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                                       ABSTRACT

 Physical modeling  utilizing  a  centrifuge  is often attempted  in order  to investigate short-term  stability problems  of

soft  clay  deposits whose  undrained  shear  strength  generally varies  with  depth. Since accurate  evaluation  of  the

strength  profile in model  beds is essential  for such  studies,  a  cone  penetration test (CPT) technique in the centrifuge
has been developed to obtain  geotechnical information continuously  with  depth. A  series of  CPTs  in homogeneous

clay  beds was  conducted  in order  to establish  the correlation  between cone  resistance  q. and  undrained  shear  strength

c..  This empirical  relationship  can  take account  of  the  infiuences of  penetration rate, stress level and  the error  associ-

ated  with  the stress acting  on  the rear  of  the cone  tip. In the end,  this CPT  technique in the  centrifuge  has proved itself

to be useful  in evaluating  the undrained  shear  strength  profile in non-hornogeneous  clay  beds.
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INTRODUCTION

  Physical modeling  utilizing  a  centrifuge  is often  at-

tempted  to investigate short-term  stability problems  of

soft  clay  deposits (e.g. Davies and  Parry, 1985). In order

to interpret the test results,  an  accurate  evaluation  of  the

strength  profile in the model  bed is essential.  As pointed
out  by Davies and  Parry (1982), when  relatively  permea-
ble soils are used,  it is vital  to  measure  the correct

strengths  of  the clay  beds during centrifuge  flight.
Moreover, since  undrained  shear  strength  of  soft  normal-

ly- or  lightly over-consolidated  clay  generally varies  with

depth, complete  strength  profiles could  preferably be ob-
tained by continuous  measurements  with  depth. With
this in view,  smal1  cone  penetrometer devices have been
developed to evaluate  strength  profiles in non-homogene-
ous  clay  beds during centrifuge  operation.

  In the  beginning, the penetrometer probes were

calibrated  not  only  under  dead weight  but also under  all

around  water  pressure applied  to the cone  tip. The  latter
calibration  tests were  carried  out  to examine  the influence
of  the seal  filling the opening  behind the cone  tip. The

recorded  apparent  cone  resistance  q, was  observed  to be
smaller  than  the applied  all  around  pressure p.  because
of  the stress acting  at  the back of  the cone  base. This
stress,  besides, was  found to be less than  p. due to the

compressibility  of  the  sealing  material.

 A  series of  CPTs  was  conducted  in homogeneous  clay

beds with  the aim  of  establishing  a  correlation  between
cone  resistance  q. and  undrained  shear  strength  c..  In this
experimental  program,  the effects  of  penetration rate  and

stress  level were  investigated, and  an  empirical  relation-

ship  between q. and  c. which  can  effectively  take into ac-
count  the error  associated  with  the stress acting  on  the

rear  of  the cone  tip has been derived.

Cone  Penetration 7i2st (CPn
  The  cone  penetration test (CPT) has attracted  increas-

ing attention  as a  well-established  site investigation tech-

nique  especially  offshore  in accordance  with  recent  de-
velopments  in electronics  (De Ruiter, 1982). The  CPT  is
regarded  as an  in-situ strength  test, which  has several  ad-

vantages  over  laboratory tests on  undisturbed  samples

(Jamiolkowski et al,, 1985) and  is useful  in centrifuge
model  work.  Firstly, relatively  simple  operation  of  the

CPT  facilitates the introduction of  this technique  in the

centrifuge,  Secondly, extremely  low shear  strength

(c. <20  kPa) of  soft  clay  prohibits sampling  for alterna-
tive  laboratory  strength  tests. Thirdly and  above  al1, the
continuous  nature  of  CPT  data is of  great importance
for model  studies  investigating the influence of  variation

ef  shear  strength  with  depth  on  stability  problems.
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  Comprehensive reviews  of  CPT  interpretatien
methods  may  be found in Robertson and  Campanella

(1983), Wroth  (1984) and  Meigh  (1987). Some  of  the im-

portant research  results  for CPT  used  in soft  clays  are  dis-
cussed  herein, focusing on  the correlatien  between cone
data and  undrained  shear  strength.

  Cone  resistance  q. is usually  related  to undrained  shear

strength  c. of  clay  by the following equation  similar  to

the bearing capacity  formula;

              q,=c.･M+a..  (1)

where  a..  is the total overburden  stress and  IVle is the  em-

pirical cone  factor, typical values  of  which  are  reported

to vary  between 10-20  for normally-consolidated  and

15-  25 for over-consolidated  clays  (Jamiolkowski et al.,

1982; Konrad and  Law, 1987),

  Recent  development  of  the piezocone  test with  pore
pressure measurement  (CPTU) has necessitated  a  re-ex-

amination  of  cone  data. Correction of  measured  q, to

allow  for pore pressure u  acting  on  the exposed  surface

behind the cone  tip was  suggested  (Fig. 1, Robertson and
Campanella (1983));

     q,(corrected)=q.(measured)+u･(1-a)  (2)

where  a  is the net  area  ratio  (=ARfA.). The  importance

of  this correction,  especially  for soft  clays  of  low q, and
high u,  was  shown  to reduce  the systematic  errors  incor-

porated  in the relationship  of  Eq. (1) (Lunne et al,,  1986).

CPT  in the Centrijitge
  It should  be  noted  that  the CPT  in the centrifuge  will

not  strictly represent  the CPT  in the field because it is un-
realistic to employ  an  extremely  small  scaled  down cone

in a  high centrifuge  acceleration.

  For several  years, miniature  penetration probes  used  in

the centrifuge  have  been investigated at  Cambridge Uni-
versity  including cone  penetrometers and  a piezocone
(Almeida and  Parry, 1985; Phillips and  Valsangkar,

ec =  qc(meassured) 
･Ac

        J

orrected)

e A.-

1987). They  were  developed in order  to determine the soil

parameters  during centrifuge fiight, because highly per-
meable  clay  such  as kaolin gives different measured

strengths  during  flight and  after  stopping  the  centrifuge

(Davies and  Parry, 1982). M  values  obtained  at 100 g us-
ing c.  measured  by the centrifuge  vane  test decreased
with  depth from 9.2 down  to, surprisingly,  negative

values  (Almeida and  Parry, 1983). But with  correction

of  Eq.  (2) using  an  empirical  relationship

u=u.+O.67･q,(corrected)  (u.: hydrostatic pressure), M
values  were  found to lie between 8.3 and  17.5.

MINIATURE  CONE  PENETROMETER

 The  CPT  under  high acceleration  field in a  centrifuge

requires  special  consideration  with  regard  to the design
of  the cone  penetrometer and  its operational  technique.

Reliable measurement  of  cone  resistance  q. continuously
with  depth  is a  paramount  prerequisite, however, all  ele-

ments  of  the equipment  must  be designed not  only  to be

sturdy  but as light as  possible as well.

  In non-homogeneous  beds, the cone  has to be
suMciently  small  to  guarantee  that  the  measured  q, at  a

certain  depth will  represent  the  shear  strength  of  that par-
ticular  point without  being affected  significantly  by adja-

cent  layers. At the same  time, however, because of  the

very  soft nature  of  the  material,  the  cone  areaA,  must  be
1arge enough  to ensure  high sensitivity  of  measurement.

  Figure 2 shows  the  structural  cross-section  of  a  cone

penetrometer  (cone diameter D.=  10 mm)  manufactured

out  of  stainless  steel. It comprises  two  load  cells

positioned on  top, to be kept above  the soil at all times, a

shaft  sleeve  and  an  inner rod  with  a  cone  tip at the end.
The  opening  of  1 mm  between  the  cene  shoulder  and  the
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end  of  the shaft  sleeve  is filled with  silicone  sealant  to pre-
vent  the entry  of  soil particles and/or  water  into the
           ,
penetrometer tlp.
  Load  cell B measures  total cone  resistance  force e.
transmitted through  the inner rod,  while  load cell  A  meas-

ures  total cone  penetration force 9t including sleeve  fric-
tion force e., These load  cells  have  sections  of  reduced

rigidity  where  eight  active  strain  gauges  are  attached  to

form a  Wheatstone bridge.

CALIBRATION  TEST

 As  suggested  earlier  by  Eq.  (2), careful  consideration

of  the  stresses  acting  on  the rear  of  the cone  tip is essen-
tial for accurate  q. measurement.  Calibration tests were

therefore conducted  to investigate the infiuence of  the

seal  fi11ing the  opening  behind the cone  tip.

  As  shown  in Fig. 3, arnbient  pressure p. was  applied

around  the cone  of  two  penetrometers (No. 1 and  2) of

the  same  design in the chamber  for both the cases  with

and  without  seal in the opening  behind the cone  tip.

Figure 4 shows  the test results demonstrating a com-

pletely linear response  of  measured  cone  resistance

qc(;9.IAe)  to the applied  water  pressure p..
  When  there is no  seal  in the opening,  provided  that  the

greased O-ring does not  transmit any  significant  amount

of  load to the shaft  sleeve  (Nyirenda and  Sills, 1988), the
condition  of  equilibrium  is as follows (Fig. S);

           Pe'Ac=ee+Pe'(Ac-A2)  (3)

considering  2c= qc'Ac;

                q. A2

                p-.=A-.=a2  (4)

Sinee the area  ratio  a2(==A21A,)  is O.74 by geometry,
almost  identical values  of  q,lp.  (=O.74 and  O.75) ob-

tained from this calibration  test confirm  the validity  of

the  above  equilibrium  consideration.

  When  there is a  seal  in the opening,  similar  considera-

tion of  equilibrium  results in the following equation;

aptMwgtr4eo

Pe'Ac=e.+p..･(-4.-Ai) (5)
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where  p,, denotes the average  normal  stress acting  on  the

rear  of  the cone  (Fig. 5). Considering e,=q.･Ac, Eq. (5)
becomes;

           .in'-(i-tY.)1(i-lt) (6)

With the measured  values  of  q,lp. (O.64 and  O.68) and

the net  area  ratio  ai(==AilA,=O.61)  by geometry,  the
ratio  (p..lp.) is calculated  to be O.92 and  O.82. This im-

plies that the stress p,, acting  on  the back of  the cone  tip

is not  identical to the applied  water  pressure p.  but to a

reduced  amount  by some  8-  18%.

  According to simple  elasticity theory assuming  an

axisymmetrical  plane  strain  mode  of  deformation, this
ratio  (prelp.) is calculated  to be;

          Prc 2v

          PN.=(1-2v)･(A,IA,)V2+1  (7)

where  v is the Poisson's ratio  of  the sealing  material.  The
values  of  v  back calculated  from the results  of  the  calibra-

tion test using  Eq. (7) are  found to be O.48 and  O.45,
which  is not  very  different from  the expected  range

O.46 -O,49  for elastic rubber.  The  discrepancy may  be at-

tributed  to over-simplification  of  the  plane strain  assump-

tion in this simple  analysis.  Nevertheless, Eq. (7) clearly
demonstrates the effect of  the compressibility  of  the seal-

ing material  on  the  stress  p.. acting  behind  the  cone.

  It should  be  noted  that  the  stresses  mobilized  on  the

side  of  the seal can  not  be known  exactly  during actual
CPTs;  it is thereby impossible to evaluate  the true cone

resistance  using  a correction  similar  to Eq. (2). This

rather  pessimistic conclusion  has never  been pointed  out

before, The only  exception  is when  just the cone  tip has

penetrated into clay  while  the rear  of  the cone  is still

above  the surface,  during which  the stress on  the side  of

the seal  is definitely known  to be either atmospheric  pres-
sure  in the air or  hydrostatic pressure in the water  depend-
ing on  the  particular situation.

CONE  PENETRATION  TEST  (CPT)

  The  clay  used  in this study  was  a  remolded  glacial clay

till, with  a  plasticity index 4 of  23, taken from the
Cowden  site,  North  Humberside  around  the  North  Sea.

Since the clay  fraction E, of  32%  is characteristically

high, consolidation  takes place rather  slowly;  coeMcient

of  consolidation  c.  is typically  found  to  be  around  1 m21

yr under  a stress  of  200 kPa.

Experimentat  Procedure

  Four clay  beds were  prepared in circular  Rowe  cells

with  an  internal diameter of  500 mm  and  380 mm  deep
(Rowe and  Barden,  1966). After several  months  of  con-

solidation  under  specific  consolidation  pressures p,  in the
laboratory, these clay  beds were  placed in the centrifuge

strong  box with  a reaction  frame and  a  loading bridge

(Fig. 6).

  The  geotechnical centrifuge  at the Univ. of  Manchester
with  a radius  of  3.2 m  to a  face plate is capable  of  acceler-

ating  a 3500 kg model  package  to about  130 g (Craig and
Rowe,  1981). While 1g tests were  carried  out  in the
horizontal positien, as this centrifuge  is not  a swinging

platform  type, the strong  box had to be rotated  900 into
the vertical  position for centrifuge  tests conducted  at vari-

N

Fig. 6.Experimental  setup  in the centrifuge  strong  box
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ous  acceleration  levels (45, 80 and  100g). In order  to

cover  the clay  surface  with  water  to prevent desiccation
during a  centrifuge  run,  water  stored  in the tank  was

pumped  inside the  cell  at  30  g.

  CPTs  were  operated  by means  of  either  a  hydraulic or
pneumatic  system  mounted  on  the loading bridge. When
CPT  was  conducted  using  the servo-controlled  hydraulic
jack, a  constant  rate  of  penetration was  maintained

throughout  the complete  penetration depth. Whereas us-

ing the pneumatic jack, the cone  penetrometer  was  held
above  the soil surface  by compressed  air until the desired
acceleration  level was  reached.  By  reducing  this air pres-
sure  slowly,  the cone  was  subsequently  allowed to fall
into the clay  bed due to its increased self-weight  in the
centrifuge  test; thus the penetration rate  could  not  be con-

trolled and  was  found to be relatively  fast (20- 120 mm1

sec) with  moderate  change  during the course  of  penetra-
tion.

  After completion  of  six  CPTs  in each  clay  bed, Iabora-
tory vane  tests using  a  Pilcon hand vane  (19 mm  dla., 28
mm  high) were  conducted.  The  measured  undrained

shear  strength  s.  was  determined  conforming  to BS1377
(Serota and  Jangle, 1972), and  correlated  empirically  to
the reference  undrained  shear  strength  c.  from  a  triaxial
compression  test using  the following equation  (Tani,
1990).

                s.==1.07･c.  (8)

  In addition,  water  centent  measurements  and  uncon-

solidated  undrained  (UU) triaxial compression  tests were
also  carried  out;  those test results  are  shown  in Table 1.

AnaL}nsis of (]PT Data
  Figure 7 shows  typical original  time  records  from  two
load cells and  a displacement transducer measured  in cen-
trifuge CPT.  Since the  load cells  move  during the test,'carefu1

 consideration  is required  for the  analysis.  The
measured  load records  are  accordingly  ailected  twofold,
inertia effect  and  centrifugal  acceleration  field.
  On  the one  hand, the  influence of  inertia is found to be
of  negligible  amount  O.06N with  respect  to 9. measure-
ment,  for an  effective  mass  m=O.13  kg  and  a  maximum

Table l. Test case

TestbedNo,Consolidation
pressureP.(kPa)ThieknessH(mm)Watercontentw(O!e)

Undrainedshearstrength

'Parameters

inEq.(12)

Cu(kPa)')Su(kPa)2)Nkcr

1 l50 21024.0･23.224.313.5O.637

2 300 26122.139.040.511,8O,724

3 400 26020.652.156.013.1O,739

43]2oo6oo 14St5424.019.829,671.928.S77.211,6e,847

1) by  UU  triaxial compression  test
2) by  laboratory vane  test
3) two-layered  bed

2W100&oj

 7Sdi

  50a<oA

  2SnEio<eede

 lo 2o 3o
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 Fig. 7. 0riginal time records  of  centrifuge  CPT
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acceleration  of  cone  penetration not  higher than  O.5 ml
sec2  (r= 50 (mmlsec)1O.1 (sec)) recorded  in this study. On
the other  hand, the apparent  change  in Q. during CPTs
at 100 g (centrifuge angular  velocity  to#19  radlsec)  due
to varying  acceleration  along  the total penetration length
ofO.25  m  is calculated  to be as large as  12N. This is a  sub-

stantial  amount  compared  to the measured  net  cone

resistance  force e. of  the order  of  20-  1OON, hence must
be corrected  properly.

  Figure 8 illustrates schematically  the relationships  be-
tween  displacement of  the penetrometer  (abscissae) and

measured  loads 9t and  e. (ordinates). The  solid  curve

ABCDEF  indicates a  typical pattern of  the original

recorded  data and  the broken curve  CD'E'F'  for e, is
idea! data where  the assumption  is made  that no  stress

acts  on  the rear  of  the cone  (p,,=O). As described above,
any  radial  movement  of  the load cell itself with  elements

attached  below affects its output  as  shown  by the slope
AB  while  the cone  penetrometer  travels  through  the air.

CJ, DI  (D'I') and  GH  (G'H') are drawn parallel to

ABK.  The  buoyancies developed during penetration
through  the  water,  vertical  distances between these lines,
are  calculated  based  on  a  knowledge  of  dynamics. As for
the e, diagram, the vertical  distances between CJ and

DI, and  DI  and  GH  are  evaluated  on  the  basis of  the

results  obtained  from the calibration  test taking  into ac-
count  the influence of  the seal  behind the cone  tip.

  It should  be understood,  that the true  net  loads of  2t
(= e. +  9.) and  e. of  interest are  the  vertical  distances be-
tween  DEF  and  DGH  and  between D'E'F' and  D'G'H'
respectively.  A  serious  problem  arises here, concerning
the analysis  of  e., because it is anyhow  impossible to
make  a  correct  measurement  of  9, (ABCD'E'F') unless

ajointless  cone  is used.  Provided that the CPT  is conduct-
ed  in the water,  the situation  is exactly  the same  as the
calibration  test; thus the stress p.  acting  on  the rear  of

the cone  can  be evaluated  accurately.  For  CPT  in the

soil, however, it is no  longer possible to estimate  the ex-
tent of  this infiuence. Consequently, the analysis  of  Q. is
obliged,  in any  case,  to consider  only  the  calculation  for

the vertical  distance between DEF  and  DGH  instead of
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between D'E'F' and  D'G'H'.  In other  words,  proper

analysis  of  e, data can  be made  for the penetration of  the

cone  tip only.  The  infiuence of  the stress p,. behind the

cone,  which  is ignored throughout the rest of  the penetra-
tion, will be taken  into account  afterwards  when  the ana-

lyzed 2. data is correlated  with  undrained  shear  strength

Cu.

  Regarding  the analysis  of  the measured  cone  data (Fig.
7), corrections  for the acceleration  and  buoyancy effects

were  made  as follows:
1) Find  the sampling  point where  the  cone  tip strikes

the clay  surface  as shown  by  the  arrow  in Fig. 7 which  cor-

responds  to D  in Fig. 8. This point is regarded  as the ori-

gin where  et and  e. are  taken  as zero  loads and  the depth
of  penetration z is taken  as 

-h.
 (height of  cone  tip, 10

rnm);2)
 Make  correction  for the acceleration  effect by adding

m･tu2･(z+h.)  to the measured  2t and  e. data, where

m  ･ tu2 may  be estimated  from  the  observed  slope  of  AB  in
Fig. 8. Hence et and  e. are  computed  to  be the  vertical

distances between DEF  and  DI;

3) Ifthere is any  surface  water,  make  correction  for the
buoyancy effect which  is calculated  as  the  distance be-

tween  DGH  and  DI  in Fig. 8. Ndenotes  the  ratio  of  cen-

trifugal acceleration  to gravitational and  the value  of

(q.lpe) for Q, correction  is determined for each  individ-

ual  cone  penetrometer  by the calibration  test. In reality,

the amount  of  this correction  was  found  to be relatively
small  (no more  than  O.8 N  for CPT  at 100 g).

  As a  result,  the  analyzed  9t and  e. data finally become
the vertical  distances between curves  DEF  and  DGH.

interpretation of CPTIs
  Figures 9(a) to (c) show  some  examples  of  analyzed

CPT  results  as changes  of  the adjusted  values  of  9t, 9.
and  penetration rate  v with  depth. The  following conclu-
sions  may  be drawn:
1) The cone  data et and  e, are  very  consistent  in provid-
ing excellent  continuous  information. This  is believed to
be  due  to  the  successfu1  design of  the load cells, simplici-
ty  of  the  test procedures, and  the uniform  nature  of  the

shear  process during penetration (Baligh et  al.,  1980);
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2) During  the penetration ofjust  the cone  tip, the ana-

lyzed et and  e. curves  are  proved  to be perfectly match-

ed.  This confirms  the  successful  measurement  of  even  a

very  small  load in the centrifuge  as well  as adequate  analy-

sis  of  the cone  data;
3) At a  constant  rate  of  penetration using  the hydraulic

jack, 2. seems  to be relatively  constant  or to increase

slightly  with  depth in 1 g CPTs  (Fig. 9(a)), Whereas  in
centrifuge  CPTs,  e, apparently  increases more  or  less
linearly with  depth (Fig. 9(b)). This is a clear  evidence

that cone  resistance  q, (=e,IA,) is not  only  a function

of  undrained  shear  strength  but also  of  stress  level;
4) Test bed  No,  4 is a  two-Iayer bed  in which  the inter-
face can  be found at  145 rnrn  depth and  the strength  ratio

defined as c.(lower  layeT)fc.(upper layer) is 2,4 (Table
1). From  Fig. 9(a), the cone  resistance  force 9. appears
to start picking up  the presence of  the lower stiffer  layer
ahead  of  the cone  from the depth z==  125-135  mm  and

to escape  the infiuence of  the upper  softer  Iayer behind
the eone  from the depth z=145--150mm.  In other

words,  the clay  20mm  (=2･D.) ahead  of  and  5mm

(=112･D.) behind the cone  base may  affect cone

resistance  q. for the interface with  this particular strength

ratio. Although this seems  smaller  than  the reported

range  (2-4･D.) by Schmertmann  (1978), it must  be not-
ed  that this range  is probably  dependent  on  layer compo-
sition  as  well  as  stifihess  of  the clay.  Figure 10 shows  the

result in which  the cone  tip was  accidentally  pushed  too

far until  it struck  the bottom. Despite an  extreme  type of

interface with  its strength  ratio  deemed  to  be almost  infin-

ity, the cone  data did not  pick up  the  presence of  a  rigid

boundary  until  the cone  base approached  within  40-45
mm  (4.0 ･-4.5･D,)  above  the porous  plastic sheet  on  the

bottom. However, as far as normally-  or Iightly over-con-

solidated  soft  clay  deposits are concerned,  such  non-

homogeneous  beds generally possess a  considerably

milder  change  of  c. with  depth as compared  to the cases

discussed above  with  a  sharp  increase in c. values  at the

interface. Hence  by postulation, it may  bejustified to  say

that the cone  resistance  probably  represents  the shear
strength  of  the immediate vicinity  of  the cone;

5) Cone  resistance  q. is generally known  to increase
5 -  30%  due to an  order  of  magnitude  increase in penetra-
tion rate  (Meigh, 1987). This is believed to be an  immedi-

ate  consequence  of  rate  dependent (viscous) behavior of
clays  (Acar and  Tumay,  1986; Craig, 1983), On  the other

hand, in centrifuge  CPTs  using  a  10mm  dia. cone,

Almeida  and  Parry  (1984) reported  that  variation  of  v  be-
tween  2 and  20 mmlsec  had little effect  on  q,. But as  can

be seen  in Fig. 9(c), the influence of  penetration rate  v on

cone  data in this soil is clear. Both 9, and  et values  in-
crease  with  increasing penetration rate  v but to a  less

pronounced extent  for e..

CORRELATION  BETWEEN  CONE  RESISTANCE

AND  UNCONFINED  COMPRESSION  STRENGTH

  Based on  the above  discussion, the following four
main  points must  be examined  in order  to correlate  cone

resistance  q,(== e,IA,) and  undrained  shear  strength  c..

They  are:

1) infiuence of  rate  of  penetration v  on  cone  resistance;

2) infiuence of  stress level on  cone  resistance;

3) error  of  e,. measurement  due to the stress p., acting
on  the rear  of  the cone;

4) representabilityofconeresistanceinnon-homogene-

ous  beds.
  For  establishing  the  correlation,  the reference  c. is
taken  as undrained  shear  strength  obtained  by UU  triaxi-

al compression  tests in this study.

Ihfiuence of Rate of Penetration
  Although the effect of  penetration rate  v  on  e. is ob-
served  to  a  lesser extent  than  that on  9t, it is necessary  to

take the rate  effect into account  since  the penetration rate

v  in the CPT  using  the pneumatic  jack varies  quite sub-

stantialIy  (Fig. 9(c)). This dependence  of  q. on  v  is be-
lieved to be a  direct consequence  of  the  strain  rate  effect

on  mechanical  properties of  clay,  which  is usually  summa-

rized  as  a linear variation  with  logarithm of  strain  rate.

Hence by analogy,  the proposed relationship  between
cone  resistance  q. and  penetration rate  v may  be ex-

pressed as:

q.=q.' (1-O+fi'Iog (E ./)] (9)

where  q," is the cone  resistance  at a reference  penetration
rate  v'  and  the rate  factor fi is the slope  of  q, against
logarithm of  v. This rate  factor 6, which  may  be defined
as the increase in q. for every  log cycle  of  penetration
rate, can  be determined as follows:

1) A  pair of  CPTs  is chosen  so  that  both  tests were  con-

ducted in the same  homogeneous bed at  the  same  acceler-

ation  level but at diffbrent penetration rates;

2) For  a  given depth of  penetration z, two  pairs of  ana-

lyzed data (vi, q.i) and  (v2, q,2) are  computed.  Since they
are  obtained  under  the same  conditions  (i.e. c., z, N,
etc.)  except  for the rate  of  penetration v, the difference be-
tween  q.i and  qc2 is attributed  to the rate  effect;

3) With  the reference  penetration rate  v*  arbitrarily

taken  as  20 mmlsec,  these data are substituted  in Eq. (9);
thereby  q.", the  cone  resistance  at v",  is calculated  by
eliminating  the rate  factor fi :

          q.i･log(v2120)-qc2-log(vi120)
      q.'=                                       (10)
                 log (v21vi)
4) These two  pairs of  data (q,, v) are  normalized  in

terms of  q.* and  v' (=20 mmlsec)  respectively;

5) The  calculations  of  items 2 to 4 are  made  for depths
at  20  mm  intervals and  the results  have been plotted in
Fig. 11 as relationship  between q,!qi in linear scale  and

v1v"  in logarithmic scale. Since q,* values  become erratic

if the  diiference of  v  is too small  (1log (vilv2) 1 <O.05  in
Eq. (10)), these data are  excluded  from the figure;
6) The  rate  factor fi is computed  by least square  analy-

sis and  is determined to be O.1O shown  as  the  slope  of  the

regression  line in Fig. 11. Therefore Eq. (9) becomes:
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  This equation  indicates that cone  resistance  q, in-
creases  10%  for every  ten-fold increase in penetration
rate  v,  which  is consistent  with  most  of  the reported

values  of  fi=O.05-O.30 for CPT  (Meigh, 1987).

I}ifltzenee of Stness Level  and  Seal in the Gap

  The  linear increase of  cone  resistance  q, (= eclAc)
with  depth in homogeneous  beds, which  is more  rapid  in
centrifuge  CPTs  (Fig. 9), appears  to  support  the type of

Eq. (1) correlating  q. and  c.; with  q, expressed  as a  func-
tion of  total overburden  stress  a,.. In addition,  judging
from  the results of  the calibration  test (Fig. 4), the  stress

pre acting  on  the back of  the cone  tip, which  causes  er-

roneous  q, measurement,  is reasonably  thought to be
proportional  to the stresses  acting  on  the side  of  the seal.
These  stresses, in turn, may  be assumed  to be  proportion-
al to the stress level at the depth of  the seal  z. As a  conse-

quence, it is hypothesized  that  the error  of  measured  q.
caused  by the stress p., is proportional  to o,.. Thus a

modified  Eq. (1) is proposed  as:

             qc'=c"'M+cr･ave  (12)

where  the  coeMcient  cr represents  the influence of  stress

level as well  as the amount  of  error  caused  by the stress

p,. acting  on  the back of  the cone  tip. In order  to deter-
mine  the  values  ofM  and  cr, Eq. (12) may  be written  as:

             t'*=M+ev-(SIf,o) (13)

where  M  and  ev are  expressed  as the intercept and  slope

of  a straight  line of  the (q,"lcu)-(a,.lc.) relationship.

  Figure 12 shows  an  example  of  the plot for CPTs  con-

ducted  in bed No. 2, wherein  values  of  q.*1c. and  avolcu

are  computed  for penetration depths at 20 mm  intervals.
As far as  the  calculation  of  total oyerburden  pressure ovo

is concerned,  it should  be noted  that in 9, (== qc･A.) anal-

qc*
    15Cu

10

5

o

Fig. 12.

o 4 812162024

               6vo

               Cu

Typical example  of  (g,'fc.)-(o..1c.) relation  (No. 2)

ysis, 2, value  is zero  for z=  
-h.

 and  the subsequent

effect  of  buoyancy due to the penetration of  the cone  tip
is properly taken  into account.  It does not  need,  there-
fore, to account  for water  pressure at the soil surface
hw'7w'N  (y.: unit  weight  of  water)  in the calculation;
thus ave=z'7t'N  (7t: total unit  weight  of  the  soil)  even

for the CPTs  with  surface  water  (Fig. 8).

  As shown  in Fig. 12, a  linear distribution of  data
points with  modest  scatter  effectively justifies the

proposed  expression  of  Eq. (12). M  and  a  values  are  de-
termined  by the use  of  regression  analysis  and  the results

fer each  bed are  shown  in Table 1. The computed  cone

factors M  are  close  to each  other  and  fal1 within  the
range  of  values  found in the literature, though  strictly

speaking,  direct comparison  is impossible due to the in-
troduction of  the coeMcient  or. The  average  values  of

M=12.5  and  or=O.737  are  used  for the correlation  be-
tween  q,* and  c.:

                q,"-O.737･a.e
                                        (14)             Cu=
                    125

  It is interesting to note  that under  an  extreme  condi-

tion where  CPT  is conducted  in clay  of  e.==OkPa,

namely  in water  as the calibration  test, Eq. (14) implies
qc"la.e=:O.737 which  might  be comparable  to the test
results of  q.lp.=O.64  and  O.68 (Fig. 4).

Reptwsentability of Cone  Resistance  in IVOn-homogene-
ous  Beds
  The above-mentioned  correlation  to calculate  c.  value

from  Eqs. (1 l) and  (14) with  the known  values  of  q., v,  z,

NII-Electionic  



The Japanese Geotechnical Society

NII-Electronic Library Service

The  JapaneseGeotechnical  Society

46 TANI  AND  CRAIG

7t and  N  is established  based on  the data obtained  from
CPTs  in hornogeneous  beds. Hewever, the question
``what

 depth does the estimated  strength  stand  for?"

may  arise on  application  of  this correlation  to the cases

for non-homogeneous  beds. As discussed earlier, owing
to the soft  nature  of  the clay  (c.f72 kPa) used  in this

project, it is anticipated  that only  soil in the immediate vi-
cinity  of  the  cone  tip will be involved in the shear  process
determining the cone  resistance.  Therefore, for con-

venience,  it was  decided that the c. value  evaluated  from
cone  data will  represent  that at the depth of  the cone  base

z. Through  monotonically  increasing shear  strength  with

depth for the case  of  a normally-consolidated  clay, the

softer  layer behind the cone  base and  stiffer  one  ahead  of

the cone  may  probably  offset  their opposite  influence to
some  extent.

Comments
  It should  be  borne  in rnind,  that the correlation  of  q,

and  c., summarized  as  Eqs. (11) and  (14), is established
specifically  for this study.  For application  of  this result  to

other  situations,  special  attention  must  be given te ex-

amining  any  deviation from this particular CPT  practice
and  interpretation described herein.

  In addition,  some  comment  is made  concerning  the so-

called  
``scale

 ellect"  for CPT  in the centrifuge  (Phillips
and  Valsangkar, l987). ``Scale

 effect''  in soil  mechanics

is understood  to be composed  of  
"size

 effect"  and

``stress
 level effect"  (Tatsuoka et al., 1990). Since the

same  size penetrometer (P.=10mm) has been  used

throughout  this work,  the former should  not  have any
influence on  the results (Carpenter, 1982). As far as the

cone  resistance  qc is concerned,  the latter 
``stress

 Ievel
effect"  is thought  to be taken into account  in the expres-
sion  given by Eqs. (12) to (14). Suspicion, however, may
arise  about  possible 

``depth

 effect"  which  is the influence
of  depth ratio  zlD.  on  q,. Nevertheless, there seems  to be
no  definite evidence  that the relation  q.'lc.-a..lc. in
Fig. 12 is dependent on  the acceleration  level. This  im-

plies that there is no  influence of  the depth ratio zlDe  on

q." for a given a... The  depth effect, therefore, is ignored
in establishing  the correlation  between q. and  c., as CPT
is regarded  as  one  of  the typical deep geotechnical prob-
lems.

EXAMPLE

  Non-homogeneous  clay  beds modeling  a  soft  nor-

mally-consolidated  clay  deposit were  prepared  by the

hydraulic gradient similarity  method  (Zelikson, 1969) in

Rowe  cells to study  a  foundation stability problem  in the

centrifuge  (Tani, 1990). This seepage-induced  consolida-

tion  technique  has been proved successful  in providing
model  clay  beds with  a more  or  less linearly increasing
strength  profile comparable  to that of  soft  normally-con-

solidated  clay  in the  field.

  Two  CPTs  were  carried  out  in each  bed at 1oog to

evaluate  the  undrained  shear  strength  profile of  the

model  bed immediately  before the foundation loading

o
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240
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Fig. 13. Estimated  undrailled  shear  strength  profite

test. Furthermore,  after  stopping  the centrifuge,  labora-

tory  vane  tests and  water  content  measurements  were

also  made  at several  depths. It should  be noted  that the

softening  effect or  loss of  strength  of  the  beds during the
course  of  tests are  expected  to be insignificant due to the

rather  impermeable nature  of  the clay  material,  Cowden

clay, selected  for this project,
  Figure 13 shows  a  typical result  of  estimated  undrained

shear  strength  profile determined by various  methods  in-
cluding  two  centrifuge  CPTs  at 1OO g. Nete that c. herein
refers  to the  undrained  shear  strength  obtained  by UU
triaxial compression  tests; thereby the empirical  relation

of  Eq, (8) is used  to convert  measured  s. into c..  Further-

more,  from the average  profile of  water  content  w  (%), c.
(kPa) may  be estimated  using  the empirical  relation

proposed  for Cowden  clay  (Craig and  Chua,  1987):

          logio(c.)=3.804-O.101･w (15)

Nevertheless, since  the triaxial test becomes  extremely

diMcult to perform  on  very  soft  samples,  extrapolation

of  Eq. (l5) towards  w>25.5%  (c.<17 kPa) may  not  be

justified; thus  the  estimated  results are  shown  as solid

squares.

  Excellent agreement  among  various  evaluation

methods  illustrates more  or  less linearly increasing un-

drained shear  strength  c. with  depth with  very  low values

at the surface.  Almost identical c. profiles were  estimated

from two  CPTs  with  dilierent penetration rate  histories;
both CPTs  were  conducted  using  pneumatic jacks. This

emphasizes  the great consistency  of  the CPT  technique in
obtaining  data continuously  with  depth as  well  as the ade-

quacy  of  the CPT  analysis  in taking into account  the rate

effect.

CONCLUSION

  This report  describes the development of  CPT  tech-
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nique  in the centrifuge  in order  to evaluate  shear  strength

profiles of  clay  beds for use  in physical modeling  to  study

short-term  stability problems. The evaluation  method

presented herein is the correlation  between cone

resistance  q, and  undrained  shear  strength  c. which  is

specific for a  particular CPT  practice adopted  for this
study.  Some  of  the conclusions  which  are  drawn  in this
study,  however, may  also  provide  valuable  information
for CPTs conducted  in the field for practical purpose:
1) Whether  the filling material  in the gap behind the
cone  is permeable  or  not,  complete  correction  of  meas-

ured  cone  resistance  q. for the stress p.  by Eq. (2) is im-
possible. This rather  pessimistic conclusion  has never

been pointed  out  before, because the exact  value  ofp.,  is
not  identical to pore  pressure u but effective stress compo-

nents  acting  on  the  side  of  the fi11ing would  contribute  to

p... However, this influence may  be accounted  for in the
relation  of  q, and  c.  as  proposed  by Eq. (12) which
modifies  the conyentional  relation  of  Eq.  (1). A  newly  in-

troduced  parameter  a  may  be evaluated  as  (q.lpe) ob-

tained by the calibration  test as a  first approximation;

2) The influence ofpenetration  rate  v  on  cone  resistance

q, can  be properly  evaluated  by Eq. (9), which  is an  ana-

logical expression  of  the strain  rate  effect  on  mechanical

properties of  clay.
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