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Abstract: To stidy parameter effects in smoothed particle hydrodynamics (SPH) simulations of hypervelocity impacts on basalt,
numerical analysis and validation were performed using the Riemann-SPH method based on ground-based impact tests. By setting
different simulation parameters, the influence of parameters on simulation can be obtained. Results show that both algorithmic
and material parameters significantly influence the simulation, with coupling between strength and damage models. Applying the
artificial stress method helps suppress tensile instability in solid impacts. Using the Wendland C? kernel with a target of 2.5
particles within the smoothing length balances accuracy and efficiency, and variable-resolution particle distribution improves

performance by over 20 times. In simulations, the impactor may undergo phase transition, and different model and parameter
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combinations can yield similar responses. It is recommended to employ the Lundborg strength model and the Benz-Asphaug
stochastic damage model, which better represent the mechanical behavior of rocky materials, and to account for phase transitions.
Parameter search should be constrained by reasonable known values to avoid large errors or non-uniqueness. With reasonable
parameters, simulated crater size and momentum transfer factor match experiments within 10-20% error. These strategies support
SPH applications in asteroid defense and parameter selection.
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Fig.4 Appearance of the target at the impact velocity of 3.9 kn¥s’ (Thered.dotted line is the complete pit, and the white dotted

line is the center bowl-shaped deep pit)

3 BEMESHE MW

3.1 XBKEFRANTH

S B FRTURE F2 0T 16 T Ko A8 P R T g RV TRAE, AT T S5 560 1 8008 1
HEBIFFE] T A FIN e AT B2 6. TR DA R BUE IS AR T RIS HERZE R o neargec 7 M HL
2. 25 F130F, 40 ws RPN S FUR. TR E R, ngge = 205, HOAURFHOGEIR.
TEARKN, 5 [ BRI I s AT o T BEE g WK, SRAKL IR A IZWIRSE, HAEMm
I BB L, (HED PRI S RS, FRATE RN e BRI, S8 5T H A IBS WKL 25 FE 2> M s
& Wendland CH% BB IRA /D S RSB KL T F IO R A 145 R0, =4 F, YMngrger = 2.5
B, SCRASN AT ERGALT 65 1, B2 Tngrger = 20510 33, (HIEAD Tngpe = 30FH 113, HH
SRR T IS BT R E . 7E B Wendland CHA% B UK SCRRB R — ORI KBRS LR, 8%
S WU ANy 2212V, TTE 19 ks (1768 i i o 07 L0 TE b HAMZA Y T nggpger = 2.5 IIHEFEAE O,

Rk, X T BAREUE 0 B 5, B UCRE BT FH 6 I 2% oR 5o 0 B85 SR 00 T B33 R A Sl i AT
WA, DA E B & P IngrgedBle TN T EEB TR, nargec = 2.5 2 TH RS FEERIACRIE £

(a) ntarget =2 (b) ntarget =25 (C) ntarget =3



mOE 5 &
Explosion and Shock Waves
Kl 5 A [Fingargec K58 AKL T T2
Fig.5 Projectile particles morphology at different Neypget
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Table 3  Test results of variable resolution particle distribution method

Ares q BSY A R A (o] MR EIRE
1 1 1000000 1000000 100% 0%
1 1.01 89859 994575 8.96% -0.54%
1 1.03 10323 982158 1.03% -1.78%
2 1 125000 1000000 100% 0%
2 1.01 29714 993986 23.77% -0.60%
2 1.03 5762 979872 4.61% -2.01%

125 SR TT AT 338 70 3 3R 0 A 2 T] AFE CRAUESE T 520 DO B B R 0 R IO LR, B3
PRl IR TS RN S R) ORE T S B R 22 /N T 3% FEUE AR (A SIPETT I, B RN 2
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Fig. 8 The state distribution of projectiles under different intensity models
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Table 4 Different case pardmeters'for similar results

R S P AR Y Yo/MPa EiAkviy it oyMPa B EfE/mm  HUEE/mm p
1 Lundborg 26.5 Benz-Asphaug %3 9.62 48 15 2.19
2 DENELES 66.0 Benz-Asphaug % 9.85 38 16 2.20
3 Lundborg 26.5 S VAN 33.0 50 15 2.20
4 Drucker-Prager 146.0 =TIV 50.0 84 12 222

i P ou N B S AEA T B THL R -

Damage [ F TR
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—07500

05000

02500

..

TR o

(a) Case 2 (b) Case 3

12



mOE 5 &
Explosion and Shock Waves
(c) Case 4
9 T2~ 4 BEASI K CREmEA D
Fig.9 Target damage diagram of case 2~4 (The black dotted line is the crater)
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Fig.10 Velocity distribution of ejecta mass and momentum
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T DR AR PR 5 Y W R, BT M T ST G (M BUE 0 1B, FRATRE NS 19 20 MPa, N E
ER%0.6, WPRRED59 300 MPa. 1 GPa #13.5 GPa. H', 1 GPa NCH i B 5 I BUE
(141, 1fi 300 MPal*8IFl 3.5 GPal®273 i3k A AR L A = Ao B, 1t 18 B AR B 58 B 52 64 v
MR, A RAVE RO RE T 3.9 km/s. AREIAZBR SR T 05 B4 Bz 5 K 10 fros. #f
PUE B fit A A PR 58 M 300 MPa 3411 E 3.5 GPa, fEHHTAIREMN 16 mm FEMEE] 13 mm, TMYTEEM
Bl A R AR IR FEAAE 3% AN, 5 CVA I 71T th Al PR 5 B X Ji s bt B e BN 25 R W&
(U, SRV, Bl A% PR 1 0, 98 o u A M2 T 300 A T ) T B )45, (RS PR R T S 5
LR AR R 2 o 1T AN o Tl £ B4 T TR T ) [ A A X, AR AR R & o b A
4.35%3 M2 T 48.04%.

*5 TEIRIRIBE THHESER

Table 5 Simulation results under different extreme strengths

Y w/MPa m k/m~3 oy/MPa  HLEA/mm  YUEE/mm B X 4 17
300 9.5 9.0 x 10%° 8.75 49 16 221 4.35%
1000 9.5 9.0 x 10%° 8.75 49 15 2.15 33.84%
3500 9.5 9.0 x 10%° 8.75 48 13 2.20 48.04%
3500 9.5 1.2 x 10" 8.49 68 14 2.58 44.69%

Ve b oy A BSR4 R TR
AN EI R PR i R BUR AN R 07 A5 R R FEDUE DR, BTG kL2 IS S B U o
FETH i, BT H ARG o AR AR B 5 2R, 7 ARV S 25 5 ey s P Bk NS RY BE, A
ERVEAR T I B 25 5 IR A 452 405 o
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SRR SO O, A B 56 P (B ey SR B AR S0 I G th 3 WY it P AR o v a4 ok
REEERATERRE M e S SRI X LU, RS R AR S HCR , wT DL 7 FCAE SR AENA R B
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Fig.11 Cross-sectional views of the target body with different Yy
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Table 6 m and k for different ¥,

Y,/MPa m k/m™3 oy IR NMERRE WIRERE B RE
20 95 9.0 x 10*° -10.7% -10.9% #18.5% -12.0%
26.5 10.0 2.7 x 104 -1.7% A7% +11.1% -12.7%
30 9.75 2.5 x 100 +0.5% -16.4% +11.3% -15.1%
35 9.0 5.0 x 10%7 -2.0% A82% +7.4% -16.3%

VE: oy BB A R TR
5 O ORI R IR R A 50 5 FLB AR S 34U T RE P AL M BL R 07 3 45 SR 8 AR AUUAR
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FZRFNN R L B R S0, & R SHI G EBUEI AR, DO B G B 25
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FEH MRS, @V ERE S AR 2R ) Lundborg 7 A YA Benz-Asphaug MERA 1 o
[ e i I, SRR R A AR, N R AR AR R 5

(5) Lundborg 38R iR BR SR LY W th ST RSE . ShEALIE R -2 Ak, EHEZHUER
R 2 B U T IR 1T 8 R S B, 7 o B e L UEVE B AT LA L S 56 0
FON AL RGBS B

(6) Benz-Asphaug BEZR BRI SHO T ARG B st/ DIEEEL T, %
BEAT RS ER . SRS, SOEAE DLUHABS B & BEUEN AR, DB S HOR RO .

BOB 0 5746 3« B 96 55K [ 5K 5206 % ) Spheral (R R & AT IR -

B 5%

* Al BRMZR AR Tillotson KA HFIZS 140
Table A1 Parameters of Tillotson Equation of State for Aluminum ‘and-Basalt
Mk AlPa B/Pa a b a J4 eo/(Jkg) Ey/(J/kg) Ecy/(J/kg)
EeE) 7.52x 100  6.5x10° 05 163 50 50  50%10%. 3.0x10°  1.5x107
ZRAE  2.67x101° 2.67x10° 05 1.5 50 50 4 4.872x10° 4.72x10° 1.82x107
= A2 4889 Johnson-Cook 3B EEEIS
Table A2 Parameters of Johnson-Cook Strength Model for Aluminum

kel A/Pa B/Pa n c m T /K T, /K
#2024 265x 108  4.26 x 10° 0.34 0.015 1.0 935 300
£202405  265x10%  4.26 x 108 < 0019 0.34 0.4 935 300

= A3 $8HY Steinberg-Guinan 553 E 2RI L H27)
Table A3 Parameters of Steinbefg-Guinan Strength Model for Aluminum

M Gy/Pa Y,/Pa Y/Pa B n G, Gr/(Pa-K) vy, T/K

£82024 286x10° 2.6x 108 76x10% 310 0.185 1.8647 —1.762x 107 0.01695 1220

S22 3Rk

[1] DALY R T, ERNSRC'MyBARNOUIN O S, et al. Successful kinetic impact into an asteroid for planetary defense [J].
Nature, 2023, 616(7957):443-447. DOI: 10.1038/s41586-023-05810-5.

21 R, EAMK B, MT R EEPSEE SR SR, AR AR (ThTE30), 2023, 10 (4): 345-356. DOL:
10.15982/j4ssn.2096-9287.2023.20230111.
WU W R, TANG Y H, LIM T. Research progress in asteroid defense on-orbit disposal technology [J]. Journal of Deep
Space Exploration, 2023, 10(4): 345-356. DOI: 10.15982/j.issn.2096-9287.2023.20230111.

[3] CHOCRON S, WALKER J D, GROSCH D J ,et al. Momentum enhancement simulations for hypervelocity impacts on
sandstone [J]. International Journal of Impact Engineering, 2021, 151(1): 103832. DOI: 10.1016/j.ijimpeng.2021.103832.

[4] RADUCAN S D, JUTZI M, MERRILL C C, et al. Lessons learned from NASA's DART impact about disrupting rubble-
pile asteroids [J]. The Planetary Science Journal,2024,5(1): 79. DOI: 10.3847/PSJ/ad29f6.

[5] JIAO Y F, YAN X R, CHENG B. SPH-DEM modelling of hypervelocity impacts on rubble-pile asteroids [J]. Monthly
Notices of the Royal Astronomical Society, 2024, 527(1): 10348-10357. DOI: 10.1093/mnras/stad3888.

16



mOE 5 &
Explosion and Shock Waves

[11]

(12]

[13]

[14]

[15]

[16]

PEARL J M, RASKIN C D, OWEN J M. FSISPH: An SPH formulation for impacts between dissimilar materials [J].
Journal of Computational Physics, 2022, 469(1): 111533. DOI: 10.1016/j.jcp.2022.111533.

LUTHER R, RADUCAN S D, BURGER C, et al. Momentum enhancement during kinetic impacts in the low-intermediate-
strength regime: benchmarking and validation of impact shock physics codes [J]. The Planetary Science Journal, 2022,
3(10): 227. DOI: 10.3847/PSJ/ac8b89.

STICKLE AM, DECOSTER M E, BURGER C. Effects of impact and target parameters on the results of a kinetic impactor:
predictions for the Double Asteroid Redirection Test (DART) mission [J]. The Planetary Science Journal, 2022, 3(1): 248.
DOI: 10.3847/PSJ/ac91cc.

REMINGTON T P, OWEN J] M, NAKAMURA A M, et al. Numerical simulations of laboratory-scale, hypervelocity-
impact experiments for asteroid-deflection Code Validation [J]. Earth and Space Science, 2020, 7(4): e2018EA000474.
DOI: 10.1029/2018EA000474.

NAKAMURA A, FUIIWARA A. Velocity distribution of fragments formed in a simulated colli§ional disruption [J]. Icarus,
1991, 92(1): 132-146. DOI: 10.1016/0019-1035(91)90040-Z.

RADUCAN S D, JUTZI M. Global-scale reshaping and resurfacing of asteroids byssmallsscale impacts, with applications
to the DART and Hera missions [J]. The Planetary Science Journal, 2022, 3(6): 128. DOI: 10.3847/PSJ/ac67a7.
RADUCAN S D, JUTZI M, ZHANG Y, et al. Reshaping and ejection processesen rubble-pile asteroids from impacts [J].
Astronomy & Astrophysics, 2022, 665(1): L10. DOI: 10.1051/0004<6361/202244807.

RADUCAN S D, JUTZI M, CHENG A F, et al. Physical propetties'ofl asteroid Dimorphos as derived from the DART
impact [J]. Nature Astronomy, 2024, 8(4): 445-455. DOI: 10/1038/541550-024-02200-3.

2R, R, PRIFR, 55 /NRVRBE B s o S0 HAR @], EREZ B, 2023, 53(12): 2039-2052.
DOI: 10.1360/SST-2022-0274.

JIAO Y F, CHENG B, CHEN S Y, et al. Numericalsimulations of hypervelocity impacts to defend against small bodies
[J]. SCIENTIA SINICA Technologica, 2023, 53(12)72039-2052. DOI: 10.1360/SST-2022-0274.

RS, SRPCHA, JAZSR, A5, e s e T S/MT B S AR [J]. IR R SR (h 3E50), 2023, 10(4):
420-427. DOI: 10.15982/j.issn.2096-9287.2023.20230042.

LIU W J, ZHANG Q M, LONG R R ¢tal Momentum transfer law of hypervelocity kinetic impacting dense asteroids [J].
Journal of Deep Space Explorationy2023, 10(4): 420-427. DOI: 10.15982/].issn.2096-9287.2023.20230042.

ST, ARIEE, MR, SE RO ST R A O R (], IR AEERIAAR (R EE0), 2023, 10(4): 428-435.
DOI: 10.15982/j.issn.2096%9287:2023.20230021.

ZHANG H Y, CHI R QxSUN M, et al. Research on characteristics of hypervelocity impact induced ejecta in rubble-pile
targets [J]. JournalofDeep Space Exploration, 2023, 10(4): 428-435. DOI: 10.15982/j.issn.2096-9287.2023.20230021.
Yan X R, Lin\Y,Zhang Y, et al. Hypervelocity impact simulation on asteroids with MPM framework [C]// Europlanet
Science Congress, Spain, 2022: 18-23.

Wrig, 2 ABIEee, 5. shatfd il /MT B s BALSE AR EUE T BRI IT (1], BRI, 2022, 22(3): 19-
25. DOI: 10.19963/j.cnki.2096-4099.2022.03.003.

CHENGH, LIY,ZOU S Y, et al. Numerical simulation study on momentum transfer efficiency of kinetic impact deflection
of asteroid [J]. Space Debris Research, 2022, 22(3): 19-25. DOI: 10.19963/j.cnki.2096-4099.2022.03.003.

MONAGHAN J J, GINGOLD R A. Shock simulation by the particle method SPH [J]. Journal of computational physics,
1983, 52(2): 374-389. DOI: 10.1016/0021-9991(83)90036-0.

e, SRR, M AL RS S D7 ik BB AN AR E 1 ) T (1], iR, 2007, 37(3): 375-388. DOIL:
10.3321/j.issn:1000-0992.2007.03.005.

FU X J, QIANG HF, YANG Y C. Advances in the tensile instability of smoothed particle hydrodynamics applied to solid
dynamics [J]. Advances in Mechanics, 2007, 37(3): 375-388. DOI: 10.3321/j.issn:1000-0992.2007.03.005.

17



mOE 5 &
Explosion and Shock Waves

(28]

[29]

[30]

[31]

[32]

[33]

DEHNEN W, ALY H. Improving convergence in smoothed particle hydrodynamics simulations without pairing instability
[J]. Monthly Notices of the Royal Astronomical Society, 2012, 425(2): 1068-1082. DOI: 10.48550/arXiv.1204.2471.
GINGOLD R A, MONAGHAN J J. Kernel estimates as a basis for general particle methods in hydrodynamics [J]. Journal
of Computational Physics, 1982, 46(3):429-453. DOI: 10.1016/0021-9991(82)90025-0.

OWEN J M. ASPH modeling of material damage and failure [R]. 5th International SPHERIC SPH Workshop, United
Kingdom, 2010.

TILLOTSON J H. Metallic Equations of State for Hypervelocity Impact [C]// General Atomic division of general dynamics,
USA, 1962: GA-3216.

DRUCKER D C, PRAGER W. Soil mechanics and plastic analysis or limit design [J]. Quarterly of Applied Mathematics,
1952, 10(2): 157-168. DOI: 10.1090/qam/48291.

LUNDBORG N. Strength of rock-like materials [J]. International Journal of Rock Meghanic¢s’&\Mining Sciences &
Geomechanics Abstracts, 1968, 5(5): 427-454. DOI: 10.1016/0148-9062(68)90046-6.

N, EROY, HERZ, & HERG LR SEIYIRESIR AT [J]. BRAEIRI AR 9E30), 2023, 10(02): 199-210.
DOI: 10.15982/j.issn.2096-9287.2023.20230006.

JIJ, WANG X G, XIAO J X, et al. Simulation of icy lunar regolith and experiment.on its\shear strength [J]. Journal of Deep
Space Exploration, 2023, 10(02): 199-210. DOI: 10.15982/j.issn.2096-928%,2028,20230006.

DECOSTER M E, RAINEY E S G, ROSCH T W, et al. Statisticalysignificance/0f mission parameters on the deflection
efficiency of kinetic impacts: applications for the next-generation kinetic impactor [J]. The Planetary Science Journal, 2022,
3(8): 186. DOI: 10.3847/PSJ/ac7b2a.

CALDWEL W K, HUNTER A, PLESKO C S. Exploting/dénsity’ and strength variations in asteroid 16 Psyche’s
composition with 3D hydrocode modeling of its deepest imipact structure [J]. Icarus, 2024, 408(1): 115780. DOI:
10.1016/j.icarus.2023.115780.

OWEN J M, DECOSTER M E, GRANINGER D M et’al. Spacecraft geometry effects on kinetic impactor missions [J].
The Planetary Science Journal, 2022, 3(1): 218. DOI: 10.3847/PSJ/ac8932.

RADUCAN S D, DAVISON T M, COLLINS G S. Ejecta distribution and momentum transfer from oblique impacts on
asteroid surfaces [J]. Icarus, 2022, 375@): 114793. DOI: 10.1016/j.icarus.2021.114793.

SENFT L E, STEWART S T. Modeling impact cratering in layered surfaces [J]. Journal of Geophysical Research: Planets,
2007, 112(1): E11002. DOI:,10.:029/2007JE002894.

RAINEY S E, STICKLE/M/AGHENG F A, et al. Impact modeling for the Double Asteroid Redirection Test (DART)
mission  [J].  Infernational, Journal of Impact Engineering, 2020, 142:103528-103528.  DOI:
10.1016/j.ijimpeng,2020103528.

HHER, SR, PRSE, 5. ARLF AT B F 0 A A TR BT U 2R R SR (], S 0%, 2023,
44(02): 541-554. DOT: 10.16285/j.rsm.2022.0102.

TIAN S X,-GUQ BH, SUN J H, et al. Effect of shear rate on shear mechanical properties of rock-like joints under different
boundary conditions [J]. Rock and Soil Mechanics, 2023, 44(02): 541-551. DOI: 10.16285/j.rsm.2022.0102.

Wi, Zds, BE ERIA A TENSIE I IAATSRT R [1]. 1% 5SEE, 2023, 45(5): 960-971.
DOI: 10.6052/1000-0879-23-315.

YUAN W, LIJ C, LI X. Progress of experimental study on dynamic shear behaviors of unfilled rock joints [J]. Mechanics
in Engineering, 2023, 45(5): 960-971. DOI: 10.6052/1000-0879-23-315.

JOHNSON G R, COOK W H. A constitutive model and data for metals subjected to large strains, high strain rates and high
temperatures [J]. Engineering Fracture Mechanics, 1983, 21:541-548. DOI: 10.13960/t9674/vp3t.

STEINBERG D J, COCHRAN S G, GUINAN M W. A constitutive model for metals applicable at high-strain rate [J].
Journal of Applied Physics, 1980, 51 (3):1498-1504. DOI: 10.1063/1.327799.

18



mOE 5 &
Explosion and Shock Waves

[38]

[39]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

COLLINS G S, MELOSH H J, IVANOV B A. Modeling damage and deformation in impact simulations [J]. Meteoritics
& Planetary Science, 2004, 39(2):217-231. DOI: 10.1111/j.1945-5100.2004.tb00337 x.

fh, BEE, TUR, & OB EEEGN RS S BUEEIL [1]. SESHE R, 2004, 18(1): 47-52. DOI:
10.3969/j.issn.1000-5773.2004.01.009

Zhang Wei, Pang BaoJun, Jia Bin, et al. Numerical simulation of debris cloud produced by hypervelocity impact of
projectile on bumper [J]. Chinese journal of high pressure physics, 2004, 18(1): 47-52. DOI: 10.3969/j.issn.1000-
5773.2004.01.009

LIU W J, ZHANG Q M, LONG R R, et al. Effects of projectile parameters on the momentum transfer and projectile melting
during hypervelocity impact [J]. Defence Technology, 2024, 32: §9-103. DOI: 10.1016/;j.dt.2023.06.012.

G, BERE, 224, S RFNARR TS W s AN R T [J]. A 17157, 2013, 34(9): 2434-2440.
DOI: 10.16285/j.rsm.2013.09.007.

Gong Fengqiang, Lu Daohui, Li Xibing, et al. Experimental research of sandstone dynamic strength.criterion under different
strain rates [J]. RockandSoilMechanics, 2013, 34(9): 2434-2440. DOI: 10.16285/j.rsm.2013.09.007.

BENZ W, ASPHAUG E. Simulations of brittle solids using smooth particle hydsodynamics [J]. Computer Physics
Communications, 1995, 87:253-265. DOI: 10.1016/0010-4655(94)00176-3«

GRADY D E, KIPP M E. Continuum modelling of explosive fracture in_pil\shale’ [J]. International Journal of Rock
Mechanics & Mining Sciences & Geomechanics Abstracts, 1980, 17(3)3 147-157/DOI: 10.1016/0148-9062(80)91361-3.
MICHEL P, BENZ W, TANGA P, et al. Collisions and gravitational teaccumulation: forming asteroid families and
satellites [J]. Science, 2001, 294(5547): 1696-1700. DOI: 10/5126/science.1065189.

STICKLE M A, SYAL B M, CHENG F A, et al. Benchmarking'impact hydrocodes in the strength regime: Implications
for modeling deflection by a kinetic impactor [J]. Icarusy20203338+ 113446-113446. DOI: 10.1016/j.icarus.2019.113446.
CHENG A F, AGRUSA H F, BARBEE B W, et al. Mom¢ntum transfer from the DART mission kinetic impact on asteroid
Dimorphos [J]. Nature, 2023, 616(7957): 457-460. DOIN0.1038/541586-023-05878-z.

STOWE R L. Strength and deformation properties of granite, basalt, limestone, and tuff at various loading rates [R].
Mississippi: Waterways Experiment Station, 1969: C69-1.

RADUCAN S D, DAVISON T M, LUTHER R, et al. The role of asteroid strength, porosity and internal friction in impact
momentum transfer [J]. Icarus, 2019, 329(1):282-295. DOI: 10.1016/j.icarus.2019.03.040.

HOERTH T, SCHAFER F, THOMA Kjwet al. Hypervelocity impacts on dry and wet sandstone: Observations of ejecta
dynamics and crater growthy[J]:MMet€oritics & Planetary Science, 2013, 48(1): 23-32. DOI: 10.1111/maps.12044.
PEARL J M, RASKIN G.D, OWEN J M, et al. Insights into the failure mode of the Chelyabinsk meteor from high-fidelity
simulation [J]. Icarus; 2023, 404(1): 115686. DOI: 10.1016/j.icarus.2023.115686.

PRIEUR N G;ROLF T, LUTHER R, et al. The effect of target properties on transient crater scaling for simple craters [J].
Journal of'Geophysieal Research: Planets, 2017, 122(8): 1704-1726. DOI: 10.1002/2017JE005283.

Pierazzo E{ Attemieva N A, Ivanov B A. Starting conditions for hydrothermal systems underneath Martian craters:
Hydrocode modeling [J]. Geological Society of Americam, 2005, 384(1): 443-457. DOI: 10.1130/0-8137-2384-1.443.
JUTZI M, MICHEL P, HIRAOKA K, et al. Numerical simulations of impacts involving porous bodies II Comparison with
laboratory experiments [J]. Icarus, 2009, 201(2): 802-813. DOI: 10.1016/j.icarus.2009.01.018.

19



