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Overarching objectives

• Re-formulation of physically meaningful, 
i t ll lid t d d i f t d lexperimentally validated, dynamic fracture models as 

a free-discontinuity problems
• Existence theory:Existence theory:

– Sufficient conditions for existence of solutions, approximate 
solutions, attainment
Examples of non existence ill posed models– Examples of non-existence, ill-posed models

• Effective models: Surface roughness, fragmentation 
• Approximation theory (for relaxed models):pp y ( )

– Time discretization 
– Spatial discretization (including crack set)
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Dynamic fracture

Fracture of soda-lime 
glass rod

Dept. Materials Science
and Metallurgy,
University of Cambrige
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Irreversible cohesive models of fracture

SOLVE ME!
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Irreversible cohesive models of fracture

Michael Ortiz
OW 05/11



Irreversible cohesive models of fracture
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Camacho, G. and MO, Int. J. Solids & Struct., 33 (1996) 2899.



Extension to dynamic fracture
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Cohesive fracture - Implementation

12-node quadratic Insertion of cohesive element 
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q
cohesive elements between two volume elements

MO and Pandolfi, A., IJNME, 44 (1999) 1267.



Dynamic splitting test – Homalite 100
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9Chalivendra, V.B. et al., Int. J. Impact Eng., 36 (2009) 888



Cohesive elements – Verification

• Homalite-100 characteristic length – lc= 0.094 [mm]
• Element sizes uniform subdivision• Element sizes - uniform subdivision

Subdivision level Element size Number Subdivision level Element size 
[mm]

Number 
elements

0 5.271 32,440
1 2 636 129 7601 2.636 129,760
2 1.318 519,040
3 0.659 2,076,160, ,
4 0.329 8,304,640
5 0.165 33,218,560
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6 0.082 132,874,240
I. Arias et al., CMAME, 196 (2007) 3833



Cohesive elements – Verification
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•Convergence attained when lc is resolved! 
I. Arias et al., CMAME, 196 (2007) 3833



Cohesive elements – Validation

• E i t l l it 832• Experimental velocity 832 
[m/s]

• Simulation velocity 893 [m/s]

m
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• Experimental crack initiation 
time: 13 mm

• Simulation crack initiation si
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Steel pellet vs. alumina plate
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WHA long rod vs. alumina plate
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WHA long rod vs. alumina plate
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Fracture – Dynamic branching

(Fineberg and Sharon  1992)
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(Fineberg and Sharon, 1992)

I. Arias et al., CMAME, 196 (2007) 3833



Fracture – Dynamic fragmentation

Collection plate with fragments
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Fracture – Dynamic fragmentation

100 600500400300200100 s 600 s500 s400 s300 s200 s

Contours of vertical displacement (m) (animation)
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Fracture – Dynamic fragmentation

Vertical view of final configuration (680 ms)
Approximate same size (0 30m x 0 30m)

Experiment Simulation
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Approximate same size (0.30m x 0.30m)



Weak convergence? Constructions?

cohesive
cracks
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Sequential-fault construction
Pandolfi, A., Conti, S. and MO, JMPS, 54 (2006) 1972 



Crack-front models of fracture

growing crack

crack-front velocity

growing crack

crack
ffront
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Crack-front models of fracture 
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Crack-front models of fracture  
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Crack-front models of fracture - Fatigue
Crack-tip equation of motion 

for fatigue crack growthg g
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Crack-growth data for 2024-T3 aluminum alloy
(P. Paris and F. Erdogan, ASME Trans (1963)



Crack-front models of fracture - Fatigue
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Crack-growth data for 2024-T3 aluminum alloy
(P. Paris and F. Erdogan, ASME Trans (1963)



The rate problem of LEFM 

(maximum driving force)

kink
angleCrack advanceCrack advance
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Crack-front models of fracture - Dynamics

branching 
instability

E.H. Yoffe, 
Phil  Mag  (1951)

instability

Phil. Mag. (1951)
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Crack-front models of fracture - Dynamic
Dynamic crack-tip equation of motion 
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LEFM rate problem – Numerical analysis

boundary elements

periodic

SIFs
from opening 
di l t

periodic
displacement

hMesh 
extension,
kinking, 
adaption
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LEFM rate problem – Numerical analysis
tension-
torsion

lances 
test: 

E. Sommer, “The 
formation of fracture 
lances in glass”, Eng. 

Frac. Mech., 1 
(1969) 539.
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LEFM rate problem – Numerical analysis
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LEFM rate problem – Numerical analysis
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LEFM rate problem – Numerical analysis

Fiber debonding 
in composites

Xu, G., Bower, A.F., and MO, 
JMPS 46 (1998) 1815

p
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JMPS, 46 (1998) 1815



High-speed machining
(AISI 4340 Steel)

Cutting speed = 20 m/s Cutting speed = 20 m/s Cutting speed = 10 m/s
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Cutting speed = 20 m/s Cutting speed = 20 m/s Cutting speed = 10 m/s

Simulation of high-speed machining
Marusich, T.D. and MO, IJNME, 38 (1995) 3675



Eigendeformations and fracture
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Schmidt, B., et al., SIAM Multi. Model., 7 (2009) 1237



Eigendeformations and fracture
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M0 and Giannakopoulos, A.E., Int. J. Fracture, 44 (1990) 233



Eigendeformations and fracture

te
 (G

)
re

le
as

e 
ra

t
E

ne
rg

y-
r

crack extension (∆a)

Michael Ortiz
OW 05/11

M0 and Giannakopoulos, A.E., Int. J. Fracture, 44 (1990) 233



Eigendeformations and fracture

M. Ortiz  and A.E. Giannakopoulos, 
Int. J. Fracture, 44 (1990) 233-258.

Crack growth in mixed mode

• Fracture energy over-estimated as h → 0!
N f l th h !
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• Non-convergence for general paths, meshes!
M0 and Giannakopoulos, A.E., Int. J. Fracture, 44 (1990) 233



Eigendeformations and fracture

ε-neighborhood 
constructionconstruction

Proof of convergence: Schmidt B Fraternali F and
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Proof of convergence: Schmidt, B., Fraternali, F. and 
Ortiz, M., SIAM J. Multiscale Model. Simul., 7(3) 
(2009) 1237-1366. 



Verification: Mode I-III 3-point bending

•Mixed-mode 3-point bending tests, PMMA  
plates (260x60x10 mm, a = 20 mm)plates (260x60x10 mm, a  20 mm)

•Inclination g of notch: 75°, 60°, 45°
•E = 2800 MPa, n = 0.38, Gc = 0.54 N/mm 
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[Lazarus et al., 2008]



Predominant Mode I ( = 75°)
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Pandolfi, A. and MO (in preparation)



Mixed Mode I-III ( = 60°)
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Pandolfi, A. and MO (in preparation)



Predominant Mode III ( = 45°)
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Pandolfi, A. and MO (in preparation)



OTM ─ Back to terminal ballistics

1500 m/s

steel projectile

aluminum plate
Michael Ortiz
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aluminum plate



OTM ─ Back to terminal ballistics

1500 m/s

steel projectile

aluminum plate
Michael Ortiz
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aluminum plate



OTM – 440C Steel/Al6061-T6 – 800 m/s
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Li, B. et al., Int. J. Impact Eng. (submitted) 



Open problems

1. Existence theory for dynamic fracture1. Existence theory for dynamic fracture 
including crack-path prediction

2. Effective models (in the sense of weak (
convergence) for compressive comminution
including frictional sliding

3. Effective models (in the sense of weak 
convergence) for dynamic fragmentation in 
h li i f fi (l b f) fthe limit of fine (large number of) fragments
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