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§ Introduction

§ Stress Intensity Factor

§ Influence of shape, correction factors

§ Other influences:

• Environment

• Similarity conditions (deformation state, 

2D vs 3D)

§ Toughness ó Charpy V
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Kaufmann, and al. (October 2004). Failure 
Analysis of the US 422 Girder Fracture. 
National ATLSS center, Lehigh Univ.
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Fracture of the USS Schenectady "liberty 
ship" in San Diego Harbor

G.R. Irwin (left) and J.A. Kies
Failure problems solved in the 
1950s:
- Failure of Liberty ships
- High-altitude explosions of 

DeHaviland Comet aircraft 
- Explosions of electrical 

generators
- Explosions of combustion 

chambers in HSS for rockets.

⇔ poor welds, high clamping/triaxiality, 
and low temperature

Intro: brittle failures, 1940-45
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⇔ again in 1979, same type of failure: 
MSV Kurdistan oil tanker
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Charpy test (impact)



INTRO: Cleuson-Dixence penstock failure (2000)

fr.wikipedia.org/wiki/Grande_DixenceC
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INTRO: Cleuson-Dixence penstock failure (2000)

Outer side of the 
steel pipe

Inner side

Saw cut

Failure in the 
lab test

Fatigue
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INTRO reminder: solution to the problem of crack instability

Parameters:
• Imperfections, concentration s
• Effects of scale, triaxiality
• Residual stresses
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a1 a2

Failure or
fracture stress

0
½ long. crack, a

Safe zone

Fracture due to unstable
crack propagation

Combination of yielding and 
unstable crack propagation

Failure by generalized
yielding

Effect of time 
(fatigue, ...)

Failure zone

Yield Strength

Ultimate Strengthfu

Net section (continuum mechanics)Structural eng. codes usual 
assumption
Imperfections < a1 (or a2)

At a given temperature

2a = 2w

fy

2a

2w

s

s

INTRO Tolerance or residual strength in the presence of a crack
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INTRO reminder: basic problem of non-continuum 
mechanics (at fracture)

σ y,max =σ 0 ⋅ kt =σ 0 1+ 2
a
b
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(TGC 10, 2015, fig. 13.4)
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PlateElliptical
hole

Stress 
distribution

Hole

Resolved by Timoshenko:

Important note: even if drawn in 3D, the problem and its solution are 2D
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σ y,max ρ à Toughness of material

C
IV

IL
52

6,
 P

ro
f. 

A.
 N

us
sb

au
m

er
INTRO: basic problem of non-continuum 
mechanics (at fracture)

σ y,max ≈σ 0 2
a
ρ

si ρ→ 0
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§ Introduction

§ Stress Intensity Factor

§ Influence of shape, correction factors

§ Other influences:

• Environment

• Similarity conditions (deformation state, 2D vs 3D)

§ Toughness ó Charpy V
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Fig. 13.5: Stress field near a crack

σ ij =
KI

2πr
fij (θ )

Crack face

crack front

KI ≈σ 0 a

K = ? With the only 
variables of the problem:
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Verification:

Crack

𝐾"# ≤	𝐾$# (toughness)
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KI =Y ⋅σ 0 ⋅ πa
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KI [MPa.mm1/2]: Stress Intensity Factor
Y [-]: Geometrical correction factor
σ0 [MPa]: Normal stress perp. to the crack

a [mm]: Crack dimension (depth or half-length)

€ 

Y =Ye ⋅Yf ⋅Ys

finite dim.shape surface

Description of the stress field in Mode I (opening)
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The 3 crack faces displacement modes
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(a) Mode I ’’opening mode’’

(b) Mode II ’’shearing mode’’

(c) Mode III ’’tearing mode’’
Important note: even if drawn in 3D, 
the problem and its solution are 2D



(From Parton V.Z. Fracture Mechanics from Theory to Practice Pg. 
66 Figure 47, Gordon and Breach Science Publishers.)

Practical examples of the 3 Modes
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Simple application example
§  Aluminium alloy plate
   (7075, T651):
§  fu = 560 N/mm2

§  E = 70 kN/mm2

§  Toughness KIc = 920 N/mm3/2

§  gsafety = 1.5

2a = 50 mm

sfail,d = ?

sfail,d
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§ Introduction

§ Stress Intensity Factor

§ Influence of shape, correction factors

§ Other influences:

• Environment

• Similarity conditions (deformation state, 2D vs 3D)

§ Toughness ó Charpy V
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Solutions for K: an elliptical crack in a horizontal 
plane loaded perpendicularly (approx. by Irwin)

KI ,P =
σ πa
φ

sin2ϕ + a
2

c2 cos
2ϕ( )

1
4

φ = 1+1, 464 a
c( )

1,65
pour a
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Generic equations for elliptical cracks
§ Newman & Raju solution (NASA, 1970‘s):

Fi , fw influence : 1, 1/2 ou 1/4 ellipse, finite 
dimensions, loading mode (tension or bending)

§ TGC 10, only solutions in tension, but different 
cracks (edge, semi-elliptical, ...):
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Y = F ⋅ fw ⋅ (FkmFm +FkbFb )
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Y =Ye ⋅Yf ⋅Ys
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https://ntrs.nasa.gov/archive/nasa/casi.n
trs.nasa.gov/19840015857.pdf
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Ye = 1+1.464
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Approx.: 

Fig. 13.6: K for different geometries
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Bidimensionnal case Tridimensionnal case

Infinite plate Correction for the 
crack’s shape

For point A



Fig. 13.6: K for different geometries
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Correction for the plate 
dimension

Correction for the plate 
dimensions



Fig. 13.6: K for different geometries

Ys: Solutions for small cracks are only valid when secondary bending effects 
caused by cracking can be neglected

a < 0.1.t
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t

Correction for a 
surface crack

Correction for a 
surface  crack



Fig. 13.7: Correction factors evolution for simple geometries
Two-dimensional case Three-dimensional case
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without bending effect
due to cracking



K for standard specimens (Anderson’s book)
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Y F(a/w) =

𝑌! = 𝑓 "
#

=



2c a

2w

t

s0

s0

= 500 μm200 mm = 

= 500 mm

t = 12 mm

Fracture stress?
- Glass plate, KIc = 24 N/mm3/2 
- Steel plate, KIc = 75 MPa.m1/2 

Example: Calculation of fracture stress of plate with defect
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Toughness highly depends on 
material microstructure

TGC 10, ex. 13.1

𝜎$

𝜎$
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Example: Calculation of fracture stress of plate with defect
𝜎$
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§ Stress Intensity Factor

§ Influence of shape, correction factors

§ Other influences:

• Environment
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Glass resistance, influence of crack and environment

17 MPa
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Imperfection at SURFACE
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aeff

aeff/R

Y

K =σ π ⋅aeff

K = 3⋅1.12 ⋅σ π ⋅a

a

Comparison of K for a plate with a crack from a hole
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Bowie solution:
https://engineeringlibrary.org/reference/fracture-mechanics-stress-intensity-factor



TGC 10, numerical examples of K calculation (Fig. 13.8)
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€ 

KI = Mk ⋅Y ⋅σ πa
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Mk = v a
t
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Simple generic solution:
(e.g. Hobbacher)

Solutions for K in the case of welded joints
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Réf. : Hobbacher, A., Recommendations for Fatigue Design 
of Welded Joints and Components, Springer, 2016
http://link.springer.com/10.1007/978-3-319-19198-0

Coupe A-A

A

A

a x Mk  ⇒ a



P

P Plastic zone

Area controlled by the new K-parameter

Area controlled by σ, ε

σ ⇒ Infinity

Only a 2D representation !!

Linear-Elastic Fracture Mechanics: Similarity condition on K
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1) The size of the plastic zone (or FPZ=Fracture Process Zone) is small 
compared to crack size and the cracked body

2) The out-of-plane stress states (triaxiality) at crack tip are identical
Þ Conditions needed: plane strain state
Þ Approximative model of reality, generally conservative

Conditions for K to be a similarity parameter
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§ The length-to-diameter ratio of the roll is important in defining the 
stress state along the crack front

€ 

B
rp
∝

B
KI fy( )

2 ≥ 2.5§ (Empirical) condition for having the most critical 
case = plane strain state:

Containment – different states of triaxiality
(confinement)
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Crack Propagation Direction



§ Introduction

§ Stress Intensity Factor

§ Influence of shape, correction factors

§ Other influences:

• Environment

• Similarity conditions (deformation state, 2D vs 3D)

§ Toughness ó Charpy V
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In summary: toughness of materials at fracture
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It depends on the microstructure, the 
triaxiality, and external variables

Temperature (and environment)
(degradation)

Loading rateCeramics Metals    Polymers Composites



Typical toughness values KIc (plane strain state, at ambiant
temperature, quasi-static loading)

Note : ksiÖin ≅ MPaÖm 
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TGC 10, figs. 3.19 and 3.20: for steels, Charpy impact test 
(or Charpy V notch test)

Note: test invented 
by G.R. Irwin

27 J

Ttransition
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Impact CVN [J] or [J/cm2]

Slow rate 
(static test)

Impact (dynamic test)



Relationship CVN - Toughness
For a first estimation, 
deduction from Charpy V 
tests (for C-Mn steels):

(tiré de BS PD7910, 2005)

C
IV

IL
52

6,
 P

ro
f. 

A.
 N

us
sb

au
m

er

38

B = « épaisseur » de l’élément 



Reminder: Example of a material certificate



§RAPPEL: SIA 263, Annexe A : Epaisseurs 
maximales admissibles

SIA 263, Appendix A: Maximum permissible thicknesses
Railway steel bridge S 355, tmax = 75 mm, Tmin < -10 °C ⇔ S355 K2
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Table similar to those of EN 1993-1-10: choice of quality for toughness



§ Arch bridge hanger: 100mm S690 steel 
round bar

§ Welded (full penetration) at its ends: 
connecting piece then plate

§ Weld 3 to be checked
§ Measured CVN (valid down to -60°C) 

135 J = guaranteed min. value
Questions:
1. Max. circular internal imperfection size? 

Bar designed using σEd = 80%.fy
2. Semi-elliptic, imperfection a/c = 0.5,  

2c = 30 mm critical σEd =  1.1. 80%.fy ?
Note: no additional partial factors.

EXERCISE FAT3: Stress Intensity 
Factor Calculations
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Weld 1

Weld 2

Weld 3



Thank 
you

Prof. A. Nussbaumer
RESSLab

Eprouvettes CT de différentes tailles (acier A533B, 
fy = 480 MPa), réf.: Barsom&Rolfe, 1987



EXERCICE FAT3: 
Sketch of solution
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Cross-sectional view of hanger bar:



EXERCICE FAT3:
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Plastic area

s -> infinity

2a r1

r

fy

s

Assumed distribution

2a rp = 2 r1

r

fy

s With redistribution due to 
yielding, more realistic

σ yy =
KI

2πr1
fij (θ = 0) = fy

r1 =
KI
2

2π fy
2

2aeff

Appendix: Plastic crack tip zone – Triaxiality
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Plane stress state

r1 = KI
2

6π fy
2

Plane strain state𝜎! = 0 𝜀! = 0



APPENDIX: Irwin, crack driving force concept
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§ Parameter G is a direct measure of the material's ability to support the 
plastic area, to resist, in front of the crack peak until it propagates.

Crack

• Under disp. or cst load :

=
1
2
P2 dC

dA
G

• Link to K:

G =α
KI
2

EG
α =1
α =1−ν 2

Plane Stress State

G

Plane Strain State

Flexibility C

1

P

Load

Displacement

Crack + da



P

Load

Displacement

• Under constant load:

=
1
2
P2 dC

dA
GC

=GD

Under constant 
displacement

• The proof that this parameter is a 
direct measure of material 
capacity to withstand a plastic 
zone, to resist, in front of crack tip

σ a ≥ E ⋅
π
G G = 2γ + PlastG

• Modified Griffith energy criterion, add to it plastic dissipation:

Irwin theory, crack driving force concept
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A             a+dA


