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/" Introduction

During World War Il
5000 ships built

over 1000 ships: cracks by 1946
ships: serious damage

T-2 tankers
Liberty ships

broken in two
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What is Fracture Mechanics?
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Strength of Materials
Yield o=o0,

Failure o=0o;
Fatigue S — N Diagram, Fatigue Limit

Fracture Mechanics

_ Stress Intensity Factor K
Failure K=K,

Fatigue :—; = C((AK)m —(AK,, )" )KC

Fracture Toughness K,
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Fracture Mechanics is
Mechanics of Members with Cracks

Stress, O
Crack Length, a

Material Property

o
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Fundamental Concepts
of Fracture Mechanics .
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Relationship among a stress condition,
a crack size and fracture toughness
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- Types of Discontinuities

o

0 A A O

Notches
T P
Imperfections
P ShiTlp

Cracks U
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- History of Fracture Mechanics

1921 Griffith

Griffith’s Formula

1948 Irwin

1957 Irwin

Stress Intensity Factor, K
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Stress Analysis of Members with Notches

Stress Concentration Factor, Kt
For An Elliptical Hole
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tress Analysis of Members with Notches
Stress Concentration Factor, Kt

For An Elliptical Hole Ki =% Meaningless
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tress Analysis of Members with Notches
Stress Concentration Factor, Kt

For An Elliptical Hole Ki =% Meaningless
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Stress Analysis of Members with Notches

Stress Distribution
along X-axis
near the notch root

LEADING EDGE
OF THE CRACK

(O-y)y:(]: a 14+ £ + P
o 2r + p 2r + p 2r + p

0<r<< a, p<< a

(O-x)y:O: a 1 — P
o 2r + p 2r + p
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Stress Analysis of Members with Notches

Stress Distribution
along X-axis
near the notch root

(O-y )y=0 _ (Gx )y=0 — a
o} o 2r+p

p—0

(O-y)y:(]: a 14+ £ + P
o 2r + p 2r + p 2r + p

0<r<< a, p<< a

(O-x)y:O: a 1 — P
o 2r + p 2r + p

LEADING EDGE
OF THE CRACK
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Stress Analysis of Members with

Stress near a crack tip
1

r
2. Intensity of Stress Singularity is Proportional to

1. Singularity about

far field stress O
square root of crack length a

UAEHA WA
TOKYO TECH EUAFIA RRIRAE

Stress Analysis of Members with

0

(o}

terreerrrreeeeeeeeese

Exact solution of stress near crack

a crack (Jy)y=o _ |X| __a+r
— ¢ Ve
(O-x y=0 _ |X| _ a+r _1
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Stress Analysis of Members with

(Uy)y=o _ X _ . a+r
o JIx2-a® Jr(ea+r)
(Ux y=0 _ |X| B at+r

rla<l (Uy)y:o_ /i+§ r 5(/r 3+....
Series Expansion o 2r 4\V2a 32(\2a
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rla>1 o, )y=0 :1+1(EJ
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Stress Analysis for Cracks in Elastic Solids
Three Types of Relative Movements

of Two Crack Surfaces

MODE | : Opening Mode

"~

MODE I1 : Sliding/Shear Mode

" MODE Il : Tearing Mode

Basic Types of Stress Fields
near Crack Tips
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Important Basic Mode |

Most engineering situations corresponding to
Mode |

K, 0 .0 . 30
o, = 7C0S—|1-sin—-sin—
2 2

(27r)2

K, 0 .0 . 30
o, =——7C0S—|1+sin—-sin—
(27r)2 2 2

K, 0 0 30
T, = sm— COS—-COS—
2 2 2

K[r} [1 2v +sin? 9}
G|2 2
r
K[r} [1 2v—cos 9} 346
G|2 2
=0

Target unit
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General Form of Stress Intensity Factor

The Applied Stress
The Crack Shape and Size
The Structural Configuration

1 Affect

The Value of
K =o+ma-f(g)

f (g) : Crack Geometry

Local Stress Field <> Global Stress Field
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Stress Intensity Factor Equations (1)

o)

reeeeee tr1e

In an subject
to Uniform Tensile Stress

KZG\/E

a crack
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Stress Intensity Factor Equations (2)
o)

"Mt 1111 | In aPlate with

Subject to
Uniform Tensile Stress

1

K — aﬁf_b tan @j
a 2b

a crack

=O'\/E SGC(Z—ﬂZj
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Stress Intensity Factor Equations (3)
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In a plate with finite width

OLTVL VLV T
O

K=c+7a-1.12
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Stress Intensity Factor Equations (4)
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In a plate with finite width

I I s
O

K=1.12-m/E-f(%}
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Stress Intensity Factor Equations (5)

Cracks growing

K:m/%-f(%j

a—0 f(ij—>3
r

For short cracks

K =K,o/ma
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Stress Intensity Factor Equations (6)

K =0.650+/7a =1.150+/a

for g =%, a=c (acircle)

In an Infinite Plate

K=

D,

K

Q=

Ur(sm ,B+C oS ﬂT

£ 5ol
=o—\/§ for ,3:%

5

) K :%a\/a =1.130+/a
T

Exact expression
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Stress Inten5|ty Factor Equations (6)

[j‘__’_ﬁl‘:/? In an Infinite Plate
a

K=1120 |7— M,
|\ Q

Vg a L/ _ a
z_--r_;}%% ..... M, _1.0+1.2[?—0.5j
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Stress Intensity Factor Equations (7)

Cracks with wedge forces
and internal pressure

Eccentric line forces, P,
per unit thickness

aii s f(—l
e (a+xj
p

K@1=K@2= atx=0

K = p+7ma :internal pressure
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Engineering Calculation
of Stress Intensity Factor

Pedro Albrecht/ K. Yamada, ASCE, STR, Feb.1977
K=F(a)ovm
F(@)=F,-F,-F,F,

Fe: The Shape of Crack Front,
which is often assumed as an elliptical crack, correction

Fs: Effects of Free Surface, Front Free Surface Correction
Fw: Finite Width, The Back Surface Correction
Fg: Non-uniform Opening Stresses, Stress Gradient Correction
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2 Dimensional Crack Problems(1)

o 11111 t The Edge Crack
in a semi-infinite plate

K =F(a)om

] F(a)=F, =1.12
Front Free Surface Correction
. B
O VLT K=1120m

14
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"2 Dimensional Crack Problems(2)

In a plate with finite width K=F (a)O'\/ 7a

SHTHIIEIAE IR F(a)=F,-F,

_ | kdi12levm f(%}

Front Free .

Surface Correction Finite Width

2122221222222 117"
O
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"2 Dimensional Crack Problems (3)

o)

"Mt 1111 | InaPlate with

Subject to
Uniform Tensile Stress

a crack jl

K = o/ e
7a 2b

:O'\/E\/SEC(%j
T ITTTT
Wi ugmum lFiniteWidth-
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"~ 3 Dimensional Crack Problems (1)

In an Infinite Plate

1
2 3
K=t sin2ﬁ+a—zcoszﬁ o ma
D, c

1
z 2 a2 2
{1—[" a ]sinZH} do
0 C

oJma  for ﬂz%

. X
F(@=F =
(@)=F =2

0
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"~ 3 Dimensional Crack Problems (1)

In an Infinite Plate

1
2 3
K=t sin2ﬁ+a—zcoszﬁ o ma
D, c

1
T C2 _a2 . 2
@, =j02 {1—( = ]sm2 9} do

i
2
to
Circlei : 2 .F(a):F:LZE
()} T
=—0o+7a - 0
T fora=c

U=

16
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"~ 3 Dimensional Crack Problems (2)

o

[\‘—,_ﬁ_,__l_j_t__? In a Plate with Finite Width

1 b, m
KM —F, |ovm-|[—tan—
) P (ONR m 2
/ //Wﬁ»j‘_'_i__'// .
e A
2b
M. J= 1.0+1.2£% - 0.5) for surfacecracks
N T Wl k
L/;_’i“—’__' Vs =1.12 for \/wough thickness cracks
nE Stress Gradient Correction
Correction for Stress Concentration
—raKyo TL' c ETAEE RRTEAE

" Geometry Correction Factor F

Cracks always occur at geometrical discontinuities
as cover plate ends .....

\-"el[ica]rsli ffner on suppor

/
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Calculation of F,
Superimpose

111ttt 11t
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UAEHA WA
TOKYO TECH EUAFIA RRIRAE

Calculation of Fg

Superimpose

111ttt 11t

I
+

AAANAAA ANAANAAA ANAANANA

Compute the actual stress
Along the line where the crack
Shall be inserted

By any suitable methods.

Step 1
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Calculation of F,

Superimpose

111ttt 11t

AAANAAA ANAANAAA ANAANANA

Step 2

Insert a crack of given length
Along the same line
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Calculation of F,

Superimpose

111ttt 11t

AAANAAA ANAANAAA ANAANANA

Step 3 Compute K by integrating away

the normal, determined in Step 1
stresses applied over the length

of the crack

19
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Calculation of F,

Superimpose

111ttt 11t
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Step 4 Repeat steps 2 and 3

for any desired crack size
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Calculation of F,

Calculation of K in Step 3

Concentrated Forces

[ 1 _ 2P a
a crack 1 1 K_«/yza \/az_bz

Distributed Forces

"% 4p
0 /a2 _p?

20



TOKYO TECH BUAFZA RRIEAF

Calculation of F,

Stress Distribution in Step 1

Closed form expressions defining the stress distribution
In the uncracked body are usually not available.

From FEM
2 & bi_y 1
K Z\/ﬂa—ZO'bi X 4d2
T i=1 i —

vJa?—b?

In which the discrete stress Oy, is applied
over the element b, and b, ,

TOKYO TECH BUAFZA RRIEAF

Calculation of F,

Stress Distribution in Step 1

After factoring out the mean stress
2 biy 1
K=<y o, [ ——db
xig 2 K2

Ja —b
Il

n o . .
K = m/;zagZ—b'(arcsinh—arcsin 5)
V4

i-1 O a a

21
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[ Examples of F

Butt Joint
(BT)

TASHA BRI
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[ Examples of F

In-Plane /

Gusset (FG)

wg
L
R
LUl
R L w,
~1.115l0g(~) +0.537log(—) +0.1384log(2) +0.6801
Wf Wf Wf
Ry = 1 a
1+ . (7)0.6051
1.158 “w,

By Zettlemoyer and Fisher
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Cruciform
Joint (RB)

““Examples of F
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Crack Depth o

(mm)

Out-Plane .
Stress Distribution | GUsset (WG)
From FEM
" ;’ 10 — SA REIRAS
7‘] - © RB
(=]
L
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Q
o - (R=0)
i
5
c A
Q
#o
]
-
£
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Examples of F

Cracks from Incomplete Penetration

Jﬂ
et
A
(60mm) 4 -~
I T
T 'y
(lﬁmm)L
a
rOKYD TECH FUAEAN RRIEASE
Model of Cracks
2b = AKg =Fg-Fg-Fg-Ac-yma
F
® E_ ="e
~ | aw
Fe = (1—0.025k? +0.06k*),/sec(k / 2)
| } p crack_J
AK, =Fp-Fy - Fu-Fpa-Ac/7a sl B A \d
Yy L
I:eA= 5 \
J1+1.464(a/b)-* o,
F,=1+0.12(1-a/b) B
F, = (1-0.02542 +0.061*)/sec(71/ 2)
Fu=2/7)) (0/0,){asin(C,,,/a)—asin(C,/a)}
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Calculation of Fg
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Relationships of stress distribution and Fg

3_0_ t9=135'|
g I Ef of "o=0.5mm
. L &)
#® |
R
® 20F alculated Fg

o dl o, "

®  |Stress distribution ™~ _

& Lotby FEM =~
- b

Lot ratuil L sl N TR |

0.1 1.0 10.0
Crack depth, a (mm)

TOKYO TECH

Fracture Toughness

The Condition for Unstable Crack Growth

K=K,

for Unstable Crack Growth

The Critical Stress Intensity Factor

EUAEIN RRIEXE

Mode |

K, =K

Ic

25
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/" Test Methods to Evaluate K

ASTM E-399
A Bend Specimen

LOAD

i
w FATIGUE CRACK
uﬂT h
M

ACHINED NOTCH
= | gfP=0}
DISPLACEMENT, v=g~g,

\ UAEFEA BRI,
[ TOKyO TECH—— EUAFIA RRIFAE

/7 " Test Methods to Evaluate ch

ASTM E-399
Compact Tension Specimen

— - NP
{ | | |
aj I
¥ | “‘_‘l"' SECTION B8
+ — — '} ENLARGED
[ )
T \ r 8
. :
s D Dia ;2000 SECTION a4
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The Testing Program

Fatigue Cracking

Small Scale Yielding

TOKYO TECH

Test Methods to Evaluate K,

F-------- T--"1

| ' ¥R

I

ey ——— (FATIGUE) 1

1

: 1

o (FATIGUE_CRACKING) |

B9 s |

1

I
| X
K Fatigue Test

Condition

Test |r @
ol
L A || Fracture Test
_i E Plane Strain Condition
K I
[T T REges T e
TOKYO TIECH FUAEAN RRIEASE

~ Test Methods to Evaluate K _

Fracture Tests

ORIGINAL SLOPE

s LINE WHOSE SLOPE
/ ea——15 5% LESS THAN
£ ORIGINAL SLOPE

P — Pumax

f ‘INITIAL SLOPE
BETWEEN 0.7 TO 1.5

27
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/" Test Methods to Evaluate
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ch

K
F———=—====- T( -= 7
Fatigue Test [ @— :
Ketmax) (FATIGUE) I
%, Fractdre
| est |
NO. OF CYCLES FRACTURE I
__ _ccwone ) TSt
2 2 2
KQ KQ KQ
a>25 . B>25 W >5.0
OVvield OVield OVield
KQ = K,
. EIAEEA RRIRAS
—rakyotecH- Effects of Loading Rate B "
" on Fracture Toughness
w00 |- @ SLOW-BEND LOAD (¢ = 1078 sec":l
W INTERMEDIATE STRAIN-RATE LOAD (¢ = 10™%sec™")
A DYNAMIC LOAD (¢ = 10 sec™")
E 80 . «
Slow Intermediate Dynamic
pmoa < @k P70 SN
%’ 60~ S-e =~ n-on--.__:" n
g a0} . i . L____.:A’ .
- L ] ,’//. *___...--—-""

20 A .
Some Structural Materials are sensitive to  wr
Strain Rate.

8 R T e o = - e
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—'rak/mlsw Effects of Loading Rate
on Fracture Toughness

Kic
T e
SLOwW INTERMEDIATE IMPACT
K=10 K~10% T0 10° K =105
LOADING RATE, K, ksi »/in.
SEC
—'rai(/xp ?lgfy— BIALIA RRIRAE

Charpy ImpaCt Tests

/ w
B '
B e

55 mm

10 mm

oy
)_\~| Section B-B 2 mm
10 mm 0.25-mm R

s 1

The Traditional Evaluation
Method of Fracture Toughness

g TP,
@ g

Tkl
\ V-
5
\
Y
ha *
<
{
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I~ Charpy Impact Tests

T _/*’/ |

B AN

£ - -t o '

[ T 1 Absorbed Energy: Ev
et P Tl 1 -

. | | Transition

£ ‘4,;,;:/.;:.’" 1 Temperature: Ttr

§ of— . /" - ai]
E] Vol -d'{'
T = T
2 ) 5. -
“ I i iy T
=300 ~200 =100 0 NOT 100

TEMPERATURE, F

Absorbed Energy-Temperature

TASEA RETEAS
_THKXD’TEEH— FUAEAA FR,

/""" CVN Tests vs Klc Tests

CVN Tests: s S
. g g ]
Dynamic Condition| ;.. .S
Crack Initiation ¥ i
+ . S / 160°F -‘./?
Propagation D /A

o

Klc Tests: :
Slow Bending )
Crack Initiation |

TEMPERATURE , 'F
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Klc- CVN Upper Shelf Correlation

TESTS CONDUCTED AT +80F
VM — VACUUM-MELTED

AM = AIR-MELTED

ALL DATA FROM REF 2
LYy . O WESTINGHOUSE DATA

Proposed by
Barsom and Rolf

188 2
LB T 0]
/,:‘.ZLH o Ovield Ovield

o ! 1 1 1 - L v
o o [} 03 04 Q =X} o7
CVN/Ty, f1-18/ kst
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“ Schematic representation
of fatigue-crack-growth curve
under constant-amplitude loading

b FATIGUE LIFE -
feo
o
G-
}—
(%]
4
w
2 |————USEFUL LIFE——————=|
g o
% /
Qy 02
a [ ]
; e
INSPECTION
INTERVAL
0

1 NUMBER OF CYCLES
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Experiment of fatigue-crack growth

by fatigueﬁterstr

YNy

&
—— -0
Artificial notch

AERRR

Pla) Monitoring crack propagation

TOKYO TECH
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Crack growth under different condition

[

same initial crack length o
o

da| . da '

dN|1 7 dN|z
da
_ dN 1 da
/ / e

Crack length a

No. of Cycles N

Crack length a

G,=0,=C

different initial 71 a;
crack length g

da| _ da da | f da
dNI1 ~ dNlz2 dN 1 dV |z

No. of Cycles N
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Fatigue crack propagation curve

Fatigue crack propagation rate da/dN

£
Region |

Region II

Stress intensity factor range AK

Lower Limit of fatigue crack growth (vpavn

Region Il

Ny

TOKyO TECH
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~ Dependence of fatigue-threshold

stress-intensitv:factor ranae o

1l ineh
o
o
I

30

FATIGUE ~THRESHOLO STRESS-INTENSITY=-FACTOR RANGE o Dy

6.0 (=] av
v
Sy — A
5.0~ -
‘{:
40} o

I T T T T T T T T
v

LKy, T 6411-0.83R)
FOR R>0.1

AKpye 5850l fnen

FOR REO.0

1hal Anens 1,099 Mwsm 2

STEELS . \

¥ MILD STEEL
O LOW-ALLOY STEEL 2
2.0 & I8/8 AUSTENITIC STEEL =
O ASIT-F STEEL
A 9310 STEEL
B A508 CLASS 2 STEEL
& A533 GRADE B
1ol CLASS | STEEL -
¥ 23 Cr=1Mo STEEL
ol_p | 1 | N R D | L1 1 |
-l.e 9@ 01 02 03 04 0% 06 07 08 09 10
RATIO OF MINIMUM STRESS AND MAXIMUM STRESS , TG . R

n stress ratio
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Fatigue crack growth
In high residual stress field

A

L

107 5
3 [}

¢

Fatigue crack propagation rate
da/dN (mml/cycle)

107} .{- R
f » &R =0
[ - W
0% il
z 5 10 20

10 r J
. ? £  Specimen with
10 ’ ay residual stress
f by welding

Fatigue crack propagation rate

Stress Intensity factor range(mpavm)

]

da/dN (mml/cycle)

(7] o235

1077
107°E
1077k
|
I
A|._

10 o 1)
2 5 10

EUAEIN RRIEXE

Specimen with raw material
o R =0
s

Speﬂmgh with Res. Stress

R R
20 50 100

Stress Intensity factor range (MPaym)

TOKyO TECH

Schematic illustration
of four crack closure mechanism

Kinax

4y

Krin

LOAD CYCLE

(a)

ROUGHNESS - INDUCED
CLOSURE

()

%

NO CLOSURE

%W

MODE O- INDUCED
CLOSURE

(e)

EUAEIN RRIEXE

PLASTICITY - |

NDUCED
CLOSURE

(c)

%{/v

OXIDE-INDUCED

CLOSURE
i)
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Fatigue crack growth curve by JSSC

Most safety
design curve

Fatigue crack propagation rate

Stress Intensity factor range

g ‘\Average design curve c

Most safety design curve
| C m AK,,
2.7x10 " 2.75 2.0
Average design curve
m 7 1 AKn
| 15x10711 | 2.75 2.9
(MPa ym)

EUAEIN RRIEXE

""Stibstitution of actual defects
by a simplified crack (1 of 3)

2b

26

>

N /Z/Zmt

2b

>

b,
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""Slibstitution of actual defects
by a simplified crack (2 of 3)

. : 2b
- (Se=ar+a;)
{ 2ar
- S» I::> 2a
2a;
- 2b6=25, )

2a=2a\+ 5,4+ 2a,

(Sp = b+ b.) l_ 25 _,_.l_
Za.[;@".@ :[2.7; |:> 2REZQW_M

b S| 26| 2b=2b,+ 5, +2b;

EUAEIN RRIEXE

""Stibstitution of actual defects
by a simplified crack (3 of 3)

> %
a=das:
2b=2b,+ S, +2b,

Ll" '!—':“:jzm (Spe= b1+ 82)
e = O
o0 ] 2ay
Lomdl ol
2b

20'—_2(I1+Sp|+2(iz
l—z—bil I—z—bd 2b=2b,+ 5,24 26,
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Calculation strategies
1 Input Data
W, T, 4o, C,n, dKp»
a;, bi,a., AN
3 v
da=C(AKs*— K" )- ON
db=C(4Kg"—dKu")- AN
4 —‘ +da
Gj+1—8; ae o
by =b,+b B J=j-+1
TOKYD TI:'L'H FUAEIA RRIEAE
Results
Variation of initial crack width and height
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~ Effects of weld shape
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- Effects of plate thickness
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