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                                ABSTRACT

   
A
 three-dirnensional slope  stability  analysis method,  callecl the three-dimensional multi-planar  sliding

syrface
 

me!hod,
 was  proposed previously {Okimura &  Maeda  [5]; Okimura  &  Morimoto  [6]). It

gives the site and  volume  of  the critical  sLiding  mass,  as defined by the minimum  safety factor. The
method  for shaping  an  assumed  sliding  rnass that is nonrectangular  in plan ltas been defined by taking into
account  the equilibrium  of the forces between columns  within  an  assumed  sliding  mass  {Okimura [7]). In
these studles, the sliding  direction of the assumed  sliding  mass  was  set parallel to the steepest  direction of the
most  unstable  cell that had been found as  proposed previously {Okimura &  Ichikawa [4]). The  sliding  direction
of the assumed  sliding  mass,  howeyer, may  change  according  to the shape  of  the assumed  mass.  A method

for caIculating  the sliding  direction is preposed that is based on  the equilibrium  of  the forccs being at  a  right

angle  te the sliding  direction, It was  applied  to an  actual mountain  slope  on  which  shallow  failures caused

by heavy rainfa11  had taken  place, The s]iding direction calculated  by this method  was  nearly  the same  as
that of  the actual  failed mass.  Using the obtained  sliding direction, the coordinates  of  a  digital land elevation

model
 were  transformed and  slope  stability analyses  made  by three 3-D  methods:  the multi-p{anar  sliding

surface  methed,  anq  the 3-D Hovland  and  the simplified Janbu methods,  Results showed  that the most  critical

sliding masses  obtained  using  the calculated sliding direction were  closer to the actual  slidlng  masses  than
those obtained  using  the rnost  unstabte  cell's sliding direction,

                            1. INTRODUCTION

   Many  methods  for predicting the time of appearance  of  probable failure, ef frequent occthrrence
on  mountain  slopes  during heavy rainfa11, have been proposed that are based on  empirically

obtained  relations  between actual  failures and  the tSme of  the maximum  rainfa11 intensity andlor

the rainfa11  pattern [1], as  well  as on  soil water  calculations  made  analytically  by means  of  the
saturated  and  unsaturated  seepage  models  [2]. Methods  for predicting the probable failure site

of an  unstable  mass  also  have been presented, Such models  are  meant  to predict the site and

length of  the probable failure on  a  longitudinal section  [3] and  to predict the most  probable
unstable  cell in a  digital land elevation  model  [4]. Only a  few paper, however, have reported

predictien m.ethods  for probable unstable  soil volume  caused  by shallow  failure because the
three-dimensionai  analyses  used  to predict probable failure on  a  mountain  slope  have yet to be
fully developed.

   To solve  this problem, Okimura  et al. [5] proposed a  3-D  prediction method  named  the
multi-planar  sliding  surface  method  (cailed the MPSS  method,  hereafter) which  was  developed frorn
the 2-D  method  [3] for a  cross  sectional  as  well  as a  longitudinal plane. Okimura et al. [6],
used  the proposed 3-D prediction method  and  showed  that the site of  the most  unstable  mass  was

nearly  the sarne  as  that of  the failed mass  and  that the unstable  volume  calculated was  nearly

equal  to the volume  of  the failed mass  even  though a  diderent mesh  space  for the digital land
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elevation  model  was  used  in the 3-D prediction method.  A setting  up  method,  giving an  assumed

sliding  soil mass  that is non-rectangular  in plan shape,  atso  was  proposed for the 3-D  prediction
method  en  the basis of  the continuity  of  the forces acting  on  an  imaginary vertical  wall  between

prismatic eolumn  elernents  (hereafter, called  
"columns")

 ln the assumed  sliding  mass  [7]. Th{s
method  was  applied  to actual  failed slopes,  the safety  factor being calculated  using  the 3-D MPSS,
the 3-D  Hovland  [8], and  3-D simplified  Janbu [9] methods.  The  results  obtained  were  discussed
in terms of  the reliability of  the prediction of  the site and  shape  of  the probable  failure [7].
    In these studies  [5, 6 and  7], the sliding  direction of  the assumed  sliding  mass  was  set parallel
to the steepest  direction of  the most  unstable  cell, determined as reported  elsewhere  [4]. The
sgiding  direCtion of  the assumed  sliding  mass,  however, may  change  according  to the shape  of  that
mass.  A method  for calculating  the sliding  direction therefore is proposed that is based on  the

equilibrium  of  the force components  being at a rjght  angle  to the sliding  direction,

                        '
        2. METHOD  CALCVLATING  THE  PROBABLE  SLIDING  DIRECTION
                          '

2.1 Basis for the neiv  method

   To  predict the most  probable critical sites using  the methods  described previously [5, 6 and

7], the most  unstable  cell (that part of a mountain  slope  enclosed  by a  grid space)  first must  be
distinguished from the large catchnient  area  by the method  presented elsewhere  [4]. The new

method  uses the digital elevation model,  in which  the potential failure layer [10] is defined, a cell

being regarded  as a  column  of  the potential failure layer. In this new  methed,  the digital elevation

model  is used  in coniunction  with  a  ground water  movement  model  to calculate  the height of the

piezornetric surlace  in the potential lailure layer, The calculated  piezometric height is then used

in the infinite slope  stability  analysis.  The safety  factor of every  cefl is calculated  hourly. The

degree of  instability of  the column  is defined by a  continuous  period that lasts until  the safety

factor decreases to less than  unity  because failure is considered  .to 
occur  within  a  much  sherter

continuous  period on  a  potentially unstable  slope.

   We  identify the analysis  area  within  the most  criticat siiding  mass  so  as to include seven

columns  in the longitudinal and  transverse directions, an  area  composed  of  7 × 7 columns,  the most

unstable  column  appearing  at the center,  Many  assumed  sliding  masses  that are  regarded  to be

rectangular  in plan shape  then  are  set up  within  this area  so  as  to include the most  unstable

column.  The  sliding  direction and  safety  lactor ef  the assumed  sliding  mass  is calculated  by our

new  method  as described hereafter. A sliding  mass  is assumed  such  that all combinations  of

columns  are  set, then the safety  factor is obtained  for each  assumed  sliding  mass.  The rnost  critical

sliding  mass  is regarded  to be the ene  with  the minimum  safety  factor value,  its sliding  direction

being the answer  given by the new  method.

2.2 3-D slope  stability analysis  foi' caiculating  the stiding direction

   A flowchart of the new  method  is given in Fig, 1, The method  is hereafter on  the basis of

this explained  flowchart.

(1) Equilibrium of  the forces acting  onacolurnn  .･

   The  forces acting  on  an  imaginary vertical  wall  of  a column  were  assumgd  to be the internal

forces of  the horizontal component,  the vertical  compenent  of the internal forces caused  by the

shear  force being ignored in this study.  Fig. 2 shows  the forces acting  on  acolurnn.  The symbols

Cg,e,,f,fi,"Zd,,S,fo.ii,O,WSS,,",i･A','ig.'h,Z,"Zi,M,S.i,fo,r.C,e.a,gli".',,l,,n,:e･i.'ig,%g,,g",lrfa.C,:',{･l,"ik,thkM,:･,2iLil:･l･//･
acting  on  an  imaginary vertical  wall, Ily,,j the herizontal force in the Y  direction acting  on  an.-

imaginary vertical  wall, PV},j the weight  of  the cotumn,  atiJ the inclination angle  along  the sliding
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          Fig, 1. Flowchart of  the proposed method  for caleulating  the sliding  direction

direction, fii,j the steepest  inclinataon of the column  base, O[･,j the angle projected on  the X-Y  plane
between the direction of  the steepest  inclination and  the X  axis, and  O the angle prejected on  the

X-Y  plane be{ween !he sliding  d{rection and  the X  axis.

Th ¢  fo11owing equation  is based on  the equilibrium  of  the vertical  direction;

                         Ni.j'cosfii,j+7>iiiisincti,j-PVI,j=O (l}
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            Fig. 2, Forces acting  on  a coiumn  (for the j-th column  of  the i-th linc)

The  shear  strength  of  n,j is obtained  using  the Mohr-Coulomb  failure eriterion,

                           7},j=c-Ai,j+NEJ･tan{b (2)
in which,  cis  the cohesion  strength,  di the internal frictien angle,  and  Ai,,･ the area  ofthe  sliding  surface.

   The  mobilized  resisting  shear  force of Tini,j is expressed  by
                            N

                        nn,.j=7t=e'Ai,j+FNI,J"tandi {3)

in which,  F  is the safety  factor,
Nl.j is presented by the following equation,  the rearrapgement  obtained  by substituting  Eq. (3) in Eq. (1);

                               pv},,-e-FA`'kinor,,j
                          N},j=                                                                   (4)
                                    tandi .
                              cosfii,i+                                       slncti,j
                                     F

The inclination of  the resisting  direction ct,,j, is defined by the following equation  (see Fig, 3);

                        , w･sinO+v･cose-

                                                                  (5)                       slncti,j=

                               1+(w･sinO+v･cose)2

in which  1fv is the intercept of  the X  axis  and  1lw  that of the Y  axis.
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  Unknown  factors in Eq. (4) therefore number  only  two, Fand  Ni,j. The force of  IV}.j is obtained
  by assuming  E

     The  fo11owing equations  are obtained  using  the equilibria  along  the X  and  Y  directions of the
  columns.

  For the direction of  the X  axis,

               IV}.j･sinfiifcosOlj-Tini,j･cosai,j･cose=fuiJ+i-H)ci,j=AHxi,j  (6)

  For the direction of  the Y  axis,

               Ni,j･sinSi,j･sine:.j-T}n,,j･coscti,j･sine==Ely,.,,j-H),,,j--AH),i,j (7)

                             z

                  

                  
                  
                   X(.j)

                 

               Y(i)

              Fig, 3. Schematic diagram of  the inclination of  the sliding direction a,,j

XG)

Y(i)
m

Fig. 4.

                              m=4,  n=3

Example of  an  assumed  sliding  mass  composed  of 4x3  columns.

direction. The shaded  columns  show  the lower end  columns.The

 arrow  shows  the sliding

      NII-Electronic  
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AHxi.･ and  AIZyi,j in the above  equations  are  the respective  resultant  forces acting  en  an  irnaginary
vertical  wall,  in the X  and  the Y  directions. Assuming Fin  Eqs, (6) and  {7), the resultant  forces
of  Al!ix,.j and  AH),i,j are  calculated  by substituting  IVI,j (obtained by Eq. (4)) and  7}}ii.･ (obtained
by Eq. (3)) in these equations.  The forces of  Hxi,j+i and  Hyi+i,j are  obtained  successively  using

Eqs. (6) and  (7) by assuming  the fbrces of  Hxi,i and  fibei,j which  act on  the upper  end  wall  of

the assumed  sliding  mass.

(2) Calculatien ef  the sliding  direction

   An  assumed  sliding  mass  rectangular  in plan shape  is set up  using  mxn  columns  in the
longitudinal and  transverse directions. Fig. 4 shows  an  example  of  an  assumed  sliding  mass

composed  of4 × 3 co]umns.  The  sliding  direction for this example  is assumed  to be expressed by
the arrow  within the figure, the shaded  columns  being designated 

"the

 lower end  columns"  in this
study,  The  force equilibrium  in the X  direction is expressed  by the following equations  for all
the (n-1) lines except  in the lower end  columns;

               Nt,i･sin6i,i･coseh-7int,i･coscti,t+cose+llxi.i-H)tm==O
               ------.-.----------.-----------.--t.-------"---.---.------------.t.-.-.----.--

IVi.j 
-
 sinPtj･cosel･,j-T}ni,j･coscti,j･cose+Hbei.j-Hboij+t=:O

               -L-----------"-------------H-------------------J---------------------------L----

             2VL-1,..-1'sinS].-.1..-1'cos.e:-1,.T1-7}n,-1,.,-.1'cosct.-1,.-1'cose

                                                    +Hitn-i,m-!-firx.-i,m=O  (8)

The sum  of  the forces in Eq. (8) is shown  by

         n-lm-1  n-lm-1  n-t  n-t

          Z E] IVI,j･sinfii,jJcosel,j- Z E] T}nifcoscti,j'cose+ E] thi,s- ZHxi..,=:O (9)
         i;lj--t  it=lj#1  l=1  idi1

The resultant  forces of Eix, except  for the Iower end  columns  are  given by the following equat{on
on  the assurnption  ef  Hiti,i==O {i--1, n-1)  (i.e. the force acting  on  the upper  end  column  is
assumed  to be zero)  and  are  expressed  as  in Fig. 5 (in this case,  m  :4  and  n==3).

              n-1  n-lm-1  n--tm-1

               £  L[xi..= Z 2 2V},J-s.inliif cose[,i-  Z Z 7be,,,jtcosct,,i-cose (lo)
              t=t                                            i=li=1                       i=lj;1

The  resultant  forces of  Hy  in the Y axis  direction can  be calculated  by the same

                                       xo
                              e

                                  

                           Y(i}
                                  

                                  

                               H

                                         '

                       Fig. 5. Resu{tant slicling  forces Hx  and  Hy
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method'
      '

               nt-1  n-lm-1  n-1"r-L

                2 H)'.,j= 2 Z Nifsinfiifsinel,j- Z Z Timifcoscti,j･sine OD
               j=1  i=  lj!1  irl  J' 

--1

The fo]Iowing equation  is established  with  Eqs. (10> and  (ll) taking  into account  the equilibrium

ef  the.forces that are  the right  angle  cemponents  of  HX  and  H), to the sliding direction of  the

assumed  sliding  mass,  except  for the lower end  colurnns,

                          n-t  m-!

                          ZE[rci,.･sine- Z) H),.,j･cose=:O (12)
                          i=1  i--1

        '
The sliding  direction is calculated  using  Eqs. (10), (11) and  (12).

         ta ne  =  cS 
/iillee

 ==  IE' jE[yn" / 1;I Htci･m

              n-tm-t  n-lm-1

               2 £  IV}.j'sinfii,j'sinelj- Z Z 7>n,.j･cosaf,j･sine

              nir!imitrt
 

･
 i=-: 

11::IL
 "3)

               E] Z NI,j:sinfii,j･cosel,j- Z Z 7>n,.j･cesctt,j･cosO
              i=lj=1  i=lj=1

There are  three parameters, Nl,h e and  ct,,j, on  the right  side  of  Eqs. (10) and  (11). The angle

cti,i is the function of  e as  seen  in Eq, (5), The  resultant  forces in Eqs, (IO) and  (11) therefore
must  be calculated  by iterative procedures as follows: cti,j, IV}.j and  Timi,j first are  calculated

using  Eqs. (5), (4> and  (3), assuming  the angle  of  e. Eq. <12) then  can  be examinedlf  Eq. (12)
is not  satisfied,  a  diderent angle  fore is assumed,  and  Eq. (l2) again  examined.  As  this equation

generally is not  satisfied strictly, the fo11owing inequality is checked;

                         n-1  m--1

                          ZH)ti,.･sine- E] H),.,j･cose s6  (14)
                         i=1  j=1

If this inequality is not  satisfied,  calculations  using  Eqs. (5), (4) and  (3) are made  again  for

another  assumed  sliding  direction. If Eq. (14) is satisfied, the sliding  direction of  the assumed

sliding  mass  is considered  to be that direction.

   In the report,  6 in Eq, (14) was  assumed  to be O.98 kN, the increment or decfement in e being

set at O,O05 radian.  6 was  set to satisfy Eq. (i4) when  e was  changed  at every  O.eOS radian  under

the mean  dimension of a column  10x 10x  lm. The  angle  calculated  using  the following equation

was  adapted  as the initial assumed  value  for e.

                                 n-lm-1

                            tanO=ZZ(sineLj!cosel,P  (15)
                                 i;lj;1

(3) Setting up  the resisting  surface  in the lower end  column

   The  lower end  columns  are regarded  as  the soil  mass  that resists the sliding  force caused

by the upper  sliding  column  of  the assumed  sliding  rnass. The  herizontal surface  on  which

the resisting  force acts  was  set in the respective  lower end  columns,  The resisting  $urface of

the assumed  sliding  surlace  therefore was  considered  to be composed  of many  horizontal surfaces,

although  the actual  resisting  surface  had the general appearance  of  a curved  continuous  plane. The
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Fig. 6. Setting the

X

Horizontal resisting  surtace in the

lewer end  column  in area  O

z

x
   :Yl7 71i

Horizontal resisting  surface  in the

lower end  column  in area  @

      (middle and  basal) point
: horizontal length used  in cafculating

 the horizontal resisting  area

horizontalresisting plane in thelower  end  columns

horizontal resisting  surface  was  set in the lewer end  columns  as fo11ows (see, Fig. 6): l) For
the right  and  lower sides  of  the assumed  sliding  mass  (areas ¢  and  @  in Fig. 6), the horizontal

plane was  set at every  column  through the middle  and  basal point on  an  imaginary vertical  wall

between the sliding  and  resisting  (lower end)  columns.  2) For the corner  column  (area @  in Fig,
6), the plane was  set through the base point of  the left and  upper  grid point of  the

resisting  column,

   The  mebilized  resisting  shear  forces of r}tii,J･ acting  on  these resisting  suriaces  were  expressed

as fo11ows:

In the lower end  column  in area  (D

T}ni..=c'A[,m+
 PPI,nt 

'
 tanip

F
(i=ls･･.}n-1) uq

In thelowerend  colurnn  inarea @

NII-Electronic  
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                         c-A.,j+PVL,j'tanip

                                          U=1,･-･,m-1) (17)                    7}ltn,j=
                               F

In the lower end  column  in area  @

                                c'A...+  PK.. ' tanip

                          
7>11n,m=

 F  (18)

The area  of  the horizontal surface  was  calculated  by multiplying  the mesh  space  by the horizontal

length between the middle  and  basal point. The  slope  suriace  point that was  obtained  by

setting  a  horizontal line along  the sliding  direction. But, if the inclination ef  the slope  surface

is very  gent]e, the horizontal length becomes too long. The  resisting  surface  is abnormal  as

compared  to that of  the actual  failed slope.  In such  a case,  7}iii,j was  calculated  as PPI,j=

PFI,j12, and  A,,j=(D)2 (in which,  D  is the mesh  space)  in Eqs. (16), (17) and  (18).

(4) Calculation of  the safety  factor

   The  safety  factor was  calculated  on  the basis of  the equilibrium  of  the forces acting  on  the

assumed  sliding  mass.  These forces are  shown  in Fig. 7. The  sliding  force {H) acting  on  an

imaginary vertical  wall  between the assumed  sliding  and  lower end  columns,  obtained  from Eqs.

(IO) and  (11), is expressed  by

                           nLl  m-1

                        H=.Zllrci..･cose+ZHy.fsine  

'
 (19)

                           i=1  j=1

The  total resisting  force acting  on  the lower end  column  is

                           n-1  m-t

                         T=Z7}ni,.+27imn,j+7>n.,.  (20)
                            i=1  

･
 j=1

X
e

Fig, 7.

Y

Hxs.s

Tmi,s

Hxz,s

Tm2,s

Hx3,s

Y4,1Hy,.,
'rms.s

Tm4.1Tm4,,Tm,,3

Resultant forces acting on  an imaginary
columns  and  the lower end  columnsvertical

 wall  between the assumed  sliding
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The inequality then is checked;

                                 IH-TlsE {21)

If thjs inequality is not  satisfied, calcu]ations  using  Eq. (4) are  rnade  again  with  another  assumed

safety  factor. If Eq. (2t) is satisfied, the safety  factor of the assurned  sliding  mass  is assumed  to

be that safety  factor. In the numerical  calculations,  the initial safety  value  was  assumed  to be
2.00. The  increment or  decrement in this safety  factor was  set at O.Ol, and  the allowable error,
E, for the iterative procedure in Eq. (21) at 5,9 kN, The  value  was  set to satisfy Eq. (21) when
the safety  factor was  changed  every  O.O1 increment for the mean  dimension ofa  column  1O ×  1O × lm,

(5) Determination of the most  critical sliding  direction

   An  analysis  area  composed  of 7x7  columns  was  set.  A  sliding  mass  was  assumed  such  that

all combinations  of  columns  were  set in the analysis  area.  The  sliding  direction and  safety  factor
were  obtained  for each  assumed  sliding  mass  as described earlier. The most  critical  sliding  rnass

is regarded  to be the one  that has the minimum  safety  facter value,

                    3. APPLICATION  TO  FAILED  SLOPES

3.1 Outline of the test field
   This method  was  applied  to actual  failed slopes  in the Irisugaya test field. The test field,

  

  

  

  

  

  
  

  
  
  

Fig. S. Sitemap of the Irisugaya test field {Rifu-cho, Miyagi Prefecture, Japan)

NII-Electronic  
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 Fig. 9. Topographical map  of  the Irisugaya test field {District W  is the test fieJd in this study)

11

Fig. iO. TopographicaE map  of  district W  an the Irisugaya test ficld (19g6 fai]ures)
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450
 m'

Fig. 11. Btock diagram of  district W  in the Irisugaya test field

composed  of  the alternating  layers of sand  and  silt stone  mixed  with  tufi is in Rifu-cho, Miyagi
Prefecture, Japan [11] and  covers  about  22 hectares, Fig. 8 sho'ws  the site map  of  the test field
and  Fig, 9 the topographic map  of  this district, A  forest fire occurTed  in the test field on  27
April 1983, and  many  mountain  slope  failures caused  by heavy rainlaIl took  place in the district
on  5 August 1986, The  W  district shewn  in Fig. 9 is the test field used  in this study,

   Aeriat photegraphs that covered  the test field were  taken  by the Geographical Survey Institute,
Ministry of Construction in November  1984 (scale, 1!10,OOO) and  in August 1986 {scale l!6,OOO),
and  digital land elevation  models  of the slepe  (mesh space,  5 m)  were  constructed  using  these

photographs. Fig, 10 shows  the topographic  map  of  the test field drawn from data obtained  from
the digital elevatien  model  shown  in Fig. 11. The sites and  shapes  of  the failures that occurred
in 1986  are  shown  in Fig. 10.

3.2 Predicted results for the unstable  cell

   The  unstable  cell for the test field shown  in Fig. 10 was  calculated  using  the prediction
rnethod  [4]. The depth of  the potential failure layer must  be input to the model.  The  rnean

(1.15 m)  of  the depths measured  was  regarded  to be the depth of  the potential failure layer at each

grid point in the predicting method  because depth investigation at every  grid point is impessible
in a Iarge test field. The  soil input data shown  in Table 1 were  obtained  on  the actual  slope  or

in the laboratory. The eflective  rainfatl intensity used  was  30 mmlh,  continuing  for 30 hottrs. The
clegree of  instability for potential failure was  defined in terms of  the safety  factor as the continuous

period (t..) until the safety  factor becomes less than unity.  The degree of  instability was  classified as

                 A: O<t..$5hours  B: 5<t,,510 hours

                 C: 10<t..S15 hours D: 15<t,,S20 hours

                 E: 20<t,,S25 heurs F: 25<t..S30 hours

Results are  shown  in Fig. 12. The unstable  cells  (classes A and  B) appeared  at or  within  the failed site,
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          M  Mo$t unstable cell foreach test slope

     Fig. 12.. Unstable cel!s

     direction

  16, see Fig. 10) were  selected  for testing from the 16 slopes  that

   used  a simplified  penetra'tion test to ascertain  the depth of the

  selected  because the scars  caused  by their failures had simple

        by more  than two faitures.

   using  7 × 7 columns,  the most  unstable  cell appearing  at the

    unstable  cells (classes A  and  B) were  calculated,  and  these

    as shown  in Fig, l2. The most  unstable  cell therefore was

          the upper  end  of  the valley.  The  most  unstable  cells

  enclosed  by a  thick line in Fig. 12.

   were  constructed  on  the basis of  the data obtained  from the

   The slope  surface  elevatlon  at the faited site was  estimated  by

                The depths of  the potential lailure layers were

1

3.3 Results calculatedfor  the sliding

(1} Test slopes

   Three slopes  (Nos, 7, 14, and

failed in 1986. Field investigations

surface  layer. These slopes  were

shapes,  not  the complicated  ones  caused

   The area  of  analysis  was  set

center.  In the test field, the most

appeared  at the actual  failed slopes

defined as the unstable  cell that appeared  at

by this definition are  the squares

   Three digital e]evation  models

aeria] photographs taken in 1986.

referring  to the longitudinal and  transverse planes.
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 Fig. i3. Block diagrams of  the three test stepes  Fig. 14.

assessed  by simp]ified  penetration tests in l990, 1991 and  1992.

(meaning that ten times a  49 N  weight  must  be dropped

penetrate 1'O cm),  The depth at the grid points was  interpolated
the measured  depth[12],

ef the potential failure layer in Fig. I4. The  curved  ]ines in

the actual failed masses,  dotted lines denuded or  eroded  shapes,

at  which  the depth ef  the potential feilure }ayer was  measured.

Slepe No,7

f2m

      Slope No.t4

V

Slope No.t6

    -36
 pt

f2m

JIJ2m

                         Depths of  the potential failure layers

                         on  the test slopes

                         Thus  depth was  defined as Nto  ==  1O

                            from a height of  50 em  to

                             on  the basis of the site and

Block diagrams of  the test slopes  are  shown  in Fig. 13, and  the depths

                           Fig, 13 delineated the forms of

                             The points indicate the sites
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(2) Results calculated  for the sliding  direction

   The  calculation  method  proposed in section  2 was  used  for slopes  7, 14 and  16, Fig, 15
shows  the failed shapes,  the arrows  indicating the calculated  direction of  the critical sliding

mass.  Although the actuai  iailed sliding  directions for slopes  7 and  14 diffbred markedly  from the
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Fig, 15.Calclilated sliding  directions
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      the  initial coordinates
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direction of  the Y axis, the sliding  direction obtainecl  is nearly  equal  to that of  the actual  failed
mass,  Geod resu]ts alse  were  obtained  for slepe  No.16, the actual  sliding  direction of  the stope
not  dihering greatly from the direction ef the Y  axis. The proposed me{hod  therefore is considered
appTopriate  for calcutating  the probable direction of  a  shallow  failure,

3,4 Results calcttlatedfor  the most  critical stiding  rnass

    The  most  critical sliding  mass  obtained  for the sliding direction was  determined (Fig.
I6). The  shapes  ebtained  were  very  different from those of  the actual  failed mass,  In
predicting the shape  of the most  unstable  sliding  mass,  we  therefore can  not  use  the

results obtained  by the proposed method.

    To  predict the shape  of  a probable failure more  reliably, the sliding  direction calculated

by the proposed method  can  be used  as  the probable direction, but the probable failure
shape  must  be predicted by another  methed  in which  the direction is defined as the steepest

directipn of  the most  unstable  cell. The  coordinates  then are  transformed  so  that the

new  Y  axis  (Y') is parallel to the direction obtained  because the force equilibrium  in the

3-D MPSS  method  was  analyzed  along  both the steepest  and  cross-sectionai  direction [5].

3.5 Pj'obable foitui'e shape  resttlts

   The  coordinates  were  transforrned by a method  that produoes grid points from randornly

distributed data [12], grid point data (height of  the slope  surface)  before transformation  being
assumed  to be random.  Transformed data were  obtained  on  the assumption  that the original

point transformed  is at the center  of  the most  unstable  cell. The  analysis  area  within which  the

most  critical  sliding  rnass  was  identified then  was  established  so  as to include seven  columns  in
the longitudinal and  the transverse directions. Many  assumed  sliding  masses  that were  regarded

to be rectangular  in plan shape  were  set up  within  the area. The  method  of  setting an  assumed

sliding  mass  as non-rectanguiar  [7] was  appUed  to the assumed  s{iding  mass  (rectangular), The

non-failure  column  had been defined by taking  into account  the continuity  of  the internal forces
acting  on  an  imaginary vertical  wall  between colurnns  [7]. The  most  critical, unstable  sliding

mass  was  calculated  by 3-D  slope  slability analyses  using  the MPSS  method,  and  the Hovland
and  simplified  Janbu methods.

(1) 3-D  MPSS  method  results  foT a  rectangular  sliding  shape

   Fig. 17 shows  the most  critical  unstable  masses  obtained  using  the 3-D MPSS  method  combined

with  a rectangular  sliding shape.  The shaded  areas  in Fig, 17(a) show  the most  critical unstable

masses  for the sliding  direction ealculated.  Fer slope  7 the result  appears  to be nearly  as the

long as  and  within  the failed site.  For slepe  14 the result was  nearly  equal  to the.failed mass  in
terms  of  both the length and  site.  The  right  side  of  the critical unstable  mass  facing down slope,

however, could  not  be predicted as the eritical area. The most  critical  unstable  mass  for slope
16 covered  the actual  failed mass,  but in places the shape  obtained  is larger than  the actual  failed
shape,  especially  at the left upper  end  of  the column.  Setting the shape  of  an  assumed  sliding

mass  as non-rectangular  therefore was  required  for better prediction, Subsequent calculations  were

made  for a  non-rectangular  sJiding  shape.

   The  shaded  areas  in Fig. 17{b) show  the most  critical unstabte  mass  calculated on  the assumption

that the s]iding  directien is the same  as  the steepest  direction of  the most  unstable  cell  (This
assumption  was  used  in preyious reports  [5, 6 and  7]), The same  results were  obtained  for slopes
7 and  14, but the length was  too long for slope  16.

(2) 3-D MPSS  method  results  foranon-rectangular sliding shape  
･

   Fig, 18 shows  the most  critical unstable  masses  obtained  using  the 3-D  MPSS  method  combined
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Fig. 17.Simulation  results obtained  by the 3-D MPSS  method  for a  sliding  mass  rectangular  inshape

with  a non-rectangu}ar  assumed  sliding  mass.  Fig. 18(a) shows  the results calculated  using  the

probable slid{ng  directjon obtained  by our  proposed method.  Results for slope  7 were  equivalent

to the results  obtained  for a rectangular  shape  (see Fig. 17(a)), For s!opes  14 and  16, the results

were  better than  those shown  in Fig. 17(a).

   Fig, 18(b) shows  the results  calculated  by setting  the Y' axis  to be the same  as  the steepest

direction of  the most  critical unstable  cell. The  result for slope  7 was  the same  as  that for the
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Fig. 18.Simulation  results obtained  by the 3-D MPSS  method  for a sliding mass  non-rectangutar  in shape

calculated  sliding  direction. For  slope  14, the result  difured somewhat  from that obtained  usirig

the calculated  direction, but was  the same  as for the rectangular  assumed  sliding  mass  (see Fig,
17(b)), For slope  16, results  showed  that it difiered in places from the shape  of the actual  failed mass
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(3) Results using  the Hovland  and  simplified  Janbu methods  fora non-rectangular  slidingshape

    Fig. 19 shows  the mp,st  critical  unstable  sliding  masses  obtained  using  the 3-D Hovland and
simplified Janbu methods  combined  with  a  non-rectangular  shape.  Results for the s]iding  direction
calculated  are  shown  in Fig.19(a). These show  that the shapes  obtained  are  the same  for the
Hovland method  as for the simplified  Janbu method,  and  that the shape  of  the critical  unstable

sliding  masses  is rectangular  in spite  of the assurnption  of a non-rectangu]ar  shape.  Results for
slopes  7 and  14 are the same  as those obtained  using  the 3-D MPSS  method  with  the rectangular

shape.  For slope  16, the result  gives somewhat  too Jonga  length.

    Fig. 19(b) shows  the results  calculated  for the direction of  the steepest  direction of  the most

unstable  cell, The shapes  obtained  also  were  the same  for the two methods,  appearing  as

rectangular.  The results for slopes  7 and  14 were  the same  as in Fig. 19(a). For slope  l6, the
result appeared  to 

'be
 too long.

    Better results  therefore can  be obtained  by the calculating  the sliding  direction as  proposed here.

      '
3.6 Cbmpai'ison of the results for th(7lerent sliding  directions and  the 3-D analyses
 '
   Two  parameters proposed elsewhere  [13] were  used  to determine which  results  are  better for
the prediction ofthe  site and  shape  of  the most  probable lailure. These are defined by the equations;

                         Proved  PeTcent(%)=(Ml  Nm)x1oo  (22)

                  RepresentedPercent(%)={(N,-N;.-N,+22Ld)!IVI)xlOO (23)

in which, IVI is the total number  of  columns  in the analysis  area  (in the study,  N,=49), N.  the

number  of  columns  in the critical  unstable  mass,  ?V6 the number  ef  columns  in the actual  fajled
mass,  and  M  the number  ofcolumns  that coincides  with  the predicted and  actual  failed columns.

   The  calculated  results are  shown  in Table 2 Resuits for the assumption  of  the sliding  direction

     Tabfe 2, Proved and  represented  percentages fot the four types of3-D  slope  stability  analyses

rectangular non-rectangular

MPSS MPSS HovlandsimplifiedJanbu

SiopeNo,7100(100)100(100)100(100>100(100)

SlopeNo.14100(riOO)100{tOO)100{100)100(100)

SlopeNo.1683(60) 10e(71) 63(60) 63(60)

SlopeNo.786(86) 86(86) 86(86) 86(86)

SlopeNo.t492(92) 98(92) 92(92) 92(92)

SlopeNe,1698(92> 100(94) 94(92) 94(92)

MPSS:  multi-planar  sliding surface method

( ) results obtained  on  the assumption  that the sliding  direction
is that of  the most  unstable  ceH
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  is being the same  as that for the most  unstable  cell are  shown  in parentheses, The results  calculated

  for the non-rectangular  shape  are  better than those for the rectangular  shape,  as  has also been

  reported  elsewhere  [7]. Each value  of  the two  parameters  for the calculated  sliding  direction is

  equal  to, or  Iarger than, the value  for the cell's  steepest  direction, The proposed method  therefore

  is shown  to be an  appropriate  one.  Of  the three slope  stabi]ity  analysis  methods  combined  with

  a  non-rectangular  shape,  results calculated  using  the 3-D MPSS  method  are  better for the prediction
  of  the site  and  shape  of  a  probable unstable  failure than are  those calculated  by the other  slope

  stability analysis  methods.

                                4. CONCLUSIONS

  1) A  rnethod  by which  to calculate  the sliding  direction of  an  assurned  sliding mass  was  proposed

     on  the assumption  that internal forces are balanced at a  right  angle  to the sliding  direction.

  2) Results obtained  by application  to actual  ia{led slopes  showed  that the sliding  direction calculated

     was  very  close  to that of  the actual  failed mass.  The shape  ef the most  unstable mass,  however,
     difered fnarkedly  from that of the failect mass.

  3) The  sliding  direction obtained  using  the proposed rnethod  was  used  to transform the coordinates

     ofa  digital land elevatien  model,  and  slope stability was  analyzed  using three 3-D rnethods:  the

     multi-planar  sliding surface  method,  and  the 3-D Hovtand and  simplified  Janbu methods.  The

     values  of the two parameters used  in the study  showed  that the results calculated  using  the

     proposed sliding  direction were  better for the prediction ef  probable unstable  faiiure than  were
'
 those obtained  using  the most  unstable  cell's sliding  direction.

  4) Results for the 3-D multi-planar  sliding  surface  rnethed  were  more  appropriate  than  those

     obtained  by the other  anaiysis  rnethods,

     The safety  factors shown  in Figs, 17, 18 a'nd  19 are  greater than  unity  because the groundwater
  movement  model,  which  had been used  to obtain  the most  unstable  cell, was  not  used  in the 3-D

  calculations.  More  reliable  predictions can  be made  by incorporating the root  resistance  of

  vegetation  into the 3-D  methods.  In a fajlure study,  a  debris flow caused  by a  mountain  slope

  iailure will  be slmulated  that is based on  the probable unstable  soil volume  calculated  using  3-D

  slope  stability  analysis  methods,
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