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                            ABSTRACT

  The signifieanee  of  shear  strength  inereases on  the allowable  preload rate

for compressible,  normally  consolidated  soils subjected  to a  fiexible strip  load

is examined.  On the basis of  representative  soil  parameters  and  various  as-

sumed  boundary eonditions,  a  cornputer  analysis  has been made  to system-

atieally  predict the rates  and  magnitudes  of  shear  strength  increase and  the

assoeiated  settlements  which  oecur  as  primary  consolidation  progresses, and

to evaluate  the bearing capacity  of  the soil in terms of  these strength  in-

creases.  Results show  that, when  adequate  drainage is provided, weak  soils

may  be expected  to experienee  a  measurable  increase in bearing eapaeity  during

the consolidation  process; furthermore, these inereases occur  in a  time which

is compatible  with  many  eonstruction  schedules.  On  the other  hand, when

drainage is inadequate, slow  rates  of consolidation  preclude the occurrence

of  any  reasonable  bearing eapacity  increase, exeept  for cases  where  the ratio

of  the horizontal to the vertical  coeMcients  of  consolidation  is large. Sinee

consolidation  settlement  at  any  given time  is governed  by the magnitude

and  duration of  the  applied  load, whieh  is, in turn, governed  by the rate

of  bearing capacity  increase, the resulting  consolidation  settlements  can  be

accelerated  to any  worthwhile  degree only  for cases  where  reasonable  bear-

ing eapacity  increases are  experieneed.  Finally, the benefits of optimizing

the  preload rate  decrease significantly  for cases  where  the initial soil strength

is high.

                           INTRODUCTION

  During  the past twenty  years, there has been an  unprecedented  growth

in federal, state,  municipal,  and  industrial construetion.  Coneomitant with

this continuing  expansion,  the demand for building' sites  has increased rapidly
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and  associated  land eosts  have  risen  accordingly.  These eonditions  make  it
no  longer praetical for engineers  and  builders to avoid  the use  of  rnarsh  lands

or  tidal flats where  the  foundation soils  consist  of  weak,  plastic, compres-

sible  silts, clays,  and  organic  materials.  The result  has been a growing

pressure  on  soils  engineers  to make  extensive  use  of  precompression  as  a

normal  and  acceptable  means  of  controlling  the magnitude  of  post-eonstrue-
tion settlements  under  light buildings, oil storage  tanks, highway embank-

ments,  ete,  In addition,  there is a  growing  awareness  that advantage  can

be taken  of  any  strength  inerease that might  occur  in the soil during the
consolidation  process. The  purpose of  this work  is to investigate, by means

of  a  systems  approach,  (a) the optimum  rate  at  which  these soft,  compres-

sible  soils  can  be preloaded by taking  full advantage  of  resulting  strength

increases with  time and  load, and  (b) the consolidation  settlements  assoeiated

with  such  preload rates.

                       DESCRIPTION  OF  PROBLEM
General  Considerations

  Precompression  is a  general  term  which  Aldrich (1964) defines as  
"the

deliberate act  of  compressing  the soil under  an  applied  pressure prior to

placing or  completing  the  structure  load." It is normally  accomplished  by
preloading, which  involves the  placement  and  removal  of  earth,  water,  or

some  other  dead load to consolidate  the soft,  compressible  foundation soils.

The phrase 
"soft,

 campressible  soils"  is used  to describe a  large number  of

soil types that respond  favorably to preloading techniques, and  it includes

soft,  fine-grained soils which  are  most  often  normally  consolidated  or  slightly

overconsolidated.  Frequently, they  are  organic  silts, fine sands,  and  occa-

sionally  unconsolidated  fi11s, including rubbish  fi11.

  Whenever  a  load is applied  to a  soft,  eompressible  soil mass,  the indueed

stresses  are  refiected  initially as  excess  porewater  pressures;  as  these pore-
water  pressures gradually dissipate, the induced stresses are  transferred to
the  soil skeleton,  thereby increasing the  soil  strength.  

'Hence,
 the problem

of  strength  inerease, as  well  as  consolidation  settlement,  is a time-dependent
one,  and  the magnitude  and  orlrate  of  loading must  be controlled  in order

to avert  a  bearing capacity  failure. The  soils engineer  is thus faced with
the  problem  of  determining, from the  standpoint  of  stability  as  well  as

economy,  the most  favorable eombination  of  load inerement and  time incre-
ment  that eould  be  used  to achieve  the optimum  rate  of  preloading for a

given  soil. On  the  one  hand, it is desirable to preload as  rapidly  as  possible
so  as  to accelerate  the  consolidation  process and  the associated  strength

gain, whereas,  on  the other  hand, if the preload  is applied  too rapidly,  the
required  strength  gain does not  have suMcient  time  to occur,  and  a  bearing
capacity  failure will  result.
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Speciflc Prablem

  The speeifie  problem  eonsidered  herein deals with  determining the optimum

rate  at  which  a  strip  load of  uniform  intensity can  be applied  to the surface

of  a  soft,  saturated,  normally  consolidated  soil overlying  a  rough,  rigid  sub-

stratum.  As previously  mentioned,  this problem  involves the interaction of

consolidation  settlement  and  bearing capacity  increase, both of  whieh  are

time dependent. The ineentive for studying  this problem  lies in the basic

premise that it is generally  desirable to preload  at  the maximum  possible

rate.

                         GENERAL  APPROACH

Methoel of Analysis
  The method  of  analysis  employed  in this study  combines  some  of  the well-

known  and  generally  aecepted  principles of  soil mechanics  and  foundation

engineering  and  utilizes  numerical  techniques in conjunction  with  a digital
computer  to synthesize  diserete works  found in several  individual component

problem  areas,  such  as  stress  distribution, consolidation,  effective  stress-

strength  relationship,  and  bearing capacity  determinations. As  such,  the

emphasis  is not  to advanee  new  theories and/or  data, but rather  to apply

existing  knowledge  and/or  theories to study  a practical engineering  problem.

  The following comments  provide a  more  detailed description of  the general
approach  to this problem.  On the  basis of  a  postulated empirical  rule  describ-

ing the variation  of  shear  strength  with  depth, the  bearing capaeity  of  a

soft,  eompressible  soil layer of  finite depth is calculated;  then  a  uniform

strip  load equal  to this bearing capacity  times a load factor is applied  to
the surface.  The  load factor is simply  that percentage, expressed  as  a

decimal, of  the calculated  bearing capaeity  which  is applied  at  any  time; in

particular, the load faetor may  be regarded  as  the reciprocal  of  the  safety

factor. With  the  progress  of  conslidation,  the excess  porewater  pressures

will  dissipate, the effective  stresses  will  inerease, and  consolidation  settle-

ments  will  occur.  As  a  result  of  the inereases in the effective  stresses,  the

shear  strength  of  the soil  will  increase, and  the  bearing capacity  of  the  soil

will  become correspondingly  greater.  This greater soil bearing capacity  will

allow  the applied  load to be increased, thereby increasing the  rate  of  consolida-

tion and  the rate  of  bearing eapacity  increase. This process  of  incrementally

increasing the  applied  load is continued  until  the maximum  bearing ¢ apacity

of  the soil is approached.  Such a  method  of  analysis  involes the following

fundamental considerations:

 (a) What  are  the distributions of  total stresses  and  initial excess  pore-

     water  pressures in the soft  layer due to the application  of  a  strip  load?

 (b> What  is the rate  at  whieh  excess  porewater  pressures are  dissipated?
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 (c) What  is the initial strength  distribution with  depth in the soft  layer?

 (d) How  is the initial strength  distribution in the soft  layer altered  by
     the dissipation of  exeess  porewater  pressures and  the associated  in-
     crease  in effective  stresses?

 (e) What  is the bearing capacity  of  the soft  layer at  any  instant?

 (f) What  is the eonsolidation  settlement  at  the surfaee  of  the soft  layer
     at  any  instant?

Assumptions  Employeal

  The following physical, mathematical,  and  engineering  assumptions  are

employed  in the study:

 (a) Darcy's Law  is valid,  and  the  time  lag of  consolidation  is due entirely
     to the  low  peumeabilities of  the soil.

 (b) The soft, eompressible  soil is completely  saturated.

 (e) The  Mohr-Coulomb  strength  theory  is valid.

 (d) A  o =  O analysis  is valid,  and  potential failure surfaces  are  cylindrieal

      in shape.

 (e) The  initial shear  strength  distribution obeys  a postulated, empirical

     strength  relation.

  (f) The problem  is one  of  plane  strain.

 (g) Although it is recognized  that Poisson's ratio  for the soil-water  matrix

     may  deerease somewhat  during consolidation,  a  constant  vaiue  of  O.5

     is assumed  when  caleulatl'ng  the intermediate principal stress.

 (h) The  eontact  between the  base of  the load and  the soil is rough.

  (i) The sureharge  has no  strength,  and  each  load increment is applied

      instantaneously.

  (j) Initial excess  porewater  pressures ean  be expressed  in terms  of  octa-

      hedral normal  stresses,  octahedral  shear  stresses,  and  the Skempon
      <1954) parameters  A  and  B.

 (k) All soil properties, except  for the  coeMcients  of  permeability  and  con-

     solidation  in some  eases,  are  isotropic before, during, and  after  loading.

 (1) The  soils are  homogeneous  with  respect  to all governing  properties,
     except  shear  strength  and  void  ratio.

 (m) The so-called  Rutledge hypothesis" holds for relations  between com-

     pressive strength  and  major  principal effeetive  stress  in the range  be-
      yond  the preconsolidation pressure  of  the clay.

 (n) The coeMcient  of  consolidation  in the horizontal direction is a  function

      of the coeMeient  of  vertieal  compressibility  (Moran et  al., 1958).
 (o) The coefieient  of  lateral earth  pressure is constant  and  equal  to the
      

"at
 resV'  value.

 (p) The Boussinesq relations  for a  strip  load on  an  elastic  half-spaee give
      reasonably  representative  values  for stresses  incluced in a  elay  layer
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     of  finite depth.

 (q) The  coeMcients  of  eonsolidation  in the horizontal and  vertical directions
     are  intrinsic properties  of  the soil and  are  independent of  the geemetry

     of  loading and  the boundary conditions.

 (r) The  ratio  of  layer thiekness to load width  is suMciently  Iarge so  that

     a  failure surface  will  not  intersect or  touch the hard Iayer below.

 (s) Even  though  the horizontal and  vertieal  coeMeients  of  permeability,

     the eoeMcient  of  vertical  compressibility,  and  the void  ratio  of  the

     soil  may  vary  with  changes  in stress,  their combined  effect  is assumed
     to maintain  the coeMcients  of  consolidation  in the  horizontal and

     vertical  directions nearly  eonstant  over  the usual  loading increments

     (Moran et  al.,  1958).

 (t) The  load distribution on  the  surface  of  the  soil layer and  the  associated

     total stress  distribution in the  soil mass  are  unaffeeted  by the eon-

     solidation  precess.

 (u) The groundwater  table is at  the  surface  of  the  eompressive  soil  layer.
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Figure  1.Geornetry  ofproblem  and  bellndary  eonditions  censidered
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  (v) Settlements are  suMciently  small  so  that the variation  in position of

     the nodal  points in the numerieal  grid system  within  the loaded region
     is negligible.

Bozandary Conclitions

  Analyses have been made  for conditions  of  (a> one-dimensional  eonsolidation
with  one-dimensional  drainage, and  (b) one-dimensional  eonsolidation  with

two-dimensional drainage. Determinations of  increases in bearing eapaeity
and  consolidation  settlements  were  made  for six  different sets  of  boundary
eenditions;  in additiQn  to the one-dimentional  drainage case,  the five sets  of

boundary  eonditions  considered  for two-dimensional drainage cases  are  given
in Figure 1. Following comparisons  of  preliminary  results,  the one-dimen-
sional  drainage ease  and  cases  1, 2, and  3 for two-dimensional drainage were
eliminated  as  being of lesser significance,  and  more  detailed analyses  were
made  for the remaining  two  cases.

                     THEORETICAL  DEVELOPMENT

Postulateel Strength Distribution Rule

  The  evidence  gleaned over  the years from examination  of  boring logs has
led investigators to subscribe  to the hypothesis that, in general, the undrained
shear  strength,  c., of a  normally  eonsolidated  clay  increases linearly with

depth or with  the vertieal  effeetive  normal  stress,  p, of  the overburden;
specifically,  the shear  strength  ratio,  c.lp,  is a  eonstant.  Accordingly, as
shown  in Figure 2, the total undrained  shear  strength,  c,, at  a point  loeated
a  vertical  distanee, x, below the  ground  surfaee  may  be expressed  as

                                ct(2) =  co +  (c.lp)7'z
                                                            (1)
                                        +  "Fle,  exp  [ -  <2!aH)2]

        where  7' is the submerged  unit  weight  of

     

'

 
'

Figure 2.Assumed  initial distribution
ot  shear  strength  with  depth

the soil,  c, is the zero  intereept  on  the
strength  axis  of  the linear portion of  the
composite  strength  curve,  and  F  and  a  are

empirieal  coeMcients,  which  are  discussed
subsequently.  TheempiricalcoeMcientsare

dimensionless, and  the other  parameters
must  be expressed  in a  eonsistent  set  of
  .units.

 The  last term  on  the right-hand

side  of  equation  (1) refieets  the condition

of  greater  shear  strength  in the upper  few
feet of  the clay  as  a  result  of  overconsoli-

dation due to dessication or  fluetuation of

the ground-water  table. The  role  of  17' is
to establish  a  maximum  value  for c, at  the

NII-Electionic  
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upper  surface  of  the overconsolidated  zone;  it is unreasonable  to assume  too

high a  value  for F  because a  high degree of overeonsolidation  at the surface

would  probably introduee surface  cracks  and  negate  the existence  of  any

strength  in this region.  The coeMeient  a  describes the  attenuation  rate  of  the

effect  of  this assumed  overeonsolidation  in the upper  zone;  practical estimates

for a  ean  be obtained  by choosing  the  zlHvalue  at which  the strength  difference

between the curve  describing the data and  the extended  straight-line  portion

of  that curve  is approximately  equal  to one-third  of  li'tt,.

Bearing  Capacity DeteTmmatton

  Fer a strip  load of  width,  2b, applied  to the surface  of a  purely cohesive

soil  whose  undrained  strength  charaeteristies  are  represented  by  equation  (1),
the  initial or  no-load  bearing capacity,  qi, based on  the assumption  of  a

cylindrieal  fai!ure surface,  ean  be determined by utilizing  a  minimization

procedure  in eonjunction  with  the equilibrium  equation.  This procedure has

been explained  in detail by James, Krizek, and  Baker  (1968) and  will  not  be

repeated  herein. As  consolidation  progresses,  the soil  bearing capacity,

designated as  q, will  change,  but the procedure  by which  it is determined

remains  the  same  as  indicated above.
Total Stress Distribntion
  When  a  load is applied  to the surface  of  a  soil mass,  there is a measur-

able  total stress  increase at  all points within  a  
"zone

 of  infiuence." Based

on  the assumptions  of  linear elasticity  and  plane strain,  and  referring  to the

eoordinate  system  shown  in Figure 1, we  have

                           Txy=Tvz  :=O  (2)

and

                          a.=v(o.+a,)  (3)

where  a, is the intermediate principal stress,  a.  and  v is Poisson's ratio.

The  indueed stresses,  a., a., and  T.., acting  at  a point in the compressible  soil

layer, are  determined from  the elastic  solution  for a  strip  load resting  on  a

half-space; although  the  approximation  of  a half-space is admittedly  in error,

it is felt that the nature  of  the problem  under  consideration  does not  demand

greater refinement.  The  total induced stresses  at  a  point within  the eom-

pressible soil layer may  be separated  into dilatational and  deviatoric com-

ponents, [a'] and  Ia"], respectively,  and  written  as

   [a] .. [at] + [a,r] =  [
a

g
Ct

 aO
o,,,
 
al,,]
 =  [

a"

 Io.,
aeet

 a, 
-o

O

 aoct 
o,
 
T

-oXXa.,,]
 (4)

where
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               1(o. +  
a.

 +  
a,)

 
=

 
-{i-[(1

 +  v)(a.  +  a,)] .

may  define

(5)

as

               use,

                1
          

T,,t
 

=

 3 
1/(a.  

-
 av)2  +  (a, -  a,)2 +  (a, -  a.)2 +  6T;, .  (6)

initial Elr eess  Porewater  Pressure Distribution

  The process of  consolidation  depends upon  the rate  at  whieh  exeess  pore-
water

 pressures are  dissipated throughout  the soil mass.  One  very  important
factor which  governs this dissipation process  is the initial excess  porewater
pressure distribution which  results  immediately after  an  external  load is
applied  to the soil. There  is no  general agreement  on  how  this distribution
may  be represented  analytically,  but several  suggestions  have been advanced
by Terzaghi (1943), Skempton  (1948a, c), Bjerrum  (1954), Henkel (1960), and
Henkel  and  Wade  (1966). For the work  herein, the following relation  for
the initial exeess  porewater  pressure,  ui, is used:

                           ui  
==

 a..t+aT,,t  <7)
where  

"a"
 is the Henkel (1960) porewater pressure parameter  whieh  is related

to the Skempton (1954) A  parameter  by the relation:

                           vf'2-a =A-  -il-. (s)

Distribution of Excess Porewater  Pressure

  Immediately following the application  of  a  Ioad to a saturated  soil, the  in-
dueed initial porewater  pressures begin to dissipate. Coupled with  this dissi-
pation  proeess is the  phenomenon  of  porewater pressure spreading,  whieh
results       from            the eomparatively  rapid  dissipation of  porewater  pressure at
points  under  the load; unless  there is easy  access  to a  drainage faee, this
porewater  is trapped in the regions  under  the load, and  there is a sharp  in-
crease  in the excess  porewater pressure in these zones.  Sueh an  increase
may  remain  in evidenee  for a  considerable  length of  time before a  decrease
ensues.

  A  general theory of  consolidation,  which  includes the  interrelationship be-
tween  the stress  distribution and  the consolidation  process, was  developed by
Biot    (1941). Based  on                     this theory,  Gibson and  Lumb  (1953) showed  that the
consolidation  process may  be approximately  described by the equation:

               
-og;ct

 . 
o,u,
 

..

 c,[ g.2re .  g2,M, . g2,ty] <g)
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where  C3 is the three-dimensional eoeMcient  of  consolidation.  In applying

simplifying  assumptions  to this equation,  Davis and  Poulos (1968) make  a

distinction between the applieation  of stresses  to a  soil specimen  in a triaxial
consolidation  test and  the loading of  a  soil mass  in the field. For the case

of  a  laboratory test in whieh  the applied  stresses are  maintained  eonstant

during the  consolidation  process, the term  Oa.,,10t is zero,  and  equation  (9)
reduees  to the heat conduction  equation  for which  several  analytieal  selutions

are  available.  In problems  involving the application  of  load to a  soil  mass,

the term Oa,,,!6t is not  generally  zero,  even  when  the load is eonstant;  this

is because of  the stress redistribution  which  takes  plaee within  a  three-

dimensional soil rnass  during consolidation.  Strictly speaking,  equation  (9)
eannot  be solved  exactly  without  recourse  to the full theory of  Biot. How-

ever, in many  cases,  the overall  change  in the distribution of  a,,,  from  the

start  to finish of  consolidation  is not  very  great  and,  as  a  first approxima-

tion, the term Oa.,,!Ot may  be ignored; this, of  course,  is not  permissible when

there are  changes  in total stresses  due to changes  in the foundation loads

with  time. For  the problem  considerd  herein, Oo,,tlOt was  assumed  equal  to

zero,  except  for the discontinuity whieh  oeeurs  at the instantaneous appli-

cation  of  each  increment  of  load.

  For two-dimensional flow in the x -  z plane and  for anisotropie  permeability,

the equivalent  of  equation  (9) may  be written  as

                                   02u Oee                           02u

                         Ch ox, +Cv  oz, 
=

 ot 
<10)

where  ch  and  c. are  the horizontal and  vertical  eoeMcients  of  consolidation,

respectively,  under  two-dimensional drainage conditions.  If we  let

                              ch :=  v2c., (11)

then equation  (10) becomes

                       e.[rp2 
Oo2.U,

 +  
Oo2.U,

 ]- Ooeet
 . (12)

As a speeial case  of  equation  (12), the differential equation  for vertical  con-

solidation  and  one-dimensional  drainage is
                                                 '

                              02u Ou

                            Cw oz2 
:ot'

 (13)

By  use  of the normalized  variables

                              u=U  (14)
                                    qi
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                            T== il}l as)

                            X=X  (16)
                                VH

and

                                 z

                            
Z-

 H,  (17)

Equation  (12) can  be written  as

                              02U OU                       a2U

                       ox2+  az2 
=oT'

 <i8)

Similarly, equation  (13) becomes

                          o2u OU
                          oz2=oT'  (i9)

Porewater  PresszaTe-Eiff;ective StTess Relationship

  At any  time following the applieation  of  a  load, deerease in porewater
pressure is refiected  as  an  increase in effeetive  stress.  With  the assumption

that each  effective  stress  component  is increased by the same  pereentage
that the porewater  pressure  is decreased (this is consistent  with  the defini-
tion of  principal effective  stress  components;  Skempton, 1948b), we  can  write

                      [1 -  
U

£l.) ]ui= Ooct+aT-oet (20)

where  u(t)  is the exeess  porewater  pressure as  a  funetion of  time. Eaeh
increase in eaeh  effeetive  stress  cemponent  is added  to the corresponding

eomponent  of  the existing  effective  stress.  In the case  of  the first load in-
crement,  the existing  effective  stress  distribution is generally due only  to

the overburden  stress.  For  subsequent  load increaments, the effective  stresses

at  a  point are  the respective  sums  of  the initial effective  stress  components

plus all  subsequent  time-dependent  increase in eaeh  component.

ELff;ective Stress-Shear Strength Relationship
  According  to work  reported  by the United States Army  Engineer Water'
ways  Experiment  Station <1944), there is, for saturated,  normally  consolidated,

undisturbed  clays,  a  unique  relationship  between the water  content  at  the

end  of  a  triaxial test and  the compressive  strength,  irrespective of  the value

of  the minor  principal stress  or  of  the test method.  In addition,  there is a

unique  relationship  between water  content  and  major  principal effeetive

stress,  a-,, in the compression  range  beyond the preconsolidation  pressure,

NII-Electionic  
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p,. Since void  ratio,  e, and  water  content,  w,  are  uniquely

saturated  soil,  for all values  of  j,, equal  to or  greater than
of  the  e-  log5, and  the  e-  logs curves  are

essentially  parallel. These findings, often

termed  the 
"Rutledge

 hypothesis," were  later
confirmed  through  investigations condueted

on  both undisturbed  and  remolded  clays

(Bjerrum, 1954). The  results  of  tests carried

to failure on  normally  consolidated  samples

of  Weald  and  London  elays  (Henkel, 1960> also
conform  to this pattern.  Although  various

other  effective stress-shear  strength  relation-

ships  have  been reported  (Skempton, 1948a;
Henkel  and  Wade, 1966), the one  described
above  has been used  in this study.

  As shown  in Figure 3, the constant,  N,

defined as  the Rutledge strength  parameter,
is the horizontal distance between the two
eurves  described; the associated  algebraie

relatipnship  between the  shear  strength,  s,

stress,  d,, may  be developed as  follows,

                          e  ==  log a- +  R.

and

                          e ==  logs+  R,

where  R. and  R. are  constants  to be
a-if and  s equals  sf, where  the subscript  

"f"

Use of  these  conditions  in conjunction  with

us  to write

related

P,, thefor

 aslopes

    Figllre 3. Shear strength-effectiye

         stress  relationship

 and  the major  principal effective
From  Figure 3, we  have

                        (21)

                           (22)

determined. Ateequal  to er, aH, equals

      refers  to some  final condition.

      equations  (21) and  (22) allows

                          N.=  lr =g  <23)
                              a;f  al

where  x  usually  Iies in the range  between O.2 and  O.6.
Conso"dation Setttement

  The determination of  consolidation  settlements  in the compressible  soil

Iayer involves the following assumptions  in addition  to those already  stated.

 (a> The e-  loga-, relationship  can  be expressed  by the idealized curve

     shown  in Figure 3.

 (b) The  initial overburden  or  preconsolidation pressure,  p,, anywhere  in
     the soil  mass  satisfies  the empirical  relation
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                     p, ==  7'z+p,  exp  [-<2/aH>2] (24)

      where  po is defined as  the stress  overconsolidation  eoeMcient  and  a  is

      the same  as  previously defined. For  normally  eonsolidated  soils, some

      slight  overconsolidation  due to dessieation may  exist  in the upper  few

      feet, but it is felt that the magnitude  of these shrinkage  stresses

      would  not  become very  large before cracks  would.  develop. From  a

     mathematieal  point of  view,  equation  (24) must  not  be zero;  otherwise

      the change  in void  ratio  or  decrease in volume  will  be infinite. Asa

     consequence,  a  p, value  of  100 psf has been chosen  for this study.

  (c) One point on  an  e-log  o-, curve  for a  sample  from  beneath the

     proposed  loaded area  is suMcient  to determine the initial void  ratio,

     e,, at  any  point  under  the load.

  (d) There  is no  defiection at  the base of  the compressible  layer (i.e., at

     the  upper  surface  of  the firm layer).

  From  the basic phase  diagrarn depieting the  various  components  in a  soil

mass,  the relationship  between change  in void  ratio  and  change  in height
may  be written  as

                            lie dH

                           1+  e, 
=H

 (25)

where  1 +  e, and  de are  the original  thickness and  the  change  in void  ratio

of  a  two-phase sample,  and  H  and  dH  are  the  original  thickness and  the
change  in thickness of  the clay  layer, respectively.  For a  given increase
in effective  stress  beyond the preconsolidation stress,  we  have

                        
dHH

 
=1C+C

 
,,
 10g 

pO-,
 (26)

where  C, is the compression  index of  the compressible  soil.

                       METHOD  OF  SOLUTION

Numerieal Procedure

  Equation  (18) was  written  in terms  of finite differenees and  solved  for the
boundary conditions  stated  in Figure 1. The  artificial boundary specified

by x=L  and  OSzSH  was  earefully  studied,  both with  respeet  to its
location and  with  respect  to the assigned  boundary condition,  to determine
its effect  on  the computed  results.  The conclusions  were  (a) that  a  distance,
L, of  approximately  4b is adequate  in order  to neglect  the infiuence of  the
boundary, and  (b) that consideration  of  this boundary as  impermeable

(OulOx =  O) or  free (u ==  O) had no  significant  effect;  hence, the cases  corre-

sponding  to 4 and  5 in Figure 1 were  solved  for L  EI! 4b, where  the exact

NII-Electionic  
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value  for L  depends on  rp. In order  to enhance  the stability  of  the solution,
the time increment was  taken as  either  O.1 or  O.05 times the square  of

the space  increment. A  similar  rnethod  of  solution  was  applied  to equation

(19), exeept  that the ratio  ef  time increment to square  of  the space  inerement
was  116 and  the artificial  boundary played no  role  in the  solution.  After a

few preliminary solutions  to equation  (19), this case  was  discarded in favor
of  the more  realistic  conditions  speeified  by equation  (18) and  the boundary
conditions  stated  in cases  4 and  5.

  According to this method  of  solution,  the behavior of  the soil mass  is
determined at a finite number  of  discrete nodal  points; if values  of  a  given

parameter,  such  as  shear  strength,  are  desired at  points intermediate to the
nodal  points, linear interpolation is employed.  Bearing capacity  determi-
nations  were  made  after  an  arbitrarily  specified  number  (100 in most  cases)

of  time inerements, and  the  load was  increased instantaneously to a magnitude

compatible  with  the  new  bearing eapaeity  times a  load factor. For a  typical
clay  layer as  considered  herein, the  time  factor, T, should  be rnuch  less
than  unity  in order  to operate  within  a  realistie  field precompression time;
with  this in mind,  and  equally  important, in the interest of  economy  of

computer  time, it was  decided that a  minimum  of  3 percent  increase in bearing
capacity  would  be aeceptable  for a  given number  of  time  cycles.  An  increase
in q of  less than  1 pereent over  the previous  q value  was  used  as  the criterion

for terminating the computer  solution.  The eonsolidation  settlement  between
two  successive  nodal  points is algebraically  determined  by  using  equations

<25) and  (26), and  total settlement  along  a grid  line is detemiined by a

summation  procedure. Additional details regarding  the method  of  solution

have  been reported  by James  (1968>.
Compzater  program

  The  described method  of  solution  necessitates  two  basie cornputer

programs, one  for determining the bearing capaeity  and  one  for determining
the  consolidation  settlement  and  bearing capacity  increase. The  procedure
for the bearing capacity  determination has been reported  by James, Krizek,
and  Baker (1968) and  will  not  be repeated  herein. A  fiow diagram of

procedures  followed in determining the consolidation  settlement  and  the

bearing capacity  increase is shown  in Figure 4. This sequence  may  be
described in greater detail as  follows:

 (a) Enter the main  program,  apply  the initial load to the soil surface,

     and  eompute  the  ･total indueed stresses  and  the initial porewater

     pressures  at  all nodal  points.

 (b) Enter the settlement  subroutine  and  compute  e, and  p, at  all  nodal
        .

      pomts.

 <c) Enter the porewater  pressure subroutine,  and,  foragiven time factor
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POREWATER  PRESSURE

  SUBROUTINE

SETTLEMENT
SVBROUTiNE

 MASNPROGRAM  SEARCHSUBROUTINE ,NTERPOLATION

 SUSROUTINE

Determineeoandpc
ateachnedetpoint.1Applyloadaptddeter-minestre3sincreases

ataLlnederpoints.5Startwithtrialvet-
uesofeoordinotes

designat/ngcenter

oftriglfailsurtace6

2

5

Feratimeinerement,
At,findtheincreases
inettectivestresses
anddeterminethe

neweveralteffective

stressesandthenew

shearstrengthsat

eachnodoLpoint.

4
Determinee,Ae,and
AHIHateachnodol

peint.

tnitia[izetrialvalues
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natingcenteroftrioS

fa"surfaee.

Computetriatvalue
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intolOOequolsub-
grcs,"-----"
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byplonarinterpel-
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atofigthetrialfe"-
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Figure  4.Flow  diagrarn of  procedures  for determinimg  bearing  capacity  increase

   and  consolidation  settlement  under  step  loading.

    increment, AT,  find the pereent dissipation of  perewater  pressure  and

    the resulting  increase in effeetive  stresses  at  eaeh  nodal  point; to the

    effeetive  stresses  that existed  at  the beginning of  the time increment

    and  corresponding  eomponents  of  the principal effective  stress  increments.

(d) Use the  effective  stress-strength  relationship  to determine new  shear

    strengths.

(e) Reenter the settlement  subroutine  and,  with  the rnajor  prineipal

    effective  stresses  now  known, ealculate  the new  void  ratio,  e, the

    change  in void  ratio,  tie, and  the settlement  ratio,  dH7H,  at  all points
    under  the Ioad.

<f) Reenter the main  program,  and  initialize trial values  of  coordinates

    which  specify  the  eenter  of  the trial failure surfaee.

(g) Enter  the search  subroutine,  and  initialize those same  coordinates.

(h) Enter  the interpolation subroutine  with  the above  eoordinates,  develop

    a  trial failure surfaee,  and  superimpose  the failure surface  on  the

    strength  grid; divide the failure are  into 100 equal  sub-arcs,  determine

    the strength  at  the center  point of  eaeh  sub-arc  by planar interpo-

    lation in the strength  grid, and  calculate  the average  shear  strength

    along  the potential faiTure surface.

(i> Reenter the search  subroutine  and  eompute  a  trial bearing capacity;

    increment  the coordinates  designating the eenter  of  the failure surface

    and  repeat  the interchange between steps  6 and  7 in Figure 4 until

    q is minimized.

(j) Reenter the main  program  and  print q; take the difference between
    the new  q and  the old, multiply  this difference by the assigned  load

    factor, and  inerease the preceding load by this amount.
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 (k) Repeat all pertinent steps  in the  entire  sequenee  of  procedures, and

     continue  to repeat  this cyele  as long as  the bearing capacity  of  the

     soil continues  to increase at  some  minimum  specified  rate  with  time

     and  with  inereasing load,

                             RESULTS

Selection of PaTameteTs
  In order  to seleet  input parameters  which  are  representative  of  the soil

types considered  herein, an  extensive  study  of  the  literature was  eonducted,

and  some  of  the results  are  summarized  in Tables 1, 2, and  3. Based on

this study,  the ranges  of  values  shown  in Table 4 were  seleeted  as  being
reasonable  for the problems  under  study;  in addition,  a  so-called  reference

problem  has been defined by the values  shown  in Table 4, and  variations

from this referenee  problem  were  made  by  varying  only  one  of  the indicated
parameters.
Bearing  Capacity increase and  Consolidation Settlement
  Because  of  the large number  of  parameters  and  the multi-valued  nature

Table  1. Ayerage  yalues

Cc eo

O.57

O.44e.4oO.67O.64O.61O.57e.95

O.21

O.42O.46

1,O2,5

(O.6 to O,9)

(O.55 to 1,12)

l1.96

1.261.522.051.421.5551.472.2

1.21

1.65

  e  at

o, ==  2000 psf1.38

1,261.311,721,421,5551.371,83

O,76

1,Ol

  Cv(ft2iday)o,eo7

O.03O,14O,O08O,23O,28

O.03-O.2

O.67,p>pc
O,17,p<pc

  O,02
  O,3O.16-O.39

  O.05

[ibid]
  O.042

Wh

74

6651.5545484

47

  89228
 to 1000

40 to IS4

60 to 80

30 to 50

85

WLL

81

 74.4

 58.560

 to 80

 49.5

 49,5

 55,5

 84

61

6167

50 to 65

30 to 60

100

l.

 50

 47

 2330

 to 50

 19

 19

 29.5

 gg

43

4339

25 to 35

61
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of  the  majority  of  them, a  comprehensive  quantitative  treatment of  this
problem  is not  feasible; rather,  it is reasonable  to treat only  a judicious
selection  of combinations  which  will  typieally evaluate  the relationships

among  loading rate,  rate  of  eonsolidation  settlement,  and  rate  of  increase
in bearing eapaeity.  As  previously indicated, problems with  two  particular
sets  of  boundary eonditions  are  treated in detail; these are  stated  as  eases

4 and  5 in Figure 1 and  are  designated hereafter as  the no-edge-drain  case

and  the edge-drain  case,  respectively,  The only  difference between the two
sets  of  boundary conditions  lies in the drainage eonditions  under  the load.

  For the one-dimensional  drainage case,  even  with  the maximum  load faetor
of unity,  the increase in bearing capacity  was  less than 1 percent at T  =

O.157 (i.e., after  the first 100 time eycles)  and  less than  2.5 percent at  T
equal  to O.3; hence, as  previously  mentioned,  results  based on  one-dimensional

drainage are  not  considered  further in this study.  For the two-dimensional
drainage, no-edge-drain  case  with  a  load factor equal  to unity,  results  showed

that no  signifieant  increase in bearing capaeity  occurred  for T  values  as

high as  O.3, except  when  rp2 was  taken equal  to 4; in this instanee,q

of  soil  preperties

G

2.67

2.72.77

2,712,61

2.76

2,70

Pc(psf)

1ooO

50005000

1000

540

Type of  Deposit

Normally consolidated  clay,  from
Gosport, UK
PIastie blue elay

Organic silt (OH)
CHSoft

 gray  organic  silt

Soft gray  organic  silt

Soft Chicago elay

Organie clay  (average values
from  several  e-log  bi curves)

Zurieh tile elay

   (14% clay  fraetion)

Allschwyll tile clay  (OH)
Blue-gray  inorganic silty  clay,

California
Bay  mud,  California
Fibrous peat
Soft organic  silty clay

Bay  mud,  50-70%  elay

40ft of  organie  silt and  organic

silty  clay,        III,

Organic silty  claty

Reference

Skempton, 1948c

Osterberg, 1965

Lowe  et  at,  1964

Sowers, 1964
Moran  et al, 1958
Meran  et ae, 1958
U.S.W.E.S., 1944

Schmidt and  Gould,  1968

Bjerrum, 1954

Bjerrum, 1954

Moran  et  al,  1958

Moran  et  al,  1958

Moran  et al, 1958
Moran  et al, 1958
Moran  et  al,  1958

Moran  et  al,  1958

Jonas, 1964
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Table

SOILS  AND

2, TypicalFOUNDATIONSvalues  of  co andcantp

 co(psf)300

120

320

200400

500

240

200400

100220

Cup

   O,19

   O,227

   O.23

(O.12 to O.
   0.15

(O.09 to O.

   0,27

O.16

22)

13)

Soil Type

Grey silty  clay  with  sand  and  gravel
Cleveland, Ohio

Organic silty clay;  tidal marsh  San
Juan, Puerto Rico

Sensitive marine  clay  Quebec, Canada

Grey, silty  clay  Detroit, Michigan

Grey sily,  clay  with  sand  Saginaw,
Miehigan
Red  clay  with  grey  silt lenses Sault
Ste, Marie,  Canada

Black  and  grey  clay  and  fi11 Gosport,
United Kingdom

Clay  with  layers of fine sand,  Sweden

Firm  brown  elay  underlain  by  mottled

elay  Kippen,  Sweden

Drammen  elay;  Norway

Dark, inorganie elay  and  green  silty

elay  LaSalle, Illinois

Reference

Wu,  1960; Figure  9

Jonas, 1964; Figure 3

Brown  and  Paterson,  1964;
Figure 2

Wu,  1960; Figure 3

Wu,  1960; Figure 4

Wu, 1960; Figure 5

Skempton,  1948e; Figure 3,4,5

Carlson, 1948; Figure 8

Bishop  and  Bjerrum, 1960;
Figure  16

Simons, 1960; Figure 2

Moran  et  al,  1958;
Plate Illinois 2.1-2

Table3. Valuesof  effeetiyestress-strengthparameter

A

O.4O.2O.27O.28O.5O.66O.5O.3O.3

Clay Type

Plastic blue clay

Drammen  clay

Bannalp clay

Zurich tile clay

Minnesota  clay

Massena  elay

Soft  Chicago elay

Zurieh talus clay

Uetliberg clay

Reference

Osterberg, 1965

Bjerrum, 1967

Bjerrum, 1954

Bjerrum, 1954

Lambe,  1951

U.S.W.E,S., 1944

U.S.W.E.S., 1944

Bjerum,  1954

Bjerum,  1954

inereased by 29 percent at  T  equal  to O.97. For the two-dimensional drainage,

edge-drain  ease,  there were  early  increases in bearning capaeity  followed

by perceptibly decreasing Tates  of  inerease. Figures 5, 6, and7  show  typical

results  for some  of  the eases  considered  and  indicate in a  general  manner

how  the various  soil parameters  infiuenee the rate  and  magnitude  of  bearing

capacity  increase and  eonsolidation  settlement.

     Figure 5 shows  a  comparison  of  the rate  and  magnitude  of  increase

in q for the edge-drain  and  no-edge-drain  cases  when  rpZ equals  4; the effect

of  adequate  drainage surfaces  is evident.  Even though  a  29 percent or
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larger increase is achieved  for the no-edge-drain  case,  the time required  is
quite large, and  in all probability will  not  be compatible  with  the average

field construction  sehedule.  Comparison of  the two eurves  shows  that  the
time required  for a  given inerease in q for the no-edge-drain  ease  is about
4 to 6 times that required  for the edge-drain  ease.

  Figure 6a shows  bearing eapaeity  increase as  a function of  load factor
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for load factors of O.8 and  1.0. For a  load factor of  unity,  the rate  and

magnitude  of  increase in q are  signifieantly  higher than  for a  load factor
of  O.8; also,  the consolidation  settlement  shown  in Figure 7a is larger in
magnitude  and  rate.  Results of  this study  indicate that, from a  praetieal
point  of  view,  load factors less than O.8 (or safety  factors greater than  1.25)
are  ineffeetive for achieving  a  significant  bearing capacity  increase in a

reasonable  period ef  time; therefore, all other  results  reported  herein employ
a  Ioad factor of  unity.  As a  consequence,  the increase in applied  load is
equal  to the bearing eapacity  increase, and  the discrete points shown  in
Figure 6 actually  represent  the increase in applied  load or  preload  rate.

Figure 6b shows  relative  values  of  q for different values  of  c.fp.  The
Iargest percentage inerease and  the  fastest rate  of  increase in q occur  in the
weakest  soil; however, a word  of  eaution  must  be introduced concerning

the literal interpretation of  the three curves.  Based  on  the  strength  distri-
bution rule  given  by  equation  (1>, the bearing capacity  of  the soil with  the
Iowest c./p  ratio  will tend to increase at  a  faster rate,  even  theugh  the
final maximum  value  may  well  be smallest  for the  weakest  soil.

  Figure 6c shows  that the rate  of  increase of  q inereases somewhat  with

inereasing values  of  rp2; the curves  show  also  that, as  T  approaehes  O.3, the
increase in q approaches  the same  maximum  value  for all ny2. For the case
where  rpe= 2, Figure 6c also  shows  the  increase in bearing eapaeity  with

time for two  modes  of  loading, the constant  Ioad and  the step  load. The
single  point represents  the  bearing capacity  increase which  occurs  under  a

eonstant  Ioad applied  from  zero  time to a time equivalent  to the sum  of

time increments required  to complete  five step  load increments. Although

the difference between  the respective  bearing capacity  increase is relatively

small  (about 9 percent  at  T  equal  to O.182), the time required  to achieve  a

given  inerease (say 15.5 per cent)  oecurs  for the step  load proeedure  in about

one-half  the time required  for the eonstant  load procedure. The  settlement-

time relations  in Figure 7b show  that at  a given  time the settlement  under

a  eonstant  load is Iess than  under  the step  load. AIthough,  at  T  equal  to
O.182, the differenees in the  eonsolidation  settlements  under  the edge  and

under  the center  of  the load due to the different loading procedures  is only

about  10 and  6 percent, respeetively  the  same  amount  of  settlement  oecurs

in about  half the time when  the step  Ioad proeedure is employed.  These
results  can  be used  to advantage,  particularly for soils with  high coeMeients
of  secondary  compression,  since  Moran  et al. (1958), Leonards and  Ramiah
(1959), and  others  have  shown  that even  moderate  surcharges  can  signifieantly

reduce  the effects  of  post-construction  secondary  compression.

  Figure 7c shows  a  eomparison  of  the  trends  in eonsolidation  settlements

for the edge-drain  and  no-edge-drain  cases  when  rp2 equals  4; again  the effect
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of  adequate  drainage surfaces  can  readily  be appreciated.  For example,  a  given
settlement  of  O.125H  under  the center  of  the load is accomplished  for the

edge-drain  case  in about  one-tenth  of  the time required  for the no-edge-drain

case.  In Figure  7d rates  of  consolidation  settlement  are  compared  for eases  in

which  rp2 equals  1 and  4; these results  indieate the effect  eaused  by  anisotropic

permeability or  silt (sand) seams  when  kk is greater than k.. Figure 6d indicates
relative  rates  of  increase in bearing capacity  as  a  function of  the initial shear

strength  intercept, co. The  decrease in the rate  of  bearing capacity  increase

for the higher value  of  c, is evident,  and  it may  be inferred that the probable
maximum  bearing capaeity  increase also  will  decrease as  c, increases.
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                            CONCLUSIONS

  On  the basis of  a  limited digital eomputer  study  of  the

no]rmally  consolidated,  soft  clay  soils under  a  fiexible strip  load

O,5 1,O

behavior of

 of  uniform
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intensity, the  following conelusions  may  be drawn.

  (a) One of the chief  requirements  for effectively  optimizing  the preload
      rate  of  a  soft  soil is the provision of adequate  drainage surfaees.

      For the  ease  of  two-dimensional drainage with  no  edge  drains or

      Planket, slow  rates  of  consolidation  result  in slow  rates  of  strength

      
increase;

 thus, there is no  appreciable  gain in ultimate  bearing capacity
      exeept  when  the consolidation  coeMeient  ratio  is large. On the other

      hand; noticeable  increases oecur  in the edge-drain  problem under  most

      of  the eonditions  investigated.

 (b) Although the  rates  of  consolidation  settlement  and  bearing capaeity

      increase  are  higher                         under  the step  preload proeedure than when  a

      constant  preload  is used,  the magnitude,  after  a  given time interval,

      
of

 both the consolidation  settlement  and  bearing capacity  increase
      may  not  be significantly  greater  under  step  loading.

  (c) 
If

 thg undrained  shear  strength  is a function of depth, the bearing
              beeomes a      capaclty                       funetion of  the width  of  the proposed surfaee  load.

 (d) 
Durin.g tbe loading and  consolidation  process, the rate  of bearing

      
capacity  increase  varies  approximately  direetly as  the consolidation

      goeMcient ratio  until  the maximum  possible value  of  bearing eapaeity
      is approached.

  (e) For given values  of  the consolidation  coeMcient  ratio  and  the Ioad
     

factor,
 the rate  and  magnitude  of bearing capaeity  increase tend to

     decrease with  increasing values  of  the c.lp  ratio.

  
(f).T.h,e..pea.n,it:..dft,2ig,a,r.in,g,,?a2a,/i,t,y,i::re,a,s.e,ge,cr.e,as\,,w.iih,,a:&r.e.asln,f

     purposgs of  inereasing the bearing eapacity  of  a soil deereases with
     lncreaslng  stiffness                       of  the soil.

 (g) For the boundary conditions  assumed,  the ratio  of  the settlement

     under  the edge  of  the load to the settlement  under  the center  of  the

     load
 tends to increase with  time, and  finally approaehes  eonstant  value.
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