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Wagner il Liul! % 5548 T 7240 R E % A
T3 R R FNAE B R E SR A Cauchy 7% 8244
R i 7% 42 R B J7 ¥ (bridging scale method, BSM).
Liu 2 221 723 F BSM i85 7 3h J7 28R 3+ B
R PR T AT B 0 R A X, T K ) e 4
WISR A Cauchy 3 824445 21 (¥ BR 0 9 B BS B
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FERLRLfY) BSM B8 A8 FHR B A £ 6 BRI L, 2T
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HT &Y HE s Rmm & iE. b IRiE B RE J7 %
N FH B 5SURL AR B R HE R, X T DEM X854
RE2EBAES MG RS T4 % DEM 3t
B &Y R4, I EX THRBEER Cosserat
LGB AERTHEPRATETE IRER
M7 V- 2937 B8 5 HY I M R A AR R 2 4

1 ERREREEM

1.1 HAREMNBES B
ZIR B EE np, AN KB BUSUR 4R
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FRAM TR
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R, BFET. BRIE.  cn AFEREER
¥, W T oMK SRS, EFEELSHRE
BEL JE o i B gy e s+ 3 (). S T A R
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BB SR “HBC BT E
W4 = 6u M, i + cpdut M pi—
(5uT(Fim + Fext) =0 (11)

Hoer oW ity bAR d RRE RS KIED).
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FRe R AL 8 4 K (8) RAK (11), AT B EI B E
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Hodgn RO AR M e UK
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B 1 Ry T &SRS AR
BRI 4. rEAERS AW MRENIR S DUEW K

Cosserat ¥ sEAR BRI AR, SR A R ok HE
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Fig.1 Coarse-fine scale domain decomposition and interfacial

particles
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BiaF I, Sidg € SR I —# 5. {E4 DEM
BRIIA T Ta Ak B30 5 4 A I DX 505 1R A [ i 7
SR 5353 40 B 4 o

XF Ta € Dy BRE—T I'a WS HIRITELR,
388 3 o P A i R S s St 0T 5 P A
i) DEM S00RL S 1 € AL 88 30 5 4 1
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HER LR, EURTFRENEAERNE
REEHHE T8 —— WL B4 77 3 (quasicon-
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W) XU SR P R AR A 24 R AR 4 R
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2.1 BRBHESKER

DEM 35 A S0k A 4 RBE 52 3l 75 72 40 53 Hh X
(15) F0 (16) &y, A SR fgax WA 7 R 1) 5 Bt U
BLN T Fine, BRI T 5 — 00 5 3 filh g 2
TR AL KA T, HUERETINRE A B v SRR A Ty B
B ORI AL, A SCTAESRA T Li A1 Chul®) 42 4 )
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DI W S EEBETT F, DI RIRSh RS T) F RIR B BE
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AR N, FXVIE A B R Aus FIER s, M
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2.2 fAREEHH Cosserat EERIEE

55bE B Rk 3% B RLBE 7 1 R RO R A S AR
Cosserat 3% AR 14 p 4 BRI s ook 72 1 e
Xt TP AR ) B, 4 T R P Cosserat 3 4244
AR AT LLRR AWM TR

o =D (19)

Horp % R PR R AERE De FTLLRR A

D, =

(A+2G A A 0 0 0 0
A A+2G A 0 0 0 0
A A A+2G 0 0 0 0
0 0 0 G+G. G—G. 0 0
0 0 0 G-G. G+G. 0 0
0 0 0 0 0 G 0
0 0 0 0 0 0 G

(20)
H A=2Gv/(1 - 2v) R Lame ¥, G v 5
MESBEUIEERIAKL, G. 8 Cosserat Bf )
.

2 0 [F) PSSR A R I B A 2N, G, Ge T
Cosserat LR IESHL 1. AT R LI 75 15
3, WAETE RETEMBR A MRS S
H R IR ek Bk 485 A4 U A B 2 U A A ik 2 o (1410
mr

N2

Nr2
A= W(kN —ks) (22)
2N7r?
G. = ks 23
3V (23)

l _\/4(2L2ks+r2kr+kw)

30 £ k) 29

K b, ks, ke B Ky 43 51 28 25 JURL IG5 ) 7 RIS 2R
. VI WEsh IR R E. U R B 7 IR R BRI
BN RS, N R 7E AN 534 i it BL R AE
JG (representative volume element, RVE) Pq 55k 42 fil
#, VM L45HFER RVE FAEBFIRAER A
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2.3 HERS>EE
HERBEBERETIENRB A RV,
HE R 1 R A [ 1 B I 254 DA i T SRR
ATAELMHRE R R RS KA At (&
SR, 40 R B EOon R AR AT m AR PR
A At/m FB RS
2.3.1 4 RBE B BN AL R BB I2 Bl B 1 TE BT
i RBE B BUSURL R R o 0N 32 Bl 2 B TH LR
FHHERETHES €K DEM X R 4484, Wit
fER KB DEM {7 % q 2 6250 58 o RO A
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] BAHBZ t, FFWRZE th = tn + At K RE
HEIKE §ARBTE, B[] = t, + jAty,, HF
Aty = At/m. BEEZ] t, T DEM 3880 40 R
EALRE q", I ¢", I E ¢", DEM 3R T Uk {7
® al,, WA G, I G, C&, XiEshe
MEFATRRWT

altt = all 4 Atm-[flt +- At?n’ﬁlt (25)
i) = il + Aty @
GO = g 4 At + AR Y (27)
G = gl 4 A, gl (28)

[J+1] gty [i+1]

q[jJrl] = [M;I(F“ (q[]Jrl 1nt 7u1nt )+

Fext) Cmq - cmAtmq J]/Q]/
(1+ e At /2) (29)
A o1 . .
gt = ¢l + §Atm(db] + gl (30)

2 (28) iR 47 S gU Y R EOAE, e T i
B AT I IR T M T AU B B i 4 7.
2.3.2 HHLR A B TE R A 15 G2 B2 Bt 1

SHE R 7 00 VLR A B TR
LS d, TRE v RO RE a 76 AR 5K At T
B EHRE 28] by 3ty = £+ AL OB B £y 10
R R L BB BT R R N

d" =d" + Atv" + %Atza” (31)

" = v + Ata” (32)

"t = [M'N"(Fino(Nd"' + Q"' No" '+
QG"™) + Fext) — cnv™ — ey Ata™ /2] /

(1+ emAt/2) (33)

1
vl =" 4 iAt(a” +a™tt) (34)

FREH, 2 (32) R o A ot B, IF
9 I A el [ P R ) R e S ST s A )
=1

3 E #

ZIBWE 2 i, ZHEFRFEERA 2.0m ¥y
A 78w AE A i . an 8 s, bR o A R
ST PATH RS, R4 6.0mx3.0m
BI¥EE DEM 3 (B 2 R 4), U RE G TR
R PATHE R B ATE. A 190 A5 B 162
ARG HA R IC A% S, H g DEM 824 18 G
Bai. MRBEES M Cosserat SR HIA AR 2 %
A PR F = 500 MPa, JAFA v = 0.2, Cosserat
BIYIE G, = TOMPa, HEKES ¥ . = 0.05m.
o R BES BT PR M B SRR 1 A

DEM domain  [[]]] p
\ AAA L

&=
3.0m

9.0m

MS domain

|e6.0m—>|

18.0m

B 2 XA BSM 43:-H7 i Hudk S 2 R
Fig.2 The soil foundation problem using the BSM
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Table 1 Granular material parameters used in fine scale

analysis
Parameter Slected value
particle density (p) 2600 N/m?
stiffness coefficient of normal force (kx) 2.5 X 108 N/m
stiffness coefficient of sliding force (ks) 5.0 x 107 N/m
stiffness coefficient of rolling force (k) 1.0 x 105 N/m
stiffness coefficient of rolling moment (k) 7.0 x 102 Nm/rad
damping coefficient of normal force (¢x)  0.4Ns/m
damping coefficient of sliding force (cs) 0.4 Ns/m
damping coefficient of rolling force (c) 0.4Ns/m

damping coefficient of rolling moment (¢, ) 0.01 Nms/rad
sliding friction force coefficient (us) 0.5
rolling friction force coefficient (ur) 0.05

rolling friction moment coefficient () 0.5%x 1073 m

B e 4 R B2 A DEM BOBERIAE A R 3 A4
ENELE b gy
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(1) B HES BB AR B4R A, & 2426 NFEER
ro=0.05m K ETBHRL, H A UL ] ik 28 07 1)
5KPHE K £45° A5

(2) HMHES BB £ & 48 B, & 6765 4 [F2k42
r=0.03m K EBIR, HHEFB K S B0 A4
A FHIE;

(3) BEHLHES R £ &4 C, & 6835 ANBEHLF
Zr=002~005m MEBHR, HAEFEET
Tf] A HE AR i 291,

AT AEE W FHER v, = —1.0m/s KNP
AR THETE PR, HEEOERERN T
KE u, = —60.0mm. B 3 FronKAiEs - AL
WORT BEAE NI 1) A AR SRR A A
MRk, BATAIED T NP B Z A K
T2, I H DEM XI55 54545 R A B0 HES B SR
£44 A, B MFIOESS LT AR, M TEEA
R ERE N FABHN v, = —60.0mm I, HIFEKE
BNy, RN HE 4, B 5 4, #ik DEM
X3 1 2% SCARTR N AR FH 45 A 3N AR 4y A HIE 6, B 7
A, FTLUERBR SR AB FIH LT NAR RS
IE, TBRLT SKFHEL £45° S5 V7 Bk
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(a) Granular assembly A
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e
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f granular assembly A
2fF — — — granular assembly B
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Fig.3 The load-displacement curves for the soil foundations

constructed with different microstructures
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(c¢) Granular assembly C

B 4 IR B4 F A B i v O AU g 43 A

Fig.4 The volumetric stress distributions in the soil foundations constructed with different microstructures
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(c) BipLatk C

(c¢) Granular assembly C
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(b) Granular assembly B
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Fig.5 The effective stress distributions in the soil foundations constructed with different microstructures
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(a) Granular assembly A

(c) BipLatk C

(c¢) Granular assembly C

B 6 HANIR 384 F A L 22 e v 0 45 SCAR BB AR 43 A

(b) Bk Atk B

(b) Granular assembly B
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Fig.6 The nominal volumetric strain distributions in the soil foundations constructed with different microstructures



896 il ] = # 2010 £ FE 42 %

0.55
0.50

: g 0.45
0.40
0.35
0.30

0.25
0.20
0.15
0.10
0.05

(a) B AEAE A (b) Bk a4k B
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(c¢) Granular assembly C
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Fig.7 The nominal effective strain distributions in the soil foundations constructed with different microstructures

B 8 FIE 9 4 T MR A A 5lkk SRARFRATRRE A BA BN, 524K
FREA. W S ANPGRS I L A U ol R ey DA SBORE 1] 388 o 1y DK/ 0 s DR AU 42 i ) B 2492 2k
JioAa. BB ERER B, BREUE BRI B9 BN BeE URL A B R B AE AR SR R AL
BARAA A KW NS HRRTRIR S RS KN e 2SRRI RIZIZR AL, R WSRO R B D)
FAXFLE, B 8 BonAE N AR IR AT R 30, DAk BOSORE IR A T R 52 S T A LB,

o

0

R N L S
) »»'f’-}ﬁ/%}. e, :' ‘\“:\;\\ }-‘:f-\-‘» *\’% »
SR PR R
b »*}",ﬁ'r \}»,,»A s N»M»»,»,
o
\ 4’&\»"&*’»"»"&
\ R

o b NP CH Y Cr ey
M@"ﬂ"‘ A ““"%@1‘1’1‘“—5’“‘
L

@
) “*&%"»”"»”

: z»'*»»:w;»:mz»

peaNS Y

& »‘\* : *»*»

% *\\»» LR

i foodi
G Py
b R
\*»ﬂ»*»’»

»»

w’»

R K " ¥
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(a) uy = —15.0 mm, in the hardening state before (b) uy = —38.0 mm, in the crucial state with peak loading

failure value

B8 R AE A BT RR S 2 M 7R LR F B i 5 A I Uk B fik B % ok A
Fig.8 The distributions of particle contact and contact force in the soil foundation constructed with the microstructure described

by granular assembly A
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(c) uy = —60.0 mm, RIUFKILA

(c) uy = —60.0 mm, in the softening state (post failure)

B8 WRRAE A PTRGRM S 2 M 7E LT JE B 5038 I U B2 i R ok y v A (48)
Fig.8 The distributions of particle contact and contact force in the soil foundation constructed with the microstructure described

by granular assembly A (contined)

(a) uy = —15.0mm, % HKABEA (b) wy = —38.0 mm, W{H fF 8 I I AL A
(a) uy = —15.0mm, in the hardening state before (b) uy = —38.0mm, in the crucial state with peak loading
failure value
(c) uy = —60.0 mm, RIFKMIE
(c) uy = —60.0mm, in the softening state (post failure)
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Fig.9 The distributions of velocity vector in the soil foundation constructed with the microstructure described by granular

assembly A
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Fig.10 The stress distributions in the soil foundation calculated with the Cosserat continuum model using FEM
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Fig.11 Comparisons of the load-displacement curves obtained

with the BSM and the DEM
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Fig.12 Comparisons of the distributions of nominal volumetric and effective strains obtained with the BSM and the DEM
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Table 2 Comparisons of numerical results and computational efficiencies

between the BSM and the DEM

Percentage of

DEM BSM
difference/%
vertical load/kN 1674.19 1691.12 1.01
minimum volumetric stress/MPa —3.9193 —4.086 8 4.27
maximum effective stress/MPa 5.9198 6.2195 5.06
minimum volumetric strain —0.065 28 —0.067 37 3.20
maximum effective strain 0.376 5 0.3845 2.12
total computational time/s 15139.28 1578.64 —89.57
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A BRIDGING SCALE METHOD FOR MULTI-SCALE ANALYSIS OF
GRANULAR MATERIALS Y

Li Xikui?» Wan Ke
(The State Key Laboratory for Structural Analysis of Industrial Equipment, Dalian University of Technology,
Dalian 116024, China)

Abstract The bridging scale method (BSM) that couples the discrete particle assembly modeling with discrete
element method (DEM) and the Cosserat continuum modeling with finite element method (FEM) in both fine
and coarse scales, respectively, is proposed to study the mechanical behaviors of granular materials. The coarse
scale domain, modeled with the Cosserat continuum and numerically simulated with the FEM, covers the
whole medium concerned; while the fine scale one, modeled with the discrete particle assembly and numerically
simulated with the DEM, is limited to a localized region, where the material microstructure, discontinuous
deformation behaviors and their evolutions are needed to pay particular attentions. The interfacial condition
between the two domains is present and the scheme for its numerical implementation is proposed. By using a
proper bridging scale projection operator, two decouped sets of motion equations of the combined coarse-fine
scale system are allowed to solve with two separate solvers and to use distinct time step sizes, which will greatly
enhance the computational efficiency of the BSM. The numerical results for a 2D example problem of the soil
foundation illustrate the applicability and performance of the proposed method, and its advantages as compared
with the FEM based on the Cosserat continuum modeling and the DEM based on the discrete particle assembly

modeling.

Key words granular material, bridging scale method, discrete element method, Cosserat continuum, multi-

scale
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