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Numerical Simulation of the Multiphase Process of High-Elevation Long-Runout Landslide Debris Flow in

Touzhai, Yunnan

Abstract: [Objective] High-elevation long-runout rock avalanches may undergo progressive damage, fragmentation,
particle dilation, and a transition from block-dominated motion to debris-flow-like movement. Conventional equivalent-
fluid models efficiently reproduce runout but do not explicitly resolve damage-induced disintegration, whereas fully
discrete approaches are computationally expensive at field scale. This study aims to clarify how damage evolution and
particle-state transition affect the post-failure dynamics of the 1991 Touzhai landslide in Yunnan, China. [Methods]
Three numerical schemes were established under the same three-dimensional terrain and initial source geometry: a
Dynamic Analysis of Landslides in Three Dimensions (DAN3D) equivalent-fluid model, a Landslide Post-Failure 3D
(LPF3D) multiphase-state model without damage evolution and structural disintegration, and an LPF3D full-state model
coupling the Holmquist-Johnson-Cook (HJC) damage model, explicit structural discontinuities, and particle-state
transition. Their motion duration, velocity evolution, runout distance, run-up pattern, deposition characteristics, damage
variable, and particle volume fraction were compared to evaluate the roles of structural degradation and state-dependent
particle interactions. [Results] Four principal results were obtained. First, the LPF3D full-state model reproduced the
main observed kinematic characteristics of the Touzhai event. The simulated motion lasted approximately 120 s and
evolved from initial failure and rapid acceleration through impact-induced disintegration and channelized transport to
deceleration and deposition. The maximum horizontal runout was approximately 3650 m, the vertical drop was nearly
960 m, and the peak velocity exceeded 23 m/s. The simulated mass also reproduced the observed run-up pattern on the

opposite valley slope, where field investigations reported a maximum run-up of approximately 55 m. The final deposit
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was thicker in the central part and thinner toward both sides, broadly consistent with the mapped distribution of the source,
transit, and deposition zones. Second, the damage field and particle volume-fraction field revealed a continuous
mechanical-state transition rather than a thermodynamic phase change. The damage variable increased progressively
from a relatively low initial level and approached 1.0 in highly damaged zones during repeated impact and shearing,
indicating substantial degradation of the original load-bearing rock structure. Concurrently, the front of the moving mass
experienced stronger stretching and impact, developed a lower particle volume fraction, and entered a dilute, collision-
and inertia-influenced state, whereas the rear retained a higher volume fraction and a denser block- or granular-state
structure. This produced a distinct longitudinal pattern characterized by a dilute front and a dense rear. As the mass
entered the gentler deposition area, velocity and shear rate decreased, particle contacts were re-established, and the main
body underwent re-compaction. Third, the comparison between the two LPF3D schemes isolated the influence of damage
and structural disintegration under the adopted material and boundary settings. When HJC damage evolution and
structural disintegration were disabled while the basic LPF3D material and contact parameters were kept unchanged, the
mass stopped after a runout of approximately 1500 m. In contrast, the full-state scheme reached approximately 3650 m.
The comparison indicates that damage accumulation, block separation, particle rearrangement, and dilation reduced
persistent interlocking and frictional contacts and increased the relative contribution of collision and inertia, thereby
modifying resistance and energy redistribution during motion. Fourth, the DAN3D equivalent-fluid scheme reproduced
the macroscopic runout through a calibrated frictional rheology, demonstrating its efficiency for estimating velocity,
runout, and deposition at the slope scale. However, its state variables did not directly represent rock damage, block
disintegration, or particle-state transition. The three-scheme comparison therefore shows that similar macroscopic runout
can be reproduced through different model representations, but only the full-state LPF3D framework explicitly links the
simulated runout to progressive structural degradation and the subsequent transition among solid-like, dense granular,
dilute granular, and deposition states. [Conclusions] Under the parameter and boundary conditions adopted for the
Touzhai case, damage accumulation and structural disintegration are important factors promoting particle rearrangement,
dilation, mechanical-state transition, and long-runout movement. The simulated transition is spatially non-uniform: the
strongly disturbed front becomes dilute and increasingly collision- and inertia-influenced, whereas the rear remains
comparatively dense and contact-dominated. DAN3D is suitable for efficient macroscopic runout analysis, while the
LPF3D full-state model provides a more physically interpretable description of the coupled evolution from jointed rock
mass to blocks and granular debris. These findings are case-specific and should not be interpreted as a universal threshold
or a single mechanism applicable to all high-elevation landslides. [Significance] By integrating damage evolution,
structural discontinuities, and particle-state-dependent dynamics within one computational framework, this study
provides a physically constrained approach for reconstructing high-elevation rock avalanche-to-debris-flow processes.
The framework can support case-specific runout assessment and hazard analysis while clarifying the model assumptions

and mechanisms underlying the predicted movement range.

Keywords: Touzhai landslide; High-elevation rock avalanche; Debris flow; Dynamic transformation; Numerical
simulation; LPF3D
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Fig. 1 Location and geological background of the Touzhai high-elevation long-runout rock avalanche-debris flow
(a) Disaster-affected area and the source, transit, and deposition zones of the Touzhai landslide; (b) Regional geological setting of the
Touzhai landslide; (c) Geographic location of the study area and regional topographic setting (data source: NASA SRTM DEM, spatial

resolution: 250 m)
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Fig. 2 Spatial distribution characteristics and multi-temporal remote-sensing images of the Touzhai landslide

(a) Landslide distribution, geological background, and locations of cross-section lines; (b) comparison of remote-sensing images acquired

in 1990 and 2009; (c) representative cross-sections of the Touzhai landslide
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PRI BB 1 5 ABUE R, . S5 5z Y, b — PR E 25 T AR F R B3 A A2, AT B8
LS R SR AR AR IA BUR i R B P S R
A FE K HIC S8 45 0 B i X pUa SR I ) A i 2 5 ALRR R, JF i 2 A4 ) T2 i W) an P
AR 2 (Holmquist et al., 1993; Gaoetal., 2024b) .
(1) JREERA
0" = min{S o, [AU — D) + B(P)N][1 + Cln&*]} (14)
X, 0% = a/f FIP* = PIf' J3 WA — SRR A — A K T, fONHERRS BB R BRIE s & = e/gg N A
—ARNAEF; A. By N CHIS NI RV D € [0, 1] 93578 & o 15477 #2055 RO 1k I AR Y i 5 SR VE AR N AR
BERR: SHENAR & 1057,

. Aey+Au
D=min |1,y —=——*+ 15
e w
el +ul = D,(P+T")P2 > EFMIN (16)

A, DMID N, T =T/ J9VA— W R KHL N /1, EFMIN s /N R LR AR
(2) RETTFE
IR K5 ) P AMARINAS w Z [ 5C &, PR R ABERE RIS, 73 9 =i 32 [X 3o



?:”téﬂ%é‘ﬁ‘@lZ—T(] - D) <P< Pcrushlj‘]’ pP= Kelastic.u’ ;H\:EPKelastic = E/[3(] - 21/)]0 Epcrush <P< I')lockE/‘]f‘—l‘j}E
JRE X, Nk S 2/ FE IO RO

pP= Pcrush + Klock(# - :ucrush) (173)

, PPZP0+Ku(M—Mo) (17b)

Klock:M’ Ku: (1 _F)Kelastic+FK] (170)
Hplock —Hcrush

F= Hmax ~Hecrush (17d)

Hplock—Hecrush

K Porush M Pogic 70 3 I FLBRIT 48 IS BE AN 2 38 S 25 I I 7T pherusn T ttprock AAHBLAAFRRAS s Py~ oM fhimax
I AN EN B 5 AT EVBGEE AR N AR A P S KRR AR o 4 PIAFIP o MBI IR R E 2 E RS, K
M =R 2 IR Tr e

P=Ki+ K@+ K@ (18a)
P:P0+K1(ﬁ—l_f)0) (18b)

7 = sk _ P _
- Tt Hiock 20 1 (180)

KA, K KoMK 58 EBUEMBHPIRE TR T pgrain I ARRLE L« 1270 BUC 2R RENS RAL o (0 18 R 12
sapbil N2 A R ERUSIRSFERE IR, 8GR FLRUR ] RS RO IE R AR E . X (18b) i
Ho N EN B FUHE IR N AR

(3) ZEHIHRAE

GERL) T W) BE d 5 2% P A6 A2

A== (19)

N T ftlid =4 1A v S5 KT OB 0 A, SRATTT IARSE (7% 18) HEATIHE.

ULIEZRTT (E) My x HhiEJ7E, PAIEPET; (W) A x fitidim, PLEILTT (ND Ny BhiEJdrm, LAER TS
(S) Ay bim, CLE ER RNz ShEIE I, @S =42 E AR R. WA 445, Wm e, B
HB, MEERTHESn 177 MAR5L{{L m, n}A:

[ =cos (180 — a)sin § =— cos asin 8
{ m = sin (180 — a)sin § = sin asin § (20)
n=cosf

FEREA AT, AT AR S I 1 A 4 N S5 AL T ) () R B AN PR EE S8, R4S HIC AR B R IR (R ) A 5 5
P SRS TT I, NG R T 28 1) T HRE AR BIR 5 DR A R . g T2 B AN EUH 2 R 1) 58 PR A R
J, 0 RN A I 1 v e R AR 42 (Bernardinietal., 2022) o B SIN FIREGETHISEL, AT
RO i SRR I R LA BE ST, T OuBN 122 R FH o MR (R 2 A4

TR, GRG0y RIS 7 B R AR, B A F 45 00 DU ) — OBl s — B 3R R TR e T
CER PR R WA AR EUIR A AN R . AR BRI A B SRAE b [ A A A
AR RN PR AR e N IR B RIS, R — 0 S W RO S AR A RO S A 1 Al R . B 3
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Fig. 3 Schematic diagram of the multiphase transition model (modified after Gao et al., 2024b)
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2.3.1 DAN3D i R &4

DAN3D L= 4EHb R I/E A 2 - AR F BRI, FHAE R U)K AR IR FE P52 8 T #E » FE )i
W% 71387~ N (McDougall A1 Hungr, 2004) :

o, =ph (gcosa +%) (21)

KA, p AR, RAEER BRI, o mE M, v hiEsh iy mrRE FIEE, RNES T

A E I HE R 4R . ABFFT DAN3D LK H Frictional i 4%, JEEBTVIE 1A :

Tp = oytangy, (22)
A1, Tpy DAN3D FERBIVI 1, 0, WIERIRIAINL J), o NWEEREE IR RS A BT W) S5 R 3 77 17

*H}io
2.3.2 LPF3D #L R 44

LPF3D % #1455 4s A2 TOUR AR R (10 A A 2 %, SPH/SDPH K15 bt 2 8] (32 A 1 IR A
T BRI B R MR, DABRHIRL ¥ 5510 5 V)R P ) R G B B Voellmy B (G555, 2023) .
AR .
Tc=0,(I —r)tang (23)
Voellmy A4
Ty = o,tang + &: (24)

s, TMTy RIS Voellmy R G IEI A1, v NFLBKIE T R 5L o WEESS, vtk E
B, v BRI D) I, ENmR ) R PIMBE )R RGP AUE R, AMEEREEZ .

3 ARG

L URHIE T Sk 8 3 X B e AR . I A A SR R AR MR Pk}, AT MO IR X & A T A
FEMERA X 1) = 4T E . MR DA A B 1L U b B, LPF3D BEAL S HICH 31163 MF SR T, Mk
L 2670 kg/m® , ARFNEPRBIARE 1 m; BUE AW GG HE AR R 15.7 X106 m3.

3.1 1RBEN

NE L FEM ) = 4B A AR, CEE TR A AR I R S TR, MR TSk S I =

AL (B 4) o BAUREE T IX I A SO VR XA T LT RS, AN R BE D5 v 15t L SR 4 — 11
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Fig. 4 3D SPH computational model of the Touzhai landslide
(a) equivalent fluid; (b) granular body; (c) rock mass
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WU E RS . ERE LRI AIR, RS 1 DRSS AL E B IRk F R BUE SO 2 56 AT 2R
BHE. AL, FEEELE RS, it SRR SRR, X SPH KT IR IERIAR A L B B AT 1A B
SE o AU TR B AR T 23R 1 s,
x 1 EAEBR=MBERUSRNEESY

Table 1 Main parameters of the three numerical simulation schemes

AT 12 T o /kg/m®) FEI) o/Pa WEEHES o/(°) EMMEEERE po BRKAR dm RTHEA

DAN3D 530k 2000 0 20 — — 4000
LPF3D %% 2670 10000 25 0.8 1 31163
LPF3D &M E 2670 10000 25 0.8 1 31163
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Fig. 5 Velocity evolution process of the Touzhai landslide
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Fig. 6 Volume fraction evolution of the Touzhai landslide
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Fig. 7 Deposition thickness evolution of the Touzhai landslide
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Fig. 8 Damage variable distribution of the Touzhai landslide
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Fig. 9 Comparison of movement processes among different simulation methods
(a) Fully coupled model considering damage-induced disintegration; (b) Multiphase-state model without damage-induced disintegration;
(c) Equivalent-fluid model
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Table2 Comparative analysis of three numerical simulation methods
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Fig. 10 Comparison of landslide dynamic evolution processes under different models
(a) average velocity; (b) volume fraction; (c) strain rate; (d) total kinetic energy

WP B WA B R BN ) S B IR S i R s B R AR . IR 10 Ca) H-F- R B2 i AL
2T, =M RN kIR SOE s IR R AL S RAFAE & o AERASINEERY BL, S A R I 1 4
R A, HARZE) RIS L A8, RIS SEBRE) SRR R B BB R 2 AH AR Ak B2 e
IR AHECZ TR, A AH AR AR B2 V5 Al 1 2 T 18 2 7R A 42 ) 10 2 AE B AT AL R W R Sy 35 b, TR
ARG, 5 FEIETL) 120 s S ENRHIE S VG

PR R R A 7 S HORR YR T R T ORI S e AL 5 e BAEHOIL A AL BEAN L. 18 10 (b)) HY
TEARF B AR 0 B A e, SE S FUSTL AR AR 7> BB 218 E O 1.0 3K W 7 HAN AT e 45 585 i A/ i 46
e, HITIELEA PRI B 1A RS AP & R E AR AR, BUEH A Z MR E LR SE
AEPEHERE T BB A TR AN 2B AT D BT A i I 1K, 7238 sl i # rh BRI/ INMEHE KPR 448 E 1E 0.8
FAi o IR YIIRNT B R TR BSR4, JREST sl h R A 7R A 5 5% .
SRS R]) H AR E RS R S A AR AR BiiR Oy 1.0, BEEESRIHERE, BT a A
RAFFERBT R S BV, AR B I NME TR, BRAFRELE 0.8 KA. & AR IR A AR
T 0 3o o 75 2 o I % ] 6 B B D 0B P2 RV AR K I R G Bh RE, XM & BRI REE AT AL A R0 G 1T Ao
JEE S T fe s A H R o 2 [ U 30 B A0 S s ) B

W10 (o) BN AR FEAL MR PITs, =FhSRL 0T 1A P9 8 B U1 AR T 10 20 1) 225 3t 2 o SR O A 2R ) N 50
AR FRIRLARSF N 0, R UL HNZARUBUE AR N BB AR R AR R LR 5 BT VIR T, T ARt o — M i B A v
T2 S W SIS A P T 2 ) RORE B S B AR A R . ARSI BARTE IS TRARE, (HAE 25 A L T



— AR, RUEHRAERER T, WAL T TRIZIEA S HE T IR, X555
o T B T T gk SR AC B SR SEANAT o AHEEZZ TR, SR AR TR ) A 46y 24 U 24 A 5 £ 5 BB X 1],
RILM TR HAF SR BT VIRAIRE . 456 AT SO 70 BT 22 1 B R R, 9 35 P9 3 A2 B R 4 05 SR Bl )
Wit R S Y A, AR N AR A i LR B B9 T AR SRR AR ALL

Wk 10 () Fros, =M S0 2P ELEN AT 2HE, 2SR TEMEIILEMA . T80
BRI = A AR . S A A S FAL IS RE P I RE AR, A RE LT e B RE, SR W
s ZAHSHA T AR A TS, FERERAIR, SIREKCTE T SRR B aRAL 1A R 2L
BRI URBELRE, KEREADIIRE . FUR A % 1 RE o RE RO 45/ IR BE -5 UKL EE R fE
PRI 2 W B e AR XA “RBhRE. RORERL” WP ARACARAE, 5 AIE R 0SSt A vh 2 25 RE R AR LT
TR RN — B

6 i

SCEFE T VRGN R B SR BERE, SR LPF3D UM 7700 2 7 Sk 28 s W R R R Bh R AL FE AT T
Biftl, FELEIRWT:

(1) Sk ZEVE I A& — VR AR P 57 8 o T R 8 A AL R 2 v R ok . i g sl il e . B e
FHRIZ B RAE R i HERR . Riakdgis . Fe bR A BIERUREAE 38 3R BRI AR B Bl i A T R B0 1 ek

(2) LPF3D BE A FEL 1 Sk 288 e — e i 18] N 28 T Ja i« I . Mk . v 3 0 A0 ol sk 3 AR ) 4= 3o
2. BB R FRE . PR ERIES . TS % IS shRFE, DLEIEshif e, HERVE Bl SRt e bn, %
i 58U & A R — 5L

(3) SLIEVE I P [ 25 191 T TR R B A T e AL, R0 BRAR . PR ERSE MIRBR . Ok 7% Az sl il AL
SR SERIVE S 3. B, MR A B I AG R AR IR A IR A, m A X AR IS B S I 1.0,
FA RN R EGE ISP IR, Sk [ A B A E AR ES s 5t ERT, 3830 Ar S AR o 80w 35 FEAIK,
SR 1) 47 4552 R P e il 2, 3 R B P JBE B8 N A R T 1) 240 P 4% 1) 20 A0 il -1 M s ] o S il v
RS AR A AR . RTINS RCIRAS BT R FF R R BT UE B, W ARR L B B R e A
LR “RIGMBIRA . oG EEE” MZERUEH . A AL R FE N PR S mim sh AT ARz 3 e
B B L .

(4) ZHAIXT LR, LPF3D S GRS SN AT, BUrh Il 1 3650 m iz 3
Bl A 20 R AR B S JE IR T B G, FRRAE T 84 AL WAy B AR 2 - RSB . R b s
WL TR - B B 1 AL SR A T B W R PR I e i

EETTRAERR: AR A v TS, BARM, RESIT, FLT ERRASIWRBIES; S A FTALT
Rkt ARG EH T wLABEAELE: KA SRBAE, BAS, HART &g AREEFAE; 24k
B ERFEPH . FRT ERWBB LS PrAAEH ¥ I3 B AR A K k.

Author’s Contributions:

Hu Yuang conceived the study, performed numerical simulations, conducted data analysis, implemented the research
methodology, and drafted the manuscript; Gao Yang designed the research framework, supervised the research
methodology, and revised and refined the manuscript; Zhang Han participated in data processing, model analysis,

technical application, and figure preparation; Liu Songtao contributed to data analysis, refinement of the research



methodology, and manuscript revision. All authors have read and approved the submission and publication of the

manuscript.

FIZRSRAERR: AP A AEE B A L RAEAT A B R o

Conflict of Interests :  All authors declare no conflict of interests.

References

AARON J, MCDOUGALL S, KOWALSKI J, et al., 2022. Probabilistic prediction of rock avalanche runout using a numerical model[J]. Landslides, 19(12): 2853-2869.
BERNARDINI M, PAREDES C, SANCHIDRIAN J A, et al., 2022. On the influence of sampling scale on the in situ block size distribution[J]. Rock Mechanics and
Rock Engineering, 55(9): 5723-5738.

BERZI D, 2024. On granular flows: From kinetic theory to inertial rheology and nonlocal constitutive models[J]. Physical Review Fluids, 9(3): 034304.

BREARD E C P, FULLARD L, DUFEK J, 2024. Rheology of granular mixtures with varying size, density, particle friction, and flow geometry[J]. Physical Review
Fluids, 9(5): 054303.

BUCHER G, DIELEMAN C, IVY-OCHS 8, et al., 2024. Deciphering the dynamics of a Younger Dryas rock avalanche in the Bernese Alps[J]. Swiss Journal of
Geosciences, 117: 23.

CHENG H L, HUANG Y, ZHANG W J, et al., 2022. Physical process-based runout modeling and hazard assessment of catastrophic debris flow using SPH
incorporated with ArcGIS: A case study of the Hongchun gully[J]. Catena, 212:106052.

CUI B H, ZHANG L J, 2023. Application of Smoothed Particle Hydrodynamics (SPH) for the Simulation of Flow-Like Landslides on 3D Terrains[J]. Computer
Modeling in Engineering & Sciences, 135(1):357-376.

CUNDALL P A, STRACK O DL, 1979. A discrete numerical model for granular assemblies[J]. Geotechnique, 29(1): 47-65.

DENG J N, ZHAO J, 1993. Analysis of formation conditions and characteristics of the high-speed landslide in Touzhaigou[J]. Chinese Journal of Geological Hazard
and Control, (3): 80-83. (in Chinese)

GAO Y, LI B, FENG Z, et al., 2017a. Analysis of the response of geological hazards to global climate change[J]. Journal of Geomechanics, 23(1): 65-77. (in Chinese
with English abstract)

GAO Y, YIN Y P, LI B, et al., 2017b. Characteristics and numerical runout modeling of the heavy rainfall-induced catastrophic landslide—debris flow at Sanxicun,
Dujiangyan, China[J]. Landslides, 14(4): 1361-1374.

GAO Y, HE K, LI Z, et al., 2020. Disaster types and dynamic analysis of catastrophic landslides in karst mountainous areas of Southwest China[J]. Hydrogeology &
Engineering Geology, 47(4): 14-23. (in Chinese with English abstract)

GAO Y, YINY P, LI Z, et al., 2022. Study on dynamic disintegration effect of high-position long-runout rock landslides[J]. Chinese Journal of Rock Mechanics and
Engineering, 41(10): 1958-1970. (in Chinese with English abstract)

GAO Y, YIN Y P, LI B, et al., 2023. Numerical simulation method for high-position long-runout landslides considering particle state transition[J]. Chinese Journal of
Rock Mechanics and Engineering, 42(7): 1623-1637. (in Chinese with English abstract)

GAOYY, LI B, ZHANG H, et al., 2024a. Numerical modeling of mixed two-phase in long runout flow-like landslide using LPF3D[J]. Landslides, 21(3): 641-660.
GAO Y, YIN Y P, LI B, et al., 2024b. Multistate transition and coupled solid-liquid modeling of motion process of long-runout landslide[J]. Journal of Rock
Mechanics and Geotechnical Engineering, 16(7): 2694-2714.

GAO Y, YIN HD, CHENF Z, et al., 2026. Review on multi-phase dynamic numerical simulation of high-position long-runout geological hazards[J]. The Chinese
Journal of Geological Hazard and Control, 37(1): 1-17. (in Chinese with English abstract)

GINGOLD R A, MONAGHAN ] J, 1977. Smoothed particle hydrodynamics: theory and application to non-spherical stars[J]. Monthly Notices of the Royal
Astronomical Society, 181: 375-389.

GOMEZ GONZALEZ R, GARZO V, 2022. Kinetic theory of granular particles immersed in a molecular gas[J]. Journal of Fluid Mechanics, 943: A9.

GONG Y F, XING X S, LI Y N, et al., 2023. Insights into the movement and diffusion accumulation characteristics of a catastrophic rock avalanche debris: A case



study[J]. Remote Sensing, 15(21): 5154.

HOLMQUIST T J, JOHNSON G R, COOK W H, 1993. A computational constitutive model for concrete subjected to large strains, high strain rates, and high
pressures[C]//Proceedings of the 14th International Symposium on Ballistics. Quebec City, Canada: 591-600.

HUANG C, HU C, AN Y, et al., 2023. Numerical simulation of the large-scale Huangtian landslide-generated impulse waves by a GPU-accelerated three-dimensional
soil-water coupled SPH model[J]. Water Resources Research, 59:¢2022WR034157.

HUHT, YANG M, 2000. Analysis and study on fluid dynamic mechanism of Touzhai large-scale high-speed long-runout landslide[C]//Proceedings of the 6th
National Conference on Engineering Geology: 92-96. (in Chinese)

HU W, ZHANG W, WANG D, et al., 2020. The kinematics and dynamics of the Xinmo rock avalanche, Mao County, China[J]. Landslides, 17(4): 839-854.
IVERSON R M, 1997. The physics of debris flows[J]. Reviews of Geophysics, 35(3): 245-296.

LI B, GAO Y, ZHUANG Y, et al., 2025. Catastrophic characteristics and cascading amplification effect of Blatten high-position long-runout avalanche-debris flow in
Valais, Switzerland[J]. Earth Science, 50(12): 4950-4969. (in Chinese with English abstract)

LIS, TANG H, PENG C, et al., 2023. Sensitivity and Calibration of Three-Dimensional SPH Formulations in Large-Scale Landslide Modeling[J]. Journal of
Geophysical Research: Solid Earth, 128:¢2022JB024583.

LIY,HU W, GE Y, et al., 2026. Hypermobility induced by extensive grain fragmentation: Insights from the 1991 Touzhai rock avalanche[J]. Earth and Planetary
Science Letters, 690: 120182.

LIU ST, GAOY, LI B, et al., 2025. Simulation on the dynamic process of Longjiayan high-position collapse in Nayong, Guizhou[J/OL]. Hydrogeology &
Engineering Geology, 1-15[2026-05-25]. (in Chinese with English abstract)

LIU Y P, SONG C, LI Z H, et al., 2025. Numerical investigation of large-slope planar failure considering entrainment effects: New insights into the 2009 Jiweishan
event[J]. Engineering Geology, 346: 107901.

MCDOUGALL S, HUNGR O, 2004. A model for the analysis of rapid landslide motion across three-dimensional terrain[J]. Canadian Geotechnical Journal, 41(6):
1084-1097.

MINDLIN R D, DERESIEWICZ H, 1953. Elastic spheres in contact under varying oblique forces[J]. Journal of Applied Mechanics, 20(3): 327-344.

PFIFFNER O A, IVY-OCHS S, MUSSINA Z, et al., 2023. The Tamins rock avalanche (eastern Switzerland): timing and emplacement processes[J]. Landslides, 20(5):
877-899.

PUDASAINI S P, 2020. A full description of a generalized debris flow[J]. International Journal of Multiphase Flow, 132: 103429.

PUDASAINI S P, KRAUTBLATTER M, 2021. The mechanics of landslide mobility with erosion[J]. Nature Communications, 12(1): 6727.

PUDASAINI S P, MERGILI M, 2024. Dynamic Simulation of Rock-Avalanche Fragmentation[J]. Journal of Geophysical Research: Earth Surface, 129(2):
€2024JF007689.

SHA S, DYSON A P, KEFAYATI G, et al., 2023. Simulation of debris flow-barrier interaction using the smoothed particle hydrodynamics and coupled Eulerian
Lagrangian methods[J]. Finite Elements in Analysis and Design, 214:103864.

TANG C, 1991. Study on the extraordinary catastrophic landslide in Touzhaigou, Zhaotong[J]. Yunnan Geographic Environment Research, (2): 64-71. (in Chinese)
WANG H B, YAN F, ZHANG L W, et al., 2022. Mechanism and flow process of debris avalanche in mining waste dump based on improved SPH simulation[J].
Engineering Failure Analysis, 138:106345.

WANG K, REN Z, MEI X F, et al., 2019. Rainfall difference between the deposition fan and source area of Touzhai Landslide in Yunnan, China[J]. Bulletin of
Engineering Geology and the Environment, 78(3): 1937-1954.

WANG LM, L1J, GAOY, et al., 2025. Numerical simulation analysis of Yitougou high-position rock avalanche-debris flow in Wanzhou, Chongqing[J/OL]. The
Chinese Journal of Geological Hazard and Control, 1-15[2026-05-25]. (in Chinese with English abstract)

WANG Y F, DONG JJ, CHENG Q G, et al., 2022. Multiscale effects caused by the fracturing and fragmentation of rock blocks during rock mass movement:
implications for rock avalanche propagation[J]. Natural Hazards and Earth System Sciences, 22(2): 639-654.

WANG Z B, SHEN L F, XU Z M, 2016. Hydrogeochemical characteristics of groundwater in the Touzhai landslide and its reflection of water-rock (soil)
interaction[J]. Hydrogeology & Engineering Geology, 43(1): 111-116. (in Chinese with English abstract)

XIA T C, XIA G Q, 2021. Dynamic Analysis of the High-Speed and Long-Runout Landslide Movement Process Based on the Discrete Element Method: A Case Study



of the Shuicheng Landslide in Guizhou, China[J]. Advances in Civil Engineering, 2021:8854194.

XING A G, GAO GY, YUE Z Q, 2006. A study on hydrokinetic mechanism of high-speed landslides[C]//Advances in Earth Structures: Research to Practice.
Geotechnical Special Publication No. 151. Reston: American Society of Civil Engineers: 173-179.

XING A G, WANG G, YIN Y P, et al., 2016. Investigation and dynamic analysis of a catastrophic rock avalanche on September 23, 1991, Zhaotong, China[J].
Landslides, 13(5): 1035-1047.

XING A G, YIN Y P, 2009. Analysis of fluid dynamic mechanism during whole process of Touzhai landslide in Yunnan[J]. Journal of Tongji University (Natural
Science), 37(4): 481-485. (in Chinese with English abstract)

XU ZM, HUANG R Q, TANG Z G, 2007. Engineering geological characteristics of the Touzhai landslide and its occurrence mechanisms[J]. Geological Review,
53(5): 691-698. (in Chinese)

XU ZM, MEI X F, WANG L R, et al., 2017. Spatiotemporal variability of precipitation in landslide warning: A case study of Touzhaigou, Yunnan[J]. Journal of Jilin
University (Earth Science Edition), 47(1): 154-162. (in Chinese with English abstract)

YANG J Q, XU Z M, ZHANG R, et al., 2017. Formation and evolution of Emeishan basalt saprolite in vadose zones of Touzhai landslide source rockmass[J]. Journal
of Mountain Science, 14(6): 1174-1184.

YIN Y P, LI B, GAO Y, et al., 2025. Challenges and countermeasures of high-position and long-runout geological hazards in the Qinghai-Tibet Plateau[J]. Bulletin of
National Natural Science Foundation of China, 39(6): 986-992. (in Chinese)

ZENG Q Y, PAN J P, SUN H Z, 2024. Smoothed particle hydrodynamics simulation of debris flow on deposition area[J]. Natural Hazards, 120(13): 12107-12136.
ZHANG H, GAO Y, LI B, et al., 2022. Numerical simulation analysis of solid-liquid coupling process in composite landslides: A case study of Wushanping
landslide[J]. Journal of Geomechanics, 28(6): 1104-1114. (in Chinese with English abstract)

ZHENG G, XU Q, LIU X W, et al., 2020. Characteristics and failure mechanism of the July 23, 2019 landslide-debris flow in Jichang Town, Shuicheng County,
Guizhou[J]. Journal of Engineering Geology, 28(3): 541-556. (in Chinese with English abstract)

ZHOU G G D, NG CW W, SUN Q C, 2014. A new theoretical method for analyzing confined dry granular flows[J]. Landslides, 11(3): 369-384.

MR 325 SCEk

FEAC, M, 1993, 3K FEIH R T WO B FAT ARHE AT (0], th E 5Tk 5 S5 FRSA4R,  (3) + 80-83.

b, 2, SR, 5, 2017a ERSAEA S R 9 E R AT [T]. 1R J4 4Rk, 23 (1) 2 65-77.

b, B, AR, A, 2020, 78 RS A LU IXCRE I I R IS K B 1 S AT D] K SC L TR LR, 47 (4) : 14-23.

i, BORE, 2R, 5%, 2022 LI RR A FUE S AN S D)6 A s S TSR, 41 (10) = 1958-1970.

Fibs, BRERE, AR, 4%, 202375 JERURDIRES AL I i An i ARV EUE A T IR (0] 8 0 2 5 R AR, 42 (7) - 1623-1637.

wi, FERR, BAEIR, A, 2026, m AL REHLR 0 2 A S 1 B BT T SRR ] o E R Rk SR AR, 37 (1D« 117
BRI, W, 2000. 5k FECTY R LV AL B 7 2 WL B 3 W S [C /30 7 Jei 4 B DR R 2 S0 4E: 92-96.

P, b, BT, 55, 20255 PU3EI Blatten oL FE 5 VR T4 R ICRFIE S GO TEOR R[] BRFLE, 50 (12) = 4950-4969.
XRAE, @b, ZREE, A, 20255 M YNGE I A I 5 B 30 0 i RE BT L [J/OL]. K SCHb BT TAE BT, 1-15[2026-05-25].

JEN, 1991 HESE Sk S8 VA RS R B 5 3 MW R 9 [1]. 2 SR BERA 7L, (2) = 64-71.

TR, FE, @, %, 20255 KJT NSk R LA TG TR EUE A, 34T [/0L]. Hh [ b R 5 3 S B VA 25 R, 1-15[2026-05-25].
FHIT, M, R, 2016, kMM R OR MR AL IR IR -4 (1) MEAER D] ARSOR TR, 43 (1)« 111-116.
TREE, BT, 2009.2 FE kAN A TR AARS) J) FH I HT[0]. FITF RS54 CARRHERD , 37 (4) : 481-485.

B, BOEAK, RFIESG, 2007k F&04 0 LA BURAAE R HOR AE ML) B R F, 53 (5) + 691-698.

MR, T, TAlse, %%, 201708500 b i oK 22 R —— L= i Sk 28 I 0]. AR S 30 GERBESERD L 47 (1)« 154-162.
BRI, AR, wb, S, 200578 R e L R O T T kAR S R (0] P ERRE RS, 39 (6) ¢ 986-992.

TR, A, AR, S, 2022585 BN E O Al FEBUE AL BT —— CATE LB BN B[] 5 01 R, 28 (6) ¢ 1104-1114.

e, Vrem, XFFH, A, 2020.2019 £ 7 A 23 H S HKIREAS I 80 W48 WURAE 5 AR FLEL AT S [0]. TR BT 254k, 28 (3) : 541-556.



