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Extension of elastoplastic model of Expansive bedrock to Finite deformation
considering swelling deformation between crystal layers and internal structural degradation

Keitaro Hoshi, Shotaro Yamada, Yuta Abe, Takashi Kyoya
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In bedrock including expansive clay minerals, the pore fluid composition affects the mechanical behavior
of the bedrock such as swelling. It is necessary to elucidate the mechanism of the behavior and evaluate
the deformation caused by the swelling quantitively because the swelling behavior of expansive bedrock
causes problems when tunnel excavation and earth cutting. Hoshi et al. (2022) proposed a novel model
targeting expansive bedrock by means of combining an elastoplastic model considering electro-chemo-
mechanical phenomena, which was proposed by Kyokawa et al. (2019), with the Cam-clay model
introducing cementation and its degradation due to plastic deformation under infinitesimal deformation
theory. This research expands the model to finite deformation theory considering the multiplicative
decomposition of the deformation gradient.

Key Words : expansive clay mineral, electro-chemo-mechanical phenomena, cementation, multiplicative

decomposition of deformation gradient
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Elucidation of Wavelength Determinants of Buckling Folds

Focusing on Eigenvalue Changes of Tangential Stiffness Matrix
during Finite Deformation of Elastic Ground

SHERD BFHEA5A P KM Y

Tomohiro Toyoda, Toshihiro Noda and Kazuya Onishi
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The wavelength determinants of buckling folds in elastic soils are discussed focusing on the eigenvalue
variation of the tangential stiffness matrix during finite deformation of the soil. While the lower-order mode
occurs preferentially in Eulerian buckling, the higher-order modes are often exhibited in buckling folds and
their wavelengths are determined by physical properties and stratal composition, independent of the size of
the ground. In this paper, we show that the occurrence of such higher-order modes can be explained by (1)
the presence of a substrate layer, (2) application of the ultrahigh confining pressure, and (3) fixed bottom

displacement.

Key Words : Buckling Fold, Bifurcation, Eigenvalue, Finide Deformation
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(2) FRITHRER

Case 1, Case 2122\ TC, 52K (—HER) 2B
2 %EHE— FOEFEEL R4, B-51czhzth
Y.

3, Casel TlE, &F— FOREEMEIK4D XS
WKREZBD L, BRDE— R 5ECYaEHE (5
) ZiEERT 5. DFD, Xv> a2 llPLTHEAD
» 256 CROANVIIINE L 5.2 2 T 5E2R DT
T, BRDE—F (BEFEVE—F) BELNIC
HETHZ kb, ZOMBRIE, —BURZCBY
% Euler FEJR OMER Y —& 3 5.

ZAUTXT L, substrate DIFEZZE% L7z Case 2 T
i, B-5sok512, IO EXE—F (@ Mode
4) PEXDE—F (@ Mode 1, ® Mode 2, @ Mode
3) BBWKE, ROIWCERBEEELERTS. 20X
52 EHBE— FOIEFFHRIZ L D, substrate (ZHEE X
N7z ilm BV TIE, BATFEOFETTERXD TL
bl BHRT2Z2Z 3. B, 2Ok REEHED
WK, OO BERETEMTIC X D EAHEELZ E
NGB L7205 Z 20D THETE25DTH 5.

iz, Case 2 IKBWTHIB DK FEAMOREER 2 {5
WL 7E (Case 3) 12DOWT, [AIREOD HifE [EIA (AT
BT o TAEREZ -6 1R, FEHTICBWTRINCY
O EEMEEERT 2@ Mode 6 DIFEREIL, SED Case 2
D@ Mode 4 DiEFr —HT 5 15, substrate LD
film IZBWTHET 2 LD OEMRIFKFED TR T
X%, ¥/, MIBOHE LA S 25, KEFTIZEW
TEE XMt E2 RAICE Z T2 BRORERE— KO
E0ZMiZ, Winkler EFL [4] 1I2BWT, RO
DIKFET5 A D itk & PR DT DShiE— Kottt %
RE U TEE XN 2 RIEXE — FOEE 1 OEHF

/4 4
1= 4 %E;/4E;1/4h3/4H1/4 (12)

_ (U-vE
Ee= 1+»(a -2y (13)

=BT LI RMRLTVS. 22, E, EjE%
N film B K O substrate D Young ¥, h, HIIZh
ZH film B X U substrate DEETH 5.

4. BEHREEATTOERE—RFORR
RETIE, TL— FMEARAATICBI2HMBED X5
W2, SMREEDEHREEH T 2565252 5. Z
D &5 RBEFICBWTIE, HEBORAPIREIC X
DAL 2 BIE] OFEICERL T, =& X[t
—HETHo/2 LTH, ERE— FOEEEFENFET
L>%Z L EBITMORT.

(1) fBREG

2T, Mo —oig (avvrr @) 12
BHL, B-7D X5 B—HMED % 2 EBEBOK
SEEMERRL . 272, PSS e U TR eI —kk
REHFFEZR2DLBD 2EEHS 27> (Case 4, Case
5). —HEBEMEROMEIERIL 3 ED film & [F—r L.
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®Mode 1
—_—
®Mode 2

B

®Mode 3

e

03 0d ;
TN 2 (%) e T T

K4 FEEE—RFOBEBEZEIL (Casel : film D)

®Mode 1

T

&

E}
e

K-5 ZBEHEE— RFOEBMEZEL (Case?2 : film+substrate)

®Mode 1

[N} 0.2
WO [%]

-6 EEBEE— ROEBMEZEIL (Case3: Case2 DIERELE% 2 (5IC L)

Dt % Telem = .72
054 T -2
L'=.i';||‘::m'|‘_-l.du| 1 I :E};— STIInII s -"‘-‘—'—}"f"‘ﬂﬁ[‘“{ﬂhrﬂ-[ﬂ; : i ﬁ*ﬁ%{#—
. & =10 |y *}J/E\;H%jj‘}:_t‘ (kPa)
Case 4 0
B-7 BREZEA Y2 BLTEREMS (Cased, Case5) Case 5 2x10*
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(2) FRITHER

Case 4, Case 5 1220\ T, —HREWHOEHMHEZE(L
#H-8, ®-91cZhEIRT.

Case 4 T, HIffiid Case 1 L [FIKE, @I GHo
FTH0%) 1B 3EEMIE (EEWCYaEEHEE
BRAZEME— FZEE) WTFhDE— FIZRL TS
FEY 7235, ERICHEW, EKXE—F (@ Mode 1)
POEICE e FEEEEZER L TWw L (Buler FEE) .

L, WEBESESE% S X 7= Case 5 T,
EXE—F (@ Mode 1 ~ @ Mode 5) (ZfEHT#IHAD &
BEHEEZ D, ZOROEHEETD EHICH TR
W R BHERERS., ZhickD, ¥ TEeEAEHE
EREER LI E T 2 DIXEXRE— R (0 Mode 6) &
5. RETIEIHRIEOE S LEIE T 553, Case5 T8
W, BAZENOHIIRE Y LTRYA A X852
T RER RO 2 RS % &, WD IZ Mode 6 DIFE
DOFMDBERTAI e BHERLTWVWAS.

2D & S RIENIBHD AR B T 2ERE— F
DEHEOE M, #iE GRG)H D (wrD)T-TL™)
DEFEICHKT . Thbb, ZOBMER, ELH
IREE (T =0) TIEKg =[0] &2 ERAIE~ Y 2
Z KR L —YEFEG L, BERIRETH->TH,
ST YN T DA DPIEFETHIUIK DT B LS
BEEEOEICHETZ Ik 5.

7B, HiE~KEDENICHEWT, EBAMIETY Kg
LT K OEEMBEBITEITS &, BEOZIEv
FERIPE~ NV 2 2 Kg OMEIEPICELT 200,
TARTCOEEE— FOEEMHEIZEOEEHRT . Z
DX, FEEIEHT20B8MEEER L RV
ERAEBREEIT B WTIE, BiRE RO RZENL
FREREL TRENH 2 Z e 2B L TW3S (B
JHOEEW) . —J, A VHEKOMIE~ U 7 X Ky
WZOWTIE, B3 A 20~30%7i114 % TOHPHTIX, Z
DE RO EIIIE U THEE EOHER IR Z R4
C3ZeidENR-T-. U, AROBTNSREAY
VELEUROHEEN TH I I ICE2EZS
Nz, WOTAS50%% B Z BEAREHBITICBNT
3, TOEEIHBIIHEAZ RS, ZhIZOW
TIIRETHNS.

5. EREEOFE

AEEREER T2 d 2 BT, © =ITKH
B PATEMNER T2 INDE (Far~) BERE
N, o LEBHcE, & LWEEE (imbrication) DIED»,
K-1(b) D X 5 R ABE L DTERD LI LIXEED &
N3, 22T, Far~ HBRAIOEBRICBWTHRE
T3 PEEAHICOWT, FaLvHETO $HhEEMD
W O TFThHhIUE (LROHEREEIES X N #)HR
EEEEET D) BRE— FOEEDOREDHIPT
X5 ®ERT.

(1) FBREH

#7212 Case 6 £ LT, Cased DEREEX v > 2K-7
D JEHSHEZN Z EE L7z S 2T, O — /KFETE
xR BRI L /2. ZDOMENERE X O]

BBEEETHHER

HAZ&IRIE Case 4 1ICHEHL L 7=, [RIfATIE, BAVEM (5
V<) & BTN R, Buler FEJE DORE
WKBOWTKDEI oA G RZEMZEL 2EEE— FD
R R U 7 it & FliTH 5.

(2) fRTIER

Case 6 DEHEMHTHERZE-10 12~3. FRELD,
JKESREZEN ZHER L7228 T, 2~3 EX TTHIN
72 & S RO OHEANEN EZET 2 E— FDO2bDIZ,
HERmICEXDERZEL 2 E—F (@ Moded~, 7
AL EE NP AR L2 2O L TRE—F) 28
O $Ae, =402% BBAB2REHDODOBEIZ, —FITE
nEEHEEREBRT 2 Z PRI NG. ZOHEE,DS,
KREFHARDERE — F ORIV EL AR OR)
R LTHHEINS 2 Z e HETE 3.

72721, BXAFRE— FHOKE— FY nEAHE
PIEIF-FIIRBETZ, 5D E— FOTIE
RPN L THFEET A REKT 5. 207k
B, BEFHEIITROD step HDIFRIZ AR DT X
OEHEICE 2 F TOREREZDBFRTIC L - T,
COBEBRE— FOEENEBRT Z201EKELELL S
578, FEEICHEBT 2E— FOREIRETDH 5 4
WHEEERET 3.

£ AT, 2~3FETO—HOMRHNITEWTIE, NI
B bV ZZAKIZEDSZ A VHHRIE Ky OFEIZT
SPREWITH o 7203, REDIFHTICEWTIE, Ky DIE
ZRA L7 LT K OFEMEBTZITO 2, 2 TDE—
FOEHREPEEOEEHR T D, BEE
HORREFHTE RV, BETHE, AEDOXH=
AL XD EREH AT 25812, AEVIEHD
ERIIVETHDI SRS, B, TOEHEZ, #HiH
HRHERICBWYTERAT2RBICTEEICX>TdD
A ENENL S 5 Z e BEKT 205, ZOEMAKD
HEICOWTIISEME T 5.

6. BBHbOIC

ARETI, updated Lagrange 212350 < 3 BUZ TR
FricB i) 2 5/~ bV 72 20K EHE— FOEH
B2 BB 2 BT TFRIC X D, BEEAGIC
B B3ERE— FOFRHD A) WIMED R 72 2 HEAERGE,
B) BEEAMRTEDOIEM, O ENEREDFEDHE
ELTHHEINS B2 2R L

S1%1%, & LWEEE (imbrication) =° Riedel B AW
WERIULD T4 OWEEMHITEDRETEEDA
BHEF A C, Mo (EEE) , »
et o bIRFICHR T 3 A~ LEN (AEHF
EDOEH) 12OV THHRHT 3.

%

BIEE: AW, RIS EREE LR (B):
/S 220H01586) D% Z I CTERMEL 7-.

BEHR

[1] Geology In: Agios Pavlos, https://www.
geologyin.com/2014/06/amazing-folding-rocks-at-
agia-pavlos.html, 2023.4.6 B'%&.
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[ i

T (%)

M-8 FEBEE— FOEHMEE(L (Cased : FHHRE 0 kPa)

2 E—T
O+ %]

X-10 FEEE— ROBEABMEZ{L (Case 6 : Case 4 ICBWTEEIRBEZEMI% EE L 7-f&4)

analysis based on a rate-type equation of motion in-
corporating the SYS Cam-clay model, Soils Found.,
Vol.48, No.6, pp.771-790, 2008.

[2] FFEFa—, AR RS, 98T, pp.129-
137, 1998.

[3] Yatomi, C. et al.: General theory of shear bands forma-
tion by a non-coaxial Cam-clay model, Soils Found.,
Vol.29, No.3, pp.41-53, 1989.

[4] MHETEZR, =H—HE: #EROEE & 77k, a2 v -1,

pp-74-89, 2001.
[5] Noda, T. et al.: Soil-water coupled finite deformation
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BBEEETHHER

FHEITFEERREE Vol. 28 2023 4 5 A) HEIZS

mEERZZRE LI-RIRE RO A Z B UV -
MPM B RENERAT

Simulations of Earthquake-induced Landslides
by MPM and Constitutive law of granular flow considering fluid transition

ANz — DIREER B 2o Ve VR A S E RO

Ryoichi Kimura, Souma Hidano, Pan Shaoyuan, Riichi Sugai, Shuji Moriguchi and Kenjiro Terada

ALK T2R5eRE (7 980-8572 EHUIEILA B EX AT HE 468-1, E-mail: kimura.ryoichi.ré@dc.tohoku.ac.jp)
ME (T) WALKE: T2EH7ER (T 980-8572 BEHUEMIE T HHEX AT S 4 468-1, E-mail: souma.hidano.t4 @dc.tohoku.ac.jp)
MME (L) WALK: TR (T 980-8572 EIRIRIG T B REX AT HLE 468-1, E-mail: pan.shaoyuan.t6@dc.tohoku.ac.jp)

ME () ALK TSR (T 980-8572 BHRERALE T & FE X F &5 3 468-1, E-mail: riichi.sugai.r8 @dc.tohoku.ac.jp)
M (L) ALK K ERE AT 20T (T 980-8572 EIRILA T B EX & T H 3 468-1, E-mail:
s_mori @irides.tohoku.ac.jp)
O (1) BAL KR K ERIAERRSAT 0% (T 980-8572 HHURLA T HEX AT HEE 468-1, E-mail: tei @irides.tohoku.ac.jp)

In the last two or three decades, there has been consecutive interest in numerical simulation of damage
caused by slope disaster such as landslides and mudslides triggered by earthquakes. It is, however, difficult
to represent the collapse and subsequent sediment flow that are transitioned from the elasto-plastic and/or
damage behavior of soil. To predict such a transitional behavior between solid and fluid states of soil, a
single constitutive model for either solid or fluid is inappropriate and multiple models representing individual
states should be properly combined. To tackle this issue, we explore the novel constitutive model capable
of representing the transition between solid and fluid states and discuss its applicability to the analysis
of sediment flow induced by earthquakes using an elaborate terrain model. The model is formulated by
the combined use of the Jaumann velocity-based hypoelastic-plasitc constitutive law of Dunatunga et al.
which is equipped with the u — I rheological model for granular flow proposed by Jop et al, and the standard
Newtonean viscous model, and is implemented into the material point method (MPM). The resulting analysis
tool has a capability to simulate collapse of soil structures and a sediment flow stemming from and ceasing
at sedimented states. After the basic performance of the proposed constitutive model is validated, several
numerical examples are presented to demonstrate the capability in reproducing the transitional behavior
from/to the sedimented state to/from the sediment flow. Also, to clarify the mechanism of sediment flow
under the influence of seismic force and predict the subsequent sedimented state, we conduct a simulation
of the landslide in the grounds of the Ebisu Circuit, which was caused by the Fukushima earthquake on
February 13, 2021 using an actual terrain model with the detailed 0.5 meter topography data.

Key Words : MPM, Elasto-plasticity, Sediment flow, Landslide, Transition between solid and fluid,
Actual terrain model

BRI 2720, BUlY I 21— 3 U TIRZIREIL
CTHMEEFTARZNXEIRENRD L. ZhabDi

1. EL®HIC
KEOHMES I 21— aid, KEV X7 %

© —MRAFEABARGEIER

TEHRNBTFERE LT, SBROK - BSICEER%
HERE-FTeHHFIATHS., LirL, tdERY
OREHKFTIX, EReHE, Hi20iEzhcHET 3
ERDREIZEHL, [EHE RHOBBSXE 2 RT3
RDERHD, Ial—ardEEIcHEchH 2L
EZLNTWS., 2T, AFFENRTH I 1D &
S e HIBEAHERE L C W 2 IRRE (FERIREE) 2 SHE S
LN > THEL, MEMLL CHEMBET 2 %
Ttz —H LU TREARERMEE 7 VTR ER L
TH5. LEERTZ2ERILHT - K- BRTHD
D, TNEDR—RKL oL OEED 3 WIXTREIEE)
PRERICRI T 2 OI3IER IR T, BT TERES
MEIZIEZ L OWEERBER X TV 5. FRICHETE
B AWHEE G U T L OIRRED ERI 2 & FARRTIC

R fRIRT & 2 S E RN FIEORRE T2 28T, B
- WBKOBE» L EERIERE CORETHTE 2
R EBMCHEE L, @YY R 7 5HliA A EEIC 72 5.
CDOXSRERIS, RO HINE, BEIANLZH)5
LIREINZEE 2 —E L CRHETE 2B E S L 21
R, TWREIO X S 2 KEW %5 TG R HE
7% MPM I[ZiHAA T Z ¥ THREIZBUES I 21—
PavilkoTHRTAZTHS. AWFFETIE, +
W DE PRI 7 258 ¥ TR 7 258 00 7B & REIATHE 7R
FEEE 71 % MPM ISRHAIA A TEIRIT IR IO W T, BE
DT FIEIC X 2 RHE RN OFEHR & O L% 8@
LTREES 3. 2L T, 2021 42 AICEERMTHE
L 7-HIBIC X 2 18 B IR KR T oo b B4 O S5 o
BN 2170, RO ISR & O LR 2175 .
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H-1 TEXY—Fv FOLWEN

2. MPM(Material Point Method)
(1) MPM D%

MPM(Material Point Method) (%, Sulsky & [1]iZ X -
TRES N EREGRET O D DR FIETDH 5.
1950 FARUSTRIARTIF D 73 THAFE X M/ PIC (particle-
in-cell) 7% [2] DSEIFE L 72> T\ 3. PIC IEiEHH 7z o 4
NX —HORDRETH » 7223, 1986 1C Brackbill 5
[B1 & Z D% AR L, FLIP (Fluid Implicit Particle
Method) %BAFEL 7. ZDFE 2 R EIRS¥ ORI HE
ATE2X5ICHE - BEXE1-FIENMPM TH 5.

MPM Dt RBEIBOBAN 2 X 2 1R 3. Rz
Lagrange f7F CHEAUL L TRILL, TIHIIC Euler 181 7%
B3 5. 7, sRNTOYHE (HESHE, 2Fa
BlSE) O1FIE Lagrange Fi F23H L TW5. MPM &
25 D Lagrange $7 1 ¥ Buler #% 7% FWTLUT Ot
NTEHAEZITS.

1. Lagrange K. T3 ROV EOEIMZ Bt ERA T v
TDHDIEHNCFHET % Euler ST LD (/) —
Mitvy ¥y 732528 T, /J—KETTIIYV
P aNEREEITHET 5.

2. 7 — RTEtEINBEREZHENFICHES 2 2
LTEHL, hERICBROFIEEZT 3.

3. BHOETE2ITOMTOFIRICY £y F LTRR
Ty 7ORE (1%F) N2,

MU EDOFHE 70 —oEARE R 3 1IRT.

FEATy I TRy FENDE 2D, K
EIEZES BT THEEMTFLBHEST 2 Z e ke
WO RS H B, AT, SPH[4,5] % MPS[6] Z DAl
DR TR T2 2, NTHOEFERERENEYL L
W, LUTFOMMS MPM OFS L LTEITFHN 5.

(a) M TRIDEFHHEREDLEYL LW, fHEax
FEMZZZ DR TEDE

(b) KFZ2RED A, 8 FrEZRE A%E1E, FEM(Finite
Element Method) DFHE & JEFEICHELILTE D, BE
1£D FEM Z FW AR & OE A2 0355 T
H5 M

(c) EIANEFOHEB D ENT X 2 HUL A S
THY, FEMEIERL DA

HFE28METETHHEER

I I O
(Background grid (Eulerian) )

L VS E=alC) < re
AL ARE D

O O T S IO N S N S T
Material Point (Lagrangian}

ST e F-®
°

2 = I~
= T
NSO A
\ A
7o
o D
H

Lagrangian phase ]
a,

O
“~w— T(update nodal moment

nodes to particles)

convective phase
(reset grid)

-3 MPM OstE 70—

t

Iy

uUu=u

®-4 EGREETI

2) ZEAHER
X 4 1R F & O AP ER E 2T TV B ERHED
FEAERIELIToO@EY TH 5.

Dp
E—PV v (1)
D
pF‘;=V-0'+pb @
De
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d=%(l+l‘) 4)
o= fi(do) 5)
vix,t=0)=vy, o(x,t=0)=0y (6)
w=% on I, 7
t=7 on I, 8)

K (1) 2530 (8) WMHIC, EEARTFH, HEEhE R,
I VX —RFAI, ERHEE v EE AR ORR, MK
R, PSR, BEARLGREM:, BARERSATHS. £
7, pov,oub, e d, I, o, w, T\ZEhERN, BE, #
B, a—Jinhrr v, KD, HRNE T oL —,
ERHEE T > Vv, BELARLT > V)L, Causchy i1 D

Jaumann #E 7 > Vv, BT bv, BERIORE SN
ZMLVTHB.
(3) AL

MPM OZefEBER LI FEM O X 512, 9% it
r33. EHAERX Q) oFEREIXRTE LI 5N,

ou;
fpéuia,-dﬂ+fp—uo‘;»dﬂ
Q Q (9xj J
=f pou;b; dQ+fp6u,~tf dr
o T,

’:fr@%ﬁﬁﬁ,@ﬁwmmmmﬁ,
FHHIRZ FLTH 5.

R (9) 1B 2 YR Z NI OW TN Z v
THIMT 2 2 & THEUEZ1TS. Q NDRITBIT 25
FTOHRE Mp BT, HAONEIZBII 2R P D
BEEpIIUTOEICRT e TES.

€))

! =t;/p &tk

ple.1)= > Mps(x — xp) (10)
P=1

ZIT, n, ERKTH, o IHEOMBORILE SO
Dirac DTV XL, xp 3R T DL PEETH 5.

RO R 10) kb, XRXEE5.
ZMP(SM (xp)a;(xp) +ZMP (9x o ol (xp)
’ (11

= ZMpaui(xp)b,»(xp) + f pou;ts dr
P=1 L

F7e, WMFR T R 2T 2 W E Nix) &
L, MEE e M2 22U TD L 51Tk T.

aix,) = Y Nixpa

= (12)

6”,’(1'[,) = Z Nl(xp)(suli
I=1

HoSEEHEIYHES
N AD R (12) ZRA L, HEENOTELZEE
T2 TRAEES.
Z MPNI(xP)Z Ni(xp)ay
P=1 I=1
+ ) Mp o= o(xe) (13)
P=1 J l(xp)

= Z MpN(xp)bi(xp) + f péu;t; dI'
P=1 T
COREFLULTDIIICEFL DRI ENTE 3.
Z myag = f;° + e (14)

ZIT, FHEFLUTO@EDTH 5.

Z MPN](xP) (i NJ(xP)aJt]

np ny

Z Z MpN;(xp)Ni(xp)ay;

P=1 J=1

mypjaji
J=1

P Z MpN(xp)bi(xp) + + f pou;t! dT (15)
I

Illm == Z _O-l_](xp)

T leep)

= Z VPo-zj(xP) a
i lxp)

E512, ZoROE 1 RFEREFITI (I, N =1)

PRHOWTLTO XS ICEXZ 2T 3.
Z myjaz; = Z Z MpN(xp)Nj(xp)ay;
P=1 721

(16)
~ Z MpNi(xp)a;; = mpay;
Po1

MEXY, BTPEIZBWTREAED IS, /—FZ
PICHERERL e B TES.

my aj = lelxt + 1nt = flz (17)

Zliﬁﬂjmfciﬁﬁ'a'ﬁ* TN U CTENNIGE 2 RS 5.
A7) &Y, KL BT 2MEERT v al, 2K
A B %&HJ EWHDEN f; Z TR TRE
55,

t
aj; = —I; (no sum.) (18)
Ti

72, BERTy 7OME%Z At ¥ U CREE S AT

52T, RAT v TOEERY bV v 3R TR
BREU, ay, oup &, TRPIURTFA T ICB T 2 mEE 505,
NZ MV AR R Z P LD i B E TR Vit =i + Aral, (19)
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LRI Vi & KA TRD 5.

V;;At — VIZ’ + Atz N]i(xP)atIi
1i
(20)
= Vi+ 3 Vi) (45 = %)
Ii

TR onNTFOREREZHCTEYEEZERT
5. LaLass, R (18) 1BV, KTAOER m,
HNZ VGG, BRI IREEDFEAE L, MEARHSK =
{72370, NFDIEPERONZEND B 5 (small
mass issue). % Z CAMFZE TIEXRIHIZ/RS MUSL % H
WTYHEDFTHEZ(TS.

(49 MUSL

ATJE TR X 72 small mass issue % fRIRT %72,
MUSL[1] ZH\W3%. MUSL IZ, Tk FoEHR
W GRE) 251E L, B hEfExH
WTHERT v TOYHEERDZT7INVLITY AL TH 5.
R 20) ITHEW T T DO XS ICHEEET 2175

NHRREEZ F W TS T B & VR 1 0 B B 13 R
THEMI NS,

(A = " NiGep) (M) 1)
P=1

22T, mv, MVIiZZEhZh/ — FOEHE, KFoD
HEIETH 5.
XD &Y, vIMEMTOXS1ITERES.

e _ Lt MiCer) (V) 22)

my;
ERTHE ST VA 2 VT (20) & EHT LRLF O
2135, ELRERT Y ST OYHEEENT 2.

3. HERgAI
1) BEFNLGEESZRIRTZIETIL

EARDZEENZ Dunatunga 5 [7] DMER L7z ET L EHR
B9 2. BSEVEREREINE Jauman SEFE o 1255 & X
TRT.

c=0,+0W-Wo,=D:(d-d) (23)

ZZT, D, W, d, d°, o,lZFhEh, @R~
Vv, AV TV, BNHEET VL, BHEE
HWET VYL, BEROZEEH KRBT 2007 YV T
B3, Fl, FOIRETRAVCE T2 LA n Y —BEFRR [8]
Mo, EFERy IR K S cRINS.

Iy |-P+ — Mg
=2 Y o (24)
d Ps Ha—H

ZZTC, o, po VEEB, p \(SERNEE, dI3RE, Pk
IE, ¢ dHRRIER, p, 3R TOBETHS. 7oy,
EPEREEE A OWALE BB LT py = ¢ + () — d)e ™™
LEDB. BB ¢ hiy,n,, B X ENEHIILHT DI

BBEEETHHER

1A

Moderate Collisional

.
Quasi-static

v

103 10 1
X-5 Inertial number & u MR

BERA, WAL O NEREEE A, AL DML 2 HlH S 2

B L ORI O T ATH . - OWMERE
WA TEENS.
S
d? = * (25)
7 he)

ZZT, L) ZRECH s DE2AERTHY, FE
s, BEF UYL TERAWT s =0 —tro /31 T
H5.

7 (25) 23X (23) ITRA L, FfsE L 28T, B
T VLE) KEAT XA EREEL e THRAT v
TOEKIES oy ZEHT 5.

(2 RENLCEHZRRIBZIETIL
MR DEINZ, Newton KitEiitlAE 71 %2 HW,
kIS o 2 XA TERS .

o = Nedgey (26)

Z 2T, ne WEREMERREL, T E D devIdMREK T TH
5ZHRLTVS.

3 EBBRETIL

BRET LT, T2RREO—HTH 2 IREL T
EZ 5. R 3 HEOIREZ TR TH 2 Inertial
number [ ¥ WO IEEIZ K o TRAIT 2 DB —RITH
% [9,10]. Quasi-static FEIBIE[E AV 72 288), Collisional
TR TR 72 258)), Moderate fEIBIE Z 1 5 3BT
2R TG T 5. K5 TEZEhs DRI
BlF % Inertial number I ¥ BXNEE u OBRERLZD
DTH5.

Moderate FEIFIZEBWT, Jop 5 [8] & Inertial number
1 L AN u DRFRR R L. 2o UFBEHTRIK
ETOUVZIBH X, Moderate FEIIC BT 2 BOARAfENT
WBWTIALMAETNTWS. Dunatunga & [7] & Jop
5 QAR Z EEFBICEA U7 BT T L2 RR
L, Quasi-static fESEH0> & Moderate FEIIZ BT 2 RDIKAK
@t 2 MPM I X DfTo7=. 26 2 DD E TOHR
B2 MRy UTRHTE 5 X 512 L7 ry a6l
THb. ZOBFREHOTLOERAY LTO Cauchy
BT o ZEHRDIET oy L TRIRDIES o DRIEA L L
TRL .

o=(1-al))os +al)os 27
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X-7 $ERRERE [11] ORBRETFILELERETIL

500

accelation(gal)
(=}

=501

time(s)

K-8 AH L7 sin i

Z 2T, a ¥ Innertial number[7]] DREETH D, u—-1
BfR% 0-1 BAMRICEHLL, ITO XS ICERT 5.
1

a(l) = —

B+1 (28)

72720, BIRERASRTIRX—=RTH5. K6Fal) DR
#7Aw b L7bDTHS.

4. FERRAH]

1) REBICKZNMEIERRE DL

BHS [11] 235 L 72 3 BT oREIAFER L DLt
BE L, REMEEEBGIT 2. EBOE T L AREN
THEALZETAVRUERSEHEER 7 I1RS. BATH
MOETEE 1 2L, FHOTAREERE LM 3
RICIENT 2 FEES 5. RN TIEEEOMEL T X —
RIZHR-VIRTEEEHT 5. g, BiTAmDU
% 0.6m, ZOMMDA% 0.0125m & U7=EHEKEFHIC
AR TREEEST S, 77, X8 ITRTHREAIRIE 400gal,
IRENEL SHz DML % AFE 1 D/KEFH AT & LTA
L, 2MEEZ2%. BITERERI 9IRS, SEIC
FTARYEPERINTHEDOHELG 2RO, TN
DRRICIR - TR B T 2T DR T X 5. MY
Y EBAERORBEZOBIREHRA—HLTEY, AF
O BRI RIAERED R TE 5.
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HFE28METETHHEER

Accumulated plastic strain
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FRNTAS R X 121 3. UL OED 5 53X D R
JER S, FICEE D BREL, 2ok, REek
DI R EDER I N, REPIRHARFE S 2 kT 21
WTES. ¥/, 2FRoRHEAAZEICHEORTEO LB
BEARD TR BEDBTEREI N TV BT OHERTE 5.
DEXY, RFEEIFREARAERO W ORENLE R
A[EETH D, TWREO—HDOFINE S — 4 L RIfE
MT&E2 2 2HERTEEWVWR 3.
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BBEEETHHER

£R-1 MEINSX—4&

E(MPa) v ps(kg/m?®)  ¢,(°) &:(°) c(kPa) Iy ua ne(Pa-s)

modell(Base layer) 1.00 0.30 1890 57.3 534 2805 0.01 075 20 100
modell(Weak layer) 5.69 0.30 1767 39.5  36.3 1.45 0.10  0.96 20 100
modell (Surface layer) 8.35 0.30 3000 0.0 28.4 1073 0.01 0.75 20 100
model2(Base layer) 100 0.30 3000 534 534 300 0.10 0.75 100 100
model2(Clay layer) 4.00 0.40 2738 3.0 25.0 50.0 0.279 0.75 100 100

Accumulated plastic strain
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5. ¥®

T D E RN 22 258 & TRAARRY 72 228 DB % RBiA]
HEZRMEAE 7L % MPM IZRHAIA A T2 IERT RO W
T, NGERERHE 2 WA RENC & - CRImERE & &)
MRz —H LU CRHEAGETHS Z e 2HRELZ. K
WFZECIEHE 3 KTt 2 ML 7228, 51, EE23 X
LM COMEEML, XD FEMBRBREEETTS TE

THb. ¥z, TWWOEEY~NDTDOFEICHEEL,
AHili 5 5 H b THROBETDH 5.
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