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O’Brien, Greenberg, and Richardson, 2006
e Gaspra (S, 19x12x11 km)

e Ida (S, 56x24x21 km)

 Mathilde (C, 66x48x44 km) > 4Gyr
 Eros (S, 34x11x11 km)

Michel, O’Brien, and Hirata, 2008
Itokawa (S, 0.45x0.29x0.21 km) 200 Myr <, < 2 Gyr
Eros

Lutetia, Vesta, ...
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Crater vs. Projectile Diameter for Itokawa
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strength-A: hydrocode (SALE)

(Nolan, Asphaug, Melosh, and Greenberg, 1996)
gravity: pi-group hardrock (Holsapple, 1993)
strength-B: pi-group hardrock (Holsapple, 1993.)

O’Brien et al. (2006)
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Meteroite - Fragment of Vesta

Lab Photograph - Russel Kempton, New England Meteoritical Services
PRC95-20B « ST Scl OPO - April 19, 1995 . B. Zellner (GA Southern Univ), NASA

& A PRI

References: Holsapple, K. A., 2009.
On the“strength”of the small bodies of the solar system:
A review of strength theories and their implementation for analyses
of impact disruptions.
+ iSALE manual +,,,
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* Dynamic fragmentation in impacts - Hydrocode simulation of laboratory impacts, Melosh,
Ryan, and Asphaug, 1992. SALE + G-K ET JL

« Impact simulations with fracture.l-Method and tests, Benz and Asphaug, 1994. G-K ET

JU + SPH

-> Catastrophic disruptions revisited, Benz and Asphaug, 1999. Q*
(FRREIZHEHY . &I°Benz B HHCD6(2003)H CD7(2007) TE &)

* Modeling damage and deformation in impact simulations, Collins, Melosh, and Ivanoy,

2004. SALE + Collins damage model

“more comprehensive model (than the model in “92)” by Holsapple (2009)

* Astrain-based porosity model for use in hydrocode simulations of impacts and
implications for transient crater growth in porous targets, Wunnenmann, Collins, and

Melosh, 2006. €-a model

* Numerical simulations of impacts involving porous bodies, Jutzi, Benz, and Michel, 2008.

P-a model
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(Holsapple, 2009)
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iISALED ¥ 'E 7 \T A3 (material.inp)

MATNAME Material name : mygrani
EOSNAME EOS name : granite
EOSTYPE__EOS type - aneos
STRMOD  Strength model : ROCK
DAMMOD Damage model : COLLINS
ACFL  Acoustic fluidisation : BLOCK
PORMOD Porosity model : NONE
THSOFT Thermal softening : OHNAKA
LDWEAK Low density weakening : POLY
POIS  pois :3.D-01

TMELTO  tmeltO : 1.673D+03
CHEAT  C heat : 1.D+03
TFRAC  tfrac : 1.2D+00
ASIMON  a_simon :6.D+09
CSIMON  c¢_simon : 3.D+00
YDAMO  ydamO (ycoh) : 1.D+04
FRICDAM fricdam : 8.D-01
YLIMDAM  ylimdam : 2.D+09
YINTO  yint0 : 1.D+07
FRICINT fricint : 1.1D+00
YLIMINT ylimint : 2.5D+09
BDTPRES bdt pres :-1.D+00
BPTPRES bpt_pres : -1.D+00
GAMETA gam eta : 8.D-03
GAMBETA gam beta : 1.15D+02
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S EET )L (STRMOD)

ROCK Pressure- and damage-dependent strength model for
rock-like materials.

DRPR Drucker-Prager: Linear pressure-dependent strength
model for granular materials.

LUNDI Lundborg intact: Non-linear pressure-dependent strength
model for intact rock.

LUNDD Lundborg damaged: Non-linear pressure-dependent
strength model for damaged rock.

VNMS Von Mises: Constant yield-strength model for ductile
materials.

JNCK Johnson and Cook: Strain and strain-rate dependent
strength model for metals.

LIQU Liquid: Newtonian fluid model
HYDRO Hydrodynamic: Inviscid fluid model



DRPR Drucker-Prager:
Linear pressure-dependent strength model
for granular materials.

Y = min(Yo + up, Ym)

Constant Input parameter Description

Yo YDAMO Cohesion (yield strength at zero pressure)
T FRICDAM Coefficient of internal friction for material
You YLIMDAM Limiting strength at high pressure



LUIND Lundborg intact:
Non-linear pressure-dependent strength
model for intact rock.

Y L Y | /J’p
— 0O 1 I wp
Ym— YO
Constant Input parameter Descriptiﬁn
Yo YINTO Cohesion (yield strength at zero pressure)
T FRICINT Coetficient of internal friction for material

Ym YLIMINT Limiting strength at high pressure



ROCK Pressure- and damage-dependent
strength model for rock-like materials.

Y = Y4D + Y;(1. — D)

D: damage parameter, D=0: intact, D=1: fully-damaged

Yd = min(Yqo + ptap. Ydm)

vy P
i — 107 1 4 P
- Yim—Yio

Constant Input parameter Description
Yio YINTO Cohesion of intact material
[L] FRICINT Coefficient of internal friction for intact material
Y: YLIMINT Limiting strength at high pressure for intact material
Yd0 YDAMO Cohesion of damaged material
[id FRICDAM Coefficient of internal friction for damaged material

Yiin YLIMDAM Limiting strength at high pressure for damaged material
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& A—CET JL(DAMMOD)

COLLINS Combined shear and tensile failure model with brittle,
semi-brittle and ductile shear failure regimes.

IVANOYV Shear failure model with pressure-dependent failure
strain.

SIMPLE Shear failure model with constant failure strain.
NONE No damage model; material remains intact.




SIMPLE Shear failure model with
constant failure strain.

€p TPS - Total plastic strain (shear)

Constant Input parameter Description

€f FAILSTRN Constant plastic strain at failure



(Nakamura et al., 2009)
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P-o '57__\)1/ (Hermann, 1969)
E-A :57__\“/ (Wunnemann et al., 2006)




P-a ETJ)L (Hermann, 1969)

F1G. 1. Schematic of the
postulated compaction be-
havior of a ductile porous
material.
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] , | Elastic
Compaction regime | | regime
- —F . o
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— I Ny
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Note that the behaviour of the original model can be regained by choosing = 1.

Constant Input parameter Description

a0 ALPHAO Initial distension of porous material (1/(1-porosity))

€e0 EPSEOQ Elastic volumetric strain threshold (-ve in compression)

(x ALPHAX Distension at transtion from exponential to power-law compaction
K KAPPA Compaction rate parameter in exponential compaction regime

X CH] Ratio of porous to solid material sound speed at zero pressure
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Dynamic fragmentation in impacts - Hydrocode simulation of laboratory
impacts, Melosh, Ryan, and Asphaug, 1992. SALE + G-K

* Impact simulations with fracture.l-Method and tests, Benz and Asphaug, 1994.
G-K + SPH
ref. Nakamura and Fujiwara, 1991; Nakamura 1993

 Weibull parameters of Yakuno basalt targets used in documented high- veIOC|ty
impact experiments, Nakamura, Michel, and Setoh, 2007. G-K?D Weuibull T 2%

* Numerical simulations of impacts involving porous bodies,
Jutzi, Benz, and Michel, 2008. P-a model

Numerical simulations of impacts involving porous bodies Il. Comparison with
laboratory experiments, Jutzi, Michel, Hiraoka, Nakamura, Benz, 2009.
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Weibull/\T A% (m,k) D{E

TABLE 1. Weibull dynamic fracture coefficients for various rocks.

Material Reference m k {(cm-3) In(k }/m
Basalt*® Melosh et al. (1992) 0.5 1.0 = 1027 6.54
Basalt* Benz and Asphaug (1995) 9.0 4.0 »x 1029 1.17
Basalt’ Lindholm et al. (1974) 9.5 1.59 x 1030 7.32
Granite? Grady and Lipkin (1980) 6.2 4.14 x 1017 6.54
Water Ice*-f.3 Benz and Asphaug (1999) 9.6 1.4 = 103 7.71
30% Sand + Water Icef Stewart et al. (1999) Q.57 1.34 x 1030 1.25
Concrete? Grady and Lipkin (1980) 3.3 3.27 x 1012 ¥
(il Shale® Grady and Kipp (1980) 8.1 1.70 x 102 6.04
Limestone’ Grady and Lipkin (1980) 57.0 4.26 = 10167 6. 71

* Determined from simulation fits to laboratory data. The two-dimensional axisymmetric simulations
of Melosh et al. (1992) require stronger fracture parameters than the nonsymmetric three-dimen-
sional simulations of Benz and Asphaug (1995) for the same impact experiment.

f Determined experimentally through measurements of tensile strength vs. strain rate.

# Earlier published values of m= 8.7, k = 3.2 x 1038 (Lange and Ahrens, 1983) were later corrected
to similar values [m = 9.57, k= 1.28 x 1032 (Stewart ef al., 1999)].

(Asphaug et al., 2002)



Weibull (1939)% 1

IHo UL FTCRELIBOAVUVDHEZEES
n(o)=kom

ETHBE. TR LICRAERBYORIZ, BH
oL T TR ELIBODZIVUVESUREERITL.

1—exp[-(o/0_ )m]
=1=L.
o . =(kV)(/m  —smEOYAXHE

min




B—TybH A PR

Shot 1437 0.55 km/s
M /M =081 1.0x107 erg/gm

Shot 1558 0.465 kkm/s
ML/M =0.98 1.0x107 erg/gm

g . fos
0,57 km/s

Shol 1514 0,50 km/s .
' i 4 ar H'I-'ﬂ
i MM =012 1. 1%107 8T9iE

Mi/M = 0.37 9.5x10% erg/gm

N shol 1439

(Housen and Holsapple, 1999)
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Grady-KippDHEIEET )L (1980)
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Shear Strength

Pressurg ———
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(Jutzi et al., 2009)
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