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S Y N O P S I S  I n  a n  a t t e m p t  t o  a s s e s s  n e w  e f f e c t i v e  s t r e s s  m e t h o d s  o f  d e s i g n  o f  a x i a l  c a p a c i t y  o f

d r i v e n  p i l e s ,  a  s e r i e s  o f  i n s t r u m e n t e d  l a b o r a t o r y  m o d e l  t e s t s  h a v e  b e e n  c a r r i e d  o u t .  T h e  p u r p o s e  o f  

t h e  t e s t s  w a s  t o  v a l i d a t e  a s s u m p t i o n s  c u r r e n t l y  m a d e  i n  m o d e l l i n g  ( a )  i n s t a l l a t i o n  o f  t h e  p i l e ,  ( b )  

s u b s e q u e n t  r e c o n s o l i d a t i o n  o f  t h e  s u r r o u n d i n g  s o i l ,  a n d  ( c )  a x i a l  l o a d i n g  o f  t h e  p i l e .

1. INTRODUCTION

Over the last decade, considerable advances have 
been made in the development of effective stress 
methods of design for the shaft capacity of piles. 
Early proposals related the shaft adhesion direct­
ly to the initial, in situ, horizontal effective 
stresses acting in the ground, with little or no 
allowances for the stress changes which occur due 
to pile installation (Chandler 1968; Burland 
1973). For piles driven into cohesive soil, 
attempts have subsequently been made to model 
the effective and total stress changes during 
the three main phases of the pile history:

(a) installation,
(b) dissipation of excess pore pressures 

generated during (a),
(c) axial loading of the pile to failure.

(Esrig et al 1977; Kirby and Wroth 1977;
Kirby and Esrig 1979; Randolph et al 1979a; 
Wroth et al 1979; Randolph and Wroth 1980).

The complexity of the problem of pile installa­
tion has necessitated considerable simplifica­
tion in order to make any progress analytically. 
In the first instance, the installation process 
has been modelled conceptually as the expansion 
of a cylindrical cavity by purely radial soil 
movement, no distinction being made between 
jacked or driven piles. Subsequent consolidation 
of the soil around the pile has been modelled 
assuming radial flow of pore water and radial 
soil movement, with no account taken of the free 
ground surface or the more complex conditions 
near the base of the pile.

Preliminary model studies to investigate the valid­
ity of the cavity expansion approach have been 
reported by Randolph et al (1979b). The present 
paper describes the results of more sophisticated 
laboratory studies, conducted at Cambridge Uni­
versity, of an instrumented, 19 mm diameter pile, 
jacked into reconstituted cylindrical samples of 
clay contained in a large triaxial chamber. Four 
tests were conducted, on samples of different over 
consolidation ratios (OCR),varying from normally 
consolidated up to OCR = 8, and attempts were made 
to measure

(a) soil displacements due to pile installation,
(b) pore pressures at the pile-soil interface 

and also in the clay close to the pile.

(c) total radial stresses acting on the pile 
shaft,

(d) distribution of axial load down the pile.

2. APPARATUS AND TESTING TECHNIQUE

Measurement of soil displacements, pore pressure 
changes, radial stresses and axial load distribu­
tion along the pile shaft calls for a complex test 
set-up with sophisticated instrumentation. The 
general location of the instrumentation in the 
model pile tests appears from the schematic three 
dimensional view and section of the clay sample 
shown in Fig.1. The manner in which the model 
pile tests were conducted will be outlined 
briefly here.

A large cylindrical sample of clay, 250 min in di­
ameter and 600 mm long, is prepared in a specially 
designed consolidometer allowing consolidation 
from an initial slurried state at a water content 
w = 125%, of approximately twice the liquid limit. 
The consolidometer consists of a base, two mild 
steel cylinders, each with a bore of 250 nun and
6 00 mm long, and a top and bottom piston. To allow 
installation of lead thread (for radiographic

F i g .1  : G e n e r a l  l o c a t i o n  o f  i n s t r u m e n t a t i o n .
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Fig.2: Consolidoraeter with lead shot placer.

measurements of displacements) two series cf holes 
are drilled perpendicular to the cylinder axes in 
one diametral plane. Fig.2 shows the specially 
designed lead shot placer allowing 12 rows (spaced 
50 mm) of 13 two mm diameter lead shot (spaced 25 
or 50mm) to be placed in the slurry.

At the end of consolidation, where the sample 
height is approximately halved, 1 mm diameter 
lead threads (a mixture of silicone oil and lead 
powder) are injected with a spacing of 25 mm in the 
plane of the lead shot.
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Fig.3: Triaxial test chamber.

The clay sample is transferred to a large tri­
axial chamber where known vertical and radial 
stresses can be applied independently to the clay 
sample in order to achieve the final desired ef­
fective stress state (see Fig.3). A hole in the 
top cap of the chamber permits installation of the 
closed ended cylindrical pile, normally to an em­
bedded length of about 400 mm.

The model pile consists of four 1 9 . 05 mm tubular 
duraluminium sections (wall thickness 0.91 mm) 
separated by joints containing miniature pore 
pressure transducers (see Fig.4). Strain gauges 
are placed in the middle on the inside of each tu­
bular section in order to measure axial and hoop 
strains, from which the axial load in the pile and 
the total radial stress on the pile shaft may be 
deduced.

In addition to the instrumentation on the pile, 
miniature pore pressure transducers are embedded

(a,b) Joint with pore pressure transducer, strain gauge 
and transducer leads 

(c,d) Assembly of sections and finished pile 
Fig.4: Model pile
in the clay as shown on Fig.1. The transducers 
are placed in the consolidometer prior to pouring 
the slurry. The leads are spiralled down on the 
inside of the consolidometer (i.e. on the out­
side of the sample in the triaxial chamber) and 
taken out through a hole in the base. In this way 
the transducers follow the one dimensional dis­
placements of the clay with minimum disturbance 
of the sample.

The pile is jacked into the clay using a double 
acting ram operated by a hydraulic system. By 
solenoid and flow control valves (oil flow from 
0 til 20 litres/minute) installation and subse­
quent compression or tension load tests can be 
carried out at displacement rates ranging from 
0 to 100 mm/second.

All electrical signals are logged by a high speed 
datalogger based on a PDP-8 mini-computer, scan­
ning at approximately 4 0 channels/second.

At the end of each test, a careful "site invest­
igation is conducted on the clay. In situ 
strengths are measured with a hand-vane and 
moisture contents are determined at different 
distances from the pile wall. Triaxial samples 
are taken for subsequent testing.

Fig.5 shows the overall test set-up in the lead 
shielded test room.

In practice, attempts to obtain absolute . 
measurements of radial stresses acting on the pile 
shaft were unsuccessful, probably due to slight 
bending of the pile. Some estimates of the per­
centage change in radial stress during reconso­
lidation, after installation of the pile, were 
obtained.

Fig.5: General view of test set-up before and 
after pile installation.
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The clay used for the laboratory pile tests is a 
china clay calles Speswhite kaolin. The mechan­
ical properties determined from the current series 
of tests are given in Table I. A similar clay.

3. SOIL PROPERTIES

Property Symbol
Speswhite
kaolin

Spestone
kaolin

Liquid limit LL 69 % 74 %

Plastic limit PL 38 % 42 %

Plasticity Index P I 31 % 32 %

Specific gravity of 
solids

G
s

2.61 2.61

Saturated density 
at w = 50 % Y 17.0 kN/m3 17.0 kN/m3

T a b le  I :  M e ch a n ica l  p r o p e r t i e s o f  Sp e sw h it e  an d  

Sp e st o n e  k a o l i n .

Spestone kaolin, has served as the basis for ex­
perimental research into the behaviour of clay 
at Cambridge University over the last twenty 
years. The properties of the latter, unfortu­
nately no longer available, are similar to Spes­
white (see Table I) and it has been possible to 
draw on the detailed experimental results of 
past research workers in determining the engin­
eering properties of the new clay. The only sig­
nificant difference between it and Spestone kao­
lin has been in the position (not the slope) of 
the consolidation and critical state lines in 
e-ln p' space.

Table II summarizes the available information on 
the strength and consolidation properties of 
Speswhite kaolin.

Property Definition Value

Slope of consolidation 
lines X =

de
0.25

0.05Slope of swelling lines K ¿(In p' )

Slope of critical state 
line M

0.9 
~ip' = 23°

Void ratios at effec­
tive pressure of 
p' = 1 kN/m2

e
c s  

(e )
X 1 —D cons

(ôj . ^
A VSOtT. cons

2.44

2.58

2.65

Coefficient of 
consolidation

norm al cons
c v  11 . 

swe I Izng

0.5 mm2/sec 
1.0 mm2/sec

Shear strength
(1-D c o n s o l id a t io n )

(c /o') 
u v  nc

0.21 ± .01

T a b le  I I :  S t r e n g t h  an d  c o n so l i d a t i o n  p r o p e r t i e s  

o f  Sp e sw h it e  k a o l i n .

4. MODEL PILE TEST RESULTS

Four tests were conducted: Test 01 and 02 with 
OCR=1, Test 03 with OCR=8 and Test 04 with 
OCR=2. The consolidation histories were chosen 
such that, ideally, all four clay samples would 
have the same final moisture content (w ~ 50 %) 
and thus the same undrained shear strength, e ~ 
40 kN/m2 (in triaxial compression). Fig. 6 summMr- 
izes the values of vertical effective stress,

8 / 5 6

o ' and best estimates for the undrained shear 
strength, a , in the four tests. The estimates 
are based on the average water contents meas­
ured at the end of each test, and on values of 
c /o' established experimentally for kaolin by 
previous research workers at Cambridge.

Further, the figure defines the dimensionless
values a and 6 relating the shaft adhesion t to
c and a' respectively. 

u v  0 c  1

The planned pattern of load tests conducted on 
the pile was:

(1) installation
(2) reconsolidation (allowing 12-24 hours)
(3) compression and tension tests to failure
(4) cyclic loading to 50 - 75 % of failure loads
(5) compression and tension tests
(6) extraction.

Periods of rest were allowed between stages (3), 
(4), (5) and (6) for any excess pore pressures 
to dissipate.

In order to study the generation of excess pore 
pressures during the various test stages it is 
important to scale correctly the times for these 
events. Since dissipation of pore pressures oc­
curs at rates inversely proportional to the 
square of the linear scale (here the pile radius) 
typical installation times of say 1 hour for a
1 mdiameter pile would correspond to installa­
tion times of ~ 1.5 second for the 19 mm diameter 
model pile. Similarily, load tests must also be 
conducted within a very short time interval in 
the model scale.

The above considerations excluded any possibili­
ty of actually modelling the driving process and 
hence the model pile was jacked into the clay. 
As a compromise the installation times were ~ 8 
sec in order to permit data collection. The ax­
ial load tests were conducted at a much slower 
rate in order to give a pile displacement of 2 mm 
(10 % of the pile diameter) in 8-10 seconds.

In the following subsections the obtained test 
results will be presented and evaluated.

4 .1̂ Soil displacements due to pile installation

The scatter of the x-rays due to the cylindrical 
shape and the size of the clay samples, led to 
radiographs of lower contrast than was hoped for. 
The radiographs obtained in Tests 01 and 02 were 
of too poor quality to obtain meaningful measure­
ments . The use of Bucky grid screens in Tests
03 and 04 reduced the scattered radiation en­
abling measurement of soil displacements to be 
made, though still not the high accuracy orig­
inally envisaged. The soil displacements during

8 5 9
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these latter tests have been evaluated by con­
sidering separately the radial (i.e. normal to 
pile axis) and vertical components. Figs.7and8 
show the measured soil displacements for both 
tests, plotted against the initial position of the 
soil particle.

The measurement of soil displacements enables 
evaluation of the conceptual model for pile in­
stallation of undrained cylindrical cavity ex­
pansion (Soderberg, 1962; Butterfield and Baner- 
jee, 1970). The model has been critisized most 
because it ignores the vertical movements in the 
soil which are known to occur, see Fig.8). How­
ever, it is the e f f e c t  rather than the p r e s e n c e  

of the vertical movements, which is ignored when 
deducing the stress changes in the soil due to 
pile installation.

The model of undrained cylindrical cavity ex­
pansion under plane strain conditions assumes 
that the soil must be displaced radially out­
wards to accommodate just the thickness of the 
pile wall. (For an open ended pile the soil is 
assumed free to move continuously up the inside 
of the pile). Thus the radial movement, C, of a 
soil particle originally at radius, r , may be 
calculated as 

^ — r t «[ ( r / j °0 )2 + p ] 1
10 1 ' *'‘0' ' KJ r 0 (  ̂

where p is the displacement ratio defined as 
p = 1 - (r./rQ)2 , r^ and r Q being the inner and 
outer ra&ii of the pile respectively. The theo­
retical curve corresponding to a closed ended 
pile, r.=0 and p = 1, is shown as the full line 
in Fig.2/. The curve is evidently an upper bound 
to the measured radial movements of the soil par­
ticles. However, the dashed line corresponding 
to the theoretical radial displacements for p = 
0.8 gives a good fit to the average measured dis­
placements and would thus indicate that only 80 % 
of the volume of the pile is accommodated by ra­
dial movement of the soil. Owing to the absence 
of a free surface in the tests excluding the 
possibility of surface heave, the remaining 20 % 
of the pile volume must be accommodated by ver­
tical downward movement of the soil below the 
level of the pile tip.

The measured downward vertical displacements are 
shown in Fig.8. The profiles of vertical move­
ment are approximately uniform down the length 
of the pile and similar in Test 03 and 04.

0.8

0.6

02

Cavity expansion:

=  1 ,1 r0 = [( r /r0)2* p ],/2- r / r 0 

° • Points to the right of pile 

« • Points to the left of pile 

03 04 Test number

Fig.7: Radial component of soil movement due to 
pile installation for Tests 03 and 04.

Fig.8: Vertical component of soil movement due to 
pile installation for tests 03 and 04.

Taking the average vertical movements as indi­
cated by the dashed line through the data points 
in Fig.8 the overall volume of soil displaced 
vertically past any horizontal plane may be esti­
mated as some 1 0 % of the total volume of the pile.

In summary, the trend of measured radial soil 
movement with initial radius from the pile axis 
agrees well with the theoretical values of cavi­
ty expansion, although some 10 - 20 % of the pile 
volume is not accommodated by radial movement 
of the soil. The important point, though, is 
that the differences in calculated stress changes 
due to cavity expansion are negligible for values 
of p in the range 0.7-1 (see Carter et al, 1979).

Thus, provided a suitable stress-strain model for 
the soil is available, stress changes due to 
pile installation may be predicted with a certain 
amount of confidence using the cavity expansion 
model over the entire length of the pile shaft 
below a level of some 4-6 radii from the surface 
(see Randolph, Steenfelt and Wroth, 1979).

4 ̂ 2_Pore_pressure_chang.es

In estimating excess pore pressures generated 
during pile installation, it is necessary to 
consider c h a n g e s in pore pressure rather than ab­
solute values. This compensates for any drift in 
the zero readings of the pore pressure trans­
ducers during the two week consolidation period 
prior to conducting the pile test on any parti­
cular clay sample. In general it has been as­
sumed that e x c e s s pore pressures due to pile in­
stallation will have largely dissipated by the 
end of the period allowed for reconsolidation - 
always longer than 15 hours (5 * 101* seconds). 
Thus the readings of the pore pressure trans­
ducers on the pile at that time may be taken as 
equivalent to zero excess pore pressure.

One of the striking findings during the tests was 
that the pore pressures measured along the pile 
shaft continued to increase after pile installa­
tion. Thus the excess pore pressure measured 
directly after installation (and indeed the maxi­
mum reading) will be less than that predicted 
from the theoretical models (where the maximum 
pore pressure at the pile shaft occurs at the 
time of installation). It is considered unlikely 
that this behavious reflects a poor response time 
of the transducers since independent tests (and 
also the response of the transducer T1 at the

8 6 0
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pile tip) have shown the response time to be of 
the order of a few milliseconds. A rational ex­
planation would seem to be a tendency for the 
mean total stress in the clay to decrease as the 
pile tip continues past that particular location. 
The effect appears to be confined to a narrow 
zone around the pile, since even transducers at 
\  a pile radius from the shaft (e.g.P5 in Test 
02) show no corresponding effect.

The level of excess pore pressure in the clay 
due to pile installation was similar in all four 
tests. Fig.9 shows the measured changes in pore 
pressure in the clay for Tests 02, 03 and 04 im­
mediately after pile installation. There is a 
tendency for the measurements from Test 03 (OCR 
= 8) to fall below those for Tests 02 (OCR = 1 ) 
and Test 04 (OCR=2). However, the difference 
is only about 10 % and some readings (e.g.P5) in 
Test 03 lie above the level of those from Test 
02. Assuming that the effective stresses are 
constant (at their critical state values) in the 
failed zone of soil around the pile, the equa­
tion of radial equilibrium leads to a predicted 
linear decrease of excess pore pressure with In 
r at a rate of twice the undrained shear strength, 
i.e.

= - 2 a  (2)
a (In r ) u

From the straight lines drawn for Tests 02 and
03 between readings of excess pore pressure at
the same level down the pile shaft, the deduced
values of shear strength are 42.0 and 40.1 kN/m2
respectively. (All three readings of excess pore
pressure from Test 04 are at different levels,
although a dashed line has been drawn at a slope
corresponding to a shear strength of 42 kN/m2).

From theoretical parametric studies using the 
computer program CAMFE (finite element repre­
sentation of undrained cylindrical cavity ex­
pansion with modified Cam-clay as soil model), 
typical predicted values of excess pore pressure 
at the pile shaft immediately after installation 
are about four times the undrained shear strength 
of the clay, independent of the value of OCR 
(see Randolph et al 1979a). For comparison, in 
Fig.9, a chain-dotted line has been drawn, cor­
responding to Au = 4o u -  2 o u ln(r/r0 ), taking c = 
40 kN/m2. In general, the agreement between the 
measured values i n  th e  b u lk  o f  th e  c la y and theor­
etical predictions is very encouraging.

Although the pore pressures at the pile shaft 
immediately after installation will be overpre­
dicted by the theoretical model, it is of inter­
est to compare how well the subsequent decay 
during reconsolidation is predicted. A best esti­
mate of k = 5 » 10 10 m/s for the permeability of 
the clay is used in the CAMFE-program. Figs.
10a, 10b, 10c show comparisons of measured decay 
of excess pore pressure at the pile shaft with 
predictions using CAMFE for Tests 02, 04 and 03 
respectively.

Also shown on the figures are values for tr
calculated from the elastic solution for con­

solidation (Randolph and Wroth, 1979) taking the 
initial (chain-dotted) distribution of excess 
pore pressure shown in Fig.9. Thus these times 
correspond to times for predicted excess pore 
pressures at the pile shaft of 80 kN/m2 and 16 
kN/m2 respectively. From Figs.10a and 10b, it 
may be seen that the agreement between the 
measured decay of pore pressure and the predicted 
decay is good for both the CAMFE method and the 
elastic solution. In Fig.10c, however, it is 
clear that both theoretical methods greatly over­
estimate the times for dissipation of the excess

kN/mz 
■ ISO----

and

au El a s t i c  so lu t io n (c v = 10"6m 2/ s )

I t50,AU = 8 0 k N / m 2 

X \  I  tgo, au = 16 k N / m 2

Fig.9: Excess pore pressure generated at time of 
pile installation for Tests 02, 04, 03.

T e st  03  

O CR = 8

In  t_

Fig.10: Decay of pore pressure at the pile shaft during 
reconsolidation.

kN/m2
150

• Test 02 OCR =1 

a Test 04 OCR =2 

° Test 03 OCR =8

AU=4cu-2culn(r/r0) 

taking cu=40kN/m 2)

Th e o r e t i c a l
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pore pressures due to pile installation. In fact, 
for Test 03 (OCR=8), while the measured excess 
pore pressures in the bulk of the clay are com­
parable with the other Tests, those measured at 
the pile shaft are smaller by a factor of 2 and 
take an order of magnitude less time to dissi­
pate .

Comparisons of isochrones of excess pore press­
ure with radius at two different times {* — 100 
and 300 seconds) after pile installation are 
shown in Fig.11a, 11b and 11c for Tests 02, 04 
and 03 respectively. The isochrones predicted 
using CAMFE (taking k = 5 « 10_l°m/s) yield pore 
pressures which are higher by about 30 % for 
Test 02 (Fig.11 a). However, for the other two 
Tests, particularly for Test 04 (Fig.11b), the 
agreement with the measured excess pore press­
ures is reasonably good. The overprediction of 
the pore pressures in Test 02 may be partly due 
to choosing too low a value for the permeabili­
ty of the kaolin. Another possible reason con­
cerns the low measured pore pressures at the 
shaft immediately after installation (e.g.Fig.9). 

kN/m2
150

AU

----- lOOsec

-------Theoretical

(CAMFE k=5*10",0m/s)i

-------Measured

0 100sec 

a 320sec

100-
Test 03 

OCR 8 P5

100sec

320sec

In r/r0

The initial rate of decay of pore pressures in 
the zone close to the pile (1 < r/rQ <3) will be 
faster than predicted as pore water flows to­
wards the pile for 1 < r / r Q <~ 1.5-2 and away 
from the pile for r / r Q <~ 1.5-2 (see, for ex­
ample, the measured hydraulic gradients in Fig. 
11a).

It must be emphasized, when comparing predicted 
and measured isochrones, that the predicted iso- 
chrone is based on a radial distribution of ex­
cess pore pressure immediately after pile in­
stallation which differs from that actually 
measured. A true assessment of the accuracy of 
the assumption of pure radial flow of pore water, 
would be to compare measured and predicted iso­
chrones, having started at t  = 0 with identical 
radial distributions of excess pore pressure. 
The evaluation that is being attempted above, is 
merely whether the g e n e r a l model of cavity ex­
pansion followed by radial consolidation may be 
used with confidence to estimate pore pressures 
around a driven pile at various times after 
driving.

One of the key features of the tests was the 
ability to provide values for the shaft adhe­
sion -rg along the pile. As the samples consist­
ed of homogeneous clay with one value of undrained 
shear strength independent of depth, the shaft 
adhesion was essentially constant with depth. 
From the distribution of axial forces measured 
by the transducers A ^ ,  A2, 4 , A4 and F (see 
Figs.1 and 6) it was possible to estimate values 
of end bearing q and (average) shaft adhesion
T  .

S

The conventional bearing capacity formula for a 
straight shafted pile of embedded length I and 
diameter d reads for undrained failure:

F  =  t t  r i  Z  t  +  d 2 N o e s  4 a u
(3)

where t  is the average shaft adhesion and is 
the bearing capacity factor. The force F at 
height l„  over the pile tip may then be written 
as F

A o 
e u

ZFTs 1 d „ _ l F dNa
I  c  4" I T  a  ~ 7 ~ a  477
e u  e  e  Q

(4)

where A = i t  d  I is the current embedded shaft
e e

area.

1.0

0.8

0.6

04

0.2

0

Ip /U T e s t  0 3 , O C R  = 8  

°  1 c o m p ,  t e s t

/\ □ 1’ t e n s ,  t e s t  

V  A f te r  c y c l ic  l o a d i n g
/

Y c 1 = 1 0

r-

a  =1 .0 8 //
/ /

-a=1.C >3

/ / “
/ /

/ F /c - u A e

1.6 -1.2 -0.8 -0 Ä 0 M 0.8

F i g . 11: Isochrones of excess pore pressure at 
two times after installation.

Fig.12: Distribution of axial forces in Test 03, 
corresponding to failure.
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Due to the rather high displacement rates em­
ployed in the tests a value of N -18 as in 
static cone penetration fits the data better 
than the usual value of I ~9. Using this value 
in compression and N =0 in tension, straight 
lines are constructed through the data points 
as illustrated in Fig.12 for axial load tests 
during Test 03. Table III summarizes the re­
sulting estimates for the average shaft adhesion.

Static
load

Test Cyclic
load

Test
01tests 01 02 03 04 tests

Inst. * 10.1 20.7 16.4

1. c 31.0 18.3 39.1 38.2 1. c 40.3

l.t -23.5 * -38.9 -34.4 l.t —26.5

2. t -22.6 -28.6 * pile 2. c 26.9

cyclic
broken

2. t -22.3
load
tests 3. c 21.8

2. c 27.0 27.7

cycling

* 3. t 

15.t

-13.4

-10.1

3. c “ 37.8 36.0

cycling

16.c 

16.t

10.5

-10.1

3. t -27.0
pile
broken - 17.c -10.5

4. t -25.4 _ 17. t -10.1

4. c _ 40.0
18.c 10.1

5. c - 41.0
18.t -10.1

- the particular test was not undertaken 

* failure of data retrieval system

Table III: Values of measured shaft adhesion

T [kN/m2] at failure.
s

The early load tests during Test 01 and 02 gave 
somewhat lower values of shaft adhesion. This 
was thought to be due to installing the pile 
before primary consolidation (to = 200 kN/m2) 
was complete. This also accounts for the low 
value of shaft adhesion measured during instal­
lation for Test 02. In comparing values of a = 
Ts/c and 6 = t /a' at t  = » (after full recon- 
soliaation; see Figs.13 and 14) the first com­
pression and tension tests during Tests 01 and 
02 should be disregarded.

Significantly, there appears to be no tendency 
for the a-values to reduce with increasing OCR, 
but rather the reverse. The average value of a 
at t  = 0 is ~0.4 (although Test 02 gives a value 
of 0.24). At t  = => the average value of a is 
close to unity. In fact, values of c predicted 
from the final measured values of shaft adhe­
sion, using an a-value of unity, would all lie 
within the ranqes of uncertainty on a quoted in 
Fig.6. u

Fig. 14 shows values of B = t  / o ' obtained at 
t= = > . The values range from 0.2, for OCR = 1 , up 
to 1.15, for OCR = 8, and are generally in keep­
ing with theoretical recommendations (Randolph 
and Wroth, 1980).

1 2 U 8 16

F i g .  13: values of a at t  = 0 and t=°°.

avo T h e o r e t i c a l - \ ^ ^ > >3

M e a s u -ed

4-Test
In O C R

1 2 L 8 16
Fig.14: Values of ß at t =<=.

4_. 4_Cyclic_load_tests

Although the main purpose of the laboratory 
programme was to consider static load tests, 
some cyclic loading of the pile was performed. 
This took two different forms. In Test 01, two- 
way cycling of the pile to failure was carried 
out. This led to a dramatic reduction in shaft 
adhesion, over 18 cycles, by a factor of ~ 4 in 
compression and ~ 2^in tension, giving a final 
shaft adhesion of xg ~ 1 0 kN/m2 (a = 0.24, 6 = 
0.05). The drop in shaft adhesion was accom­
panied by a gradual rise in excess pore press­
ure at the pile shaft of between 30 and 35 kN/m2. 
In Tests 02 and 03, the pile was two-way cycled 
between limits of 1/2 -3/4 of the failure loads 
in compression and tension. Over 50 cycles, no 
significant pore pressure changes were noted, 
and load tests performed directly after the 
cyclic loading showed no evidence of a reduction 
in shaft capacity.

CONCLUSIONS

In evaluating the data from the series of labo­
ratory pile tests, it must be borne in mind 
that the conditions were, intentionally, ideal­
ized. An essentially r i g i d  pile was ja c k e d into 
homogeneous clay; the clay sample was fully c o n ­
f i n e d  under known e f f e c t i v e  s t r e s s e s , and with facili­
ty for r a d ia l drainage. The purpose of the experi­
ments was to evaluate the theoretical models of 
pile installation and subsequent behaviour, 
under conditions which were as close as possible
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to the assumptions made in the theoretical 
models. Evaluation of other pile tests within 
the overall project described in the Acknowl­
edgements (by McClelland Engineers and by Wood- 
ward-Clyde Consultants) was intended to quantify 
the effekt of r e a l field conditions such as driv­
ing of the pile instead of jacking, and more 
complex soil conditions.

In spite of inevitable disappointements in the 
functioning of sophisticated and complex equip­
ment, the laboratory tests have made important 
contributions to the evaluation of the theor­
etical models. The extent of the radial soil 
movements around the pile and the close agree­
ment of the pattern of those movements with the 
model of undrained cylindrical cavity expansion, 
gives particular confidence in this simple 
idealisation of the installation procedure. It 
is probable that the differences in soil move­
ment introduced by driving rather than jacking 
piles, may still be taken into account within 
the framework of a model based on cavity ex­
pansion .

While the excess pore pressures generated at the 
pile shaft during installation were lower than 
predicted from the cavity expansion model, those 
generated in the body of the clay sample were 
in good agreement. The overall rate of dissipa­
tion of the excess pore pressures was consistent 
with theoretical predictions for normally and 
lightly overconsolidated clay (Tests 01, 02 and 
04), but was more rapid than predicted for the 
clay sample with a value of OCR of 8 (Test 03). 
During reconsolidation of the clay after pile 
installation, it appeared that the radial stresses 
acting on the pile shaft decreased by between 
20 and 30%. This decrease is typical of measure­
ments from other laboratory and field pile tests 
and is close to that predicted theoretically 
(Banerjee, 1979; Carter et al, 1979).

Estimates for the average value of shaft adhe­
sion Tg gave values of a = ~ts / au close to unity 
with a tendency, if anything, to increase 
rather than decrease with increasing OCR. In 
performing cyclic loading there appears to be a 
threshold load level below which two-way cyclic 
loading has no detrimental effect on pile capa­
city. Above this threshold there is evidence 
that dramatic reductions in the available shaft 
adhesion may occur.
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