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ke N R .

Algorithm] Stress update algorithm

1 //-Interaction_Forces

2 for each particle i do

3 Compute the strain rate and spin rate tensor

4 Compute the stress rate based on elastic stiffness 6 = D, (e— w6+ 6w
5 end for

6 //-Time_integration

7 for each particle i do

8 Elastic trial solution 6% = 6, + adt; k.4, = x;

9 Check yielding condition f(67% xerq) < 0

10 If f(674 Ksac) < O then

11 Update stress as elastic trial solution 644 = 67%; kg = K;
12 else

13 Perform return mapping 6,1 = 67% — doy, ks = ke + dx
14 end if

15 end for
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3. MBS 2R RGH LR R

(30)

3.1. Filttkz) 75

H A A RS S IR B I A s 50425 T RISl 1 3 A 7 R SR AR
7EHRTIOMELE T, MR B BN RL T, IR EE 2.6 S bR 7%
fE N AR AL . ARERRIRIEAR T &k iR 35 B T E #Rk
KT j BT AL AERPRL T HEINAE R T fk b A4 BT R
B EA[T],

fi= ) fy

jEgeomaterials

(32a)

- HTHT SRt R SPH A XUN:

E (O’k + O'J-) Vi Wy

Jjegeomaterials )

(32b)
Pr

SGEUEN ey & R T g e o 8/ S e B s

(33a)

dQ
I.E = Z mk(rk - RU) x £ (33b)

b, MOYVIR &, TONFEAIRERRE, VN, Qis ffiil
B, rk PRSI E
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x2
-2 A AR .

Algorithm2 Interaction between geomaterial and multibody system

1 //-Interaction_Forces

2 for each particle k do

3 Compute the forces exerted on particles representing rigid bodies using Eq.
(32)

4 end for

5 //-RunFloating

6 for each rigid body N do

7 Compute the motion of rigid body dV/dt, dQ/dt using Eqs. (33a) and (33b)
8 end for

9 //-DSPHChronoLib

11  Compute F, T of rigid bodies according to dV/dt, dQ/dt

12 Transfer F, T, and Atgpy to Project Chrono

13 //-Project Chrono

14  Detect collisions and apply mechanical constraints for f,

15 Compute the V, Q, and Ry, of the rigid bodies according to Egs. (35a) to (25¢)
16  Transfer the V, Q, and Ry of the rigid bodies back to SPH solver

17  //-FtUpdate

18  for each rigid body N do

19 Update positions of the rigid bodies using Fq. (24)

20  end for

CPU I Configuration and initializations I

| Data transfer from CPU to GPU |

Cell-linked list fe—
v

Boundary treatment for solid
boundary and rigid bodies
v
Particle interaction for the time
derivatives dp/dt, dv/dt, de/dt

| :
: I 5
| i
' :

Constitutive relation for 6, and x
v
Time integration to update p and
v, and position x of materials
.
Run Chrono to update the
position of rigid bodies

I Data offload from GPU to CPU I
CPU 2
| Save data |

3.. geodualspphysics 75 TAEFREM GPU JEATHESL .

k, RO Ao

TF A5 B IR 22 P N5 B (dV/d) A0 # I B (d Q /dt)BE S 1535645 Project
Chrono, FEZEEHRAR KB FiHEERBERFH V. 2 1 RO,
IRE, AR IR T B R A RS

w=V+2x (r—Ro) (34)

3.2. ZHz) %

KB EOTIE(DEM)Y Project Chrono[ 58122 5l 1125 e SR i Wil 4 2
AN EAE . 2RSS 12 m, 85k
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dq

o L(q)v (35a)
dv

ME: f.(t,q,v) (35b)

fi(t,q,v)=1f. — £, (35¢c)

Hrb q f v 23R ARG A BEAEE, EATE A A
L(QERRER . dg/dr OIFLLESHOMEKE S EA 7] FH ik H
R R P RIEE) . VBSR4 4R 2 b 20 A
. R A XA BIES9.601H R F] . Ft & thish s fe FIZIHTT fe
MR A Z . M AZE RGN R =R .

1E SPH RfEEE, 4177 fe Bl ARFK AAE LAMRINT), LN fe
Rl THMARMEZ R ARG r=EM 71, £ DEM Rf## Project
Chrono HRf#. EIXTTAEH, Project Chrono JMRFIRH i) 32 H T
Red B BEEAR MRS, HF 2 AREZBMMHEEEN. 2
i, HABHIARL R, WnERTSCTT . e, ol DIAERAY Hff
FH . 50T R T 505t % 58 LA 5 =3 5

Project Chrono H/A P BE SR AL, ALFRLIE B (SMC)RIFE
WHEAL(NSO)[58]. 7E SMC H, Rtk [AINER, FHHHET
TESI T RIS R PR 3R B TSk SR R BEHE )7 #E NSC H1, 5]
NS B R T N AE 28 B 20 3R, FF R B R AR 2R SR i R
AR

3.3. 5 Project Chrono /J#%

A
/=3

)5t 775 SPH R4 5 2 1k3) 715 DEM KAR#R 2 AR #& 2
J#id Martinez-Est’evez 25 N FF & 1@ {54410 DSPHChronoLib S .
MAWLREWNE 2 For, FHEZENA. AREINEZHTT, 5L
W] 2% Martinez-Est’evez et al.[35].

AP, &5 =850 768 (1)SPH R E#H4E Eq.(32)11
HA MR WA 7. 2R5, Heq 73 3 NI (1) 2 1 o ekt F
(dv/dt) A1 f i 3# BE (dQ/d) . (33a) Al (33b) , I B H A% iE 4
DSPHChronoLib, %4kt J1 F M4 /1 T;2) DEM R #% M
DSPHChronoLib 24§t F I T, JEEEAIE NS 1(fe) 5 N FTHE £
WHfe)— e, RAENIAS) S12%% . Project Chrono 2R J& i Hi k1%
BE V. Mg Q AFOALE RO F geodualspphysics;(3)EURE] V.
Q Fl RO JF, WKW Eq.34)TEHARRNIAIIRLFIREE. REE
geodualspphysics H HEFIEANRGE, DMEFAT T — AN ERZEK I

4. FRAGICHY

4.1. LML

R EEMBUE T R HISEIIE T dualspphysics v5.2, FIFHEAE K
HEF openmp Ml cuda PJFATIHEEZEN, FHFE T SPH HME TAER.

IXSEHELE 4 F TR ¥k geodualspphysics WML Jy 5@, 5] 3 45
VTR TAERER GPU IfT
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B 4. ffiFi(a) cDBC H(b)¥ & mDBC K13t/ 3 M BRFI(t - 20 s))d— b T ELR F7I T .
HELE,

LB B AIERN K 0 RTHEERE do/dr MRS
RiAF ko XA T EASN CPU M GPU _F#iAS & NAESTT, CPU Ml GPU
ZVALH oy BE BB B B AR Y, DARCGHT AR R sonkE R . UhAh, BCE A
VLGB, DL XML STt Rl E HE AT 248

(1)iEL BB EL JSphCpu::Interaction_CdbcCorrection ATIHFALEE, I K [
A AN NI AR R T RE 2% A TR TR S -4 AR ELAR R AT N - R R A
T EMAH, W 2.6 T IR JSphCpu::Interaction_MdbcCorrection,
KerinteractionCdbcCorrection F1 KerlInteractionMdbcCorrection, (2)FL T
MEAEH, QFEME-MRAREAER, ME-OF A EAER, BE-RIARAE
HAEH, AT ARRRMESTERIEAYN . (132)%(13d), LK Eq.(32)
RO RERT NN 1 J3 R NI R- S BH BAE R, Eq. D) RS BE RS, LA
Je Eq.(17) B9 HU, IX LeERTYE R AL JSphCpu: :InteractionForcesFluid
KerinteractionForcesFluid T, (3)(liJT17¢ 1 F 3 H )2 BN 1 T8 5k
BT N ) A0 R A AR 5 B (8] BR 43, E MR L JSphCpu::ComputeVerlet

JSphCpu::ComputeSymplecticPre » JSphCpu:: ComputeSymplecticCorr .

KerComputeStepVerlet KerComputeStepSymplecticPre i
KerComputeStepSymplecticCor T35,
{E geodualspphysics H', CUDA FLE 2415 dualspphysics fRIFAHF].

RANEFA P ERFRE)H =R FAE R, 7T RUE 4T 2 8 -blocksize:<
mode>HE AT M. BRI HL T (-blocksize:0),
FAth Ak T1EL 45 (-blocksize: ) F P i R OK /N CUDA (5 AT AR 1 5
(-blocksize:2)H: i b A/ NEARYE CUDA Pt 3R & 561t 5
Mo B E DR TR WAk E, FHAA
(particclenumber + blockSize - 1) / blockSize >RHfifREE R FHE 7 FC A
—NERE. LN CUDA WA IEBIEA, T2 a4 E
RRARBREMREZARTE R . ST REEN TR, BTHIREEDN
B, B AR A7 R 2 AR [EIP 4 H_ syncthreads() B %L
BEATE B . DU VEAAE SRR 2 8] 75 ZE W LARA OR B KRR I 2, il
FEVH SR B P s KB AT, BRI A DRI F B R e, B4R 9
AR TR

POR/NEE Y 128 MEFE.

i

.

geodualspphysics KA T MJRSG dualspphysics A5 4 7K (17858 BE S0
BURG FE TS B2 fR S RS FE I 7, B AR AN T SR AL, AR
oy R AR . X PRERBENT gpu SRkt —MikReiAL, BEATATRSE
Bl Vvl ol Ak B R FEE 45 1 010 TR YR R T XK FE 4R AR . SERT XY
dualspphysics fARSIBF AR, XFRALIR AL 7 BA IIMERE B0, 1A
2B GPU BLRAIHERTE[61]

BT SEBZAh, AT TR, DASEILm AR AT, b AR
AR GPU . BEZANMHMFRN BRI GPU PATEAM BN
BrgA, Flun, 7€ GPU LA float2 Hd# AT M Ik &t 5. RH
CUDA WE R THFIZH, RETHHAE . Ff dualspphysics 145
P A A BRI R S 0 B0 T VE E TR O, AR S SLRURE
o FIFX—HEE, IR E M ARSI T, B R ) 2Rk 1 4
HAERT [R5 JE BRI, K 2 G I P9 A7 B 45 40 J A1 SR 1B vh BT s R 4k
N ATakER . B4k, SRA] NVIDIA Nsight Compute #£47 GPU 44T,
PIRAGTEREFE AR, WA RFR A A2 T 26, s/ Jm AR B R
(AR o G 2. B, TESEAE Verlet 7%, WRETEH LUK
FRUEFE I, ARG dualspphysics fRR S P REHURA, Hid
?E%ﬁﬂ‘ﬁﬁﬁ“ﬂ?ii(ﬂﬂ epsilon_rdot) AF =% FE/ R J1RREME . X —B 0 IF:

MAZE R, FONTEMATRIS S, RSN R B R, A
?ﬁiiﬁﬂjfﬂxﬁﬁzo

4.2, HHEIEFFH

A A1 FIIRACRE AN S ARG TS 3 1Y) geodualspphysics P AT SO LA
DSPHChrono-Lib ! Project Chrono 134 & . X o ¥ FH /7 LB 78
CPU/GPU LigfT KATRRAS, TR dmiFEY . 5% ZEmEmREBLL T,
linux REFHFEEH GNU C+H4ii¥dy, Windows RZ A LA Visual
Studio IDE, f#ifH %G dualspphysics £LHFEAER) Visual Studio 2022 fifik
75 %8 CMAKE. #5448 NVCC 44 %231 CUDA T H At {744 1%
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Granular materials

B 6. ATEHIE b A0 R IR B TR 25

J£4E NVIDIA GPU £ 24T geodualspphysics.
ZL{§ H Project Chrono 4w geodualspphysics, 18§/
libChronoEngine. exe X14. So l libdsphchrono . So ¥y ETE src/lib/

Linux_gce 1 bin/linux . FAZAEH GNU CH++4miFdsiRAs 11 BUE R R
KRG FANS . F X Project Chrono ZFMITEAER, HE TS
2% Martinez-Est’evez et al.[35].

— BT A PAT ST, B B BRI A S A
Case_Defxml(F]H JRARiCiE 5 ) CAFFl.sh (Shell) 5. bat(HtAb ) BHIA
5k 7% dualspphysics @AHIE, H Al LLEEL Case Def. XML
T LA L B . MRHR BT R E . B, 7] Do “Boundary”
WEINE A cDBC K value =<1, 1fj mDBC HJ value =“2”. J
A.sh/bat 52 T ATHAT AL E, JREE T IX BT HAT SOy

ARG

Case Defxml 31 i1 dualspphysics JT & I Tl 4 1% 7 40 ¥ T H
GenCase AP, AR SOk T B HU IFHE AR AN SO o SR LA T
RS ) AT U B BB . AR XML AR R
BTG BOK 38 LT B sk B R R g4 &, TS %
dualspphysics /] XML _GUIDE SCAYSKEUVE L . TR H
HIFEHEMIRTE geodualspphysics /examples X {FFEH1FELE, ST 44
FEEMAR,  #AT LS BIATE Linux 3¢ Windows FHUTAAHS

TEJE B, IAK A GenCase RARWIIAEEACE, A5
F geodualspphysics KiZ{T#Hl. geodualspphysics i (19 — 3l 3C
i 2% B A B T H (W1 PartVik) ZbH . Hir i B HE VTK
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5. KuEAfl

geodualspphysics FERIE LRI AR TY K& H -5 2 WA A TAE FH 751
TR AR AR T Hr s i 7S A S HE 7R ) BEAT VAL, 95 AT IR AT A
0 AR S B0 B A AT LU

5.1. B

FERER LA VE N A SRS, WH9C T ATsLhE) SPH J5 RISk E
FL R AL PRI PERE . BUEACE S Feng et al.[31158aT M TAEMIE. +
RN 1 m, BER6GARHAE RGOl
S, RAATHERE o= 1.0 W INERBERGE T H TR
SR N E e A AR [62]. MIREEE E = 10 MPa, JHfALL v=
0.3, B ¢ =33, F%Ic =10 kPa, WK =0, B
£ = 2100
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3
Y=omax- 0212 m @ _EAFRCFFEE RIS E Ar R Pd.

dp = 0.004 m dp = 0.002 m dp = 0.001 m
Py (x=0.212m) 0.198 0.181 0.143
A, (x=0.212m) 1.118 1.063 1.055
Pi(y=0m) 0.084 0.071 0.066
Ap(y =0m) 1.049 1.044 1.041

9o WOXFRIEBE T ) o 3 B AR BB TR 2 -

kg/m> BUHIAERL TR EE dp - 0.1, 0.05. 0.02 m. B[R] 20
TR BN 18]

M 48R T dp = 0.02 m FRAIAE iR I 21 10V — LTk ELR. 77,
SENTRREEAT T R SRS, PRI S TUAR S 2 B R
FFHRYEF . cDBC fE14 F MG R B BRI s, Ty R
mDBC /& T TN, S TR T .

Ak, 1 5 BT =M RYIER T RIFETE ¢ = 20s BT EEE N S
FIH—4b L2 iRZEMVE. FrscBlf) SPH /7 &N cDBC M &
mDBC #BEA WS, ¥ EH mDBC Mk EH cDBC B H &
MRERE, BRI R o SR, W Tax o, Wik
R T7 2 TR (R P 22 BE R R T 20 HE R N AL T 46 /)N

5.2. AAETERIE L IR

AR, T RORAT R Z R ) & TR R v AR T i 2k 82 F, D
IOUF SRR AR AR B K AT RCRA BN T BE J7 - Liu A TN
ZIRHEAT T SEBR W 9E[63], FHAE x = 0212 m Ay = 0 m &7
B RAPURYEI . YIGEER B E N S e B R R —
#H, wkE 6 Fin. BHCRAMEHERES % Huang et al.[27],
I E =2 MPa, v=03, &=33, ¢ =0 kPa, ¥-0, %
£-1530 kg/m3. N TIPSR WESAT R, KH T =4V
FiFlEE, B dp = 0.001. 0.002 1 0.004 m, 753f# &k 1%
3N 35 Ji. 229 JIAN 1645 Jio

K7 SRR TR ROR R B BRL 73 B  (dp = 0.001 m)BEUE 2K
SR AT, WS PE RS (. 5RO 1% A
s rPBURLRRCOAR (AL, He b R AR TR DX Ik X A5 A 3 X 23 TF
Ko

) P Ack B T JEL S5 T A7 i R BRI b ot S R A
R, HmT
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P, = (i (- ﬁxp)z / Z:': () 2)U2 (36b)

1

Hp Ar BRI EZ FRARKTRIE, Hopsgsae—85E4
Ar—=1. Pd TN BIREZ RN %, 48—, Pd—~0. F
TR MBI B (ARG o E R IR E), HP s
IR 208 (exp) BUBUE (num) fH

F3HWT x = 0212 m A y = 0 m B _EARRR - EE RS
E10 Ar F1 Pd{H . XIS SHET =M SUE 45 R AN S0 &
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Mohr-Coulomb Ji JI Ifi () Drucker-Prager Ji I i # $t. M AEFR_Ext
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RSPTRAKERER.
GPU NVIDIA NVIDIA CPU Intel Xeon
GeForce RTX Tesla V100 Gold 6248R
4090
Compute 8.9 7.0 Clock Speed 3.00 GHz
capacity
Global memory 24 GB 16 GB Cores 24
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Performance metrics KerMDBC KerCDBC KerInteract KerSymPre KerSymCorr KerVerlet
Duration (ms) 0.251 0.104 3.24 0.458 0.429 0.471
Compute Throughput (%) 34.33 31.58 78.79 54.06 63.77 56.89
Memeory Throughput (%) 15.93 15.58 35.67 92.75 88.52 91.88
TFLOP/s (Single-precision) 4.14 3.47 9.7 0.31 0.34 0.31
L2 Hit Rate (%) 66.56 62.43 91.37 52.86 56.16 47.87
No Eligible (%) 67.81 58.97 20.7 96.88 96.58 96.74
Average Active Threads Per Warp (%) 18.21 19.23 19.07 32 32 32
Registers Per Thread 115 96 64 40 40 48
Theoretical Occupancy (%) 33.33 41.67 66.67 100 100 83.33
Achieved Occupancy (%) 25.84 30.86 63.1 86.17 85.49 71.41

=S

dualspphysics H 3= F A% 11 73 BT £icdis
Performance metrics KerMDBC KerInteract Kerlnteract(SPS) KerSymPre KerSymCorr KerVerlet
Duration (ms) 0.23 2.37 3.37 0.236 0.416 0.276
Compute Throughput (%) 37.87 83.6 76.86 62.26 85.54 60.27
Memeory Throughput (%) 8.34 33.97 34.48 92.88 66.46 92.62
TFLOP/s (Single-precision) 3.37 10.435 10.5 0.126 0.14 0.133
L2 Hit Rate (%) 60.23 87.08 88 51.32 40.67 44.5
No Eligible (%) 70.18 15.84 22.58 96.65 96.53 96.86
Average Active Threads Per Warp (%) 20.16 21.67 18.23 32 31.85 32
Registers Per Thread 96 48 64 33 29 39
Theoretical Occupancy (%) 41.67 83.33 66.67 100 100 100
Achieved Occupancy (%) 30.43 78.41 62.72 81.98 92.01 82.54
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