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SETTLEMENTS  INFINE-GRAINEDSOILS  UNDER  CYCLIC  LOADING
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                                       ABSTRACT

  Based on  the methods  previously presented by the authors  (Yasuhara et  al., 1992, 1994, 1996) for predicting the
degradation in strength  and  stiffhess of  soft  clays  in the course  of  cyclic Ioading, a  methodology  has been developed  to
estimate  the          cyclic  loading-induced  settlements.  The  method  also  includes not  only  immediate settlements  but also
post-cyclic long-term settlements  due to dissipation of  cyclically  induced excess  pore  pressures in soft  soils. The  sim-

plified formulae included in the proposed methodology  are given as functions of  the  amplitude  of  cyclic-induced  ex-
cess pore pressure normalized  by the confining  pressure, ulp,'  , plasticity index lb and  factor of  safety  against  bearing
capacity  failure, 4. The calculations  of  cyclic-induced  settlements  were  conducted  for soft  soil deposits with  different
index and  geotechnical properties. The results  calculated  using  the proposed methodology  are  presented in the  form
of  a  design chart  to give the settlement  versus  normalized  excess  pore pressure ratio  relations  including the effects of
the plasticity index and  safety  factor for bearing capacity.  An  example  of  the calculated  results using  the proposed
procedure for the  earthquake-induced  settlements  of  embankments  founded on  soft  clay, is presented to demonstrate
the practicality of  the method  for design at  fields.

Key  words:  cyclic Ioading, excess  pore pressure,
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fine grained soil,plasticity  index, safety  factor, settlement  aGC:

INTRODUCTION

  In comparison  with  the cyclic behaviour of  loose sand,
soft  cohesive  soils are  believed to be relatively  stable, ex-

cept  for some  previous case  histories, because no  liquefac-

tion takes place in them  even  under  strong  motion  from
earthquakes.  Instead, instantaneeus settlements  may  oc-

cur,  possibly leading to instability and  inducing dilleren-
tial settlement  of  structures.  Extreme cases  were  ex-

perienced in the 1957 and  1985 earthquakes  in Mexico
and  the 1964  earthquake  in Alaska. In addition  to these
cases,  it has been reported  that slopes  of  sensitive  clay  in
Canada were  damaged during the Sagueney earthquake
in 1988 (Lefebvre et  al.,  1991), and  Iateral deformations
occurred  during the Loma  Prieta earthquake  in 1987
(Boulanger et al., 1998) due to cyclic  softening  of  silt

with  a  low plasticity index. From  previous works  the
authors  have noted  that  the damage  in fine-grained soils

is triggered not  only  by a  reduction  in strength  but also
by a  degradation in stiffness  (Yasuhara et al., 1994;
Yasuhara and  Hyde, 1997; Yasuhara  et al., 1997;
Yasuhara,  1999). As  a  consequence  a  methodology  has
been presented for constructing  a  design chart  to evaluate
earthquake-induced  settlements  of  fine-grained soils.

Reduction  in strength  and  stiffhess of  fine-grained soils af-

ter undrained  cyclic loading included in the method  was
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formulated from the results of  cyclic  triaxial tests and
cyclic  direct-simple shear  (DSS) tests, and  then  this was
taken  into consideration  in the methodology.  The
proposed  procedure  is practical in that  it is given in terms
of  the factor of  safety  for bearing capacity,  plasticity in-
dex and  earthquake-induced  excess  pore  pressures nor-

malized  by the confining  pressure. The  former two  items
are  easily  determined. On  the other  hand, the last item
should  be determined  using  dynamic analysis  incorpo-
rated  by a  reliable  and  realistic constitutive  relation.

However, it should  be noted  that this aspect  is not  de-
scribed  in detai1 in the  present paper. In order to estimate
precisely, the distribution of  u/pg  which  might  occur  dur-
ing the actual  earthquake  should  be determined using  a

reliable  two-  or  three-dimensional  dynamic numerical

analysis.
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EARTHQUAKE-INDUCED  SETTLEMENTS  IN
SOFT  GROUND

  Earthquake-induced  settlements  should  be considered

separately  for the two  cases,  the one  with  structures  and

the other  without  structures  on  the surface  of  the

ground, as shown  in Fig. 1. When  we  consider  the former
case  as  shown  in Fig. 1, the settlements  consist  of  both
the immediate settlement,  A Si,,y, which  is observed  just
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Fig. 1. Sketcb  of  ground  with  b"ilding structure
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Fig. 2. Sketch of  earthquake-induced  settlement  of  embankment  on

   soft  gro"nd

after  an  earthquake,  and  the post-earthquake  recompres-

sion  settlement,  AS.,, due to dissipation of  cyclic-in-

duced excess  pore  pressures. Thus, as shown  in Fig. 2 the
total incremental settlement,  A  S.,, of  ground  with  struc-

tures under  earthquakes  is generally given by:

              AScy=A  Si,cy+A Svr (1)

It is indicated from the previous studies  (Hyodo et  al.,

1994; Yasuhara et al., 1997) that excess  pore pressure
generation in soft  ground  with  structures  during earth-
quakes  decreases with  increasing initial shear  stress  (ISS)
induced by  structures,  This can  be understood  in Fig. 3
which  schematically  illustrates the  effective  stress paths
and  the void  ratio  versus  mean  effective  principal stress re-
lations in a soil element  with  and  without  initial shear

stress, during earthquakes.  However, residual  settle-

ments  increase due  to  the  initial shear  stress which  makes

the cyclic  strength  of  clays  decrease (Hyodo et al., 1994,
1998) as well  as  inducing the 1arge inertial forces trig-
gered by the motions  of  the structure  under  earthquake

Fig. 3. ENcess pore  pressures generated during undrained  cyclic  load-

   ing with and  withollt  initial static shear  stress

Structure Smallinertia

  uv

rkTcy
i     T=(o-u)tanO'

     Eamhq.  wave

(a) Liquefaction of  sand

orce

Rocking  force

Structure

Large inertia force

Ts;$*k'

(b) Cy

Failure surface

                
T=Ts+Zcy-Tf

i     Earthq, wave
clic failure of clay
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   clay  (after Hyodo  et  al.,  1994)
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conditions.  This may  produce 1arge shear  stresses  and

deformation leading to failure (see Fig. 4). It is reported
that  settlements  and  deformation in level soft  clay

grounds,  and  displacements in sensitive  clay  slopes  have
been observed  during earthquakes  such  as the 1964
Alaska, 1985  Michiocan, and  1987 Loma  Prieta.

  Although  in the case  without  a  structure  on  the ground
surface,  instantaneous settlements  would  not  normally

be observed,  post-earthquake  recompression  settlements

might  sometimes  be significant  because larger excess  pore
pressures are  generated than  in the case  with  a structure

on  the ground.  Post-liquefaction recompression  settle-

ments  in sands  occur  very  rapidly  due  to the immediate
dissipation of  cyclically  induced pore  pressures, equal  to
the  vertical  overburden  stress after  liquefaction. In the
case  of  fine-grained soils, on  the other  hand,  it sometimes
takes a long time  for earthquake-induced  excess  pore
pressures to dissipate even  if lower excess  pore  pressures
may  have been generated during earthquakes  (Zeevaert,
1987; Matsuda,  1998). Case histories pertaining to settle-
ments  of  this kind  have  been recorded  after some  previ-
ous  earthquakes  and  methods  for predicting them  have
also  been proposed  (Ohara and  Matsuda, 1989;
Yasuhara, 1995; Pradhan  et al., 1997).

A  METHOD  FOR  EVALUATING  EARTHQUAKE-
INDUCED  RESIDUAL  SETTLEMENTS  IN  SOFT
GROUND

immediate Settlement

  Figure 5 is a  key figure for the interpretation of  the

effect of  cyclic loading on  load  intensity versus  settlement

curyes  observed  in level soft  ground.  CurveI is for static
Ioading with  no  cyclic  Ioading and  Curve II corresponds
to a  case  with  earthquake  loading. If this soft  ground con-

uagE･gca

    Vertical load q

   qgNc

Fig. 5. Instantaneous settlement  of  structures  on  soft  ground  due  to

   undrained  cyclic  loadillg

 sisted  of  loose saturated  sand,  the bearing capacity

would  decrease immediately and  large displacements
might  occur  due to large earthquakes.  We  would  then

have  Curve III since, in comparison  with  fine-grained
soils,  loose saturated  sands  are  very  sensitive  to cyclic

loading. However, even  if the soft  ground  consists  of  a

fine-grained soil, the effective  stress decreases due to ex-
cess  pore  pressure generation and  this induces some  insta-
bility depending upon  the severity  of  cyclic  loads and  ini-
tial shear  stresses.

  Let us,  now,  assume  we  have a  structure  with

q(=qf,Nc!4) as  an  average  load intensity on  the soft

ground in which  the  load  versus  settlement  relation  fol-
lows Curve I before and  Curve II after  an  earthquake,  re-

spectively,  as shown  in Fig. 5. Since both the strength

and  stiffhess of  the ground degrade, additional  settle-
ment,  ASi,,y, takes place due to  an  earthquake-induced

decrease of  effective  stress corresponding  to a  shift from
A  to B  in Fig. 5. It is assumed  that the load versus  settle-

ment  Curves I and  II before and  after  earthquakes  are

formulated in terms of  the hyperbolic function respec-
tively given by  (Yamaguchi, 1977; Kusakabe and  Kawai,
1989):

                    qf,Ncq
            Si,NC=                                        (2a)
                 Kl,Nc(qf,Nc-q)

                   qf,,yq
            Si,cy=                                        (2b)
                K,,y(qf,cy-q)

where  Ki,Nc and  1(l,,y are  ground reaction  coeMcient  be-
fore and  after  cyclic  loading, respectively.  Combination
of  Eq. (2a) with  Eq. (2b) Ieads to:

           Z] ST,cy Rq (1'FLkl)
            

Si･Nc
 

=R-K

 (R,-i )
-1

 
(3)

where  ASi,cy is equal  to  (Si,cy-Si,Nc), Rq==qf,cylqf,Nc,
RK=Ki,cylKi,Nc  and  4  is the safety  factor for bearing
capacity,  By postulating that R,  and  RK  are equal  to the
undrained  strength  ratio, s.,c,ls.,Nc  and  initial secant  stiff-

ness  ratio,  Ei,cyIEZ,Nc, respectively,  we  can  adopt  the fol-
Iowing  relations  previously proposed  by the just author
(1994a, 1994b)  and  authors  (1997):

     Rq=S"'CY=nCol(1-CstCb)-1 (4a)
         Sll,NC

                      c

     RK=ii(Zl kcyc =EEk,d:}  =i-  !llq
in

 
nq

 (4b)

where  A  is 1-CslCb  (Cg and  Cc are  the  swelling  and

compression  indices respectively),  and  Ao  is the strength
ratio  parameter, given as (Mitachi and  Kitago, 1976):

                   r(s-!p')ocl
                

iOg
 [(s. lp')Ncl

            Ao=                                        (5)
                  log (OCR)
C  is also  experimental  constant,  and  is defined as (Wroth
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and  Houlsby, 1985):

                [[E.l;li:l]-i
                                        (6)             C==
                   ln OCR

while  n, is defined as:
                     1

                n,=  
u
 (7)

                    
1-tt

Finally su,Nc, su,,, are  the undrained  strengths  before and

after cyclic  loading respectively,  and  Ei,Nc, Ei,c, are  the un-

drained secant  moduli  before and  after  cyclic loading.

Both  Eqs. (4a) and  4(b) were  derived from:

                     E
                                        (8a)              K=
                 (1-v2)Bll,
              qf=(2+z)s.  (8b)

The  detailed derivations for Eq. (4a) and  Eq. (4b) from
the above  two  relations  (8a) and  (8b) have  already been

described in previous  papers (Yasuhara et  al.,  1992,

1994, 1997). The applicability  of  both Eqs. (4a) and  (4b)
has been verified.  The results will  be  presented later.

When  we  combine  Eqs. (4a) and  (4b) with  Eq. (3), Eq.

(3) can  be a  simple  function of  ulpE  and  L.

Post-Earthquake Long- Tlerm Settlement

  When  earthquake  loading is terminated, excess  pore

pressure generated during undrained  cyclic loading tends

to  dissipate, and  then  recompression  takes place due to

dissipation. Follewing Fig. 6, the void  ratio  decrement,

Ae.,, due to the effective stress  recovering  fromp' (or aC,)
to p,' (or al),  followed by the dissipation of  cyclic-in-

duced excess  pore  pressures is given by:

  Aeyr ==  C,,cy log (pc' !p'): for cyclic  triaxial tests (9a)

  Ae.=q,.  log (ol,la:): for cyclic DSS  tests (9b)

where  q,. is the recompression  index for the state  path

from B to C in Fig. 6 during the dissipation of  cyclic-in-

duced excess  pore  pressures, andpg  or  o;,  andp'  or  a;

are  effective vertical  stress before and  after  cyclic  load-
                             --  -l
ing, respectively.  According to a  previous mvestigation

using  cyclic  DSS  tests on  Drammen  clay  (Yasuhara and

Andersen, 1991), recompression  index C,,,, is approxi-

mately  related  to the ordinary  recompression  index, C,

as:

                q,,,=1.sq (lo)

Also, when  we  assume  q=O.15･C.  from the data col-

lated by NGI  (1991), and  by Yasuhara and  Andersen

(1991), Eq.  (10) becomes:

              Cr,cy=0225'Cc (11)

Thus,  if we  have a  soft  clay  layer with  height H,  post-

cyclic  recompression  settlement  A S,, is reduced  to:

                      Q
                          log n, (12)          ASvr=O.225H
                     1+eo

o.9tsuv'5>

Mean  effective  principal stress,  p'

        (log. sca!e)

Fig. 6. Recompression seulement  due  to dissipatioll of  cyclic-induced

   excess  pore pressures

where  C, can  be  related  to 4:

           C,==O.0348+O.O162･4

as proposed by  Iizuka and  Ohta (1986).

DESIGN  CHART

formulation for 7btal Settlement
  By  substituting  Eq. (3) and  Eq. (12) into Eq.  (1),
quake-induced  settlements,  A S. are  given by:

   AS.=ASi,cy+ASvr==fiSi,Nc+A{Hl(1+eo)}

where

        A (u lp') =  :l [i,--111144] 
-
 1

        A(u!p')=O.225Cb log n,

(13)

earth-

(14)

(15a)

(15b)

The earthquake-induced  settlements  of  structures  found-

ed  on  fine-grained soils as was  previously shown  in Fig. 1

and  the inset in Fig. 2 can  be calculated  using  Eq. (14)
through  Eqs. (15a) and  (ISb) when  the following informa-

tion is known:

 i) load intensity q, and  the average  width  of the struc-

    ture, B

ii) plasticity index ll,, initial water  content  wi  (or initial
    void  ratio, eo) and  depth of  layers of  the soil
iii) soil  strength,  s., stiffhess, E,  and  compressibility,

    C,, and  their variation  with  depth
iv) magnitude  and  distribution of  earthquake-induced

    excess  pore  pressures.
Among  the above,  earthquake-induced  excess  pore  pres-
sures  should  be determined using  a  dynamic response

analysis  with  the non-linear  stress-strain  relation  taken

into consideration.
  For  simplicity,  it is postulated in the present calcula-
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tion that compression  index, C,, undrained  strength,  s.,
and  Young's  modulus,  E, incruded in the procedure  are
constant  with  depth as  shown  in Fig. 1. The  parameters
included in Eq. (4a) and  Eq. (4b) can  be  determined  in
terms of  the plasticity as:

     Ao=O.757-3.49 × 10-34+4.0xlO-gl;  (16a)

     A=1-CslCt=O.815-O.O024  (l6b)
These are  obtained  by combining  the following empirical
relations proposed by Ue et al. (1991)
            Ao
                  

==O.939-O.O024
 (17a)

        (1-c,lcb)

        C,IQ=1=O.185+O.O024  (l7b)
These  were  based on  the  results  in Figs. 7(a) and  7(b)
which  were  obtained  from previous studies  including
those parameters. In addition,  Eq. (12) can  be used  for
determination of  compression  index, CL.

Constrziction ofDesign enart

  In order  to construct  a design chart  for use  by field en-
gineers, calculations  using  the above-stated  procedure
were  conducted  by assuming  values  ofa  and  4  given as:

i) 4=1.25,1.5,2.0,3.0
ii) 1}=O,  10, 20, 40, 60, 80, 100, 150, 200, 250, 300

Figures 8(a) to 8(d) were  then obtained  as design charts  in
which  two  functions ri andA  are  correlated  to the normal-

ized cyclic-induced  excess  pore pressure, u!p,'.  As  a

general trend, it can  be seen  from Fig. 8(a) through  Fig.
8(d) that:
1) The immediate settlement  ratioA  increases with  in-

   creasing  normalized  cyclic-induced  excess  pore pres-
   sure,  ulpg  . In particular, the settlement  ratio  dramat-

   ically increases when  ulp,'  reaches  approximately

   O.75, particularly when  4  is assumed  to be large,
   such  as  equal  to 3.0. This corresponds  with  the fact

29

    that  soft  clays  in undrained  cyclic  triaxial or  constant

    volume  DSS  tests on  normally-consolidated  clay

    reach  failure once  the  normalized  excess  pore  pres-
    sure  becomes  O.7 to O,75 (Yasuhara et  al.,  1992;

    Hyodo  et  al., l994).
2) The settlement  ratio  accelerates  with  increasing nor-

   malized  excess  pore  pressure and  decreasing safety

   factor. This tendency  is eminent  with  increasing lb.

  In addition  to the general design chart  for practical
use,  the effects of  safety  factor on  fi andA  versus  ulp,'  re-
lations were  investigated using  Eqs. (15a) and  (15b) for
reconstituted  and  undisturbed  Ariake  Clay, whose  index

properties are  summarized  in Table  1. Note that the in-
dex properties of  the Ariake clays  used  are  difierent since

both specimens  were  sampled  from  different locations.
The  results calculated  are  presented in Figs. 9(a) and  9(b)
for the cases  of  determining parameters  both  from  triaxi-
al tests and  ll, using  Eqs. (7a) and  (7b). It is emphasized
from  Fig. 9(a) for reconstituted  Ariake clay  and  Fig. 9(b)
for undisturbed  Ariake clay  that:

 i) Both  immediate and  post-cyclic recompression  set-

    tlements of  fine-grained cohesive  soils with  high plas-
    ticity index increase with  increasing plasticity index
    at  the same  magnitude  of  cyclic-induced  excess  pore
    pressure.
ii) The overall  agreement  infl versusu!p,'  relations  is
    not  observed  between both cases  of  adopting

    parameters  obtained  from experiments  directly and

    4 indirectly. However, thefi versus  ulp,'  curves  for

    both cases  become  closer  as the safety  factor
    becomes larger.

iii) On  the other  hand, A  versus  ulpg  relations  are  in

    good agreement  with  results  from both cases  using

    parameters  from experiments  and  4.
  By  re-plotting  the settlement  ratio  ASi,.ISi,Nc versus

normalized  pore  pressure ulp.'  relations  on  a  semi-

logarithmic scale  for Ariake clay  as in the example  shown

in Fig. 10, it is possible to determine the  infiection point
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<Case I:Table
 1. Parameters  "sed  for calculation

Ariake clay  (Reconstituted)>

q CsqfCcAoc

From  experlment

   From  Ib

   (4=S8)

O.845O.974O.158O.187O.301O.767O.S68O.26O.26

<Case II:Ariake clay  (Undisturbed)>

q qc,/qAoc

From  experlrnent

   From  lb

   (4=98)

1.410 O.153

1.606 -O.109
 O.767

O.379 O.456O.26O.26

which  corresponds  to the critical value  of  normalized  ex-

cess  pore pressure, (ulpE)cRT, where  immediate settle-

ments  accelerate,  as  is schematically  shown  in Fig. 10.

This critical value  of  excess  pore  pressures designated by

(ulp.')cRT is plotted against  plasticity index 4  for each

soil in Fig. 1 1 for different safety  factors, a. The  critical

value  (u/pE)cRT tends to decrease after  the plasticity in-

dex Ib reaches  70 to 1oo. This tendency  is more  evident

for the smaller  values  of  safety  factor.

  An  example  of  the influence of  the earthquake-induced

normalized  excess  pore pressures, ulpS,  on  the relation

between settlement  ratio, ASi,.!Si,Nc, and  the inverse

value  of  4  equal  to the load intensity ratio  (LIR), qf,Nc 1
q, is illustrated in Fig. 12 for Mexico  City clay. It is indi-

cated  in Fig. 12 that the LIR  corresponding  to the point

for the  drastic increase in A  Si,,,/&,Nc decreases with  the

increasing ulpg  value  produced during earthquakes.

  Figure 13 shows  the calculated  variations  of  the settle-

ment  ratio  with  the load intensity induced by the self-

weight  of  structures  equal  to the inverse value  of  safety

factor (1/Fk ==q/qf,Nc),  for three specific  values,  O.1, O.3

and  O.5 of  u/pE.  From  Fig. 13 it can  be seen  that:

1) Although  the settlement  ratio  in soils with  a  low to

   medium  plasticity index Iess than  approximately  70

   is almost  constant,  with  values  between  1.0 and  2.0,
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fig. 9(a),(b).
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Effects
 
of

 parameter  
determination

 
on

 
relation

 between settiement  ratio  and  normalized  excess  pore pressure ratio  for Ariake  clay

O,Ol
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o

Excess  pore pressure ratio Aufp".

          e,s (riu!p,')cRT I,e

Ariake clay nelingpoint

////

fig. 10. Infiection point between settlement  ratio  and  normalized  ex-

   cess  pore pressure ratio

   until  the load intensity ratio  (LIR=1IFL) becomes
   the critical value,  i.e., O.75, beyond this critical  value

   it suddenly  increases.
2) In other  words,  it is suggested  that we  had better use

   a  value  of  safety  factor larger than  1.33 to avoid

   large settlements  due to strong  earthquakes.

  Also, the  influence of  plasticity index on  the relation

between A Si,.ISi,Nc and  LIR  is included in Fig. 13 for
the specific value  of  ulp,'  generated during earthquakes.
It is understood  from Fig. 13:

   1.0g,g･g

 o.s

ioa
 o.6e8ge

 o.4U

         10 100

                 Plasticity index I,

Fig. 11. Safety faetor dependence on  relation  between  critical yalue

   of  normalized  excess  pore pressure and  plasticity index

i) The  value  of  LIR  corresponding  to the accelerated

   value  of  AS,,,ISI,Nc decreases with  the increase of
   ulpg.

ii) This  tendency  becomes eminent  with  an  increasing
   plasticity index.
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EXAMPLES  OF  APPLICATION

Ground  Conditions for Cblculation
 To  demonstrate the application  of  the proposed
method,  the profile of  an  embankment  founded on  soft

ground  is assumed  to be as  shown  in Fig. 14. As is shown
in Fig. 14, the ground  at this site consists  of  a homogene-
ous  plastic silt 30  m  deep  for which  the  representative  in-

dex properties and  mechanical  parameters  listed in
Tables  1 and  2 are  assumed  to be constant  throughout
the  underlying  ground.

dyclic and  Post-Cyclic Rroperties ofArakawa Clay
 The  index properties of  a  fine-grained soil called  Araka-

wa  clay  used  to model  the ground  in dynamic centrifuge

tests (Matsuo et al.,  1997) are  p,=2.67Mglm3,
wL=45.1%,  lb=19.6.  Monotonic  constant  volume

direct-simple shear  (DSS) tests with  a  shear  strain  rate  of

O.1%lmin  and  stress-controlled  cyclic DSS  tests were

conducted  to obtain  static and  cyclic  strength,  and  cyclic

stiffriess designated by Young's modulus.  Post-cyclic
monotonic  tests were  also carried  out  on  specimens,

which  did not  fail during undrained  cyclic Ioading, to  de-

tect the changes  in strength  and  stiffriess after undrained

vkdi>di=(.9EgS.g

o

10

   Inversevalueofsatetyfactor IM,

O 05  10

cyclic loading. Typical results from cyclic  DSS  tests fol-
lowed by monotonic  tests on  normalIy-consolidated  speci-

mens  of  Arakawa  silt are  given in the form of  s.,.ylsu,Nc

and  Gs,cy1Gs,Nc versus  u1a:e,  respectively,  and  are  shown

in Fig. 15. It is to be noted  that G,,,, 1G,,Nc is used  instead
of4,,,IEk,Nc  in Fig. 15. The  thick  lines in Fig. 15 were  ob-

tained  using  Eq. (4a) and  Eq. (4b), respectively.  The

parameters included in both equations  are  listed in Table
2 and  Table  3.

immediate Setttement due to Embankment

  There have been several  methods  proposed for estimat-
ing immediate settlements  due to self-weight  of  struc-

tures. Among  them,  a  method  proposed by Inada et al.
(1977) was  adopted  for estimating  the immediate or  in-
stantaneous  settlernent  of  foundations or  structures  on

soft  ground, as shown  in Fig, 16. This is given as:

             S,,..=(Z) Ni (17)

where  q is the  embankment  load intensity, equal  to 7tHk

(kNlm2), E  is the  secant  Young's  modulus  (kN/m2) and
IVi is the coethcient  of  immediate settlement.  If the design
chart  by Inada et al. shown  in Fig. 16 is used,  we  have
IVi=11.2m  corresponding  to BID==  11130=O.367 from
Fig. 16. The value  of  Eils. was  determined from the

results  of  monotonic  undrained  triaxial tests (axial strain

rate  s=O.1%1min)  on  reconstituted  silty clay  which  was

taken  from the site. The  results  are  shown  in Fig. I7. The

16m 6m

  
20
  

Fig. 12. Effect of  normalized  cyclic-induced  excess  pore pressure on

  relation  between  settlemeot  ratio  and  1/FL for Mexico city clay
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Effects of  cyclic-induced  normalized  excess  pore pTessuTe and  plasticity index on  relation  between settlement  rstio  and  11FL
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   silty clay  obtained  from  post-cyclic DSS  tests
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16.

 CoeMcient of  instantaneous settlement  plotted against  BID
   (after Inada et al., 1977)
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average  undrained  shear  strength  is assumed  to be 31.9
kPa  (half of  the average  unconfined  undrained  peak
stress)  which  was  obtained  from a previous site  investiga-
tion given in Fig. 18. Thus,  the average  secant  Young's
modulus  of  17.6 MPa  was  determined. When  we  insert
these values  of  q, Eso and  IVI into Eq. (l7), we  obtain:

Si,Nc=8.6cm.

immediate Settlement due to EZirthquakes

  Since it was  assumed  in the present calculation  that
strength,  deformation modulus  and  compressibility  are
kept constant  against  depth of  the ground,  bearing capac-'ity,

 qf,Nc, was  obtained  as 163 kPa  using  Terzaghi's for-
muia.  Therefore, the bearing capacity  factor of  safety  for
the assumed  ground  with  river  embankment  as shown  in
Fig.14isgivenbyFk=qf,Nclq=16.7113.6=1.23.Substi-

tution  of  this value  for Si,Nc(=8.9 cm),  Fk(=  1.23) and
parameters, C, A  and  Ao into Eq.  (4b) yields the  earth-

quake-induced  immediate  residual  settlements  of  the
embankment,  depending on  the magnitude  of  cyclic-in-
duced excess  pore pressures, ulpE  . The variatien  of  resid-
ual  settlements,  A  SI,., calculated  using  Eq.  (3) with  ul

p,' is illustrated in Fig. 19, which  indicates that the  resid-

   O O.5 1

Normalized initial shear  stress  ratio  n ,(=q,fp',)

Fig. 17. Variatien of  rigidity index with  initial shear  stress  ratio  ob-

   served  in ulldrained  triaxial tests

ual  settlement  increases with  increasing cyclic-induced  ex-

cess  pore  pressure. In particular, it abruptly  increases
when  ulpg  approaches  O.5, and  exceeds  1.0 m  at a value
of  O.6.

  To determine precisely the  distribution of  earthquake-
induced excess  pore  pressures in the ground beneath an
embankment,  a  dyriamic response  analysis  with  a

nonlinear  stress-strain  relation  for the soil,  such  as
YUSAYUSA

 proposed  by Ishihara and  Towhata  (1980),
should  be  performed  using  the actual  acceleration
records  from strong  earthquake  motions.  However, in
the present study  the  cyclic-induced  excess  pore  pressure
.is

 assumed  to be uniformly  distributed with  depth, be-
cause  this paper  aims at  demonstrating an  example  of  the
procedure  of  calculation  using  the proposed method.  Ac-
cording  to recent  results from  measurements  at Port
Island and  a  numerical  analysis  of  the Great Hanshin
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Earthquake  in 1995 which  was  carried  out  by Fukutake

(1996), earthquake-induced  excess  pore pressure normal-

ized by the confining  pressure was  approximately  O.2 to

O.3. Referring to these results,  let us  here assume  that the

excess  pore pressure ratio  u/p:  generated for the model

ground  during earthquakes  is O.3. Then,  we  obtain  im-

mediate  residual  settlement  equal  to  O.082 m  from Fig.

20. It should  be noted,  however, that this result is based

on  the assumption  (one-dimensional distribution of  u/

pE =O.3  throughout  the clay  deposit underneath  embank-

ment)  simplified  for facilitating the calculation  using  the

method  proposed  in the present paper. Hence, in order

to estimate  precisely, the two- or  three  distribution of  u1

pg which  might  occur  during the actual  earthquake

should  be determined  using  the  reliable  two-  or  three-

dimensional dynamic numerical  analysis.  However,

although this has been already done by the one  of  the

author's  group in a separate  piece of  research

(Yokokawa, 1998), the results  will  appear  in a  separate

paper  in the future.
  Let us  here consider  the effect of  the bearing capacity

factor of  safety  on  the earthquake-induced  immediate set-

tlement of  the model  ground. Figure 21 demonstrates the

infiuence of  safety  factor on  the normalized  earthquake-

induced  pore pressure versus  residual  settlement  rela-

tions. Figure 21 shows  that not  only  does the bearing

capacity  increase, but  also  the settlement  is reduced  with

an  increasing safety  factor. In particular, if 4  is assumed

to be 3.0, as is conventionally  used  for long-term bearing

 capacity,  residual  settlement  falls within  the allowable

 value,  O.1S m,  for river banks as defined by  the Ministry

 of  Construction in Japan.

Settlement due to Dissipation of Earthquake-ind"ced

lixcass Pore Aessures

  When  the cyclic-induced  excess  pore pressure ratio, u1

pE  is O.3, as mentioned  in the  previous section,  the settle-

ment  due  to dissipation ef  earthquake-induced  excess

pore  pressures is: A  S.,=30 × {O.225 xO.3101(1  +O.928)}
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Fig. 21. Effect ef  safety  factor on  relation  of  ASI,. and  Aulpt

× {log 11(1 -O.3)} =O.168  m.  Thus,  cyclic-induced  total
settlement  is A  S,,=O.082m+O.168  m=O.250  m(=25.0

cm).

CONCLUSION

  Based  on  methods  previously presented by the authors

(Yasuhara et al., i992, 1994, l996, 1997, 1998) for

predicting the degradation in strength  arid  stiffhess of
fine-grained soils in the course  of  undrained  cyclic  load-
ing due to earthquakes,  a methodology  has been  devel-
oped  to  estimate  the cyclic-induced  imrnediate settle-
ments  as  well  as  post-cyclic recompression  settlements

due to the dissipation of  cyclic-induced  excess  pore  pres-
sures  in fine-grained soils. In addition  to this, a simple  ex-

ample  calculating  the seismic-induced  settlement  of  a
river  embankment  founded on  soft  cohesive  soils using

the proposed procedure  is described. It should  be noted,
however, that earthquake-induced  immediate settlements
included  in the case  history may  have been overestimated
because  Eso was  adopted  for Young's  modulus  in the cal-

culations.  If we  had used  the real value  for E  determined
from  considerations  of  the non-linearity  of  stiffhess, then
we  would  have obtained  a more  realistic prediction of
earthquake-induced  settlement.  A  simplified  method  is
proposed  in the present paper  where:

1) The  earthquake-induced  settlements  depend on  the
   cyclic  softening  of  stifftiess more  than  the reduction

   in strength.
2) The  empirical  formula for predicting the settlements
   is very  simple,  being based on  a  hyperbolic settle-
   ment  versus  Ioad relation.

3) The  method  proposed  here for predicting cyclic-in-
   duced settlement  is given in terms of  cyclic-induced

   excess  pore pressures, plasticity index and  bearing
   capacity  factor of  safety.

  For the proposed  method  to be more  useful  for field en-
gineers, it should  contain  a  dynamic response  analysis.  In
addition  it is also necessary  to consider  the  fact that the

35

strength  and  stiiihess  of  sedimentary  deposits of  soft

fine-grained soils generally vary  with  depth.
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