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                                   ABSTRACT

   An  earthquake  with  a  magnitude  of 6.8 eccurred  at the  southem  side  of  Mt.  Ontake, Western  Nagano

on  the  14th of  September in 1984. A  catastrophic  land slide, which  was  named  the  Ontake  Land  Slide,
was  triggered by this earthquake.  The rock  faII volume  was  estirnated  to be 3.6× 10' cubic  meters,

The  large amount  of  sediment  set  in motion  at  the  slope  area  from  1900 to  2500  meters  in altitude  ran

down  through  the Derijo River to the  Nigori River and  then  into the  Ohtaki  River. The  sediment  metion

brought  about  various  kinds of  disasters, including the loss of  human  lives. ..

   The  present study  will  discuss the debris rnotion  triggered  by  the earthquake.  General  descriptions
                                                                               .
are  made  at  first on  the running-out  processes of  the slide debris, and  our  conclusiQns  as  to the  dynamics

of  the movement  of  the side  debris are  presented. Theoretical ca!culations  of  fiuidization as  well  as the

movement  velocity  of  the debris ayalanche  are  made  and  compared  with  the results  obtained  in field
surveys.

                               1. INTRODUCTION

    An  earthquake  with  a  magnitude  of  6.8 occurred  on  the southem  side  of  Mt. Ontake, West-
ern  Nagane,  on  the 14th of  September in 1984. Numerous  slope  failures were  triggered by it
in the Ohtaki River basin. Various disasters took place  because of  the earthquake  and  the slope

failures in Ohtaki Village, including the loss of human  lives and  datnage to houses, roads, culti-

vated  Iands, power  plants and  so  on.  Twenty-nine human  lives were  lost due to debris avalanches.

    The  largest slope  failure, which  was  named  the Ontake Land  Slide, took  place at  an  altitude

ef  19oo to 2500  m  on  the southern  slope  ef  Mt. Ontake. The  rock  faIl volume  as  estimated  at

3.6× 10' m3  is the second  largest in this century  in Japan. The  large amount  of  debris produced
by the slope  failure ran  down  threugh  the Denio River, the Nigori River and  into the Ohtaki
Ikiver. Approxirnateiy seventy  percent of  the slide dabris was  deposited in the Ohtaki River
bed, and  the remainder  was  deposited in the  upstream  reach  of  the junction of  the Ohtaki and
Nigori Rivers. The  mean  speed  of  the debris avalanche  was  estimated  to be 20 to 30 m/s  Il].
The  mean  inclinatien along  thc river  bed from  the foot of  the slope  failure to the top  of  deposi-

tion region  in the  Ohtaki River is approximately  4.5 degrees (see Fig. 12). Many  researchers

have investigated why  the debris moved  at such  a  high speed,  and  the mechanism  ef  its move-

ment.

    The  present study  describes the running-out  processes of  the debris triggered by the Ontake

I.and Slide. The  mechan{sm  of  motion  is discussed in terms of  the results  obtained  from  field

t.
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surveys  as well  as  theoretically.i Theoretical calculations  are  made  fbr the fluidization and  move-

ment  ve,locity of  the slide debris by our  previously reported  methods  [2, 3, 4].

            2. DESCRIPTION  OF  THE  RUNNING-OUT  PROCESSES
                           OF  THE  SLIDE  DEBRIS

2.1. General Description

   Various field surveys  as  welr  as  analyses  were  made  just after  the  Ontake  Land  Slide by a

number  of  scientists  and  engineers.  We  were  members  in the Project Team  of  Scientific Re-
searchers,  funded by the Ministry of  Education and  organized  by Dr. K. Iida, Proft of  Aichi
Institute of  Technology, in order  te investigate the behavior of  the Ontake  Land  Slide.

   Photo. I shows  a  distant view  of  the Ontake Land  Slide which  is 1480  m  long  along  the glope,

480m  in maximum  width,  136m  jn maximum  depth and  3.6× 10' m3  in apparent  volume.  The
slide debris is composed  of  volcanic  sediment.  The  structure  of  the sub-surface  soil layer that

Photo. 1 Distant view  of the area  of  the  Ontake Land SIide.

Photo.2 Surface features of  the conglomerate

        layer overlaying  the  slide  debris.
Pheto.3  Surflrce features of  the pumice layer
       overlaying  the slide  debris.
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become  exposed  after  the slide  shows  alternate  conglomerate  and  pumice layers (Photos. 2 and
3). The  existence  of  this pumice  layer is belieyed to be responsible  for the Ontake  Land  Slide
because the porosity in a  pumice layer is ]arge, resulting  in a  high water  content.

   A  large amount  of  s]ide  debris ran  off  along  the river  course.  Figure  1 shows  the trace of

movement  of  the slide  debris, which  ran  down  the Denio,  Nigori and  Ohtaki Rivers. In the
running-out  processes  part of  the debris, the volume  of  which  was  negligibly  small,  was  fbroed

to pverfiow  over  both sides  of  Mt. Komikasa, leading to the Mizoguchi and  Suzulcasawa Rivers,
in which  debris fiows were  formed by the supplied  debris. At a  section  about  2 km  downstream
of  Mt. Komikasa,  part  of  the moving  debris, fiooded into the NigQrisawa River because of  the
curvature  of  the r,iver course,  but the main  motion  of  the debris was  nevertheless  into the Denio
River. The  flooded volurne  was  estimated  to be much  smaller  than that of  the main  motion.

After each  flow of  the debris joined, the debris then  entered  the Nigori River and  reached  the
confluence  of  the Nigori amd  Ohtaki Rivers. It partly overflowed  one  bank because the riyer

course  bends to left as  much  as  ninety  degrees, owing  to a ridge  with  a relief of  50 m.  The debrjs
continued  in motion  in the Ohtaki River, and  ceased  at last its avalanche  motion  at Korigase,
3.7km  downstream  of  the confluence  of  the Nigori and  Ohtaki Rivers. The  travel distance
was  12 kn  from  the beginning of  movement  to the point of  ceasing.
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2.2. E}'osion andDeposition  ofthe Debris  Avalanche

   The  debris movement  produced  fairly big changes  in the area's  geomorphological features.
Figure 2, in which  the section  number  is indicated in Fig. 1, shows  several  cross-sectional  shapes

befbre and  after  the slide. Sections 1 to 5 show  the area  of  the Ontake Land Slide. The  maxi-

mum  width  was  in Sec. 3, and  the maximurn  depth in Sec. 2. The  rock  fall vo]ume  calculated

from  these cross-sections  is 3.6× 10' mS.

   Sections 6, 7 and  8 are of  the Denio River. The{r profiles show  that erosion  dominates in

these sections,  although  local deposition of  the debris js found. The  depth of  the debris motion

from these cross-sections  may  be inferred to be more  than 100m.  In addition,  the speed  of
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debris avalanche  must  have been fairly high, because scouring  was  as  much  as  25  m  deep in sea .tion
 7. Note  that the bed inclination in the river course  is 7 to 8 degrees (see Hg. 12).

    Section 9 is of  Nigorisawa Creek, inte whlch  part of  the slide  debris overflowed.  The  left
bank is eroded,  but debris deposition is found locally in the vicinity  of  the rjght  bank.

    Sections 10 and  11 are  of  the Nigori River. The  mean  inclination ofthe  reach  is 3.6 degrees
between the two  sections.  From section  10 downstream, deposition processes  are  deminant,
as  is indicated in these cross-sectional  profiies; the maximum  depth of  debris deposition is up
to 15m  in sectjon 10 and  30m  in section  11. Several flow mounds,  some  of  which  were  larger
than  1O m  in diameter, were  found in the deposited debris.

    Sections 12 to 15 are  of  the Ohtaki Riyer. A  large amount  of  slide  debris was  deposited
in its reach.  Especially in the vicinity  of  soction  13, the width of  debris deposition was  up  to
300 m,  and  the maximum  depth was  not  less than  40 m.  A  fairly large number  of  flow mounds,
which  were  smaller  than  those in Nigori R.iver, were  fbund in the reach.  The  surface  features
of  deposited debris loeked astonishingly  smooth  in this area,  except  in areas where  there were
fiow mounds.  The  surfaoe  inclination of  the deposit was  1.7 degrees, as  compared  to an  original

bed slope  of  1.0 degree.

2.3. Sediment 77ansperted by the Debris Avalanche

   The  water  centent  of  the sediment,  except  of  the flow mounds,  was  so  high that one  could

not  walk  on  it. Unfortunately  no  analysis  was  made  of  this water  content.  The  debris was
a  mixture  of  silt, sand,  gravel and  rock, and  no  sediment  sorting  was  fbund. Figure 3 shows  the

1OO
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Fig.3  Particlesize distributiens ofthe  sediment  transported
      by the debris avalanche.

Fig. 4 Sites ef  borjng stations  at whieh  deposited debris layers were  surveyed.  Provided  by the
      Ministry of  Construction.
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size  distributions of  sediment,  sampled  at  sections  14 and  15 and  at a  flow mound,  particles of
                                                   - -
which  are  finer than  25.4mm  in diameter. Upon  comparmg  each  of  them,  no  representative

diffbrences could  be found  in these distribution curves.

          Table1 Description of  the deposit layering at  boring stations  1, 4, 12 and  13.

                                  Table 1 (a) St. 1
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   Although  little information could  be obtained  about  the surface  ]ayer just after  the event,

boring surveys  were  made  by the Ministry of  Construction after  three months.  The  boring sta-
tions are  shown  in Fig. 4, The  boring surveys  revealed  some  features of  the subsurface  layers
of  the deposited sediment.  The  results  ebtained  from the suryeys  at stations  1, 4, 12 and  13
are  shown  in Table 1 (a) to (d). The  results  jndicate that the debris material  is poorly sorted,
with  a  large amount  of  tree wood  found in it; however, some  fiow mounds  are  still found in
the subsurface  layer. This  means  that the debris experienced  fairly high shear  stresses  in the
running-out  processes, and  gained  a  high speed.

                                Table1(b)  St.4
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Table 1 (c)St. 12
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   The  water  content  of  the debris was  tested durjng the boring surveys,  but the original  con-

tent could  not  be accurately  determined because the test was  made  three months  after  the event.

The  results  from  these tests are,  however, significant.  The  results  obtained  from the test indi-
cated  that the  water  content  of  subsurface  layer, except  fiow mounds,  was  10 to 20%, with  that

of  the flow mounds  as  low  as  10%.  Supposing the debris to be saturated  with  water,  water  con-

tents frem  10 to 20%  would  be in accord  with  porosity of  22 to 35%.  Note  that the level of

the water  table was  shallower  than 5 m  from the surface.

2.4. PP2iter Vbinme in the Debris Avalanehe

The  description up  to this section  provides  anoutline  of  therunning-outprocesses  of  the
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slide  debris. Some  researchers  think the existence  of  water  plays  an  important role  in the pro-
oess, and  on  the other  hand others  hold the converse  to be true. Let us  consider  first the water

balance relating  to rhe  process, before proposing our  opinion  as  regards  this problem.

   The amount  of  rain-fa11 frorn the beginning of  September to the earthquake  was  177 mm
at  the Ontake rain  gage  station  and  48 mm  at  the Makio  dam  rain  gage station.  These rain

gage station  are  shown  in Fig. 5 tegether  with  those  of  dams  and  vvater  intake. The fiow dis-
charge  in the Ohtaki River could  be estimated  easily  from  the infiowing discharge into Makio
Reservoir, which  drains an  area  of  304 km2, 2 te 3 m3!s  from  the lst to 8th of  that month,  19 m31s
on  the 9th, 10m31s  on  the tenth, and  on  just before  the earthquake,  3m31s. Flow  discharges
inflowing into Makio  Reservoir may  have been much  Iess than  usual  due to discharging through
the power  plants. Water intake were  in operation  a £ most  tributaries of  the Qhtaki River, and
moreover  the power  plant of  Miura  dam, which  drains 73.5 km2, was  also  in operation.

N

A  Mt.Ontake

Ontake Rain  Gage St.
.

Fig. 5 Sites of  the dam,  water  intake and  rain  gage.

    The  water  intake had been in operation  in the Nigori River  (21 km2) until  the moment  of

the event.  Frorn the intake, no  more  than  2m31s,  had  been discharged. Judging frorn this
fact, the flow discharge could  be estimated  not  exceeding  2 m3/s  in the Nigori River. The  total
daily volume  of  water  discharge in the Nigori River is thus  found to be 170000 mS.  This  water

volume  would  not  be increased so  rnuch  even  if the discharge of  the Ohtaki River is added  to

that of  the Nigori River.

   The  water  yolume  of  the slide  debris was,  on  the other  hand, so  large that the debris pores
could  be saturated  except  in the fiow mounds  and  a  debris fiow could  be formed, judging from
the results  of  field surveys.  The  restricting  the water  volume  in sediment  deposited in the Ohtaki
River bed alone,  was  estimated  as  8× 106rn3, supposing  that the apparent  sediment  volume  is
2.5× 10' m3,  5× 106 m3  of  which  is cemposed  of  fiow mounds,  and  the porosity is 40%.

   A  major  question arises  as  te what  supp]ies  such  a  large amount  of  water  to the debris ava-
lanche. A  possible idea is to consider  that se  much  water  was  included in the body of  the rnoun-

tain or  slope  itself; however, a  clear  answer  could  not  be spocjfied  to this question. Pumice
soils as  well  as  volcanic  debris generally have a  iarge porosity. Censidering  this fact, and  sup-

posing  that the upper  layer composing  30  to 40%  of  slide  soil block, with  vo]ume  3.6× 107 mS,
is in a  fairly dry state, but the lower soil is saturated  by water,  with  a  porosity of  40%,  the water

volume  existing  in the body of  the slope  could  be estimated  as  from  8× 106 to 107 mS.
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                3. MECHANISM  OF  THE  DEBRIS  AVALANCHES

    Investigations of  equiyalent  frictional coethcient  are  frequently made  in order  to understand

the behavior of  debris avalanches  [5]. Figure 6 shows  the coeMcient  of  the Qntake Land  Slide

together with  historical eyents  in Japan and  in fbreign countries. It is well  known  that the co-

eMcient  defined in this  figure clecreases with  increasing rock-faN  volume.  A  comparison  of  each

value  in Fig. 6 reveals  that the coeMcient  for the Ontake Land  Slide is the smallest.  This  means

that this debris avalanche  behaved as  a  body  with  high mobility.  In fact, the debris avalanche
ran  down  with  high speed,  for a  long distance, along  a  river  course  where  the mean  inclination

was  not  very  steep.

    The  equivalent  coeMcient  gives thus valuable  information, although  it depends on  the del)ris

material,  water  content,  dynamic varjables  and  the rock-fa11  volume.  Investigations on  the
mechanism  of  debris avalanches  are,  therefore, necessa.ry  to specify  the equivalent  frictional
coeMcient.  What  makes  such  a motion  possible? Judging from the results  mentioned  above,

a  kind of  
"flow"

 was  surely  formed somewhere  in the running-out  process. The phases  compos-

ing the multiphase  fiow could  be classified  as  fo1!ows;

    (1) solid  particles and  
"fiuid"

 and

    (2) solid  particles and  
"dry

 fiuid".
"Fluid"

 refers  not  only  to the water  phase  without  solid  particles, but to a  mixture  of  water  and

solid  particles which  behaves as  a  
"fiuid''.

 
`EDry

 fluid" refers  to a  mixture composed  of  air and

so]id  particles.
    The  fiow structure  posited above  is classified  from the viewpoint  of  two-phase  fiow. Shifts
of  phase may  take  place depending on  the characteristics  of  the fiow. We  are  thinking  about

that the turbulence  due to a  high shear  stress  causes  a  particle suspension  in the pore fiuid and

the mixture of  suspended  solid  and  fluid behaves as  a  
"fluid",

 resulting  in a  phase shift. The

phase shift is, therefore, apt  to occur  much  easier  not  only  in water  than  in air, but also  in finer

particles of  the debris materials.  The  idea of  phase-whift has already  been applied  to the analysis

of  debris avalanches  and  debris flow by Takahashi [6], but no  phase-shift machanism  was  speci-

fied.

                              r {ent 
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                              L
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Fig. 6 Relation of  equivalent  friction coeMcients  to rock  fa11 volumes  in past debris
      avalanches  in Japan and  foreign countries  [5].
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   A  change  in the apparent  solid  friction coeMcient  would  be caused  by phase shift.  Figure  7
shows  a schematic  ofparticle  size  distribution, in which  particles finer than  a  critical  size ct, behave
as  a  fluid. Suppose that a  phase  shift  oocurs  between the static and  moving  states  as  shown

in Fig. 8, in which  the portion indicated by 2 represents  a  fluid phase  or  the porosity of  the mix-

tures. Figure 9 shows  a  uniform,  two  phase  flow. From  the above  assumptions  and  by defini-
tions, the  mean  bulk density of  the moving  layer is written  as

          Pe=2sPfs+(1-Zs)Ps  (1A>
or

          Pb=2mPfm+(lm2m)Ps  ･(IB)
              K.

in which  Pb is the bulk density of  the moving  layer or  that of  the layer to be moved,  2, the poros-
ity in the static  state, A. the porosity in the moving  state, P, the mass  density of  solid  particle,
Pfs the mass  density ofthe  fiuid in static state  and  Pf.  the mass  density of  the fiuid phase  in
movmg  state. a. and  Pf.  are  expressed  by

          2m 
==

 (1-F)ls+F , (2)
and

          Pfm={2,Pf,+F(1ww2s)Ps}!{As+F(1-Zs)}  (3)
in which  F  is the rate  at  which  selid  particles are  shifted  in the fiuid phase. From  Fig. 9, the
driving force per unit  length and  width  is

          Ei-PbgHsine 
'
 (4)

  l.O
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             dc
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Diagram of  particle size  distribution.
Particles finer than  d, could  behave as
"fiuid".
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        Moving  S'tate

 Fig. 8 Diagram  of  the phase shift.

                                    hs
Fig. 9 Diagram of  a  two  phase fiow en  a  slope.
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in which  Flt is the drjving force, H  the flow depth and  e the inc]ination of  the bed. Resisting

forees on  the bed are  produced  in two  ways;  by solid  to solid  friction and  by deformation of

the fluid phase. Using the quasi-Bingham  plastic mode  by Ashida, Egashira et al. [4], these

two  fbroes at the bed  are

          4, =- {(1-Z.)(P,-Pr.i>gHcose}ptk (5)

          F;f=PfmEfli4t b.d=Pfmu;  (6)

in which  ptk is the kinematic friction coeMcient  for solid  to solid, Ef  the eddy  viscosity  of  the fluid

phase and  "*  the shear  velocity  of  the fiuid phase. Equation (5) represents  the yield stress  at

the bed which  decreases with  increasing the rate  of  phase shift E  and  Eq. (6) is equivalent  to the

viscous  or  Reynolds stress. The  state  of  uniform  flow must  satisfy  the relation:

          PbgH  sine  =::  {(1-A.)(P,-Px.>gH'cos e}ptk+Pf.u*! (7)

   Let us  consider  the change  of  the apparent  friction coeMcient  in treating a  phase shifting

phenomenon.  In this case,  Eqs. (5) to (7) should  be written  as

          4s={(1-ls)(Ps-PrsieHcose}x`k. (8)

          Lf=Prsee  (9)

          PbgH  sine  ==  {(1-2,)pas-Pf,)gH cos  e}ptic.+Pr,uS (1op

in which  ptte. is the apparent  friction coeMcient  for solid  to solid.  From  Eqs. (7) and  (1(D;

          {(1-R,)(P,-Pt,}gH'cose}paha =  {(1-Zm)(Ps-Prni>gHcose}ltk+(Pf.-Pf,)uS (11)

In our  theory [3, 4], the second  term  on  the right hand  side  of  Eq.  (11) becomes negligible  com-

pared to the  first term when  the bed slope  decreases. The  ratio  ptk.!ptk reduoes  to

          ptka!ptk =  (1 -F)Asl{F+(1  -F)Z,}

when  the second  term  is neglected.  Figure 1O shows  the curve  calculated  from  Eq. (12).

    1.0
  tt

 iLkaT

Q5

    o
       O O.2 O.4  O.6
                            F

Fig. 10 Apparent solid to solid friction coeMcient  curve  calculated

      from Eq. (12).
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    There have been many  reports  that the kinematic friction coeMeient  ptic, does not  depend on

the state  of  motion,  and  maintains  an  apprQximately  constant  value.  A  previous experiment  of

ours  [3] shows  that ptk is in the range  of

          O.7 tan  ¢ , <ptk<O. 85 tan ¢ .

in which  ip, is the angle  of  repose  of  the material.  Soil tests made  on  Ontake  soil  [7] indicate
that ¢ . faIIs in the range  of

          3oo<¢ ,<4oe

    [[he above  material  allows  for the specification  of  the phases of  the debris avalanche  men-

tioned  earlier  in this chapter.  Let us  consider  the possibility of  debris motion  based Qn  the re-

sults  obtained  by applying  some  numerical  cQnstants  tQ the formulas. The  numerical  constants

are assigned  as  fo11ows; e==7.30, ptk===O.49 (==O.7tan di,, ¢ ,=350),  P,==2.65  g!cm3, pf, =1.o

glcrnS (water), or  Pf,=O  (air), 2, ==  O.4, in which  the inclination angle  referred  to is the mean  value

of  the Denio  River. The  possibility of  debris movement  can  be evaluated  by the mobility  de-
fined as  Fle14,, resulting  in the fo11owing:

                       Mixture of  solid particles Mixture of  solid  particles
                       and  

"fluid"
 and  

"dry
 fiuid"

                              Fa/e, 1la14,
               F-O  O.526 O.261

               F-O.25  O.962 O.478

               F--O.5 1.838 O.917

    If the mobility,  Fh/4,, is smaller  than  unity, the debris has no  possibility to move.  The
results  shown  above  suggest  the possibility that the debris avalanche  triggered by the Ontake
Land  Slide ran  off as  

"debris
 fiow", where  in this case,  

"fluid"
 rneans  a  mixture  of  water  and

part of  the solid  particles.

    Although  the mechanism  of  the debris avalanche  has been shown  fairly well,  the question
remains  as  to what  is the mechanism  of  the phase  shift. Extensive studies  on  hyperconcentrated
flow are  necessary  to clarify  that mechanism.  It is, however, possible to estimate  roughly  the
shifting  phenomenon,  by applying  available  knowledge cencerning  sediment  suspension  pro-
duced by turbulence. On  the basis of  our  previous results  [8], phase shit  could  be evaluated

by the particle suspension  due to turbulence  in the 
"fluid".

      4. FLUIDIZATION  AND  MOVEMENT  OF  THE  DEBRIS  AVALANCHE

    FIuidization and  velocity  of the debris can  be analyzed  by our  method.  We  have presented
a  formula to predict the critical movement  distance for the fluidization of  the soil block [2];

          hll:. 
=

 37{COS(iV14+3
¢

/tl".12)tan 
di`"+

 /t,.(1-2,)(1i-pf,lp,) p,geh...} (i3)

in which  x,  is the critical distance, h... the  maximum  depth of  slope  failure, di,. the apparent

angle  of  repose  of  rriaterial, g  the gravitational aoceleration  and  c  the cehesion  of  the materiaL

Equation (13) shows  that fiuidization takes place when  the movement  distance becomes x.. In
Eq. (13), use  of  the 

"apparent"

 value  ¢ ,.  instead of  the true one  is why  the phase shift rate  can
not  be determined in detail.

   The  formula for the movement  velocity  [3, 41 is '

          /YT  
..
 {Stl2 e2axtn  

rf(1-.2axtlt)}i/2
 (14)

NII-ElectronicMbraryService  
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          a=-2(Pr,!Pb>f  (15)

          b== cos  e{tan e-Ltk.(1-As)(Ps-Prs)IPb} (1 6)

in which  U  is the movement  velocity,  Ub tlae initial or  boundary  value  of  that velocity,  x  the mov-

ing distance andfthe  friction coeMcient  due to the deformation of  the fluid phase.

    Numerical constants  must  be specified  in order  to calculated  the critical distance, x,.

e==12.2 (see Fig. 12) is applied  to Eq. (13), considering  that fluidization takes place in the early

stage  of  the running-out  process. T[he other  assigned  constants  are  Z,=O.4, PJ,=1.0g/cm3,

p,=2.65  gfcmS and  seha :=  O.7 tan ¢ ,.  (e,.:= 10e, 140).

    The  curves  predicted by Eq.  (13) and  shown  in Fig. 11 give the relation  between the non-

dimensional critical  distance x,fh...  and  the cohesion.  To  know  the critical  distance, therefore,

one  must  specify  the cohesion  and  the maximum  depth of  slope  failure. The  value  1900 kgcrm2

used  as  the cohesion  is the same  as  the value  used  in the analysis  of  the Nagasaki disaster [9],
because not  enough  information has yet been obtained  on  the cohesion  of  the Ontake  Land  Slide.
The  value  136 m  was  assigned  as  the maximum  depth.

   50

Xchmax

20

       io
          io2 io5 io4

                     C {kgflm2)

Fig. 11 Nondimensional critical distance for the fiuidization
       of  slide  debris as  predicted by Eq. (13).

    Applying these values  to the calculated  curves,  the critical distances are  found to be

          Xc  =  19oo M  (ipsa =!  140, Xclhmax  ==  14)

and

          Xc  ==  2200 M  (¢ sa  =  100, Xc!hmax  =  16)

These critical distances may  be much  longer than  the real  6nes because the actual  cohesion  may

likely be smaller  than  that of  the value  used  in the calculations.  Consequently, fiuidizatien

could  occur  in a  shorter  distance than  the calculated  values,  and  the debris avalanche  could  run

down  as  a  debris fiow, except  for the dry portion, i.e. the upper-most  layer of  slide  debris. This

dry portion might  be crushed  into pieees during the running-out.  Each  piece then  would  be

transported as  a  flow mound  by the debris flow.

    Figure 12 shows  the distributions ef  mevement  velocity  predicted  by Eq.  (141} fbr two  yalues

of  ¢ ,.,  with  f= O.02 as well  as  the same  numerical  constants  used  in the caiculations  of  the crit-

ical distance fbr fiuidization. In the  figure, the longitudinal bed profiles before and  after  the

slide as  well  as  the divided reaches,  and  the mean  inclination used  in our  calculations  are  given.

    Let us  fbcus  on  the two  curves  for ¢ ,.==100
 and  140. Both show  acceleration  in the upper

reach  of  the Denio Riyer, and  attain  an  equilibrium  state  along  the lower reach  of  the Denio

River, with  a  speed  of  60 to 65 mls  fOr O,.= 10e and  50 m/s  for di,.=140. The two debris fiows

F
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      Fig. 12 Longitudinal profiles of  the river  beds and  vetocity  distributions along  the  river

             courses  as predicted by Eq. (14).

predicted by Eq. (14) are  deceterated as  seon  as  they  enter  the reach  of  the Nigori River. The
debris flow calculated  with  di,.=: 140 comes  to a  halt at a  section  500 m  upstream  of  the junction
of  the Nigori and  Ohtaki Rivers. The  fiow calculated  with  ¢ ,.:=  100 does not  come  to a  halt
in the Nigori River, and  can  continue  its motion  for 1.3 km  more  in the Ohtaki River. As  com-

pared  with  such  calculated  results,  the center  of  deposited debris estimated  from  the field sur-

veys  is 200 to 300 m  downstream  from  the junction of  the Nigori and  Ohtaki Rivers.

    The  calculation  with  di,.==10e overestirnates  the running  out  distance, and  that with  ¢ ,.

=140  underestimates  it. Using di,.==12", the center  of  depQsited debris is predicted  well.  In

addition,  the time mean  velocity  calculated  with  the same  coethcient  yields

           U  i= 35 rnls

versus  the velocity  of  20 to 30 mls  found by obseryation.  U  is defined by !,T Udt17; and  T  is

the duration of  debris movement.

    Frotn  the viewpoint  of  debris motion,  erosion  is considered  to be dominant  in the area  where

the movement  is accelerated  er  keep its equilibrium;  whereas,  deposition generally takes place
during the decelerating motion.  Taking such  processes into account,  we  found that the velocity

distribution of  debris flow along  the river  course  corresponds  fairly well  with  Qbserval  pattern
of  erosion  and  depQsition shown  in Fig. 2.

    In our  calculation,  we  did not  take  into account  the deformation process  of  the soil  block.
It should  be noted,  thcrefbre, that the results  obtained  from the analysis  refer  to speeds  and  dis-

tances of  center  of  the sliding  debris mass.

                            5. CONCLUSIONS

The  running-out  process of  the Ontake  Land  Slide have been discussed on  the basis of  data
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from a  field survey  and  from  a  theoretical analysis.  The  results  of  our  study  show

(1) The  Ontake Land  Slide occurred  on  the south  slope, at an  angle  ef  24 degrees. The rock

fall volume  of  the slide  debris was  3.6× 1O' mS,  the  maximum  length 1480 m,  the maximum  width

480  m  and  the maximum  depth 136  m.

(2) The  slide  debris ran  through the Derljo River to the Nigori River and  into the Ohtaki River.
During  the running-out,  part of  the slide debris overflowed  on  both sides  of  Mt. Komikasa  and

at sections  where  the direction of  river  course  changes  abruptly,  although  the overflow  volume

is negligibly  small  to that of  the main  motion.

(3) Erosion was  dominant  along  the reach  of  the Deajo  River, in which  the maximum  depth
of  erosion  was  estimated  as  up  to 25 m.  Deposition was  dominant  in the reaches  of  the Nigori
and  Ohtaki Rivers, particularly in the Ohtaki River, in which  the maximum  width  and  depth
were  300 and  40 m.  The  surface  of  the debris deposited in the Ohtaki river  bed is a  very

smooth  except  in areas  having fiow mounds,  and  the inclination angle  is 1.70.
(4) TIhe debris avalanche  moved  down along  the riyer  course  in the running-out  as  a  

"debris

fiow" composed  of  solid particles and  
"fluid",

 where  
L`fiuid"

 implies a  mixture  of  water  and  part
of  the so]id  particles. A  large number  of  fiow mounds  transported by the debris flow were  found
in the deposited debris. These flow mounds  are  composed  of  fairly dry soil blocks, fbrmed when

the surface  layer of  the slide  debris broke into pieces that then  were  transported  by the debiis
flow.(5)

 Our  calculations  of  the critical distance for the fiuidization of  the slide  debris indicates that
the debris flow formed in the early  stages  of  the running-out.

(6) The  velocity  distribution of  the debris fiow along  the river  reach  was  calculated  by our  meth-

od,  on  the assumption  of  an  apparent  solid-selid  friction coeMcient  of  ¢ ,.;=10e  or  14e. The
results  show  that the debris fiow accelerated  in the upper  reach  of  the Denio River and  attained

a  steady  velocity  in the lower reach.  The  debris flow decelerated in the reaches  of  the Nigori
and  Ohtaki Riyers. Our predicted  behavior of  the debris flow corresponds  fairly well  to the
actual  pattern of  erosion  and  deposition.

(7) The  time  mean  moving  velocity  predicted by our  method  compares  well  with  the velocity

estimated  from  the observation.

    The  Ontake Land  Slide provides  much  yaluable  information for the study  of  natural  dis-
asters,  but various  questions about  the phenomena  involved remain  to be answered.  In the
field of  sediment  hydraulics, further study  is required  to explain the phenomena  from small  scales

to such  large scales  as  those associated  with  the motion  of  debris ayalanches,  in which  phase
shikjng  is an  irnportant phenomenon.
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