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Overarching objectives

® Re-formulation of physically meaningful,
experimentally validated, dynamic fracture models as
a free-discontinuity problems

® EXxistence theory:

— Sufficient conditions for existence of solutions, approximate
solutions, attainment

— Examples of non-existence, ill-posed models
® Effective models: Surface roughness, fragmentation

® Approximation theory (for relaxed models):

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

Fracture of soda-lime
glass rod
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Irreversible cohesive models of fracture

d

e Damage measure: vH*» 1. > 0

e Displacement gradients, J,, C I:
Du = Vu + [u] ® vuH" 1Ly, - \v

e Total energy: E(u,v) =

s W(Vu) dx /Jufy([[u]],v) dH" 1 fJ Q

e Dissipative potential: W(v) = /I_¢(@) d{" 1
Equilibrium: inE (-

e Equilibrium: v € argminE (-, v) SOLVE ME

e Kinetics: 0 € OW(-) + Do E([[u],-)
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Irreversible cohesive models of fracture

e Example: Camacho, G. and MO, Int. J. Solids &
Structures, 33 (1996) 2899

e Surface energy: Damage + elastic unloading-reloading

1(8,0) = 6(v) + 20D (52 02)

where ¢(6) = monotonic envelop

e Rate-independent dissipation potential:

w(@):{ 0, if 0 > 0,

+o00, otherwise.
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Irreversible cohesive models of fracture
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Extension to dynamic fracture

e Kinetic energy: K(u) :/

Pla|? de
Q2

T
o Action: I(u,v) = /O (K (a(t)) — E(u(t), v(t))] dt

e First variation: §1(u,v, ¢, (a,b)) =

Lb[(ﬂﬁ(t), o(t)) — (D1 E(u(t),v(t)), o(t))] dt

e Hamilton’s principle of stationary action:
5[(7,[;,’07(’0, (a’Db)) — 07 v(a’7 b) C [ODT]

e Kinetics: 0 € W (-) + DE([[u], )
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Cohesive fracture - Implementation

t/teh
1

12-node quadratic Insertion of cohesive element
cohesive elements between two volume elements
MO and Pandolfi, A., IINME, 44 (1999) 1267. Michael Ortiz

Ow 05/11




Dynamic splitting test — Homalite 100

4&

Interface

Steel Projectile Strain gage

L

Strain gage
rosette 375mm

Loctite 384

wwost

Homalite 100 Spegimen

Steel bar

Chalivendra, V.B. et al., Int. J. Impact Eng., 36 (2009) 888 Mg\'}vagg?ffzg




Cohesive elements — Verification

® Homalite-100 characteristic length — .= 0.094 [mm]
® Element sizes - uniform subdivision

Subdivision level Element size Number
[mm] elements
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Cohesive elements — Verification

~ ~
E r £
“tefistic length: [, = 5§
= 81 —v< 3
2 2
o o
% 3
S .= 1.267 [mm] S
O O % 90 100 110
Time (us) Time (us)
&9 =Convergence attained when | is resolved!
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Cohesive elements — Validation

[0}
o

Crack position (mm)

® Experimental velocity 832
[m/s]

® Simulation velocity 893 [m/s]

® Experimental crack initiation
time: 13 mm

® Simulation crack initiation
time: 13 mm

Time (us)

ichael Ortiz
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WHA long rod vs. alumina plate

t= 1.57E-06 sec t= 2.92E-06 sec

t= 3.BEE-06 sec t= 5.24E-06 sec
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WHA long rod vs. alumina plate

[t= 7.96E-06 sec| [t= 1.17E-05 sec |
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Fracture — Dynamic branching

¢ = 4000 s~ 1
(Fineberg and Sharon, 1992) A
@Uﬁ'b}) ’ .
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Fracture — Dynamic fragmentation

Collection plate with fragments

(Courtesy Griswold, LLNL, '04) Michael Ortiz
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Fracture — Dynamic fragmentation

100 us 200 pus 300 us 400 ps 500 us 600 us

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

Experiment Simulation

Vertical view of final configuration (680 ms)
Approximate same size (0.30m x 0.30m)
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Weak convergence? Constructions?

Sequential-fault construction

Pandolfi, A., Conti, S. and MO, JMPS, 54 (2006) 1972 Michael Ortiz
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Crack-front models of fracture

crack-front velocity

~
growing crack UA/t
crack
8. F { front

e Crackset: C,0 < H" 1(C) < +.
e Crack-front measure: Vo € C3([0,T]), Vf € Co(£2),

/O Y o FAH™ Ldt = — /O L /Q Fdug () dt

AVTUTE
/2';. {
|=

7}
-

"R 8 _ Michael Ortiz
¥ Larsen, C.L., MO and Richardson, C.J., ARMA, 193 (2009) 539 ow 05/11



Crack-front models of fracture

e Assume regularity, smoothness . ..
e Load increment, crack extension:

s AE= | [DW(Vur)n] - [upal dH? + h.o.t.

_ Michael Ortiz
Larsen, C.L., MO and Richardson, C.J., ARMA, 193 (2009) 539 ow 05/11




Crack-front models of fracture

n

e Energy-release rate:

VAt

G = Ilim Ak i
At—0 At

= dH? :

[ f)e i

e Driving force: crack front
, 1
f(n) = AI!:r—rlo E[DW(VW) n] - [upg Al

e Crack-tip equation of motion: | f = 9¢¥(v)
e Dissipation: W(v) = / b(v) dH
< y: \ F
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Crack-front models of fracture - Fatigue

Crack-tip equation of motion
for fatigue crack growth

da/dN (in/cycle)

Crack-growth data for 2024-T3 aluminum alloy
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Crack-front models of fracture - Fatigue
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Crack-growth data for 2024-T3 aluminum alloy
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The rate problem of LEFM

e Rate problem: lvn; /F[zp(U) — f(n) v] dH?!

W =1m |\,
= Lo 2o } — @

(maximum driving force)

w(s)
o(s) At S kink
Crack advance angle
Michael Ortiz
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Crack-front models of fracture - Dynamics

I

| i
branching |
]

Instability

:
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|
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E.H. Yoffe, | |
Phil. Mag. (1951) | |
| I
| I
| I

t f(n) (driving force)

vV > Ve

V — Ve 0.668

v < Ve

~ —65° ~ +65°

w (Kinking angle)
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Crack-front models of fracture - Dynamic

Dynamic crack-tip equation of motion

v~ f

stress-intensity factor (MPay/m)

Crack velocity (m/s)

Rosakis, Duffy and Freund, JMPS (1984)  “Siesit”




LEFM rate problem — Numerical analysis

boundary elements

periodic —»\

SlIFs
from opening
displacement

\
Mesh /

extension,
kinking,
adaption
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LEFM rate problem — Numerical analysis

tension-
torsion
test:f

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

Frac. Mech., 1
(1969) 539.

lances
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LEFM rate problem — Numerical analysis
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LEFM rate problem — Numerical analysis

AN
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LEFM rate problem — Numerical analysis

Fiber debonding
IN composites

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

N
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High-speed machining

(AISI 4340 Steel)

lllll

CEHNEERIND

m o

Cutting speed = 10 m/s

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

Simulation of high-speed machining » |
ichael Ortiz
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Eigendeformations and fracture

e 3 = eigendeformation fiela

e Total energy: Elastic + fracture energy, ¢ > 0O

Be(u,8) = [ W(Vu—B)dz+ {8 7 O}
e Quasistatic problem: E¢(u, 3) — inf!
o M-limitin L1(2) x M(Q): E(u, 8) =
[ Jog, W(Vu) de +~yH" 1 (), ifue SBV(Q),
and ||U||Loo(Q) < K,
and 8 = D?u,
\ _—|—oo, otherwise.

/
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Eigendeformations and fracture

e Energy-release rate:
1

G~ / W (V) da
h /K

e Erosion criterion:
K G > G

¢ Implementation:

1) Order elements by G
i) Pop top element

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

Energy-release rate (G)

crack extension (Aa)

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

Crack growth in mixed mode

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

® Fracture energy over-estimated as h — 0!
Non-convergence for general paths, meshes!

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

g-neighborhood
construction

e Energy-release rate and element-erosion criterion:

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




Verification: Mode I-1ll 3-point bending

F
Y
W b
| 4| 1a
) d J
L
r:| T

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

Inclination g of notch: 75°, 60°, 45°

*E = 2800 MPa, n =0.38, G, = 0.54 N/mm

[Lazarus et al., 2008]
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Predominant Mode | (y = 75°)

Pandolfi, A. and MO (in preparation) M(i;:\f/l\?g;)lrltiz



Mixed Mode I-lII (y = 60°)

Pandolfi, A. and MO (in preparation) M(i;:\f/l\?g;)lrltiz



Predominant Mode Il (y = 45°)

Pandolfi, A. and MO (in preparation) Mg:\f/l\?g;)lrltiz



OTM — Back to terminal ballistics

1500 m/s

steel projectile

aluminum plate

Michael Ortiz
Ow 05/11



OTM — Back to terminal ballistics

1500 m/s

steel projectile

aluminum plate
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OTM — 440C Steel/Al6061-T6 — 800 m/s

experiment
(Ravichandran & Kadani)

M simulation

|_
ichael Brtiz
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Li, B. et al., Int. J. Impact Eng. (submitted)



Open problems

. Existence theory for dynamic fracture
Including crack-path prediction

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

. Effective models (in the sense of weak
convergence) for dynamic fragmentation in
the limit of fine (large number of) fragments
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