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Evolution of the distances (Km) covered per person and per day in France since 1800

- Grübler et Nakicenovic, 1991, Estimations de Francis Papon pour la marche

- Jean-Marc Jancovici – Mines ParisTech mai-juin 2010- www.manicore.com

TRANSPORTATION : FARTHER , FASTER , EASIER and CHEAPER
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Etude statistique sur l'évolution du trafic aérien et du nombre d'accidents 

(source MANHIRP, 2001)

Introduction Géraldine Perrin, 2007
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Moteur CFM56 (source Snecma)

Introduction
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Accident Pensacola, Floride, U.S.A., 06 juillet 1996

Eclatement d'un disque de MD88 Delta Air Lines, Moteur P & W JT8D

Introduction

TA6V. Défaut de perçage. Rupture disque fan.
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Accident Pensacola, Floride, U.S.A., 06 juillet 1996

Eclatement d'un disque de MD88 Delta Air Lines, Moteur P & W JT8D

Introduction
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Aloha, 28 avril 1988
Fatigue
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Aloha, 28 avril 1988Fatigue
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Boeing 767 Los Angeles, 02 juin 2006
engine type : GE CF6-80A2

Fatigue
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ASTB- Qantas Airbus A 380 inflight engine failure- Batam Island Indonesia – 04 November 2010
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Rupture Fragile

BOUCHARD (N.H.), 1978, R..M. Pelloux
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Rupture Fragile BOUCHARD (N.H.), 1978,
R..M. Pelloux
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Erika, 12/12/1999
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Erika, 12/12/1999
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Erika, 12/12/1999
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Fatigue
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Fos sur Mer

�� Fracture
09 august 1980
between St Rémy
de Provence and
Paluds-de-Nove

Course  "Physics and Mechanics of Random Media"                                   A. Pineau



28

Fatigue
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About 4.5 meters
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Fatigue
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FRACTURE  SURFACE  OBSERVATION
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Fatigue
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WELD  SECTION
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Publiée par laprovence
le 07/08/2009 à 17:02:35
3000 mètres cubes de pétrole brut déversés.

Saint-Martin-de-Crau

BUT  ACCIDENTS  ARE  STILL  POSSIBLE !
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MÜNICH

ESCHEDE
HAMBOURG100 people died

Münich/Hambourg 
round trip            
1million cycles

Fatigue
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ICE ACCIDENT ESCHEDE (03 juin 1998)Fatigue
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LENGTH SCALE IN STRUCTURAL MATERIALS

A. Pineau
Centre des Matériaux  
ENSMP
Tél : 01 60 76 30 43
andre.pineau@ensmp
.fr
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S.Pommier
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Part I. In situ straining experiments at RT – Part II. In situ deformation experiments at low temperature

300 K
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Grain Size Effect
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Ferrite

Martensite
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ement
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Present
Situation

Under
Progress

25 µm 1 µm5 µm
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Pure Iron

Mechanical Milling

( )2/1nmd/1 −
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Pure Copper - Deposition

100 Å 1 µm
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HOT DIP GALVANIZED STEEL ZINC COATING

Pancake-Grains
(500 x 500 x 10 µm 3)

Equiaxe-Grains
(30 x 30 x 10 µm 3)
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Material CF8M : Fe + 20 Cr + 10 Ni + 2.5 Mo
In Service Conditions ~ 320°C – 30/40 years

SPINODAL DECOMPOSITION
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AGED DUPLEX STAINLESS STEELS
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3P.B. Slow Strain Rate Tests 3P.B. Slow Strain Rate Tests

Instr. Charpy Impact Tests Instr. Charpy Impact Tests

Instr. Charpy Tests (Santander) Instr. Charpy Tests (Santander)
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HUGE  SCATTER IN TEST RESULTS  

OF  FRACTURE  TOUGHNESS MEASUREMENTS
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MODELLING  OF  SCATTER  AND  SIZE  EFFECTS

Cavity Nucleation is scattered and inhogeneously distributed

This can be modelled using FEM simulation
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SIMULATION  OF  SIZE  EFFECT  IN NOTCHED  SPECIMENS

The Strain to failure decreases with increasing the size of the specimens

which is in good agreement with experiemental results
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SIMULATION  OF  FRACTURE  TOUGHNESS 

and 

COMPARISON  WITH  EXPERIMENTS
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Weld structure Corresponding
thermal cycles

Corresponding
HAZ microstructures

Run #1

Run #2

Run #3

A

B
C

D

Coarse gained HAZ
(CG HAZ)

Intercritically reheated
CG HAZ

Supercritically reheated
CG HAZ
(fine grains)

~ CG HAZ

A

B

C

D

METALLURGICAL

INHOMOGENEITIES

IN WELDS

A. Lambert-Perlade et al., Metall. And Mater.   Trans. A (2004), Vol. 35A, pp. 1039-1053
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10µm

10µm10µm

30 µm
transverse direction

short 
transverse
direction

E 450BASE METAL CGHAZ-25

ICCGHAZ-25 CGHAZ-120

A. Lambert-Perlade et al., Metall and Mater. Trans. A, (2004), Vol. 35A, pp. 1039-1053
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martensite

austenite

5 µm

1 µm

martensite

austenite

1 µm

martensite

austenite

MARTENSITE - AUSTENITE
CONSTITUENTS

E 450 STEEL

A. Lambert-Perlade et al., Metall. and Mater. Trans. A, (2004), Vol. 35 A, pp. 1039-1053
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ductile stable crack propagation over > 0.2 mm
A. Lambert-Perlade et al., Metall. Mater. Trans. A, 
(2004), Vol. 35A, pp. 1039-1053

T0 = - 130°C T0 = - 45°C

T0 = - 12°C T0 = - 6°C
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A  DOUBLE  BARRIER  MODEL 
FOR  CLEAVAGE  FRACTURE

A. Martin-Meizoso et al, Acta Metall. Mater. (1994), Vol. 42, pp. 2057-2068.

• STEP 1 : Fracture Probability of a M-A constituent / Critical Stress Criterion.

• STEP 2 : Probability of propagating a crack at the MA/Matrix Interface.

• STEP 3 : Probability of crossing a packet boundary.

dVCCFxNDCCFxNexp1P
*

c
c
v

**
g

g
vPZR





















 〉+






 〈〈∫−−=

Fg & F c Determined by Metallography
2

1

g/c
Ia

2
1

2

g/c
* K

1

E
C















σ
β=

σ




 ν−

γπ=

2

1

g/g
Ia

2
1

2

g/g
* K

1

E
D















σ
β=

σ




 ν−

γπ=
C D

2 31
g/c

IaK

g/g
IaK

σ

Course  "Physics and Mechanics of Random Media"                                   A. Pineau



95

Course  "Physics and Mechanics of Random Media"                                   A. Pineau

F.M. Beremin

Met. Trans 1983, 

vol.14A, 2277-2287
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A. Pineau
Centre des Matériaux  
ENSMP
Tél : 01 60 76 30 43
andre.pineau@ensmp.fr

- Non Destructive Testing (NDT)
- Inspection Intervalsa

Critical Crack Length, a cr

• Leak Before Break
• Linear and Non Linear

Fracture Mechanics

cra =
IC
2K

πσ2

K IC : Fracture Toughness
(MPa√m)

Crack length, a

acr

ao

Time, t ;  Cycles, N

da/dN or da/dt

P, Q
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FRACTURE UNDER MONOTONIC LOADING FROM 
PREEXISTING DEFECTS WITH a GIVEN LENGTH or SIZE 

DISTRIBUTION

A. Pineau
Centre des Matériaux  
ENSMP
Tél : 01 60 76 30 43
andre.pineau@ensmp
.fr

Homogeneously Loaded Structure

A single defect A population of defects

2a

σ σ

cra =
IC
2K

πσ2

- Defect size distribution q(a) = Q a -n

(Q > o ; n > 1)
- Weakest link theory ⇒

S σ,V( )= 1− exp −
V

Vc

σ
σc

 

 
  

 

 
  

2(n−1) 
 
 

  

 
 
 

  

S(σ,V) = Pr obability to failure

Vc =
n−1

Q

ICK

π cσ

 

 
  

 

 
  

2(n−1)

: material parameter

- See examples of S (σ/σc, V/Vc) curves for :
n = 6  ie 2(n-1) = 10 ;  n = 11 ie 2(n-1) = 20

For a large number of identical structures (or specimens), S(σ
specifies the fraction expected to fail when σ is first applied.
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n = Shape factor for defect distribution

2 (n-1) = Shape factor for Weibull distribution

n = Shape factor for defect distribution

2 (n-1) = Shape factor for Weibull distribution
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FRACTURE UNDER CYCLIC LOADING FROM GROWING DEFECTSA. Pineau
Centre des Matériaux  
ENSMP
Tél : 01 60 76 30 43
andre.pineau@.ensmp.fr

σmax = σ
σmin

R = σmin / σmax
Frequency, ω

• ai (σσσσ, R, t) : Initial size of defects which have grown to the 
critical size(                  ) after time, t.

Paris law : da/dN = αααα (∆∆∆∆ K) 2νννν or da/dt = ωωωω (da/dN)
da/dt =  αααα ππππνννν ωωωω (1-R) 2νννν σσσσ2νννν aνννν

(1)
A

IC
2K / πσ2

K = σ a( )
−ν+1a[ ]ai

acr
= 1− ν( ) AIntegration of Eq (1) :

⇒ ia =
K IC / πσ( )2

1+ αω ν −1( ) IC
2 ν−1( )K 1− R( ) 2ν πσ2t{ }1/ ν−1( )

(2
)

• Fraction of components (specimens) expected to have failed at time t :

F σ,R,t( ) =1− exp −V
ai

∞
q(a) da{ } (3

)

⇒ F σ,R, t( )= 1− exp −
V

Vc

σ

σc

 

 
  

 

 
  

2(n−1)

1+ 1− R( )
2ν σ

σc

 

 
  

 

 
  

2
t

tc

 
 
 

 
 

 
 
 

 
 

n−1

ν−1
 

 

 
 
 
 
 
 

 

 

 
 
 
 
 
 

Eqs (2) + (3) 
(4
)

1

αω ν −1( ) IC
2(ν−1)K π c

2σ
where t c =

• See examples of F ( σσσσ / σσσσc , V / Vc ) curves for n = 6 and n = 11
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n = Shape factor for defect distribution

2 (n-1) = Shape factor for Weibull distribution
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(6
)

F = failure rate, p (for a batch of N >> 1 specimens,  nb of failures tolerated is Np)

( )
















−























−














=−⇒

−−
−

1
1

1
1

)1/()1(
)1(22

2

n
n

p
Ln

V

V

t

t
R ccc

c

ν

ν

σ
σ

σ
σ

(5
)

• p = F in Eq (4)

• Design : - components of length l
- load [ LR, L]

Define cross sectional area A for a failure rate, p ?
���� Curves relating A to design life, t and failure rate, p

  

σ

σc

=
A c

A
;

V

Vc

=
lA

lcAc

  

⇒ 1− R( )
2ν t

t c

=
A

A c

 

 
  

 

 
  

2
lc

l

A

A c

 

 
  

 

 
  

2n−3

Ln
1

1 − p

 

 
  

 

 
  

 
 
 

 
 

 
 
 

 
 

( ν −1) /(n−1)

− 1

 

 

 
 
 
 

 

 

 
 
 
 

Eq (5)

When A / A c large and p small, Eq (6) 

  

⇒
A

Ac

≈
1

plc

 

 
  

 

 
  

ν−1

1+ 2n−3( )ν
1− R( )2ν t

tc

 
 
 
  

 
 
 
  

n−1

1+(2n−3)ν
(7
)

In Paris law νννν =3/2, Eq (7)
  

⇒
A

Ac

≈
1

plc

 

 
  

 

 
  

1

6n−7
1− R( )3

t

tc

 
 
 
  

 
 
 
  

2n−2

6n−7

(8
)
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n = Shape factor for defect distribution

2 (n-1) = Shape factor for Weibull distribution
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SAFETY FACTOR in DESIGN ? A   →→→→ fA  (f  > 1)

Eq (8)
76

1

22 −−











⇒

nn

p

t
Aα

����Application of safety factor, f, is equivalent to :

• either maintaining the design life, t, but decreasing the failure
rate

from p to (p /f)6n - 7

• or maintaining the failure rate, p, but increasing the design life
from tf to (tf) (6n - 7) / (2n - 2)

See figures showing these variations
LARGE DECREASE IN FAILURE RATE RESULTS FROM EVEN LO W VALUES OF SAFETY FACTOR 

Further Readings :

• L.N. Mc Cartney (1979). Int. Journal of Fracture, Vol. 15, pp. 477 - 487
• L.N. Mc Cartney (1979). Fatigue of Engineering Materials and Structures, Vol. 2, pp. 387 - 400

Course  "Physics and Mechanics of Random Media"                                   A. Pineau



105

Course  "Physics and Mechanics of Random Media"                                   A. Pineau

n = Shape factor for defect distribution

2 (n-1) = Shape factor for Weibull distribution
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INTRODUCTION TO MATERIAL VARIABILITY OF 
MECHANICAL PROPERTIES AND LENGTH  SCALE

A. Pineau
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B.P. 87 - 91003 EVRY Cedex
e-mail : andre.pineau@ensmp.fr

I    - INTRODUCTION - CASE STUDIES

II   - ELASTICITY

III  - PLASTICITY

IV  - FRACTURE : 2 Case Studies
· Duplex Stainless Steels
· Welds

V    - A SIMPLE MODEL BASED ON WEAKEST LINK THEORY

VI   - CONCLUSIONS
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CONCLUSIONS

• Many sources of variability

• Other sources of variability related to loading
Not considered here except in the Introduction

• Large length scale to cover

• Microstructure : A Key Parameter
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