 Definition of some ABAQUS trms

In this section, some of the terms that are used widely in FEM analyses are
introduced. Some commonly used modeling terms degrees of freedgm
seedingand partitions or partitioning. In mechanics, degrees of freedom (DOF)
are broadly described as the number of allowable possible motions for the body or
solid. In finite element applications, nodes can have displacements and rotations
related tothese degrees of freedom. These are typiaally,, us, ury, ury, urs.

Faces and edges of the ABAQUS models can be restrained against these

displacement and rotational components.

Seeding in ABAQUS is related to the discretization of boundaries and/or partition
lines by increasing the number of nodes or vertices along these lines or faces. It is
the technique to obtain the desired mesh refinement for the entire model frame or

targeed regions in the model.

Partitioning in ABAQUS involves creating additional internal lines, edges, and
faces in the model blocks for the purpose of applying different boundary
conditions, loads, constraints on and along these partitions. These padigon
serve to refine and improve seeding and mesh intensity. With these partitions,

overall model block can be divided into faces or cells, which can be handled
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individually to improve the quality and the accuracy of the modeling procedure.

The seedingmcedure and the typical partitions are illustrated in Figure 5.2.

Partitions

Seeds

Figure 5.2 Seeds and patrtitions to improve modeling accuracy

5.6 Fracture mechanics @lculation techniquesusedin ABAQUS software

ABAQUS/Standard offers the evaluation of seveparameters for fracture
mechanics studies based on either the Conventional Finite Element Method or the
Extended Finite Element Method (XFEM). In Conventional Finite Element
Method, mesh should be conformed to the cracked geometry, crack front should
be ddined explicitly, and virtual crack extension direction should be specified. In
this type of analysis, detailed focus meshes are generally required for obtaining
accurate contour integral results for a crack in a tdneensional curved surface.

In Extenckd Finite Element Method (XFEM), it does not require the mesh to
match the cracked geometry. The presence of a crack is ensured by the special
enriched functions in conjunction with additional degrees of freedom. This
approach also removes the requirementexplicitly defining the crack front or
specifying the virtual crack extension direction when evaluating the contour
integral. The data required for the contour integral are determined automatically

based on the level set signed distance function®atdtles in elements.
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However, in 2012, Lev®n and Rickert anal
Crack cases that had wéthown analytical solutioonK;. In their study, less than

10 percent error existed between XFEM and the benchmark solutions. Beside

errors between 6000 percent were acquired for the specimens with stress raisers
(notches/ hol es) . I n Lev®&n and Rickertds

XFEM is often proposed to be a mestlependent method, i.e. the mesh does
not have to follow the crack geometry. However, the modeling method showed a
higher mesh dependency than expected, where the mesh size at the crack tip
showed to be the aspebtt affected the accuracy the most. XFEM enables for a
relatively simple/flexible crack modeling in terms of mesh construction, but the
accuracy is varying with the flexibility. A conformed mesh around the crack tip,
similar to what is used in conventionalack modeling, gives very good results
within 5 percent error. However, this kind of mesh refinement is hard to
accomplish for complex structures. An unstructured mesh is more flexible and
easier to model but is shown to give lower accuracy (within i€epeerror).

Because of the XFEMOGs |l ow accuracy and
complex structures, Conventional Finite Element Method was adopted here in

contour integral evaluations.

Before starting the verification problems related to pure nibded mixed mode
fracture analyses with Conventional Finite Eletmiglethod, some definitions for
contour ntegral calculations in Conventional Finite Element Method are

presented in the upcoming paragraphs.

In ABAQUS, there are two types of cracks tlsgah be introduced to the model
during fracture analyses. First one is the seam (sharp) type crack and the second is
notch (blunted) type crack. Seam type crack (Figure 5.3 and 5.4) can be defined
on an edge or on a face in the models; crack is origimddised but can open

during an analysis.
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sketched T seam
_# partition Fe  crack

Figure 5.3 Seam crack in 2D
(ABAQUS 6.111 Documentation, 2011)

. :‘lz\i -
j_;%——sketched
= partition

seam
crack

Figure 5.4 Seam crack in 3D
(ABAQUS 6.1%1 Documentation, 2011)

However, in notch type crack, notch is created originally inside the nedttier
as \tshaped or kshaped (Figure 5.5 and 5.6) structures under part module or
subtracting flaw (crack) region from the combination of two original parts with a

Boolean operation in the assembly module.
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varlax edge lace

Figure 5.5V and U shaped notches in 20tkvtheir crack font selection
(ABAQUS 6.111 Documentation, 2031

adge lace cell

Figure 5.6V and U $iaped notches in 3D with their crackrit selection
(ABAQUS 6.111 Documentation, 2031

In order to compare and asses the accuracy of the SIF results with seam type
cracks and kshaped notches for mixed mode and pure mode Il fracture analyses,
these two crack types are employed in the modeling work here.

Other important point for crack modeling with ABAQUS is the determination of
Crack Tip Singularity. Normally créactip singularity for stressesiyand thus for
strains ) is in the form oflL / & finear elastic slutions as given in section 33L1.

It is mentioned in ABAQUS 6.21 Documentation, 2011 that,
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AThe singularity at the cr-straitkandlysip s houl

(when geometric nonlinearities are ignored). Including the singularity often
improves the accuracy of thertegral, the stress intensity factors, and the stress
and stran calculations because the stresses and strains in the region close to the
crack tip are more accurate. If r is the distance from the crack tip, the strain
singularityinsmalls t r ai n anal ysis is deter mined

U @Zfor linear elasticity,

U  Oforperfect plasticity, and

U 1 U for powerlaw hardening.

Crack tip singularity application requires attaching some-sidd nodes to
increase the modeling accuracy around crack tip. Secalet high accurate
mesh is constructed at cratip. Menu window fo this is given in Figure 5.7
Mid-side node is positionet¥4 of the distance between the native nodes (Linear
Elastic or Power Law Hardening case)lé? of between the native nodes (Plastic
case). Crack propagation either degenerateoving single node or duplicate
nodes at the collapsed element side is simulated with a collapsed element

procedure at the crack tip.

—— Edit Crac |
Mame:  Crack-1
Type: Conkaur integral
Domain:  Geometry
General  Singularity
[ Second-order Mesh Options |
Midside node parameter (D=<t=<1): |0.25
MNote: Cracktipis at k=0
— Degenerate Element Control at Crack Tip/Line
© Mo degeneracy
& Collapsed element side, single node
" Collapsed element side, duplicate nodes
Ok I Cancel

Figure 5.7 Crack tip singularity definitions for 2D and 3D linear elastic analysis

68

as

d



- T
i -
a 1 -
a
b
b ] g o
< _-I =, bl [»-
e
isaparametric space physical space

Figure 5.8lllustration ofonesided collapse for the crack tip secarrder
guadratic elements
(ABAQUS 6.111 Documentation, 2031

5.7 Fracture criteria and crack propagation direction

The stress intensity factois;, K; and K;; are usually used in linear elastic
fracture mechanics to characterize the local ctgrkrackline stress and
displacement fields. (ABAQUS 6.1 Documentation, 203}1During stress
intensity factor computations, crack propagation direction can alsalbaated.

In Maximum Tangential Stress Criterion (MTS), Crack Propagation Direction
(CPD)angled s calculated according to formula written in expression 5.1.

(5.1)
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Determination of Crack Propagati@irectionAngle is stated in ABAQU®$.11-1

Documentatiorihat:

Direction of the crack propagation angle is measured with respect to the crack
plane. In such a way that, wheth = 0, this situation represents the crack
propagation direction is in the straigiathead direction. Furthermore?<0 if K|,
>0, while #>0 if K;; <0. The crack propagation direction angle is measured from
g to n; i.e., it is measured about the directiidn or counterclockwise measured
from .

Above-mentioned situation idlustrated below in Figure 5.9

/ancll Tip

N

q Vector Direction

Figure 59 lllustration of cack propagatiordirectionangle definition in ABAQUS
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CHAPTER 6

VERIFICATION EFFORTS AND MODELING IMPROVEMENT

In order to assess the accuracy of stress intensity factor computations with
ABAQUS software, fracture mechanics problems that hesleknown analytical
solutions, were studied in this verification work. For demonstratingctineect
pure sheamode condition, Pure Shear Plate Model was simulatechpatible

with the original definition of pure mode Il shear loading definition

For the mixed modeloading condition of an inclined crack in a platénclined
Crack in Tension Model wasnvestigated in the modelsThe purpose of
investigating such a crack configuration under mixed mode loading state was to
assess the prediction ability of waus crack propagation criteria such as
Maximum Tangential Stres§MTS), Maximum Strain Energy Release Rate
(MERR)and K, =0.

Stress intensity factor resul@snd crack propagation directions computed by
ABAQUS modeling workwere comparedo the availableresultsof analytical

expressionsleveloped in the previous investigations

6.1 Pure shear plate model under mode Il type loading

Stress intensity factor¥,;, K, and Crack Propagation DirectioicPD) for a
central crack on a plate subjected to uniform shear traction loadéngomputed
with models constructed byABAQUS program packageThis verification
problemmaterial ismodeled as an agropic elastic material with twdimensional
(2D) type CPE8 (@ntinuum Plane Strain Eight Nodk)nd of elements in the

package program
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Crack length in the plate of the problem2s=20 mm.Dimensionsof the model

and mechanical propertigslated tothe central crack on an infinitelgte under

pure shear mode Idang is given on Table 6.1. Problenarfne is in 2D plane
strain state (computed based on a sufficiently thick plate with a thickness much
higher than irplane dimensionyvith a seam crack embedded to the center of the
plate.

Table 6.1Dimensions of thenodel and mechanical properties related to the
central crack on an infinite plate under pure shear mode loading

Dimensions and

Mechanical Properties values
Width of theplate, 2W 400 mm
Height of the plate, 2H 400 mm
SeamCrack length, 2a 20 mm
Traction Stress on the plate, 1 MPa
Youngos modul uc¢ 200 MPa
Poissonds rati« 0.3

Seam crack typeavith zero thicknesss introduced into the mode{Figure 6.1).
Seam crack is the crack type that is used in ABAQUS aemtgsattach sharp
cracks with no thicknessn ABAQUS, seamtype crack tip option is available

under the Crack Menu.
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Shear Stress, T =~ _

Partitions

\4
—— Fixed in uJ (x) direction

2W

Figure 6.1 Schematic view of the 2D plane strain model with traction directly
applied to the upper boundary

For applying the shedoad to the upper and lower boundaries of the plate, two
different options were tried. In the first case, boundary shear loading was
generated by selecting Traction Stress
ABAQUS and applying this shear directly toetlupper boundary as the lower
boundary was kept fixed, (Figure 6.1). In the second case, shear loading was
applied through the reference point located over the upper boundary of the plate
while the bottom boundary was kept fixed as in case 1. In ordeansfer and
distribute the shear load to the upper boundary, horizontal shear force assigned
through the reference point was manipulated by the Coupling Constraint process

of ABAQUS under the Interaction Module, (Figure 6.2).
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Coupling

2H

Fixed in u! (x) direction

A
Y P

2w

Figure 6.2 Applied Horizatal Force and Coupling

Analytical stress intensity factor solutions foure node | andpure node Il for

this example are giveas K, = 0 and K, = tI* &A shear stress of 1 MPa
sufficiently far away from the inner crack region is applied to the upper and lower
boundaries of the plate model ABAQUS. The results of computation with

ABAQUS areK,; = 0andK; = IMPa/* @ @ & =5606 MP a & mm

To increasehe finite elementmodel computation accuracfne meshing should

be applied to the whole model and contour integral region (18 Contours). After
meshing the model by using proper mesh controls andnggdthe meshing
procedurg47915 Second Order Quadrilateral PlaneiStBdements, CPE8)as
appliedaroundthe seam crackSchematic views of udeformed and deformed
contour integral region around the seantkrare illustrated in Figure 6(&) and

(b) respectively.
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€Y (b)

Figure 6.3 Schematic views of the seam crack i{dhendeformed and
(b) deformed state of the model part

In ABAQUS finite element code, stress intensity factor computation is
implemented on the crack tip nodes that are locatdte vicinity of the crack

front. For that reason, SIF computation is made by taking averages of these nodes
along crack front and called &§ ... In this study to prevent confusion, SIF

results will be given without av. notation.

After analyzing the prokeim with case 1 loadingoadition, average stress
intensity factorsK, is zero as expecte®; computed for both ends of the seam
crack on the left and right tips and the Crack Propagation direction (CPD) are
found as:

Ky = 5.587 MPa/mm

Crack Propagation Direction-70.5°

Percentagdifference between the computed and the analytical results can be
calculatedas:

D
0'QQNQI M Go—; ap T
(6.1)
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Percentage diffemce is found a8.32%between the analytical solution and the

computed mode Il stress intensity factor.

As it is mentioned abovease?2 loading ondition, depicted in Figuré.2, was
achieved by using Reference Point and Coupling Constraint for the maded

constrained by same boundary conditions. In this type of loading condition,

Traction Stress (0) w a su;-dgeetioreforeetthatds by usi ng
applied on Reference Point. In addition, Reference Point was coupled to the upper
edge of the model. Because of the model was designed as a plane strain model,
horizontalf or ce was applied along meddehos pl ane
result, Traction Stres$)(for thecase 1 loadingvas achieved.
However, analytical solution of this analysis a little bit different fromse 1 {)
Traction Stress) | oading condition. I n this
from Equaton 6.2
0
T =
0
(6.2
U = Traction Stress ( MPa)
F= Applied Force (N)
A= Surface Area (mRA)
For acquiring 1 MPa Tr ac t6i2dorizoBa foreess (U) by

was taken as 640000 N that is applied o9®® mni (Wide-400 mm x

Thickness1600mm) plane strain surface area. Final situation of this formula is:

QT T TUIT Tt
@ T TU TIIAIT

(6.3

t pdO®

(6.4
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After analyzing the abee case 2 loadingondition with ABAQUS,average stress
intensity factorK, andK, that are computed for both ends of the seam crack on

the left and right tips and the Crack Propagation direction (@Fipg found as:
Ki =0 MPay/mm Ky =5.587 MPa/mm

Crack Propagation Direction-70,5’

Percentageifferencewas calculated from Equati@h5 below.

0. 0
0'QRQQI N Eea— ap T T

(6.9

Comparing these to the analytical solutipercentage differenogas calculated
as:
Difference ofK; = 0.32%

After acquiring similar results with different loading scenarios, because of its
simplicity, Tract i saloadny tymesnsconyethgncevaads c ho's
notch thickness analysis.

In order to investigate the effect of Elastic Modulus on SIF results, Pure Shear
Plate Model with seam crack was again computed with 70 GPa Elastic Modulus
(E). No difference was observed onFStesults between the Pure Shear Plate

Models that have 200 MPa Elastic Modulus and 70 GPa Elastic Modulus. One can

conclude that SlFesultscannot baffectedby changing Elastic Modulus.
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6.2 Convergence study for samcracks

In ABAQUS finite element code, stress intensity factors are calculated
conventionallyby contour integral technique. This technique is applied to the
model by using circular region around the crack tip, called as contour integral

region.

Contour integral region is theegion where stress intensity factor values are

computed. It must be large enough that the average of the stress intensity factor in

that region could converge. On the other hand, it must be small enough to provide

a sufficient area for smallerand larger acks t o achieve a valid
2010)

In order to get reliable results in contour integral region around the crack tip,
sufficient mesh density (refinement) must be provided. It is described in
ABAQUS6.11Anal ysi s Ug@lt)thaa: Manu al

The size of the cradiip elements influences the accuracy of the solutions: the
smaller the radial dimension of the elements from the crack tip, the better the
stress, strain, etc. results will be and, therefore, the better the contour integral
calculations will be. The angular strain dependence is not modeled with the
singular elements. Reasonable results are obtained if typical elements around the
crack tip subtend angles in the range of
accurate). The finite eleent mesh must be refined in the vicinity of the crack to
get accurate stresses and strains; however, accuratgegral results can
frequently be obtained even with a relatively coarse mesh.

This means that for getting accurate results from the modatouar integral

region should be divided into between minimum 16 pk2@,5) to maximum 32

pie (F11,25).
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Figure 6.4 Crack tip elements and crack tip subtend angles

In order to gepure mode licondition, distinctly from Figuré.4 subtend angles
were taken approximately as 3id Figure6.2 (a) When the subtend angles were
taken as 11.2%s in Figure 6.4K, valuewascalculated as nearly zerk,E1x10°
MPa./mm). However, when the subtend angles were arrange3i43sK; value

was calculated ad. This situation can be defined as smaller subtend angles

increase the accuracy of the results.

On the other hand, mesh intensity of the whole model used for stressitinten
factor analysis should be consistent with contour integral region mesh intensity.
This situation increases the mesh harmony and minimizes the unwanted irregular

shape elements.

Besides the crack tip subtend angles, number of contours in the coregal

region is also so important in mesh intensity studies. To understand the number of
contours influence on stress intensity factors around the crack tip, number of
contours in the contour integral region were changed in between 4 and 24 (4, 6,
10, 14, 17 and 24) as seen in Fig&ré.
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Figure 6.5 Different mesh intensities at the contour integral region
(Number of contours in the contour integral region = 4, 6, 10, 14, 17 and 24
respectively)

5.59

5.59 ¢ *

5.59
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5.58

5.58

5.58

K, Stress Intensity Factor MPavmm

5.58

0 5 10 15 20 25 30

Number of contours in contour integral region

Figure 6.6K, Stress intensity factor variatioascording to number of contours in
contour integral region

As it is shown in Figuré&.6, when the number of contours in the contour integral
region increase¥ stress intensity factor converges to the specific value. In this
study, the stress intemgifactor difference between thmarsest and the finest

mesh was founds0.0%%.
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It can be concluded thétO to 15 contours in the contour integral region are
sufficient for the stress intensity factor analysis for seam cracks. Another
important issuet h a t s h o udottem fort this baealysisfune Shear Plate
Model was designedholly in 2D environment with the CPE8 (Continuum Plane
Strain Eight Node) elements. This situation increases the accuracy of analysis and
decreases the effect of the numbércontour integrals on stress intensity factor

computation.

6.3 Pure shear date verification model with blunted cracks

Above studies are based on z#nwkness seam type crack elements in modeling
work. However, specimen geonies that are used in SCBNDB andCSTBD

tests include initial diamond sasut notches with finite thicknesses and rounded
notch tips. Therefore, in order to examine the effect of notch thickness and
materialize the real experimentanditions, blunted notch analysenpure mode

Il verification model verecarried out.

ABAQUS finite elementcode has capabilities for this type of modeling on
blunted notches. However, it gpecified inModeling Fracture & Failure with
ABAQUS Book that: In order to achieve accurate results, sonulel
specifications must be taken into account during modeling work. Such as, during
meshing around blunted notch surface, the size of the elements around the blunted
notch sk ul dnoét be hi § bfenotch tratiwsnThig siteatiorl was 0
depicted in FigureS.7. Element sizes may be increased forthcoming contour
integrals by using bias edge seeds.
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Figure 6.7 Size of the elements around blunted notch
(Modeling Fracture & Failure with ABAQUS)

On the other hand, crack faces must be parallel to each other or parallel to the
symmetry plane. In addition, the region on the surface of the blunted notch must

be used to define the crack front, shown in Figu8s

Crack tip
region
q vector
.C"jcf Sf“;ace The blunted notch
IS detec _e surface is the crack
automatically front region Symmetry plane

Figure 6.8Crack front, crack@faceand crackip definition for bluntednotches
in ABAQUS
(Modeling Fracture & Failure with ABAQUS)

Model specifications, dimensions, and boundary conditions were keptasame
previousseam crack model. Howeyeonly the 0.5, 1, 1.5, 2, 2.&nd 3 mm
blunted notches were generated behalf of seam crack by using cut module. In
order to show effect of real cutting notch thicknesses on different typesref

mode Il experiments, above mentioned notch thicknesses were chosen. In whole
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notch thickhess analyses, notch roundness starting point distance was taken half of
the notch thickness. For instance, in 1 mm notch thickness model, notch

roundness starting point begins 0.5 mm away from the crack tip.

Selection of crack front, crack tip and direction ¢pivector for blunted notch

modelis illustrated in Figure.9.

Figure 6.9 Selction of crack front, crack tignd direction ofj vector for blunted
notch model

To optimizethe finite elementtomputation accurag¢yfine meshing should be
applied to the whole model and contour integral region (23 Contours). After
meshing the model by using proper mesh controls and seed, fine meshing (47378
Second Order Quadrilateral Plane Strain Elements, CPi©8nha@the blunted

notchwere obtained and depictedrigure6.10.
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Figure 6.10 Fine meshing around blunted notch tips

After analyzing the above blunted 1 mm notch model with ABAQ&\&rage
stress intensity factork; and K, that are computed for both ends of the seam
crack on the left and right tips and the Crack Propagation direction (@Ei2)
found as:

K, = 1.09 x 10° MPa/mm K, = 5.625 MPa/mm

CrackPropagation Direction =70,5’

Percentage differenaeas calculated from Equatidh6.

iy
0'QR0QI Nt Ge— Gp T T
(6.6)

Comparing thes® the analytical solutigrpercentagelifferencewas found as:

DifferenceonK; = 0.35%
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Thus, results that were gained from seam crack and blunted notch analyses are
compatible with analytical solution of this wédhown problem. Both results have

few differences that were thought to be coming from effect of meshing.

If we look at the difference o, between seam crack and blunted notch:

Percentageitference between seam crack and 1 mm blunted notcls(%)

Gp T TT
(6.7)

V& C L LB YX
Ld Y X

(6.8)

= 0.68% was determined.

6.4 Effect of notch thickness onK;, SIF analyses

As it is known, during experimental prepdon forpure node | andoure node Il
fracture toughness studies, many researchers use different thickness diamond
saws, which have various cutting blunted notch thicknesses. Therefore, researcher
should be aware of the effect and deviation of notch thickness during his/her

original speimen modeling work.

In order to understand the effect of notch thicknessKgnanalysis, above
mentionedblunted notchederification analyses weragain coducted with 0.5,
1,15, 2, 2.%nd 3 mm blunted notch thicknesses.

In this study, all modelspecifications (Boundary Conditions, Mesh Seeds,
Element Type, etc.) for 1 mm blunted notch thickness analysis were kept constant

that used in 0.5, 1.5, 2, 2.5 and 3 mm notch thickness analyses. Nevertheless,
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some total element differences were occurredabse of the element removal

inside blunted notch.

After analyzing the above blunted 0.5, 1, 1.5, 2, 2.5 and 3 mm notch models with
ABAQUS, average stress intensity factdf and Crack Propagationif@ctions
(CPD)were found and tabulated as in Tabl&

Table 6.2 Effect of Notch Thickness &p Stress Intensity Factor

Notch Ki Crack
. Crackor Notch :
Thickness Type Results Propagation
(mm) MPa./mm Direction®
- Seam 5.587
05 5.604
1 5625
15 Blunted U Notch|  5.656 105
2 5.687
25 5712
3 5.748
Analytical solution of the problen]  5.605

For understanding the effect of notch thicknesKgrin graphical form, above

tabulatedK| results were illustratedith analytical solutionn Figure6.11

As it can beseen from the graph tha,, stress intensity factor increases with
notch thickness. However, percentage differenceKgnstress intensity factor
between analytical solution of the problem and 3 mm blunted notch thickness
result, were determined a2.55%. On the other hand, result of 0.5 mm notch

thickness approximately equals to analytical solution.
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Figure 6.11 K/K); analytical VErsus /a

6.5 Inclined crack in tensioni mixed modeverification model

Second verification fracture model is arclined crack in tension. Remote from

the crack, model is subjected to a far field uniaxial stress acting in the direction at
an angle §°) from the crack, as shown below. Analytical solution of stress
intensity factors and schematic representation af tbdel are shown below in
Figure6.12
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Figure 6.12nclined crack inénsion
(Modified from Suo)

Analytical solution for stress intensity factalculationdor this example is given
in Equation6.9 and @L0.

o, @ Qe
(6.9

0 MR QET QeI T

(6.10)
On the other hand, for the sameaxed mode model, the Crack Propagation
Direction (CPD) or in other words direction of the kink can be found as in
Equation6.11 As it is known, the kink direction depends on the relativeunt
of mode Il to mode | load Erdogan andSih (1963) showed that the
experimentally measured direction of the kinklPiexiglas is well predicted by the
criterion that the crack kinks to the plane with the maximum hoop stress. For the
stationary crack, the hoop stress near the crack tip is:
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When the crack igpure node | K;>0), this criterion predicts that the crack
extends straight ahead. When the craclkuse mode Il K;>0 or K;;<0) this
criterion predicts that the crack kinks at an arfjfe70.5° that is measured with

respect to the crack plane.

For the example abovdyy using Equations$5.9, 610, and 6.12and using
dimensions in Tablé.3 K|, K, andd (Crack Propagation Direction) were found
as analytically:

K, = 3,158300 Pa/m K, = 3,158300 Pa/m
d=53.13°

Table 6.3 Dimensions dmrmechanical properties of the inclined crackeinsion

Dimensions and

Mechanical Properties values
Width of the plate2W 254 m
Height of the plate2H 254 m
Crack (seam) length of the plagy 25.4m
Crack Anglep° 45
Load on the plate in tension, 1 MPa
Youngods Enodul us, 13000 MPa
Poi ssonbés ratio, 0.15
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B.C.2

—————— Tension

BC.1 «—— —* B.C.1

1—> X v v v v v ——— Tension

B.C.2

Figure 6.13 Dimensions and boundary conditions of inclined crack in tension
model

In order to verify the ABAQUS modeVith analytical solution, firstly seam crack
type was introduced into the model in 2D plane strain enviror(senputed
based on a sufficiently thick plate with a thickness much higher thatane
dimension) As it was mentioned before, when the craghetys sharp, seam type
cracks are used in ABAQUS fracture analysis. In ABAQUS, seam crack type

choice is available under the crack menu.

This verification problem was modeled as an isotropic elastic material with 2D
CPE8 (Continuum Plane Strain Eight Node) elemei@sam cack, plate
dimensionsand applied loadvere shown in Figuré.13 and the magnitudes of
applied tension loading conditioand the properties of the isotropic elastic

material were given in Tabg3.

90



Explanations of the boundary conditions are:
B.C. 1. The model is fixed a2 (y-direction)andur3 (rotation of z directiop

B.C. 2: The model is fixed ail (x-direction)andur3 (rotation of z directiop

Selection of crack extension directions for each crack and the crack fronts are
shown in Figures.14

Type:  Contour integral
Domain:  Geornetry

General |5..,.g,i7 |
Crack front: (Picked) [y

Crack tipfine: (Same as crack Front)

€ Normal to crack plane: (0.707,0.707,0)
@ qvectors
Data

————

_oc | ol |

Figure 6.14 Schematic views of crack extension directions for each crack and the
crack fronts

In terms of decreasing the finite element calculation errors, fine meshing should
be applied to the whole model and contour integral region (7 Contours). After
meshing the model by using proper mesh controls and seed, fine meshing (17488
Second Order Quadrilatéi@lane Strain Elements, CPES8) around the seam crack

and whole model are shown in Fig&4 6
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7 Iitice the mestraretien 27
& Advancingfront.
¥ Use mapped meshing where approgriste

o | e |

Figure 6.15 Schematic view of mesh controls for inclined crack in tension model

Viewport: 1 Model: Model-1  Step: Initial Viewport:2 Model: Model-1  Step: Initial

l

Crack Zone

Crack Zone

Figure 6.16 Schematic views of teeam crack and the whole model after
meshing
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After analyzing the model with ABAQUSverage stress intensity factétsand
K that are computed for both ends of the seam crack on the left and right tips and

the Crack Propagatidbirection (CPD)were found as:

K, = 3,197350 Pa/m K, = 3,188150 Pa/m

Crack Propagation Direction-53.1°

Percentage differeeovas calculated from Equatiori8.

L0
0'QRNQI It Ge— Gp T T
(6.13

Comparing these to the analytical solutiparcentage differencegere calculated
as:

Difference ofK, =1.2%%

Difference ofK;; = 0.99%

In order to understand importance of mesh controls during contour integral
analysis, another trial was made on again Inclined Crack in Tension Model. In this
analysis, mesh controls depicted in FigerE&5were changed into Figu@17. As

it is shown in kgure 6.17, concentric tubes was added into the contour integral
region for each crack and the structured meshing techniques was preferred in
contour integral region. Hedominated mesh technique inside of the concentric
tube was kept constant likewiseprevious analysis. Moreover, different from the
previous analysis, fine meshing (14 contours) that is illustrated in F&u8:

was designed inside the contour integral region and for crack front definition
concentric tubes were selected as a crack.fisitér meshing the model by using
proper mesh controls and seed, 19736 Second Order Quadrilateral Plane Strain
Elements (CPES8) were introduced to the model.
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Viewport: 1 Model: Model-1  Step: Initial Viewport:2  Model: Model-1  Step: Initial

Figure 6.17 Schematic views of new meshtema and concentric tubes for
inclined crack irtension nodel

Figure 6.18 Schematic view of fine meshing inside the concenlrés tand
contour integral region

After analyzing the model with ABAQUSverage stress intensity factd¢sand
K that are computed for both ends of the seam crack on the left and right tips and
the Crack Propagation direction (CP®gre found as:

K, =3,197360 Pa/m Ky = 3,188150 Pa/m

CrackPropagatiorDirection:-53.1°

94



Percentage differeeovas calculated from Equatioril8.

L0
0QQQQI e Ho—rv Gp T T
(6.14)

Again, comparing these to the analyticalution percentage differencegere
found as:

Difference ofK, = 1.24%

Difference ofK;; = 0.95%

As a result, no significant difference was observed betviwendifferent mesh
controls Both analyses have same differences against analytical solutibe of t
problem. These differences can be explained as; the problem frames are not
infinite as in the case of analytical solution, that is why a 2% difference in the

computations oK, andK,, is acceptabléor whole verification analyses.

On the other handniorder toassess the prediction ability of variouasck
propagation criteriadifferent Crack Propagation Criterions were introduced to the
model. As it can be seen from Table 6.4 that, Maximum Tangential Stress criteria

has the closest CPD result to the analytical solution.

Table 6.4 Effect otlifferent crack popagatio aiteria on CPD

Crack Crack 1 Crack 2
Propagation Ki Kii K, Ki
o CPD CPD
Criteria Pa/m Pa/m PaJm PaJm

MTS 3,197,360 3,188,150 -53.1° | 3,197,350 3,188,150 -53.1°
MERR | 3,197,360 3,188,150 -56.5° | 3,197,150 3,188,150 -56.5°
Ki=0 3,197,360 3,188,150 -56.9° | 3,197,350 3,188,150 -56.9
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6.6 Inclined crack in tension with blunted notch

In terms of analyzing the effect of notch thickness on Stress Intensity Fagtors,
andKj, Incline Crack in Tension Model was again developed with 1 mm blunted
notch behalf of seam crack. This study aims to observe the effect of blunted notch
on Mixed Mode condition. Model specifications, dimensions, and boundary
conditions were kept same thataised in the above seam crack model. However,
only the 1 mm thickness blunted notch were generated behalf of seam crack by
using cut module. As it was mentioned before, notch roundness starting point

distance was taken half of the notch thickness.

After meshing the model by using proper mesh controls and seed, 31614 Second
Order Quadrilateral Plane Strain Elements (CPES8) were introduced to the model.
Schematic view of blunted notch and the whole model before and after meshing
are illustrated in Figur6.19 and6.20respectively.

Viewport:2 Model: Model1  Step: Step-1 Viewport:3 Model: Model1  Step: Step-1

Figure 6.19 Schematic view of blunted notch before and after meshing
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Viewport: 1 Model: Model-1  Step: Step-1 Yiewport:2 Model: Model-1  Step: Step-1

Figure 6.20 Schematic views of blunted crack and the whole model before and
after meshing

After analyzing the model with ABAQUSverage stress intensity factdfsand
Ky that are computed for both ends of the seam crack on the left and right tips and
the Crack Propagation direction (CP@re found as:

K, = 3,199380 Pa/m K, = 3,207190 Pa/m
CrackPropagation Direction532 °
Percentage difference was calculated from Equation.

0" QQQQI e W Q— Op U TT

(6.19

Comparing these to the analytical solution percentage differemeésund as

Difference ofK, = 1.30%
Difference ofK; = 1.55%
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As it was discussed earlier, because ofrtloglel were not solved as in an infinite
medium, 26 difference between analytical solution and the analyses results are

acceptable.
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CHAPTER 7

MODELING WORK FOR VARIOUS CORE-BASED SPECIMEN
GEOMETRIES

Basically, three specimen geometries nam&¢B (SemiCircular Specimen

under ThreePoint Bending) SNDB (Staight Notch Disc Bending) and CSTBD

(Cracked Straight through Brazilian Dise)r e model ed to comput
(Stress Intensity Factors) under opening and shear modes of loading modes of
fracture mechanics. Among these cbesed specimen geometri&&; B half-disc

type specimensandSNDB circular plate type specimens are loadethreepoint

bending. CSTBD disc type specimens are subjected to Brazilian type compressive

loading applied by the concentrated forces at the upper and lower boundaries.

Presented in the results of modeling work, Crack Propagation Direction (CPD) is
computed basedn the Maximum Tangential Stress Criterion as described in
Chapter 5.

7.1 Stress intensity factor omputation for SCB (semicircular specimen
under three-point bending) specimen

SCB (SemtCircular Specimen under Thr&®oint Bending) specimen geometry
depicted in Figur@.1,is modeled in 2D section with plane strain assumption
order tosimulate saw cut notch with a finite thickness and bluntedgimred
experimental conditiondlunted notcheareinserted to th&CB half discmodes.

By changing the anglg® of the preliminary notclirom the vertical loading axis,
pure mode | f = ® And pure mode Il @ = 5)4nfodels are generated for
determinatiorS | FKdasdK,. To assure pure mode Il loading state angle used as

99



b= 5 4wAs origindly found by Lim et al. (1993)Or i gi nall

pure mode | and pure mode Il statesregiven inLim et al. (1993.

soluti on

In order to compare results of this work to the ones in the original source,

specimen dimensionsere are kept in compatible ranges close to the dimensions

of specimens investigated blim et al. (1993. In Table 7.1, geometric

differences betweeK,; and K;, modelsare highlightedCommon properties for

both SIF computation models are: diamé&et100 mm, specimen thickneBs60

mm, notch thicknes$=1 mm and the concentrated loBg=-1N at the upper

boundary. Mterial properties are also usedBs 3 8. 9 GPa

andg=0.11( Poi ssondés ratio).

(Youngos

Table 7.1Geometric details of 2D plan&ain SCB models foK, andK

computations

MODEL K, Computation Ky Computation
Notch lengtha 20 mm 17.6 mm
Span Length2S 60 mm 50mm

Notch Anglefrom
Vertical,b° 0 4
a/R 0.40 0.35
SIR 0.60 0.50
B/D 0.60 0.60

100

f

or

mo d



<l .
< y o

Figure 7.1 SCB specimen model frame under tp@at bending load

configuration
D: Diameter tn: Notch Thickness
a: Crack Length b: Crack angle from vertical

2S:Span Lendt

Because of its simplicity, all SCB models agenerated in 2DPlane Strain
sectionswith special elements coded &PE8 (Continuum Plane Strain Eigh
Node) which are second ordeuaglrilateral elementdn order to increase the
compuation accuracy approximateB800 of suchplane strain elemenia SCB
model frame geometries atsed. Numbers of contours in the camtantegral

region aroundhe crack front is set equal 18 consistentlyor all SCBmodek.
Following the computations with the presumedrepK, and pre K, model

conditions SIF results represented By andK; and Crack Propagation Direction

(CPD) for both cases are summarized below.
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Pure K, Model:
K,=158.64 Pam Ky, =-0.0020 Pam

Crack Propagation Direction®
Pure K;; Model:
K = 1.41 Pam K, =-26.78 Pa/m
Crack Propagation Direction69.52
For this specimen geometry boundary conditions (B.C. 1 and B.C. 2) that are
shown in Figurer.2 are applied to achieve pure mode | and puwdanl fracture

mechanics loadingonditions. B.C. 1 and B.C. @ded lbundary conditios are

definedbelowas

B.C.1: Load application points were fixed in direction.

B.C.2: Load application point was fixed in direction.

B.C1 B.C1

Figure 7.2 Boundargonditions for SCB specimen
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7.2 Stress ntensity factor computation for SNDB (straight notch disc
bending method) pecimen

Modeling of straighinotched disc specimen geometry that is usedjgrtesting
under thregpoint bending load is conducted in 3D. Blunted notsled in 3D
modeling is assigned to the bottom boundary region between the two load
concentrated load application poinBasic model geometry f@8NDB specimen

is illustratedin Figure 7.3.

A
\ 4

2S
D

A
\ 4

Figure 7.3 Geometry of SNDB specimens under tpast bending load

a: Crack Length 2S:Span Distance

t.: Notch Thickness b: Crack Angle from Vertical
B: Specimen Thickness R: Radius

D: Diameter

Preliminary notches are machinég a circular diamond savin preparation of
disc specimens. The use of a saw tgpting tool is necessary to insert notches to
the core specimen geometries. With the usa shw, initial notch is naturally
expected to haveldunted notchip and finite thickness.
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A blunted notch of dinite thickness of 1 mms assigned to the 3D models of
SNDB specimen geometry models. Bluntemtch modeling technique has some
specificatons and related geometrical selectiahat have to be iplemented in
assigning thecrack front and crack extension direction as shown in Figute
Crack frontis selected as aurvedsurface that is inside the blunted notch tip. On
the other hand;rack extension directiofg-vector)should be selded and marked

at the mid central sectiarf the modelnot at the outer curved boundary. To reach
an accurate result with the expected correct sign for the avéGagspecial
partitions added in the ighborhood of the notch play an important role as shown
in Figure 7.4.

Mid-Central Section

P2 P2

Figure 7.4 MidCentral Section for the selection of crack extension direction and
expected crack propagation direction

Eight nock linear brick type finite elementare employed fo meshing of SNDB
models. In order to increase the computation accuraggroximately110,000
brick elements coded as C3D@&re introduced to the modelsumber of contours

in the contour integral region around the crack fismgenerallyset as 13.

In modeling SNDB geometry, two different boundary conditions and loading

scenarioshave beertried. The aim is tofigure outthe effect ofdifferences
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regarding thaifferent loadingand boundargonditionson stress intensity factor

computation

First boundary conditiorcase involves the application afunit negative load™

= -1N) on thesimulated rigidtop roller unit. It is done solirough a reference
point above the upper boundary and the rigid top roller; dissributes the load
along the upperigid element, while bottom roller suppdsts di s plamd e ment s
their rotations are kept fixed in all directions. Initially step zeroupper rigid
concentrated load applicatioaller is fixed against all degrees of freedom.the
following stepcalledstepone upper rigid rolleris set free in ydirectionto allow

the transfer ofIN unit load applicationto the specimen modeRigid body
motions and rotations are prevented by fixed roller supports. However, specimen
model itself free to deform as de=il under applied compression. At the roeller
specimen contact a friction coefficient of 0.4 controls the relative movement of
the deforming specimeikirst boundary condition scenario and typical 3D mesh

are illustrated in Figuré.5.

Viewport:1 Model: Model-1  Step: Initial Viewport:2 Model: Model-1  Step: Step-1

HEEET

L ? P2 PVIZ?

Figure 7.5 SNDBnodel mesh andgid roller loading configuration through the
reference point of the first boundary condition case
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For the load transfer condition of case dimensionalentries and material

properties of the SNDB specimerodelaregiven in Table7.2

Table 7.2 Dimensional entries and mechanical properties of the SNDB specimen

model
Dimensions and Mechanical
Properties values
Radius of the specimeR, 50 mm
Diameter of the specimeD, 100 mm
Thickness of the specimeR, 50 mm
Notch thickness, 1 mm
Notch lengtha 25 mm
Span Length2S 60 mm
Crack angle from verticah’ 51°
Load ,Py -1N
Youngdés Enodul 200 MPa
Poi ssomds r a 0.3
a/R 0.5
S/IR 0.6
B/D 0.5

After analyzing the SNDB modelinder the ase 1 ¢ading and boundary
conditions, average stress intensity factok§, K; and Crack Propagation

Direction (CPD)were found as:

Ki=-0.40 Pa/m Ki.=-27.69 Pam

Crack Propagation Direction68.96
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K, is close to zero and it can be assumed that pwderi condition for SNDB
specimeris achieved eoundb=51° angle from vertical.To reach this result with
the expected correct sign of avera#$q, special partitions addedin the
neighborhood of thenotch play an important roleOtherwise,correct negative
sign may not be observed in the resultsKgr With these effortsn this SNDB
analysis resulting shear stress state represented by the sysabolind the notch
in the Figure 7.6is expected tdbe in a negative senseelated to theshear

direction.

Lo

/2 P2

Figure 7.6 Schematic view of expected shear stress state over the preliminary
notch of SNDB specimen mode

In second boundary condition and loading scenario, specimen geparetrihe
material preerties tabulated in Tabl&.2 are used again. In this analysis,
boundary conditions (Figuré.8) are applied to the lines on the specimen outer
faces and the loading applied by using referencepoint thatis located at the
center of the uperface of the specimemodel In loading application, reference
pointis constrained by using coupling tool under interaction module in ABAQUS.
Because the loading distributed along a line at the top and appliedically to

the specimen, coupling generated only iru, direction (y-directior) asshown in
Figure7.7.
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Name: Constraint:1
Type: Coupling

= Edit Constraint [ x|

# Controlpoints: (Picked) [
0 sufece:  (Peked) [y
Couping type:  Kinematic
€ Continuum dstributing
€ Structural distributing
Constrained degrees of freedom:
FTut Fuz Mus T TRz T wRs

~ s
€ Specy:

I Adiust control points to be on surface

csvs (Global) [y A

_ox | |

Y

A

r4 X

Coupling

Reference Point

Figure 7.7 Load transfer to the SNDB model through the reference point and
coupling to distribute the load vertically

Figure 7.8 Second boundary condition scenario for SigB@netry
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In the secod boundary condition scenarica@e 2)conditions are listed as
B.C.1: Along lines CD andEF, displacement componentyirfu,) is fixed.

B.C.2: Along lines AB and GH, displacement componiert (us) is fixed.
B.C.3: Along theline GH, displacement componemt x (u;) is fixed.

B.C.4: For point RP (reference point) displacement components along;X ¢

(us) and rotatioraround y(ur,) are fixed.

After running problem witltase Zboundary and loading conditions in ABAQUS,
results show that new boundary conditions gigproximatehthe sameX; andK;

results,as the ones in case 1 bhslow:

K = 0.22 Pa/ﬁ Ky = -27.86 P%

Crack Propagation Direction8.77

Because of its simplicity and easiness, the load application mefttbd second

cases adopted fofurther SNDB modeling work.

I n order to compare SIF computations of
2011, SNDB model geometries with 100 mm diameter, 25imittal notchlength

and 50 mm thickness with 1 mm blunted notches were constructed in 3D by using
ABAQUS software. Differennotches with angleg’=20, 30, 40, 45, 50, 51, 55,

60 in degreesvere inserted to various models at constaf®=0.6 span ratio.
Geometric parameters are the same as the
purposes. Material properties are also kepgt $hme and used & 70 GPa

(Youngds mged @I BR) (#md ssonds ratio).

Results in terms oftsessintensity factorK,, K, and Crack Propagationif@ction
anglesfor various blunted notchorientationsthat are computed fronthe 3D

SNDB modeing work are presented in Table 7.3
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Table7.3 SNDB stressritensityfactorresults

Crack
" Ki K .
bA Pa~ P Propagation
m '™ | Direction®

20 | 84.89 | -36.00 36.64
30 | 53.94 | -39.29 47.86
40 | 2554 | -35.94 57.82
45| 13.14 | -32.70 62.95
50 | 2.25 | -28.75 67.69
51| 0.22 | -27.87 68.55
55 | -7.21 | -24.16 65.02
60 | -15.06 | -19.06 56.47

I n terms of finding the differences betwee
nor mali zed stress intensity factaers found

tabulated in Tabl& 4. During calculation of onensionless stress intensity factors

foreach mode bel ow normalization equations were
2011:
. 0 “060
w T —n
LZU* W
(7.1
. U “00
(A) 5 N
LZU" W
(7.2
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Table7.4 Comparison between dimensionless stress intensity factors

Kar al Kar al

bA| Y, Y 2011 2011

Y Yii
20| 4.76 | -2.02 468 -1.86
30| 302 | -2.20 295 -2.04
40| 143 | -201 142 -1.85
45| 0.74 | -1.83 - -
50| 0.13 | -161 0.13 -1.45
51| 0.01 | -156 - -
55| -040 | -1.35 - -
60 | -084 | -1.07 -0.83 -0.89

Y,, Mode | Normalized Stress

Intensity Factor

SNBDY,Compari son

6.00
5.00
4.00
3.00
2.00
1.00

0.00

-1.00

-2.00

Modeling In This Work

Bet ween Kar

==Kar akak

\

Modeled by
Seam Crack

X

L.\

== SNDB Modeling

10 20 30 40 50

In This Work

Crack Angle, b A

Figure 79 SNDBrir es ul t s
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As it can be seen from Table4 and the Figure§.9 and 7.1Q no significant
difference was observed on results. However, approximately d0difference

was obtained olY), results. Difference ol results can be explained by modeling

crack front andj vector definition in ABAQUS Nevertheless, Pui€ condition

was achieved at 8in both studies and this situation wapidéed on Figur&.9.

SNBDY,Compari son Between
Modeling In This Work

Kar

§ 0.00
(./:) =—=Kar ak
- _ -0.50 2011,
e Modeled
= 9 by Seam
© @©
cuw -1.00 Crack
s
Z0
=5 -1.50
o=
g = —#-SNDB
s -200 Modeling
= In This
> 250 Work
0 10 20 30 40 50 60 70
Crack Angle, b A
Figure 7.10 SNDBfycompar i son of thi s

SNDB geometry
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7.3 Proposed 2Dplane strain simplification of the 3D modeling work for

In this section, because of the difficulties tlae encountered in 305NDB
modeling,a new 2D modeling procedure callasl Modified SNDB2D Modeling
Techniqueis introduced.In this technique, modeling is carried out on a centrally
cut 2D plane strain rectangular section through the 3D Mam aim of doing
this simplification is to reducethe amount of time thais consumedduring

partitioning andSNDB model constructiorbecauseof the curved boundaries

wor k

technique such as mesh density, blunted notch type modeling and also accurate

and

Kar



surrounding the circulgplate type geometrylhis way, any errors related to the
meshing complexity are minimeéd and different modeling alternatives with
various changes in the parameters can be quickly and correctly manipulated in

simple 2D models.

As it is seen in bird eye viewf Figure7.11, a square thats tangent to theuter
circular boundary of the ston of the disds drawn After extruding the square in

u, (y-direction) direction rectangular prisnmn Figure 7.12 is expected to represent
equivalently the circular plate in a 3D model. However, the purpose here is a
serious simplification by reducindpe modeling and meshing procedure to a 2D
form. Sq a 2D rectangular section through the center of the prism is sectioned and
modeled to represerthe 3D SNDB circular plate typespecimengeometry.
Geometrical parameters that are usethis modeling tehnique are presented on

the extracted migectionof Figure 7.13

Figure 7.11Creating nodified 2D SNDB specimen model geometry
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P24

A, P24

Figure 7.12 Representative prism of thedified SNDB model in 3D

pj t, p A

A
\ 4

Figure 7.13 Plane strain mgkction and the geometric parameters of the 2D
modified SNDB model

a: NotchLength B: Specimen Thickness

tn: Notch Thickness L: Length

2S Span Distance b NotchAngle from Vertical
W: Length/2
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Stress intensity factor results trere computed bg2D Modified SNDBgeometry,
3D rectangular prism SNDBand 3Ddisc type SNDBmodelsare compared
These are named as 2D SNDB Rectangular, 3D SNDB Prismatic, and 3D SNDB

Disc models, and results are organized accordingly.

Material properties foboth 2D and 3D modeling work for SNDB specimen
geometry are kept thease and for linear elastic material they &f@ un g 6 s
modulusE=200 MPaa nd Po i s g®.8 ¥mngmadulusas kept low here

to better visualize the notch deformations and specimen model deformations in the
interpretation of results. This way, any undesired asymmetric deformation and/or
rotation and penetration of hard contact rollers to theisgecmodel can easily

be detected, controlled and manipulated in the models, and precaution can be

taken to apply necessary fixations to stop such movements.

As it was stated and proven before, when aBovalue is used the load is applied
through rigidrollers, value ok has no effect on the SIF results described as case
1 condition of loading before. Using a high valueEdior the model material, on

the other hand, can lead to model instabilities due to the frictional characteristics
of the roller catacts. In such cases, rollers can slide apart from the load
application point instead of penetrating and transferring the load correctly into the
specimen model. For such models where a Bigh going to be the input, case 2
boundary condition and loadjrwithout rollers are recommended.

In order to compareesults of SIF computationdetween3D disc type SNDB
model, 3D rectangular prism SNDBnd2D Modified SNDB geometry various
2D and 3D models were generated.3D rectangular prism SNDBnd 2D
Modified SNDB modeling geometriesnodels were constructed wittD0O mm
length (L), a=25 mmblunted notch with thicknesst,=1 mm , model thickness
B=50 mmand for dfferent crack anglesbE20, 30, 40, 48, 50, 6 degreekat

constantS/W£0.6 span rati@ In addition, to make comparison between the SIF
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results of seam crack and blunted notch in 2DModified SNDBgeometry with
b=20crack or notch angle was modeled with seam crack and blunted notch
(Figure 7.14).

On the other hand, iBD SNDB Disc moding, models were constructed with
D=100 mmdiametera=25 mm initialblunted notch lengtbf thicknesg,=1 mm,
thicknesB=50 mmfor different crack angleshE20, 30, 40, 50, 51 6@ degreeps

at constan8/W£0.6 span rati®

4 4

Lop ot ,

Figure 7.14 Section view of the 2Dodified SNDB nodel with blunted and seam
crack

Eight nodal linear brick type finite elements with reduced integration were
employed for meshing of 3D SNDB and 3D Modified SNDB models. On the
other hand, 2D Modified SNB Models wereconstructedy using CPE8 (Second

Order Quadrilateral Plane Strain Elements). In order to increase the computation

accuracy approximately &120.000 brick

SNDB models and & 2500 pl anweresused.ai n
Numbers of contours in the contour integral region around the crack front were set

equalto 13for all modek.
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Resultsof the analyses witlthe 3D SNDBDisc models, 3D Modified SNDB
PrismaticModels and 2D Modified SNDBRectangulaMModels are presented in
terms ofstress intensity factons;, K;, and Crack Propagationifection (CPD)

for different notch anglearetabulated in Tabk7.5, 7.6 and7.7, respectively.

Table 75 3D SNDBdisc model SIFesults

Crack
bA Ki K Propagation
Paym | Paym L,
Direction

20 | 8308 | -3585 3700
30 | 5259 | -3913 4823
40 | 2456 | -35.78 5820
50 | 161 -2859 68.14
51| -040 | -2769 6896
60 | -1554 | -1910 56.06

Table 76 3D modified SNDBprismaticmodel SIFresults

Crack
bA Ki Ky Propagation
Pa/m | Paym . - o
Direction

20 | 7884 | -3757 3914
30 | 4609 | -4055 5104
40 | 1772 | -3550 6131
48 | -007 | -2885 69.15
50 | -380 | -2667 6788
60 | -1816 | -1655 4940
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Table7.7 2D modified SNDBrectangulamodel SIF results

Crack
bA i & Propagation
Pa/m | Pay/m . - o
Direction

20 | 8063 | -3711 3842
20* | 7955 | -3643 3831
30 | 4752 | -39,67 50.19
40 | 1864 | -3558 6091
48 0.54 -2843 7017
50 | -329 | -26,62 68.18
60 | -1803 | -1586 5107
*= 2D Modified SNDB Model with seam crack

Using Fuations7.3 and 74 ( Ka r a k a migrmalzdi 1S1F) resultsor 3D
SNDB Disc modelthat are tabulated in Table87werecalculated.

0 “00
0 ¢ @

(7.3

0 “ 06

0 @ @
(7.4

Table7.8 Dimensionless stress intensity factors for 3D SNIg model

bA Y Yii

20| 466 | -201
30| 295 | -2.19
40| 138 | -201
50| 0.09 | -1.60
51| -0.02| -155
60| -0.87 | -1.07
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Using Euations7.5 and 76 normalized SIF resultéor 3D Modified SNDB
PrismaticModel and2D Modified SNDBRectangulaModd that are tabulated in
Table 79 and Table 7.1@erecalculated.

0 @ &

00

(7.5)

08
0 @ &
(7.6)

Table7.9 Dimensionless stress intensity factors38r modified SNDBprismatic
model

bA Y Yii

20| 442 | -211
30| 258 | -2.27
40| 0.99 | -1.99
48| 000 | -1.62
50| -021]| -149
60| -1.02| -093
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Table 7.0 Dimensionless stress intensity factors2dr modified SNDB
rectangulamodel

. Y Y
bA | I

20 | 452 | -2.08
20* | 446 | -2.04
30 | 266 | -2.22
40 | 104 | -1.99
48 | 003 | -159
50 | -0.18 | -149

60 | -1.01 | -0.89

*= 2D Modified SNDBRectangulaModd
with seam crac

5.00
= —e—3D SNDB Disc
@ 4.00 Model
g
= 3.00
(2}
0
o
= 2.00
n 3D Modified
@S SNDB
Do 100 Prismatic
g L Model
5 0.00
E ) 10 20 30 40 60 70
O -1.00 4 2D Modified
'8 SNDB
= 200 Rectangular
Ny : ) Model
Angle, b A

Figure 7.15 Graphical representation¥pfesults for different SNDB geometries
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Figure 7.16 Graphical representation¥pfesults for different SNDB geometries

As it can be seen from Figurel5and7.16 2D Modified SNDB Rectangulaand

3D Modified SNDB Prismatic models reached yoe mode |l condition
approximately at 48crack angle from vertical. Howeve3D SNDB Disc model
reached this situation at 51n addition,Y, andY), results that were obtained for
Modified SNDB 2D and 3D models are compatible and showing the same trend.
However,Y, andY) results for3D SNDB Disc modelare slightly different from
Modified SNDB models and in Figur&.16 it is seen that Modified SNDB
models were initially yielded higheY, values.However, after 40crack angle

from vertical Modified SNDB models changed their trends and reachedYthe
value at 60that is lower thai8D SNDBDisc model
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7.4 Stress intensity &ctor calculations for CSTBD (cracked straight
through Brazilian disc) specimen

CSTBD (Cracked Straight through Brazilian Disc) specimen geometry, depicted
in Figure7.17, is thethird corebasedspecimen geometry that is investigated in
the modelingwvork. In order to demonstrate real experimental conditions likewise
in SCB andSNDB modeling, blunted notches amployedin CSTBD 2D and

3D modeling.Regardinghe effect of model dimensiei2D or D) for K, andK

SIF computations 2D and 3D CSTBD models were generated by usihey
dimensionsand mechanical propertiégbulated in Tabl&.11

Figure 7.173D CSTBD model geometry
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Table7.11Dimensional and mechanical properties of the 2D and 3D CSTBD
models

Dimensions and Mechanical

Properties values
Radius of the specimen, R 50 mm
Diameter of the specimen, D 100 mm
Thickness of the specimen, B 50 mm
Notch thicknesst, 1 mm
Notch length, 2a 50 mm
Crack angle from verticah’ 23°
Load Py 1IN
Youngds modu 200 MPa
Poi ssonbds r 0.3
a/R 0.5
B/D 0.5

For pure mode Il conditionthe required notch angle was calculat&si23° from

the vertical loading axis,based on Fowell and Xu (1998stimation To adopt
similar boundary conditionand thdoading both in 2D and 3D models, analytical
rigid shell units were attached to the upper and lower parts of the specimens.
Upper shell was fixed in all directions frotine reference point. Lower shell was
initially fixed in all directions then in Step 1 fixing in, direction {/-direction

was setfree and a unit loadH,~= 1N) was applied from its reference point as
shown in Figure7.18 In addition, interaction coeffient of friction between

specimens and rigid shell load transfer units was set as 0.4.
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/ Reference Point

R

/

'PFIN\‘ Reference Point

Figure 7.18 2DCSTBD model gometry

Eight nodal linear brick type finite elements withe choice of thereduced
integrationtechniquewere employed fothe meshconstructionof 3D CSTBD

models. 2D CSTBD model was developed by using CPE8 (Continuum Plane

Strain Eight Node) elements. In order to increase the computation accuracy
approxi mately a4 95000 brick eshededts (C3D
4000 plane straielements in 2D CSTBD models were used. Number of contours

in the contour integral region around thetch front was set equato 13 for the

modes.

After running the 2D and 3D CSTBD modelks,, K, SIF results and fack

Propagation Dections(CPD)werefound as
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2D Plane Strain Case

For Crack 1
Ki=0.19 Pa/m K, =-78.46 Pa/m
Crack Propagation Direction70.48
For Crack 2
K,=0.18 Pa/m K, =-78.48 Pa/m
Crack Propagation Direction20.49
3D Case
For Crack 1
K, =0.82 Pa/m K, =-78.89 Pa/m
Crack Propagation Direction70.32
For Crack 2

K, =0.84 Pa/m K, =-78.79 Pa/m

Crack Propagation Direction: 70.37

As it is seen frontheresultsof both casesno significant difference was observed
in K, andK;; SIF results. Hence, in order to redute computationtime and
modeling construction effortentire CSTBDgeometriesthroughout tle thesis
were modeled by using the CPE8 (Second Order Quadrilateral Plane Strain)

elements in 2D.

Notches with different thicknesses werenserted to the Brazilian type core
speimens by many researchers their CSTBD type tests.Notch thickness

analyseshere were conductedby using different nich thicknesses varying as 1
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mm, 1.5 mm, 2 mm, 2.5 mm aBdnm. Model specifications other thaine notch

thickness were tabulated T1l.

In order toanalyze theeffect of notch thickness oK, and K, SIF results, mesh
density and number of contourstime contour integral region were set eqia
all casesAfter the compuations onthe notch thickness models,, K, and Crack

Propagation Directions forariousmodelcasesvere found as:

Table7.12K,, K;; and SIF results for the various notch thicknesses on the CSTBD
specimen models

tn tn tn tn tI’l
1 mm 1.5mm 2mm 2.5mm 3mm
Ki
PaJm 0.19 048 0.78 1.07 1.39
Crack Ki . . . . .
1 Pa/m 7846 7944 8043 8147 8244
Crack
Propagationy 7048 7041 7034 7028 7020
Direction®
K
PaJm 0.18 047 0.76 1.08 1.39
Crack Ki . . . . .
5 PaJm 7848 7948 8047 8147 8244
Crack
Propagation 7049 7042 7035 7028 7021
Direction®

As given in Table 7.12 approximately 5%difference in the results &, SIF
estimationsvas obsrved between the specimens witimm notch thickness and
3 mm notch thickness. In order simplify and generalize theesults ofnotch
thickness effectanalyses K, and K;; SIF values for Crack 1 were normalized

according taheformulssb as ed on Fomopdsdlsagsnd Xubs
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Table 7.B Dimensionless SIF values for the various notch thicknesses on the
CSTBD specimen models

tn tn th th th
1 mm 1.5mm 2mm 2.5mm 3mm
Y| 0.00 001 001 001 0.02
Yi -0.88 -0.89 -0.90 -091 -0.92

NormalizedY), SIF results in Tabl&.13 versug,/a are plotted in Figure 7.19 for
the various blunted notch thicknesses. Moreover, for the comparison purposes

normalizedy; SIF value ofFowell and X@ €1993%work is added to the graph.
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Figure 719 NormalizedSIF Y), resultsversus,/a

Around 4.5% differencein Y), is observed betweetne specimensithlmm (t,/a
=0.04)notch thickness and 3 mft/a = 0.12)notch thickness.

7.5 Undeformed and deformed shapes of different corbased specimen
geometries

In order b show the modeling accuracy and the effect of loading differences on
the corebased specimen geometries, undeformed and deformed shapes of
Braziliandisc type CSTBD) specimermrmodels, semcircular disc (SCB) models,
andthe circular plate type (SNDB) spewen modelsre depictedn Figures 7.20,

7.21, 7.227.23, 7.24 and 7.29t can be seen from the figures that SCB and
SNDB specimesare dominated byhe tensilestress fieldsOn the other hand
compressivetress fieldprevailin the CSTBD specimemodels.
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ODB: SCB_06_05_035_54_tn_1_Gra_34360N_BC.odb Abagus/Standard 6.11-1 Sun Nov 17 09:40:11 GTB Standard Time 2013

ODB: SCB_06_05_035_54_tn_1_Gra_34360N_BC.odb Abagus/Standard 6.11-1 Sun Noy 17 09:40:11 GTB Standard Time 2013

tep-1

Figure 721 Deformed shape dhe SCB (semicircular disc) specimemodel
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0.00E+00
0.00E+00

ODB: SNBD_48_06_05_Granit_51438N.odb  Abaqus/Standard 6.11-1 Sun Nov 10 12:57:21 GTB Standard Time 2013

Step: St
e

ODB: SNBD_48_06_05_Granit_S51438N.odb Abaqus/Standard 6.11-1 Sun Nov 10 12:57:21 GTB Standard Time 2013

Step: Step-1

Figure 7.23eformed shape of the SNDBir@ular plate disc) specimeanodel
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ODB: CSTBD_100_60_42_ Load_40760N.0db  Abaqus/Standard 6.11-1  Fri Noy 08 09:24:58 GTB Standard Time 2013

Step: Step-1

ODB: CSTBD_100_60_42__ Load_40760N.odb  Abaqus/Standard 6.11-1  Fri Nov 08 09:24:58 GTB Standard Time 2013

Step: Step-1

Figure 7.5 Deformed shape dhe CSTBD (Brazilian disc) specimenodel
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CHAPTER 8

EXPERIMENTAL WORK & FRACTURE TOUGHNESS
DETERMINATION

Fine grained gabbrblocks were used fdhe preparation of core specimeiifis
rock was imported from India by Akan
order tominimize the effect of rock matriketerogeneity on fracture toughness,

this rock waspreferred because of itgelatively isotropic and homogeneous
texture. All core specimens were preparéy machining the discs using high
pressure water jeta t Akan Granite Ltd. facil it
circular bending type specimens (SCB) wduether halvedby using rotary
impregnated diamond saand polishedn Rock Mechanics Laboratory of Mining
Eng.Dept. ofMiddle East Technical University.

In order to compare and asseghich mode Il corébased testing method best
represents the stress state of originally defined pure mode Il condition mirtne
shearplate problem, three different specimen geometries are tried for mode I
fracturetoughness tests. Sef@ircular Discspecimens (SCB) an@ircular plate
(SNDB) specinens under thregooint bending, andBraziian Disc (CSTBD)
specimens under concentrated compnes loadsare usedn this experimental

work.
For presenting the mechanical and physical properties of the rock type selected,

density, Brazilian indirect tensile strength, uniaxial compressive strength, and the

deformability tests were conducted on fime grained gabbroore specimens.
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8.1 Rock properties

In order to determine the tensile strengththe gabbroindirect tensile strength
tests on six Brazilian Disc samples with B/D=Q.%5vere carried out according to
ISRM (1978) suggested method. All Brazilian disc specimens were prepared with
an approximate core diameter of 42 mm. Summary of the indirect tensilgtistren

test data and results were tabulated below in Talle

Table 8.1 Results ahdirect Brazilian type tensile strength tests

Name of

he Diameter | Thickness| Weight Density Ot
Specimen mm mm gr gricm?® MPa
Brazilian 1 4181 23.77 10004 3.07 1598
Brazilian 2 4182 2395 10045 3.05 1555
Brazilian 3 4180 2358 9829 3.04 1023
Brazilian 4 4183 2283 9492 3.03 1067
Brazilian 5 4180 2411 1011 3.06 8.75
Brazilian 6 4183 23.76 9822 3.01 9.01
Average 4182 2367 98.84 3.04 1170

N N N N N N
STD 0.01 045 2.24 0.02 3.23
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Figure 8.1 Brazilian disc specimen in the indirect tensile strength test

Figure 8.2 Brazilian disc specimens after the tests

In order to determin¢he mechanical propertiekke EIl ast i ¢ Modul us, P c
Ratio, and the UCS (Uniaxial Compressive Strengththe gabbro, a series of
uniaxial compressiortests wereerformed according to ISRM (1979) suggested
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method These tests were conductanl six samplesf gabbroby using MTS 815
servacontrolled hydraulic tegtg machine in Mining Engineering Department of

Middle East Technical University.

MTS 815 loading framés equippedvi t h an external 500 kN | oao
kN accuracy and two external displacement transducers (L\GDT)cm travel

capacity. Displacement transducers ased to measure the vertical displacement

to be used inthe vertical strain computations. A circumferential strain

measurement apparatus with an extensometettaxhed to the specimens to

measurethe circumferentialdeformationand lateral strain that is used ihe

determination of Poi ssondés Rati o.

Considering the high strength and competency ofadlk typeselectedand the
loading capacity of the MTS 815 loading framelatively small diameteBX type
corespecimengvere used in these testdl UCS specimens were prepared with

an approximate core diameter of 42 mm and their length/diameter ratios were set
to L/ DO2.

Uniaxial compressin and deformability test data, and the relevant resfiltbe

testson the gabbro roclire given below in Table 8.2
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Table 8.2 Uniaxial compression and deformability test data and the results

Name of

the Diameter | Length | Weight | Density Ue E .
Specimen mm mm gr gr/cm® | MPa | GPa
UCS-G1 4181 9667 | 40930 3.08 |25495]|40.99| 0.13
UCS-G2 4183 9795 | 41742 310 |21380|3814| 012
UCS-G3 4181 9478 | 40171 309 |24248|4110| 012
UCS-G5 4180 9252 | 39531 311 |20848| 3554 | 0.11
UCS-G6 4181 9488 | 40150 308 |21623|3873| 0.10
Average 4181 95.36 | 405.05| 309 |22719|3890| 0.11

N N N N N N N N
STD 001 2.06 8.51 0.01 2033 | 230 | 0.01
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Figure 8.3 Specimen under uniaxial compression equipped with circumferential
extensometer

Stressstrain response shows quédinear trend on macrscale for the rock type
selected in thetesting program as seen in thegwe 8.4 Finegrained
homogeneous nature of this rookinimizes the effects of nonlinearitglated
problems in the fracture toughness testing. It should b&qabiout that effect of
nonlinear nature of the internal structure on the notch tip stress state becomes
increasingly noticeable around the sharp tips of the notches and the propagating
cracks for the notched specimens. Based on this discussion, the ahaidme
grained gabbro rock type with a homogeneous nature and minimized nonlinearity

is justified for the testing work.
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Typical stressstrain curve of a uniaxial compression
test

300

250

Stress, MPa

50

0O

-0.004 -0.002 -1E18 0.002 0.004 0.006 0.008
Lateral Strain Axial Strain

Figure 8.4 A typical stresstrain curve for a gabbro specimen under uniaxial
compression

8.2 Fracture toughness ésting

Although computational methods are very useful in fracture mechanics, they
cannot replace experiments. Techniques such as finite element analysis and
boundary integral elements rely on continuum theory. A continuum does not
contain voids, micro cracks, swmwiphase particles, grain boundaries,
dislocations, atoms, or any of the other microscopic or submicroscopic features
that control fracture behavior in engineering materials. (Anderson, 1991)
Therefore, in order to determine the real behavior of specimeder applied

loads, experiments are necessary to interpret the results that are attained from

simulation work.
Fracture toughness experiments were carriedodifferentcorebasedspecimen

geometries. To measure the displacement, two linear dispéanteransducers 10

mm capacity with N 0.005 mm accuracy
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1001 Data Acquisition System was used. This system hdst Xésolution at 8
samples per second sampling rate per channel. Basic function of Testbox 1001 is
analog to digital conversion of rather slowly changing sig(stftic/quasstatic)
produced by various sensors, and then transfer of this digital data to the computer

for further analysis.

8.2.1 Mode Il fracture t oughnessdetermination with SCB gpecimen

In pure mode | andyre mode Il SCB testing, initial vertical or angled notches

were cut into center of half distsat have approximately 100 mm diameter and

B=60 mm specimen thickness&efore the cutting applicatiaesired pre mode

Il loading angles (awording to its a/R and S/R ratios) whereK, SIF is
approximately zero were calculated by ABAQUS software. In ABAQUS
modeling, loading angle=54 A t hat i s gi 4),evastakemintbi m et
consideration. After running the model that is designed vam angle from
verticalb= 5 4 AS/ReQo5randa/R=0.352,puremode |lcondition waselieved to

be achieved. In allABAQUS models, material propertieE£389 GPa and

0=0.11)of gabbro wereised.

In pure mode ISCB testing, vertical notcheb< 0 A) wi t hnitigd no2D mm
length weremachinedinto the center of halSCB discs. For all pure mode |
specimen geometriespan rationf S/R=0.6 was kept constant. 0.0016 mm/sec

loading rate was applied in a displacement controlled way.

During speonen preparation all SCB discs were machined accordingdio th
cutting angle by circular diamorgaw. Then, specimen geometries were recorded
separately by using digital caliper. In order to separate the specimens in a
convenient way, coding was generagentording to the rule elgined below in
Figure 8.5 In order to increase statisticqlality, two or threetests forgabbro

rockwere conducted under pure mddendpure nodell loading conditios.
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SCB-54-05-035- G -1
2
3

4

1 . It Ft A k] 3
Semi Circular Notch Angle S5/R a/R Gabbro  Specimen
Disc from Vertical Mumber

Figure 8.5 SCB specimen coding
Specimen dimensionssed both in pure mode | andre mode Il tests with SCB

method forgabbro are listed in Table 8.3

Table 8.3 Dimensions of SCB gabbro specimens used for pure mode | and pure
mode Il fracture toughness tests

Notch
Thickness Notch R a B
Specimen Code Angle a/R
(t) B (mm) | (mm) | (mm)
()

(mm)
SCB-0-06-04-G-3 091 0 4909 | 1950 | 5922 | 0.40
SCB-0-06-04-G-4 0.84 0 4924 | 1950 | 5984 | 0.40
SCB-0-06-04-G-5 0.82 0 4930 | 2000 | 5992 | 0.41
SCB-54-05-035G-1 0.90 54 4955 | 1750 | 6059 | 0.35
SCB-54-05-035G-2 0.89 54 4909 | 1755 | 5964 | 0.36

After recording he dimensions of all specimenshey were inserted and
positionedin the loading frame iuth respect to the thrgeoint bending load

application rollerss it is showrnn Figure8.6.

141



Dimensionlessy; andY), stress intensity factoralues were obtaineidr 2D SCB
specimen geometries by using ABAQUS software. DimensioMeasd Y SIF
values, failue loadsand K¢, and K, values ofgabbrospecimens according to
their loading angles werfound and tabulatad Table 8.4 In addition, duringy,,
Y, SIF calculations, and fracture toughneks @nd K; ) calculations of SCB

specimens, Equatior®sl, 8.2, 83 and 8.4vere used respectively.

Ly
1,
—=EH VZ +
. (8.1)
J.LI: L — EE
—:EH Wz, +
(82)
| vz
B S et
(8.3)
LL 3 I:J# %ﬂ‘k k
(84)
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Figure 8.6 Configuration for pure mode | and pure mode Il loading of SCB
specimens

Table 8.4Fracture toughnesgsults for tests on SCB specimens

Notch
Specimen Code | Angle | Y, Y, Por Kie Kie
P (b%) | " «N) | MPavm | MPaym
SCB-0-06-04-G-3 0 373 | 000 | 1184 188 ;
SCB-0-06-04-G-4 0 3.78 000 | 1061 1.68 -
SCB-0-06-04-G-5 0 374 | 000 | 1095 174 -
SCB-54-05-035G-1 54 004 | 069 | 3449 - 092
SCB-54-05-035G-2 54 004 | 067 | 3422 - 092
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8.2.2 Mode Il fracture toughness @termination with SNDB specimen

I n SNDB testing ( Aobirk bending dpadl is apHiedl a6 g three
circular plate type core disc specimens. Angular or vertical straight notches were

machined at the center of the each speci(f@ure 87). As it was mentioned in

previous chapters, in order to achiepare mode Il loading conditior{K,

approximately zero) and determine the desired angle for this situation, numerical

modeling with ABAQUS was conducted. In all models, materiapprties

(E=38.9 GPa andy=0.11) that are determined fiine grained gbbrowere used.

Figure 8.7 Edge notch machining with angle setter and digital caliper

In experimental testing program with SNDB specimeiitse grained gbbro
specimens that have 100 mm diame{Brsand60 mm thicknessefB) were used.

Span distance which i2S=60 mm G/R=0.60) was kept constant for all
specimens. 0.0016 mm/sec loading rate was applied in a displacement controlled

way.
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According to ABAQUS modling pure mode Il condition was achievés 4 8 U
notch angle from vertical for specimen that has 25 rmafR= 0.5) initial notch

length.

In order to determinenode | fracture toughness propertf, pure node |
specimens that have vertical notclfes 0 Av@re prepareavith a 20 mm(a/R=
0.4) initial notch length werenachinednto the center oBNDB discs.

During specimen preparation all SNDB discs were machined by cimdialaond

saw with notches according to their yletermined angle from vertical. &h,
specimen geometries wereeasured andecorded by using digital caliper. In
order to separate the specimens in a convenient way, coding was generated
according to the rule explained below in Figurg & order to increase statistical
accuracy four ofive tests forthe gabbro rock were conducted pure mode and

pure mode Il loading conditions.

Figure 8.8 SNDB specimen coding

Specimen dimensions used bottpure node | andoure mode Il tests with SNDB

method forgabbroare listed in Tabl&.5.
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