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(54)  Method  of  stabilizing  soft  ground 

(57)  A  method  of  stabilizing  soft  ground  comprises 
injecting  the  ground  with  material  according  to  predeter- 

mined  parameters  wherein  a  value  is  derived  by  plotting 
a  stress  profile  of  the  ground  and  the  profile  is  used  as 
a  reference  for  supplying  the  material. 

00 
CM 
CO 
CO 
Is- 
Is- 
o  
a .  
LU 

FIG.  9  

PILING  STRUCTURE  (m) 
HEIGHT  OF 

TRAFFIC  LOADS CALCULATED  AS 
P'LNG  STRUCTURE 

\  3  -: '  2  -: 
™HJOFl*fllt-0.71 PILING  STRJCTURE  _ t  AS  PLANNED 1 

2 
DEPTH  (m)  3 

4 

CONSOLIDATION  STRESS  (tf  m' 
Pc,  Pc2  Pci'  Pc2' 

n  =10,1  ■  2  Pci'  —  7.5tf  rrz 
Pc2=5.0t!/  m  pC!  =8J5t',  m 

NATURE  OF 
THE  SOIL 

PILINGSTRUCTURE 
(MEDIUM  SAND) 
SURFACE  SOIL 'SAND  SOIL  TO 
VISCOUS  SOIL) 

PEAT  TO ORGANIC  SOIL 
ISILT  TO  SAND  SOIL; 

UNIT  VOLUME  WEIGHT 
ABOVE  GROUND  I  BELOW  GROUND WATER  LEVEL  WATER  LEVEL 

1.{ 0.6 
CP,  EFFECTIVE  SOIL  COVERING  STRESS  OF  THE  ORIGINAL  GROUND 
&>  EFFECTIVE  SOL  COVERING  STRESS  OF  PILING  STRUCTURE  AS  PLANNED  HEIGHT 3'>  EFFECTIVE  SOIL  COVERING  STRESS  OF  PILING  STRUCTURE  AT  PLANNED  HEIGHT. CALCULATED  AS  TRAFFIC  LOAD  HEIGHT  (Cu  =Z5tf/  m2  ; :4:  EFFECTIVE  SOIL  COVERING  STRESS  OF  PILING  STRUCTURE  AT  PLANNED  HEIGHT. CALCULATED  AS  TRAFFIC  LOAD  HEIGHT  (Cu'  =3.0tf/rrE  ) 
"  CONSOLIDATION  YIELD  STRESS  OF  THE  ORIGINAL  GROUND 

Printed  by  Jouve,  75001  PARIS  (FR) 



1 EP  0  773  328  A1 2 

Description 

BACKGROUND  OF  THE  INVENTION 

Field  of  the  invention  s 

The  present  invention  relates  to  a  method  of  stabi- 
lizing  soft  ground  which  supports  roads,  river  banks  or 
the  like  and  soft  ground  which  is  susceptible  to  move- 
ment  resulting  from  earthquakes.  10 

Description  of  the  prior  art 

In  geographic  areas  with  limited  open  spaces,  it  is 
increasingly  important  for  developing  industrial  infra-  15 
structures  such  as  water  fronts,  to  ensure  that  soft 
ground  is  stabilized  and  is  maintained  in  good  condition. 
Furthermore,  steady  increase  in  traffic  flow,  combined 
with  increase  in  size  of  vehicles,  has  caused  problems 
which  must  be  urgently  solved;  it  is  necessary  to  main-  20 
tain  existing  road  networks  in  good  condition  and  to  pro- 
vide  new  roads. 

Also,  in  recent  years,  earthquakes  have  become 
more  frequent  in  some  geographic  areas,  such  as  the 
Japanese  Islands,  and,  therefore,  it  is  an  urgent  problem  25 
to  ensure  that  seismic  disasters  are  alleviated. 

In  US-A-4309129  and  US-A-4540316  there  is  ref- 
erence  to  consolidating  and  draining  soft  ground  by  a 
piling  method  and  a  combined  piling  and  drainage  meth- 
od  designed  to  reduce  consolidation  time  as  much  as  30 
possible. 
However,  the  piling  method  or  the  combined  piling  and 
drainage  method  takes  several  months  to  several  years 
for  an  80%  consolidation,  although  depending  on  the 
soil  properties  of  soft  ground,  and  needs  much  labor,  35 
time,  and  cost  for  ground  maintenance  and  control.  One 
leading  reason  is  that  several  piling  operations  must  be 
performed  step  by  step  until  as-planned  height  is 
reached  because  when  a  given  piling  structure  is  at 
once  laid  on  the  soft  ground,  surrounding  ground  layers  40 
or  structures  built  up  on  them  are  deformed  or  displaced 
due  to  its  sliding  destruction,  and  another  reason  is  that 
long  times  are  needed  to  make  the  soft  ground  stable 
with  respect  to  settlement  or  subsidence,  sliding  de- 
struction,  and  nature  changes.  Another  defect  of  these  45 
methods  is  that  much  difficulty  is  involved  in  their  appli- 
cation  to  ground  found  at  residential  quarters  and 
marshland,  along  rivers,  and  at  slopes,  or  ground  dis- 
turbed  as  by  earthquakes.  In  view  of  design,  manage- 
ment  and  construction  control  considerations,  the  so 
amount  and  time  of  subsidence  may  be  theoretically  es- 
timated  or  predicted  but,  in  many  instances,  practice  dif- 
fers  from  theory. 
Accordingly,  whenever  the  movement  of  the  piling  struc- 
ture  placed  on  the  soft  ground  is  observed  for  a  certain  55 
period,  what  form  and  condition  the  ground  subsides  in 
must  be  found.  However,  there  is  still  no  effective  design 
or  control  procedures  capable  of  being  practiced  within 

a  short  period  of  time. 
A  particular  problem  with  the  piling  method  is  that  it 

is  prima  face  effective  for  temporarily  bringing  ground 
disturbed  by  sliding  destruction,  earthquakes,  or  the  like 
back  to  the  old  condition  provided  that  the  height  of  the 
soiling  structure  thereon  lies  within  a  certain  range,  but 
it  is  not  suited  for  permanently  recovering  or  enhancing 
the  strength  of  disturbed  ground,  or  preventing  seismic 
disasters. 

A  piling  structure  laid  on  soft  ground  must  be  nor- 
mally  stable  with  respect  to  piling  loads,  and  dynamic 
loads  and  vibrations  produced  by  traffic  loads.  In  addi- 
tion  to  such  piling,  and  traffic  loads,  the  piling  structure 
must  also  resist  vibrations  produced  by  an  earthquake. 

An  essential  requirement  for  achieving  the  stabili- 
zation  of  such  a  piling  structure  is  to  improve  the  prop- 
erty  of  the  soil  forming  the  piling  soil  structure  and  the 
foundation  without  disturbing  them,  so  that  the  strength 
needed  for  design  and  construction  can  be  instantane- 
ously  created,  thereby  constituting  a  homogeneous  pre- 
consolidated  (over-consolidated)  ground  layer  in  which 
the  piling  structure  is  united  with  the  foundation. 

A  primary  object  of  the  present  invention  is  to  pro- 
vide  a  consistent  solution  to  the  following  five  problems 
the  aforesaid  conventional  piling  methods  involve  in 
connection  with  (1)  consolidation  or  construction  time, 
(2)  construction  environment,  (3)  design  management, 
and  construction  control,  (4)  restoration  of  ground  dis- 
turbed  by  sliding  destruction,  and  ground  or  structures 
damaged  by  an  earthquake,  and  (5)  applicability  to  pre- 
vention  of  ground  and  structures  against  disaster. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  has  been  accomplished  with 
the  aforesaid  object  in  mind,  and  is  basically  character- 
ized  by  improving  the  nature  of  the  soil  of  the  ground  to 
be  reconstructed  while  the  ground  is  not  disturbed  at  all, 
using  an  instantaneous  consolidation  method,  so  that 
the  ground  can  be  in  situ  reconstructed  within  24  hours 
in  an  instantaneous  operation  on  the  basis  of  four  basic 
principles  for  soft  ground  improvement,  viz.,  (1)  consol- 
idation  and  dehydration,  (2)  drainage,  (3)  solidification, 
and  (4)  replacement.  The  present  invention  is  also  ap- 
plicable  to  (1  )  every  soft  ground  inclusive  of  natural  strat- 
ified  ground,  man-made  ground,  and  ground  disturbed 
by  destruction,  (2)  free  creation  of  the  required  strength 
over  the  range  needed  in  view  of  design  and  construc- 
tion  according  to  a  ground  improvement  plan,  (3)  resto- 
ration  and  reinforcement  of  ground  disturbed  by  de- 
struction,  and  (4)  prevention  of  ground  and  structures 
again  seismic  disasters.  Thus,  the  present  invention 
provides  a  technique  that  makes  use  of  the  effective  soil 
covering  stress  of  the  original  ground  to  reconstruct  it 
into  a  stable  ground  layer  capable  of  resisting  piling 
loads,  traffic  loads,  and  vibration  loads  additionally  ap- 
plied  to  the  original  ground. 
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BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

FIG.  1  illustrates  a  process  wherein  using  a  specific 
impregnation  machine,  a  specifically  formulated  im- 
pregnation  material  is  injected  into  ground  by  a  consol- 
idation  impregnation  method  controlled  according  to  the 
design  and  construction  standards,  so  that  there  can  be 
obtained  a  homogeneously  stable  yet  complex  ground 
zone  in  which  a  solidified  portion  is  united  with  an  over- 
consolidated  portion  obtained  by  compression  effect 
due  to  in-situ  dehydration  and  drainage  by  consolida- 
tion,  and  post-injection  in-situ  replacement  and  solidifi- 
cation  effect. 

FIG.  2  illustrates  a  process  wherein  by  effecting  the 
aforesaid  consolidation  impregnation  method  using  the 
impregnation  material  being  injected  as  a  load  in  place 
of  a  piling  or  other  load,  a  soft  and  viscous  ground  zone 
or  a  loose  sandy  ground  zone  can  be  destroyed  to  form 
crevices  therein. 

FIG.  3  illustrates  a  process  wherein  with  a  further 
continued  injection  of  the  impregnation  material  on  the 
same  breaking  criteria,  the  ground  zone  is  successively 
destroyed  to  cause  quantitative  and  qualitative  growth 
of  the  crevices,  so  that  the  impregnation  material  starts 
to  flow  while  the  crevices  are  filled  therewith,  thereby 
creating  a  sheet  form  of  fluid  body  in  an  oblique  or  ver- 
tical  direction. 

FIG.  4  illustrates  a  process  where  while  the  fluid 
body  flows  through  passages  and  grows,  ground  por- 
tions  contiguous  to  the  breaking  interfaces  are  in  situ 
subjected  to  forcibly  rapid  loading  and  dehydration  ac- 
tions  in  a  transverse  direction. 

FIG.  5  illustrates  a  process  wherein  by  the  in-situ 
loading  and  dehydration  actions  of  the  fluid  body,  pore 
water  is  entrained,  simultaneously  with  the  injection  of 
the  impregnation  material,  from  the  ground  to  be  con- 
solidated  into  the  fluid  body,  and  then  dynamically  dis- 
charged,  and  during  the  injection  of  the  impregnation 
material,  the  water  is  discharged  mainly  through  water 
discharge  passages  formed  by  boundaries  between  the 
ground  to  be  consolidated  and  the  fluid  body,  and  then 
discharged  into  underground,  and  ground-surface  sand 
layers  together  with  water  separated  from  the  impreg- 
nation  material. 

FIG.  6  illustrates  a  process  where  by  a  chain  effect 
of  the  fluid  body  on  in-situ  loading,  dehydration  and 
drainage,  the  ground  to  be  improved  can  be  instantane- 
ously  consolidated  without  being  disturbed  at  all,  result- 
ing  in  a  successive  ground  strength  increase,  and  the 
fluid  body  itself  is  solidified  within  24  hours  in  its  as-in- 
jected  state  to  create  an  in-situ  solidified  replacement 
skeleton  structure  in  the  ground  to  be  consolidated. 

FIG.  7  is  diagram  showing  the  relation  between  con- 
solidation  yield  stress  and  pre-consolidation  stress. 

FIG.  8  illustrates  in  section  a  plan  for  the  creation 
of  a  road  with  a  low  piling  structure  laid  thereon. 

FIG.  9  a  table  showing  the  nature  of  the  soil  forming 
the  ground  to  be  reconstructed,  and  a  profile  diagram 

showing  the  effective  soil  covering  stress  profile  of  a  pil- 
ing  structure. 

FIG.  10  is  a  diagram  showing  the  relation  between 
penetration  resistance  values  obtained  by  Swedish 

5  sounding  tests  performed  at  a  depth  of  up  to  5  meters 
and  undrained  shearing  strength  values  (for  the  recon- 
structed  ground)  obtained  by  vane  shear  tests. 

FIG.  1  1  is  diagrams  for  making  estimation  of  the  ef- 
fect  on  ground  improvement  by  cone  penetration  tests 

10  using  a  portable  cone  penetrometer. 
FIG.  12  is  a  diagram  showing  the  relation  between 

consolidation  yield  stress  Pc  and  pre-consolidation 
stress  Pc',  both  in  tf/m2,  to  thereby  illustrate  the  first  re- 
sults  of  the  reconstructed  peat  ground. 

is  FIG.  1  3  is  a  diagram  showing  the  second  results  of 
the  reconstructed  peat  ground. 

FIG.  14  is  a  diagram  showing  the  third  results  of  the 
reconstructed  peat  ground. 

FIG.  15  is  a  table  showing  the  constituent  of  the  soil 
20  forming  the  ground  to  be  reconstructed,  and  a  diagram 

showing  a  plan  for  reconstructing  a  road  with  a  low  piling 
structure  laid  thereon. 

FIG.  16  is  a  diagram  providing  an  illustration  of  how 
a  piling  structure  subsides. 

25  FIG.  17  is  a  diagram  showing  the  effective  soil  cov- 
ering  stress  profile  of  piled  ground  (clay  of  marine  ori- 
gin),  and  the  results  of  ground  improvement. 

FIG.  18  is  a  diagram  showing  the  relation  between 
pre-consolidation  stress  Pc'  and  undrained  shearing 

30  strength  Cu  (of  clay  of  marine  origin). 
FIG.  1  9  is  a  diagram  showing  the  effective  soil  cov- 

ering  stresses  of  the  original  ground  (clay  of  river  origin) 
and  piled  ground,  the  consolidation  yield  stress  of  the 
original  ground,  and  the  consolidation  yield  stress  of  the 

35  original  ground  (clay  of  river  origin)  upon  reconstructed. 
FIG.  20  is  a  diagram  providing  an  illustration  of  how 

the  ground  subsides  during  reconstruction,  and  after  re- 
construction. 

FIG.  21  is  a  diagram  showing  the  void  ratio  of  und- 
40  rained  shearing  strength  of  the  ground  before  and  after 

reconstruction. 

DETAILED  EXPLANATION  OF  THE  PREFERRED 
EMBODIMENTS 

45 
The  present  invention  will  now  be  explained  at  great 

length  with  reference  to  the  accompanying  drawings. 
When  earth,  or  a  piling  structure  is  laid  on  the  sur- 

face  of  land  or  structures  are  built  up  on  the  surface  of 
so  land,  newly  added  loads  are  transmitted  through  the 

ground.  Stresses  produced  by  the  transmission  of  the 
loads  through  the  ground  often  cause  ground  settlement 
or  subsidence,  and  if  the  loads  exceed  a  certain  limita- 
tion,  the  ground  will  then  be  destroyed. 

55  Accordingly,  when  it  is  attempted  to  investigate 
ground  destruction  or  ground  settlement,  it  is  required 
to  learn  stress  occurring  at  a  certain  depth  of  the  ground 
due  to  the  weight  of  soil,  and  the  magnitude  of  stress 

50 
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increased  by  newly  added  loads  such  as  traffic,  and 
seismic  loads. 

Pressure  that  a  horizontal  plane  at  a  certain  depth 
of  ground  receives  by  the  weight  of  soil  placed  above  it 
is  called  soil  covering  pressure  or  stress. 

When  soil  exists  above  a  ground  water  level,  on  the 
one  hand,  soil  covering  pressure  8Z  is  given  by 

8Z  =  y  x  Z  (tf/m2) 

where  j  is  the  unit  volume  weight  of  soil,  and  Z  is  depth. 
When  soil  exists  below  a  ground  water  level,  on  the 

other  hand,  soil  covering  pressure  8Z'  is  given  by 

8z'  =  YsubxZ(tf/m2) 

where  ysub  is  the  submerged  unit  volume  weight  of  soil 
obtained  by  subtracting  buoyancy  from  the  unit  volume 
weight  of  soil,  and  Z  is  depth.  The  pressure  8Z'  is  a  sort 
of  pressure  transmitted  directly  between  soil  particles, 
and  called  effective  stress.  The  soil  covering  pressure 
(stress)  represented  in  terms  of  effective  stress  is  then 
called  effective  soil  covering  pressure  (stress). 

An  undisturbed  viscous  soil  sample  gathered  from 
ground  at  a  certain  depth  is  subjected  to  consolidation 
testing,  while  incremental  loads  are  added  thereto.  Void 
ratios  are  plotted  per  loading,  with  void  ratio  on  an  arith- 
metic  scale  as  ordinate  and  consolidation  load  on  a 
semi-logarithmic  scale  as  abscissa.  It  is  then  found  that 
at  the  initial  loading  stage  the  void  ratio  e  decreases  fol- 
lowing  a  gentle  curve;  upon  a  certain  load  exceeded, 
however,  it  decreases  sharply  from  that  gentle  curve, 
and  changes  in  a  linear  form.  This  point  of  inflection, 
viz.,  consolidation  load  under  which  soil  is  shifted  from 
an  elastic  phase  into  a  plastic  phase  is  referred  to  as 
consolidation  yield  stress  Pc.  In  the  case  of  naturally 
stratified,  saturated  ground,  the  consolidation  yield  point 
is  often  in  substantial  agreement  with  the  maximum  con- 
solidation  load  the  ground  have  received  in  the  past. 
When  a  load  less  than  such  load  is  applied  to  the 
ground,  there  is  little,  if  any,  ground  settlement. 

This  invention  provides  a  ground  improving  method 
capable  of  creating  ground  unlikely  to  subside  by  means 
of  the  aforesaid  instantaneous  consolidation  technique, 
according  to  which  impregnation  of  ground  can  be  used 
in  place  of  loading  such  as  pilling  based  on  the  consol- 
idation  principles  mentioned  above. 

When  the  consolidation  yield  stress  Pc  of  soil  at  a 
given  depth  of  ground  is  equal  to  the  soil  covering  pres- 
sure  that  soil  receives  currently,  that  soil  is  referred  to 
as  soil  that  has  been  subjected  to  normal  consolidation. 
When  the  consolidation  yield  pressure  Pc  is  larger  than 
the  soil  covering  pressure  that  soil  receives  currently, 
that  soil  is  referred  to  as  soil  that  has  been  subjected  to 
over  consolidation,  indicating  that  it  has  so  far  been  sub- 
jected  to  load  larger  than  that  receiving  currently. 

It  is  believed  that  leading  reasons  for  over  consoli- 
dation  are  that,  in  the  past,  soil  has  been  exposed  to 
load  larger  than  the  current  soil  covering  load,  a  repeat- 
ed  cycle  of  drying  or  dry-wetting,  a  large  ground  water 

5  level  change,  and  the  action  of  gluey  substances. 
At  present,  practically  feasible  means  for  over-con- 

solidating  ground  having  a  certain  depth  is  to  apply  a 
load  larger  than  the  current  soil  covering  pressure  to  that 
ground  by  piling  or  other  loading  methods.  As  already 

10  mentioned,  however,  it  is  difficult  to  create  ground  hav- 
ing  a  high  degree  of  over  consolidation  within  a  very 
short  period  of  time  by  piling  or  other  loading  methods, 
and  it  is  nearly  impossible  to  instantaneously  achieve 
the  strength  required  for  design  and  construction  over 

is  the  range  needed  for  the  ground  to  be  over-consolidat- 
ed,  using  available  piling  methods.  Nonetheless,  there 
is  still  no  alternative  with  the  exception  of  piling  or  other 
loading  methods. 

This  invention  provides  a  technique  which  enables 
20  over-consolidated  soil  (ground)  having  the  required 

strength  to  be  instantaneously  created  at  the  depth,  and 
over  the  range,  needed  for  design,  using  the  instanta- 
neous  consolidation  method. 

The  application  of  the  aforesaid  means  makes  it 
25  possible  to  create  homogeneous  p  re-consolidated 

ground  (over-consolidated  ground)  comprising  an  inte- 
gral  structure  of  the  foundation  and  a  piling  structure  laid 
thereon.  The  term  "pre-consolidated  ground"  used  here- 
in  is  understood  to  refer  to  improved  and  reinforced 

30  ground  which  can  resist  every  external  force  newly  add- 
ed  to  the  effective  soil  covering  pressure  of  the  original 
ground,  for  instance,  static  loads  produced  by  a  piling 
structure  laid  thereon  or  structures  built  up  thereon,  dy- 
namic  loads  produced  by  traffic  vehicles,  and  loads  pro- 

35  duced  by  vibrations,  and  earthquakes. 
The  present  invention  will  now  be  explained  in  fur- 

ther  detail  with  reference  to  some  examples. 
In  the  instantaneous  consolidation  method  by  im- 

pregnation  of  ground  which  is  practiced  according  to 
40  predetermined  design  for  ground  improvement,  a  pre- 

determined  amount  of  one  impregnation  material  select- 
ed  from  the  group  consisting  of  mortar  material,  cement 
material,  and  a  mixture  of  mortar  and  cement  materials 
is  injected  at  a  predetermined  pressure  into  very  soft, 

45  viscous  ground  or  loose  sandy  ground  through  a  prese- 
lected  array  of  injection  points.  Simultaneously  with  im- 
pregnation,  the  soft  ground  is  destroyed  to  form  crevices 
therein,  which  are  then  filled  with  the  impregnation  ma- 
terial.  In  such  an  impregnation  process,  both  the  amount 

so  of  the  material  impregnated  and  the  impregnation  pres- 
sure  are  controlled  according  to  the  aforesaid  design, 
so  that  the  end  degree  of  consolidation  can  be  instan- 
taneously  achieved. 

55  (1)  Some  load  is  required  to  improve  the  nature  of 
ground  itself  to  take  effect  on  its  consolidation,  and 
so  piling  or  other  loading  means  have  been  used  so 
far  in  the  art.  In  the  inventive  method,  however,  such 

4 
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consolidation  effect  isachieved  by  the  impregnation 
material  injected  into  the  ground,  which  is  tanta- 
mount  to  the  piling  structure  (soil)  laid  on  the 
ground,  and  the  impregnation  pressure  which  is 
tantamount  to  the  load  corresponding  to  the  thick- 
ness  of  the  soil  laid  on  the  ground.  See  FIGS.  1  to  5. 
(2)  By  consolidation,  the  ground  is  so  dehydrated 
that  pore  water  is  discharged.  For  this  reason,  nat- 
ural  drainage  due  to  a  soil  load  applied  on  the 
ground  has  conventionally  been  used  alone  or  in 
combination  with  a  drain.  In  the  inventive  method, 
however,  the  impregnation  material  being  injected 
into  the  ground  is  used  as  dehydration  and  dis- 
charge  means. 

Example  1  -  Instantaneous  consolidation  method  by 
impregnation  of  ground. 

(i)  Using  a  specific  impregnation  machine,  a  specif- 
ically  formulated  impregnation  material  is  injected 
into  ground  by  the  consolidation  impregnation 
method  controlled  according  to  the  design  and  con- 
struction  standards  to  be  described  later.  Through 
the  mechanisms  explained  in  (2)-(6)  below  and 
shown  in  FIGS.  2-6,  there  can  be  obtained  a  homo- 
geneously  stable  yet  complex  ground  zone  in  which 
a  solidified  portion  is  united  with  an  over-consolidat- 
ed  portion  obtained  by  compression  effect  due  to 
in-situ  dehydration  and  drainage  by  consolidation, 
and  post-injection  in-situ  replacement  and  solidifi- 
cation  effect.  See  FIG.  1. 
(ii)  By  effecting  the  aforesaid  consolidation  impreg- 
nation  using  the  impregnation  material  being  inject- 
ed  as  a  load  in  place  of  a  piling  or  other  load,  a  soft 
and  viscous  ground  zone  or  a  loose  sandy  ground 
zone  can  be  destroyed  to  form  crevices  therein.  See 
FIG.  2. 
(iii)  With  a  further  continued  injection  of  the  impreg- 
nation  material  on  the  same  breaking  criteria,  the 
ground  zone  is  successively  destroyed  to  cause 
quantitative  and  qualitative  growth  of  the  crevices, 
so  that  the  impregnation  material  starts  to  flow  while 
the  crevices  are  filled  therewith,  thereby  creating  a 
sheet  form  of  fluid  body  in  an  oblique  or  vertical  di- 
rection.  See  FIG.  3. 
(iv)  While  the  fluid  body  flows  through  passages  and 
grows,  ground  portions  contiguous  to  the  breaking 
interfaces  are  in  situ  subjected  to  forcibly  rapid  load- 
ing  and  dehydration  actions  in  a  transverse  direc- 
tion.  See  FIG.  4. 
(v)  By  the  in-situ  loading  and  dehydration  actions  of 
the  fluid  body,  pore  water  is  entrained,  simultane- 
ously  with  the  injection  of  the  impregnation  material, 
from  the  ground  to  be  consolidated  into  the  fluid 
body,  and  then  dynamically  discharged.  During  the 
injection  of  the  impregnation  material,  the  water  is 
discharged  mainly  through  water  discharge  pas- 
sages  formed  by  boundaries  between  the  ground 

to  be  consolidated  and  the  fluid  body,  and  then  dis- 
charged  into  underground,  and  ground-surface 
sand  layers  together  with  water  separated  from  the 
impregnation  material.  See  FIG.  5. 

5  (vi)  By  a  chain  effect  of  the  fluid  body  on  in-situ  load- 
ing,  dehydration  and  drainage,  the  ground  to  be  im- 
proved  can  be  instantaneously  consolidated  with- 
out  being  disturbed  at  all,  resulting  in  a  successive 
ground  strength  increase.  On  the  other  hand,  the 

10  fluid  body  itself  is  solidified  within  24  hours  in  its  as- 
injected  state  to  create  an  in-situ  solidified  replace- 
ment  skeleton  structure  in  the  ground  to  be  consol- 
idated.  See  FIG.  6. 

is  FIG.  7  clarifies  the  effect  of  the  inventive  instanta- 
neous  consolidation  method  by  impregnation  of  ground 
through  an  accumulation  of  experimental  data. 

In  FIG.  7,  the  numbers  on  the  abscissa  indicate  a 
consolidation  load  or,  more  exactly,  the  consolidation 

20  yield  stress  Pc  of  the  original  ground  found  by  soil  test- 
ing,  and  the  consolidation  yield  stress,  again  found  by 
soil  testing,  of  the  ground  improved  by  the  application 
of  the  inventive  method  of  impregnation  of  ground.  In 
FIG.  7,  the  latter  consolidation  yield  stress  is  denoted 

25  as  pre-consolidation  stress  Pc'  to  define  around  the 
former  consolidation  yield  stress.  The  numbers  on  the 
left  ordinate  stand  for  void  ratio  e  and  a  compression 
index  Cc  while  the  numbers  on  the  right  ordinate  repre- 
sent  undrained  shearing  strength  Cu.  Data  on  void  ratio 

30  e,  compression  index  Cc,  and  undrained  shearing 
strength  Cu  of  the  ground  before  and  after  reconstruc- 
tion  are  plotted  with  respect  to  the  consolidation  load  on 
the  abscissa.  White  symbols  refer  to  the  original  ground 
before  and  after  reconstruction,  and  ground  with  soil  laid 

35  on  it,  while  black  symbols  refer  to  the  ground  after  re- 
construction.  It  is  here  to  be  noted  that  the  ground  with 
a  soiling  structure  laid  on  it  was  created  before  seven 
years  with  a  piling  structure  of  4.5  meters  in  height. 

40  Example  2  -  Peat  ground 

FIG.  8  shows  a  road  widening  project  in  section  for 
a  given  road  with  a  new  piling  structure  placed  on  an 
adjoining  rice  field,  and  penetration  resistance  values  of 

45  the  ground  before  and  after  reconstruction  for  the  pur- 
pose  of  comparison.  FIG.  9  illustrates  the  soil  constitu- 
tion  of  the  ground  to  be  improved,  the  effective  soil  cov- 
ering  stress,  consolidation  yield  stress,  and  pre-consol- 
idation  stress  profiles  of  the  ground  to  be  improved,  and 

so  ground  with  a  piling  structure  laid  on  it. 

(1)  Soil  constitution  of  the  ground  to  be  reconstructed, 
and  range  for  making  investigation  of  how  soft  ground 
is  improved 

55 
As  can  be  seen  from  FIG.  9,  the  ground  to  be  re- 

constructed  includes  a  surface  soil  layer  of  0.6  meters 
in  thickness,  beneath  which  highly  compressible,  very 

5 
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soft,  and  organic  viscous  soil  composed  mainly  of  peat 
or  humus  soil  is  distributed  at  a  thickness  of  about  4.0 
meters,  and  a  relatively  rigid  and  hard  subsoil  layer  com- 
posed  of  alternate  sub-layers  of  sandy  soil,  silt  soil,  and 
viscous  and  sandy  soils.  In  view  of  design  and  construe-  s 
tion  considerations,  therefore,  the  very  soft  layer  having 
a  depth  of  about  4.0  meters  must  be  reconstructed. 

(2)  Non-consolidated  ground,  normally  consolidated 
ground,  and  pre-consolidated  ground  10 

Referring  here  to  general  stratified  ground,  the  max- 
imum  load  that  the  ground  has  so  far  received,  for  in- 
stance,  through  accumulated  loads  of  deposits  consti- 
tuting  the  ground  is  consolidation  yield  stress  Pc  and,  in  15 
many  cases,  the  profile  of  consolidation  yield  stress  Pc 
within  the  ground  is  in  substantial  agreement  with  that 
of  the  effective  soil  covering  stress  of  the  original 
ground.  When  a  fresh  piling  structure  is  placed  on  the 
original  ground,  a  load  produced  thereby  causes  the  20 
profile  line  of  consolidation  yield  stress  Pc  of  the  original 
ground  to  become  close  to  that  of  the  piled  ground  layer 
with  the  progress  of  consolidation.  Therefore,  the  piled 
ground  layer  continues  to  subside  until  the  profile  line 
of  the  consolidation  yield  stress  of  the  original  ground  25 
coincides  with  that  of  the  effective  soil  covering  stress 
of  the  piled  ground  layer.  However,  if  the  consolidation 
yield  stress  of  the  improved  ground  obtained  by  the  in- 
ventive  method,  viz.,  the  value  of  pre-consolidation 
stress  Pc'  is  set  on  or  above  the  profile  line  of  the  effec-  30 
five  soil  covering  stress  of  the  piled  ground  layer,  any 
ground  subsidence  would  not  theoretically  occur.  In- 
deed,  the  thus  improved  pre-consolidated  ground  is  ob- 
served  to  undergo  no  subsidence  at  all,  or  an  allowable, 
if  any,  degree  of  subsidence,  and  is  found  to  be  effective  35 
for  earthquakes  as  well. 

Basically,  such  concepts  underlie  the  present  inven- 
tion;  it  is  the  inventive  method  of  stabilizing  piled  ground, 
or  ground  with  a  low  piling  structure  placed  on  it  that 
enables  pre-consolidation  stress  Pc'  of  the  soft  ground  40 
to  be  reconstructed  to  be  set  on  or  above  the  profile  line 
of  the  effective  soil  covering  stress  produced  by  piling, 
traffic,  and  seismic  loads. 

(3)  Estimation  of  traffic  loads  on  piling  structure  45 
according  to  the  invention 

Loads,  if  produced  by  piling,  can  be  well  detected. 
However,  traffic  loads,  for  which  there  is  still  no  estab- 
lished  estimation  method,  may  be  measured  in  the  so 
present  invention,  as  follows. 

To  improve  the  soil  of  the  ground  to  be  reconstruct- 
ed  while  the  ground  is  kept  undisturbed,  there  is  still 
nothing  but  a  piling  method  according  to  which  the 
ground  is  dehydrated  using  a  piling  or  other  load,  so  that  55 
pore  water  can  be  discharged  from  the  ground  for  the 
purpose  of  consolidation.  In  this  piling  method,  the  fol- 
lowing  equation  (1)  is  used: 

Cu'  =  Cu  +  m'(P0  +  UxAP)  (1) 

where 

Cu'  is  the  undrained  shearing  strength  of  the  con- 
solidated  ground, 
Cu  is  the  undrained  shearing  strength  of  the  original 
ground, 
PQ  is  the  effective  soil  covering  stress  of  the  original 
ground, 
m'  is  a  percentage  of  strength  increase  due  to  the 
consolidation  load  of  the  piling  structure,  and 
U  is  the  degree  of  consolidation  under  investigation 
of  the  piling  consolidation  load  of  the  piling  struc- 
ture. 

The  inventive  method  is  distinguishable  over  the 
prior  art  in  the  following  points. 

(i)  If  a  piling  structure  is  placed  on  soft  ground,  sev- 
eral  months  to  several  years  are  then  taken  for  an 
80%  consolidation,  as  already  mentioned.  Conse- 
quently,  the  degree  of  consolidation  U  is  determined 
depending  on  how  many  days  elapses  after  consol- 
idation.  For  instance,  given  the  strength  achieved 
by  an  80%  consolidation,  then  U  =  0.8.  In  the  inven- 
tive  instantaneous  consolidation  method,  by  con- 
trast,  U  =  1  .0  for  every  ground  irrespective  of  when 
the  degree  of  consolidation  is  investigated. 
(ii)  Symbol  m'  is  the  percentage  of  strength  increase 
due  to  the  piling  consolidation  load.  If  the  percent- 
age  of  strength  increase  is  found  at  the  time  of  pil- 
ing,  it  is  then  required  to  gather  a  soil  sample  from 
the  ground  under  investigation,  and  subject  it  to  in- 
door  soil  testing,  i.e.,  uniface  shear  (consolidation 
undrained)  testing  or  triaxial  compression  (consoli- 
dation  undrained)  testing.  This  is  also  true  of  when 
the  percentage  of  strength  increase  is  measured 
during  piling  works.  Thus,  it  is  required  to  perform 
soil  testing  for  each  piling.  No  target  strength  is  ob- 
tained  without  pressurization  at  the  consolidation 
load  needed  in  view  of  design.  In  the  inventive 
method,  on  the  contrary,  empirical  values  have 
been  predetermined  through  experimentation  per 
ground,  viz.,  for  peat  or  humus  ground,  clay  ground 
of  marine  origin,  and  clay  ground  of  river  origin,  re- 
spectively.  Thus,  the  inventive  method  can  be  in- 
stantaneously  effected  using  the  predetermined 
strength  needed  in  view  of  design. 
(iii)  Conventional  methods  are  performed  on  the  ba- 
sis  of  the  effective  soil  covering  stress  PQ  of  the 
original  ground.  Strictly  speaking,  however,  much 
difficulty  is  involved  in  the  precise  calculation  of  the 
effective  soil  covering  stress  of  the  original  ground. 
In  the  inventive  method,  on  the  contrary,  design, 
and  construction  precision  is  high  because  the  in- 

6 



11 EP  0  773  328  A1 12 

ventive  method  can  be  practiced  on  the  basis  of  the 
consolidation  yield  stress  Pc. 
(iv)  In  the  matter  of  the  present  invention,  AP  is  the 
consolidation  yield  stress  (pre-consolidated  stress) 
of  the  ground  improved  by  impregnation  of  ground, 
as  already  noted,  and  can  be  calculated  in  the  form 
of  the  target  value  for  compressibility  improvement, 
as  designed. 

In  the  inventive  method,  it  is  essentially  important 
that 

Cu'  =  Cu  +  m(Pd-Pc)  (2) 

where 

Cu  is  the  undrained  shearing  strength  in  tf/m2  of  the 
original  ground, 
Cu'  is  the  undrained  shearing  strength  in  tf/m2  of  the 
ground  upon  improved, 
Pc  is  the  consolidation  yield  stress  in  tf/m2  of  the 
original  ground, 
Pd  is  the  consolidation  stress  in  tf/m2  needed  to  ob- 
tain  the  undrained  shearing  strength  Cu'  in  tf/m2  of 
the  ground  upon  improved  or  the  pre-consolidated 
stress  Pc'  in  tf/m2  of  the  ground  upon  improved,  and 
m  is  the  percentage  of  strength  increase  due  to  the 
piling  consolidation  stress. 

In  equation  (2),  the  soil  constants  of  the  original 
ground  are  defined  by  Cu  =  1.5  tf/m2,  and  Pc  =  5.0  tf/ 
m2.  These  soil  constants  may  be  found  by  subjecting 
the  original  ground  to  consolidation  testing,  triaxial  com- 
pression  or  uniface  shear  testing  by  non-consolidation 
undrained  testing,  uniaxial  compression  testing,  or  vane 
shear  testing.  Accordingly,  if  the  percentage  of  strength 
increase  m  and  the  target  value  Cu'  for  ground  improve- 
ment  are  determined,  the  consolidation  stress  Pd  (or  the 
pre-consolidation  stress  Pc'  of  the  ground  upon  im- 
proved)  can  then  be  used  to  calculate  the  height  of  the 
piling  structure  of  soil  as  the  traffic  load.  From  the  results 
of  experimentation  using  the  inventive  method,  shown 
in  FIG.  12,  m  =  0.4  is  chosen  from  the  range  of  m  =  0.39 
to  m  =  0.42. 

Of  importance  is  here  how  to  determine  the  target 
value  Cu'  for  ground  improvement.  If  a  follow-up  survey 
is  run  on  the  current  stability  (the  amount  of  road  sub- 
sidence,  and  whether  or  not  surrounding  ground  layers 
or  structures  built  up  thereon  are  deformed  and  dis- 
placed,  and  if  so,  to  what  degree?)  of  an  existing  road 
with  a  low  piling  structure  placed  on  it,  which  is  laid  on 
peat  ground  identical  with,  or  similar  to,  the  ground  un- 
der  investigation  in  terms  of  soil  constitution,  soil  nature, 
soil  constants,  and  thicknesses  of  layers,  as  well  as  on 
the  strength  and  compressibility  properties  of  the  piling 
structure  and  the  foundation,  it  is  then  possible  to  clarify 
or  estimate  the  stability  and  conditions  for  stability  of, 

and  problems  with,  the  ground  under  investigation. 
The  results  of  follow-up  surveys  run  so  far  on  exist- 

ing  roads  with  low  piling  structures  laid  on  them  reveal 
that  (1)  the  mean  value  of  the  undrained  shearing 

5  strength  is  Cu'  =  2.5  tf/m2  for  some  roads  found  to  un- 
dergo  slight  subsidence  and  little  soil  nature  changes 
but  offer  no  particular  obstacle  to  the  traveling  of  vehi- 
cles  thereon,  and  (2)  the  undrained  shearing  strength  is 
Cu'  >  3.0  tf/m2  for  some  roads  observed  to  undergo  little, 

10  if  any,  subsidence  and  soil  nature  changes  or  to  be  kept 
stable.  See  FIGS.  12,  13,  and  14. 

On  the  basis  of  these  results  of  surveys,  now  as- 
sume  that  the  reference  value  for  the  undrained  shear- 
ing  strength  for  the  roads  as  mentioned  in  (1)  above  is 

is  Cu'  =  2.5  tf/m2.  Then,  the  consolidation  stress  Pd  (pre- 
consolidation  stress  Pc')  with  respect  to  this  reference 
value  is  found  by 

20  Pd  =  (Cu'-  Cu  +  m  x  Pc)/m  (3) 

Substitution  of  Cu'  =  2.5  tf/m2,  Cu  =  1  .5  tf/m2,  Pc  = 
5.0  tf/m2,  and  m  =  0.4  into  equation  (3)  gives 

25  2 Pd  =  (2.5  -  1  .5  +  0.4  x  5.0V0.4  =  7.5  tf/m 

For  the  stably  maintained  roads,  too,  assume  that 
the  reference  value  for  the  undrained  shearing  strength 

30  is  Cu'  =  3.0  tf/m2.  Then,  the  consolidation  stress  Pd  (pre- 
consolidation  stress  Pc')  with  respect  to  this  reference 
value  is  also  found  by  equation  (3). 

That  is  to  say,  substitution  of  Cu'  =  3.0  tf/m2,  Cu  = 
1  .5  tf/m2,  Pc  =  5.0  tf/m2,  and  m  =  0.4  into  equation  (3) 

35  gives 

Pd  =  (3.0  -  1  .5  +  0.4  x  5.0)/0.4  =  8.75  tf/m2 

40  In  FIG.  9,  curves  3  and  4  show  underground  stress 
profiles  wherein  the  consolidation  stresses  Pd  (pre-con- 
solidation  stresses  Pc')  as  calculated  above  are  distrib- 
uted  in  the  ground  to  be  reconstructed,  corresponding 
to  the  effective  soil  covering  stress  of  the  original 

45  ground.  Here,  assume  that  the  unit  volume  weight  of  the 
piling  structure  is  y[  =  1  .8  tf/m2.  For  the  case  as  set  forth 
in  (1)  above,  pile  height  as  calculated  as  traffic  loads  is 
2.5  meters  if  pile  height  as  planned  is  1  .0  meter,  and  for 
the  case  as  set  forth  in  (2)  above,  pile  height  as  calcu- 

50  lated  as  traffic  loads  is  3.2  meters  if  pile  height  as 
planned  is  1  .0  meter. 

(4)  Results  of  construction  works  according  to  the 
invention 

55 
In  exemplary  construction  works  shown  in  FIGS.  8 

and  9,  the  resulting  effects  were  ascertained  and  esti- 
mated  firstly  by  Swedish  sounding  tests,  and  secondly 
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by  subjecting  typical  spots  to  vane  shearing  tests,  pen- 
etration  tests  using  a  portable  cone  penetrometer,  and 
Dutch  double-pipe  cone  penetration  tests  for  the  pur- 
pose  of  comparison.  The  results  are  shown  in  FIG.  10. 
The  resulting  empirical  equation  from  the  relation  be- 
tween  the  undrained  shearing  strength  (found  by  the 
vane  shearing  tests)  and  penetration  resistance  values 
Wsw  obtained  in  the  Swedish  sounding  tests  is 

While  design  management  and  construction  control 
were  effected  using  such  penetration  resistance  values, 
construction  works  were  performed  at  Cu'  >  3.0  tf/m2  for 
portions  of  structures  built  up  on  ground,  and  at  Cu'  > 
2.5  tf/m2  for  other  portions.  After  the  completion  of  the 
construction  works,  neither  subsidence  nor  changes  in 
the  nature  of  the  soil  were  observed. 

(5)  Influences  of  seismic  vibrations 

Much  is  still  unknown  or  unsettled  about  earthquake 
scales,  and  the  form,  type,  magnitude,  frequency,  and 
time  of  seismic  vibrations,  and  so  influences  of  all  seis- 
mic  vibrations  cannot  be  established  or  predicted.  At 
least,  however,  inventor's  experience  teaches  that 
grounds  with  an  improved  undrained  shearing  strength 
of  Cu'  >  3.0-4.0  tf/m2  have  been  hardly  hit  by  earth- 
quakes  having  a  seismic  intensity  of  4  to  5.  If  general 
piled  grounds,  grounds  on  which  low  piling  structures 
are  laid  and  which  receive  traffic  loads,  and  piling  struc- 
tures  and  foundations  of  filled-up  grounds  are  improved 
such  that  their  undrained  shearing  strengths  are  Cu'  > 
3.0-4.0  tf/m2,  it  will  then  be  expected  that  they  are  not 
damaged  by  earthquakes  or,  if  hit,  suffer  from  a  mini- 
mum  damage. 

Example  3  -  Clay  ground  of  marine  origin 

One  example  is  explained,  wherein  the  inventive 
method  is  applied  to  prevent  changes  of  underground 
pipes  due  to  consolidation  subsidence  of  a  low  piling 
structure  laid  on  ground  composed  of  clay  of  marine  or- 
igin  and  residual  subsidence  thereof  due  to  traffic  loads. 

(i)  The  nature  of  the  soil  forming  the  ground  to  be 
reconstructed 

shown  in  FIG.  16,  and  the  amount  of  subsidence  of  the 
piling  structure  reached  about  1  70  centimeters  about  six 
years  after  piling.  At  this  time,  the  amount  of  subsidence 
of  the  sewers  exceeded  the  allowable  amount  of  sub- 

5  sidence  of  20  centimeters,  posing  a  serious  obstacle  to 
the  function  of  sewerage  and  the  structure  of  the  sew- 
ers. 

(iii)  Estimation  of  effect  on  ground  improvement 
10 

The  results  of  effect  of  the  inventive  method  on  low 
piling  structures  are  concisely  illustrated  in  FIGS.  17  and 
18,  from  which  it  is  found  that  the  effect  on  ground  im- 
provement  was  achieved  as  initially  planned. 

is  Never  until  now  was  any  subsidence  observed.  It  is 
also  observed  that  the  sewers  are  neither  damaged  nor 
deformed.  In  the  meantime,  the  ground  was  hit  by  earth- 
quakes  having  a  seismic  intensity  of  3  to  4,  but  was  kept 
in  good  condition. 

20 
Example  4  -  Clay  of  river  origin 

One  example  of  this  inventive  method  is  explained, 
wherein  the  inventive  method  is  applied  to  soft  ground 

25  composed  of  clay  of  river  origin,  on  which  a  high  piling 
structure  of  4.0  meters  is  placed  to  construct  a  railway. 

(i)  The  nature  of  the  soil  constituting  the  ground  to  be 
reconstructed 

30 
Deposits  constituting  the  ground  to  be  reconstruct- 

ed  form  a  very  soft  ground  layer  of  about  4.8  meters  in 
thickness  and  composed  mainly  of  clay  of  river  origin, 
beneath  which  there  is  a  layer  composed  of  a  gravel- 

35  containing  sand  layer  having  a  relatively  high  density. 

(ii)  Construction  history  of  piling  structure  and  sewers 

A  sand  mat  of  0.4  meters  in  thickness  was  placed 
40  on  ground,  and  a  first  piling  structure  having  a  critical 

height  of  1  .5  meters  was  laid  on  the  sand  mat.  After  the 
lapse  of  22  days  during  which  they  were  allowed  to 
stand,  the  ground  was  reconstructed  by  the  inventive 
method  and,  in  three  days  later  during  which  the  ground 

45  was  let  alone,  a  second  piling  structure  of  2.5  meters  in 
height  was  laid  on  the  ground.  In  this  way,  the  ground 
was  rapidly  reconstructed  within  a  total  period  of  27 
days. 

25 

30 

35 

40 

Deposits  constituting  the  ground  to  be  reconstruct- 
ed  are  mainly  composed  of  a  very  soft  clay  layer  of  ma- 
rine  origin  and  of  about  10  meters  in  thickness,  with  di- 
luvial  hard  clay  and  sand  soil  distributed  beneath  it. 

(ii)  Construction  history  of  piling  structure  and  sewers 

Subsidence  of  the  piling  structure  placed  on  such 
ground  after  the  sewers  laid  underground  proceeded  as 

50  (iii)  Effective  soil  covering  pressure,  consolidation  yield 
stress  and  pre-consolidation  stress  profiles  of  the 
original  ground  and  piling  structure 

As  the  consolidation  yield  stress  of  the  original 
55  ground  is  larger  than  the  effective  soil  covering  stress, 

as  shown  in  FIG.  19,  the  piling  structure  remains  un- 
cosolidated  because  its  soil  covering  stress  is  lower 
than  its  effective  soil  covering  stress,  although  the  orig- 

8 
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inal  ground  is  an  over-consolidated  clay  layer. 
Thus,  the  consolidation  yield  stress  (pre-consolida- 

tion  stress)  of  the  ground  to  be  reconstructed  is  distrib- 
uted  in  a  pre-consolidation  region  lying  above  the  profile 
line  of  the  effective  soil  covering  stress  due  to  the  piling 
loads,  so  that  the  ground  can  be  stable  with  respect  to 
both  the  loads  produced  by  these  piling  structures  and 
both  the  vibration  loads  produced  by  railway  trains. 

(iv)  Estimation  of  the  ground  reconstructed  or  improved 

Concisely  shown  in  FIGS.  1  9,  20  and  21  are  the  re- 
sults  the  stability  of  the  piled  ground  for  railway  tracks, 
which  was  obtained  by  the  application  of  the  inventive 
method  to  clay  of  river  origin.  From  these  figures,  it  is 
found  that  the  effect  on  ground  improvement  is  achieved 
as  initially  planned. 

Never  until  now  is  any  subsidence  observed.  The 
ground  has  been  stable  with  respect  to  earthquakes 
having  a  seismic  intensity  of  3  to  5. 

In  terms  of  undrained  shearing  strength,  the 
grounds  before  and  after  reconstruction  are  compared 
with  each  other.  The  undrained  shearing  strength  is  Cu 
=  1  .2  to  2.2  for  the  original  ground,  Cu  =  2.1  to  2.6  for 
the  piled  ground,  and  Cu  =  2.7  to  5.0  for  the  ground  re- 
constructed  according  to  the  inventive  method. 

On  the  other  hand,  the  compressibility  of  the  original 
ground  and  piling  structure  are  Pc  <  10  tf/m2  while  the 
consolidation  yield  stress  of  the  reconstructed  ground  is 
Pc'  >  10  to  18  tf/m2,  indicating  that  apparent  improve- 
ments  in  both  strength  and  compressibility  are  obtained. 

Claims 

1.  A  method  of  stabilizing  soft  ground  comprises  in- 
jecting  the  ground  with  material  according  to  prede- 
termined  parameters  characterised  in  that  a  value 
is  derived  by  plotting  a  stress  profile  of  the  ground 
and  said  profile  is  used  as  a  reference  for  supplying 
the  material  so  that  said  ground  to  be  reconstructed 
in  situ  is  subjected  to  a  single  concurrent  operation 
involving  four  principles  for  reconstruction  of  soft 
ground  being  (1  )  consolidation  and  dehydration,  (2) 
drainage,  (3)  solidification  and  (4)  replacement 
whereby  rapid  ground  stabilization  is  achieved  and 
deformation  and  displacement  of  surrounding 
ground  layers  or  structures  built  thereon  is  curtailed. 

2.  A  method  as  claimed  in  Claim  1  characterised  in 
that  the  method  includes  the  step  of  piling  and  the 
said  profile  includes  reference  to  a  piling  height. 

3.  A  method  as  claimed  in  Claim  1  or  Claim  2  charac- 
terised  in  that  the  said  parameters  include  a 
strength  property  Cu'  of  the  ground  in  the  range  Cu' 
>  2.0  to  3.0  tf/m2  in  a  non-seismic  state  and  Cu'  > 
3.0  to  4.0  tf/m2  in  a  seismic  state. 

4.  A  method  as  claimed  in  any  one  of  the  preceding 
claims  characterised  in  that  the  said  parameters  in- 
clude,  in  the  case  of  a  general  piling  structure,  a 
consolidation  yield  stress  Pc'  of  the  ground  in  the 

5  range  Pc'  >  5  to  10  tf/m2  for  clay  of  marine  origin 
and  clay  of  river  origin  and  Pc'  >  4  to  7  tf/m2  for  peat 
and  humus  soil  and,  in  the  case  of  ground  subjected 
to  traffic  loads  and  seismic  loads,  a  consolidation 
yield  stress  Pc'  in  the  range  Pc'  >  11  to  20  tf/m2  for 

10  clay  of  marine  origin  and  clay  of  river  origin  and  Pc' 
>  7.5  to  10  tf/m2  for  peat  and  humus  soil. 

5.  A  method  as  claimed  in  any  one  of  the  preceding 
claims  characterised  in  that  the  said  parameters  in- 

15  elude  strength  property  Cu'  and  the  consolidation 
yield  Pc'  of  the  reconstituted  ground  as  follows:- 

Cu'  =  Cu  +  m  (Pc'  -  Pc) 
20 

Pc'  =  (Cu'  -  Cu  +  m  x  Pc)/m 

where: 
25 

Cu  is  shearing  strength  in  tf/m2  of  the  original 
ground, 

Cu'  is  shearing  strength  in  tf/m2  of  the  reconsti- 
30  tuted  ground, 

Pc  is  consolidation  yield  stress  in  tf/m2  of  the 
original  ground, 

35  Pc'  is  consolidation  yield  stress  in  tf/m2  of  the 
reconstituted  ground  and 

m  is  a  percentage  of  strength  increase,  provid- 
ed  that  m  =  0.39  to  0.42  for  peat  or  humus  soil, 

40  m  =  0.21  to  0.39  for  clay  of  marine  origin  and 
m  =  0.18  to  0.21  for  clay  of  river  origin. 

50 

20 
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