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Advances in Tectonic Physical Analog Modeling Under Hypergravity

Abstract: [Objective]Physical analogue modeling is an effective laboratory method for reconstructing geological
structure evolution, yet conventional normal-gravity experiments face limitations due to significant deviations in stress
levels compared to natural prototypes. Hypergravity technology offers a novel pathway to address this issue and has
emerged as a frontier approach for investigating deep and large spatio-temporal scale Earth deformation. [Methods]
This paper systematically reviews the research progress of hypergravity tectonic physical analogue modeling,
summarizes the characteristics and applications of experimental devices including small laboratory centrifuges and
cantilever centrifuges used worldwide, analyzes the suitability of non-powered and powered driving systems, elaborates
on the application principles of analog material systems for ductile, brittle, and complete crustal profiles, and introduces
key techniques for surface deformation observation and internal structure detection. [Conclusion] Through the analysis
of analog experiments simulating compressional structures, extensional structures, diapirs, and subduction, the unique
advantages of hypergravity in amplifying density-driven effects, accelerating tectonic deformation, and enhancing
simulation similarity are revealed, with specific patterns of its influence on structural styles and propagation processes
clarified. During the research, the authors also developed a hypergravity physical analogue modeling experiment
chamber compatible with the Zhejiang University ZJU400 centrifuge and conducted related experimental studies.
[Significance] This research provides a systematic reference for methodological innovation and theoretical
development in hypergravity physical analogue modeling, and holds positive significance for advancing structural
geology toward quantification and interdisciplinary integration.
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i R A ORI 7 R R IE—— 5 T ToK . i 3T 548, HE Z0is 1R L S 4k
SME DA E N S . M IE ) B AR A — R SE I Y B G A AR RO 1, R R BT A A
JR], DAASE AR R Caneasemd . Rl TOBsek. &5 B a R, R B R S Y 45 R
I RE, MIMAE R %A T AT AL .

H 19 tHawie, PEgERIZE LR T TS 5T (Hall, 1815; Cadell, 1889). [i% 2 A& 4l
IR RE, MGG . LI dss . WS M EoR ST AN 3, SRk GEH i 5 e 5 E
= AF 7 B F B (Hubbert, 1937, 1951; Ramberg, 1981; Weijermars and Schmeling, 1986; Davy and
Cobbold, 1991; Koyi, 1997; Schellart, 2002; Schreurs et al., 2003; White et al., 2003; Wu et al., 2009;
Graveleau et al., 2012; Adam et al., 2013; Thielicke and Stamhuis, 2014; Schellart and Strak, 2016; Reber et
al., 2020; Thielicke and Sonntag, 2021). JHLFEMRHELAET: O RiGEEBEUSH SLREME, Wik HEE
TN B — B A R R A i AR R 520 (Persson and Sokoutis, 2002; Molnar et al., 2020; Long et al.,
2021); QFEH G I A MG R A B, B2 REMEE A IR RBUESE. TEME 3% BIE,
SRR AR S R SR LK HE (Tapponnier et al., 1982; Schellart, 2002; Schmid et al., 2022; Guan et al.,
2025). AJi b, YpEEBLLUR XS U AL ARSI E A, MO N TEREAIE AR Y . RIS FE . iR
HWiza). Wi -S{rR &S558 (Schellart, 2002; Corti et al., 2003; Bajolet et al., 2015; Graveleau et al.,
2015; Molnar et al., 2017; Zwaan et al., 2020b; Yan et al., 2024; Nabavi and Fossen, 2025; %%, 2025).

20 2l 60 AR, EE SJE ARG AN IEDEBI N, SO A FR ST . LR RT3
LR A & 7% (Ramberg, 1967, 1971; Dixon, 1975; Koyi, 1997). Fff i 123 p 4y K 2rHh BR B2 2 B
Ramberg SZ56G % RGP 1 HE & E A 78 (Ramberg, 1967, 1981; Ghosh and Ramberg, 1968),
SEOGTT A K S . AR (Dietl and Koyi, 2002; Dietl etal., 2006). #4425 i (Mulugeta, 1988). Z%4%
5533 E (Mulugeta and Ghebreab, 2001; Harris and Koyi, 2003). #RELfm (Mart et al., 2005) 25 i
o WA, BEJHARCIR EHERCE A BRI TE ) KRG T, R EE KRR Kb 7y @it (Bonini et al.,
2001; Cortietal., 2004; Corti and Dooley, 2015; Zwaan et al., 2020a; Zou et al., 2024). #84% ¥+ (Noble
and Dixon, 2011; Faisal and Dixon, 2015; Santolariaetal., 2022). #¥ %) 5)EEEME (Cortietal., 2002;
Dietl and Koyi, 2011) %%, 7£SCERSE QIR FIX BT FAIR E#EUS | 2R .

VE NP BRI AR (W B B S SR 7 1), R B ) ) BRASAULLE PR T IR0 B KA 2% RUBE M BRAR T 77 ThT B A iy
FEOLH,  JofdE oAl oty B AL i ] AR AL 1 ORnis At . SR, QU H ATV = KRG S EFRN T, T R
) B i — DR, W E ) 5 SR R e X AN T A, SEIR R T LR R (U RN AL
P, BRVE A BRI WE RGP S, AT R A R K SR R A R SR R
e, WA SIS E 5 W F BAAE— € RREE. CE 5 1E R G EE H W BT S 56 2% B A R



IR ORI FERE RS, AN Z SR 1 B8 5 A R SR AUR AR 5 %

1 BE N B ENE AR

HoER b P RS2 B E Ve, HERE DN E 1 GERN 1g), HEINEE g~0.8 m/s’, HJ
IEEERT 1g WMAREONHE Y. B AN M E B R, e EREH, 7R B HE N )RR 2 48
PEHEK: (Brown and Hoek, 1978). FEWEWIFESE. #br. 5 K HUSEE A AR T I F2 DLS S K 36 I R 25 i AR
TSR, \ARES T REMER (England and McKenzie, 1982; Davy and Cobbold, 1991;
Mart et al., 2005; Dietl etal., 2006; Adametal., 2012).

TEH 5B, R YR N i i T B S AT . X BRI SR 15 N BEE T ()5 I
K, ARG R R B EGER MR LTRSS AR R R BRI 22« 4052 ORI R} P JEE #5247
P, RS R EMUA SR, HAAREEA R, 8 E SR v X 2 5 RS T AU F B

HAr, M s EhEnt SO ISE B, AR R B F 200 AT v e 7 A P 5 0 i P DL T B
ME IR . 7E T340, RIS OHUT R E Sl OA R 8, B0 E e e brs g 4i R
DSEEGAREAY o T AL G AR, SIS AR AR 8 N SR o S A PR — — 0P, R TR DL AR (OB
PERL TP B & 1 IR AR R S TR — 3G @RGSR LA, J28h% . i =5 AR, BARUME
SHAT R — BRI (Hubbert, 1937; Weijermars and Schmeling, 1986; Reberetal., 2020).

WIS AR E S H, AT LSCIU I TR SRS ) B, K LS, DURE R FIESRAY S
BHEFRAR N . BARRIIES) 1A T (o) = (Ramberg, 1967; Dixonand Summers, 1985):

o =prglt (D
KA, o BN AUR T pr—EEARUUA T g —FEIJME AP T C—HBE T Aoz (1) #f
DL H, SO EE s BE A v AR K g™ AT HE At B 72 A2 52 o

B AR O T A AR S, R g RN i RS (R, 202000 SAT, 78 & O L IE
JEiG R, AT it s e AR N, R B AL (B D BARRI N OYRA S s
PR AN, BRI RRAAAENE); @M IR ELI R REERN, HHEMN AR LMK @A FEDR
oy Z B AFAE AR LR MR RN, HHEE 3 Renl S ) 22 e it — 2Bk (Chenetal., 2022).
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Figurel Random hypergravity effects (modified from Chen et al., 2022)

g: equivalent gravitational acceleration; o: stress.
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a— K2 TR AR EOHL (HEDixon and Summers, 1985f230): b—IN%E K E KAEHFFEBE K HuBE . FREERE 78 0
(INRS-ETE) B 0L (JiHarrisetal., 20128050; c— R ARAIME G A BRBLE R (UNIFI-DST) AR KA [ K0

T G2 BB SHIER BRI LT (CNR-IGG) [HIEEASLY S (TOOLab) A ES Lol (HiZwaan etal., 2020a 250

B2 FTHREAMENEENN DB ZREEFONRE

Figure2 Small laboratory centrifuges for hypergravity tectonic analogue modeling

(a) At Queen's University, Canada (modified from Dixon and Summers, 1985); (b) At the Institut national de la recherche scientifique - Eau

Terre Environnement (INRS-ETE), Canada (modified from Harris et al., 2012); (c) At the Tectonic Modelling Laboratory (TOOLab) of

Department of Earth Sciences, University of Florence, Italy (UNIFI-DST) and Institute of Geosciences and Earth Resources, National

Research Council of Italy (CNR-IGG) (modified from Zwaan et al., 2020)

NS SIEG 5 B UL R R RSB/ Tk B 0 i R EE D e v P ORRE AL I B8 K e £ R & 1)
Genisco Technology Corp. 1075 B5U ML HE# A 7200 r/min (& 2a), HARE R ~FA 127 mm X 76 mm X 51
mm, f KESIEE AL 20000g, SLFRSLLE A 2000g. 3000g. 4000g (Dixon and Summers, 1985).
4000g (Faisal and Dixon, 2015; Waffle et al., 2016). HNEEKEKAE}EHEFCBEE FH 1) PR-7000 85 CoHLER: 142
79200 mm, AR B O INE AT AN i’JEI’JEfﬂﬁ SIS R BIR M A STOMEGUE (B 2b). %3 B i KA
JASFH 200 mm X 95 mm X 50 mm, i K J7 038 R ATk 8000g, SLFRSLES H ¥ H 900g. 1100g (Godin et al.,
2011). 1000g (Harris et al., 2012; Waffle et al., 2016). 898g (Santolaria et al., 2022). Ffi it &M g 47 K 2%
Ramberg SZ40 % [ — 6 B0 B O LK E I E AT IA 5000g, SEFRSZEEH Mulugeta and Ghebreab (2001) JF
JR KRB AL 525, AEALA R~ 9 140 mm X 70 mm X 50 mm, EJJHLEE g 200g; Dietl et al. (2006) JT
JR (BT A T 92 A A R <) 2 100 mm X 80 mm X 100 mm; EE /7 HI3% EE A 700g: Mulugeta (1988) Hff il ()88 5
T % B S50 R SF 28 200 mm X 80 mm X 20 mm,  SEFRELES A ff A 800g.

oy EOHLH SRR A B [, BN REEECE (& 2b). XFAE B ZOREAEAR . 847 &
ST R R R R, ANRAHE . PHR R, AT A R B R A B A SR ) (Harris and
Koyi, 2003; Corti et al., 2004; Harris et al., 2012). AZEHEX—FR#, %i%ﬂ%{%%?i%ﬁﬁ%ﬂT—ﬁTK
S B R B0, AR RSN 250 mmX 160 mmX 70 mm (J& 2¢). & N ISR T RE R E O
ML, fEfash)E, A MEEYE S CIMEH TEREHHR R EEAE, EERTHIRE PO a4 R E T



i (Corti and Dooley, 2015; Zwaan et al., 2020a; Zou et al., 2024). IX— ¥ iR T XA K] 21 ) 2
K, 1S A SR Y (1 S SRR O R RE (Milazzo et al., 2021).

Sk b, SR/ = B O LI ) SEES AR TR B SRR I L FEM D, BRI IR
SRIM, BTN ARR, MLl m itk sh s B 5 s &, ERESE (WER) MR Ersl s
THAAE— 58 JR PR .

(2) BEXLTELHL

BEX L TEOYLEENHTE - TR, . 208, B8 sehn TR W ST 7t ook 955 mEEH .
BLONUEBE, BB EEE, MBEERONER NEEA SEEREAE, IEPECEAR
HBHMENREEETREVG, AERRARE OB E NS (& 3. 5/ s soymt, m
NN TRL, TR RSIGA . IRahe B X SRR I B &, FF BTl AL E Shid R AL R 2
B RS ] o

(a)
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Figure3 Principle of cantilever geotechnical centrifuge experiment (taking ZJU400 centrifuge at Zhejiang University as an example)

(a) At stationary state; (b) At high-speed rotation state

BEALTEONEERRE 7T HEE ST RS W Peltzer (1988) 81 FH v [ ma if i Y 3 1K %
Acutronic B /AL R 1 EP- NP ARG ) 5% 5256, B RSE 90 cm X 80 cmX 11 cm. Noble and Dixon (2011)
IS K C-CORE HUFH) Accutronic 680-2 B5-LoHLEEAT 1 FEE— T RETIHAL LS, HRSON 100 em X 10
emX 10 em ([ 4a). WL KA 5 R 50K 2 G VR 068 3 ) ) BEARADL T H SEERAH B K538 RS 85 em=40
emx10 ecm, 78 HIBAE F1Z SL 3046 FEWNL 2% ZTU400 3081 EIF R T H RS54 T e 7 /i w7 2 R iy
M52 (Guanetal., 2025), AR SFA 60 cmx40 cmx2.5 cm (& 4b). B OHLEMSHILE 1.



a— 1% K C-COREHL#4Accutronic 680-2E5.Lo4L (#iNoble and Dixon, 2011£H0): b—#LK¥ZIU4008 0 HL: R KFE M
PR T B 0oL

B4 FlTREAMEDEENNEEXF ONEZRT &

Figure4 Cantilever centrifuges for hypergravity tectonic analogue modeling

(a) Accutronic 680-2 centrifuge at C-CORE, Canada (modified from Noble and Dixon, 2011); (b) ZJU400 centrifuge at Zhejiang

University; (c) Dedicated centrifuge for tectonic analogue modeling at Nanjing University

* | BTHEYERUNEEXE 0N

Tablel Cantilever geotechnical centrifuge used for physical analogue modeling

R g

Jf B0l iR XA TR AT RS €y 1t PR g 18 SEER AR R
PEES !
1 Acutronic {iﬁﬁ PREL 55m 14mx1.15mx1.5m 200g 80g (Peltzer, 1988) 90 cm>80 cmxl11 cm
2 Accutronic 680-2 ;jgij( C-CORE#l g5op, 1im<4mxilm  200g ;ggi’) (Noble and Dixon» 54 crsq0 cms0 cm
ey N 50g (Guanetal., 2025) 60 cm>40 cm>2.5 cm
3 ZJU400 iMINE 45m 15mx1.2mx1.5m 1509
80g (&%, 2026) 60 cm>40 cm>3.5 cm
% ) 100g~300 30 cm>19 cmx12 cm
g PERBTAR g 125m  04mx04mx035m  1050g o
L 300g~1000g 28 cmx19 cmx10 ¢m

IR SR IR 5 H ) S A T R ORI AL A S0 B B . & U oL LB AE T BEHERR A T
e A Mg 2 A AT AR R HL S G A 1 5 2 TR PR Ok 28 AR B ARG R, T e AR A RO R xR AU Vs
(RIPRE, B2 e BT AR AU B TR 2

kb, S R RO AL R 2 MK T E R RS (R 2), ATEET S5 LA TN AR A
B, SRS B AR E R AR, IR SEOIA R AR B BeAh, fEBNIKENAEE, S T
FEEEER FHAT, HABERERREER 51d5k. A, SR ON LR REREE R, BT,
FESERRN I AT — € SRR o kst 5 ) My B ) BT 72, P RUR A TE I ST op A il B 0T
KBTS VERE ] 1 2 XM RE Y BEEAR SC 0 B, P eSS B ROl (& 4e, R 1) RECE
MISCIRAE . SRB S B . H ATz E QSIS S ge i B, Bort o RE Ny 1050g, 4R 1k



TEFFJ& 100g~300g [ 300g~1000g &2 1ML, A By BB 7KV B 5e - $R 2 2 ¥ .

R2ARABEE A RIBENIE
Table2 Hypergravity tectonic analogue modeling using different types of centrifuges

B SR AT R RS/ <t e S g fH IR Le B SR
INELEE O A mEALEKRF 12.7 cm>7.6 cm>5.1 cm igggg 3000g. HE HHIE L Dixon and Summers, 1985
INELE QAL Ramberg 52 % & 18 cm>20 cmx10 cm 800g HE BOHRE Mulugeta, 1988
INELEE AL Ramberg 52 % = 9 cmx7.5 cmx1.9 cm 200g 1R %ﬁggﬁ Bonini etal., 2001
INELE AL Ramberg 52 % = JEKR 700g J& RE Dietl and Koyi, 2002
INELE QAL Ramberg 52 % & 7 cm>7 cmx1.9 cm 200g R %ﬁ{ﬁ%%ﬂ Cortietal., 2002
INELE AL Ramberg £ % = JE XK 900g — 1000g & % B AR Harris and Koyi, 2003
INELE QAL Ramberg 52 % & JE X 500g 1 Mart et al., 2005
INELE AL Ramberg 52 % ¥ 10 cm>8 cm>10 cm 700g J&E B ’EW%E # Dietl etal., 2006
INELB AL INRS-ETE 17 cm>8 cm>2-3 ¢cm 900g. 1100g #E FIEE Godinetal., 2011
NV AL Ramberg 52 % = JEKR 700g JERE Dietl and Koyi, 2011
MEBEOH INRS-ETE ;1;20 em>8em>L5™ 10009 $ g Harris etal., 2012
INEVE QAL CNR-IGG 25 cmx>16 cm>7 cm 18g 18 R % B AR Corti and Dooley, 2015
ANELE G AL mERLERF 8.6 cm>7.6 cm>0.4cm 40009 #rE FHHEE Faisal and Dixon, 2015
INELE AL INRS-ETE 20 cm>8 cm>5 cm 1000g

#E FHEE Waffle et al., 2016
INEL B AL mEALEIAF 12.7 cm>7.6 cm>6.1cm  4000g
NEELH CNRIGG Domdssamed 1 HE  BREARK Zwaanetal., 2020a
JNEL B G AL CNR-IGG 15 cm>16 cm>6~ 6cm  18g #JE I35 Milazzoetal., 2021
NEECH INRSETE 16 emoom03=1L3 gogg 5 Y Santolaria et al., 2022
INELE AL CNR-IGG 25 cmx16 cm>3.5 cm 18g EinkN b 18] R AR Zouetal., 2024
srmon  SEEEITNT soomgoemwion  80g SE  anEs Peltzer, 1988
EITHE M mERLERF 100 cm>10 cm>10 cm 160g #E B ALIR Noble and Dixon, 2011
EITE M LA 60 cm>40 cm>2.5 cm 50g #E R Guan etal., 2025

7E: INRS-ETE—INE KEKRHEF LK. M. FREHFTT Ly CNR-IGG— R R E ST i 2% 51 2 HBR P27 5 IR BRI 7 i

22 AR
221 A#HRE IR

B BSOSO, NARISEES S B OHLI N A R, ML LSRR 3 B, Rtk 2 R AN 3
VAE - GiNE e i v

(1) PHERLSEILH

L BB I SR 0H % B (Dixon and Summers, 1985; Godin et al., 2011; Harris et al., 2012;
Faisal and Dixon, 2015; Waffle et al., 2016; Milazzo et al., 2021; Santolaria et al., 2022), H 5 R{EMAT 5T
SR EME CneER . FiH5) FERIHEH (collapsing wedge), B-OHURZNGE, BURESE HERH FiE
kAR, B, N AT AR = A HE Sy (B 5a). N T HORHE J13 5] o0 An Sk, I8 ESHRR SR 2 5]
WE R . XL TFE S Z AN BT GEE N 4~9 NI ED, T BER G & EA R L. 15
TR 7K 448 J P SE R R R AR 5 S P AR R AR A% ] (Santolaria et al., 2022):

S=m/(puXxA) (2)



Rob: S—HAUKPHHIIEE, m: m—HRIM B, kg pyp—PHEBM RN, kg m™: A—510H
TR, mo G55 T A A BB ) S 6 TR 48 B A TR B

(b) BB B FE

IR IR

(a) . # N
,,
L

|

<« RTTH —>

SRR
H*h EREE ek

a— B SRS RS P BOE S B E 4 35 B (JESantolaria et al., 20221880 b—i ik #% [ P 0 8] & AR S B ar 5 40 it F
B (JEZwaan et al., 2020af&)
K5 Tl I RANBE H Lk E

Figure5 Non-powered hypergravity experimental devices

(a) Experimental device for compressional deformation by collapsing wedge (modified from Santolaria et al., 2022); (b) Experimental
device for extensional deformation by removing two sets of removable spacers (modified from Zwaan et al., 2020)

(2) F-ENERIAI AR S I 5K AT fr

T I 171 e AR AS 0 16 8 252 1 3 % B (Mulugeta and Ghebreab, 2001; Harris and Koyi, 2003; Corti and
Dooley, 2015; Zwaan et al., 2020a; Zou et al., 2024), < 5b fia~. SZIGAR A4 B 95 4 m] 4 1 ) [ B AR A1
“L” TR 8], 38 B AR R O ) (e RE AR N 1) A B A BRI I, AR TR R P8 R IR 286 B 2 AE S
JIER TR R A s, BEim sl LA P, DX S S S B B e . R R AR 5L
et A R FAE AR A SR e B P i 7 3K, e AR R e 4% il A ) F {8 (Bonini et al., 2001; Corti et al.,
2002). HLLZF, RGBS R TRIFR AR AT &35 falfl S A, JF rldad SR BOg Bk 2 BOR TR BEAR, 4%
AR SV B A R

(3) EJy (FELID FITE)

BT 5 ) B S SRS R B S U6 TE 75 AR AN FUR, R BEAE R I 5 18] £ R 2 A E g g e AR AR
MRS, B AOHLSEI RIS R B TR I — RN o G Ie) 85 P 22 S T R ) B R 7, 3 F T AUl P St o 72«
OFE S RIS, AE AR (B, eSS fEFIMEM T BB MG (Dietl and Koyi,
2002, 2011; {A3CRI%E, 2023); @32 H ¥ Resz il (= G, AT R BTN [ i et 5 2ot = 151
o HMAERRBASE T EAEE. B8 BRI SE (Adam et al., 2012; Ge et al., 2019,
2019b). JERHAM BT 5AE, EEMRBUILAEAD s A PR BIE I S E 2 . EARA T, B
PRGNS, BRI SZ BT AR A 2280 BREN 055, AR BR B RA USRI BT,
HATRRE AR . MAEBE I %AT, BEZEIRMM R ZEBOR, "l RIEIE R . 41 Dietl and
Koyi (2002, 2011) 7E 700g {4 F IR AIE K IKFELE, (U217 6~10 min BISRAGEAR AT R0UR . 1A )
b 2 R B HUAE R R P AR A, ) TR A B RO L B (Mart et al. |
2005) .

(4) B0 IR HIRE S R4 E

Mulugeta (1988) Al 1 —F & CALA BIVBUE SRR B, BRINAI B O TR AU B AHE I 4 e &
LA — i [ VRS L RE @ B, E e B U A 3 5 — i Y SO AR HEAR, SR 06 A e FLBE Y 44k
SECETHIhEE, WE 6a Pron. BOHURSNE, SCIGHT AR 32 AR 0 YL T ), R FALA
FERS ORI N UK [ HESCRE AN HE 77 AL BT 32 5% 1 70 mT e VB i A A e A R Seds o«

dF =dm x a (3)
A, dF—BIBIFT 277, Ny dm—iifkfiE, kg a— B OERE, mes?.



e 3 N B Y T A8 RO SRR R I A R A SR A R R o IR B RN T DM BRI S P
R EE IR R IR, SR, i TR RS HERE B I A R, O HL S B RS R T R
ToikBms, AR Z N
(b)

a—— IR B AHURE; b—— IR
K6 Mulugeta (1988) # &M B O A WMk JE & &E
Figure6 The centrifugal force-driven hydraulic device (developed by Mulugeta, 1988)
(a) Schematic diagram of experimental setup; (b) A photograph of the experimental box
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Figure7 Hypergravity experimental device for synergistic effect of shear and diapirism (developed by Dietl et al., 2006)

(a) Shear experimental device; (b) Experimental results of hypergravity modeling combining shear and diapiric deformation
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Figure8 Power-driven hypergravity experimental devices
(a) A photograph of the experimental box (developed by Peltzer, 1988); (b) A photograph of the experimental box developed by Zhejiang
University and Nanjing University; (c) Schematic diagram of the driving principle of the experimental box (developed by Noble and Dixon,
2011)
2.3 SCEEMIRY
(1) BIEAR IR HIRAAT

WER #BBe A, LA RN Z I H A4k (Schellart and Strak, 2016: Reber et al., 2020),
FE P FRADL S A0 T A B R . BIYISEIR R, REAR . MR SRR WA BHE RIE 20008~
6000g HIRBE S5 AF K& 10°~107 s FRARSRIGEE Py, 7T RO SOURE 48 e 19 s 45 4036 O 28 FASAE. (Dixon and
Summers, 1985). HEE IEN AT EISH, FTE 7R S SR LR A3 0 AR, A S T A A AR X
HEAEE . Y M RRELE AR, WEFER AR, RS (Corti et al., 2003,
2004; Agostini et al., 2011; Zwaan et al., 2020a). fHELZ T, & E 756 EEEARAIP R COMEEERERD
GAERIL % . s K G WA B R ook AR TR s B B, AR AR M T A . T ) 2 N A A s R
FERPRE, AT S #s UL BE ) 77 S AR, SEIR A R BNz E , SEIR B N8 (Ramberg, 1981;
Schellart, 2002; Cortietal., 2003),

(2) _EHIFEpErEATE ARt A kL
AIYERD . B TR RS UR A RLEIE 52K - 248 (Mohr-Coulomb) Ji JRiEN, @ RLAUL 1t 52 it A8 T 1



WM EL (Byerlee, 1978; Davis et al., 1983; Krantz, 1991). {HIEB OB /7sibdr, 2R T35 B 450
BRAESAE,  EL Al A SOBURL A A AR 12 AR A7 R A o 2R 2 T B O LA 50 43 5 s P /N PR s s o L
AT KP4 AR T A B BRI A &L (Peltzer, 1988; Noble and Dixon, 2011; Corti and Dooley, 2015; Zwaan et
al., 2020a; Milazzo et al., 2021; Zou etal., 2024; Guanetal., 2025). Xt FIHAhE AL, SLIFHERHLKIAL
BlEE, B HAERERON, BRMBHEM . 817 W& YA SR AR R A B s . LGt R A
i = ZE 5 DM DU X — R, DB g S i R B — @ BRIt CME-IPE) AORMSY Fth
e, WNRANAEH RS (Boninietal., 2001; Cortietal., 2004; Zwaanetal., 2020a). 5% Ie-5FHRFIH AR IR
&%) (Harris and Koyi, 2003). @lMabiR &R (“R=Z07 &)LEBRILEHM) (Waffle et al., 2016;
Santolaria et al., 2022) 5. Hr, JWENREWETHENBIZAR (CT @RGSR RaFvEge, f#e
BRI R XTI LU . M HER NS A S, AL S SR R R SR T R & (Waffle et al., 2016). Utk
Hb, AEMEPERDRME CRAE I 1 AR TEARFAE (1) [RI I B — @ T 98, AR T BERY (1) i 25 5 J5 B AL
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M, 553718 Genisco Technology Corp. 1075 E50oHL (14 2a) A1 PR-7000 E§.CoAL (5] 2b) 7E 4000g 5
1000g 251 R X L2 2R B M RIT R T 5 R 5 R ARSI . S35 WA Wl 2R 1 B2 280 G ph i 2
EEWE WREKZE) . RS 5RES N, JHED) CT HiR A M 5 N ARE 2.

T BRI R AL, Waffle et al. (2016) #g 7 —EE & NI E—F e —dse— Bhse”
P FERBEMEMAR (B 9, EHTERGE L. EEREG M E 2G5 MR EY (Moon
sand™. Deltasand™) FJ/ER EHFEMEL, AEA AL 1~50 km RS IR E£ENE SHEK S, 3
PEESAEL (nfER Dow Corning 3139, JHIFE% I8 Crazy Aaron’s Thinking Putty™) Z57E N 48 %<0.5x107 ™
i, & T — RS I #E T SRR (g Chavant™ Y2 Klay) B =365 mRIE,
e AU IR IS 5 I I ERAE A R . XSS R DR R () S A, BRI T E S it RS
ARUPERS BE, O N T 2 T 5% (Godin et al., 2011; Harris et al., 2012; Faisal and Dixon, 2015;
Waffle etal., 2016; Santolariaetal., 2022),



TEE  pam B MR R J 2

o ’ Moon Sand™ 3 & pil ok =ik i
P b=
Lo ML Deltaand™ L i & 1l b B, AT
Giotto Pongo s o i
TR s SRR A B
LN AR R, AT WA
CE BEF BN i Demco modelling clay P W gk
w He /= Ju %ﬁlﬁﬂfﬁﬂﬁi AN YA . FRKE
Dow Corning 3179 )
RN o
AL HuoT
TEACH iR G AHMT YA FlRAE
] N JER TR B BRI EL
o 71 S CJF Bl )
2 b s Crazy Aaron’s Thinking Putty™ . v
s PR SR A R AR TR
_ L 7 R A o )
w .
=] . 3 . ™ N B I
2 A R . Chavant™Y2 Klay " ‘
Y TR ERME B, SR
T

E9 #E H A T B E DA RHE R (EWaffle etal., 201645 %0
Figure9 Analogue material system of crustal cross section for hypergravity models (modified from Waffle et al., 2016). Column includes a
photograph of a generic multilayer experimental model, a schematic section of the actual model, approximate depth, crustal layer, and

relative competence of each section, analogue materials, and prototype rock types

2.4 LN S48
2.4.1 F & T A

ERE ) 5 E S, RN T E 5 B A —8, AUE BRI 2 7% .

(D BUERE: BUEZ RIS £ 28R 55 B O S IR AR A & MR a, vl K F A
A AT HAE RSB EUR, & BDAENLIC SESE1R (Mulugeta, 1988; Peltzer, 1988; Guan et al., 2025).
T BB A, RS EERZAANEAM T, WA EESZ IR, A BB T S S 3 UG 5 i 5%
(Harris and Koyi, 2003); 0] 7E &AM B 45 oG S 5250 40 58 By, 0 A5 7Y T35 A A0 i gk A7 41 38R 4R
(Dietl and Koyi, 2011; Noble and Dixon, 2011).

(2) NAFFRIE . FEBLAY R L) [ BN RS S5 bnid, nliEd AR EKE AR, FR2h & R AR
WA s, MR T IMZissh#EE (Peltzer, 1988; Dietl and Koyi, 2002; Dietl et al., 2006; Santolaria et
al., 2022).

(3) WhREEEZE: MHZAEREARE, [iEd Agisoft Metashape 25552 M & 844 U7 = FE A%
B, I EE ML (Zwaan et al., 2020a; Zou et al., 2024). MAh, WATTERRKE LHLIZ AT G
BOCHRPGRIR R R I =424 (Corti and Dooley, 2015).

4 #H7EG I ETRENER, WTEH&ERLRARDEZGER. WffH MATLAB



PIViab - HTi E A1 N A8 (Guan et al., 2025); f#f FracPaQ SiitWiEKE. Em. HESHAHEAESH
(Zouetal., 2024).
242 WIREHM

(O YR U0 2 AR AR T S i I 77k . R ) Seie P B A @ S EE, N
SRR B NS f, s FERH 2 M7 OMERZ MRS, 29517388 2 AR BRI A
(Dixon, 1975); @} —HAHAT B, BRI EH U T o EmHtE, 4R8It T —Mr Bk,
RE LRSI 4E R (Dixon and Summers, 1985; Dietl and Koyi, 2002; Harris et al., 2012; Faisal and
Dixon, 2015). XJHusciGakid, =RV XHEA AT K524 /N (Dixon and Summers, 1985). T
JIRER 2 R B IR RL, U0 i@ 5 75 I KR LR FEI I 224 (Bonini et al., 2001; Harris and Koyi, 2003;
Harris etal., 2012; Corti and Dooley, 2015; Zwaanetal., 2020a; Milazzoetal., 2021).

(2) CT ZEHBUZ: CT Mg H Al 2 ME— e AL LI A2 v ot SR UL AL Py 45 #1777 (Schreurs et al.,
2003; Adam et al., 2013). Xf T RA/NESEIGE BLONLP /N ERR, FEE TR SR, £/ CTHAR
A RENH (Harrisetal., 2012; Waffleetal., 2016; Santolariaetal., 2022).
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3.1 HFEME
3.1.1 7Bk rrar

LI 455 A0 15 6 B ) W) BB ADLATE 70 S AE AR I T IR BE 25 T (160g~6000g) FF&, I ff FH &
PR R (gt BRI BT BT (Ghosh and Ramberg, 1968; Mulugeta, 1988; Godin
etal., 2011; Noble and Dixon, 2011; Harrisetal., 2012; Faisal and Dixon, 2015). RE&W A %# (Noble and
Dixon, 2011) ffi /- T BT SEES, SOHRMESTBCE &3 (HH TR RE, A FAE T DR
GER NES, narFEF gt b N S R ) R AR GE Y (Godin et al., 2011; Harris et al., 2012)
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Figure10 Comparison of experimental results under normal gravity and hypergravity conditions for homogeneous brittle models and
models containing a detachment layer.

(a) Comparison of results under normal gravity and 800g hypergravity (modified from Mulugeta, 1988); (b) Comparison of results under
normal gravity and 18g hypergravity (modified from Milazzo et al., 2021); (c) Comparison of results under normal gravity, 25g and 50g
hypergravity (modified from Guan, 2026)
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Figurel1l Comparison of normal gravity and hypergravity experiments on the lateral extrusion model of the Tibetan Plateau induced by the



Inda-Asia collision (modified from Peltzer, 1988; Peltzer and Tapponnier, 1988)

(a) Settings and results of normal gravity experiment: (al) Normal gravity experimental box; (a2) Normal gravity experimental setup; (a3)
Normal gravity experimental results, two major strike-slip faults F1 and F2 are formed. (b) Settings and results of hypergravity experiment:
(b1l) Hypergravity experimental box; (b2) Hypergravity experimental setup; (f) Hypergravity experimental results, three major strike-slip
faults F1, F2 and F3 are formed.
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et al., 2003; Agostini et al., 2011). B.CopLHEHE J) LI REME B R PR AR (R AL I AR, W IR R
PP RE RS R IR BER S, N HSE R SR S A A PR A 8 R (Ramberg, 1971; Mulugeta,
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Ff itk 2R . AR 2 S e [RIUUARAE A5 (Zwaan et al., 2020a). SGA7WT R 40 i) 55 B K 5288 il i i)
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Mulugeta and Ghebreab (2001) 7£ES.CoHLSLER TR RGH 7T T KGRI ESNM DUL4ERN J1 28 B8, B T
Kot 4o 4582 B8 ) R o A O (1) KBt 5 B B — P A J A T B2 A W 2 R B e s s DAL 5 0 1 30 A6 A o 2 A
WS, DMEEMNAES A B R RIER. &5 BRI, Foe i S 8tk e Pk 2= S U sl
T R Y245 5 R A1 Bl 22 oK v AT A &, MG R e B s TR A Fe D2 ol [ 88 AT (1) b 22— Hh BT 4y
i, WiERILYA S, MG E L
322 ABBEL Ly &K

Corti and Dooley (2015) BT T % A B8l RUEE s 20 7 HE B W) BEASAUIE 9 2 SEIRAE 2 il 7t 17 A
BAFMWEE AR e WS, 8 0 B BORE SIS IR SO AR, Ratids 7 EEAE I E T
TR ERR, W AN 45ORT TR BUEMT I ZE T A (1] 1220 (W#8 A 90°KT TR BN 4211 Z
R (B 1200 WM 135°0 W= U B %, Il SRR Mk EENE, e Sin
AT (B 120) IR ULIAHL 7 2 H I T 25 52 2 thdy G RHE W2 2 111 6 PR 3 8 Rk 220t ) S A7 W 2 3L R . 3
AN IR (1 B T P B 0 A P U T S R A AE by, 3R BH 40 i B A RS M S RN 2 A P P SR U T, IX
— b PR 59T X 7 O R A R B B R AMEAE F AR G



(b) [14mm = () [4mm =

~— \\\ \\‘\ LAz P07 T‘W— [ Witz

1cm 1cm
MR 14 mm MR 14mm Hu R it

fos - 'os
- : -
\ E|,5
2
- = = S ——]
==
1cm
—

1amm  HFERNIRISE SRR E LA

]
0:

1cm 1cm

L RANRWTZ, R OF kIR RS 377 1)

a—{it% f45°; b—ImEsHIN90°: c—Mmis i A135°

E12 T Eme A E T a et R ZER . HRTARE U SR BEREHLKX (FECorti and Dooley, 2015
BB

Figure12 Surface fault patterns, amount of subsidence, and lithospheric thinning patterns in pull-apart basins at different offset angles
(modified from Corti and Dooley, 2015)

(a) Offset angle=45°; (b) Offset angle=90°; (c) Offset angle=135°. Red lines denote faults, and black arrows indicate the main movement

directions of faults
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Figure13 Centrifuge hypergravity diapir experiments

(a) Experimental results of the first stage of the multi-stage diapir models (modified from Dietl and Koyi, 2002); (b) Experimental results of
the second stages of the multi-stage diapir models (modified from Dietl and Koyi, 2002); (c) Experimental results of diapirs with different
viscosities (modified from Dietl and Koyi, 2011); (d) Experimental setups and results of the synergistic effects of shear and diapirism under
pre-existing fractures (modified from Dietl et al., 2006), o1 and 63 denote the maximum principal stress and the minimum principal stress,

respectively.

3.4 {iF
TEH B R IE B R, A rp A T8 bR DR B 0E RO T B B R A Lk
scE (Bellahsen et al., 2005; Willingshofer et al., 2013; Strak and Schellart, 2014; Chen et al., 2016). Mart
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Figurel4 Centrifuge-driven lithospheric subduction experiments (modified from Mart et al., 2005)

(a) Subduction experiments with a two-layer model; (b) Subduction experiments with a three-layer model; The numbers in (al) and (b1)

represent the density of the layer, with the unit 10° kg m™
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