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 ANALYSIS  AND  BEARING  CAPACITY

A  TWO-LAYERED  SOIL  DEPOSIT  WITH  A  SURFACE  CRUST

           CONSIDERING  COUPLE  STRESSES

AKIRA MuRAKAMIi), MAsATo  FuKulli) and  TAKAsHI  HAsEGAwAiii)

                                       ABSTRACT

 This'paper provides a numerical  analysis  of  the bearing capacity  of  a  two-layered  soil  deposit: a  crust  on  saturated

soft  clay.  The surface  crust  is modeled  as  a  Cosserat medium,  considering  couple  stresses  for the bending  deforma-
tion, and  the underlying  clay  layer is treated as an  elasto-plastic  material.  The  formulation  of  the  Cosserat-FE  for the

two  phase media  is presented briefly, and  a  numerical  comparison  between the Cosserat and  an  ordinary  continuum,

for the example  of  a  simple  beam, demonstrates the effect of  couple  stresses. Asaoka's  method  allows  us  to predict the

bearing capacity  of  such'two-layered  deposits by considering  the settlement  or horizontal deformation  beneath  the em-

bankment. The  numerical  results  are  then discussed.

Key  words:  bearing capacity,  (Cosserat continuum),(couplestress),  deformation, finite element  method,  (surface
crust)  (IGC: EllE3)

INTRODUCTION

  A  surface  crust  often  forms on  soft  clay  and  its exist-
ence  may  have an  important impact on  the bearing
capacity  of  two-layered  deposits. Several researchers.

have investigated this subject  experimentally  (Brown and
Meyerhof, 1969) and  numerically  (Button, 1953; Reddy

and  Srinivasan, 1967; Purushothamaraj et al., 1974;

Takemura, 1993). They  have provided  an  upper  bound
solution  for the value  of  the bearing capacity.

  From  an  analytical  viewpoint,  some  diMculties can  be
pointed out  in the adoption  of  a failure mechanism,  in-
cluding  a certain  thickness of  the surface  crust.  We  are

also  confironted  with  lacking much  potential for an  FE
modeling  of  the surface  crust  in the framework of  an  or-

dinary continuum.  A  very  large value  must  be adopted
for the elastic modulus  in the modeling.

  In･ order  to overcome  these diMculties, a  Cosserat con-
tinuum  is introduced herein to model  the surface  crust  by
considering  couple  stresses. The  consideration  of  couple

stresses  can  provide a  bending eiiect for the layer as a
bearn.
  An  increased interest in the use  of  a Cosserat continu-
um  (Cosserat, E. and  F., 1909) has been shown.  It takes
into account  the so-called  couple  stresses  for analyzing
localization and  bifurcation problems  (for example,  see

MUhlhaus, 1986, 1987a, 1987b; de Borst, 1991a, 1991b;

and  Tejchman, 1989, 1992). In applying  such  a  continu-

um  to various  problems  in the field of  geomechanics,  it is
necessary  to find an  appropriate  example  where  couple

stresses  play an  important role. Considerations of  couple
                                   e

stresses  for a layer, for exarnple,  can  provide  the bending
effect as a  beam. Such a  bending  effect  on  the deforma-
tiona! behavior and  the bearing capacity  of  a  layered soil
deposit is reviewed  and  discussed.
  To  begin with,  the formulation  of  FEM  for a soil-

water  mixture  is derived. Its numerical  performance  will

be examined  through  a  comparison  with  the exact solu-
tion for the problem of  an  infinite shear  layer. The
infiuence of  the couple  stresses  on  the deformation and

pore pressure behavior will then  be pointed  out.

  A  numerical  profile of  the deformation in the  problem
of  a simple  beam  is also examined  through  a  comparison

with  a  solution  based on  an  ordinary  continuum,  and  the

infiuence of  couple  stresses  on  the  deformation is dis-
cussed.  The  bearing capacity  of  a  layered deposit and  the

effect of  couple  stresses  on  that of  a layered deposit with
a surface  crust  is discussed.
  In what  follows, second  section  refers  to the formula-
tion of  the finite elements  based on  Cosserat media  for a
soil-water  mixture.  Third  section  demonstrates  a  numeri-

cal  selution  comparing  a closed  solution,  in the  case  of

blbm)Asseciate Professor, Department  of  Agricultural Engineering, Kyoto University, Kyoto 606-Ol.
Engineer, Nishimatsu Co., Ltd.
Professor, Department  of  Agricultural Engineering, Kyoto University, Kyeto 606-Ol.
Manuseript  was  reeeived  for review  on  July 7, 1995,
Written discussions on  this paper should  be submitted  before April 1, 1997 te  the  Japanese  Geotechnical Seeiety, Sugayama  Bldg, 4 F,

Kanda  Awaji-cho  2-23, Chiyeda-ku,  Tokyo  101, Japan. Upon  request  the closing  date may  be extended  one  rnonth,

133

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

134 MURAKAMI  ET  AL.

an  infinite shear  layer, and  points out  the bending effect,
in the case  of  a  simple  beam, based on  the consideration

of  couple  stresses. In the fourth section,  the procedure
propo$ed  by Asaoka  and  Ohtsuka (1986) for estimating
the undrained  bearing capacity  by observing  the deterio-
ration  of  the  stifftiess factor is presented. Fifth section

provides  an  estimate  of  the bearing capacity  of  a  two-
layered deposit by the strategy  presented in the preceding
sections.  Finally, the Iast section  concludes  with  the
results.

FORMULATION  OF  FINITE  ELEMENTS  BASED

ON  COSSERAT  MEDIA  FOR  A  SOIL-WATER
MIXTURE

  This section  refers  to the finite element  formulation.
Figure 1 describes a  set of  governing equations  to be
solved  under  the boundary conditions  shown  in Fig. 2.

  By  integrating both Eqs. (1) and  (3), multiplied  by  an

arbitrary function, which  is prescribed to be zero  on  the
geometric  boundary,  over  yolume  Z  and  by adopting

the  Gauss theorem,  we  obtain  a  weak  form of  the

equilibrium equation  based on  the boundary conditions,
as  seen  in Fig. 3(a).

  On  the other  hand, the continuity  equation  for pore
water  is discretized in the sarne  manner  as that proposed
by Akai  and  Tamura  (1978). The  resultant  equation  is
shown  in Fig. 3(b).

  As a result, we  summarize  the flow of  the coupled  FE
formulation  of  the Cosserat media  in Fig. 4. The  pro-
gram,  DACSAR,  was  developed by  Iizuka and  Ohta
(1987) afid is herein extended  to perform  the above

strategy.  The revised  program therefore has common  fea-

tures with  DACSAR  in its itumerical schemes.

Balanceequationofmomenturn

Principle  of  etfective  stressffijj

 + bi =: o in V,

                ffit = ag･l･ +  p.filj ,

Balamce  equation  of  allgular  mornentum

(1}

(2)

             miij+u,-eijkgjk=O  in V, (3)

Kinematics

             E,i -m ui,j+e,jkgSI,  Kij =: di:.o-, {4)

Constitutiveequations

             fflj=D,sklEkt,  mij="rgKi),  (5}

Continuitycondition

                  e'kk=vi,i,  (6)
Darey's  iaw

             vi!-ich,-  h=p,vlTw+Sl,  (T}

ini 
'a

 conditions

           o:-,=o:,Ix.o  i" V, h=Jilt.o  in ia (S)

wLLere  alv/  Cauch}' stress  tensor, a;･j/ effective  sttess  tensor,  bi/ body  force, p./ pore
waLe]' pressure, fii)-/ Kronecker'fi delta, rnij:  couple  stress  tenser, il"  bedy  ceuple,

eo-k/  pe]mutation  symho],  eii'. strain tellsor, ipf･/ Cosserat rotation,  ni:･/ curvatiire,

pa./ CoHgerat shear  modulus,  Pijks: elastic  moduli,  l./ characteristic  lcngth, 7./ unit

weTght  or  water,  k/ pcrmeftbi]ity, h/ tek"  head, n/ head, Tt.i/ normal  veeter.

           Fig. 1. Goyerning equations

Fig. 2. Boundary conditions

NUMERICAL  PERFORMANCE

  To  check  the performance  of  the procedure  described
in the preceding section,  the example  of  an  infinite shear

layer as described in the reference  (Choi and  MUhlhaus,
1991) is initially analyzed.  A  description of  the problem
is found in Fig. 5. For this problem, we  have an  exact  so-

lution and  a  numerical  solution  by FEM  that can  be com-

pared.

Rroblem-l: Inj7nite Shear Layer

  We  deal with  the case  of  an  infinite shear  layer
represented  in Fig. 5 where  a shear  layer is treated as an

elastic solid  (Murakami and  Oda, 1992). At the boundary
of  lx2I==h/2, it is assumed  that th3=Oto suppress  grain
rotations  and  that traction dii2 acts  on  the boundary
surface.  We  have an  exact  solution  for this problem
(Schaefer, 1962) and  in Fig. 6 details ef  the solution

procedure according  to Schaefer (l962) are  shown.  This
solution,  however, is only  for solids  and  pore  water  is not
considered  in this example.

  Dealing with  the case  .of horizontal infinity, it is
suMcient  for us  to incorporate a  one-dimensional

differentiation into the equation.  Therefore, a set of

governing equations  is reduced  to a set of  ordinary

differential equations,  as seen  in Fig. 6, after  substituting

the constitutive  relation  into the balance equations.  This
set of  equations  can  easily  be solved  under  the boundary
conditions  and  we  obtain  the solution  for deformations
and  stresses  in the same  figpre.
  Figure 7 compares  numerical  deformations  by FEM

with  theoretical ones  based on  the above  equations.

Figure 8 also describes a comparison  between numerical
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Balanceequationofmernenturn

   at･j,j +  f).,i + bi -- O
Baiance equatien  of  angu}ar  mementum

    miij+vi-eij･kaiL=e

× 5ui × 6dii

X,6tEi(al･i,,+p,.,,+fi)dli+L6¢ ;(mEi,+v,-e,jdea,i)dV=O

the Gausstllearem

            Wealc form

La[･j6eiJ-tiV+YLmiJ-6ni)dV+Lp.5Ekk[ll/
=
 YL bi 6u/ dV  +L  ui  6ipidTJ +  lg. t's Eui dS  +  k,. T'i6di,'  dS

          E:'/ Yirtual value

Shapefunction

Au=NAu'

Ah  
=
 A!/l!)'u

   Tw

 Headh=

 
P-'

 +n
  Tw

5u+T((X.  BTDB  dV) A., + (Y; BTiV,, dll) (T.h'1L+AL-Twh']t)-AF]=o

where

   Ah  =  IVkAh',AF-(k.vX/1'i.Z`G),N=(

 AE  =Brkui,  thE,= B.thu'Ia

 .O.)

KAu'+Kuor,vh'Lt+"t=AF+Kvtr,vh'1t

where

  K!  YLBTDBdV, K.  ..  X, Bl' IV,, clV
       u'/  Nedal {lisplaceinent

       h'/ head in e]emellt

Eqnatienofequilibriuma[-ii+p.,i+b/-nO

Balanceequationofm,v,j+u,-eiikaJ'k=!O

allgularmomentum

Collstitutiveequatiollal･ju-Di]ktEkt

miJ="tgKu

Kinemati[s qj-rmu,,j+evkdit

Kii=Of-,j

g:.g1-m

s Daray'slaw vi=-kti･h,j

ConthiuityefporewaterE'.=v,,i

Back"'arddlfference

AEu!Euit+at-Evli

=-AtiiiiV21tlr+At

Weal{foim

Lolj6EijdV+X,Tn.6Ki,dlrf+ltpw6E"dV
!!fvb,6i:,dV+fvv,･6di"dV+Js.t'"tiit,dS

+fs,.Ti6eidS
Heael-porepressure

it=:p.for.+9Sputia.1discL'etization

SliapefunctienAu!!IVAu'

u'/Nodaldisp]acemellt

X,B.Au'dV+acrwh'lr+dt-£ a"TwJi;,IL+dt=O
tt

KAu'+KuTpth'dt+"t

==AF+ffv7whlt

[:1.IAt"1(7.ft.ii,1.,1=:lAqA+F(1'i<e')T4WcrhllA.d,]
(a) Fig. 4. Formulation of  coupled  FE

   Strain
   1eii'

 
--
 i(ui,j' +u)･,D

    1AE,j
 
=
 i (Aui

Darcy's law

vi=-kijh,j

,J+AuiD

Slrape functiou

Au=NAu'

Continuity of  water

   ff'v =  Vi,l

Spatial discretizatien
of  volumetric  strain

  AEv =  BvAut

Livdv=:kv,nids
Geveming  equation  ef pore  wat,er

  LE'vdV;-kiikh,jnids

    Bac]cwarddifferellce

yl.AevdV=-Atkvkh,jlt+AtnglS

Spatial discretizatiou of  pore  water  fiew

 Atkij A h,jlt+At n, dS

h

h

X2

/
 b=4

=AtEk.

   n+AtXle

   tl

x

         l..

   yy (h'le+Att'.h;tlt+At) b:.

=a7whl-.At- £ cv"7wh:ie+At
         n

a  - At  ( Z,; k== :':: + \, kyy?t'r." )
  an  

=:
 At (k==ktr + kyy7:'rt')

(h- 
t+Ath'lit+At)

 by.

      "  di3 =O

           cr12

Fig. 5. Description of  the problem

stresses  by FEM  and  theoretical ones.  There is an  excel-

lent agreement  between the analytical  and  the FEM
results, as  seen  in these figures.

Yl.B.Au'dV+avorwh'lt+tht-Xa.Twh#1t+At=O
n

Fig. 3.

           (b)
Diseretization of  soil skeleton  alld  pore watef  fiow

Problem-2: Simple Beam

  In order  to demonstrate the present formulation,
another  typical example  is solved.  As  carried  out  by Oka,
Yashima  and  Hirata (1994), a  simple  beam  loaded at the
center  is analyzed  to capture  the bending effect of  an  elas-

tic Cosserat material.  For this problem, we  have  a  numeri-

cal  solution  which  does not  consider  couple  stresses  and  a

solution  by  the current  FE  which  can  be compared  to
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]alance equatioll  of  momentum
    aiii･  +bi  ±=  O

Balance eqtaatTon  of  anguIar  momentum

    miii-l-vi-e,･jt･aJ-k=O

{u;, ip:) isindependent

 on  =Co4stitllt+veequation

Constit"tiveequatlon

X2

   6'] 
tSlripi

 - di: ;  l/?2
ivherefi'-(f,+:,)e,D=,,,,

al! / Tra[tiou at  thebo-ndar.v

fi! :'.e,,S 
-
 di, -  ; klt.i

;vhere

  fi2 =  Df4tle

]ounflLi'Jmhtoiiditioll

di3=O at  lx2I=hlt)

a12-
O,-=-o"-mrmr -

1

g

  Solutionefdeformatioiis

ui !, t.i!I7 (･r2 H fi 
tA
 
'tfCtE.

 
cSoillll

 
Xhil.tl

di, -  
-gi'

 ?.i (i - :,oeeel,:)
)

all-

Tns2 =

Solutioll of  stresses

  . 2p, cosh  .t.]16
ff12 ff12

ttn6

 p+p,  [osl-  hf2fi

2p, sinh  /v2fti

pa +  p.' cosh  h!26

A
¢

x cueve5vnfi,2:

 O.5oEla-

 1:oz

e

Fig. 6.Solutioll  procedure

o

=1

Non--dimensional couple  stress

        o.s

A =  2LtP;"cte!h

 = 1lc

 =  fi

1

o      ･ O.5

  No'n-dimensional stress

Fig. 8. Comparison of  stresses
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Table 1.Parameters adopted  in the Problem-2

o

A (kPa)'u  (kPa) v 4 (m)

%
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Fig. 7. Comparison of  deformations
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that one.  Material properties for both  cases  are  listed in

Table 1.

  In Fig. 9, the deformed meshes  for cases  of  (a) ordi-
nary  continuum  (without considering  couple  stresses)

and  (b) Cosserat continuum  (considering couple  stresses)

are  presented. As shown  in Fig. 9, the profiles of  defor-
mation  are  quite different from each  other.  As  expected,

displacements in the case  of  the Cosserat continuum

have smaller  values  than those in the case  of  an  ordinary

continuum,  and  therefore, will  transfer a  lighter load  to-

ward  the  subsurface.

BEARING  CAPACITY  OF  A  TWO-LAYERED
DEPOSIT

  It is assumed  that a  crust  layer exists which  has a great-
er strength  than that of  the underlying  saturated  soil

deposit. In such  a  case,  the crust  behaves like a beam  and

may  influence the undrained  bearing capacity  of  the en-
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Deformed profile for simple  beam

tire deposit. Several researchers  haye  provided  solutions

for the undrained  bearing capacity  of  soft  clay  deposits

with  a  surface  crust  both numerically  (Button, 1953;

Reddy  and  Srinivasan, 1967; Purushothamaraj  et  al.,

1974; Takemura, 1993) and  experirnentally  (Brown and

Meyerhof, 1969).

  The  strategy  adopted  herein is as  follows:

  (i) The infiuence of  a  surface  crust  on  the undrained
bearing capacity  of  an  entire  soil  deposit is evaluated  by
considering  the surface  crust  as  a  Cosserat material

which  behaves like a beam  on  a  soft  foundation.

  (ii) The  undrained  bearing capacity  of  an  entire

deposit is estimated  through  the method  proposed by
Asaoka and  Ohtsuka (1986). It involves monitoring  the
deterioration ofthe  tangential stiffhess factor ofthe  foun-
dation based on  the settlement  under  the embankment  or

the horizontal deformation below the toe of  the embank-

ment.  Asaoka  and  Ohtsuka introduced the stifftiess fac-
tor of  clay  foundation in terms  of  effective stresses  from
which  the definition of  total failure of  clay  foundation is
made  (Asaoka and  Ohtsuka, 1986). They  proposed a

procedure to predict the  ultimate  load intensity from ob-

servations  of  elasto-plastic  consolidation  behavior in the
early  loading stages.  They  identified the deterioration of

the tangential stiffriess factors of  the clay  foundation, iRZ,,
Kb, and  estimated  the bearing capacity  of  clay  founda-
tion by extrapolating  the deterioration curve.  A  proce-
dure of  prediction, for example,  is shown  in Fig. 10.

NUMERICAL  ANALYSIS  AND  DISCUSSION

H)Ipothetical Soil Dqposit

  To  illustrate the analysis  discussed above,  the example

problem  shown  in Fig. 11 is solved.  It deals with  the be-
havior of  the  deformation and  the pore  water  pressure of

a  saturated  soil deposit, which  has a surface  crust  or  sur-

face sand,  under  the external  action  of  continuous  em-

bankment  loading, and  it compares  the undrained  bear-

t

CrusLtSand(k=9,OxIO"6,nls)

Clay{k!1.0xlo-nmfs)
3

-  l21m --

T33
 rn

l

Fig. 11. Two-layered soil deposit
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!9 {kNtml)
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se    100g
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Predictlon procedure for bearing capacity  of  saturated  soil deposit (Asaoka and  Ohtsuka,1986)

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

138 MURAKAMI  ET  AL.

Table 2. Parameters  adopted  in the numerical  analysis

A (kPa) pt (kPa)DrM vl.  (m)

IIIIII980098001900245024SO

 gsee,o2  o.71.4

O,4O,4O,3333.eo.o

I: Crust, II: Sand, III: Clay

ing capacities  among  them.  Table  2 lists the  set  of

parameters adopted  in the analysis  of  this hypothetical

ground.
  In this example,  a ¢ omparative  analysis  is performed
for the following two  cases:  1) a surface  layer is consid-
ered  as a  sand  which  is modeled  by an  elastic material

without  considering  couple  stresses; 2) a  surface  layer is
treated as a  crust  which  complies  with  an  elastic Cosserat
material  characterized  by the characteristic  length as  the
thickness of  the layer.
  In the case  of  the layered material,  MUhlhaus (Mtihl-
haus, 1992) stated  that the Cossera"heory can  be used  to
model  the infiuence of  the bending sti{ihess for each  layer

on  the material  response  by introducing the internal
length of  the Iayer thickness; the bending stiffhess, B,, is
defined as B,=GIZ seen  in Mindlin (Mindlin, 1963). A

layered material  is modeled  as a  conventional  orthotrop-

ic continuum  only  when  the layer thickness is zero.

However, the characteristic  length can  hardly  be  deter-

mined  in general and  the effect of  couples  stress becomes
to be negligibly  smal1  in this example,  if dso is adopted  as

the characteristic  length.
  The  subsoil  is a  soft  clay  foundation modeled  by
Sekiguchi-Ohta's constitutive  equation.  After obtaining
FE  solutions  for both cases,  we  point out  tbe bending
effect  on  the Iateral deformation below the toe of  the em-

bankment. This is done by comparing  the responses  of

different materials  where  the settlements  under  the em-

bankment are  similar  to each  other.

drained bearing capacity  based on  different modeling  of

a surface  layer. In this figure, it can  be seen  that the soil

deposit with  a  stiff  surface  carries  a  higher capacity

against  surface  load within  a  range  of  smaller  value  of

HIB.  When  the thickness of  a  surface  layer shrinks,  esti-

mated  bearing capacity  based on  both modeling  cor-

responds  to each  other.  It reveals  that the crust  layer pro-
vides  a  higher bearing capacity  than  the surface  sand  lay-
er fer the case  of  lateral displacement observations.  This
is due to its flexural deformation  profile.
  Figure 14 summarizes  an  estimated  curve  for the bear-
ing capacity  based on  the relative  thickness of  the Iayer,
HIB,  obtained  by  Asaoka-Ohtsuka's  procedure, It can
be seen  that the estimated  bearing capacity  decreases
when  the width  of  the embankment,  B, increases or  the

thickness of  the crust,  H,  decreases. It should  also  be

pointed out  that the estimated  bearing capacity,  when
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  The  thickness of  a  crust  

,
 l, =  H', is assumed  to vary  with

the  width  of  the embankment,  B. Figure 12 compares
each  deformation profile based on  different modeling  of

a  surface  layer. Figure  13 depicts a  profile of  the deterio-
ration  of  the  tangential  stiffrtess factors, lgl,, of  the entire

foundation by monitoring  the settlement  beneath the em-

bankment. Figure  13 also  describes the estimation  of  un-
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modeled  as a  Cosserat beam, is quite a  bit larger than
that  based  on  an  ordinary  continuum  for a  smaller  value

of  HIB.  Estimated  bearing capacities  by both modeling
are  almost the same  when  HIB  has a larger value  as seen

in Fig. 14.

CONCLUSIONS

  The  analysis  of  a  two-layered ground,  under  the em-

bankment-like loading presented above,  can  provide  an

estimate  of  the undrained  bearing capacity  of  a  saturated

soil  deposit below a  surface  crust.  These calculations  re-

quire two steps: a  deformation analysis  of  the layered
deposit by  FEM  incorporating a  Cosserat beam  and  an  es-

timation of  the bearing capacity  by observing  the deterio-
ration  of  the stiffhess factor of  the entire  foundation. It
has been shown  that the bending effect of  a  stiff layer,
i.e., a surface  crust,  has a  significant  influence on  the un-

drained bearing capacity  of  a  two-layered saturated

deposit. The numerical  results  indicate that the estimated

value  of  the undrained  bearing capacity  of  such  a  deposit
is related  to the relative  thickness of  the layer, HIB.  The

use  of  such  modeling  may  produce accurate  estimates  of

the effbct of  a  stiff layer within  a surface  on  the  bearing

capacity  of  an  overal1  soil stratum.

ACKNOWLEDGEMENTS

 The  authors  would  like to thank  Prof. Satoru Ohtsuka
of  Nagaoka  University of  Technology for his discussion
and  his valuable  comments.

REFERENCES

1) Akai, K. and  Tamura,  T, (1978): 
"Numerical

 analysis  of  multi-

  dimensional consolidation  accornpanied  with  elaste-plastic  con-

  stitutiveequation,"ProceedingsoftheJSCE,No.269,pp,95-104

  (inJapanese).
2) Asaoka, A. and  Ohtsuka,  S. (1986): 

"The
 analysis  ef  failure of  a

  normalIy  consoridated  clay  foundation under  embankment  load-
  ing," Soils and  Foundations, Vol. 26, No.  2, pp. 47-59.

3) Brown,  J. D, and  Meyerhof,  G. G. (1969): 
"Experimental

 study  of

  bearing capacity  in layered ciays,"  Proceedings of  the  7th

  ICSMFE,  Vel, 1, pp,  332-335.

4) Button, S. J, (1953): 
"The

 bearing capacity  of  footing on  a  two-lay-

  er  cohesive  subsoil,"  Proceedings  ef  the  3rd ICSMFE,  Vol. 1, pp,
  332-335.

5) Chei, S, K, and  Mtihlhaus, H.-B. (1991): 
"Distinct

 elements  vs  Cos-
  serat  theory: A  comparison  for the case  of  an  infinite shear  layer,"
  Cemputer Methods & Advances  in Geomechanics,  Beer, G,, Book-

  er, J. R. & Carter, J, P. (eds.), VoL  1, pp. 315-319.
 6) Cosserat, E. and  Cesserat, F. (1909): Theorie  des Corps Deforma-
  bles, Herman  et fiIs.

 7) Davis, E. H.  and  Booker,  J. R. (l973): 
"The

 effect  of  increasing

  strength  with  depth on  the  bearing capacity  of  clays,"  Geotech-
  nique,  Vol. 23, No.  4, pp, 551-563.

 8) de Borst, R, (1991): 
"Simulation

 of  strain  Iocalisation: a reap-

  praisal of  the Cesserat continuum,"  Engrg, Cornput., Vol. 8, pp,
  317-332.

 9) de Borst, R. and  Sluys, L. J. (1991): 
``Localisatien

 in a  Cosserat
  centinuum  under  static and  dynamic loading cenditions,''  Com-
  puter Methods  in Applied  Mechanics  and  Engineering, No. 90, pp.
  805-827.

10) Gudehus, G. and  Tejckman,  J, (1992) : 
"Some

 mechanism  of  a

  granular mass  in a  silo-Moclel  tests and  a numerical  Cesserat ap-
  proach,"  Applied  Plastieity, pp, 178-193.
11) Iizuka, A. and  Ohta, H. (1987): 

"A
 determination procedure  ofin-

  put paramcters  in elasto-plastic  finite element  analysis,"  Soils and
  Foundations, Vol. 27, No.  3, pp. 71-87.

12) Mindlin, R. D. (1963): 
"Infiuence

 of  couple  stre$ses  en  stress con-

  centrations,"  Exp,  Mech.,  Vol. 3, pp. I-7,

13) Mtihlhaus, H.-B.  (1986): 
``Scherfugenanalyse

 bei granularem

  Material im RahTnen  der Cosserat-Theorie," Ing,-Arch., Vol. 56,

  pp, 389-399.

14) Mtihlhaus, H,-B, and  Vardoulakis, !, (1987): 
``The

 thickness of

  shear  bands  in granular materials,"  Geotechnique, Vol. 37, pp.
  271-283.

15) MUhlhaus,  H.-B, (1987): 
``BerUcksichtigung

 von  inhomogcnittiten
  im  gebirge im Rahmen  einer  kentinuumstheorie,"  Ph.D  Thesis,
  Univ. of  Karlsruhe,

16) MUhlhaus,  H.-B, (1993): 
C`Continuum

 models  for layered and

  blocky rock,"  Rock  Mechanics Continuum Modeling, Pergamon
  Press, Vol. 2, pp. 209-230.

17) Murakami,  A. and  Oda,  M.  (1992): 
"Cosserat

 continuum  theory,''

  Failure and  Lecalisation of  Grounds,  JSSMFE, pp. 212-227  (in
  Japanese).

18) Oka,  F,, Yashima,  A., Hirata, Y,, Adachi, T. and  Yoshida,  N,

  (1994): 
``Deformation

 analysis  of  layered greund  with  Cosserat

  continuum,"  Proceedings  of  the 4orh Annual Conference  JSCE.,

  Vol, 3, pp. 844-845  (in Japanese),
19) Purushothamaraj,  P, et al. (1974): 

``Bearing

 capacity  of  strip foet-

  ings in two  layered cohesive-friction  soils,"  Can.  Geotech.  J., Vol.

   11, pp. 32-45.

20) Reddy,  A, S. and  Srinivasan, R, J, (1967): 
"Bearing

 capacity  of

  footings on  layered clay,'' Proceedings of  the ASCE,  J, SM  Div.,

  Vol. 93, pp. 83-･99.

21) Schaefer, H.  (1962): 
``Versuch

 einer  Elastizitat des zweidimensio-

  nalen  ebenen  Cosserat-Kentinuurns,'' Miszellaneen der Angewan-
  dten Mechanik,  Schtifer, M,  (ed.), pp.  Z77-292,
22) Takemura,  J. (1993): 

``Upper

 bound calculations  en  bearing capaci-

  tyofnorrnallyconsolidatedclaywithsurfacecrustunderstripload-

  ing," Technica} Report, Dept. of  Civil Eng,, Tokyo  Inst. of  Tech.,

  pp. 91-107  (in Japanese),
23) Tejchman,  J, (1989): 

``Seherzonenbildung

 und  verspannungs-

  efflekteingranulatenunterberttcksichtigungvonkerndrehungen,"

  Ph.D  Thesis, Univ. ef  Karlsruhe.

NII-Electionic  


