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A Study on Progressive Failure and Dilatancy Characteristics of
Granular Material under Direct Shear Using
by Distinct Element Method

by

Yoshihiko TANABASHI*, Seiichi HAMASAKI**
Tsuyoshi NISHIMURA*** and Hideo KIYAMA***

It is fairly important to estimate a feature of progressive failure and a dilatancy characteristics of

granular material such as sand, and a development process of shear band has been recently noteworthy
concerning with progressive failure in the micro-mechanics. This paper first describes the test results
of direct shear test for grass beads which have equivalent diameters. The paper next deals with a
numerical simulation for the above tests using by Distinct Element Method (hereafter refers to as DEM)
developed by Cundall, P. A. (1971) at first as a computer model for simulating progressive large scale
movement in blocky rock systems. It has been clarified that DEM modified by one of the authors can
estimate sufficiently the feature of progressive failure and the dilatancy characteristics of granular

material from the comparison with observed and calculated behavior of granular material under direct

shear.
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(a) Normal direction (b) Tangential direction

Fig.1 Model of contact point
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Fig. 2 Contact forces, f», fs and co-ordinate x, y
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OD 2 Uiz, 2D, REOEE ZHBLL e, XU
¥R cTET £ Table 2 0ftc 72 2, BAKLE
i, EETAEROBSEBO L %2E 5 (Fig. 4&
).

3.
3.



154 HIfEHEE - EIFIE— - VEfY 58 - RIUZEER

Table 1 Experimental condition

diameter : 6cm
hight : 3cm*

shear box

Imm/min (0.00167cm/s)
vertical stress 0.14, 0.28, 0. 56kgf/cm?
* EATHRED 1 BERANOAHPEBITLDBEE LD

lem @< Lz

shear velocity

Table 2 Void ratio, co-ordination number

void ratio | average of co-ordination number
0.879 6.3244 , 6.38644
0.618 9.1294 , 7.42144

4 smith?, aa field®

I : co-ordination number = 4

force vector

Fig. 4 Difinition of co-ordination number
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BUBEDTA VA F v —Ebvolk, —BHKRSA
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Fig.5 Observed relationship between stress ratio
and relative displacement (e¢=0.879)
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Fig.6 Observed relationship between volumetric
strain and relative displacement (e=0.879)
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Fig.7 Observed relationship between stress ratio
and relative displacement (¢=0.618)
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Fig.8 Observed relationship between volumetric
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SRR ES (% lom) £ L, DEM 2HWTE
FE—EAWSREY Y 2 SV — b L, —HETAKNR
BEyaIiv— 1T 3BORAKNEE X lom/s T, ¥
AWBEROKE S IZEX 40cm, 5 & 20cm O EATIE
LD L LTz, 2RI, ERORBRIEE 020/3 (16.67F%)
ThY, LB ABEEIZZ DEFES 0.15cm/s
(Kif% 3.0mm) & 72 %, Z DFEBROK MBI EFREME
EEraf, FOLER2—1 ERUKCET((#
—1)/n B EIERR) Lz, &7z, 2OLSKLTTE
2 ECF (B ABTRT OB TR 5O ik, 3XTHE
4 ThH%, DEM ic w738 EH % Table 3, 41z
3. Table 4 th * TRTEIX, ¥AKRDS A L
47y —ifEd AHEREPBRE 2700 DT
b5, FATRRL, WIHAECTIRCFE T 5 R FREER
o, BibREREE, FiED LHHE(©1, 0.2,
0.4kgf/cm?) 2 &t U (EFIBRE), CAKT 2 (FAM
W), kB, EERTIE, XKROIGHEAFIZE T b
DET 3,

[AH|<LMIT =g-At?-1.0x107* (15)

AH :BR 7 v 7B OB RO
At EEREES
g EJIIMEEE (980 cm/s?)
(At= 1.0X10*DOKs LMIT=9.8X10"*(cm))

Table 3 Material properties?

BB, TR TEESIX11/12, 13/14, 17/18D
3NY = THB., T SHEIIOERE, RUFIL
RETCORTFHEMA o Table 5 cRT BT
Hb, ThrobHPbEBED, BRI n /NS Lk

Table 5 The number of elements and contact

radius: » (cm) . 1.0
density : o (gf/cm?) 2.65
young’s modules: E (kgf/cm? 750
poisson’s ratio: v 0.3

Table 4 Interaction properties®

particle to particle |particle to wall
K,/ pg (cm) 3.64x10* 7.28x10*
7n/ 0g (cm/s) 1.53x10 3.06%10
Ks/pg (cm) 0.91x10 1.83x10*
7s/ 0g (cm/s) 0.76x10 1.53x10
At (s) 1.00x10°*
friction angle,¢ 30° 45°, 5°*
friction coefficient, g 0.577 1, 0.087*

angle
arrangement | The number of elements | contact angle, @
11/12 219 59.756°
13/14 189 46.962°
17/18 210 33.980°

Bwoh, KEFADOOELENSEBR LIS L5,

4, 2 BNERCEE

Fig. 91217/18F% (L #77 & 0.1kgf/cm?) DR A
Ty rBOTay ¥ —HIRERERT. CANSEE
% &, Fig 101R s FHRERS OB @I L, &5
WIEE T % (Fig.9(@)2|). coBfEtyTe, B
FTEIR RN E U T3 &5 2 5 (stepd000~8000, 2
FES71-89, 156-174 : BAER), Z OR[/FTHIREED
WEB~HETT L ¥ ABTTE 2 2R 3 % (step12000-~20000,
EREFST1-89, 156-174 : BAEFER),

Fig.10 Schematic diagram of movement each
particles
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AT XIBRT 4, FRECEAMBDBERL, 57 %
ROBZZ2LEDH2HFAOELE@ DI L E2ET

radius =r
Fig. 11 Difinition of d and «
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Amax(11/12)=2-1-(1—c0s(59.756°)) =0.993cm

(d) time step = 12000

(c) time step = 8000
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(g) force vectors (time step = 1000)

Fig.9 Calculated feature of progressive failure under direct shear (vertical stress, 6=0.1kgf/cm?)
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Amaz(13/14)=2-1+(1—c0s(46.962°)) =0.635cm

BT, BIRERD SERREEV TS e BFAR
% & Table 6 DRIz %, 2D & 3z, BEEHK2008(4
ThoTh, BHCAVHLD> TEAERELTDS
AVA Iy —BRTFLUVDERD B Z LB T
R#ETH 5,

Table 6 Maximum volumetric strain and expan-
sion amount

arrangement 11/12 | 13/14
volumetric strain, €.,(%) 7.84 | 2.17
expansion amount, d(cm) 1.57 | 0.433

Fig.12 1213/14E2% ( L | AT & 0=0.1kgf/cm?®) DL
¥, B AMIGH ¢ EAEREAL D OBfRE =T, M%)
Z47 0.0cm (238 13 B EATEK 3 DER L, BRCBHEL
TWw3HThH5, TAWBARE I, BAK4LOE
REHDEA U, WA 3 OBERESEML T3, &
G 4 OEFRB LN 3 OBERHSWIET 2L 25
TIEIRE—7 (RABGH O)BRT, 2O LR, £
BT RFBEZ BRI T L AR ICHEETE 3,
2%, wAMLED I oR Fig, 13 1R85
DN PEE, HRT 2. ZTOROELIEIOISEL
TeERD, L2 EAIE 4 5 31T 5, 13/14
FEH DFENZEAL 1.2~1.5cm {$3E 0 28 s @A T, B

shearstress . o5 ordination number) '] 006
2001
z 005
% ol
£ 0043
2 2
‘S 120 003 &
3 i
E 80+ {o%
S §
& 404 2 H0015
Ry S S ‘ | : 0w
0.0 05 10 15 20 25

relative displacement,D (cm)

Fig. 12 Calculated relationships among the num-
ber of elements by co-ordination number,
relative displacement and stress ratio

Fig. 13 Feature co-ordination number under direct
shear

A% 4, BEOAI# 3 & b A (2 o fThE L TR G Ek
2 O LT %, MNENL Ldem fHE TR, Bofizfk
2 DERBIEAI A LI VES > TWS, 2D L
&, ZOMEEBWT, RFOBETIMTOHTnD
bOLEZ 3.

5. SRER & RTOLEE:

EEAE LB 2T 2 IchTe, ETHIDICRER
KEFEOHEHIP VT ARMEERICT LI EEIMKRL
THonizw, FlE HI2EWCRIER Z & Th 528,
BOAr 8 (RER OB & 1 X FESR RN 5345 D 72 O AL
B)HBRICT B, Lieddo T, EENZTMIIRETH
D, EHRRTFHE L &% 3, Fig 14, 15 (FHTHER)
BRI E R EEE 011/12 & B WETFI D 13/14D 5T
n LAENEAL D OB ETR Y. ERERICASh S,
B2 E DM HERHMER KR UV I35E O ZEHE IR 23,
BRI DS bR TS, T, ANEMTIEO
IR L AR RIS O S, BOIREED b D28
REWIEHEBRERLERTH 3,

Fig. 16, 17 1%, R RECFID17/18 L £\ -ELF

(unitof o kgficm?)

stress rafio,m

00 05 10 15 20 25
relative displacement,D (cm)

Fig. 14 Calculated relationship between stress

ratio and relative displacement (dense

arr.: 11/12)

(unit of 5= kgflem?)

=02

00 05 10 15 20 25
relative displacement,D (cm)

Fig. 15 Calculated relationship between stress

ratio and relative displacement (loose arr. :

13/14)
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DI13/14DEEO T & ev EFNENL D DEERERT.
5 5 D5HEHENEMIICB LT, A0FA v
oy — BRI, WERLET 5 &, 17/18085 55
G O—BHERICIEL, ERERLERTH 3.
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0025 c=02

0.020

0.015

wlumetric strain, g,

0,005 ,
0000 (unitof o kgtiem?)
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relative displacement,D (cm)

Fig.16 Calculated relationship between volume-
tric strain and relative displacement (dense

arr.: 17/18)
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KQ> -
£ oot 0=04
‘% 0.004 ~
]qs, c=02
2 001
5
£ 002

=01
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relative displacement,D (cm)

Fig. 17 Calculated relationship between volume-
tric strain and relative displacement (loose
arr.: 13/14)

6. FLWLETIIC L DEEHT

6. 1 FRETIVOBE

ROEFVTE, T 1EC»Ir»2G8HIKE L,
ERETNMEENIZRBEORECR EOEERLS, ¥
ABIFEDET VAT —VEKEL LT RITo 12, E
B L O L ARk, SREMARERGERE Iom) e L,
DEM 2w CEE—HETAKRBREY 2 I V—1t L
Vo, —ECAWREEREY 2 IV — T BBOEABE
X lem/s T, R AMIBROK & SZEX 2cm, 7 &
24cm QEAIFEY Y & L7z, 2hid, EBORREED
LETHY, FcBRE-EARMEEZZDHEGO.
08cm/s (K7€ 1.67mm) & 72 %, FEHTEER b FIiE WA
BOFIRR I R4 3 DR FIEEERED S, BLREEE
%, FrEO EBAE 0.1, 0.2, 0.4, 0.8, 1.6kgf/cm?d 5
N =) R LU(EEEB)RAKT 5 (B AKE
). B, TR TERY133/34, 31/32, 27/
28,23/24,21/220D 589 — > TH 3. oKD

shearstress, © (kgflomz)
o
S

BERE K OFIDRE CORFRIZEMA o & Table 7

ERTEBYVTH S,
Table 7 The number of elements and contact
angles

arrangement | the number of elements| contact angle, @
21/22 452 56.468
23/24 423 49.557
27/28 440 40.412
31/32 441 34.375
33/34 469 32.032

6. 2 MFERGIFEEMS o ORIZTTHE)

—z, RCREMEIOREEIX, R TFRIOBEE TR
WWRET 3. (/0)me WL AL, LEFERIC
7y b LEURERZRD, T—N - 7—0 > DR
HE T D AWBME R RO, Fig. 18 T
Ao ENEEERA ¢ OBIRERT. B, 30" OBHRI
RTFHIEEA ¢ 2ERITZ2HDOTHS. £TCD/Y —
BT, RTFHEEA ¢ LV/NZVWERRLTY
%, BT REEAA o OWEINE & I NEREERMA ¢ bE

40
—~ — o
o ¢ =30
8 B0
- .
9 23/24 21/22
[=2]
S 20 x x
g 31732 27/28
2 X x
g X
5 104 33/34
g
E

0 T T T T T

30 35 40 45 50 55 60

contact angle, o.  (deg.)
Fig. 18 Relationship between internal friction
angle and contact angle

c=0.1 (kgf/cmz)

o
®

o
8
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——45deg.

0.004 ——60deg.
00 05 10 15 20 25
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Fig.19 Calculated relationship between shear
stress and relative displacement (33/34)
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Fig. 19 i, 33/34Fc% (L&A E 0.1kgf/cm?) D¥ A
Wi S) ¢ & AEREEAL D OBk Th THIEEA ¢ 0 &
EEASRIDDOTH S, KTHEEER ¢ ®RELL
IFEEAMIGT ¢ bEMT 2EAZRT. LoL,
BEHIOZRI X Z2RAWGT r OB EHRDS EH
INTH B, RTFEEAC & 2 BRI, R EcEY

Tk, HREDRICE < EZEAIDOIRY T IcEL W,

—%, BESbILTw 3 NEEE L, NTFEEHKE
LCHBERBLI-EHEL BDOTHZ7:0, MHEITER
BRI E ) EERREREZR W, LedS-> T, NS
BE¥E ¢ 13, AT & D R TECS Chr TR fl s
DWHEBINDLETZ5.

7. 8 V) IC
CAWHEDAZSTIA VA Y vy —FREd, K
FHEH R PR o) O E 2% 5. L L, —H
TAWREBO & TR FRIgEMABa Y VA5
VRO EBEBEMR R R T 2 10X, bEV KRG T
&3, St FEHUOTHEBREZT, BERST S
RMEEL T3, —F, KFXTRLIETHERE
ZEHZ, CAMHERARIZ OV TR 2TIE, &
ELuVBLTHSS,
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