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                                    ABSTRACT

  The  framewovk of  a  methodology  proposed  by the  authors  to  evaluate  the  permanent
deformation of  embankments  due  to earthquake  motions  is briefly presented fust. In the  proposed
method,  both static  ana  dynamic stress  analyse$  are  performed  by the finite element  technique

to deterrfiine the stress  conditions  of  the finite elements  in an  embankment  both before and

during an  earthquake.  Based on  the  characteristic  features of  the dynamic stresses  during
earthquakes,  static  and  dynamic stresses  are  applied  to laboratery specimens  to simulate  the

in-situ stresses  as  precisely as  possible. The  moduli  of  the soils  used  in the  original  static

analysis  are  modified  through  softening  parameters in accordance  with  the residual  strain

potentials  of  each  element,  Using  the modified  moduli,  the  residual  deformation of  the

embankment  is evaluated.

  The  methodology  is applied  to two  embankments  in Japan which  suffered  severe  damage during
past  earthquakes.  The  first case  study  gives a  calculated  permanent  displacement as  large as

1.81m,  indicating censiderable  instability of  the embankment  which  actually  failed completely.

In the  second  case  study,  the  calculated  settlement  is 27crn, compared  to the observed  settlement

of  21cm.  Therefore, the  results  of  the analyses  show  reasonably  goed  agreement  with  the
observed  deiormations of  the  embankments  due  to the earthquakes.

Key  words:  case  study,  deformation, dynamic, earthfi11,  earthquake,  finite element  method,

laboratory test CIGC: E8fD7)

INTRODUCTION

  Evaluation of  seismic  stability  of  embank-

ments  has been an  issue of  major  concerns  in the

geotechnical  engineering  in seismically  active

regions  in the  world.  Pseudo-static analysis

has been used  as  a  useful  tool  to infer the

possibility of  instability or  failure of  such  soil

structures  duringearthquakes. Finite element

method  has also  been used  for the seismic

stability  analysis  of  dams. In this method,

states  of  stress  both prior to and  during an
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earthquake  are  calculated  and  compared  with

strength  of  soils  determined from laboratory
cyclic  loading tests to assess  the factor of

safety  of  the  soil  in each  of  the finite element

grids in a cross  section  of  the dam. Then
it becomes pos$ible  to draw a  picture  of  spatial

distribution of  the factor ef  safety  in the  dam,
thus  permitting  the  overall  performance  of  the

dam  to  be assessed.  This method  requires,

however,  a  certain  Ievel of  sound  judgement
to ebtain  a  satisfactory  answer  to the  evalua-

tion on  the seismic  stability  of  embankments.

  There are  several  embankments  which  suffer

damage  due to large residual  deformations
without  apparent  sliding  failures. In railway

embankments  even  a  limited deformation may

cause  an  operationai  disorder and  the large
settlement  of  an  earth  dam  involves a  reduction

of  freeboard and  leads to overtopping  once  in
a  while.  In view  of  the needs  for analytical

tools  Lee  (1974) suggested  a  method  to obtain

a  deformed configuration  of  dams  due to the

shaking  ef  an  earthquake.  In this methed,

permanent  or  residual  strains  developed in each

finite element  are  first assessed  based on  soil

characteristics  obtained  from  a  series  of  labora-
tory  tests. Then, an  initially assumed  stiffness

of  the soil  for the  pre-earthquake  condition

in each  finite element  is reduced  so  that it
becomes compatible  with  the amount  of  resid-

ual  strains  evaluated  as  above.  By  allocating

this reduced  stiffness  to each  element  of  the

dam, a  static  analysis  is made  to obtain  the

overall  deformation of  the dam. This method

is based on  the assumption  that seismieally

induced deformations are  due to the softening  of

soil  by seismic  shaking  so  that following the
earthquake  the dam  will  change  its shape  com-

patible with  a  new  softened  stiffness  of  soil

under  the sustained  gravity. Somewhat  differ-
ent  approach  was  used  by Seed (1979) to
obtain  residual  deformations of  a  dam,  In this
method,  nodal  forces necessary  to produee the

e$timated  amount  of  strain  potential are  com-

puted for each  element  and  applied  to the

nodal  points  of  the finite grid. A  static  allalysis

is thus  carried  out  to determine the  continueus

configuration  of  the  dam  deformed  by seismic

shaking.  These  rnethods  of  analyses  were

summarized  by Serff et al.  (1976). A  similar

method  was  used  by Taniguchi et al. (1983).
  In the  above-rnentioned  methodologies,  it

is essential  to evaluate  accurately  the amount

of  residual  strain  potential  of  soils  composing

an  earth  structure,  Since the deformation
characteristics  of  soils  depend largely on  an

existing  state  of  stress,  the  laboratory test

should  be the one  which  can  simulate  the

in-situ stress  conditions  as  precisely as  possible,
Such  precise simulation  of  the  static  as  well

as  dynamic  loading conditions  by the use  of  a

triaxial torsion  shear  test apparatus  was  studied

(Ishihara, 1983) and  integrated into a  method-

ology  to evaluate  the permanentdeformation
of  earth  dams  by a  combined  use  of  static  and

dynamic  response  analyses  (Kuwano and

Ishihara, 1988). In this paper, applicability  of

the method  of  the analysis  will  be examined  by
comparing  estimated  performances  with  actual

case  history observations  on  two  embankments

which  were  damaged  during recent  large
earthquakes.

PROCEDVRES  FOR  DETERMINING

PERMANENT  DEFORMATION

  Soils composing  an  embankment  are  gener-
ally  subjected  to shear  stresses  in the  static

condition  due to gravity. These  preearthquake
shear  stresses  have an  essential  influence on

the  development of  permanent  deformation of

the  embankment  resulting  from earthquake

loading. Then, to assess  residual  strains  based
on  laboratory test  results,  it is necessary  to

reproduce  in-situ states  of  stress  both prior to
and  during an  earthquake  in laboratory soil

samples.  Procedures to be followed in the

proposed  methcdology  use  both numerical

analyses  and  laboratory tests utilizing  a triaxial

torsion shear  test apparatus.  The  proeedures
will  be described in the  following.

( 1 ) Static Stress. Analysis

  A  two  dimensional static  stress  analysis  is
carried  out  for the finite element  mesh  of

an  embanknent,  using  a  computer  program
``ISBILD"

 (Ozawa and  Duncan,  1973). The

ptogram  takes  acceunt  of  nonlinear  behavior of
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                '
soils  by changing  soil  parameters in aecordance

with  the current  state  of  stress  in the  stepwise

computational  procedure.  The  incremental
stress-strain  relationship  used  in the program
is expressed  as  follows:

 {ill1.;,,l=[
"MA.'-,"M;ilf-

,+".w"}･..

O,](ili.)

                                     (1)
in which

             E,
  M.  ==

       2 (1 +vt) (1-2vt)

     : tangential  bulk modulus,

         E,

  
A'db=2(1+v,)

 
:
 
tangential

 
shear

 
modulus,

  Et : tangential  Young's  modulus,

  vt : tangential  Poisson's ratio.

･(2) D>rnamic Response Analysis and

      Chatucteristics of Stress Changes
  A  dynamic seismic  response  analysis  is

performed  for the same  finite element  mesh  as

the  static  analysis  by using  a  computer  program
"FLUSH"

 (Lysmer et  al.,  1975).  The  pro-
gram  calculates  dynamic responses  of  soil

struetures  by the  method  of  complex  variables.

Non-linear behavior of  soil  is simulated  by
an  equivalent  linear model  in the program.
  In order  to obtain  a  characteristic  time-vari-

ation  of  the dynamic stress  inside the embank-

ment  indueed by seismic  shaking,  values  of

horizontal shear  stress,  Tvn,  computed  at each

instant of  time  are  successively  plotted versus

the  eorresponaing  va!ues  of  stress  difference,
 <Gv-ate)12, where  av  and  ah  are  vertical  and

horizontal normal  stresses  respectively.  In a

numbre  of  cases  of seismic  response  studies  on

soil  structures,  it has been shown  that  there  is
a  characteristic  mode  of  change  in the two  com-

ponents  of  shear  stresses,  that is, the shear

stress,  rvn,  increases or  decreases in proportion
to  the stress  difference, (ov-ah)!2. For  ex-

ample,  Fig. 1(a)  is a  trajectory of  two  shear

stress  components  in an  element  located in the
middle  of  Kokubo  dam  (Kuwano and  Ishihara,
1988), Then, this characteristic  feature of
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  Fig. 1. Stress variations  in finite element

      during  earthquake
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   Fig. 2. Characteristies

       stresses  caused  by

stress  alteration  is

line relationship  as  shown

2P  be the slope  of  the
              '
                Tvh

     
tan2

 P= (o.-ah)!2 
=:

  It is noticed  that, in the
implies the direction of

stress to the vertical.

mentioned  that, for the

of  stress,  the direction of

is approximately  fixed
the  application  of

also  noted  that

45 degrees from  the

is the  plane on  which

stress  acts.  Having  thus

of  the  plane of

each  element,  it becomes
time  histories of  the

Tm,  the  stress  difference,
mean  principal  stress,

on  the plane of  the

through  the use  of  the

x
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         Cb) Shear  stress  and  normq[  stress

           en the p[ane cf maKimum  sheqr
           stress

         yariations  of  cyclic

         earthquakes
                      '

    represented  by a straight

           in Fig. 2(a).  Let

        line,

          const.  (2)

           above  equation,  P
          the major  principal
        Therefore, it may  be

          dynamic  increments

           the  principal stress

       for each  element  during

    earthquake  shaking.  It is
the  plane  rotated  by an  angle  of

     principal stress  direction
         the maximum  shear

          known  the direction
the  rnaximum  shear  stress  for

          possible  to compute

       maximum  shear  stress,

         (Oim-osm)12, and  the

         (aim+asm)f2, acting

       maximum  shear  stTess

        following formulae,
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    (a) Computed  stress

        system

     Fig. 3. Transformation

         laboratory triaxial

 at.-a3m  av-aza

    2 
=
 2 

COS2Po+Tvltsin2P.
 (3)

       av-oh
              sin  2Po+rtrccos  2Po (4)Tm=-

         2
     alm+osm  ov+on

 
a.=

 2=2  (5)

In the abeve  equations,  aim  and  osm  denote the

normal  stresses  acting  on  the planes of  the

maximum  shear  stress  as  illustrated in Fig. 3,
and  the  direction of  the maximum  shear  stress,'

Po, is given by Eq. (6) using  the  value  of  P
previously  determined.

            p.=p-4s" (6)
From  the  engineering  point  of  view,  the stress

difference component,  (aim-a3m)12, can  be

neglected,  since  it is always  approximately  zero

as  easily  verified  by  introducing Eqs.(2)  and

(6) into Eq. (3). .

  On  the plane of  the maximum  shear  stress,

not  only  the maximum  shear  stress  but also

another  important component,  the mean  prin-

cipal  stress,  am,  is $hown  to change  with  time

in a  characteristic  manner.  In order  to obtain

more  insight, changes  in the mean  principal
stress  are  plotted  versus  the  corresponding

changes  in the maximum  shear  stress,  as

       or p'

      (b) Principat .stresses
         and  maximum
         shear  stress

of  computed  stress  system  to the

torsion shear  test

                 
       .f

 

          

          

                  /I
                 1ct oad
               a

             (c) Stress system  to

                 ?he,rStftirPd,,u,c,edin
        stress  system  to be used  in the

                        -

      in Fig. 1(b)  for example.  It may  be

       this figure that two  components  of

      vary  along  the approximately  straight

       the  diagrarn in which  the maximum

            Tm,  is plotted  versus  the normar

      am,  Let the  slope  of  the straight  line･

          by 2, as  illustraited in Fig. 2 (b)..
      one  obtains  a  relationship  as,

            om  (ai+o3)f2

shown
    .seen

 mstressline

 onshear

 stress,

stress,be

 denoted
Then,

                         =const.  (7)     tan2-
           Tm  

M
 (oi-as)!2

where  at and  a3  denote dynamic components,

of  the  major  and  minor  principal stresses.

  As  mentioned  before, the direction of  the

rnajor  principal stress  is fixed approximately

during the  earthquake  with  respect  to dynamic-
stress  components.  Stress components  in the

element,  which  is rotated  from the  fixed direc-

tion  of  the major  principal stress  by an  angle

of  a  as  shown  in Fig. 3(c), are  calculated  by'
the following equations:

           al+a3                   al-a3

                        cos2cr  (8)       
a-d:=:

 2 
+  2

           al-os

        Ta=  2 
sin2cv  (9)/

           al+a3  al-as

       
ard=

 2 
-
 2 

cos2a
 (10),
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When  performing tests using  a  triaxial  torsion

shear  test apparatus,  the stress  components  of

cyclic  or  irregular loadings that can  be easily

･controlled are  vertical  and  torsional stresses,

and  the  dynamic alteration  in the latera] stre$$

needs  to be zero.  Therefore, the dynamic
normal  stress  cerrespondjng  to the lateral
stress  should  be equal  to zero  in order  to
simulate  the in-situ stress  conditions  in the

torsion  $hear  test apparatus,  i. e.  opta=O  in Eq.
･(10). Thus  from  Eqs.(7)  and(10),

 cos2ev=  
al+a3

 ..  
am

 ..tan2  :const.  (11)
         al-as  Tm

Consequently, the  dynamic stress  collditions

during earthquakes  can  be simulated  in the
triaxial torsion shear  test samples  by consid-

ering  the  state  of  stress  acting  on  the planes

rotated  by an  angle  of  (av-P) which  remains

approximately  unchanged  for each  finite ele-

ment  mesh  throughout the duration of  seismic

shaking.  The  stresses  to be applied  to the

soil  sample  are,  therefore, as  follows:

  aad=am+Tmcos2cr==av+ah  (12)
        . av-ah  sin2cr  sin2cr
                                     (13) Td=Tinsm2a==                          

=Tvit

                               sin2P                2 cos2P

/(3) Laboratory 7'lests and  R7rmanent

      Deformation Analyses

  Based on  the static  and  dynamic stress  anal-

yses  as  described above,  dynamic loading tests
are  carried  out.  Before applying  the  set  of

dynamic stresses  to the soil  specimen,  a  set

of  static  stresses  must  be applied  to the speci-

men  to simulate  ln-situ stress  conditions  prior
to the earthquake.  Three  components  of  static

stress are  transformed  into a  set of static  stress

cornponents  acting  on  the  planes  rotated  from
the  horizontal direction by an  angle  of  (a-P)
whichwas  determined previously.  Three  com-

ponents  of  static  stress  on  the rotated  element

will  be denoted by aac,  arc  und  Tc.  arc  isthe

static  normal  stress  on  the plane  where  the

dynamic normal  stress  can  be neglected.

  It is now  possible  to  conduct  a  series  of  the

laboratory tests  simulating  stress  conditions

both prior to and  during the earthquake  by
means  of  the  triaxial torsion  shear  test appa-

ratus.  A  test sample  is first subjected  to  a

set  of  static  stresses,  aac,  are  and  rc, under

the  drained condition,  then  to the vertical  and

torslonal  stress  changes,  aad  and  Td,  under

the  undrained  condition,  having irregular time
histories determined above.  After the  appli-

cation  of  the dynamic stresses,  the specimen

shows  residual  strains  in the  axial,  radial  and

torsional directions. They  are  transformed

back to residual  strainco  mponents  in the orig-

inal coordinate  system.  These  residual  strains

may  be taken  as  being strain  potential  of  the

soil  element  in the embankment.  The  strain

potential is the strain  which  would  be develop-
ed  if each  element  could  deiorm  freely witheut

any  constraint  by adjacent  elements.

  From  the  above  mentioned  test series,  stress-

strain  relationships  can  be constructed  for the
representative  static  and  dynamic  stress  condi-

tions. They  are  arranged  so  that interpolation
or  extrapolation  for any  given  stress  condi,tions

can  be rnade  easily  to determlne the residual

strains.  Then,  it becomes possible  to determine
three  components  of  the residual  strains  which

are  expected  to develop in each  finite element

within  the  dam  body.

  A  permanent  deformation analysis  is then

performed  by incorporating the  strain  potentiai
thus  obtained.  Since the strain  potential is that

which  would  be generated  in the soil  element

if it were  not  subjected  to any  censtraint  from
the adjacent  elements,  the overall  compatible

deformation throughout the cross  section  of

the  embankment  cannot  be obtained  by just
integrating directly the strain  potential in

the elements.  Therefore, to obtain  the com-

patible deformation, a  method  similar  to that

proposed by Serff et  al. (1976) is used.  In
this method,  a  static  nonlinear  finite element

anaiysis  is performed  with  new  soil  stiffnesses

medified  in accordance  with  the  residual  strain

potential. The  idea of  using  softening  param-

eters  in the  permanent  deformation analysis

is illustrated in Fig, 4, for the mode  of  shear

deforrnation. Point A  represents  a  state  of

stress  and  strain  in an  element  prior to an

earthquake.  During an  irregular loading under

the sustained  initial stress,  some  amount  of

residual  strain  develops, and  the  point  A  rnoves

to  point  B which  is considered  to represent  the

NII-Electionic  
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of  softening  parameter

new  state  of  stress  and  strain  after  the earth-

quake. Then,  by shifting  the initial nonlinear

stress-strain  curve  towards  the  right,  a  new

stress-strain  curve  can  be obtained  which  is
compatible  with  the  residual  strain  potential.
  A  set of  stiffness  softening  parameters is
introduced to  determine a  renewed  stiffness

and  illustrated in Fig.4. Themodulus  of  any

fraction of  the  original  stress-strain  relationship

is multiplied  by the softening  parameters  de-
fined as,

                    k
             SD=                                   (14)
                 ri+rre

                   vi

             SB=::                                   (15)
                 Zli+Vre

The  softening  parameters SB and  SD  are  deter-
mined  for each  of  the  volumetric  strain  and

the  shear  strain  respectively.  Therefore, the

tangential  bulk modulus,  MB  and  the tangential

shear  modulus,  MD,  in Eq. (1) can  be mod-

ified independently with  ease  throughout  the

analysis.  By  employing  the  modified  stiffness,

the  static  nonlinear  finite :element analysis  is
again  performed. The  displacements calculated

previously  fer the  pre-earthquake  condition

are  subtracted  from  the displacements obtained

by this second  analysis.  The  displacement field
thus obtained  is considered  to represent  a

continuous  configuratien  of  the embankment

deformed  by the  shaking  of  an  earthquake.

PERMANENT  DEFORMATION  ANALYSE  S,
OF  EMBANKMENTS

  Resurts of  analysis  using  the proposed
method  should  be compared  with  actual  case

history observations  to validate  the adequacy

and  usefulness  of  the proposed  methodology..

Some  examples  of  comparison  are  presented
below with  some  detailed acceunt  of  two  em-

bankments which  suffered  severe  damage  dur-
ing past earthquakes.

(1) Lan`iflls at  Kotobuklyama

  Kotobukiyama  landfi11s in Miyagi  Prefecture
about  270 km  north  of Tokyo  were  carried

out  in 1975 to provide IQts for housing. A
strong  shaking  with  a  magnitude  7.4 named

Miyagiken-oki earthquake  shook  the site  on

June 12, 1978 with  its epicentral  distance of

about  130 km.  During the earthquake,aland-

slide  was  triggered  on  the south  fiank of

the  landfi11s, The  slide  covered  an  area  of

about  16,OOO m2  involving about  80,OOO m3

of  soils. The cross  section  of  the embankment

both before and  after  the earthquake  is shown
in Fig. 5. The  feature of  the damage of  the

area  was  reported  in details by Kawakami  et

aL  (1979).
  Static and  dynamic analyses  were  carried

out  for the finite element  mesh  shown  in Fig.
6. The  soil parameters  used  for the static

analysis  by 
``ISBILD"

 are  given  in Table 1,
The  calculatea  static  stress  distribtttion is

O 50 100 IEO 20C･

Fig. 5. Cross sectional  view  of

Z503ZO  Cni

Kotobukiyama

295 :mo]or' 30E''

''' -";` ''
-.t-

'' L 1/

Fig. 6. Finite element  mesh  of  Kotobukiyama
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1. Values of  stress-strain

   of  Kotobukiyama  and

EMBANKMENTS

 parameter  for static  analyses

Gono  railway  embankment

103

Parameter

L Kotobukiyama

Fill

saturated

Unit weight  (kN!mS)

Cohesion (kN!m2)

Friction angle  (deg)

Medulus number

Modulus  exponent

Failure ratio

Peisson' s ratio

Parameters

r{/ 17.26

c!s' 4.9

oKnRfvoFd 18.5843O.

 855e.

 6eoO.330O.

 121L81

unsat.17.

 269.836,5843O.855O,

 600O.330O.

 121L81

Tuff

IS. 2316.739.01029O.850O.548O.327O.

 1262.

 56

Gono  railway  embankment

Embankment

15. 615,533.8822O.G88O.670O.

 193e.

 oss4.

 25

Ground

18, 154.033,11331e.494O.817O.254o.es24.

 45

shown  in Fig. 7 in the  form of  contours  of

equal  maximum  shear  stress  ratio  defined as  the

maximum  shear  stress  divided by the average

normal  stress.  It is to be noted  that the

static  state  of  stress  affects  the  dynamic re-

sponse  analysis  and  consequently  the residual

deformation in the  earth  structure  after  the

earthquake.

  The  dynamic  seismic  respense  analysis  was

performed  by using  
``FLUSH".

 The  shear

moduli  at  small  strains  under  a  confining

stress  of  98 kN!m2  were  evaluated  to be about
39, OOO lrlY/m2 and  284, OOO kN/m2  for the por-

tion  of  the  fi11s and  the underlying  natural

deposits in terrain, respectively,  from  an  elas-

tic wave  exploration.  The  strain-dependent

modulus  and  damping of  this silty sand  mate-

rial  shown  in Fig. 8 were  assumed  to be given
by the  average  of  the  representative  curves

for sandy  soils  and  clayey  soils  presented by
Ishihara (1976). The  horizontal component

of  the metion  recorded  at  Kaihoku  bridge in

tAe same  prefecture during the earthquake  was

used  at  the  base of  the finite element  mesh

as  the input motion.  The  origina  ltime histo-
ry  was  scaled  to have  a  maximum  acceleration

of  250 gal  in conformity  with  the reports  by
Kawakami  et  al. (1979) and  Asada (1981),
Variations of  horizontal shear  stress  and  stress

difference components  are  presented  in Fig. 9
as  a  set  of  trajectories for four elements  Iocated
at the same  elevation  in the cross  section.

Though  there are  some  scatters,  they  can  be
approximated  by straight  lines, as  discussed in
the  foregoing section  (see Fig 1(a)). Therefore,

the  direction of  the  dynamic  maximum  shear

stress  is determined and  this direction was  as-

sumed  to remain  unchanged  throughout  the

   Zmaxs
  Ccts+ahs2 e.i

            O.3

                                     C,3
       O,4

  e.3O.4

Fig. 7. Contours of  statie  maximum  shear

       stress  ratio
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    damping  ratio  
'

'

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

TheJapaneseGeotechnical  Society

104 KUWANO  ETAL.

Cs) ELemen ±/!gf
10C.o,i

50.0Tvh

''
a{kN!mi-son

''

-foo,o-sao ao sao loao

(pm-M)/2 , [kYrf)

    Cb)E[etnent/
 

 

f

  -oo,o  -sao ao

      (e.-on)!2

20D

  sao  too,o

, (Lua:)

    (s)Etement'2?5
 {:c

 ia

 h
  atkN,h!･-50,

-oon
 
-loc,e

 
-s2D

 o.o soD  leao

         G,tltN!rf]

    
'lb)ELememt/:CO

 

 
t

  -ooD  -fiao aD  son looo

         ein ,
 ckvm:)

 GOoo

 s:.eTvh

  aoCltNlff]-SOS-loac

(c}[[ement:303

u 1i

4i l

loce{d)
 EEemenlt  30B

 50Dr.h

-100.0

Fig.

  ao[tsnymo-50,O-ICOO

'

erssy"L-･

-sao o,o sao  leao -lcao -sao oo

 CCV-osY2,[kHt-i} CJv-M)/2,

9. Variations of  horizontal shear

and  stress  difference cemponents

 SC･,O 100,:

[kNfoi)

 stress

      ,..,i.-o."%ttVtJS7t.-Spu

" au
 

･-

r

    (c)E[ement::･C3 (d)E[ernent,30S
 lo;c fioaD

 
soo

 1 so.o

 
T:,nv

 
/ll'iv

 
T:,

[kVrf)
 i.iV [kNl.{,

                         -500
 . -50D

gooo  
'
 -le･;o

  
-rioOo

 
-sao

 o,o s:,o  1,oo.o -IDao
 -seD ao  sao  looo

         C'/",{kFVm2) .Cin.,(k･Ehu)
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Fig.10. Spatial distribution of  the plane of

maximum  shear  stress

duration of  seismic  shaking  at  each  element  in
the embankment.  The  spatial  distribution of

the direction of  the maximum  shear  stress  is
demonstrated  in Fig. 10. As compared  to a

similarly  obtained  distribution of  the- dynamic
maximum  shear  stress  for the  case'of  a  darn,
the dynamic  change  in stress  of  the half-bank
such  as  that being studied  herein seems  to

follow the same  pattern.  Another  set  of  traj-

ectories  on  the variations  of  the maximum

shear  stress  and  the mean  principal .stress for
the  same  elements  are  given  in Fig. 11, They
can  also  be approximated  by straight  lines and

thus  satisfy  the assumptions  used  in the pro-
cedure  discussed previously.

  Several series  of  dynamic loading tests were
performed  on  hollow cylindrical  samples  of

the  silty  sand  proeured･ from  Kotobukiyama
landfi11 site,  fellowing the testing procedure
explained  before, The  samples  were  com-

pacted  to a  dry unit  weight  of  rd:=14.0kN!m3
and  subjected  to a confining  stress  of  oo'=:

(aac+arc)!2=98kN/m2. The  initial deviator
stress  employed  in the tests was  varied  in
three steps  as  (oac-arc)!2oo'= O, O,2 and  O.4,
and  the initial toTsional  stress  was  changed

as  Tcloo'=O  and  O.2 The amplitude  of  irreg-
ular  axial  stress  used  in the  tests was  aad=

32, O, -46kNfm2,
 where  the plus signrefers

to what  is called  CM-test (Ishihara and  Yasuda,
1972)  in which  the  peak  in the irregular axial

stress  change  is applied  on  the  triaxial  compres-

sion  side  simultaneously  with  the application

of  the peak  in the  torsional  mode.  The  minus

sign  indicates what  is called  EM-test  in which

the peak  axial  stress  is applied  on  the triaxial

extension  side  at the  same  moment  of  the  appli-

cation  of  the  peak torsional  stress.  For  any

selected  static  stress  conditions  and  the  am-

plitude of  irregular axial  stress,  about  three
                                         '
tests were  conducted  by changing  each  time  tlie

amplitude  of  irregular torsional stress.  After
the applicatien  ef  dynamic stresses,  the residual

strains  were  determined in the axial,  radial

and  torsional  directions.

  Typical test results  are  shown  in Fig. 12 in
which  the peak  values  of  torsional  stress,  Td,
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                   with  an  increase in the
amplitude  of  irregular torsional stress.  The
residual  strain  in torsion  is very  small  with  zero

initial stress.  The  results  are  shown  in Fig. 12

(b) for the tests in which  the dynamic axial

stress  did not  fiuctuate. Fig, 12(c)  shows  the

results  oi EM-type tests. Similar trends  to Fig.
12.(a)are also  ebserved  in these  figures. From
all  the results  shown  in Fig. 12, it may  be noted

that  the simultaneous  application  of  dynamic
axial  stress  tends  to increase or  decrease the

resistance  to residual  deformation in the tor-

sional  mode,  depending upon  whether  the  test

is CM-test or  EM-test. This is apparently

due to an  instantaneous increase in cenfining

stress  in the case  ofCM-test  with  aad  =32kN!m2

as  compared  with  an  instantaneous decrease
in the  confining  stress  for the case  of EM-
test with  aad==-46kNlm2.  The  instantaneous
change  in the confining  stress  also  causes  the

appearance  of  the residual  torsional  strain  in
the opposite  direction of  the peak  torsional

stress  as  shown  in Fig. 12 (a) in the sample

which  is isotropically consolidated.

  The  development of  residual  axial  strain,

Ear,  observed  in the  test employing  the dynam-
ic axial  stress  of  aad==32kNlm2,  for example,

is shown  in Fig. 13. The  curves  in this figure

are  slightly  biased from the  origin  by the

amount  of  the  residual  strain  induced only  by
the  axial  stress  application  without  any  tor-

sional  stress  change,  It can  be seen  that the

residual  axial  strain  increases with  an  increuse

'Figl

                   '
 ao 2o 4.o 6n                          8,O
        Resldual  ±orslenaL  stra]n,Yte  Cer.}

12. 
'Torsional

 shear  stress  ratio

residual  torsional shear  strain

1O.O

yersus･

normalized  by the  confining  stress,  oo', are

plotted  versus  the residual  torsional  strains,

r}e. In each  test series  shown  in Figs. 12(a),
 'eb)

 and  <c)s･ the peak values  in the  time
history of  axial  stress,  aad,  were  kept constant
to  be 32, O, -46kN!m2  respectively.  It may

be seen  in Fig, 12(a)  that, with  the presence
ef  the  initial torsional stress,  the residual  tor-

8e"･---E

;/s.dits-o'EUEn

  

  

'
 Fig. 13. Torsienal shear  stress  ratio  versus

     residual  axial  strain
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 Fig. 15. Distribution of  strain  potentials in

     Ketobukiyama

in the amplitude  of  irregular torsional  stress.

  By  the application  of  the  dynamic stresses,

the soil sample  shows  residual  deformation
in the  radial  direction as  well  as  in the  axial

direction. The  residual  radial  strain,  Err,  is

plotted versus  the residual  axial  strain.  ear, in
Fig. 14 for the test with  aad:=321cNlm2  for

example.  It can  be found that  the  ratio  of

the radial  to axial  strain  is almost  eonstant

and  the value  of  the  ratio  changes  from nega-

tive,  when  the  sample  is isotropically consoli-

dated, to  positive, when  the sample  is aniso-

trepically consolidated,  irrespective of  the  value

of  the  dynamic axial  load.

  The  residual  strain  potential  in each  finite
element  within  the  embankment  can  be, then,

determined from the laboratory test results  by
transforming  back the residual  strains  to the

strain  components  in the original  coQrdinate

ET  AL.

 system.  The  residual  vertical  and  shear  strain

 potential thus  obtained  is demonstrated in Figs.

 15 (a) and  (b) respectively  in the form of

 contour  lines in the  cross  section.  It is seen

 in Fig. 15 that the residual  vertical  strain  is

 large in the limited area  near  the upper  sur-

 face, whereas  the residual  shear  strain  is larger
 in the zone  near  the toe of  the embankment

 as  well  as  in the upper  area  of  the  landfi11.

  From  the residual  strain  potential, the stiff-

 ness  softening  parameters, SB and  SD, are

 calculated  for each  finite element.  With  these

 softening  parameters,  the configuration  of  the

 embankment  deformed  by the  earthquake  is

 evaluated  through  the static  analysis  by fo!-
lowing the procedures  described before. The

 obtained  configuration  is demonstrated  in Fig.

 16. Distributions of  the  displacements in the

 vertical  and  horizontal directions are  shown

 in Figs. 17(a)  and  (b) respectively.  The

 calculated  permanent  displacernent at the  top

 of  the  slope  is as  large as  1.81m  vertically

 down  and  1,5m  horizontal. Since this  ap-

 proach is based on  the  continuum  mechanics,

  
eo200M

Fig. 16. Computed  earthquake-induced  defor-

    mation  of  Kotobukiyama
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slope  failure of  the  flow
occurred  can  not  be suMciently  simulated.

However, such  a  large displacement indicates
considerable  instability of  the  embankment.

It can  also  be noted  from Figs. 16 and  17
that  the area  of  large displacement is on  the

left side  of  the line connecting  the toe of  the

ernbankment  with  the mid-point  of  the upper

surface,  This line almost  coincides  with  the

sliding  surface  of  the  failure of  the embank-

ment  as  shown  in Fig. 5. Therefore, the
result  of  the  analysis  shows  good  agreement

with  the observed  tendency  of  the embank-

ment  behavior subjected  to  the  earthquake.

                                 '

(2) Railway  Embankment

  Nihonkai-chubu  earthquake  of  magnitude

7.7shook  the  northwest  part of  the Japan
mainland  on  May  26, 1983 with  its epicenter

located at  about  100 km  west  of  Akita. During
this  earthquake,  about  100 people were  killed
mainly  due to tidal waves,  and  liquefaction

phenomena  were  observed  in the  widespread

area  causing  damage of  structures.  Railway
lines, especially  Ohu  and  Gono  lines, were

heavily damaged.  Permanent deformation of

the railway  embankment  was  studied  for the

site near  Ajigasawa in Aornori Prefecture
where  the  settlement  of  21cm  was  observed

in the embankment  of  2.8m  high as  shown

in Fig. 18.

  A  static  analysis  was  carried  out  for this
cross  section  through  the u$e  of  

"ISBILD"

in which  soil  parameters  given  in Table1
were  employed.  The  calculated  static  stress

                    :2tcm
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Fig, 18. Cross gectiomal  view  of  Gono  railway

    embankment

                c.4 1

                 Xl

 Fig. 19. Contours of  static  maximum  shear

     stress  ratio

distribtttion is presented in Fig, 19 in the
form  of  contours  of  equal  maximum  shear

stress  ratio.  It is seen  that the shear  stress

ratio  is large in the zones  near  the toe of  the

embankment,  especially  near  the Ieft toe since
the embankment  does not  have  a  syrn-

metrical  shape.  
'-

  A  dynamic  seismic  response  analysis  was

performed  for the same  cross  section  by using
``FLUSH".

 The  shear  moduli  at  small  strains

under  a  confining  stress  of  98kN!m2  were

evaluated  to be about  21, OOO  kNlm2  and  44, 500/
kNlm2 for the bank  and  the greund  frem
SPT  N-values  obtained  at  the site. The
strain-dependent  modulus  and  damping of  the
materials  were  assumed  to be similar  to the
curves  shown  in Fig. 8. The  EW  component

of  the motion  recorded  at  Akita harbor dur-
ing the  same  earthquake  was  used  at the
base of  the  finite element  mesh  as  the input
motion.  The  original  time  history was  scaled

to have a  maximum  acceleration  of  72 gal
which  was  determined from a  seismic  response

analysis  by using  the cemputer  program
"SHAKE"

 (Schnabel et al., 1972).  Since the

 dynamic  stresses  change  in the  similar  manner

to those of  the Kotobukiyama  landfi11, one

can  follow the  same  procedure used  before.

  Several series  of  dynamic loading tests  were

conducted  on  samples  oi  silty sand  procured
from the site.  The samples  for the  fi11 were

compacted  to a  dry unit  weight  of  rd=13.2
kNlm3 and  subjected  te a  confining  stress  of

ao'=98kNlm2.  The  soil from the ground
deposit was  compacted  to rd=14.2kNfm3,
saturated  and  consolidated  under  a  confining

stress  of  oo'  :98kN!m2.  Since the change  in
the  dynamic  mean  principal  stress  was  replaced

by the  excess  pore pressure of  the same

NII-Electionic  
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 20 (a), (b) and  (c), the peak  values  of  axial

 stress,  athd, were  kept constant  to be 59, O,

 -57kN/m2  respectively.  A  similar  trend  can

 be found  in the  figures. The  results  on  saturat-

 ed  samples  are  shown  in Fig, 21, where  aad

 were  always  zero.  It may  be noted  even  fer

 the saturated  samples  the  re$idual  torsional

 :grrasii:nianlCrsetraeSsesS. 
With
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  The residual  strain  potential in each  finite

 element  is determined from  the laboratory test

 results.  The  residua]  vertical  and  shear  strain

 potential is shown  in Figs. 22 Ca) and  (b)
 respectively  in the  form  of  contour  lines, It

 i$ seen  in Fig. 22 that the residual  vertical
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amount,  the dynamic rnaximum  shear  stress

     was  considered  and  the dynarnic axial

stress  was  not  applied  to the saturated  sam-

  Typical test results  on  the unsaturated  sam-

    are  shown  in Fig. 20, where  the torsional

stress ratio  is plotted  versus  the  residual  tor-

sional  strain.  In each  test series  shown  in Figs.
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                       PERMANENT

strain  is large in the  ground  near  the toe of

the embankment  as  well  as  in the small  zone

of  the crest.  The  residual  shear  strain  is also

large in the zone  near  the toe of  the embank-
ment.

  Two  cases  were  considered  in the  permanent
deformation analysis  to see  the effiect of

softening  of  the  ground  on  the deformation

ef  the  embankment.  In the  first case,  the

ground  was  assumed  to be not  damaged or,

in other  words,  the values  of  unity  were

given  to the softening  parameters,  SB and  SD,
for all  the e!ement  in the ground.  In the

second  case,  the  deformation was  taken  into
account  both in the embankrnent  and  in the

ground.  The  deformed  shape  of  the  embank-

ment  in the first case  is shown  in Fig. 23,          '
It is seen  that the deformation is lirnited in
the zenes  near  the  slopes.  The  obtained

settlement  is 7.9cm at  the left edge  of  the
crest  and  it is only  2.7cm  at about  the

middle  of  the  crest.  The  configuration  of  the

embankment  deformed by the earthquake  for
the  second  case  is shown  in Fig. 24, In this

case,  the embankrnent  shows  an  overall

deformation and  the  settlement  at  the crest  is

DEFORMATION
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Fig. 23. Computed  earthquake-induced  defor-
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abeut  27cm,  while  the  observed  settlement

was  21cm.  Therefore, the analysis  provides
a  reasonably  good  range  of  deformation.

CONCLUSIONS

  The  framework  of  a  methodology  proposed
by the authors  to assess  the  perrnanent de-

formation of  embankments  due te earth-

quake  motions  is briefly surnmarized  first. In

the  method,  beth the  static  and  the dynamic
stress  analyses  are  performed  te determine
the stress  cDnditions  of  finite elements  in an

embankmentboth  before and  during an  earth-

quake. Based  on  the  characteristic  features
in the change  of  dynamic  stress  components,

static  and  dynamic stresses  in the in-situ
elements  are  transformed  into the stresse$

which  can  be accomplished  in a  seil  specimen

in the  triaxial  torsion  shear  test apparatus.

After the  dynamie stress  application  is finished,
the  soil  sample  shows  residual  strains  both in
the  triaxial and  torsional rnode  towards  the

direction of  initial shear,  The  moduli  of  the

soil  used  in the original  static  finite element

analysis  are  modified  through  the  softening

parameters  based en  the residual  strains

allocated  to each  finite element  within  the

embankment.  Using  the modified  moduli,  the

static  analysis  is again  performed,  The  de-

formation of  the soil  structure  obtained  in
the  previous static  analysis  is subtracted  from
the deformation calculated  in this stage.  The

deformation thus obtained  is regarded  as  the

continuous  pattern of  deformation of  the

embankment  indttced by the  earthquake

motlon.

  The  methodology  as  above  was  applied  to

two  embankments  in Japan which  suffered

severe  damage during past earthquakes.  The
first case  study  was  on  the  Kotobukiyama
residential  landfi11 which  was  completely  de-

stroyed  by the  1978 Miyagiken-oki earthquake.
The  analysis  gave  a  calculated  permanent
displacement 

'as
 large as  1.81m  indicating

considerable  instability of  the  embankment.

The  analysis  could  also  show  a  potential  slid-

ing surface  which  almost  coincided  with  the

 actual  sliding  surface  of  the failure. The  second
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case  study  was  on  the railway  embankment

which  was  heavily damaged  during the 1983
Nihonkai-chubu earthquake.  A  srnall  settle-

ment  of  a  few centimeters  was  obtained  by the
analysis,  assuming  that the ground  had not

been damaged, though  the  observed  settlement

was  21 cm.  However, the  calculated  configura-

tion  showed  an  overall  deformation and  the set-

tlement  of  27cm  by the analysis  taking
account  of  the damage both  in the  embank-

ment  and  in the ground. Therefore, the results

ef  the analyses  showed  reasonably  good  agree-

ment  with  the observed  deformation ef  the

embankments  ill the  two  case  studies.
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