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Fluidization mechanism of landslides and prediction of the travel distance
OKURA Yoichi "

Abstract

This study clarified the mechanism of landslide fluidization by experiment and developed numerical
simulation models of a discrete element system which could reproduce the fluidization process and so predict
the travel distance of slope failure in order to prevent natural disasters. Slope failures were categorized into two
groups: dry landslides such as rock avalanches and wet ones such as those induced by heavy rain. Fluidization
of dry landslides was reproduced and the mechanism was clarified through model experiments and numerical
simulations. For the wet landslides, the fluidization process followed by pore water pressure fluctuation and soil
layer movement was investigated through model experiments by supplying artificial rainfall and an inclined flume,
and through triaxial compression tests. Numerical simulations on the experiment results were also conducted
to verify the reproducibility of the model for soil layer movement. As a result, a positive correlation was found
between the travel distances of rock avalanche and the total number of rocks contained in a rock avalanche. This
was conjectured to be because collisions between blocks increased in the case of larger number of blocks, and
imparted downward-driving energy to the forefront blocks. For the wet landslides, excess pore water pressure
was generated in the saturated soil layer during undrained shear and this was shown to be the cause of fluidization
which decreased the effective stress between soil particles leading to decrease of shear resistance. Moreover, the
discrete numerical simulations were able to represent the landslide movement from onset to final deposition in
both the dry and wet landslides accompanied with fluidization because the model consists of a discrete element
system which could represent collisions between rock blocks or volumetric dilation in the soil layer leading to
landslide fluidization.

Key words : landslide, rock avalanche, fluidization, landslide model experiment, discrete model,
numerical simulation, natural disaster
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T D A = R LG RLRAAZ B RN I — RIS ASRINIC N
ELTWVEEDTHY., TOTEEHVSC & TAHE
RO FRBI LI P B G R Z gl PRIL T, B
W2 BRI - Te 225 E LA R E O IRz 15
5T ENRFENS,

3) FEEREETHC B9 2 AR R O BUS

FRCLUROHEFIA, T D HIORREEZ IS LT
%o 1998 FR SRS EH TEF Ulchigid, M
BHROFREZERLTEZ OWHENIE, TOKOR
EHERI D RIRINCHBN T L 6. SR I 5 £ [ X 12K
WKIRREINTE ST, IS % bRk o
5T, MHAE MEENEREINIEDEEZBND,
fER IO, P, B, %, hLosERE
SR B AN IE A O IRVCEIE IS T T
%o UM L. FREEDFEA & & RER WML BIAEDHE -
I AR A OHER B RE BT TR IER ICNEECTH %,

ZFTTCARE 1 ETHLRR=X 51T, H SR CHiE
DRAEUERELE LT, 200z Tl L

TZOHXDEREZFHET 20 ENHHEDEERS
N5, TORBKIC, THE, WP, HBKEZEYNCEEL
RETIVCEK D, FERKIEZSBIIICHNT 2 2 L]
AE& mUE, RO EER O TR E o RO H i
TEICHAMEHE NS DI ENS,

ZT T BIETRET IR E ¥ — X% VT
FEC KD FHIHER D % W I3 R ¥ O LTI 72 SZid
T ROMEBRGREL B0 BRI A TR Z21T5 C
& T, AEORNERRIC MIE T ER O 2175, &5
KBS R 2 L— 3 VET IV WTEE G 2175
C T REROERMEZITS. THICH S, 6ETI,
SERNTERA B D L e B & BIRRUKIEZES) - A1 B % Ak
BREHA R 21T, SBOFERAM THETIVHFED T
DHEER LT %o

W3R MIPERCRABU S R 2 L— 3 VETIVEIGE

3.1 AFEOHM

ARETE, &0 - BB EHEF O T EHES) % f1
TEBRRAEAAS R 2 L —2 3 VETIVOREZITI .
&0 - AESERHROMER T 0 2 5 0Bl B IS
T9BHDT, T TRIMERCRIAET V2T S &
&9 %, EEREHEIEICH > TE— XOYBIEL 5 TICHY
TR 2 22 3 To R T AR SR B K U2 DR = 2
L—a y2175 3T, MERERECE® T 2 Z N O
A 21T 5 LS, REREEIES S a L —2a v E
TIVORFHREEZTT S o

32 BivIal—yarvT ik

Walton(1992) I K % &, T i, jOEZET 2 & &, i
DEZEHi% O EZEEIE Fig.3.1 Z#28E1C 3.1). 32) X
K DRE S,

Collision in normal direction Collision in tangential direction

Vti

P @,
@- 3

Vi, j

Fig.3.1 M{ABEEHEZEE T )V, e e T R 2 ki3 Bk
QRO 8 e 2T LT, Hii g s e b & i
JEZEAIHERT kAR D I B 2 /T U TR
60
Rigid and frictional collision model for i and j
particles. Velocity change in normal direction
component transmits through coefficient of
restitution e.

Velocity change in tangential direction component
and angular velocity change transmit through
coefficient of restitution in tangential direction (3 .
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mj

A Vui= - (1+e)(v,,l-- Vn/) (31)
mi + mj
Avm-:-,u ‘ Avm‘ ‘ Vsu (32)
i AOR
Vou = & (3'3)
[vg |
V= Vi 1 X ¢yt 1o; < ey (3.4)
PG AL (3.5)
‘ Cji-Ci ‘

TTT. A, EEBOTE IS, Av: 65205
DHMTITATIIRIEZ(, m  KITFOMR, o KT
DBAE D IRHL, 0 K FOPEBIREL, v KIT 1, § OF
WA O BT FISY v KT 1§ OZHAIN
BEOBRAFRATA Y FIL, r 1 HEFOYRE, 0 KTk
B cn ot KIF L jOTDEEL ¢ KT D5 j
5 AN R,

(3.2) B L TILL T DA T B0

po- o Al (3.6)
[vel [v, |
FrEL.,
A= p =1 (3.7)

T T, TR D REL v T EZER ORI
SR DA TT IR Y. Fig.3.2 ISR K DIT, gAY -1 D
RHI BT O EAREDN 0 TH O 1 ORFIETERHIE
NS HEDY 100%15EE NS, -1 ~ 1 DfEfIdR+Ei ET
B0 LEDD ZE BN DHEEMOEENDDN, | Ava| D
WML TH2—EMB = PolciET B L. | Avu| DL
SIMU T EHEEA D DAME U THZER DR ML
FRHEEN 018755, R Ial—YavicBnTidss
B e OBBIMEZRGE LA 5 0.286 ICRE LT,

e, AEEZE B8 NCKHERENS,

Ao, = Mwu X ¢y (3.8)
T CT. Ao AAEEZL, I RTOHEEE—X2 |k,
F e, ARHFRICIB O THTITERAY O BRI X 5 f i
21k (3.9) 2% 5 TR 5 g 281k (3.10) B g
HE7ZENT 5 RO - EIR, 1992).
Iurmi‘ Avni‘ri

Aor; = - T (3.9

(3.10)

Avgi = ¢y X A orir;

jziz L.
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Energy limit
-

/ .
T T T Rolling contact
NS
0

Awn|0 |vs)

Sliding contact

Coefficient of restitution in tangential direction B

Fig.3.2 #2805 Bk40K O FREf DI -1 = p = fo D

“Avf"]‘ T B,

Coefficient of restitution in tangential direction S is

in proportion to the value of Mover 1=p=po.

|

PATI

\ 8

(3.11)

Wi

B

CTTT. Aor: fEhD EFEHIC X2 AdEZL, Ave
D HRHY D EEFHESUC K B T IR 2L, pr © BRAY D JEE
BORE D EEEICEE U T, KR O K A s A2
M % —EMELL T DR DA L9 %,

PLEG.D~@1D) XZHWT, TR HOEZE
HEN D HEZRLREZFIR L, (3.12) A5 TIC (3.13) IX
IC KD TR 5 Tl s 2 FH T 2,

Cit+At:Cit+(Avni+ Avti)At (312)

C,‘ﬁAt = w,-’ +A w,-A t

(3.13)
T T, At gHEEFEMRE,

3.3 E— XB MO T b g

By 2 2 L— 3 URSRZRGE L TE D24 25
M3 270, ©—AZZEH W Iz Eh iS5
C 7o Tz, Fig33ICHBTHW Y 7 VU )V DT
ZRY e BIE 3.0 m. FEFHER 5.0 m T, HAIKKK
5T 6.0 mICHEE L7z, IE 0.1 m O—EET. EHRHE
15EELIE 25 ED 2 BBEICAIZTH %, IRIEICIIHM
ERDFBDER ¢ 2 mm DH T A — X2k 7% <
RO, £, MIBENENICIZEBRZRRE T 5720
FI7aVEI—T 47 Uiz,

AR TICBE U Cld, R BRIk b i S B e e L R
ETHEERETT 5725, Table 3.1 IR K5I, HE.
B EERRE 1 75 5 CUCHED O B R e B EEZ T2 D%
LT, HUEki+ (Glass) 3o 12mm DA ALY —
ZEBIC 2 mm DH T AY — X &R & <R 7=



120 OKURA'Y.
5.006.0m ‘
P e s
R EEEEEEEE S EsmEam==NENNENEEENEREEEEERES G b
i i I |
= o 1 il i
Side view Front view

Fig.3.3 HzKEhirHEEERC RV 7optm D1k - lEX. KOS 2R DMl SBIE T E
&3, 77UILVDOTL— TR LTz,
The front and side view of the flume used in the experiments. The flume was made of
acrylic plate for the sake of taking side views of glass beads flow.

E DV, ZOM, BEOEWDEEEIC KIET
WEERAND 2D, 7IVIFE—X (Alumina) &5
V)NV a=7¥—X (Zirconia) ZHL. ZhZND
R 7 EPICIZHEZ NS 2 72dic, [[REIC ¢ 2 mm D
HIAC— Az A0 e, T, u 222 %
7z, Glasslic I LD a—F ¢ VT WM& Uik %=
K LU7z (Glass(R)o EHIC, wrZZA 578, ¢14mm
DHT AL —RIAMMOR T OMEX D BERONE R o1
mm OH T A — X2 7R RO, HHER 1 &4
TEW2EH B I ki 2B U7z (Glass(S)) .

ki F DBk D (FE e DFREICEI L Tld. TATIHEE S
5 TN A TR E BRI — RBIBINC o B e N3 I BB 7
7 R—=THBHDT, 0K LUFERIC KB RMG
ot BiF—hiFMD e lCBI LT, 2 HORFITH
30 cm BREOMIWHRZ#EA L, D 2 KOLOMGZ -
FCHRRQTEE L T T 2B NI XD ERE S E2%. —
TR T =TT ANE cm 510 ThH S5 Ok AR D 1
OHEFETHEI T, HEMEZRO 2 M OHErEEe T
FNASTHREITH L TeFiE L, EHIC, kit
—RE®D e .U TlE, FRZEEMEICITTT, RO

ZERER & RIS 1A DOR 2R D 10 BEAH C B R IS
E2e & & Z OFitEOME ZFHId 5 T & TR — IR
D e HE LTz, WZeBEZNZENRIEH 10, EI6E
25 % DFHAH 2TV, KOTHAI2.5 % D t BE
ZiTo TR, Glass(R) LIS DO EMED I B A2 13538
boNiEhoTz, FT T, Glass(R) LA DRIFICBIL T
Bz 5 OHFTEEZERHA L. Glass(R) ICBI L Tld K
15010 OHIROFEIGE 2R Uiz, FTo. B & OBkda
RO FREE R & Rl DfEE Uz,

wITB LT, BE OB 172 AUy [E 2 i LI i &
X HWICEE L CTFa EOZABAREILR L%, Z
DO—pUCHlNRZESE L. M EGERLIC—EDED Z
HEEDPSMA KO RESIL T LT, Kili kb0l
BE LR ZASAT 4 VT ERIBONKE e EES EDLE
Mo uZHELZ, ZTLUT, KF—RTFOuIlBELTIE
IR & [F— DM & Ulze wlic L Tld. RiFHIKE D %
WG 72 — B E T A DB 2 ERAEN D E
WL, F7o. KiF—RT0 w o U TR & A—0
fii& Uz,

RERRF ORI FEZ2.0m & Uk, R 0.2 m

Physical properties for particles used in experiments and simulations.

Table 3.1 KT DOYBLEE.

Particle material Glass
Diameter (mm) 14.0
Density (kg/m?) 2081
Coefficient of kinetic friction u

(particle to particle) 0.325
(particle to floor) 0.325
(particle to wall) 0.0738
Coefficient of rolling friction ur

(particle to particle) 0.123
(particle to floor) 0.123
(particle to wall) 0.0699
Coefficient of restitution e

(particle to particle) 0.150
(particle to floor) 0.332
(particle to wall) 0.332

Glass(R) Glass(S) Alumina Zirconia
14.0 14.0 14.0 14.0
2140 2140 2250 3264
0.903 0.325 0.325 0.325
0.451 0.325 0.325 0.325
0.361 0.0738 0.0738 0.0738
0.123 0.0787 0.123 0.123
0.123 0.0787 0.123 0.123
0.0699 0.0140 0.0699 0.0699
0.0530 0.150 0.150 0.150
0.212 0.332 0.332 0.332
0.212 0.332 0.332 0.332

Glass(R) : Rubber coating for large kinetic friction

Glass(S) : Attached smaller beads around particles for smaller roughness

ko
i
B
op
=
&
1
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Top of slip surface

%~ ity-center of the initial
p_>. landslide

R s N

Farthest point of

Gravity-center of the deposition

eposited mass

L

Equivalent coefficient of friction f = H./L
Equivalent coefficient of friction at gravity center fg = H' /L’

Fig.3.4 SEEEEAREL 75 5 CIC ELFMBEERE f OEH AT,
Calculate methods for equivalent coefficient of friction f and equivalent
coefficient of friction at gravity center fz at slope failure site.

DX [ D Wi A & b 1 U T T I R BE 2 5 L. 2 DRI
C— X% LK TFICEE K 5T R LB Tz,
ORISR ORI D £5 2 & TiTo 720 Bl
HNEAE AL - HERSME PR T D 3 Ry ERE % 39 % 3T,
Sl E PRAR R S 7 D OIS ELD S R AR 8 2 (Fig.3.4)
ZREIM U,

34 JERGHITAIC K BB I 2 L— 3 VETILOHE
i RS

Bl I 2 L—ya YETIVOZY N ZRETT 5728,

FEREHINAIC X BRERHRRE 21T 5 Teo RmER 2 25 &

ICERE L. Table 3.2(a). (b) 7% 5 TFIC Table 3.3(a). (b)
WRULTz& S, 7180 OUEZ 4 DT 1y 7 B
UTCELEIC K208t ziTo, iR 5T g IcBd %
RINEEAEZREH U, TORE, YIal—va U
REFRBERE DEEAIZKIE 1 % TRDOLNT ., Fff
VIal—yaryETFIVICKDRITOYMEOENDE]
FEPREEC R T B E RN S 2 &S
s oY fl

35 rIMIEZEC K 2SRRI SIE I Bk Al
3.5.1 Ky OPIBME & FREERROBIFRIC OWT

Table 3.2(a) HERE 5 CICBUHY X 2 L—2 3 VI K DG SN Sl EEERE OB IS CRITIMER 25° ).

Pigeonholed table for equivalent coefficient of friction (Slope angle=25° ).

Treatment Block Mean of treatment
No. Material Number of particles Exp.1 Exp.2 Sim.1 Sim.2
1 Glass 300 0.141 0.149 0.142 0.136 0.142
2 Glass 100 0.140 0.150 0.142 0.142 0.144
3 Glass 600 0.119 0.144 0.132 0.138 0.133
4 Glass(R) 300 0.205 0.176 0.143 0.139 0.166
5 Glass(S) 300 0.122 0.098 0.096 0.084 0.100
6 Alumina 300 0.161 0.161 0.141 0.132 0.149
7 Zirconia 300 0.163 0.152 0.140 0.129 0.146
Mean of block 0.150 0.147 0.134 0.129
Exp. ! experiment.
Sim. : simulation
Table 3.2(b) SFHiEEERLBUC I 20 BT &
Analysis of variance.
Factor of variation Freedom Sum of squares Variance Ratio of variance(F) Probability of F
Total 27 1.5 X 107
Treatment 6 9.8 X 107 1.6 X 107 9.35 9.9 X 107
Block 3 2.3 X107 7.6 X 10* 4.37 1.8 X 107
Error 8 3.1 x10° 1.7 X 10*

1.s.d.(2 @ =1%) =0.022

L.s.d. : least significant difference

Bulletin of FFPRI, Vol.3, No.2, 2004
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Table 3.3(a) FERE 5 ICHIES R 2 L—3 3 VT K 2 HOFHMEEIRE ORI (RimdEst 25° ).

Pigeonholed table for equivalent coefficient of friction at gravity center (Slope angle=25° ).

Treatment Block Mean of treatment
No. Material Number of particles Exp.1 Exp.2 Sim.1 Sim.2
1 Glass 300 0.306 0.307 0.307 0.315 0.309
2 Glass 100 0.246 0.246 0.222 0.194 0.226
3 Glass 600 0.337 0.342 0.385 0.368 0.358
4 Glass(R) 300 0.363 0.368 0.355 0.364 0.363
5  Glass(S) 300 0.272 0.276 0.259 0.249 0.264
6  Alumina 300 0.303 0.306 0.307 0.305 0.308
7  Zirconia 300 0.304 0.306 0.307 0.311 0.307
Mean of block 0.304 0.307 0.307 0.301
Exp.: experiment
Sim.: simulation
Table 3.3(b) HLAFAMliEERRENCEI 920 HUIHTIK
Analysis of variance.
Factor of variation =~ Freedom  Sum of squares Variance Ratio of variance(F)  Probability of F
Total 27 6.1x107
Treatment 6 5.7x10° 9.4x10” 45.4 6.7x10™
Block 1.8x10™ 6.0x107 0.29 0.832
Error 18 3.7x10° 2.1x10™

1.s.d.(20=1%) = 0.024

L.s.d. : least significant difference

Fig.3.5 7% 5 U, Fig.3.6 ICLHFHE & i/ MNE R 2
EDOBRZRT, MKKDLIND T & DRFHNICEEIAE
Nz,

DR FOHBEIFERHICEELEZY., 405
Glass(300), Alumina(300) 7 5 T I Zirconia(300) D [
TfRLUIC f DEWVIEED o7z () NOETFAIRI T4
KT ).

2) HREER PR L L X EDMHBICH B, THDE,
Glass(100) & D & Glass(600) D fi lZ KELEo 7z,

020

Equivalent friction
o
=
T

0.00

Number of  Glass  Alumina Zirconia Glass  Glass  Glass(S) Glass(R)
beads — 300 300 300 100 600 300 300

Fig3.5 b ICHE> 2 2 L—a Vic &k biEoNn

TR RN B 2 PP (RATTE DS
FTTERR) & R MEEGE (LY 0.022 DT
THER). MR 25° D,
Mean of treatment concerning to the equivalent
coefficient of friction (represented by rectangle
bars), and least significant differences (represented
by thick lines of 0.022 of length). Inclination of
slope angle is 25 degrees.

NukbTlCwe, fALTIC i LIZIEOHBEICH %,
Tixbb, [ 5 TIC fz 1 Glass(S) < Glass < Glass(R)
DIEICKEL 5%,

352 phiifeist & O EER ORI OV T

& 5T, Table 3.4(a)(b) ISR & S ICHRHEMHAFHCEI L
T, 20 Oz 8D 7 11y 7 Al U 7z Lo
ICXKB0EOTZ2ITV, I 2 R/NEEAEZRHL
Teo TOMER, ¥Ial—ra VIEREEBREREDH

uivalent friction at gravity center
o
w
o
T

0.20
Glass  Alumina Zirconia Glass  Glass  Glass(S) Glass(R)
300 300 300 100 600 300 300

=3
WNumber of
beads —

Fig.3.6 i 5 I T 2 L—ravick b iE5h
Te HUDF MR RIS B9 2 W (RITTEOD
T2 7TRR) & MEEE (L2 0.024 D
) CEIR) FHEMRHI 25° DB,
Mean of treatment concerning to equivalent
coefficient of friction at gravitycenter (represented
by rectangle bars), and least significant differences
(represented by thick lines of 0.024 of length).
Inclination of slope is 25 degrees.
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Table 3.4(a) FHEOMER 15° 725 T 25°
E i

ICROE LIRS DRER EBUE Y X 2 L—3 3 IS & 2 BOFMER R O

Pigeonholed table for equivalent coefficient of friction at gravity center.

Treatment Block Mean of treatment
No. Slope angle Exp.l1 Exp.2 Exp.3 Exp4 Sim.l Sim2 Sim3 Sim4
1 15° 0.227 0227 0225 0226 0.194 0.182 0.178 0.174 0.204
2 25° 0.306  0.307 0.299 0.297 0.307 0.315 0.268 0.296 0.299
Mean of block 0.267 0.267 0262 0.262 0.251 0.248 0.223 0.235
Table 3.4(b) 73 EHT 2%,
Analysis of variance.
Factor of variation Freedom Sum of squares  Variance Ratio of variance(F)  Probability of F
Total 15 42 % 107
Treatment 1 3.6 X 107 3.6 X 107 127.18 9.6 X 10
Block 7 3.5 %107 5.0 < 10* 0.57 0.761
Error 7 2.0 X 107 2.8 X 10™
1.5.d.(2 a =1%) = 0.084
> 04 3.6 M EERENC A 3 BRI D &L S e
§ 3.6.1 RirEhE & SRR O BIR
2 o3} R BRI S OF VS R i R O BRI T2 T 9 R D
£ . BZIIRIC T 57, iy I2L—ya YEFLE
D Eo2 f W TR \*ﬁfa’:ﬁoto Fig3BICKiF&EEL [ B T
= 8 I fi & OBIGZ RS, RBEMIE 25 K, B TE AT R
é o1 | E— 2300 fiil &R Uz KA iE &4 300 {0
2 Glass. Alumina 7 5 U'IC Zirconia bi 1 7% W 7z R D 5=
g oo - - BiSRAESDETT Oy b Uk, K& DK FHERIZHE
6=15° 6=25° PREEIC R MIE S RN EHIH 7o Tz, T ORI

Slope angle (degree)

Fig3.7 HERA S Iy T al—yavic kb Bb
Nz FOSEM BRI B 9 5 Yy (R
BT S 7THRR) Ko CIcR/ N EE (LY
2 0.084 DFRFIC K D KR FHEETIE 300 D
Valo Sl @i LAY
Mean of treatment concerning to equivalent
coefficient of friction at gravity center (represented
by rectangle bars), and least significant differences
(represented by thick lines of 0.084 of length).
Three hundreds of glass beads were used in this
experiments.

BEERKAEL % TRHONT, Ml I al—ravE
TIVDEZ LN E Nz, Fig.3.7 IS U & f)
HEAEEOMBEERT, TNOSXOLUTOT EMNHS
meixotz,

4) BHmER e f S IEOHBBEGRICD S,

D EORBEEEIC K OBES I 2L—a VETI
R R 2 @ YN HBL U, B E mAETEAG A AT
AETH 5 T EWHEHNTEIHE NIz, Fiz, 1) ~4) DR
TR B G R fE R & B EE & OBIGRDHI T2
oM E x> Tz,
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IKELETOERZITS,

R DMER 0 OFHE 2R & OICHE D 2L T
5, 5250VEWOZECRENTENDEL TS &K
EThE. CokiFOMEFELNS 3.14) & LLIE
(3.15) XN E N, KT OEBNIFNEEED 5 VI3 D
BEFICHIE SN2 DNVHBRIGEEI NIV Ehbh %
(3.14)

a= G (sinf — urcost) (3.15)
TCTC. a:hTONHEE, G:EINGEE. 0 RhmfEsh,
o BEERE e HEDY D EEBMREL

a= G (sinfd — ucosH)

3.6.2  fiEhVO BRI 5 TR BhEERE & SRR O B R

Fig.3.91C u & [ BN fo & OBIEE. %7 Fig.3.10
WCw & fIRBUIC fy LOBGRZRT, &, REERHE
25 . K TIEH T A ¥ — 2 300 % L, Fig.3.9
KO, u DEICEWY FEEINT 2EANMEONZ D, u
> (=0.123) ORIPATIE fId w CHEET NS T LAD

%o ThHDOBIXIVF—L VDX DRV
5 IR 7 > 7 7. ICBILTE (0> )
ORIPATEIHME ST U, 25° ORE LA (0.466)
ICHUE SN Tc— &7z & B DA b N Tz,

Fig3.10 B L T & FMEIC, (w <w) OFIH T wr
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Fig.3.8 K v H i & G fffi = AR KU 5 ON IS H0 S5 B 452

R DOBfR, FmERNE 25° . K7 glass,
alumina, zirconia Z{#H.
Relationships between particle density and the
equivalent coefficients of friction, or friction
at the gravity center. The inclination was set
at 25 degrees, and the particles were 300 glass,
alumina and zirconia beads.

LG IEDHBBBRICS 2D, (w>w DOHIFETIE f
W u LEOMEZINS T EMNTEIRN,

TTTC, wDREERICOWTERLTHS, VE,
R 0 ORAIZ R D —EHE TENDED TS EE
(Fig.3.1D), @& S OME & OEfluSA ki 7-HON S A
LB LICHBETHE, SiE(3.16) RTEENS,

S=r(1-cos 0) (3.16)

TTT, ri KRR ThB, Fhoy el 3.17) ATE
N3,

L= tan 0 (3.17)

3.16) X% 5T B.17) XKD w & r DREFRIX (3.18) X
DEIICEEINS,
sin 0

-5

GBI XKD, wiE SrNELEBIEENEIHRB
LG, Tabb, HEGESHNERZEE &
VIR RKE LR DIEE e HV/INE TR D2 1D
WU EMTHIENS,

05 r
L -
5 04 e
2 ,
[T} v
Eo3f Mm%
€ o
o /
® 02 ¢
2 l
> /A A A A
w 01 r
0 1 1 1 ]
0 0.5 1 1.5 2

Coefficient of kinetic friction

—a— simulation
— —#— — simulation(gravity center)
------- coefficient of rolling friction

Fig.3.9 K1 DB EERE 1 & SRR R /7 5 TICH
DR GREY fo DBIGR. RHIEERHE 25° | KT
X 300 DA T A —AZME LTz, & HICHEN
O BEBRE 2RISR LT E Y B U e,
Relationships between coefficient of kinetic
friction u of particles and equivalent coefficient
of friction f or friction at the gravity center fs. The
inclination of the slope was 25 degrees, and the
particles were 300 glass beads. Rolling friction x,
is plotted on the vertical axis.

05 r
0.4
0.3

0.2

Equivalent friction

0.1

0-0 1 1 1 1 ]
0.0 0.2 0.4 0.6 0.8 1.0

Coefficient of rolling friction

—aA— simulation
— —# — simulation(gravity center)
------- coefficient of kinetic friction

Fig.3.10 R0 BEEGREL pe & MBI f 72 B U
I HDHG R o DRIfR, RHEMETRHE 25° |
Ki11& 300 DS A — X% 4E LTz,
Relationships between coefficient of rolling
friction y. of particles and equivalent coefficient
of friction or friction at the gravity center. The
inclination of the slope was 25 degrees, and the
particles were 300 glass beads.
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Fig.3.11 ERIERL 7D BRI 223 75 S B R |7 —
JETENADERE 2RO, S HESE, 0:
IR, R
Conceptual sketch of a spherical particle rolling
down a slope at constant velocity with resistant
force of rolling friction. S: height of roughness, 6
slope angle, r: radius of particle.

Fig 3. 12 I A i I B Y& A SIS B 2 THE D &
FHEICIR > T2 A ORI 3472 7”95 Nol, No.2 Difiifll
FUCBNT, B NEBIE ERBENRE L R B MEANEDS
Nize A (1988) MEAFHFICHB N T, GREICE <
Wi (@Eh s LmkEh GfklD Loy
BVNS, KREROHMMNBEEERICENT 2 LR T
B, OBV TIEFE S OMEN RO T, KRN
KEBROUZE e HVNE TR0 BHE R /TNONLEE DS,
KO/NEHAaEL L TRELAB D EEZIBNS,
PLEXO ., Bt U 22RO BT, A5 T
DD BINEIFTHRES NS T EANHE M & Ix > T2,
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Fig.3. 12 i i |1 61T B FEEHERHANCID © Toa ORiFE
i, —BIEICHBNT 3 ~ 4 DY > 7 )Lz
MU, EfLEROBEMEEERH LT,
Rock's diameter distribution along the talus slope
at Ugawa valley in Kobe, Japan. Three or four
rocks were sampled at one measured point, and
the diameter was averaged in longer one and
shorter one.
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3.6.3 hiifuis & FMEEERBO G

Fig 3. 13 ICRE RO & x5 TIC fr DEEGRZ R T,
Fi 7% Glass(300) 2z iV 7z, FERTIE 0 7% 15° & 25°
D2ERMEICERL, ¥IaL—YarTR10° ~35° F
TEEE T, K6V alb— 3 Vb CIcHRE
EHEBEE K<—HLTED. L fRETIC 2 & DRIC
FIEOMBEBEZRMS B S NIz, TOMENCBE L, Fig.3.14
EHWTERETS,

—HRICIRTH & DPEEBURED tan o DYIEDMERL 0 DR
WA END R EHE ETEIET 5 L&, fidtan ¢
KD KEL RS, T¥EL, LBV TER
FIDREER T 2 BT 3 )V F— Ev DHIT %
MWoTH5, 97bb, AEAHFSICBO T VF—
RS Ev T2 THNTFATREIT 2 2 Lic/i%, TOIRIV
F—HokzEE LUz fOMRMEZ £ &3 HE, tan 0755
I 0 2T (3.19) KD XS IcKBIE N5,

H

PR H (3.19)
tan¢ tand
TCT. Elid (3200 XD &KH LTINS,
B= H(sin 0 - tan ¢ cos 6) (3.20)

tan 0

(3.20) X% (3.19) ANALAT B T LIc & D (3.21) XAE
M%o
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(_g 02 N % .f“—o
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Slope angle (tan 8)

—~o— experiment
—>&—experiment(gravity center)
=—O=—simulation

—>— simulation(gravity center)
------- theory prediction

Fig.3.13 RHAMER & S BIREL 75 5 NS BLOAFAh A2
TRE fe DR hi1-1& Glass300 fii % w7z,
Relationship between slope angle and equivalent
coefficient of friction f or friction at the gravity
center /. Particles were Glass(300).
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Landslide mass
BTN Bl
i BT
H ./ tan® Eh /tan @

Je :Theoretical equivalent friction coefficient

6 :Slope angle
@ Kinetic friction angle

Eh :Kinetic energy in horizontal direction at slope foot
Ev Kinetic energy in vertical direction at slope foot

Fig.3.14 THIDHERTTHHIEINGEZE S BFED T3V F—HoiZE 1 LTz fo O,
The rigid body, which has tan ¢ of kinetic friction, slides down a slope of tan 6 of
inclination and stops on a lower flat plane at the f'because of the kinetic energy loss in
vertical direction through the collision of the body to the flat plane.

tan 0 tan ¢
sin 0+ (1 - cos 0) tan ¢

fo= (3.21)
HS AL —ZXDBE. (v <p) 5O THTOEiIE &
ICEDEEES N, ZOMEENE (3.15) Ric & b EBE N5,
Z T, (3.21) N OEEBGE tan ¢ BRI T O pr 1B X
W2 T, FERSEERRE A 2 MM & OB T
vk LEb 0% Figs.13 Flcknli, G2) Rk
BEE, &3 2 L—3 3 200 & 2 8EM T B O S2BR M
D3IHLEERO—HERLTEOEMEBSEO AGAH
FEIRMOBEER DD THB T LML E Ao Tz,

3.6.4 BB L SRR O BIR

Fig3.15 IChi ¥ & (R BT fr DR Z/RT, KT
1& Glass 2 VT, RHaERNE 25° & Ui, FEERTIEHR
T7% 0. 300, 600 D 3 BFFICE L E YT, 22—
g Y TIEESIC1200 HE THME Lz, KK D EER
BIRUYIal—yarTlk, fIERFEEADOHEMMER
ICHO, o FIEOHBBRICH S Z EBNHSN RS T2,
Tabb KFEOBEIMC RO ARBEETERIE K D @A
WEL. BONEEE D Fili TR T 2HENA LN,

5, 321) U K B £ & Fig.3.15 HIC /R L7z h,
VIal—vavicEB fidh ROt TR E
HEEL T EHaN A SNz, bbb f<f DR, ]
S OERMECTAENEREERE) GREik) LTwv
5DTH-> T, fAITENMEOFEAE 2 RS 2 5 Sl 2
BB L Rz L & k%, Scheidegger(1973) 1. fiA
HAROBEMNHE S TR LT BIRZER L T
WBEMN, AVIal—ra kB TEZFNNEIEIN
2o

T T T, ¥R FOREREN L A A = X LIS DWTEH
ToELREHKAS, Fig3.16IC Glass ¥ — X 600 {i,
TERL 25 D — RSBV 2 ki FHIHIRdE & 10 - HERT

05
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Equivalent friction

1 500

1000

Number of particles

1500

—a— e xperiment
—>¢—experiment(gravity center)
- =-O- = simulation

- =X~ = simulation(gravity center)

theory prediction

Fig.3.15 R+ & MR/ 75 b CIC Bl B ER
B fe DB, RHIMIRNZ 25° o
Relationship between number of particles and
equivalent coefficient of friction or friction at
the gravity center. The slope inclination was 25
degrees.

WIC B B0l & ORfRZRT . BPORNEE EA 5 IE
ICY 2 ab—a Y TOYERIRGE, 1.0sec . 2.5sec % (15
1FIRAE) . 2 U CThR PR ERRIC K B(F IIRRETH B, i
THIMEEORHHESICIIR S ¥ —F > 7 Lok 72 Bl iE
L. RIS 70—, BiEhicid 7)) — > ok 12 Rl il
L7z,

V3al—ya b CICHEBHEN S, Rk R
W7z B TSR IEHERSERIC 351 B & BRI F ORI
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Fig.3.16 B2 I 2 L— 3 VIS K DIGSNTAER & ZEBREIR & O, mikiRICB O T, KRR O ALE I,
FREEFEA A L HERERRIC B W THER S N T 2, RHIERL 25° . 5 AE—2X 600 fEDH,
Comparison between simulation results and a experimental result within collapse. The initial locational
relationships between particles were maintained from the collapse initiation to final deposition in both cases.
Slope angle was 25 degrees and particles were 600 glass beads.
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A

9. 9m
Longitudinal section of the experimental slope.

3. 2m

4. 8m
6. 6m

Surface of the experimental slope.

Fig.4.1 Y&C5800RNH, RUHHVR S TICHERTHHANE 0.4 X 0.4 X 0.05 mOD il Eiidrz,
Rockfall experiment slope. The slope and the runout surface were both inlaid with 0.4 X 0.4 X 0.05 m granite slabs.
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Photo.4.1 V&AFERCIT H¥&47 1y 7 OYIHIRLIERG] & & G HrTE L iE,

1111111110
Vl111000000
SFEFFFFFFFFRS
Vag244010000J

Rockfall-inducing apparatus and example of initial arrangement of rockfall
blocks in the case of 1,000 0.1 X 0.1 X 0.1 m blocks.

Highest point of the initial
block arrangement

Gravity-center of the
deposited blocks

Farthest point of
block deposition

Equivalent coefficient of friction : f = tan¢

Equivalent coefficient of fricition at gravity center : fs = tan ¢g

Fig.4.2 SFHEERRE S BOTFMAERGRL f DRI,

The conceptual scheme for equivalent coefficient of friction f'and the friction at gravity-center .

43 By Ial—arvTiE
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S7ze ZTLUTC. EOOWELEHZRIAT 2720, A
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JOCHERR, AHEEZERIE. 28T Mz Rlek Uiz,
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4.4.1 JEORRE L BEHEEOBIfR

Photo.4.2 I S-1000 I B} % EE I %2R, EOD
AZ— I HEI - EEE CORBEBRMIEB K Z 48
Thole, Ty B I 2L — 3 Y THOWZETEE
$7% Table 4.2 1279, Fig4.51CS-5120DY 3 2L —
a UREREEBHERZRT, B2l —YarE
TIVIC K O HERT IR, BEREEE E R<HBEEIh TV
TEeMbhd, EHlC, mifEHRE & YIHEE ThbhERic
flE TN Ty ZidgimcidiE SN Tnizes Dk
DEFESTNEELTWE T EHh B, TRDEFR T
[ COMER 7 vy 7 AR E IE & A OB I AR T 1
DHENHS M E IS Tz,

Fig.4.6 7 5 'l Fig4.71c, EBES Ty I a L
—vavickhEoniEakiE Ea7ay 78 &
FEULIEfe OBIEE T, Figd.6 T 0.1 X 0.1 X
0.1m7Hy ZICkBERTH D, Figd7 T 0.2 X
02X02m7Bav7icks8DTHs, iz, (3.21)
RIC K D FER E N7 B Al B R B2 1l RS R T
(3.21) N BIF 2 EEE tan 9 I L TWREAH T Y 7
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Cubic granite blocks
for rockfall experiment

vi=0 V2
Before collision

High speed
video camera

vr %3

After collision

Coefficient of restitution :
e = - (V1' - Vz')D (V1 - Vz)

Fig4.3 Bkl O Rk e ZRET B 72D DWERT Y T 72
W AE2E525R,
Schematic figure of a collisional experiment for
estimating the coefficient of restitution e by using
a video camera and two rockfall blocks.

Gravity force

Granite cube

Traction force

Granite slab

Coefficient of kinetic friction :
tan ¢k = ( Traction force ) ./ ( Gravity force )

Rolling down a slope

at constant speed /

Coefficient of rolling friction : tangr

Fig.4.4 ¥& 17 11y 7 OEEEFREL u 75 5 TICHRAY D BE
R e ZEE T B T2 D DREROKE 1
Schematic figure of experiments for estimating
the coefficients of kinetic friction u and rolling
friction .
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(3.21) RIFEALIARED 0.216 m® LU FDEHITIE £ DY)
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Lizfe fiZzRrd, MK, 70y Z7H8H 100 Z 82
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MBCH D, frldiEa 7oy 78 EOMBICH S &
ST KD,

4.4.2 HFODOWIMEA =X L

Kent(1966) (& FK B OBILGEITRN 5 HITEFEA I
WD AATZZE DRI E it e DD 7w v a e
D, W OBEBREM IR U TRIEEREIT5 L LT
W5, LA L. SHEOEGERPORAAEEIZ 1 m® T
Ho., ELEEMDIAATE SICHEITE Z DR % air
cushion & U T LB T DEEIZ R NDT, 2D
BRI EI DRV EDEEZ B5NS, Erismann(1979) 13
fREE B &Rl & ORI CTEERMFEEL, aa7uay 7
WA % & L EICZF OBICHRAT % IBLREN A
X0 BT OBEBFRENHADTZE LTS, SO
FERICE W TH Photo. 42 ICEIOENZ K9 Ic, L7
w J R OERIC KD T Ty JHE FUE S HAD
FELT, R LIS FETREWVICHWAE I E
o7 LA L, ZOHAZZTDLOTCHETHEK LT O Y
JREALNZIEFEDTENERL, EleTdmay J e
M _FICIEVAR U 7R S Rd 72 57 o 7z, Voight and
Fauxt(1982) (& /i T BL D [EIRZ & B ik AADY . D1
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® D& s 1 IRRE

@

Photo.4.2 0.1 m A&7 1y 7 1000 fEDIFEMG, FATEELEN DI&EG T 1y 7 OfFIE « HEREE TKI 4 70 F%H,
Example of an experiment using 1,000 0.1 X 0.1 X 0.1 m blocks. It took about 4 seconds from the initiation
of the rockfall to final deposition.
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Table 4.2 %417 11y 7 ORI,
Physical constants of rockfall blocks used in the simulations.

Size of cubic Density Coefficient of  Coefficient of  Coefficient of
blocks restitution kinetic friction  rolling friction
e u r
0.1 X0.1 X0.1m 2700kg/m® 0.541 0.577 0.344
0.2X02X02m 2700kg/m® 0.509 0.577 0.344

Simulation time = 0.0 5

Simulation time = 1.0 =

rimental result

Fig.4.5 S-512 D —RAICBI % 2 2 L— 3 ik b CIC S RO Lbg,
Comparison between simulation and experimental results in S-512.
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Volume of rockfall (m®) Volume of rock fall (m®)

A Experiment f A Experiment f

®m  Experiment at gravity-center fg B Experiment at gravity-center fy

A Simulation f A Simulation f

O  Simulation at gravity-center fg O Simulation at gravity-center fy

------- Critical equivalent coefficient of friction fc ------- Critical equivalent coefficient of friction £

Fig4.6 g6 CIcy I ab—y 3 VicBir %, #alk Fig4.7 3 5 CIcy I a Lb—ya Vi B %, %Ak

i & A EEREL f 75 © O FDFI RN fa
DBAfR. 0.1 mADELT 1y 7 2fiifl, BiRE
HEEREL fo 72 i T LTz

The relation of rockfall volume to equivalent
coefficient of friction and friction at gravity-center
/= in the experimental and simulation results using
0.1 X 0.1 X 0.1 m blocks. The critical equivalent
coefficient of friction is shown by the dotted line.

Filf & M EEBUREL f 75 B O O F I EE R A fe
DR, 02 mADEHT T 7V, B
T EERREL fo 2 K TR LT,

The relation of rockfall volume to equivalent
coefficient of friction and friction at gravity-
center fz in the experimental and simulational
results using 0.2 X 0.2 X 0.2 m blocks. The
critical equivalent coefficient of friction is shown
by the dotted line.
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Number of rockfall blocks
A 0.1mcubesf
O 0.1m cubes gravity-center fy
A 0.2m cubesf
B 0.2m cubes gravity-center fy

------- Critical equivalent coefficient of friction fc

Figd8 I al—ravicBI2%a7ay 7 L%
M EER AR A f 75 B G DS R R & O
BIfR. 0.1 mf & 0.2 mMADIEHT 1Y 7 2 E,
BRI AR AL fo 72 R TR,
The relation of number of rockfall blocks to
equivalent coefficient of friction f and friction at
gravity-center fz in the simulational results with
using blocks of 0.1 m or 0.2 m on each side.
Critical equivalent coefficient of friction fc is
shown by the dotted line.
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LR OGO 7 0y 7 HEBIOBISEL D Heim(1932) D
Grain collsion model & % & Bagnold(1954) @ Grain
flow model Z 2 F59 2V HZHD . Ea 70w 7HOD
HAMCRE S REEFELED A D Z A LZHSMCT %,

Fig.4.9 Ic¥& 17 1y 7 OFIHIBLE C i b 7 1 B i &
N7wy 7 EBummiciciE S Nz 7 1y 7 OIS BG
MBAZIRICE S T TOKEBIIRRE O E 2 R,
K& 0, G708y 7IEYEARE ORI iE 2 K&
CHAT AT - L TWE T Ehbh 5,

Z T, WP BI 2% A7 0y 7 OEigtExHA;
ERTED A Z A LB U TG 21T 5. Figd. 10755
T Fig.4.111C L-125 OEBFIC BT . i L TO
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O Front-positioned blocks E: Rear-positioned blocks

Fig.4.9 L-125 ORI T 2 gt L F 15 - HiIR O 7

1y 7 A ALE R fR, XIH ORI HRVE BRAA D D
(SRR TOARE AT 0y 7 Bz,
EREIERE Y DAL DERZLRT, FIHkE DR
771, A& a1 OFTHNCE TR I BdiE S
et D%, BHRO A - T TS 7 13 &6 I Bl i
ENrTay I eRY,
Relative positioning relationships of individual
blocks between initial arrangement and final
deposited positioning in the experiment of L-125.
The transverse axis expresses the horizontal
runout distance of blocks, and the vertical axis
shows the frequency of the blocks. The white
bars show front-facing blocks in the initial
arrangement, and the shaded bars show rear-
facing blocks.
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Vertical height on the slope (m)

Fig.4.10

Vartical height on the slope (m)

Fig.4.11
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1 1 ]

0 5 10 15

Velocity (m/s)

L-125 OFERHNC 351 2 BHERAEITIC K D RD Tz 2
fHDvEAT 1y 7 DAL, 71 739
Bl i CrbmIEIC Bl iE S TV e, BRfiliE 7oy
7, HEERIRZR Fho T oy 7 EE
2R,

Change in speed of two blocks obtained by
image analysis in the L-125 experiment. The
blocks were at the front-facing part of the
initial rockfall arrangement. The transverse
axis shows block velocity, and the vertical
axis shows the vertical height of blocks during
downslope flow.

0 5 10 15
Velocity (m/s)
L-125 OSEERFNC 3V 2 WGRENTIC K D K& Tz 2

DA T 1y 7 HEZ b, 71y 734k
EICAWTHIRE A ICELE SN T W, ki
it MO g, MR N S 2K,
Change in speed of two blocks by image
analysis in the L-125 experiment. The blocks
were at the center of the initial rockfall
arrangement. The transverse axis shows block
velocity, and the vertical axis shows the vertical
height of blocks during downslope flow.
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(Fig.4.13(b)), 72D b, A7 1y ZHOEIMCHE
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(3 1.964 sec after the start of tracing and traced blocks came to a stop.

Photo.4.3 7 1w Z#HER D2 D 3 KocHi &k, TN DX OEGIE, L-125 EEREIC Ml 72 5 TS 1
SHARICHRE EINTEEDTH S, PIMEERGIICKE SN2 MO 7 1y 7 WHEXT VLRI
XDBHEN TV,

3-D filming images for calculating block velocities. These paired photos were taken at the same time from
the left and the center of L-125 experiment. Front facing two blocks in the initial arrangement were traced by
the loci of velocity vectors in these images.
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Frequency of collision
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200
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g
-200 7
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Runout distance (m)

Fig.4.12(a) S-64 DX 2 L—3 3 VHERZ W IER] 7

Difference of frequency

200 -

oy 7 EEN T, 70y 7R A OB ZLAEE,
MilE 7 1y 7 O R R, M
W ARVE DBRBED SAFIE - HERIICE S ETDOH
Rl 7, #Eiho O & IEH R A A
JIIBE (e I T QNI = ) N1 g 4 & [ I
KTH%,

Analyses for individual block movements
using the results of S-64 simulations.
Frequency of collisions among rockfall
blocks. The transverse axis shows the runout
distance of individual blocks. The vertical axis
shows the cumulative number of collisions
among blocks from the rockfall initiation
to final deposition. Positive collisions are
those tending to accelerate downslope, with
negative tending to decelerate.

-200 [ -

-300 --

Runout distance (m)

Fig.4.12(b) 7 11y 7 fH LR EZE D hindk /7 1] & it/ 1 o

EZRE S, MEllE D EhE o, &
O[] E F Pk /7 1 D EZESHE D L TV 2
TERET, M ) LFAKTH S,
Differences in frequencies between
accelerating and decelerating collisions
among blocks. In the vertical axis, the plus
expresses the excess of collisions in the
direction of accelerating blocks, minus
expresses the excess of collisions decelerating
them. The transverse axis is shown as (a).

Accumulation of velocity change

-20

Runout distance (m)

Fig.4.12(c) 71 7 HHEDMEZIC K 2 BRI IR, #iE

Frequency of collision

FlED R EEFR ST ANOEEZ, A0
) & (R T AN D IHE 2 29, Bl
(@) Z5TIC (b) LFEkETH B, 711w 7 1
DB DL XHIT/RY,
Accumulation of velocity change by collisions
among blocks. The vertical axis shows
added velocity by collision in the downslope
direction as positive, and the added velocity
in the direction of deceleration as negative.
The transverse axis is shown as (a) and (b). X
indicates depositing point for one block.

Runout distance (m)

Fig.4.13(a) S-512 D> 2 2 L—3 3 Vi K A5V

70y 7 O BT,

Analyses for individual block movements
using results of S-512 simulations. Frequency
of collisions among rockfall blocks. The
transverse and vertical axes show the same as
Figure 4.12(a).
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Difference of frequency

Runout distance (m)

Fig.4.13(b) 711 7 HHEOMEZEHL 2, #HE « Mifh o &k
X 4.12(b) LRI TH B, S-64 DT—A &
AR TH 20, BHEAEDOL VY IRIE -
BOW TR 4.12(b) KD &ML T\ 5,
Differences in frequencies of collisions
among blocks. The vertical and horizontal
axes are the same as in Figure 12(b). It shows
tendencies similar to those in Figure 12(b),
but the range in differences of frequency
is wider in both the positive and negative
directions.

Accumulation of velosity chang

Runout distance (m)

Fig.4.13(c) 7' 10w 7 HHE.DEZC X % BAREThNEE, -
B O FE XX 4.12(c) LA TH B, K
4.12(c) & HER L ThI + JRGE DI /T IS B L
THEDL YV IPRKELE>TWVWDS, Ty
7 VDG E DR XHIT/RY,
Accumulation of velocity change by collisions
among blocks. The vertical and horizontal
axes are the same as in Figure 4.12(c), but the
range of velocity here is wider in directions
of both acceleration and deceleration. X
indicates depositing point for one block.
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The front-view and side-view of the flume. Rainfall simulators and a transportable crane are equipped over the

flume.
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@ Before collapse

@ After collapse

Photo.5.1 HAMERTZDERIKEE DR
The flume before and after collapse.
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The data aquisition system.
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Pore-pressure gauge

Earth pressure gauge
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Cylindrical marker
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Time code display

The arrangement for the instrumentation.
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Table 5.1 PO EE,

Soil properties of the sand for the experiments.

Dry density (surface) Y4 1.33 g/em’
17 (0.5m depth) yws 1.5 g/em?
17 (0.7m depth) Yo7 1.6 g/cm?
Void ratio (surface) e 0.73
7 (0.5m depth) eos 0.62
7 (0.7m depth) €07 0.54
Saturated water content W 32%
Internal friction angle o' 30.6°
Cohesion c 0.75 kPa
50% diameter of soil particle 0.51 mm
Silt + Clay content 0.6%
Uniformity coefficient U. 3.5

Coefficient of permiability k 1.2 X 102 cm/sec
Approximate mobility index AMI 1.14
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Grading curve of the sand for the experiments.
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Moisture characteristic curve of the sand for the
experiments.
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(c). Distribution of pore water pressure right after collapse.
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(c). Distribution of pore water pressure right after collapse.

E P 1.0m

XP.

p o5
Collapse onset 2600s 1 T~ 0.0m
Pressure indication at 2598s | |
Sand layer surface ! !

! . | | I
Saturation area =] h h ,
| | I
I | | I
I | | |
1 I | | I
| I | | I
| | | | |
[ | I | | |
I | | I | | I
1 L L L L L L L J
0.0m 1.om 2.0m 30m 4.0m 5.0m 6.0m 7.0m 8.0m 9.0m

(a). Water table distribution in the sand layer right beore the collapse.

1.om
Sand layer surface before collapse -—-

Sand layer surface after collapse _ T A I 0.5m

Diplacement vector of the instrument — . |
z | 0.0m

|

I

1 I

1 I

1 I

1 I

1 I

i 1 |

I 1 I

I 1 I

| 1 |

I 1 I

I I 1 | | 1 )

0.0m 1.0m 2.0m 3.0m 4.0m 5.0m 6.0m 7.0m 8.0m 9.0m

(b). Displacement vectors of the piezometer before and after collapse.
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(c). Distribution of pore water pressure right after collapse.

Fig.5.7 HAEERTRIC BT B RHIBUKESE & U HEZERIX,
Pore-water pressure distributions and soil layer displacements during collapse.
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The volumetric strain, thickness, pressure head and displacement velocity of sand layer at 3m point from the

lower end of the flume.
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The transfer loici of the markers during collapse motion.
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0.67 ZHeds, FEas Dkl a5 CIC &L DR 08 AW
WHEICE S T TOIINSIAE, HBUKE. A (=REBK
£/ ERSI78) . IR Z /RS, & 5IC. Table6.1 I
s ikl & LT e=0.70 DD T E 7%, Fi&atoul
FlLE LT e=0.64 DEFDTEZRT,

faf A EAER IC K 2 RGO T (K EEARD .
JEHEKE AW & O BBUKIED LA & FRTT2 DR
BonfcERic, FREMNIRE - fIEL TV B D, b
O T (K EERAHD AR OMETT & HICH IS
ZHEINEE T, MRS S Lidhh-
7z (Photo.6.2 &),

EAHIERABRIC K B 85D T Ak, MIBRKED

Photo.6.1 s — il FEAERREEE,
High speed loading triaxial testing apparatus.
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BB ATEFTHIIEME 43 % 2 75, 2004]
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Void ratio versus peak compression strength
compressed with stress or strain controls under
lateral pressure of 20kPa or 200kPa .
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Frcid. LEOERIEEE & SIcaAG ML T,
ZOBOIY =y eHICHENENP DL TV,
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AW PE S 27 K E D R & A8 O 208 b 8
5Nz, —J7. Fig.6.3 %G5 1 NE R OV O & Hr
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Fig.6.2 #fiit— F7aSTICHERED, BANMBIERED IS/, BKUKE. A, JSHRERIC MIZ I BICEI T 5
CU =il et BRAG SR

The results of CU triaxial compression tests in stress and strain control tests with loose and dense speciments.

Table 6.1 #&afOatkl & #HaEOARIOLH,

Soil properties for the soil tests and flume experiments.

Loose soil Dense soil

Void ratio e 0.70 0.64
Dry density (g/cm?) ye 1.33 1.44
Saturated density (g/cm3) Va 173 1.83

Coefficient of permeability (cm/sec) f 1.6 X 10! 6.9 X 102




Fluidization mechanism of landslide and prediction of the travel distance 151

FERE DKL (e=0.70) EEEOMR (e=0.64)
Photo.6.2 JEAEHE T DERIOM T, HKaSDERHI TN - BREL 7z, — 750 BT 30 % OliliE%E A
VL TW e,

The specimens after undrained triaxial compression tests. Loose soil spacimen collapsed in the earlier stage of
compression, whereas dense soil specimen was self-standing after compression at 30%.

r1.0m

Collapse onset 3155s I 0m Collapse onset 3960s
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(a)Water table distribution right before collapse
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1
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I I I I
I I I 1
I I I I
| L | 1 1 I I I 1
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(b)Soil layer displacement during collapse (b)Soil layer displacement during collapse
[ 1.0m - 1.0m
Excess pore pressure area EEEE =~ 000t B _
.~ 0.0m 0.0m

Tl I
0.0m 2.0m 4.0m 6.0m 8.0m 0.0m 2.0m 4.0m 6.0m 8.0m
(c)Pore-water pressure distribution right after collapse (c)Pore-water pressure distribution right after collapse
Loose soil layer (e=0.71) Dense soil layer (e=0.64)

Fig.6.3 #&ahid (XD BRUEGD (GX) T8O RERAERTZIC BT 2 HBUKED i & HEEE O+, [ ~VIZZ
NZFN Fig.6.4 1B 511770 5 I T EEH OB 2z RS,
Pore pressure distribution and soil layer displacements during failure. I ~IV indicate the position of the graphs
in Fig.6.4.
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Fig.6.4 FEFAERHC I 5 LEZNL - ABIEA L MBUKE, ARISHZEBOM T Fig.6.3 TOBRIN I ~VICEIT %

fiRZ KT o

Motions and stress conditions in soil layers during shear for the flume experiments. No. I ~IV indicate the

observed positions in the Fig.6.3.

FHOZEM~SNERERD B Z kR, T4kb
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F T Ty ARETIEREFHIERLIRIAE 7T X 2 fitEiEE)
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3%, TOFET/)VIX Cundall and Strack(1979) Ic kK
28 X N7z DEM (Distinct Element Method) DM M
BTEDOTHOH., brxI)VOHEHIRHNLDFE KD TDH
BERATE 2 AT S 2 DICHW BN T E Tz, T SRYIZ A
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59, JEHMENERHMERT, T TRARKRDFD
SRR N O JE SRR BB 72 D O P RL - O F i 1 ]
ICHRA LTeE R T 7 (BEMEREL KD ERMEX S 2
Ry b iR y) TXEI S (Fig7.D. TDEE
—DORF O8] & MR B B9 % E 8 5 R
(7.0, (7.2) RD K S ICHEFLE NS,

ma + pv+Kd=0 (7.1)
1y +npro+Krp =0 (7.2)
TCTC. m: NTHEE, a FATBEIINEE, v FEITR

B, d:PTBEE, TR FEEE-X 2 o

FNNEE, o fEE, ¢ - AN, ri N PERZRT,
/ // B 777
Kn L
y -

\ Nl

Normal direction

Fig.7.1 EH7Z 5 G Hem )71 D e fil O iR E K &
REVERREL y DI IE,
The arrengements for modulus of elasticity K and
coefficient of viscosity 7 in normal and vertical
contacts.

Tangential direction

FIC (7.1, (7.2) X2 WM SAIC X > TEDE
LU, #EEa &y ZRICEBRICEET S L (7.3).

(7.4) XD X HICED., HBDOR FIZDODNTDZRERGHE
MAlREL x5,
mlali= -7 [¥iar- Kld) a0 (7.3)
[y li= pri®]ea- Kr2[ ¢]ra: (7.4)

Rk FDZENMBOFREFIZ RS, ~DOR D%
filc DWTIE (7.5) i K D HEES N2,
I”i+l”,' Z ‘ Ci- C,“ (75)
CCT. ri 7. *ﬁ? i, J @ﬂé?%\ Ci
IDEEEERT R b,
AtFICBF 2R F 1 ORT jICHd 2 FE I K
UHHRTERZN X7 MvidZENZEN (7.6). (7.7) X
DERICEKE NS,

Cj:*ﬁ¥‘i\ J@EP
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Ad,={(Adi- Ad) -cen (7.6)
Adi=Adi-Ad;- Ady+ 1A @i Xt A ¢ X cu (7.7)
VRO

[ (7.8)
| ci- ¢l
TTTCy Ade Ado: AtRNCHT BRIF 1 OFE ST
5 IS HERRIT AR ZNT R Y MV, Adie Ady e Rt i,
JOAtBEDFEATBENIANT ML, ¢t KT i OHILD BRL
T OO BAIANT by A ¢iv A ¢jiRiT i
j DAt BIDOMENNRT R,

PR IR | AVRIA ] D 52T BIERIIC DOV T,
ARG ERE A Foo BERRJTIE AW A Fo. Himhd 0 HKHT
E—A VN TRICENFNS \U’C%Fé’d‘% Fig.7.1(a)
WKRT KIS, Ad B L T2 AF. 24T %
PR T v (MR K, & FIRTZENDEE A do/
AtICHBIU 2P A 2 E U ME X > 2Ky b
CREMER S 7 ) DOUHEEZIET S &, (7.9). (7.10)
XOBEBZRMNENIN S,

AFe=K,Ad, (7.9)
 Ads

AFw= 17, i (7.10)

LTehdo Ty Wi 1S B0 B 551 [Fen]o & RS

[Fu] & (7.11), (7.12) XD K S 1c7%% 5,

[Fen),= [Fenlenit A Fen (7.11)

[Ful= AF, (7.12)
PLEXD, Bl ticBN T, KiFidhiTjKORTS
AR [F]0& (7.13) RTcREh B,
[F ]/ [Fen]l +[Fvn] (713)
Fig.7.1(b) IC/R T K DT, RIS DWNT &1L
m & EARIC, (7.14) ~ (7.19) KOBEFZEMNEI NS,
‘ [Fen]r ‘ é ,U[Fen]z D 8 %\

AF. =K Ad, (7.14)
Ads

A Fvs = s 715

/A (7.15)

[Fes]t = [Fes]t-At+A Fes (716)

[Fis]= AFy (7.17)



154 OKURA'Y.
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[F.]:=0 (7.19)
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71 [Fi) & (7.20) X CTRIFEE NS,
[Fs]t: [Fes]r + [Fvs]t (720)
BEA D HFIE— A b [Te] ICDWTIE (7.21), (7.22)
NTCRIMEEINS (5, 1992),

_ b A oi
[nyfzﬁmmm¢” (7.21)
_ [4d-v2)
b= o IF (7.22)
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_IF).
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L7eio> Ty BRI (+AD ICBF B HENT FILES
CICAHENY BV ZNZN(7.27), (7.28) LT, X
TPATREIEINAN 7 BV b IS s BN 7 B )L
(7.29), (7.30) X TAtHEEN %,

[Vi]t+At = [Vi]/ + [ai]zA t (727)

[wi]t+At = [wi]t + [}/z]tA t (728)
[A di]r+At = [Vi]t +A¢t- [Zi]tﬁ r (729)
[A ¢i]t+4\t = [wi]t +At- w (730)
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The side-view of the model used in DEM analysis.
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Table 7.1 KiFOYHERE > I 2 L— 3 ViER
Physical proparties of particles and calculation constants for DEM analysis.

Radius of particles 7[m] 0.04
Density of particles plkg/m?] 1630
Poisson's ratio of particles v 0.3
Time step of calculation At[s] 0.00005
Gravity accelelation G[m/s?] 9.8

Particle to particle Particle to wall
Normal direction spring constant Kx[N/m] 2.06x10* 4.11x10*
Tangential direction spring constant Ks[N/m] 5.14x10° 1.64x10?
Normal direction viscosity constant m[N « s/m] 8.21x10 8.21x10
Tangential direction viscosity constant ns[N « s/m] 4.10x10 8.21x10
Coefficient of friction u 0.58 0.70
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Movement loci of particles.
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Desplacement vectors of instruments berried
in the sand layer from the initiation to final
deposition of landslide experiment.
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Fluidization mechanism of landslides and prediction of the travel distance

Summary

Traditional studies on the mitigation of landslide hazards have been focusing on predicting when and where
landslides occur. In the mean time, slip surfaces of landslides have been recently deepening as forests mature making it
difficulties to predict the onset time of landslides in Japan. Moreover, this approach consumes much time and money for
ground investigations and infrastructures for rainfall observation networks. Therefore, the author thinks that it would be
more economical to predict landslide hazards area and to improve land use management such as imposing restrictions on
construction than to predict the onset time and to make residents evacuated and abandoned the properties after landslide
destructions.

Major and saturated landslides tend to flow longer than expected distances, so it is fundamental issue to understand
the mechanism of landslide fluidization to predict the travel distance. Therefore, the objectives of this study are to 1)clarify
the mechanism of landslide fluidization through experiments and numerical simulations, 2)develop numerical simulation
models for particle flow systems which could simulate landslide movement from the onset to deposition, 3) acquire
fundamental information on factors affecting travel distances of landslides such as topography and soil properties. The
paper is arranged as follows. The background and objectives of the study are described in Chapter 1 and 2.

Chapter 3 examines a particle flow code that was developed for rigid body elements to predict hazardous areas
of rock fall or avalanche. The movement of each dry block in rock falls is represented by the movement of individual
spherical element in the simulation code. Kinetic energy transmissions and energy dissipations during collisions between
particles are expressed by the coefficient of restitution of particle to particle or particle to boundary wall contacts as
shown in Fig.1. Particle displacements were calculated by integrating the parallel and rotational velocities within an
infinitesimal calculation time step. The calculation constants such as coefficient of restitution or rolling friction could be
easily determined by simple bouncing or rolling tests with spherical beads which were used in verification experiments
for the simulation code.

Verification experiments for the simulation code were conducted using spherical beads and artificial small slope made
of acrylic plate, slope length and width of which was 3.0m and 0.1m respectively. The experiments and the simulations
were conducted according to experimental planning method by changing the number, kinetic friction, rolling friction and
mass of beads with slope inclination changes. The simulation results were verified by least significant difference with
experimental results of the travel distances. Further, sensitivity analyses were conducted using a simulation for clarifying
the effect of physical properties of particles and slope inclination on the travel distance of a landslide. Tease results are
summarized as follows:

1) Particle mass did not affect the travel distance of landslides, whereas kinetic and rotational frictions had negative
correlations with the distances which were controlled with the smaller friction, namely landslides flow down in a form
of least energy consumption.

2) Travel distance had negative correlation with slope inclinations because of kinetic energy consumption in the vertical
direction during particle collision with the depositing horizontal plane at the slope toe.

The mechanism of fluidization in accordance with the volume increase was investigated in Chapter 4 through rock
avalanche model experiments and the particle flow simulations developed in Chapter 3. The slope length and angle used
in the experiments was 5.8m and 32 degrees respectively, and granite plates were placed all over the surface to give the
surface a uniform condition. Two sizes of granite cubes, in which each side was 0.1m and 0.2m respectively, were used
for rock fall blocks. The blocks were piled up on the top of the slope in a cube shape having a total volume of from 0.001
to 1.0m?, and rock avalanches were generated by having the rocks collapsed quickly in the experiments and numerical
simulations.

Travel distance had a positive correlation, and the distance measured in the gravity center of the deposited blocks
had a negative correlation with the number of rock fall blocks in both experiments and numerical simulations as shown
in Fig.2. The reason for this, as revealed by simulation analysis, was that collisions between the blocks increased in
accordance with number of the blocks flowing down the slope, and forward deposited blocks were accelerated downward
by the collisions, whereas the center and rear deposited ones were accelerated backwards through kinetic energy
consumptions by the collisions.

The fluidization process during excess pore-water pressure generation is clarified experimentally in Chapter 5. An
inclined flume and rainfall simulator were used in the experiments. The slope consisted of upper and lower parts having
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32 degrees and 4.7m long in upper slope, 10 degrees and 4.1m long in lower slope respectively with 1.0m width. Four
combinations of soil layer thickness in upper and lower slope were tested in the experiments by packing sandy soil
loosely in the flume, and landslides were triggered by spraying artificial rainfall above the flume. Soil layer movement,
pore-water pressure and total pressure on the flume bed were acquired synchronously during the experiments. The results
were as follows:

1) Soil mass on the upper slope collapsed to and compressed the lower slope, excess pore-water pressure was generated
and effective stress was decreased in the soil layer on the lower slope leading to rapid shear. In other words, the
experiments were able to reproduce the fluidization process through undrained shear (Fig.3).

2) Excess pore-water pressure had a positive correlation with overlaying sand thickness, indicating that larger volume
landslides tend to be fluidized.

3) Pore-water pressure fluctuated rapidly and excess pore-water pressure was not maintained continuously around the
slip surface on the upper slope, indicating that soil layer in upper slope was not compressed during shear and could not
have maintained undrained condition.

In chapter 6, the effect of volumetric strain in soil layer during undrained shear on the fluidization is verified by
triaxial compression tests and the landslide model experiments same as in Chapter 5. A critical void ratio, below which
soil layer dilate during shear and effective stress increase leading to stable of the slope, whereas the soil layer above
which contract during shear and excess pore-water pressure would be generated with undrained condition leading to
fluidization, was determined by CU triaxial compression tests. Two cases of landslide model experiments were conducted
with loose and dense soil layer, which were bordered by the critical void ratio, to verify the effect of volumetric strain of
soil layer on collapse mode of a slope. The results were as follows:

1) There was no difference in maximum compression strength between the stress and strain control triaxial compression
tests.

2) The critical void ratio increased in accordance with confining pressure in the triaxial tests, showings that landslides
tend to fluidize on a smaller void ratio when the slip surface is deep in the earth.

3) Loose soil layer contracted with shear and effective stress decreased leading to rapid shear (Fig.4).

4) In contrast, dense soil layer dilated with shear and increased effective stress. Release of in-site stress followed by
temporal increase in effective stress through restricted shear was progressing with intermittent sliding.

The volumetric strain during undrained shear governs collapse mode and the void ratio should be an appropriate
indicator for landslide fluidization.

Chapter 7 examines particle flow code with viscoelastic body that was applied to wet landslide movements to
develop a simulation model for predicting landslide hazardous area. The viscoelastic bodies have an advantageous point
of being able to represent static stress which should not be represented by the rigid body model used in Chapter 3 and
4. Stress between contacting particles is calculated by the total of elastic force and damping force (Fig.5), and particle
displacements are calculated with Newton’s second law.

Landslide movement is represented by the movement of a group of numerous particles. The simulation model was
verified by landslide model experiments using inclined flume and artificial rainfall simulators. The slope was 3.0m
long, 35 degrees and 1.0m width. Only the hydrostatic pressure was concerned in the model because excess pore-water
pressure was not continuously maintained on the steep slope in Chapter 5. Following information were acquired through
comparing simulation results and experimental results:

1) The simulation accurately represented local and overall soil layer movement within the experiments from the collapse
onset to final deposition, namely it should be effective method to predict landslide hazardous area.

2) The simulation could be applied to slope stability analysis, evaluation for impact resistance strength of check dams
or planning for the arrangements of landslide mitigation facilities because several physical properties such as stress,
speed and displacement for every particle are traced along calculation execution.

Chapter 8 is summarization of this research.

Fluidization mechanisms have been clarified and predictive models for landslide travel distance by particle models in
chapter 3 7. Moreover, the effect of slope inclination, physical properties of collapsed blocks and void ratio of soil layer
on travel distance of landslide were quantitatively evaluated.

One topic future research will be to clarify the continuing mechanism and conditions of fluidization during landslide
's flowing in terms of topography and soil properties and to predict debris flow hazards in a drainage basin. Furthermore,
fluid coupling should be incorporated into the particle flow code to reproduce the fluidization process of landslides.
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