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Chapter 2 - Fracture Mechanics 1

STRENGTH & FRACTURE

MAAE4102

Professor R. Bell

Department of Mechanical & AerospaceEngineering

ell
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MAAE 4102 Strength & Fracture

Department of Mechanical &

Aerospace Engineering

Chapter 2

Fracture Mechanics
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Design of Structures

Department of Mechanical &

Aerospace Engineering

In the design of structures and

mechanical components two

approaches are possible.

Traditionally the Strength of

Materialsapproach which relies onsafety factors has been
used.

More recently Fracture Mechanicsis

used which acknowledges that flaws

in material and manufacture exit.
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Strength of Materials Approach

Department of Mechanical &

Aerospace Engineering

The Strength of Materials approach is based on an

allowable design stress level that assumes that

there is perfect fabrication of the structure and

that there are no crack-like discontinuities, defects or

cracks.

This approach relates:-

Material Properties

Safety Factors

Design Stress

Working Stress
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Fracture Mechanics Approach

Department of Mechanical &

Aerospace Engineering

The Fracture Mechanics approach to design acknowledges:

Flaws will exist by:

Design

Manufacture

Eventual fatigue

Fracture Mechanics Approach Relates:-

Material Properties

Design Stress

Flaw Size
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Fracture Mechanics Approach

Department of Mechanical &

Aerospace Engineering

Fracture Mechanics Approach Relates:-

Material Properties

Design Stress

Flaw Size

K K ac= =

These parameters can be related as:

Material

Property

Design

StressCrack

Size
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Fracture Control Plan

Department of Mechanical &

Aerospace Engineering

A Fracture Control Plan will:-

Identify the Factors which Cause Fracture

Assess the Contribution of each factor to the

fracture process

Determine the Efficiency and Trade-Off of the

Various Methods to Minimize the Probability ofFailure
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Linear Elastic Fracture Mechanics

Department of Mechanical &

Aerospace Engineering

LEFM relates stress near crack tip to:

remote stress

crack size and shape

material properties

Irwin showed that:

( )

i j i j

rf= +

2
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Brittle and Tough Materials

Department of Mechanical &

Aerospace Engineering
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LEFM Assumptions

small displacements

linear relationship between stressand strain

singularity of stress at r = 0 -infinite stress

not possible as material will yield

LEFM still valid as long as area ofplasticity small

Department of Mechanical &

Aerospace Engineering
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Loading Modes

Department of Mechanical &

Aerospace Engineering

Mode I

Opening

Mode II

Sliding

Mode III

Tearing
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Fracture Mechanics Analysis

Department of Mechanical &

Aerospace Engineering
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Fracture Mechanics Analysis

Department of Mechanical &

Aerospace Engineering
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Elasto-Plastic Fracture Mechanics

Department of Mechanical &

Aerospace Engineering

R - CURVE ANALYSIS

resistance of the material to fracture during stable

crack growth

CRACK TIP OPENING DISPLACEMENT (CTOD)

a measure of the pre-fracture deformation at the tip of

a sharp crack under in-elastic conditions

- British Standard BS7448

J - INTEGRAL ANALYSIS

path independent integral which is a measure of the

elastic-plastic stress-strain field ahead of the crack
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Transition Approach to Fracture Control

Department of Mechanical &

Aerospace Engineering

TOUGHNESS

ability of a smooth

member (un-notched) to

absorb energy when

loaded slowly

NOTCH TOUGHNESS

ability of a material to

absorb energy when

loaded dynamically in thepresence of a flaw

D t t f M h i l &
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Transition Approach to Fracture Control

Department of Mechanical &

Aerospace Engineering

DUCTILE FAILURES - large plastic deformation

usually failure at 45oto direction of stress

BRITTLE FAILURES-

little plastic deformation

failure perpendicular to the direction of stress

failure occurs with little warning NULL DUCTILITY
TEMPERATURE

Defines the upper limits of plane strain behaviour under

impact loading

BRITTLE FAILURE- Materials become susceptible to brittle

failure in the presence of a notch under certain conditions
of:

state of stress strain rate

temperature

constraint
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Transition Approach to Fracture Control

Department of Mechanical &

Aerospace Engineering

TESTS: Charpy V notch impact specimen

Dynamic tear test specimen

Null ductility temperatures

Pre-cracked Charpy

Drop weight test

KIC- fracture mechanics

NULL DUCTILITY TEMPERATURE - NDT

Notch toughness has been described

for low and intermediate strength steelsin terms of the
transition from ductile to

brittle behaviour
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Transition Temperature and Fracture

Department of Mechanical &

Aerospace Engineering
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Transition Temperature and Fracture

Department of Mechanical &

Aerospace Engineering

Department of Mechanical
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Standard Fracture Tests

Department of Mechanical

& Aerospace Engineering

KIC - Plane strain critical fracture toughness ASTM E-399 KIC(t)
- Plane-strain critical fracture toughness at intermediate loading
rates

KIa (KID) Plane-strain crack arrest toughness - KIDynamic ASTM
E-1221

C, JC, K-R Elastic-plastic plane stress behaviour during slow
loading C ASTM E1290 Test for Crack tip Opening Displacement
CTOD

JC ASTM E1737 Test for J-Integral characterization of fracture
toughness K-R ASTM E561 R-Curve Determination

JIC -critical value of J - is the measure of the fracture
toughness at the onset of

slow stable crack extension non-linear elastic plastic

, J, J-R Elastic-plastic behaviour during slow loading with slow
stable ductile

crack growth. Followed by brittle fracture or continued ductile
crack growth until final

failure

JC, JIC, K-R New test Method to cover all J-Integral test in one
standard E-1737

K, J, CTOD() New test stand to replace all previous E-
1820-96

Department of Mechanical
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Effect of Temperature and Loading

Rate on Toughness

Department of Mechanical

& Aerospace Engineering

Department of Mechanical
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Effect of Temperature and Loading

Rate on Toughness

Department of Mechanical

& Aerospace Engineering

Department of Mechanical
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Effect of Constraint on Toughness

Department of Mechanical

& Aerospace Engineering

Department of Mechanical
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Molasses Tank Fracture - Boston 1919

Department of Mechanical

& Aerospace Engineering

Diameter 27 m;

Height 15 m

Capacity 2.3 million gal

12 killed; 40 injured

Investigation

Failure caused by overstress

Poor design - Brit tle failure

Department of Mechanical &
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Failures in Ships

Department of Mechanical &

Aerospace Engineering

Failures in shipsLiberty ships - 1941

Kurdistan 1979

Ref: Barsom & Rolfe, Fatigue and Fracture Control

in Structures, 3rdEd. Fig. 1.2 Ref: Report 632/1998, TWI, UK

Department of Mechanical
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Liberty Ships - 1941

First all-welded ships 4000 constructed during WW II

1000 had developed cracks by 1946

7 ships broke completely in two

Brittle failures

Failures started at hatch

corners

Remedy

Design changes

Rivetted crack arresters installed Improved quality of steel

p f

& Aerospace Engineering

Department of Mechanical &
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Kurdistan - 1979

Department of Mechanical &

Aerospace Engineering

Failed structure: All weldedtanker built to construction
category

Ice Class I

Date:15 March 1979

Place: South of the Cabot Strait,

off Nova Scotia

Conditions: Moderately highseas, air temperature near 0C,

cargo temperature~60C

Failure mode: Brittle fracture

Cause: Presence of defect in

bilge keel welds combined with high

thermal stresses

Ref: Report 632/1998, TWI, UKRef: Report 632/1998, TWI, UK

Department of Mechanical
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Krudistan Oil Tanker 1979

Fracture initiated at poorlywelded bilge keel

Hull steel had adequate

toughness to prevent

initiation but failed stop

propagating crack

p f

& Aerospace Engineering

The failure:

Ref: Report 632/1998, TWI, UK

Department of Mechanical
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Krudistan Oil Tanker 1979

The ship's shell plates were found to have

27J Charpy transition temperatures of

between 5 and 20C,

the steel in contact with the sea water was

close to or below its transition and that in

contact with the heated cargo was above.

The displacement of oil by water enteringthe cargo tanks lowered
the steel

temperature to below its ductile/brittle

transition.

The design of the keel called for a 25mm

crack arrest hole to be drilled in each butt

weld joining the ground bars. Thes arrest

hole were missing

Calculations of the thermal stresses in the

ship resulting from the carriage of a warm

cargo in a cold sea indicated that a high

tensile stress level would have been present

in the shell and bilge keel.

& Aerospace Engineering

The causes of failure:

Ref: Report 632/1998, TWI, UK

Department of Mechanical
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The Loss of the Flare - 1988

Built 1972 - 17,000 t

Wave height 16m

Failure proceeded by loud

bang

Ship broke completely in two

Stern sank in hour

Bow sank after 4 days

& Aerospace Engineering

Department of Mechanical &
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Failures in Ships - Flare 1988

p f

Aerospace Engineering

Ref: Marine Investigation Report

Break-Up and Sinking of the BulkCarrier "FLARE Cabot
Strait,16

January 1998. TSBC

Report Number M98N0001
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Limitations On The Transition Temperature Philosophy

Department of Mechanical &

Aerospace Engineering

The notch toughness value obtained depends

on the thickness of the specimen

different tests give dif ferent values

can get different values if the crack length is

changed

Fracture Mechanics is needed to correlate notchtoughness with
design parameters
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Limitations On The Transition Temperature Philosophy

Department of Mechanical &

Aerospace Engineering
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Fracture Mechanics

Department of Mechanical &

Aerospace Engineering

Material Toughness

Stress Level

Flaw or Crack Size

Fracture Mechanics relates:

K K C ac= =
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Material Toughness

Department of Mechanical &

Aerospace Engineering

KC = critical SIF for STATIC LOADING and

PLANE STRESS conditions of restraint

KIC = critical SIF for STATIC LOADING and

PLANE STRAIN conditions of maximum restraint

K IC(t)= critical SIF for RAPID LOADING rates and

PLANE STRAIN conditions of maximum restraint

KID = critical SIF for IMPACT LOADING andPLANE STRAIN conditions
of maximum restraint

f h i l &
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Elastic Stress Near the Crack Tip

Department of Mechanical &

Aerospace Engineering

x

K

r=

2 21

2

3

2c o s s i n s in

y

K

r= +

2 21

2

3

2c o s s i n s in

x y

K

r=

2 2 2

3

2c o s s i n c o s

Plane Strain

Plane Stress

xz yz

= = 0

z xz yz= = = 0

[ ] z x y

= +

D f M h i l &
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Plastic Zone Size

Department of Mechanical &

Aerospace Engineering

y

K

r= +

2 21

2

3

2c o s s i n s in

put y= YS and r = ry

Put = 0 yI K

r=

2

r K

y

I

YS

=

1

2

2

Plane Stress

For Plane Strain( ) ( ) YS Plane

StressYS

PlaneStrain

3

r K

y

I

YS

=

1

6

2

Plane Strain

D t t f M h i l &
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Plastic Zone Size Thickness Effect

Department of Mechanical &

Aerospace Engineering

D t t f M h i l &
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Variation of Plastic Zone Size with Plate Thickness

Department of Mechanical &

Aerospace Engineering

rK

y

I

YS planestre ss

=

1

2

2

rK

y

I

YS plane strain

=

1

6

2

In terms of Plastic Zone Size

D t t f M h i l &
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Tolerable Crack SizeDepartment of Mechanical &

Aerospace Engineering

Material Y= 552 MPa KC= 66 MPam

Design Stress = 138MPa

Consider a through thickness crack of length 2aK a=

substituting for KCand

Tolerable crack size 2a = 145 mm

If design stress = 310 MPa

then 2a = 27.9 mm

If design stress = 552 MPa

then 2a = 9.1 mm

Using a tougher steel Kc = 132 MPam

Department of Mechanical &
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Effect of Material Toughness

Department of Mechanical &

Aerospace Engineering

Department of Mechanical &
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Stress Intensity Factor Equations

Department of Mechanical &

Aerospace Engineering

Through Thickness Crack

uniform tension - infinite plateaI = C aI =

Finite Width Platecorrection

a

a

b

2

2

tan

K ab

a

a

bI

=

2

2

1

2

tan

Department of Mechanical &
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Stress Intensity Factor Equations

Department of Mechanical &

Aerospace Engineering

Double Edge CrackK a

I= 112.

The constant 1.12 represents the

free surface correction factor

Department of Mechanical &
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Stress Intensity Factor Equations

Department of Mechanical &

Aerospace Engineering

Single Edge Crack

Could use 1.12 but must

also account for the bending stress

caused by lack of symmetryK a f

a

bI =

a/b f(a/b)

0.1 1.150.2 1.2 etc.

Department of Mechanical &
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Stress Intensity Factor Equations

Department of Mechanical &

Aerospace Engineering

Single Crack in a Beam in Bending( )

K

W a

a

WI =

63

2

a/w 0.05 0.1 0.2 0.3 0.4 0.5 0.6

f(a/W) 0.36 0.49 0.6 0.66 0.69 0.72 0.73

Department of Mechanical &
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Stress Intensity Factor Equations

Department of Mechanical &

Aerospace Engineering

Elliptical or Circular Crack in an Infin ite Plate

- Uniform TensionK

a a

c I

o

= +

s in c os

2

2

2

2

istheellipticalintegral

oo

c a

c=

1

2 2

22

2

sin

for circular cracks a = c

Ka

Q=

o

Q2

2

4= =

Department of Mechanical &
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Stress Intensity Factor Equations

Department of Mechanical &

Aerospace Engineering

Surface Crack - Uniform Tension

- use the equation for an embedded

elliptical crack and correct for the

free surface - 1.12K

a

QI

= 112.

where Q o= 2

Department of Mechanical &
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The Finite Element Method (FEM) and Fracture MechanicsDepartment
of Mechanical &

Aerospace Engineering

LEFM predicts that fracture will occur when:

I I C=

where KICis the fracture toughness of the material

( a material property)

The fracture toughness is measured from laboratory

material test (see later)

The stress intensity factor KICfor realistic geometries is

obtained using FEM- i.e. FEM can be used to obtain a measure of
the stress

singularity

Department of Mechanical &
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The Finite Element Method (FEM) and Fracture Mechanics

Department of Mechanical &

Aerospace Engineering

The Stress State at the Crack Tip

x I

rCos=

+

2 21

2

3

2sin sin

y I

rCos= +

+

2 21

2

3

2s i n s i n

xy

IK

r= +

2 2 2

3

2s in cos cos

( )uG

r I=

4 2

2 12

3

2

c o s c o s

( )vG

r I= +

4 22 1

232

s i n s i n

( ) = 34 plane strain

=

+

1plane stress

Displacements

Department of Mechanical &
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Conventional Elements

epa tment of Mechanical &

Aerospace Engineering

Models require a very fine

mesh at the crack tip to

model the singularity.Even with a mesh of

hundreds of elements

the accuracy is about 5%.

Department of Mechanical &
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Classical Solution Based Singularity Elements

p f

Aerospace Engineering

1r

The singularity is included in the element formulation.Thus the
element derivation is often long and complex.

Department of Mechanical &
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Isoparametric Crack Tip Elements

p f

Aerospace Engineering

Henshell and Shaw noted that if the mid-side

nodes of an isoparametric element in thevicinity of the crack
tip were moved to the

quarter points then the element shape functions

gave a 1/r singularity along these edges

Barsoum discovered that if the isoparametricelement was
collapsed along one side so that

three noded were position at the crack tip and

the mid-side noded were moved to the quarter

points then the element gives the 1/ r along

any ray emanating from the crack tip node.

This element formulation is very simple and

the accuracy is very good.

Department of Mechanical &
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3-D Isoparametric Crack Tip Element

p f

Aerospace Engineering

In the 3-dimensional formulation of

this element one face of the regularisoparametric brick element
is

collapsed into a line along

Department of Mechanical &
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Elements used for FEM AnalysisMODEL FEATURES ADVANTAGES
DRAWBACKS

Conventional refinedelements at crack tip

does not include crack tipsingularity

Satisfies convergence

criteria (compatibility

Simplicity in formulationEasy to apply with general

purpose programs

ExpensiveInefficient

Conventional element

with embedded

singularity

Incorporates crack tip

singularity

Simple in formulation Compatibility of

special

elements with

host elements

are notguaranteed

Conventional 8-noded

Isoparametric

quadrilateral

element with

degenerate quarter

point elements at

the crack tip

Incorporates crack tip

singularity

Satisfies convergence

criteria

Easy to apply with general

purpose programs

Blunting can be considered

Inexpensive

Rectangular

element have

a singular

stiffness at the

crack tip

Hybrid formulation Incorporates crack tip

singularity

Satisfies convergence

criteria

Efficient

Fast convergence rate

Complicated

formulation

p f

Aerospace Engineering

Department of Mechanical &
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Calculation of SIF from FEM ResultsAerospace Engineering

Displacement Substitution

Stress Substitution

Energy Release Rate

Virtual Crack Extension

J Integral

Gu

a=

Department of Mechanical &
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Substitution Methods - DisplacementAerospace Engineering

Westergaard Equations-Displacements:( )

( )K

r

u

v I

2 12

3

2

2 12

3

2

42

+

=

c o s c o s

s i n s i n

( )

( )K

r

u

v II

+

+

=

2 32

3

2

2 32

3

2

42

s i n s i n

c o s c o s

( ) = 34 plane strain

=

+

3

1plane stress

Substitute the stresses or displacements obtained

from the FE analysis in the Westergaard Equations

Extrapolation of displacements and stresses to r = 0

where

Department of Mechanical &
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Isoparametric Crack Tip ElementAerospace Engineering

KImay be estimated using only

three displacements

For 2-dimensional elements:V V VC = 3 1

V V V B= 2 1

( )( ) LI

B C=

+

2 2 4

1

( ) = 34 plane strain

=

+

3

1plane stress

Where:

Department of Mechanical &
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Isoparametric Crack Tip ElementAerospace Engineering

For 3-dimensional elements:( )

[ ]( )

( )

KE

L

v v v v v v v v v v

v v v v v v v v

v v v v v v

I

B C E F D B C E F D

B C E F B C E F

F C D F C D

=

+ + + +

+ + + + +

+ + +

41 2

2 2 2 2

1

24 4 4 4

1

22 2

21

2

' ' ' ' '

' ' ' '

' ' '

( )

[ ]

( )

( )

KE

L

u u u u u u u u u u

u u u u u u u u

u u u u u u

II

B C E F D B C E F D

B C E F B C E F

F C D F C D

=

+ + + +

+ + + + +

+ + +

41 2

2 2 2 2

1

24 4 4 4

1
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Substitution of StressesAerospace Engineering

The stress obtained from the finite element analysis are
substituted

in the following equations
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4 2
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For Mode I Loading: For Mode II Loading
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SIF Calculation using the Energy Release RateAerospace
Engineering

Strain Energy Release Rate G

Consider a cracked member under

Mode I load P

Potential energy stored in the body is,

U = P /2 ( the area under the curve).

If the crack moves ahead a small amount da,while the
displacement is held constant,

the stiffness of the body decreases by an

amount as shown in Fig (b).

Therefore the potential energy decreases

by an amount dU,

i.e. the energy Udecreases due to the

release of this amount of energy
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SIF Calculation using the Energy Release RateAerospace
Engineering

The rate of change of potential energywith increase in crack
length is defined

asthe strain energy release rate, G.

Gt

d

da=

1

G characterizes the energy per unit

crack area required to extend the crack.

For unit thickness

d

da=

U = strain energy

U = W the Work done

d

da

d

da=

= +bodywithnocrack

duetocrack

The work done in fracturing

the material over da
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Energy Release RateAerospace Engineering

Consider a large plate with dimensions L x B x t (t is small)(
)U

ELBt

bodywithnocrack

=

2

2

a

Eduetocrack

=

22

= +UE

LBa

E

2 22

2perunitthickness

GdU

da

a

E= =

2

percracktip, perunitthickness

aI =

GE

K EGI

I = =

2

or
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Procedure for Calculation of G

Two FE analyses are performed for two different crack

lengths which differ bydaand thus the strain energy

difference dUis evaluated.

The strain energy U for each mesh is calculated from

the stiffness matrix and the global displacement vector.

The advantage of this approach is less mesh dependency

in the calculation of SIF.

The main disadvantage is that it requires two analyses.
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Effect of Loading Rate on Toughness This approach is a variant
of the energy

release rate method.

In this, a finite element analysis is

performed on the original crack geometry

and the strain energy evaluated.

The crack is then extended as shownby displacing the nodal
points within

the crack tip region an incremental

distance in the direction of crack advance.

The strain energy is again calculated and

the SIFs evaluated as before. It was foundthat the change in
strain energy can be evaluated as:

U U U= 1 2

where: U1and U2are the strain energies associated

with the crack tip elements onlyfor the initial and extended
states.
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SIF Calculation using Substructuring

This method lends itself to substructure

analysis as outlined in the figure
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Calculation of SIF by the J - Integral MethodAerospace
Engineering

It has been shown that a line integral path,

as shown in the figure, which encloses the

crack tip and has its initial and end points

on the two crack faces, satisfies the

following equation. J Udy td

xds=

Where: U is the strain energy density

t is the traction vector

d is the displacement vector

This integral is path independent

when taken along any path which

satisfies the above conditions.

Department of Mechanical &

Aerospace Engineering


	
8/10/2019 4102- Chap 2 Intro to FM.pdf

67/70

Chapter 4 - Fracture Mechanics 67

Examples of SIF CalculationAerospace Engineering

Edge Cracked Plate

Case a/b KI

Exact

KI

Displ

% KI

Virtual

Displ

% Transition

Elements

1 .167 1628 1736 6.6 1681 3.3 NO

2 .167 1628 1608 -1.2 1594 -2.1 YES

3 .167 1628 1643 0.9 1614 -0.9 NO

4 .167 1628 1611 -1.0 1595 -2.0 YES

5 .5 6144 1601 -0.7 6075 -1.1 NO

6 .5 6144 5992 -2.5 6008 -2.2 YES

7 .5 6144 6037 -1.7 6127 -0.2 NO

8 .5 6144 6157 0.2 6127 -0.2 YES

9 .067 888 907 2.2 878 -1.1 NO

10 .067 888 889 0.1 867 -2.3 YES

11 .167 873 866 -0.9 903 3.4 NO

12 .167 873 859 -1.6 857 -1.8 YES

K in Ksi in
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Examples of SIF CalculationAerospace Engineering

Thick Cylinder - Internal Cracks
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Examples of SIF CalculationAerospace Engineering

Thick Cylinder - Growing Crack
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