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Analysis of impact craters formation mode in wet particle system

LIUXin",  YANWenchao’,  WUZyu',  ZHOUWenlong', ~ XUSheng',  ZHANG Sirui',  XIAO Erliang’

(1. School of Optical—Electrical and Computer Engineering, University of Shanghai for Science and Technology, Shanghai 200093,
China; 2. Academic Affairs Office, Shandong Labor Vocational and Technical College, Jinan 250300, China)

Abstract: In order to understand the formation mechanism of impact craters in the complex environment
of planetary surfaces, low-velocity impact processes were simulated in a laboratory, and the effects of
particle size and moisture content on the dynamic behavior of impact craters were systematically
investigated. By adjusting the moisture content, the high-speed camera and particle image velocimetry
(PIV) technology were employed to capture the flow characteristics of particles during the impact

process. The results show that there are three typical formation modes of impact craters in the wet
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granular system: the diffusion collapse mode, the accumulative collapse mode, and the no collapse

mode. The formation mode is jointly determined by the particle size and moisture content. Through the

analysis of the phase diagram of impact crater formation modes, the principle of phase transformation in

the phase diagram was discussed in detail. Further analysis of the formation law of impact crater scale

reveals that the diameter of the impact crater decreases and tends to stabilize with the increase of

moisture content. Under the same moisture content, the larger the particle size of the wet granular

material, the larger the diameter of the impact crater. Finally, a power-law relationship for the unified

description of impact scale characteristics was derived. The research results can provide experimental

basis and theoretical models for understanding the geological evolution of planets.

Keywords: wet particle; PIV; impact craters formation mode; phase diagram; scaling law

H BT S T Dok, AT KBHR &S T K
LB BRI A B B B Ay, A% B EGGIE B vh
WRWZITERmN EEIEH . KRB INN
S5 HERIFIEACE R ST R —, 7EH R
525 384343 AT 1 km WP BEGEA
G e BURRIE SR T AT R R, O NAT A
BRIAT 55 $2 L BIS BEmt . Rk, X o ST a5
Z B R ERMIFA G E M .

BRI BB E 22 25D, ITR RN E
P R A /N R B B A R, I H b bR
TR0 Fh e wp o 1 A, ME DA E G B S R R AT
BFE . Walsh!™ 3 iof {6 nfr o S 06 2 BRL,0G  ofrty
T2 R A o 0 -5 8 o b s B R B b o B 2L A A ()
PR Bk, EdEWJLHFER, KaER
AIF N D3 A a1 R f2 o SR 4 o % s iR AT T A
T, WIS ARBIER . ASMAE . FERE
S5 A, R R A W B A R R B A e R e A
WS T ZMe . whas TR IE it Bk H A2
2%, Pica 20 5 ik 26 A0 BN vh BT G R4
F 3B B fEfE . B O mlE R R B
BB /INEREE fl ORE R, R R R4, /NER Y 3
FE R FEAL s 2835 By BR /AN ERRR 242 4 J0kr 19 1o
T, TEBERT s 5T 38 B B B e BT
BIE R, &E R E W hE . DL R SER S
L5 TR AE TR UKL A RE b, (H R — e SR B
JOR L ABRGERMm AR, L, Bok
(AR Gl BT 2 b YA s rl S VRN F 1 TA
RRIA—E R WWARIG , WAR 2 7E 0k R TE B
WAy, RO B 2k A 3575k, Zhang %7
38 3 S 6 RN 5 BN /N SR T SR AR B R Bl )
AT THFSE, 5112 F0R 4 Ak vh/INER 10 25 355 TR

D Je Bl 4% 37 8 i ) BEAT T b %8, Haruna 25 5@
INERAR B Wil 3B V0 BTS2 8, R IR 5 K e
B, VPR IR T RERE K 1045, S BB
ROBE S AR R S A o Wb R BE I TR A A
AEALH K R EAAREN T RS, (B R Uk A
Z T il R s BB ST H AT e

R AT LS B 1A B RIS B A L, A
45 S 4 BB FE A T 2 % o Dijksman 2™ i i
S5 U8 S ORI BB, VR G D £ 57 ) N4 20 5 B
BB T —ANBEIE . BRSSO A
Saluena 25" 3 1 43 T 5l 1 #5845 50 W0k A4
BHI R RAE B, A 0 2k R R W AE S T 0 iR
WP ARAE 3 ROR R MRS . RS . MRS
RS . Li M 5 2o Bl s 3 URE R 06 7 BE L
KR ABORORLAR , 7 S2 5 oL 2 ) URL AR 1 4
AR 3 B SR, AL TR R R
FPIRASBAR PR L TR 0B A RHIE 5 b 4 1
SERESVE , SRS ER AR A T AR R O i

RS Ja ST BB A T AN [ AL AR B R Bk 2 A 1Y
B K U PRTE /N ER ol £ R A R AR, e
BNk ol Tl B 3 RO BRI, A T b
YO AR, e T AR AR AR | AR JE
B K7 ot O A 2 B R L I X ot
(9 RBEEAT T A8 40T

1 KRGS

1.1 SEIGER

AWEFEAE TN 1(a) BT s B 2 B 2R 1T 2 K it
KRR T g b S se . Esh, —PER
D 3.0 cm, Jitdit m 2k 20 g 1Y PSSR R 0 M AL R



424 o B TR 2 2 R

2025 4F 5 47 &

INER ) FH RGP VG B 7 L BT, AN FE H=50 em (1)
ME A B R, LLZ3.13 m/s A4 3 s R R 26
A, 2400 g fiki A HHERRZE K 25 em. 98 20 cm 1Y
ANFWEL D, FRCRAR 58 0.5, 1.0, 2.0 mm,
TR R S R A 3 em, HJEBE R DLRAIE by
R HNRA ST A AR IR . O T B R i &
o ORI L BN B N A AR R AE 30 emx
30 cmx50 cm ¥ 58 ST H o FE/NERIG 5 fif T

CCDFHHL
— WEAEIE
— whiBk: D=3.0 cm , m=20 ¢

H=50 cm

£

| b

SER R

BRI ES cm
(a) thi KGR R

LEDJGIR

HOAHMLIE A v o FR, fFH LED Y6 IR (SL-
200 W) XAt PR EA T AN AR ], DAARAS & T i
M R o FEATRI &K E (a8, DO
T T e g, BRI SAOLER 1.
R PR EE
w="%%100% (1)
g

e mg AR TR 5 my KR

(b) WSOk 7 214

DX k1
\ DX Jk2
\\\‘ [X 153
N xR
11 B X35
L

Bl1 IERBEREHE

Fig.1 System diagram of the experimental setup

x®1 LBEH

Tab.1 Experimental parameters
ZH Kl
URRA% d/mm 0.5.1.0.2.0
WORLE B pg (kg m ) 2510
K o (kg'm ) 1000
KWK S y/(N-m™) 0.074
0.5 mmRL AR RFORL R 2 7K i /% 0.0.5.0.6.0.8.1.2
1.0 mmyBi A0k R 35 7K /% 0.0.5.1,2,4,7,10,12.15
2.0 mmBLAR ORI IR 27K i /% 0.0.5.1.2.4.7.10.12.15
M BRE 42 D/mm 30
i ER R m/g 20
sl R R T /(m-s ) 3.13
CCDAHLI 1 43555/ (-5 ) 334

CCDAHLZS 8] 43315 /px 2368x1720

R T AR B IR F TR F K BURLR R
5 Zhong Z1" 2B 30 ORI 45 7 vk . T R
% A7 7K 5 Ak 1) [) B I 36 7 R PR R 1w, SRS
U 15 min, WRARTE UKL [E) 208 a0 1(b) B

TN o A T PRI A YR vl S o T R ANURE R R
-T2, RREAT — W s S 50 5 F 8T ) A 1
R
1.2 RLFE G E

LT FEMZ K (particle image velocimetry, PIV)
HARZE MBS . 280, A0 0 5 4
AR F /N 7% B A 0 3 3 BEAT T RAL
JE X AT Ak i BT R AT A, A5 B R o
Ao R U HLE A o M i SR K R, ok
THERR A XU 1Y (5 B . R AE— A ]
[EIFE AN, REFRLF A FE x Fy 7 1a] A% 53]
R AxFT Ay, W HAE x 1y J7 ) b A B o A v il
Phl s an R A

Ax

_ A
VA (3)

2 [ B ) 1) A 2 A /NN, a0 T w WU AT D) 3R7R 12 5 T
x Fl y J7 ) b SERR

] PIV B AR X S2 56 [ Jr A7 AL B, 75 515
R PR 2 11 AURE ) B2 37 o LA/IN SR 2 fnh AR PR 1)



5 414

X &, . WEURLAR T shli U IE B 425

B Z0VE R 0 BF 20, 224 vk e B0 0 S 2 7 [ ) DY
& 10 /R B B Z00E SR bR R R 2 . DLl AP
R s TR R, R 3 DX AP 2R A S i
HHU R, RS e R B R Sk b B 2
o Ml b B AN R AN R, DL
] A0 U W R E S s i & . T
T My T fige SR R % T UK A R AR, A0 1(c)
Fr, HEHCS A 5 mmx5 mm B9 X3 P8 R Y
B, SREUH LB AR Az DX R R

1.3 WHEHKEILTE

K 2 R T 20 PIV AL BRAY 1 mm JORLRAE
I EE R, 3 FORFE S KA (0. 2%, 12%)
(4 IR R AL 52 B /INask i £ F 0% B T #2300 o 288
IR BLG o TE/NEREE il UKL R (B 21, /NER 9 g
IR AL B 4 R BT, S BUBUR A 5T 1) A K
TRk, ORI B ) AT 2R R i Y Ao
e, BT 3RS [E B R iE SR A B O
3 A ( diffusion collapse, DC) . 3k 1 fig &5 7Y
(‘accumulative collapse, AC) LA J A Af 35 7 ( no
collapse, NC),

TETIREN N (w=0), WK 2@a) fi7n, /MK
b JURL DR 5 B0 114 UK AS W 1) S04 1. B
R HERS S o 0 ORE T R R A T
W/NZE 0, FURLAS PRI A0 Rk, JF 45 5% 1l 1) 9
o I B bl A5G R — ELAL T R AR
A, AR W AN R RURL 5 ] R B G BORE 22 ) A
— B AT 0BG R AR X, s, DU IBE
il U i 5 B RS il UG i SR A A v,
L PR [ B) A7 25 1) S 47 FOR ] 9 35 A kL . R T
AT B L, KT B A o T BB Sl B O
b= iU I8

2 WKL AR 2K w = 2% ), i Bk
R HERUS R, [ 2(b) R T HERL IR A h
HYTIE SRR . 5 HOR AL, FETF LR I
Z) oo SO IR O 2 ) AN, (EE TRk
URL ™ R B 3 R 2 G A /N T WO B YRR
Bl o X 6 TR Y Ok 2 MERRFE BRI T i i 2%, Y
fia) A0 HE FRBURE 1) R R TN A O B, BT
TE BRI 370 300 G5 3 B0 JURE 43 G 3 . R
i o GC ) e AR ph bR AR, URLR HAF
TE ] Y 39 B R, B AN RO ok . B
W, R T el b A 2R R R HE AR AR B Y

YRR R &K w = 12%0F, s Bl s

126 ms

3

(a) =0

18 ms

“

(¢) w=12%

B2 AR 1 mm BRI EEERE
Fig.2 Velocity field diagram of the impact process for 1 mm
particle size

FERA AL, 1B 2(c) 7R 1A i B B oh i HU i
eGSR . TERFPZEBLT , AUUAE s 9% 9] i) 221
A A UKL 1] Sh T, A /NER A ey s S
KR B AR b e bt o I B0 7 AR A e
GO A KA 10 N R IR B G, R b s BT RO N d
KEER . L, RE BOX Rl bl ST 26
TR A S A

iR PO S ALY R N T
it Bt B0 5 AR v 2 () I G B 1) 0 BRI 1] P A B
A ORE 5 R AR 55 28 09 R R TR b o BT Y i
Ferh, BURL 2 HERRAE BRI BT JR R, Bl S 4
KL I8] AL A 15 5 A A B8 28 8RR R Sy A o BUE it
R R AT el B I 1B A A B ORE R, R/ NER B
il RSCAE T N IR A nh i OAS A R B BR B IEA T

2 MEXWERSHT

21 MEREHREREE

SEHEFE T o3 A [RDRCAR BB BR A5 A
K BURE PR AE /NER el VR R B e 0L e B A
AL S0 s 1A [R] 5 7K B 0RL IR 52 it R
PG IR RFAE o 72 A [R] A 52 38 25 78 T W6 21
KR T 32w AE RS 3 R R i s B R
PEAF AL E R, 22l 1 sy ST w7 U A



426 o B TR 2 2 R

2025 4F 5 47 &

Ko B3R TRl RS, shilidi 5t S
WURLRLAR M &K Z M & o IE Rl LUR
o, fERARAE RO, B KRN,
i A ELAR N B — il FHE R PR A Y
WURLAA 208 TR OL T, sy TR AR 55 0kL
kife ook, HAR/NLFHFE. fEmABIKRE, 4
FoKEARE N, URDR AR, wedi AR ) bt
SrEARM MO B 3 BN TR B B 2 sl X b
SCHRAY G 3 A bl R sl R . AXEFR L, 7R
FOKEB/NYERT , il SUR I B R N
BRI BRSSOk B9 IN, R 38 B
Bz g fERUB SR AL o 45 K B K B — i AR
i, s SO O S A IR AL . hata]
i, e T o A T 252 BUBURLRLAR d A1
TURLIR 2R B K B w B SE IR

o 5
o KR ER
o e R
.
8r . .
& °
By . y
@6’ L J °
-ﬂ]Il b ° ;
50T ' '
47 . .’
3 .
20 -

. 1.0 10 = %
ngy 0515 Et

3 AEREREFRNNAEREKEZENXRE
Fig.3 Relationship diagram between impact craters diameter,
particle size, and moisture content

Kl 4 WS HEE N (0, &) F IRV IR th i ST AL
BEAAH AL, R 3 A4S DX a3 531 0 0 T S 6 e ¢
B A R S

MIE 4 T LR, 58K o BN, 3 5
KA ) RURL R 52 21 1) ool A 0 2 B 1 37 B 33
R UE U . BEE SR ofIE R, 2
B Sy SRR B R 2 BORL AR R b K B i )
—ER RIS, HUBRIN BT R e g, 5
NS R bl SR G A o ORLAR &R I AR
PRI, AEURLZ (B R, 340 1 BORL ] Y N
Ry, OB 2R 00 i A 5 RE TR — R Y A 2 8
FER o /NER bl o o URE IR 5 23 T R B 2 A9 BE
i, EARRERE TR k. S Ah, FERR
FOKERE LT, R BURE A A IR A AR T
L) P $2 fih a5 AL, OR8] A4 i 5 2D R SRR X
FABL. BEAE & /K RS0, UKL E] f) 15 Bt 0 2

WA, WA BTG, T N S W 25 25
Hay UL 8] PR o2 R AR A5 BN R, AU 8] AR
L AP AE N RARAS . Scheel 251 % BULE
IRH &K B OLT , OB 2 I8 BN B AT R 1A
W 5 KB R,/ DAL A 2 1 i 5 O A R
AR AR . BRI R IR RIS 2 2 A RE R, Y
JINER A 13 2 TR PR 1) BB St A T LA SRR G TR e D)
SHERRAEBERI TR 2 o NIk, ehli O il 7
H B A B T o M B R R A e o K
R AG IR, RURLE] ) N B ) B 2R T 0K
I NTEE TN i g7 o) B I = QU R 14
TR LA AR, XA Li T R
EREML, TEAERM AR, PR RS H T A S
R T 7 A AR R, TR N — E B B WA
Egdnd, AT AR IAR

2.0

RRRLAS /mm

0 5 ‘ 10. 15.
K%
4 mEmEEEXEE
Fig.4 Phase diagram of impact craters formation mode
BeAh, S ah SRR W] 3 A [RDRLAR #Y ORE &
AFRARIE, Il SRR A AR, A A R AR Y
T 5 URCR AR A K AR S . AR A A B
A SRR, Joik i F— o WS HOk %R
ik SR A Artoni 251 3 A G B B8 B W X 4y
FLMATRAC Hrb e By = (0gd®) /y FAL R FRL A
BENGBMONAE; v R K T
m il n N EAKRMIEE . ASCRH B, w? K Bk
Wﬁ%%ﬂ%%ﬁ%ﬁ%ﬁﬁﬁ%,ﬁﬁﬁﬁ
3.01, fEH(D/d)73(Bo™ w3)3 K AL HER i 35 1 &5
ARSI 7 B, HAUE N 0.64,
BT b YU G R 3 AT 1 mm ok
A UKL PR 2 T UKL A T SR AL, 223 i T Rk X R
(&1 1(c) ) 1143 58 B s 1] A2 AR e il 2K
WA s firzs, AR K B B URE A 5L WD iR
P 220 #6820 H A T )3l JEE A o AR /N ER B b £
R, /BRI RE 112 M e B 20 ORI A Jo, UKL A1



% 414

Jo A 50 L N ) P R AT 2 8 R ) B RE
IR ERERRE, KR =0 %R
e, RIORLEY R B e K SK R 0 = 12% 89505
e, UKL A I B R/ o A A UK ] B R
SRR A BORLAR R BA R Ty, WRISHE
KR S T R B R — i P R EEAE . /D
2 QUL W == DR i A7 N I 118 N T v S
FEE ZRYRE S, S RE B ALE 4 ORI BT,
RLA) I B W/ o RS TR EEEAE TR, /D
BRAY REHL 2 W, H/NERAY S REW/ N 2] 0 I
BRI i b, 7EE K w = 0w = 2% 25
W, BRI b SO IR R A A R, BORE B B T IR
SER, f i A e MU G ), UL I R D) B
0, B & AaaE m i, MAESKEw=12%

AT fi P4 ]

FSEEe R, BRET b BT IR kAR, R
JU ) TR AT U/ N I P KA 5, T 2 B
INEE O, BEET,  FIURR] R AR 9 B A VR K TR
HEMES, EAEEEEEENEIE. It
A, FEw=2%MSE 5, TR A SURL HE R B
iy R, BAEKRWEHE. MEKEw=0
FISEE R, 20RO T ORI R ) AR
o i, ZEMEEEP, Mo=2%H, AAtEE
FEE R T w = OB 1Y 7 e 3
2.2 Wik RE R E SRS T

Wik B BT 4y A X5 %) B R 48 1 5 S an # 6
7N, HBOE 5 URL R AR AR B K A AT AR e
F, KREE 0.05s . & 5(a). (b) Hrdo ml DI
ZLFTE 0.05 s B, i3 T S5URMIE X 35k 110 §Ar i 48
YR, FF a7 TR O T RS
Katsuragi %5 " (1 F 5% 25 25 . M4 Katsuragi
EAETHRORAR 2R T 1 ah 5 5256, s iRk nd 45
1 B R 7 ek A0 A T T BE (D) B
AR B 45 11 6 6] S 1 5 A (D/g)7 o IR I 50T I i
BRI 5 /NER 45 e B R JLT-AH R . Rk, T DA
AN 2 /INERPEE 1k, ZINBRAS T[] 0007 44 2R 4% i E
B, BEES o BT EE A . SR, Zhang %7 i@
SRR AN EAE R, YR AE S0 ZNER A9 455 1B B TE]
JLT-# AR A, IF B3/ T T 048 50T A9 45 1k B
W], SACHLE S —3 . Shen %" 5@ i B HOT L
(discrete element method, DEM ){J5 E4F B /NER 412
L B () 5 O ) g BE 4 R A G . MR R BIK
T 0.4 0F, /NEREYS IR EDEE AN & A A8 1k . ks
TSN T EERERN 0.6, FEMAKE, KBy

X #E, S IRERLR R T s BRI B b 427
0.6
— X1
0.5 — k2
[X 153
I — Xhh4
_ 0.4 s
Z03
=3
0.2
0.1
0 0.20 0.25
(a) @=0
04
— X1
— X482
03 X 1K3
' — X4
~ — X455
Z 02
=3
0.1
/
0 0.05 0.10 0.15 0.20 0.25
t/s
(b) @=2%
0.4
— Xkl
— XIk2
[X 1553
— X4
— XIks
0 0.01 002 003 004 005 0.06
t/s
(©) @=12%
B 5 EHE-ABEED 1 mm R EBR R 45 AE X 8558 E RE R

16 2= 4L B B 2%
Fig.5 Velocity variation curves of characteristic regions on 1
mm granular bed during the impact-collapse process

T2 1 FH AT RE 2ol N BE 5 R M, (ORISR
KT 040 WL, fETHRARIENIT, Nk
AR ]S8R R AR AR A, BT A6 i 35 A IR (] #RAH 7] o
23 HWELMIRESH

W& 3 ffrs, 3 FoRCAR 1 BORL AR 7 A 1) i 47
FLARRE & KR AR R S IR o BB 5 KR 3
o,y TR AR 9/ B — i FE S PR AN
A%, X5 Haruna 6™ BY45 Rl WA R INA B
WUREIE] B AT B A A7, Dl o R ] i



428 o B TR 2 2 R

2025 4 5 47 &

..
0.06 \\\ * 2.0 mm

2 005k = v i3
=

= 0041
jue=g

IZ 0.03 }
4%: 0.02 +
E=3
o001t

0 2 4 6 8 10 12 14 16
FIRES %
B6 FiGEmEEREESkENEN
Fig.6 Change of the time of beginning collapse with moisture
content

WOk A] ) B4l ) EEE SOKEA G, FFREE SK
i 3 NGk B A I R E S RS . e pids it
B, RN B EEAL, BRI HEA
AHIRE AR, B0 R UR A 2R Y AR
2 N TR YA LNy A R R I o N e
%2, SULRIES, NERIZIRE BT TR R RE A 2
B wh ST B AR /N . YK S KB — e
B, Jokr (8] () B 40 ) A FERE &K B A ik, o
HYT ERRFEAAE

R R AR B X rp i ST B AR AR, R T
PEEEOLT , 3 FPORTEDRL AR A UKL PR A2 wh s FE i A e
FHr AR LA, Walsh 261 78 TR BURAA 2 T
KBTI ER SRR V4 AR, fE T
TOLR, ek 2R — S A R, il
WItRReE —FE . G, TR 00 T A Rk 428 i i
L RTE/INER 9 w25 4 T T8 B A% /N [R) )
T, YRR R B AT AR S oK E RS, R R (1)
WA, PR Rt AR, Xl
HILBRA X FLERR IR Bk AR b LB R R
5MEHE A RRET SN A . A kR
BB, A — RS BRI ZH A% B ks PR FL B R 23
AN, INRLAR R B AR BT B B 2 TR
WURL WM BCE . BIIE, XN OB R A
HAZ BAME I m sE y  , Af S8ob =
A NEAR )

EREREY, i BinY B AR A2 B BURRLAR
d 7K & w52 o v T ROBE 7B i 5 1
ToAE el X b Bt BLAR R AT TE S A4
Mr, W 7FxR, Jom Nk d bt iR d =
Derater/D o oA Dcrater?%r#lﬂililbiﬁﬁé;z Dy et/
KRB, 185)d = —1.4(D/d)"3 By 'w3)3 fy Rt
Fo FPAE AR TR, X AR

AN AR 3R I SE B0 BN 5. DR bR SR &
W AR IE R, NI FEO A LB
R X—IB 5 Bak S B [ AL S R
WA —3, ZHISTs R G AR I AR Z R
TSR M B ARSI, A, Markovic
NS HE T B 4 R G T R A 09 sE v, T4
WAERLEM T, RSN S50 &l E R H o
i, FERlJEAE RGN A R P A AE AR R R
Bf o FEARSCHFR R ETE T, K& AR L
PG T EBACE T b U IR B e AR e IR Z
B — A~ ] B B, X B H i A ] BB 4 T g
B8 Iy 2rad #R ok B B AR Bk A, Bk, #
I i 2 A I RRE
28 .

261 8 .
241
221 ™.
20} pY
18} "’
1.6+ .
141 .
12+ . S
o . . o .\\

0 02 04 06 08 10 12

(Did) (B, o)

d*

B7 AERLMEHEEREHNNERSKENXRE
Fig.7 Relationship diagram between dimensionless impact
craters diameter, particle size, and moisture content

3 & it

R TSR K ORLAR R T bl BT I
&, ffH PIV HoR X shdi il B AT T & . A5
KB, FAKERAARRT, EvmIE s s 28
3R BB, X BT BURORAR d A K
Hwo WEAFEZMTRHLERER, S THESE
2 (w, d)TFRAEPETUE BB E, Hr,
3 A DX A R I s B Y 3 AR, i T
KR o FRDRL AR d X e BTIE Bl R B 5 )
meTE1r15'fﬁm%ffﬁzﬁi§ﬂzﬁwx‘zﬂqﬁo 5
AT W SH B, > FI(D/d) 3 (B, 'w3)3 & w4t
B IG RS THE T 3BT whili it
T Bt T RE A DX 38 P R 3 Bl R, X R B BT
FEUG A At AT g0, S5 SR A B, TR i 3 A
I‘EﬂLﬁ%ﬁ*ﬁfﬁ%%ﬂﬁyk%&ﬁﬁﬁéé%, HAE(E
FEHN(D/g)? -



5 4 3 X

7, % WPRLAR T s Y U AT 429

SE M T K RUBURLRE AR X bl 5T EL AR
AR ML . SRR TEWORDRLAR A R, Bl
KRN, ehly TR EAR N B — i S
IR RIFAE ;. TRRIEOLT, 3 A RPRLAR B AL
R 32 i JE A e 70 AR L AR ] 5 OB AR 2R
FOKNEBLE , AR SR A R, OB AR O
P B bl T EARBOR o fRJe, L ad R
Ao T it 0 ELAR S URLRL AR R 5 K ek 2 1A Y
THOCR o ASCHRSE N B AT 2 b B i Al i K
FASC AR St 7 BB . KT, A SO
FIEF il PR B | RN ARG B SO
FOK PR il 25 R B, 5 St — P B
IO A AT ST o

S 3K

[1] ROBBINS S J, HYNEK B M. A new global database of

1 km: 1.
properties, and parameters[J]. Journal of Geophysical
Research: Planets, 2012, 117(E5): E05004.

(2] He A, BREL PN, 2R 0%, 45, —4EI0RL R 5t e H A
AL [J]. JeA AR, 2022, 44(4): 67-72.

(3] ZRjst, 29K, M. Ji3 8 A5 0 T AUk TR DIl iy SE AR 2
FEG I T [J]. 622U, 2025, 47(2): 33-42

[4] WALSH A M, HOLLOWAY K E, HABDAS P, et al.
Morphology and scaling of impact craters in granular
media[J]. Physical Review Letters, 2003, 91(10): 104301.

[5] PICA CIAMARRA M, LARA A H, LEE A T, et al

Dynamics of drag and force distributions for projectile

Mars impact craters = Database creation,

impact in a granular medium[J]. Physical Review Letters,
2004, 92(19): 194301.

[6] ZHANG X L, ZHANG D S, WANG Y F, et al. Dynamic
characteristics of sphere impact into wet granular materials
considering suction[J]. Granular Matter, 2023, 25(2): 18.

[71 ZHANG X L, ZHAO H H, CHENG H Y, et al. The force
and dynamic response of low-velocity projectile impact

into 3D dense wet granular media[J]. Powder Technology,

2024, 434: 119309.

[8] TAKITA H, SUMITA I. Low-velocity impact cratering
experiments in a wet sand target[J]. Physical Review E,
2013, 88(2): 022203.

[9] DIUKSMAN J A, WORTEL G, VAN HECKE M.
Rheology of weakly vibrated granular materials[J]. AIP
Conference Proceedings, 2009, 1145(1): 343—346.

[10] SALUEAA C, P6SCHEL T, ESIPOV S E. Dissipative
properties of vibrated granular materials[J].
Review E, 1999, 59(4): 4422—4425.

[11] LI P S, WANG D M, WU Y S, et al. Experimental study
on the collapse of wet granular column in the pendular
state[J]. Powder Technology, 2021, 393: 357-367.

[12] ZHONG T, LIU X, ZHANG Y Y, et al. Penetration
dynamics of a carbonate sand: a synchrotron phase contrast

study[J].
Engineering, 2021, 152: 103839.

(13] b, sk IE A, T, &5 AR IURLIA 2 19 B0RLE 3 &
SRR EOR [7]. J177 b, 2018, 48: 201812.

[14] SCHEEL M, SEEMANN R, BRINKMANN M, et al.
Morphological clues to wet granular pile stability[J].
Nature Materials, 2008, 7(3): 189—193.

[15] ARTONI R, SANTOMASO A C, GABRIELI F, et al.
Collapse of quasi-two-dimensional wet granular columns
[J]. Physical Review E, 2013, 87(3): 032205.

[16] KATSURAGI H, DURIAN D J. Unified force law for
granular impact cratering[J]. Nature Physics, 2007, 3(6):
420—423.

[17] SHEN W G, ZHAO T, CROSTA G B, et al. Influence of

inter-particle friction and damping on the dynamics of

Physical

imaging International Journal of Impact

spherical projectile impacting onto a soil bed[J]. Frontiers
in Earth Science, 2022, 10: 835271.
[18] BAK P, TANG C, WIESENFELD K. Self-organized
criticality[J]. Physical Review A, 1988, 38(1): 364—374.
[19] MARKOVI¢ D, GROS C. Power laws and self-organized
criticality in theory and nature[J]. Physics Reports, 2014,
536(2): 41-74.

(4ll: TL2)


https://doi.org/10.3969/j.issn.1005-5630.2022.004.009
https://doi.org/10.1103/PhysRevLett.91.104301
https://doi.org/10.1103/PhysRevLett.92.194301
https://doi.org/10.1007/s10035-022-01304-9
https://doi.org/10.1016/j.powtec.2023.119309
https://doi.org/10.1103/PhysRevE.88.022203
https://doi.org/10.1103/PhysRevE.59.4422
https://doi.org/10.1103/PhysRevE.59.4422
https://doi.org/10.1016/j.powtec.2021.07.087
https://doi.org/10.1016/j.ijimpeng.2021.103839
https://doi.org/10.1016/j.ijimpeng.2021.103839
https://doi.org/10.6052/1000-0992-17-010
https://doi.org/10.1038/nmat2117
https://doi.org/10.1103/PhysRevE.87.032205
https://doi.org/10.1038/nphys583
https://doi.org/10.3389/feart.2022.835271
https://doi.org/10.3389/feart.2022.835271
https://doi.org/10.1103/PhysRevA.38.364
https://doi.org/10.1016/j.physrep.2013.11.002

	1 实验设计与方法
	1.1 实验装置
	1.2 粒子图像测速
	1.3 冲击实验过程

	2 冲击实验结果与分析
	2.1 冲击坑形成模式相图
	2.2 冲击坑形成模式的时间特性分析
	2.3 冲击坑尺度分析

	3 结　论
	参考文献

