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Table 1. Observed velocity of debris flow.

Place of occurrence Velocity (m/s) Year
Mt. Tokachi (Japan) 40 ~ 2.9 1926
Urakawa (Japan) 8 ~6 1975
Mt. Sakurajima (Japan) 13.6~ 7.8 1975
Mt. Yakedake (Japan) 16.5~ 0.76 1976
Mt. Usu (Japan) 8 ~17 1978
Shiratagiri River (Japan) 21 ~17 1978
Termile Range (USA) 16 ~15 1961
Wrightwood (USA) 3 ~ 2.7 1941
Enterbach (USA) 16 ~11

Table 2. Observed density of debris flow.

Density (kg/m?) Observation site Presenter i
1300 . Volcano Yakedake Okuda et al.
1610 ) Urakawa Yamazaki et at.
1800~1900 Voleano Sakurajima Tahara
1720~2230 Wrightwood Morton et al.
2400 Wrightwood Sharp et al.
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Fig. 1. Ideal velocity distribution Fig. 2. Acting forece on great piece of rock.
of debris flow.
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Read data of particle
properties

1

Read initial position and
radius of particles

NO
lContact with another particle ? _]v—~

I YES

R
Fig. 4. Contact judgement

16— of particles.

NO

I YEs

,Apply force of water effectJ

1€

Apply gravity force

i Z

Caiculate acceleration
from sua of force

}

Calculate particle movement
by integrating acceleration

!
X
'__'LFix new position of varticlel .
Fig. 5. Relative displacement
Fig. 8. Flow of DEM compution. at contact.
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DREIRARES. M, EMEEEL LT3,

Aen:kndun 3.8)
du,

WoC, BEAl 1 BB EAAD S5 OMUST) [ens & £ v aty b OREGT
[dale 13, DT ?.

Lenli=[enli-sc+4de, (8.10)
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Sk

/ <-—-——tu. > 0]
{ l J i i

Normal direction Transverse direction

Fig. 6. Mechanical model at contact point.
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(rit+r;)XEWA> Ry (3.22)
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BL, Cpxiith¥
a IXEOWNTTR~DORFEEE
0 XKDEE CERINIVCHEES)

Fio, ThBbONOREIRLFAXML S EROKNILILH.

[fonle=Con PH2 0 s (16N (Y, (3.29)

[fode=Coa LV s {—staN(V 1) 3.20)

3.5 ho#EFn

BRI 2 I0ORMERD B, FEERPLEER~NERLEDTEZRDNITX
W SHE TR [fade « Tfsls, REEENE UlchRERIOMETEIIL v
c[fvel: BT, X FERDOET Frs« Z HAOET] Fzy » LAY D £— 2 v + Fmy
(KEETRAY ZE) *RDdB ERORCS. HL, ?@%% I BT H5LETOEE |

ToOWTDRFITELL, ;ug% I i L CROBEL R ERHLTCOEZ K Ko
W ORTEEH T
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D%]FZJH —[fali cosay;+[ fs]e sinas;}

+ 3L fvale cosary;—[fv:]; sinay} (3.31)
[Fz:]i=3{—[f 2] sina;;—[ f,]: cosa;}

j‘%{[fvn]c sinai;+[fvs]e cosayb —mag (3.32)
[Bml=—m§ﬂhl} ‘ (3.33)

T, mBEETOBRETHY mg OEITENN Z BRI EAL TS & &
T

3.6 INEE - FE - BHEOKDH A
B ] o XthhmEng ki, Z @ihnESy 2, BEHAECY O, L L, IEELY
BRI A At CEHELTIE, B COMEEERKRORTELES.

o EFxgd,
[ide== 55 (3.34)
.- [Fz.
(2= 2 (3.35)
W&ZE?&- (3. 36)

2T, LBBERZIOBER=— 2V 35, 2RTENCREROEEY p & T5&,
ms e I, BETORCS.

M= pTr’ (3.37)
Ii:—;—pfcri“ (3.38)

Xl ¢ COEER, LROMEEEZBEITHE L TRDOLIS.

(% de=0%de-ae+[E et (3.39)
[2:]e=[2Jc-se+[2:0:4t (3. 40)
[éi]tztéi]t—dt"’[éi]tdt (3.41)

ChBEEHAEL o TEITHZ LR L T, BESERDLNS.
IR SRR RV (3.42)
[Azi]t::']z; {(2:0e-ac+[2:1:} 42 (3.43)
[40.3= 3 (6.0 +[0. 1 1 (3.44)

BRI TORTRDLNS.
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[xede=[x:1eoae+{4x,7, (3.45)
[z:Je=[2:1s- 2+ [4dz:]: (3.46)
[9.1e=[D:]e-sc+[49.], (3. 47)

ChbDR ¢ COBMBAERACT, RBCEH (+4t OBMBEYI Y RD5 2 ENT
&, At ZLOMFEED TN S ENTES,

3.7 FEOREE
DEM 847 D 255535 U3 O IR M 2B EIRE 2 4t Wb CHU&Th 5. SEAV-7 DEM
7 e 75 ATk At O, FERIEMEEEH TS, Lo T, M2KkETES LE
FESLDERDDBKRELIBYVKRDAT vy 7B KE T INMERL, EERREKLT
LES. BObEnmoT, 4t &L L ED DI CRITETR S DL AT » FHEMN
ZMBEERD, FEBHPRA B oV ADBEENKEL K olc VT3, 2T, kD
UE L T earidn
2ODEFE - ] HERE, ERE A7 > ) TR, BERIA7 Y —-ORE (i
DEREF ST BELTWRWIREE) Wit o 7cE4, RBEES 4t BXKk&hofcbT5 L,
BENICHRDOER I OREIBURICKREL D, M- TLEI>Z L2355, Zhil, 29
DEFR I - J BEERE O EHRSTH O HNEREY Vi, BEhb BOBEEH RO MHEEY
Vny' &< E TR ETRE), '
—Vny'/ Va1 (3.48)

EWCORHARLEHENRI Z1DTHS. ChefBiET 5w V) OEERRORT

WIET 5. |
— V" Vg =e (3.49)

2T, Vng” 3 V! #WELRETHY, e IBREY RETHB.

BRAwS (BED) ORRABREDSRTVWHOT, R B.49) %7V —KigosE
FROERTARELTRET S LRI - THREIRDI LR T, hHERIN1IOFL
BEROBERELELTNT, »AHEER 7V — ORI ETh. 7)) —Rib2
2—viE HarELLRBH, KELHFBHE Fig. Ma)~0b) RT 4008805 %.

Do Go-
(a) (b)

OG- OO

(c) (d)

Fig. 7. Patterns for particle separation:
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(3) BEE ] NEE [ 2blh, BEX T 047y —iokBs, (b) BERIT R
TmE ], K pOEBcEh, B T 0208 7)) —whoeEa, (¢) 3EE I 1Es#E
I biih, RAcES JIEZ K, L »08h, BEI-J02007) kol
Ba, (d) GER I PER ] »olh, ¥FRER JRERT LLIELTWRLK
BETHD. BEECRBIHDIIFHBALEN (@) i (d) Oor—2ThH5.

TR > TRELNLLD Vi 2RO TEL BEVH S, Fig. 8 KRTI5K,
B T ] oFEROERHTAENEE ¥ ZhTh V- Vi (BEEERTE) LB & RK
TEEIhS.

Vny="Vx; cosa;+ Vz; sinay; (3.50)
Vnj=—Vx; cosa;;— Vz; sina; (3.51)

2T, Ve Vzikeh7zh X+ Z HFROEERS, cosay;, sina;; 133X (3.4) - (3.5)
CRTERDTHS.

R, HEhcBOREOHEY (A)~(d) DBELIOTERENTS. LELUTO
REBCTHEE (1) BERABOMEY, FE (7) BEhE (LAT5» 7)) OfF%
EbTLDTHB.

(@) %5
Vni"=Rk; X Vn,’+ Vn;/ (8.53)
E78% X 5 ISHIEMRE Res 23k, thifvsL Vo« Vo AR THEIhS.
Vx," = Vx,—(1—Rks) Vn,’ cosay;’ (3.54)
Vz,"=Vz;—(1—Rk;)Vn,' sina;;’ (3.5b)

(b) o4, B J- KexlL Tk B.563) ) Rk Rd, DXvig) oEXH
& (3.54) - (3.55) DIHEAFTS.

Z ] (¢) DHa, Kk (3.58) LT Rk, %

. ROER JOFEEELREL, ThiEERZLC
' £ (3.53) %I0R (3.54) - (3.55) oEE%

175.
"UN; @ OB, * (B.53) BKROLSCEEF
VN, 5.
Vi =Rk,X Va/ +Rl;x Vny  (3.56)

m; Vng—m; Vay=mRk; Vn,'
X —m;Rk,Vn,' (3.57)

Fig. 8. Collision of two particles. BEBIEGERFANCHAD, ZD2HKEHENT
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Rk;« Ry %3k, X (3.53) - (8.54) #HTEX I ] 0EEHEELIT>

DEM ¥, BRCRENDNMCZ RA0RBMEL 0T, £&&ELTEHERFEES
5. LEOFER, BERETIERILSHEELL CREL b TR0 CEHREEY IR
WRTHLDOTHY, HREHUMERL <y ¥ v 7B EENHM UL BAITE
HThHB.

38 Ny HFOFE —WHREOIERE—

BEHNBEFEIRC BN X5 CHEY f av—va v ThbH. L - TEFT KD
BRI G Ele b = FARIER Lic s b7\, AERFCHERCAB Y AWT
WHY, ThLOMBERDEEN—ETHELHBAELL) TRVBELTELD Sy FV
I HERESTL 5.

EEN—ETCHRVEERCIET VEF ARy ¥V BT S, HE - FE (1973) 1Rk
DT VELSyF Y PO CHUTORCHEL TV 5.

1) #FEHY: (rejection method)
CHB XD RTOMNBEYRESE, MONTFEERYPETELER]L T
ERPAIE ST A < - Y- RAN Y T
2) FEFTBEE (mothod of local displacement)
cKRFERTRCHBEL TKE, LORC—EDHNEEE 7 v X A8 L
TWEEEZEBL &5 A
3) €A (intrusion method)
kDY I v —v s vDRB»i ROUND & NEWTON (1963) 2HW7=JF
4) % T (method of dropping particles)
BT ERTREEEL T LENEPTTRTETRE LT LW 5 HE.
5) B (method of particle growth) ‘
c IV EADRLHORTFOFRRERREICTCHABEONTRELIEL L)
Tk

K, SEFAVES VALYV IRDOWTCHET S, 23, BT2EBT 5 HEKE
WFORESMCET A5 — 22 AT 5. NTFORLERI—FILECHRE S HEK
MED X S5CMBEL, PRI -FEBOEHREH L U THBIERSHCERD Ah, Tk
& EERE BRIBROERKERILOLHUDATALTHHDT, ZHCRENSHITRE
EnBH, CORBTRNTRCER Y ZECATEINRET SO CERENLTS
It EOMBER T, B VEOERETS. cOoFkcl ), BEMBROLEENRS v
Faly v 7 HRL Eicicd, SEIZC OREETCIE, BIRAKET E i DEn
gL &3 DT, DEM 07 75 22 BT ENENT, HOEDEfFR, XD
RECIREBEER L.
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3.9 INTA—F—DRDFE :
- X T AX DEM ###im <5 4 — % — (EHAD xR - Fitk
ERENL, YT A EMELY TOEEAVH T LILTE
k BBDT, DAY E R L hn BRET
....... - X DT EERRAED.
1) NEHDATRA—F—DRDS
K Fig. 9 Wit EFAvEL 5. BEEEEm- Y v/
% E - WHEE C &g, BHOEHHERLWEE
- X AX FHERIUT ORI EES.

Fig. 9. Mass spring one 0%y 62
dimensinal model. m e a 2

(3.58)

3%y , 0%y
o = o

EBEHORL DV UTFTOREELS. kiXl, ERMOMEMHEL dr - BEKI2E 4t L35,

(3.59)

2

0? k
atjz) :%(yz—dx_zyx+yx+dx) (361)
%@ﬁﬁf%ﬁﬁﬁ&bfﬂT@ﬁﬁ*ib
O e (3e 1= 29u Drra= () Dects—2yetTerss) (3.62)
atz At2 Vz-da—&YeT Yatdz zede—28Y 2T Vz+ds .
A (8.61) & (38.62) XYLITOBRARES.
CZ
k=m T (3.63)

ORI AFERHERDDZENTES.
wie, —RCYEEERCTORDFERT. 525452 —2—%, YVI/EKE-
A7V Vv BEYT, ThHbXD 208K g A BUTOREE 5.

E
PR > S (3.65)

(L+v)(1—2v)
CCTIADER p X, ARG ERALBDOTHS. ZhblIh SEEREV, & PIEE
BV, UTORCRS.

V= (%)”2 (3.66)
vy=(FE2)" (3.67)
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BEEOEEN r OFETHIE, m & dx ZUTO X515,
m=zr’y (3.68)
Ax=2r (3.69)

T, BHEDARERCIE V, B, BARHAO ARERCLV, 2’545 L E
bhbDT, KX (8.63) TARATIIE by ks 23RFE B,

knzé—nﬂ/f (3.70)
1
b= gV @.11)

@ 4t opnF

DEM f@#rci3, BEERTREBIERINIDT, ZF42AFT» 7 AL »>THE
W#HRENKEERAERS, At ELRETRVEBERIE, WAWAT: HENIET TR
. FlziE, At BPRETECBARE, LEDO 24 AAF » 7O BENBSTET
LEV, BRESLCKERERIVPETH, BEVCRETHIERCKELS LI KD
BALAT 9 7CREENRELTCLES> LRI AD. T, HEgbo®EL £T 0%
WL e, 4t AUNXFTERBARIL, HAEEECENTRIDIR 24 ARAT Y FHUN
IS RTEL OFERMEETAZ Lickhd. ¥, HERCIBZEAD|ENEREL
TV ERD S, D EOKRE E U AU 4t #RD%DERDS 5.

1ED A 2 A7y 7HPCEHPEETPERYEVBEBEFCLIVAOERE b -
TLE S LBITICKRERAE LS. 2hit, DEM @FSEROEMIC X ) IREE 2 55%
XRDLFETHAHHBIC, BHRTHBERNSORINRE ZHTCEENLE cfEhoTLE
5 ERNDFED S LU BTH S, TOBXIC LD 4t DEMIRRORICFED
5.

Axmi;n
At<~V— 3.72)

R, B At OB EET B EMES, BT AERORORERD > bo5
IME Axmin XD /PEFHERVEVIEKRTHS.

P BB REL MR BN, ThBIX D kdie At #F\C DEM @it sz ic
5> THT D, BVRERRESTRELTCLESIEENSS. chit, DEM oz5An
RFEE XY aly POEETTATHDIOLKL, KETRIKRTRTELL ML E
Bih’%, DEM =514 T2 ZHHEBEINRTHHTD, 1KRTLTREI D EERDOAR
DFOAFXOTREL LY, EERBOREDHELS D, ke At # LRORERLE
TREBEL VDXL LATRE bW bein s, BEIBEER, 0 ED0EDDSR5E
Frdb oL NI TH2LTHAS. ~AXEHEE ML T5 L BBOWEEENEL It
v, txRELLTHIVZ LS. X »T DEM @ CEEIC A5 AR EHIT,
AETRDILELI VDI EBT LET 5.

U E DEM w3545 £ —~ & —OREEEBNT &%, DEM £ F AL 138 BERD
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EFNTHB DT, EEROEEEBITHIC KD B OXBR TRV LRERETH 2.
LIDEBIL AT A =2 —BRDHINL, TFVCERNY G 2 MERRER XTS5 D
BRVWERDRS.

4. BBEK - LBEROET L

ERERETE, BT EELVCHCEBRRGAVIRIETE T LT 5003, ST
HECEERMECHS. BRESLZ5DI, 20 SWTEBCBEL W3 L0tk
EHRTHBH. THEBLTLHAN TR, FRE R TL 281, ETRIEMAED
D, EECIEFLTCH%. buAHA DEM LEBRD —BThLDC, SKILTTITRS
DRREWDOTEDHD, BRTTHENEITR) EWAWAREENIELTL S, HF M
B (1988) 1%, SkifEikco DEM X 5 BHEOCETERAI:. ZO@HECLs &,
3 WIHFR T, BERBELHL U CLHETEEN S E Y R I biav. Zhik2RkE
TREOMFEEZBERETHHOLHL, SKTTREETHS. LT, BEFEI S
PEEZTH, ZOBERIBEYREL LDV DOTHD. Fic, BREEHELCL CHEY
KELLThH, FRIEFEHERD CPU 21 20z, DEARLEMYEYIRELL, %
RP BT Bicw. 5 —DoDREAIR, MR REORHAOM LT thHH. DEM (X
BERTTHH DT, TOFBREMETELEINS., ChEHTRTONIRTLTH:
DEERETEDTHS. DEM OBEEO—2CH TR ThH )T i d 155,
8 kLT, FORIEARBEERET—-RLCThhs W5 08D, BUEDX 57
MBS HEENY, 2RITER BT Lt

SIKIETOTFRMF ED I IR 2ZRILETAVCRETLT AL, ROL52BEH =5
NEFEI LR E o TfFleotz. —2BOEFAY, FAREOHRNG AR L CRFied)
Sl WiEAEE Lic. Fig. 10 <%, hFmss X@koc X - Z FH T oz &ic
5, ZOEFAOMTTIE, MEOLRCHE (WHER) 2EEL, AWEhTsLT
BENREGERELTER L. 3 5—2DEF A, MAFMCH L CERERY) - CWiE

., /
e v
.., ol
o Sy

Fig. 10. Idealization of debris flow.
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ThHsb. Fig. 10 T, Y- Z PHECY ol &Itk s, BT, FHEROHERT S
BOMME, BEEOASTBYREBS®LZ L - TEBLL. 0 2BED 7L
RIL, TRTHEIBETELD, MHOBREEL LD LILX T, SKITHERK
CRBCTOTEROLEE ML THD. M, MEXHACTHEITETR o T F A DR
B LSEE, RETHCTENET o T A DBERITE 6 B R L.

5. MEEZRVTORBN « LAFORIT

51 BIAEFNLOHNA

O #E EER) o730

ALY, BEEREE ol BEFL, APEREAL IS CHEREEL -,
BTN ZMA D BRET, TOBBETRLT, B bREE CHRENSH b WE
RO ETH5.

9, TAKOREEREY Y { v —v a2 vibiowre, Fig 11 . Fig. 12 labres i)
w 2EHEOME L AR L. Fig. 11 % Model slopel, Fig. 12 % Model slope 2 »
%. Model slopel OFEI, REOCFSRFHHH 100m, F0hs 5 v X LkMHD
3y 200 m, BEWELESHH 100m T, £RI3H 400m Ths, BEEZRD
fEE1046(E CH 5. Model slope 2 DRIE L, REH SREE CTELLEONEE, &
R 4H0m <H 5. BEREZEOELIIIMECH 5. WAEE L FREY D ERLE
330, BEFERIAFBEZAVERT 25em TH B, ‘

Wi, LRMSECHELIRICED L BVWOERIETHrER 57101, Fig 13 ©
FRTHAEYARLL. 2h% Model slope 3 &-4%. Model slope 3 1%, Model slope
1 OMEORPICEE 60m DEEXBEISI TR b D THS. BEBEROMEBIT 555 [H %L
B 25em THBH. b, TABOHERINELEH S dic Model slope 1 D
LA a2 BT 5 (Fig. 14) #fF->7%. Zh# Model slope 4 &5, EEop
R%LIL 635 B TEEIL 25em TH 5.

@ AR (BEER) o7 L3

A (NEER) =7 A OFRE2WTR~NS., RFEEET 58, Fig 15 @R
?lﬁﬂ,@%ﬁﬁm'%§%2mnf,C®ﬁ%ﬁm9vﬁA&E%fﬁ?%%%?6.

FEE, BRBem - R 25em « ZOMPEREL E S, WRERSHCRE X
VICH, D BABFEELICDT, FREPEL L. R, BFoOERE, Table 3
CrRT Lo, &K 48cm- &/ 25.0ecm - F1y 33.8em - H#185.6 icin b, FoRE
REESME Fig. 16 @Rt X5l ot. BEER15%5 Echs. LT, EMEDO%
Bx L nicwic, $E 150em OFEFEXFEL I0m DL AR SEEEB L. = OFED
=5 1% Model rock 1 L35, MBRFIMEC36.3% TH%. = Model rock 1 »
BE#% Model slope 1 oflFEOLE EOES I BE L % 7/ -7%. LaL, Model
rock 1 OMBAKD TS KEN DT, FHERRBLTLE 57-. ¢, Fig. 15
DORECTHEC BENE1T, WDOEDETEC BERLEERREIC LY. 20EER,
Fig. 17 wrT Lok, @ 162m risot., HBRIWMET16.3% ©chbs. h
% Model rock 2 £33,




340 AEEE « AFTE

TIME=0.000(S)

° S0 10t

Fig. 11. Rough slope (Model slope 1) [Unit: Length(m)-Angle (Degrees))

TIME=0.000(S)

| S
) 50 00tn)

Fig. 12. Even slope (Model slope 2) [Unit: L.ength(m)-Angle (Degrees))

60.0

| SOURRSENS S———
0.0 20.0 40.0(M)

Fig. 18. Model slope for impulsive force analysis [Length(m))
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[ S
0.0 20.0 40.0(M) 115.5 i

Fig. 14. Model slope for deposit process analysis [Length(m)]

S R—|
0.0 5.0 10.0(M)
o 50.4

an

Fig. 15. Granular assembly model before compaction [Length(m)]

Table 3. Data for particles assembly.

Number of particles 1595
Maximum 74.8cm
Radius of particles Minimum 25.0cm
Average 33.8cm
Deviation 135.6
Number of great rock piece 5
Radius of great rock piece 150.0 cm
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8
g s
S re
g e
~ Lo
§ o~
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E & e 5~
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@ v 5
< - g
. >
2 8] s =
T e s
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S o re
S s 2
w 9] e S
M e 2
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] e S
o L 8
. e &
g s
g7 s
ST b |2
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Particle radius (cm)

Fig. 16. Stochastic density distribution of particle radius.

S S—
0.0 S.0 10.0(M)
50.4

Fig. 17. Granular assembly model after compaction [Length(m)]

Table 4. Case of simulation (no water effect).

Model slope
Model slope 1 Model slope 2

Particle assembly model Model rock 1 Case 5.1
Model rock 2 Case 5.2 Case 5.3

Table 5. Case of gimulation (with water effect).

" Model slope
-~ e Model slope.1..._Model .slope 3..... Model slope 4

Particle assembly model Model rock 2 Case 5.4 Case 5.5 Case 5.6
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Table 6. Mechanical parameters of particle.

K, Normal spring constant of particle (N/m)
K; Shear spring constant of particle (N/m)
7 Normal damping coefficient (N sec/m)
7s Transverse damping coefficient (N sec/m)
0s Density of particle (Kg/m?3)
ow Density of water (Kg/m?)
4t Time step for computation (sec)
e Restitution coefficient
2 Friction coefficient
EWA Water effect coefficent
Cp Water resistant coefficent to particle
Table 7. Parameters used for Table 8. Parameters used for
Case 5.1. Cases 5.2 and 5.3.
kn 9.0x10° (N/m) ky 9.0x10° (N/m)
ks 3.0x105 (N/m) ks 3.0x108 (N/m)
Na 2.0x10®* (N see/m) 9 2.0x10® (N sce/m)
7 1.0x10° (N sce/m) s 1.0x10° (N see/m)
Os 2.5x10° (kg/m?3) Os 2.5x10° (kg/m?)
4t 2.5x107¢ (sec) At 2.5x107* (sec)
e 0.2 e 0.05
7 0.05 2 0.1

Table 9. Parameters used for Cases 5.4, 5.5 and 5.6.

kn 9.0x10° (N/m)
ks 3.0x10° (N/m)

7n 2.0x10° (N see/m)
7s 1.0x10* (N sec/m)
Ps 2.5x10° (kg/m3)
Pw 1.5x10° (kg/m3)
4t 2.5x107* (sec)

e 0.05

n 0.1

EWA 1.30

Cp 0.70 Radius<0.50 m

0.66 0.50 m<Radius<0.75m
0.60 0.75 m<Radius
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% Model rock 2 &%,

(3) Case BZHEDHEL % Case DT 4 — & — ,

CoETO THEZE > TOEBI « LAKOHENI T, #i2HcRNfEO =T
NEFRBOEFAYEAR, BONDOEREER - LAKETVE Fof. Z1L T, 4EHOD
DEM 7 r 75 ARCHLRMLICKOEEL ANDIDENC L > T, ThEROBFENZTT
feotz, HEAO =FL « GEED =F04 « KOFBEDOHASRIL LS Case FESDHED,
Table 4 3 X 0 Table 5 7.

%152 —x—B L AL Table 6 w/Rd@Y TH5H. Case 5.1 D25 2 — 5 —
% Table 7 3. F#, Case 5.2 X ¢ Case 5.3 ®-35 x —x —% Table 8 R
3. B cb B, Case 5.1 DFBEREMAKREL LY BETLESHDT, &K
B rFhRECREBIC LD n, Table 7 & Table 8 #A T 425X 51, Bk
EDFER e x 0.2 25 0.05 ~, BEEEK £ % 0062501 1cl, I WNFEEER
REBIZ L, KOBEEAY#E 51 Case 5,4+55.56 D25 2 —% —Dffiix, Table 9 ©

ﬁ?Lf:.
5.2 BIHER
O MMgiE (Model slopel) EoEERTO AR (Model rock 1) ofE#

—Case 5.1—

ZDE T, Fig. 16 wRLEEROARY, Fig. 11 oMMNefE DL Eo Hoe
EBLi x5 (Case 5.1) OFEMFERERT

DML, 005 TR E i o, £OHER% Fig. 18 ki (Rotofk
Fregtho EOBShERT). Model rock 1 oFRENY, EHER$5 ORGSR O CH
Bk E. FOBET 0.0 b 1.0 B TREFHVCERE LLAEY, ErSEMRIA
Tk 5REBIC Y, @ROEINMREL V#ECK-oTw5. 20K, TOREKI
D25 RUBOBDL S MELN->TLE -7, HES Fig. 19 KRT Lo 258
DEIE, ESELE HAcH E, ARPORREEDS T T 45.93(m/s) EL TV
. °NRT, EBROEENBHOLOBMCELEND, BRNC v v FT5. KHTF
(FR) BHYDOEEXYH > TV ADTERIROKD, FTET HELSND 7.5 %
it Fig. 20 @iRd & 5 AT OREEE L 53.68(m/s) L. Fi, Fig. 21
CFDOEERZYFT L5 CEBIEALTLEY, EEOEBHROMIERRLD DL
toTLlEok, avia—%— TOHECHNTD, EENEL/L-TLE olzle®d
i, RF2RD SN LDEDTHGIFTEER, SR T L2, fIE (BER) 2%
XHITLE SR EDEERE L. £2T, ZOBRRTSHTlk»sZticli.
DI EHENRPORKLCLESRERELT, WHRENSEIVRCIBETD -
e ERBETFLRD. ZORRADKEDIT, NTF & AHEE T L35I EREZED %
HRACEEZF>TLEY, bIhBEWORCAERERELL->TLE o7, TORHT
Atz DEM Fr 275 ATk, —EXEREELH-TLED L, ThEHldsEHR
Bgie D, EERKELRS—HT, LHXGHREREKLRBOEBRO I L 2R




TINE=0.000(S)
———xr—om

TINE=2.000(S)

TIME=0.500(S)
IS e | AT

TINE=2.500(S)

TIME=1.000(S)
T ——wom

TIME=3.000(S)

TINE=1.500(S)
o=l
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Fig. 18.1. Simulation results of dry avalanche for uncompacted assembly and rough

slope (1) (0s~3.5s). Case 5.1 —Model slope 14+Model rock 1—
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Fig. 22.1. Simulation results of dry avalanche for compacted assembly and rough
slope (1) (0s~3.5s). Case 5.2 —Model slope 1+Model rock 2—
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Fig. 22.8. Simulation results of dry avalanche for compacted assembly and
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Fig. 22.4. Simulation results of dry avalanche for compacted assembly and rough
slope (4) (12.0s~18.0s). Case 5.2 —Model slope 14+Model rock 2—
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Fig. 23.1. Close-up of simulation results of dry avalanche for compacted assembly
and rough slope (1) (0s~38.5s). Case 5.2 —Model slope 14+Model rock 2—
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Fig. 23.4. Close-up of simulation results of dry avalanche for compacted assembly
and rough slope (4) (12.0s~18.0s). Case 5.2 —Model slope 1-+Model rock 2—
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Fig. 24. Velocity distribution at 2.5sec after sliding of compacted dry assembly.
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Fig. 25. Velocity distribution at 7.5sec after sliding of compacted dry assembly.
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Fig. 27. Velocity distribution at 13.0sec after sliding of compacted dry assembly.
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Fig. 29.1. Simulation results of dry avalanche for compacted assembly and even
slope (1) (0s~8.5s). Case 5.3 —Model slope 2-+Model rock 2—
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Fig. 29.2. Simulation results of dry avalanche for compacted assembly and even
slope (2) (4.0s~7.5s). Case 5.3 —Model slope 2+Model rock 2—
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Fig. 80.1. Close-up of simulation results of dry avalanche for compacted assembly
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Fig. 30.2. Close-up of simulation results of dry avalanche for compacted assembly
and even slope (2) (4.0s~7.5s8). Case 5.3 —Model slope 2+Model rock 2—
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Fig. 40. Velocity distribution at 16.0sec of debris flow with water effect.

TIME=18.500(S)
MAX.VEL.=27.00(M/S)

1 J
0.0 61.0 122.0(M/5)

LEN. L 1 ]
0.0 20.0 40.0¢H)

Fig. 41. Velocity distribution at 19.5sec of debris flow with water effect.



- 380 o - HEFE - BETE

Fine line : Averaged velocity
g without water effect
& Thick line : Averaged velocity (g0 5 )
. with water effect

(Case 5.12)

Averaged velocity (m/ s)
1

; T T T T T T T T T T
“ 0,00 4.00 8.00 12.00 16.00 20.00

Time (s)

J Fig. 42. Averaged flow velocity of dry avalanche
and debris flow with water effect.

IEERIE LA LHER RO ERL TN, COBCHRLTHLHERL T ETD
—HEOB XL, Kt EOREOB XCIEHC UL 5. Fhic, BEERTHhSLYE

D, MEISOWNEHELE S Bk Xz, BHBHERE LSO okBcRbhs
LOREECELPTHS. D%h, thEco DEM SkEMEEOBITC HLcd D
ThH otedl, _@m@%%%mbkhtIEMVibﬁﬁﬁ%ﬁotﬁw®@ﬁk%ﬁ
DD B & & DD 5.

Fig. 45~48 1%, iE%w&@&e;5&%#%LMbotm&rLfm5 Fig. 45 -
46 11, AR OR & 15 HOABERCMbL HOHHERE SRR TELLLLDT
B5. = DEERNb D AR CEB LD Fig. 4748 Tth 5. Fig. 47 3, #
HC TR X U OB RN 5 ), B SRR 2, Fig. 48 13, #Ehc FEEEOR
TRPOC L E—4 v b, BECENEEY & - RThS. BECHTBENR, KT
PR HRICA U B ERHEY, BCEET 5 pOMNRENO 2EHO NS S,
Fig. 47 & Fig. 48 1%, ZhH02BRONERL L AL LORIRS. HH ORI,
WP B HRT 52 LR LD NADOTHEPHETH S, LOWHIL, <A AR O
it oTnh., £DH, BRI T OERET A S LR X BED LI, BEEEC b B 6
EHRHML T, MFIHERT S L X BENDOEHIL, BOEIRIOREELD
nBDT, Fig. 47 & Fig. 48 OO X 5w ETEHML L Ehaild, SHHECL
6%@ﬁk%<@mbfm5 LD, ORI B LRI AR A BB
TR B, UL, BEEORE D CHRLIETAED, BERCHTRBCEHET S L)
e BledThs. LinL, BHOETFTORRIENTVAT Eh, ERLNTIC
ROK T VEZE L EhHEY, MTFEEELEEE CEboTW5HZ b 005




WREY I av—~va ViR X 2B - TRTORY

TIME=13.000(S)

I

Bry Avalanche

0

50

180(M)

TIME=19.500(S)

Debris Flow

0

S0

100(mn)

Fig. 43. Dry avalanche and debris flow.

381



382 REEE « HEFTE

TINE=6.5001S)
KAX.VEL,329.0¢(R79)

TINE=6.500(S )

1P St

TINE=7.000(5 )
WAXVEL.230.30(R/3)

e .
L S O s ]

TINE=7.000(S)

R e e Y

TIME=T7.500(S)
AL VEL . e30, 24 (R/S)

TINE=7,580(S)

1 el 1

TIME=8.000(S)
HAX.VEL, £30.38(073)

R e E A
| VS WSS T

TI¥E=8.000(S)

i,

Y e e 2T

Particle distribution Velocity distribution

Fig. 44.1. An impact of debris flow on a wall (1) (6.5s~8.0s).




B ¢

alb—v a3 Vil Xk Z}%%ﬁ . iEﬁ@%ﬁ

383

TINE28.500(S)

W ey a1

TIME=R.50015 )
MAX.VEL,130.2018/3)
RS s e PTRYY

.

o

TINES.000tS)

R

TINE=9.0001S)
MAXVEL,226.1118/3)

o .o
e g -

TINE=D.500¢5)

S L J

.\\

ey

TIME=8.50015)
MAX.VEL.025.84¢N/5)
e L

o ons

o

DN

TINEL10.000¢S )

S ey ——a

TIME=10.000(5)
MAX.VEL.e34.38M/3) .

o e

.

o otmy

Particle distribution ' Velocity distribution

Fig. 44.2. An impact of debris flow on a wall (2) (8.55~10.0s).




NEEE - BFTE

TINE210.500(S)

B e e ]

TInE=10.500tS)
WARVEL.121.89(N/8)

et e
L . .

TIREe}1.000(S)

Rl e S LN

TIME=11.000¢S)
MAX.VIL.#19.05(R/3)

e gty
e e

TINEZ11.500(5)

R e A

TIME=11.500(S)
MALVEL 018 301A/5 )

e E A Y
R e e 0

TINE212.000(S)

B e

TINE=12.000(S)
MAZVEL.$17.85CA75)

Particle distribution

Velocity distribution

Fig. 44.3. An impact of debris flow on a wall (3) (10.5s~12.0s).




RREY 2V —va VIRIDEBR - LAEROEN 385

TiMEz12,50015)
MAX.VEL.217.03(R/S)

[ Al T lﬂ.tlml
L LS U R L

TINE=12.500(S)

oy

TIAE213.000¢S? TINE=13.000(S)
MALVEL. 315,89 (/3
¥ . .fl—t\‘r-—w!,-m»
o g e gy s

TINE213,500(S) TIME=13.500(5)

MAZ.VEL.#1S.T3N/8)

7.,

o ‘c\ ’& — "anu

TIKE=14.000¢S )
MAXVEL.213.95 /8

Tt e

TINEs14.000¢S)

e o w4 oens
Particle distribution Velocity distribution

Fig. 4.4. An impact of debris flow on a wall (4) (12.58~14.0s).



336 HEEE - BFLE

TIHEZ14.500(S )
MAXVEL.313.37 (/3

TINE=15.000¢5)
PAXVELL 314, 390K/3)

A . aame OV

(L

TIAES15.00015)

1o T

particle distribution Velocity distribution

Fig. 44.5. An impact of debris flow on a wall (5) (14.55~15.0s).

(6) HERRAENT
—Case 5.6—

COETE, BAETOWAE HoT, LAHNED LS HERL T R

.%ﬁ&ﬂuiﬁmssﬁif@Cme54@ﬁﬁ%%&ﬁv,%ﬂﬁ%mﬁ?kﬁﬁ
*ETHRE (Fig. 14) &2 - TRHZTR -7,

TR 6.5 B2 H180 ¥ ©C, BITERON T AL Fig. 49.1~3 wind. ik
D4 DR TFIL, K PRHACEZRT B LR, ¥ 5 THRORICENBIERT
BOWE5 X5 B> T 5, Fig. 50 © 85 BOEEORER T L ORF oo
5. Lirl, 208 - L MENME LHRL TS, BEOHICHERA
#* p, Fig. 51 © 1L BOFEEORD X5 ¥ f TOMEICIR -7 —HD it - T
5. Fig. 491~8 T, H0h3buhd Lhkoed, Zo—Fofiho £HHsT
i, Case 5.3 DL 2 bRESLII TA —F—TREDF ¥+ 2 CFD L5 I WFRLOE
FAREEMNE L. Fig. 52.1~8 1, HEIKELENICTA » TR RF OHROHT
e 3502 kT, % HIEORFIKFERTHCTA > T 5D LEEL H60FH
FCORTFERNEEL LT, FORTOME L FARBRECOVCTROLBESIHTTHS.
12.5~135 % COMRIIEH Lot o Fig. 1) SFECLTW5. BFEEI RO
WT, FEEI/NE T b MRS A &R a0 DT e h &M Om/s @
ST 5. Fig, 53 13, Fig. 52.1~2 O X MATRREIOME 2 FHE L, MR % B8




BRGES 2 2V -2 ViR X 2EBY - THREBOBRE

387
MAX.FOR.=665481.00(N)
FOR. u.lu ﬁﬁloo.o 7Wﬁ,no.
1 j
LN o5 10.0 20.0(H) TIME=9.000(S)
Fig. 45. Impulsive forece vector on a wall due to debris flow (9.0s).
FoR. 0.0 i‘—l‘soooa.o 706"0110.0(»1)
LER. n.% wl.o 2uJ.o(n) TIME=15.000¢(S)

Fig. 46. Impulsive force vector on a wall due to debris flow (15.08).



333 HBEEE - AETE

.

B

*+« FORCE (N) *#% (X10%

-20.00 143,00 300.00  450.00  620.00 722,06  $40.90  1193.39
(SR it W b W et W b P i

T 7w o0 | sa0 | o0 1000
*s TIME (S) *»

v S Ao S S S A e
T 1 n 13,20 14.00  14.80  15.60
6.00 .80 1240

Fig. 47. Total impulsive normal force on a wall due to debris flow.

o
8
24
~ g7
~e
© 2
- =7
x
[
e
s
« 24
: l
€8 H
;S
z
=37
Zg
w 3
H
o 4
=8
a
2
. 8
*
g
8
P
|
%) |
[ .
T — T T R T
§.00 6.80 7.60 8.40 9.20 10.00 10.80 11.60 i2.40 13.20 14.00 14,00 15.60

*» TIME (S) =

Fig. 48. Total impulsive moment on a wall base due to debris flow.

K oTr7I3 70 LThIcbDTHS. BUDEREKE &I - R F ORI P Id o7
rdbh DA LERTYL B2, FRUBEEMA o oRT, FHMREL 0m/s I
HLTHEISHTILEE 0m/s ©in-T\w5%. Fig. 54 ik, MK TE (18%) o
Foptit EELRT. HEBELLHTFOEZIX 86.8m, EIFHEAT 10.Tm Lo
to. REORTIHHMELKPEREHCA o BT IXBHEL HHNIAA T 25 DEHRVT
KEERIL oI LD 5. .

53 £
¥, BEBORRTI~OEFEBOVWTERL TR,
Fig. 55 (¥, $E252HEACE TR T 2HT B2 LR 26 em~30 cm DO#iFH




KLk i o

Tal—v3 viZXBEBN - FREOEN

TINE=6.500(S)
s o

TIME=8.5C0(S)

L e T

TIKE=7.000(S)

sl —towm:

TIME=8,0001(S?
e

TIME=7.500(S)

or—xr——goen,

TIHE=8.500(S)
e

TIHE=8.000(S)
o —xr———dom

TINE=10.000(S)

o

Fig. 49.1. Sedimentation process of debris flow (1) in case 5.6 (6.55~10.0s).




390

HEFE - HETE

TIME=10.500(S)

o W.am

TIME=12.500(5)

Vo

TiME=11.000(S)

R

TIME=13.000(S)

s

TIME=11.500(S)

oo

TIME=13.500(S)

[ s = e Y1)

TIME=12.000¢S)

———m——om

TIME=14.000(S)

o

Fig. 49.2.

Sedimentation process of debris flow (2) (10.55~14.0s).




WREY : 2V -2 g VIR X ZEBT - TREOEN

TINE=14,500(S) TIME=16.500(S)

or—x——om . B e AT

TIME=15.000(S) TIME=17.000(S)

g —alom [ e 7 e P

TIME=15.500(S) TIME=17.500(S)
oo oo

TINE=16.000(S) TIHEZ18.000(S)

or———ml——wlom e

391

Fig. 49.3. Sedimentation process of debris flow (3) (14.55~18.0s).
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Fig. 53. Averaged particle velocity vs. Time.
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N b s, SERC OBFOAAE LT, 4% CABCHET D Lo R
b TGRSR ORI R 51, FOBBCRCTLEEEODH D 0%
Bro LRTE, I OMKFOZUMAEE L.

M, CPU 54 &l, &4 —AK L o> THLES 2 0.5 BHomsic, HITAC M-280H
(17 MIPS, 16MB) % Fi\>T60RTH - 7.

6. EEHZBALTOEBRDEN
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CLTERYEB L. BEE0OEEIT Table 10 @&+ X oK, KK 29.6cm - &/ 8.0
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Fig. 61. Assembly model of cross-sectional debris flow under shaking.

Table 10. Assembly element data.

Number of particles with log-normally

distributed radius 997
, Maximum 29.6 cm
Radius of particles Minimum 8.0cm
Average 11.3cem
Deviation 5.12
Number of great rock pieces 3

Radius of great rock piece 75.0 em
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Fig. 62. Stochastic density distribution of particle radius.
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Fig. 63. Input sinusoidal displacement to sand box.

Table 11. Simulation parameters.
kn 9.0x10¢® (N/m)
ks 3.0x10° (N/m)
Vn 2.0x10° (N sec/m)
7s 1.0x10® (N see/m)
0s 2.5x10° (kg/m?)
4t 2,5x107* (sec)
e 0.05
@ 0.1

em - 5 11.3cem » 458 5.13 TH v,

FOBREESTIL Fig. 62 wRLE. EEK

T ETHB. FTh, EROEFHELLLDIERE Them 0EFEY 3EIObESR
Liz. Zo=5A% Model rock 3 £33,

BTG, ABOBREERBC L > T ETEACEH,AL, FRA->TWBERFNRED
IO RBEERTIERSLSDTHS. AN LEREE, Fig 63 wrlik. ETHE
% Z @, AR X#EL %, R0 85 BHWX Z BARLde, SkmkE
2G(G=9.8m/s’) TR 0.5 WOERKEE AT Lic. 8.5 HLIHKE, Z EWHHOEAN
BEZ 4G L L, X @SR URKINEE - BoTEREY 4590 1 AT LTA
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TIME=1.750¢(S)

TIME=0.000(S)

TIME=0.250(S)

TIME=D.500(S)

TIME=0.750($5)

TINME=3.250(S?

TIME=1.500¢(S)

Fig. 64.1. Shaking of cross section of dry avalanche (1) (0.0s~3.25s).
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TIME=3.500(S)

TIME=5.250(S)

TIME=3.750(5)

TIME=5.500(S)

TIME=4.000(5)

TIME=S5.750(S)

TIME=4.250(S)

TIME=4.500(5)

TIME=4.750(S)

TINE=6.750(5)

Shaking of cross section of dry avalanche (2) (3.55~6.75s).
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TIME=7.000(S? TIME=8.750(5)

TIME=7.250(5) TIME=S.000(S)

TIME=7.750(S)

Fig. 64.8. Shaking of cross section of dry avalanche (8) (7.0s~10.25s).
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TIME=10.500(S) TINE=12.250(S)

TIME=13.600(S)

Fig. 64.4. Shaking of cross section of dry avalanche (4) (10.558~13.75s).
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TINE=15.750(S)

TIME=14.2501(5)

Fig. 64.5. Shaking of cross section of dry avalanche (5) (14.0s~16.0s).
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Fig. 65. Time histories of positions of great rock pieces.
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 TIME=16.000(S)

Fig. 66. Particle distribution at 16.0sec in shaking a box.
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Fig. 67. Initial particle radius distribution of cross section assembly
of dry avalanche.
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" Fig. 68. Change of particle redius distribution dependent on shaking time.
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Fig. 69. Illustration of floating up process of a great particle.
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Analyses of Dry Rock Avalanches and Debris Flows
by Granular Assembly Simulation

Yoshihiko UCHIDA

Central Japan Railway Company

Motohiko HAKUNO

Earthquake Research Institute

Slope slides, dry rock avalanches and debris flows frequently take place in moun-
tainous areas following strong earthquakes. Various types of flow analysis have been
done in the laboratory that are based on a continuous medium. But, as the rocks and
soil which compose the slopes, and are contained in rock avalanches and debris flows,
are discontinuous, not continuous materials, it is difficult to analyze their behavior
correctly when continuous material is used.

The distinct element method (DEM), in which the medium is treated as an aggrega-
tion of individual particles, has been used in geotechnical engineering studies.

We have developed a modification of this method in which the effect of water
present between particles is taken into account by the use of a resistance force propor-
tional to the square of the relative velocity of the particles and have applied it to
debris flow analysis.

By using the conventional DEM to analyze dry rock avalanches and the modified
DEM for debris flows, we could follow their flow processes. In addition, we obtained
simulation results that explain why the largest rocks float up to the flow surface and
gather at the front of the flow.



