5554 % 45 4 OB Y M ¥ R Vol. 54, No. 4
2011 48 4 A CHINESE JOURNAL OF GEOPHYSICS Apr. . 2011

XS LB b AR AR, B N7 R st X TSR S5 P BT A 5 M B AR R SR R IE W AT R B2 4R, 2011,54(4) 11079~
1089,DOI:10. 3969/j. issn. 0001-5733. 2011. 04. 023

Deng ] X,Han D H, Wang S X. A study of the influence of stress relaxation on the elastic properties of granular materials and
the calibration of effective media model. Chinese J. Geophys. (in Chinese), 2011, 54(4):1079~1089,DOI:10. 3969/j. issn.
0001-5733. 2011. 04. 023

TSz 73 2 5t XeF 50 AL 49D Jou 5 14 14 Jo Y 2 IR e
F R B R IER R

gk e, T At
1 0 BT R Tk AR K R S I RURR TR AE) . R 610059
2 JUHR B TR A 3 3R ) L B b IR LS B BOR R, AR 610059
3 Rock Physics Lab of Geoscience Department, University of Houston, Houston 77036 USA
4 P EAA RS CNPC R S0 80 %, Jbat 102249

OB ORESSHE AR E N A BRI R S 2 — ) A TR R ORI B BBE R S )
JB. 76 Ml B R P ] Hertz-Mindlin 882040 AR AU R T3 R (8 45 10 2 14 3 5 01 R A o L 120458 20 76 ol v 3
W21 2 B e F) B DDA {EL T 3D BT HOR U URL A 5T 7E S TR 45 5 40 0 TR RO AR R Y ) 2 e AT
VI B UL L RO R R E A0 40 0L 73 8 FRLUBE o3 B S8 200 Jor A TR 5 A N 5 2 1 T RE ML Ak L 45 SR R ] BORE AR
Xof 8 Bl e A | T HE S A5 3 R IO T 0 Al 4 R X R ARURE e A 5 2R A 5 o A 5 L L AE 5 7 I 42 8 T sk v st 4 R T
T B4 2 AR 49 2 7 7 0o BT DA B B TR A WS R R R A SR TR R TR R 2 ) BRI A e Al B
25 T A D) WAL IE R T C A 28R /R % Hertz-Mindlin 55804 6 R 08 AT 18 1E 19 7 7 + L 2% 18 WO 1]
A it AR U A U P 0o T A R 5 4 R O S O R T 52 B I R RP I T Y IE W

KGR RE ST A BORA BN IR . B HOT - Hertz-Mindlin 32 fill 85084, 258 30/ A5 Al

DOI:10. 3969/j. issn. 0001-5733. 2011. 04. 023 hE KRS  P631, P584 i B HA 2010-10-11,2011-01-09 W& & fa

A study of the influence of stress relaxation on the elastic properties of

granular materials and the calibration of effective media model

DENG Ji-Xin"? ,De-hua Han’ , WANG Shang-Xu*

1 State Key Laboratory of Oil & Gas Reservoir Geology and Exploitation s Chengdu University of Technology, Chengdu 610059, China
2 Department of Geophysics and Exploration, College of Geophysics, Chengdu University of Technology, Chengdu 610059, China

3 Rock Physics Lab of Geoscience Department , University of Houston, Houston 77036, USA

4 CNPC Key Laboratory of Geophysical Prospecting , China University of Petroleum , Beijing 102249, China

Abstract In seismic exploration, the effective medium theories based on Hertz-Mindlin contact
model were often used to predict the seismic elastic properties of unconsolidated sands. But those
theories often give larger shear modulus comparing to measured data. By using 3D discrete
element simulation, a series of uniaxial compression and pure shear test were carried out on

granular material with the aim to study the insufficiencies of those effective medium theories from
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the level of microscale of particle size and mesoscale of force chain. The simulation indicates that
stress relaxation resulting from the rotation and rearrangements of particles has negligible
influences on the calculation of bulk modulus. But the stress relaxation has significant influences
on the calculation of shear modulus under the shear stress perturbation. Shear stiffness
calibration factor (C) and combined parameter R/R were advocated to calibrate those effective
medium theories based on Hertz-Mindlin contact model to accounting for the influence of

relaxation in contact area and grain angularity.
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Fig.1 Contact model of contacting particles
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Fig. 2 Random arrangement of granular assembly and

2D contact force chain structure
(a)Model of granular packing; (b) Force chain under uniaxial

compression; (¢) Force chain under pure shear.
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Fig. 3 2D displacement structure of granular assembly
(arrows present the direction of displacement)
(a)Displacement structure of uniaxial compression;

(b) Displacement structure of pure shear.

KL 53 B8 I 518 114 22 T D0 205 45 ey 5 7 J50RE — 4t 4 0L
0 O3 [ v R 9 057 B 22 B R 5 A i AR 45 A
RFAE Sz Il BORE 75 240 00 RUBE b I A 7 1 A X T 8
ezl Uk E HES AF A iz B (] 3b).

P 4 rp gy H BORE A ST R A P ik e 24 452 400 v il
li) I 77 38 4 (Ao ) 5 2 BT AU rp 5 R ) 38 4 (Ao B
RGOV I ] GS AT 08O 1978 fb. B A5 03 2 o
RGP 4 E RN 0.5 MPa, £ 3000 4~ [0] 4 1<
N RGIX BN WG AR S (RGBS e/ T4 € 15D
MEE 3000 22T 4R 7E 10 AN ]2 A8 28 52 19 25 T
EAE €= 0. 106 IF AR 45 75 VLN 78 28 452 3% ¥ 3t 35
FIPAAR S 7R W02 52 vp I ) 08 B 8 A 3 FT g3
TN RE AL B B A it B AL By B2 R st B =
A aed A DR T R A [ B AR UL A A i I 5
PR N H I A S5 BIT 3% B B9 g 2 AT Dy G T iR
PR 5T B B A it e A v U R g 6 (A AR T
LA Al e (B 1Y S0 PR IR 3R B L1 ) S8 0 286 R A B AT
N T X R B R B 3 N R AR i B B URE i
T e i sy LI e Ok E HE 51 S AR R IE B i R SR
A= B S 4 B 0 ) F st (L 3b) . s Tk D6 5 A ot o
Wr)a 9 A Bt p By )R (A X A2) A
75 S TR RS T 06 P 3B A 45 2R 5 4 3K (8)
— B0 TR 1 S A [ ) ) B R  RIVBORE 7 SO R
JE b JOHERE (T HES SF AR st A T A 25 2R L BURE % fik 12
GBI HR T S DR A O P A5 AR A T
SR AOURL A T B L) RS I 2 BEOR st A T B4
il 1) 10 7 38 Ao ) 8 A ot 2 A rh U RE X6 22 A B
/I JFG A DR AU 7 At UL R b ) 3 0N A

Stress/MPa

0 . . .
2500 3000 3500 4000 4500 5000
Step

Kl 4 Ao 5 Ac B R GET-H7 I 8] G247 KD 19 2 4k
Fig. 4 The change of As.. and Ar with equilibration time

(running steps) of granular system chain structure

J7 1) A I — B0 (1B 2b)  BAR R AR AN 2] i {H
I B A TE W 2 0 el JORE e 5% Tk 810 A5 T] 1 1
JIH AR T AN 88 5 O AR 25 R P A W AR AL
PRV A 5 408 3t P 5 1Y) Ao BT T 5 H A AR BUASE 2 I
TG 5 22 S o T T BSE Al WA L 4 F) 45 2R B -5 1R AR
B SR AR (A 3 (7)) — 0, TR B A I 45 3004
JEOAE B SR A T (A BRURE 2 s 1T LA 47 A st £
MHZIE.

4 SFERO R ARG OE Keis

38 A BRI RLAR S £ 1A% 10 if P R A O A2 2K
BUAR [8] 205 W4 T D o A — S i J2 2 1R A MR v 1
Jo. R B T B A — R BB AT 4
5 B4 AR 42 fish A% 18 35 A2 Hertz-Mindlin 4% filt 152 54 ,
B 2 fik 187 2R B AR 42 4 Mok, TOUREL 22 1) AN A7 AE
GERSR(R2 N RN IR /AL L (DS AN R D /AN
(&) RT3 F A7 il ML B Ak B9 0L S 5 14 26 25 B9
DIBEEL. NS 3 95 I 45 2R mT RRURE AL 5t £F 6 A
UL SRR LR E AR U S
JoRE R H B 22 1) T I DN A 8 S AR A SR
BB TH SR [ 45 0 10 R sk g vk L2 5
Y U O Y b 5 SR S ) I B AT — R Y
DX T A% BE A 3t A FH B 52
4.1 FEFNRERHRKE

GLAR B A A A DUBR 5 e S A i A0 426 fh v
AN AL AT A Sk 2R A B TORE A% foh e
()P S EE SR R WO s WD R S, AT 7R Oy
§CL—GU<1_#PI‘;H)7

SCep Fy 5 F, 050 0B it 5 BT 4R 1 060 16 1 9
MBTYISy. Y J) Fo=pF, i, S, =0CR/IMED s 76
PR BB BT To 57 I C AR 4 M A% P 61 1

14

S =



1084 H Bk ¥ B % R (Chinese J. Geophys. ) 54 %

BE S WA RS AR —8 k8 i K. /T
e D) AERAE L BB E AR a B UKL % il
T R R R i ARG &
71 JURE H2 flt VT H R AR M S AR 1 ARG O
X AD A AN

8a

S‘:QT

-V

(15)

AR Co X T HuAL B D o — A B UL 4% fih ik
PP BLRR AR R LT I 5 0 PR OB R SR
LR UIARSG HAEAE 0~ 1 (438 [ N A2 1L

XbFRLAR A 5T R B SRR URE T 5% A R 51 s
B 0SS S5 R R A ) 5 R S Ll R HE Y L B
Ik M ot A 2 5 B X i Jo S A B DI 1Y
SR AT FH 2 280 D/ N ORS¢ fih 1 r i 2 AR
e fiuh 2% A°F 09 A 2GR 20 o AT E SCR KL G s At A
9 A5 RO M I 23 2K (1) AT 3R 2y

s, = c,c, 346 (16)
2—vy

RZHC, MEBATE 0~1 WL BN AL, R C Ml
Co 2 S5 e W b AN [v) 40 BELAIL ) 40 5% W) o (FL A — 7 R
EREC, BT Co 1Y R il 1T A £ 14
AT KRR CCy R | s it A T A0 5% i) .
s (C, MEB S, 8 LR C=CC AR
(16) A f&jfk Ky

8aG
2—
LEA AR () (8) (A7) [ 13 4% F A

N

. 3 .91 —
(IcH = Kcﬁ|:€+(/ 5E27:;}

4.2 EFMRREAXKIER

M S5 R0 TR B Y 5 2 3T SRR A D
PR T A E AL S H L2 5 (18)) « e — ek
TR TV DR s AURE 22 fs T J=) 908 4 E 119 4 & 8L R/R.
FCrb R Ay 2 b JURE T £ J5) 798 S 2l A€ 2 42 L HE —5E
Tt JBE I S W 3 fk R 1) 190 2 R AR R ABURE 1Y) 25 2%
AR 5 73— DS RO FALIIORLHE i T8 45 AE 15 4% 5t A
R (9] 1] W B2 A QE R Co 2 30 (18) A al LA
PE— 2D T B AR R R AR LIRS RA AL L
Coan ) TR 245

_ 3Kui —Z2pqi . (2—y) —2CA —v)
2(3KM{+/¢@[) 4(2_1J)+2C(1_1J).

(19)
M AD A LLE S TR AT A A

S.=C an

(18)

Odry

Fb Coae ) A 1110 1] I 32 A2 T R T 5 41 S 800
R/R &, B G T A FH AR bl 5 3R HE B0 1l W J3E A O
7 Co FA 28 3 (18) o 1y 4 B 8 A% 1 2 20 A%
B A S8 R/R WA 15 2 W 41 5805 18
A (18) 5 Gassmann 22T R E )2 551 T R
IE6] 235 > ) L P A o

M AT 1 20 17 0T AN 76 S 2% 58 4 Uk R
FITE R 1) 45 T Hertz-Mindlin 45 8§ 4> 5 452 74 7]
28 A Ay R A B A BB R S M. 5 R A
— 4 p 6T B B B 2k 9T R AR N B A R 4
A TE A [] BT R R g 1) R P e ok )k 5 SR T
S SRR AR S B D) R (L3R 1 R SCiEk4 D)
FAARXAO W LI A S5 R/R BUKNRME
I F A BB B i i 7 A5 Ak 1 B e il 4R, T R E 4l
BUBORLBY U G=29 GPa, JAMA L v=0.19, fL
BB ¢ 55 ORI EC AL B n (4 U 389 AT 1 % 0 R ) AL
ECRSCERLAD . fEA A28 R/R WAE A 1 115 3t
™ Hertz-Mindlin SF 2040 JRUAS 7 fir 25 H ) R -7 1
T B0 AR 1 il 2k 5 S B R B A AR 1 A B R 4
RHFA(E 52, FHAKXAD P HAHESHR/R
FE— 2 FEBE b AT L ke S e SO I fR: T340 422 fi 1
JFBFFAE. 18 5b H A ZSH R/R Jy 1 B Yl HI
JERIE HF C A2 A0 B (¥ 57 U Bk B ) 28 Ak 11 2
ik, % C=1 #f{t 3 Hertz-Mindlin 255k i
T PSP T 25 L I A A 22 fioh 100 S 1) 7 2 R AE
SRR A AR . N s ot AR R LR M AE AN BE R
A A A ALY DI B R (E ;s C=0 AR
L2 fk T ' ¥ G B R 0, A TR ) S B A
HAf/MA. 7T LG . Hertz-Mindlin 88804 F s
RUPRIS TT 25 S O S O e 4 AR 2 B kL
LG IRTE RSB0 2 UF F I AT AL R B fih A% )
FEJE F3/NF 5 MPa B J0RL 3 fil s 5 77 2% 4% 04 0 4%
T 52 A0 A (C=0) . B FE 7 39 in 5UKE H2 filh 17
T L 2 o R I S IR A R T 3 i B
R S I R R A ) C AR TG K.

Bl 6 145 i Pomponio 7 [ 45 A T8 #f b ££
TR AT T R R FRS 5 DI ASE I A5 R (W3R 2
SCHR LA D o 4B A 5 550Kl TB R AS B U /) 46 3
Pomponio # f#5. FFE A A AKX A H A S
Z4 R/R WO [RIH b 4 (A BB 5 B R g 748 4 i) 22
W2k (E Sa). & a] UL, R R S AT B R AR OE 1
Hertz-Mindlin 52§04 i 52 84 BT 25 Hh 1) 7R BB o 2
WHEF Y T AR A8 H R/R=1) 55256 £ 45 R
ZRAFAERRZER NBEERER/R=1. 4/ ik



44 XS 2R 45 < IO 3 A it X U 0 5 A P R ) B S A A R A TE A 5 1085

25 25
(a) (b)
—3
1.8
1.6
£ 1.4 £
~ —12 g
3 ' E
=] — =
2 2
g 0.8 g
-‘,_:‘ — 0.6 E
@ — 0.4 7
0.2
A
1] : h . 0 L L "
0 5 10 15 20 0 5 10 15 20
Confining pressure/MPa Confining pressure/MPa

B5 3 5 TR BURL B A (A 30 1 4SS S U0 5 R B R 31 ST 45 SR 3R
(DHASHR/R AL (b)) i K BE 4% 1E R T 454k
Fig. 5 Comparison the model predictions to measured data modulus of glass bead packing

(a)Change of the combined parameters of R /R; (b)Change of the calibration factor of shear stiffness.
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Fig. 6 Comparison the model predictions to measured data of unconsolidated sands

(a) Change of the combined parameters of R/R; (b) Change of the calibration factor of shear stiffness.
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F1 KEHEBHREMVELE R (51 8XHl4])
Table 1 Measurement results of glass bead packing
(from Ref. [4])

[ & I\ i T i LB R
(MPa) (m/s) (m/s) % (g/cm®)
0.5 737 360 40. 56 1. 465
0.99 866 448 40. 47 1.467
2.49 995 566 40. 27 1.472
5.0 1148 665 40. 04 1.478
10.0 1301 771 39. 68 1. 486
15.0 1404 847 39.41 1.493
17.5 1435 868 39. 28 1. 496
20. 0 1473 904 39. 16 1. 499

% 2 Pomponio A\TH E#ERMEL R (5] B3 #k[4])
Table 2 Measurement results of Pomponio sand packing
(from Ref. [4])

[B EN3:9) s i p o R LB Gl s
(MPa) (m/s) (m/s) (€Z3) (g/cm?)
1.0 875 485 38.76 1. 670
2.45 1037 599 38.57 1.676
4.9 1233 730 38. 31 1. 682
10.0 1366 842 37.83 1. 695
12.5 1439 881 37.59 1.702
14.9 1503 911 37.38 1.708
17.5 1588 951 37.06 1.716
20.0 1643 993 36. 67 1.727
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Fig. 7 The well-logging data of unconsolidated sands reservoir
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Fig. 8 Computed results of well—logging data and theoretical models

(a) Poission'ratio; (b) Calibrated factor of shear stiffness; (¢) Combined parameters of R/R; (d)Bulk modulus; (e)Shear modulus.

P LA ful UL S BIF 5 B G A6 UKL (R FR Bl B -
I AR A A il 30 2o 4% 50 Al Ak BILA 3 S5 R AR
L2 B IR B A 5 £L B BE | T PR s g B 2 B A 55
PEAE T A2 A5G 2 AT 3 50 A 0 7 o Ak PR $¢
fiah TT 3 2 45 A Xk A S5 B D) A 4 R D A 22 S
AR S A TR TR B4 A A T 4 ) Al s i L
1, B fi OB AE S 20 WL CBORL ) RUBE 19 17 78 R A1
5 ORE S 5 PR B 2 WL A R AE — B X AR 5 1A
19 2 BOCRBUE AR A R I 7 B A T 4T J0RE 75 20 0L
JUE b IS 3 0 8L A% B 5 18] R AR S — B0 (& 2b) s
BRIV S AN B 5] R AT TR AT S 4 e f
R T 9 30 A T B IS g A st R L R )
NG 217 s g T € e D T [
Hertz-Mindlin 28204 B R T 5 A9 50K i A FH

P 5 I PR e 45 R 22 S AN K T A 2 B 4
UKL, #1640 W R E S e A7 7 B9 A1 X 1 3l L e
g S AR L E B, B R b I AR
i 55 R 5 TR 1 2% AR AR A A — B, A AT &
SERAY AR g 2 2] W AR B o i A Hertz-Mindlin 25
R SR BT 4y 1) B YDA A RS THRE S 9 PRl
AR Z ) BLBOK M 22, Kruyt 5 Rothenburg
A P f5 /NS BE D B M UE B ik 1 2 50 o A AR S 2
PR B SRR A A R 25 Y Y B e (R ORI AR
S5 RO A i Y TR

TR 1A 4 P A 5 G, ) B AL Y Wi
JEAAAE W] R A OCOC 2. AR AR TR E 4T JURL A J5
£ 125 T OC B AUh I BT 0 ) 1O A8 €= 0. 506, T b
e U B P S PR B A e R AE 1077 ~



1088 H Bk ¥ B % R (Chinese J. Geophys. ) 54 %

1073 RE — AN 8 G 3% 0 A8 /N B (R A UL e o 14
AR, XRESSAFEAE R, BITE e=0. 5% F A I BUHE
AU R WL 21 14 JORL AH Xof 1 20 5 JF e Pk i gl 2 A5 1E
b 72 O P AR AT SRATAE. I B O R
UL AT LR T 2 SRR AR X 9 2l S5 AR L i 3 B e
JICHR) RO 3 A st ok SR £ 5 1A 14 28 A3 5HR E E A AT T
A RZ WA LT RE AR A A N T bt ) 5% B e BT e
P8 IO 3 7 748 i 7 TR SOOI JE L R 75 e 42 fh
UL 282 AT 1Y) e JEE 485 0 (0 JOURE 04 A X T 3l S A Sz
SHATLLIT IR . 5= i s 75 A8 T S A 2 RO
FAXT W BIRETR T IR — HAFTE S, MO BROE B3
TR TR BN g A TR B B 1A B S 3R 25 SR W] LA
s TEHE J3/N T 5 MPa I JBORL 52 filh 10 5 ) % 55 A5 5
i T ot &6 Al (C=0) . RIZEAR /DN 8 75 I B
ARWRBE R A e~ 10 475 AT BEAF AE 45 fish F5URL A X
A AR B AE L AEAT . Prasad 5 Meissner
0 Ao 0T B LAV L AR 5 A 14 3 R % it T PR 0 4
SN o e JBORE 5] R F 45 3l BT T B B 45 3 0 A
TE I ZE W BE e DAy 107" AT AR J2 3 S 3 P 992 36 0k 14 T
FREYY. Titemann 55 1 9256 25 1 2 W) g 45 00 4
P10 A 90 8 DR L A EE /N T 107 B LT BT
I 7S W ATS SR A A W L Y A 56 06 R Deng
S5 X TUS T BEAT (8 75 R S g A R R BT TR R
PFTR DU 2 B T Dok 4% 1] S P 114 2 S L A 2 SRt i
ZT8) B RORL 2 [W] F) E Sh JEE 8 A EE 4 T 3
JIC 18 AR AL B R S A 5 1 A 1 3R R A L O
BRI AR AT LA AN AR IR e /NF 10 /91
DU ORI X 1 B AR etz sh AR AT ek AL A
JRAURE 1) HE B 3L B 45 20 T R R AU L UL IR AR
T ATLRE B A0 J5 BT 32 Js 3 R ik 25 0 L 4 [ 4 Y
Wi L 22 i 252 1T 1) 7 27 AL o 0E I A B0 5 ) 2
JRCRURE A S 1 3l 45 AR 2k ki Bl A AR I R

6 4%

CIRIURLA Tt 5 Jal e 46 1) 25 1OG R0 (A 401 405
FW] A AL B 3 ) B BORL A £% 15 7% W s
7 18] CRE 375 16— B0 il 16) B2 T3 38 45 (Ao ) £E 1 5l By
BT B 1 Ve i 728 A 5 /0 » IV ASURE AR XS 3 e
e HLHE S SF I IS4 L ) H st A PR WA s AU
g5 AR AT RE I AULAT 3 45 S5 A A R ) g 5 i A2 i
Bt Hertz-Mindlin &5 8540 J5 A5 7 1] 45 i 45 O 1
o A BRSSO T S

(2) JURLA Tt 4 9 e 46 1A 75 HoG R (A 401 45

F MW ORL AL AE 40 R b BA7 B S 1 3 AR 45 44
FRAE S B H BOREAE SIOUL RS B B A8 B RH X 1 3l
Fezh EHES AR LAk iz 3. B N T Y (Ao 3R
B B 4 2 S ot ) 2 I 45 A TR R 1
P o AR AR A 38 5 3 A Hertz-Mindlin 45 2%
v B e 4 A B U0 AR B O R (E H BLA R
(CE=

(3) fEMEJ3/NTF 2.5 MPa IHURE 4 filh 11 57 7 2
FRAFHAIE T 58 @O ik (C=0) » B IE 7 56 Jn t
RLFE fi T B A2 A M 2% 7 1) 45 200 Al 9 ¥
i B S5 I 45 R BT B C (A B R
T2 i ol B G2 A 32 5 D DR 2 o BRI 7 9 9 4
PR ZH B URIE 8] F 0 B R o 3 A fk JOASE 14 4
S TR JEE 45 EL 7 98 o s UARE 42 S 187 52 9 i 5 6 420 T
e i o AR R PRy RO A HIE Bl AR AR Xk e Bl AR AR Ak
12 B Il

ORI HIERERF C XA S8 R/R
X Hertz-Mindlin 55 2 A Ji B 8 47 B8 18 1E . DA
2 TR BURLAR b A 1 b R 13 fih T A WL DU ) A Joit 45
RO R THIT A5 R R W 2 B iz 45 R R WAL
TEJE I S5 R0 R TR AT 4t AR [ 45 1R )18 1 S e Af 114
b 7 PR R A P T (.
B SR PO A PE B AS SO B A 5

=Y
=W

2 3Lk (References)

[1] Mindlin R D. Compliance of elastic bodies in contact. Journal
of Applied Mechanics, 1949, 16:259~268

[ 27 Walton K. The effective elastic moduli of a random packing
of spheres. Jowrnal. Mech. Phys. Solids. , 1987, 35(2):
213~226

[3] Winkler K W. Contact stiffness in granular and porous
materials: comparison between theory and experiment.
Geophysical Research Letters, 1983, 10:1073~1076

[4] Zimmer M A, Prasad M, Mavko G, Nur A. Seismic
velocities of unconsolidated sands: Partl-Presssure trends
from 0.1 to 20 MPa. Geophysics, 2007, 72(1); 1~13

[5] Makse H A, Gland N, Johnson D L, et al. Granular
packing: nonlinear elasticity, sound propagation and
collective relaxation dynamics. Physical Review E, 2004, 70
(061302):1~19

[ 6] Johnson D L, Makse H A, Gland N, et al. Nonlinear
elasticity of granular media. Physica B, 2000, 279:134~138

[ 771 Bachrach R, Dvorkin J, Nur A. Seismic velocities and
Poisson’s ratio of shallow unconsolidated sands. Geophysics,
2000, 65:559~564

[ 87 Cundall P A, Strack O D L. A discrete numerical method for



44

R[S R 55 < I 3 A% it X UKL 4 S o e R

5

Wi % 5 2% A SRR LA IE WF 7S 1089

L1o0]

(11]

[12]

[13]

[14]

[15]

granular assemblies. Geotechnique, 1979, 29(1) . 47~65
Majaudar T S, Behringer R P. Contact force measurements
and stress-induced anisotropy in granular materials. Nature,
2005, 23:1079~1082

ooUk. IhNH 5k R AE. BN B HUTHE TR R, 1%
HEJE, 2003, 33(2): 250~260

Xu Y, Sun Q C, Zhang L, et al. Advances in discrete
element methods for particulate materials. Adwvances in
Mechanics (in Chinese) s 2003, 33(2): 250~260

IV, OB i A M BUBORL o % 0 BE O A B AR
2008, 57(8):4668~4674

Sun Q C. Wang G Q. Force distribution in static granular
matter in two dimensions. Acta Physica Sinica (in Chinese) ,
2008, 57(8):4668~4674

MR B, BEBEDT. A AMIEAE. b dbat R AL, 2001
Chen Y, Huang T F. Rock Physics (in Chinese). Beijing:
Peking University Press, 2001

Mavko G, Mukerji T, Dvorkin J. The Rock Physics
Handbook : Tools for Seismic Analysis in Porous Media. New
York: Cambridge University Press,1998:106~160

Norris A N, Johnson D L. Non-linear elasticity of granular
media. Journal of Applied Mechanics 1997, 64;39~49
Thornton C, Barnes D J. Computer simulated deformation of

compact granular assemblies. Acta Mechanica, 1986, 64(1) :

[16]

(171

[18]

[19]

[20]

[21]

45~61
Brilliantov, Spahn F, Hertzsch J. et al. Model for collisions
in granular gases. Physical Review E, 1996, 53(5):5382~
5392

AR, wEEAE, E M. R 250 R SR P BT A A
P RIRERLRAEDTE. Al R B 7. 2010, 45(2) 249~
235

Deng J X, Han D H, Wang S X. Rock physics modeling
characteristic studies on seismic elastic properties of
unconsolidated sandstone.

2010, 45(2):249~235

Oil Geophysical Prospecting .

Kruyt N P, Rothenburg L. Kinematic and static assumptions
for homogenization in micromechanics of granular materials.
Mechanics of Materials, 2004, 36:1157~1173

Prasad M, Meissner R. Attenuation mechanisms in sands:
laboratory versus theoretical (Biot) data. Geophysics, 1992,
57. 710~719

Tittmann B, Abdel-Gawad M., Salvado C. A brief note on
bonding on seismic dissipation.
Proceedings of the 12th Lunar
Conference, 1981. 1737~1745

Deng J] X, Wang S X, Han D H. The velocity and

the effect of interface

and Planetary Science

attenuation anisotropy of shale at ultrasonic frequency. J.
Geophys. Eng., 2009, 6:269~278

CORICHER T 30



