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A MICROSCOPIC CONSIDERATION ON THE SHEARING
BEHAVIOR OF GRANULAR MATERIALS USING
THE TWO-DIMENSIONAL MODELS

By Sakuro MURAYAMA and Hajime MATSUOKA

Synopsis

This is a report on a microscopic consideration of the shearing mechanism in granular
materials such as sand and gravel. In order to investigate the mechanism through
observing the interaction between particles microscopically, the direct shear test was
carried out by using a horizontal pile of alminium rods with various diameters as a
simulation of two-dimensional granular mass. Another direct shear test was performed
by using a similar horizontal pile of rods made of photcelastic material to measure the
interparticle force transmitted during shearing process.

Besides these tests, a simulation of two-dimensional particle arrangement (structure)
in an initial state before shearing was obtained analytically by applying Monte Carlo
methods.

In these investigations the interparticle force f, the frictional angle between particles
o and the slope angle of the particle surface at the individual contact point against the
general shearing plane 0 were chosen as fundamental factors to control the shearing
resistance of the materials. Among these the frequency distribution of § (—90°<(6<(90°):
N;(8;) (0;—40/2<0;<6;+ 46/2) was adopted as a factor to evaluate the particle arrange-
ment on the shearing plane, and it was found that this factor dominated the stress-strain-
dilatancy character of the materials. It was also found that N ;(#;) was related to the sum
of the interparticle force in the same small range 40 of 6: F;(6;) as expressed by Eq. (4),
which was obtained empirically from Fig. 7. From this relation tangm,(=7/0n) can be
calculated by Eq. (5) if N;(6;) is known. This calculated ¢mo agreés well with the
measured @mo as shown in Table 1. Furthermore some macroscopic mechanical properties
obtained by repetiticnal loading test were explained from the similar microscopic point
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Fig. 1 Simulation of particle arrangement obtained by applying Monte
Carlo methods and transmission of interparticle force due to own
weight of particles.
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Fig. 2 Simulation of particle arrangement obtained by applying Monte
Carlo methods. -
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Photo. 1 Direct shear apparatus for pile of rods.
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Photo. 2 Particle arrangement during shear for pile of rods with
one kind of diameter ¢ 5 mm.

VRBFEC X - TR DI NG, EHEM, Bkt riEZrzbhb, FIhbOBRNDEES
LOTHEN, HFOOF H BLSOPERAFERYS bbb THT L EELIRERL LTI AW
3, B HEXREFDOA5 Y FOBEPHEERIR TN X5 TH BN, RICHEND L5 CEAR
BEaEET 55850k, L0 PR DBy o DFlE H5 0k THTFRE) LW BE0R
BEEAEA LI,

XCEROERA TN TR—CEET S & LR 0T, BERNIEND, SAKEIYEENC
FET HEAMSLERE LT, MTFMIEED f, WFHEERA 0 S IORTESAH I O3 OXEAKL,
ST 0 XER LTV A BATERT 5 2 HORTO Pk i A KERE SER L Ol TARET
BobL, BANHEACH L TED EisEERE, BETO0, TrLEEALTH, Licdt-> THRNC
X OIE —90° 2B +90° ETOMEEE D 5B LTl D, Pheto, 2 13 ¢5mm D7 I ELETORBMEN
BB A SRR TR LT 58, RAKELOKFN—2 OET—ECED k2 5 O EHE SR
%, COL5EIRNOBEE, MPEEEN f RRAFRLEOTXCORFIIEEL {AELbh
BEELLRD L, WFHEAE 0 13T NEGRD LR AWM Lichi > TREZIN LD, 74 IHED
B TREEA O AT HIUE, BANEMCL LR OERNEL L TOE—E5 1 X&hic ¢ (fno &F
T tan gmo=c/on) XEETES, HlxiE, TAMPHOE=AMROKNTEED L X LARICIS
HFEINEZIhD L, 0=30° Thb, 0=20° THBZENMEINRTVEHDT ¢no Ik L% 50° <
Lich, SHTERAEE—FBT D, RELCEDY LoBEIL 0=0" T, dmo FRIFHBEAICEL
BIE20° L b, THOERMEE —3T 5, R TREBEEA OIL, 74 IEE T IROHOEEARS
WRAERELT AMECE N T L B LOBBAYIE L TEDLLDTH D, 20X 5 ICHAK
T & A BTIE I—OFAEENRE Sh bbb th 525, Rowe? [LFHBD X 5 DX 5BED
fR% 5% T\ %, Photo. 3 (L 4FDE (41.6mm, ¢3mm, ¢5mm, ¢9mm) nhi b 7N 3 EREE
DR KL h=10mm) ORFEEFR LIS DOTH 54, RAME LD K THAA 0 18 «0f
Eilsl, WIHEED fOoREILFACTREVL > THD, 0L C—BRORTEREDOHA LM
BICHET B ENTERVOT, RICHTFESA 0 LHTHEREN f e TEET S,

5.2. HTFERAOICDNT

Photo. 3 I RT & 5 r—ROBTFREBOBEI, CAMELOMTESAA O 2L 58HE L, T2
LB oL THBA, oI TIE —90° mb +90°  To 0 DFEFEY 10°HRIBOERCEKS L, FHERIVE
AWTE ORI T B SR 0 #HRA 5 C I DISOIFRIC OV TRITHSA 0 OERSMOER DIz, Fig. 3
{3 Photo. 3 7 BLHAR B AMELED 0 OERSHTHB, “ORFOBRORAIZDLEE—ET
4 XERTWD ¢(=¢m) DEMEZRTL, BOEAIHEMEZRL TWwWb, ZOFEMER>WTL5.4.

— 7 —



512 HARPTRBIEFEHEEISHB (A 45. 3)

R SS S——S o a

Photo. 3 Particle arrangement during shear for pile of rods with
four kinds of diameters ¢ 1.6, 3, 5, 9 mm.
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Fig. 3 Frequency distribution of # obtained from Photo. 3.
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Fig. 5 Frequency distribution of # and distribution of f after shear.
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Fig. 6 Frequency distribution of # and distribution of f after shear.
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Fringe Value

Fig. 7 Relation between frequency of 6 in
46: N; and magnitude of inter-
particle force in 46.
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Fig. 8 The interparticle force fi, the frictional angle between
particles 0 and the slope angle of the particle surface at
the individual contact point on the shearing plane 8.
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B, COFEFTE fi & 0; ORI BEENRWICHDEBIFTESES, {EROPFRTE, 22T 6 A4
FRTELNED fi RTRTELVH DI F BB L REXFT TR LTV 225, EEX fi ®
0; DEALHHE = FRRE DR AMBEH A ST 2B CEELRERTH 5L E2 D, LTI T 0 Lk
CIHE L, BbRT fi & 0 ¥BHEST B0, 5.2 K LUE 3 TR~ X 5T, KITESA 0 OLHH
(—90°~+90°) %% %M 40 OFR (hkfEx 0; L+5) CRFL, 0; BEAD 0 OEF N, Lok
FREENDOAREX F; L5 EaTHRITEED,
0; BROKMTFRUEE DA E X Fi 13 OFBAOME « ORTRIZES fi OMTH L2 b,

Fi0p=71 fi (01_%<0j<gj+%) ............................................. 2)

Ehbbi3hb, o0 F; #AVhE, 0, 5% OEBONRENLAEYL LT Fy It2KE S ORTH
PINEEIND LEELORDEDT, (1) RIZKRDLHSKERTE D,

3 Fyesin (0,+8)
tan gmo= ol S P TP (3)

m

> Fj-cos(0;+8)
j=1

IR m IR THAA O OREEE OB TH S,
12 0, BBD 0 OEHx Ny L+hud, 6.3 THELA X5,
Fym=C-Nj2 (€ 1COMSE) weeereeseresssrmmmisissitiss sttt e (4)

Table 1 Comparison of measured ¢mo with calculated ¢mo
obtained by Eq. (5).

Shear Displacement Measured Calculated
Pmo Pmo
0.0mm 0° 0°
0.5 20 25
1.0 23 30
1.5 27 27
2.0 30 26
2.5 32 31
3.0 33 33
3.5 33 29
4.0 32 32
4.5 32 29
5.0 32 33
5.5 32 36
6.0 33 33
6.5 35 34
7.0 34 33
7.5 35 31
8.0 35 31
8.5 33 33
9.0 36 34
9.5 36 28
10.0 34
14.5 25 28
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EBbbEhs, (4) Ax (3) ARATHERALES.

3 N-sin (8, +5)

tan ¢mo= ];1 ..................................................................... (5)
jZ Nj2.cos (0;+6)
=1

(5) RXb, ERMNCEAWEH tangme (dmo: T~ 54 X I M- RPEEA) X0 OERSH
Ny EARFIWIEETHIENTED, ZOFKRD b LRTFESA I OEES N0 RAK
ENvFET 5B TEERERTH S LI 5,

Table 1 12 4EDE (41.6 mm, ¢3mm, ¢5mm, ¢9mm) D7 L I EDORSEBHIZOVTORA
WHBD dme DEAMEEL, RAWTOFEENORTESMA 0 XFHAMY, 0 OEFH N (0;) %R
T, (5) AR IVHELL dmo ODFHEMOHE AR LIS DTH B, PIFRIERA T AMERNO0
D& ET0°, CAWIIAE D E—EMEH20° L LTHE L, ZOBAIT 0 % 10° MR OEHRC T DT,
HEED £5° BEOHEEIRLUR LI bITTH BN, HEMEEREIIGD I A>THDHL5TH
%,

5.5. BREOBH—0DTHE—LAV 2V —BRICHTI/RNER

LEDEZE#E LT, CANEEOKFESA 0 OEBIMr RGO AMIBH IR T 5EEcER
TH5H R, FREDEI—OTHEARE BRSNS D 2 ExBRTE, & TRAME LOKT
BEA 0 OERSHRDOLOBRYEL DL, SHIRAMECKT 5 THFRE) HA ik THTEE
T 5—0oDIBETH B L\ 2 B, Lo TRHAMC E b S HTFEED 5\ itk FEoEL, 6
DERSHAHOBC L > THET A ZENTELTHAH S, CDISCEXLDLE, 0 DERSHOMI R

(o]
LISLINLEN (L B 0 N N L B O

h (mm)

Fig. 9 Stress ratio (z/on)-shear displacement (h)-dilatancy (V)
curve for pile of alminium rods.
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WEDIEH—OFA— LAV v —BREHEBEETT 2 LIXSRO LD L 5Bbh D,

Fig. 9 1148 0%E (1.6 mm, ¢3mm, ¢5mm, ¢Imm) DT /L I ED REEEE 0¥ AlREE
BEO—f%RLI b DTH S, FORITRARIST - BEE N (/on) &EAKEN B OBREZRL, T
OEIBEEME (X1 vEvy —8) VERAMEN L OBFERLTVS, ZOBNI—DTH—S 1V
sy —BRIERBDO LD LEUL TV DT, BROEFATH- ThEANLETI OV~
$aUA P TCEBLDEEL, —BICE RS Fig. 9 © L 5 aBORNI—OFHER, s1v vy
——OFRBE R T AREM S BRT O\ TEB LA, EPRLic A—G Sick it s 0 OB
Figs. 10~16 Z7~7,

15

-90 ‘ao <70 -60 -50 -40 -30-20 -10 O 0 20 30 40 50 60 70 80 S0
&
Fig. 10 Frequency distribution of # at point A in Fig. 9.
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5
0 TR S T S l N I R | \O{O'I_OTO
-90 ~80 -70 -60 -850 -40 -30-20 -10 O 10 20 30 40 S0 60 70 80 90
e
Fig. 11 Frequency distribution of @ at point B in Fig. 9.
i5
10—
5+
0 TS N I N | ' SR RN SRR NN T S T
-90-80 -70 -60 50 -40 -30-20 -I0 O 10 20 30 40 50 60 70 B8O SO

e
Fig. 12 Frequency distribution of ¢ at point C in Fig. 9.
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5.2 B0 ThliN X5, RAMER A5 % Hh 5 U0 OMORE T2, EECLERIHS I
51, 0 DEMOBERE DX W TULMT—RIC T v % s iEAR I Ak e HER DS D, ASD O D
EES ik d bbbt Fig. 10 L K620 X 5 @ARRL TV 5, FABBENA 52 bR TBARES &,
Fig. 1 T3 X5 CHMMIL 0 OEOTEFCAT LD, €= %40 51085, XHRBABIEAT
E—7BEMAEOCH, DAICES L, Figs. 12 510 13 ©LbhB X 51 0 DEFSKDC— 705
DI TL Do €= I BENFHIREBER LT WA 513 Th 515, + ORRED 4 SEHD
HE ez, HTFOKRES, HES, MFOBLE) HEC LTV bTHENERD b
Vo IO 0 DEBHMHOE =7 NERKTECHEND 2 E S IE, KRGO ¢ AWSRE (C— 7%

15

-0 -80 -70 -60 -50 -40 -3020 -0 O 10 20 30 40 50 60 70 -80 SO
&
Fig. 13 Frequency distribution of @ at point D in Fig. 9.

o (PN N TN M NN TN SSR HN N TN TR DU TS O |
~90-80 <70 -60 ~50 -40 -30-20 =10 © 10 20 30 40 S0 60 70 80 90

o
Fig. 14 Frequercy distributicn of # at point E in Fig. 9.

[o] 1 ] | 1 1 1 I 1 ] 1 1
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&
Fig. 15 Frequency distribution of ¢ at point F in Fig. 9.
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0"\,‘1""1"“1“\

-90 -80 -70 -60 -50 -40 -30-20 -i0 O 10 20 30 40 50 60 70 &0 90
&

Fig. 16 Frequency distribution of # at point G in Fig. 9.

B) DHECL O AEELMBETH S, ORREDEETIL, 0 DERSHHDC — 2 1330° 5 H40°D
MchbEERLARVERDIO5THD, Z0EE (5) ROWrLWALMTEAMEN (BAKIGT -
FEIE L) BRKRERBL, 0 DENBICE > TV AIFE (+90° 1IN E) BT AK OKF) Bhr
HIch OBEAMIKREL DB ERBX, ZDEELAV AV Y ——RAMEMRORE (4V/4R) »3
BARLIEAZLVEETED, UV/4R) pRKERAETE - 27RECD 2 813, #ERI D Bhhow
ARSI ETI v TwWBZETH B,

STCRAMEMS I HIED &, KT ARE CRENC T Ihs0T, EL FATOIDERS
fizad Figs. 14 33T 15 b5 I SRERGMHHO € — 2 3B LHFROS~NE ED, FThieo
RTEAMIRINDE8E > T B, HETNC AT 0 OEAVNE T TL BT TH B2, LR AWK
HEHE D, @V/4h) HhELTeoTL %, BEBCHEEEM (X1 vavy =) DIREAERI BRRWG
BOERSHixHD L, Fig. 16 CRTLOICHAHOE — 2713 6=0° ¥iliZlk-Tkb, DL EHE
BINDIFLALEILRWI LD, BABEIVINES WS LA BRGIEMIN D, ZDHi b DR ANIEH
PBYHE LT3 OTH D, BEHREL Fig. 16 ©R$ X 5 oREBOR TS b 5 bk ok
THBLEXDIENTES,

Lk, ¥rFiEsf 0 OBBSMON EAREDIENI—0T2—51 v 2 v —BEfRe OBk > VT
BRNENHOEEL, bbb TE—7@HE, BREBEOCLOEXRIELL, Tl E-78
B, BEMEONENSERYHEN IS, SPE LT IE, RCRBANRBREA TR D X 5 R
PHETHEVCOMBECL 7 7o —FRAE LI - T B, IBICHEAT, ZOL S RBEMNEELL LK
LTCHREDIE H—0FR— 5 A v a2 vy —BAEFHE LW EEL T 5,

6. BOBLEAMBREZOWEANER

F0ELEAMRARL, BEOHMNEANRR LIRHC AMRBROMO NEHFELYRITHTHAI LW
5L, INHBEOCHELTANLnrd, L{ffhbhTuwb, @IELEAMC LI BLRLEND
FAT T BE OBIE ABEBRBRORT gt & W XS h e OENER SR 5, BRI TS
DECEDFEREYRDB Z EMNEN LI THB, £ 2T 5 TR LT, KFEEYFHET 2 —oni
BLEZLONDRTHESA 6 OERSAOMEY AT, BVELLANRBRO RT 380 KB
B MBS BEET D, S TIRRAFOHNEAN LB VELEARORT HFEEEOED S b,
B REW LR OMBELYED B, OB LEANEZITAE, MFEHEAKRELL>TWBHATYH,
R IE I~ OF REROAE I EHE DOCAMD & FORFE LR TREL LD EVIRETH S,

5. Tii~7c X 5 IGBEH OB A OB E TR, THIREDRIES v 5 4lc 0 OERSHELD, BA
BIAAIC & &7 » TRABHEIIC AR 0 OIEOEBIE e X »lc € — 2 & d D SAMCEILL, 20T
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0 5 10 15
h{mm)
Fig. 17 Stress ratio (r/an)-shear displacement () curve
obtained by repetitional loading test for pile of
alminium rods.
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<)

Fig. 18 Frequency distribution of # at point a in Fig. 17.

e
Fig. 19 Frequency distribution of 6 at point c in Fig. 17.
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&
Fig. 20 Frequency distribution of # at point b in Fig. 17.

Y= 7BECRD LI TH D, LIcaioT, BAMBRIZE /s » THFEEX T Loow AR 25
BlLY-7BECESLLELDR, TOL XHEMEAMBLES D IZHKEINDBAMEN, IEH—0
THBEROARCHILT 5 = LT/ D,

Fig. 17 34 E0OR (¢1.6 mm, ¢3mm, ¢5mm, ¢9mm) D7 L I BORSEEEDED R LEA
AR R IC T — R AWEM R TR LIc b DTH 5, Fig. 18 |1 Fig. 17 OFEH R L OB a 5T
D0 DEFHHETRLTHD, Fig. 19135 EEDEVRLTIE IO T w72 ¢ STD 0 DERSHTHD,
Fig. 20 i35 HEDEYBELTIEING 12 Eo1c b TD 0 DERSHTH S, ZOEB TS EDE
DB L&fTleo T B, 7tk Fig. 17 THERVELTUSHE T2 & BITIEERIT 0 L7t - T/ ik, 3
B ORBIZ L5 DTH DN, TOBREOEEIL AN SOEROABNEEIILbI\EEL D,

XTHVEBELBAROSEETIE, bzl Fig. 17T 0 a TR AW SH Fig. 18 Rihb 0 OE
BRI BRI FRIEIC TS o 7RIS LT, AR ARIERL 2 5 2 TS HE T, FOBREY
b EOHARBABMBN XS LT, bEDIEHVAVETEFD &2 5bITHS, 5HEEVREA
B c HTO 0 OERSM (Fig. 19) 13, a 5T0 0 OEHS (Fig. 18) LEMLTE »H, *f-c
BB NE EFfcb S0 0 OERSH (Fig. 20) (L ¢ ST0 6 OEHHAEED TIHTLEDR

3
@* b33
~, ..,,@or‘ @ww? X m»@m e ol

Photo. 4~ Photograph obtained by the photoelastic experiment for
pile of rods at the final point on reloading curve.
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Photo. 5 Photograph obtained by the photoelastic experirﬁent for
pile rods at the final point on unloading curve.

HZbhd, Lo TS EEDIRINTHLIFEETID 255 2 BE THRAMCIIZL LW 2 X bh,
¢ E D b AT BT TS EOBLE LA LRV L5 EbR D

Photos. 4 35 LU 5 3B O (66.2mm, ¢10mm) ORSHEBECHT 80 E LEAKR
Bams DR TE R TH 5, Photo. 4 [THAMICHIAFAL Tv5 & & %/RL Photo. 5 (LM HRENICEA
WA 52 TRAMIE X 0L LIt EARL TS, ChbHDEEI D, @0 ELEAMEST LR
FHELD T VEEREAE Y, LEEAMBMEY S 2 5 HAC X » THTFMANERLICD, Ridich
HHENITOEEAAFEBEZ IV TEONBESND, 1k, IhODEFEETHTAEVZER TR 2D
BEOE XS 2em HBDFTIHLYE L TLBOMEDORIME Tt aEBbiunbTh s,
DEoEELID, #0RLEAMOEETZ, HBICTEREL S DR TS TR s L
TEDIEIHMEL 0 D (iR D DBE) #HEEIR LD THEMD, RMFHELBRAN T BT
3y, BFRISIMEEIN DD, DI AL > TEVELDIGNEHIHREI D ZENTES, Ltk
TRFBNREE X LGOI T R TRHREDIENEN GO E2bITTH D, fok 2 ThE TRFET
PR FEEOBMC L DEE A L D REVIBCH > Th, IGH—OTHBEROARUIIREL D, Th
KX LT, BE OB AMOBECIL, Ko~k o, FTEOLIMELREI LI THEYE
AT BV OT, KRR TAYE2 20ERH D, TOLEMFELL LV PIVREBICSH -
THIEN—OFTLBRDOARULRE DR LB AMDHE LTINS d e EL DR D, Lo ThiikiEk
OVAYENOKRE IIHTLIMFELOR T I-THRESI N B L OTIRAL, BAKELED TR
¥ RIS R TENA 0 OERSAOBENEEL 8o TL %,

TDXBELT, —BFITIEH %R DB LB AWRBORT S E DA B /e B A BAR L bW
LT T B EMNTER,

7. % B

DLE, BCRGED D X » CE I B EWABEL MRV T 5700, ThOIRTFOESETHD L
5 ARDECHE B LT OERY % MRS TR, SR & EREE L OEBIYERE L, Z0
TR B, FURED 2RILEF AL LTT A IR JORBEHROBOERBSE BT, %A
BiRBR AT o ce Ch X DRIRGEOR ARSI A 3T 5 MG ER E LT, KFREED f, RTHE
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BfAo B IUHTESA I 2D, ThodBRECHTL TERNEL LTORANES (r/ov) EA
Wi LD 0 DEHST Ny(0) OB E LTHE L, Sk 6 DERSMTEANMEED TRFRE]
BB THTFHE) 23HET 2B THELBE TH - ¢, MREDIEI—0OTHR—5 1 v vy —Bfk
LEHIHENARTLOTH S, B 0 OERSMAOEER L LT LT, #YEL ¥ ANYZT
BERERIT—OTAHEROPENAKELBLIONEVIBEYP LML,

SHOWFRREE LT, BRI G TENED E L ANRBRE T\ RS MENsrE» 5%
WTnzd, BAMOT AR r & 0 DERSHOBFRY RSBt DIEH—0FH—51 v a2 vy —BFy
HETHIE, BLV 0 OERSHOBEAIC L - T3KITOEEORLRGE, Flx 180, BH, HARLD
BEREX Tz e WO RBR ERB 2 T 5,

Bhiedhich, BEFEEHRO—IME L TAWRCH I L CoiciEW e RERERE LR EEATHRULE
B X ONHEEROW N Bl AR EEELRBEERNER OO L ORBELETHRETH 5,
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