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7= ENEN, KRR LS TR S - RERD 3 5 R 3A 254 ven | 020%Si0,
. et : S S 5) : : 5.58% AbOs
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Y57 1] 15 oA S " o sz
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CoiE, aRREEEOmEE |MVEEERRS U S| )
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DEEFUDMITL0L 720, MMOBEAVIAEL 2% § - i
BENS D, L, AROIWBLIBO FU % E2) J e
Camsizer CHIET HBUCIL, W% Fhompk FEas O g
WTRHENEEE > TV 5D, EREZRA (RT. %5 06 o7 08 09
IRED, WO IR LY FUMES, MEES FU

-4 #FkloFU

WAREVERENTH D Z EPERANTDND.
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Bif-& OFEZRCS B IH, FREEDENV RO B
FITFRY, FICRAE DM G A 72w o b R 7iiieA i
RFDISEEF D72, I LD & @RS ) 2R L
mEEZBND.

Fram Cilk 7= X 912, WoRL T OIS 1 D534,
Weibull 73771206 9 Z & MBEEDHFZE "0 55T
BN, FIUTRAD L) ICEKHTx 5.

n m

Ps = exp [— (dio) (Z—;) ] 3)
P\ TR 1 D AELFHER B 7- VBN 72 OHER), d
IR & T DRT-ORIER, dolZFEL T DRI, oyl
PR ST, miE Weibull 3tk cdh b, £72, nik
185 0 Weibull 7377 CIEAFRIZ BT 2 72D 3 L 72 573,
ZIZTIIRTA=EDO—2L LTW5D. b IIboR
BRfESR & Weibull /545 DO & DL A R-T (OoRT. £ 0
FER, IR T me2, 6,=20(MPa), JIIFMZF\T
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TEXBHZEnbn5. Ik, BB THWR OV A X
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3. [EERtAMEER

(1) HEA*

AT TIE, PEERIHRAMFEITOFTAT 5, mk -
ERE DR HS ATREZR A AWPEEE O & O CRlBRA AT
7=, B8 DX HIZ 2g F7213 5g OERIEDO R
%, RS TRYES Iz 25D 1 2 —(EEE 25mm D
Small cylinder & 7213 39mm ¢ Largecylinder) CEiAGA AL, T
7arp) 7 THEY. MEUREERT OEE, S UE
FAWTHE TN eIz b X olc LT S 72, ik
AAEOYIE =1L, RBRIEE OB S 3.0~35mm FREL
ToHY, WHRIORF 12 85 Loz, HIHIHR
PRI 09~LIRRREITIE B L. L, il Ik it
ITLU TSRS b L, b oXT/ha<lib
LEZBND.

E S AN EDREEMZILN S EFDT ) o Z—
DHZEMRSESH Z LT, HEURIZEAWN 2N 5.
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JETIIA 021(Ls) , HEE MO0, = 1.0MPa%
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H—DRE SIFTRBREIC Lo TEVWIT 2.

Al AWERER CIE, RO Ak X
OYE SO AMTOT HOIE—RRIENRE & 72 5. 5=

1.519



Bz, RBRROREI BT D L, mS ISR
KIFEDEWITR. SN2 o728, BT AN IE I
B, FHEEFANE T S A TR O T3 2
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WEND, EOMBEIZRIT AN EFABOT 2%
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MO DT HAFRITER L, Flhb 23 D%
DONLEIZB W THE I Sz AW 1B L O ARTO 7
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AHFFETHENETRA L TWDR, AW O ERGE R,
R DIE—RREZ U LT L 72> TN 5.
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FEMILRD &I TR > TODFEFITES L L D1
HZBH. —F, B-10 T, FUEERZT DR
ZAbZ R LTS3, [BEAFIENC R O AR =
<, ZOMEANFHRL AR AN S UL O 7 383
THDHIERbNS. B9 TEWRHZR - T2REIC
OWTEA LTIV, AlgEEE LCi, BRRi il
PR IR FIEIRICRE IRTFEL TB Y, W) T
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D_ n
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O 1 1 1
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WERIZITET 200, 7R AW~ D8
TN R ENRBZ HNS.

22T, i CESERE A A ST & & ORIt
R 211 1. [EESEE % 1000 (528 b Th,
B AWTOT BOEIMMZAE S BB Ok E <A
b Lotz ZNHD7r—A T, BAWSIiZ
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WIZ, IS TR 2 28k S B 73 BR O IR L DRk -
ZE12 1. 20— 2T IMPa A OB
KA FBLT D720, ERpaDT Y o2 —ZEE 39mm
Db O(Largecylinde)l 2 A H L, sl &% 59IcHEe L
7o WHEA/RNE S LTV &, FANTOT Ao
PES RIBRLL OB RPN NS 7o TVD. ZAUTHRIE
MR ERLTFAEDA U D K9 72 K& 7Rt IS Rl
YERT 2MERN\ B2 Z ENFRTHL EEZBND.
F7, ZOFRERTIIHEENEIT > T D X HITHR R DD,
TV A= REL LI ETETFOVY 4 —
DRI TATIC 2 > TN T &I K B N
K VBEEIC T2 Z EDBRKRTH D LB 2 DD,

IHIE, IR CRMEE A2 SBT3 T HIRIRR
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D2 b #R-13 1R, [RHEPIHC ORI O
PRI REWZ E3bns. RSN Ut oi
B2 DO CHIBHIEZR D13 CH DD, FHERALND.
ZAUIERIRO AR X D b 0T, SRR
Bleo TOWHHRITERTH B2 ND.

Q) HMENTETISVZILRT

[EHGEAT SRS Camsizer 12Nz, L—Y—RIEEHIERS
LA-960 7z FHVNT, 3R OB ORLEE 534 2 32k L 7-.
LA960 Tid, [ACREHT « LN Z — 2 AR TEROER
E LT, ERMEUENE OIS, A TIERIER I
00Ium~5mm & 725> TV 4D, Imm L EORARIZ O
TIHEERI G A2 52 D ATRetEN b 572, AWFFETIE
HEXGE L LT, Bt OB O RIEE I35k 1
m~3% mm & JREPHIC 372 5 728, HLL KE-% Camsizer T,
FlAN VR LAGB0 TENZIVHIEL, fiRE o7
EtT. RESHIITEC L » TGERBELR D 5A8M0
HDHDT, ZNHLORRE DR EEDEHOITEEN
VEETHDHA, AMED Camsizer & LAY60 12 L5 >0
FEREOREXEDE D Z L OBEMIIHENESATHD.

1.0} .
River sand (Dry-loose)
1rot .
Small cylinder
oe 5,=1.0MPa, 0.75rpm
i) 06
g 10rot
9
o
S o4t
0.2}
00 1 1 1
300 600 900 1200
Shear strain
B-13  [EEgR oD b
100 ; . . T
. Mountain sand (Dry - loose) pf“g; J
X golL Small cylinder R /
£ | 0,=1.0MPa, 100rot s
2 g @'07/
9] 557w
= 60 DDDQQO}V
3 R
° —v— 0.75rpm S .
240 | ——75rpm Qggvvv
° —o— 750rpm D 5
g 2oL | — Original W =
3 # |
/
0 )ﬁﬂﬂﬁ L L A—H'.
0.1 1 10 100 1000 10000

Grain size(um)
B-14  [EAEEE O (hEE53m)

(LR ClRRIREE 2 28 S W72 & & ORI s R 2 &
14 (T, AREBRRTOREE k2 &, RO/ SN
K2 TEY, R T LD 2 & 3R
T&5. Fiz, [EMEEENRKEVEENE SRIE O L)
KEV, ZOFKIZHOWTIE, BHEEEHEA K E O GRERD
HH, AR OHGIRONEREE DL X 0 BRIk
HRRLETT HIOTHDHEND T LW, mREMEE L
TEZbLND.

(LD CHIRE 22 b S 872 & & ORIEES G B4 K-
15 ("¢, HHEL LCW5 1L0MPa LV bifjsiEZ /&
< L7=RREFCIE, M2 YR 2SR 26 < 72 DAE[E S
HHND. TR W CIIEIR A CIIImE Iz -
TV, Ok oorfett s LT, TmEISIMERNE
K FRIIOBEFIZ L > C, MR BEZ L0 A=
AENEZ BND. —FHT, FHENEWT—ZA T
KA LERIE L2 b D%, RIBESHTO & X245y
WCHBECE COVRWATEEME L B 0, SR OREIBLET
b5,

JIRSTHIRE & [BREFE IR U C, 52 D[RO
Z b SR TR ORI S HTRE R A B-16 |~

100 . . . T
) Mountain sand (Dry-loose) i
> i o /
— gol Large cylinder iyl
S 0.48rpm, 64rot 57 /
g SO
2, 80 | ——0.15MPa Egggébvvvv
° —o—0.2MPa Egéggﬁb &
[ ~
2 40 0.4MPa & .
g —— 1.0MPa e /
= —=— Original d I
S 20t
3 |
h
0 L 1 1
0.1 1 10 100 1000 10000

Grain size (um)
BI-15 LD (hiEEAR)

100 .
River sand (Dry-loose) A/A.;Sﬁ//.'
g g0l Small cylinder . A’A’A{O/O/Eb
S ,=1.0MPa, 0.75rpm  Original ¢ j D/
g rot :
g @ 10rot 5
B ANy /
o p |
2 40 100rot & | /
[ y E
: NS
€ 20 P o /D/
] P J
o M .
s ’;
0.1 1 10 100 1000 10000

Grain size (10um)
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Mountain sand (Dry - loose)
Small cylinder
c,=1.0MPa, 100rot

R
)

—o— 75rpm &=

—o— 750rpm \fv‘-\ i

—=— Original L

—v—0.75rpm

N
o
E)
B B s B B B B R B B B B B B

1 10 100 1000
Grain size(um)
B-17 [EHSEEE DL (75 7 # AKTT)

10000

ZOFRERND, BAMIDHELIZ O TED L D TRy
WAL L TN 3bomnd. B, TAMEIEIO LR
KIEDEALINKE L, IEFITHEL T L C0D Z &R
DOMB.

ZZTC, I Tl A ST & & ORISR
WZRBWCREESZ LV, s 7 7 TR LIZbD%
B-17 (2R d. KRR 7 Z 7 2 sz L Q055
A BT DR —NE2EZ THRUEERA LN
), TOTTTIFEMERY, FOMX OMHEIL Y
T B NARTEERT I ETHLITWD 29, /57 |
D 3—RAREL, 7737 HINRICITRLE 25 LT
Zhug, TARr =7 RDOEKIEE (Apollonian sphere packing)
D7 Z 7 ZNRTLOTH D) 247 LFELIL TR Y, 8k
#OMEAROFTEMSEN TN LRI X5 2efg, Blb,
R&E R ORI NS I F S0 AR, DRI
S BINES PRI DA IAA T DEEIZ /2> TND Z
L ERET HRERTHS.

4. RIFHEROIRAI8rH=ZVHIRETIL

1) FEEFEEETIL

AREICIE, AIETCR L7z BEEAWRREZ, 28iTo
BRI Rl 2~ A 7 B A = 7 AET
NOWERERARD. BRI, Be 2 EEDORA
WrOvg By OB E LTRTZ A2 BIET. £, &
BRATOHERIARE B BOR DR TR S LT D S RE
T2 &, BEAAROUIIRERE e, 1 TRD K S itk END.

_ Vioia

B Vsolid (4)
Vyoia \FHEUE R DORIBROMBFE, Vg (3K
FORIFORFETH D, XbIZ, B-18 Loz, Zo
PR ORIFRAS, B AR > TE U/ NS ki 1
IZEoT, e EHELWRIFRILTHRIEESND &5, 7272
L, ZZTHELD/NESRRITbE, BOBRTHD.

»yar
— e,

7B, RERRA-DBIDAH2TEITTHETINGD
INE TR LW ERET . 5 &, kD
G)PRENLT 5.
S
ey = Vvou‘i/sf)li:soud (5)
T2UT, VS TR X o T U N S IR0
BHTHDH. 22T, KREPRIT-E/NS RO
WCEHBETS., ENENOHREITIER L THHDT, kifk
ZERTIUL, Bz RkDdZEnHKkS. 7568, K
G)EHDET, ROV ST,
Ng Vssozid d s €o _
N_L=Vsolid(d_s) :1+eoa ’ (6)
Z 2T, NG I/NE72Ri O, NI E 2k - 0OfF
e, dl I/ NSTRI T OER, d IR E 7R OELE,
a = (ds/d)THY, RNORTOEEDLAEERT.
WE, ZOaDEERD D DI S R+ 7
Z 7 ZNMEIZER LT, K@) TRHAIZHEE & 5 &,

e
log Ng — log N, = log (1 +on) )

—3(logds —logd;)

BELND. ZI°C, RESMICBITL 77 7 2Nkt
DiDEHRZMERL TR IS, B-16 bbb K o1,
757 ZNARTEIE log A —IWZEIT HRIBREIC KT 5
B EEME DL TH D005, ROAB)D X 9 ICFKHLT
HZEHTES.

log N, — log N,

r=- logd, —logd; ®)

Ny, Ny 128 B D S 3B1T Dki T O,
dy, FFENLDORITHIELTIRRTH D, ZoAB)&
ANZEHARDZ &L, ROKOQODBEFELND.

log Ng — log N;,

\,\’av‘
—

D
! logds —log d,,
) o)

=3 1oga (755,
B logao‘q 1+e

®-18 RMFAEET VDA A —VY
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ZOROMND, 7T 7 HARIED; & IR e, 23D
Mo TORIE, akikDd 2 ERTES. B-19 (2R
777, WML E DT T 7 ZARITEE ad
BAfRZ "9, AWFEO R AWEERIZ 31T DRI
IR L 10THY, BT 5bid ko5 BRED
BT Z 7 X NARTEITK 25 THD. 7T 7B

5L, adfidk L 02 BEYTHL Z LB bD.

3.0

I B e S s e R 1.5

o TTree- L \\‘~ .
= 25 —
< %
P R
5 N
o e0=1.0
x
o 20 x
=
©
I €,=0.5
[
= 1.5
[}
o

1.0

0.01 1

0.1
a=(dy/d,)
B9 752 2 AUTE L a DB

W, KiARREDEITL, SBINSIRF2 T L
TV EEEEZD. K@) ERE)D, FTENTET L
- OfEED 2RO e, IR TH B I D.

€o
eo+ 1 (10)
£%—+1

e =

ZOX T, HERANE TR AR Y, NS
BIF-DIRE 2RI DRI TR STV 7 25
DIRSND ET 5. ZOMBRFET =& 2Dk [E# Y K
Sz & xofkkbe 1T, Wil Xa2fE< Z &I2L Dk
DEHIZERSINS.

1+—= <1+—) or n, =nftt (11)
€r €o

Z 2T, my IHERRFEE Y v A R kAl 0 3K L= %o
RIROHIBRE, ngl IPHIRRETH L. ML b
MR 2 A= SRR 22 5.

T, ZZTHRIRAE Y vt AthokiFOEk 5 B
T5. RE)LY, WHEAEIOmRMHERIT Weibull 737712
BEH DT, kFAOT B RITEBIT BRE RO
N &, NS TR OEEN 4 1, ENEIRD X S
IZRIN5.

Nie = Nio - (Po)k (12)

N
Niwa = (1= (Po)i) —% (13)

Z 2T, Nl kBHOT v ACHBT DU ok 1
(L d,)D %, i T ABHICH %

WesE X5 L3 23ToEMTHL. A(O)%F kFH

DT BERAZONTEZDLE, WEAPEFLND.
Neki1 € -3
Nk - 1 + € « (14)
RE)ERA-(1) LV, i I[THONTEBT 2 &, kXA
5.
1+e, 1+ e
_h41+2%)_h%1+2%) (15)
In(Ps), ~  —amkpm

ZZIZ, B=o0p/og THY, oplThiF-HEAWHIZZ T
DI T1, oo (XS I TH D, b L, R
B WSSOt /o, B—TETH D EARET I
X, ol —ETHDL ERRT I ENHKRD. £o
i 23 12 B 72 OB AWTOT AEEy, EBEL. k
23 1 2 25 DI AWTOT B &3P, - iCRIND.
XD LY, (ITkDBEEEKE L TERINTEY, kNEL
DITONT, kS 1 ¥ Z DT EER R AW i
TN L TS kD BABOEITART & L AR2ED

DT, ZORMREkINER RS LUELTELS &, RO
H(16) 725,
1+ e

dy _ n (1+2%) (16)

dk = —qupm Tk
ZDXIINT, BEEAEGEICE XX 5ET U,
T U H BT F— T T DI BRI B E
s . ZoMhiEEmR &, klzH5s.

1+ e
y = _&.M[(ﬂ)" =
g™ log (%) a’ a7

22T, Pl IR ORIRFE T 1 A 2B T i A 11
2 DT OB MO THETHS.
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EVOLUTION OF GRAIN CRUSHING
DURING ROTARY SHEAR TEST

Kan SATO, Hiroko KITAJIMA, Miki TAKAHASHI and Takashi MATSUSHIMA,

To investigate the evolution of grain crushing during extremely large shear under constant confining
pressure, a series of rotary shear tests was performed for two types of sands with various confining pressure,
shear strain rate and total shear strain. Grain size distribution after the test was also measured for each
sample. It turned out that (1) all the specimens reached an identical critical state with the same shear stress
ratio, void ratio and gran size distribution described by a fractal (or power-law) distribution after a suffi-
ciently large shear strain application, (2) the plastic compression occurred rapidly in the early stage of the
test, and (3) the shear rate (from 0.21 to 210 (1/s)) did not affect the overall behavior. Based on such obser-
vation, a micromechanical model that connects the single grain crushing behavior with the bulk shear be-
havior was proposed. The model successfully described that a decrease in porosity with shear strain is a
straight line in log - log plot, and that the threshold strain from where the plastic compression dominates is
related to the ratio of confining pressure to the single grain crushing strength.
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