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ABSTRACT

There are severdheories used to describe fracture process including Linear Elastic Fracture
Mechanics (LEFM), Elasti®lastic Fracture Mechanics (EPFM), and Cohesive Zone Models
(CzM), which allow for development of predictive capabilities. The main disadvantage of LEFM
and EPFM techniques is that only structures with an initial crack can be modeled. Other
drawbacks of these techniques are geometry dependence and validity limits.rastc@ZM

can simulate fractune any structures, with or without a crack. CZM is oohbfined to a class of

materials, buit can be used for arbitrary materials.

In this researchthe CZMwasused to numerically simulatgack initiation and growth isteel

plates. Within the CZM, material separation (i.e. damage of the structure) wgilokx$ by
interface elements, which open irreversibly and lose their stiffness at failure, causing the
continuum elements to be disconnectddmerical simulation ofensile test wasconducted to
determine andvalidate the cohesive parameters and thersethgarametersvere used for
modelingmode Ifracture in steel plate. It was shown that the cohesive model is capable of
simulating ductile fracture in cases where the crack path is not known in advance and the crack

can evolve anywhere in the specimen.
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Chapter 1: Introduction

1-1. Introduction

Due to the substantial increase in oil and gas activities in the Arctic, the demand for ice
strengthened vessehas increased greatly. This increase in demaas highlighted the
importance of designing ice strengthened ship structures that maintain adequate safety and
integrity. In order tomeetthese new challenges, reliable prediction of the ultimate strength of a

structure is essential.

Traditionally, ship sucturesweredesigned to prevent yielding failure. However, steelvey
greatreserve strength after it yields and before it finally collapses, which is an advantage for
cases when ship structures need to absorb large impact energy, such as hstractuce
accident.The use of some portion of the reserve capacity for resisting loads will result in lighter
structures, which are easier to fabricatel more economicalsing this reserve capacity causes

a challenge to the balance between safety needs and commercial flexileitite, investigating

the ultimate strength of the structure is crucial.

One of the main concerns in collision events is fracture in the oulierdnce fracture occurs,

the resistance to further damage drops dramatically. This may accelerate the hull opening
process. Potential consequences are the risk of flooding and polluting the environment with fuel
and cargo oilWith smaller damages,théts pés stabil ity may not be
and fuel may occur, threatening the environment. Hence,simelation of thedamage
propagatiorandthe crack growth can also be crucial beside prediction of therack initiation.

In order to engre the integrity of structures, it is essential to develop advanced models that are

able to capture the failure mechanisms occurring in such structures.

1
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Since steelplates are the basic structural elements in msimps and offshore structures,
understading ofthe steel plate behavior esssential The behavior of steel in the elastic region is
well understood. In recent years, there has beswanterest in estimating the plastesponse
and the ultimate strength (failure capacity) of the structarerder to use some portion of the

reserve capacity of the structure in specific cases that seem economically rational.

fiSustainable Technology for Polar Ships and Struaui®§ePS2, a project at the Faculty of
Engineering and Applied Science at MembrUniversity of Newfoundland, focuses on
developing design tools for polar ships and offshore structiresaim of this studyas part of
STePS2oroject,is to gain a better understanding of the response of a steel plate to extreme ice
load byexploring ductile fracture in steel platesmerically Classical methods that are available

to predict and evaluate fracture are discussed. Among them, recently developed method,
Cohesive Zone Models (CZM)is chosen to simulate awk initiation and propagation

numerically.

CZMs are able to describe materials that exhibit staftening type behaviour. The basic
assumption underlying them is the formatimina fictitious crack, as an extension of the real
crack, referred to also as the process zone, where dheviatis still able to transfer stresses,
although it isdamaged. The crack is assumed to propagate when the stress at the crack tip
reaches theohesivestrength. When the crack opens, the stress issgimed to fall to zero at
oncebut to decrease g#y with increasing crack widthintil a critical displacement is reached

and the interaction vanishes.

The basic idea of th€ZM is to split the materié behavior in deformationyhich is modeled

by continuum elements, and damage or separation, whiolodeled byembeddednterface



elementswithin continuumelementsThe material separaticamd thus damage of the structure is
described by interfacelements no continuum elements are damagedGBM. Using this
techniquethe behavior of the material #plit in two parts, the damageee continuum with an
arbitrary material law, and the cohesive interfaces between the continuum elements, which

specify onlythe damage of the material.

CZM, its applicationadvantages and disadvantages willelplained m detail in the following
chapter. It will be presented that bynvestigatingCZM to predict fracture initiation and

propagationit is possible testimae the shiphull indentation resistance.

The topic of this thesis originatego investigate the fieldf fracture mechanics and related
theores and methods. Its main goal is to develop a better understanding of how to use the finite
element method to simulate is&ucture collision anthe damage caused by ice. The focus of

the thesis has been on the ductile fracture of metal, particularly steel, and theQX&d &dr

simulating ductile fracture in mode I.

This thesis gives an overview of the theory involved in a ductile failure of alpsoiductile
material such as steel, and explains C#doryfor modeling the material behavior related to
ductile fracture for use in the finite element method. Gbleesivematerial models developed
using tensile testsimulationin the finite elemensoftware ABAQUS. Then theleveloped
material models usedto simulatefracture insteel plats being penetrated by a rigiddenterat

low speed



1-2. Fracture Mechanics
The relationship between the stress and the strain depends on the meghapexies of the
material, specifically on their deformation behavilor Figure 1-1 the characteristic features of

elastieplastic behavior arpresentedby the stresstrain curve.

CA
E
Gy | B F
- Rupture
Necking zoné
A
| >
€ €. | e

Figurel-1: Elasticplastic material behavior

The material behaveslastically until a certain s#ss value is reacheat point B, the yield
strength,, . Elastic material behavior is characterizedtbg feature thathe deformations are
reversible The stresstrain relation is linear in the elastic rarfge most of naterials which is

known as Hookeds | aw
" O- Eq. 1-1)

The modul us of el a sk, is gver by thdlspeolithegtdesstramewtve | u s )

o — Eq. (+2)



If the stress exceeds, inelasticpermanent deformations occand plastic strains are formed
- . In real materials the current yield strength, increases as a result of plastic
deformation, which is denoted hardening of the materidPlastic deformations are irreversible.
If the applied stress is reduced to zegroifit D in Figure 11), thematerial is relieved by a pure
elastic deformation and only- remains.After unloading, the plastic deformations remain.

The plastic work of deformation is predominantly conwertgo heat.

The stresstrain relation is notinear in the plastic region, but can be approximated as linear in
the practical ranges of structural deformation. Thus the total sh@ss is normally

approximated as a bilinear curve with linear hardgnin

Beyond pointE in Figure 11, there is a noticeable reduction of leearying capacity until
rupture. The deformation during this last phase is localizesl meck region of the specimen.
Point E identifies the material state at the onset of damage. Beyond this point, thestsaiess
response is governed by the evolution of the degradation of the stiffness in the region of strain
localization (EF in Figure %1, this region is called necking regio At Point F in Figure 411

rupture happen

Fractureis the separation of an object or materfaldetailed understanding of how fracture
occurs in materials may be assisted by the studracfure mechanicd he predictiorof failure
initiation andevolutionare in general, difficult.This is covered in fracture mechani€sacture
mechanics specifically addresses the issue of whether a body under load will meactiror

whether a new free surface will form.

There are thremdependent loading modasenable a crack to propagéégure1-2):


http://en.wikipedia.org/wiki/Fracture_mechanics

1 Mode | fracture Opening modevhereatensile stresaormal to the plane of the crack
appliedandthisis the most common load type

1 Mode Il fracture Sliding modeor in-plane sheamode where a shear stresscting
parallel to the plane of the crack and perpendicular to the crack front

1 Mode Il fracture Tearing modeor out-of-plane shear modeherea shear stresacting

parallel to the plam of the crack and parallel to the crack front.

Crack ti
Crack plane ¢ rackep

(a) (b) (c)

Figurel-2: Fracture modes. a) Mode I, b) Mode Il, c) Mode llI

For engineering materialsuch as metals, there are two primary modes of fracture: brittle and
ductile. In brittle fracture cracks spread very rapidly with little or no plastic deformdtion.
brittle fracture, no aparentplastic deformatioakes place before fractut@racks that initiate in

a brittle material tend to continue to grow and increase inmizaded the loadig will cause

crack growth.

In contrast, ductile fracture includes three stagesd nucleation, growth, and coalescence
(Figure1-3). Ductile fracture often occurs shortly after the onset of local necking, and relates to
the formationof micro-voids which grow and eventually coalesce as the material is stréined.
ductilefracture, extensive plastic deformatiare¢king takes place before fractui®ome of the

energy from stress concentrations at the crack tips is dissipated by plastic deformation before the

6
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crack actually propagate$he crack moves slowly and is accompaniedablarge amount of
plastic deformation. The crack typically will ngrow unless the applied load is increased.
Ductile fracture surfaces have larger necking regions and an overall rougher appearance than

brittle fracture surfaces.

?

v

Figure 1-3: Void nucleation, growth, and coalescence in a ductile matdBalsed on

Tornqvist 2003)

Fracture surfaces and strestgin curves for both ductile and brittle fracture are shown in Figure

1-4. Plastic deformation in ductile fracture can be seen in these§igur

A

Brittle Fracture

Ductile Fracture

Figure 14: Ductile and brittle fracture



Fracture toughness a property of a material which describes the ability of the material
containing a crack to resicture and is onef the most important properties of any material

for many design applications. Fracture toughness is a quantitative way of expressing a material's
resistance ttrittle fracture when a cr&ds present. If a material has much fracture toughritess

will probably undergaluctilefracture. Brittle fracture is very characteristic of materials with less

fracture toughness.

Whether fracture in a specific material is ductile or brittle can depend on the temperature of the
environment. Steel is a typical example of dual behavior that shows brittle behavior at very low
temperatures and is ductile at high temperatuBemnerally, fracture toughness depends on
temperatureloading rate, the composition of the material and its microstructure, together with

the geometric effects of tloeacktip.

The design process of a structure consists of choosing the appropriate material & pegttne
loading conditions, and structural analysis, so that it does not fail under Doferent
approaches exist tovestigatedamage, material separation and fracture phenomena in order to
develop predictive capabilitiesncluding Linear ElasticFracture MechanicsLEFM), Elastic
Plastic Fracture MechanicERFM), and localapproachesuch as CZMIn the following an

overview of these methods are presented.

1-2-1. Linear Elastic Fracture Mechanics

LEFM is the basic theory of fractutbat deals wh sharp cracks in elastic bodiasd predicts
whether aspecific crack in the bodywill grow more or not.For linear elastic materialg.e.,
brittle), LEFM characterizes the local cratib stress field using a single parameter called the

stresdntensity factorK. It is defined from the elastic stresses near the tip of a sharp crack under


http://en.wikipedia.org/wiki/Fracture
http://en.wikipedia.org/wiki/Brittle
http://en.wikipedia.org/wiki/Ductile

remote loadingK is used to predict the stress intensity near the tipopaek and it isa method
of calculating the amount of energy available for fracanmnd a crack front in a linear elastic
material When it becomes criticathe crack grows and the material fails. This critical value is

denoted) and is known as the fracture toughness, which is a material property.

Energy principles play an impartt role in studying crack problems. This is motivated by the
fact that crack propagation always involves dissipatiostdssstrain energy.This energy is
dissipated in processonebecause oplastic deformation formation of micro separationand
coalescencedtwin (1957)was thefirst who observed that if the size of the plastic zone around
crack tip is small compared to the size of the crackifi.brittle materials), the energy required
to grow the crack will not be critically dependent oa #tate of stress at the crack #gcording

to this assumptiarthe energy needed to create a unit fracture sunfddeh goesinto the plastic
deformation the fracture processndformation of new surfacess a constant that depends only
on the mataal. This quantity is called fracture energ®) and is considered tbe a material
property which is independent of applied loads and the geormkthe body. By corsidering
fracture from an energyoint of view, crack growth criteria can kgpresseadn terms of energy
release rateCrack propagationstarts when the energy coming from the stressinfield is
suffcient to support the formation aficro voidsand coalescenceSimilar to K-based fracture

criterig the crack propagation starts whén "O.

This approach offers an alternative to tKebased fracture criteria discussed earlier and
reinforces the connection between global and local fields in fracture problems. The energy
release rate is a global parameter while the stress intenslity fa a local crackip parameter.

Irwin showed that for anode | crackhe strain energy release rate and the stress intensity factor

are related by:


http://en.wikipedia.org/wiki/Fracture#Crack_separation_modes

0 TY O
15 O

Eq. (:3)
WhereO denotes the effective Youngds mFoopland us f o
strain
0 , Eq. (4)
Y
and br plane stress
o © Eq. (5)
U is the potential energy available for crack growth anid the crack areakE is the Young's

modulus 3 is Poisson's raticandv is stressmtensity factors in modefracture

Irwin adopted the assumption that the size and shape of the energy dissipation zone remains
approximately constant during brittle fracture. This assumption suggests that the energy needed

to create a unit fracture surface is a constant that depends dhly oraterial.

However,in ductile materials (and even in materials that appear to be brittlplasdic zone
develops at the tip of the crack. As the applaatl increases, the plastic zone increases in size
until the crack grows and the material behind the crack tip unloads. The plastic loading and
unloading cycle near the crack tip leads to dissipationof energyasheat In physical terms,
additional energys needed for crackgrowth in ductile materials when compared to brittle

materials.

In brittle materials fracture energy and surface energy are eqi@l, @ (Surface energy
guantifies the disruption of intermolecular bonds that occur when a surface tedcrBait in

ductile materials, plastic dissipation atsmtributedo G.
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As mentioned . EFM applies when the nonlinear deformation of the material is confined to a
small region near the crack tip aplasticity does not play an important role during fracténa.
brittle materialsike somehigh strength steel, glasand concrete, it accurately establishes the
criteria for failure. However, severe limitations arise when the region of the matejjettsiab
plastic deformation before a crack propagates is not negligible. AdditiobBFRM has proven a
useful tool for solving fracture problems providadcrack,like notch or flaw exists in the

structure

In reality, the crack tip is surrounded by fr@cture processone the region around the crack tip
where nonlinear deformation and material damage occur. Inside this zone, the LEFM solution is
not valid. Outside this zone, the LEFM is accurate provided the plastic damage zone is small
enough.The djective of LEFM is to predict the critical loads that will cause a crack to grow in a
brittle material.This is not always the case and for ductile metadsize of the nonlinear zone

due to plasticity or microcrackings not negligible in comparisowith otherdimensios of the

cracked geometry.

Moreover, even for brittle materials, where the process mamall| the presence of an initial
crack is needed for LEFM to be applicable. This mehasbodies vih noinitial crackscannot

be analysedusing LEFM. The facts mentioned above became the main motivation for
development of a new field in fracture mechanics taking into account the plasticity in the process

zone name&EPFM

1-2-2. Elastic-Plastic Fracture Mechanics
To predict failure in ductd materials, for which the assumptions of LEFVho longer valid,

EPFMprovided the solutiorNonlinear fracture mechanics attempts to extend LEFM to consider
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inelastic effects. The theory is called Eladtiastic Fracture Mechanichowever, the theoris

not based on an elasfitastic material model, but rather a nonlinear elastic matérial based

on a nonlinar elastic power law materiathe same as elastastic material but different
unloading path). Under monotonic loading, this nonlindastie material can be matched to the
behavior of an elastiplastic material whose hardening behavior is accurately modeled by a

power law.

Rice (1968) made a considerable advance in EPFM. He idealized plastic deforasation
nonlinear elastiphenomenorior mathematical purposes and was able to generalize the energy
release rate for such materials. He expressed this in terms of a path independent contour integral
called Jdintegral which became a very efficient tool to treat energy problems in fracture

mechanics.

As mentioneckarlier LEFM is valid for materials for which thplastic zone around crack tip is
small compared to the dimensions of structurepacimen(i.e. brittle materials). The-ihtegral
represents a way to descrite case where there suffcient crack tip deformation that the part

no longerobeys the linear elastic approximation. This analysis is limited to situattbese
plastic deformation at crack tip does not extend to the furthest edpe tdaded partit was
shownby Ricethat he Jintegral is equal to the strain energy release rate for a crack in a body
subjected to monotonic loading "O. This is trueboth for linear elastiand norlinear elastic

materials

In this method, e elastieplastic failure parameter is designated The stress intensity factor,
0 , can be calculated from theirkegralusing Eq. 13. This relation has beconme common

technique to calculatress intensity factors woth LEFM andEPFM for growing cracks.
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In EPFM, a preexisting crack is also assumebdllo damage evolution is modeled and
conventional material models, e.g. elagtiastic constitutive equationare appliedThe process

zone is asumed as infinitesimally smalhd sgcial fracture criteria (e.gK-based criterion od-

based criterionjor crack extension are requirdePFM covers a comparably small part of these
constitutive theories and phenomena of inelastic deformation; and does not account for effects of

load hisbry, unloading, and local rearrangement of stresses.

Methods of conventional fracture mechanics are successfully used for the assessment of
engineering structures for a very long time. In many ¢cd4e6M or EPFM is still applied to
predict fracture onsetlue to its high level of standardisation and experiemt@wever,
considering the LEFM and EPFM limitations, failure prediction in a more general case requires

modelling of the failure process zone.

An alternative approach to predict fracture, which owares some of the aforementioned
difficulties, is local approaches and micromechanical modeling of damage and fraksure.
Siegmund et al. (2000) pointed tpio date, local approachese the only really successful

methods for prediction of crackowth resistance.

In a local approach, in principle, the parameters of the model depend only on the material, and
not on the geometry. In this kind of approach, one can simulate ductile fracture either by
employing a micromechanical model of damage, Wwhigpresents theicromechanic®f void
initiation, growth andcoalescenceor by using a phenomenological modelike CZM) for
material separation and coupling the model to the surrounding undamaged' @ksic

material.
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1-3. Literature Review

Fractue can be analyzed experimentally, analytically, or numeridakperimental analysis can
be extremely costly and time consumindnelother alternative topredict structural resistance
capacity issimplified analytical methodske LEFM and EPFMTheovenview of theapplication

of analytical analyseandtheir maindrawbacksas beendescribedabove

Analytical and macroscopic fracture mechanics approaches have some limitations with respect to
the amount of plasticity allowed at the crack tip, constrand geometry dependendyEFM

and EPFM areonstraint and geometry dependent, because #reyapplicable to structures with

initial crack and the structure without an initial flaw cannot be investigated by these methods.
As no analytical solutions are ggble inmore generatase, and wth advances in computer
technology, thenumerical methodsnd finite element methad (FEM) have becomecapable

tools to assesstructural integrity

Although the FEM represents the most advanced approach, problered teléte prediction of
fracture still need to beesolved. Fracture parametensd criteria for fracture and crack growth,
which are used in practice for engineering assessment metheds not yet been properly
investigated Presently, there is no adede method to determine both fracture initiation and
propagation in large scale structurigs generally agreed that the models of the ductile fracture

initiation and fracture propagation have not yet matured to a level of high general accuracy.

Numerial analyse®sf fracturecan bedone byone of theollowing approaches:
1 Application of locaffracturecriteria

1 Application ofCohesiveZoneModel
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Both approaches allow for splitting the total dissipated workormation of the ductile crack
into the work of separation in the process zone and the plasticin the embedding material
and, thus, solve a classical problenfratcture mechanic€Siegmund et al. 2000)n numerical

simulation of the fracturghe process zone ahead of the crapkit modeled by either cohesive
elements or continuum elements with incorporaft@dture criteria whereas the rest of the

structure consists of continuum elements with classical elalsstic constitutive behavior.

1-3-1. Fracture Criteria
In order topredict the onset of fractutesing FBV, several failure criteriand damage models
are proposed and implementedthe literature Comprehensive studgn the existing fracture
criteria and damage models in various strasd strain states is presenbgdTorngvist (2003)
Tornqgvist (2003) defines separate damage categoiksling

1 void growth fracture dteria,

1 continuum damage models,

1 porosity based models

1 andempirical criteria.
In the following, some of the criteria and the models will be discussed briefly to give an

overview of this wide field of research.

There are numerous empirical fracture criteria. Most of them are simple criteria based on critical
stresses or strains. The mseshple andcommononein Finite Element (FE)simulationsis the
equivalent plastic strain criterionlowever,sincethe strain at fracture depenals the stress state

and thus often varies f@achsituation thiscriterion is an ovesimplified fracture criterionThe

governing damage processes in materials are highly influenced by the stress triaxiality, which
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should somehow be accounted for in the constitutive mateadehor in the damage criterion

(Torngvist,2003)

Fracture in ductile materials relates to fleemation, growth and coalescence of void®id

growth criteria assume that the degree of void growth can be represented by a damagfemparam
Once thisparametereaches a critical level, fracture is initiated. Continuum damage models
couple the condtitive materiallaws to the damage evolutioifhe material may in this way
experience a degradation effect (softening) during plastic deformation. Fracture occurs once the

damage has reached a critical level.

Anotherdamage categgris the porosity basedodel. As forcontinuum damage modelthe
porosity models also couple damage to the constitutive material laws. The difference lies in the
way the material damage is defined. Porosity based models couple damage directly to the
physics of void growthConinuum damage modelson the other hand, define damage as an
evolution variable. Thevell-known porosity based damage model is the Gu{$dr7)model It

was developed further by Tvergaard (1982) and Tvergaard and Needleman (1984) and called

GTN model

As seen, there are several possible models/crii@rianalysing ductile fracture initiation in large
structuresThe advantage of ihtype of models is that it has a micromechanical basis and can be
used to predict damage and failure of the material evenitially undamaged structures. The
main drawback is thatach damage criterioonly coves a specific kind offailure mechanism

and cannot be used anymore if anofiadure mechanism is activated.

Another problem withthesedamage models is that nuneal simulationscan showinherent

mesh sensitivityA fine mesh may for instance indicate strain concentrations at certain locations
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which may not be captured by a coarser mesh. The effect is especially apparent close to crack
tips. When large elements aapplied, the problem is that strain concentrations remain
uncapturedBy increasing the element size, the stress and strain concentrations are reduced and

this delaydracture.

In numerical analysisisingthe above mentioneflacture criteria crack propgationis possible

by using element deletion technique by whachelementvill be removedwhen it has reached
the failure criterion valueThis will often cause convergence problems as the stiffness is
suddenly reducedr removed This is an engineering approach which makesséldtions very

mesh sensitivand seems to be physically unreasonable.

Generally, cack growth can baumericallysimulated in the following wasy
1 Node release techniques, controlled by any fracture mechzamamete(e.g. Jintegral)
which requiresknowing the crack location in advanc&his approach is mesh sensitive
and the application diracture mechanics parametenas some limitation as explained
before.
1 Elementdeletionbased orfracture criteriawhich is mesh sensitive and cause numerical
convergence problem.

1 Material separation modeled bghesive elements.

This study focused on the last approach and its application.

1-3-2. Cohesive Zone Modeling
A fiphenomenologicdbcal approach used for the numerical simulation thfe crack initiation
and propagation is known as the Cohesive Zone M@B&M) (Siegmundet al., 2000)

Cohesive elementssed in simulating ductile fracture are supposed to represent the mechanism
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of nucleation, growt and coalescence of microscopic voids. CZM is based on an idea proposed

by Dugdale (1960) and Barenblatt (1962).

Dugdale used this model to describe analytically the plastic deformation near the crack tip
whereby the normal stress was limited by thedymstess of an elastideally plastic material.

Barenblatt investigated the fracture of brittle materials. Most of the recently developed and
proposed models of CZM are different from Bar
acting on the crackurface in dependence on the opening and not on the crack tip distance as

Barenblatt did.

Although the concept of CZM originates back to the early sixties of the previous century, the
concept has gained wide spread use only withirrebent years. CZMpgplication as a fracture
model occurred substantially later, using the finite element analysis method. In a finite element
representation of CZM, originally proposed by Hillerborg et al. (1976) for brittle fracture,
cohesive elements are introduced asrfate between continuum elements. CHlk also been
applied to ductile damage startingith an investigation by Needleman (1987) for the

microscopic modelling and by Tvergaard and Hutchinson (1992) for macrosaitymie.

Beside the simulation of failur@ metals, the cohesive model has been widely used in the last
three decades for fracture in fibers, polymers, and concrete strudilossof the researchers
investigate the application of CZM to simulate fracture in different kind of standard fracture

specimens.

Cornec et al. (2003yeveloped experimental procedures which allow the determination of
cohesive material parameters for ffractionSeparation LawTSL). This method islsoused in

this thesis to predict the cohesive parameters.
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Scheider etl. (2003)proposeda new cohesive law angsedit for the prediction of the crack

path during stable crack extension in ductile materials. Crack propagation was simulated in a
round tensile bar. It was shown that the model is able to predict the failure mechanism, which
consists of normal fracture intloee nt er and combined nor mal / shea
circumferenceThe cohesive parameters can be different in normal and tangential direction, but
several authors define the separapanameters to be equal for both failure modesSdheider

etal. (2003)paper the parameters for normal and tangential fracture are completely independent.

Fracture in anotchedroundtensilebar isalsomodeledby Anvari et al. (2007usingCZM. The
cohesive elements obey the TSL defined from the single elemieniations.A single strain
rate dependent elementhat obeys GursoemvergaardNeedleman (GTN) formulatiorwas
examined under different values of stress triaxiality and loading rates. The resulting stress

elongation curves represedthe TSL for cohesivelements.

In order to determinghe TSL on a micromechanical basis, the deformation behaviour of a
representative volume element, i.e. a single voided unit cell, including its material softening
behaviour has been investigatedhrliterature.The firstresearchers who used this approach for
the derivation of model parameters for cohesive modelling, were Tvergaard and Hutchinson
(1992) who used a Gursotype model for the unit cell. However, they only studied a single
stress state (uniaxial straining), and did not point out an isgbieh becomes obvious by

microstructural considerations: i.e. tA&L may depend on the stress state, which can be

characerised by the triaxiality- —, that is the hydrostatic stress divided by Yren Mises

equivalent stress.
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This issue was firghvestigated by Siegmund and Bro¢R900) Theapproach was extended to
impact problem$y using ratesensitive andriaxiality-dependent cohesive elements to simulate
crack growth under quastatic and dynamic loadingpnditionsby Anvari et al(2006) In these

studies, the constraint dependence of the cohesive parameters was considered by loading the

representativeolume element under different constraint conditions

The approach already described is to transfer the deformation behafithe representative
volume element, i.e. a single voided unit cell, to the cohesive elentecieider (2009)
discussed that thmain drawback of this method is that the unit cell contains both, deformation
and damage of a material whereas the cohesive model should contain the material separation
only. He presented a new approach, in which the behaviour of a unit seflasatedo elastie

plastic deformation and damage, and only the damage contribution is appliedl&. fioe the

cohesive elements.

It should benotedthat the validity of the GTN model is limited with respect to the failure
mechanismand also with respect to stress triaxialityhi$ makes the proposed identification
procedure only applicable fax specific range o$tructuresunless a more sophisticated void

growth model is utilised.

In the cohesive zone framework, the stretsde depedence of the fracture process under plane
strain has been the subject of investigations during the last decadevbisiggowth model®n

unit cells, triaxiality dependenfSLs have been developed aagplied to various geometries
(e.g. Anvari et aJ.2006, Scheider 2009 Siegmund et al.2000) However, these analyses are

difficult to perform using void growth models as they have difficulties in deahiiily low
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triaxiality of thinwalled structuresSo, inthe case ofthe steel plate the derivation b the

parameter dependency on triaxiality based on void growth models carayuyltssl.

An alternative to stresstate dependentZM was presented itscheider et al. (2006)The
parameters for a specific range of triaxiaign be identified, and thehe CZM can be applied

with constant parameters to structures with similar constraint. The advantage of this method is
that no explicit triaxiality dependence is needed (which is a problem for commercial finite
element codes), and only tests for parametentification in the triaxiality regime of the

structure to be analysed have to be performed.

CZM application for low triaxiality (plane stress) wawestigated byscheider et al. (2011}t

was shown that the global behaviour can be predicted suitistantcohesive parameters for
many real materials as long as only flawed structures are simulated, even though the local
behaviour, e.g. the crack front shape, may differ. However, if initially uncracked structures are

investigated, the considerationtabxiality for the cohesive parameters is crucial.

In this thesis the cohesive model will be describ#tbroughlyas a model which hasmany

advantagesand it will be used to simulate the cracokiation and propagation isteel plate.
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Chapter 2: Cohesive Zone Modeling

2-1. Introduction

It was discussed that if the process zone is sufficiently small compared to structural dimension,
classical fracture mechanics ca@appled. If not, process zone and tlierces that exist in the
fracture zone mustebtaken into account. The most powerful i@ynodel process zongto use

CZM. The general advantage, compared with classical fracture mechanics, is that, in principle,
the parameters of the respective models are only material and not geometry defédndent.

these concepts guarantee transferability from specimens to structures over a wide range of sizes
and geometries. It is not even necessary to consider specimens with an initial cedes as
initially uncracked structures will break if the local dedmtion of material has exceeded some

critical stats.

In cohesive crack model, the process zone is modeled as an extension of the crack length up to a
point called fictitious crack tip(Figure 2-1). In this region, a specific constitutive law is
considered. According to this specific lastress decreases with increase in crack opening
according to a specific function. The real crack tip (or physical crack tip) is the point on the
crack surface on which there is no stréss. the normal opening bigger than the critical

opening.

CZMs are able to describe materials that exhibit s&aftening type behaviour. The basic
assumption underlying them is the formatimina fictitious crack as an extension of the real
crack, referred to also as tpeocess zone, where the mateigaktill able to transfer stresses
although it isdamaged,. The crack is assumed to propagate when the stress at the crack tip

reaches theohesivestrength. When the crack opens, the stress issgimed to fall to zerat
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oncebut to decrease g#y with increasing crack widthintil a critical displacement is reached

and the interaction vanishes.

Real crack tip

Fictitious crack tip

I
>l
|

: Damaged ' Undamaged
Region Region

Figure2-1: Process zone inohesivecrack modelBase onCarpinteri et al., 2003)

Within the framework of cohesivenodelling and finite elementsowtrary to computational

crack propagation analyses usiffigacture criteria explained in the previous chapteo
continuum elements are damaged in the cohesive mbkelzone in which damage occurs is
reduced to a layer Wi zero thickness. The cohesive elemgintghis layer model the material
separation; the surrounding continuum elements are dafregé€ohesive interface elements

are defined between the continuum elements, which open when damage occurs and lose their
stiffness at failure so that the continuum elements are disconnected. For this reason the crack can
propagate only along the element boamess. If the crack propagation direction is not known in

advance, the mesh generation has to make different crack paths possible.
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The basic idea of th&€€ZM, shown in Figure2-2, is to split the materié behavior in
deformation,which is modeled by comuum elements, and damage or separation, which is
modekd by embeddednterface elementwithin continuumelementsDuctile fractureprocess,
consisting of initiation, growthand coalescence of voidss represented by dractiori
SeparationLaw (TSL), sinulating the deformation and finally tleeparatiorof the material in

the immediate vicinity of the crack tip. In the cohesive elements, the opening stress is controlled
by aTSL, alsocalled cohesive law. The separation,can occur in normaj () or tangential
direction { ), which happen respectively in mode | and mode II/lll fracturie the
separations, the stress@&scan also act in normal or in tangentii@ection, leading to normal or
shear fracture respectivelpnterface elementepresenting the damage are implemented between

the continuum elements representing the eligsastic properties of the material.

In addition, by using CZM in FE analysis, mesh independency is expected as long as the
cohesive elements adequately resdhe fracture process zonghis will be explained more in

following parts.

The material separation and thus damage of the structure is classically described by interface
elements, no continuum elements are damaged in CZM. Using this technique, therléhheio
material is split in two parts, the damaigee continuum with an arbitrary material law, and the
cohesive interfaces between the continuum elements, which specify only the damage of the
material (Figure 22). This modelling requires the use ofpair of constitutive equations: a
stressstrain relationship for the undamaged material, and a stiggscement curve for the

damaged material.
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Figure2-2: Basic concept of CZMind representation of the ductile fracture by Ciased

on Cornec et a].2003)

2-2.Cohesive Law

The cohesive constitutive model has two key parameters that characterize the decohesion
processThe maximum traction (stress at the surface of the continuum elei¢€ratlso denoted

as cohesivstrengthand theseparation where the cohesive element failsyWhen the normal or

tangentialcomponent of the separation reaches a critical valuepr] , respectively, the
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continuumelements initially connected by this cohesive element are disconnected,méacls

that thematerial at this point has fail€gigure 23).

The separation of the cohesive interfaces is calculated from the displacemeit]jurepyveen

the adjacent continuum elements:

| 6 o6 © Eg. (21)

Cohesive elements

—,  Continuum elements

Figure 23. Representation of the activated coheselements(Based onCornec et al.,

2003)

A constitutive equation is used to relate the tractipnto the relative displacement, at the
interface.The form of the cohesive law is given by the functiof .Ur'he peak stress sets the
local strength of the material and plays a critical role in developing plastic deformation in the
background materialThe area under the TSturveis the energ absorbed by the cohesive
elementw, and is known as the cohesive enefMjyis parameter, the total energy dissipation at

fracture,w, can be derived by:

o . M Eq. (22)
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If the shape othe TSL is known or presumed, two of the aforementioned parameters are enough

to define the cohesive law.

The loal work of separatioins equal tathe material toughness which equals the energy release
rate, G;, when the material follows a lineatastic respnse.The value ofp can be obtained by
experiment, since it coincides reasonably well with theelral at crack initiationy. When the
material deforms plastically. elevates above, but still he cohesive energy), corresponds

approximagly to the Jintegral at crack initiatiorand* can be the first guessr .

The cohesiveparameters can be different in normal and tangential direction, but several authors
define the separation energy to be equal for both failure modes, i.e.e . It should be noted

thatnot enoughstudy haseen performefbr tangential separation in the literature

The need for an appropriate constitutive equation in the formulation of the cohesive element is
fundamental for an accurate simulation of fracture proddss.shape of the CZM and its input
parametersare often chosen as simple as possible for numergzdons, rathethan being
physical meaningful. This is because the mechantbatscontrol those parameters have not yet
been properly quantifiedSince the cohesive model is a phenomenological model there is no
evidence which form to take fGl] . Basically, the TSL is assumed to ba strestseparation

curve with a bilinear shape. More recentljfferent shapes of the CZMave beerproposed,
namely the trapezoidahape anéxponential formsMost authors take their own formulation for

the dependencd the traction on the separatiddome softening models that have been proposed

are shown in Figurg-4.

For ductile materialsa polynomial function of third degreérst used byNeedleman (1987) for

the pure normal separation and some years later extended by Tvergaard (1990) for mixed mode
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loading, is one of the most popular cohesive lamd used by many authofdeedleman (1990)
alsoused the exponential curverin. The polynomal function was extendeand implemented
later by Scheider (2@). The cohesive law presented in Schei(l003) is capable of shear
separation and unloading.is similar to the function presented by Tvergaard and Hutchinson

(1992),as shown in Figre 2-4 and called trapezoidal form in the following.

T, T
Ty f g Y S
T, I
5, O 5, O
a) b)
T T,

c) d)

Figure 24: Form of the TSL a) bilinear, b) trapezoidal,ctiic, d) exponential

One characteristic of all softening models is that the cohesive zone can still transfer load after the
onset of damageAfter the interfacial normal or shear tractions attain their respectiesive

strengths, the stiffness gradually reduced to zer®hey contain the two material parametéexs
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and] mentioned aboveandfor total failure the stresses become zefd) 1>) = 0 for both

normal and tangentiakeparation

In tractionseparation lawthe initial slope is needed to avoid numerical problems between the
cohesive elements and the surrounding continuum elementsheuttescending slope models

therapid sofening during void growth and coalescence.

Elices et al.(2002 statedthat the form of the cohesive law depends on the class of material
under consideration. Thauthors also statethat the cohesive law should not havestein
hardeningpart as only thecontinuum elements and not the cohesive elenmemetsupposed to
affect the global behavior of the structudedditionally, the initial stiffnessof the cohesive
model should be chosers high as (numerically) possibldt should be at least greater thizue
elastic stiffness of the adjacent continuum elemanthe deformation of the structure has to be

dominated by the deformation of tbentinuumelements.

The influence of the shape of the cohesive law on the crack propalgasomt yet been studied
extensively. Some investigations deal with the effect of the shape of the traepamation
function on the resulting fracture behaviour (e.g. Tvergaard et al.,, 1992; Scheider, 2009).
Tvergaard and Hutchinson (1992) came to the conclusion that thit edie be relatively weak.

It is oftenreferenced to state that the shape of the cohesive law has little influence on the results.
Although it has been claimed that the shape of the TSL hardly influences the crack growth
behavior, thereaare a few investigions that show higher effects of the shape. For example,
Scheider et al.2006) showed numerically that the shape of the TSL can affect thé load

displacement behavioScheider et al.2006) tried to transfer constant cohesive parameters,
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which were deried for a specific TSL, to another TSL. It was shown that the cohesive elements

are not transferable.

It seems that for each TSL a set of new cohesive parameters should be derived. The method that
will be used in this research is to determine the cohgsavameters for a specific TSL by
simulating tensile tests. Then, the same TSL with the same cohesive parameters will be used to

predict fracture in the steel plates.

Another issue that should be considered while using CZM is the factfthathi separatio

modes, the tangential and the normal separation, occur simultaneously, there is an influence of
the normal separation on the tangential tractions and vice versa. The description for this case of
mixed mode and the basic assumptions made in the liter@t@geven inthe next partOther

special issues are the unloading behavior of the cohesive zone and the sliding of a failed cohesive
element under negative normal separation, what involves contact of the fracture surfaces,

described inthe next part

Initially, all cohesive models, in the literatumeere only based on a pure mode | crack under
monotonic loading. Improvements have been developed for the appli¢ationixed mode
loading, time dependence, interaction of combined normal and tangential loading, and unloading

of the cohesive elememnt

2-2-1. Mixed-Mode Fracture Criterion

Ductile fracture may occur in various modes:

1 Normal fracture, where the fractureapk is perpendicular to tmeaximumnormal stress

(Mode | fracture)
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1 Shear fracture, where the fracture plane coincides with the plane of maximum shear stress
(Mode Il and 11l fracture)
1 A combination of both which is typical for the fracture behaviouhof sections; in this

case normal and shear modes are present.

As stated in the previous part,normal separatior), , and tangential separatidn,, occur
simultaneously, there is an influence of the normal separation on the tangential tieauotmitse
versa.Under pure mode I, Il or Il loading, the onset of damage at the interface can be
determined simply by comparing the tractions with their respective allowahles However

under mixedmode loading damage onset may occur before any led stress components
involved reach their respective allowabialues Therefore, a general formulation for cohesive

elements must deal with mixedode fracture problems.

The criteria used to prediatrack propagation under mixeshode loading conditionsre
generally established in terms of the energy releases and fracture toughness. The most
widely usedcriteria to predict the interaction of the energy releases in mixeemode is the

power law given by théollowing expression:

0 0 0 2
o o o P q. (23)
The exponent U in the power | aiwthd litgeraturesForal | y

isotropic materialsO  "O O

A recently proposedriterion, the BK criterior{Benzeggagland Kenang 1996) is establisheth
terms of the singlenode fracture toughnes® and™O and a p afora2bé&dcteare

analysis
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O O O — O Eq. (24)

"0 "0 O Eq. (25)

If mode Il loading occurs the criterion is:

o O O — O Eq. (26)
Where,

O O 0O Eq. (25)
O O O Eq. (26)

For isotropicmaterial'O  "O ‘O , so the response is insensitive to the value-.din
many cases the ortBmensional representation of the relation is sufficient, namely when only

mode | fracture is concerned.

Another proposedmixed-modecriterion assumes that damage initiation can be predicted using

the quadratic failure criterion:

— .— = p Eq. (27)

where,, is the normal traction, antl andt are thetangentialtractions.”Y and”Y are the
normalandshearcohesivestrengths, respectively. The operatar > is defined as x if >0, and

0 otherwise.
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The dherway to embed the influence tdngential on normal opening (and vice versa) is to
define the normal traction dependent onexplicitly, asScheider et al. (2003) assuméual both

cases the separation function does not only depend obut also o . Generally TSL can be

written as:
Y Y1 R Eq. (28)
Y Y1 R Eq. (29)

2-2-2.Unloading in CohesiveElements

Unloadingin cohesive elementsan occur in the cases of unloading of a structurerack

happening Therefore, the behavior of the cohesive elemkassto be definednderunloading

which will lead todecreasing separatiomhet er ms 661l oadi ngdé6é and O606un
when separations increasing or decreasing, respectively, as the tractions decrease also under
increasing separation beyond maximum strégsjn the softening region of TSlUnloading

model should considethe irreversibility of the damage process. Since damage evoistian

inelastic deformationand nonlinear processhe sepaation in cohesive models areonsidered

like plasticdeformation

In ductile materialsthe mechanical work foproducing damage is totally dissipateédoid
growth in ductile materialsis, hence inelastic local separatioand irreversible and any
unloading andeductionof separation occurs purely elastically with unchanged elasfficess
as shown in Figre 2-5. If the local tractions in the cohesive elenssarte reduced to zef@B in
Figure 25), a significant separation remains.thfe separation increases again, the tractions

increase linearly up to point A and then follow the origioathesive lawagain. In the current
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implementation of the cohesive model, the slope of the unloading ualso seequal to the

initial stiffness of the cohesive law.

T

Tn """""

Figure 25: TSL at unloading

The contact condition, i.e. prevention of penetration of adjacentinuum elementsluring
unloading has to be ensured also after total failure of the cohesive ekefentnode | fracture,
which is considered solely throughout thesearchthe contact reduces to a normal contact.
However, f a structure fails undeshearmode loadingfrictional sliding of the fracture surfaces

must bealsotaken into account.

2-3. Cohesive Parameters Determination
In this part, he identification and validation of tlewhesivemodel parameters are explained. A

general concept faheir identificationin the casef mode Ifractureis explained

Mixed-mode fracture i@ relevant failure mechanishappensn homogeneous thiplates The
crack initiates in the centreof the specimein normal fracture mode and then, continues to the
surface of the platem approximately 45 degreeavhich is called slant fracturd&he mode |
separation inthis study represents the actual slant failure, and the respecilesive

parameters)Y and] , are hence effectivealues of amixed mode isuation. Therefore,here,
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only mode | fracturg which represents the real slant fractuseconsideredor the fracture

analysis

The cohesivemodel, which describeshe materialdamagein the process zonds purely
phenomenologicaBecause, in reality, damage does not happen only within a specific layer of
cohesive elementdut volumetric elements are damagatihough he cohesiveparametersre
phenomenologicathey have a physical backgrounith. the following, anengineeringapproach
for the determination of the cohesive parameters for normal fracture in ductile materials will be

presented which was proposed and applied by several researchers including Cor(2e0)al.

The cohesive strengthy, can be taken as the maximum stress at fracture in a tensile Hes.
to be noted that the tensile specint@esnot fail in apure mode I. In slant fracture, shear
mode contributionis also presentAs mentionedearlier, in this study, mode | cohes

parametersepresent the parametefsmixed modefracture

Given the small plastic zone size, any elevatiofsobver w is neglectecandit is assumed that
@ 'O 0. The cohesive energy for normal fractuce, is equal to the-ihtegral at cack

initiation in mode 1,0. 0 is usuallyidentical to thantersection point betweemJRcurve and the
critical Stretch Zone Width (SZW;), determined from the fracture surfadéne principle of this

method is shown in Figure@a.

JR-curve is atearing resistaze curve, represents a matenakistance to progressive crack
extensim (t hi s i mpl i #asturd tbughhessacannslaahge with arbck extensfon).
tearing resistance curve is a plot of fracture toughness against crack extensiany ductile
materials, the size of the plastic zone at the crack tip increases as the crack &kendsch

successive unit of crack extension requires more energy thanetedjprg unit of extensionn(i
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order to further increase the plasticneosize).Hence,the resistance of the material to crack
extension increases with crack extension. Ty tof behaviours known as aising R-curve.
There is a limit to this increase in toughness, and heticR-curves eventually flatten ofiR-

curve can be determined bygi@ndardracture test according to ASTEL820.

The SZW; should bedeterminedoy optical measument of the stretch zone widdf the initial
fracture surface of the tested speciméne intersection point ahe averag&s2W, and thel-
Y& curve defines. It is considered to be the most accurate method for measleinge to the

onset of crack extension.

As mentioned earlierhe detemination ofJ; require the use ddptical measurememnbd measure
the stretch zone widtbn the fracture surfaces of the specimens. The methodrodace large
scatter in the values &% as a result of the subjective interpretation amehsurement of the
stretch zone width. If the stretch zone width cannot be distinguished from dacidi

extension,J; cannot be determine&ince there are practical difficulties in usitigs approach,
which makes it unsuitable fooutine materials testing, an alternativeqedure forestimatingJ

close to the onset of initiation of stable crack extension is proposgdhivalbe et al. (1995)

Thisapproach is used in this thesis to determine the fracture energy.

The engineering approach is to useftiaeture paramete at 0.2 mm othe crack extasion.Jp
is the material resistance at 0.2 mm the total crack extension. For many materialsis
parameter provideuseful estimaon of the initiation toughnesslhis method is illustrated in

Figure 26 b.

As in this study no JRcurve which is determined through the mechanical test according to

ASTM E1820, are available, an alternative proceduis applied JR-curve for small crack
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extensions taken from the blunting lingproposeddy Cornec et al., 20Q3whichis given by a

validated analytical solution
0 oy O Eq. (210)

Where,, is the maximumtensile strength an¥a is the crack extension. In this case, no
determination of the-ithtegral by conducting standard fracture testsneededThis method is

presented in Figure-@ b.

J=3.75ayAa

SZW,

a) b)
Figure 26: Determination of the cohesive energy by using a) the resistance curve and the

stretch zone width, b) the analytical blunting line and 0.2 mm crack extension

The procedure described in this part will be used in Chapter 4 to determine cohesive parameters,
“Y and w for a bilinear TSL. Cohesive parameters are calibrated by tensile tests and then, the

same parameters will be applied for simulating the fractusteiel plates.
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Chapter 3: Experimental Results

3-1. Introduction

In order b validate the fracture procegmtwill be modeled by CZM irthis thesisexperimental
results are needed. Theentionedexperimentaveredesigned and performed in a simultaneous
project(Jamaly, 2014at Memorial Universityof Newfoundland to examine fracture process in
steel plate experimentally.An overview of the experimentgest setupand the results are
mentioned in this chapteTheseexperimentafresults will be comparedith numerical results

which will be modeled by CZMn Chapter 4.

Several fracture tests were conducted on two diffédients ofsteel materia One is mild steel
with 3.175 mm thickness, and the other is highsile steel with 6.35 mm thicknesEhe
mechanical properties of both kinds of stewlterialsare determinedoy conducting tensile tests
and analyzing the experimental dalden, fracturdess on steelplates madefrom the same

materialas the tensile specimermse investigated bgonductingplatefracturetests.

3-2. Tensile Test

In order to determinenaterial mechanical properties, mechanical tests conductedvhere
different parameters are measur@ame of the useful and simple tegor determining thdoad
carrying capacityof the materials the tende test of flatbars or rods, wkh relates stress and
strain. According to ASTM E1820,ldt tensile specimenare usedfor analyzingmechanical

properties oplates.

In this tendie test, the specimen is subjected to a continuously increasing uniaxial load at

constant rate(0.1 mm/sec)during which simultaneous measuremenfsthe load andthe
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extensionare made. The force applied and the deformation that is produced can be used to

calculate the stressd strainn the material.

From these measurements, the stetissin curve is constructe@he stresgcalculated from the
load) and strain (calculated from the extension) can either be plotfedias mi n a hgaisst r e s s 0

finominalstraird or asfitrue stres§ a g druersteid. 0

Engineeringstress and strain are other expressions fondineinalcurve indicated above. In this
case, the stress is the ratio of the applied load to the origgttionareaof the specimen.

Assumingthat the stresé is distributed niformly over thecrosssection, we can write:

Eq. 31

‘l

The relation between the applied stress and straglastic regiongan be expressed by:

, 0Q Eq. 32

Hereeis the average linear strain. In simple terms, the linear strain can be expressed as:

a a

Q :
a

Eq. 33

O is the gage length of the specimen. Thusis the ratio of the change in theuge length to

the original gage length.This stran is calledthe engineering strain and it is valid for small
strainvalues. A different and useful concept for defining strain, when deformation is considered

in more practical ter ms, i's associated with
length while a force is acting on it. Unlike cases of engineering strain, where reference was made

to the constant g@e length of thespecimen, reference is made to changes in the dimension at
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each instant of the test. df is the amount by which the letingl, changesstrain can be defined

similarly as
. Lo Eq. 34
a
Integratingthe above equation:
Qa @
- - oa& Eg. 35
a a

- is known as the natural, truer logarithmic strainat every instantlt is often required to
alternate betweethese two definitions of the straithe engineering strain and the true strain

This can easily be performeding Eq. 33 and 34, as shown below.

i a%— &8 p Eq. 36

In plastic deformatin, the volume remains constasb:
©w 6a O6a E 06a Eq. 37
0 anda, 0 andda, 0 anda are respectivelythe section area and theuge lengthof the

tensile specimehefore the specimen extensialuying the tensile tesiandatthefracture.

There is a relation b&kentrue stress, , andengineering stress , using Eq 3-6 and3-7 as

follows:

O|C]
o:|O=
|
Q| Q

5
3

O=| C-

, QP Eqg. 38

The materiapropertiesof steelaredetermined by tensile tests steel flat bas. The geometry of

the tensile spaémen is shown in Figura-1.
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22684

Figure3-1: Thedimensiors of the tensile specimar{in mm)

Tentensilespecimens have been manufactured for the determination of thestteas<urveof

every kind of steel. Theensilespecimensfter thetensiletests are shown in Figug8-2 and 33.

Figure3-2: Steeltensilespecimensfter fracture- 3.175 mm thickness
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Figure 33: Steel tensile specimeredter fracture 6.35 mm thickness

Experimentadataandload-displacement awe obtained from the tensile testge presented in
Figure 34 for thin specimens and iRigure 35 for thick ones.These curvesre analyzed to
derive engineeringstressstrain curves using Bg3-1 and 33. Engineering stresstrain curves
are converted to true stresdrain curves by E3-6 and 38. The stressstrain curves for one
sample of the thin plate and one sample of the thick plate are demonstrated ia F@jared 3

7 respectivly.
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