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Fig. 1. Reconstruction for geometric morphology of a gravel using spherical harmonic function: (a) s = 1;

(b)) s=2;(c) s=3;(d) s=5; (e) s=T.
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AR LA 34 sl B ) FH DA R TR R
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EATHIAN R 2 4 2 SR B E 5 RE I B R HIAS [ 1
JUFTT7 30 BRI S BB SR AE T L A5 EE A 2%
PN R BEAR AP A kL 1] (O B &, (H R EAIHE
T G A SR AR X 8 2 2% I AREO RE R BT S RS R R
FERNBR MERIGE. TATT T A LESTHR [68] XX La 4
AEFLIEIE F A A TSRS B AN AT GRS T VR4
M. F35h, 9 1 G R X L R 2k AR EO RE
R HIRE BEIR 2, Lee % (091 fr 41 1 —Fih f] 0 ) 5
<73 L 3 SR 3l O BR R T, DAAS 21 A b 28 10 i
A BUAPER T A Bl B . (HR % SR JF AN RE 58 4x il
PrEEAIRERAR BRI, 2N 1 ARER T A S L 25 X
S, T AR R A AR LUK (P IR AR) /)N (81
WR) B, WRBRER T 2 AR AR 2R R B R AR s A

AT e HILE MR BR 34 2% X I B 3. 72 e Al b
PATFRHS T —Fh 3 RG24 49 5 AT = ZE A BR A4
B BUE FE 10870 R R R e T SR AR 4
&7 7R, AT DLSe 448 - BN R T . FRATTHRY
ZEIES EREREAT TR, Mg R T
F1. NE 1A B IR PAT R R
AR T DM A R, BRI AT R A 22
SE SCVE 2 DL SCHR [70]. A3 A TRD P 422 ik ) 90 R XGT 262 75
BN SR Minkowski sum 7 v A& il i F A
JUFRTAE & PRI AR, AN 75 A8 B AT A4 b 28 18] ) B 2 30T
R R, B b, il 2 TR P e 218 30 T PR g 5 1 B
7S (A AT B Sk 2R B Bl R ) 3K TR ) H B
CL4 A A 24 A 792 171,

1 S ERRER U BRI A B R 70)
Table 1. Test for overlapping detection between ellipsoids (701,

. Normalized Average relative Average CPU
Algorithm
distance error/% time/ms
eyl fyg 165] 3.93414 x 10~ 11 7.715 x 1010 2.677
“HRALER TUART 4 Sk [67] 1.52608 x 1017 1.323 x 1012 1.633
Xu and Chen [70] 1.52612 x 10~17 1.323 x 1012 1.210
Y T A (] F 2 28 A0 T e 2B 9 1) 20 T4 70 AR TERL T A; W5 WR SApaiaic: = 0, W& P

T, e HF BRSO BRI
2H 1 T T B 2 2 B ) R ST R A R M IL TR

P(“):Pu+(Pe_Pu)ua
Q(to) =Qu+ (Qe - Qu)t()? (7)

i, P, AP, e — S I J AL T3 K Y P AT
My Qu M Qe ATFIAN— N TR 3K B P AN T
M, u Mg N KRLBRSHOTIHNZ . % E (6)
X = (A, RKES Mt H0<u<1, H
0 < to < 1IN, PISRERBUHAE, BN KL 7 5
S BN, AL BAMAE, W7 LR 5
P A N SRS B R M PIo% AR ES S S
ARG B, DR, BRI T R AR 2R O (nd),
Horbony Riam#cE, BZEEAEH T =400
RLF. Miiller %5 (751 ) FH = -4l 43 1) 7 20RG — 4
MERL T E &, HIRA BRI R T A, BT
‘Jj i1y, A2, 4, Ain ?ﬁﬁ’é*?&ﬁﬂ (I@Lﬂﬂ'/‘ﬁ‘ﬁr‘ﬂ)ﬁiz
A, IR B BER —Ti R P 5 A; FAHRE
BT A asa;0 1 B — A=A, B (8) itH
B SAPaiair1 WHR SApaiair: > 0, W& P

MFEEMTER T A 385 b R Sapaicic1 <0,
ML PALT TR A PSR, TR, m E R
32 R K = A R o SR AR AR B = TR L. AR
1 b, AR5 B RARYE R I T S A
TIATAEAR A KA br - [R) ( EE 2. AR T T SR (1)
W E) 2 T TR 2 (A A7 LR i 5 1 DL R
5 THIAE 52 Bsf Pl s SR R RE 1 L 78 i .
T y 1
SAPaiai+1 = 3| T v 1] - (8)
Tit1 Yit1 1
X = A T A B kR 4R R ARGR I T —
AR F5 BB B0, lan, JE T A i a0 AR S T
5 EIR A TR 1077« AR TR T8«
ooy JeTH 8 ik 79V 25 (15— 4RI, BATEIE
) FH 43 8 AT 2 B MR ) T ™ T A T () 2 )
RSO HLBAR AR ISR AR TR R A E
BIG, MAEPAS NIRRT 2 [0 & E A7 E— %4,
FEAFPIAS D JERL T 1E X 56l b A 505G X IRAN B 5
W2 (9) phw, i HIX %M B T HAh—ANNE
K1 — AN EGI, B 5 B Ao Heop— AN T sl
(R~ ] B 2.
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Mot () > 7(d) B i) (d) < mf (), (9)
X, d AN E R TT IR, EbR A g 53 mARE
TR T 5, max A nmin 28 AALE S BT 9] iR
K s R/ NMEE A&, HERREY T 2%
SCHR (80 BEAE THENLEITE 2 VG K 8, RIT
10 4 2 B KL B S AR K R B g . R
ATHT LRSS I RE, ORI SR 55 i BUE A &
R FH Y Bl P 6 4 S 1Y% Im) e MR T Bk
FERIOL A, (R F tAS A 3 b th A7 72 AH B BB, 0
AT R SR8 FH A AT RS BE AP AT R 1 ] 5
P [68,70,80]

AT TR TR R 4 ik B 2 AR
FEE X ERER B J7 ORI E7 BUR 53 A1 07 V5 40 (1) 6t
TR Rl ) b, MEGE SRR A= S L, KA
}5 Garboczi %5 18182 g3 T & HIHI X “extent over-
lap box” #& Ml B LA ] “extent overlap box” #&ll;
Qian 2% B | F “Newton-Raphson” % 8 J5 V2 46 i
TR E S, DLIRATZAR A 7 s L e
G55 =R 71k I R R R R 4 i ]
R AR DA AR N R 1 42 fi ) T K
FERAT R b 3078 SR 1k 30 K AR H (B A o B
LR, (2 X S B B A B AR AR T kL
F B R TR ) R AN 22 R AR
FSeR =l SRR b NS PR S EP R WA S PAEN
T (R 7 141

2.3 RIFREHERAGR

N XA T HERAT A I 7 2 A R IS A
3 58, AT DL 39 2 o A R B B ) B R A O T A
FHH BT VDR BRI B ST & R R
M5, SN R) TAE R & T35 8T 1611 4F
T2 HA P3R5 O HE AR 5 B2 A 7S THI A% 2L Bl 1) 55 %
REE R B R, FF H A H T XA S R HER S
JE R 0.74 831 3% — 8 15 7 18 K 19 3 52 K3 gl AR
Wttt ) 5 18 E, 2005 45 Hales B4 il mitk e 1
BNLHAT RIS B S 7 1% A s i I
X T2 A R, 7R 1901 4F Hibert B4 H T
VY i A2 P i % HEAR ) R, RS O 5 T8 AL
BoR TR R AR S A5 B DY AR MERR % R
0.85 125] {HiZ HE AR FE 2 75 2 DU T A7 ) e 5 2 HE AR
TERAR B AR . HA, Ulam$EH T — 1N E 4
B, AT Y LT I HE AR 25 1 8 K T AH
) BR A ) f K HEAR 25 i [399], wohix — R C & ¥

ZEEBNFRESH A CHESR, #li, Latham
245 1561 3 S A5E 0L 1 7O TR A AR R A ) A 1503 ARLAT A,
45 21 1F DY [ A4 B FA BROHE AR 55 FE O 0.416, BRAR B2
BUOHERA 55 FE O 0.586, M AIT45 H 4k ) iz ik A
FAT; Jaoshlivi 25 5713 o S 56 2 R IE DU T 4 (1 4
RV FEON 0.76, T ERPRHERLE 08 0.64, RAIE 11X
MBS R AL, A — 6 2% 3 3 i F B AR
43 AR R MITE R 4538 U988 2R ¥ e A R _E
SR I RL T B AL HE AR AT Dy B A 7 K 3k UKL 1 (1)
HEAR S FE, v LB B B AT 5 D I — R
WAEAAEAR KB 0B, B 1% TAE %% ) S # 0k
S HEB R BE L HERAT A AE BRI L5 5 vh
IR .

TEAFRIIVIBL AR T, BORIAT R P 5B 2H ks 1
HIHERTT A —FER). Blan: KIeEEE ST
TE R I FE RO R Vo B A RS
PABENLRA B IR A HERRAE — 2, SR, 7E AR 3)
5 S R X e Ok E A1 St I AR R AR L
BEA B — PR % R ARRE. FsL b R
RGN TR S, W REALHERRAT 2 EAFAE
BRI — R AERT IBAEFT I E R R R 7 5 A HE
MUT N, ZRAETH SR 132 BN AEH J1 R Bk
BENLBh A HERRAT .

FiFBENLER S HERRAT A 2R H Monte Claro
(MC) B ATLFHAEHLER, $2 B — 52 T 7R 45 58 I I
V) A0 2 [ X 3> o3 AR R 2 (B AL B, — BB
BLA3 A B, W W43k [ 7 A8 A 8L ) 2 18] A7 B e
K7 I BEAL S HERR AT R ARy, (HMERR S FE L
BAR. BT BE LA HERRAT B 5T 1 g S8 b AU
A, FLAE 1978 4F, MacRitchie 39 g4l 7 4 f0 =
EZ3 TS S 7 A Ui N e A o R TR W i <
THENIEH R IR A B &, I RR TR AL R
i FRURR IR AV 248 AT ) e £ AT A Jie 190921 M\ B
LR A2 43 SRR F R 10391 ] BRI
T B HN KL T R R R T R R T
Bl A REoR 7 ARATHE & 1) 5 1% 22 70 BOKE T B AL 2
HERUBEA 7 1 I LS PO RE Fe e, L AR IR Ak 1
WU P HERRETY (B 4 (a)) BREEARBE LA 7 HE A
(4 (b)) M AR BEHLE P HERR B AL (4 (c))
VUL /S TR BE LA 7 HEAR ALY (B 4 (d)) AR %
BN (] 4 (e)). X J7 I TR
JE IR AT LA 2 WL Torquato A1 Stillinger [9°) f#) 45
R,
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(d)

Bla i kI S R 0 22 0 B 1) SRV R 1 BE LR S MERUBE R T AL (a) 2 20 BOHAER A (b) BRAT: 145

() ihHfA; (d) DIgEEANTE; (o) FNTBRT

Fig. 4. Visualization for random static packing models of polydisperse anisotropic particles with periodic

boundary conditions: (a) Ellipsoids; (b) spherocylinders; (c) convex polyhedra; (d) 4-dimensional super-

cubes; (e) non-convex particles.

FR P8 KL ¥ 18] (VR FLEE, RL 5Bl ML 3 2 HE A
AT 90T B4 3k T 0 S AL 3 1) 2 A4 HE R 40, AN
FE T W BN (A2 JERL v BORL 1 1A 4 ) |19
FIAHERBI. £ J1 VLB N Bk T BN 3D &
HERUT 2 E 2 R AE H E L R AH ELAE
73~ A S AE 5 R — B SR N R A
BE. k. FEEL EEEMN T RAGREILE
Faas. BT R A R BE LB A HERR O %
4 )& 1979 4 Cundall F1 Strack 1% FF & #1885 G 7
% (discrete element method, DEM) FH T 15405 51
Fih & HEAAT . DEM B A% 0 28 B A2 i ] 153 551
- 8] 0 2 ik 5 TF SR e fk 7, AE GRS BOE I
22 S5 38 B)) 0 AR VT RORL 118 Bl 1 T FE AN A
., kel 5 A B R, REURF R4
TE— 58 W NS N s IRES. &idir 3548 1)
K&, DEM C.&1EA R LRGN E R 7T 2 M
FH. BT, YuZs 9798] DL K2 Weerasekara 25 9 &4
HiZZAR T DEM fE40 % TA2 S VIwE TR )
AR AR RARSE. 5350, DEM 2 M e W1 1) — 4k

(53] 455 3 A 45 1 A BEHO0 B H 1 TR B 4% () kL1 A R
fiy g g (100—1020 iy HL AR i 7t A 1 2 1k A X
TRAL BN AR LR M 1 25 71030 | 5 o 7 3RATT R
DEM 54U\ 8853 HOH [ 1) BEHLIE AR AT Dy, HHER %
FE50.87. Gk, DEM 32l 71 16 & Jé L
2218, H R Y 20 tH40 70 4E AR Hertz 42
B 104 R P = b S 4 [
PRI R, T 0T T 8 1 ] S5 P - S5 = K 2D
Pefid 7 FRAE, O T4k BRI 8 W] BAS: I SCHR
[17]; A, DEM AR 20 74 HEAR R A HER %
JEFEARAR o, DR AR A AT B 720 A ) &5
MG o b, B4R 2, RE X DEM KA 7
T3 V2 Hhit 0] #4552 B AT T N L O, (R I
et DEM L& BONTE 7 URAA KL — /N 5i
JIT A,

— e A B 7 180 )14 77 1 (molecular dy-
namic, MD) B T BRAR W3R S 1) Bl L 230 25 HERA
A7 DRy [105,106] 45 381 B 3 HIOME Bk k% AR A5 M L
HERRBBE N 0.74 (H AT O HERLES FE). AR
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2, Jaeger 5 12107 {3 i@ i MD J5 iR R bL 1 HE
R R ) S ) R R P A ST HEAR % S R TRk
F RIS 7 A B R MD 5 v S il i S B AE
TRL (]34 eR B R ST, 8 IS A ek R ) e R B
BORLT R B AL FS. 2% T [ M BR A DA K& 1] L
FII 735 18] 1 35 eR £ O A7 75 A B 0 28 56 R0 298 A
3, HAE TR I 2% & 1) S PR 1A) 45 R B0 i R 3
2248 1E W Torquato A1 Jiao AlF ik 231, MD J7 i 3F
AN — & A T T AR R BE AL Bh A HERRAT A 2
FH T 3R B 0T T 44 T 35 Ry 250 P DR HE A R B 2 A2 At
ATAE ARG 18 B2 I R it 42 7 — P B 3 R
% B T A KL (adaptive shrinking cell, ASC) W
SR HL WL R B K AR 1 1 B B 3h A HEAR AT
Sy 231081t i Jin & (090 R0 % SR 2SR DY
[Hi{4 (spherotetrahedron) F AL 25 HEALELLL.

K5  DEM A5EIUL A JHIZ 74 5% A T B 43 10 15 B AL 55 25 3
G
Fig. 5. Random closed packing of monodisperse el-

lipses with periodic boundary conditions using DEM.

XF TP B EE R KL 3h A HER S U 32 ZAR S
L[] (R P 3T L AR 5% 28 A kL1 [R] AR B 31 (<1
FeRITiR %), 4 2 48 ok 1 1) (1) AR G 22 B 20 3] il
JE IBIE IS, R ORFFRSES. HHOC I 3L 2 (1 5)
AHERR T VLB HE A ik A% (relaxation iteration,
RI) (MO0 Jy 2205 45 72: (mechanical contraction,
MC) 112-116] _yoronoi #ik 47-50117) & RY 5
F1Ry e A JEL AR o 7 ) R AR 1] (1) 28 RO A 3K
PR ARXS PR 3z 3, [R) i A R [X 3 46 ) 7 A AR G
FABBEIY R, 2B R G b BRAR[A) 1) AH X B
LB TOE BEN, RGBT RE. ZITER
YA AE T 201 B Az By 15 AE 1 £ 10 HL e 4 2R 44004 2]
KR HERVIRAS, B B AT RIJ7 &AL T B4R 1) B
PUBhAHERL. B 6 Jeon 7 3ATTH FH RLJTVERA

By HUER R B ATL R 2 HERL 45 4. B #5255, Philipse
2 (12,1081 B8 T MC 2 RS0 A4 R RR R 4 11 [t
WU A HERUAT . MC LA B2 7E RLTVER
et b 51N ) SR T e B B, B A
SR P HERUE . i, MC J7 ik — e 2a it
35 B SO RN i R A 1 M R 8 O A A 22 O
At ™ TR T B BEATLHE AR, (1141160 R T4 2% 4R
FIIFH MC J5 ¥R BT 500 SOk AT A4 1 B AL 3 25 3
AT N, G 7 TR,

16 FIFH RI J7 540l 505 SOk AR B AL 5% % HE AR
Fig. 6. Random packing of monodisperse spheres us-
ing RI.

7RI MC J7 R0, By SR R B AL B) S HERAT
Fig. 7. Random dynamic packing of monodisperse

spherocylinders using MC.

bR R T HE AR T 2T R 0 B UKL T I R
1R, BRI 2 AMEA — M S HERR DT X, Bl voronoi
M IE %, H R EPAT N RO ES R T, HRL T
PR UL 484 22 30 0 R = 4 2 T A Ay 2 (4700, 107
Voronoi 1418 % (1) A AR R B Je 48 O A B 23 (A
B AL B E M A — B R R P (XFRZ
N voronoi £, IXFEXS M. T voronoi s P; Y] voronoi
BT AL AR E N Hh 7 () i R — o kR I R
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LW RN, IF HAZ 5 10 /2 BEARUE W ) R0 2
#l| voronoi & P; W& iT, Bl T WP < WP;,
Vi #£ j; SEJE R J7 AT DU AN AH AR 9 voronoi s
AR IR, H)IX L b 2 A M BT 2 I T B
' 2 [ 44 (Bl voronoi B7T). 177 V% Bk i tH R 1
M 22 1Y B 2 TR 2 % 8 A I Ik ) 5 8 HERUIR
A&, AERLH RSF AN Tl AR M o

PO bR X Eek T (0 BE L AR DT X, #R 2 A
THEAUVE A B ZEH Se 8 50 B R SR A R R T
J R RURTTHIEFT, X BURLA B RS TR 2
TR B S A 1) S 1R R AR 1 20 BT LR Ve 2 0
B TEARIR & e )2 R TR 1 I BE L AR AT
IR 9T RS2 i 8255 i D7 ). AEAR — 312, il
Baule 2 U1 5257 35 3% B8 3 B0 TR 1 b e B
FERLT I BEATLHE R 2572 s DA Kallus 1) R F 45 3)
SN TR IR T BT AL BRI KL 1 1) Bl AL S AR
FE. RILLE B0 DA TF IR 00 R 23 AT I A
JER B R AR KL T BN HERR AT Dy, R LR W
T SCHR R T8 BR T T b X kR AR Y
TERLF- I BEHLHERR 2 B2, (HX PR T B B8 T
YERLTF 1 38 73 A AE BRI KL 1 B L HE AR AT 9 1) P
W EEABEHAGEER T E R NIRRT
T HL T 1) B AL AR AT D9 e AR SR RE T B AL HE AR

3 FEAIAEMENEE R

ME 5 A 36 AT 7T 28 R SEAE Dy 9598 3K (IR A
JE) B F A FLIE 2 M A7 AE TR AR A FRE 5
8], X8 g5 3 F i AN LB R AR Tk i
A JAE AR P 6 A i 1) 32 B2 i g (00, 119 =121
A [ B S TR AL B 45 A 7 A AN (R I A A i A2 AN
A T WL [A] £ 57 AL BGR AL 32 1]
RIRRL EORL T HERE 30 BRI R B B
8 I 5 o Al 240 O K 6 UL % I RE L P ) S T AT
FLBR A2 — A 5 A% 1 9 2% 25 40 43 A7 AR J5ORL AT R
Ffp 15500, 120=125] 1 2 W AR BRI FUAR A 2 B
AL TR R LA 518 A S i AN SL RS 4
FERRAE (YA, 7E BB OB AT 70 R, 0K A ) i
AR R A A AR RO R AT LSR8 2 AL
RIUKL A BT HERURH ST L JE 44 R0 FLAH 4 B 22 A1
SAPORE D24 S i AU 5 1 A Bl 1) 1 R A
W FE AT DL E B2 3 48038 RO A4 R ) A% B 4T 9 72 SO0

SERE TR TR AL R, RIS BN RORL A4 R 2 0
A RE I L ST AN TN 2IMF A . H Al
% F A FLRR 45 ¥4 %€ B AR AL BT 7T AT T
BT FURR, BN AT S iR A R A AT %
B A LA S T AN FL B 5 ) 11k RE R 5 S T TR RE L
T ARAR 73 B SN SLER 2 70 A AL RS 4
EE-SA

3.1 REEEMILEESH

FLBRE 53 A 55 515 B AH B LAY, @i L
58 2% 53 A7 it 2 i s b7 A L T SR R AN
DUH P IR AR SRE . T 3R AL R %6 40 A0 1) 4 2
0 2T S ST OB A o P 8 ) BE A AL 7 B BT HE AR 45
1), S i e AT 43 BT BB 43 A7 5 VR SR BURE AL,
UKL 2 T JA) [ F) AL B 2 70 AR AR, X6 % 1o [ 12
T HER LA 10 FL B R o3 A M S T TR JRE O BIE O © 42
RN Tz M OE, BN E R 5T 5 18 2R
TR 1) BB ATL 0 25 HEARAT Dy 45 & 1 HIUH MR 2 7 B
AT 23 BT 75 V0P T BROE R A L PR L B 2 20T,
A BIARF I SRR 30—50 um ') 1520
wm BRLF (5P 2k 4% 1126 1030 wm BRL 71
FE KA 127 2056 wm BURE T 1) B Ak A% [128)
S BAh, I SR T EHR T S SR A A A
s BT SRRAE S RS, lhn, Labri 129 R
X-ray CT Wiz 44 73 #1 S0 E FE29°4 40 pm; Min-
dess 130 @ ik HLF A48 (SEM) A1 XRD 572 72
R L GLTH B 4128 40—50 pm, LA K Chen %5 (191
SRAHERR =45 (C5S) R A A S (CH) B 4%
ANEGHE L (Ca/Si) TH A5 FTH 7347 B 45 A5 ) 5 1 5
FEZ17 100200 pwm 2. AT LAFE $I3X L0 70 R =
BN RO AA R P L R 43 A R S TR
MRV, TSRS 4% i) ) P R B L B 2 40 A
NG B RE B el R 22 AR IOR. IR LR, AT
W5 BT BAAH 4R IT J& 1 9% T T AR AN RS & 1) S Ak
TARLHEAER L o7 T ) R LR 4 43 A7 A0 5T
BfF 5 [19,95:94,152] 13 3o g 22 B 43 HIOR 22 43 Bl BR O
LT B AL 55 25 HE AR 5 B 43 M 17 UKL A R
[E AR P B 0 5 (RO AL = 1— AR AL 20 50 L
RIS RLT 18] ) SF 35 1R B (P35 B AR 1 40 A1,
R I (R AR AN RT3 A7 58 L B 2 43 A (14 52 0
ARAREEE, T 5 R B AU A d K S5 RORAR
2 WTLLE R LR A o A R S R EE
HEV RN HUAE BT 0 H0 2 LKL T B A HERL A M Ge it
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SINT TR, IEWETR, KT RS ASHERRAT A
7R R HERR B BRI, 10— M B RO A R
BA R SR s i, % TR0 Rl
HORL2H RS v A AR B B R A, R RIORE AR R
SEAL 1) BRASTRAE X T 43 A FL B 28 40 A A0 S T
JEIGNE B, Stroven & 133 f Yu £ 134 £ 27 @
TR HERIE UKL ) DEM 254 800 20 M 5 ik M2 5L
BREC A . H AR I T RARFR LI % ) S M RO AR
P L R 2 43 A R R T JE R AT ) A o6 TR L2
DAL Shb, 3 TS0 568 e e A A0 D A4 R L % 1) S5 2 AL
PR 2H 1 45 48 5 T e FL B 3 40 A A0 5L T S R 1A
T, FER AR T % 1) e R BE VLB &S HERAT )
MR AR IR B L BR 2 2 A A0 S T
JE R B BUE AN BRIS B 5T A

3.2 FEFRDH

TEEEM BN 10t s, & MEg i
DUALEE (LT IR A B SO ) # DA S 74
LB RAE A AN ) 5 B (1 AR 5T 46 7% e
INE [P S5 ) AOCTRSE A Ak 2 e 25 A ER1AA R 43 B 1
RE. 0T & A FHIAH ORI R 2 A AR, St
T A4 AR 53 H AR Dy O B 1) 57 T 12 R ot AR 3 5 5
GRSttt e A 2 OCEE W, KE
PRI T C 4 KR, e AL HER S R,
WL 8] AH B A FH 38 8 2 A R0k 3 18R] LY j—
AR o 6 LB f ST [ 4 [55:56,121 123,125 -130] 15
BAE RARFA LG BRSO A AL P 38, AH <08 %) ks 3% 11
PRl S T X 3@ 3 2 = A SR, WK 8 Frs, i
IR AZ B DX IIT o5 BE AN WP RL 2E ROAH ) A4 AR 2 & (B
FHIRARR 7350 AR MER] FH B A S8 4 AR E

i 20 45k, B 7N A — B B o R Bl
HAE J7 ¥ K 52 BOBURL A RE 9 8 1 5 T AR AR 4
. EHAIRHE T, A ACRMER TAEZ Lu
Al Torquato 139 3% T4 & #P K G it LT B8 $2
7 ERIE LT d5e R T R TR 73 A BR AR, 2R S T
T AL BR T oL 1 2 1D ) BB 45 JEL RS 4k e (VR 1%5% )=
BE AT LU B e 2 0 ] DU B 5 2 ) AR 0 B i
. Garboczi fl Bentz [156) K 550 41 35 22 18] 43 A 2R
B NFRA R 5 Bl hard core/soft shell #5784
132 7 257 B R BRIERL -3 1 J&] [l 5 T 4 FH 43 3
PR AT AUBE AL FEZ A Y | B4 BRTE BORL A
hard core BN A HERRE SR 2 rhr, 1T HAEAM AL,

Wi R 5R 2 — AN 55 2 BE I 54100 2 AE 4 soft shell,
T JE FE 1) B MO T b — 4 B B3O A B R 23 AT
1M H. soft shell Z [8] PA & soft shell 5 hard core 2 [H]
W] DAAH L EE 5 ) FSORURE A R} P 38 5 T I 2 5 441X
Al & 3 44 1) hard core/soft shell B8 1371 41 9 fp
. AH IR AZIE AR R T T % ) [R) P BR AL T
() SRR AR 73 K. AR Ak B AR 2 111 73 A R HR ) 2k
fitth b, FAT1HE— DR FH hard core/soft shell £
SR T 250 WA (AR 1o8) o 4 (199:1400 DL &g 3k
A (710 ) ] T A R 40 B B I UL AR, 45 R4
N 1 IK G T (1) JUART R X6 5 1 A4 AR 23 B 4
PUEE. AT gy 7 5o B ™ R o] [ 5
THARAR A3 (T SCEAB AR 0 (10) SR 4.

6V, ( 1
1 -V, \ spA?

Vi = (1—Vp){1—exp[
1 3V, 4

(o4 —=P =
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Fig. 8. Backscattered electron (BSE) image of ce-
mentitious composite materials, in which interfacial
regions invariably locate in the vicinity of gray aggre-

gates roughly marked by yellow curve (P61,
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Fig. 9. Schematic view of hard core/soft shell model
composed of spherical particles and interfaces, where
light blue circles and orchid shells represent hard par-

ticles and soft interfaces, respectively.
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Fig. 10. Two types of lattice percolation: (a) Bond percolation; (b) site percolation.
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Fig. 11. Schematic of nonlinear change in the trans-

>

port properties of granular materials near the perco-

lation threshold ..
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Table 2. Percolation threshold of two-dimensional soft

particles.
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Fig. 12. (a) The interfacial volume fraction V4; versus the interfacial thickness ¢ and (b) the effective elastic modulus

E versus the interfacial thickness ¢ and the interfacial volume fraction V; [
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Fig. 13. Numerical simulation for diffusivity of two-
phase granular composites of spherical particles using
random walks, in which color curves are paths of dif-

ferent random walkers.
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Abstract

The transport property of granular material that is a typical of soft matter, plays a significant role in durability
and service life in a relevant practical engineering structure. Physical properties of material is generally dependent on
its microstructure. Meanwhile, the formation of microstructure is directly related to compositions of granular material.
Understanding the intrinsic mechanisms of composition, microstructure, and transport property are of great importance
for improving mechanical properties and durability of granular material. In this article, we review the new progress
of modeling transport properties of granular multiphase materials. We focus on the three main aspects involving the
simulations for geometrical models of composition structures, the quantitative characterizations for microstructures of
pore and interface phases, and the theoretical and numerical strategies for transport properties of granular multiphase
materials. In the first aspect, in-depth reviews of realizing complex morphologies of geometrical particles, detecting
the overlap between adjacent non-spherical particles, and packing randomly non-spherical particles are presented. In
the second aspect, we emphasize the development progress of the interfacial thickness and porosity distribution, the
interfacial volume fraction, and the continuum percolation of soft particles such as compliant interfaces and discrete
pores. In the final aspect, the modeling the transport properties and the frontier issues of the effective diffusion and
anomalous diffusion in granular multiphase materials are elucidated. Finally, some conclusions and perspectives for

future studies are provided.
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