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   SEISMIC  COEFFICIENT  CIRCLE  METHOD  IN STABILITY
               ANALYSIS  OF  ROCK-FILL  DAMS

             YAsuJI NAKAzlMA*  and  SusuMu  YAMAsHITA*

                            SUMMARY

  This paper  presents  a new  analysis  method  for designing roek-fi11  dams
which  are  resistant  to earthquakes;  rock-fi11 dams  mentioned  in this paper
are  those consisting  wholly  of  rock  materials.

  When  a  rock-fi11  dam  is subjected  to a  large earthquake  force, it collapses,

and  the shape  of  the  collapsing  roek-fi11  dam  approaches  a  eireular  arc  in
cross-seetion.  The  seismie  coeMcient  cirele  method  gives  the relationship

between the earthquake  force, the cress-section  of  the circular  arc  and  the
stable  cross-section  formed in the eireular  arc  at  this moment.

  It is possible to obtain  a  seismic  coeMcient  eirele  for any  earthquake  force

(seismic eoeMeient)  from  theoretical considerations  and  thereby the cross-

section  of  the dam  required  for any  seismic  coeMcient  can  be designed.

           1. CRITICAL  SLIDING  SURFACE  FOR  FILL-TYPE  DAMS

  To date, there has been no  satisfactory  method  of  stability  analysis  of

roek-fi11  dams. At  present, stability  analysis  has generally been carried  out

using  the slip  eircle  method  which  is also  used  for earth  dams. However,
as  there are  essential  differences between  materials  used  for roek-fi11  dams
and  earth  dams,  i.e., the former is rock  materials  having only  angle  of

internal friction ip, the  latter is soil materials  having both angle  of  internal
frietion ip and  eohesion  c, it is unreasonable  from  the  engineering  point  of

view  to use  the same  stability  calculation  for both.

  In general,  the stability  of  earth  dams constructed  with  the materials

having  ip and  c can  be shown  by equation  (1)

                       liT= 
SNt3nT ¢ +cL

 ....,.................(1>

 where

   F': safety  factor

    ip: angle  of  internal friction of  the slope-forming  material
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    c: cohesion  of  the  slope-forming  material

   L: length of  the eireular  are  of  a  slip  surfaee

  SN:  sum  of  the normal  eomponents  of  the body forces of  slices

  XT: sum  of  the tangential eomponents  of  the body forces of  slices

  If we  assume  Ji' =  F. and  indicate the scale  ratio  of  the length of  the

dam  cross-seetion  by s(s l  1), the following equation  can  be established  for
any  cross-seetion  using  the same  materials.

                       ,e.  =  s2XN'tandi+s･eL

                                  s2ET

                                                ................(2)

                       =  
xiT(xN･tanip+

 
si
 ･cL)

  From  equation  <2), it is clear  that for earth  dams constructed  with  the

same  soil materials,  the cohesion  value  decreases in inverse proportion  to

the increase of  the seale  ratio  of  the  eross-section.

  Aceordingly, the slope  angle  should  be changed  if e  is a  eonstant  in order

to keep P. constant.

  Now, in the case  of  F. =:  eonst.,  putting s2XN  =  IV; and  s2XT=  11,, the
following ealculation  is carried  out  after  they  are  composed  on  the  line of

the center  of  gravity. (Refer to Fig. 1-1)

Fig. 1-1, Explanation of  Nn, Tn, 17F'h and  an

         (g: eenter  of  gravity)
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When  F.  =  1, the  slope  of  any  cross-section  is obtained  with  equation  (2)
as  follows:

                       z                                   cL
                                       .....................(3)                          =  tan oj+s,
                      Nn                                   M

where

                        T. =:  s2 Wt sin  a.

                       Na  =  s2 W,  cos  a.

W,  and  L  are  the  values  whens=1  is eonsidered  too small.  cr. is the

slope  angle  of  the sliding  surface.

                T. =  s2 W, Sin  
an

 .,  
Sin

 
an

 ,.-  tan cr. .........･･.
 .( 3')

                     82 Wi COS  crn COS  an                .N;,

From  equations  (3) and  (3')

                                    cL
                  tan a.  =  tan ip+s･
                                 s2 JVI cos  a.
                                           .............".(4)

                                   cL
                        ==  tan  ip+
                                s  Wl cos  a.

If equation  (4) is applied  to an  arbitrary  cross-seetion,  since  cos  cr. =
 nlsL'

(Fig. 1-2),

           tan  a.  =  tan ip+ 
eL  .., tan ip+ 

cL

                             n  n･  W,･-!--                        sWl'
                                                  ........(5)                                             L,                            8U

                                           1                                              cL                           cL
                                  =  tan ip+-.                =  tan ip+
                                          nN                        n.  Wl .cos  ai

where

                          cv. ==  crt-e

e is a  variable.  The value  of  e becomes Iarge in accordance  with  an  inerease

in n, therefore if dn  is considered,  the following differential equation  is

obtained;

                       cle =  tan di+-L･a ....,...............  (6)
                       dn n

           cL  cL  cL  cL  c

        
a=

 N  
=

 al･cos a,  
=

 7A  cos  a, 
==

 
7kLu

 -L  
=

 7'k

                                             Lt
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where

  7:

  k:

  A:[Note]

unit  weight

AILL'  (area
W,!7

ratio
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wheneircular

1969

are  is given)

  T. -  sZ W,  sin ev. T" s･ tan cr. -

  Nh  s2 W,  eos  a.  s

g' 
--

 f(n) is obtained.  Consequently, n

and  ordinate  as  shown  in Fig. 2.

n  tan  a      h'
n ts

     n

     -e

5

Therefore,
on  abscissa

  n

andheight areplotted

x

Integrating

If x is

eertain

l
Fig. 2.

equation  (6),

e

 taken  upwards

unit  length n  =

Theandrelation between  height,

slope  shown  in equationbase(7)

==  Ii de -  !r(tan ip+ # )eln
           n n

=  n･tane  +  a･logn
           1 1

==  (n-1)･tan ip+a･logn

 from  the bottom  and  the
1is  h, Thus,

width

height ofthedam  for a
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                    g ==.  h-Z

                     x=  h-(n-1)  tan e-a  log. n................･･(7)

This equation  gives  a  stable  critieal  slope  for the dam  and  expresses  a

logarithmic eurve  (a>O) and  a  straight  line (a =  O) as  the  scale  ratio  n  on

the  abscissa  inereases.

  Equation  (7) was  examined  with  Toyoura  fine sand  as  shown  in Photo. 1,

and  also  was  proved by aetual  slides  of earth  dams  during the Tokaehioki

earthquake  of  May  16, 1968, as  shown  in Figs. 4 through  6. It is noted

that although  equation  (7) was  derived by two-dimensional analysis,  it holds

true even  in axially  symmetrical  case  of  Photo. 1.

  The eharacteristic  of  equation  (7) gives  the eonfiguration  of  the critical

slope  on  the  slope  AC, as  height x for eaeh  base width  n(x  =  O when  BC  
=

 n)

is obtained  when  the height of  dam,  h(AB  =  h> is given  (Fig. 3).

  Aecordingly, we  ean  save  troubles  of  obtaining  the  eritical slip cirele  by

trial calculations  and  by introdueing Ii'>1 into the  equation.  The cross-

section  which  has any  value  of  safety  faetor can  also  be determined.

                    x;h-{(n-1)･tandi+a･log,n}!F...............(8)

                                A

                   B
Fig. 3. Explanation  of  the characteristic

C

of  equation  (7)

Photo. 1. Left side:  Dry  Toyoura fine ssnd  (a =  O)
        Right side:  Wet  Toyoura  fine sand  (a>O)
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   Black orgame  soil  L-.J

 Fig. 4. Ichirigoya  earth  dam  which

          Tokaehioki earthquake  of

Fig. 5.

failed during  the

 1968.

.

Hiyamizu  earth  dam  which  failed

   Tokachioki  earthquake  of  1968.

Wave  erosion.  N

during the

7

.tt'-.N;..k-

T

IZ-''

'"""gy,bl･,."
-S-'tL!g7g-:3-L.siid]t'.s<;EOms---x'

             Fig. 6. 0danainuma  earth  dam  which  failed during  the

                      Tokachioki  earthquake  of  1968,

  For rocks  in a  roek-fi11  dam  for which  the  value  of  c is zero,  the value

of  a  becomes zero  as  well.  Hence  equation  (7) becomes

                         x ==  h-(n-1)･tan  ip .....................(9)

Equation  (9) is a  linear equation  of  n,  i.e., it has the same  characteristic

as  the slope  rule,  i S  tan  ip, for eonventional  cohesionless  and  free draining
materials.

Fig, 7. Slope  rul"  tornon.eohesivesoils
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  Therefore, the  eritieal  slope  is not  a  curve  but a  straight  line.

  For  this reason,  it will  be elear  that there are  signifieant  differences
between earth  dams  and  rock-fiII  dams, and  that  it is not  possible to apply

a slip cirele  method  such  as  shown  by equation  (1> for a  stability  analysis

of  roek-fiII  dams.

                2, THEORY  OF  SEISMIC  COEFFICIENT  CIRCLE

  When  an  earthquake  force acts  on  a  roek-fi11  dam  having  a  straight  line slope

as  mentioned  above,  the  shape  of  the  slope  ehanges  to a  eurve  whieh  is

eonvex  upwards.  This phenomenon  results  from  the inereasing vibration

from  the bottom to the top  of  the  dam. The  angle  from  the horizontal

under  earthquake  condition  (the angle  A  is given  by A  
--

 tan 
'i
 K,, Kk  being

seismie  coeMcient)  considered  in the  seismic  ceeMcient  method  increases as

vibration  inereases, and  this fact has been eenfirmed  on  existing  dams.

  Aecordingly, the  dynamic  angle  of  repose  deereases from  the bottom  to

the  top  of  the  dam.  The  slope  angle  of  the  dam  deereases and  the convex

curve  approaches  a  circular  arc  with  an  inerease in the seismic  eoeMeient.

  Finally, the shape  ef  the slope  of  the dam  shows  a  circular  arc  (this circle

is referred  to as  the  seismic  coeMcient  circle)  when  subjeeted  te the forees

corresponding  to the  maximum  seismic  eoeMcient  for the design of  the  roek-

fill dam  (Refer to Photos. 2 through  5 and  Fig. 9). Half of  the  center  angle

for the  eireular  arc  (called the angle  of  the seismie  eoefieient  eirele, e) equals
the  dynamic  angle  of  repose  a  of  the slope  at  the bottom.
  Using the  seismie  coeMcient  eirele,  all earthquake-resistant  cross-sections

ranging  from  multi-step  eross-seetions  to triangular eross-seetions  can  be
obtained  graphieally.  (Refer to 3.2, Fig. 8 and  Fig. 20.)

  The  basie eonsideration  in obtaining  these  earthquake-resistant  cross-

sections  is to keep  the  stability  of  the dam within  a  eertain  limit of  seismic

coeMcient,  limiting the slope  of  the  earthquake-resistant  cross-section  to be

Photo, 2, Model  before vibratiQn
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                                                          x

                      Fig.!8. Seismic coeMcient  circle

equal"to  or  less than  the slope  of  the tangent  at  point E' on  the arc  BAC
of  the seismie  coeMcient  circle  at  the same  height as  the top P' of  the

earthquake-resistant  cross-section  (ABF'C) formed within  the seismic  coef-

fieient circle  (Fig. 8).
  Now  using  the seismie  coeMcient  circle  drawn at  a  =  e, the formula for
obtaining  the slope  angle  of  a triangular earthquake-resistant  cross-section,

B, mentioned  above,  is as  follows:

  if Zl7',CD -  B

    zlii,OE, =  B

                   D,Fi, =-  O,F"-OD  =  reosB-Tcose

                   tans=  
DF"

 =  
cosB-cosO

                                     sin  e                           DC

                   eos  (0-B) ==  cos2  B .............................(10)

Next, the slope  of  the triangle being approximated  by the triangular  cross-

seetion  as  mentioned  above,

  if ZFTCD  =  B'

                Dlii =  oF-oD  =  r(cos  ± e-cose)
                DC  :=-  rsin0

                                      cos  1 e-coso

                 rs' ,..  tan-t 
DF

 =tan-i  
2
 

･････..･..･
 (11)

                           DC                                           sin e

and  for the cross-section  of  a  trapezoid  which  has the  same  height as  the

y'
[A

'!dM..dx''
x(r=xr-x

'
F' G E'

E E

NNN

xNNe!2vN

'N
e

fi'pfiiC

B XDx e

P o Q
11
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center  point of  the  circular  are,

  if zCACD  =-  B"
                         AD  =  AO-OD

                         AD  =  r-r  cos  e

                 B"[tan-i AD  ..  tan-t 
r(1'COS0)

                                         r  sin  e                           DC
                                                  ..............(12)

                    =  tan-i 
1-cose  =  e

                             sine  2

thus B, B' and  S" for praetieal use  can  be obtained  as  functions of  e by
equations  (10), (11) and  (12) as  follows:

                  S =  O.416 0
                                                  ..............<13)

                  rs' =  o.37ser-o.3g2e  (e =  loo r-goe)

Since B' may  be used  as  an  approximate  solution  for S,

                             B, =:  O.4 e ..........................(14)

                            B" =  O.5e...........................(15)

  The coeMeient  of  equation  (15) is constant  for any  e. Therefore if the

angle  of  seismic  coeMcient  
"e"

 for any  seismic  eoeMcient  is obtained,  the

earthquake-resistant  cross-section  ean  immediately  be obtained  by means  of

equations  (10) through  (15). (Refer to Figs. 14 and  15)

  The  proeess by whieh  the seismic  eoeMcient  eirele  is formed  will  be ex-

plained  subsequently.  The circular  arc  does not  actually  exist.  However,

K.  

K.K,,K.K.

 Change

thquake

Fig. 9. in cross-sectiom  durimg

thquake

yibration



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnicalSociety

12 SOILSANDFOUNDATIONS

ns

   50:
 40･::

 36x

  2o-ene<

   10

Fig.

-

'

a=44,Oxlo-O.4eTxK
i

o

10. The

   the

      O,5 1.0 L5

      K (SelSmic ceelfieient)

relation  between the  seismic  coeMeient  and

static  a"d  dynamic  angle  of  repose

g

1.0

O.1

'. t..ttttt

ttt.tttt.t

es"k-r6,fvy';:s

t"o'gJ

v-6"9e

t",,xi'!p
t"o'F.V,-t'"'NFodiee'die

O, 1 e.s
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the  triangular eross-section  can  always  be obtained  from the above  theory.

For  instance, when  the earthquake  force is zero,  the triangular cross-section

(B =  a,) is formed with  statie  angle  of  repose  a,, and  then the angle  of

seismic  coeMeient  circle, "e,"
 can  be obtained  by equation  (13) using  this

value  of  a,.  Therefore, it is possible to obtain  the seismie  coeMeient  circle

for any  seismic  eoeMcient  from the theoretical point  of  view.

  Therefore, the triangle obtained  from both the existing  triangular cross-

section  and  equations  (13) and  (14) is called  the basic triangle.
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  Changes  of  the shape  of  the slope  to the arc  of  this seismic  eoeMcient

circle  for any  seismic  coeMcient  can  be obtained  experimentally  and  there
are  following relations  among  the angle  of  repose,  the seismie  coeMcient,

and  the height of  dam  (Figs. 10 and  11).

                          a=  cr, exp  (b･K) .........,.............(16)

where

     a  : dynamic angle  of  repose

     a,:  statie  angle  of  repose

      b : an  experimental  constant

                             C ==  (K/Kh>- ........,..,.............(17)

where

      C : 1-(height  of  dam  at  a  certain  plaeelheight of  dam)
      K:  seismic  coeMcient  of  dam

      Kh: selsmic  eoeMcient  of  the base of  dam  (K when  4=  1)

      to:  an  experimental  constant

Equations (16) and  (17) and  Figs. 10 and  11 are  obtained  with  the f611owing
experimental  method.

  First of  all, the changing  proeesses of  the  shape  of  the slope  to the exist-

ing seismie  coeMcient  circle  for any  seismic  eoeMcient  are  measured  with

the  experiment  deseribed below.

  After drawing 5cm  mesh  graph  on  the  glass whieh  is the front face of

the vibration  apparatus,  the changing  shapes  of  the cross-seetion  for eaeh

seismic  coeMcient  are  recorded  during a  vibration  test. The dynamie angles

of  repose  at  the bottom of  the dam  are  measured  with  a  slope  gauge,  and  at

the same  time, the seismic  coeMcients  are  also  measured  by means  of  an

accelerometer  buried in the bottom of  the dam.

  From  the readings  of  cross-section  figures in this graph, the  dynamic angles

(1)･･

(i)'".,
 ･a'isiyi

al]"riyi

dXi

              AXI

Fig. 12. Measurement  of  ai  from  slope  figure in any  seismic  coeMcient  Kb
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of  repose  for each  height are  determined  using  the expression:  AyilAx, =

tan a`. The value  of  a,  in dy,ldx, ==  tan a,  is the same  as  the value  measured

by the slope  gauge. (Refer to Fig. 12)

  In Fig. 10, the relation  between ev, and  the seismic  coeMcients  determined

by the accelerometer  is plotted in a  semi-logarithmic  scale,  from which

equation  (16) is obtained.

  If K  is obtained  by substituting  cr in equation  (16> for the dynamie angle
of  repose  cri of  each  height, K  corresponds  to Kl for each  height. The rela-

tion between  the seismie  eoeMcient  K  and  the height is shown  in Fig. 11;

in this ease,  C on  ordinate  axis  and  K  on  abscissa  are  plotted in a  logaTith-

mic  scale.  Equation  (17) is a formulatien of  Fig. 11. The term  to is an

experimental  eonstant  which  depends upon  the angle  of  internal friction and

the grain shape  ef  materials  to be used.  From  equations  (16) and  (17),

                        cr =  ao  exp  (b･Kh.4iltv)

and  also  from dCldV  =  tan cr, the configuration  of  the dam  from  the toe to

the top is given by

                    ab =  !i tan (a,･expdC(b.Kh.ciit")) '''''''''''''･･･(18)

where  de: length of  base from toelheight of  dam.

  From  the  configuration  of  the dam, the slope  B of  the eross-seetion  of  the

basic triangle can  be obtained  in a  similar  way  to the basic eonsideratien

in obtaining  the  earthquake-resistant  cross-section  forrned in the seismic

coeMcient  circle. Figs. 14 and  15 shew  ealculated  va]ues  of  B of  the con-

figuration of  the  dam  shown  in Fig. 9, and  the value  of  a  in Figs. 14

and  15 is the same  value  as  cr in Fig. 10. Also, from the result  mentioned

above,  the relation  between e and  cr is shown  as  follows:

                          0=  f(a) =  B!O.416.....................(19)

where

                       B =  ev,･exp  (-m･cr･K6)

Accordingly, e for static  and  earthquake  conditions  can  be obtained  as  shown

in Figs. 14 and  15.

  As shown  in Figs. 14 and  15, if a semi-logarithmic  scale  is used,  e can

be expressed  by a  straight  line. Therefore, the theoretieal seismic  coeMcient

circle  can  be drawn, and  from the engineering  point of  view,  if e is obtain-

ed,  the earthquake  resistant  cross-section  (basic triangle) for any  seismic

eoeMcient  may  be determined. The practical method  of  analysis  will  be
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      3. STABILITY  ANALYSIS  OF SEISMIC  COEFFICIENT  CIRCLE  METHOD

3.1 The methoel  to obtain  the angle  of  seismic  co(ij7icient  circte  
``0"

  For praetica} stability  analysis,  a  graph  is to be drawn  for obtaining  the
angle  of  seismic  coeMeient  circle,  e, for any  seismic  coeMcient  as  mentioned

before.

  1> First of  all, the static  angle  of  repose  a,  of  rock  material  is measur-

ed.  As  the cohesion  is zero,  the angle  of  internal friction ip is equal  to a,.

Roek materials  to be actually  used  for the fi11 should  be used  to obtain  this

value.

  2) A  laboratory experiment  is carried  out  using  a  similar  material  which

has the same  ip as  that of  the rock  material,  or  the actual  material  if possi-
ble. In this ease,  there is no  significant  relationship  between  the size  of

stones  and  the scale  of  model,  but only  a  relationship  between a  and  a,.

Vibration table

Fig. 13. Front

  -  Earthqueke forcc

view  of  model  
'test

 apparatlls

  100"Z

 
6US-

 i:V
 

30e.E

 2o

10

,.."e.,

l
t

l i
1

1]

tt.. tttt
-L .t.

e!=96.15/-/lo-Loes-KoT'-tt--t.L

=l..-ttt.'//m

1,:.ab=fiett+:-tLa==40.0xloe.sgs'.K-t..fi.4e.exlo]･oo:-K.

Oln's-.=....a,1/

`

ie"ttt'

:

Oe,1O.2e.3O,4D.5O.6O,7

                                Ki= Km

            K. (Seismic eoefficient  Lvhen g#1)

Fig. 14. The  relation  between seismic  coeMeient

         and  e, a  and  P (Zone 3)



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

16 SOILS  AND  FOUNDATIONS

              O.

           n

           ?
           tu ao
           es 50
           as-
             40

           
g.･

           230  e.
           ta

           E
             20 .....

             10

                                               K.-' K. 
"h'..

                          Ko(Seismic  c"effic;ent  "'hen  g=1)

               Fig. 15. The  relation  between  seismie  coeMcient

                        and  e, a  and  P (Zone 2)

  3) The dynamic  angle  of  repose  cr when  the  seismie  eoeMcient  cirele  is
actually  formed is obtained.  The  authors  used  the  apparatus  shown  in Fig.
13 and  measured  the dynamie angle  of  repose  cr.  at  the base of  a  rnodel

dam  when  a  circular  arc  was  formed  after  the  application  of  horizontal vi-

bration. At the same  time vertical  vibration  was  applied,  but its influence
was  small  as  eompared  with  that of  the horizontal vibration.  As  a  result

ae  and  (u.  can  be obtained.

  4) The  relations  among  e, a,  S, and  the seismie  coeMcient  are  indieated
in Figs. 14 and  15. In this case,  B in equation  (13) is approximated  by
BIB"ie.4e.  Now,  if e is e, when  the seismic  coeMcient  is Kh =O,  and  e

and  B are  e.  and  x{l., respectively.  When  cr. was  obtained  for Kli =  Kin,
eo =  aelO.4,  cro =  /9o, e. ==  a.  and  S.iiO.4cr. are  obtained.  Refer to equations

(13), (14), and  (19>.
  Initially, the seismic  coeMcient  Kli is on  the abscissa  and  the angle  is on

the ordinate.

  After cr, and  e, were  plotted at  Kh ==  O and  at. and  S. were  plotted at

K6 ==  K., B for any  seismic  coeMcient  is obtained  from the straight  line
connecting  points of  a,  =  l9, and  B., and  a  and  0 are  obtained  by conneet-

ing points  of  a,  and  a.,  and  eo and  e., respectively,  as  shown  in Figs. 14
and  15. From  the graph  in Fig. 14, it is easy  to design an  earthquake-

resistant  cross-section  (basie triangle).

  However,  from the practieal point of  view  it is neeessary  to design not

only  triangluar cross-seetions  but also  other  types  of  cross-sections  consisting

of  more  than  two  kinds of  roek  materials.  Various seetions  have  to be
examined  also  for economic  cornparisons. Therefore, both this graph  and

the following method  are  used  for the design of  a  roek-fi11  dam.
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3.2. Graphical methocl  to clraw a  seismic  coEU7icient  circle

1) For a  given  width  of  the base of  the dam  (Fig. 16):
  i) Draw  a  straght  line BC  representing  the  width  of  the  base and  deter-

     mine  the mid-point  D.

  ii) Draw  a  vertical  line at  right  angle  to BC  through  the mid-point  D.

t

iix,B'

Fig. 16,Drawing  the seismic  coeMcient

    width  of  the  base  of  the

              A
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Fig. 17.Drawing  the seismic  coeMcient  circle  for a

   giyen  height  ot  the dam
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 iii) Draw  a  straight  line crossing  the vertieal  line l at  angle  e.

 iv> Draw  a  line through  point C in parralel with  the straight  line.

  v)  The  point where  the straight  line crosses  the vertieal  linetis assum-

      ed  point O. (O is the origin  of  the  seismie  coeMeient  circle).

 vi) Draw  a circle  with  radius  OC  in whieh  O is the eenter.  This is the

      seismie  eoeMeient  cirele.

2) Fora  given  height of  the dam  (Fig. 17):

  i) Draw  a  straight  line AD  representing  the height of  the dam.

  ii) Draw  a  straight  line at  right  angle  to AD  through  point D.

 iii) At  point A  draw a  straight  line with  angle  0' =:  (1800-e>!2 to AD,

     and  the point  where  it erosses  the straight  line l is C.
 iv) At point C, draw a  straight  Iine with  angle  0' to AC,  and  determine

      the  point O  where  it erosses  the extension  of  AD.

  v)  Draw  a  eire]e  of  radius  OC, with  its eenter  at  O. This is the seismic

     coeMcient  circle.

              4. EXAMPLES  OF  APPLICATION  OF  THE  THEORY

                (Design of  the  rock-fi11  darn with  asphalt  faeing)

  The Ministry of  Agrieulture and  Forestry has decided to construct  a  rock-

fi11 dam  with  asphalt  facing as  a  surface  waterproofing  layer at  Peipenai in
Hokkaido.

  The  dam  for irrigation purpose  will  store  about  200,OOO tons of  water  and

will  be 57.4m  in height. The design ealls for the use  of  gravel  avai]able

from  a  river  bed and  the  safety  of  the dam  against  earthquake  forces with
the seismic  eoeMcient  Kh =  O.15. This dam  was  first designed by  the slip

cirele  method.  However, as  the result  obtained  from  model  tests was  not

satisfactory,(9'  the new  theory was  applied  to the design work  of  the dam.
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  This dam  is not  yet  construeted,  but a  model  test of  the new  design has

given satisfactory  results.  In application  of  the theory to the design of

this dam, the stability  analysis  and  experiments  were  earried  out  at  a

seismie  coeMcient  Kh ==  O.18, differring from Kh =  O.15 originally  deeided,
in order  to provide  safety. The  static  angle  of  repose  a,  of  the materials  of

Zone  2 and  Zone  3 shown  in Fig. 18 were  found  to be 440 and  40', respec-

tively, and  of  eourse  eohesions  were  zero.

  The  dynamic  properties  of  materials  are  shown  in Figs. 14 and  15. From
Fig. 15, the slope  re of  Zone  2 at  K6 =:  O.18 is 28023', and  from  Fig. 14,

the slope  S of  Zone  3 is 26e34'. Finally, an  earthquake-resistant  eross-

section  as  shown  in Fig. 18 was  obtained  by both the ealeulation  and

graphical  methods.

  The  result  of  a  model  test in the Iaboratory eoineided  with  the value  of

stability  analysis,  i.e., the  seismic  coeMeient  when  the top began  to collapse
was  K" :=  O.18, and  this theory was  confirmed  to provide safety.  As  men-

tioned above,  the design which  calls  for the use  of  gravel from  the river

bed was  accomplished  rationally  and  economically.

                           5. CONCLUSIONS

  The  design of  earthquake  resistant  dams has been extensively  studied,

but has not  reaehed  the point where  its use  is practical in detailed design
work.  This paper presents  a  new  method  of  analysis  for rock-fi11  dams  con-

sisting  of  cohesionless  material.  It is pointed out  that there  is a  contradic-

tion when  the slip eirele  method  such  as  the Swedish Method,  which  is
primarily  for earth  dams, is applied  to rock-fill dams, and  that in model

tests in the laboratory, the slip  eirele  method  does not  indicate the slope

failure eorrectly.  Materials having c  and  ip should,  therefore, be differenti-

ated  from materials  having only  ip, i.e., different rnethods  of  analysis  should

be applied  to soil materials  and  rock  materials.

  If a dam  is a combined  strueture  such  as  an  earth  and  rock-fi11  dam, it
is desirable to use  both the analytieal  method  expressed  by equation  (7) and
the  seismic  coeMcient  circle  method.

  The seismie  coeMeient  circle  method,  newly  proposed  in this paper,  ean

easily  be used  to determine earthquake-resistant  cross-section,  if the statie

angle  of  repose  and  the dynamic  angle  of  repose  when  the seismic  coef-

fieient cirele  is actually  formed  are  determined, and  if also  the  seismic  coeM-

cient  at  that time is known.

  The  authors  hope that this theory is able  to give a new  guidance for the
earthquake-resistant  design of  rock-fi11  dams  for whieh  there is no  satisfactory

stability  analysis  method,  and  also  that  it can  be applied  to other  problems
such  as  shown  in the appendix  given  herein.
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                         NOTATIONS

an  experimental  constant.

cohesion  of  the slope-forming  material.

safety  factor.

height of  dam  (height at  n  =  1).
area  ratio  when  circular  arc  is given.
seismic  eoeMcient  of  dam.
seismic  coeficient  of  base (design seismic  coeMcient).

Iength of  the circular are of  a slip  surfaee.

abseissa  (n l  1) indicating the width  of  dam  in which  1 is origin.

veTtical  component  of  the  weight  of  sliding  mass.

seale  ratio  of  cross-seetion of  dam.
tangential component  of  the  weight  of  sliding  mass.

dynamie angle  of  repose.

static  angle  of  repose.

angle  of  the  slope  of  the sliding  surface.

unit  weight.

a  variable.

1-(height  of  dam  at  a  certain  plaee/height  of  dam.)
angle  of  internal friction of  the slope-forming  material.

vertieal  distance to slope  (indicating height on  the ordinate).

base length from the toe of  slope!height  of  dam.
an  experimental  eonstant.
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     APPENDIX.  ANALYSIS  OF  ANCIENT  PYRAMIDS  IN EGYPT  AND  MEXICO

  Pyramids are  geod  examples  of  existing  struetures  which  have  resisted

earthquakes  for a  long time. Fig. 19 shows  an  analysis  of  an  earthquake-
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               Fig, 19. ALn analysis  of  Pyramids  in Egypt by  the

                      seismic  coeMcient  cirele  method

resistant  strueture.  The diagonal cross-section  AABC  of  the largest pyramid
in the world  construeted  about  4500 years  ago  in Giza in Egypt is equal  to

the basie triangle obtained  by the seismic  coeMeient  circle  with  the angle

of  seismie  eoeMcient  circle  of  1010. The  slope  B  of  the diagonal eross-

section  is B =  O.416× 1010 =  42001' by equation  (13), and  it coineides  with

the value  caleulated  from  the  measured  slope  angle  of  51052'. The height
of  481.4 feet also  coincides  with  the measured  value.

  Furthermore,  rhomboidal  pyramids  eonstructed  in Dahchur  before the above

pyramid  and  having  two  step  slopes  can  be analyzed  with  the combination

of  the angles  of  seismic  coeMcient  circle,  1010 and  900. The cireular  are

B  I for e =  1010 is equally  divided into three parts by  points J and  K. The
tangent at  point  J on  the circular  arc  is transferred  in parallel so  that  ED
(the slope  of  the first step  of  the pyramid)  is determined. point  E can  be
obtained  by transferring point K  in parallel with  straight  line FO.
  Next, the angle  B" of  the  basic trapezoid cross-seetion  obtained  from the
seismic  coeMcient  circle  FOGI  with  the angle  of  seismic  coeMcient  eirele  of

900 beeomes 450 aeeording  to equation  (15). If with  this value  of  B" a

straight  line is drawn  through  point F, FE  (the slope  of  the  se ¢ ond  step  of
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Photo.  6. Solar ?yramid  of  Teotihuacan  in Mexico
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       Fig. 20. The  seismie  coeMcient  obtained  roughly  from  photograph

the pyramid)  is determined. The pentagon  FOGHDE  shown  by solid  lines

in Fig. 19 becomes the diagenal cross  section  of  this pyramid.  The dotted

lines give  the aetually  measured  angles.  The  difference between  the  solid

and  the  dotted lines is considered  to be probably  due  to the surveying  errors

and  settlements  of  the pyramid, considering  the reference  (1) page  98.

  Aecordingly, of  these two  pyramids,  the largest in Giza is more  stable  to

earthquakes  than the one  in Dahshur.  Solar pyramid  of  Teotihuacan in

Mexieo  shown  in Photo. 6 can  also  be analyzed  by  the  multi-step  earthquake-

resistant  cross-section  of  the seismic  coeMcient  method  as  shown  in Fig.

20.
                                                  (Received March  1, 1969)


