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                                      ABSTRACT

 Among  various  soil densification techniques, the sand  compaction  pile (SCP) has been one  of  the most  frequently

used  methods  to improve  loose deposits of  sandy  soils  encountered  in Holocene or reclaimed  lands. In this method,

columns  of  densely compacted  sand  are  created  in the ground  by imparting vibration  to the sand  at the bottom of  a

pipe which  is lifted stepwise  while  supplying  sand  from the ground surface.  Because of  noise  and  vibration  produced
during  its installation, the SCP  is losing its popularity and  an  altemative technique employing  a  static  driving force is
being exploited  to install columns  of  dense sand.  To  study  the degree of  soil densification due to such  static  sand  pile
installation, multiple  series of  large-scale hollow cylindrical  torsional shear  tests were  conducted  in the laboratory on
clean  fine sand,  simulating  stress changes  conceived  to be occurring  in a soil element  in the  vicinity of  the pile being

penetrated. To determine the stress changes  in the field during the pile penetration, analysis  was  conducted  based on
the classical theory  of  elasticity. The sequence  of  stress changes  thus established  was  applied  to saturated  sand  speci-

mens  prepared in a torsional hollow cylindrical  shear  test apparatus.  This process allows  complex  stress  paths to be
reproduced  in the specimens,  including the rotation  of  a principal stress direction. In the course  of  the tests, shear

stresses  were  applied  first undrained  on  loose and  medium  dense fine sands  and  induced  pore  water  pressure was  dissi-

pated by opening  the valve  of  the drainage system,  thereby monitoring  the  volume  decrease of  satuTated  samples  . Par-
ticular attention  was  drawn to the infiuence of  the amount  of  shear  strains  imposed undrained  on  the soil specimens

on  the subsequent  drained volume  changes.  It was  found that a  volume  change  of  5 -  10%  was  observed  in the test
samples,  which  is considered  suMciently  great to bring about  substantial  densification in the sand.  The experimental

results  of  the tests were  shown  to provide a  basis for the assessment  of  soil densification due to static sand  pile penetra-
tion. On  this basis, a  diagram was  provided to facilitate the evaluation  of  the degree of  soil densMcation. In addition,
case  studies  were  carried  out  by taking advantage  of  soil improvement projects which  have recently  been implemented
at  three sites  in Japan. These  are  considered  to provide field verification  on  the effectiveness  of  soil densification due to

static sand  pile installation. Finally the degree of  in-situ densification as  evidenced  by increased SPT  N-value was  inter-

preted in the framework of  the conception  established  through  the laboratory tests.
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INTRODUCTION

 A  sand  compaction  pile (SCP) method  is frequently
used  to  densify sandy  soil deposits and  to improve their
capability  to resist Iiquefaction during earthquakes,

(Kusano, 1983; Mizuno et al., 1987; JSSMFE,  1978;
PHRI,  1997  and  others)  . The installation of  sand  compac-

tion  piles consists  of  a sequence  of  routine  work,  as illus-
trated in Fig. 1. First, the casing  pipe is penetrated forci-
bly inte the ground to a  specified  depth  by  employing

vibration with  a  frequency of  50 Hz.  Then,  the casing

pipe is retracted  stepwise,  each  time about  1 metre.  Simul-

taneously, the sand  is supplied  frorn the ground  surface

through  the  casing  pipe, and  compacted  by its tip, while
applying  vertical  vibration.  The  lower end  of  the casing

pipe  is controlled  to open  while  the pipe is lifted and

closed  when  compacting  the  sand  below  it. This  sequence

of  sand  supply  and  compaction  is repeated  many  times

until  a  compacted  column  of  sand  is fully formed
through  the specified  depth. Dozens  of  sand  compaction

piles are  normally  installed at a  site  with  an  equal  spacing

to cover  the area  of  soil  improvement. It is recognized

that in this technique actual  penetration is advanced  by
the force pushing  the pile and  vibration  is merely  to help
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fig. 1. Installation of  salld  compaetion  piles

penetration by cutting  the friction over  the  outside  walls

of  the pipe. However, because of  environmental  prob-
lems such  as noise  and  vibration  cropping  up  in recent

years particularly in densely populated areas,  the use  of

vibration-type  techniques is often  restricted,  and  the tech-
nique  of  static  compaction  is preferred to  those of  dynam-
ic force. Under  such  circumstances,  a  soil  densification
technique by means  of  static  pile penetration has been de-
veloped  by the  private sector,  and  elaborated  into prac-
tice in recent  years, (PHRI, 1997). In this technique, the

rotating  casing  pipe is gradualIy pushed  into the ground
without  any  application  of  vertical  vibration.  Then  the

same  sequence  of  sand  supply  and  compaction  as the

sand  compaction  pile method  is repeated  during the pull-
out  of  the casing  pipe, until  the compacted  sand  column

is installed. It has been observed  in the  field that compact-

ed  sand  columns  installed by static technique gave rise  to

an  increase in SPT  NLvalue  of  about  1O for loose deposits
of  sand  having an  IVLvalue of  about  10. This increase in
the SPT  N  value  was  shown  to correspond  to 30%  in-
crease  in the relative  density calculated  by the empirical

relation  of  D,(%)=21  Nl(a.+O.7),  (a,:kgf!cm2),
(Meyerhof, 1957). Therefore, the soil improvement by
means  of  the statically compacted  sand  pile has proved  to

be  effectiye  in densifying sand  deposits.
  The occurrence  of  soil  densification in the course  of

compaction  pile installation may  be envisioned  as a super-

position oftwo  working  mechanisms  as follows. First, all
of  the soils  displaced by the volume  of  the pile are pushed
outwards  into the surrounding  soil deposit and  impose
shear  distortion upon  it, while  the  displaced soil itself is
subjected  to shear  distortion. The  density increase due to

this effect may  be  noticeable,  although the ground  sur-

face tends  to heaye and  may  compensate  for part of  the

volume  change.  The  second  aspect  of  sand  pile dTiving is
that the soil element  in the vicinity  of  the  compaction  pile
experiences  a  series of  stress changes  due to the vertical

load applied  at the  bottom  of  the casing  pipe during

penetration and  retraction.  These stress changes  may  be
induced in undrained  conditions  with  a  fairly Iarge

amount  of  shear  strain  and  when  the induced  positive

pore  water  pressure is dissipated, soil  densification can

take  place. The  second  working  hypothesis as cited  above
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I-g. 2. Scheme  of  analysis  of  field stress path due  to pile driving

is the major  point to be addressed  and  clarified in this

paper.

FIELD  STRESS  PATH

  Actual stress paths to which  a soil element  in the

ground might  be subjected  during sand  pile penetration
would  be complex,  but the use  of  elastic analyses  could

provide the overall  feature of  stress chariges  that may  oc-

cur  in the ground in which  a  vertical  point force is consid-
ered  to travel in the vertical  direction from the  surface

to the depth of  pile penetration. It is well  known  that the

Beussinesq's  solution  is known  to give stress distribu-
tions  as  functions of  Poisson's ratio  y, and  it is only
when  strains are concerned  that the shear  modulus  G

must  be specified  and  incorporated in the forrnula. This

implies that stresses are  relatively  insensitive to the

changes  in the material  constants,  compared  with  the

deformations or  strains  evaluated  by virtue  of  the  elastic

theory. Therefore, it would  be appropriate  to assume

that the theory  of  elasticity offers, with  a  reasonable

degree of  accuracy,  an  estimate  of  stresses induced in the
interior of  a  half space  such  as level ground.
  In the following, a  field stress path  to which  a  soil ele-

ment  is subjected  in the vicinity  of  sand  pile penetration
is analysed,  assuming  a  single  vertical  point force moving
downward  in the interior of  an  elastic half space  (semi-
infinite solid).  The elastic  solution  for the axi-symmetric

problem  as  above  was  given in the  references  by  Mindlin

(1936) and  Mogami  (1957). In what  follows, the expres-

sions  derived by Mogami  (1957) are  adopted.  Figure 2
shows  polar coordinates  (z, r) adopted  in this  analysis,

and  stress  components  acting  on  the  soil  element.  The
states  ofstress  (a,, a., a.., ae) at point P  located at (d, R),

(d=1, unit  depth), due  to the  unit  force acting  at (a, O),
can  be calculated  by the formulae. The field stress path

can  be obtained  by assuming  that  the  unit  force moves
successively  from the origin  to some  depth along  the z-
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fig. 3.Field  stress  path

axis. The details of  the calculation  of  the field stress path
are described in the Appendix.  Based  on  the calculation

of  the  field stress  path  thus obtained,  it is found that the
stress  component  ae  does not  change  significantly;  the ra-

tios of  the normal  stresses, laela,1 and  laela.1, are

found to vary  within  the ranges  of  3%  and  27%,  respec-

tively, while  1aela.l varies  within  10%. Therefore, the
stress components  of  major  interest for the problem  of

sand  pile penetration are  certainly  o,, a., cr. that are  in-
duced on  the z-r  plane. Figure 3 shows  two  diagrarns,

((az- ar)/2,  a.,) and  (Ps, a,), tracing the field stress path
for R=O.3  which  is calculated  by the above  method,

where

az+a,

Ps=
     2,

a.= (az-Or2)2+a7g'(1)

In this diagram, the soil  element  is subject  to the  eiliptical

stress  path  orientated  towards  left on  the (az- ar)12-  arz

plane and  the mean  stress P. increases , until  the unit  force

advances  from the origin  to  the  depth  at  which  the  soil

element  P  is located. After the unit  force passes through
it, the soil element  is subject  to the elliptical  stress  path
orientated  towards  the right  on  the (o, -  or)1  2 -  or,  plane
and  the mean  stress P. is reduced.  It is interesting to note

that  the  direction of  principal stresses  gradually rotates
and  the  shear  stress component  o.. only  takes positive
values  as indicated by the stress path  being located in the
upper  half of  the stress  space.  To  simulate  the stress
changes  due to  static  sand  pile penetration in the experi-
ments  reported  below, the above  calculated  field stress
paths are used.  However,  for the  pullout procedure dur-
ing the sand  pile installation, it is assumed  that the stress
changes  occur  in a  reverse  manner  to the above  calculat-

ed  field stress paths. Therefore, to simulate  the  entire  se-

quence  of  one  sand  pile penetration and  pullout, the
above  field stress paths are  first applied  and  then  are  ap-

plied again  but in a reveTse  manner.  Furthermore, to
simulate  the stress  changes  that occur  in the soil element

in between the two  adjacent  sand  compaction  piles, the
above  field stress paths are  first applied,  and  then  the

same  field stress paths are  applied  again  except  in a  nega-

tive direction with  respect  to the  shear  stress a...

  It would  be of  interest to examine  actual  values  of

stress  changes  encountered  in the field. The maxirnum  ver-

tical load generated at the bottom of  the casing  pipe dur-
ing static sand  compaction  pile installation is known  to

be about  450 kN, (Fudo Construction, 1996). Thus, the
maximum  deviator stTess a, induced  for instance at  a

place 5 metres  deep and  1 metre  away  from the  pile axis  is
estimated  to be about  20 kPa. At  a  closer  point O.5
metres  away  at  the  same  depth, ig is estimated  as  80  kPa.
The  maximum  deviator stress induced at  a  soil  element

closer  to the pile axis  than  the points considered  above

certainly  becomes greater.

EXPERIMENTAL  APPARATUS

  To  duplicate the above-mentioned  stress changes  in
specimens  in the laboratory, a  large-scale hollow cylinder
apparatus  is used  in this study.  The  dimensions  ofthe  hol-

low cylindrical  specimen  are  approximately  140 mm  in
height, 250mm  in outer  radius,  and  150mm  in inner
radius.  One  of  the advantages  of  using  the  hollow  cylin-

drical test apparatus  lies in the  fact that  complex  stress

paths including the rotation  of  a  pTincipal stress direction
can  be reproduced  in the  specimens.  Figure 4 shows  the

hollow cylinder  apparatus  used  for this study  and  the hol-
low cylindrical  specimen,  illustrating external  forces,
stresses  and  strains  that can  be  achieved  on  the  specimen.

The vertical  load PL torque  Z  and  inner and  outer  cell

pressures Pi and  P., can  be independently controlled,

through  which  the four components  of  stresses, az, ar, ae

and  a,e, are  induced. In the tests described below, the tor-

que  T  was  applied  by a  motor-driven  device in a strain-

controlled  manner,  and  the other  components  of  the ver-

tical force L  and  the inner and  outer  pressures Pi and  R,
were  controlled  to follow a stress path specMed  for con-
duct of  each  test. The pore water  pressure u  could  also be
measured  in undrained  tests. Among  these stresses, the
normal  stress  a. is in itself a principal stress, and  the

plane stress  condition  is considered  to be produced when
the principal stress  a. is kept constant.  The other  two

principal stresses are  produced  by  a  combination  of  al,

ae  and  a,e,  and  the direction of  a  major  principal stress  a

is defined as foilows,

                       2uze
               tan 2cr= . (2)
                      az-ae

The  measurement  of  the deformation of  the soil speci-
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Table 1. Physical properties of  Toyoura  sand

men  was  made  for the vertical  displacement v, rotation
angle  e, inner cell volume  change  A K･, and  specimen

volume  change  A  Pk, through  which  the  four components

of  strains, ez, er, ee and  e.e, and  therefore  the principal
strain  components,  ei, 62  and  E3,  are  calculated.  The
resulting  volumetric  and  deviatpric strains,  E. and  7, are
defined, respectively,  as  follows,

          A  Vk
             =el+e2+e3,
       6v=
           Li
           2

       7=  
ntb'{(ei-e2)2+(e2-e3)2+(e3-ei)2},

 (3)

where  Vki is the initial volume  of  the soil specimen.

  The  saturated  sand  called  
"Toyoura

 sand"  is used  in
the tests. This sand,  consisting  of  quartz-based  particles
has been widely  used  in Japan,  and  has grain characteris-

tics as shown  in Table  1.
    '

STRESS  PATH  APPROACH

  When  the  principal stress  o,  is kept con$tant  in the hol-
low  cylinder  apparatus,  a  plane stress condition  is
achieved  on  the z-e  plane. Under this condition,  the  two-

dimensional mean  stress p- or  P', and  deviator stress  a,
can  be defined as follows,

            - gz+ee  az+ae

           P==  2 
' P-'== 2 

-U,

           a= V(ElilEY;}il. (4)

  It can  be seen  that the field stress path simulation  of

sand  pile penetration on  the z-r plane as illustrated in
Fig. 2 can  be achieyed  in the samples  in the stress changes
occurring  on  the z-e plane of  the hollow cylindrical  speci-

men.  In other  words,  the stress components,  ar, az, ant,

representing  the stress changes  during the sand  pile
penetration can  be replaced  by the stresses cre, a., aze that
are  induced on  the hollow cylindrical  specimen.  In al1 of
the tests presented below, the specimens  were  prepared
by the method  of  air pluyiation, in which  dry sand  is dis-
charged  vertically  in air  from  a  small  nozzle  into the
mould.  The specimens  were  then saturated  to satisfy

Skempton's B  value  greater than O.98 under  isotropic
censolidation  of  p" =20  kPa.  They  were  finally consoli-

dated isotropically to achieve  an  effective mean  stress  of

p' :(ef+a5+a5)13  =1oo  kPa  i=1OO  kPa, a 
=O

 kPa,
aS  

--
 100 kPa. After the specimens  were  propeTly consoli-

dated, drained or  undrained  shear  loading was  im-

plemented.  Based  on  the fact that the stress component

ae  does not  change  significantly  in the calculated  field
stress  path as mentioned  above,  the principal stress a.,

which  is the counterpart  of  the above  calculated  stress

component  ae  in the experiments,  was  kept constant  dur-

ing drained or  undrained  shear  loading and  unloading  in
al1 the test series. It is to be noted  that the coeficient  of

the intermediate principal stress b=(oimo2)/(ai-a3)
=O.5  was  maintained  throughout  the shear  loading and
unloading  processes, where  the principal stress a. was

maintained  constant.

DRAINED  RESPONSE  SUBJECT  TO  FIELD  STRESS
PATH71gst

 Rrocedure

  In order  to examine  the drained behayiour of  soils  un-

dergoing stress changes  during sand  pile penetration,
drained shear  tests were  carried  out.  The  actual  stress

paths followed by these drained shear  tests are  illustrated
in Fig. 5. Since these stress paths are  based on  the calcu-

lated field stress path where  Poisson's ratio  v  is assumed
to be O.5, the direct application  of  these  field stress paths
to drained shear  tests may  be impaired. However, for
comparison  purposes, the same  field stress paths were  ap-

plied to drained as  well  as undrained  shear  tests described
below.  In the drained shear  tests, the  stress  path  consists

of  four cycles  of  shear  loading and  unloading.  The speci-

mens  were  first sheared  along  the elliptical stress path
orientated  towards  top-left on  the (a.-ae)12-a.e plane,
while  the mean  efflective stress  P' was  increased or

decreased together with  the shear  stress a. The  elliptical

stress path  orientated  towards  top-right on  the  (cr, 
-ae)/

2-alee plane  was  then  followed, while  the mean  effective

stress P' was  reduced  or  increased together  with  the shear

stress. The field stress path  achieved  thus far in the test is

NII-Electionic  
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deemed  to duplicate the stress changes  which  occur  dur-

ing penetration of  one  single pile. However, when

another  pile is penetrated at  a  place opposite  to the first

pile, the soil  element  is considered  to undergo  another  se-

quence  of  the field stress  path, as illustrated in Fig. 5.
Therefore, another  sequence  of  the same  field stress  path
with the negative  shear  stress a,e may  need  to be applied
to the specimen,  as shown  in Fig. 5. Thus, notation  of

a(+} and  a(-) are  introduced  to  distinguish the values  of  a
between these two  cases.

712st Resutts
  Two  series of  tests were  conducted  with  different mag-

nitudes  of  the maximum  shear  stress a,e of  20 and  30
kPa. The specimens  were  consolidated  to achieve  a  void

ratio of  e==O.86-O.88,  which  corresponds  to the relative

density of  D, =25-30%.  Figure 6 shows  the test results

with  the maximum  shear  stress of  q,e=  30 kPa. It can  be
seen  th'at the test was  conducted  so as to exactly  follow
specified  field stress paths, and  the void  ratio changes  dur-
ing drained shear  loading and  unloading  are  also shown

in this diagram in which  eo is the initial void  ratio, and  eN

(N= 1 -  4) is the void  ratio  observed  after  the Nth  cycle  of

drained shear  stress application.  It should  be noted  here
that the mean  stress P' is reduced  and  critically ap-

proaches the effective stress failure envelope  in the 2nd
and  4th cycles, and  subsequently  the deviatoric strain  y
rapidly  increases. It is a  characteristic  of  drained shear
tests in which  the shear  stress  greater than  a certain  value

cannot  be sustained  when  they  reach  the failure envelope
on  the P'-a plane, whereas  in the case  of  the undrained

tests, stress paths can  rnove  along  the failure enyelope

and  the shear  stress can  consequently  increase or  decrease

when  they  reach  the fallure envelope.  It can  be seen  in

this diagram that the deviatoric strain  7 achieyed  in the
drained tests are  of  the order of  less than  1.4%, and  the

void  ratio  changes  due  to drained shear  paths are  general-
ly very  smal1,  corresponding  to a  relatiye  density increase
of  5%  at most.  Such srnal1 changes  in density cannot  ac-

count  for the substantially  larger changes  in density ob-
served  in the field. Thus, it can  be mentioned  that the
                                          .
simulations  of  in-situ stress changes  are  not  appropriate

if they are  assumed  to occur  in drained conditions.
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UNDRAINED  RESPONSE  SUBJECT  TO  VARIOUS

STRESS  PATHS

TIzst Docedure
  The  in-situ condition  in the soil elements  adjacent  to

sand  pile penetration may  be neither  completely  drained
nor  undrained;  it may  be in a  partially drained condition.
Drained behaviour of  fine sand  was  examined  in the
above  section.  To  see  the influence of  pore  water  genera-
tion on  the undrained  behaviour  of  soil  subject  to sand

pi!e driving and  the subsequent  volume  change,  multiple
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series  of  undrained  tests were  conducted.  To  facilitate

conduct  ofthe  experiments,  the  following simplified  total
stress  paths were  adopted,  while  appreciating  the nature
of  the calculated  field stress paths adopted  in the drained
shear  tests mentioned  above.  These stress paths are

deemed to duplicate those in the field and  capture  the fun-
damental aspects  of  soil behaviour occurring  in the field.

  Figure 7 shows  four series of  undrained  shear  tests car-

ried  out  in this study.  In test series  1, the direction of  a

major  principal stress was  fixed at or==450  and  the total

mean  stTess p' was  kept constant  during cycles  of  shear

stress  application.  In test series  2, while  the total mean

stress P was  always kept constant,  the direction of  the

major  principal stress or was  changed  in al1 the four cycles
of  load application  shown  in Fig. 7. However,  or was

fixed as cr=67.5e,  22.50, -67.5e  and  
-22.50

 in the first,

second,  third and  fourth cycles,  respectively.  In test
series 3, during al1 the four cycles  of  shear  stress  applica-

tion, the direction of  a  major  principal stress  was

changed  in the same  manner  as in test series 2, but the
total mean  stress was  increased or  decreased in the cycles
in the same  manner  as in the case  of  the drained shear
tests illustrated in Fig. 5. Note that the above  four cycles
correspond  to the stress path simulation  of  loading pro-
duced by penetration of  two  sand  piles. Te  simulate

penetration of  additional  two  sand  piles, the same  four

cycles  ofthe  stress application  as  above  were  repeated  in
each  of  the tests.

  To  be more  specific, a specimen  was  first sheared  by a

load application  following a  specified  total stress  path  un-

der an  undrained  condition  until  a  predetermined  rnaxi-

mum  shear  strain  7..  was  achieved,  and  then unloaded.

The drainage valve  was  then opened  to let the excess  pore
water  drain out  of  the specimen,  and  the amount  of

volume  change  was  measured.  The  subsequent  cycles  of

undrainod  shear  loading, unloading  and  excess  pore
water  drainage were  carried  out  in the same  manner.

  The  infiuence of  shear  strain levels at the time of  un-

drained loading on  the  subsequent  volume  change  was

also  examined  in each  of  the test series,  and  at  least three
tests were  performed  with  different predetermined  maid-

mum  shear  strains  of  ymax.
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Fig. 7. Undrained  shemr  stress  paths

712st Results

  Figure 8 shows  one  of  the results  of  test series 1 on

loose sand  in which  the principal stress direction a  was

kept constant  at 45O and  the total mean  stress p- was  kept
constant,  In this test, the shear  stress was  applied  until a

deviatoric strain  of  7=2.7%  was  reached  in each  cycle. It
can  be seen  in the p-'-a diagram that the effective stress

path moved  along the effective failure envelope.  Figure 9

shows  one  of  the results  of  test series 2 on  a  loose speci-
men  in which  the  total rnean  total stress  p- was  kept con-
stant,  and  the principal stress direction cr was  maintained

at  67.5e, 22.5, -67.50, and  
-22.50

 in the first, second,

third and  fourth cycles,  respectively.  In this test, the
shear  stress was  also applied  until  the deviatoric strain  of

2.7%  was  reached  in each  cycle. It is interesting to note

here that the effective  stress paths in the p-'-a diagram
moved  along the effective failure envelopes  denoted by
or=  ± 22.5e and  a=  ± 67.5O. On  the other  hand, Symes et

al. (1984) showed  the undrained  test results of  a  hollow
cylinder  apparatus  in which  the inclination of  the eliec-

tive stress failure envelope  on  the p'-q  plane changed

with  the angle  of  principal stress  direction or. It is ob-

served  in Figs. 8 and  9 that  the  inclinations of  the ellec-

tive failure envelopes  became lower as the principal stress
direction or became  larger, which  is in agreement  with  the

observations  made  by Symes et  al. (1984). It should  also
be noted  here that the maximum  deviator stress a in the

tests presented in Figs. 8 and  9 was  within  the range  of

20 kPa  to 80 kPa, which  is consistent  with  the deviator
stress estimated  by the theory  of  elasticity described in
the above  section.

Density  EL(7Zicts

  Figure 10(a) summarizes  the results of  test series  3,
where  the initial relative  density D,i of  the soil specimen  is

plotted against  the  increase in relative  density AD,.  In

this diagram, it is interesting to see how  the increase in
the relative  density becomes less pronounced  as  the initial
relatiye  density becomes greater. Furthermore,  to simu-

late the process of  pile penetration as well  as  pullout dur-
ing the  installation of  sand  piles, test series 4 was  carried

out.  In this test series, the stress path  simulation  of  pull-
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Undrained  shear  test results (Test series 1)
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3 4

out  was  made  by reversing  the  stress  paths of  the two  cy-

cles corresponding  to  the  pile penetration. The  stress

path  simulation  of  one  sequence  of  pile penetration and
pullout therefore consists  of  four cycles.  To  sirnulate

four sequences  of  pile penetration and  pullout, a  total ef

sixteen  cycles  were  applied  in this test series. The  assump-

tion of  the application  of  sixteen  cycles  for the simula-

tion of  four sequnces  of  pile penetration and  pullout may

be different from  the  actual  stress  changes  that occur  in
the field, since  the four sand  colunms  surrounding  the

particular soil element  concerned  were  installed diagonal-
ly. However,  it is considered  in this study  that  this

influence may  be within  a  tolerable range.  The  test results

are  shown  in Fig. 10(b), where  it may  be seen  that the in-

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

16 TSUKAMOTO  ET  AL.

40

geI'
 3o<=xt'eS20Itg,!:E

 ios.

o

g

  
', 'i

,,.
 

,..,.,.
 

L.,,,.
    

tt:
 

ttt

   )t  ,t

>s:I"eqya'･,,, 
x･･,,.

sk$:eq::
     f '''

   b 
',.
 

'･

    
"it

 

'E

    
I,,,

 
T.,.,

:th,

  b.
   "

 ,S

   i  
lt.,.

     '

,tz

 
V
 
"･3',,

 to.

20 30 40 50 60 70

 Inltial TelRtive densLty DTL C%)

  [a)Testser/es3{Ecycles)

op

ge=30n<.tr2g

 20lIte,[gS

 
lo-u.

o

ihX'･,,,,

 
',

   -     ht

   ･N
    

OdL
 

"'t.
 

',,.
 I / t:

     ...it%'  "'"a-I

               ,

       ttt 
tttttt

 

ttt

    a
     ZJ 1. et-. 

"LgiL

     " / t ot

2e 3o 4o so 6o 7o

 Inltial relative ciensity Dr/ C%)

  Cb) Test series 4 CdG cyotes)

Fig. 10. Summary of  ulldrained  shear  test results: (a) Test series 3(8
   cycles), (b) Test series 4 (16 cycles)

crement  A  D,  became  somewhat  greater as compared  with

the case  of  the  8 cycle  load application  shown  in Fig.
10(a). All the tests shown  in Fig. 1O were  conducted  at an

effective consolidation  pressure of  100 kPa,  with  the ac-

tual stress conditions  encountered  in practice in mind.

Therefore, as  the initial consolidation  pressure becomes
Iarger than  that used  in this study,  the soil  density in-
crease  may  become  less than  expected  in the diagram

presented herein.

Evaluation of the M/tzximum  Shear Strain

  If the above  experimental  results are  to be compared

with  the field performance represented  by an  in-situ
parameter  such  as SPTNvalues,  the arnount  ofthe  devia-
toric strain  7.. that occurs  in the field needs  to be as-

sessed.  The model  of  cylindrical  cavity  expansion  may  be
used  for this purpose  in which  a cylindrical  cavity  is
postulated to expand  from zero  radius  in an  infinite, in-
compressible,  isotropic and  homogeneous  media.  Sup-

pose a cylindrical  cavity  expands  from zero  to a  radius  R
and  the soil particle at an  initial position of  tlo is displaced
to a  position of  r, the following equation  holds true,

              r2n-R2"=:rZn.  (5)

The  radial  stTain  e. with  respect  to the displaced position
is defined as  foilows;

           O(r-lb)  er. r-Ib

        
a"==

 or 
=i-T,=-

 r.'  (6)

where  r-r. is the radial  displacement. The replacement  ra-

tio used  commonly  in practice is defined as;

            a.(%)  :100xncSIL2,  (7)

where  rb is the radius  of  the sand  pile, and  L is the dis-
tance between the adjacent  piles. On  the other  hand, by
assuming  constant-volume  deformation  due to un-

drained nature  of  pile installation, the relations,

er+ee=O,  ez  =O  and  ere=  O, are  required  for cylindrical
cavity  expansion.  In this case, the deviatoric strain  7 de-

fined for the hollow cylindrical  soil  specimens  can  be ex-

pressed with  respect  to a, defined for the model  of  cylin-

drical cavity  expansion  as 7==21G £ .
 (#1.155er)･

However, the constant-volume  deformation assuming

the  equation  of  e,+Ee+e.=O  might  be more  realistic to
account  for the  heave  of  the ground  surface  that may  oc-

cur  during the course  ef  sand  pile installation. In this
case,  for instance, the assumption  of  er+ae+E,==O  and

e,=-1f10e.  is reduced  to 7I1.102e.  In what  follows,
however, due to the diMculty in properly evaluating  the

magnitude  of  the ground  surface  heave, the condition  of

er+ee=  O and  ei=O  is assumed.  Furthermore, based on
the observation  of  the test results  in which,  in the course

of  the undrained  torsional tests simulating  penetration of

one  sand  pile, the deviatoric strain  7 is increased up  to

7m.  during the loading and  is reduced  during unloading
down  almost  to half the magnitude  of  7..., it can  be as-
sumed  that due to the simulation  of  penetration of  four
sand  piles, the  residual  strain  of  27... is induced. There-

fore, it is reasonable  to assume  that  the  shear  strain  7 de-
fined in the above  equation  can  be replaced  by 27... It
should  also be noted  here that  the strain  e,e is one  of  the
major  components  of  strain  induced in hollow cylindri-
cal  torsional sheaT  tests, whereas  e, and  ae are  the major

components  of  strain  for the  model  of  cylindrical  cavity

expansion.  Therefore, the shearing  modes  induced in the
above  two conditions  may  be somewhat  different, where

the  deformation  of  the  soil  specimens  occurs  in a manner

more  similar  to simple  sheaT  in the  hollow cylindrical  tor-
sional  shear  tests, and  the cavity  expansion  theory  im-

poses the deformation in a  manner  similar  to biaxial com-
pression. Suppose the shear  strains induced by the above

two  deformation modes  are  in effect identical, and  the

effect of  e.e is assumed  to be small,  by combining  Eqs . (5),
(6) and  (7) and  replacing  R  to tlo and  r. to Lln  due to
the  geometrical requirement  of  a  sand  pile configuration,

the deviatoric strain  7.ax can  be converted  to the replace-
      .
ment  ratlo  as.

  It is known  that the relative  density D.  (%) of  sand  can

be converted  to the SPT  IVI value  by  an  empirical  equa-

tion, (Skempton, 1986; Ishihara, 1993),

    N:(a+bo;)(iDt8)2,  ivl==(a+b)(iDt8)2, (s)

where  a  and  b are  constants  which  depend  mainly  on  the

grain size  and  aS  denotes the  effective  overburden  pres-
sure  in kgflcmZ. IVI implies the NLvalue  of  a  soil  deposit
undergoing  an  overburden  pressure of  ag=1  kgf!cm2.
According  to the data compiled  by Ishihara (1993), the

constant  a+b  may  take a  value  of  70 for clean  sand.

Therefore, a  diagram such  as Fig. 10(b) can  be converted

to a  diagram  in which  changes  in SPT  IVi values  before
and  after  densification are  expressed  in terms  of  7mn. or

more  practically in terms  of  the  replacement  ratio  a,. As

described later, this type of  diagram thus obtained  may

be able  to provide abasis  for the  assessment  of  volume

changes  of  soils due to  static  sand  pile driving and  instal-
lation.

Ctzse Studies on  Soil Denspacation
 The  experimental  results  described above  showed  that
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changes  in the state of  stress due to static sand  pile

penetration are  capable  of  significantly  densifying loose
to medium  dense soils to a  degree great enough  to meet

the design requirement.  The experimental  evidence  men-

tioned aboye  would  provide a  logical basis for the assess-

ment  of  the degree of  soil densification due  to  statically

conducted  sand  pile penetration.
  In order  to provide field evidence  of  effectiyeness  in
such  sand  pile penetration, case  studies  were  made  on  ac-

tual soil densification projects carried  out  at  three  sites,

Site A,  Site B, and  Site C. Figure  11 shows  plan views

and  spacing  of  static  sand  pile installation and  distribu-
tion of  SPT  N  values  with  depth before and  after  the

sand  pile installation, at  respective  sites.  In this diagram,
a. denotes a replacement  ratio, and  fl denotes a fines con-
tent. Sand piles with  a  diameter of  70  cm  were  installed at

all  the three sites.  However, the spacing  of  the sand  piles
was  different at each  site, so different replacement  ratios

a, were  adopted  at the three sites, ranging  from about  10
to 23%.  Shown  in Fig. 12 are  the SPT  NI values  before
and  after  densification obtained  at the three sites, and  a

group  of  curves  proposed  for evaluating  the increase in
SPT  IVI values  due to static sand  pile instailation. These
curves  are  those  interpolated from  the  data  through  con-

version  of  the  laboratory test results  mentioned  above.

The  SPT  NI  values  plotted in this diagram are  those meas-

ured  at depths from 3 to 12 metres  below the ground level
at each  site, where  fines content  E, was  greater than  20%.
Although there are  scatters  in the in-situ SPT  Ni values,

this chart  may  be used  to provide preliminary estimates
to the increase in SPT  Ni values  due to static sand  pile in-
stallation.

  The  data presented in Fig. 12 are  those for replacement
ratios  q  greater than  about  10%; the charts  for evaluat-
ing increases in SPT  IVi values  at replacement  ratios  low-
er than  10%  are  not  shown  because of  a  lack of  relevant

data. To extrapolate  the evaluation  charts  for lower
replacement  ratios,  the  in situ SPT  Nvalues  at other  sites

were  collected  and  compiled.  These  included cases  of
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compaction  by means  of  sand  drain (SD), rod  compac-

tion (RC) and  sand  compaction  pile (SCP) reported  by
Tsuboi  et  aL.  (1996). Needless to say,  the  installation

procedures of  those compaction  piles are  different from

the static sand  pile instalration method  examined  here.
However,  the results of  the compilation  are  displayed in

Fig. 13. In these data, the SPT  IVi values  were  calculated

by the equation  of  Ni･= N/  1.7, (IVI =Nl(a.+O.7)
 at a,

==1kgflcm2),  (Meyerhof, 1957). It can  be seen  that the

curves  for a.==2%  and  6%  show  a  satisfactory  degree of
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Fig. 14. DiHgram  for the evaluatien  of  SPT iVl-yalue increase

agreement  with  the data firom the two  sources.  By  com-

bining the curves  in Figs. 12 and  13, a chart  for evaluat-
ing increases of  the SPT  Ni value  can  be produced  as

shown  in Fig. 14.

  There may  be several  factors responsible  for causing

the difference between the experimental  results  and  the

field data. First of  al1, volume  change  characteristics  stud-

ied here refer  only  to those  for fine sand  with  little fines,
whereas  real  soils in the fields may  contain  more  fines.
These  features should  be taken  carefu1  note  for evaluat-
ing densification characteristics  of  in-situ soil deposits.

CONCLUSIONS

  Large-scale hollow cylindrical  torsional shear  tests

were  conducted  on  fine sand,  to study  soil densification
characteristics  due  to  static  sand  pile driving and  installa-
tion, such  as  a  sand  compaction  pile used  for improving
loose deposits of  sandy  soils. Special reference  was  made

to drained and  undrained  responses  and  subsequent

volume  changes  of  sand.  Field stress paths were  first cal-

culated  with  an  assumption  of  the theory of  elasticity.

Drained shear  tests were  first conducted  by reproducing

the above-calculated  field stress path in the laboratory
specimens.  The  results  of  these tests disclosed that den-
sification  under  drained conditions  was  not  great enough

to generate the volume  decrease corresponding  to that

likely to occur  in the field. Undrained shear  tests were

also  conducted  on  several  simplified  stress  paths. In un-
drained tests, the  influence of  shear  strains  of  the order

of  y...= 3%  imposed on  the soil specimens  was  found  to

be large enough  to produce  significant  densification,

which  can  account  for actual  situations  occurring  in the
field during installation of  sand  piles. The experimental

results  of  the test series described herein are  considered

to be able  to provide a  basis for the preliminary assess-
ment  of  soil densification due to static sand  pile penetra-
tion, and  as such  a  diagram for evaluating  densification
effects in terms of  the SPT  IVI value  was  created  and  is

presented in this paper. Case studies  were  also carried
out  on  soil densification due to static sand  pile installa-

tion at three sites, and  the comparison  was  made  with  the

proposed  evaluation  diagram.
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NOTATION

      a. replacement  ratio

   (a, O) lecation ef  unit  ferce

      b coeMcient  of  intermediate principal stress

      d  unit  depth

   {d, R)  location of  point P

      e  voidratio

 e..,  emi.  maximum  andminimum  void  ratios

     eN  void  ratie  observed  after Mh  cycle

     eo  initial void  ratio

   (p, q) meaii  and  deviator stresses  oll the hellew cylindri-

        eal speeimen

   (p-, 4) two-dimensional  mean  and  deviator stresses on  the

        hollow cylindrical  specimell

  (p-., 4) two-dimensional  mean  stress and  deviator stress in-
        duced at peint P

      r current  radial  pesitien for the model  of  cylindrical

        cavlty  expanslon

      r. initial radial  position for the  model  of  cylindrical

        cavrty  expanslon
      s  radius  of  sand  piles

  ro, ri, r2 pararncters for the calculation  of  the  field stress

        path (Appendix)
      u  excess  pore  water  pressure

      v  vertical  displacement

   (z, r) polar coordinates  for axi-symmetric  pile penetra-

        tien

      zi parameter  for the ealculatien  ef  the field stress

        path (Appendix)
A, B, C, D  parameters for the caleulation  of  the  field stress

        path  (Appendix)
     D.  relative  density
     D.i initial relative  density

     Dso meandiameter

     4  finescontent

      G  shearmodulus

     G, specific  gravity
      L  distance between  adjacent  twe  piles
      N  SPTNyalues
     Ni SPTNivalues
      Pi irmer ce11 pressure
     P. outer  cell  pressure
      R  radius  for the model  of  cylindrical  cavity  expan-

        sion

      T  torque

     U} uniformityeoeMeient

      V  venical  force

    A  K･ inner cell volume  change
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        APG  specimellvolumechange

         Pki initial specimenyolume

         ev angle  of  principal stiess  direction

        or, fi parameters  for the calculation  of  the field stress

            path  (Appendix)
         e,, velumenicstrain

         e. radial  strain  for the model  of  cylindTical  cavity  ex-

            panslon

(E., e.  ep  and  e,e) strains  induced oll the hollow cylindrical  specimen

  (ei, E2, and  E3) principal strains  indueed  on  the  hollow  cylindrical

            specrmen

          y deviatoric strain

         y. accumulated  deviato[ic strain

        7mai maximum  deviateric strain

          v Poisson's ratio
          e rotatien  angle  of  the  hollow  cylindrical  specimen

         o,  overburden  pressure

 (a. a.,  o.,  ae)  stresses  indueed at  point P

  (az, a,, ae  and

        a,e)  stresses  induced on  the hollow cylindrical  specimen

    (oi, a2,  a]}  principal stresses induced on  the hellew cylindrical
            speclmen

N.B.  All the above  stress coinpollents  with  
t`'"

 introduce the corre-

sponding  effectiye  stress  cernponents,
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fig. Al.  Calculation of  field stress path due to pile driving

APPENDIX

CZilculation Rrocedure for rveid Strass Path
  The  calculation  procedure  for the  field stress  path  due
to sand  pile driving is described herein. The  solution  of

the problem of  a  single  force applied  in the interior of  an

elastic half space  (semi-infinite solid)  in the reference  by
Mogami  (1957) is utilized. Figure Al  shows  the  polar
coordinates  (r, z), in which  an  elastic half space  occupies

the region  of  z>O,  and  a  soil  element  P  is located at

(R, d), (d= 1, unit  depth), and  a  unit  vertical  force acts at

(O, a). The  stress components  (a,, o,, o,,, ae) at point P
can  be calculated  by the expressions  given by Mogami

(1957).
  In what  follows, compressive  stresses  are  taken as posi-
tive. Suppose the unit  vertical  force advances  along  the z-

axis  from  the origin  O  to some  depth many  times greater
than  the depth of  the soil element  P, the stress state  at

point P  changes  with  the position of  the unit  yertical

force. Accordingly, the field stress path  experienced  by
the soil element  P  can  be obtained.  Herein, it is assumed

that the depth of  the unit  vertical  force a  is a=ord

(O<ors5, d=  1: unit  depth), and  the soil element  P  is Io-
cated  at  (R, d), where  R=6d.  Poisson's ratio  v  of  O.5 is
assumed,  which  corresponds  to  an  undrained  condition

from a  geotechnical viewpoint.  The  stress components  in-
duced  at  point P  can  be written  as  follows,

     2 2 2 2
 ar=rrA,  az=--B,  orz=--rs'C,  ae=-rsD,
     or cr                           a a

                                       (Al)
where  A, B, C  and  D  are  defined as follows,
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