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ABSTRACT 

This thesis describes an invest iga t ion in to the behaviour of 

a x i a l l y loaded p i les in c lay. The philosophy adopted has been to s imp l i f y 

the problem as fa r as possible in order that de ta i l s of the load- t ransfer 

mechanism might be examined; the study was made more relevant to f i e l d 

condit ions as understanding was gained. 

The load t ransfer mechanism is dominated by the severe kinematic 

res t ra in ts imposed by the presence of the p i l e , and i t was decided to 

employ three independent, although complementary, approaches 

( i ) laboratory scale model p i l e t es t s ; 

( i i ) invest igat ions of micro- fabr ic changes induced 

in the clay as a resu l t of both p i l e i n s t a l l a t i o n 

and p i l e loading; 

( i i i ) theore t ica l ( f i n i t e element) analyses employing 

an e las to -p las t i c cons t i t u t i ve law (Modified Cam 

Clay). 

The f i r s t series of model p i l e tests was conducted on r i g i d p i les 

i ns ta l l ed wi th a minimum of disturbance in to samples of Speswhite Kaolin 

which were consolidated to a range of i n i t i a l stress r a t i o s , K. The p i l e 

loadings were conducted under drained condi t ions, and in such a manner that 

only shaf t resistance was generated. The resul ts of tests conducted on nine 

normally-consolidated samples and one over-consolidated sample suggest that 

the peak angle of shaf t f r i c t i o n is independent of the i n i t i a l stress 

r a t i o in the clay (0.7 < K < 1 .5 ) , and is s l i g h t l y less than 4 ^ t r i a x i a l ' 

When loaded a x i a l l y , the l a te ra l e f f ec t i ve stresses on the p i l e shaft 

decrease wi th increasing p i l e load f o r p i les in normally-consolidated c lay , 

but may increase fo r those in over-consolidated c lay. The adhesion f ac to r s , 

a, back calculated from the tests on p i les in normally-consolidated c lay , 

are in excess of un i t y . Micro- fabr ic studies confirmed that the p i l e 

i n s t a l l a t i o n procedure employed caused minimal fab r i c disturbance to the 

clay adjacent to the p i l e . The progressive development of micro- fabr ic 

features in the clay w i th p i l e displacement is demonstrated; once residual 

load condit ions are reached, there ex is ts a t h i n , continuous, displacement 

d iscon t inu i t y pa ra l l e l to the p i l e . 
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F in i t e element modell ing of the above laboratory tests has 

given very encouraging agreement wi th the experimental observations, and 

has led to a bet ter understanding of the inf luence of the kinematic 

res t ra in t s on the e f f ec t i ve stress changes occurr ing in the clay beside 

loaded p i l es . 

A second, shor te r , series of model tests was performed to examine 

the behaviour of jacked and driven p i l es . On the basis of micro- fabr ic 

s tud ies, and an examination of the p i l e load-displacement behaviour, i t i s 
CON 
^Bxcluded that f ab r i c disturbance caused by p i l e i n s t a l l a t i o n may 

s i g n i f i c a n t l y a f f ec t the fu ture behaviour of the p i l e . A method is proposed 

whereby a conservative estimate of the ul t imate capacity of long compressible 

driven p i les may be ca lcu la ted, without the need to resor t to empir ical 

coe f f i c i en t s . Predict ions based on th i s new method are shown to be in 

good agreement wi th f i e l d measurements. 
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Among the innumerable mor t i f i ca t ions which waylay human arrogance 

on every side may well be reckoned our ignorance of the most common 

objects and e f f e c t s , a defect of which we become more sensible by 

every attempt to supply i t . Vulgar and inact ive minds confound 

f a m i l i a r i t y w i th knowledge and conceive themselves informed of the whole 

nature of things when they are shown t h e i r form or t o l d t h e i r use; but 

the specu la t i s t , who is not content wi th super f i c ia l views, 

harasses himself wi th f r u i t l e s s c u r i o s i t y , and s t i l l , as he inquires 

more, perceives only that he knows less. 

Samuel Johnson, 

The Id le r 

(Saturday, 25th November, 1758) 
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NOTATION 

A surface area 

b Bishop's parameter, (og - - crp 

C e f f ec t i ve cohesion in tercept 

C e f f ec t i ve adhesion in tercept & 

Cu.o ""dra 

p i l e 

C . undrai 
U 5 I 

p i l e 

ned shear strength in t r i a x i a l compression before 

ns ta l l a t i on 

ned shear s t rnegth, at a Lode angle of zero, a f t e r 

ns ta l l a t i on and consol idat ion 

Cy coe f f i c i en t of consol idat ion 

e void r a t i o 

E Young's modulus 

F y i e l d func t ion ; ax ia l load on p i l e 

g funct ion def in ing shape of y i e l d surface in the dev ia tor ic 

plane 

6 e las t i c shear modulus 

J second invar ian t of the stress tensor 

{ l / 6 ( (a^ - + (^2 -

k permeabi l i ty 

K stress r a t i o , 0^/0^ 

in s i t u stress r a t i o fo r one-dimensional normally-

consolidated clay 

Kn e las t i c bulk modulus 

M slope of c r i t i c a l s tate l i n e 

P' mean e f fec t i ve stress (a-j + Og + o^) /3 

value of P' at in tersect ion of current swel l ing l i ne and 

v i r g i n consol idat ion l i ne 

P| value of P' at f a i l u r e 

L 
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q dev ia to r i c st ress a-j - i n t r i a x i a l stress space 

Q p l a s t i c po ten t ia l func t ion 

r coordinate d i r e c t i o n radius 

r^ i n i t i a l rad ius , or p i l e radius 

R radius 

s dev ia to r i c stress tensor 

5 stress measure 

S-j fami ly of shear s t ruc tures 

T time fac to r (dimensionless c o e f f i c i e n t ) 

u displacement, excess pore pressure 

Y . spec i f i c volume; angle of d i l a t i o n 

v^ spec i f i c volume at u n i t pressure on the v i r g i n 

conso l idat ion l i n e 

Vg spec i f i c volume a t un i t pressure on current swe l l ing l i n e 

X coordinate d i r e c t i o n 

X var iab le employed in descr ib ing the p l a s t i c po ten t ia l 

func t ion 

y coordinate d i r e c t i o n 

Y var iab le employed in descr ib ing the p l a s t i c po ten t ia l 

func t ion 

z coordinate d i r e c t i o n 

Z var iab le employed in descr ib ing the p l as t i c po ten t ia l 

func t ion 

a adhesion fac to r (the r a t i o of the peak u n i t shaf t resistance 

to i n i t i a l undrained shear s t rength in t r i a x i a l compression); 

angle of i n c l i n a t i o n 

6 e f f e c t i v e stress c o e f f i c i e n t introduced by Burland; angle of 

i n c l i n a t i o n 

y ' e f f e c t i v e un i t weight 

Y shear s t r a i n 
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shear s t r a i n in r - z plane 

6' mobil ised angle of f r i c t i o n along the p i l e shaft 

6 displacement 

£ d i rec t s t ra in 

6 Lode angle; cy l i nd r i ca l coordinate d i rec t ion 

K slope of swel l ing l i ne in v-&n(P') space 

X slope of consol idat ion l i ne in v-£n(P') space 

M c o e f f i c i e n t introduced in new method f o r p i l e design 

e f f ec t i ve normal stresses in cy l i nd r i ca l coordinate d i rect ions 

pr inc ipa l e f f ec t i ve stresses 

T shear stress 

maximum shear stress on p i l e shaft 

shear stress mobil ised on r - z plane 

T average shear stress on p i l e shaft 

(J)' e f f ec t i ve angle of shearing resistance 

4; i n c l i n a t i o n of major pr inc ipa l stress wi th respect to the 

ve r t i ca l d i rec t ion 

0) water content 

Subscripts 

f f a i l u r e value 

i i n i t i a l value; or value a f t e r p i l e i n s t a l l a t i o n and 

consol idat ion 

N.C. normally-consolidated value 

0 value before p i l e i n s t a l l a t i o n ; i n s i t u 

P peak value 

r residual value 

r rad ia l d i rec t ion 

e hoDp d i rec t ion 

z axia l d i rec t ion 

1,2,3 major, intermediate, minor 
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Superscripts 

E e l as t i c component 

P p las t i c component 

T t o t a l value 

incremental value 

average value 

Sign Convention 

Compressive d i rec t stresses and s t ra ins are reckoned 

pos i t i ve , as are shear stresses inducing ant i -c lockwise moments. 

Units 

Except where stated to the cont rary , a l l quant i t ies are 

measured in S . I . un i t s . 
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CHAPTER 1 

INTRODUCTION 

1.1 INTRODUCTION 

T rad i t i ona l l y the design of p i les in clay has been performed wi th 

the aid of t o t a l stress methods in which the average shaf t adhesion is 

re lated to the mean undrained shear strength of the clay p r i o r to p i l e 

i n s t a l l a t i o n by an empir ica l ly determined parameter, a. The magnitude 

of a depends on many factors which include the type of p i l e , i t s method 

of i n s t a l l a t i o n and the nature and stress h is tory of the clay in to which 

i t i s i n s t a l l e d . The method has worked s a t i s f a c t o r i l y on land (where i t 

was developed) because appropriate a values may be selected on the basis 

of past experience, coupled wi th addi t ional p i l e tests i f necessary. 

However, the design of offshore p i led foundations to support 

heavy structures in increasingly deep waters is a much more demanding task, 

because of both the nature and the magnitudes of the loads transmit ted 

to ind iv idual p i l es . As a resu l t of the cyc l i c nature of the loadings, 

the load-deformation behaviour of ind iv idual p i les influences the 

dynamic response of the supported structure,, and hence the stresses in i t s 

members. These in turn a f f ec t the fa t igue l i f e of the s t ruc tu re , and so 

i t i s important to be able to predict the p i l e behaviour at working loads. 

Unfortunately, the dimensions of the pi les and the geological s i t e 

condit ions are now well outside the data-base established by means of land 

based t e s t s , and tests on r e l a t i v e l y short p i les of fshore. Because 

tests on large p i les in deep waters are very cost ly and time consuming 

operat ions, very few have been performed and so i t has been necessary to 

extrapolate the large ly empirical design procedures (such as the a, 3 and X 

methods; see Skempton (1959), Burland (1973) and Vi jayvergiya and Focht (1972) 

respect ive ly) beyond t h e i r data base, which is always an undesirable 

prac t ice . The reader is referred to St. John (1980) f o r a review of 

current pract ice in the design and i n s t a l l a t i o n of p i les fo r offshore 

s t ruc tures . 

As the explorat ion f o r , and the production o f , o i l is extended 

to s t i l l deeper waters, the shortcomings of ex is t ing procedures w i l l be 

accentuated. This w i l l be especial ly true in the case of the proposed 

Tension Leg Platforms in which the anchoring pi les w i l l be subject to 
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continuous cyc l i c tension loadings. 

C lear ly , there is a need f o r a general theory fo r the predic t ion 

of p i l e behaviour both in terms of capacity and of load-def lec t ion 

response. Such a theory should eventual ly be able to account fo r the 

e f fec ts of tension loading, cyc l i c loading and the rate of loading. 

1.2 GENERAL THEORY OF PILE BEHAVIOUR 

I t has been long established that the behaviour of so i l is la rge ly 

determined by the e f fec t i ve stresses act ing w i th in i t , and f o r th i s 

reason many invest igators have sought to describe the behaviour of p i les 

i n terms of the e f f ec t i ve stresses act ing in the adjacent s o i l . Because 

the behaviour of so i l depends on i t s stress h i s to r y , any general theory 

must be capable of modelling a l l the major stages involved in the 

h is tory of the so i l around the p i l e under considerat ion. In order to do 

th i s a good understanding of the mechanisms involved is required, in 

addi t ion to a general cons t i t u t i ve law to describe the so i l response. 

In p r i n c i p l e , i t should be possible to incorporate the e f fec ts of rate 

of loading or cyc l i c loading through the cons t i t u t i ve law. 

The development of the e f fec t i ve stress approach is b r i e f l y 

charted in Chapter 2, and so only the current pos i t ion is described here. 

The h is to ry of the so i l around a p i l e may conveniently be considered in 

four phases: 

( i ) so i l deposi t ion/erosion: in p r i n c i p ^ i t i s possible 

to establ ish the main features of the stress h is to ry 

by means of laboratory tests conducted on samples 

obtained during the s i t e inves t iga t ion ; 

( i i ) p i l e i n s t a l l a t i o n : fo r displacement p i les t h i s has 

been modelled mathematically as the undrained expansion 

of a cy l i nd r i ca l cav i ty under plane s t ra in condit ions 

(e.g. Bu t te r f i e l d and Bannerjee (1970), Kirby and 

Wroth (1977) and Randolph, Carter and Wroth (1979)); 

( i i i ) consol idat ion fo l lowing i n s t a l l a t i o n : t h i s has been 

treated as a radia l consol idat ion problem (e.g. 

Randolph et al (1979)) . ; 

( i v ) p i l e loading. 
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Considerable e f f o r t has been devoted to establ ish ing the 

stresses act ing in the so i l around a p i l e a f t e r d r i v i ng . Or ig ina l l y 

the so i l was modelled as an e las t i c p las t i c material (Bu t t e r f i e l d and 

Bannerjee, 1970), whereas more recent ly the work-hardening e lasto-

p las t i c Modified Cam Clay cons t i t u t i ve law (Roscoe and Burl and, 1968) 

has been incorporated (Randolph et a l , 1979). S ign i f i can t advances 

have been made, and some of the predict ions ( fo r instance pore pressures 

generated on d r i v ing ) have been broadly confirmed by f i e l d measurements, 

whereas others ( inc lud ing the important rad ia l e f f e c t i v e stress act ing 

on the shaf t a f t e r complete consol idat ion) are yet to be confirmed fo r 

lack of su i tab le f i e l d measurements. 

However, to date the nature of the so i l behaviour during p i l e 

loading has received r e l a t i v e l y l i t t l e a t t en t i on , and i t i s t h i s that 

forms the subject of th is thes is . 

1.3 METHODS OF RESEARCH INTO PILE BEHAVIOUR 

There are essent ia l l y four methods of research ava i lab le ,vary ing 

considerably in cost and genera l i t y . They are : f i e l d loading tests on 

f u l l sized p i l e s ; f i e l d tests on small scale model p i l es ; . laboratory 

t es t i ng , and theoret ica l analys is . 

Tests on f u l l sized p i les offshore are extremely cost ly and 

as a resu l t only a few have been performed, f o r example only one r e l i a b l e 

t es t has been performed in the North Sea, at West Sole. The resu l ts 

from such tests can only record the behaviour of a pa r t i cu la r p i l e at a 

spec i f i c loca t ion , and in the absence of a well developed theore t ica l 

framework cannot provide much ins igh t in to the mechanisms involved. 

Land-based tests on smal ler , well instrumented p i les are 

po ten t i a l l y extremely valuable, p a r t i c u l a r l y i f the so i l condit ions are 

s im i la r to those around the prototype p i l e s . Unfortunately, the 

instrumentation of model p i les ( pa r t i cu l a r l y in respect of measurements 

of radia l stresses) has proved very d i f f i c u l t and f i e l d tests have 

y ie lded r e l a t i v e l y l i t t l e information about the stresses act ing in the 

so i l during i n s t a l l a t i o n and loading. Once again, the resul ts from 

such tests are po ten t i a l l y f a r more valuable i f they can be incorporated 

in to a general theoret ica l framework. 

Laboratory scale model t e s t s , on the other hand, are po ten t i a l l y 

very f l e x i b l e , and provide the means whereby a wide range of condit ions 
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may be invest igated at a comparatively low cost. Model tests are 

general ly performed f o r one of two purposes; e i ther to simulate as 

exact ly as possible (w i th in l i m i t s established by the scal ing laws) the 

behaviour of a prototype s t ruc tu re , or to invest igate ind iv idua l 

mechanisms of behaviour in s imp l i f i ed problems so that a r e l i a b l e 

theoret ica l framework can be establ ished. Tests to model prototype 

behaviour are of ten complex and f a i r l y expensive (e.g. centr i fuge 

tes t ing ) whereas the second category of tests are of ten simpler and 

cheaper. 

The four th approach involves the development of theore t ica l 

(commonly numerical) models of the behaviour. Often the theoret ica l 

models are developed in conjunction wi th laboratory tests performed to 

invest igate mechanisms of behaviour. Once the theore t ica l procedure 

has been v e r i f i e d , i t may then be used in a pred ic t ive capaci ty. 

The four approaches to p i l i n g research are each of comparatively 

l im i ted value i f employed in i s o l a t i o n , whereas they are very powerful 

i f used in conjunction wi th each other. 

1.4 OUTLINE OF THE PRESENT INVESTIGATION 

1.4.1 Object of the Research 

The work presented is intended as a cont r ibu t ion towards the 

development of a general theory of p i l e behaviour, and considers the 

development of shaft resistance beside a r i g i d p i l e , in response to 

monotonic p i l e loading. 

The aim has been to examine the mechanisms of load t rans fer 

between a loaded p i l e and the surrounding c lay , s t a r t i ng from the 

simplest condit ions that can be modelled and extending to more r e a l i s t i c 

condit ions as understanding is gained. I t was intended to i s o l a t e , as 

f a r as possib le, the e f fec ts of p i l e loading from those of the disturbance 

usually caused by p i l e i n s t a l l a t i o n . The resul ts from the experimental 

invest igat ions were then used to aid the development of a theore t ica l 

(numerical) model of p i l e behaviour. 

1.4.2 Approaches Employed 

The behaviour of the so i l adjacent to a loaded p i l e is dominated 

by the local kinematic cons t ra in ts , and i t was decided to adopt three 

separate, although complementary approaches to the problem of load 

t rans fe r . 
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( i ) ca re fu l l y cont ro l led model p i l e t es t s ; 

( i i ) a study of microfabr ic changes induced in the 

clay as a resu l t of both p i l e i n s t a l l a t i o n and 

p i l e loading; 

( i i i ) theore t ica l (numerical) model l ing, employing an 

appropriate e las to -p las t i c cons t i t u t i ve law to 

represent the c lay , and drawing on the resul ts of 

the model tests and the microfabr ic studies fo r 

v e r i f i c a t i o n . 

A b r i e f descr ipt ion of these three approaches is now 

presented. 

1.4.3 Model P i le Tests 

The purpose of the tests was to represent the behaviour on drained 

axia l loading,of a short element of a long r i g i d p i l e i ns ta l l ed in c lay . 

In the f i r s t series of t e s t s , the p i les were i ns ta l l ed wi th a minimum of 

disturbance to e i ther the stress f i e l d w i t h i n , or the microfabr ic o f , 

the clay surrounding the p i l es . The in ten t ion was not to model any 

pa r t i cu la r type of p i l e or i n s t a l l a t i o n procedure employed in the f i e l d , 

but rather to reduce the problem of p i l e loading to i t s simplest terms. 

In the second, shor te r , series of tests the behaviour of p i les i ns ta l l ed 

by jack ing or by d r i v ing were considered. 

With the exception of one t e s t , the experimental work considered 

normally-consolidated c lay. The two main reasons fo r the- r e s t r i c t i o n 

were a concern fo r the p o s s i b i l i t y of progressive f a i l u r e along the p i l e 

i f over-consolidated clay were employed in the proposed apparatus, and 

also f o r ease of i n te rp re ta t ion of the resu l ts . I t was considered that 

by conducting a series of the ideal ised model tests on p i les i ns ta l l ed 

in clay normally consolidated to a range of i n i t i a l stress ra t ios 

(K = some important information about the mechanism of load 

t rans fer between the p i l e and the clay might be obtained. I t was also 

ant ic ipated that the resul ts from such a series of tests would be of 

value when assessing the v a l i d i t y of various theoret ica l procedures 

f o r analysing p i l e loading behaviour. 
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1.4.4 Microfabr ic Studies 

Af ter each of the above model t e s t s , t h i n sections were 

prepared from the material at the p i l e - c l ay in te r face . The sequence 

of development, w i th p i l e loading, of microfabr ic changes w i th in the 

clay was establ ished, and the inf luence of the i n i t i a l stress condit ions 

was also considered. 

Thin sections prepared from the clay around the jacked and driven 

p i les were used to invest igate the nature of the fab r i c disturbance caused 

by the i n s t a l l a t i o n of fu l l -d isp lacement p i l e s . 

1.4.5 Theoretical Analyses 

The resul ts from the f i r s t series of model tests c lea r l y indicated 

tha t the behaviour of the so i l surrounding p i les cannot be considered 

e l a s t i c . F in i te element analyses (employing an appropriate e las to -p las t i c 

cons t i t u t i ve law) of the model tes t condit ions were performed and the 

predict ions weice compared wi th the experimental resu l t s . Encouraging 

agreement was obtained and the theore t ica l analyses were extended to 

consider the behaviour of displacement p i l es . The resu l t i ng predict ions 

were compared w i th the avai lab le f i e l d data. 



-7-

CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

This chapter considers the l i t e r a t u r e relevant to the 

development of a generalised e f fec t i ve stress theory of p i l e design. 

At tent ion is la rge ly res t r i c ted to the behaviour of displacement p i les 

i ns ta l l ed in normally, or l i g h t l y over-consolidated c lays; conventional 

c a s t - i n - s i t u bored p i les in over-consolidated clavs are not discussed. 

The review is organised in to four main sect ions: 

( i ) resul ts from ca re fu l l y conducted f i e l d p i l e 

tests (the e f fec ts of p i l e i n s t a l l a t i o n , the 

subsequent conso l idat ion, and p i l e loading are 

considered separately where poss ib le) ; 

( i i ) resul ts from ca re fu l l y cont ro l led model tests 

(usual ly at the laboratory sca le) ; 

( i i i ) the development of a generalised e f f ec t i ve stress 

theory of p i l e design; 

( i v ) a b r i e f summary of the l i t e r a t u r e relevant to 

micro- fabr ic inves t ia t ions . 

For de ta i l s of cur rent ly adopted methods of p i l e design and of 

p i l e i n s t a l l a t i o n procedures, the reader is referred to a recent, 

comprehensive, review by St. John (1980). 

Simultaneous measurements of the rad ia l t o ta l stresses, shear 

stresses and pore-pressures act ing on the face of a p i l e during 

i n s t a l l a t i o n , consol idat ion fo l lowing i n s t a l l a t i o n , and during p i l e 

loading are of considerable importance to the development of a generalised 

theory of p i l e design. Unfortunately, however, records of such 

measurements are scarce, and i t is evident from the l i t e r a t u r e that i t 

has proved to be pa r t i cu l a r l y d i f f i c u l t to measure the rad ia l t o ta l 

stresses act ing on a p i l e shaf t . 

The development of a generalised e f fec t i ve stress theory of p i l e 

design is traced from the very simple methods which were f i r s t proposed 



- 8 -

(considering the e f fec ts of p i l e i n s t a l l a t i o n , consol idat ion and loading 

a l toge ther ) , to the more recent approaches which aim to fo l low the 

stress h is tory of the clay surrounding a p i l e . The l a t t e r employ 

r e l a t i v e l y sophist icated work-hardening, e l a s t o - p l a s t i c , cons t i t u t i ve 

laws to describe the clay behaviour; unfortunately the dearth of 

su i tab le f i e l d measurements has hampered the v e r i f i c a t i o n of the more 

recent developments. 

2.2 FIELD PILE TESTS 

2.2.1 The Effects of I n s t a l l i n g Displacement Piles 

2.2.1.1 Int roduct ion 

When displacement p i les are i n s t a l l e d , they must displace an 

equivalent volume of s o i l . At small p i l e penetrations a large proport ion 

of the displaced material appears as surface heave (e.g. Cooke and Pr ice, 

1973), whereas a t greater depths the so i l appears to be displaced in a 

predominantly rad ia l d i rec t i on . The e f fec t of the rad ia l displacements 

in the so i l i s to increase the t o t a l stress level in the so i l close to 

the p i l e , and to cause the generation of excess pore-water pressures; 

the l a t t e r resu l t from both the increased to ta l stress levels and the 

severe shear s t ra in ing to which the so i l is subjected. With t ime, the 

excess pore-pressures d iss ipate and both the local undrained shear strength 

of the clay and the e f f ec t i ve stress levels increase. As a resu l t of 

t h i s consol idat ion, the avai lable p i l e capacity increases wi th t ime; t h i s 

phenomenon i s also responsible f o r the 'set -up ' observed during p i l e 

d r i v ing operat ions. Published measurements of the stresses and pore-

pressures act ing in the clay around displacement p i les are considered 

below, although the reader is also referred to two recent l i t e r a t u r e 

reviews on th i s subject presented by Swann (1979) and by Chodorowski (1982). 

Another very important e f f ec t of the i n s t a l l a t i o n of displacement 

p i les is the fab r i c disturbance induced in the clay as a resu l t of the 

large r e l a t i v e displacements between the p i l e and the c lay. Although 

th i s phenomenon may have a considerable inf luence on p i l e capac i t ies , 

i t has received surpr is ing ly l i t t l e a t ten t ion to date. The avai lab le 

f i e l d evidence is considered below. 

2.2.1.2 Ground Movements during Pi le I ns ta l l a t i on 

The displacements of clay around iso lated displacement p i les have 

been invest igated by several workers, e.g. Cummings et al (1950), 
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Zeevaert (1950), Fel lenius (1972), Cooke and Price (1973), Massarsch 

(1976) and Cooke, Price and Tarr (1979). 

The resu l ts presented by Cooke, Price and Tarr (1979) are the 

most comprehensive, and were obtained from tests employing p i les (5 metres 

long, and 0.17 metres diameter) which were jacked in to London Clay. 

The rad ia l var ia t ions of the ve r t i ca l components of deformation were 

establ ished at d i f f e r e n t levels w i th in the c lay , as the p i les were 

jacked and l a t e r loaded. 

I t was found that at small p i l e displacements the volume of clay 

displaced by the p i les was almost e n t i r e l y accommodated by ve r t i ca l 

heave which was detected at distances of more than f o r t y p i l e rad i i from 

the piles-. At greater p i l e penetrations (> 20 p i l e diameters) the 

displacements around the p i les became predominantly r a d i a l , although the 

incremental r a t i o of heave volume to embedded p i l e volume was s t i l l as 

much as 25% to 40%. Cooke et a l . also noted that s i g n i f i c a n t downward 

movements were i n i t i a t e d in the clay when the p i l e t i p was about two 

p i l e diameter above the observation l e v e l , and that the clay w i th in about 

one diameter from the shaft was considerably disturbed during the 

i n s t a l l a t i o n . 

Several other workers have quoted heave measurements obtained 

during the i n s t a l l a t i o n of p i l e groups, e.g. Klohn (1961), O r r j i e and 

Broms (1967), Hagerty and Peck (1971), Tor^ensson (1973), Fel lenius and 

Samson (1976), and Blanchet, Tav^nas and Garneau (1980). 

O r r j i e and Broms (1967), working wi th precast concrete p i les 

in s o f t , sens i t i ve , s i l t y clay report volumes of v e r t i c a l l y displaced 

so i l equal to 40% of the t o t a l volume of the p i les in a group. Hagerty 

and Peck (1971) measured the heave caused by d r i v i ng a group of p i les 

in a non-sensit ive clay and report that 50% of the p i l e volume was obtained 

as heave of the ground surface wi th in the p i l e group. Simi lar resul ts 

are presented by To^tensson (1973) and by Fel lenius and Samson (1976). 

Blanchet, Tave/nas and Garneau (1980) report somewhat smaller heave (35%) 

in s o f t , sens i t ive c lays. 

From the work of Cooke et al (1979), i t would appear that in 

order to obtain re l i ab le measurements of the volumes of surface heave, 

i t i s necessary to record ground movements to distances in excess of 

f o r t y p i l e diameter from the shaf t . Unfortunately, the measurements quoted 

by most other workers seldom extend to such large distances from the 

p i les in question. 
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The deformations w i th in the clay immediately adjacent to p i les 

are considered in sect ion 2.2.3. 

2 .2.1.3 Excess Pore-Pressures Generated during the I n s t a l l a t i o n 

of Displacement Piles 

The pore-pressure act ing on the face of a p i l e is the easiest 

component of stress to measure, and resul ts of such measurements have 

been reported by many workers, e.g. Bjerrum and Johannessen (1961), 

M i l l i gan et a l . (1962), Lo and Stermac (1965), O r r j i e and Broms (1967), 

Koizumi and I to (1967), A i rhar t et al (1969), Roy (1979), Rigden et al 

(1979), Appendino et al (1979), Blanchet et al (1980), Grosch and Reese 

(1980), Roy et al (1981), and Roy et al (1982). 

The measurements t y p i c a l l y show that high excess pore pressures 

are generated very close to the p i l e , and that these pressures decrease 

almost logar i thmica l l y wi th radia l distance from the p i l e ; at a distance 

of about 15 diameters from the p i l e the excess pressures are usual ly 

neg l i g i b le . Typical d i s t r i bu t i ons are presented by Bjerrum and Johannessen 

(1961), Lo and Stermac (1965) and Koizumi and I to (1967). 

The excess pressures measured at the p i l e face general ly l i e 

in the range 5 < Au/Cu < 6 fo r f u l l displacement p i l e s , the higher values 

of ten being recorded adjacent to p i les i ns ta l l ed in sens i t ive c lays. 

Pore pressures corresponding to ^ = 4 are t y p i c a l l y encountered around 

low displacement p i l es . The excess pore pressures around f u l l displacement 

p i les may exceed the local t o ta l overburden stresses and i t has been 

suggested by Massarsch and Broms (1977) that t h i s resul ts in local 

hydraul ic f rac tu r i ng of the so i l close to the p i l e . However, t h i s view 

does not seem to have gained general acceptance. 

The pore-pressures generated at the t i p of an advancing p i l e 

have f requent ly been observed to be s i g n i f i c a n t l y greater than those 

act ing on the p i l e shaft some distance from the t i p . The reason fo r the 

greater pore-pressures at the t i p is probably that the t o ta l stresses 

are greater. Such measurements have been presented by Rigden et al (1979), 

Blanchet et al (1980), Roy (1980), and by Roy et al (1981). 

Rigden et al considered pi les driven in to a g lac ia l t i l l , and 

showed that the maximum pore-pressure changes at the t i ps were about 6 Cu, 

whereas those generated along the shafts were only about 4 Cu. Roy et al 
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(1981) present the resu l ts of pore-pressure measurements obtained around 

p i les driven in to a s o f t , sens i t i ve , c lay . The excess pore-pressures at 

the p i l e t i p s were around 7 Cu, whereas the pressures decayed to a steady 

value of about 3.5 Cu at a distance along the p i les of between f i v e and 

ten p i l e diameters from the t i p . 

2 .2 .1 .4 Total Stress Changes Induced by Pi le I n s t a l l a t i o n 

I t i s unfortunate tha t there have been very few r e l i a b l e 

simultaneous measurements of both the radia l t o t a l stresses and the pore 

pressures at the faces of driven p i l es . 

Koizumi and I to (1967) measured both the pore-pressure and the 

rad ia l t o t a l stress during the i n s t a l l a t i o n of a jacked p i l e i n to a 

sens i t ive c lay. The resul ts indicated that the rad ia l e f f ec t i ve stresses 

act ing on the p i l e shaf t during jack ing were very close to zero. 

Rigden, P e t t i t , St. John and Poski t t (1979) present measurements 

of both the t o ta l rad ia l stresses and the pore-pressures act ing on two 

steel p i les driven in to a g lac ia l t i l l . These resul ts also showed that 

the radia l e f f ec t i ve stresses act ing on the p i l e shafts during and 

immediately a f t e r i n s t a l l a t i o n were small in re la t i on to excess pore-

pressures. 

B u t t e r f i e l d and Johnston (1973) present measurements of the local 

radia l t o ta l stresses and shear stresses act ing on the face of a continuously 

jacked p i l e in London Clay; pore pressures were unfortunately not 

measured. The jack ing of the 100 mm diameter p i l e was slow (0.35 mm/sec), 

and i t i s argued by the authors that the excess pore-pressures along the 

shaf t were probably small as a r esu l t . The rad ia l t o t a l stress was seen 

to vary d i r e c t l y wi th the local undrained shear s t rength; the r a t i o of 

the radia l t o ta l stress to the local i n i t i a l undrained shear strength 

ranged between 8 at the p i l e t i p , and about 5 along the shaft away from 

the t i p . I f , in f a c t , the excess pore-pressure along the shaf t had 

large ly dissipated during the jack ing , then the equivalent angles of shaft 

f r i c t i o n are shown to have ranged between 10° ± 3°; ( i t may be noted 

tha t the residual angle of shearing resistance of London Clay is t y p i c a l l y 

about 10°). During the jacking the equivalent a value (x/Cu) in the 

lower ha l f of the p i l e was between 0.7 and 0.9 , whereas on ext rac t ion the 

value was only 0.6. There is some evidence tha t during the jack ing the 

shear stresses act ing on the p i l e close to the t i p were up to four times 

greater than the average value act ing on the p i l e sha f t . 
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2.2.2 Consolidation Following Pi le I n s t a l l a t i o n 

2.2.2.1 Int roduct ion 

The excess pore-pressures generated during p i l e i n s t a l l a t i o n 

d iss ipate wi th t ime, leaving the clay adjacent to the p i l e at a higher 

e f f ec t i ve stress level and a lower water content. Further away from the 

p i l e , the migrat ion of water causes a small increase in the water-content 

of the c lay. Depending on the s e n s i t i v i t y of the c lay , the f i n a l 

undrained shear strength of the clay adjacent to the p i l e may be higher 

than the i n i t i a l i n - s i t u value. 

As the e f f ec t i ve stresses act ing on the p i l e face increase wi th 

t ime, so too does the shaft resistance of the p i l e ; the va r ia t i on of 

shaft capacity wi th time has been measured by several invest igators who 

performed successive p i l e tests at various in te rva ls a f t e r p i l e i n s t a l l a t i o n . 

2.2.2.2 F ie ld Observations 

The decay wi th time of excess pore-pressures act ing on 

displacement p i les has been studied by many inves t iga to rs , e.g. Seed and 

Reese (1955), Yang (1956), Lo and Stermac (1965), O r r j i e and Broms (1967), 

Koizumi and I t o (1967), Fel lenius and Samson (1976), Rigden et al (1979), 

Blanchet et al (1980) and Roy et al (1981). 

Koizumi and I to (1967) and Rigden et al (1979) also measured 

the corresponding va r ia t ion of the radia l t o t a l stresses on the p i l e . 

The resul ts from both sets of workers suggest that a f t e r f u l l consol idat ion 

the rad ia l e f f e c t i v e stresses act ing on the p i les were approximately equal 

to the e f f ec t i ve overburden stresses. 

Several workers have conducted p i l e loading tests at various 

in te rva ls a f t e r i n s t a l l a t i o n . They include Seed and Reese (1955), Hide, 

Hutchinson and Landva (1961), Stermac, Selby and Devata (1969), McCammon 

and Golder (1970),Flaate (1971), Thorburn and Rigden (1980), and Bergdahl 

and Hult (1981). The resul ts presented by Seed and Reese (1955) are 

discussed below. 

Measurements of changes in the water-contents and undrained 

shear strengths of the clay beside displacement p i l e s , as a funct ion of 

time since i n s t a l l a t i o n , have been reported by fewer inves t iga to rs , e.g. 

Seed and Reese (1955), Eide et al (1961), O r r j i e and Broms (1967), 

Fellenius and Samson (1976) and Roy et al (1981). The water contents of 

the clay beside the p i les were observed to decrease wi th time a f t e r 
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i n s t a l l a t i o n . The local undrained shear strengths of the clays close 

to the p i les of ten decreased i n i t i a l l y ( p a r t i c u l a r l y in sens i t ive so i l s ) 

but increased wi th consol idat ion, and of ten the f i n a l value was in excess 

of the i n i t i a l i n - s i t u value. Seed and Reese (1955) present the most 

comprehensive set of measurements of the consol idat ion process, and the 

resul ts are now b r i e f l y considered. 

Seed and Reese (1955) performed a study in which closed-end 

steel p i les (150 mm diameter) were dr iven in to 'Bay Mud', an organic s i l t y 

c lay . One of the p i les was instrumented such that the d i s t r i b u t i o n of 

ax ia l loads and pore-pressures could be measured during and a f t e r 

i n s t a l l a t i o n . The va r i a t i on , with t ime, of the propert ies of the clay 

beside the non-instrumented p i les was established by taking samples at 

d i f f e r e n t times a f t e r i n s t a l l a t i o n , as well as by performing a series of 

f i e l d vane tes ts . Pi le loading tests were conducted at various in te rva ls 

a f t e r d r i v i ng . 

The authors compared the gains in p i l e capacit ies wi th the 

decreasing excess pore pressures beside the p i l e s , and w i th the gains in 

the local undrained shear strengths of the c lay . Excellent agreement 

was found between the rate of d iss ipa t ion of excess pore-pressures and 

the gain in undrained shear strength close to the p i l e s , whereas the p i l e 

capacit ies increased at a somewhat slower ra te . I t i s unfortunate that no 

measurements of the radia l stresses act ing on the p i l e were made, because 

an i n te rp re ta t i on in terms of e f f ec t i ve stresses might have been more 

i l l um ina t i ng . 

The p i l e capacit ies were observed to increase by more than 5.4 

times during the d iss ipat ion of the excess pore-pressures. The local 

undrained shear strengths of the clay beside the p i les f in ished at values 

roughly 1.5 times the i n i t i a l 'undisturbed' value, and about three times 

the i n i t i a l remoulded strength. Loading tests performed during the 

consol idat ion showed the average shaft resistance per un i t area was always 

less than the current local undrained shear st rength. For instance, 

33 days a f t e r i n s t a l l a t i o n , the average shaft resistance per un i t area 
2 

was about 12 KN/m which compares with the current mean undrained shear 
2 

strength of 18 KN/m . However, as the i n i t i a l undrained shear strength 
2 

of the clay was about 12 KN/m , the f i n a l a value was un i t y . 

I t has been observed by several invest igators that the nature of 

the p i l e material may s i g n i f i c a n t l y a f fec t both the rate of consol idat ion 

and the f i n a l strengths obtained, e.g. Lo and Stermac (1964), O r r j i e and 
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and Broms (1967), and Stermac, Selby and Devata (1969). The general 

conclusion is that the clay around timber p i les consolidates the f a s t e s t , 

and tha t around steel p i les the slowest. Data compiled by K ra f t , Focht 

and Amerasinghe (1981) show c lea r l y that timber p i les general ly develop 

higher shaf t adhesions than e i ther precast concrete or steel p i l e s . The 

di f ferences in behaviour between the p i l e types is thought to be a t t r i bu tab le to 

the poros i t ies and permeabi l i t ies of the p i l e mater ia ls . 

2.2.3 Fabric Disturbance Caused by the I n s t a l l a t i o n of Driven Piles 

As a p i l e t i p is advanced in s o i l , the so i l ahead of the t i p is 

displaced both r a d i a l l y and v e r t i c a l l y . Close to the l i ne of the p i l e 

the so i l i s forced downwards, whereas at a short distance from the p i l e 

heave occurs (see Cooke, Price and Tarr (1979) fo r f i e l d measurements). 

This has also been demonstrated experimentally by Robinsky and Morrison 

(1964) in sands, and by Randolph, Steenfel t and Wroth(1979) in c lays. As 

the p i l e is fu r the r advanced the so i l beside the p i l e i s severely d is to r ted 

and eventual ly a pr inc ipa l displacement shear surface is formed para l le l 

to the p i l e . 

Cummings, Kerkhoff and Peck (1950), Krynine (1950), Zeevaert 

(1950) and Tomlinson (1970(a) and (b)) present the resu l ts of observations 

obtained by excavating around displacement p i les to examine fabr i c 

disturbance. The authors have shown that close to the p i l e , o r i g i n a l l y 

hor izontal layers have been forced to l i e para l le l to the p i l e sha f t , 

whereas at a distance of about one p i l e radius from the sha f t , the 

hor izontal bedding is apparently undisturbed. Photographs of t h i s 

phenomenon are presented by Cummings et al (1950) and by Tomlinson (1970(a) 

and (b ) ) . 

Several invest igators have reported that f a i l u r e around 

displacement p i les in clays occurs on a well defined s l i p surface w i th in 

the c lay , at a small distance from the sha f t . Thus f a i l u r e appears to 

occur as a s o i l - s o i l rather than a s o i l - p i l e phenomenon. Koizumi and 

I to (1967) discovered a f a i l u r e surface at a distance of roughly 30 mm 

away from the face of a 300 mm diameter p i l e , and Grosch and Reese (1980) 

encountered a s l i p surface at a distance of 2.5 mm from a 25 mm diameter 

model p i l e . Tomlinson (1970(a) and (b) ) ) has conducted the most thorough 

invest iga t ion of t h i s phenomenon, and his work is b r i e f l y reviewed below. 

A l l of the above invest igators reported that the clay adjacent to the p i les 

(s tee l ) was found to adhere strongly to the p i l e s , even on ext rac t ion of 
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the p i l e s . 

Tomlinson examined the behaviour of displacement p i les which 

were e i ther dr iven or jacked in to London Clay. Following the p i l e t e s t s , 

the clay around the p i les was excavated. I t was found that f o r the p i les 

in uniform London Clay a t h i n , almost continuous, layer of clay between 

one and s ix mi l l imeters th ick adhered to the p i l e sha f t ; t h i s skin was 

seen to be comprised of numerous ve r t i ca l laminat ions. Furthermore, i t 

was evident in each case that the f a i l u r e of the p i l e under load was 

associated wi th s l i p on s l ickens/ ided surfaces between the outer periphery 

of the adhering skin and the surrounding c lay , and not at the p i l e - c l ay 

in te r face . Photographs of both the d is to r ted clay away from the p i les and 

the s l ickens l ided surfaces of the adhering clay are presented. Electron-

micrographs of the adherent clay were also obtained from around a jacked 

and a driven p i l e . These showed that the s l ickens l ided shear surface 

around a jacked p i l e was somewhat smoother than that observed around a 

driven p i l e ; very s im i la r resul ts have been obtained in the experimental 

study presented in th is d isser ta t ion . 

I t should be remembered that these observations reported by 

Tomlinson were obtained from a p las t i c c lay , and i t i s ant ic ipated tha t 

the micro- fabr ic changes occurring around p i les driven in to low p l a s t i c i t y 

clays (such as glacial t i l l s ) might be rather d i f f e r e n t ; t h i s requires 

inves t iga t ion . 

2.2.4 P i le Loading Tests 

2.2.4.1 Int roduct ion 

Large numbers of p i l e tests have been performed in order to 

establ ish the ul t imate capacit ies of p i l e s , and the resul ts have usual ly 

been in terpreted in terms of to ta l stress analyses. The major factors 

in f luencing p i l e capacit ies have been reviewed by Meyerhof (1976), St . John 

(1980) and K ra f t , Focht and Amerasinghe (1981). The purpose of the 

present review is pr imar i l y to consider those measurements obtained during 

p i l e tests which can be used to evaluate quant i t ies relevant to e f f ec t i ve 

stress methods of p i l e design. 

In order to calculate the peak shaf t resistance of a p i l e by 

means of an e f fec t i ve stress approach, i t i s necessary to be able to 

predict both the radia l e f fec t i ve stresses and the angles of shaf t 

f r i c t i o n act ing at peak condi t ions. As described e a r l i e r , the radia l 
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e f fec t i ve stresses in the so i l may be s i g n i f i c a n t l y a l tered by the 

i ns ta l l a t i on of a p i l e ; the stresses may be expected to change fu r the r 

during the loading of the p i l e . I f the p i l e i n s t a l l a t i o n process were 

to cause no disturbance to the so i l micro- fabr ic then the peak angle of 

shaft f r i c t i o n might be expected to approach the in tac t angle of shearing 

resistance fo r a material ( th i s has in fac t been observed in some of the 

model tests described in t h i s d i sse r ta t i on ) . However, as has been seen 

in Section 2 .2 .3 , the i n s t a l l a t i o n of displacement p i les may cause 

considerable fab r i c disturbance, possibly invo lv ing the formation of 

s l ickensl ided shear surfaces which would have the e f f e c t of reducing the 

peak angle of shaft f r i c t i o n . In order to establ ish the rad ia l e f f ec t i ve 

stress and the angle of shaft f r i c t i o n mobil ised during a p i l e t e s t , i t 

is necessary to measure the radia l t o t a l stresses, the pore water pressures 

and the shear stresses act ing on the p i l e . The resu l ts of published f i e l d 

measurements are considered below; i t is unfortunate that in only one 

paper are simultaneous measurements of the three stresses presented. 

2.2.4.2 Stress Measurements during Pi le Loading 

Puech and Jezequel (1980) present measurements of changes in 

the radia l t o t a l stress and pore-pressure act ing on the shaft of a driven 

steel p i l e . The quoted measurements were obtained during tension loading 

of the p i l e , from transducers i ns ta l l ed at a height of roughly seven p i l e 

diameters above the t i p . The resu l ts show that both the rad ia l t o ta l 

stress and the pore pressure increased during loading in such a manner 

tha t the rad ia l e f f ec t i ve stress decreased by about 23% of the e f f ec t i ve 

overburden stress (unfortunately the value of the rad ia l e f f ec t i ve stress 

act ing on the p i l e p r i o r to loading is not quoted). 

Roy, Blanchet, Tave/has and La Rochelle (1981) present measurements 

of pore-pressure changes determined during the loading of a steel p i l e 

driven in to s o f t , sens i t i ve , Champlain Clay. The pore-pressures were 

recorded at the face of the p i l e and at a var ie ty of distances from the 

shaft during a loading t e s t . The peak excess pore-pressures measured at 

the p i l e face were up to 1.5 times the i n i t i a l undrained shear s t rength, 

whereas at a distance of two p i l e rad i i from the shaft no e f f ec t was 

recorded. This suggests that the generation of excess pore-pressures on 

loading the p i l e is much more local ised than that caused by p i l e d r i v i n g , 

when pressure increases were measured at distances of up to 20 r ad i i from 

the shaf t . 
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Clark and Meyerhof (1972,a) measured the t o t a l stress and 

pore-pressure changes during the loading of a 75 mm diameter pipe p i l e 

driven in to a drum of c lay . The stresses were measured at a distance 

of about one p i l e radius from the shaf t ; excess pore pressures of 

between 0.2 Cu and 0.6 Cu were generated, and the radia l e f f ec t i ve stress 

decreased by between 0.1 Cu and 0.3 Cu. 

Measurements of pore-pressure changes during the loading of 

displacement p i les have also been reported by Massarsch, Broms and 

Sundquist(1975), by A i r ha r t , Coyle, Hirsch and Buchanan (1969) and by Lo 

and Stermac (1964). Table 2.1 summarises the avai lable measurements of 

pore-pressure changes. 

B u t t e r f i e l d and Johnston (1973 and 1980) present measurements 

of the radia l t o ta l stresses and the shear stresses act ing on a 

continuously penetrat ing p i l e shaft in London Clay. I f , as the authors 

argue, the excess pore-pressures along the shaft had la rge ly dissipated 

during the jacking process then the angle of shaf t f r i c t i o n was 

10° ± 3°, which is of the same order as typ ica l Ring shear measurements 

of the residual angle of f r i c t i o n in London Clay. I t may be recal led that 

Tomlinson (1970,b) observed si ickens^ided shear surfaces adjacent to 

displacement p i les i ns ta l l ed in London Clay. 

2.2.4.3 Post-peak Behaviour of Loaded Piles 

On f i r s t time loading, the load-displacement behaviour of most 

p i les exh ib i ts a b r i t t l e post-peak response, as measured by constant rate 

of penetrat ion tes ts . For examples of the behaviour of driven p i les 

reference may be made to the fo l lowing papers; Meyerhof and Murdock (1953), 

Coyle and Reese (1966), Tomlinson (1970,b), McCammon and Golder (1970), 

Heerema (1979), Thorburn and Rigden (1980), and K ra f t , Ray and Kagawa (1981), 

For jacked p i les see Tomlinson (1970,b), and fo r bored p i les in over-

consolidated clays see Burland, But ler and Dunican (1966), Reese, Hudson 

and V i jayerg i ja (1969), O'Nei l l and Reese (1972) and O'Riordan (1982). 

Af ter post-peak displacements of the order of a few mi l l imeters the shaft 

resistance reaches a residual value which is not af fected by unloading 

and re- loading the p i l e (see Tomlinson (1970,b) and O'Riordan (1982)). 

The post-peak b r i t t l eness may be af fected by stress-path 

sof tening, but is considered to be large ly the resu l t of the development 

of shear surfaces in the clay beside the p i les along which the clay 

par t i c les exh ib i t a high degree of preferred o r ien ta t ion . A very 
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i n te res t ing comparison between the behaviours of dr iven and jacked 

p i les in London Clay is presented by Tomlinson (1970,b); the resul ts 

are discussed at some length in Chapter 6 of t h i s d i sse r ta t ion . 

An important consequence of the b r i t t l e behaviour of p i les i s 

that long, and therefore r e l a t i v e l y compressible, p i les are subject to 

progressive f a i l u r e which has the e f f ec t of reducing the ava i lab le p i l e 

capac i t ies . The e f f ec t of compress ib i l i ty of p i les on t h e i r shaft 

capacit ies is c lear ly i l l u s t r a t e d by K r a f t , Focht and Amerasinghe (1981). 

2.3 LABORATORY SCALE MODEL PILE TESTS 

2.3.1 Int roduct ion 

The major i ty of the reported p i l e tests have been performed to 

dup l ica te , on a small scale, the behaviour of driven and jacked p i les 

in the f i e l d . In general the resu l ts were in terpreted in terms of t o ta l 

stress methods, rather than e f f ec t i ve stress methods. 

Unt i l the la te 1970's l i t t l e attempt was made to measure the 

pore-pressures, rad ia l and shear stresses act ing on the faces of the model 

p i l es . More recen t l y , some success has been obtained wi th pore-pressure 

measurements, but the radia l stresses have proved to be very d i f f i c u l t to 

measure r e l i a b l y . 

Invest igat ions in to so i l deformations during p i l e i n s t a l l a t i o n 

have been performed but , to date, the nature of the micro- fabr ic changes 

caused by p i l e i n s t a l l a t i o n and loading does not appear to have been 

studied experimental ly. The resul ts of studies performed to examine the 

behaviour of so i l s when sheared against r i g i d inter faces are considered 

below. 

2.3.2 Model P i le Tests 

Coyle and Reese (1966) performed laboratory tes ts on model p i les 

in a p las t i c clay (PI = 47%). Each steel p i l e (of diameter 12.5 mm or 

9.5 mm) was placed in a t r i a x i a l c e l l , and the clay was consolidated around 

the p i l e under condit ions of zero axial s t r a i n . Af ter consol idat ion the 

clay sample wi th the included p i l e was t ransferred to another t r i a x i a l c e l l , 

in which iso t rop ic stresses were applied to the c lay. The consol idat ion 

probably resul ted in r i g i d inc lus ion e f fec ts around the model p i l e s , and 

the appl icat ion of i so t rop ic stresses to the sample probably resul ted in 

the development of shear stresses at the p i l e - s o i l i n te r face . The p i l e 

was then loaded at a constant rate of displacement resu l t ing in ' f a i l u r e ' 
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in less than two minutes. The p i l e loadings were probably intermediate 

in character between being drained and undrained. 

The post-peak behaviour was found to be b r i t t l e , and residual 

condit ions were achieved a f t e r displacements of about 4 mm. The 

displacements to peak were found to be somewhat less for smooth than fo r 

rough pi les,and the smooth p i les exhibi ted the most rapid decrease in 

strength wi th the i n i t i a l post-peak displacements. At the higher stress 
2 

levels employed (a^ 300 kN/m ) the peak capaci t ies of both rough and 

smooth p i les were s im i l a r , and a values close to uni ty were obtained. No 

measurements were made of the stresses act ing on the p i les and an 

in te rp re ta t ion of the tests in terms of e f f ec t i ve stresses is therefore 

not possible. 

Clark and Meyerhof (1972,,1973) describe the resu l ts of 

laboratory and f i e l d tests to examine the behaviour of dr iven p i l e s . The 

laboratory tes ts consisted of a series of model p i l e t e s t s , and an 

invest igat ion of in ter face shearing behaviour. 

The in ter face tests involved shearing so i l samples against f l a t 

steel surfaces of d i f f e r e n t roughnesses, in a modified d i rec t shear box. 

A f a c i l i t y f o r measuring pore pressures at the inter faces was provided. 

The tests showed that both the peak and the residual angles of in ter face 

f r i c t i o n depend on the roughness of the in te r face , and tha t f o r the rougher 

inter faces the peak angle of f r i c t i o n approaches the i n tac t value such 

as might be establ ished in a conventional shear-box t e s t . Residual 

condit ions were t y p i c a l l y achieved a f t e r displacements of some 8 mm. 

The model p i l e tests involved d r i v ing p i les (76 mm diameter x 

762 mm long) in to a large bed of compacted insens i t ive clay (559 mm 

diameter x 762 mm deep). Total stress ce l l s and pore-pressure transducers 

were i ns ta l l ed in the clay bed, about one p i l e diameter away from the 

proposed p i l e cen t re - l i ne . Linear displacement transducers were also 

i ns ta l l ed to measure the radia l so i l displacements caused by p i l e 

i n s t a l l a t i o n ; these measurements were l a te r compared wi th predict ions 

based on e las to -p las t i c cavi ty expansion theory, and encouraging agreement 

was obtained. Changes in pore-pressures and radia l to ta l stresses close 

to the p i l e were recorded during the i n s t a l l a t i o n and the subsequent 

consol idat ion, and the var ia t ion of the local undrained shear strength 

was determined by means of vane tes ts . The undrained shear strength of 

the clay adjacent to the p i l e increased by 50% as a resu l t of the 

consol idat ion fo l lowing p i l e d r i v i ng ; t h i s f igure accords well wi th 
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predict ions based on cav i ty expansion theory (see Randolph, Carter 

and Wroth, 1979). Af ter consol idat ion, the radia l e f f ec t i ve stress 

act ing at a distance of one p i l e radius from the p i l e shaf t was found 

to average 1.6 times the current local undrained shear strength (or 2.5 

times the i n i t i a l undrained shear s t rength) . 

In the course of a p i l e loading tes t conducted a f t e r al lowing 

f u l l d iss ipa t ion of the dr iv ing- induced pore-pressures, the rad ia l 

e f f ec t i ve stress at a distance of one p i l e radius from the shaf t was 

observed to decrease by about 13%, and excess pore-pressures of about 

50% of the i n i t i a l undrained shear strength were recorded. A s i g n i f i c a n t 

conclusion drawn by Clark and Meyerhof from th is work was tha t when 

designing p i les by e f fec t i ve stress methods, the peak angle of shaf t 

f r i c t i o n should be taken to be the residual value establ ished by in ter face 

tes ts . 

Bea and Doyle (1975) conducted laboratory tests to invest igate 

the influences of normal s t ress , in ter face roughness, so i l type and rate 

of loading on the strengths of p i l e - s o i l in ter faces. Three types of 

tests were performed; model p i l e t es t s , d i rec t shear tests against steel 

in te r faces , and conventional d i rec t shear tests invo lv ing s o i l - s o i l 

f a i l u r e . 
•fct 

The model p i l e tests were performed using recons>stuted clay 

which was one-dimensionally consolidated to an axia l stress of about 
2 

200 kN/m . The to ta l stresses were removed and the model p i l e was 

introduced in to the clay sample by coring a hole through the sample wi th 

a sharp, th in-wal led cut ter and then pushing the p i l e in to the hole. 

The sample wi th the included p i l e was then placed in a t r i a x i a l ce l l and 

fu r the r consolidated under iso t rop ic stresses. I t seems probable that the 

re la t i ve movement between the c u t t e r , and l a t e r the model p i l e , against 

the clay w i l l have caused some local fabr ic disturbance. The radia l 

stresses act ing on the p i l e a f t e r the appl icat ion of the i so t rop ic 

stresses and the sample were probably not equal to the ce l l pressure, 

because of r i g i d inc lusion e f f ec t s ; the radia l stresses act ing on the 

p i l e were not measured. 

The most s i gn i f i can t conclusions from th i s work were t ha t : 

( i ) the apparent angle of peak shaf t f r i c t i o n is 

s i g n i f i c a n t l y less than the peak angle of shearing 

resistance measured in a s o i l - s o i l d i rec t 

shear t e s t ; 



- 2 1 -

( i i ) the apparent angle of peak shaft f r i c t i o n 

decreases wi th increasing so i l p l a s t i c i t y ; 

( i i i ) the apparent angle of peak shaft f r i c t i o n depends 

on the p i l e roughness, being smaller the smoother 

the p i l e ; 

( i v ) the p i l e capacity is not s i g n i f i c a n t l y af fected 

by the rate of loading; 

(v) scale e f fects are i n s i g n i f i c a n t . 

These tests invest igated a wide range of possible inf luences 

on p i l e capaci ty. I t i s unfortunate that the radia l stresses act ing on 

the p i l e were not measured, and tha t more information about the drained 

residual strength of s tee l -c lay inter faces was not presented, as t h i s 

might have aided in te rp re ta t i on of the p i l e tes t resu l t s . 

Holmquist and Matlock (1976) conducted a series of tests on 

25 mm diameter model p i les which where i n s t a l l e d , general ly by d r i v i n g , 

in to a drum of clay (770 mm diameter by 770 mm high) . Radial stress 

was applied to the sample by means of w a t e r - f i l l e d bags around the 

circumference. No mention is made of provisions fo r drainage during the 

consol idat ion of the samples. However, wi th the quoted values of the 

coe f f i c i en t of consol idat ion, even i f both top and bottom drainage had 

been provided, 95% consol idat ion would have taken about one year which 

is considerably longer than the periods quoted f o r ' r e s t i n g ' . The undrained 

shear strengths measured by vane tes t ing are apparently consistent w i th 
2 2 

an e f f ec t i ve conf in ing stress of 68 kN/m , rather than the 204 kN/m to ta l 

stress applied to the sample, confirming that the samples were under-

consolidated at the s t a r t of p i l e tes t ing . No measurements of pore-

pressures are recorded. 

The load-displacement curves obtained on loading the driven p i les 

indicated a values of around uni ty and exhibi ted b r i t t l e post-peak 

behaviour. Cyclic loading tests indicated a progressive reduction in 

strength towards a residual value. In the absence of measurements of 

e i ther pore-pressures or radia l stresses in the clay near the p i les i t 

is not possible to i n te rp re t the tes t resul ts in terms of e f f ec t i ve 

stresses. 

Bannerjee (1979) discusses the experimental work performed by 

Fathallah and h imsel f , concerning the stress changes occurr ing in the 
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clay around a jacked p i l e . An instrumented p i l e (63.5 mm diameter) was 

jacked in to a tank of kao l in , and the changes in the rad ia l t o ta l stresses 

and pore-pressures at the p i l e surface were measured. Excess pore-pressures 

of about 4 Cu were recorded at the p i l e face; as observed by Steenfel t 

et al (1981) these pore-pressures dissipated more rap id ly than 

predicted. A f te r the t e s t s , the undrained shear strength of the clay 

close to the p i les had increased by about 50%. 

Aurora, Peterson and O'Nei l l (1980, 1981) present the resu l ts 

of laboratory tests in which very slender p i les were dr iven in to compacted 

c lays, and then loaded. The p i les (25.4 mm diameter by 2667 mm long) 

were instrumented to measured axia l stress d i s t r i bu t i ons along the piles.. 

The p i l e loading tests were load-contro l led so that the post-peak behaviour 

could not r e l i a b l y be observed. No axial t o ta l conf in ing stresses were 

applied to the clay samples, and nei ther pore pressures nor rad ia l stresses 

were measured. Yet again, i t is not possible to i n te rp re t the quoted 

resul ts in terms of e f f ec t i ve stresses as too few parameters were measured. 

The most s i g n i f i c a n t conclusions presented by the authors were tha t 

( i ) p i l e ' f a i l u r e ' occurred by c lay-c lay s l i p , 

rather than c l ay -p i l e s l i p ; 

( i i ) the observed average a values were less than 

un i t y ; 

( i i i ) the a values corresponding to the upper one-

t h i r d of the p i l e decreased wi th increasing 

penetrat ion, whereas they remained essent ia l l y 

constant in the lower two- th i rds . The 

explanation presented fo r th i s observation is tha t 

of p i le-whip in the upper t h i r d ; 

( i v ) the p i l e capacit ies in tension were equal to 

those in compression; 

(v) the a values tended to increase wi th decreasing 

clay P . I . 

Randolph, Steenfel t and Wroth (1979) present the resu l ts of 

simple model tests designed to observe the so i l deformation patterns 

around open- and closed-ended p i les during jack ing. The main aim of 

the tests was to examine the v a l i d i t y of the assumptions employed when 

modelling the i n s t a l l a t i o n of a displacement p i l e as the expansion of 

a cy l i nd r i ca l cav i t y . The studies were performed using a cy l i nd r i ca l 
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sample of clay which was cut down i t s longi tud ina l axis to provide 

semi-c i rcu lar specimens. The f l a t ve r t i ca l face of each specimen was 

marked wi th g r id l ines and placed against a lubr icated perspex sheet. A 

semi-c i rcu lar p i l e was rap id ly jacked in to the c lay , f lush wi th the 

perspex p la te . Photographic records of the process enabled p a r t i c l e 

t r a j ec to r i es to be determined. 

The resu l ts show tha t as the p i l e t i p approaches the level of 

an a rb i t r a r y hor izontal plane, the clay par t i c les in the plane appear to 

move along s t ra igh t l ines rad ia t ing from the centre of the p i l e ( s im i la r 

to spherical cav i ty expansion). As the p i l e t i p passes the level of the 

plane, s i g n i f i c a n t addi t ional hor izontal movement occurs. This l a t t e r 

phase is analogous to the expansion of a cy^ l i nd r i ca l cav i t y . Overa l l , 

the resu l ts provide a broad corroborat ion of the p r inc ip le of modell ing 

p i l e i n s t a l l a t i o n as the expansion of a cy l i nd r i ca l cav i t y . However, 

the technique of tes t i ng employed did not enable the behaviour of the clay 

very close to the p i l e to be observed. 

S teen fe l t , Randolph and Wroth (1981) present the resu l ts of model 

p i l e tests performed to examine the behaviour of the clay around 

displacement p i les during i n s t a l l a t i o n , consol idat ion and.p i le loading. 

The resul ts are compared wi th predict ions based on cavi ty expansion theory, 

using Modified Cam Clay as the cons t i t u t i ve law. 

Instrumented model p i les (19 mm diameter) were jacked in to large 

cy l i nd r i ca l samples of Speswhite kaol in (250 mm diameter by 600 mm long) . 

The ve r t i ca l and radia l stresses could be varied independently. During 

the p i l e i n s t a l l a t i o n and loading pore-pressures act ing on the face of the 

p i l e and w i th in the clay mass were measured, together wi th the radia l 

stresses act ing on the p i l e . Unfortunately the l a t t e r resul ts were 

unre l iab le . 

During p i l e i n s t a l l a t i o n (by jacking) X-ray photographs of lead-

shot embedded w i th in the samples were taken. The resul ts again broadly 

confirmed that in the bulk of the clay the p i l e i n s t a l l a t i o n may be 

modelled as the expansion of a cy l i nd r i ca l cav i t y . However, as in the 

case of the tests performed against the perspex sheet, no information was 

provided about the clay deformations very close to the p i l e , especia l ly 

near the p i l e t i p . 

Pore-pressures measured in the bulk of the clay were in reasonable 

agreement wi th theoret ica l predict ions based on cav i ty expansion theory. 
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However, at the p i l e in ter face the pore-pressures were lower than those 

at a small distance from the shaft which suggests that close to the p i l e 

the clay behaviour is more complex than tha t assumed when modelling the 

i n s t a l l a t i o n as the expansion of a cy l i nd r i ca l cav i t y . This may have 

important impl icat ions when considering p i l e capaci t ies because the 

stresses close to the p i l e are the most important ones to predic t 

co r rec t l y . Consolidation times were in broad agreement wi th theore t ica l 

pred ic t ions. 

On loading the p i l e s , fo l lowing f u l l consol idat ion, a values of 

between 0.9 and uni ty were obtained, despite the local increases in 

the undrained shear strength that may be presumed to have resul ted from 

the consol idat ion. I f , in accordance wi th predict ions based on cav i ty 

expansion theory and measurements presented by Clark and Meyerhof (1972) 

and by Bannerjee (1979), the consol idat ion increased the local undrained 

shear strength by about 50%, then th i s implies that only 60% of the 

' ava i l ab le ' undrained shear strength of the clay was mobil ised para l le l 

to the sha f t . I t is considered that an explanation f o r t h i s resu l t may 

l i e in the inf luence of shear surfaces formed para l le l to the p i les during 

i n s t a l l a t i o n ; t h i s is discussed in Chapters 6 and 9. 

2.3.3 Inter face Behaviour 

Meyerhof and Murdock (1953) sheared London Clay against wet and 

dry stones in a modified d i rec t shear box. They found that the adhesion 

at the in ter face was dependent upon the normal stress and at high stresses 

(probably approaching the pre-consol idat ion stress) the adhesion was 

s im i la r to the i n i t i a l undrained shear strength of the c lay . I t was 

found that the post-peak behaviour was b r i t t l e , wi th the residual strengths 

being roughly ha l f the peak values. 

Potyondy (1961) presents the resul ts of a series of in ter face 

tests conducted between a var ie ty of so i l s and construct ion mater ia ls . 

Unfortunately, however, the tes t ing procedures are not f u l l y documented, 

and the resul ts suggest that a mixture of drained and undrained behaviour 

was observed. 

Clark and Meyerhof (1972) conducted a number of in ter face tests 

between clays and f l a t steel p lates. D i f fe ren t steel roughnesses were 

invest igated, and the ef fects of rate of loading were studied too. Pore-

pressures were measured at the interfaces during undrained loadings. The 

most important resul ts were that the peak and residual angles of e f f ec t i ve 
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in ter face f r i c t i o n were af fected by the surface roughness, and tha t 

residual condit ions were t y p i c a l l y achieved fo l lowing displacements of 

about 8 mm. 

L i t t l e t o n (1976) also describes in ter face tests conducted in a 

modified d i rec t shear box. Two c lays. Kaolin and I l l i t i c c lay , were 

employed and they were each consolidated from s lu r ry against a steel 

i n te r face . Drained and nominally undrained tests were performed, and the 

resu l ts showed tha t the peak mobil ised angles of e f f ec t i ve in ter face 

f r i c t i o n were s l i g h t l y less than the angles of shearing resistance measured 

in t r i a x i a l compression tes ts . Residual angles of f r i c t i o n of roughly 

hal f the peak values were reached fo l lowing displacements of less than 

8mm. 

Kulhawy and Petersen (1979) report the resul ts of an extensive 

tes t i ng programme to examine the strength and deformation behaviour of 

sand-concrete in ter faces. Several in ter face roughnesses and sand size 

mixtures were examined. The resul ts showed that in any given condit ions 

the apparent roughness of the in ter face depends on the p a r t i c l e size 

d i s t r i b u t i o n of the sand and that the l a t t e r may be used to provide a 

convenient way of quant i fy ing the roughness of any given in te r face . For 

rough inter faces the angle of in ter face f r i c t i o n (6 ' ) may be greater than 

the bulk angle of shearing resistance cj)', whereas f o r smooth inter faces 

6' may be less than xp'. L i t t l e post-peak b r i t t l eness was observed and the 

residual strength was general ly greater than 85% of the peak value. 

The behaviour of so i l when sheared against a r i g i d in ter face 

i s of considerable relevance to the behaviour of p i l e s , but has received 

surpr is ing ly l i t t l e a t ten t ion . In p a r t i c u l a r , the e f fec t of the rate of 

shearing on the angle of shearing resistance that can be mobil ised does 

not appear to have been considered in any d e t a i l . 

2.4 DEVELOPMENT OF EFFECTIVE STRESS METHODS OF PILE DESIGN 

2.4.1 Int roduct ion 

I t has been appreciated fo r many years that the behaviour of 

so i l s is dependent on the e f fec t i ve stress state imposed on them. With 

th i s in view, many workers have attempted to re la te p i l e behaviour to the 

e f f ec t i ve stresses ex is t ing in the so i l beside the p i l e , rather than to 

re ly on the more empirical t o ta l stress methods. 
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The development of a generalised e f fec t i ve stress theory of 

p i l e behaviour has recent ly received considerable stimulus from the o i l 

indust ry . Many of the la rge, heavy, offshore structures which are 

subject to severe loading condit ions are supported by driven p i l e s . The 

load-deformation response of the p i les a f fec ts the dynamic response of 

the s t ruc ture as a whole, and hence the stresses induced in the s t ruc tu ra l 

members. Thus, the fa t igue l i f e of the s t ruc ture is a funct ion of the 

p i l e behaviour. The design of such p i les cur rent ly requires considerable 

extrapolat ion of ex is t ing to ta l stress design methods from land-based 

experience and there is f e l t to be a need to develop a generalised theory 

of p i l e behaviour, s ta r t i ng from f i r s t p r inc ip les . 

I n i t i a l l y e f fec t i ve stress design methods re lated p i l e capacit ies 

d i r e c t l y to the i n i t i a l i n - s i t u stress state in the s o i l . No e x p l i c i t 

account was taken of the stress changes occurr ing in the so i l during the 

i n s t a l l a t i o n and loading h is tory of the p i l e , although th i s was appreciated 

to involve a major s i m p l i f i c a t i o n . More recent ly , attempts have been 

made to model the various stages involved in the h is tory of p i l e s , the 

stress state predicted at the end of one stage being employed as the 

i n i t i a l condit ions f o r the next stage. 

2.4.2 I n i t i a l Development of an Ef fect ive Stress Theory of Pi le Design 

Ef fec t ive stress methods were i n i t i a l l y proposed by Zeevaert 

(1960) ( in re la t i on to negative skin f r i c t i o n ) , and by Eide, Hutchinson 

and Landva (1961) f o r evaluating the long-term shaf t resistance in c lays. 

Eide et al did not use the method, however, because they did not feel 

conf ident about assigning spec i f i c values to e i ther the angle of shaf t 

f r i c t i o n or to the coe f f i c i en t of earth pressure around driven p i l e s . 

Johannessen and Bjerrum (1965) used the method in re la t i on to negative 

skin f r i c t i o n . 

Chandler (1968) analysed the resul ts of a large number of tests 

on bored p i les in over-consolidated London Clay, and concluded that a 

simple e f f ec t i ve stress approach could give good agreement wi th the f i e l d 

measurements. Chandler assumed that the angle of shaft f r i c t i o n was 

equal to the e f fec t i ve angle of shearing resistance determined by means 

of t r i a x i a l compression t es t i ng , and that the normal e f f ec t i ve stress 

act ing on the p i l e at peak load was equal to the i n i t i a l i n - s i t u hor izontal 

e f f ec t i ve st ress. 
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Burland (1973) argued that there was l i t t l e fundamental 

j u s t i f i c a t i o n f o r re la t i ng shaf t adhesion to undrained shear strength 

because of the severe local disturbance accompanying p i l e i n s t a l l a t i o n , 

and because local drainage of the so i l adjacent to a loaded p i l e was 

expected to be very rapid. Burl and examined the records of a large 

number of tests on p i les driven in to so f t clays and showed tha t a simple 

e f f ec t i ve stress method (characterised by the equation x = 3,0^ ^ jprovides 

a reasonable lower bound to the avai lable shaft capac i t ies . The resu l ts 

exhibi ted less scat ter than those obtained by to ta l stress methods, 

p a r t i c u l a r l y where sens i t ive clays were considered. Burl and applied th i s 

approach to bored p i les in s t i f f , over-consolidated c lay , and l i k e Chandler, 

found tha t the assumption of Ko condit ions led to a s l i g h t over-est imation 

of p i l e capac i t ies . This approach was also applied to driven p i les in 

s t i f f , over-consolidated clays and i t was found that an assumption of 

g = 0.8 provided a reasonable lower-bound to the observed p i l e capac i t ies . 

This simple model was not intended to replace the t r a d i t i o n a l 

empirical methods of est imating shaft capac i t ies , but was thought to be 

useful f o r prel iminary design purposes and to form the s t a r t i ng point f o r 

a more rigorous approach. Meyerhof (1976) extended the simple approach 

by introducing an expression f o r the coe f f i c i en t of earth pressure which 

took e x p l i c i t account of the i n i t i a l over-consol idat ion r a t i o of the s o i l . 

Parry and Swain (1977, a and b) and Parry (1980) attempted to 

consider in more deta i l the stress condit ions ex is t i ng around p i les in 

normally- and over-consolidated c lays. They showed that f i r s t f a i l u r e 

of the clay may occur on planes inc l ined to the p i l e ax is , and that the 

peak mobil ised angle of f r i c t i o n w i l l , in general, be less than the angle 

of shearing resistance, (p', f o r the c lay. Their analyses also indicated 

that i f at peak p i l e load the r a t i o of the hor izontal to the ve r t i ca l 

stresses act ing in the so i l adjacent to the p i l e tend towards the passive 

value, then the peak mobilised angle of shaft f r i c t i o n w i l l tend towards 

zero. Unfortunately, no experimental evidence was produced to substant iate 

the various assumptions made about the var ia t ion of the stress r a t i o 

(o^/o^) during p i l e loading, and so the suggestion that the peak angle 

of shaft f r i c t i o n w i l l be strongly dependent on the i n i t i a l stress r a t i o 

is not proven. Burland (1979), in w r i t t en discussion of the f i r s t two 

papers,noted that f a i l u r e condit ions around a p i l e are l i k e l y to be confined 

to a very narrow zone close to the p i l e , and that w i th in th i s zone l i t t l e 

constra int w i l l be imposed on the possible var ia t ions of 
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In addi t ion to the aforementioned r e l a t i v e l y simple e f f ec t i ve 

stress methods of p i l e design, simple hybrid methods (combinations of 

t o ta l and e f f ec t i ve stress approaches) have also been proposed. 

Vi jayvergiya and Focht (1972) proposed an essent ia l l y empi r ica l , but 

widely used, method f o r evaluating the capacit ies of long,and therefore 

r e l a t i v e l y compressible, p i l es . 

2.4.3 Development of a Generalised Ef fec t ive Stress Theory of Pi le Design 

In order to develop a generalised e f fec t i ve stress theory of 

p i l e design i t is necessary to attempt to model the stress h is to ry of the 

so i l surrounding the p i l e . This may conveniently be considered in four 

main stages: 

( i ) so i l deposit ion and geological h is tory before 

p i l e i n s t a l l a t i o n ; 

( i i ) p i l e i n s t a l l a t i o n - a short - term, undrained analys is ; 

( i i i ) re-consol idat ion as the excess pore pressures 

generated by p i l e i n s t a l l a t i o n d iss ipa te ; 

( i v ) p i l e loading. 

Bu t t e r f i e l d and Bannerjee (1970) were the f i r s t to model the 

i n s t a l l a t i o n of driven p i les as the undrained p lane-st ra in expansion of a 

cy l i nd r i ca l cav i ty in the s o i l , from zero radius to a f i n i t e radius. 

Plane-strain condit ions ( i . e . no ax ia l t o ta l s t r a i n ) were selected to 

represent the behaviour of the so i l at the centre of a long p i l e , away 

from the influences of both the t i p and the head of the p i l e . The so i l 

was modelled as an e l a s t i c - p l a s t i c mater ia l , obeying a Von-Mises' y i e l d 

c r i t e r i o n , and an ana ly t ica l so lut ion fo r the t o t a l stresses act ing in the 

so i l was obtained. Excess pore-pressures were evaluated by adopting 

Henkel's (1960) general isat ion of the Skempton (1954) pore pressure 

equation. The analyses predicted that excess pore pressures of between 

4.0 and 6.5 times the i n i t i a l undrained shear strength could be generated 

at the p i l e - s o i l i n te r face , and that these pressures decrease wi th the 

logarithm of radius from the in te r face . Such resul ts are in sensible 

agreement wi th the f i e l d observations presented by Lo and Stermac (1965) 

and Koizumi and I to (1967). At the p i l e face no immediate change in the 

rad ia l e f f ec t i ve stress was predicted. The d iss ipat ion of the excess pore 

pressures was again modelled as a plane s t ra in problem, but no attempt 

was made to analyse the loading of the p i l e . 



-29-

Kirby and Wroth (1977) and Esr ig, Kirby and Bea (1977) 
n I OA 

published compaf+sen-papers in which the i n s t a l l a t i o n of a displacement 

p i l e was analysed. The concepts of c r i t i c a l s tate so i l mechanics (see 

Schofield and Wroth, 1968) were employed, and i t was assumed that the so i l 

adjacent to the p i l e would be brought to the c r i t i c a l s tate by the 

p i l e i n s t a l l a t i o n . The mean e f f ec t i ve stress in so i l close to the p i l e 

was estimated from a knowledge of the i n i t i a l condit ions w i t h i n the so i l 

by using the r a t i o (Pĵ j g) determined from t r i a x i a l compression t es t s . 

The pore pressures predicted were s im i la r to those derived by Bu t t e r f i e l d 

and Bannerjee (1970). No attempt was made to model in de ta i l the 

consol idat ion fo l lowing the expansion of the cy l i nd r i ca l cav i t y . Kirby 

and Wroth (1977) assumed that on consol idat ion, the e f f e c t i v e stress path 

of the so i l adjacent and the p i l e would fo l low the c r i t i c a l s tate l i n e . As 

a d i rec t consequence of t h i s assumption i t was predicted tha t almost no 

pore-pressure generation would occur during p i l e loading (as the so i l was 

taken to be at the c r i t i c a l state no pore pressures were expected to be 

generated by the imposed shear stresses). The f i n a l expression derived 

f o r the peak shaf t resistance was therefore 

MP' 
T • — COS V s . 3 . 

where 

M is the slope of the c r i t i c a l s tate l i ne in q-p' space 

P.p is the value of the mean e f fec t i ve s t ress , at the 

current water content, on the c r i t i c a l s tate l i n e 

(])' 2 is the angle of shearing resistance at the p i l e - s o i l 

in ter face 

This e f f ec t i ve stress model of p i l e behaviour attempted to 

consider the main events in the h is tory of the so i l immediately adjacent 

to a displacement p i l e . Comparison between predicted and actual p i l e 

capacit ies showed, however, that the new model tended to y i e l d 

unconservative pred ic t ions , and with generally more scat ter than ex is t i ng 

empirical methods. Nevertheless the resul ts were encouraging because i t 

was evident tha t the model was amenable to several refinements. 

Desai (1977) considered the consol idat ion of the so i l around a 

displacement p i l e by means of a f i n i t e element analysis. The pore 

pressure d i s t r i b u t i o n around the p i l e immediately a f t e r i n s t a l l a t i o n was 

taken from a cav i ty expansion analysis s im i la r to that presented by 
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Bu t t e r f i e l d and Bannerjee (1970). The consol idat ion analysis was a 

coupled so lu t i on , assuming l inear e l as t i c so i l behaviour. As no p las t i c 

behaviour was accounted fo r during the consol idat ion, the predicted 

stresses must be regarded as being very approximate. On the other hand the 

predicted rates of consol idat ion may be more r e a l i s t i c . 

M i l l e r , Murff and Kraf t (1978) discussed the resu l ts of a 

numerical study which was performed to invest igate the r a d i a l , plane-

s t r a i n consol idat ion of so i l around a p i l e . Modified Cam Clay (Roscoe 

and Burland, 1968) was selected as the so i l cons t i t u t i ve law. The aim of 

the study was to examine the stress path fol lowed by the so i l immediately 

adjacent to the p i l e during the consol idat ion, and in pa r t i cu la r to 

determine whether or not the stress path fol lows the c r i t i c a l s tate 

l i n e . In one consol idat ion analysis the i n i t i a l stress and pore pressure 

d i s t r i bu t i ons were taken from the resul ts of a cav i ty expansion analysis 

using Modified Cam Clay (de ta i l s of the expansion analysis were not 

provided), whereas in other analyses hypothetical d i s t r i bu t i ons were 

assumed. The resul ts showed that the stress paths do not fo l low the 

c r i t i c a l s tate l i n e ; indeed i f the i n i t i a l excess pore pressures are 

large enough then the so i l adjacent to the p i l e was shown to consolidate 

under radia l K condit ions such that 

Randolph and Wroth (1979) present an ana ly t i ca l so lu t ion f o r 

the consol idat ion around a long displacement p i l e . The i n i t i a l stress and 

pore water pressure d i s t r i bu t i ons were taken from a cav i ty expansion 

analysis assuming the so i l to behave in an e l as t i c -pe r f ec t l y p las t i c manner. 

During consol idat ion the so i l was assumed everywhere to be unloading in 

shear and to behave in a l i nea r -e l as t i c manner; the f low of water was 

assumed to be r ad ia l . The analysis predicted that the radia l t o t a l stress 

act ing on the so i l close to the p i l e remains constant during consol idat ion 

and therefore that the f u l l l i m i t i n g pressure required to expand the 

cy l i nd r i ca l cav i ty w i l l f i n a l l y act as an e f fec t i ve stress against the 

p i l e . However, examination of behaviour of the so i l immediately adjacent 

to the p i l e suggests that in pract ice the so i l may l oca l l y undergo p las t i c 

loading rather than e las t i c unloading (also see M i l l e r et al (1978)) and 

so the stress changes predicted on the basis of an e las t i c analysis are 

l i k e l y to be s i g n i f i c a n t l y in e r ro r . On the other hand the rate of 

consol idat ion (pa r t i cu l a r l y at longer times) is dominated by the behaviour 
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of the so i l at some distance from the p i l e and as t h i s w i l l probably 

behave almost e l a s t i c a l l y , the predicted rates are expected to be f a i r l y 

r e l i a b l e . This has since been experimental ly v e r i f i e d by S teen fe l t , 

Randolph and Wroth (1981), and sensible agreement wi th f i e l d observations 

of the gain of p i l e capacity wi th time a f t e r i n s t a l l a t i o n have been 

obtained on the basis of e las t i c consol idat ion analyses. 

Car ter , Randolph and Wroth (1979) modelled the i n s t a l l a t i o n of 

fu l l -d isp lacement p i les in both e l a s t i c - p l a s t i c and a work-hardening e lasto-

p las t i c s o i l . A f i n i t e deformation formulat ion of the equ i l ib r ium 

equation was employed, and the analyses were performed numerically using 

a f i n i t e element computer code. The v a l i d i t y of the program was establ ished 

by comparing the resul ts obtained using the e l a s t i c - p l a s t i c material wi th 

ana ly t i ca l resu l ts presented by H i l l (1950) and by Gibson and Anderson 

(1961) f o r the cav i ty expansion phase. 

The numerical routines used were incapable of considering the 

expansion of a cav i ty from zero radius because i n f i n i t e s t ra ins would be 

impl ied. However, i t was found that the ul t imate l i m i t pressure is 

rap id ly approached i f a cav i ty wi th a f i n i t e i n i t i a l radius (say a^) is 

expanded to double the radius (Za^). The i n s t a l l a t i o n of a p i l e of radius 

r^ was modelled by equating the volumes of the so i l displaced ( i . e . 

2 2 2 
r^ = (23^) - a^, or r^ = a^ /J ) . The so lut ion only exists f o r r ad i i 

in excess of and so the stresses in the so i l close to the p i l e ( i . e . 

between a^/3 and 2a^) may only be obtained by ext rapo la t ion. This is; 

qu i te an important point because the stresses act ing at the p i l e face are 

general ly the primary quant i t ies required. The e las to -p las t i c analyses 

showed that the stress condit ions close to the p i l e are s i g n i f i c a n t l y 

d i f f e r e n t from those predicted by e las t i c analyses. In p a r t i c u l a r , 

the rad ia l t o t a l stress was found to decrease rather than to stay constant. 

Randolph, Carter and Wroth (1979) present the resu l ts of a 

parametric study to consider the ef fects of past consol idat ion h is to ry 

and s o i l - s e n s i t i v i t y on the stress changes caused by the i n s t a l l a t i o n of 

f u l l displacement p i l es . Several s i gn i f i can t conclusions were reached: 

( i ) the stresses adjacent to the p i l e , when normalised 

by the i n i t i a l value of the undrained shear s t rength, 

are almost independent of the i n i t i a l OCR; 

( i i ) the f i na l undrained shear strength close to the p i l e , 

expressed as a proport ion of the i n i t i a l value. 
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varies between 1.3 and 2.0 depending p r imar i l y 

on cj)', but is la rge ly independent of the i n i t i a l 

OCR; 

( i i i ) the f i n a l consol idat ion stress state close to 

the p i l e is one in which the rad ia l stress is 

the major p r inc ipa l s t ress , and the minor and 

intermediate pr inc ipa l stresses are equal (and 

given by Og = = K a p . This resu l t i s s im i l a r 

to tha t obtained by M i l l e r et al (1978). 

I t i s i n te res t ing to note tha t these cavi ty expansion/ 

consol idat ion analyses a l l predict that on loading the p i l e , the so i l is 

most l i k e l y to f a i l at the p i l e - s o i l i n te r face . In pract ice shear 

surfaces are of ten observed at a small distance from the faces of 

impermeable p i les (e.g. Tomlinson (1970,b)). 

Wroth, Carter and Randolph (1980) present a s im i la r parametric 

study, and suggest some pract ica l guidelines fo r the design of p i les in 

sens i t ive c lays. They note that on loading a displacement p i l e the rad ia l 

e f f ec t i ve stress adjacent to the p i l e w i l l probably decrease, which 

implies tha t the value predicted as a resu l t of the consol idat ion analysis 

should not be used d i r e c t l y when est imating p i l e capaci t ies. 

Randolph and Carter (1979) considered the e f f ec t of p i l e 

permeabi l i ty on the consol idat ion process fo l lowing d r i v ing and concluded 

tha t the rate of consol idat ion, and hence the rate of gain of p i l e 

capaci ty , would be greater around permeable p i les than impermeable p i l e s , 

and that the f i n a l capacit ies of permeable p i les are l i k e l y to be greater 

too. These predict ions are supported by f i e l d data (e.g. Stermac et al , 

1969). 

Carter and Randolph (1980) examined, numer ica l l y , the 

performance of closed-ended and open-ended p i les on d r i v i ng . They 

concluded that low displacement p i les (which were assumed not to plug 

during d r i v ing) cause fa r less widespread disturbance to the stresses in 

the s o i l , and as a resu l t the f i n a l radia l e f f ec t i ve stresses and the 

undrained shear strengths of the so i l adjacent to low displacement p i les 

are lower than those around s im i l a r l y i ns ta l l ed f u l l displacement p i l e s . 

Thus pa r t i a l displacement p i les may be expected to lead to somewhat lower 

long-term capacit ies than f u l l displacement p i l e s , but the f i n a l capacity 
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is achieved roughly an order of magnitude fas ter by the pa r t i a l 

displacement p i l e s . This would seem to represent a s i gn i f i can t potent ia l 

advantage of open-ended p i l e s , especia l ly where the p i les are driven in 

groups. 

Kirby and Esrig(1980) present some resul ts from True T r iax ia l 

tests conducted by D.M. Wood on normally-consolidated Boston Blue Clay. 

The tests were intended to model the same s t ra in path as is fol lowed by 

so i l during cav i ty expansion. The resu l t ing stress paths were s im i la r to 

those obtained during undrained t r i a x i a l compression tes t ing fo l lowing 

i so t rop ic consol idat ion. Undrained t r i a x i a l tests performed a f t e r 

an isot ropic consol idat ion resulted in very d i f f e r e n t , b r i t t l e , stress 

paths (also see Ladd (1965), and Gens (1982)). Wood (1981), in a discussion 

of the paper by Randolph, Carter and Wroth (1979), suggested that the 

cons t i t u t i ve laws to employ in numerical modelling of the i n s t a l l a t i o n of 

displacement p i les would best be selected on the basis of resu l ts from 

s t r a i n path tes t ing . 

Bannerjee and Fathal lah (1979) considered the incremental 

penetrat ion of a p i l e in to an e las to -p las t i c ha l f space. They predicted 

stress changes occurr ing in the so i l close to the p i l e shaf t are very 

s im i la r to those obtained by means of cav i ty expansion analyses. 

The stress changes occurring in the so i l around loaded p i les 

have been considered theo re t i ca l l y by several inves t iga tors , using f i n i t e 

element methods, e .g . Lopes (1979), Kirby and Esrig (1980) and Baguelin 

and Frank (1980). Unfortunately, however, they general ly considered 

the so i l to be i so t rop i c -e l as t i c and so in the absence of coupling between 

the shear and volumetric s t r a i ns , the analyses predicted no s i g n i f i c a n t 

changes in e i ther the mean e f fec t i ve stress or the radia l e f f ec t i ve stress 

during p i l e loading. In th is d isser ta t ion analyses of p i l e loading, 

assuming the so i l to be a work-hardening e las to -p las t i c mater ia l ,are 

presented. 

Randolph and Wroth (1981) discussed the appl icat ion of constant 

volume simple shear tes t resul ts to the predic t ion of p i l e capac i t ies . 

In contrast to the e las t i c analyses above, the appl icat ion of simple 

shear tes t resul ts seems to imply very considerable changes in the radia l 

e f f ec t i ve stresses act ing on p i les during loading. A discussion of 

a p p l i c a b i l i t y of simple shear tes t data to p i l e design is considered at 

some length in Chapter 9. 
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2.5 MICRQFABRIC STUDIES 

2.5.1 Int roduct ion 

Invest igat ions in to the s t ruc ture of clays may be performed 

a t a wide range of magni f icat ions, varying from the macroscopic scale 

at which major j o i n t s and f issures might be studied, to the sub-microscopic 

scale at which ind iv idual clay par t i c les may be resolved (employing an 

electron microscope). The work discussed in th i s d isser ta t ion re lates 

to the intermediate, microscopic, scale which can be studied wi th the aid 

of an opt ica l microscope with magnif ications of between x 10 and x 300. 

Mi tchel l (1956) was one of the f i r s t people to develop a simple technique 

f o r the preparation of th in-sect ions of clay (s im i la r to pet ro log ica l 

t h i n sections) without causing s i g n i f i c a n t fab r i c disturbance; samples 

of clay could be examined under t ransmit ted plane-polarized l i g h t . This 

technique was l a t e r employed by Skempton (1964) to examine shear surfaces 

in natural c lays, and by Tchalenko (1967) to examine microfabr ic changes 

occurr ing during d i r ec t shear box tes ts . 

2.5.2 Preparation of Thin Sections 

The essential requirement of the technique is that i t does not 

s i g n i f i c a n t l y a l t e r the o r ig ina l fab r i c of the c lay , or d i s t o r t the 

opt ica l propert ies of the c lay. The samples are t y p i c a l l y prepared by 

impregnating them with e i ther a wax or a resin so that eventual ly the 

specimen can be cut and polished by techniques s im i la r to those employed 

in petrology. Tchalenko (1967) reviewed the advantages of Polyethylene 

glycol (commonly known as Carbowax 6000) over other possible impregnating 

mater ia ls , and also considered a l te rna t i ve techniques such as freeze 

drying. He concluded that Carbowax was the only avai lable impregnating 

agent which was su i tab le fo r quant i ta t i ve studies using polar ized l i g h t , 

and also convenient f o r gr inding. The technique which Tchalenko adopted 

in his research is described in some deta i l in Tchalenko (1967). The 

theory behind quant i ta t i ve studies of microfabr ic is described in 

Morgenstern and Tchalenko (1967 (a) and (b ) ) . 

2.5.3 Effects of Impregnating Clay Samples 

I t has been observed by Quigley and Thompson (1966) and by 

Tchalenko (1967) that the impregnation of clay samples by Carbowax t y p i c a l l y 

resu l ts in a l inear shrinkage of around 8%. Tchalenko also found that 
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samples which exh ib i t a high degree of bulk preferred o r ien ta t ion 

may also be subject to an addi t ional in terna l shrinkage of between 0.5% 

and 1%, which manifests i t s e l f in cracks which form para l le l to the 

planes of greatest preferred pa r t i c l e o r ien ta t ion . The fac t that these 

cracks are not observed near, or at the outer faces of the samples, and 

that Carbowax is general ly not present in the cracks,suggests that the 

cracks form during the cool ing phase. Structural features (such as s t ra in 

and displacement d i scon t inu i t i es ) w i th in impregnated samples do not 

appear to be damaged by these shrinkage cracks. Simi lar observations 

about the in terna l cracking have been made in the current i nves t iga t ion , 

and, in f a c t , the cracks have served as useful markers when i n te rp re t i ng 

micrographs of the th in sect ions. Mi tchel l (1956) and Martin (1962, 1966) 

also confirm tha t the impregnation does not damage the micro fabr ic . 

2.5.4 Observation of Thin Sections under Polarized Light 

A s ingle clay pa r t i c l e is b t re f r^gent . I f i t is i l luminated 

with plane polarized l i g h t and viewed through a crossed po la r iz ing f i l t e r 

( ' c r ossed -n i co l s ' ) , then as the pa r t i c l e is rotated re l a t i ve to the 

plane of po la r i za t ion of the i l l um ina t ing l i g h t , i t may be seen to transmit 

a minimum l i g h t i n tens i t y when one of the opt ica l axes is para l le l to 

th i s d i r ec t i on , and a maximum l i g h t i n tens i t y when an opt ica l axis is 

at 45° to i t . 

Tchalenko (1967) and Morgenstern and Tchalenko (1967 (a) and (b)) 

have shown that the birefringence of an aggregate of clay par t i c les 

depends sole ly on the i n t r i n s i c birefringence of the const i tuent pa r t i c les 

and t h e i r spat ia l conf igurat ion. When a random st ructure is viewed in 

t h in section under crossed-nicols, no var ia t ion in t ransmit ted l i g h t 

i n tens i t y is observed as the sample is rotated. On the other hand, i f the 

aggregate has a preferred o r i en ta t i on , then the minimum and maximum l i g h t 

i n tens i t i es w i l l depend on the degree of o r ien ta t ion . The r a t i o of 

these i n tens i t i es may be employed, as described by Morgenstern and 

Tchalenko (1967 (a) and (b)) to provide a measure of the degree of 

preferred o r ien ta t ion . 

2.5.5 Shear-induced Par t ic le Orientat ion 

Shear s t ra in ing w i th in clays is known to induce preferred 

pa r t i c l e o r ien ta t ion . Skempton (1964) noted that the shearing resistance 

of some clays decreases as a resu l t of post-peak displacements, and 
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a t t r i bu ted the phenomenon of res idual -s t rength to the formation of a 

t h in band of clay par t i c les which exh ib i t a high degree of preferred 

o r ien ta t ion sub-para l le l to the d i rec t ion of r e l a t i ve displacement. The 

progressive development of shear induced structures w i th in a d i rec t 

shear box has been studied by Tchalenko (1967). The major conclusions 

of his work were tha t fabr ic d iscon t inu i t i es are associated wi th local 

i n s t a b i l i t y phenomena, and that the development of shear induced structures 

w i th in the clay is dominated by the imposed kinematic const ra in ts . 

Kinking appears to be the dominant mode of deformation in the generation 

of major microfabr ic s t ruc tures. The development of kink bands in 

kaol in has been studied by De (1973), and in a geological context has 

been considered by many authors, e.g. Paterson and Weiss (1966), Ramsay 

(1967), Tchalenko (1968), Freund (1974), Gay and Weiss (1974) and Weiss 

(1980). Despite the research e f f o r t , the modes of nucleation and 

propagation of kink bands s t i l l do not appear to be well understood. 

Microfabr ic changes induced in clay samples by the i n s t a l l a t i o n 

and loading of model p i les are considered in Chapter 6 of t h i s 

d i sse r ta t i on . 



TABLE 2.1: Measurements of Pore Pressures Generated along the Shafts of Displacement Pi les during Loading 

Reference Pi le diameter/type Soil type Pore-pressures/Cu Comments 

Lo and Stermac 
(1964) 

368 mm/timber ) 

610 mm/Franki j 

O.C. S i l ty -C lay 0.2-0.25 Piezometers located about one 
p i l e radius from p i l e face 

Ai rhar t et a l . 
(1969) 

406 mm/steel pipe 
p i l e 

O.C. Beaumont Clay 0-0.13 Measurements at p i l e face 

Clark and 
Meyerhof 
(1972(a)) 

75 mm/steel pipe 
p i l e 

Medium p l a s t i c i t y clay 
(PI = 20.4) 

0.2-0.6 Measurements at a distance of 
one p i l e radius from p i l e face 

Massarsch jBroms 
and Sundquist 

(1975) 

75-125 mm/steel Norwegian Quick Clay 0.15-1.25 Measurements along the shaft 

Puech and Jezequel 
(1980) 

273 mm/closed-ended 
steel p i l e 

S i l t y clay 
(PI = 28) 

0.75-1.3 
(very roughly) 

Measurements at p i l e face, Cu 
not quoted 

Roy, Blanchet and 
Tavernas 

(1981) 

219 mm/steel So f t , sens i t i ve , 
Champlain Clay 
10% < PI < 27% 

0.6-1.5 

0 

At p i l e face 

At a distance of two p i l e rad i i 
from the shaft 
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CHAPTER 3 

DESIGN OF THE EXPERIMENTAL APPARATUS 

3.1 INTRODUCTION 

As out l ined in Chapter 1, the purpose of the f i r s t series of tests 

was to invest igate the behaviour on drained axial loading of p i les ins ta l l ed 

in to normally-consolidated clay (Kaolin) with a minimum of disturbance. The 

i n i t i a l stress ra t i o K ( = o^/o^) was the pr incipal var iable in these tes ts . 

In nature, i n i t i a l stresses before p i l e i ns ta l l a t i on are confined to the K 

condi t ion, but during the i n s t a l l a t i o n the stress condit ions, and in par t icu lar 

the stress ra t i o K, are a l tered. In the laboratory i t is possible to vary K 

and hence study i t s influence on f a i l u r e condit ions. In order to iso la te the 

influence of K i t is necessary to el iminate other more complex ef fects of 

f i e l d i ns ta l l a t i on procedures, and so the model pi les were ins ta l led by a 

special technique which is demonstrated (Chapter 6) to cause a minimum of 

disturbance to the so i l fabr ic and the stress f i e l d in the clay around the 

p i l e . Once the behaviour of a p i l e ins ta l led in such an ideal ised manner was 

bet ter understood, the experimental programme was extended to consider the 

behaviour of displacement p i les . 

In order to be able to control the consolidation stress ra t i o i t was 

decided to conduct the tests by i n s t a l l i n g pi les in cy l ind r i ca l samples of 

Kaolin confined in a large, modified, hydraulic t r i a x i a l (stress path) ce l l 

in which the axial stresses and ce l l pressure could be independently varied 

(Bishop and Wesley, 1975). As the samples were prepared from a high water-

content s l u r r y , some consolidation outside the ce l l was required before the 

sample was transferred to the stress path and consolidated fu r ther to the 

desired stress leve l . 

The purpose of the apparatus was to be able to conduct element tests 

representing the behaviour of a short section of a l ong - r i g id , p i l e i ns ta l l ed 

in to a homogeneous, semi - i n f i n i t e , mass of c lay. Below, boundary conditions 

imposed on the laboratory samples of clay are considered in re la t ion to th is 

idea l . 
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3.2 BOUNDARY CONDITIONS 

3.2.1 Outer Circumferential Boundary 

Consider a short element of a very long p i l e , and a corresponding 

horizontal ' s l i c e ' of s o i l . On loading the p i l e a l l stress components wi th in 

the so i l may change. However, because the element is considered to be part 

of a very long p i l e , symmetry dictates that the p i l e load must be transmitted 

through the sample by increased shear stresses in the ver t i ca l plane, and 

not by a ve r t i ca l gradient of axial stresses. Thus, at an a rb i t ra ry radius, 

r , from the cen t re - l ine , the p i l e load, P,is balanced by a shear stress xCr), 

where 

T(r ) = P/2nrL (3.1) 
rz 

In pract ice, of course, no apparatus can have an i n f i n i t e la te ra l 

extent , and so idea l ly shear reinforcement should be provided on the outer 

boundary of the sample in order to balance the load of the p i l e . The 

provision of shear reinforcement introduces pract ica l complications because 

the sample must now be able to move re la t i ve to the reinforcement in order 

to ensure that the whole of the p i l e load i s , in f a c t , transmitted in shear. 

Further, the reinforcement must not be allowed to in te r fe re wi th the main 

consol idation of the sample pr io r to p i l e i n s t a l l a t i o n . A design capable 

of overcoming these d i f f i c u l t i e s would be expensive and time consuming to 

construct , but might incorporate matching hydraulic pistons above and below 

the sample to apply a constant axial force. The interference between the 

external reinforcement and the sample during consolidation might be eliminated 

by employing two membranes around the sample, the inner membrane being rough 

but unreinforced, and the outer one being both rough and reinforced. During 

consol idat ion, the two membranes could be separated by applying a small 

excess pressure between them, whereas the space between them could be vented 

(or evacuated) during the p i le loading. 

I t was decided to perform a series of ' p i l o t ' tests in a simpler 

piece of apparatus having no provision fo r shear reinforcement, before 

attempting to develop a more sophisticated piece of equipment. However, 

f i n i t e element modelling of the p i l e tests performed in the simpler apparatus 

showed that fo r tests employing normally-consolidated c lay, the e f fec t on 

the p i l e behaviour of omitt ing the shear-reinforcement in the boundary membrane 

was negl ig ib le fo r the equipment geometry selected, and so the tes t programme 

was completed in the simpler apparatus. 



-40-

Th e outer circumferential boundary of the sample must be stress-

contro l led during consolidation to achieve a range of values of K, and 

was chosen to be so during p i l e loading. The influence on the p i l e 

behaviour of varying the distance to the stress contro l led outer boundary 

was examined by means of f i n i t e element analyses employing Modified Cam Clay 

as the cons t i tu t i ve law (see Chapter 8 ) , and i t was found that fo r tests 

employing normally-consolidated c lay , the proposed geometry was sat is factory 

( i . e . increasing the ra t i o of the sample to p i l e diameters had no s ign i f i can t 

e f f e c t ) . 

The influence of the imposed boundary conditions on the p i l e behaviour 

depends on the geometry of the apparatus and on the behaviour of the so i l 

being tested. So, although f i n i t e element modelling has shown the proposed 

apparatus to be sat is factory when employing normally-consolidated c lay , the 

same design of apparatus would not necessarily be sui table fo r tes t ing 

strongly d i la tan t so i l s . 

3.2.2 Top and Bottom Boundaries 

On loading a long p i l e , the stresses in the so i l around the p i l e 

( including the axial stresses) w i l l tend to change, and so the imposition of 

a constant axial stress boundary condit ion at the top and bottom of the 

sample is not s t r i c t l y correct . A constant to ta l axial load condit ion might 

be more appropriate, especial ly i f shear reinforcement were provided on the 

outer circumferent ial boundary. 

In the apparatus employed for the model tes ts , no shear reinforcement 

was provided. During the p i l e loading, the sample height was held constant, 

and so the p i l e load was transmitted to the apparatus in the form of a 

s l i g h t l y reduced average axial stress on the top of the sample, and a s l i g h t l y 

increased mean axial stress on the bottom, with the mean stress at mid-height 

being almost unaffected. Measurements of the force acting on the lower 

boundary during p i l e loading have confirmed that the p i l e load was shared 

f a i r l y evenly between the top and bottom loading platens (see Fig. 3.1) . 

During consolidation of the sample, the top and bottom platens 

should idea l ly be lubr icated. However, on loading the p i l e , the platens 

need to be rough in order to transmit complementary shear stresses, and so 

i t was decided not to attempt to lubr icate the ends. 
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3.3 PRINCIPLES BEHIND THE PILE INSTALLATION PROCEDURES (TO CAUSE MINIMAL 

DISTURBANCE) 

In the f i r s t series of tes ts , the aim was to introduce a r i g i d p i l e 

in to the centre of a cy l indr ica l sample of clay with a minimum of disturbance 

to e i ther the stress f i e l d or the so i l f ab r i c . There are, of course, several 

possible ways of introducing a p i l e , but they a l l cause some disturbance. 

The pr inc ipal advantages and disadvantages of a select ion of poss i b i l i t i e s are 

summarised in Table 3.1. The method adopted was the las t one ( v i ) in Table 3.1, 

which minimises the disturbance caused by the p i le i n s t a l l a t i o n . The major 

disadvantage was that measurement of the radial stresses act ing on the p i le 

was very d i f f i c u l t , but th is was eventually accomplished. 

Experimental deta i ls of the i n s t a l l a t i o n procedure are described in 

Chapter 4, and the object here is simply to out l ine the pr inc ip les on which 

the procedure re l i es . The sample was consolidated wi th in the hydraulic 

t r i a x i a l ce l l to the desired stress s tate. Free water was expelled from the 

drainage system, and the height of the sample was maintained constant 

throughout the remainder of the tes t . The ce l l pressure, and hence the radia l 

to ta l stress applied to the sample, was reduced to zero, wh i ls t undrained 

condit ions were maintained. Idea l l y , because both the volume and the height 

of the sample were unchanged there should have been neither radial nor axial 

st ra ins and hence no changes in the e f fec t i ve stresses. 

A hole was then d r i l l e d through the sample, an undersized brass core 

of a p i l e introduced, and the annular space between the core and the walls 

of the hole grouted with a very low shrinkage epoxy resin. Epoxy resin was 

selected to avoid base-exchange problems that would have resulted from the use 

of a micro-concrete. I t should be noted that during d r i l l i n g , the radial 

to ta l stresses on the sample were reduced to zero, and hence there was no 

tendency for the hole to collapse onjto the d r i l l . Once the resin had set , 

the ce l l pressure was returned to the or ig ina l value, wh i ls t undrained 

condit ions with a constant sample height were maintained. 

Ideal ly the reloading should correspond to plane s t ra in conditions 

wi th a Poisson's ra t i o of one-hal f , and so no r i g i d inclusion ef fects should 

resul t (see Jaeger and Cook, 1977), and the radial stress acting on the p i l e 

should equal the ce l l pressure. In practice there were small departures from 

the ideal condi t ions, and these would be expected to cause the radial stresses 

act ing on the p i l e to be s l i g h t l y greater than the ce l l pressure (because 

of r i g i d inclusion e f fec t s ) . Measurements of the radial stresses acting on 
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p i l e shafts in two tests during the re-appl icat ion of ce l l pressures 

indicated that the increases were less than 7%; observations of th in 

sections prepared from the clay around a hole d r i l l e d under the above 

conditions (see Fig. 6.2) have also confirmed the ef f icacy of the procedures. 

The subject of the i ns ta l l a t i on procedures w i l l be considered fu r ther in 

Chapters 4 and 5. 

3.4 APPARATUS 

3.4.1 General Layout 

A schematic diagram of the model p i l e tes t ing equipment is presented 

in Figs. 3.2 and 3.3. The primary components of the apparatus are the 

hydraulic t r i a x i a l c e l l , the sample loading system, the p i les and the p i l e 

loading system. The major i ty of the data logging was performed by an a .c . 

Peekel data logger, although l a te r i ns ta l l a t i on of driven pi les was monitored 

using a stor ing Oscilloscope. 

3.4.2 Hydraulic Tr iax ia l Cell 

3.4.2.1 Introduct ion 

The tests were performed in a large hydraulic t r i a x i a l c e l l , which 

was modified from i t s o r ig ina l ro le as a plane s t ra in apparatus (Atkinson, 

1973). A descr ipt ion of the operation of hydraulic t r i a x i a l ce l l s has 

been presented by Bishop and Wesley (1975). The radial stress on the sample 

is contro l led by the ce l l pressure applied to the external c ircumferent ial 

boundary of the sample, and the axial stress is control led by the pressure 

applied to the lower chamber of the hydraulic ram. The axial stress on the 

sample is af fected by the ce l l pressure, and th is must be taken into account. 

The con t ro l l i ng pressures were supplied by means of a system of s e l f -

compensating mercury pots (Bishop and Henkel, 1962). 

3.4.2.2 Drainage 

The f i na l consolidation of the samples (nominally 102 mm diameter x 

150 mm long) was effected wi th in the t r i a x i a l c e l l . Both top and bottom drainage 

was permitted, and th is was assisted by spiral wound s t r i p f i l t e r paper side 

drains, although,because of the high permeabil i ty of the Kaolin tested, the 

contr ibut ion of the side drains was probably minimal. The end drainage 

provision comprised a f i l t e r paper and metal gauge sandwich, as i l l u s t r a t e d 

in Fig. 3.3. Two drainage connections were provided at each end so that 

the drainage system could be gently flushed with a i r to remove as much free 
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water as possible in advance of the p i l e i ns ta l l a t i on procedure ( th is • 

is why the f i l t e r paper sandwiches were employed in preference to porous 

stones). The tests were a l l performed without the use of back-pressures, 

and volumes of water expelled from the samples during consolidation were 

measured by means of a water-paraf f in volume gauge. The hydraulic systems 

involved in the equipment are shown schematically in Fig. 3.4. 

3.4.2.3 Provisions f o r p i l e entry and ex i t 

As the aim of the tests was to examine the shaft resistance of p i l e s , 

i t was decided that rather than attempt to measure the end bearing resistance 

of the model p i les the apparatus should be designed to el iminate i t . 

The p i l e t i p was arranged to protrude through the base of the Kaolin 

sample and into a cavi ty in the bottom platen (Fig. 3 .3) . During p i l e 

loading the cavi ty was vented to atmospheric pressure. However, during 

consol idation before p i l e i n s t a l l a t i o n , the existence of holes in the top and 

bottom platens would lead to extrusion, and so the cavi ty in the bottom platen 

was sealed by a small piston which was held f lush wi th the surface of the 

platen during consol idat ion. This was effected by f i l l i n g the chamber beneath 

the piston with de-aired water and sealing i t hydrau l ica l ly . A simpler screw-

in plug arrangement was used in the top platen. During p i l e i ns ta l l a t i on both 

plugs were ret racted. 

3.4.3 Sample Loading 

The ce l l pressure was supplied by means of self-compensating mercury 

pots which were manually contro l led. Pressures were monitored by means of a 

150 p . s . i . Bell and Howell transducer connected to the c e l l . Occasionally 

problems wi th the data logging un i t caused the 'zero' readings of the various 

transducers to s h i f t , and for th is reason the hydraulic connections to each 

pressure transducer were arranged so that the transducers could be connected 

to a reference pressure at any t ime, without a f fec t ing the pressure that the 

transducer was o r i g i na l l y intended to measure. Another advantage of th is 

arrangement was that the pressure to be applied to the equipment could be 

accurately pre-set before appl icat ion. 

The axial stress was supplied by means of a hydraul ica l ly control led 

p is ton, as described by Atkinson (1973). The piston employed double-acting 

Bellofram seals and was guided by Rotolin bearings. The axial stress was 

contro l led by a l te r ing the pressure in . the lower chamber; during ca l ib ra t ion 
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of the system (described l a te r ) i t was found that there was very l i t t l e 

f r i c t i o n in the system, and th is resu l t permitted the omission of a force 

transducer, great ly s impl i fy ing arrangements w i th in the t r i a x i a l c e l l . I t 

should be noted that measurements of the axial stress were required pr imar i ly 

to control consolidation and hence the small errors that might have been 

incurred by the omission of a load ce l l were considered acceptable. 

The axial t ravel of the hydraulic piston was only 17.5 mi l l imeters , 

and so a f t e r al lowing fo r clearances during sample assembly the avai lable 

t ravel was reduced to about 15 mm. This imposed important constraints on the 

stress leve ls , and stress ra t i o that could be employed during consol idation 

of the Kaolin samples. In order to reduce th is problem, the heights of the 

samples were selected to be 150 mm (rather than the 200 mm which would 

commonly be used fo r 102 mm diameter samples f a i l ed in t r i a x i a l compression). 

During consolidation the axial movement deformation of the sample was 

monitored by means of a submersible l inear var iable d i f f e r e n t i a l transformer 

(LVDT) connected between the top and bottom platens. Once the consolidation 

was completed, the height of the sample was kept constant fo r the rest of the 

tes t . This condit ion was maintained, despite the var iat ions of ce l l pressure 

involved in the p i l e i n s t a l l a t i o n procedures, by means of a manually operated 

hydraulic ram connected to the lower chamber of the axial stress p is ton, as 

shown schematically in Fig. 3.4. 

3.4.4 Piles 

3.4.4.1 Introduct ion 

The main requirements of the p i les ins ta l led wi th minimal disturbance 

were that they were of exactly the same diameter as the hole d r i l l e d through 

the sample, and that they were r i g i d both ax ia l l y and r a d i a l l y . The major i ty 

of tests employed non-instrumented p i l es , although eventually a system was 

developed whereby the radial stresses acting on the p i l e shaft could be 

measured. The ful l -displacement p i les employed in the second series of tests 

were of s imi la r construction although the diameters were no longer c r i t i c a l . 

3.4.4.2 Non-instrumented Piles 

The p i les were constructed by d r i l l i n g a 15 mm diameter hole through 

the sample. A r i g i d brass core of 11 mm diameter was then introduced and 

the annular gap between the p i l e core and the hole was grouted i n - s i t u with 

a strong, low shrinkage, epoxy resin (Arald i te CY 219, HY 219 and AY 219 10%; 
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the manufacturers,Ciba Geigy, quote shrinkage f igures of less than 0.1% 

fo r resin including 1% of the accelerator) . The purposes of the core were 

to ensure axial r i g i d i t y , and to minimise any possible shrinkage of the resin 

which was thereby l im i ted to a two mi l l imeter th ick annul us around the r i g i d 

core. The l a t t e r was provided wi th shear keys to prevent re la t i ve movement 

between the resin and the core on loading the p i l e . 

Down the centre of the brass core a three mi l l imeter diameter hole was 

provided, through which water could be passed in order to i n f l a t e a small 

latex rubber 'packer' membrane at the base of the p i l e . The purpose of th is 

was to prevent in jected resin from escaping into the cavi ty in the bottom 

platen. The base of one such p i l e is i l l u s t r a t e d in Fig. 3.3. 

3.4.4.3 Instrumented Piles 

The pi les intended to measure the radial stresses act ing on the shaft 

were constructed in a s imi lar manner to the non-instrumented p i l es , the main 

di f ference being the addi t ion of a pressure-sensing element close to the 

centre of the p i l e . 

Because the pi les were required to be cast i n - s i t u , f o r the reasons 

discussed e a r l i e r , a l l instrumentation was d i f f i c u l t at the scale employed. 

No attempt was made to measure the d i s t r i bu t i on of shear stress along the 

p i l e , pa r t i cu la r l y as the f i n i t e element predict ions (Chapter 8) suggested 

tha t these stresses were l i k e l y to be very uniform, at least when test ing 

normally-consolidated clays. 

The major d i f f i c u l t y in developing a device fo r measuring the radial 

stresses arose from the need to avoid disturbance to the walls of the pre-

d r i l l e d hole in the sample whi ls t i n s t a l l i n g the device. Therefore, the 

device could not be f u l l y assembled outside, but had to be expanded, i n - s i t u , 

to f i t the hole exact ly. For th is reason, the device was constructed on a 

pr inc ip le s imi lar to that of a pressuremeter (see Fig. 3 .5) . 

Piles incorporating th is radial stress sensing element were ins ta l l ed 

fo l lowing s imi la r procedures to those used fo r the other p i l es , wi th the 

exception that while the injected epoxy resin was s t i l l f l u i d , a 25 mm long 

cy l ind r i ca l latex rubber membrane (the preparation of these membranes is 

discussed in Appendix 3.1) at the centre of the p i l e was in f l a ted with de-aired 

water to f i t the hole diameter exact ly. Once the resin had set , the enclosed 

volume of water was restrained ax ia l l y by the res in, and was also restrained 

by the central brass core of the p i l e . The annul us of water was connected 
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v ia stainless steel hypodermic tubing to a 150 p . s . i . Bell and Howell 

pressure transducer. Thus, any increase in radia l stress applied to the 

outer surface of the membrane was ref lected in a s imi la r increase in the 

f l u i d pressure measured by the pressure transducer. The hydraulic system 

was made as s t i f f as possible so as to minimise the required def lect ions 

of the sensing element. To enable the device to res is t shear stresses as 

the p i l e was loaded, shear reinforcement was provided in the form of some 

fo r t y s t r ips of f l a t tened , annealed, copper wire which ran down the outside 

of the membrane. These s t r ips were embedded at both ends in the resin so 

that the loads could be transmitted to the brass core. Following Tests 7 

and 15, th in sections were prepared through the radial stress measuring 

devices in order to establ ish whether the Kaolin around the devices had 

behaved in a s imi la r manner to that elsewhere along the p i les . I t may be 

seen in Appendix 6.2 that the shear reinforcement had worked we l l . 

As a check on the compliance of the hydraulic system, a sensing 

element, s imi lar to that described above, was cast into a hole d r i l l e d in a 

large cyl inder of s tee l , and the compressibi l i ty was measured as a funct ion 

of the internal pressure, using the equipment shown schematically in Fig. 3.6. 

Typical resul ts are presented in Fig. 3.7, and these i l l u s t r a t e t h a t , as would 

be expected, the compliance is greatest at low pressures, but is neg l ig ib le at 

higher pressures. The measured compressibi l i ty of the system is equivalent to 

a r a t i o of peak membrane def lect ion to length of sensing element of less than 

1 in 2,000, which would generally be considered acceptable fo r devices used 

in the f i e l d . However, th is par t i cu la r appl icat ion is more r e s t r i c t i v e 

because the re-appl icat ion of ce l l pressure should idea l ly cause no radial 

s t ra ins wi th in the sample which is being reloaded under conditions of constant 

height and constant volume. Thus, the so i l adjacent to the sensing element 

w i l l be very s t i f f , and even a small compliance of the device w i l l a f fec t the 

measurements. I t was considered impractical to attempt to construct even 

s t i f f e r devices and so an a l ternat ive technique of operation of the device was 

developed; th is is believed to have enabled re l i ab le measurements to be 

obtained. 

Once the device had been cast in to a p i l e (as described in Chapter 4) 

the measuring system was isolated. On appl icat ion of an increment of ce l l 

pressure, an equal change in the f l u i d pressure wi th in the device would idea l ly 

occur. Because of the system compliance, however, the incremental response 

of the device was i n i t i a l l y only hal f of th is value, but continued to r ise very 

slowly. In order to overcome t h i s , a small pressure increment was applied 



-47-

to the device which was again iso la ted, and the response observed. I f the 

pressure tended to f a l l , then a small decrement of pressure was appl ied, and 

vice-versa; the process was repeated un t i l the ' t rue ' radia l stress had 

been bracketed with su f f i c i en t accuracy. A fu r ther increment of ce l l pressure 

was then applied. The incremental response of the device rapid ly improved 

wi th increasing pressure, and as the f i n a l stress levels were approached 

corrections proved unnecessary. More information about the operation of the 

radial stress measuring devices is included in Chapter 4, and wi th in the 

descript ions of Tests 15 and 17. 

The present design of device proved to be both d i f f i c u l t to construct 

and to operate largely as a resu l t of the small scale involved, and, of course, 

each device could only be used fo r a single t es t . For these reasons the use of 

such devices was only attempted in three tests (7,15,17). However, i t is 

believed that many of the problems of construction would be great ly a l lev ia ted 

by the use of model p i les with diameters in excess of 25 mi l l imeters . 

3.4.4.4 Displacement Piles 

Displacement p i les were used in three tests (16,18 and 19), and none 

of them was instrumented. In a s imi lar fashion to the cas t - i n - s i t u p i les 

described above, these pi les incorporated a r i g i d brass core provided with 

shear keys, surrounded by an annulus of epoxy resin. The p i l e employed in 

tes t 16 was prepared by casting a brass core wi th in a hole d r i l l e d in a spare 

sample of Kaolin, whereas the pi les fo r Tests 18 and 19 were cast oversized 

and then trimmed to the required dimensions on a lathe. The brass cores used 

in these two tests each had a three mi l l imeter diameter hole d r i l l e d along 

the length of the p i l e so that a brass rod could be inserted; th is was used 

to f a c i l i t a t e the re t rac t ion of the piston in the lower platen of the t r i a x i a l 

c e l l , p r io r to p i l e loading (see Chapter 4 ) . 

The equipment used for i n s t a l l i n g the displacement p i les is described 

in Chapter 4, section 6. 

3.4.5 Pi le Loading System 

The requirement was to be able to load the pi les in compression at 

a constant rate of displacement, with the measurement of both p i l e load and 

axial displacement. A general view of the equipment is provided in Fig. 3.2. 

The p i l e was loaded by means of an e lec t r i c motor driven through a reduction 

gearbox and a restrained worm gear, at a displacement rate of about 0.2 

mi l l imeters per hour. 
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In t ransmit t ing the load from the gearbox to the p i l e , i t was 

necessary to f u l f i l two condit ions: 

( i ) that the axial load be applied without introducing 

bending moments or s ign i f i can t la te ra l forces; 

( i i ) that the p i le displacements could be measured to 

an accuracy of better than one-hundredth of a 

mi l l imeter . 

The arrangement i l l u s t r a t e d in Fig. 3.2 sa t i s f i ed both condit ions. The 

p i l e was f i t t e d with a s ta in less-steel knife-edged cap. Onto th is was 

lowered a sta in less-steel bar of rectangular cross-sect ion, which pivoted 

about a knife-edged support which was adjustable in height; th is was used 

to level the bar. The load was applied to the upper face of the bar (as 

shown in Fig. 3.2) immediately above the p i l e cap, through a ball-ended 

extension to a 450 kg Imperial College load ce l l (El-Ruwayih, 1975). An 

ampli f ied value (c x 2) of the p i l e displacement was obtained by measuring the 

ve r t i ca l displacement of the far end of the steel bar, employing a pa r t i cu la r l y 
-4 

sensi t ive LVDT. Pi le displacements smaller than 5 x 10 mi l l imeters could 

be resolved by th i s means, and the whole system worked we l l . 

3.5 CALIBRATIONS 

3.5.1 Introduct ion 

The transducers used in the experiments were generally monitored 

using an a/cPeekel data logger. Despite i t s age, the system worked 

s a t i s f a c t o r i l y , and proved pa r t i cu la r l y useful when logging LVDTs as no 

addit ional a/c to d/c converter was required. Calibrat ions of the various 

transducers employed were repeated at in tervals during the test ing programme, 

and no s ign i f i can t differences were found. 

3.5.2 Pressure Transducers 

The three Bell and Howell 150 p . s . i . pressure transducers were each 

cal ibrated using a Budenberg Dead Weight tes te r . The responses were a l l 

essent ia l ly l inear (see Figs. 3.8(a) and (b ) ) , and a resolut ion of about 
2 

0.13 kN/m was obtained. 

The major source of error probably arose from the generally poor 

temperature control of the laboratory ( t yp i ca l l y ± 2°C but much worse on 
2 

occasions). Nevertheless, an overal l accuracy of better than ± 0.5 kN/m 

was obtained, and th is was considered sat is fac tory . 



-49-

3.5.3 Load Cells 

Altogether three ' Imperial College' load ce l l s were employed, and 

they were a l l ca l ibrated using the Budenberg Dead Weight tes te r . One 

450 kgf load ce l l was used to monitor the consolidation of samples prepared 

outside the hydraulic t r i a x i a l c e l l , and another was used to monitor the p i l e 

loads. A 2700 kgf load ce l l was used during the ca l ib ra t ion of the hydraulic 

ram of the stress path c e l l . 

A typical ca l ib ra t ion curve obtained from the load ce l l employed to 

monitor the p i l e load is shown in Figs. 3.9(a) and (b) . I t may be seen in 

(a) that the incremental response was not constant. However, i t may also be 

seen in (b) t ha t , over the range of loads used in pract ice, the representation 

of the accumulated response by a s t ra igh t l i ne implies an error of less than 

1%. Simi lar resul ts were obtained from the other load c e l l s , and the l inear 

approximation was considered s u f f i c i e n t l y accurate. 

3.5.4 Displacement Transducers 

Three LVDT's were used in the course of the p i l e tes t ing ; a submersible 

transducer was used to monitor the consolidation of samples w i th in the 

hydraulic t r i a x i a l c e l l , a long throw (> 75 mm) transducer was used to monitor 

the i n s t a l l a t i o n of the displacement p i l es , and a very sensi t ive device was 

used to measure the p i l e displacements on loading. The long throw device was 

monitored on a recording oscil loscope or a Solartron logger, whereas the other 

two were monitored on the Peekel logger. 

The transducers were cal ibrated by means of a hor izonta l ly mounted 

vernier system, and the responses were l inear and exhibi ted very l i t t l e sca t te r . 

The resolut ion of the transducer used to record the p i l e displacements on 
-4 

loading was about 3 x 10 mm; when used in conjunction wi th the magnifying 
- ? 

lever system shown in Fig. 3.2, an accuracy of better than 10 mm was obtained. 

The transducer used to monitor the sample consolidation had a resolut ion of 

1 X 10"^ 

assumed. 

-3 -3 
1 X 10 mm, and so an accuracy of better than 5 x 10 mm may reasonably be 

3,5.5 Axial Stresses on the Samples in the Hydraulic T r iax ia l Cell 

Preliminary invest igat ions indicated that the f r i c t i o n in the 

hydraulic ram of the t r i a x i a l ce l l was extremely low. This suggested the 

poss ib i l i t y that the axial stresses acting on a sample wi th in the ce l l could 

be established by measuring the pressure in the lower chamber without the need 
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fo r a load c e l l . 

In order to measure the f r i c t i o n involved, and to determine the 

e f fec t i ve area of the lower p iston, the axial system was f i r s t cal ibrated 

wi th no pressure applied to the c e l l . A previously ca l ibrated 2700 kgf 

load ce l l was attached to the top-cap of the c e l l , and the load ce l l was 

connected to the hydraulic piston by means of a r i g i d brass cyl inder and a 

combination of compressible elements. The pressure in the lower chamber 

was then slowly cycled, and the axial displacement and the load ce l l response 

were recorded. This process was repeated with d i f f e ren t compressible elements 

so that the piston travel to achieve f u l l load could be var ied. The results 

showed that the f r i c t i o n in the system was indeed very small and that an 

error of less than 0.2% was incurred by neglecting i t . The e f fec t i ve cross-
_ 3 p 

sectional area of the lower piston was determined to be 7.529 x 10 m . 

Having established that i t was reasonable to omit a load ce l l and 

to re ly on the measurements of pressure in the lower chamber, i t was necessary 

to determine the influence of the ce l l pressure on the axial stresses. In 

order to determine the equivalent cross-sectional area of the top p is ton, 

the piston was raised to mid-travel and then the lower chamber was hydrau l ica l ly 

sealed. The pressure in the lower chamber was then observed as the ce l l 

pressure was cycled, and the equivalent cross-sectional area was calculated 

to be 7.487 x 10 ^ m^. 

During a t e s t , the cross-sectional area of a sample var ies , and is 

in general not equal to the equivalent cross-sectional area of the top piston. 

Thus, in order to calculate the axial stress act ing on a sample i t i s 

necessary to take in to account the diameter of the sample, the pressure in the 

lower hydraulic chamber, and the ce l l pressure. A programme was wr i t ten fo r 

a hand-held calculator (HP 41-CV) in order to determine the stresses act ing 

on a sample, taking in to account changes in geometry during consol idat ion. 
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Table 3,1: Comparison between d i f ferent methods of 

the insta l la t ion 

Method Advantages Disadvantages 

( i ) Consolidating 
from slurry 
around a p i le 

Severe fabric 
disturbance i f soi l 
can drag against 
p i le during 
consolidation. Rigid 
inclusion effects 

( i i ) Jacking or driving 
a p i le 

Disturbance to stress 
f i e l d and soi l fabric 

( i i i ) Jacking a thin-
walled sample tube 
with inward directed 
cutt ing shoe 

Minimal disturbance 
to stress f i e l d 

Serious local 
disturbance to soi l 
fabr ic ; axial and 
buckling r i g i d i t y of 
tube in question 

( iv) Boring a cavity with 
the sample under 
stress, and then 
grouting the cavity 

Only suitable for 
heavily over-
consolidated materials 

Disturbance to stress 
f i e l d and soi l fabric 

(v) Boring a cavity with 
lateral stresses 
reduced to zero, 
then introducing a 
t i gh t l y f i t t i n g 
r ig id p i le ; lateral 
stresses then re-
applied 

Minimal fabric 
disturbance i f p i le 
undersize 

Disturbance to soi l 
fabric i f the pi le 
is oversize; 
disturbance to the 
stress f i e l d i f the 
p i le s l igh t ly oversize; 
large disturbance to 
the stress f i e l d i f 
the p i le is undersized 

(v i ) Boring a cavity 
whilst the radial 
total stresses are 
reduced to zero 
under undrained 
conditions; cavity 
then grouted to form 
a r ig id inclusion, 
of same diameter as 
cavity; lateral 
stresses are then 
re-applied 

Minimal to small 
disturbance to the 
stress f i e l d ; minimal 
fabric disturbance 

Any radial stress 
measuring device must 
be expanded while i t 
is in place to f i t 
exactly against the 
side of the hole 
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APPENDIX 3.1 

PREPARATION OF MEMBRANES 

Small diameter (c 12 mm) cy l indr i ca l rubber membranes were required 

to act as 'packers' on the bases of model p i l es , and others were needed for 

the radia l stress-measuring devices. Both types of membrane were made in 

the laboratory. 

The f i r s t technique of fabr ica t ion tr ied,was suggested by Dr. R. Arthur 

of University College, London. A degreased former was dipped into a 

coagulant solut ion (calcium n i t ra te (60% by weight) and methanol) and then put 

in an oven to dry. The former was then dipped with pre-vulcanised Latex 

rubber solut ion (Revultex) and put in an oven (60°C) to cure. This method 

was found to produce membranes that were too th ick fo r the present purposes, 

although i t is possible that a change in the consistency of the coagulant would 

have led to a greater cont ro l . However, the use of the coagulant was soon 

abandoned in favour of a simpler method. 

In the a l ternat ive method, a degreased brass former (roughly 12 mm 

dia. X 150 mm long) was dipped into Revultex solut ion and then suspended 

u n t i l a i r dr ied. I t was then up-ended, dipped, and allowed to dry. This 

procedure was repeated un t i l e i ther three or f i ve thicknesses (depending on 

the intended funct ion of the membrane) had been b u i l t up. The membrane was 

then coated in French chalk, removed from the former and placed into a bath 

of tap-water in which i t was allowed to soak fo r at least 24 hours in order 

to leach the membrane. This allowed the membrane to absorb various ions from 

the water with the resu l t that the membrane was subsequently less susceptible 

to osmosis. The membrane was then dr ied, dusted with French chalk and stored 

in the dark. 
\ 
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CHAPTER 4 

SAMPLE PREPARATION AND TESTING PROCEDURES 

4.1 INTRODUCTION 

An important requirement of the experimental procedures was to prepare 

homogeneous samples of clay behaving, with the exception of one sample, in a 

normally-consolidated fashion at the desired stress r a t i o . In the f i r s t series 

of t es t s , model p i les were introduced into the clay samples wi th a minimum 

of disturbance to e i ther the stress f i e l d or the clay f a b r i c , and in the 

second series f u l l displacement pi les were e i ther driven or jacked into the 

c lay. 

4.2 CLAY SELECTED FOR EXPERIMENTAL PROGRAMME 

4.2.1 Reasons fo r Selection 

As homogeneity and repeatab i l i ty were important, i t was necessary to 

be able to control the whole stress h istory of the samples. The samples were 

t h e r e f o r e ' a r t i f i c i a l l y prepared, s ta r t ing from a high water content s l u r r y . 

Speswhite Kaolin (obtained from the English China Clay Company) was 

selected as the clay to be investigated fo r three main reasons: 

( i ) fo r a c lay , i t consolidates very rapid ly and hence the 

re la t i ve l y large samples required fo r the test 

programme could be consolidated in less than one month; 

( i i ) although Kaolin is s t i l l a c lay , the par t ic les are 

re la t i ve l y large (Mi tche l l , 1976) and consequently 

Kaolin exhibi ts excellent properties fo r micro- fabr ic 

invest igat ions (Morgenstern and Tchalenko, 1967(a) 

and (b ) ) ; 

( i i i ) the geotechnical properties of Speswhite Kaolin are 

s imi lar to those of the now unavailable Spestone Kaolin 

(see Steenfe l t , Randolph and Wroth, 1981). Spestone 

Kaolin was the subject of twenty years invest igat ion at 

Cambridge, and i t is known that the Modified Cam Clay 

const i tu t ive law (Roscoe and Burland, 1968) provides a 

useful generalised mathematical model of the behaviour 
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of the clay. This const i tu t ive model should, 

therefore, be of assistance in con t ro l l i ng the 

consolidation of samples, and in in terpre t ing 

the resul ts of the tes ts . 

4.2.2 Properties of Speswhite Kaolin 

Speswhite Kaolin is an inorganic china clay wi th a high p l a s t i c i t y , 

and, as remarked e a r l i e r , i t s behaviour has been found to be s imi la r 

(Steenfe l t , Randolph and Wroth (1981)) to that of the Spestone Kaolin which 

was used in the development of the 'Cam Clay' and 'Modified Cam Clay' 

cons t i tu t i ve laws at Cambridge. 

The Modified Cam Clay const i tu t ive law provides a very useful framework 

fo r the descr ipt ion of the continuum st ress-s t ra in behaviour of Kaolin, and 

requires the establishment, by standard laboratory tes t i ng , of the four Cam 

Clay parameters character is t ic of the par t i cu la r c lay; 

( i ) A , the slope of the v i rg in consolidation l i ne in e-£n P' 

space 

( i i ) K , the slope of a swell ing l i ne in e-£n P' space 

( i i i ) (e^)-| , the void ra t i o at un i t confining pressure 

( i v ) M , the slope of the C r i t i ca l State Line 

For fu r ther information about these const i tu t ive laws, the reader is referred 

to Schofield and Wroth (1958), and Roscoe and Burland (1958). 

A general descript ion of the clay is presented in Table 4 .1 (a) , the 

chemical composition is quoted in Table 4 .1(b) , and the Index properties are 

summarized in Table 4 .1(c) . The strength and consolidation properties were 

established by laboratory experiments, the resul ts of which are presented in 

Table 4.2, together with corresponding values reported by other workers 

(where ava i lab le) . 

I t was found that the slope of the v i r g in consolidation l i n e was 

not absolutely s t ra igh t in e - £n(P') space, the value decreasing slowly 

with increasing mean e f fec t ive stress (see Bu t te r f i e l d , 1979), whereas the 

K. value was constant (wi thin the stress range considered). This may be seen 

in Fig. 4.1 and w i l l be considered in Chapter 5 in re la t ion to the resul ts 

obtained during the preparation of samples at a var iety of stress ra t i os . 

I f a clay is subject to displacements along a shear surface (e i ther 

wi th in the clay or at a r i g i d interface) the clay par t ic les adjacent to the 



-63-

d iscont inu i ty become pre fe ren t ia l l y oriented sub-paral lel to the d i rect ion 

of motion (see Morgenstern and Tchalenko (1967,d) and Lupini (1980)). The 

par t i c le or ientat ion phenomenon t yp i ca l l y occurs wi th in a narrow zone 

(< 100 w), and as the degree of preferred or ientat ion increases the angle of 

shearing resistance that can be mobilised on the shear surface decreases un t i l 

eventually a residual value is reached. The magnitude of (j)̂  w i l l depend 

on the normal e f fec t i ve stress and the rate of shearing. The residual strength 

of Speswhite Kaolin was examined by means of r ing shear tests and by d i rec t 

shear in ter face tes ts . A value of appropriate to the conditions of the 

model p i l e tests is presented in Table 4.2, but f o r fu r ther information, the 

reader is referred to Appendix 4.1. 

4.3 SAMPLE PREPARATION 

4.3.1 Introduct ion 

As the Kaolin samples were prepared from a high water-content s lu r ry 

(at roughly twice the l i qu id l i m i t ) , consolidation to the desired water 

contents of around 45% involved a halving in volume. This reduction was 

greater than could be effected wi th in the hydraulic t r i a x i a l c e l l , and so 

the consolidation was performed in two stages. The s lu r ry was f i r s t 

consolidated one-dimensionally to a water content of approximately 52%, a f t e r 

which the sof t sample was transferred to the t r i a x i a l c e l l . In th is second 

stage of consol idat ion, the e f fec t i ve stress level w i th in the sample was 

approximately doubled. 

4.3.2 Preparation of Slurry 

Dry Speswhite Kaolin powder was mixed with d i s t i l l e d water in a large 

paddle mixer to form a s lu r ry with a water-content of between 140% and 150% 

( j us t over twice the l i q u i d l i m i t ) . The s lu r ry was allowed to stand for several 

weeks to ensure f u l l hydrat ion, a f te r which i t was s t i r r ed under vacuum for 

at least one week to ensure complete saturat ion. 

4.3.3 One-dimensional Consolidation 

This f i r s t stage of consolidation was performed in a length (c 330 mm) 

of 108 mm diameter sample tube. The polished inner wall of the tube was 

l i g h t l y smeared with s i l icone grease in order to reduce side f r i c t i o n during 

consol idat ion. Top and bottom drainage was provided in the form of a sandwich 

of f i l t e r paper and metal gauze at e i ther end (see Fig. 4 .2) . 
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Before introducing the s l u r r y , the bottom drainage system was 

f i l l e d wi th d i s t i l l e d water and sealed. A l i t t l e more water was then added, 

the tube t i l t e d , and the s lu r ry gently poured down the sides of the tube which 

was gradually rotated to ensure uniform d i s t r i bu t i on of the s lu r r y . Great 

care was taken to avoid trapping any a i r bubbles. The s lu r ry was added in 

layers about 50 mm deep. Af ter each layer,a sample was taken fo r a water-

content determination, and the tube rocked in order to level the surface. 

The object of the rocking described above was to t r y to el iminate transverse 

bedding structures from the f i na l sample. Even when prepared from such a 

high water content s l u r r y , th in sections prepared la te r showed that the 

f i na l samples s t i l l retained some of the early s t ruc tura l features (also 

see Tchalenko, 1957). Although there is no evidence to suggest that they 

a f fec t the behaviour of the sample, they may s l i g h t l y confuse in te rpre ta t ion 

of th in sections prepared a f te r the p i l e tes ts . 

The tube f u l l of s lu r ry was then placed in a displacement-controlled 

press and consolidation was effected by compressing the sample at a var ie ty 

of constant rates of displacement. These were selected, on the basis of a t r i a l 

consol idat ion, to minimise excess pore pressures at the centre of the sample. 

The t r i a l was conducted on a sample of hal f the normal height. Top drainage 

was provided, and pore pressures at the base were measured; the rates of 

compression were varied in order to control the excess pore pressures. The 

results of the t r i a l are shown in Fig. 4.3. 

The one-dimensional consolidation of samples was completed in about 

ten days. Free water was removed from the drainage systems and the tube 

taken from the press. The bottom cap was prized o f f and the sample gently 

s l i d out under i t s own weight. I f the sample was not to be used immediately, 

i t was wrapped inC l ing- f i lm and sealed with wax before being stored. The 

di f ference in water content between the top and bottom of the sample was 

generally less than 0.5%, which is equivalent to a reduction of axial stress 

down the sample due to f r i c t i o n of less than 5%; th i s was considered 

acceptable. 

4.3.4 Consolidation in the Hydraulic Tr iax ia l Cell 

The one-dimensionally consolidated sample was trimmed to 102 mm 

diameter and to a length (around 150 mm) appropriate to the stress ra t i o to 

be employed in the subsequent consolidation ( i t w i l l be recal led that the 

hydraulic piston had an avai lable travel of only 15 mm). The sample was 
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then equipped with top, bottom and side drainage and transferred to the 

t r i a x i a l c e l l . 

The stress paths followed by the samples during one-dimensional 

consolidation and subsequent removal from the sample tube are shown in 

Fig. 4.4, together with the l i m i t i n g stress states imposed by the apparatus, 

the Kaolin and the test procedures fol lowed. The one-dimensional consol idation 

is represented by the path OA, and the sample removal byAB. Path AB is 

assumed, as pore pressures w i th in the sample were not measured. Thereafter 

fu r ther consolidation was imposed in the hydraulic t r i a x i a l c e l l , the aim 

being to produce a sample which behaved in a normally-consolidated fashion at 

the desired stress r a t i o . 

Af ter t ransfer r ing a one-dimensionally consolidated sample to the 
2 

hydraulic t r i a x i a l c e l l , small stress increments (approximately 10 kN/m ) 

were applied un t i l posi t ive pore pressures were generated wi th in the sample 

( th is is i l l u s t r a t e d by point Q in Fig. 4 .4) . The drainage system was then 

flushed with d i s t i l l e d water to remove as much a i r as possible. The stresses 
2 

applied to the sample were then increased in steps of about 15 kN/m every 

twelve hours un t i l the f i na l stress l eve l , corresponding to a water-content 

of about 45% was reached (see path QJ in Fig. 4 .4 ) . 

During consolidation the volume of pore- f lu id expelled from the 

sample was measured by a 25 cc water-paraf f in volume gauge which was vented to 

atmospheric pressure at the elevation of the centre of the sample. Changes in 

length of the sample were measured with the aid of a submersible LVDT. By 

using these two measurements, the ra t i o of to ta l s t ra in increments 

was monitored during consolidation and the approach of the sample to normally-

consolidated behaviour at the imposed stress r a t i o observed. At f i r s t , as 

stresses were applied in the c e l l , the sample was strongly influenced by i t s 

ea r l i e r one-dimensional consol idat ion, and the approach to true normally-

consolidated behaviour was asymptotic with increasing stress leve l . The 

e f fec t i ve stress levels were generally doubled during consol idat ion. in the 

t r i a x i a l c e l l , at which stage the samples were regarded as being t r u l y normally-

consolidated at the relevant stress r a t i o . For fu r ther deta i ls of the use 

of stress-increment vectors to monitor consol idat ion, see Appendix 5.1. 

Consolidation along stress paths close to act ive or to passive 

conditions resu l t in large axial deformations of the sample, and the l imi ted 

axial t ravel of the hydraulic piston meant that the stress rat ios which could 

be employed in the test programme lay between the values of 0.6 and 1.6, at 

the water contents considered. The l ines CD and EF in Fig. 4.4 represent the 
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1 imi tat ions imposed by the res t r i c ted axial deformations. Further constraints 

on the avai lable stress states were imposed by the clay behaviour during 

p i l e i n s t a l l a t i o n , and are considered l a t e r . 

4.4 TESTS EMPLOYING NON-INSTRUMENTED, 'ZERO'-DISPLACEMENT PILES 

4.4.1 Introduct ion 

The aim of the f i r s t series of tests was to observe the behaviour, 

on loading, of model p i les ins ta l l ed wi th a minimum of disturbance to e i ther 

the fabr ic o f , or the stress f i e l d w i th in , the clay surrounding the p i l e . 

The pr inc ip les behind the adopted p i l e i n s t a l l a t i o n procedure are discussed 

in Chapter 3, section 3, and the experimental deta i ls are considered below 

(the remainder of section 4.4 is applicable to the eight non-instrumented p i l es , 

and section 4.5 to the three pi les instrumented to measure radial stresses). 

4.4.2 Unloading the Sample 

Once the sample had been f u l l y consolidated wi th in the hydraulic 

t r i a x i a l ce l l to the desired stress l eve l , the volume gauge was isolated and 

the drainage system gently flushed through with a i r in order to remove as 

much free water as possible. The ce l l pressure was then reduced to zero in 
2 

steps of 10-15 kN/m whi ls t the height of the sample was kept constant, and 

undrained conditions maintained. The hydraulic piston was contro l led (using 

a manually operated ram) such that the reading of the submersible LVDT 

connected between the top and the bottom of the sample, remained constant. 

The pressure of the f l u i d in the lower chamber of the hydraulic piston was 

monitored, so that the var ia t ion of the to ta l axial stress with ce l l pressure 

could be determined. A typical unloading curve is presented in Fig. 5/4 where 

i t may be seen that i n i t i a l l y the slope of the curve is less than the 

theoret ica l 45°, but approaches 45° as the ce l l pressure is reduced fu r the r . 

Samples consolidated to stress rat ios exceeding unity theore t i ca l l y require a 

negative t o ta l stress to be applied on unloading. To provide fo r t h i s , a 

vacuum system was avai lable fo r connection to the drainage system. For 

th i s technique to be feas ib le , the theoret ical negative stresses must be less 

than one atmosphere, and th is requirement placed a fu r ther r es t r i c t i on on the 

absolute value of the deviator ic stress during consol idat ion. This is 

represented by l i ne HJ in Fig. 4.4. In pract ice only small negative stresses 

were encountered. In order to minimise the poss ib i l i t y of cav i ta t ion during 

unloading, ce l l pressures were l imi ted to about 260 KN/m , and th i s r e s t r i c t i o n 

is represented by l i ne FG in Fig. 4.4. 
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4.4.3 Forming a Hole through the Sample 

When the ce l l pressure had been reduced to zero, the plug was 

removed from the centre of the top-cap, thereby giv ing access to the sample. 

As the to ta l radia l stress acting on the sample had been removed, there was 

no tendency fo r the clay to extrude through the hole. 

A d r i l l i n g guide was mounted over the sample, and a 13 mm diameter 

hole was d r i l l e d down the cent re- l ine of the sample, using a hand-turned 

t w i s t - d r i l l which was care fu l ly advanced and then cleared in increments of 

about 15 mm. The waste clay was used to determine a water-content p r o f i l e , 

from which the local undrained shear strengths may be determined. Typ ica l ly , 

the water contents were uniform down the p i l e (± 0.5%) but there was evidence 

of s l i g h t swel l ing at the ends of the sample. Evidently not a l l the free 

water had been removed by f lushing the drainage system wi th a i r . 

Having formed the 13 mm diameter hole, the hydraulic system reta in ing 

the small piston in the lower platen was vented to atmospheric pressure, and 

the piston was pushed to the bottom of i t s chamber by means of a small diameter 

rod which was introduced via the top of the sample; care was taken to avoid 

out the rod touching the sides of the bore hole. The holej^then reamed 

to 15 mm diameter using a very sharp reaming too l . Throughout the d r i l l i n g 

and reaming process the radial to ta l stress act ing on the sample was kept 

at zero so there was no tendency f o r the hole to col lapse. The f i n a l hole 

was always very c lear ly cu t , and i t is shown in Chapter 6 that very l i t t l e 

disturbance to the local so i l fabr ic resulted from the d r i l l i n g operations. 

4.4.4 Introduct ion of a Non-instrumented Model Pi le 

The procedures described here are applicable only to the non-

instrumented p i l es ; the i ns ta l l a t i on of instrumented pi les was more complex 

and is considered in section 4.5. 

Once a 15 mm diameter hole had been d r i l l e d through the sample, 

an 11.1 mm diameter brass core to a p i l e (which had been roughened) and de^ 

greased was introduced,taking care to prevent the core from touching the sides 

of the hole. The core was then clamped at i t s top such that the centre of 

the 'packer' membrane was level with the base of the sample, as i l l u s t r a t e d 

in Fig. 3.3. This bore-ho le sealing membrane was then in f l a ted with water, 
2 

via the hole through the p i l e , to a pressure of about 35 kN/m (the packer 

system was always tested before use, and the pressure required to seal a cavi ty 

15 mm in diameter was determined experimental ly). 
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4.4.5 Grouting the Pi le in Place 

To ensure that the f i n a l diameter of the p i l e was equal to that 

of the hole d r i l l e d through the sample, the brass p i le-core was grouted in to 

the hole using a very low shrinkage epoxy resin (Ara ld i te CY 219, HY 219 and 

AY 219, 10% by weigh^. The grouting was effected using a syringe with a short 

length of small bore p las t ic tubing. The low v iscos i ty resin was in jected 

slowly down one side of the p i l e , with care being taken to avoid trapping 

any a i r bubbles. The hole was grouted to the top, the pi le-core was v e r t i c a l l y 

aligned and the resin l e f t overnight to set . 

4.4.6 Re-application of Total Radial Stresses to the Sample 

Once the resin had set hard the ce l l pressure was increased, again 
2 

in steps of 10-15 kN/m , to the or ig ina l value. The height of the sample was 

s t i l l kept constant using the hand-ram, and the var ia t ion of axial t o ta l stress 

with ce l l pressure was recorded. Under these condit ions, the axial stress 

act ing in a sample having a Poisson's ra t i o of 0.5 would return to i t s i n i t i a l 

value, and no r i g i d inclusion ef fects would resu l t around the p i l e ( i f the 

l a t t e r were to occur, they would tend to increase the radial stress act ing 

on the p i l e ; see Jaeger and Cooke, 1977). In pract ice, however, the axial 

stress seldom returned exactly to the i n i t i a l value. Nevertheless, these 

stresses were not ' co r rec ted ' , f o r to have done so would have implied some 

axial displacement of the sample, and therefore re la t i ve movement between the 

clay and the now r i g i d p i l e . 

A device was developed to enable the radial stresses act ing on the 

side of a p i l e during i n s t a l l a t i o n and during loading to be measured. The 

radial stresses on two pi les (Tests 15 and 17) were measured ,during the 

i n s t a l l a t i o n process, and the resul ts showed that the f i na l radial stresses 

were wi th in about 4% of the ce l l pressure. This confirms that the p i l e 

i n s t a l l a t i o n procedure did not cause a s ign i f i can t change in the local stress 

f i e l d . Such disturbance as there was seems to have been repeatable, as 

i l l u s t r a t e d by the p i l e load-displacement curves from four s im i l a r l y prepared 

samples (see Fig. 5.14). 

4.4.7 Pi le Loading Procedure 

Af ter al lowing the sample, with i t s included p i l e , to se t t l e fo r 

about 24 hours fo l lowing the re-appl icat ion of the cel l pressure, the p i l e 

was loaded ax i a l l y at a constant rate of displacement using the equipment 
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described in Chapter 3, section 3.4.5. 

The selected rate of p i l e displacement was c 0.25 mm/hour, with 

the resu l t that peak conditions were achieved a f te r about 9 hours. As is 

shown in Appendix 4.2 th is rate of loading was s u f f i c i e n t l y slow to ensure 

that the p i l e loading was f u l l y drained. I t may be of in teres t to note 

that f o r the p i l e to be loaded under undrained conditions ( i . e . less than 

5% diss ipat ion of excess pore pressures at the p i l e face) , peak conditions 

would need to be achieved wi th in about one second! 

During the drained p i l e loading, the load-displacement behaviour 

was accurately monitored, and most of the tests were continued to a 

displacement of about 12 mm by which stage residual conditions were at ta ined. 

Some tests were stopped at ea r l i e r stages in the loading so that th in sections 

could be prepared. 

At the end of each t e s t , the sample was unloaded under the same 

conditions as those used when i n s t a l l i n g the p i l e . The ce l l was disassembled 

and the dimensions of the sample, and water contents w i th in i t were 

determined. The sample was then trimmed and placed in a bath of Carbowax so 

that th in sections could be prepared from the material adjacent to the p i l e -

clay in ter face. Because of the need to avoid disturbing the clay in the 

v i c i n i t y of the p i l e , i t proved d i f f i c u l t to obtain accurate measurements 

of water contents adjacent to the p i l e face. 

4.5 PILES INCORPORATING A DEVICE FOR MEASURING RADIAL STRESSES 

4.5.1 Introduct ion 

As described in Chapter 3 (section 3.4.4.3) a device was developed 

to enable the radial stresses act ing on the side of a model p i l e to be measured 

during p i l e i ns ta l l a t i on and loading. Because of the importance of avoiding 

disturbance to the so i l during p i l e i n s t a l l a t i o n , the device was constructed 

on s imi la r l ines to a pressuremeter. The main requirements of the device 

were that i t should be hydraul ica l ly as s t i f f as possible (and therefore 

thoroughly de-ai red) , be securely sealed against leakage, and be capable of 

res is t ing longi tudinal shear stresses. 

4.5.2 Assembly of the Pi le Core 

For the ease of construction and assembly, the p i le-core was 

made in three sect ions, which are i l l u s t r a t e d in Fig. 4 .5(a) ; 
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( i ) the bottom section accommodated the 'packer'-membrane 

which sealed the cavi ty in the lower platen of 

the t r i a x i a l ce l l to prevent the ingress of epoxy 

res in . The hydraulic connection fo r i n f l a t i n g the 
O 

membrane was made from hypodermic steel tubing because 

of the l im i ted space wi th in the p i l e core; 

( i i ) the central section was designed to incorporate the 

radial stress sensing element. Stainless-steel 

hypodermic tubing was used fo r the hydraulic 

connection between the sensing element and the pressure 

transducer both fo r reasons of space and more 

pa r t i cu la r l y to ensure the greatest possible hydraulic 

s t i f f ness . 

( i i i ) The top section was required to accept the p i l e loading 

cap and to permit the two sta in less-steel tubes to leave 

the p i l e . 

The three units were made separately, and then connected with 

Loct i te (Retainer); see Figs. 4.5(a) and (b) . 

4.5.3 De-airing of the Hydraulic System 

The two hyperdermic tubes were connected to t he i r respective 

hydraulic systems. In Tests 7 and 15, the pressure transducer assembly was 

de-aired by f lushing continuously wi th de-aired water at a pressure of 
2 ® 

TOOOkN/m fo r a period of weeks, whereas the hypodermic tubing was de-aired 

by f lush ing at atmospheric pressure. In Test 17, the p i l e core was sealed 

into a brass tube which was f i l l e d with de-aired water and was provided with 

a separate hydraulic f i t t i n g . The whole system, including the hypodermic 
2 

tubing and the pressure transducer block was pressurised tolOOOkN/m and 

continuously flushed with de-aired water under a small d i f f e r e n t i a l head fo r 

several days. 

4.5.4 F i t t i n g a Membrane to the Central Section of the Pi le 

In order to prevent a i r from entering the measuring system, the 

fo l lowing operations were a l l ef fected under de-aired water, and de-aired 

water was continuously flushed through the hypodermic tubing connected to 

the central section. The brass pi le-core was removed from the brass tube. 

The '0 ' r ing grooves and binding sections on the middle section of the p i le 
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were l i g h t l y smeared with s i l icone grease, and a length of membrane 

(prepared as described in Appendix 3.1) was slipped along the p i l e and into 

place. The '0 ' r ings were then f i t t e d , and the membrane was fur ther sealed 

with the aid of whipping cotton ( th is may be seen in Fig. 4 .5 (c ) ) . 

4.5.5 Cal ibrat ion of the Membrane 

The membrane was in f l a ted (unconfined) several times to ensure that 

there were no obvious leaks. The p i l e was inserted into a glass tube of 

15 mm diameter (the same as that of the f i n a l p i l e ) and the membrane was 

in f l a ted to a var ie ty of pressures and the length of the membrane in contact 

with the tube was noted. This procedure was repeated several t imes, and a 

pressure su f f i c i en t to induce a p r o f i l e such as that shown in Fig. 4.5(c) 

(with about 20 mm in contact with the wall of the tube) was selected for l a te r 

use. The resul ts and interpretat ions of the ca l ibrat ions are provided in 

Chapter 5. 

4.5.6 Attachment of shear reinforcement 

The brass core of the p i l e was roughened with the aid of a f i l e , and 

care fu l ly degreased. About 40 lengths of f la t tened, annealed, copper wire 

were then attached to the central section of the p i l e in the form of the 

'Chinese-Lantern' shown in Fig. 4 .5(d) . The p i l e was now ready to be ins ta l led 

in to the sample. 

4.5.7 Pi le I ns ta l l a t i on 

The sample preparation up to th is stage was exactly the same as fo r 
ed 

the tests incorporating non-instrument>T p i les . The instrumented p i l e core was 

inserted in to the 15 mm diameter hole d r i l l e d through the sample, and the 

lower membrane i n f l a ted . Epoxy resin was then injected un t i l the measuring 

system had been covered. Af ter a short delay to allow time for any possible 

a i r bubbles to r ise to the surface, the central membrane was slowly in f la ted 

to the pressure determined during the ca l ib ra t ion . A small bleed hole through 

the brass core between the two membranes ensured that resin was not trapped 

under pressure. The annular gap between the hole and the p i l e core was then 

grouted to the top of the sample, and the system was l e f t overnight fo r the 

resin to set . 
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4.5.8 Re-appi1 cation of Total Radial Stress to the Sample 

The radial stress measuring system was isolated from the pressure 

supply, and an increment of ce l l pressure applied to the sample. As 

described in Chapter 3, section 3.4.4.3, the response of the measuring 

system was observed, and small changes to the pressure wi th in the device 

were imposed according to the behaviour of the device. The device was again 

isolated and a fur ther increment of ce l l pressure applied. The process was 

repeated un t i l the or ig ina l ce l l pressure was reached. For deta i ls of the 

responses of the radia l stress measuring devices, and the corresponding 

correct ions, reference should be made to the descript ions of Tests 15 and 17 

in Chapter 5. 

4.5.9 Pi le Loading 

Af ter the re-appl icat ion of the ce l l pressure to the sample, i t 

was l e f t fo r about one day to s e t t l e . 

The p i l e was then loaded as described in section 4.4.7, except that 

the radia l stress acting on the p i l e was also measured. Reference should again 

be made to the descript ions of Tests 15 and 17, in Chapter 5. 

4.6 TESTS EMPLOYING FULL-DISPLACEMENT PILES 

4.6.1 Introduct ion 

A set of three tests (Nos. 16,18,19) was performed to examine the 

nature of micro-fabr ic changes around,and the load-displacement behaviours o f , 

driven and jacked p i l es . The resul ts were compared with those obtained from 

tests on p i les ins ta l l ed wi th minimal disturbance, and with f i e l d observations. 

The Kaolin samples were prepared by the methods described in 

section 4.3, and were normally-consolidated to a stress r a t i o , K, of 0.7. 

The sample dimensions were the same as those used in the ea r l i e r tes ts , and 

so the r a t i o of sample diameter (102 mm) to p i l e diameter (15 mm) (see 

Chapter 3, section 3.4.4(c) ) was j us t less than seven. This value is somewhat 

low fo r accurate modelling of the ef fects of i n s t a l l i n g f u l l displacement 

p i les (according to cavi ty expansion theory; see Randolph, Carter and Wroth, 

1979), and th i s must be recal led when in terpret ing the resul ts of the loading 

tes ts . However, the micro-fabr ic close to the p i l e is un l ike ly to have been 

influenced by th i s l im i ted ra t i o of diameters. 
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4.6.2 Driven Piles - Introduct ion 

The in tent ion behind the i n s t a l l a t i o n procedures was to ensure that 

the peak rates of p i l e penetration during dr iv ing were of the same order as 

those which may occur amongst f u l l - s i z e d p i les ( fo r instance, the resul ts 

presented by Dolwin, Leonard and Poskit t (1979) indicate ve loc i t ies of the 

order of two metres per second). No attempt was made to ensure that the 

overal l p i l e i n s t a l l a t i o n process was undrained, fo r to have done so would 

have required the p i l e to be driven in a matter of seconds. 

In Test 16, the p i l e was driven to the mid-height of the sample, so 

that so i l deformation patterns around the toe could be observed (by means 

of th in -sec t ions) . The p i l e in Test 18 was driven through the sample into 

the cavi ty in the bottom platen of the hydraulic t r i a x i a l c e l l . Af ter 

al lowing f u l l consolidation of the Kaolin sample, the p i l e was slowly loaded 

to residual condit ions, a f t e r which th in sections were prepared. 

4.6.3 Pi le Driving 

The equipment used fo r p i l e dr iv ing is i l l u s t r a t e d schematically 

in Fig. 4.6. I t consisted of a steel rod (about 1 m long) which was attached 

to the p i l e and held in guides to prevent wobble during dr iv ing . Hollow 

cy l i nd r i ca l weights (c 0.5 kg each) were allowed to s l ide down the rod and 

to h i t a co l l a r incorporating a micro-switch which tr iggered a two-trace 

storage-oscil loscope. The load on the p i l e was measured using a standard 

Imperial College load ce l l (450 kg) and the displacements were monitored with 

the aid of a long throw LVDT. The resul ts of each blow were recorded on 

the oscil loscope screen which was then photographed ( typ ica l resul ts are 

shown in Chapter 5) . No attempt was made to make the monitoring equipment 

more sophist icated because the main object ive was only to obtain an estimate 

of the peak rates of p i l e penetrat ion. 

The pi les were driven wh i ls t the Kaolin sample was subject to i t s 

f u l l consolidation stresses. In order to avoid extrusion when the plug 

in the top-cap was removed in order to introduce the p i l e , the sample was 

unloaded in exactly the same manner as described fo r the 'zero-displacement' 

p i l es . The plug was removed and replaced by the t i p of the p i l e to be driven. 

The p i l e was prevented from moving upwards and the stresses were re-applied 

to the specimen. Af ter al lowing the sample to se t t l e for a day the p i l e was 

driven. I t is suggested for future research that the plug be replaced by 

the p i l e from the s ta r t of consolidation in the t r i a x i a l c e l l . 
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During d r i v ing , the p i les were advanced about two mi l l imeters 

per blow, the energy of each blow being varied in order to maintain th is 

penetration. Some seventy blows were therefore required to dr ive the p i l e 

in Test 18. This process took about t h i r t y minutes and so the dr iv ing 

cannot be considered to have been undrained. The operation would have been 

speeded-up considerably had the u l t r a - v i o l e t recording oscil loscope (used 

f o r fas t r ing-shear tests) been avai lab le. 

Af ter dr iv ing the p i l e in Test 18 to the base of the sample, the 

p i l e was restrained whi ls t a brass rod was pushed through the p i l e in order 

to aid the re t rac t ion of the piston in the bottom platen. The cavi ty 

created was vented to atmospheric pressure so that the p i l e end-bearing 

resistance could again be el iminated. 

The sample was l e f t overnight to consolidate f u l l y before the p i l e 

was loaded (see Steenfe l t , Randolph and Wroth (1981) fo r measurements of the 

rates of d iss ipat ion of excess pore-pressures around displacement pi les in 

Kaol in). Pi le loading was conducted in the manner described in section 4.4.7. 

Af ter the t es t s , the samples were unloaded and th in sections prepared. Water-

content determinations wi th in the Kaolin were made but, as mentioned e a r l i e r , 

the measurement of water contents very close to the p i l e was hampered by the 

need to avoid fabr ic disturbance that would influence the th in sections. 

4.6.4 Jacked Pi le - Introduct ion 

The rate of i n s ta l l a t i on was selected to be intermediate between the 

rate of loading employed in the tests on 'zero displacement' p i les (4 x 10 ^ mm/ 

min) and the peak rate of penetration during p i l e dr iv ing (10 mm/min). The 

p i l e in Test 19 was jacked at a mean rate of 4 mm/min, giv ing a to ta l time for 

i n s ta l l a t i on s imi la r to that of the driven p i l es . Af ter al lowing f u l l 

consol idat ion, the p i l e was slowly loaded to residual condit ions. The main 

objects of the test were to observe the micro-fabr ic changes induced around 

the p i l e , and also the shape of the load-displacement curve. 

4.6.5 Pi le Jacking 

The p i l e was jacked using an extended restrained worm-gear, driven 

through a reduction gear-box by an e lec t r i c motor. The p i l e was restrained 

by ver t i ca l guides to prevent wobble during jacking and to ensure that the 

p i l e t i p accurately located the piston in the lower platen. The p i l e 

construction (described in Chapter 3, section 3.4.4-4) was s imi la r to the 

pi les driven in Tests 16 and 18, and included a 3 mm diameter hole through the 
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centre to f a c i l i t a t e the re t rac t ion of the piston in the bottom platen; 

the hole through the p i l e was closed during p i l e i n s t a l l a t i o n . 

The jacking force was measured during the i ns ta l l a t i on but , 

unfortunately, the brass extension to the p i l e (which was used to assist 

guidance) snagged with the main guide which was below the load ce l l , and 

so the load readings were not re l i ab le . 

Once jacking was complete, the piston in the lower platen was 

ret racted, the cavi ty vented to atmospheric pressure, and the sample l e f t 

overnight to consolidate. 

The p i l e was load-tested in exactly the same manner as the tests 

described previously, and th in sections were prepared. 

4.7 THIN-SECTION PREPARATION 

4.7.1 Introduct ion 

The technique fo r the preparation of th in sections w i l l not be 

described in deta i l as i t was s imi lar to that employed by Tchalenko (1967). 

In p r i nc i p l e , the 'wet' sample of Kaolin was immersed fo r three weeks in a 

bath of warm (60°C) Carbowax 6000 (Polyethylene g lyco l , molecular weight 

-6000), which is completely miscible with water. Water was able to d i f fuse 

out o f , and Carbowax i n t o , the sample u n t i l eventually the pores in the 

sample were f i l l e d wi th wax-rich pore f l u i d . On removal of the sample from 

the warm bath, the wax inside the sample s o l i d i f i e d , and the sample could 

thereaf ter be treated as a rock specimen. Thin sections were prepared using 

para f f in as the coolant / lubr icant (not water ! ) . 

4.7.2 Impregnation Procedure 

At the end of a p i l e t e s t , a para l le l sided diametral s l i ce about 

25 mm th ick was cut from the centre of the sample so as to include the p i le 

(see Fig. 4 .7 ) . The specimen was placed in a t i g h t l y f i t t i n g box made from 

three sections of coarse steel gauze and the box was then wired together. 

The sample was then immersed in a large bath of Carbowax (the volume of 

fresh wax employed was about 20 times that of the sample to be impregnated). 

The sample was turned over regu lar ly , and the wax s t i r r ed f requent ly , 

pa r t i cu la r l y in the f i r s t few days. Af ter about three weeks, when the sample 

was f u l l y impregnated, i t was removed from the wax bath and allowed to cool 

slowly fo r at least one day before th in sections were prepared. 
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4.7.3 Preparation of Thin-Sections 

The hard sample could now be cut with a diamond saw, and ground and 

polished in the same manner as a rock specimen. However, as the impregnating 

wax is miscible with water, great care was taken to prevent water from 

reaching areas of the sample from which the f i na l th in sections were required. 

Although the primary cu t t ing could have been performed using o i l or para f f in 

rather than water as a coolant, the l a t t e r was selected fo r reasons of health. 

However, the f i n a l grinding was always performed using para f f i n . 

A typ ical cut t ing and grinding sequence fo r a specimen is i l l u s t r a t e d 

in Fig. 4.8. Having selected a piece fo r th in sect ioning, the brass core 

of the p i l e was removed, leaving the epoxy resin s t i l l in contact with the 

clay ( i f possible). The removal of the brass core is an important aspect 

of the procedure, because the resin and the impregnated specimen when ground/ 

polished both wear at a s imi lar ra te , whereas the brass core would wear more 

slowly. Preliminary t r i a l s showed that the retent ion of the brass (or the 

use of a brass p i l e ) resulted in tapering th in sections which did not appear 

uniform under polarised l i g h t , and were, therefore, d i f f i c u l t to photograph 

and in te rp re t . 

Thin sections were prepared from the cut sections in a manner 

s imi la r to that described by Tchalenko (1967). The author is very grateful 

f o r the services of Mr. Kevin Schrapel of the Geology Department at Queen Mary 

College, London who prepared the numerous th in sections with such s k i l l . 

4.7.4 Observation of Thin Sections 

The microscope employed during th is invest igat ion is described by 

Tchalenko (1967) and is a standard 'geological ' microscope, incorporating 

a l i gh t - sens i t i ve ce l l to aid photography. A 35 mm camera was connected to 

the microscope. Photographs were generally taken at the lowest magnif ication 

(x 3 ob jec t i ve ) , using 125 ASA black and white f i l m (FP4). Frequently, 

however, i t was found that the overal l magnif ication was excessive fo r the 

present purposes, and a system sui table fo r macro-photography was employed. 

Towards the end of th i s research, the macro-photography system was made so 

versa t i le that the use of the microscope was largely superse^ded. 
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Table 4.1: Speswhite Kaolin 

(a) General Description 

Type Speswhite f i ne china clay 

Visual appearance White and f loury when dry 

Unif ied c l ass i f i ca t i on 'CH' - inorganic clay of high 

p l a s t i c i t y 

(b) Chemical Analysis (from manufacturers) 

Constituent % 

SiOg 46.2 

A 2^3 38.7 

0.56 

TiOg 0.09 

CaO 0.2 

MgO 0.2 

KgO 1.01 

NagO 0.07 

Loss on i gn i t i on 13.14 

(c) Physical Properties 

Property Symbol Val ue 

This Study Other Workers 

P las t i c i t y index PI 30 31^ 

Plast ic Limit PL 32 381 

Liquid Limit LL 62 69^ 

Specif ic Gravity 1 G - 2.611 
of Solids 2.60% 

Clay f rac t ion % < 2w - 82^ 

Note: Superscript 1 refers to Steenfe l t , Randolph and Wroth (1981) 

2 " " Yong (1979) 
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Table 4.2: Strength and Consolidation Properties of Speswhite Kaolin 

Property De f in i t i on 

1 
Value 

This Study Comments Other Workers 

Slope of C r i t i c a l State Line 
(C.S.L.) M 0.9 . 0.9^ 

(Tr iaxial compression)' 

Angle of shearing 
resistance in t r i a x i a l 4 c 

-23° -
.23=1 

compression 

Residual angle of shearing 
resistance 

= tan"^(T/a^)| . 11.5° - 12° See Appendix 4.1 

Slope of consol idat ion 
l ines 

X = - de 
d(J,nP') 

0.25 ) X ) 0.23 

0.23 > X » 0.21 

0.21 ) X 3 0.18 

5 < P' < 50 kN/m^ 

50 « P' < 200 " 

200 « P' < 350 " 

0.25^ 

0.24^* 

Slope of swel l ing l ines K = - de 
d(£nP') 

0.04 10 < P' « 350 " 0.04^* 

Void r a t i o a t e f fec t i ve (=%) 2.52 50 s P' s 100 kN/m^ 

pressure P' = 1 kN/m^ (1-D consol idat ion) (1-D Consolidation 

Tube) 

2.58^ 

Coef f ic ient of consol idat ion Cy (= k/ymy) 5 - 1 0 m^/year 

5 - 1 0 m^/year 

1-D Consolidation 

Tr iax ia l 
Consolidation 

50< P' ( 300 kN/m^ 

16 m^/yr^ 

8-13.5 m^/yr^ 

(54 < P' < 430) 

Coef f ic ient of swel l ing Cs 22 m^/year P' =250 kN/m^ 31' m^/yr 

Coef f ic ient of ' a t - r e s t ' 
earth pressure 

Ko 0.65 ± 0.01 Determined by observing 
s t ra in increment vectors 

(Appendix 5.1) 

0.64 ± 0.01^ 

Notes: Superscript 1 refers to Steenfe l t , Randolph and Wroth (1981) 

2 " " Yong (1979) 

" 2* means resu l t derived from data presented by Yong (1979) 
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APPENDIX 4.1 

RESIDUAL SHEAR STRENGTH OF KAOLIN 

Introduction 

Ring shear tests were performed with J.F. Lupini to examine the 

residual strength of Speswhite Kaolin, with par t i cu la r reference to 

e f fec t of rate of shearing. The resul ts of th is work are presented 

in Lupini (1980), but they are b r i e f l y considered below for the sake of 

completeness. 

Direct shear box inter face tests were performed, which involved 

shearing Speswhite Kaolin against f l a t surfaces of the same epoxy resin 

as that used to grout the model p i l es . Although the apparatus was rather 

crude, the results are of some relevance to the model p i l e tests and are 

considered below. 

Ring-Shear Tests 

The Kaolin was consolidated from a s lu r ry which had a water-content of 

132%. The f i r s t drained shearing was effected at a normal e f fec t i ve stress 
2 

of 352.2 kN/m , and the residual angle of shearing resistance was found 

to be 12.3°, at a rate of displacement of 0.015 mm/min ( th is is about four 

times fas ter than the drained loading rate selected fo r the model p i l e tes ts ) . 
2 

The normal e f fec t i ve stress was increased to 519 kN/m , and the residual 

angle of shearing resistance was found to l i e between 11.3° and 11.8° (at a rate 

of 0.015 mm/min). 

Further tes t ing of the sample was performed to invest igate the influence 

of the rate of shearing on the residual strength of the Kaolin. Rates of 

displacement between 0.0001 mm/min and 130 mm/min were employed. The 

tests conducted at displacement rates of up to 3.6 mm/min were continued fo r 

a time (> 10 mins) s u f f i c i e n t fo r any excess pore pressures generated near 

the residual surface to dissipate. However, the test at 130 mm/min was 

only continued fo r 5 minutes because of the loss of clay associated with 

the large displacements. For th i s reason, one cannot be sure that the 

resul ts were not s t i l l influenced by excess pore pressures. 

The residual shear strengths obtained during shearing at a var ie ty of 

rates of displacement are shown in Fig. A.4.1.1 where i t may be seen that 

the shear strength increases with the rate of displacement, pa r t i cu la r l y at 
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speeds in excess of 0.1 mm/min. On completion of stages conducted at 

speeds greater than 0.015 mm/min, the sample was allowed to consolidate 

f u l l y and was then reloaded at a rate of 0.015 mm/min and the response 

observed. A small peak was observed during the reloading, a f te r which 

the strength decreased to the residual value determined previously at a 

rate of 0.015 mm/min. The observed peak strengths are plot ted in Fig.A.4.1.1, 

and the presence of such peaks suggests that the rapid shearing has caused 

a non-transient change in the structure of the residual shear surface, but 

that on fu r ther slow shearing the surface returns to a residual condit ion 

appropriate to the new rate of shearing. The di f ference between the strengths 

observed during rapid shearing and the peak values observed on slowly re-

shearing the sample represent a t ransient increase in strength. This w i l l 

be influenced by viscous forces act ing w i th in the clay and also by any 

excess pore pressures remaining during shearing. 

Further information about the ef fects of rate of shearing on the 

residual strength in clays may be found in Lupini (1980) and in Appendix 5.3 

of th is d isser ta t ion . The tests described in Appendix 5.3 were performed 

to invest igate the nature of the t ransient increase in strength of natural 

so i l from Panama. 

Direct-shear Interface Tests 

Speswhite Kaolin was sheared against interfaces made from the epoxy 

resin used in the model p i l e tes ts , in d i rec t shear boxes. The Kaolin was 

consolidated from a s lu r ry against the inter face to a normal stress of 
2 

about 250 kN/m , and then sheared at a drained rate of 0.015 mm/min. 

A typ ica l resu l t of such tests is shown in Fig. A.4.1.2 where the 

ra t i o (T/a^) is presented as a funct ion of the re la t i ve displacement. I t 

may be seen that the peak strength was achieved a f te r a displacement of 

j us t under two mi l l imeters , and that residual conditions were achieved, in 

th is case, wi th in about four mi l l imeters. In the various tests performed, 

the displacements required to reach residual conditions varied between 3.5 

and 7 mm, tending to increase wi th increasing surface roughness. L i t t l e t o n 

(1976) presents s imi la r results from interface tests involv ing Kaolin and an 

i l l i t i c clay being sheared against steel inter faces. 

The peak angle of shearing resistance determined in the course of the 

interface tests varied between 17° and 19°, and was probably influenced by 

the fac t that the Kaolin s lur ry was consolidated against the in ter face. 

The residual angles of shearing resistance varied between 10.5° and 12°, 
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the higher value corresponding to roughened surfaces. The r ing shear tests 

together with the inter face tests suggest that the residual angle of 

shearing resistance appropriate to the conditions obtaining in the model 

p i l e tests is between 11.5° and 12°. 

An understanding of the behaviour of so i l sheared against r i g i d interfaces 

is believed to be of great importance to p i l e design, and is current ly 

being studied at Imperial College. 
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APPENDIX 4.2 

SELECTION OF THE RATE OF PILE LOADING 

A f i n i t e di f ference program was wr i t ten in order to analyse the rates 

of radia l consolidation around p i l e s , s ta r t i ng with a rb i t ra ry d is t r ibu t ions 

of i n i t i a l excess pore-water pressures. A descr ipt ion of the program and 

a check against an avai lable analyt ica l solut ion are presented in Appendix 9.1 

In Chapter 8, the behaviour of model pi les ins ta l led without 

disturbance in to Kaolin are analysed by means of F in i te Element methods; 

the Kaolin is represented by a form of the Modified Cam Clay const i tu t ive 

law (Roscoe and Burland, 1968). In section 8.8, the undrained loading of 

p i les is considered, and i t is shown that the greatest excess pore pressures 

are generated around pi les ins ta l l ed in to i n i t i a l l y i s o t r o p i c a l l y , normally-

consolidated clay. The predicted radial d i s t r i bu t i on of excess pore 

pressures at peak p i l e load is shown in Fig. 8.29. 

The predicted d i s t r i bu t i on of excess pore pressures in Fig. 8.29 was 

used to define the i n i t i a l conditions fo r a f i n i t e di f ference rad ia l -

consolidation analysis. In the analysis presented here i t has been assumed 

that the coe f f i c ien t of swel l ing is equal to that of consol idat ion. The 

predicted var ia t ion of the excess pore pressure at the p i l e face, as a 

funct ion of a dimensionless measure of time (T = / r ^ ) is shown in 

Fig. A.4.2.1. 

In the case of the model p i l e tes ts , r = 7.5 mm, and c is roughly 
2 2 o V 

10 m /year or 0.32 mm /second. Thus, 90% of the excess pore pressures at 

the p i l e face are predicted to have dissipated wi th in 17 minutes (T = 5.75), 

and 95% wi th in an hour. During p i l e loading the pore pressures are generated 

continuously, and so a longer time to f a i l u r e must be allowed to ensure 

drained loading. Accordingly, in the model p i l e tests the time to peak (9 

hours) was chosen to be almost 10 times greater than the value predicted 

above fo r 95% diss ipat ion of excess pressures at the p i l e face. In addi t ion 

to the radia l consolidation there was axia l consolidation w i th in the sample 

(90% consolidation in less than 9 hours) which has not been taken in to 

account, and so i t is believed that the selected rates of displacement were 

s u f f i c i e n t l y slow to ensure f u l l y drained condit ions. 
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From Fig. A.4.2.1, i t may also be seen that more than 5% of the 

i n i t i a l excess pore pressures have decayed by T = 0.01. Thus, in order 

to load one of the model p i les in Kaolin under undrained condi t ions, 

peak load must be achieved wi th in about a second! 
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CHAPTER 5 

EXPERIMENTAL RESULTS - EXCLUDING MICRO-FABRIC STUDIES 

5.1 INTRODUCTION 

In t o t a l , 19 model p i l e tests were conducted, employing the 

equipment described in Chapter 3, and the procedures described in Chapter 4. 

The resul ts obtained from the tes t s , in terms of the forces, stresses and 

displacements which were measured, are presented in th is chapter. Results 

from the micro-fabr ic invest igat ions performed a f te r each test are presented 

in the fo l lowing Chapter, No. 6. 

Two series of p i l e tests were performed. The purpose of the f i r s t 

series was to invest igate the behaviour, on loading, of p i les ins ta l led wi th 

minimal disturbance, whereas the purpose of the second series was to examine 

the behaviour of ful1-displacement p i l es . 

5.2 TESTING PROGRAMME 

5.2.1 " Int roduct ion 

Details of the 19 model p i l e tests are summarised in Tables 5.1 

and 5.2; the former table describes the nature of the tes t s , and the l a t t e r 

summarises the pr inc ipal resu l ts . 

The tes t ing programmes from the two series of tests are considered 

separately. 

5.2.2 Piles Ins ta l led with Minimal Disturbance 

Tests 1, 2 and 3 were performed using Spestone Kaolin (no longer 

commercially ava i lab le ) , and were intended for pract ice with the new equipment 

in advance of the del ivery of the Speswhite Kaolin which was used in the other 

tests . As a resu l t of these f i r s t three tes ts , minor modif ications were made 

to the equipment and to the test ing procedures. The resul ts obtained cannot 

readi ly be compared with those obtained in the la te r tes ts , and are not 

discussed fu r the r . 

Test No. 4 was performed using Speswhite Kaolin, prepared using the 

procedures described in Chapter 4. The purpose of th is tes t was to examine 

the nature of the micro-fabr ic disturbance resu l t ing from the proposed 

d r i l l i n g and reaming operations. After consolidating the sample in the 
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hydraulic t r i a x i a l c e l l , the sample was unloaded (by the procedures 

described in Chapter 4) and a hole was d r i l l e d through the centre using the 

tw is t d r i l l fol lowed by the reaming too l . Thin sections of the clay beside 

the hole were then prepared. These served to confirm that the cut t ing of 

the hole caused negl ig ib le disturbance to the clay micro-fabr ic (see Fig. 6.2), 

Further discussion of th is tes t is reserved un t i l Chapter 6. 

Twelve p i l e tests were then performed fo l lowing the procedures 

described in Chapter 4. With the exception of tes t no. 7, the tests were 

performed using normally-consolidated Kaolin consolidated to a range of 

i n i t i a l stress ra t i os . These twelve tests may conveniently be considered in 

four groups of t es t s , although some tests are relevant to more than one group. 

( i ) Tests 9,10,12 and 13; the Kaolin samples employed 

were s im i la r l y consolidated to a stress ra t i o (K = a ^ a ^ ) 

of 1.5. The p i le loadings were stopped at d i f f e ren t 

stages so that progressive micro-fabr ic changes wi th in 

the c lay, with p i l e loading, could be established 

(see Chapter 6). These four tests served to demonstrate 

the repeatab i l i t y of the procedures employed. 

( i i ) Tests 5,6,8,9,11,1^and 15; the Kaolin samples were 

a l l consolidated to d i f f e ren t i n i t i a l stress ra t i os . 

The p i les were loaded at a constant rate of displacement 

un t i l eventually residual capacit ies were achieved, and 

th in sections were prepared. The tests were performed 

in order to invest igate the e f fec t of the i n i t i a l stress 

conditions on the subsequent p i l e behaviour. 

( i i i ) Test 7; th is test was conducted using Kaolin prepared 

to an over-consolidation ra t i o of 5, and was performed 

to determine whether there were any fundamental 

differences in behaviour between normally-consolidated 

and over-consolidated samples. 

( i v ) Tests 7,15 and 17; these tests each incorporated 

a device for measuring the radial stresses acting on 

the p i l e during i ns ta l l a t i on and loading. 
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5.2.3 Full-displacement Piles 

Three tests (No's. 16,18 and 19) were conducted to examine the 

ef fects on the p i l e loading behaviour of i n s t a l l i n g ful l -displacement pi les 

by dr iv ing and by jacking. The micro-fabr ic changes induced in the clay 

beside the pi les were also examined. 

In tes t 16, a p i l e was driven about hal f way in to a sample of 

Kaolin (using the procedures described in Chapter 4). The sample was then 

removed and th in sections were prepared (the p i l e was not loaded). 

In tests 18 and 19, model p i les were driven and jacked, respect ively, 

through s imi la r prepared Kaolin samples. Af ter al lowing f u l l consol idat ion, 

the pi les were slowly loaded un t i l residual loads were achieved. The 

loading behaviours were recorded, and th in sections were prepared (they are 

discussed in Chapter 6). 

5.3 RESULTS OBTAINED DURING SAMPLE PREPARATION 

5.3.1 Introduct ion 

Al l of the Kaolin samples were prepared by a two-stage consolidation 

process. The samples were one-dimensionally consolidated from a high water-

content s lu r ry (c.2 x LL) to a water content of about 52%, before being 

subject to the main anisotropic consol idation in the hydraulic t r i a x i a l c e l l . 

In the course of the sample preparation, information about the consolidation 

behaviour of Speswhite Kaolin was obtained, and th is i s b r i e f l y considered. 

5.3.2 One-dimensional Consolidation 

A typ ica l graph of voids ra t i o against the natural logarithm of 

the mean e f fec t i ve s t ress, obtained during sample preparation, is presented 
2 

in Fig. 5.1. I t may be seen that in the stress range of 20 to 100 kN/m , 

the slope of the v i r g i n consolidation A(= - de/d(&nP')) and the voids ra t i o 

at un i t pressure(e^)j_p had mean values of 0.25 and 2.52 respect ively. There 

was, however, a tendency fo r A to decrease with increasing stress leve l . 

This phenomenon was also observed during oedometer tes t ing ( re fer to Chapter 4, 

section 4 .2 .2) . 
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5.3.3 Anisotropic Consolidation w i th in the Hydraulic T r iax ia l Cell 

5.3.3.1 Normally-consolidated Samples 

The one-dimensionally consolidated samples, at water contents of 

around 52%, were t ransferred to the hydraulic t r i a x i a l ce l l where the 

stress level was approximately doubled. The range of permissible stress 

paths is shown in Fig. 4.4, and a select ion of actual stress paths followed 

(by the samples used in tests 11,13,14 and 15) are presented in Fig. 5.2. 

Results obtained from these four samples w i l l be used to i l l u s t r a t e the 

behaviour of the Kaolin during consol idat ion. 

The consolidation of the samples at stress rat ios other than K 
0 

was monitored in terms of the changes in the void ra t i o and the ra t i o of 

t o ta l s t ra in increments with increasing mean e f fec t i ve stress (the 

use of s t ra in increment vectors to monitor consolidation is discussed in 

Appendix 5.1) . Results obtained during the consolidation of the four samples 

mentioned above are presented in Figs. 5.3 and 5.4. I t may be seen that the 

approach to normally-consolidated behaviour consistent with the new stress 

rat ios was asymptotic wi th increasing stress leve l . However, a doubling of 

the stress level was found to be s u f f i c i e n t to ensure an adequate approximation 

to the desired condit ions. 

5.3.3.2 Over-consolidated Sample 

The main tes t ing programme was conducted using normally-consolidated 

Kaolin samples. However, one test (No. 7) was performed using over-

consolidated Kaolin to give an ind icat ion of any major dif ferences in behaviour 

that might be expected between pi les ins ta l led in normally-, and over-

consolidated clays. Another reason for not performing fur ther tests on over-

consolidated samples was that f i n i t e element studies indicated that progressive 

f a i l u re down the p i l e might be a problem. 

The sample employed was consolidated to a ce l l pressure of 
2 

1000 kN/m , wh i ls t the height of the sample was held constant. The sample 
2 

was then swelled back to a ce l l pressure of 200 kN/m , g iv ing an 'OCR' of 5. 

The stress paths fol lowed by the sample during consolidation and swel l ing are 

shown in Fig. 5.5. 
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5.4 INSTALLATION OF PILES WITH MINIMAL DISTURBANCE 

5.4.1 Introduct ion 

The aim of the i n s t a l l a t i o n procedure adopted was to enable a 

p i l e to be introduced in to a sample of Kaolin, with a minimum of disturbance 

to e i ther the stress f i e l d or the micro- fabr ic of the c lay. The pr incip les 

underlying the procedures adopted are discussed in Chapter 3, section 3.3, 

and the experimental deta i ls are described in Chapter 4, section 4.4. 

In the course of i n s t a l l i n g the model p i l e s , measurements of the 

to ta l stresses act ing on the clay samples were made. Add i t iona l l y , the 

radial stresses act ing on the model p i les were successful ly measured in two 

tests . The resul ts are presented below. 

5.4.2 Results; Excluding Measurements of the Radial Stresses Acting on 

Pi 1 es 

5.4.2.1 Introduct ion 

In order to i n s t a l l a model p i l e , the to ta l radial stress act ing on 

the sample was removed wh i ls t undrained conditions were maintained and the 

sample height kept constant, A hole was d r i l l e d through the sample, and the 

brass core of the p i l e grouted in place.. Once the newly formed p i l e was 

r i g i d , the radial t o ta l stress was re-appl ied to the sample. Idea l ly the 

axial and radial e f fec t i ve stresses wi th in the sample should have been uniform, 

and should have returned to t he i r o r ig ina l values. 

5.4.2.2 Measurements of Total Stress Changes 

The axial t o ta l stress act ing on the sample was monitored as the 

cel l pressure was varied during the three stages. 

( i ) unloading before i n s t a l l i n g the p i l e ; 

( i i ) re- loading to return the radial to ta l stress on 

the sample to the or ig ina l ce l l pressure; 

( i i i ) unloading the sample at the end of the tes t (again 

under conditions of zero axial s t r a i n ) . 

Measurements of these stresses, corresponding to tests 9,11,14 

and 15 are presented in Figs. 5.5a,b,c and d. Results from other tests 

are presented in Appendix 5.2. 
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The observed behaviour may be seen to have departed from the 

ideal . The f i na l stresses acting on the sample a f te r p i l e i ns ta l l a t i on 

did not , in general, return to the same values as those obtaining at the 

end of the main consol idat ion. The stresses were, however, not 'corrected' 

fo r to have done so would have caused axial st ra ins wi th in the sample, and 

hence re la t i ve movement between the so i l and the p i l e in advance of loading 

the p i l e . The resu l t was that samples were t y p i c a l l y l e f t in a very l i g h t l y 

over-consolidated state and at a s l i g h t l y higher stress ra t i o than that which 

obtained during sample preparation. 

On reducing the ce l l pressure in order to i n s t a l l a p i l e , the axial 

t o ta l stress should have reduced by the same amount. However, as may be 

seen in Fig. 5.6, the axial stresses i n i t i a l l y reduced at a slower rate than 

the ce l l pressure; a possible explanation fo r th is behaviour is the absorption 

of small quant i t ies of water which could not be removed from the drainage 

system by the ea r l i e r f lush ing wi th a i r ( th is view is supported by the 

pro f i les of water-contents (presented below) which were obtained in the course 

of the p i l e i n s t a l l a t i o n procedure). Af ter the early non-l inear behaviour, 

the axial to ta l stresses reduced l i nea r l y at the same rate as the ce l l 

pressure.. 

On re-loading the sample, the response of the axial stresses to 

increases in ce l l pressure was essent ia l ly l inear un t i l the ce l l pressure had 

nearly returned to i t s former value. The non- l inear i ty observed at th is stage 

may be explained in terms of the expulsion of some of the water absorbed 

e a r l i e r , and by small p las t i c deformations occurring around the top and 

bottom of the p i l e . On unloading the sample a f t e r the p i l e t es t s , the 

response was very s imi la r to that obtained on reloading a f te r p i l e i n s t a l l a t i o n , 

ind icat ing that the processes were largely e l as t i c . 

In tes t 19 (employing a ful l -displacement jacked p i l e ) , the sample 

was unloaded and re-loaded fo l lowing the procedures described above, wi th 

the exception that no p i l e was ins ta l led un t i l the end of the f i r s t unloading, 

re- loading sequence. The resul ts of measurements made during th i s process 

are presented in Fig. 5.7, and these may be seen to be very s imi la r to those 

presented in Fig. 5.6. This suggests that the behaviour observed in the 

tests described above was not noticeably affected by the presence of the 

model p i l e . 
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The shapes of the re-loading curves in a l l tests were s imi lar 

which suggests that any r i g i d inclusion ef fects that there may have been 

are l i k e l y to have been largely independent of the i n i t i a l stress r a t i o . 

Rigid inclusion ef fects would tend to increase the radia l stresses act ing 

on the p i les . Measurements of the radial stresses act ing on the p i les 

employed in tests 15 and 17 (see section 5.4.4) suggest that a f t e r p i l e 

i ns ta l l a t i on the radia l e f fec t i ve stresses returned to 100% and 107% of 

the ce l l pressure, respect ively. Thus, i t is believed that although the 

i ns ta l l a t i on procedures caused some disturbance to the stresses wi th in the 

samples, the e f fec t on the radial stresses act ing on the model p i les was 

small, and was largely independent of the i n i t i a l stress r a t i o . 

5.4.3 Water-content Prof i les 

The clay removed from the sample during the d r i l l i n g process was 

used to obtain a water-content p r o f i l e through the sample along the l i ne 

of the forthcoming p i l e . On extract ion of the d r i l l , the 'waste' Kaolin 

was immediately t ransferred to a sealed water-content t i n . The samples 

employed weighed only about three grams, and therefore much care was needed 

in order to obtain accurate resu l ts . At f i r s t a balance measuring to 5 m i l l i -

grams was used. This proved to be i n s u f f i c i e n t l y accurate and was replaced 

by a balance sensi t ive to less than 0.5 mi l l i -grams; the resul ts obtained 

from the l a t t e r exhibi ted much less scat ter . Water-content p ro f i les obtained 

in the course of tests 12,13,14,15 and 17 (using the more accurate balance) 

are presented in Fig. 5.8. The e a r l i e r , less re l i ab le resul ts are presented 

in Table 5.3, f o r the sake of completeness. 

I t may be seen in Fig. 5.8 t ha t , during d r i l l i n g , the water-contents 

at the top and the bottom of the samples were higher than in the rest of 

the sample because of water absorbed from the drainage system. Away from 

the ends of the samples, however, the water contents were f a i r l y uniform 

(generally w i th in ± 0.5%). The mean values quoted exclude the higher 

water-contents at e i ther end. Af ter the p i l e tes ts , water-contents at various 

locations wi th in the samples were determined. In pa r t i cu la r , the water 

contents on the perimeter of the sample at i t s mid-height were measured. 

These resul ts are also presented in Fig. 5.8 for comparison wi th the mean 

water-contents obtained during p i l e i n s t a l l a t i o n ; the values are in close 

agreement. 
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5.4.4 Instrumented Model Piles 

5.4.4.1 Introduct ion 

Altogether three model p i les (used in tests 7,15 and 17) were 

constructed incorporat ing devices fo r measuring the radia l stress act ing on 

the p i l e . As described e a r l i e r , the device employed in Test 7 f a i l e d to work 

s a t i s f a c t o r i l y (because of a leak) and the resul ts are not presented. However, 

in tests 15 and 17 the devices worked very well during p i l e i n s t a l l a t i o n 

and i t is believed that re l i ab le measurements of the radia l stresses act ing 

on the p i les a f t e r i n s t a l l a t i o n were obtained. A diagram of the device is 

presented in Fig. 3.5, and the i n s t a l l a t i o n procedure is described in Chapter 4. 

5.4.4.2 Membrane I n f l a t i o n Pressures 

A small excess pressure was required to i n f l a t e the membrane so that 

a length of about 20 mm was in contact wi th the bore hole. A sui table pressure 

was determined by repeatedly i n f l a t i n g the membrane in a glass tube of the 

same diameter as the hole to be d r i l l e d through the sample (see Fig. 4 .5) . The 

length of membrane in contact with the tube was determined as a funct ion of 

the i n f l a t i o n pressure the resul ts obtained during the ca l ib ra t ion of membrane 

used in tes t 15 are shown in Fig. 5.9. 

I t is evident that the excess pressure applied to the membrane must 

resu l t in some radial stress on the tube, and s im i l a r l y on the so i l beside 

the bore hole. At any point on the membrane, the radia l stress transmitted 

to the wall has been assumed to be the dif ference between the current excess 

f l u i d pressure and that required to i n f l a t e the membrane so that i t j u s t 

touches the point in question. Thus the var ia t ion along the length of the 

membrane of the excess radia l stress acting on the bore hole may be establ ished; 

th is is i l l u s t r a t e d in Fig. 5.10. The dif ference between the excess f l u i d 

pressure and the average excess radial stress act ing on the wall is taken to 

be the equivalent i n f l a t i o n pressure. In tests 15 and 17, the to ta l i n f l a t i o n 
2 2 

pressures were 37 kN/m and 32 kN/m respect ive ly , and the equivalent i n f l a t i o n 

pressures were 22 kN/m^ and 20 kN/m^. 

5.4.4.3 I ns ta l l a t i on of the Instrumented Pi le in Test 15 

Fig. 5.11 represents the pressures in the radial stress-measuring 

device as the to ta l radial stress was re-applied to the sample a f te r p i l e 

i n s t a l l a t i o n , and also as the stress was removed at the end of the t es t . 
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During the i n i t i a l stages of reapplying ce l l pressure to the sample, 

'correct ions ' were made to the pressure wi th in the device according to the 

response of the so i l (the reason fo r the correct ions, and the procedures 

adopted are described in Chapter 3 , section 3 .4 .4 .3) . The incremental response 

of the device (before correct ion) to increases in ce l l pressure is shown in 

Fig. 5.12, as a funct ion of the ce l l pressure. I t may be seen that as the 

ce l l pressure was increased the ' s t i f f n e s s ' of the system increased, wi th the 

resul t that corrections were not required in the f i na l stages of reapplying 

the ce l l pressure. 

The radial stress acting on the p i l e a f te r the reappl icat ion of ce l l 
2 

pressure and al lowing 15 hours to ' s e t t l e ' , was 247 - 11 - 225 kN/m . This 
2 

value compares with the applied ce l l pressure of 226 kN/m . The closeness 

of the agreement i s probably somewhat fo r tu i tous but does show that the radial 

stress act ing on the p i l e is very close to the applied ce l l pressure. 

On removing the ce l l pressure at the end of the p i l e t e s t , there was 

no reason to apply corrections to the pressures in the device, and none 

applied. The s i m i l a r i t y between the shapes of loading and unloading curves 

i s encouraging. 

5.4.4.4 I ns ta l l a t i on of the Instrumented Pi le in Test 17 

Test 17 was a repeat of Test 15, and was intended as a check on the 

measured radial stresses act ing on the p i l e . As described in Chapter 4, 

section 4 .5 .3 , the whole hydraulic system of the radial stress-measuring 

device in Test 17 was de-aired by maintaining the system at a pressure of 
2 

1000 kN/m , and f lush ing with de-aired water fo r a period in excess of one 

month. In Fig. 5.12 i t may be seen that the incremental response was better 

than that obtained in Test 15 ( in which only the pressure transducer assembly 

was de-aired under high pressure). Nevertheless, the f i n i t e s t i f fness of the 

system s t i l l required pressure corrections to be applied in the early stages 

of reapplying the ce l l pressure. 

The overal l response of the device to increases in ce l l pressure 

is shown in Fig. 5.13. The f i na l radial stress acting on the device was 

262 - 20 = 242 kN/m^, which is 7% in excess of the ce l l pressure. 

The resul ts from Tests 15 and 17 confirm that the p i l e i n s t a l l a t i o n 

procedure did not lead to s ign i f i can t r i g i d inclusion ef fects (< 10%), and 

so as a reasonable approximation the radial stress acting on the p i le at the 

s ta r t of p i l e loading may be taken to equal the ce l l pressure. 
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5.5 LOADING BEHAVIOUR OF PILES INSTALLED WITH MINIMAL DISTURBANCE 

5.5.1 Introduct ion 

Af ter al lowing the sample, with the now included p i l e , to ' r es t ' 

fo r between 15 and 24 hours a f te r the reappl icat ion of the ce l l pressure, the 

p i l e was loaded a x i a l l y at a constant rate of displacement of about 0.25 mm/hour. 

This displacement rate resulted in peak load being achieved in about 9 hours, 

and was s u f f i c i e n t l y slow to ensure that the p i l e loading was drained (see 

Appendix 4 .2) . 

The tes t ing programme was out l ined in section 5.2.2 of the present 

chapter, and the resul ts w i l l generally be presented in the four groups 

suggested. 

5.5.2 Load-Displacement Behaviour 

5.5.2.1 Tests Conducted to Investigate the Development of Micro-Fabric 

Changes with Pi le Loading (Nos. 9,10,12,13) 

The samples employed in these tests were a l l prepared in a s imi la r 

fashion, and were normally-consolidated to a stress ra t io (K) of 1.5. Each 

sample was consolidated ind iv idua l l y from a s l u r r y , and so comparison between 

the p i l e loading behaviour obtained during the four tests should provide a 

useful guide to the reproduc ib i l i t y of the procedures employed. The four 

tests were each stopped at a d i f f e ren t stage of loading, and th in sections 

were prepared so that the micro-fabr ic changes could be observed (see Chapter 6), 

The observed load-displacement behaviours are presented in 

Fig. 5.14. I t w i l l be seen that the behaviour of a l l p i les is very s imi la r 

(up to 85% of the peak load, the curves from Tests 9,10 and 12 are almost 

inseparaole) and the curve from Test 9 represents behaviour typ ica l of a l l the 

tests taken to residual capacity. Typical ly at least 100 readings were taken 

pre-peak and as the scatter between readings was neg l ig ib le , the indiv idual 

points are not shown. 

There are a number of features to note regarding the shapes of the 

load-displacement curves. The early behaviour, up to about 50% of the peak 

load, was apparently e las t i c and the response was very s t i f f (back-calculated 

G/Cu values are presented in Table 5 .2) ; thereaf ter there was a considerable 

loss of s t i f f ness . Although the load-displacement behaviour was s imi lar up 

to about 95% of the peak load, the f i na l displacements to peak load were 

var iable; analyses of th in sections taken at d i f f e ren t stages of loading 
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suggest that thi)S may be the resu l t of an i n s t a b i l i t y phenomenon associated 

with ' f a i l u r e ' . The post-peak behaviour was b r i t t l e , and fo l lowing post-peak 

displacements of some 10 mm, residual conditions were achieved and the shear 

strength mobilised along the shaft remained constant therea f te r , at roughly 

one-half of the peak value. 

Observation of th in sections confirm that a f te r 10 mm of post-peak 

displacement the clay around the p i l e had formed a th in continuous displacement 

d iscont inui ty along which the par t ic les were highly oriented (see Fig. 6 .8 ) , 

at a distance of about 0.5 mm from the shaf t . This series of tests also 

demonstrated that the residual surface was not present at peak condit ions. 

Ring shear tests and d i rec t shear in ter face tests (see Appendix 4.1) suggest 

that the residual angle of f r i c t i o n appropriate to the model p i l e tests l i es 

wi th in the range 11.5° < cj)̂  < 12°. This compares with the peak angle of 

shearing resistance determined in t r i a x i a l compression, of 23°. 

Although the resul ts from the micro- fabr ic invest igat ions are 

presented and discussed in deta i l in Chapter 6, several observations are 

relevant to an in te rpre ta t ion of the p i l e loading behaviour and are b r i e f l y 

repeated here. I t is seen that beyond a distance of about one-half of a p i l e 

radius from the sha f t , the so i l fabr ic is apparently unaffected by the p i l e 

loading. Closer to the p i l e Riedel shear structures are seen at inc l ina t ions 

of about 15° to the d i rec t ion of p i l e penetrat ion, to a distance of up to 

5 mm from the shaf t ; these structures are shown to be associated with peak-

condit ions, but are obsolete thereaf te r . The post-peak displacements of the 

p i le appear to be accommodated by very large shear st ra ins confined wi th in 

a zone less than one mi l l imeter t h i c k , adjacent to the shaf t . Eventually a 

continuous residual shear surface is formed, and th i s acts as a pr inc ipa l 

displacement d iscont inu i ty . 

5.5.2.2 Effects of I n i t i a l Stress Ratio on the Pi le Load-Displacement Behaviour 

Altogether eleven p i l e loading tests were performed using normally-

consolidated samples of Speswhite Kaolin. Test No. 6 was conducted at a much 

higher stress level than the others and is considered separately. Of the 

remaining tes t s , six were subject to post-peak displacements s u f f i c i e n t to 

cause residual conditions to be achieved. 

Fig. 5.15 presents the normalised pre-peak p i le load-displacement 

behaviour obtained from the ten tests conducted at s imi lar stress leve ls , and 

i t may be seen that the behaviour is s imi lar in a l l tes ts . The i n i t i a l loading 
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stages were very s t i f f , with equivalent l i nea r -e las t i c 6/Cu values t yp i ca l l y 

between 150 and 200 (see Table 5.2) . There was a tendency (with the exception 

of Test 5) fo r the required displacement to achieve peak-conditions to increase 

with increasing i n i t i a l stress r a t i o . 

The normalised post-peak behaviour of the tests conducted on normally-

consolidated Kaolin are shown in Fig. 5.16. In each case the residual capacity 

was achieved a f t e r a post-peak displacement of about 10 mm, and was roughly 

one-half of the peak value. The shapes of the post-peak displacement curves 

are very s imi la r to one another. I t should be noted in Fig. 5.16 that even 

at residual conditions the p i l e loads continue to decrease slowly wi th fur ther 

p i l e displacement, a consequence of the reducing length of the p i les embedded 

in the c lay; the average shear stress along the p i l e shaft is constant a f te r 

a displacement of about ten mi l l imeters , however. 

Test No. 6 was conducted on Speswhite Kaolin, normally-consolidated 

to almost twice the stress level employed in the other tes ts . The load-

displacement behaviour (normalised by the ce l l pressure) is shown in Fig. 5.17 

where i t i s compared with that observed in Test 8 which was conducted at a 

s imi lar stress r a t i o , but smaller stresses. The peak load in Test 6 was 

proport ionately smaller than in Test 8, and the pre-peak response was less 

s t i f f ( in terms of G/Cu). Nevertheless, the post-peak reduction in strength 

was a s imi la r f rac t ion of the peak load to that measured in the other tes ts , 

suggesting that the radial stress act ing on the p i l e at peak was somewhat 

smaller than might have been expected. 

5.5.2.3 F i le Ins ta l led in Over-Consolidated Kaolin (OCR 5) 

Test No. 7 was conducted as a t r i a l to establ ish whether there were 

any dif ferences in behaviour between pi les ins ta l l ed in normally-consolidated 

and over-consolidated clays at s imi lar stress levels . The observed load-

displacement behaviour is i l l u s t r a t e d in Fig. 5.18 where i t may be seen that 

the post-peak br i t t leness was again about two, and that the overal l shape of 

the curve was s imi la r to that observed in the tests on normally-consolidated 

clay. There is no way of ascertaining whether these resul ts were influenced 

by progressive f a i l u r e down the p i l e shaft resu l t ing from local s t ra in softening 

in the c lay , as suggested by f i n i t e element analyses. In the discussion of 

results i t w i l l be shown that the radia l stress acting on the shaft appears to 

have increased during the p i l e loading, which is in contrast to the decrease 

observed in the tests on normally-consolidated clay. 
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The p i l e used in Test No. 7 was f i t t e d with the f i r s t prototype 

device fo r measuring the radia l stress act ing on the shaf t . Unfortunately a 

t i ny leak developed in the system and so the resul ts obtained are meaningless. 

Once th is was discovered a constant pressure, equal to the ce l l pressure, was 

applied to the device in order to minimise the e f fec t on the overal l load-

displacement behaviour of the p i l e . Thin sections taken through the device, 

at the end of the t e s t , showed that clay surrounding the device had been sheared 

in a s imi la r manner to that observed elsewhere along the p i l e and that the 

residual shear surface was continuous along the device (see Appendix 6 .2) . 

5.5.3 Measurements of Radial Stresses Acting on Pi le Shafts during Pi le 

Loading 

5.5.3.1 Introduct ion 

The p i les employed in Tests Nos. 15 and 17 were each equipped wi th 

an improved design of radia l stress-measuring device which was used to measure 

the stresses act ing on the p i les during i n s t a l l a t i o n (section 5.4.4) and during 

loading. Test 17 was conducted under s imi la r conditions to Test 15, and was 

intended as a check on the repeatab i l i t y of the resul ts from the radial stress-

measuring devices. 

5.5.3.2 Test 15 

The var iat ions of the p i l e load and the radial stress act ing on the 

p i l e , with p i l e displacement, are shown in Fig. 5.19. The pre-peak behaviour 

is i l l u s t r a t e d in more deta i l in Fig. 5.20. The f igures show that on loading, 

the radial stress acting on the p i l e dropped rapid ly at f i r s t , and then 

remained f a i r l y constant at about 15% less than the i n i t i a l value un t i l the 

peak p i l e load was achieved. With post-peak displacements the pressure in the 

device increased i n i t i a l l y but then reduced to the value which obtained at peak 

load condit ions. I t is considered that the radia l stress transducer was best 

suited to measurements taken at small p i l e displacements ( i . e . pre-peak). 

The most s ign i f i can t resul ts from these measurements are t h a t , on 

loading the p i l e , the radia l stress reduced by about 15% and that there was 

no s ign i f i can t departure from th i s value on displacing the p i l e to residual 

condit ions. 
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5.5.3.3 Test 17 

The radia l stress transducer performed well during the p i l e 

i ns ta l l a t i on and on loading to roughly 50% of the peak p i l e load. At th i s 

stage, however, problems developed with the shear reinforcement and the test 

was aborted. The p i l e was exhumed and th i s confirmed that some of the 

re inforc ing s t r ips had become detached on shearing (as a resu l t of inadequate 

resin penetrat ion). 

The measured radial stress changes on loading the p i l e to 50% of 

i t s peak capacity are shown in Fig. 5.21, which indicates a s imi la r behaviour 

to that observed in Test 15. 

5.6 A DISCUSSION OF THE RESULTS FROM THE TESTS CONDUCTED ON PILES 

INSTALLED WITH MINIMAL DISTURBANCE 

5.6.1 Variations of the Angles of Shaft F r ic t ion and the Radial Ef fect ive 

Stress during Pi le Loading 

5.6.1.1 Variat ion of the Radial Ef fect ive Stress on Loading to Residual 

Conditions 

I t was seen in Fig. 5.16 that the residual p i l e capacit ies were 

generally about hal f of the peak values. The var ia t ion of the r a t i o of the 

p i l e load at peak (F^) to that at residual conditions (F^), is shown in 

Fig. 5.22 as a funct ion of the stress ra t i o act ing in the so i l immediately 

before p i l e loading. The f igure confirms that the ra t i o of the p i l e loads 

(Fp/Fp) has a mean value of 2, which is independent o f the i n i t i a l stress ra t i o . 

This resu l t may be employed to establ ish a re lat ionship between 

the angle of 'shaf t f r i c t i o n 6 ' , and the radia l e f fec t i ve s t ress, o^p, act ing 

on the p i l e shaft at peak load. With a knowledge of the residual angle of 

shaft f r i c t i o n ((p^ may be determined by means of Ring shear tests and d i rec t 

shear inter face tests - Appendix 4 .1 ) , and the measured residual p i l e load, 

i t is possible to determine the mean radial e f fec t i ve stress acting at 

residual condit ions. 

Thus, Fp = A^ . . tan cj)̂  

and hence = F^/A^ . tan (5.1) 

where 

condit ions. 

A^ is the surface area of the p i l e embedded in the clay at residual 
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I t is shown in Appendix 4.1 that 11.5° g < 12°; th i s resu l t 

has been used to determine the radia l e f fec t i ve stresses acting at residual 

conditions fo r a l l the tests taken to large post-peak displacements. The 

results are presented in Fig. 5.23 where is normalised by the ce l l pressure 

appropriate to each t e s t , and expressed as a funct ion of the i n i t i a l stress 

ra t i o p r io r to p i l e loading. For the pi les ins ta l led in normally-consolidated 

Kaolin a reduction in radia l stress of between 1% and 27%, depending on the 

stress r a t i o , was found. In contrast , the test (No. 7) conducted on Kaolin 

with an OCR of 5 exhibi ted an increase in radia l stress of up to 15% on loading. 

I t may be noted that any r i g i d inclusion ef fects resu l t ing from the 

p i l e i n s t a l l a t i o n process would be expected to have increased the radia l 

stresses act ing on the p i l es ; the measurements of the radial stresses act ing 

on the pi les employed in Tests 15 and 17 suggest that the r i g i d inclusion 

ef fects were small. 

5.6.1.2 Determination of the Peak Angles of Shaft Resistance 

I f the post-peak var ia t ion of the radia l stresses acting on the p i les 

is assumed to be independent of the i n i t i a l stress ra t i o (an argument in support of 

th is assumption is presented in section 5 .6 .1 .3 ) , then i t may be in ferred that 

the peak angle of shaft f r i c t i o n is also independent of the i n t i a l stress 

ra t i o . Thus, from Fig. 5.22 

^ = Z = *P'^rp' ^p 

r A y . t a n 6J, 

now 11.5° < < 12° 
— ^r 

and as a f i r s t approximation Ap/A^ = 1 

a' o' 
0.407 ( — ) 2 tan 6' < 0.425 ( — ) 

Thus, i f (Opp/Opp) is independent of K then so too is 6p. I t may 

be of in terest to note that such a resu l t is a necessary consequence i f the 

soi l is assumed to obey an e l as t i c -p l as t i c const i tu t ive law (see Chapter 7 ) . 

In order to obtain a rough estimate of 6p, l e t i t fu r ther be assumed 

that the radia l stresses do not vary post-peak, i . e . = 1 ( th is 
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assumption is consistent with measurements taken in Test 15). Thus 22° g 6^ 

g 23°; th is compares with a (j)' value of 23°, measured in t r i a x i a l compression. 

5.6.1.3 Discussion of the Post-Peak Behaviour 

A f u l l account of the micro-fabr ic changes observed around the model 

pi les is presented in Chapter 6; however, some of the resul ts are discussed 

here in re la t ion to the post-peak changes in the angles of shaft f r i c t i o n and 

radial e f fec t i ve stress acting on the model p i les . 

The micro-fabr ic studies indicate that once peak conditions are 

achieved, the major p las t i c shear deformations wi th in the clay are confined 

to a region less than half of one p i l e radius from the shaf t . The post-peak 

p i l e displacements appear to be confined to a very narrow zone ( t yp i ca l l y 

less than 1 mm from the shaf t ) with the clay beyond th is zone suf fe r ing no 

fur ther p las t ic deformations. The shear st ra ins wi th in the clay immediately 

adjacent to the p i l e become enormous and the angle of f r i c t i o n para l le l to 

the shaft l oca l l y reduces as a resu l t of pa r t i c le or ienta t ion e f f ec t s , un t i l 

eventually a very narrow (c. 10 m) residual shear surface is formed, along 

which the clay par t ic les are strongly or iented. The post-peak reductions of 

the angle of shearing resistance in Kaolin have been studied by means of 

Ring shear tests and Direct shear inter face tests (see Appendix 4.1) . 

That the post-peak reduction in p i l e -sha f t capacity is caused 

pr imar i ly as a resu l t of a decrease in the angle of shaft f r i c t i o n , rather than 

a reduction in the radia l e f fec t i ve stress is supported by the resul ts from 

Direct shear in ter face tests conducted at constant normal e f fec t i ve stress. 

L i t t l e t o n (1976), fo r instance, performed drained inter face tests in which a 

Kaolin and an i l l i t i c clay were consolidated against, and then sheared against 

r i g i d inter faces. The peak angles of f r i c t i o n were achieved a f te r displacements 

of about two mi l l imeters , a f t e r which the mobilised angles of f r i c t i o n 

decreased to residual conditions (roughly hal f of the peak values), as a resu l t 

of post-peak displacements of between two and f i ve mi l l imeters . These resul ts 

are s imi la r to those presented in Appendix 4.1. Thin sections prepared a f te r 

the inter face tests referred to in Appendix 4.1 confirmed that residual 

conditions were associated with the presence of a th in continuous shear surface 

along which the clay par t ic les were strongly oriented. 

The micro- fabr ic studies performed in association with the model 

p i le tests have shown that the post-peak displacements were accommodated wi th in 

a very narrow zone of clay adjacent to the p i l e , and that th is zone eventually 



- I l l -

reduced to a displacement d iscont inu i ty about 10 u th i ck . As the p i l e 

load reduced wi th post-peak displacement, the surrounding clay was forced to 

unload in shear in order to maintain equi l ibr ium. Beyond the narrow zone of 

clay undergoing ' s t r a i n - so f t en ing ' , the unloading presumably occurred in a 

predominantly e las t i c fashion. The volume of clay undergoing s t ra in-sof ten ing 

was small in re la t ion to the surrounding ' e l a s t i c ' material and so i t is 

believed that as the p i l e tests were f u l l y drained, the post-peak var ia t ion 

of the radia l e f fec t i ve stresses acting on the p i les was largely control led by 

the ' e l a s t i c ' mater ia l . Although small changes in mean e f fec t i ve stress may 

have been associated with the ' e l a s t i c ' unloading, they were probably largely 

independent of the i n i t i a l stress r a t i o . Therefore, i t is considered reasonable 

to assume that the post-peak changes in the radial stresses act ing on the model 

pi les were both smal l , and largely independent of the i n i t i a l stress r a t i o . 

The measurements of the radial e f fec t i ve stresses acting against the p i l e in 

Test 15 support the assumption that the post-peak var iat ions of the radia l 

e f fec t ive stresses are small. 

5.6.2 Comparison between the Test Results and Predictions Based on 

Ef fect ive Stress Methods of Pi le Design 

The resul ts from the model p i l e tests may be compared wi th 

predict ions based on the Chander-Burland approach to p i l e design, by evaluating 

the ra t i o (T/o^g tan cf)') f o r each t e s t ; a ra t i o of unity indicates agreement 

with the theory is the i n i t i a l i n - s i t u radial e f fec t i ve s t ress) . 

In Fig. 5.24 the above rat ios derived from the model tests are p lot ted 

as a funct ion of the i n i t i a l stress r a t i o . I t w i l l be seen that the Chandler-

Burland predict ions over estimate the strengths of the p i l e i ns ta l l ed (with 

minimal disturbance) in normally-consolidated Kaolin, but underestimate the 

strength of the p i l e i ns ta l l ed in over-consolidated Kaolin. There are two 

probable reasons fo r the over estimation of the strengths of the pi les in the 

normally-consolidated c lay; the f i r s t is that the radial e f fec t i ve stresses 

acting on the pi les decrease on loading to values which are less than 

(see Figs. 5.20 and 5.23), and the second is that the peak angle of f r i c t i o n 

that can be mobilised para l le l to the shafts is probably s l i g h t l y less than (p' 
Cu 

(see Chapter 7). The under-prediction of the cpmpacity of the p i l e in over-

consolidated Kaolin is thought to be the resu l t of an increase in the radial 

e f fec t ive stress on loading, caused by d i l a t i on wi th in the clay. 

In practice the behaviour of p i les is complicated by the ef fects of 

the fabr ic-disturbance and the s t ress - f i e l d disturbance resu l t ing from the 
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method of p i l e i n s t a l l a t i o n . For instance, the i n s t a l l a t i o n of bored pi les 

in over-consolidated clay causes local swell ing of the clay adjacent to the 

p i l e , with the resu l t that the radial e f fec t i ve stresses act ing on the 

ins ta l led pi les are less than On loading, however, the radial stresses 

may increase as a resu l t of d i l a t i o n , so that the radia l stresses act ing at 

peak load may not be s i gn i f i can t l y d i f f e ren t from This may explain why 

Chandler (1968) obtained such good agreement with f i e l d data. 

The i n s t a l l a t i o n of a displacement p i l e ( i . e . by dr iv ing) probably 

causes the radia l e f fec t i ve stress acting on the p i l e to exceed However, 

i t i s thought that the fabr ic disturbance caused by the i n s t a l l a t i o n may 

resul t in a decrease in the peak angle of shaft f r i c t i o n that can be mobil ised, 

and the p i l e loading may also cause a reduction in the radial e f fec t i ve stress 

acting on the p i l e . These various influences appear to be somewhat se l f -

compensating which may explain the agreement obtained by Burl and (1973) with 

f i e l d data from driven pi les in normally-consolidated clays. The behaviour 

of displacement p i les is considered in section 5 .7 , Chapter 6 and Chapter 9. 

5.6.3 Comparison between the Test Results and Predictions Based on Total 

Stress Design Methods 

The load-carrying capacity of p i les has conventionally been estimated 

in terms of to ta l stresses using the equation (Skempton, 1959) 

f = a . Ĉ  

where Ĉ  is the average undrained shear strength (measured in t r i a x i a l 

compression on ve r t i ca l tes t specimens) along the p i l e length, and a is a 

factor which allows for the ef fects of p i l e i n s t a l l a t i o n . Values of a 

corresponding to the model tests are considered below. 

Water content measurements obtained during the i n s t a l l a t i o n of the 

model p i les have been used to estimate the .undrained shear strength of the clay 

pr ior to p i l e loading; a re lat ionship between undrained t r i a x i a l shear 

strength and water content was determined using the measured slope of the 

v i rg in consol idation l i n e , X, in conjunction wi th a known undrained shear 

strength of 40 kN/m^ at a water content of 50% (from Steenfelt et a l , 1981). 

The undrained shear strengths determined in th is manner are presented in 

Table 5.2, and the values of a appropriate to the various tests were determined 

by d iv id ing the mean shear stresses acting on the pi les by the estimated i n i t i a l 

undrained shear strengths. The results are presented in Fig. 5.25, as a 
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function of the i n i t i a l stress r a t i o . 

For the normally-consolidated samples, the a values corresponding 

to peak load condit ions increased from 1.2 to 1.6 wi th increasing i n i t i a l 

stress r a t i o , a values in excess of uni ty are believed to have been obtained 

because the i n s t a l l a t i o n procedure caused minimal disturbance and the p i l e 

loadings were f u l l y drained, which resulted in a local increase in shear 

strength of the clay adjacent to the p i l e . 

The a value corresponding to the test on over-consolidated Kaolin 

(Test 7) was 0.8. I t is probable that d i l a t i o n of the clay around the 

loaded p i l e led to local swell ing and hence to an increase in the water-content 

of the clay beside the p i l e . The above a value is somewhat higher that those 

commonly associated wi th bored p i l es ; the di f ference is thought to be largely 

a resu l t of the swel l ing which occurs during the i n s t a l l a t i o n of f i e l d p i l es . 

5.7 TESTS ON FULL-DISPLACEMENT PILES 

5.7.1 Introduct ion 

In the model tests described above the p i les were ins ta l led by a 

procedure designed to cause a minimum of disturbance to e i ther the stress 

f i e l d or the fabr ic of the clay. In pract ice , the i n s t a l l a t i o n of p i les 

(par t i cu la r l y f u l l displacement p i les) may be expected to cause severe 

disturbance, and a series of three model p i l e tests was performed in order 

to invest igate the nature and influence of th is disturbance. 

In the course of the tests on pi les ins ta l l ed wi th minimal 

disturbance i t was noted that residual conditions were achieved fo l lowing post-

peak displacements of about 10 mm. This observation raised the question of 

whether or not the clay around ful l -displacement p i les should be expected to 

be at a residual strength in advance of p i l e loading. Ring shear tests 

conducted at a var ie ty of rates of displacement (see Appendices 4.1 and 5.3) 

have shown that the residual strength is rate dependent, and suggest that the 

residual shear surfaces become increasingly disordered as the rate of 

displacement increases. The resu l t of th is is that on slowly reloading a shear 

surface formed at a higher rate of displacement a peak strength is obtained 

a f te r which the strength decreases to a residual value appropriate to the 

slower rate of displacement. Thus, even i f residual conditions do obtain 

around displacement p i les in advance of loading, the avai lable strength may 

depend on the method of i n s t a l l a t i o n , and the f i n a l residual strength w i l l 

probably be lower than the peak value. The post-peak behaviour may, in f a c t . 
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be a useful guide to the mechanisms operating. 

Three model tests were conducted on f u l l displacement p i l es , two 

involv ing driven pi les (Tests 16 and 18) and the other a jacked p i l e (Test 19). 

Test 16 was performed in order to invest igate the micro-fabr ic changes induced 

in the clay as a resu l t of p i l e d r iv ing and the p i l e was therefore not 

loaded a f te r i n s t a l l a t i o n . The resul ts of the p i l e loadings performed in 

Tests 18 and 19 are compared with those obtained during tests conducted on 

pi les ins ta l led wi th minimal disturbance wi th s imi la r samples of clay. Thin 

sections were prepared a f te r a l l three t es t s , and are presented in Chapter 6 

which also contains a discussion of the behaviour of displacement p i les . 

5.7.2 Driven Piles 

5.7.2.1 Sample Preparation 

The Kaolin samples fo r Tests 16 and 18 were normally-consolidated 

in the hydraulic t r i a x i a l ce l l to a stress ra t i o of 0.7. Before p i l e i n s t a l l a t i o n , 

the samples were unloaded under undrained conditions wi th the sample heights 

kept constant in order to introduce the t i p of the pi les through the top of 

the c e l l . The ce l l pressure was then reapplied before the pi les were driven. 

The deta i ls of the stresses employed in these tests and the corresponding 

water-contents are summarised in Table 5.2. 

5.7.2.2 Pi le Driv ing 

The procedures employed during the p i l e dr iv ing are described in 

Chapter 4. The p i l e dr iv ing was monitored so that an estimate of the peak 

rate of p i l e penetration fo l lowing each blow could be obtained. A t rac ing 

from a photograph of a typ ica l oscil loscope trace obtained during the dr iv ing 

of the p i l e in Test 16 is presented in Fig. 5.26. I t may be seen that the peak 

penetration of nearly 3 mm was reached in about 3 mi l l i -seconds, corresponding 

to a rate of penetration of the order of 1 metre per second. Similar rates 

were determined from the other t races, and these are of the same order as the 

rates measured in the f i e l d ; see, fo r example, the resul ts from Dolwin, 

Leonard and Posk i t t , 1979. Following each blow of the p i l e , the p i l e 

penetrated fu r ther in to the clay a f te r which there was some rebound, as may 

be seen in Fig. 5.26. At low p i le penetrations, i . e . one p i l e diameter, the 

rebound was equal to about hal f of the maximum penetration. As the p i l e 

penetration increased, however, the rebound reduced to some 10% of the maximum 

penetration (about 0.2 mm). I t is uncertain whether the rebound during the 
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l a t t e r stages of p i l e dr iv ing involved re la t i ve s l i p between the p i l e and 

the surrounding c lay , or whether i t was accommodated by continuous deformation 

wi th in the clay. I t may be noted that the rebound was of the same order as 

the displacements required to mobil ise the peak shaft resistance on slowly 

loading the p i l e (see Fig. 5.27). 

In Test 16, the p i l e was only driven to the sample mid-height in 

order that so i l deformation patterns around both the toe and the shaft could 

be examined by means of th in sections. The p i le was not loaded, and the sample 

was removed a f te r f u l l consolidation had been permitted. As noted e a r l i e r , i t 

proved d i f f i c u l t to obtain accurate determinations of the water contents close 

to the p i l e without r i sk ing damage to the micro-fabr ic of the clay to be th in -

sectioned. The water-content of the sample p r io r to p i l e d r iv ing was 45.3%. 

On dismantling the sample the water content at the circumferent ial boundary 

was 44.7%, but was only 42.7% at the p i l e face, i . e . 2.2% lower. This 

indicates that the undrained shear strength of the clay adjacent to the p i l e 

had been increased by about 30% as a resu l t of the consol idation fo l lowing 

dr iv ing. 

In Test 18, the p i l e was driven through the sample so that the t i p 

entered the cavi ty in the bottom platen of the hydraulic t r i a x i a l c e l l , thereby 

el iminat ing any end-bearing resistance of the p i l e . As a resu l t of the p i l e 

dr iv ing 15 cc of water were expelled from the 1250 cc sample. No measurements 

were made of the excess pore pressures at the p i le face, but i t may be of 

in terest to note that 90% of the water was expelled in under two hours. The 

sample was l e f t to consolidate for 36 hours before the p i l e was loaded 

(Steenfelt et al (1981) showed that 90% diss ipat ion of excess pore pressures 

around 19 mm diameter jacked pi les in Kaolin occurred in about three hours). 

5.7.2.3 Pi le Loading 

The p i l e in Test 18 was slowly loaded to residual condi t ions, using 

the same procedures as used in the tests on pi les ins ta l led with minimal 

disturbance. The recorded behaviour is shown in Fig. 5.27 as a graph of the 

average shear stress on the p i l e (normalised by the ce l l pressure) against 

p i le displacement. The resul ts from Test 19 and Test 11 are also shown in the 

f igure for comparison. 

I t may be seen that the pre-peak behaviour observed in Test 18 was 

almost l inear and was very s imi lar to the behaviour observed in the early stages 

of loading the pi les ins ta l led with minimal disturbance; see fo r instance 

the curve in Fig. 5.27 corresponding to Test 11 which was conducted at a 
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s imi lar i n i t i a l stress ra t i o to Tests 18 and 19. The peak p i l e load in 

Test 18 occurred at a stress level ( f /Oce l l ) 0.269 (which is only 65% 

of the peak value measured in Test 11), and at a displacement of about 0.1 mm 

(or 1.3% of one p i l e radius) . The post-peak behaviour was very b r i t t l e , 

and residual conditions were achieved fo l lowing displacements of about 5 mm. 

The residual mean shear stress act ing on the p i l e was about 18% less than 

the peak value. 

I f i t is assumed that the residual angle of f r i c t i o n at the p i l e 

shaft was between 11.5° and 12°, then i t fol lows that at residual conditions 

the average radial e f fec t i ve stress act ing on the p i le was between 4% and 

9% in excess of the ce l l pressure. I t should be noted that the radial 

e f fec t i ve stress act ing on the p i l e a f t e r d r iv ing and consolidation may well 

have been greater than t h i s , because stress changes may have occurred during 

the p i l e loading to peak condit ions. In the course of the p i l e loading less 

than 0.2 cc of water was expelled from the sample, which suggests that such 

excess pore-pressures that may have been generated by the loading were very 

small and/or highly local ised. 

5.7.2.4 .Sample Removal 

Following the t e s t , the sample was removed from the t r i a x i a l c e l l , 

water content samples were taken, and the specimen impregnated in Carbowax. 

The water-content of the sample p r io r to p i l e dr iv ing was 43.1%. 

Af ter the p i l e tes t the water content on the outer circumferent ial boundary 

was 42.9%, whereas closer to the p i l e , at a distance of between 1 and 1.5 

p i le rad i i from the sha f t , the water-content was only 41.5%; the l a t t e r 

resul t implies a 20% increase in the undrained shear strength of the clay 

compared with the value in advance of p i l e d r iv ing . 

5.7.2.5 Comments 

The tests on displacement pi les were performed to examine the micro-

fabr ic changes in the clay around the p i l es , and to compare the p i l e load-

displacement behaviour of driven and jacked pi les with observations made on 

pi les ins ta l l ed wi th minimal disturbances. I t is believed that micro-fabr ic 

changes induced in the Kaolin as a resu l t of p i le dr iv ing had a s ign i f i can t 

e f fec t on the subsequent loading behaviour, and fo r th is reason the main 

discussion of the tests on displacement p i les is presented in Chapter 6 

fo l lowing the resul ts from the th in-sect ion studies. However, the peak and 

residual loads are b r i e f l y compared below with predict ions based on to ta l 



-117-

stress design methods. 

On the basis of the i n i t i a l water-content of 43.1%, the undrained 

shear strength of the sample p r io r to p i l e i n s t a l l a t i o n is estimated to have 
2 

been about 80 kN/m . Thus, at peak p i l e load the equivalent a value 

f/Cy q) was only 0.85, and at residual conditions a was 0.66. The peak a 

value was, therefore, less than unity despite the local increase in undrained 

shear strength of more than 20%! This resu l t is considered to be a 

consequence of the fabr ic disturbance caused by the p i l e d r i v ing , and is 

considered in deta i l in Chapter 6. 

5.7.3 Jacked Pi le 

5.7.3.1 Sample Preparation 

The sample fo r Test 19 was consolidated at a stress r a t i o of 0.7 

to a water-content of 45.9%, fo l lowing the same procedures as used in the 

foregoing tes ts . 

5.7.3.2 Pi le Jacking 

The so l id p i le was jacked in to the Kaolin at an average rate of 

about 4 mm/min. Unfortunately a fol lower attached to the p i l e in ter fered 

with the p i le -gu ide, and so the measurements of the p i l e load during jacking 

were unrel iable and are not reproduced here. On d iss ipat ion of the excess 

pore-pressures generated during the p i l e i n s t a l l a t i o n 16.7 cc of water were 

expelled from the sample, 90% of which again occurred wi th in two hours. 

The sample was l e f t overnight to consolidate before the p i l e was 

loaded. 

5.7.3.3 Pi le Loading 

The p i l e was loaded under f u l l y drained conditions in a s imi la r 

manner to the ea r l i e r tes ts . Once again, less than 0.2 cc of water was 

expelled from the sample during the loading process. The average shear 

stress on the p i l e (normalised by the ce l l pressure) is shown in Fig. 5.27 

as a funct ion of the p i le displacement. I t may be seen that the pre-peak 

behaviour was s imi la r to that observed in Test 18 and in the early stages of 

Test 11. The peak was less pronounced than in the case of the driven p i l e , 

and a reduction in strength of about 10% occurred on loading from peak to 

residual conditions ( th is compares with the 18% measured in Test 18). The 

peak normalised shear stress acting on the jacked p i l e was' roughly 12% less 
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than on the driven p i l e , whereas the di f ference between the residual values 

was only 4%. The resul ts obtained at residual conditions suggest that 

the f i n a l radia l stress acting on the p i l e was up to 5% greater than the 

cel l pressure. 

5.7.3.4 Sample Removal 

Af ter the t e s t , the water-content of the Kaolin at the outer 

circumferent ial boundary was 45.9% which is the same as the water-content 

of the sample p r io r to p i l e jacking. At a distance of one p i l e radius from 

the shaft the water-content was only 44.2%, representing a local increase 

in undrained shear strength of about 20%. The water-content of the clay 

immediately adjacent to the p i l e may have been even lower but was not 

measured for fear of damaging the micro-fabr ic of the clay to be th in -

sectioned. 

5.7.3.5 Comments 

The main discussion of tes t resul ts is presented in Chapter 6 

fo l lowing the presentation of the micro-fabr ic observations. However, the 

p i l e loads are b r i e f l y compared below with predict ions based on to ta l stress 

design methods. 

The i n i t i a l water-content of the sample was 45.9% which corresponds 
2 

to an undrained shear strength of about 60 kN/m . The a value corresponding 

to the peak p i l e load was, therefore, 0.7, and the residual a value was 

0.63. Thus, the peak 'a ' value was less than unity despite the local 

decrease in the water-content and increase in undrained shear strength, 

caused by the p i l e i n s t a l l a t i o n . 
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Table 5.1: Summary of Model Pile Tests 

Test Type of 
No. Kaolin 

Method of Pile 
Insta l la t ion 

Stage at which 
Test Stopped 

Pile 
Instrumented 

Comments 

1 

3 
4 

6 
7 
8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Spestone 'Wished-in-Place' Pile instal led No 

Speswhite 

Driven 

Residual p i le 
load 

II 

Hole d r i l l ed in 
sample 

Residual p i le 
load 

Immediately 
post-peak 

Residual p i le 
load 
Immediately pre-
peak 

70% of peak 
load 
Residual p i le 
load 

Pile instal led 

'Wished-in-Place' ~60% of peak 
load 

Driven Residual p i le 
load 

Jacked 

Yes 

Yes 

No 

Yes 

No 

Trials with 
equipment 
and 
techniques 

To examine 
fabric 
disturbance 
caused by 
dri11i ng 
Full Test 

OCR = 5 

To examine 
development 
of micro-
fabric 
changes 

To examine 
development 
of micro-
fabric 
changes 

To measure 
radial 
stresses on 
pi le af ter 
ins ta l la t ion 
and driving 
loading 
To examine 
fabric 
changes 
induced by 
dr iving 
As Test 15 

To examine 
loading 
behaviour 
of driven 
pi le 
To examine 
loading 
behaviour 
of jacked 
p i le 



Table 5.2: Summary of the Results from the Model Pi le Tests 

Test 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

OCR 1 1 1 5 1 1 . 1 1 1 1 1 1 1 1 1 1 

'^consol 0.70 0.67 1.25 0.73 1.16 1.49 1.50 0.6 1.51 1.51 0.96 0.81 0.7 0.80 0.7 0.7 

' ' test 
0.75 0.75 1.31 0.81 1.29 1.47 1.50 0.74 1.50 1.50 1.11 0.97 0.78 0.98 0.77 0.77 

" c e l l -250 ZOO 596 205 258 265 260 210 258 260 260 225 225 225 250 175 

•^consolidation * 
42.9 450 39.6 38.7 46,1 45.5 46.5 44.3 45.9 46.2 44.5 44.5 45.3 45.3 43.1 45.9 

C„ (kN/m^) 
estimated 

85 67 118 130 60 64 58 72 61 59 71 71 66 66 80 60 

N/A 429 1030 66 2 501 597 615 515. 568 427 619 551 N/A N/A 3 8 5 286 

Tpeak ( " N V N/A 82.8 164 104.5 78.2 96.7 98.9 88.1 92.0 N/A 99.5 89.3 N/A N/A 67.3 42 

Fresidual N/A 215 570 330 255 287 N/A 250 N/A N/A 304 285 N/A N/A 293 243 

•^residual ( k N V ) N/A 41.5 90.8 51.5 40.9 46.5 N/A 42.8 N/A N/A 48.9 46.2 N/A N/A 55.5 37.5 

^peak^Vesidual N/A 2.00 1.81 2.03 1.91 2.08 N/A 2.06 N/A N/A 2.03 1.93 N/A N/A 1.21 1.12 

Pi le length (at peak) (mm) N/A 110 133 134 136 131 132 124 131 130 132 131 N/A 132 125 141 

Diameter of Residual Shear 
Surface m N/A 15.8 15.5 15.9 15.9 15.4 N/A 16.1 N/A N/A 16.2 15.9 N/A N/A 

> 16 

< 17 155 

close to p i l e at end of 
test 

(distance from p i le at which 
measurement made (mm)) 

% N/A 
N/A 

44.9 
(25) 

390 
(10) 

383 
(5) 

463 
(10) 

44.3 
(5) 

45.7 
(10) 

43.5 
(10) 

45.6 
(10) 

- 44.3 
(15) 

44.7 
(20) 

42.7 
(5) 

43.0 
(5) 

41.5 
(10) 

44.2 
(7.5) 

' "residual/°cel l \ 
r 

12° 

n-5" 
N/A 

N/A 

0.98 

1.02 

0.66 

0.69 

1.18 

1.23 

0.76 

0.79 

0.83 

0.86 

N/A 

N/A 

0.96 

1.00 

N/A 

N/A 

N/A, 

N/A 

0.88 

0.92 

0.97 

1.01 

N/A 

N/A 

N/A 

N/A 

1.04 

1.09 

1.00 

1.05 

Volume of water expelled from sample 
as a resu l t of p i l e loading (cc) 

N/A - - - - 2.7 2.9 6.3 3.6 2.6 5.5 8.5 N/A 5.6 0.2 0.2 

Early stage of p i l e loading 
N/A 185 60 66 194 204 210 194 207 205 176 150 N/A 155 187 203 

rc o 

N/A non applicable 
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Table 5.3: Water Content Prof i les Measured During Pi le I ns ta l l a t i on 

Test No. 5 6 7 8 9 10 11 

Top of Sample - 42.2 39.9 48.5 46.7 49.1 43.3 

- - 38.4 - 48.6 47.7 42.6 

- - 39.1 46.4 45.3 37.4 43.5 

44.5 39.5 - 45.7 45.7 • 46.9 42.5 

- - 38.9 46.5 44.3 46.0 43.3 

- 39.2 - 46.1 45.4 47.8 44.3 

- - 38.6 46.1 46.0 47.1 43.4 

43.5 - 39.8 - - - 44.7 

Bottom of Sample - 39.5 40.4 - 48.3 48.6 45.1 

NOTE: These resul ts were obtained using a r e l a t i ve l y insensi t ive 

balance, and are less accurate than those presented in Fig. 5.8 

fo r tests 12, 13, 14, 15 and 17; see section 5.4.3. 
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Key 
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Pile test conditions 
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Fig.5.6 Total stress changes before and after pile 
installation 
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45-9 4 6 8 4 4 1 4 4 - 4 45-1 

46-3 4 6 5 4 5 1 4 4 . 3 4 4 9 

46-7 4 7 1 46-2 4 4 . 4 4 5 3 

Bot tom Bottom Bot tom Bottom Bottom 

Mean 
4 5 7 
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45 3 

Fbst-test 
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Water content profi les obtained during pile instal lat ion 
[ *5ee t e x t ] 
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APPENDIX 5.1 

THE USE OF STRAIN INCREMENT VECTORS TO MONITOR CONSOLIDATION 

Two convenient invar iant measures of volumetric and shear s t r a i n , 

and E respect ive ly , may be defined in terms of the three pr inc ipal s t ra ins 

Sy Eg, Eg as fo l lows; 

S = =1 +C2 + C3 

£5 = - ^ [(e-j- + (cg - + (e j - E^)^]^ 

In t r i a x i a l space, ~ ^3 O'" Eg = E^, so the above quant i t ies reduce t o ; 

S = El * ^€3 or Cj + 2e, 

and 

ES = § ( = 1 - C3) 

For a t r i a x i a l sample of length L, and volume v , the incremental values 

of Ey and Eg ( i . e . e^ and e^) reduce to 

^v ~ ^axial ^ la te ra l 

so 

^ la te ra l ~ ^^v ^axial^'^^ 

• 2 / • • \ 

as Eg = gfEi - Eg) 

2 , . . 2 
^s ~ s l^ax ia l , ^ la te ra l I 3 l^axial " ^^v " ^axia l^^^ l 

^s = I ^axial - ^v'^^ 

For the present purposes i t is convenient to define e as (& . i - e.,/3) 
S G X I A 1 V 

rather than as i t s modulus, and the quantity is no longer invar iant as i t s 

sign w i l l depend on whether the sample is subject to t r i a x i a l compression 

or extension. 
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Now Ey = V/v^^ and ^^x ia l = L/L^ 

so ( ^ ) = ( l H i i l _ _ j / I ) = 
V/v, 

While a sample of clay is undergoing v i rg in consolidation at a constant 

stress r a t i o , the p last ic s t ra in increment vectors l i e at a f ixed or ientat ion 

with respect to the consolidation stress vector. The re la t i ve inc l inat ions 

depend on the f low ru le , the p las t ic s t ra in increment vector being normal to 

the y i e l d surface i f the p las t ic potent ia l and the y i e l d surface are 

co- incident. The d i rec t ion of the s t ra in increment vector may be determined 

from the ra t i o of p las t ic shear, to p las t ic volumetric s t ra in increments 

Experimentally, the ra t i o of the to ta l s t ra in increments (e las t ic 

and p las t ic components combined) is much easier to determine, and for th is 

reason i t was used to monitor the consol idat ion. I f the clay were to obey 

the 'Modified Cam Clay' const i tu t ive law, then the to ta l and p las t i c s t ra in 

increment ra t ios would be related by the expression 

Eg T E p 
(—) = (1 - K/X) (—) 

and are, therefore, in a constant proportion to one another (provided that 

k/X does not change). 

I f a sample of clay which behaves in a normally consolidated fashion 

at one stress r a t i o is then consolidated at a new stress r a t i o , the d i rec t ion 

of the s t ra in increment vectors w i l l change, asymptotical ly approaching a 

constant value corresponding to the new stress r a t i o . This behaviour was 

observed during the consolidation of Kaolin samples in the hydraulic 

t r i a x i a l c e l l . In Fig. A.5.1.1, the ra t io of t o ta l s t ra in increments is 

plot ted against mean e f fec t i ve stress for four samples which were 

consolidated i n i t i a l l y under K condi t ion, and then at a stress r a t i o , K, 

of 1.5. One of the samples was i n i t i a l l y consolidated to a lower water 

content than the other three before being transferred to the t r i a x i a l c e l l , 

and the e f fec t of th is on the subsequent response may be seen in Fig. A.5.1.1. 

In a l l cases, however, the r a t i o of the to ta l s t ra in increments tended 

asymptotically to a constant value, and the samples were a l l behaving in a 

normally-consolidated fashion at the new stress ra t i o when the desired 

stress level was achieved. This i l l u s t r a tes that a doubling of the stress 

level was su f f i c i en t largely to ob l i te ra te the ef fects of the ea r l i e r stress 

h is tory . 
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The values of the asymptotic rat ios of to ta l s t ra in increments from 

various tests are plot ted as a funct ion of the consolidation stress ra t i o 

in Fig. A.5.1.2. Also shown in the f igure are experimental results 

compiled by Lewin (1970) from work performed, using Spestone Kaolin, by 

Thurairajah, Poorooshasb, Balas^bramaniam and Parry and Amerasinghe (1975). 

Predictions based on Modified Cam Clay are also presented for comparison. 

The resul ts obtained during the current invest igat ion are in good 

agreement with those quoted by other workers. However, predict ions based 

on Modified Cam Clay are in only f a i r agreement wi th the experimental resu l ts . 

The value of determined from the experimental resul ts (corresponding to 

(e^/Sy)^ = 2/3) is 0.65 ± 0.01, which is in excel lent agreement with d i rec t 

measurements; Yong (1979) measured K = 0.64 ± 0.01 for Speswhite Kaolin, 

and Parry and Nadarajah (1974) measured K̂  = 0.66 for Spestone Kaolin. In 

contrast. Modified Cam Clay predicts K̂  - 0.74 which is c lear ly an overestimate. 

This is not a surpr is ing r e s u l t , and is in common with predict ions based 

on the major i ty of current ly avai lable const i tu t ive laws which do not use a 

value of KQ as one of the basic parameters. 

The experimentally determined ra t i o of to ta l s t ra in increments i s a very 

sensit ive quant i ty being affected by changes in increment s izes, temperature 

and other fac tors , but has proved to be a most useful quanti ty to observe 

during consol idat ion, and the author is grateful to Dr.Antonio Gens fo r 

suggesting i t s use. 
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c o n s o l i d a t i o n s t r e s s r a t i o ( K ) 
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APPENDIX 5.2 

TOTAL STRESS CHANGES MEASURED DURING PILE INSTALLATION 

The var ia t ion of the axial t o ta l stresses acting on the Kaolin 

samples during the i n s t a l l a t i o n of the model pi les in tests 5, 6, 8 , 

10, T2 and 13 are i l l u s t r a t e d below in Figures A.5.2a, b, c , d, e and 

f respect ively. 
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APPENDIX.5.3 

FAST RING SHEAR TESTS 

A.5.3 Aim of Present Study 

A short series of tests was performed to invest igate the 

response of pre-ex is t ing shear surfaces to rapid rates of shear displacement. 

In pa r t i cu la r , i t was hoped to establ ish whether fo r the two so i ls 

considered, there was a consistent increase in the shear stress required 

to i n i t i a t e s l i p with increasing rate of shearing. I f such a pos i t i ve , 

rate-dependent threshold strength e f fec t could be demonstrated then i t was 

hoped to be able to take th is in to account when assessing the s t a b i l i t y 

of a par t i cu la r slope which may be subject to earthquake loadings (the 

s t a b i l i t y of the slope in question was judged to be determined by the 

strength of numerous pre-exist ing shear surfaces wi th in i t ) . 

The rates of displacement employed were selected in re la t ion to 

the problem of earthquake loadings, and the study concentrated on the 

behaviour of the shear surface at small pos t -s l ip displacements. 

Nevertheless, some in terest ing phenomena were encountered at larger 

displacements and are b r i e f l y reported here because i t is believed that they 

may be of relevance to an understanding of the behaviour of so i l around 

driven p i l es . 

A.5.3.1 Previous Observations of Rate Effects on Pre-exist ing Shear Surfaces 

Lupini (1980) performed a comprehensive l i t e ra tu re survey re la t ing 

to determinations of residual strength, and th is included a summary of 

invest igat ions in to ra te -e f fec ts ; the reader is therefore referred to 

Lupini . The vast major i ty of r ing-shear and reversal shear box tests appear 

to have been performed at rates of displacement less than one mi l l imeter 

per minute, and fo r a wide range of speeds below th is value the observed 

changes in the residual strength are t yp i ca l l y less than 4%. One exception 

quoted by Lupini is the work of Bucher (1975) who performed r ing shear 

tests on a clay of medium p l a s t i c i t y and noted a 24% increase in strength 

i f the speed was varied between 0.0145 to 14.6 mm/minute. 

Lupini performed r ing shear tests on four clays (Happisburgh T i l l , 

London Clay, Speswhite Kaolin, and a F i j i Clay) at rates of up to 
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177 mm/minute and i den t i f i ed three rate dependent e f fec ts . 

( i ) a t rans ient increase in strength (possibly due 

to viscous forces) 

( i i ) the e f fec t of pore pressure generation 

( i i i ) a non-transient increase in the residual strength 

In Lupin i 's tes t ing the monitoring of a l l loads was performed 

manually using proving rings wi th d ia l gauges or load ce l ls monitored 

on a manual Wheatstone bridge. Thus Lupini was unable to monitor the 

short term behaviour on fas t loading. 

The sample was then slowly sheared to peak strength, and then 

the rate was increased to 0.1 mm/min and the sample was sheared un t i l 

residual condit ions were achieved (the residual strength was measured at 

a displacement rate of 0.0006 mm/min). The sample was then unloaded in 

shear and allowed to consolidate f u l l y p r io r to performing a fas t tes t 

stage. Af ter the fas t t e s t , the sample was again unloaded in shear and 

was allowed to consolidate f u l l y before slowly re-shearing to residual 

condit ions. In order to invest igate fur ther the nature of the rate e f f ec t s , 

various 'probes' were conducted during the tes t ing . These probes were 

conducted by re-shearing the sample at a d i f f e ren t rate from that immediately 

preceding, and monitoring the instantaneous response. The probes were 

conducted e i ther a f te r al lowing the sample to f u l l y consolidate a f te r the 

previous stage, or immediately afterwards so that pore pressure ef fects 

could be invest igated. 

Once tes t ing had been completed at the f i r s t normal stress l eve l , 

the sample was unloaded in shear and then subjected to a new normal s t ress, 

so that the stress level dependence of the various ef fects could be 

ascertained. Af ter a fu r ther series of t es t s , the sample was removed and 

the shear surface examined. 

A.5.3.2 Present Study 

The three ef fects i den t i f i ed by Lupini (1980) were observed in 

the study and are i l l u s t r a t e d in Fig. A.5.3.1. The threshold (or t rans ient ) 

increases in strength observed in th is study are presented fo r the record. 

Although i t is well appreciated that the measurements of the non-transient 

increases in residual strength are scanty (because they were not the object 

of the tes t ing) they are presented in order to reinforce the observations 
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made by Lupini (1980) on other c lays, and to suggest that the subject is 

worthy of fu r ther research by others because i t may well have a bearing 

on the behaviour of driven pi les and cone-penetrometers, fo r instance. 

A.5.3.2.1 Experimental Method 

Apparatus 

The r ing shear machine employed was that described by Bishop et al 

(1971) and used by Lupini (1980). However, i t was modified for these tests 

in order to permit the e lect ronic monitoring of the various forces and 

displacements involved. The logging of the fas t tests was performed wi th 

the aid of an U l t r a - v i o l e t recording-osci l loscope, and a Solartron D.T.U. 

was used f o r the slower stages. 

Procedure 

Soil passing through a 0.425 mm sieve was mixed wi th d i s t i l l e d 

water and allowed to hydrate for several days. The so i l was placed in the 

r ing shear apparatus at a water content close to the p las t i c l i m i t , and 
2 

consolidated in stages to the maximum avai lable normal stress (1000 kN/m ) . 

The sample was then swelled back to i t s f i r s t operating stress (e i ther 

100 kN/m^ or 300 kN/mf). 

A.5.3.2.2 Test Material No. 1 

Soil 

Weathered Tuff - from Panama 

Atterberg l i m i t s : LL = 58; PL = 41; PI = 17 

I t should be noted that the so i l used fo r determining the 

index properties was prepared in the same manner as the so i l tested, and 

therefore does not represent conditions on the shear surface i t s e l f 

where local degradation may lead to an increased p l a s t i c i t y index (see 

Heley and Maclver, 1971). 

The angles of shearing resistance at peak and at residual 

conditions (at 0.0006 mm/min) were determined as fo l lows; 

*'peak = 33° 

• ' res idua l = ("n = ^00 kN/m?) 

residua, = 11-2° = ' 0 ° 
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Results 

The f i r s t series of tests was conducted at a normal stress level of 
2 

300 kN/m . The sample was sheared to i t s peak strength at a rate of 

0.007 mm/min and then the rate was increased to 0.1 mm/min in order to 

achieve residual condit ions; th is was accomplished a f te r 600 mi l l imeters 

of re la t i ve displacement. The sample was unloaded in shear and allowed to 

f u l l y consolidate before performing the f i r s t fas t tes t ing stage, which was 

monitored using the recording oscil loscope. The tes t ing rates selected 

were 10 mm/min and 100 mm/min. After each stage, the sample was unloaded 

in shear and allowed to consolidate before reloading very slowly to establ ish 

whether there had been any non-transient increase in the ' res idua l ' shear 

strength. The sample was then slowly sheared un t i l stable residual conditions 

were achieved, before conducting the next stage. 

Fig. A.5.3.2 i l l u s t r a t e s a loading curve obtained at a displacement rate 
2 

of 100 mm/min, and a normal stress level of 300 kN/m . I t may be seen that 

the shear stress at which s l i p occurred is s i gn i f i can t l y higher than the 

or ig ina l residual strength, and that the strength continues to increase wi th 

fur ther displacement, un t i l the surfaces have been sheared fo r some 

100 mi l l imeters . Af ter unloading in shear, and allowing f u l l consol idat ion, 

the sample was reloaded at a rate of less than 0.1 mm/min whereupon i t may 

be seen that the stress required to cause s l i p is well in excess of the 

or ig ina l residual strength. This l a t t e r e f fec t is not a consequence of the 

rate at which the 'probe' was performed, but rather suggests that there 

has been a s t ructura l change w i th in the shear surface, i . e . the par t ic les 

are not so strongly aligned para l le l to one another. This view is supported 

by the observation that the gain in strength increases wi th increasing rapid 

displacement, un t i l a new equi l ibr ium level is achieved at that higher rate. 

The behaviour followed on re-shearing to residual at a rate of 0.1 mm/min 

is i l l u s t r a t e d in Fig. A.5.3.3, fo l lowing a fast stage at 100 mm/min and 

a normal stress of 100 mm/min. I t may be seen that the strength decreases 

with displacement, eventually reaching the slow stable residual strength 

a f te r a displacement of about 100 mi l l imeters , which is of the same order as 

the displacement required to achieve the equi l ibr ium higher strength at the 

fast displacement ra te. 

The immediate ( t ransient) increases in shear strength on loading fast 

are i l l u s t r a t e d in Fig. A.5.,3.4 where i t may be seen that at displacement 

rates of 100 mm/min, the 'viscous' component of strength is sizeable. 
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Results are presented corresponding to the two normal stress levels 

employed, and to a number of displacement rates. 

The permanent (or non-transient) increases in strength as a resu l t of 

rapid shearing are shown in Fig. A.5,3.5. As mentioned above, these values 

were established by means of slow 'probes' conducted a f te r permit t ing f u l l 

consol idat ion. I t i s of in terest to note that at displacement rates of 

100 mm/min, the strengths increased by about 80% (a f te r displacements of 

100 mi l l imete rs ) , whereas at rates of below about 1 mm/min, the gain in strength 

is neg l ig ib le . This behaviour suggests that there is perhaps a c r i t i c a l 

rate of displacement below which the shear surface is not disrupted by the 

shearing. This c r i t i c a l strength would be expected to depend on the so i l tested 

and, as suggested by Lupini (1980), may depend on the values of the angles 

of i n t e r - p a r t i c l e f r i c t i o n (4 /^ , and the angle of shearing resistance f o r constant 

volume shearing (4 / ^ ) . 

A.5.3.2.3 Test Material No. 2 

Soi1: Mechanically degraded Tuff (from Panama) 

Atterberg L imi ts: LL = 50; PL = 36; PI = 14 

(See note concerning Atterberg Limits in the descr ipt ion 

of the Weathered Tu f f . ) 

The angles of shearing resistance at slow rates were established 

as; 

4̂  peak = 44° 

• ' res idua l = " ' 5 ° 

• ' res idua l ' 23° = 100 kN/m^) 

Sample preparation 

The parent rock was subjected to six cycles of wett ing and 

drying, a f te r which the so i l was mechanically ground. The so i l was then 

put through a 0.425 mm sieve, and mixed wi th d i s t i l l e d water and allowed 

to hydrate. 
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Comments 

In th is series of t es ts , a t tent ion was concentrated on 

invest igat ing the nature of the threshold strength e f fec t and l i t t l e 

information about the permanent increases in strength was obtained. Many 

more shearing stages were performed, but , in order to minimise the addit ional 

loss of so i l the displacements at each stage had to be res t r i c ted to consider 

only the immediately pos t -s l ip behaviour. As the non-transient gains in 

strength increase with displacement, the measured values are lower than the 

equi l ibr ium values. 

Results 

The threshold, or t rans ien t , increases in shearing resistance are 

i l l u s t r a t e d in Fig. A.5.3.6, and are of a s imi la r magnitude to those observed 

for the weathered s o i l . As remarked e a r l i e r , the measured non-transient 

increases in strength do not represent the equi l ibr ium values, and are 

hence shown in Table A.5.3, together wi th the corresponding displacements. 

Despite the r e l a t i v e l y small displacements ( in re la t ion to the 1200 mm 

required to develop residual conditions i n i t i a l l y ) the gains in strength are 

s ign i f i can t . 

Implications 

The invest igat ion of the threshold e f fec t was conducted with the 

behaviour of slopes subject to earthquake loading in mind, and a f te r an 

encouraging s ta r t i s receiving fu r ther a t tent ion at Imperial College. 

The tests reported above, and those performed by Lupini , involved 

s o i l - s o i l shearing. I t is very l i k e l y indeed that s imi la r phenomena would 

be observed i f so i l were to be sheared against a r i g i d in ter face. The major 

di f ference ant ic ipated is that much smaller re la t i ve displacements would 

be required to achieve equi l ibr ium conditions at a given rate of displacement. 

The presence of such viscous (or t rans ient) components of 

strength may well have a bearing on the in terpre ta t ion of data from cone-
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penetrometers, and w i l l inf luence the behaviour of p i les during jacking 

or d r iv ing . 

The non-transient increase in strength caused by rapid shearing 

is believed to have very important implicat ions for the behaviour of 

displacement p i les (see Chapters 5 and 9) . I t has been observed that a 

shear surface forms para l le l to a driven p i l e as a resu l t of i n s t a l l a t i o n . 

The strength of th i s surface w i l l be influenced by the e f fec t ive stress 

leve l , and the rate of displacement during d r iv ing . I t is well known that 

the residual strength tends to increase wi th decreasing e f fec t i ve normal 

stress; as the e f fec t i ve stress level beside a p i l e on dr iv ing is l i k e l y to 

be small , the strength of the shear surface is l i k e l y to be re l a t i ve l y large. 

S im i la r l y , the high rates of displacement w i l l cause a non-transient increase 

in the angle of f r i c t i o n that can be mobil ised. 

Thus, despite the fact that a shear surface has formed para l le l to 

the p i l e , i t s peak mobilised angle of shearing resistance may be considerably 

higher than that which would be measured by means of a drained (and 

necessarily slow) inter face shear tes t conducted at the e f fec t i ve stress 

level assumed to ex is t beside the p i l e a f te r f u l l consol idat ion. This 

possibly explains only the simple e f fec t i ve stress method proposed by Burland 

(1973) fo r driven pi les works well although the angle of shaft f r i c t i o n is 

taken to be However, the presence of both the r i g i d interface and 

the pre-exist ing shear surface w i l l cause the u l t imate, slow, residual 

strength to be achieved a f te r small post-peak displacements. This w i l l 

render long, compressible, pi les very prone to progressive f a i l u r e . I t i s 

shown, in Chapter 9, that fo r long pi les the assumption that the angle of 

shaft f r i c t i o n equals the angle of f r i c t i o n measured in drained inter face 

tests gives very good resul ts with f i e l d data. 
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CHAPTER 6 

MICROFABRIC INVESTIGATIONS 

6.1 INTRODUCTION 

The micro-structure of a so i l may conveniently be regarded as 

having two components. The f i r s t , termed the 'or iginal fabr ic ' , w i l l depend 

on the mode of deposition of the so i l and may e i ther be random or , more 

probably, may exh ib i t a planar preferred or ien ta t ion . I f the so i l is then 

subjected to fu r ther shear stra ins i t may exh ib i t an addit ional 'shear-

induced' f ab r i c . A shear-induced fabr ic usually consists of domains in 

which the fabr ic is homogeneous, separated by kinematic d iscon t inu i t ies . 

As noted by Morgensternand Tchalenko (1967,d) i t is convenient to use three 

types of terminology to describe shear-induced fab r i c ; kinematic, sequential 

and mechanistic. 

Kinematic terminology describes the s t ructura l features present in 

the so i l which are a funct ion of the modes of deformation. The c lass i f i ca t i on 

of kinematic d iscont inu i t ies summarised by Houlsby and Wroth (1980) is 

convenient but i t should be appreciated that the terms 'cont inu i ty , ' ' s t ra in 

d iscont inu i ty ' , ' ve loc i ty d iscont inui ty 'and 'rupture' depend on the scale at 

which the so i l fabr ic is viewed. For instance a ve loc i ty d iscont inu i ty 

defined at one magnif ication may be reduced to a system of s t ra in 

d iscont inu i t ies at a greater magnif ication and may be viewed in terms of s l i p 

between indiv idual par t ic les (or group of par t ic les) at a s t i l l greater 

magnif ication. 

The sequential terminology describes the order of appearance in 

time of the kinematic d iscont inu i t ies and other features of the fab r i c . 

The notation which is commonly used in s t ructura l geology, and was employed 

by Morgenstern and Tchalenko (1967,d) w i l l be adopted here. Thus, Ŝ  is 

the f i r s t structure to be observed, Sg the second, and so on. Where a 

structure such as Sg appears to be reducible to a set of sub-structures, 

the notation S^^, w i l l be used. The or ig ina l fabr ic features caused by 

deposition w i l l be cal led S^. 

The mechanistic terminology such as that described by Morgenstern 

and Tchalenko (1967 ,c) (and largely introduced by Skempton (1966)) was 

intended to re late a par t i cu la r kinematic d iscont inu i ty to the or ientat ion 

and magnitude of the stresses act ing upon i t . In pract ice, the stresses in 
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the v i c i n i t y of such d iscont inu i t ies are often very d i f f i c u l t to measure. 

Nevertheless, the terminology is convenient fo r describing character is t ic 

types of s t ructures, encountered in a var ie ty of circumstances. The term 

'principal displacement shear'(Skempton, 1966) w i l l be res t r i c ted to describe 

a continuous displacement d iscont inu i ty which extends f o r the length o f , and 

is para l le l t o , the p i l e shaf t . Further mechanistic terms employed in the 

text w i l l be used in the same sense as defined by Morgensterna*^ Tchalenko 

(1967,c) unless otherwise stated. 

Two d i s t i n c t series of tests were performed in the present study. 

The f i r s t was intended to examine the nature and development of micro-fabr ic 

changes in the clay caused by the loading of p i les ins ta l led with minimal 

disturbance (by the technique described in Chapter 4) . Within th is ser ies, 

a set of f i ve tests was conducted to observe the development of micro-fabr ic 

changes w i th in the clay beside loaded p i l es . Further tests were performed 

at d i f f e ren t i n i t i a l stress rat ios in order to examine the e f fec t of the 

i n i t i a l stress condit ions. 

The second series of t es t s , on the other hand, was performed to 

invest igate the nature of the fabr ic disturbance caused by the i n s t a l l a t i o n of 

full-dis.placement p i l es , and to re late th i s disturbance to the subsequent 

p i le loading behaviour. The resul ts are compared with f i e l d observations. 

The micro-fabr ic of the clay around the pi les was studied by viewing 

th in sections of the material under crossed n ico ls , as described in Chapter 4. 

The reader is also referred to Chapter 2, section 4 fo r a discussion of 

ea r l i e r work concerning th in section studies. In the fo l lowing, several 

photographs of th in sections are presented, and these are usually accompanied 

by schematic in terpretat ions of the photographs. In general, these 

in te rpre t i ve f igures have been constructed from at least two photographs 

(taken under d i f f e ren t or ientat ions of polarised l i g h t ) and possibly d i f f e ren t 

magnif icat ions, although in several cases only one of the set is presented 

here. 

6.2 DEVELOPMENT, WITH PILE DISPLACEMENT, OF MICRO-FABRIC CHANGES WITHIN 

THE CLAY ADJACENT TO LOADED MODEL PILES INSTALLED WITH MINIMAL 

DISTURBANCE 

6.2.1 Introduct ion 

A series of f i v e tests was performed to invest igate the sequence of 

development of shear structures in the kaolin surrounding model p i les 

ins ta l led with minimal disturbance (using the techniques described in 
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Chapter 4). The f i r s t tes t was conducted to demonstrate that the d r i l l i n g 

and reaming process involved in the p i l e i n s t a l l a t i o n process caused 

minimal fabr ic disturbance. The other four tests were each stopped at 

d i f fe ren t stages of p i l e loading (see Fig. 5.1) and th in sections were 

then prepared. The kaolin fo r these tests was normally-consolidated to a 

stress ra t i o (a^ /ap of 1.5 because ea r l i e r tests had shown that the shear 

structures were most easi ly dist inguishable at high i n i t i a l stress ra t i os . 

Tchalenko (1967)^and Morg^nste-rn and Tchalenko (1967,d) present 

the results of an analogous series of tests performed wi th in a direct-shear 

box. Reference w i l l be made to the many s i m i l a r i t i e s between the work of 

Tchalenko, and the resul ts from the model p i l e tes ts . 

6.2.2 Fabric Disturbance Caused by the D r i l l i n g Operation 

Test No. 4 was conducted to examine the fabr ic disturbance caused to 

the clay sample by the d r i l l i n g and reaming operations performed in the 

course of i n s t a l l i n g 'wished-in-place' p i les (see Chapter 4). 

Photographs,taken under crossed n ico ls ,o f a cross-section and a 

longi tudinal th in section taken through the sample,are shown in Figs. 6.2(a) 

and (b) respect ive ly . Fig. 6.2(c) is a schematic diagram constructed from 

the longi tudinal sect ion. I t may be seen from these f igures that the 

shrinkage cracks which form on cooling the impregnated sample (see Chapter 2) 

l i e para l le l to the or ig ina l horizontal bedding f a b r i c , . The s l i gh t 

disturbance caused by the d r i l l i n g and reaming process may be seen as the 

l i g h t area bordering the hole. In the cross-section small zones of 

disturbance, probably caused by the reaming t o o l , may be seen as short l ines 

tangential to the hole. The or ientat ion of the polarised l i g h t was 

selected to show the maximum disturbance. I f comparison be made between the 

above resul ts and those obtained a f t e r p i l e loading (see, fo r instance. 

Fig. 6.IX) i t w i l l be seen that the fabr ic disturbance caused by the d r i l l i n g 

operation is neg l ig ib le . 

6.2.3 Test Stopped at 70% of Peak Load 

Test 13 was terminated at about 70% of the peak load, a f te r a 

displacement of about 0.5 mm. 

A photograph and a diagramatic in terpre ta t ion of a longi tudinal 

th in section through the sample are shown in Figs. 6.3(a) and (b). The 

or ig ina l bedding f a b r i c , S.j, does not appear to have suffered permanent 

deformation wi th in the clay beyond a distance of about 0.25 mm from the p i l e . 
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The l i gh t band immediately adjacent to the p i le suggests that there 

has been p las t ic s t ra in ing wi th in th is region. In Fig. 6.3(b) a number 

of s i tes from which penetrat ive, Sg, structures may grow, are indicated. 

These 'nuc le i ' may be analogous to G r i f f i t h cracks. 

In summary, i t would appear that by th is stage of loading there 

has been some very local ised p las t ic shear s t ra in ing wi th in the c lay, but 

that penetrative d iscont inu i t ies have not yet started to propagate although 

a number of ' nuc le i ' are present. 

There is no d i rec t analogy between these resul ts and those described 

by Morgenstern and Tchalenko (1967,d) because the non-uniformit ies in the d i rec t 

shear.box caused large, penetrat ive, d iscont inu i t ies to propagate from a 

very early sta^e. 

6.2.4 Test Stopped at 95% of Peak Load 

Test No. 12 was stopped j u s t pre-peak; th in sections were then 

prepared. 

A photograph of a longi tudinal th in section taken from the sample 

is shown in Fig. 6 .4 (a) , and a schematic view of the photograph is presented 

in Fig. '6.4(b). There are at least four penetrative d iscon t inu i t i es , Sg, 

( 'Riedel ' s t ructures) v i s i b l e , each at an early stage of development. 

Because of the axi-symmetric nature of the problem, these structures 

presumably form as cones. The Riedels probably i n i t i a t e at the s i tes of 

ea r l i e r ' n u c l e i ' , and in the immediate v i c i n i t y of the p i l e they propagate 

at about 6° to the p i l e axis. This angle increases to roughly 15° at a 

distance of less than one mi l l imeter from the sha f t , and thereaf ter remains 

constant. I t is in terest ing to observe that the uppermost structure has 

already degenerated into a small kink band, 

I t is unfortunate that the or ig ina l bedding fabr ic was s l i g h t l y 

inc l ined, and not hor izonta l . This is thought to be the resu l t of the 

kaolin s lu r ry having been a l i t t l e too ' d r y ' , with the resu l t that t i l t e d 

bedding structures remained a f te r pouring the s lu r ry into the consolidation 

tube. This phenomenon is un l ike ly to have affected the loading behaviour 

of the p i l e (see Tchalenko, 1967) but nevertheless more care was taken 

af ter th is tes t to produce nearly horizontal bedding f a b r i c , so as to avoid 

unnecessary complication of the micrographs. As a resul t of the above 

inc l ina t ion of the bedding f a b r i c , i t is d i f f i c u l t to analyse the p las t i c 

deformations wi th in the s o i l . 
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From Figs. 6.4(a) and (b ) , i t would seem to be a reasonable 

approximation to model the clay around the p i l e as a continuum, up to 

th is stage of loading. 

6.2.5 Test Stopped Immediately Post-peak 

Test No. 10 was stopped immediately post-peak at a to ta l displacement 

of 2.85 mm, and unloaded (the permanent displacement was 2.45 mm). 

Photographs of a longi tudinal th in section and a cross-section are 

shown in Figs. 6.5(a) and (b) , and an in te rpre t ive diagram of the 

longitudinal section is presented in Fig. 6 .5(c) . I t is evident that a 

considerable growth of the penetrat ive, Sg, d iscont inu i t ies is associated 

with peak condit ions. A s imi la r resu l t was found by Tchalenko (e.g. 

Morg&istern and Tchalenko (1967,d)) using the d i rec t shear box. There is no 

evidence to suggest the presence of a continuous pr incipal displacement 

shear surface at t h i s stage. 

The fami l ies of shear structures v i s i b l e in the longi tudinal sections 

are now considered. Reference is made to two d i f f e ren t longi tudinal sections 

through the same sample in order to i l l u s t r a t e par t icu lar features. The 

longi tudinal section represented by Figs. 6.5(a) and (c) is r e l a t i ve l y 

simple, and forms a useful in t roduct ion. 

The penetrative d iscont inu i t ies (Sg) propagate at f a i r l y regular 

in tervals of between 10 mm and 15 mm down the length of the p i l e , although 

the 'nuc le i ' fo r such structures (of the type seen in Test 12) may be 

present at more frequent in te rva ls . The propagation of such structures 

w i l l tend to release loca l l y stored s t ra in energy and th is probably has the 

e f fec t of i n h i b i t i n g the growth of nearby ' n u c l e i ' . Thus, the Riedel 

structures propagate randomly in t ime, but at spacings which may be influenced 

by the presence of other shear st ructures. The phenomenon has analogies 

with the formation of shrinkage cracks in concrete around re in forc ing s tee l . 

The family of Sg structures s ta r t close to the p i l e as structures 

but are observed to degenerate, at a distance of between one and two 

mi l l imeters from the p i l e , in to reverse kink bands, structures (see 

Morg^stern and Tchalenko (1967,d) fo r de f i n i t i on of normal and reverse kink 

bands). The kink bands represent an unstable mode of deformation, and 

may be regarded as a region of material undergoing simple shear deformation 

separated from the surrounding so i l by two, almost p a r a l l e l , s t ra in 

d iscont inu i t ies . In the present series of t es ts , the kink bands were observed 

to grow to a width of about one mi l l imete r , and to propagate at a constant 
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angle of about 12° to the d i rec t ion of p i l e loading. The ro ta t ion of 

the S-j (or ig ina l bedding) fabr ic w i th in the kink band was observed to be 

such that the kink band boundary (at roughly 12° to the d i rec t ion of 

loading) bisected the angle formed by the di rect ions on e i ther side of 

i t . Further ro ta t ion of the fabr ic w i th in the kink band would imply 

compression normal to the plane of preferred par t i c le o r ien ta t ion , and 

hence the ro ta t ion is res t r i c ted . Thus the kink bands could sustain a 

re la t i ve displacement of nearly one mi l l imeter before becoming inoperat ive. 

The kink bands terminated at a distance of about f i ve and a hal f mi l l imeters 

from the p i l e , where the average shear s t ress, was only 60% of the 

value at the p i l e face. I t w i l l be shown in section 6.2.6 that even in the 

case of a p i l e taken to a very much larger displacement, the kind band 

penetration did not increase beyond th is value. I t would therefore seem 

that the kink band mode of deformation on planes inc l ined to the p i l e axis 

has become incapable of accommodating fu r ther p i l e displacements, and a new 

mode of deformation is required. 

As the system of Sg structures becomes inoperat ive, a new family of 

r e l i e f structures (S^) forms close to the p i l e , s ta r t ing near the pile-ward 

end of ex is t ing structures. Although some structures are present in 

the longi tudinal section represented in F i gs .6 .5 (a ) and ( c ) , the po lar isat ion 

d i rect ion fo r the photograph was selected to i l l u s t r a t e the Sg structures and 

so the $2 s t ruc tures, which l i e at a d i f f e ren t i nc l i na t ion to the p i le axis 

and are smaller than the Sg s t ruc tures , are i n d i s t i n c t . The photograph in 

Fig. 6.6(a) (which is a composite from several micrographs) was prepared to 

i l l u s t r a t e the shear fabr ic close to the p i l e , and a schematic view of the 

photograph is presented in Fig. 6 .6(b) . These are now considered. 

The new generation of r e l i e f shear structures begin with thrust 

shears which l i e at angles of between 12° and 15° to the upward v e r t i c a l . 

Although these thrust shears may help to dissipate energy and to red is t r ibu te 

stresses in the v i c i n i t y of Sg s t ructures, they too are oriented in the wrong 

direct ions to be able to accommodate s ign i f i can t displacements. The resu l t 

appears to be the creation of the family of en-echalon displacement 

d iscont inu i t ies which l i e sub-paral lel t o , and very close to ( t yp i ca l l y < 1 mm), 

the p i l e shaf t . Thus, at l a s t , a kinematical ly acceptable deformation mode 

has been establ ished, and fur ther p i l e displacements are largely accommodated 

wi th in the th in band of structures which extends to be continuous along 

the length of the p i l e . Such deformations w i l l lead to very high local 

shear s t ra ins and w i l l enhance the local degree of preferred par t i c le 



-175-

or ienta t ion. I t w i l l be seen in section 6.2.6 that a f te r large post-

peak displacements, the structures may coalesce wi th sections of 

Sg structures to form a continuous displacement shear S^. 

The family of Sg r e l i e f structures formed around the p i l e is 

rather d i f f e ren t from that occurring in the shear box where the structures 

are free to weave e i ther side of the centre- l ine (see Morgenstern and 

Tchalenko (1967,d)). This is prevented by the surface of the p i l e , and so 

in th i s case the structures are subject to a greater r es t ra i n t . 

An in teres t ing feature of these photographs is that i t is possible 

to estimate the magnitude of the p las t i c deformations occurring wi th in 

the clay by fo l lowing the deformation of the i n i t i a l bedding f a b r i c , S^j. 

In t h i s respect the shrinkage cracks (where present), which generally occur 

para l le l to the bedding, are useful markers; i t may be seen fo r example 

in Fig. 6.5(a) that the shrinkage cracks fo l low the abrupt changes in 

inc l ina t ion of the S.j fabr ic w i th in the kink bands. I t i s assumed that 

before p i l e loading the f a b r i c , , was at a constant i nc l i na t i on 

(unfortunately not quite hor izontal ) r i gh t up to the p i l e , and therefore 

observed deviations from th is o r ig ina l l i ne may be a t t r ibu ted to p las t ic 

shear st ra ins caused by the p i l e loading. The shrinkage of the specimen 

on cooling is ignored because axial contract ion close to the p i l e w i l l have 

been l im i ted by the presence of the p i l e . The derived p las t ic deformations 

wi th in the clay at locations A, B and C in Fig. 6.5(a) are presented in 

Fig. 6.7. I t may be seen that the kink bands at sections A and C are 

associated with s t ra in d iscont inu i t ies on both faces, and that the presence 

of kink bands tends to reduce the shear st ra ins in the so i l that is 

immediately adjacent; comparison may be made with section B which was 

scarcely affected by penetrative d iscon t inu i t ies . From section B i t may be 

seen that in general the major i ty of the p las t ic ve r t i ca l deformation 

occurs wi th in 4 to 5 mi l l imeters from the p i l e ( i . e . w i th in about 60% of one 

p i l e radius from the sha f t ) , and that shear stra ins of the order of 100% 

occur close to the p i l e . I t is in terest ing to note that th i s simple, 

approximate, technique can account fo r about 2.1 mi l l imeters of the 2.4 

mi l l imeters of permanent deformation measured in the course of the model 

p i le t e s t , 

6.2.6 Test Pi le Displaced to Residual Conditions 

The p i l e employed in Test 9 was loaded to a post-peak displacement 

of j us t over 10 mi l l imeters by which stage residual conditions were achieved 

(see Fig. 6 .1) . Photographs of a longitudinal th in section viewed under two 
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or ientat ions of polarised l i g h t (at 45° to one another) are shown in 

Figs. 6.8(a) and (b) , and a schematic representation is shown in Fig. 6 .8(c) . 

A more detai led view of the region marked x-x in Fig. 6.8(c) is presented 

in Fig. 6.9 and a cross-section is shown in Fig. 6.10. 

The most s ign i f i can t di f ference between the micro-fabr ic structures 

present at th i s stage, and those present immediately post-peak is the 

existence now of a th in (c irca 10 microns) continuous pr incipal displacement 

d iscon t inu i ty , S^. This structure forms para l le l to the p i l e sha f t , and 

at a distance of about 0.5 mi l l imeters from i t ; large re la t i ve displacements 

para l le l to the d i rec t ion of p i l e loading are kinematical ly admissible. 

The formation of the pr incipal displacement d iscont inu i ty appears to involve 

the coalescence of r e l i e f structures which are sub-paral lel to the shaf t , 

and extensions of the Riedel structures adjacent to the p i l e . With the 

large post-peak p i l e displacements, the par t ic les on e i ther side of the 

pr incipal displacement d iscont inu i ty are subject to a high degree of 

preferred or ienta t ion sub-paral lel to the d i rec t ion of p i le displacement, and 

so the strength of the shear surface drops to i t s residual value appropriate 

to the current stress level and rate of displacement. 

•In order to determine how much of the permanent p i l e displacement 

was accommodated by p las t i c deformations wi th in the c lay , rather than s l i p 

on the pr inc ipal displacement shear, a s imi la r exercise to that presented 

for conditions immediately post-peak was conducted using Figs. 6 .8(a) , (b) 

and ( c ) , and the resul ts are presented in Fig. 6.11. I t may be seen that a 

permanent p i l e displacement of about 2 mi l l imeters was again accommodated 

without the 'assistance' of the pr inc ipal displacement shear. This suggests 

that the pre-peak p i l e displacements are largely accommodated by p las t ic 

s t ra in ing w i th in the c lay , whereas the post-peak displacements involve 

shearing wi th in a very th in zone close to the p i l e . 

Further evidence fo r th i s view may be obtained by comparing the 

shear structures (e.g. Sg^) close to the p i l e at residual conditions with 

those immediately post-peak (see Figs. 6.8 and 6.5 respect ive ly) . I t may 

be seen that the structures appear to be undisturbed even a f te r the 

very large post-peak displacements. Thus i t is believed that the post-peak 

displacements are accommodated wi th in a very narrow zone (< 0.5 mi l l imeters) 

close to the p i l e , and that the resu l t ing local shear stra ins are enormous 

which is why residual conditions are achieved very rapidly ( in comparison 

with resul ts from a reversal d i rec t shear box, or a r ing shear device). 
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6.2.7 Comments 

In order to attempt to establ ish the nature of the various micro-

fabr ic features observed around the loaded p i l e s , i t is f i r s t necessary to 

determine the stress f i e l d in the so i l at various stages during the loading. 

Unfortunately i t is impossible to measure a l l of the stress components close 

to the p i l e , and i t is also impossible to establ ish the stresses uniquely 

from measurements of the radial stress and the shear stress acting on the 

p i le face. Morg|rhstern,and Tchalenko (1967,d) argued that the d i rec t ion of 

propagation of the Sg structures suggested that simple shear conditions act 

in the centre of the shear box, and a s imi la r in terpre ta t ion may, therefore, 

be true fo r conditions around a p i l e . However, there appears to be l i t t l e 

point in continuing that discussion at th is stage. 

In Chapter 8, the model p i l e tests are analysed by f i n i t e element 

methods, employing Modified Cam Clay as the so i l const i tu t ive law. An 

in terpre ta t ion of the observations from the micro-fabr ic studies is presented 

in section 8.6. 

6.3 THE EFFECT OF THE INITIAL STRESS RATIO ON THE MICRO-FABRIC CHANGES 

INDUCED IN THE CLAY SURROUNDING LOADED PILES 

6.3.1 Introduct ion 

As discussed e a r l i e r , model p i l e tests were performed to invest igate 

the influence on the p i l e loading behaviour of the i n i t i a l stress ra t i o in 

the s o i l . The tests were generally continued un t i l residual conditions were 

achieved, a f te r which th in sections were prepared and the micro-fabr ic 

changes examined. 

The observations of the e f fec t of the i n i t i a l stress ra t i o on micro-

fabr ic changes induced in the clay around loaded pi les was performed with 

the aim of providing addit ional information about the nature of the load 

t ransfer mechanism involved. In Chapter 8, the observed micro-fabr ic 

changes are considered in re la t ion to stress changes predicted (by means of 

e las to-p las t ic f i n i t e element analyses) around loaded pi les ins ta l led in clays 

consolidated to d i f f e ren t i n i t i a l stress ra t ios . 

In order to demonstrate the nature of the var ia t ion of micro-fabr ic 

changes with stress rat io,observat ions obtained from three tests (9,11,14) 

are presented. Test No. 9 (which has already been considered in re la t ion to 

the development of micro-fabr ic changes with p i l e displacement) was conducted 

at the highest stress ra t i o (1 .5 ) , Test No. 11 at the minimum stress ra t i o 
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(0.74), and Test No. 14 was conducted at an intermediate stress r a t i o 

(1.1) . The resul ts are now considered. 

6.3.2 Test Conducted at an I n i t i a l Stress Ratio of 1.5 

The sequence of development of micro-fabr ic changes in p i l e tests 

conducted at an i n i t i a l stress ra t i o of 1.5 have been discussed in 

section 6.2, and Figs. 6.8, 6.9 and 6.10 i l l u s t r a t e the micro-fabr ic features 

present when residual conditions are achieved. 

I t may be recal led that typ ica l l y ,penet ra t i ve d iscon t inu i t i es , 

i n i t i a t e d at in terva ls of between 10 and 15 mi l l imeters down the length of 

the p i l e , and at angles of between 6° and 10° to the p i l e sha f t , although the 

inc l ina t ion increased to around 15° beyond 1 mi l l imeter from the p i l e . 

At a distance of between 2 and 3 mi l l imeters from the sha f t , the 

structures degenerated in to kink bands (Sg^ structures) which propagated 

at a f a i r l y constant i nc l i na t i on of about 12°, to a distance of between 5 

and 6 mi l l imeters from the p i l e . The kink bands were well defined structures 

which could abommodate re la t i ve displacements of up to about one mi l l imeter . 

When the p i l e displacements became so large that the kinking mechanism could 

not accommodate fur ther displacements, r e l i e f s t ructures, S^, were generated 

close to the p i l e . The structures were inc l ined to the p i l e ax is , but 

the structures formed sub-paral le l to the p i l e and represented a 

kinematical ly acceptable mode of deformation. At large displacements these 

structures coalesced with components of the structures to form a t h i n , 

continuous, pr inc ipal displacement shear, S^, close to the p i l e . 

The micro-fabr ic features found a f t e r tests conducted at the other 

stress rat ios w i l l be compared with these resu l ts . 

6.3.3 Test Conducted at an I n i t i a l Stress Ratio of 1.11 

Two photographs and a corresponding diagram of a longi tudinal th in 

section taken a f te r Test 14 are presented in Figs. 6.12(a), (b) and (c) 

respect ively. I t may be seen that there are several micro-fabr ic features 

in common with those already presented for the tests at a stress ra t i o of 

1.5, but that there are also some important di f ferences. 

Riedel s t ructures, Sg^, inc l ined at about 16° to the d i rec t ion of 

loading are present at roughly 10 mi l l imeter in tervals down the length of 

the shaf t , and extend to a distance of about 2 mi l l imeters from the p i l e 

before degenerating in to kink bands, Sg^- These structures, propagate at 13' 

(which is very s imi lar to the angles measured a f te r Tests 9 and 10) to the 
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d i rect ion of loading, but only extend to about 4 mi l l imeters from the 

shaft . The kink bands in Test 14 are less well defined structures than 

those encountered in Tests 9 and 10, and are narrower, but more numerous. 

Relief structures ( thrust shears and structures) of a 

s imi lar form to those found a f te r Test 9 may be seen, as may the pr inc ipal 

displacement shear, S^, which formed at a distance of about 0.5 mi l l imeters 

from the shaf t . 

The radia l d i s t r i bu t i on of p las t ic deformation wi th in the clay is 

considered by observing the deformed shape of the bedding plane marked 

A-A in Fig. 6 .12(c) ; the resu l t is i l l u s t r a t e d in Fig. 6.14 where i t is 

compared with resul ts s im i l a r l y obtained from Tests 9 and 11. 

6.3.4 Test Conducted at an I n i t i a l Stress Ratio of 0.74 

A photograph and a corresponding schematic view (assembled from 

th is and other photographs) of a longi tudinal th in section taken a f t e r 

Test No. 11 are presented in Figs. 6.13(a) and (b) . I t may readi ly be seen 

that there are s ign i f i can t dif ferences between the micro-fabr ic around th is 

p i l e and that around the p i l e fo l lowing Test No. 9. 

Riedel s t ructures, propagated at between 10° and 15° to the 

d i rect ion of loading but extended only to a distance of about 1.5 mi l l imeters 

from the shaf t . The Riedel are much more closely spaced than previously 

observed; the stronger structures are present at roughly 4 mi l l imeter 

in te rva ls , whereas the minor ones are even more frequent. The structures 

do not appear to have degenerated in to discrete s t ructures, but rather 

into a region of d i f fused shear st ructures. Nevertheless, the envelope 

of the d i f fused structures may c lear ly be seen in contrast to the 

apparently undisturbed clay at a distance 2 mi l l imeters from the shaf t . 

The radial d i s t r i bu t i on of p las t ic deformations wi th in the clay is shown 

in Fig. 6.14. 

A family of Sg Relief structures is also present, although because 

of the very concentrated nature of the shear -deformations in t h i s case, 

the structures are very f ine and are d i f f i c u l t to resolve in the above 

photograph. Once again a very th in pr incipal displacement shear formed 

para l le l to the sha f t , at a distance of between 0.5 and 1.0 mi l l imeters 

from i t . 
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6.3.5 Comparison between the Observed Modes of Deformation 

Riedel shears, structures 

In each of three tests considered, the Riedel shears propagated 

at angles of between 10° and 16° to the d i rec t ion of p i l e loading, with no 

obvious dependence on the i n i t i a l stress r a t i o . The spacings and the 

penetration of these s t ructures, on the other hand, varied considerably wi th 

the i n i t i a l stress r a t i o . In Test 9 (K = 1.5) the structures were 

observed to form at in tervals of between 10 and 15 mi l l imeters down the 

length of the p i l e and to propagate to a distance of 3 mi l l imeters from the 

shaft whereas the corresponding dimensions fo r Test 14 (K = 1.11) are 

10 mi l l imeters and 2 mi l l imeters , and fo r Test 11 (K = 0.74) are 4 to 6 

mi l l imeters and 1.5 mi l l imeters respect ively. Thus the structures 

became shorter , and more closely spaced as the i n i t i a l stress r a t i o decreased, 

although the d i rec t ion of propagation was largely unaffected. 

Sq^ structures 

In Test No. 9 (K = 1.5) the structures which resulted from the 

degeneration of the Riedels formed as d i s t i n c t kink bands which propagated 

at an angle of about 12° to the d i rec t ion of loading, and extended to a 

distance of 5.5 mi l l imeters from the shaf t . In Test 14 (K = 1.11) kink 

bands were also formed and they were inc l ined at a s imi la r angle (13°) to 

the d i rec t ion of loading. However, structures were less sharply defined 

than those in Test 9 and, being more numerous, tended to merge in to one 

another; they only penetrated to a distance of 4 mi l l imeters from the p i l e . 

Following th i s t rend, the structures in Test 11 (K = 0.74) merged into 

one another to such an extent that indiv idual structures could not be 

dist inguished; and the envelope of these structures extended to a distance 

of only about 2 mi l l imeters from the p i l e . 

Sg and structures 

Relief shear structures ( thrust shears Sg , and structures) 

appear to have formed in a s imi lar manner in the three tests although the 

structures were d i f f i c u l t to resolve in Test 11 (K = 0.74). In a l l 

tes ts , residual conditions were associated with the presence of a narrow, 

continuous, pr inc ipal displacement shear surface (S^) which was para l le l 

to the p i l e shaft and at a distance of about 0.5 mi l l imeters from the p i l e 

face. In a l l cases the Sg structures (which are associated with peak 

condit ions) appeared to be unaffected by the large post-peak displacements 
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required to reach residual condit ions. 

Radial d i s t r i bu t i on of p las t ic deformations wi th in the clay 

The pro f i les derived by considering the deformed shape of bedding 

planes (S^ structures) are shown in Fig. 6.14 for the three tes ts . Only 

deformations beyond the pr incipal displacement shears are considered, and 

the sections were selected to avoid the influence of in tersect ing Sg 

structures as fa r as possible. 

I t may be seen that the maximum p las t ic deformations beyond the 

S. structures were between 1.9 and 2.6 mi l l imeters . These values are of 
4 

the same order as the p las t i c components of the displacements to peak, but 

very much smaller than the overal l p i l e displacements of about 12 mi l l imeters, 

The d is t r ibu t ions of the p las t ic deformations are a l l very s imi lar in 

the three cases, although i t appears that the deformations around the p i l e 

in Test 14 (K = 1.11) were the least local ised. 

6.4 TEST CONDUCTED ON A PILE INSTALLED IN OVER-CONSOLIDATED KAOLIN 

6.4.1 Introduction 

•Although, fo r reasons discussed e a r l i e r , the experimental programme 

was largely confined to tes t ing normally-consolidated s o i l s , one test 

(No. 7) was performed with over-consolidated kaolin in order to see whether 

there were any fundamental dif ferences in behaviour. Thus, a f te r the tes t 

th in sections were prepared. 

The kaol in fo r Test No. 7 had an over-consolidation r a t i o of 5, and 

a stress r a t i o , K, of 0.8, having been consolidated and swelled back 

under conditions of zero axial s t ra in . 

6.4.2 Observed Micro-fabr ic Changes 

Two photographs of a longi tudinal th in section through the sample 

are presented in Figs. 6.15(a) and (b) . The shear structures are very 

s imi lar to those that might be expected from a tes t conducted on normally-

consolidated clay at a stress r a t i o of less than un i ty . The major Riedel 

s t ructures, Sg^, formed at in tervals of roughly 11 mi l l imeters down the 

length of the p i l e and penetrated, at inc l inat ions of between 10° and 16°, 

to a distance of nearly 2 mi l l imeters from the p i l e . The Sĝ ^ structures 

were merged into one another and extended to a maximum of 3 mi l l imeters from 

the p i l e . A continuous pr inc ipal displacement shear, S^, formed at a 
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distance of j u s t over 0.5 mi l l imeters from the p i l e . 

In t h i s t e s t , a device was employed to measure the radial stress 

acting on the side of the p i l e . Af ter the t e s t , th in sections were 

prepared from the clay immediately adjacent to the device, and resul ts are 

presented in Appendix 6.2. 

6.4.3 Comments 

The micro-fabr ic changes observed a f te r th i s tes t are remarkably 

s imi lar to those which might have been expected had the test been performed 

at a s imi la r stress ra t i o in normally-consolidated kaol in. This perhaps 

suggests that by the time that the structures are formed, the re la t ionship 

between the stresses in the clay adjacent to the p i l e is r e l a t i ve l y independent 

of the i n i t i a l OCR. 

6.5 Summary of Micro-fabr ic Features Observed as a Result of Loading 

Piles i ns ta l l ed with Minimal Disturbance 

One of the main purposes in performing the micro-fabr ic studies 

described above was to obtain information about the deformations wi th in 

the clay so that a comparison wi th theoret ica l predict ions might be made. 

The main features observed are summarised below, and are compared with some 

theoret ical predict ions in Chapter 8. 

(1) The Riedel structures propagate at between 10° 

and 16° to the d i rec t ion of p i l e loading, i r respect ive 

of the i n i t i a l stress r a t i o . 

(2) The spacing and penetration of these structures increase 

with increasing i n i t i a l stress r a t i o . 

(3) The kink bands (Sg^) are inc l ined at 12° to 13° to the 

d i rec t ion of p i l e loading, i r respect ive of the i n i t i a l 

stress ra t i o (where the individual structures can be 

resolved). 

(4) The penetration of the structures increases with 

increasing i n i t i a l stress r a t i o . 

(5) The radial d i s t r i bu t i on of p las t ic ver t i ca l deformations 

wi th in the clay are s imi la r in a l l cases. 

(6) Following post-peak displacements of about 10 mi l l imeters , 

a continuous displacement d iscont inu i ty , S^, is formed 

para l le l to the p i l e . 
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6.6 TESTS TO EXAMINE FABRIC DISTURBANCE CAUSED BY INSTALLING AND 

LOADING DISPLACEMENT PILES 

6.6.1 Introduct ion 

Following the series of tests performed to examine the behaviour,on 

loading,of model p i les ins ta l led with minimal disturbance into kaolin samples, 

an addit ional set of three tests was conducted with ful l -displacement p i les . 

The object of th is l a t t e r series was to provide information about the nature 

and influence of fabr ic disturbance caused by driving or jacking displacement p i les, 

In the f i r s t t e s t , a so l id model p i l e was driven in to a sample of 

kaolin (which was subject to conf ining stresses). Af ter allowing the sample 

to consolidate f u l l y , i t was removed, trimmed, and the clay around the p i l e 

impregnated with Carbowax so that th in sections could be prepared. This tes t 

enabled the so i l deformation patterns and fabr ic changes caused by the 

i ns ta l l a t i on process to be examined. In the second t e s t , a p i l e was driven 

into a kaolin sample and, a f te r al lowing f u l l consolidation to occur, the 

p i le was slowly loaded un t i l residual conditions were reached. Thin sections 

were then prepared. A t h i r d tes t was performed in which a s imi la r p i l e was 

jacked into a clay sample, and the above process was repeated. The 

experimental deta i ls involved in these tests are described in Chapter 4, and 

the results obtained driving-the p i l e loading are presented in Chapter 5. 

The resul ts from the micro-fabr ic studies are presented below, and are 

la ter discussed in re la t ion to the f i e l d observations presented by Tomlinson 

(1970,b). 

6.6.2 Pile Driven into Clay Sample, but not Loaded 

6.6.2.1 Introduct ion 

The p i l e employed in Test 16 was driven to a depth of about s ix 

p i le diameters in to a sample of normally-consolidated kaol in , leaving a 

s imi lar depth of so i l between the p i l e t i p and the base of the sample. The 

aim of the test was to examine the nature of the so i l deformations beside 

and beneath the driven p i l e . 

The th in sections prepared from the kaolin sample were examined and 

photographed under polarised l i g h t . As previously observed, the general 

deformation pattern was highl ighted by the presence of shrinkage cracks which 

formed in the d i rect ions of the loca l l y d is tor ted bedding planes, whereas 

regions of intense shear s t ra in ing were characterised by a high degree of 

preferred pa r t i c le or ienta t ion which was detected by the polarised l i g h t . 
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Radial deformations wi th in the clay could not be established fo r lack of 

sui table ver t i ca l markers.and i t is suggested that the use of radiographic 

techniques in conjunction wi th th in-sect ion methods would provide a very 

powerful combination fo r examining so i l deformations. 

6.6.2.2 General Description of Deformations around the Pi le 

Two photographs (taken under d i f f e ren t or ientat ions of polarised 

l i g h t ) of a longi tudinal th in section prepared from the base of the p i l e 

(which was not driven 'through' the sample) are presented in Fig. 6.16(a) and 

(b) , and a schematic representation is shown in Fig. 6.16(c). 

I t w i l l be seen that beneath the p i l e the so i l is f a i l i n g in a 

'punching-shear' mode, as might be expected in a normally-consolidated c lay. 

At a distance in excess of about one p i l e radius from the shaft ( in 

Zone C), the clay fabr ic appears to have been largely unaffected by the 

dr iv ing process. However, the lack of sui table reference points wi th in the 

clay mass means that i t is not possible to determine the radial movements 

which occurred as a resu l t of the p i l e i n s t a l l a t i o n . The measured distance 

( in terms of p i l e r a d i i ) between the p i l e and the region of apparently 

undistorted clay is in good agreement with f i e l d observations around pi les 

with much greater diameters (e.g. Cummings et a l . , 1950; Tomlinson, 1970(a)). 

Closer to the p i l e , in Zone B, the clay has been strongly deformed, 

as is evident from the curvature of the shrinkage cracks and from the 

or ientat ion of the S-j fabr ic (viewed under polarised l i g h t ) . The or ig ina l 

bedding was roughly horizontal (Zone C, below the level of the p i l e t i p ) 

and appears l i g h t in Fig. 6.16(a). However, between Zone C and the p i l e 

shaf t , the clay fabr ic is rotated through some 90°, wi th the clay beside 

the p i l e again appearing l i g h t . The l i g h t transmitted through the th in -

section is in ext inc t ion when the bedding d i rec t ion has rotated through 45° 

from the hor izonta l , and is back in f u l l i l luminat ion a f te r a fu r ther 

45° ro ta t ion ; th is explains the progressive change in tone of the photograph 

in Fig. 6.16(a) from l i g h t to dark and back to l i g h t again with radial distance 

from the p i l e shaf t . 

Zone A is closest to the p i l e and extends to a distance of about two 

mi l l imeters (or about 25% of one p i l e radius) from the p i l e , and the 

boundary between Zones A and B appears to be a displacement d iscont inu i ty 

(see Fig. 6.16(a)) . The clay wi th in Zone A may be seen (pa r t i cu la r l y in 

Fig. 6.17) to contain numerous shear surfaces incl ined at small inc l inat ions 

to the d i rec t ion of p i l e penetration. 
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6.6.2.3 Deformations around the Pi le Shaft 

Fig. 6.18(a) and (b) are photographs of a longi tudinal th in 

section from the top of the p i l e shaf t . For a distance of two or three 

p i le diameters from the top of the sample there is a progressive 

development of the deformation pattern wi th in the c lay , whereas below 

that level the pattern is independent of depth un t i l the toe of the p i l e 

is approached. 

During the preparation of the th in -sec t ion , some kaolin was los t 

from Zone A near the top of the p i l e . In the lower ha l f of the photographs, 

however, i t may be seen that Zone A contains countless shear surfaces which 

are oriented at a small i nc l i na t i on to the d i rec t ion of p i l e penetrat ion, 

and probably have shear strengths close to the residual strength (appropriate 

to the rate of p i l e penetrat ion, and e f fec t i ve stress level operating during 

d r iv ing) . 

Examination of the deformed bedding planes (with the accompanying 

shrinkage cracks) suggests that the boundary between Zones A and B is a 

displacement d iscont inu i ty . Close to th i s boundary Riedel structures may be 

seen wi th in Zone B, inc l ined at between 10° and 15° to the d i rec t ion of p i l e 

penetration. The boundary between Zones B and C, on the other hand, appears 

to be a s t ra in d iscont inu i ty . 

6.6.2.4 Soil Deformations beneath the Advancing Pi le Tip 

The pattern of deformed bedding planes around the p i l e in 

Figs. 6.16(a), (b) and (c) may be used to establ ish the progressive deformation 

of a s ing le , o r i g i n a l l y undistor ted, bedding plane as a p i l e t i p advances 

towards, and then passes through the or ig ina l elevation of the plane. The 

main advantage of using th in section techniques fo r th i s purpose is that 

observations of the clay very close to the p i l e shaft may be obtained. 

However, as remarked e a r l i e r , the lack of reference points in the ve r t i ca l 

plane means that i t is not possible to establ ish the t ra jec to r ies of indiv idual 

pa r t i c les , and so at tent ion must be res t r i c ted to the deformation of 

i den t i f i ab le planes. As stated e a r l i e r , the use of th in section techniques 

combined wi th radiographic techniques would be much more powerful. 

From Fig. 6.16 i t would appear that deformations wi th in Zone C are 

small compared with those in Zones A and B. This is confirmed by measurements 

presented by Randolph, Steenfelt and Wroth (1979), and by Steenfelt et a l . 

(1981). In order to examine ( in an approximate fashion) the deformation of 
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an arb i t ra ry bedding plane, i t w i l l be assumed below that the boundary 

between Zones B and C is a l i ne of zero ver t i ca l and zero radial displacement. 

As noted in section 6.6.2.3, the displacement f i e l d around the 

lower hal f of the p i l e shaft appears to be independent of depth and so i t 

is reasonable to assume (as did Randolph et a l . , 1979) that a l l so i l par t ic les 

in a given l ine para l le l to the p i l e ax is , undergo a s imi la r displacement 

path. With the aid of th is assumption, i t is possible to establ ish the 

progressively deformed shape of an o r i g i na l l y horizontal plane of par t ic les 

as the p i l e t i p approaches and passes that leve l . The results of such an 

exercise are shown in Fig. 6.19. The 'dead' so i l beneath the blunt p i l e t i p 

acts as i f i t were part of the p i l e i t s e l f , and th is cone of so i l influences 

the deformation of the so i l below. I t may be seen in Fig. 6.19 that as the 

p i le t i p advances, the so i l ahead of i t is deformed, with severe d is tor t ions 

occurring in Zone B. Eventual ly, as the p i l e t i p reaches the deformed plane 

of pa r t i c les , the so i l immediately beneath the t i p is swept across the t i p 

and into Zone A. As th is so i l is forced across the p i l e t i p , i t is subject 

to large shear s t ra ins , as is evident from the high degree of preferred 

par t i c le or ienta t ion para l le l to the t i p of the cone (see Fig. 6.16(b)) . 

This strongly oriented clay is subsequently forced in to Zone A, which contains 

innumerable shear surfaces inc l ined at small angles to the d i rec t ion of p i le 

penetration. The inc l i na t i on of these shear surfaces decreases with axial 

distance along the shaft from the p i l e t i p , becoming almost ve r t i ca l at a 

distance of some three p i l e diameters from the t i p . Away from the ends of 

the p i l e , the p i l e penetration appears to be accommodated by s l i p wi th in Zone A. 

6.6.2.5 Comments 

I t is clear from the longi tudinal th in sections that the dr iv ing 

of a ful l -displacement p i l e has resulted in a narrow zone of clay (about 

25% of one p i l e radius) w i th in which the par t ic les are strongly oriented 

sub-paral lel to the d i rec t ion of p i l e penetration. The shear strength of 

th is zone probably corresponds to the residual strength appropriate to the 

rates of penetration and e f fec t i ve stress levels obtaining during dr iv ing 

(see Appendices 4.1 and 5 .3) . The presence of such a zone might be expected 

to influence the subsequent loading behaviour of the p i l e . 
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6.6.3 Pi le Driven, and Slowly Loaded to Residual Conditions 

6.6.3.1 Introduct ion 

The purpose of th is tes t (No. 18) was to re late the load-

displacement behaviour of the p i l e to fabr ic changes induced in the clay 

as a resu l t of d r i v ing . The p i l e was driven in to the kaolin sample (with 

peak ve loc i t ies of the order of one metre per second) in the same manner as 

that employed in Test 15. In the present case, however, the p i l e was 

driven un t i l the t i p entered the cavi ty in the bottom platen. Af ter 

allowing the kaolin to consolidate f u l l y , the p i l e was slowly loaded un t i l 

a constant, res idual , load was achieved, a f t e r which th in sections were 

prepared. Further deta i ls of the method of p i l e i n s t a l l a t i o n and of the p i l e 

test resul ts may be found in Chapters 4 and 5 respect ively. 

6.6.3.2 Fabric Changes Adjacent to the Pi le Shaft 

Figs. 6.20(a) and (b) present low magnif ication photographs of a 

longi tudinal th in section and a cross-section through the sample, respect ively. 

The boundary between the apparently undistorted clay(Zone C) and the more 

obviously d is tor ted clay ( in Zones B and A) l ies at a distance of about one 

p i l e radius from the shaf t . The most severely deformed clay in Zone A 

extends to a distance of about one and a hal f mi l l imeters (or roughly 20% of 

one p i l e radius) from the shaf t . Zone A may be seen in the cross-section 

as a set of numerous concentric shear surfaces. I t is of in terest to note 

that no evidence was found from the th in sections to suggest that radial 

cracks were formed in the clay during the p i le tests (some workers, e.g. 

Massarsch and Broms (1977), postulate that the clay surrounding a driven p i le 

is subject to hydraulic f rac tur ing during i n s t a l l a t i o n ) . 

A more detai led view of the clay close to the p i le may be seen in 

Fig. 6.21 which includes two photographs,(a) and (b ) , (taken under d i f f e ren t 

or ientat ions of polarised l i g h t ) and an in terpre t ive diagram in Fig. 6.21(c). 

At the boundary between Zones A and B, f a i n t Riedel structures may be seen, 

incl ined at between 12° and 15° to the d i rec t ion of p i l e penetration. The 

fabr ic wi th in Zones A and B may be seen at a higher magnif ication in 

Fig. 6.22(a) and (b) . Although the p i l e had achieved a residual capacity 

before the th in sections were prepared, i t may be seen in Fig. 6.22(b) that 

there is no obvious, s ing le , pr inc ipal displacement shear. Rather, i t would 

seem that the p i l e displacements were accommodated by s l i p on combinations of 

the many shear surfaces present. 
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6.6.3.3 Comments 

I t was shown in section 6.6.2 that the clay adjacent to a driven 

p i le is strongly oriented sub-paral le l to the d i rec t ion of p i l e penetration. 

In view of the large displacements involved, i t was suggested that the 

strength of th is shear zone probably corresponds to residual conditions 

(appropriate to the rate of penetration and the e f fec t i ve stresses acting 

during d r i v ing ) . On slowly loading a s im i la r p i l e , b r i t t l e post-peak 

behaviour was encountered, a f te r which residual conditions were again achieved. 

The reasons fo r the b r i t t l e behaviour are now considered. 

Experimental work to study the influence of rate of displacement on 

residual strength has been performed (see Appendices 4.1 and 5.3, and also 

Lupini , 1981). The resul ts suggest that the degree of or ientat ion of clay 

par t ic les beside a residual shear surface decreases with increasing rate of 

displacement. On slowly reloading a shear surface that has been subject to 

rapid displacements, the peak strength corresponds to the re l a t i ve l y 

disordered state of the par t ic les beside the shear surface, but the strength 

decreases with fur ther displacement as the par t ic les become more strongly 

aligned para l le l to the d i rec t ion of displacement. 

By an analogous argument,it would be expected that the residual 

strength of the shear zone (Zone A) beside a driven p i l e would be re l a t i ve l y 

high in view of the rapid displacements and low e f fec t i ve stresses operating 

during dr iv ing . On slowly loading the p i l e ( in the model tests th is was 

performed at a rate some seven orders of magnitude slower than the peak rate 

of penetration during d r i v i ng ) , peak load would occur when the strength of 

the shear zone is exceeded; thereaf ter the p i l e capacity would be expected 

to decrease with fur ther p i le displacement as the clay par t ic les wi th in the 

shear zone became more strongly aligned para l le l to the d i rec t ion of movement. 

Following th i s argument, i f the p i l e were to be loaded slowly to residual 

conditions and then unloaded and la te r reloaded, the new peak strength should 

correspond to the strength obtained immediately p r io r to unloading, and not 

to the or ig ina l peak value. This behaviour was indeed observed (see Fig. 5.27). 

5.6.4 Pi le Jacked, and then Slowly Loaded to Residual Conditions 

6.6.4.1 Introduct ion 

The p i l e ( in Test 19) was jacked through the sample at an average 

rate of about 4 mi l l imeter /minute, un t i l the t i p of the p i l e entered the 

cavity in the bottom platen. The sample was then l e f t overnight to ensure 
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complete consol idation before the p i l e was slowly loaded (5xlO" mm/min) 

to residual condit ions. The p i l e load-displacement behaviour exhibited 

some b r i t t l eness , but th i s was much less than that observed in the case of 

the driven p i l e (see Fig. 5.27). For fu r ther deta i ls of the i ns ta l l a t i on 

procedure and the results of the load tes t ing see Chapters 4 and 5 

respect ively. 

6.6.4.2 Micro-fabr ic Changes Beside the Pi le 

As might be expected, the th in sections show that the f i na l micro-

fabr ic changes were intermediate in nature between those observed fo l lowing 

the tests on the driven p i l es , and those observed a f t e r any of the ea r l i e r 

series of tests conducted on pi les ins ta l led with minimal disturbance. 

Two photographs of a longi tudinal th in section taken from the top 

of the jacked and loaded p i l e are shown in Figs. 6.23(a) and (b) and two 

photographs and a schematic representation of a th in section taken from the 

centre of the sample are presented in Figs. 6.24(a) , (b) and (c) . 

By comparing the two sets of f igures i t w i l l be seen that the general 

shearing pattern was established by a depth of about one p i le diameter from 

the top of the sample; there is no evidence to suggest p i l e wobble during 

i ns ta l l a t i on . In general, the clay appears to have been severely disturbed 

to a distance of roughly one p i l e radius from the sha f t , which is s imi lar to 

the distance measured fo l lowing the tests on driven p i l es , but twice that 

measured a f te r the tests on pi les ins ta l led with minimal disturbance. 

Close to the p i l e , Riedel structures may be seen. They penetrate 

to a distance of some two mi l l imeters from the sha f t , at in tervals of 

between 5 and 10 mi l l imeters down the p i l e , and at inc l inat ions of between 

20° and 35° to the d i rec t ion of penetration. The inc l ina t ions suggest that 

they may have formed around the toe of the p i l e and were l e f t as r e l i c 

structures along the shaf t . I t may be of in terest to note that these 

structures were not encountered so close to the driven p i l e s , probably 

because the shear zone (Zone A) extended to a distance of nearly two 

mi l l imeters from the shaft and would have destroyed a l l traces of them. 

Very close to the p i l e a s ing le , continuous, pr inc ipal displacement 

shear structure may be seen running para l le l to the shaf t . I t is 

unfortunate that during the preparation of the th in sect ions, a l i t t l e 

clay was los t in places from the edge of the p i l e . However, wherever the 

clay is i n t a c t , the pr incipal displacement shear may be seen at a distance 

of between 0.1 and 0.5 mi l l imeters from the shaf t . 
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6.6.4.-3 Comments 

I t is suggested that during jacking the large re la t i ve displacements 

between the p i l e and the clay were accommodated pr imar i ly by s l i p on th is 

th in shear surface, which had a shear strength determined by the rate of 

penetration and the e f fec t i ve stress leve l . On slowly loading the p i l e , 

the peak load was achieved when the shear strength of th i s d iscont inu i ty was 

exceeded. With post-peak displacement (three orders of magnitude slower than 

during jacking) the clay par t ic les on the shear surface probably become more 

highly ordered, resu l t ing in the observed post-peak b r i t t l eness . 

Jhe experimental observations concerning jacked and driven pi les are 

now discussed with reference to f i e l d observations reported by Tomlinson 

(1970,b) and by Bu t te r f i e ld and Johnson (1973). 

6.7 DISCUSSION OF THE BEHAVIOUR OF DISPLACEMENT PILES 

6.7 .1 Summary of the Results from the Model Tests on Displacement Piles 

One of the most in terest ing aspects of th is study has been the 

demonstration (see Fig. 5.27) that the peak capacit ies of both jacked and 

driven pi les are less than those of pi les ins ta l led wi th minimal disturbance 

into s im i l a r l y consolidated samples of kaol in. This resu l t was observed 

despite the measured decrease in water content of the clay beside the 

displacement p i les as a resu l t of i n s t a l l a t i o n and consol idat ion. Examinations 

of the th in sections taken at the p i le -c lay interface suggest that the clay 

adjacent to the displacement p i les was severely disturbed during the 

i n s t a l l a t i o n , and that shear surfaces were formed para l le l to the d i rec t ion 

of p i l e movement. 

On slowly loading the displacement p i l e s , the pre-peak behaviour 

was very s imi la r to that of the pi les ins ta l led with minimal disturbance, 

un t i l peak conditions were abruptly reached by the displacement pi les (see 

Fig. 5.27 once again). These pi les presumably ' f a i l e d ' when the peak 

angles of f r i c t i o n on the shear surfaces generated by p i l e i n s t a l l a t i o n 

were mobil ised. As the rate of p i l e penetration during dr iv ing was much 

faster than that during jack ing, i t would be expected (from the work presented 

in Appendices 4.1 and 5.3, and by Lupini , 1981) that the peak angle of shaft 

f r i c t i o n around the driven pi les would be greater than around the jacked 

p i les . The peak normalised capacity of the driven p i l e was indeed observed 

to be more than 10% higher than that of the jacked p i l e . 
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In a l l the p i l e t es t s , i t was observed that fo l lowing post-peak 

displacements of between 5 and 10 mi l l imeters , constant residual conditions 

were achieved. As the f i n a l displacement rate was the same fo r a l l t es t s , 

i t seems reasonable to assume that the residual angles of shaft f r i c t i o n 

were the same too. Taking th is angle of f r i c t i o n to be 11.5° i t may be 

shown that f o r a given ce l l pressure the radial stresses acting at residual 

conditions were 10% greater for the driven p i l e than fo r one ins ta l led with 

minimal disturbance. The radial stresses acting on the jacked p i l e were 

intermediate in value (6% greater) . I t should be remembered that the 

boundary conditions acting on the kaolin samples were not ideal fo r the 

conduct of tests on displacement p i l es , and so the above values should be 

taken as being ind icat ive of a t rend, rather than as precise resu l ts . 

The micro-fabr ic studies suggest that the pr incipal displacement 

shear induced in the so i l around the jacked p i le was very narrow and 

continuous, whereas around the driven p i l e no obvious single shear surface 

could be found, and the p i l e displacement appears to have been accommodated 

by simultaneous s l i p on numerous para l le l shear surfaces wi th in Zone A. 

6.7.2 Field Tests on Jacked and Driven Piles in London Clay 

6.7.2.1 Introduct ion 

Tomlinson (1970,b) presented the resul ts of several f i e l d tests 

performed on s t r a i gh t , closed-ended, steel pi les which were e i ther dr iven, or 

jacked into London Clay. Af ter testing,some of the pi les were exhumea in 

order to examine the nature of the disturbance to the clay caused by the 

p i le i n s t a l l a t i o n . 

Bu t te r f i e ld and Johnston(1973) jacked an instrumented p i l e in to 

London Clay, and measured the local shear stresses and radial to ta l stresses 

acting on the p i l e during jacking. 

The resul ts from both sets of tests are discussed below. 

6.7.2.2 Comparison between the Behaviour of Jacked and Driven Piles 

Of the nineteen test pi les discussed by Tomlinson (1970,b) twelve 

were ins ta l led in to London Clay which was not covered by overburden. 

These tests were conducted in pairs of s imi la r p i l e s ; in each case one p i le 

was ins ta l led by jacking and the other by d r iv ing . Af ter allowing the so i l 

around the pi les to consolidate fo r 28 days, the pi les were tested, and 

la te r re-tested three months, and one year a f te r i n s t a l l a t i on . The early 

stages of the p i l e tests were load-control led but displacement-controlled 
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loadings were used to examine the post-peak behaviour. 

Of the s ix pairs of pi les mentioned above, the two pairs JP5, DPS 

and JP6, DP6 had the greatest penetrat ion, and resul ts from tests on them 

w i l l be used fo r i l l u s t r a t i o n in the discussion below, although s imi la r 

results were obtained with the shorter p i les . The pi les were constructed 

from 168 mm QD mild steel seamless tubes, and the four p i les considered 

were ins ta l led to a depth of some f i ve and a hal f metres (or some t h i r t y 

two times the p i l e diameter). The pi les were strain-gauged so that the 

load d i s t r i bu t i on along the pi les could be measured. 

The load-displacement behaviour of the jacked pi les JP5, JP6 and 

the driven pi les DPS, DP6 are i l l u s t r a t e d in Fig. 6.2S, and i t may be seen 

that there are some obvious dif ferences in behaviour between the two types 

of p i l e . The driven pi les exhibi ted a marked peak on f i r s t loading, a f te r 

which the shaft capacity reduced by 30% to a value which did not change with 

fur ther displacement (the quoted reduction in capacity is the average value 

from the six tests (DPI to DP6) conducted on driven p i l es ) . In contrast , 

the jacked pi les exhibi ted a much less pronounced peak which was t yp i ca l l y 

about 6% in excess of the residual capacity. The residual capacit ies of 

s imi lar pai rs of driven and jacked pi les were generally wi th in S% of each 

other, the driven p i les being the stronger. 

Tomlinson noted that the forces required to jack the pi les in to 

posi t ion exceeded those required to br ing the pi les to peak load a f te r 28 

days consol idat ion. Thus, during i n s t a l l a t i o n the mean a value was 0.6 , 

whereas on loading the values varied between 0.5 and 0.6. Although the 

shear strength of a shear surface in London Clay increases with rate of 

displacement (see Lupin i , 1981), Tomlinson's observations suggest that the 

radial e f fec t i ve stresses act ing on the pi les during jacking were not 

s i gn i f i can t l y d i f f e ren t from those act ing during p i l e loading. 

I f Figs. 5.2 7 and 6.25 are compared, i t w i l l be seen that the 

shapes of the load-displacement curves f o r the corresponding f i e l d and the 

laboratory p i l e tests have several features in common. The deformations 

required to achieve peak load would be expected to depend on the p i l e 

diameter, and i t may be seen that the normalised displacements to peak 

measured during the f i e l d tests and the laboratory t es t s , are s imi la r (1.5% 

and 0.7%). These two values would not be expected to be ident ical in view 

of the dif ferences between the clays and the i r stress h is tor ies pr io r to 

p i l e i n s t a l l a t i o n . 
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On the basis of the micro-fabr ic studies, however, i t is 

suggested that the major i ty of post-peak displacements occur in a very 

narrow zone close to the p i l e , and so the displacements to achieve 

residual conditions would not be expected to be s i gn i f i can t l y influenced 

by the p i le diameter (provided, of course, that i t i s much greater than 

the par t i c le sizes involved). In the f i e l d tests displacements of 20 to 

25 mm were required, compared with the 10 mm required in the laboratory. 

Af ter the f i e l d tes ts , Tomlinson (1970,b) exhumed one jacked p i l e 

and three of the driven p i l es . In a l l cases, a gap had developed between 

the p i l e and the clay for the f i r s t four p i l e diameters from the ground 

surface (presumably as a resu l t of p i l e wobble). Over the lower port ion 

of the p i l e , however, a th in skin of clay between 1 and 6 mm th ick remained 

strongly adhering to the p i l e . The outer surface of th is skin was apparently 

very smooth and s i ickens l ided, whereas the surface in contact with the 

p i le had a matt appearance and carr ied the pattern of the s tee l . This 

strongly suggests that the s l i p between the p i l e and the clay was occurring 

on the s i ickensl ided surface of adherent sk in , and not at the p i le -c lay 

in ter face. Tomlinson had electron-micrographs prepared from the clay on 

the siic-ken-slided surfaces of both the driven and jacked p i l es , and showed 

that the clay par t ic les were very strongly aligned at a very small angle to 

the p i l e axis. Thin sections prepared a f te r the laboratory tests show 

s imi lar resu l ts . 

Tomlinson suggested that these si ickenslided surfaces must be at 

residual strength, and measured the residual angle of f r i c t i o n to be 10° 

(using a d i rec t shear box). 

6.7.2.3 Stresses Acting on a Continuously Jacked Pi le in London Clay 

Bu t te r f i e ld and Johnston (1973) reported the results obtained during 

the jacking of an instrumented model p i l e (100 mm diameter) in to London Clay. 

The instrumentation incorporated enabled measurements of local shear stresses 

and radial t o ta l stresses acting on the p i l e shaft to be obtained at various 

locations down the p i l e . 

The radial to ta l stresses were seen to be very strongly influenced 

by the i n i t i a l undrained shear strength, Cu, in the adjacent s o i l . Away 

from the top and the bottom of the p i l e the radial stresses were generally 

about 4 X Cu, and the local values of a(T/Cu) lay between 0.7 and 0.8 

during i n s t a l l a t i o n . 



-194-

Employing 200 simultaneous local measurements of shear and to ta l 

radial stresses, the authors determined values fo r the angles of interface 

f r i c t i o n . More than 70% of the values f e l l in the range 10° ± 3°, and the 

authors argued that an appreciable, and essent ia l ly constant proportion of 

the to ta l radia l stress was e f fec t i ve across the in ter face. Although i t is 

very unfortunate that th is assumption could not be confirmed by measurements 

of local pore pressures, i t is supported by Tomlinson's observation that 

on loading a jacked p i l e a month a f te r i n s t a l l a t i o n , the peak load was less 

than the jacking force. 

I t would, therefore, appear from both sets of f i e l d tests that on 

loading the jacked p i les in London Clay, the peak angle of shaft f r i c t i o n 

was not much greater than the residual value of around 10°, and was cer ta in ly 

much smaller than the angle of shearing resistance that might be determined 

by means of a t r i a x i a l t es t . 

6.7.3 Conclusions 

I t has been demonstrated that the i n s t a l l a t i o n of a displacemnt p i l e 

into a p las t i c clay may cause severe disturbance to the micro-fabr ic of the 

clay adjacent to the p i l e . The large re la t i ve displacements between the 

p i l e and the clay are accommodated by s l i p wi th in a narrow shear zone, and 

loca l l y the clay par t ic les are re-or iented to l i e sub-paral lel to the 

d i rec t ion of p i l e penetrat ion. When the p i l e is loaded, i t s shaft capacity 

is l im i ted by the presence of th is shear zone. 

Both the laboratory and the f i e l d tests indicate that the peak 

capacities of driven pi les exceed those of otherwise s imi lar jacked p i l e s , 

whereas the residual capacit ies are very s im i la r . I t is suggested that 

the greater peak strengths of driven pi les resu l t from rate ef fects 

experienced during i n s t a l l a t i o n by the clay in the shear zones beside the 

pi les (see Appendix 5.3 fo r example), and possibly also from the reverse 

shear that may occur on p i l e rebound fo l lowing each blow during dr iv ing . 

I f a displacement p i l e is slowly loaded beyond peak condi t ions, 

the clay par t ic les w i th in the shear zone become more strongly aligned in 

the d i rec t ion of p i l e displacement, and the mobilised angle of f r i c t i o n 

tends rapid ly towards a residual value appropriate to that par t icu lar rate 

of displacement. I f the p i l e is unloaded and la ter re-loaded, the new 

peak angle of shaft f r i c t i o n w i l l equal the residual value unless some form 

of cementing or other ageing process occurs in the meantime. 
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I t is suggested that when estimating the capacit ies of long, 

and therefore compressible, pi les a reasonable lower bound to the angle 

of shaft f r i c t i o n may be obtained from the resul ts of d i rec t shear tests 

in which the so i l is sheared, under drained condi t ions, against a r i g i d 

interface made from the p i le mater ia l ; th is idea is considered fu r ther 

in Chapter 9. The major obstacle to the development of a general e f fec t i ve 

stress method of p i l e design is now the shortage of re l i ab le measurements 

of radial e f fec t i ve stresses act ing on pi les as a resu l t of both i n s t a l l a t i o n 

and loading. 
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Figure 6-15 ( fac ing) 

Long i tud ina l thin section prepared 
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Figure 6 18 ( fac ing) 

Longitudinal thin sect ion f r o m the t o p 
of the driven pi le in Test 16 

No te : Photographs ( a ] and ( b ) are a t 
d i f f e ren t magn i f i ca t i ons , but the points 
marked [ x ] are common to both . 
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Figures 6 23 (a) and ( b) — facing 

Longitudinal thin sections through the top 
of the pile f rom Test 19 ( photographs taken under 
d i f fe rent or ienta t ions of polar ized l i g h t ) . 
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APPENDIX 6.1 

END EFFECTS IN THE MODEL PILE TESTS 

A.6.1.1 Introduct ion 

The stresses act ing in the clay adjacent to one of the loaded 

model p i les are l i k e l y to be loca l l y perturbed at the p i l e entry and 

ex i t as a resu l t of the geometry of the apparatus. In general, the 

influence of 'end e f fec ts ' is d i f f i c u l t to establ ish and th in section 

observations provide a means whereby regions of atypical shearing behaviour 

may be i den t i f i ed . The technique is not sui table f o r quant i fy ing the 

ef fects of local perturbat ions; these were estimated by means of F in i te 

element modelling of the p i l e tests (described in Chapter 8) . 

In the fo l lowing discussion, conditions around the p i l e employed 

in Test 14 (K = 1.11) are considered. Reference w i l l be made to 

photographs of longi tudinal th in sections taken from the top, middle and 

the base of the p i l e . A locat ion plan for the photographs is shown in 

Fig. A.6.1.1. 

A.6.1.2 Top of the Pi le 

During the i n s t a l l a t i o n of the model p i l e , the annular gap between 

the brass core and the Kaolin sample was grouted with epoxy resin to the 

top of the sample (or as nearly as possible). As the p i l e was loaded a 

gap was l e f t between the top of the p i le and the top platen. 

Fig. A.6.1.2(a) is a photograph taken from the top of the p i l e used in 

Test 14, a f t e r the p i l e had been displaced by a t o ta l of 13 mi l l imeters . 

Comparison between the r e l i c Sg shear structures l e f t in the clay 

at the top of the sample, and those nearer the centre indicates very 

l i t t l e di f ference in behaviour although the structures at the top are 

somewhat more closely spaced than those lower down. Thus, at least un t i l 

peak condi t ions, end ef fects at the top of the p i le are l i k e l y to have had 

very l i t t l e inf luence on the p i l e behaviour. 

The th in sections provide l i t t l e information about the post-

peak behaviour because the clay deformations have become so local ised. 

The clay l e f t r ad ia l l y unsupported in the absence of the p i l e appears, from 

the th in sect ions, to have deformed inwards. However, as th is was not 
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observed during the course of the p i l e t e s t , i t is thought that at least 

some of th is movement occurred during the impregnation process. 

A.6.1.3 Base of the Pi le 

A photograph of a longi tudinal th in section taken from the bottom 

of the sample is presented in Fig. A.6.1.2(c) and the region represented 

is shown in re la t ion to the rest of the p i l e , in Fig. A.6.1.1. 

The photograph indicates that atypical shearing behaviour extended 

fo r a distance of about 25 mi l l imeters from the bottom platen. However, 

most of the structures seen were formed at around peak p i l e load condi t ions, 

when the base of the shaft (seen in the photograph) was about 11 mi l l imeters 

above the bottom platen. The atypical structures were induced by the 

local increase in axial stress resu l t ing from the absence of shear res t ra in t 

on the circumferent ial boundaries of the clay sample, and because the bore-

hole beneath the p i l e was i n i t i a l l y unsupported. Bearing in mind the 

posit ion of the p i l e at peak load, i t may be seen that the length of p i l e 

influenced by th is atypical behaviour is of the order of 15 mi l l imeters , or 

around 10% of the p i l e length. The f i n i t e element modelling suggests that 

the shear d i s t r i bu t i on along the p i l e is very uniform, except f o r a few 

mi l l imeters at the top and bottom, and that these end-effects have l i t t l e 

influence on the p i l e behaviour when normally-consolidated Kaolin is tested. 
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APPENDIX 6.2 

MICRO-FABRIC CHANGES AROUND THE RADIAL-STRESS MEASURING DEVICES 

A.6.2.1 Introduct ion 

Devices f o r measuring the radial stresses act ing against model 

p i les ins ta l led wi th minimal disturbance were incorporated in three tests 

(Nos. 7,15 and 17). Following Tests 7 and 15, th in sections were prepared 

so that the micro- fabr ic changes in the clay beside the measuring devices 

could be compared wi th those occurring at other locations along the p i les . 

A.6.2.2 Test 7 

The Kaolin in th is tes t was over-consolidated wi th an OCR of 5. The 

radial stress device developed a leak during operation and i t was not 

possible to obtain re l i ab le measurements of the radial stresses. However 

the leak was very small and the test was continued, wi th the pressure 

in the device being kept at the ce l l pressure so as not to a f fec t the 

o v e r a l l . p i l e behaviour much. 

A photograph of a longi tudinal th in section prepared from the clay 

surrounding the radia l stress measuring device is shown in Fig. A.6.2.1(a) , 

together with a schematic view in Fig. A.6.2.1(b) . Photographs of a 

longi tudinal th in section taken from higher up the p i l e are shown in 

Chapter 6, Figs. 6.15(a) and (b). 

I t may be seen that the pr inc ipal displacement shear, S^, is 

continuous along the radial stress measuring device, even where some clay 

was los t during preparation of the th in section. However, there is a 

deviat ion in the l i ne of th is structure at the top of the cav i t y , altnough 

th is is thought to have occurred as a resul t of the impregnation process 

(close to the p i l e shaft shrinkage of the impregnated clay was 

prevented by the r i g i d resin and core, whereas the clay adjacent to the 

cavi ty was unsupported). The pattern of Sgĵ  shear structures is s imi la r 

to that seen beside the p i l e in Figs. 6.15, and so i t is concluded that 

the behaviour of the clay adjacent to the radial stress-measuring device 

was s imi la r to that occurring elsewhere along the p i l e . 
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A.6.2.3 Test 15 

This tes t was performed on Kaolin normally-consolidated to a 

stress r a t i o close to un i ty . An improved design of radial stress-

measuring device was employed, and i t worked s a t i s f a c t o r i l y during the 

tes t . 

Photographs of longi tudinal t h i n sections taken through the radial 

stress-measuring device are presented in Figs. A.6.2.2,3 and 4. The top 

of the device is shown in 3a and the base in 4a; schematic views of the 

two longi tudinal sections are shown in Figs. 3(b) and 4(b) respect ively. 

For comparison, a photograph and a corresponding schematic view of a 

longi tudinal th in section taken from the top of the same p i le are 

presented in Figs. A.6.2.2(a) and (b). In a l l of the photographs, the 

d i rec t ion of po lar isa t ion of the l i g h t was selected to h igh l ight the micro-

s t ruc tura l features close to the p i l e ( i . e . S^, Sg s t ruc tures) , rather 

than the more di f fused structures. 

In the th in section of the bottom of measuring-device, some 

clay was los t during preparation of the th in sect ion, and th is was largely 

replaced wi th Carbowax, as may be seen in Figs. A.6.2.4(a) and (b) . I f 

the three th in sections are compared, i t may be seen that the patterns of 

the structures beside the measuring-device are s imi la r to those occurring 

elsewhere along the p i l e . Thus, i t is believed that the shear-reinforcement 

around the measuring device performed s a t i s f a c t o r i l y during th is t e s t , 

and that the measured radial stresses represent a close approximation to 

those acting on the p i l e during the tes t . 
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• CHAPTER 7 

FINITE ELEMENT ANALYSES 

7.1 INTRODUCTION 

The series of model p i le tests (described in Chapters 3,4,5 and 6) 

which was conducted on pi les ins ta l l ed wi th minimal disturbance provides 

information about the load-displacement behaviour of the p i l e s , the e f fec t 

of i n i t i a l stress condi t ions, and about the micro- fabr ic changes that are 

induced in the clay simply as a resu l t of loading the p i l es . Although 

measurements or estimates of the shear and radial stresses act ing on the 

loaded p i les were obtained, no d i rec t information could be obtained about 

pr incipal stress rotat ions and changes in the other components of stress in 

the clay adjacent to the p i l es . 

In the theoret ica l work presented below the p i l e - s o i l load t ransfer 

mechanism is examined, and the predict ions obtained are compared with the 

experimental resu l ts . The analyses are l a te r extended to consider the 

influence of more r e a l i s t i c p i l e i ns ta l l a t i on procedures, and predict ions 

are compared with avai lable f i e l d data. 

The behaviour of the so i l close to a loaded p i l e is predominately 

displacement contro l led and, provided that there is no re la t i ve s l i p between 

the p i l e and the s o i l , kinematic cont inu i ty requires that the to ta l axial 

s t ra in in the so i l adjacent to the p i le is the same as that of the p i l e i t s e l f 

(zero i f the p i l e is ax ia l l y r i g i d ) . The radial displacement of the so i l at 

the inter face is the same as that of the p i l e i t s e l f (zero i f the p i l e is 

rad ia l l y r i g i d ) and, in the l a t t e r case, th is implies that the to ta l hoop 

s t ra in is l oca l l y zero too. On drained shearing, most so i ls tend e i ther to 

d i l a te or to contract and so, in order to sa t i s fy the kinematic boundary 

constra ints , complex stress changes may be required close to the p i l e . For 

th is reason the resul ts of analyses of th is problem w i l l be strongly influenced 

by the kinematic aspects of the chosen so i l cons t i tu t i ve law. 

Analyses of the stress conditions in the so i l adjacent to a loaded 

p i l e , assuming the soi l to be isot ropic e l a s t i c , lead to the predictions that 

both the local radial and axial stresses remain approximately constant during 

p i le loading. I f the so i l were to remain e las t i c un t i l some form of strength 
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c r i t e r i on such as Mohr-Coulomb were sat is f ied , , then the s i tuat ion depicted 

in Fig. 7.1 would obtain. The peak angle of shaft resistance, 6 ' , which is 

indicated in th is f igure is dependent on the c ' - ^ ' parameters of the s o i l , 

and the i n i t i a l stress r a t i o , K, in the s o i l . The predicted var ia t ion of 

the ra t i o tan 6 ' / tan <{)' with K ( fo r the parameters appropriate to the 

Kaolin employed in the experimental invest igat ion) is shown in Fig. 7.2. 

Comparison with the experimental resu l t s , which are also indicated in the 

f i gu re , demonstrates the inadequacies of the predict ions. Similar conclusions 

ar ise whether the clay is assumed to be l inear or non-l inear isot rop ic e l a s t i c ; 

see Lopez 1980. This resu l t occurs because the volumetric and the shear stra ins 

are not coupled. 

In order to provide a more r e a l i s t i c model of the so i l behaviour, 

analyses have been performed assuming the so i l to be a work-hardening elasto-

p las t ic mater ia l , behaving in accordance with a form of the Modified Cam 

Clay cons t i tu t i ve law (see Roscoe and Burl and, 1968). Work at Cambridge and 

elsewhere has shown that theoret ica l models of th is type provide a useful 

descr ipt ion of the behaviour of many normally consolidated and l i g h t l y over-

consolidated so i l s (and of Kaolin in p a r t i c u l a r ! ) , I t should be borne in 

mind, however, that the Modified Cam Clay const i tu t ive law is based on data 

obtained from t r i a x i a l compression tes t s , and the extension of the model to 

consider complex stress paths in three-dimensional stress space is as yet 

largely unsupported by laboratory data. This implies that although very 

valuable information about trends in behaviour may be obtained with th is 

r e l a t i ve l y simple model, the resul ts should not be applied d i r ec t l y to design 

without the confirmation of appropriate stress or s t ra in path tes t ing (see 

Wood, 1980). 

The so i l behaviour predicted by the Modified Cam Clav const i tu t ive laws 

is in general highly non-l inear and for th is reason an incremental f i n i t e element 

formulation has been employed in the analyses of p i l e loading behaviour. In 

the remainder of th is chapter the theoret ical procedures, the so i l cons t i tu t i ve 

models and the f i n i t e element meshes employed are described. In Chapter 8 

the response of the so i l beside model p i les ins ta l led wi th minimal disturbance 

is analysed and the predict ions are compared with experimental resul ts 

presented in Chapters 5 and 6. In Chapter 9 the analyses are extended to 

consider the behaviour of displacement p i l es , and the predictions are 

compared with f i e l d observations. 
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7.2 FINITE ELEMENT PROGRAM 

The computer program employed is a f i n i t e element package ( I .C.F.E.P.) 

developed at Imperial College ( largely by Dr. D.M. Potts, whose assistance 

is g ra te fu l l y acknowledged), and i t was executed on the Imperial College 

CDC Cyber 174 and 7200 machines. The program is capable of solving problems 

involv ing non-l inear material propert ies, but as yet f a c i l i t i e s fo r performing 

consolidation analyses and for considering large deformations are not avai lab le. 

For the analyses described below, eight-noded iso-parametric elements 

of the 'Serendipi ty ' family are employed, using reduced integrat ion in 

preference to 'exact ' in tegrat ion because the former t yp i ca l l y produces better 

conditioned resul ts when considering undrained condit ions. The program 

incorporates an automatic mesh generator, and the global s t i f fness matrices 

are assembled by the d i rec t - s t i f f ness approach. A re-numbering rout ine is 

used to reduce the storage requirements. 

Both load (point or d is t r ibu ted) and displacement boundary conditions 

may be speci f ied in order to solve boundary value problems. A pa r t i cu la r l y 

useful feature of the program is the f a c i l i t y to ' t i e together' two or more 

nodes, anywhere in the mesh, such that selected components of displacement 

are i den t i ca l . The ty ing is achieved by giving the same degree of freedom 

number to a l l of the t i ed components of displacement, the magnitudes of which 

are evaluated in the course of the analysis. An appl icat ion of th is feature 

is discussed l a t e r . 

Because of the highly non-l inear nature of the predicted so i l behaviour, 

the p i l e displacements are applied incremental ly. The solut ion routine 

employs an accelerated form of the i n i t i a l stress approach, and t yp i ca l l y f i f t y 

increments of p i l e displacement are employed, with an average of six i te ra t ions 
CKli. 

per increment. Af ter every f i f t h increment data ^ stored on f i l e to enable 

the analysis to be restarted from that stage i f necessary. 

7.3 MESH GEOMETRIES EMPLOYED 

7.3.1 Introduct ion 

The aims of both the experimental work described in Chapters 3 to 6, 

and the f i n i t e element analysis are to examine the behaviour of so i l close to 

a short element of a very long r i g i d p i l e , well away from the influences of 

both the t i p and the ground surface. A s impl i f ied mesh geometry (employing 

t ied degrees of freedom) is employed to model the idealised behaviour, and a 
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much larger mesh is used to examine the stress conditions wi th in the 

experimental apparatus, thus enabling an estimate of how well the experimental 

conditions approximate to the ideal to be obtained. 

7.3.2 Mesh to Analyse the Ideal Behaviour 

The mesh, i l l u s t r a t e d in Fig. 7.3, was employed to model the behaviour 

of the so i l around a short segment of a very long p i l e . The dimensions of 

the mesh were selected for ease of comparison with the experimental conditions 

but no loss of general i ty is implied as the predicted resul ts are independent 

of assumed scale. 

The mesh consists of a horizontal disc of so i l having a thickness of 5 mm, 

and an external radius of 345 mm. The modelled p i l e of 7.5 mm radius is coaxial 

with the disc. As indicated in Fig. 7.3, the disc has been divided into twenty, 

eight-noded, iso-parametric elements. Immmediately adjacent to the p i l e 

shaf t , the elements have a width of only 0.25 mm (or 3% of the p i l e radius) . 

To model the loading of the p i l e , axial displacements were imposed over the 

boundary AF. On the outer circumference of the d isc , region CD, zero displacement 

boundary conditions were imposed. Parametric studies (Appendix 7.1) were 

performed'varying the numbers of elements, the element sizes and the radial 

distance to the boundary CD in order to ve r i f y that the mesh shown in Fig.7.3 

accurately models the problem under consideration. Along the boundaries AC 

and FD the displacements were t i e d , such that at any radius, r , the 

displacements both v e r t i c a l l y and rad ia l l y at corresponding nodes on AC and 

FD were forced to be iden t i ca l . As a resu l t , a ver t i ca l l i ne such as EB in 

Fig. 7.3 remained ver t i ca l during loading. The magnitudes of both the 

ver t i ca l and radial displacements of th i s l i ne are c lear ly unknown at the 

outset of the ca lcu lat ion and are determined by the analysis. This ty ing 

of displacements was achieved in the f i n i t e element analysis by giving the 

same degree of freedom number to nodes at the same radius along AC and FD. 

This also resulted in a smaller s t i f fness matrix and essent ia l ly reduced 

the problem to a one-dimensional s i tuat ion in which a l l variables were a 

funct ion of radius only. I n i t i a l stresses specif ied at the s ta r t of the 

analysis were chosen to represent the stresses believed to ex is t around the 

model p i les immediately pr io r to loading. 

Pi le displacements were applied incrementally and the f i n i t e element 

equations solved using an accelerated form of the i n i t i a l stress approach 

employing reduced in tegrat ion. A parametric study was performed to ensure 

that the increment sizes were s u f f i c i e n t l y small to provide accurate 
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predict ions (see Appendix 7.2) . 

7.3.3 Mesh to Analyse the Experimental Conditions 

In order to invest igate how well condit ions wi th in the Kaolin samples 

during model p i l e tests approximated to the ideal ised s i tua t ion under 

consideration, f i n i t e element analyses of the tests were performed. The 

mesh shown in Fig. 7.4 was used to represent the experimental condi t ions, 

and consists of 196, eight-noded iso-parametric elements. Immediately 

adjacent to the p i l e shaf t , the elements have a width of only 1 mm, and so 

the closest Gauss-point is less than 0.25 mm away. The top and bottom 

platens of the tes t apparatus were modelled as being rough and r i g i d by 

imposing zero ve r t i ca l and radial displacements along the boundaries AB and 

CD. Pi le loading was simulated by imposing increments of axial displacement 

along the boundary region EF, and the radial r i g i d i t y of the p i l e was modelled 

by preventing radial movement of the boundary. Over the remaining boundaries 

of the sample the stresses were set to the values applying immediately a f te r 

p i l e i n s t a l l a t i o n , and the same stresses were input as i n i t i a l stresses in 

the s o i l . 

7.4 SOIL CONSTITUTIVE MODELS 

7.4.1 Introduct ion 

The so i l is modelled as an e las to-p las t ic continuum, and has been 

assumed to behave in accordance with various forms of the 'Modified Cam 

Clay' cons t i tu t i ve law (Roscoe and Burland, 1968). The analyses presented 

are largely res t r i c ted to p i les ins ta l led in normally-consolidated or l i g h t l y 

over-consolidated c lays, and so deta i ls of the shapes of the p las t i c potent ia ls 

and the y ie ld surfaces on the 'dry ' side of the c r i t i c a l state are not 

relevant. On the 'wet' side both associated and non-associated p l a s t i c i t y 

has been considered, and the influences on the predicted p i l e behaviour of 

the shapes of the p las t i c potent ial and the y ie ld surface in the deviator ic 

plane are examined below. 

When considering the loading behaviour of displacement p i l es , i t is 

assumed that the presence of pre-exist ing shear surfaces para l le l to the 

p i l e (see Chapter 6) does not influence the behaviour of the surrounding s o i l , 

and that s l i p on the d iscont inu i ty is i n i t i a t e d only when a c r i t i c a l angle 

of f r i c t i o n is mobil ised. 
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7.4.2 Const i tut ive Model in ' T r i a x l a l ' Stress Space 

7.4.2.1 Introduct ion 

The Modified Cam Clay cons t i tu t i ve law (Roscoe and Burland, 1968) 

was developed with the aid of experimental data obtained from s ta t i c ' t r i a x i a l ' 

compression tests performed on Spestone Kaolin. Before possible extensions 

of the model to consider more generalised stress conditions are presented, 

some important features of the or ig ina l model are b r i e f l y reviewed. 

7.4.2.2 Consolidation Behaviour 

I t was assumed that the c lay , when subject to isot ropic consol idat ion, 

fol lows a t ra jec to ry in v - £n P' space given by the v i rg in consolidation 

l i n e ; see Fig. 7 .5(a) . 

Thus V = v^ - X£n P' (7.1) 

v = Vg - K&n P' (7.2) 

where 

V 

P' 

X 

s the speci f ic volume 

s the mean e f fec t i ve stress = (o^ + Og + crp/3 

s the slope of the v i r g in consolidation l i ne 

s the slope of the swell ing l i ne 

(7.3) 

v-j is the v i r g i n consolidation speci f ic volume at 

un i t P' 

V is the speci f ic volume at uni t P ' , on the swell ing l i ne 

X , K , and v̂  are properties of a par t icu lar c lay , whereas the value of v^ 

is d i f f e ren t for each swell ing l i n e . The volume change along each swell ing 

l i ne is recoverable, or e l a s t i c , whereas much of the volume change along the 

v i r g in consol idation l i ne is i r recoverable, or p las t i c . 

7.4.2.3 Yield Function and Plast ic Potential 

I t was assumed that the p l a s t i c i t y i s , in the terms of c lassical 

p l a s t i c i t y , 'associated' ; in other words the y ie ld funct ion and the p las t ic 

potent ia l were assumed to be coincident. An assumption regarding the nature 
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of the d iss ipat ion of energy wi th in the clay led to the de f i n i t i on of a 

f low rule from which the equation of the Stable State Boundary Surface 

(S.S.B.S.) was derived. 

The equation of the S.S.B.S. may be wr i t ten as 

2 2 ' 2 
Fg = q - M̂ P ( ^ - 1) = 0 (7.4) 

where 

q is 

M is a clay parameter representing the slope of the 

c r i t i c a l state l i ne in q-P' space 

P^ is the value of P' at the in tersect ion of the current 

swell ing l i ne and the v i r g in consolidation l i ne 

(see Fig. 7 .5 (b) ) . P^ is employed as a hardening 

parameter. 

The y i e l d surface plots as an e l l i pse above each swell ing l i n e . 

I t was assumed that when the clay is subject to an increasing 

deviator ic stress i t behaves in an e las t i c manner (whi ls t F < 0) un t i l 

the y i e l d surface is reached (F = 0 ) , at which point s t ra in hardening/ 

softening p las t i c behaviour occurs. 

Roscoe and Burland (1968) extended the model to consider more 

generalised stress space by assuming that the S.S.B.S. describes a surface 

of revolut ion about the space diagonal. 

7.4.3 Const i tut ive Models in Generalised Stress Space 

7.4.3.1 Introduct ion 

In order to describe the stress state at any point in a body, i t 

is necessary to specify six independent quant i t ies . One poss ib i l i t y is to 

employ six components of stress referred to a given system of axes. However, 

the magnitudes of these stresses w i l l depend on the choice of axes. Often 

a more convenient approach is to specify three stress parameters which are 

independent of the choice of references axes and which are unique for a 

given state of s t ress, and three quant i t i tes to specify or ientat ions. Such 
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stress parameters are termed invar iant quant i t ies and are employed below. 

Three convenient invar iant quant i t ies P ' , J and 6 are represented 

in Fig. 7.6, where the simple geometrical re lat ionship between the invar iants 

may be seen in three-dimensional stress space. 

P' is the mean e f fec t i ve stress defined by eqn. (7.3) 

J is the second invar iant of the deviator ic stress tensor, 

and is defined by 

^ ((o] - + (og - + (og - a-j)^) 

(7.5) 

= J trace (7.6) 

( in which S is the deviator ic stress tensor (a - P . I ) ) 

and 

0 is the Lode angle. This quant i ty expresses the 

magnitude of the intermediate pr inc ipal stress as 

a funct ion of the major and minor pr inc ipal stresses, 

and is an equivalent of Bishop's parameter 

b( = ! L 1 ^ ) 
°1 " ^3 

6 may be defined formally as 

Q = - I s in " ! ( ^ ) (7.7) 

The Lode angle is related to b by the expression given below (and derived in 

Appendix 7 .3) ; 

0 = tan"! ( ( 2 b - l ) / / 5 ) (7.8) 

Thus 0 = - 30° corresponds to t r i a x i a l compression (b = 0) 

0 = + 30° corresponds to t r i a x i a l extension (b = 1) 

0 = 0° corresponds to Og = ( —^— ) O)" (b = J) 
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7.4.3.2 General Expressions fo r the Yield Function and the Plast ic Potential 

The equation derived by Roscoe and Burland (1968) fo r the y ie ld 

funct ion of Modified Cam Clay ( in t r i a x i a l stress space) may be rewr i t ten in 

a dimensionless form as 

P' 
F = ( ^ ) ^ - ( p ? - 1 ) = 0 ( 7 . 9 ) 

C lear ly , the quant i ty (q/MP') is a normalised measure of the current 

level of deviator ic stress. I t has been found convenient to replace th i s 

quanti ty by S, which takes the value of zero on the isot rop ic stress ax is , 

and uni ty at the c r i t i c a l s tate. 

The y i e l d funct ion may thus be rewr i t ten as 

F = - ( p ^ - 1) = 0 ( 7 . 1 0 ) 

S may be related to the invar iant quant i t ies introduced e a r l i e r . 

Thus in t r i a x i a l stress space 

S = - (2 cos (± 30 ° ) ) 

(q = 2J cos 8, see Appendix 7.4) 

In general, the value of M w i l l depend on the magnitude of the 

intermediate pr inc ipal stress and i t proves useful to define a fu r ther quant i ty , 

g(0) , (see Fig. 7.7) such that 

and thus 

becomes 

g ( e ) = M ( e ) / 2 cos 6 ( 7 . 1 1 ) 

. _ J f2 cos e \ 
^ " " F ^ M ( e ) ' 

S = F i l e r 

I f the y i e l d funct ion is assumed to be a surface of revolut ion 

about the space diagonal (as in the extended Von Mises c r i t e r i o n ) , then 

g(e) is constant and takes the value 
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g(e) = ( M ) / / ? = constant (7.13) 
e=-30°) 

I t should be noted tha t the above assumption implies tha t <j)' 

varies s i g n i f i c a n t l y wi th the value of the intermediate pr inc ipa l s t ress; 

t h i s is demonstrated in Appendix 7.5. 

I t has been found experimental ly tha t f o r the major i ty of clays 

(p' values are r e l a t i v e l y insens i t i ve to the Lode angle. Typ i ca l l y , 

may change 1° or 2° between t r i a x i a l compression and plane s t r a i n . I t 

would, there fo re , seem more appropriate to represent the shape of the y i e l d 

funct ion in the dev ia tor ic plane as a Mohr Coulomb hexagon (())' constant) , 

rather than as a c i r c l e (g(e) being constant) . 

The expression fo r g(6) appropriate to a Mohr Coulomb hexagon is 

derived in Appendix 7.5; 

g(e) = sin ( j ) ' / ( c o s 6 + — sin 6 s in $') ( 7 . 1 4 ) 

. F i n i t e element analyses of p i l i n g problems were i n i t i a l l y 

performed assuming the y i e l d funct ion to describe a surface of revo lu t ion , 

and l a t e r the more r e a l i s t i c assumption of constant was employed. I t 

was found tha t the stress paths predicted on the basis of the second assumption 

were fa r more d i f f i c u l t to i n te rp re t than those based on the f i r s t , and so 

ca lcu la t ions using both w i l l be discussed. 

The p las t i c s t r a i n increment vectors are normal to a p las t i c 

potent ia l surface which need not necessari ly coincide wi th the y i e l d func t ion . 

The p las t i c potent ia l was taken to be of the same general form as the y i e l d 

func t ion ; 

P P' 
Q = - 1) = 0 (7.15) 

However, the funct ion g(e) f o r the p las t i c potent ia l was not 

necessari ly the same as tha t f o r the corresponding y i e l d func t ion . Potts 

and Gens ( 1 9 8 3 ) discuss the app l ica t ion of a ve rsa t i l e fami ly of p las t i c 

potent ia l surfaces defined by the expression 

g(e) = X / ( l + Y s in 38)^ (7.16) 
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where Y and Z are material propert ies, and the parameter X is varied such 

that when the so i l is y ie ld ing , the current p las t ic potent ial and the 

y ie ld surface coincide at the current state of stress. This is i l l u s t r a t e d 

in Figs. 7.8(a) and (b) . In the deviator ic plane the two surfaces do not , 

in general , coincide except at the current stress s ta te , where the local 

derivat ives SF/36 and 9Q/S8 are s t i l l unequal. However, at the current 

state of stress the y i e l d funct ion and the p las t ic potent ia l are of the same 

form and the project ions of the surfaces in the J-P' plane are coincident. 

The values of the parameters Y and Z are best established from 

experimental data concerning the shape of the p las t i c potent ia l in the 

deviator ic plane. Typ ica l l y , however, such data are not avai lable and 

parameters may be selected to represent a var ie ty of convex surfaces passing 

through pre-determined end points (as may be determined by t r i a x i a l 

compression, t r i a x i a l extension or plane s t ra in tests fo r instance). 

The funct ion in eqn. (7.16) exhib i ts s i x - f o l d symmetry in the 

deviator ic plane, and has smooth corners at 6 = ± n-rr/S. I t has been 

shown by Potts and Gens (1983) that in circumstances where one of the 

components of d i rec t p las t i c s t ra in increment is zero, and the volumetric 

p las t ic s t ra in increment is also zero then the f i n a l Lode angle is dependent 

only on the shape of the p las t ic potent ia l in the deviator ic plane. A simple 

consequence of th is is that the Lode angle at f a i l u re may be pre-selected by 

judic ious choice of the shape of the p las t i c po ten t ia l . 

Thus, the selected y ie ld functions and p las t i c potent ials d i f f e r only in 

the i r shapes in the deviator ic plane and are , in general, non-associated. However, 

i f the constants Y and Z are set to zero and uni ty respect ively then the 

shape of the p las t i c potent ia l in the deviator ic plane reduces to a c i r c l e . 

I f , in add i t ion, g(6) corresponding to the y ie ld funct ion is defined by 

eqn. (7.13), associated conditions are obtained with X = M/ / I . 

7.4.3.3 Elast ic Behaviour 

I f the so i l is subject to unloading and reloading of the mean 

e f fec t i ve s t ress, then the response is assumed to be determined by eqn. (7 .2) . 

This gives an e las t i c bulk modulus. Kg, of 

Kg = v . ^ (7.17) 
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This implies that the bulk modulus is a funct ion of both the 

current stress level and the spec i f ic volume. In the or ig ina l formulation 

of Modified Cam Clay, e las t i c shear stra ins were neglected; however, 

th is neglect resul ts in unrea l i s t i c predict ions when purely e las t i c 

behaviour is considered. In the const i tu t ive laws employed in the current 

study, a constant value of the e las t i c shear modulus, G, has been adopted. 

Such an assumption is conservative ( in the sense of energy d iss ipa t ion ) , 

but suf fers from the implied var ia t ion of Poisson's ra t i o with stress leve l . 

However, th i s was considered preferable to assuming a stress level dependent 

shear modulus, as th is would imply a v io la t i on of the Second Law of 

Thermodynamics (see Zytynski et a l , 1977). 

Thus, in order to specify a par t i cu la r so i l model in the 

analyses described below, values of the fo l lowing seven parameters (which may 

be determined by laboratory tes t ing) are required: G, M or 0 ' , X, c , V^, 

Y and Z. 

7.4.4 Discussion of Some Implications of the Chosen Soil Models 

Before presenting the resul ts of predict ions based on the 

const i tu t ive models presented above, i t is pert inent to examine some of the 

implicat ions and l im i ta t ions of the models. I f an element of so i l which is 

i n i t i a l l y normally consolidated or l i g h t l y over-consolidated ( i . e . wet of 

c r i t i c a l ) is sheared, then peak conditions are assumed to occur as the state 

of stress approaches the c r i t i c a l s tate. Once the c r i t i c a l state has been 

reached, the model is unable to predict any shear stress reduction with 

fur ther shear s t r a i n , and so the residual strength behaviour observed in the 

model p i l e tests cannot be simulated. Once peak conditions have been 

achieved the model necessarily predicts no fur ther change in volume. The 

model also assumes, in accordance with c lassical p l a s t i c i t y theor>, that the 

d i rect ions of the pr inc ipal axes of stresses and p las t ic s t ra in increments 

are always coincident. 

These las t two assumptions which are incorporated in to the model, 

in combination with the kinematic constraints encountered in the p i l e problem 

lead to the fo l lowing observations: 

(1) At peak conditions the direct ions of the pr inc ipal 

s t ra in increments are inc l ined at ± 45° to the p i l e 

axis as a resul t of the kinematic rest ra in ts and 

the condit ion of no volume change at the c r i t i c a l state. 
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Because the stress and p las t i c s t ra in increment 

d i rect ions have been assumed coincident, the 

pr inc ipa l stresses are also inc l ined at ± 45° to the 

p i l e ax is . This, in tu rn , implies that the peak 

angle of shaft f r i c t i o n , 6 ' , that can be mobilised 

is given by; 

6'peak = tan""" (sin (7.18) 

where tj)' is the angle of shearing resistance mobilised 

at the c r i t i c a l s tate. 

This resu l t is independent of the i n i t i a l stress 

r a t i o in the s o i l , and is supported by the 

experimental observations presented in Chapter 5. 

I t should be noted that the predicted angle of 

shaft f r i c t i o n does not depend on whether the so i l 

is assumed to obey associated or non-associated 

p l a s t i c i t y . 

(2) As remarked e a r l i e r , i t has been shown by Potts and 

Gens (1983) that in circumstances of kinematic 

res t ra in t such as those encountered close to a p i l e 

at peak condi t ions, the Lode angle at peak is 

dependent only on the shape of the p las t ic potent ia l 

in the deviator ic plane. For example, i f the shape 

of the p las t ic potent ia l in the deviator ic plane is 

speci f ied as being c i r c u l a r , then peak conditions w i l l 

be associated with a Lode angle of 6 = 0° (or b = 0.5) . 

7.4.5 Parameters Selected for the Soil Models Employed 

Two so i l models (A and B) were used in the f i n i t e element 

studies to represent the Kaolin employed in the model p i l e tes ts . In 

both so i l models, the parameters M or cj)'. A, k and v-j were selected on 

the basis of conventional laboratory test data, and G was determined from 

the i n i t i a l slope of the load-displacement curve obtained during a model 

p i l e tes t . The y ie ld surface employed in Model A describes a c i r c l e in 

the deviator ic plane, whereas that of Model B describes a Mohr-Coulomb 
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hexagon. The p las t i c potent ia l employed in Model A also describes a 

c i r c l e in the deviator ic plane, whereas the p las t i c potent ia l employed in 

Model B is represented by a more general shape (defined by eqn. (7.16)) . The 

values of Y and Z were selected to ensure that p las t i c potent ia l is always 

convex, and that the Lode angle at peak conditions corresponds to a 'b ' value 

of 0.35 (e = -9 .8 ° ) . 

Thus, the so i l parameters may be summarised as; 

(a) Soil Model 'A' 

M = 0.9, X = 0.25, K = 0.05, = 3.65, G = 18,000 kN/m^, 

Y = 0.0 and Z = 1.0. 

(b) Soil Model 'B' 

4)' = 23°, A = 0.25, K = 0.05, v^ = 3.65, G = 18,000 kN/m^, 

Y = 0.2535 and Z = 0.229 

In Chapter 9, analyses are extended to consider displacement 

pi les in both London Clay and in Boston Blue Clay. The selected so i l 

parameters are discussed in Chapter 9. 
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APPENDIX 7.1 

DETERMINATION OF APPROPRIATE MESH GEOMETRY 

As described in section 7 .3 .2 , a simple mesh was employed to 

analyse the conditions in the so i l surrounding a short segment of a very 

long p i l e . The element sizes and the radial distance to the outer 

circumferent ial boundary were established wi th the aid of a parametric study. 

Results obtained using three of the meshes investigated in the 

parametric study are considered below; the drained loading of a r i g i d p i l e 

ins ta l led without disturbance in to Kaolin normally-consolidated to a stress 

r a t i o , K, of 0.7 is simulated. The predicted stress paths ( in terms of J 

and P') followed by the elements of so i l immediately adjacent to the pi les 

are compared in Figs. A.7.1 (a) and (b). 

The mesh f i n a l l y adopted (No. 2) is i l l u s t r a t e d in Fig. 7.3. 

The ra t i o of the outer radius of the mesh to the radius of the p i l e is 46, 

and the mesh is divided in to 20 eight-noded isoparametric elements. 

Immediately adjacent to the p i l e sha f t , the elements have a width of only 3% 

of the p i l e radius. Mesh No. 1 was selected to have ident ica l elements to a 

distance of 10 p i l e rad i i from the p i l e , but the outer boundary was located 

at a distance of only 29 p i l e rad i i (compared with 46). In Fig. A.7.1 (a) 

the stress paths followed by the Gauss points closest to the pi les ( fo r 

meshes 1 and 2) are compared, and i t w i l l be seen that the resul ts are almost 

i den t i ca l . This suggests that that radia l extent of Mesh No. 2 is su f f i c i en t 

to provide accurate predict ions. 

Mesh No. 3 has the same overal l dimensions as Mesh No. 2 but , up 

to a distance of more than ten p i l e rad i i from the shaf t , the elements were 

four times larger . Because of the dif ferences in element sizes close to the 

p i l es , predict ions based on the Gauss point closest to the p i le in Mesh No. 3 

are compared with those based on the Gauss point second closest to the p i l e 

in Mesh No. 2. The corresponding stress paths are i l l u s t r a t e d in 

Fig. A.7.1 (b ) , where i t w i l l be seen that the paths are very s im i la r . This 

suggests that fu r ther reducing the sizes of the elements closest to the pi les 

would have l i t t l e inf luence on the accuracy of predic t ion. 
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APPENDIX 7.2 

SELECTION OF INCREMENT SIZES 

As described in section 7.3.2, the p i l e loading was simulated 

by imposing increments of ve r t i ca l displacement over the boundary AF (see 

Fig. 7 .3 ) . Appropriate increment sizes depend on the current s t i f fness of 

the p i l e - s o i l system, and in the early stages of loading small increments 

are required, especial ly i f t rans i t ions from e las t i c to elasto -p las t i c 

behaviour are involved. However, once e las to -p las t i c conditions are 

established in the so i l close to the p i l e , larger displacement increments 

may be to lera ted. 

Because of the highly non-l inear nature of th i s problem, no 

hard and fast rules for select ing increment sizes can be given. However, with 

experience of a par t i cu la r type of problem, sensible ranges are soon 

established. Data were saved a f te r every f i f t h increment so that the analyses 

could be restarted at a var ie ty of stages i f necessary. On changing increment 

s izes, checks were made to ensure that no abrupt changes in stress conditions 

were predicted. I f such changes were encountered then the proposed increment 

sizes were reduced. 

Fig. A.7.2 presents a comparison between a stress path predicted 

using the increment sizes f i n a l l y selected fo r the main analyses, and a stress 

path predicted using increment sizes of double the magnitude. I t w i l l be 

seen that there is very l i t t l e di f ference between the predict ions, which 

suggests that l i t t l e would be gained by employing even smaller increments. 



- 2 7 5 -

CM 

4 0 

3 0 

2 0 

1 O 

O 

-Jump in increment size 

Key 

Correspond to the increment sizes 
adopted in the analyses presented below" 

o—o I l l us t ra te the e f fec ts of doubl ing the 
increment sizes 

170 180 1 9 0 2 0 0 2 1 0 2 2 0 2 3 0 

P ; k N / m ^ 

An i l lus t ra t ion of the effects of doubling the sizes of 
the increments of pile d isp lacement ; K=0 7 , Mode l B 
employed. 

Fig, A . 7 - 2 



-276-

APPENDIX 7.3 

RELATIONSHIP BETWEEN THE LODE ANGLE, 8 , AND BISHOP'S PARAMETER, b 

Fig. A.7.3 represents a pro jec t ion in (o^, a p stress 

space down the space diagonal. The stresses at an a rb i t r a r y point A are 

considered. 

Resolving pa ra l l e l to the 6 = 0 ° d i rec t i on 

aj cos 30° - Og cos 30° = x (A.7.3.1) 

X = (oj - o p / I / 2 (A.7.3.2) 

Resolving perpendicular to the 9 = 0 ° d i rec t i on 

- o j s in 30° - Og s in 30° + Og = Y (A.7.3.3) 

y = - (a] + a p / 2 (A.7.3.4) 

Thus 

= tan 6 = —^ (A.7.3.5) 
A 

Subst i tu t ing 

y . tan e = 
/3 (a^ - a p 

b = (og - c j p / ( a | - o p 

leads to 

tan 6 = (2b - l ) / / 3 (A.7.3.6) 

or 

9 = t a n ' l ((2b - ! ) / / ? ) (A.7.3.7) 
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APPENDIX 7.4 

THE RELATIONSHIP BETWEEN q. J and 

By d e f i n i t i o n . 

Subst i tut ing 

leads to 

b = (02 - a p / ( a j - Og) 

(bf - b + D ' J = " ""S ^ 

/ J 

(A.7.4.1) 

(A.7.4.2) 

(A.7.4.3) 

Thus, (A.7.4.4) 

From eqn. (A.7.3.6) , tan 8 = (2b - l ) / / 3 

subst i tu t ion in to (A.7.4.4) leads to 

q = 2J cos 

At f a i l u r e . - * 3 

2 

(A.7.4.5) 

so Cjj = cos 8f (A.7.4.6) 
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APPENDIX 7.5 

RELATIONSHIP BETWEEN g(8) , 6 and (j)' 

M = q/P' 

from eqn. (7.11) 

by d e f i n i t i o n 

and 

3(a-j - Og) 

(a| + Og + 03) 

g(e) = M/2 cos 6 

b = (og - - a p 

sin (j)' = (aj - c?p/(a.| + 03) 

Subst i tut ing eqns. (A.7.5.2,3,4 in to (A.7.5.1) leads to 

g(e) cos e = — ^ 

(A.7.5.1) 

(A.7.5.2) 

(A.7.5.3) 

(A.7.5.4) 

3 + sin ())' (2b- l ) 
(A..7.5.5) 

Subst i tut ing eqn. (A.7.3.6) in to (A.7.5 .5) , 

g(e) = sin ())' 

cos e + sin (j)' s in 6 

/ J 

(A.7.5.6) 

Thus, eqn. (A.7.5.6) may be employed to represent a Mohr-Coulomb 

y ie ld c r i t e r i o n , assuming a constant value of ())' in the deviator ic plane. 

Expressing (j)' in terms of g(e) , 

())' = sin"^ g(9) cos 6 

1 _ g(6) s in 9 

/J 

(A.7.5.7) 

Thus, i f g(6) is chosen to be constant in order to represent 

the y ie ld funct ion as a surface of revolut ion in the deviator ic plane, then 

a s ign i f i can t var ia t ion of (j)' wi th 6 is implied. This var ia t ion is demonstrated 

in Table A.7.5.1. 
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Table A.7.5.1 

9 ( 8 ) 0 . 4 4 5 7 0 . 5 6 8 0 0 . 6 9 2 0 

4)' ( 8 = - 3 0 ° ) 20° 2 5 ° 3 0 ° 

4 / ( 8 = 0 ° ) 2 6 . 5 ° 3 4 . 6 ° 4 3 . 8 ° 

4 ) ' ( 6 = - 3 0 ° ) 2 6 . 9 ° 3 6 . 0 4 ° 4 8 . 5 ° 

The var iat ions in cj)' implied by select ing constant 

values of g (e) . 
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CHAPTER 8 

THEORETICAL ANALYSES OF MODEL PILE TESTS 

8.1 INTRODUCTION 

The model tests conducted using pi les ins ta l led wi th minimal 

disturbance in to Kaolin samples (see Chapter 5) are analysed theore t i ca l l y 

in th is chapter. The Kaolin is assumed to behave in an e las to-p las t ic manner 

in accordance with a form of the Modified Cam Clay const i tu t ive law, as 

described in Chapter 7. 

F in i te element analyses performed to compare the stresses acting on 

the model pi les in the laboratory apparatus with those which would act on 

long r i g i d p i les ins ta l led in an i n f i n i t e mass of c lay , are f i r s t considered. 

I t is shown that for normally-consolidated clays, the laboratory apparatus 

provides a good approximation to the ideal condit ions. Computer predict ions 

are then compared wi th measurements obtained from the model p i l e tes ts , and 

i t is shown that there is very encouraging agreement. I t w i l l be recal led 

that the model tests provide information about the va r ia t ion , wi th p i l e 

displacement, of the average shear stresses and the radia l stresses act ing 

on the model p i l es ; the micro-fabr ic studies enable the deformations wi th in 

the clay adjacent to the pi les to be recorded. 

Predictions of quant i t ies not amenable to measurement during the 

model p i l e tests are considered with some confidence and useful information 

is obtained concerning the load t ransfer mechanism and the role of the 

kinematic res t ra in t s . In Chapter 9, the f i n i t e element analyses are 

extended to consider the behaviour of displacement p i l es . 

8.2 STRESS CONDITIONS WITHIN THE EXPERIMENTAL APPARATUS 

8.2.1 Introduct ion 

The stresses act ing w i th in the clay samples during the model p i l e 

loading tests are considered, with par t icu lar reference to the uni formity of the 

shear stresses and the radia l stresses acting on the p i l e shaf ts. The 

predicted stresses w i th in the test apparatus are compared wi th those predicted 

for the ideal case of a short element of a long r i g i d p i l e embedded in a 

clay mass of vast extent , in order to establ ish how well the model p i l e tests 

represent the i deal. 
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8.2.2 Stress D is t r ibu t ion Around the Model Piles 

The predict ions presented below were obtained using so i l Model 'A' 

(see Chapter 7) , in conjunction wi th the F in i te Element mesh representing 

the experimental conditions (see Fig. 7 .4) . 

The case of a p i l e ins ta l led in a Kaolin sample normally-consolidated 

to a stress r a t i o , K, of 1.5 (a^^ = 173 kN/m^ and = 260 kN/m^), and 

loaded to 85% of the peak load is f i r s t considered. The predicted d is t r ibu t ions 

throughout the sample of the shear stress (T^^), the radial stress (o^) and 

the axial stress (a^) are presented in Figs. 8.1, 8.2 and 8.3. Within the 

sample a local ised stress concentration is predicted near the toe of the 

p i l e , and i t may be seen in Fig. 8.3(a) t h a t , as discussed in Chapter 4, the 

average e f fec t i ve axial stress varies s l i g h t l y down the length of the p i l e . 

This i s a consequence of the lack of shear reinforcement on the circumferent ial 

boundary of the sample, which means that the p i le load is supported in the 

form of an increase in the axial stress at the base of the sample, and a 

decrease at the top. Nevertheless, because of the work-hardening, contractant, 

behaviour of the clay the stresses in the clay close to the p i l e are 

remarkably uniform with depth, although i t should be noted that the uni formity 

would not necessarily be expected in tests employing heavily over-consolidated 

clays. 

8.2.3 A Comparison between the Stresses Predicted in the Clay adjacent 

to an Experimental Model Pi le and those adjacent to an Element 

of a Long Pi le ins ta l led in Kaolin of Vast Extent 

In order to examine how well the experimental apparatus models the 

ideal ised s i tua t ion under consideration, analyses performed using the F in i te 

Element mesh i l l u s t r a t e d in Fig. 7.4 are compared wi th analyses based on the 

ideal ised mesh of Fig. 7.3. The predicted radial var iat ions of the stress 

components a^, and are compared in Fig. 8.4, fo r the case of a 

p i l e ins ta l led in Kaolin normally consolidated to a stress r a t i o , K, of 0.7, 

and loaded to 90% of the peak capacity. The close agreement between the 

two sets of stress predict ions close to the p i le is most encouraging, as 

th is is the region of greatest importance. At larger distances from the p i l e 

there is some discrepancy between the two sets of predict ions of and o^. 

This is a consequence of the lack of shear res t ra in t on the outer circumferent ial 

boundary of the sample in the experimental apparatus. In pr inc ip le th is 

could be r e c t i f i e d by the provision of shear reinforcement, although the 

l a t t e r was not considered essential for th is par t icu lar invest igat ion as the 
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stresses in the clay close to the p i l e do not appear to be adversely 

affected by i t s absence. 

8.2.4 Discussion 

Examples are presented above of F in i te Element analyses performed 

to invest igate how closely the stresses act ing on the experimental model 

p i les are l i k e l y to approximate the ideal case of a long p i l e ins ta l led in 

clay of vast extent. I t is shown that the stresses acting on the model pi les 

are remarkably uniform with depth, and that the apparatus enables an 

adequate approximation to the ideal to be obtained. Analyses performed 

using the ideal ised mesh are considered in deta i l below, and comparisons 

are made between these predict ions and the measurements obtained during the 

experimental invest igat ion. 

8.3 EFFECTS OF INITIAL STRESS CONDITIONS ON THE DRAINED LOADING 

BEHAVIOUR OF PILES 

8.3.1 Introduct ion 

The analyses discussed below were performed using the ideal ised mesh 

of Fig. 7.3, in conjunction with so i l Models A and B to represent the Kaolin 

employed in the model p i l e tests. I t w i l l be recal led that in Model A the 

shape of the y i e l d surface in the deviator ic plane is a c i r c l e whereas in 

Model B i t is a Mohr-Coulomb hexagon. As discussed in Chapter 7, Model B 

is considered to represent a closer approximation to the true so i l behaviour 

than Model A. However, the physical in te rpre ta t ion of predict ions based on 

Model A is simpler and so analyses employing both models are presented. I t 

is assumed that p r io r to p i l e loading the stresses are uniform throughout 

the sample, and that the i n i t i a l pr inc ipal stresses are in the rat ios 

Op = Og = Ko^. Values of K in the range 0.5 to 2.0 are considered, and in 

a l l cases the i n i t i a l stresses are selected such that the same i n i t i a l 

speci f ic volume is always employed. 

In section 8.4 predict ions based on so i l Model B are compared with 

measurements of stresses obtained during the model tes ts , and in section 8.6 

predict ions of deformations wi th in the clay are compared with the results 

of micro-fabr ic studies. 

8.3.2 Stress Changes Occurring on Drained Loading 

The e f fec t i ve stress paths followed by elements of clay adjacent to 

loaded p i les are presented in Figs. 8.5 and 8.6; the p i le loadings are 
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f u l l y drained and a var ie ty of i n i t i a l stress rat ios are considered. The 

stress paths i l l u s t r a t e d in Fig. 8.5 correspond to analyses based on so i l 

Model A, whereas those in Fig. 8.6 correspond to Model B. In both cases 

the values of J and P' have been normalised by C ^ , the undrained shear 

strength in t r i a x i a l compression before p i l e i n s t a l l a t i o n . As the 

i n s t a l l a t i o n technique employed in the model tests caused minimal 

disturbance, th i s value of C ^ is also the undrained shear strength p r io r 

to loading. The i n i t i a l spec i f ic volumes are selected to be equal in a l l 

cases, and so the values of ^ are equal too (the values of g(8) in t r i a x i a l 

compression are the same fo r both models). 

In Fig. 8.5 a l l of the i n i t i a l stress states l i e on the curve AB 

which represents the in tersect ion of an undrained plane (constant speci f ic 

volume) with the Stable State Boundary Surface (S.S.B.S.). Curve AB also 

represents the e f fec t i ve stress path which would be followed during an 

undrained test performed on an i so t rop i ca l l y normally consolidated sample 

of clay at the same speci f ic volume. A measure of the i n i t i a l undrained 

shear strength is provided by J^, the value of J at A, the c r i t i c a l s ta te . 

I t is shown in Appendix 7.4 that ^ and J are related by the expression 

Cu.o = ^A-

where is the Lode angle at A. 

The conditions i l l u s t r a t e d in Fig. 8.6 are rather more complex. 

The curves BC, BD and BE represent the in tersect ion of an undrained plane 

with the S.S.B.S. f o r t r i a x i a l compression (e = 30°), t r i a x i a l extension 

(e = +30°) and fo r b = 0.35 (0 = - 9.8°) respect ively. As noted in 

Chapter 7, the Lode angle corresponding to the peak shaft resistance may be 

calculated from a knowledge of the shape of the p las t ic potent ial in the 

deviator ic plane; in Model A the f i n a l Lode angle is 0° , whereas in Model B 

the value i s - 9 . 8 ° . 

For i n i t i a l stress rat ios not exceeding un i t y , the predicted 

e f fec t i ve stress paths travel continuously to the l e f t , reaching the c r i t i c a l 

state a f t e r a considerable reduction in the mean e f fec t i ve st ress, and a 

change in the Lode angle. Where the i n i t i a l stress ra t i o exceeds un i t y , 

the loading is f i r s t associated with an increase in the mean e f fec t i ve s t ress, 

but th is is fol lowed by a considerable reduction as the c r i t i c a l state is 

approached. I t may be recal led that had the clay been modelled as an 

isot rop ic e las t i c material then no decrease in mean e f fec t ive stress would 
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have been predicted. I t may be of in teres t to note that as a resu l t of the 

predicted changes of Lode angle and reduction in mean e f fec t ive stress on 

loading, the analyses indicate that even on drained loading the peak shaft 

resistance w i l l generally not be much greater than, and may indeed be less 

than, the i n i t i a l undrained shear strength in t r i a x i a l compression; in the 

case of K = 0.5, and employing so i l Model B, the peak shaft resistance is 

predicted to be 10% less than 

The var ia t ion of several components of stress and s t ra in with p i l e 

displacement are presented in Figs. 8.7a,b and c and 8.8a,b and c, fo r an 

element of clay immediately adjacent to the p i l e shaf t . Figs. 8.7 and 8.8 

correspond to i n i t i a l stress rat ios of 0.7 and 1.5 respect ively and both 

analyses are based on so i l Model B; equivalent analyses based on Model A 

exhibi ted s imi lar trends. Inspection of Figs. 8.7 and 8.8 indicates that 

in both cases there is a net reduction in the radia l e f fec t i ve stress 

act ing on the p i l e , and that in the i n i t i a l stages of loading the stress 

measure, S, remains almost constant with the clay behaving in a predominantly 

e las t i c fashion despite the fact that the clay is assumed to be normally-

consolidated. In order to sustain the increase in x during the stage of 

loading considerable ro ta t ion of the pr inc ipal stresses occurs (ip is the 

i nc l i na t i on of the major pr inc ipal stress with respect to the ver t i ca l 

d i rec t ion ) . As a resu l t of the assumptions incorporated in to the so i l model, 

the major pr inc ipal stress is inc l ined at 45° to the ver t i ca l when peak 

conditions are achieved, and the f i na l radial stress ( a p and the axial 

stress ( a p are equal. As discussed in Chapter 7, the maximum value of 

the ra t i o (^^2/0^) "is s in cf)',where 4)' is the angle of shearing resistance 

of the clay corresponding to the f i n a l Lode angle. These points are i l l u s t r a t e d 

in Fig. 8.9 which represents a Mohr's c i r c l e of stresses in the r -z plane, 

at peak condit ions. Stress character is t ic d i rect ions are indicated in th is 

f i g u r e , and are discussed in some deta i l in section 8.6.4. Addit ional 

aspects of the stress changes occurring during drained p i l e loading are 

examined below in section 8.4, where the predict ions are compared with 

experimental resu l ts . 

8.4 COMPARISON BETWEEN THEORETICAL PREDICTIONS OF STRESS CHANGES 

AND EXPERIMENTAL RESULTS 

8.4.1 Introduct ion 

The analyses employing Modified Cam Clay as the const i tu t ive law 

t reat the clay as a continuum, and peak conditions are assumed to coincide 

with the c r i t i c a l state. Micro-fabr ic studies (see Chapter 6) suggest that 
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the shear stra ins in the clay adjacent to a p i l e loaded almost to peak 

conditions are very high, and that the e f fec t of these shear strains is to 

cause the clay par t ic les to become aligned sub-paral lel to the d i rec t ion 

of shear. As a resu l t the peak mobilized angle of shaft f r i c t i o n decreases 

wi th continuing p i le displacement un t i l eventually residual conditions are 

achieved. Although the theoret ica l analyses presented below predict very 

high local shear s t ra ins (see Figs. 8.7(a) and 8.8(a) fo r instance) the 

const i tu t ive models are unable to consider the above form of displacement-

softening behaviour, with the resu l t that only the pre-peak behaviour of the 

pi les is analysed. 

8.4.2 Comparison between Predicted and Observed Pi le Loading Behaviour 

Measurements of the var ia t ion of the average shear stress and the 

radial stress acting on the shaft of a p i l e during a model tes t (No. 15) are 

compared wi th the corresponding computer predict ions in Figs. 8.10 and 8.11. 

For the purposes of the F in i te Element analys is, the i n i t i a l stress ra t i o 

is taken to be uni ty and so i l Model B is adopted. 

In Fig. 8.10 i t may be seen that the predicted and observed 

var iat ions of the mean shear stress acting on the p i l e , with p i l e displacement, 

are in good agreement. S im i la r l y , in Fig. 8.11, i t is evident that the 

analysis predicts s imi la r decreases in the radial e f fec t i ve stress to those 

measured during the tes t . Such agreement is very encouraging, especial ly 

as only one so i l parameter (the e las t i c shear modulus G) of the seven 

employed was selected with reference to other p i l e tes t resu l ts . A 

parametric study was performed to examine the influence on p i l e loading 

behaviour of the various soi l parameters. For the sake of brev i ty these 

results are not included here, pa r t i cu la r l y as they are s imi lar to those 

obtained in the course of a comparable study performed in re la t ion to 

displacement p i les . Results of th is second parametric study are presented 

in Chapter 9. 

8.4.3 Conditions obtaining at Peak Load 

8.4.3.1 Angle of Shaft Resistance 

As a d i rec t consequence of the assumptions inherent in the soi l 

models employed, and of the boundary conditions at the p i l e face, the peak 

mobilized angle of shaft resistance is predicted to be tan ^ (sin ())'), 

i r respect ive of the i n i t i a l stress ra t io (as discussed in Chapter 7). This 

predict ion is in agreement with the results of the model p i le tests conducted 
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on pi les ins ta l led wi th minimal disturbance. The angle of shaft resistance 

derived from the model tests is 22°, which compares wi th a predicted value 

of about 21°, ( taking (j)' = 23°). 

8.4.3.2 Changes in the Radial Ef fect ive Stress 

Fig. 8.12 presents a comparison between theore t i ca l l y and 

experimentally deduced var iat ions of the radial e f fec t i ve stress at peak 

(expressed as a percentage of the i n i t i a l value) with i n i t i a l stress r a t i o . 

The observed tendency fo r the greater reductions in radial e f fec t i ve stress 

to occur in the tests wi th the larger i n i t i a l stress ra t ios is correct ly 

predicted, although in general the predict ions tend to under estimate the 

f i na l radia l stresses. 

8.4.4 A Comparison between the observed Pi le Capacities and Predictions 

based on Conventional Pi le Design Methods 

The commonly adopted pract ice fo r the design of pi les is to re la te 

the un i t shaft resistance to the undrained shear strength, in t r i a x i a l 

compression,of the clay p r io r to p i l e i n s t a l l a t i o n , by means of the empirical 

re la t ion (Skempton, 1959) 

^max ~ ^ 

Results from the numerical analyses have been used to establ ish 

equivalent a values corresponding to the model test condit ions. The 

predicted a values, and those derived from the experimental resu l t s , are 

presented in Fig. 8.13. For the stress rat ios employed in the tes ts , the 

a values are successful ly predicted as being in excess of un i t y , although 

the predict ions underestimate the experimental values. One reason fo r th is 

di f ference may be that in these analyses ({)' is assumed to be independent of 

Lodes' angle whereas for Kaolin, c})' (plane s t ra in ) is greater than 4)' 

( t r i a x i a l compression) by between 1° and 2°. 

The e f fec t i ve stress approach to p i l e design suggested by Chandler 

(1968) and by Burland (1973) is based on the equation 

^max = °r ' * '^a 

The value of the adhesion in te rcep t , Ĉ  is generally taken to be 

zero on account of the remoulding assumed to occur during p i l e i n s t a l l a t i o n . 

As a f i r s t approximation both authors assumed that the radial e f fec t i ve 

stress at peak load is equal to the i n i t i a l value pr ior to p i l e i ns ta l l a t i on 
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(o , ) and 6' was taken to be 4)' ( t r i a x i a l compression). The predicted r 5 u 
var iat ions of the ra t i o ^ . tan <j)') wi th i n i t i a l stress r a t i o , K, 

rTiQ X f 5 0 
i s shown in Fig. 8.14, together with the resul ts from the experimental 

invest igat ion. In the present case C is taken to be zero because the 
a 

Kaolin is normally consolidated. I t is seen that the simple e f fec t i ve stress 

design method over estimatesthe p i l e capaci t ies, whereas the F in i te Element 

analyses tend to s l i g h t l y under-predict the observed resu l ts . The l a t t e r 

is a resu l t of both the ea r l i e r mentioned under est imat iomj f the radial 

stresses act ing at peak, and the assumption that c))' (plane s t ra in ) is equal 

to 0 ' ( t r i a x i a l compression)^ This point is i l l u s t r a t e d in Fig. 8.14 in 

which an addit ional predict ion based on being 25° is included; the radial 

stress is assumed to be equal to that predicted by the or ig ina l analysis 

(using so i l Model B). 

8.4.5 Comments 

The analyses presented above employing a form of the Modified Cam 

Clay cons t i tu t i ve law to model the so i l behaviour have provided predict ions 

which are in encouraging agreement with resul ts from the model p i l e tes ts . 

' Assumptions embodied in the cons t i tu t i ve model led d i r e c t l y to the 

predict ion that the peak mobilized angle of shaft resistance around pi les 

ins ta l l ed wi th minimal disturbance into normally-consolidated clay is 

independent of the i n i t i a l stress conditions and is given by 6' = tan"^ 

(s in (J)'). This predicts that 6' = 21.3°, which compares wi th 6' = 22° 

derived from the experimental data. 

The predicted var ia t ion of the radial stress acting-on a p i l e 

sha f t , with p i l e displacement, ( for K = 1.0) is in good agreement wi th 

measurements. The analyses also predict the observed resu l t t h a t , w i th in 

the range of stress rat ios covered by the model tes ts , the reduction in the 

radia l stress on loading to peak increases with increasing i n i t i a l stress 

r a t i o . However, the analyses tend to over estimate the reductions and hence to 

under estimate the p i le capacit ies. 

The analyses i l l u s t r a t e that on drained loading the clay adjacent to 

the p i l e consolidates with the resu l t that the predicted a values are in 

excess of un i ty ; however, they are smaller than the values established 

experimentally. The so i l model employed is not able to predict displacement-

softening caused by par t i c le or ientat ion ef fects and so only the pre-peak 

p i l e behaviour is modelled. 
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In the fo l lowing sect ions, the deformations wi th in the clay are 

considered, and comparisons are made with the resul ts derived from the 

micro- fabr ic studies. 

8.5 DEFORMATION BEHAVIOUR OF THE SOIL SURROUNDING LOADED PILES 

8.5.1 Kinematic Restraints 

The behaviour of the so i l close to the p i l e shaft is dominated by 

the local kinematic res t ra in ts . I t is assumed that there is no re la t i ve 

s l i p between the p i l e and the c lay , which implies that the to ta l axial 

s t ra in (e^) in the so i l adjacent to the p i l e is the same as that of the 

p i l e i t s e l f ( i . e . zero i f the p i l e is r i g i d ) . In the analyses of the 

behaviour of a short section of an i n f i n i t e l y long p i l e , symmetry dictates 

that the to ta l axial s t ra in at any radius is zero. 

The p i l e is assumed to be r i g i d rad ia l l y which implies that the 

radia l displacement of the so i l at the inter face (u(r = r )) is always zero, 
T 

which in turn implies that the local t o ta l hoop s t ra in {cg = u / r }^^^ is zero 

too. The res t ra in ts on the local radial st ra ins ^ 
} and° the radial 

r=r 
stresses are determined by the behaviour of the surrounding so i l? 

On loading a p i l e , the surrounding so i l is subject to increased 

shear s t ra ins . The normally consolidated clay considered here t y p i c a l l y 

responds by exh ib i t ing p las t ic compressive volumetric s t ra ins ; the magnitudes 

of the indiv idual components of p las t i c s t ra in increment depend on the current 

stress state and the shape of the p las t i c po tent ia l . In order to sa t i s fy 

the kinematic res t ra in ts compensating e las t i c s t ra ins are generally required 

which, in the case of normally-consolidated clay necessitate the changes 

in the mean e f fec t i ve stress (P') discussed e a r l i e r . This process has 

analogies wi th the compensating e las t ic stra ins (with associated changes 

in the mean e f fec t i ve stress) required during the undrained shearing of 

normally consolidated clays. 

The deformation behaviour of clay surrounding loaded pi les is 

considered in more deta i l below. 

8.5.2 Strains wi th in the Clay Adjacent to a Loaded Pi le 

The behaviour of an element of clay adjacent to a p i l e ins ta l led 

in Kaolin normally-consolidated to a stress r a t i o , K, of 1.5 is considered. 

The analysis is based on the F in i te Element mesh i l l u s t r a t e d in Fig. 7.3, in 

conjunction with so i l Model B. 
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Fig. 8.15 represents the predicted var ia t ion of the shear s t ress, 

(normalised by the i n i t i a l undrained shear strength in t r i a x i a l 

compression, c^ and the shear s t r a i n , wi th p i l e displacement. I t 

may be seen that i n i t i a l l y the shear st ra ins are almost en t i re l y e l a s t i c , 

whereas at a l a te r stage of loading ( i . e . increment 11) the shear strains 

are predominantly p las t i c in nature. 

Fig. 8.16 i l l u s t r a t e s the Mohr's c i rc les of t o t a l , p las t ic and 

e las t i c s t ra in increments in the r - z plane as a resu l t of the f i r s t increment 

of p i l e displacement. The major pr inc ipa l stress is s t i l l almost hor izonta l , 

and the p las t i c s t ra in increments are very much smaller than the e las t i c 

components. In th is and the subsequent f i gu res , the magnitudes of the s t ra in 

increments have a l l been a r b i t r a r i l y normalised by the half of the current e las t ic 

shear s t ra in increment (y^^/2) in order to f a c i l i t a t e comparison. I t may 

be noted that the axial to ta l s t ra in increment is zero as required by the 

boundary condit ions. 

The s t ra in increments corresponding to a shaft resistance of 40% of 

the peak value (increment 6) are i l l u s t r a t e a in Fig. 8.17. The major 

pr inc ipal stress is predicted to have rotated through 21° in to ta l and at 

th is stage the e las t i c and p las t ic components of s t ra in increment are of 

s imi la r magnitude. I t may be seen that the e las t i c and p las t ic components 

of axial s t ra in increment are equal in magnitude and opposite in s ign, as 

dictated by the kinematic res t ra in ts . The to ta l radial s t ra in increment, 

on the other hand, is compressive. The planes of zero extension (both 

p las t i c and t o t a l ) are i l l u s t r a t e d in Fig. 8.17. The ve loc i ty character is t ics 

are normal to the planes of zero p las t i c extension. 

Once 70% of the shaft capacity has been mobilized (increment 11), 

at a displacement of 2.4% of the p i l e radius, the shear strains are 

predominantly p las t i c . The s t ra in increments are i l l u s t r a t e d in Fig. 8.18, 

where i t may be seen that the e las t i c s t ra in increments are very small 

compared with the p las t i c components. The major pr inc ipal stress is predicted 

to have rotated through 40° of the eventual 45°. The ve loc i ty character is t ics 

a and 3 are inc l ined at 11.4° above, and 90.1° below the hor izonta l . 

Thus, in the early stages of loading (up to 20% of the peak shaft 

resistance) the so i l behaviour is predominantly e l a s t i c . From th is stage 

un t i l 70% of the peak load is mobilized the e las t i c and p las t ic shear stra ins 

are of comparable magnitude. Eventually as the Lode angle approaches i t s 
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ult imate value, the p las t i c s t ra in increments conform more closely to 

the kinematic res t ra in ts and the magnitudes of the required compensating 

e las t i c s t ra in increments become smaller. I t may be of in teres t to note 

that at peak shaft capacity, the accumulated to ta l radial s t ra in wi th in 

the clay at the p i l e face is 2.7% (compressive). 

Although only the resul ts from the analysis corresponding to 

K = 1.5 are presented here, s imi la r overal l behaviour is predicted in analyses 

s ta r t i ng wi th d i f f e ren t i n i t i a l stress ra t i os . 

8.5.3 Radial D is t r ibu t ion of Shear Strains and Axial Displacements 

The radia l d i s t r i bu t i on of the t o t a l shear s t r a i n , , is f i r s t 

considered f o r the case of a loaded p i l e ins ta l led in i n i t i a l l y i so t rop i ca l l y 

normally-consolidated Kaolin. Once again, the analysis is performed using 

so i l Model B. Fig. 8.19 presents the predicted radia l var iat ions of 

corresponding to various stages in the p i l e loading. I t w i l l be seen that 

as the ult imate un i t shaft resistance is approached, very large shear stra ins 

are predicted in the immediate v i c i n i t y of the p i l e shaf t . These stra ins 

are, however, very local ised and at a distance of one p i l e radius from the 

shaft the shear stra ins are t yp i ca l l y less than 10% of the peak value, 

whereas the shear stress has only decreased by 50%. At distances greater 

than about one p i l e radius from the sha f t , the shear st ra ins remain 

predominantly e las t i c throughout the p i l e loading. 

The curve label led ' c ' in Fig. 8.19 corresponds to a p i l e load of 

85% of the ult imate value, and a displacement of 5.6% of one p i l e radius. 

The equivalent shear s t ra in d i s t r i bu t i on for an isot rop ic l inear e las t i c 

material around a p i l e at the same load and displacement is included fo r 

comparison. 

In order to examine the influence of the i n i t i a l stress ra t i o on 

the deformation behaviour of the clay beside a loaded p i l e , three examples 

corresponding to i n i t i a l stress rat ios of 0.7, 1.0 and 1.5 are compared. 

The predicted radial d i s t r ibu t ions of the shear s t ra ins , are shown in 

Fig. 8.20; the pi les are at the i r ult imate capacit ies and have a common 

displacement. The d is t r ibu t ions are very s im i l a r , although the shear st ra ins 

around the p i l e in i n i t i a l l y i so t rop i ca l l y consolidated clay are somewhat 

less loca l ised. 

The corresponding predict ions of the axial displacements wi th in the 

clay around the pi les are i l l u s t r a t e d in Fig. 8.21. In section 8.6 these 
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predict ions are compared with the deformations measured ( in the course of 

the micro- fabr ic studies) around the experimental model p i les . 

8.5.4 Zero Extension Lines 

In order to examine an hypothesis that the Riedel structures (Sg) 

observed around the models pi les (Chapter 6) are ve loc i ty charac ter is t i cs , 

the predicted d i rect ions of zero p las t i c and zero to ta l extension are 

considered. 

In section 8.5.2, Mohr's c i rc les of e l a s t i c , p las t i c and to ta l 

s t ra in increments were discussed fo r the various stages in the loading of 

a p i l e i ns ta l l ed in Kaolin normally-consolidated to a stress r a t i o , K, of 

1.5. The planes of zero extension are i l l u s t r a t e d in Figs. 8.17 and 8.18; 

l ines of zero extension are normal to the indicated planes. Velocity 

character is t ics are l ines of zero p las t i c extension and l i e at angles of 

±(45-v/2)° to the d i rec t ion of the major pr inc ipal s t ra in increment: the 

angle of d i l a t i o n , v , is defined as v = - sin"^ ((e^ + - e^)) a f t e r 

Bent Hansen (1958), (employing the compression posi t ive convention). As 

coincidence of the axes of stress a^d of p las t i c s t ra in increment is assumed, 

the ve loc i ty character is t ics l i e at ±(45-v/2)° to the v e r t i c a l . 

The i n i t i a l i nc l i na t i on of the ve loc i ty character is t ics in the clay 

adjacent to a loaded p i l e depends on the ra t i o of the horizontal to ver t i ca l 

e f fec t i ve stresses to which the clay has been consolidated. Eventually, 

however, as the c r i t i c a l state is approached, the d i rec t ion of the major 

pr inc ipal s t ra in rate is constrained by the boundary conditions to l i e at 

45° to the downward v e r t i c a l , and the angle of d i l a t i o n tends towards zero. 

By th is stage the two ve loc i ty character is t ic d i rect ions are para l le l t o , 

and normal t o , the p i l e axis. 

An example of the predicted var ia t ion of the ve loc i ty character is t ic 

d i rect ions with increasing p i l e load is presented in Fig. 8.22, fo r Kaolin 

normally consolidated to an i n i t i a l stress ra t i o of 1.5. Mohr's c i rc les 

of s t ra in increments during the p i l e loading are considered in section 8.5.2. 

Once the p i l e load exceeds about 65% of i t s ult imate value (at a displacement 

of 2% of one p i l e rad ius) , the a ve loc i ty character is t ics may be seen to 

l i e almost para l le l to the p i l e axis. The predicted radial d i s t r i bu t i on of 

ve loc i ty character is t ic d i rec t ions , corresponding to the ult imate p i l e load, 

is presented in Fig. 8.23. The a character is t ics may be seen to remain 

almost ve r t i ca l to a distance of more than one p i l e radius from the shaf t . 

As only the a character is t ics may reasonably be compared with the Riedel (Sg) 



-293-

di rect ions ( i t may be recal led that these structures are associated wi th 

peak conditions and propagate at angles of between 10° and 15° to the p i l e 

ax i s ) , i t would appear that the Riedels do not correspond to ve loc i ty 

charac ter is t ics . The nature of the Riedel structures is considered fu r ther 

in section 8 .6 , below. 

8.6 COMPARISON BETWEEN THE PREDICTED SOIL DEFORMATION BEHAVIOUR 

ADJACENT TO LOADED PILES, AND OBSERVATIONS OBTAINED BY MEANS OF 

MICRO-FABRIC STUDIES 

8.6.1 Introduct ion 

Clay deformations observed with the aid of micro-fabr ic studies 

represent the p las t i c (or permanent) components of deformation. In order 

to compare theoret ica l predict ions with observations, i t is therefore 

necessary to consider the predicted p las t i c components of deformation rather 

than the to ta l values. 

There are three major features observed in the course of the micro-

fabr ic studies with which theoret ica l predict ions may be compared; 

( i ) close to the p i l e the p las t i c shear stra ins are 

extremely la rge, leading eventually to the formation 

of a continuous displacement d iscont inu i ty surface, S^, 

running para l le l to the p i l e shaf t ; 

( i i ) the observed d is to r t ions of the or ig ina l bedding f a b r i c , 

S.|, close to the p i le give good indicat ions of the 

rad ia l var ia t ion of the p las t i c axial displacements 

w i th in the clay. A var ie ty of i n i t i a l stress conditions 

may be considered; 

( i i i ) the Riedel, S^, shear structures are s t ra igh t and 

propagate t y p i c a l l y at angles of between 10° and 15° 

to the p i l e ax is , i r respect ive of the i n i t i a l stress 

ra t i o wi th in the clay. However, the radial distance 

from the p i l e to which the Riedel structures propagate 

increases with increasing i n i t i a l stress r a t i o . 

I t should be appreciated that the comparisons proposed above 

represent a severe test of the re la t i ve l y simple const i tu t ive law which 

assumes the clay to behave as a continuum. I t may, therefore, be more 

reasonable to expect agreement between trends in behaviour, rather than 
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between absolute values. The three main features of the micro-fabr ic 

observations are now considered in turn. 

8.6.2 Shear Strains in the Clay Adjacent to Loaded Piles 

I t has been shown in Chapter 6 that as a p i l e ins ta l led with minimal 

disturbance is loaded to peak condi t ions, the local shear st ra ins beside 

the p i l e become very large. With increasing p i l e displacement, fu r ther 

clay deformations are concentrated into a narrow zone beside the p i l e . 

Eventually a continuous displacement d iscont inu i ty is formed along which 

the clay par t ic les are strongly or iented, and the strength f a l l s towards a 

residual value. 

Fig. 8.20 represents the predicted radial d i s t r i bu t ions of shear 

s t ra in beside three p i les ins ta l led in clay consolidated to d i f f e ren t i n i t i a l 

stress ra t i os . I t w i l l be seen that the shear st ra ins close to the p i l e are 

very large and increase rapid ly with addi t ional p i l e displacement. As the 

cons t i tu t i ve model f o r the clay does not incorporate any allowance for 

s t ra in softening no post-peak br i t t leness is predicted. However, i t is 

evident that i f the model were to incorporate even very gradual s t ra in 

sof tening, then the post-peak br i t t leness could be predicted. 

8.6.3 Radial D is t r ibu t ion of Axial Displacements 

The permanent axial deformations wi th in the clay may be estimated 

from the th in sections by observing the d is tor ted pro f i les of the o r i g i n a l l y 

s t ra igh t bedding planes; examples are presented in Figs. 6.8, 6.12 and 

6.15. Fig. 6.15 compares the permanent deformations around three pi les 

ins ta l led in Kaolin normally consolidated to i n i t i a l stress ra t i o of 0.74, 

1.11 and 1.5, and loaded to residual condit ions. The axial deformation 

patterns wi th in the clay beyond the residual surfaces are s imi la r in a l l 

three cases, although the deformations around the p i l e in Test 14 (K = 1.11) 

are the least local ised. The permanent deformations around the pi les do 

not extend beyond four mi l l imeters (or j us t over one p i l e radius) from the 

sha f t , unless the par t i cu la r bedding plane considered is intersected by a 

Kink band in which case the local deformation pattern is d is tor ted (see 

Fig. 6.12 fo r instance). 

The predicted soi l deformation patterns around pi les ins ta l led 

in Kaolin normally consolidated to stress rat ios of 0.7, 1,0 and 1.5 are 

i l l u s t r a t e d in Figs. 8,21(a), (b) and (c) ; p i le displacements are common 
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and have a value of 2.4 mi l l imeters . In each of the above f igures the 

observed deformations are also indicated fo r comparison. I t w i l l be seen 

tha t there is very encouraging agreement between the predict ions and the 

observations. 

8.6.4 Riedel Structures 

Thin section analyses (Chapter 6) showed that i f local deviations 

wi th in Kink bands are ignored, the Riedel s t ructures, , propagate at an 

almost constant angle, t y p i c a l l y between 10° and 15°, to the p i l e axis. 

This angle does not appear to vary appreciably with radial distance from 

the p i l e shaft (see Fig. 6.16 for example), and is also v i r t u a l l y independent 

of the i n i t i a l stress ra t i o w i th in the s o i l . On the other hand, the radia l 

extent of the structures is sensi t ive to the i n i t i a l stress r a t i o ; fo r 

instance i t may be seen in Fig. 6.17 that Riedel structures only penetrated 

two mi l l imeters beyond the p i l e in Kaolin consolidated to a stress ra t i o 

of 0.7, whereas they propagated to a distance of more than f i ve mi l l imeters 

from the p i les ins ta l led in Kaolin consolidated to a stress ra t i o of 1.5 

(see Fig. 6.5) . 

Before attempting to predict the inc l ina t ions and penetrations of 

the Riedel s t ructures, i t is f i r s t necessary to i den t i f y the structures in 

terms of e i ther stresses or s t ra ins that can be predicted by the computer 

analyses. Two simple hypotheses are that the Riedel structures may be 

i den t i f i ed wi th e i ther ve loc i ty or stress charac ter is t ics . The former 

hypothesis was examined in section 8.5.4 where i t was shown that the 

Riedel structures are not the same as ve loc i ty charac ter is t ics . The 

p o s s i b i l i t y that the Riedels may be equivalent to stress character is t ics is 

now examined. 

The re lat ionship between the inc l inat ions of stress character is t ics 

and the pr inc ipal stresses is i l l u s t r a t e d in Fig. 8.9. The stress 

character is t ics are incl ined at ^ ± (45-^^/2) to the v e r t i c a l , where ip is 

the i nc l i na t i on to the ver t i ca l of the major pr inc ipal s t ress, and (j)̂  i s 

the current mobilised angle of shearing resistance. The predicted var ia t ion 

of the inc l ina t ions of the two stress charac ter is t i cs , a and g, and the 

major pr inc ipal s t ress, ijj, with p i le displacement are presented in Fig. 8.24 

for an element of clay adjacent to a p i le ins ta l led in Kaolin consolidated 

to an i n i t i a l stress ra t i o of 1.5. I t may be seen that the a character is t ic 

(which bears the greater s i m i l a r i t y to the Riedel structures) rotates rapid ly 

with p i l e displacement from an i n i t i a l i nc l i na t ion of around 50° to the 
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ver t i ca l to a f i n a l value of 11.5°; th is f i na l value is achieved once 

the p i l e load exceeds some 65% of i t s ult imate value. I t may be noted that 

the f i n a l inc l ina t ions of the a character is t ics are always 11.5°, 

i r respect ive of the i n i t i a l stress ra t i o because the f i na l value of ip is 

always 45° and a° = xjj -(45-<j)'/2) = (J)'/2 = 11.5°. The above arguments lend 

support to the hypothesis that the Riedel structures coincide wi th stress 

charac ter is t i cs . 

The next task is to examine the predicted radial var ia t ion of the 

stress character is t ic d i rec t ions. Fig. 8.25 i l l u s t r a t e s the angle of 

i nc l i na t i on of the a stress character is t ics around three pi les (K = 0 .7 , 

1.0 and 1.5) as a funct ion of the radia l distance from the p i l es . The 

pi les are each considered at t he i r ul t imate loads, and i t may be seen that in 

a l l cases the inc l ina t ions of the character is t ics are almost constant to a 

distance of nearly one-half of a p i l e radius from the shaf t . This predict ion 

is consistent with the observations that the Riedel structures are more or 

less s t ra igh t ( in the ver t i ca l plane). 

F ina l ly the penetration of the Riedel structures is b r i e f l y 

considered. The f i r s t obvious constraint is the rapid radial var ia t ion of 

the level-of dev ia t io r i c stress. Fig. 8.26 i l l u s t r a t e s the predicted 

radia l var ia t ion of the invar iant stress measure, S. I t w i l l be seen that 

S decreases rapid ly from uni ty at the face of each of the pi les to around 

0.5 at a distance of one p i l e radius from the shafts. I t seems probable 

that the maximum Riedel penetration w i l l be l imi ted to about one p i le radius. 

Fig. 8.25 presents the predicted radial var ia t ion of the a stress character is t ic 

i nc l i na t i ons , corresponding to the three i n i t i a l stress ra t ios considered 

above. Although the observed Riedel penetrations are not predicted i t w i l l 

be seen that in the example corresponding to K = 0.7, the a character is t ics 

become ver t i ca l (and hence non-penetrative) at a distance of less than one 

p i l e radius from the shaf t . I t is probably not worth pursuing the analogy 

between stress character is t ics and Riedel structures any fu r the r . However, 

i t i s believed that the adoption of th i s hypothesis has been of assistance 

in explaining some of the features observed during the micro-fabr ic studies. 
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8.7 DISCUSSION OF THE WORK RELATED TO NON-DISPLACEMENT PILES 

8.7.1 Introduct ion 

The behaviour of the so i l surrounding loaded pi les is subject to 

severe kinematic constra ints. The ef fects of the constraints are not 

well understood, and f o r th is reason three independent, although complementary, 

approaches have been adopted; 

( i ) drained tests conducted on model p i les ins ta l led with 

minimal disturance in to normally-consolidated Kaolin; 

( i i ) micro- fabr ic studies fo l lowing these tes ts ; 

( i i i ) f i n i t e element analyses based on e las to-p las t ic 

const i tu t ive laws to model the clay. 

The resul ts from these approaches have been presented above, and the 

in te r - re la t ions hips between them are now considered in pairs and are 

summarised in Table 8.1. The in tent ion behind the experimental work has been 

to provide a wide var iety of data against which to compare theoret ical 

predict ions. I f analyses are developed that are capable of correct ly 

predict ing quant i t i tes which can be measured and observed, then presumably 

simultaneous predict ions of quant i t ies less amenable to measurement are 

l i k e l y to be f a i r l y re l i ab le . The analyses may s im i la r l y be extended with 

some confidence to consider related problems such as the behaviour on 

undrained p i l e loading. 

8.7.2 Model Pi le Tests and Micro-fabr ic Results 

As fa r as d i rec t in te rpre ta t ion of model test results is concerned, 

the most important resu l t from the micro-fabr ic studies is that the shear 

st ra ins in the so i l beside the. p i l e become very large and that eventually 

a smooth continuous displacement shear, S^, (along which the clay par t ic les 

are strongly aligned) is formed adjacent to the p i l e shaf t . These resul ts 

suggest that pa r t i c le or ienta t ion ef fects are l a rge ly , i f not e n t i r e l y , 

responsible fo r the measured post-peak b r i t t l eness . 

The observation that the inc l ina t ion of the Riedel structures is 

largely independent of the i n i t i a l stress ra t i o suggests a connection with the 

resu l t that the peak angle of shaft f r i c t i o n also appears to be independent 

of the i n i t i a l stress r a t i o . 
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The micro-fabr ic studies confirmed that the ideal ised p i l e 

i n s t a l l a t i o n procedure d id , i n f a c t , cause neg l ig ib le fabr ic disturbance. 

8.7.3 Model Pi le Tests and Theoretical Predictions 

I t has been shown in section 8.4 that the theoret ical analyses 

employing a form of Modified Cam Clay as the so i l cons t i tu t i ve law are 

capable of predict ing the main features of the pre-peak behaviour observed 

during the model p i l e tes ts . These are 

( i ) the peak angle of shaft f r i c t i o n (&') is independent 

of the i n i t i a l stress r a t i o ; 

( i i ) the radial e f fec t i ve stress act ing on a p i l e varies 

during loading. The predicted var ia t ion of radial 

stress with p i l e displacement is in reasonable 

agreement with measurements, and the observed tendency 

fo r the reduction in radial stress during p i l e 

loading to increase with increasing i n i t i a l stress 

ra t i o is also predicted; 

( i i i ) the a values corresponding to peak load are 

successful ly predicted to be in excess of un i t y , 

although the strength is underestimated. 

8.7.4 Micro-fabr ic Studies and Theoretical Predictions 

As remarked above, the const i tu t ive law employed is incapable of 

considering s t ra in softening at c r i t i c a l state condi t ions, and so the 

existence of the continuous displacement surface could not be predicted. 

However, the analyses did predict very large shear stra ins in the so i l 

adjacent to the p i l e as peak conditions were approached. I t was successfully 

predicted that at peak condit ions, the deflected form of o r i g i na l l y 

horizontal planes is largely independent of the i n i t i a l stress condit ions. 

The hypothesis that the Riedel structures are s imi lar to stress 

character is t ics is supported by the theoret ical predict ion that at peak p i l e 

load, the a stress character is t ics l i e at an angle of 1 1 t o the v e r t i c a l , 

th is value being independent of the i n i t i a l stress r a t i o . The analyses 

also indicate that th is inc l ina t ion remains constant fo r a distance of nearly 

one-half of a p i l e radius from the shaf t ; th is is consistent with the 

observation that the Riedel structures are almost s t ra igh t in the ver t i ca l 

plane, and l i e at angles of between 10° and 15° to the ve r t i ca l . 
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8.7.5 Conclusions 

I t has been shown that f i n i t e element analyses employing a form 

of Modified Cam Clay as the const i tu t ive law,are capable of predict ing 

main features observed during the experimental invest igat ion. Having 

i l l u s t r a t e d the v a l i d i t y of the theoret ica l approach in the analysis of a 

r e l a t i ve l y simple problem, one may have some confidence in extending the 

scope of the analysis to consider undrained p i l e loading, and also the 

behaviour of displacement p i les . 

8.8 UNDRAINED LOADING OF PILES 

8.8.1 Introduct ion 

The analyses presented above have shown that the use of a form of 

the Modified Cam Clay const i tu t ive law can lead to good agreement between the 

theoret ica l predict ions and experimental resu l t s , f o r drained p i l e loadings. 

The theoret ica l analyses are now extended to consider the so i l response to 

undrained p i l e loading. No attempt was made to perform undrained p i le 

loading tests in the laboratory ( th is would have necessitated loading the 

pi les to.peak load w i th in a few seconds), and so there are no experimental 

data to compare against the computer predict ions. 

8.8.2 Undrained Loading 

In order to invest igate the so i l response to rapid p i l e loading the 

parametric study to consider the ef fects of the i n i t i a l stress ra t i o has 

been repeated, enforcing undrained (almost constant volume) condit ions. 

The to ta l and e f fec t i ve stress paths ( for an element of so i l adjacent to 

the p i l e shaft) derived from th is study are shown in Figs. 8.27 and 8.28). 

The resul ts presented in Fig. 8.27 are based on the assumption that the 

shapes of both the y ie ld funct ion and p las t ic potent ial surfaces are c i r cu la r 

in the deviator ic plane ( i . e . so i l Model A), whereas the predictions in 

Fig. 8.28 are based on the assumption of a constant value fo r (j)' and wi th 

b = 0.35 imposed at peak condit ions. In both cases the i n i t i a l e f fec t i ve 

stresses pr io r to p i l e loading are consistent with the speci f ic volume 

employed in the invest igat ion of drained loadings. Because the y ie ld 

surfaces in Models A and B are coincident at t r i a x i a l compression, the 

i n i t i a l undrained shear strengths in t r i a x i a l compression are also equal. 

In Fig. 8.27 the portions of the curve BA to the l e f t of each of 

the i n i t i a l stress states represents the e f fec t i ve stress paths followed. 



-300-

The pore pressures generated during the loading are represented by the 

horizontal distances between the e f fec t i ve and to ta l stress paths. The 

greatest pore pressure generation is predicted in the case of i n i t i a l l y 

isot rop ic c lay , whereas negative pore pressures are predicted around a 

p i l e i ns ta l l ed in clay consolidated to a stress r a t i o of 0.5. 

The adoption of a Mohr Coulomb hexagon fo r the shape of the y i e l d 

surface in the deviator ic plane has the e f fec t of making in terpre ta t ion less 

straightforward because the e f fec t i ve stress paths now depend on the i n i t i a l 

stress r a t i o (g(e) now changes during the loading, whereas a constant value 

was adopted in so i l Model A). The greater complexity may be seen in 

Fig. 8.28, where the e f fec t i ve stress paths are represented by so l id l i nes , 

and the to ta l stress paths by dashed l ines . When the i n i t i a l stress ra t i o 

(K) exceeds un i t y , the mean to ta l stress increases i n i t i a l l y and is 

accompanied by a large local ised excess pore pressure. In the cases where 

the i n i t i a l stress r a t i o is less than uni ty the to ta l stress path t ravels 

continuously in the d i rec t ion of decreasing mean stress. I t may be seen in 

Fig. 8.28 that when the i n i t i a l stress ra t i o is 0 .7 , small negative pore 

pressures are generated i n i t i a l l y , but net posi t ive pore pressures are 

predicted at peak load. However, in the case of the i n i t i a l stress ra t i o 

having a value of 0.5, substantial negative pore pressures ( - 0.34 q) 

s t i l l remain at peak. The predict ion of negative pore pressures during the 

shearing of a normally consolidated clay may at f i r s t seem rather surpr is ing. 

I t i s , however, a d i rec t consequence of the kinematic boundary conditions of 

the problem which, in conjunction wi th a r e a l i s t i c cons t i tu t i ve so i l model, 

causes a reduction in the to ta l mean stress that outweighs any pore 

pressures generated as a resul t of shear alone. 

When the i n i t i a l stress ra t i o is un i t y , the predicted to ta l stress 

path remains almost ver t i ca l and th is condit ion leads to the predict ion of 

the greatest excess pore pressures beside the p i l e . In Fig. 8.29 the 

predicted radial d i s t r i bu t i on of excess pore pressures is i l l u s t r a t e d fo r 

four stages during the p i l e loading. The results indicate that the generation 

of excess pore pressures beside the p i le is small (less than 20% of the peak 

value) un t i l about 50% of the p i l e capacity is mobil ised, and even at peak 

load the pore pressures are f a i r l y local ised, having decreased to less than 10% 

of the peak value at a distance of one p i l e diameter from the shaf t . This 

suggests that the excess pore pressures would tend to dissipate rap id ly , 

the d iss ipat ion of excess pore pressures around the model pi les is considered 

in Appendix 4.3, employing the f i n i t e di f ference program described in 

Appendix 9.1. 
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Table 8.1: In ter re la t ionsh ip between the Results of Experimental and Theoretical 

Approaches to examining the Pi le Load-Transfer Mechanism 

Source of Experimental Data 

Model Pi le Loading Tests 

(Pi les ins ta l led with minimal 

disturbance) 

Micro-fabr ic Studies 

Theoretical Approach 

F in i te element analyses (assuming 

the clay to obey a form of 

e las to -p las t i c cons t i tu t i ve law). 

1. (a) 5' / f (K) 

Peak 

(b) 6' = 22° 

( * ' = 23°) 

2. Radial e f fec t i ve stress 

decreases during loading 

Predicted as a consequence of 

the const i tu t i ve law. 

6' = sin"^ (tan (j,') =21° 

Predicted as a consequence of 

compensating e las t i c stra ins 

required to conform with the 

kinematic boundary condit ions. 

3. 1 6 > a > 1 
peak 

(1.5 a K 2 0.74) 

Negl igible micro-fabr ic 

disturbance on i n s t a l l a t i o n 

Predicted a > 1 for drained 

p i l e loadings. 

4. Shapes of the load-

displacement curves 

(a) Pre-peak 

(b) Post-peak softening 

(c) Residual condit ions 

5. 

The resu l t of pa r t i c le 

or ienta t ion e f fec ts caused 

by the very high local 

shear s t ra ins . 

Eventual formation of a 

continuous displacement 

d iscon t inu i t y , S^, along 

which the clay par t ic les 

are strongly oriented. 

Deflected form of bedding 

planes only s l i g h t l y 

dependent on K 

Reasonably well predicted 

Analyses predict very high 

local shear st ra ins but are 

incapable of predict ing s t ra in 

softening. 

The deformed shapes are 

well predicted. 

6. Riedel structures are 

s t ra igh t ( in the ver t i ca l 

plane) and l i e at angles 

of between 10° and 15° to 

the p i l e ax is , independently 

of K. 

Analyses support the hypothesis 

that Riedels are s imi lar to 

stress charac ter is t ics . 
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CHAPTER 9 

DISPLACEMENT PILES 

9.1 INTRODUCTION 

In order to employ e f fec t i ve stress methods to analyse the loading 

behaviour of displacement p i l es , i t is f i r s t necessary to be able to predict 

the state of stress acting in the clay surrounding the pi les fo l lowing 

i n s t a l l a t i o n and consol idat ion. These stresses w i l l depend on the type of 

p i l e i ns ta l l ed , i . e . f u l l or par t ia l displacement, the method of i n s t a l l a t i o n , 

and the nature of the clay. No attempt is made to model the deta i ls of the 

i n s t a l l a t i o n and consolidation processes; ra ther , i t is believed that 

in the case of low-displacement p i les some simple assumptions may be made 

regarding the stress state pr io r to p i l e loading, and the stresses around f u l l -

displacement p i les are selected on the basis of work performed by Randolph 

and Wroth (e.g. 1979). 

Tubular steel p i l es , such as those used extensively of fshore, cause 

re l a t i ve l y l i t t l e displacement of the so i l provided that they do not plug 

during dr iv ing (there remains considerable doubt wi th in the industry about 

whether, and under what circumstances, tubular steel pi les do plug during 

i n s t a l l a t i o n ) . Carter, Randolph and Wroth (1980) have analysed the stress 

state in the clay surrounding low-displacement p i l es , modelling the 

i n s t a l l a t i o n as the expansion of a cy l indr ica l cavi ty and employing the 

Modified Cam Clay const i tu t ive law. Their results suggest that the stresses 

in the clay adjacent to low displacement pi les are greater than the i n i t i a l 

i n - s i t u values. However, as far as the author is aware, these predict ions 

have not yet been ve r i f i ed by f i e l d measurements. For the present, i t might 

be advisable to adopt a more conservative approach and to assume that the 

p i l e ins ta l la t ion /conso l ida t ion does not a f fec t the stresses in the ground. 

The stresses in the clay surrounding the p i l e may, therefore, be taken as 

= 08 = Ko Oz 

These conditions are the same as those employed in the f i r s t series of model 

p i l e tests described in Chapters 3, 4 and 5, and considered ana ly t i ca l l y in 

Chapter 8 ( fo r normally-consolidated c lays). The behaviour of low-displacement 
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pi les is considered below in section 9.4. 

The i ns ta l l a t i on of ful1-displacement pi les may be expected to 

have a more pronounced e f fec t on the local so i l stresses. A number of 

workers (e.g. Bu t te r f i e ld and Bannerjee (1970), and Randolph, Carter and 

Wroth (1979)) have modelled the p i l e i ns ta l l a t i on as the expansion of a 

cy l i nd r i ca l cav i ty . Although predicted pore pressure changes during p i l e 

i n s t a l l a t i o n are in f a i r agreement with f i e l d measurements, the predicted 

radial e f fec t i ve stresses acting on the p i l e a f te r consolidation are yet to 

be ve r i f i ed . More recently Baligh and Levadoux (1980) have modelled the 

related problem of the i n s t a l l a t i o n of cone piezometers by means of a s t ra in 

path method. Although the approach appears to be most promising, f i e l d 

ve r i f i ca t i on of the results are yet to be published. 

In the work performed at Cambridge by Randolph and Wroth, the 

i n s t a l l a t i o n of a displacement p i le is modelled as the plane s t ra in expansion 

of a cy l i nd r i ca l cav i ty . The analyses employ the f i n i t e element method to 

obtain numerical predic t ions, and the clay is assumed to obey the 'Modified 

Cam Clay' const i tu t ive law. One of the most important predictions a r i s ing 

from th i s research is that a f te r p i l e i n s t a l l a t i o n and subsequent consol idat ion, 

the clay adjacent to the p i l e is in a normally-consolidated state 

i r respect ive of i t s i n i t i a l i n - s i t u overconsolidation r a t i o . The analyses 

also predict that immediately adjacent to the p i le shaft , and 

a' = a' where K is the 'a t res t ' coe f f i c ien t of earth pressure 
G z °NC 

associated with a one-dimensionally normally-consolidated clay. I t should 

be noted that zero ver t i ca l to ta l s t ra in is assumed throughout the cavi ty 

expansion analysis. As th is is equivalent to assuming that no heave occurs, 

the predicted stress changes are l i k e l y to represent an upper-bound to 

those actual ly occurring. 

In order to examine the loading behaviour of f u l l displacement p i l e s , 

the results of two of the analyses presented by Randolph et al (1979) and 

Wroth et al (1980) have been employed to provide i n i t i a l stress conditions 

in numerical computations employing the f i n i t e element mesh i l l u s t r a t e d in 

Fig. 7.3. The cases selected are those of a p i l e ins ta l led in normally-

consolidated Boston Blue Clay, and of a p i l e ins ta l led in London Clay having 

an i n i t i a l overconsolidation ra t io of e ight . In the cavi ty expansion 

analyses the clays were assumed to obey a form of the Modified Cam Clay 

model in which both the y ie ld funct ion and the p las t ic potent ia l exh ib i t 

ro ta t ional symmetry in the deviator ic plane. In the f i r s t analyses of p i l e 
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loading the same form of the const i tu t ive law has been adopted fo r the 

sake of consistency; however, the analyses are la te r extended to consider 

the e f fec t of employing a const i tu t ive model in which the y ie ld surface 

describes a Mohr-Coulomb hexagon, and the p las t ic potent ial a c i r c l e , in 

the deviator ic plane. 

I t is important to note that in the analyses of p i l e loading 

presented below i t i s assumed that the so i l around the driven pi les is in tac t 

in advance of p i l e loading, i . e . no account is taken of residual shear 

surfaces which might have been induced as a resu l t of the p i l e i ns ta l l a t i on 

procedure (see Chapter 6). The possible influence of such surfaces is 

considered in section 9.5.5. 

9.2 THE LOADING BEHAVIOUR OF FULL-DISPLACEMENT PILES 

9.2.1 Introduct ion 

The behaviour on loading of pi les ins ta l led in normally-consolidated 

Boston Blue Clay and in over-consolidated London Clay is considered 

fo r both drained and undrained condit ions. The stresses induced by p i l e 

i n s t a l l a t i o n are taken from Randolph et al (1979) and from Wroth et al ( 1 9 8 0 ) , 

and both the y i e l d functions and the p last ic potent ials are assumed to be 

surfaces of revolut ion. 

9.2.2 Piles in Normally-consolidated Boston Blue Clay 

The so i l parameters (see Chapter 7) are assigned the fo l lowing 

values to represent Boston Blue Clay; 

M = 1.2, X = 0.15, K = 0.03, G =12000 kN/m^, = 2.827, 

Y = 0, and Z = 1.0 

Except where stated to the contrary, the stresses represented in the 

fo l lowing diagrams are normalised by C . , the undrained shear strength 
U > I 

(at a Lode angle, 8 = 0°) of the clay adjacent to the p i l e immediately in 

advance of p i l e loading. 

Fig. 9,1(a) is a schematic representation of the to ta l and e f fec t i ve 

stress paths followed by an element of clay adjacent to the p i l e during the 

cavi ty expansion and the subsequent consolidation (data taken from Randolph 

et al (1979)). Pi le loading is simulated by imposing increments of shaft 

displacement, and the analyses are f i r s t performed to represent drained 

condit ions. The predicted stress path for the above element of so i l is 
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shown in Fig. 9.1(b) as the dashed l i ne BC .̂ Inspection of th is f igure 

indicates that the stress path followed during loading t ravels continuously 

in the d i rec t ion of decreasing mean e f fec t ive stress. The var ia t ion wi th 

p i l e displacement of the quant i t i tes o^, OQ , J , and \p are 

i l l u s t r a t e d in Fig. 9.2 for the same element of c lay. Although i t is 

predicted that the f i n a l shear stress acting on the sha f t , is some 30% 

in excess of the decrease in the radial e f fec t i ve stress of roughly 

40% should be noted. 

The analysis is repeated to simulate undrained loading condit ions. 

The to ta l and e f fec t i ve stress paths followed by an element of clay adjacent 

to the shaft are presented in Fig. 9 .1(b) , and the corresponding var ia t ion 

with p i l e displacement of the quant i t ies o^ , Oq, J , u, ^ 

are shown in Fig. 9.3; u is the excess pore pressure generated on p i l e 

loading. I t may be noted that the analysis predicts that on loading to peak 

the radial e f fec t i ve stress decreases by about 50%, whereas the radial 

t o ta l stress (o^ + u) decreases by only 17%. Excess pore pressures equal 

in magnitude to the undrained shear strength (at 6 = 0°) of the clay beside 

the p i l e pr ior to loading,are predicted to be generated. 

The predicted radial d i s t r i bu t i on of excess pore pressures at various 

stages during the p i l e loading are indicated in Fig. 9.4. For comparison, 

the predicted pore pressures generated during p i l e i n s t a l l a t i o n (taken from 

Randolph et a l , 1979) are also indicated. The pore pressures have been 

normalised by C the undrained shear strength of the clay in t r i a x i a l 

compression, pr io r to p i l e i n s t a l l a t i on . I t may be observed that the excess 

pore pressures generated on loading are much smaller, and are more loca l ised, 

than those predicted to be generated during p i le i n s t a l l a t i o n . I f p i l e 

' f a i l u r e ' were to be associated with s l i p along a shear surface created 

during p i l e i ns ta l l a t i on then the peak excess pore pressures generated on 

loading would be even more local ised. The differences between the 

d is t r ibu t ions of excess pore pressures generated during i n s t a l l a t i o n and 

during loading suggest that the l a t t e r may dissipate more rapidly than the 

former. This subject is considered in the fo l lowing section. 

9.2.3 Dissipation of Excess Pore Pressures Around Loaded Piles 

A f i n i t e di f ference program has been wr i t ten to enable the rate of 

d iss ipat ion of excess pore pressures generated around pi les to be estimated. 

I t is assumed that the soi l skeleton deforms e l a s t i c a l l y and the program, 

which is described in Appendix 9.1, can consider a rb i t ra ry d is t r ibu t ions of 
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the i n i t i a l excess pore pressures. Randolph and Wroth (1979) present an 

analyt ica l solut ion for the dissipat ion of an i n i t i a l l y logarithmic 

d i s t r i bu t i on of excess pore pressures; i t is shown in Appendix 9.1 that 

predict ions based on the f i n i t e di f ference program are in excel lent agreement. 

Carter et al (1979) showed that the predicted rate of d iss ipat ion of excess 

pore pressures is r e l a t i ve l y insensi t ive to the choice of so i l const i tu t ive 

model, and so i t is believed that the f i n i t e di f ference program is capable 

of providing reasonable estimates of consolidation times fo r a rb i t ra ry 

d is t r ibu t ions of i n i t i a l excess pore pressures. 

Reconsider the example presented in section 9.2.2 of the excess 

pore pressures generated around a p i le ins ta l led in normally-consolidated 

Boston Blue Clay (also refer to Fig. 9.4). The predicted var iat ions of 

excess pore pressures at the p i l e face with a dimensionless measure of time 
2 

(T = Cyt/R ) are i l l u s t r a t e d in Fig. 9.5; the d iss ipat ion of excess pressures 

generated during i n s t a l l a t i o n and on loading to peak is considered. By 

comparing the times fo r e i ther 50% or fo r 90% diss ipat ion of excess pore 

pressures at the p i l e face, i t may be seen that the pressures generated on 

loading to peak dissipate almost an order of magnitude faster than the 

i n s t a l l a t i o n pressures. 
Randolph et al (1979) present an example of the predicted times 

fo r the d iss ipat ion of excess pore pressures at the face of a 0.2 m radius 
2 

p i l e driven in to clay with a coe f f i c ien t of consolidation of 3 m /year. 

Times fo r 50% and 90% diss ipat ion of excess pore pressures at the p i l e face 

were estimated at 1 week and 20 weeks respect ively. Extending th is example 

to consider the d iss ipat ion of pore pressures generated on loading to peak, 

the times fo r 50% and 90% dissipat ion at the p i l e face are of the order of 

17 hours and 2 weeks respect ively. For the loading to be considered 

undrained ( i . e . less than 5% diss ipat ion of excess pore pressures at the 

face) , the loading time would need to be of the order of hal f an hour. Such 

resul ts suggest that on land, where pi les are often loaded at a rate 

determined by the speed of construction of the structure to be supported, 

the loadings w i l l often be almost f u l l y drained. Even p i l e loading tests 

w i l l tend to be p a r t i a l l y drained. 

Offshore, pi les of up to 2 m diameter are being employed. Taking 

the example of a 2 m diameter p i l e driven into a Glacial T i l l having a 

coe f f i c ien t of consolidation of 1 m^/yr, the times fo r 10%, 50% and 90% 

diss ipat ion of excess pore pressures generated at the p i l e face as a resu l t 
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of p i l e loading are 5 days, 3 months and more than 3 years, respect ively. 

Such resul ts suggest that storm loadings w i l l be completely undrained 

phenomena, whereas the pore pressures generated by the dead-load of the 

structure may have dissipated s ign i f i can t l y before the onset of the f i r s t 

winter storms; pressures induced by dr iv ing w i l l dissipate far more slowly. 

The rap id i t y with which the excess pore pressures dissipate has 

important impl icat ions fo r model p i l e tes t ing in the laboratory. For the 

loading of a 15 mi l l imeter diameter model p i l e ins ta l led in Kaolin to be 

considered t r u l y undrained, the loading to peak would need to be accomplished 

wi th in less than one second! With such rapid loadings, s t ra in rates of 

the order of 100% per second might be expected; these would tend to 

complicate in terpre ta t ion of the resu l ts ! 

9.2.4 Pi le Ins ta l led in Over-consolidated London Clay 

On the basis of Wroth et al (1980) the fo l lowing so i l parameters 

have been selected to represent London Clay; 1̂  = 0.984, X = 0.161 , 

K = 0.062, V-, = 2.759, G = 6750 kN/m^, Y = 0.0 and Z = 1.0. 

The radial var ia t ion of the pr incipal e f fec t i ve stresses 

and a^, and the undrained shear strength of the clay fo l lowing p i l e dr iv ing 

and the subsequent consolidation are taken from Wroth et al (1980) fo r the 

case of a f u l l displacement p i l e driven into London Clay having an i n i t i a l 

over-consolidation ra t i o of e ight . As noted e a r l i e r . Wroth et al predict 

that a f t e r d r iv ing and consol idat ion, the clay at the p i l e face is normally-

consolidated. 

Pi le loading is again simulated by applying increments of shaft 

displacement, and the analysis is performed to represent drained condit ions. 

The stress paths followed by the clay adjacent to the p i l e during dr iv ing 

and consolidation are i l l u s t r a t e d schematically in Fig. 9.6, and the 

predicted stress path on loading is represented by the dashed l ine BC-j. 

The var iat ions with p i l e displacement of the quant i t ies , 

a^, J , y and fo r an element of clay adjacent to the p i l e shaft 

are shown in Fig. 9.7. The rapid ro tat ion of the pr inc ipal stresses may be 

noted; 90% of the overal l ro tat ion has occurred once 80% of the p i l e capacity 

has been mobil ised. 

The predicted radial var iat ions of the to ta l shear s t r a i n , are 

presented in Fig. 9.8 for various stages of loading. I t is evident that 

as the p i l e load approaches the peak capacity, very large shear st ra ins are 
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predicted in the immediate v i c i n i t y of the p i l e . I f the clay were to exh ib i t 

even gradual s t ra in softening (such as might resu l t from par t i c le or ienta t ion 

e f fec ts ) then the post-peak behaviour would be b r i t t l e and progressive 

f a i l u r e would be predicted for compressible p i les . I t should be remembered 

that in the current analysis i t is s t i l l assumed that the clay beside the 

p i l e is in tac t a f te r p i le dr iv ing (see section 9.5.5 fo r a discussion of 

the possible ef fects of shear surfaces formed during p i l e i n s t a l l a t i o n ) . 

9.2.5 Simpl i f ied Analyses of Pi le Loading 

The work of Randolph and Wroth suggests that the stress state of the 

clay adjacent to a displacement p i l e may readi ly be predicted from a knowledge 

of the i n i t i a l in s i t u undrained shear strength and the 'Cam Clay' parameters 

representative of the par t icu lar c lay. However, predict ion of the radia l 

var ia t ion of the stress state in the surrounding clay t yp i ca l l y requires 

f u l l cavi ty expansion and consolidation analyses. The question natura l ly 

arises as to whether th is radial var ia t ion in conditions has an important 

bearing on the subsequent loading behaviour. Could a reasonable 

approximation be made by ignoring the radial var ia t ion and set t ing the stresses 

everywhere to equal those predicted to ex is t adjacent to the p i l e face? This 

subject is addressed below. 

The ea r l i e r analyses of the loading behaviour of displacement pi les 

in normally-consolidated Boston Blue Clay and in over-consolidated London 

Clay are repeated, but the radial var ia t ion of the stress state pr io r to 

loading is ignored; the stress state is set everywhere to that predicted to 

ex is t in the clay immediately adjacent to the shaf t . 

The s impl i f ied analysis predicts that for a loaded p i le in normally-

consolidated Boston Blue Clay, the element of clay adjacent to the shaft 

w i l l fo l low the e f fec t i ve stress path shown as BĈ  in Fig. 9.1. I t may be 

seen that there is very good agreement between th is stress path and that 

obtained (BC-j) s ta r t ing from the 'cor rect ' i n i t i a l stress d i s t r i bu t i on . 

A s imi la r s impl i f ied analysis performed to consider the behaviour 

of a p i l e in over-consolidated London Clay predicts that the stress path 

followed by the clay adjacent to the p i le w i l l be as shown as the path BCg 

in Fig. 9.6. The correspondence between th is stress path and that predicted 

using the 'cor rec t ' i n i t i a l stress d i s t r i bu t i on is not as good as that 

obtained above for the p i le in normally-consolidated c lay , although the 

approximate predict ion is at least conservative. In both sets of analyses, 
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the var iat ions wi th p i l e displacement of o^, o^, a^, and the 

element of clay beside the p i l e predicted on the basis of the s imp l i f ied 

i n i t i a l stress d i s t r i bu t i on are also in good agreement wi th the 

corresponding 'cor rec t ' analyses. 

The agreement between the predict ions of drained p i l e loading 

behaviour based on the s impl i f ied and the 'cor rec t ' analyses is very 

convenient and i t h ighl ights the importance of cor rect ly predict ing the 

stresses act ing in the clay immediately adjacent to a displacement p i l e 

pr ior to loading. For the present these stresses may be predicted on the 

basis of the work presented by Randolph et al (1979). The above resul ts also 

mean that useful parametric studies of p i l e loading behaviour may be 

performed without the need to conduct numerous cost ly cavi ty expansion 

and consolidation analyses; parametric studies are described in section 9 . 3 . 

9.2.6 Undrained Pi le Loading 

The kinematic constraints act ing on the so i l adjacent to a p i l e 

loaded under undrained conditions are very severe and completely d ic ta te 

the so i l response and p i l e loading. The constraints are; 

( i ) (e^) = 0 because of the assumption of no 

^^^0 s l i p at the p i l e / s o i l in ter face. 

I « T 
( i i ) (u ) = 0 because the p i le is assumed to be 

^^^0 r i g i d r ad ia l l y . 

.J 
( i i i ) (e^) = 0 because (u^) = 0; e j = ^ = 0 

r=r^ r=r^ 

( i v ) Gp + Eg + = 0 undrained conditions imposed. 

(v) = 0 by symmetry i f a short segment of 
a very long p i l e i s considered. 

u is the local radial displacement 
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The above constraints impose a fur ther r e s t r i c t i o n on the 

permissible radial displacements wi th in the so i l surrounding the p i l e ; 

r dr 

el . ^ 

e j = 0 from (v) 

Combining these conditions and subst i tu t ing in to ( i v ) leads to 

^ = 0 

Thus 

and hence 

dr r 

du^ dr 

u^ 

u' ^0 
r=r_ 

. i f (JL) 
r=r r=r r 

0 0 

As 

• T 

"r=r^ = 0 from ( i i ) , 

( v i ) u^ = 0 everywhere. 
Consequently ( v i i ) = 0 everywhere 

( v i i i ) = 0 everywhere 

A consequence of these constraints is that the so i l everywhere is being 

deformed in undrained simple shear, and i f the behaviour of a single 
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element of the so i l can be established then th is may be used to determine 

the overal l response using the equi l ibr ium equation 

and in tegrat ing the predicted shear strains wi th respect to radius. 

The behaviour of an element of so i l in undrained simple shear may 

be estimated by using the Modified Cam Clay const i tu t ive law in conjunction 

with a computer code. However, i f only the f i n a l stress conditions at the 

p i l e in ter face are required then these may be evaluated d i rec t l y f p m a 

knowledge of the i n i t i a l stresses acting on the shaft fo l lowing dr iv ing and 

consol idat ion. This is considered fu r ther in Appendix 9.2. 

Thus i t is possible to determine the undrained f a i l u r e conditions 

without performing numerical analyses. However, drained conditions are f a r 

more complex, and no such simple relat ions have been found to establ ish 

conditions at peak. In the remainder of th is chapter a t tent ion is largely 

res t r i c ted to drained loading behaviour, although in practice p i l e loadings 

w i l l generally be p a r t i a l l y drained (as discussed in section 9.2.3) and 

the actual behaviour w i l l tend to l i e between the bounds of f u l l y drained 

and undrained condit ions. 

Noting that the soi l around a p i le loaded under undrained conditions 

behaves in undrained simple shear, Randolph and Wroth (1981) proposed that 

the simple shear apparatus be used to establ ish the constant volume behaviour 

of s o i l s ; these resul ts would then be used in p i l e design. The v a l i d i t y 

of such a procedure is considered in section 9.6. 

9.3 PARAMETRIC STUDIES 

9.3.1 Introduct ion 

I t has been shown in section 9.2 that when the loading behaviour 

of pi les is considered, a useful s imp l i f i ca t ion may be made in which i t i s 

assumed that there is no radial var ia t ion of the stresses in the so i l p r io r 

to loading. The values of the stresses assumed may be those predicted 

on the basis of cavi ty expansion and consolidation analyses (Randolph 

et al , 1979). 

Parametric studies have been performed to consider the influence 

on the predicted p i l e loading behaviour of the fo l lowing factors : 
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( i ) the assumed shape of the y ie ld surface in 

the deviator ic plane; 

( i i ) small deviations of the i n i t i a l stresses at 

the p i l e face, pr io r to loading, from the values 

predicted on the basis of Randolph et al (1979); 

( i i i ) the various so i l parameters employed in describing 

the const i tu t ive model. 

9.3.2 Shape of the Yield Surface in the Deviatoric Plane 

In order to ensure compat ib i l i ty with the cavity expansion 

analyses presented by Randolph et al (1979), the analyses presented in 

the previous sections have adopted a surface of revolut ion fo r the y ie ld 

surface. As i l l u s t r a t e d in Table A.7.1 the use of such an assumption leads 

to a considerable var ia t ion in the angle of shearing resistance, tj)', wi th 

the Lode angle. 

Three analyses are presented in order to demonstrate the influence of 

the shape of the y ie ld surface in the deviator ic plane on the predicted 

behaviour of the so i l adjacent to a loaded p i l e . The same i n i t i a l stress 

conditions are adopted in the three analyses, and i t is assumed that there 

is no i n i t i a l radial var ia t ion in stress. The parameters X, k , v a n d G are 

assigned values used ea r l i e r to represent London Clay, and in the three 

examples the p las t ic potent ial has been taken to be a surface of revolut ion. 

The e f fec t of th is l a t t e r assumption, as discussed e a r l i e r , is to ensure that 

the c r i t i c a l state is reached at a Lode angle of zero. In two of the 

analyses surfaces of revolut ion are also adopted fo r the shape of the y ie ld 

funct ion; in one analysis M has been selected as 0.732 and in the other 

0.984. These M values correspond to cj)' values of 19° and 25° respectively 

in t r i a x i a l compression, and to 25° and 34.6° at a Lode angle of zero. In 

the t h i r d analysis a Mohr-Coulomb hexagon has been adopted fo r the shape 

of the y ie ld surface in the deviator ic plane, and cj)' is chosen to be 25°. The 

i n i t i a l stresses are the same in a l l three examples, and the values have 

been selected such that in the case of the clay assumed to have a constant 

(})' of 25°, the i n i t i a l undrained shear strength at a Lode angle of zero is 

100 kN/m^. 
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The stress paths predicted to be followed by the clay adjacent 

to the p i l e faces are i l l u s t r a t e d in Figs. 9.9(a) and (b). In the former, 

the stresses are normalised by the undrained shear strength (100 kN/m^) 

of the clay exh ib i t ing a constant <(,' = 25°, whereas in the l a t t e r the three 

stress paths are each normalised by the respective i n i t i a l undrained shear 

strengths at a Lode angle of zero. 

Comparing predict ions based on the two models employing constant 

values of M, the fo l lowing points may be noted. 

( i ) as may be seen in Fig. 9 .9(a) , stress paths (b) and 

( c ) , the predicted peak values of J are markedly 

d i f f e ren t whereas the f i na l values of P' are s imi la r 

(having reduced by about 15%). As a resu l t of the 

s i m i l a r i t y in P' values, the peak values of J and also 

are d i r ec t l y proportional to M; 

( i i ) reductions in of about 38% are predicted in both 

cases. 

The stress path predicted by the analysis employing a Mohr-Coulomb 

hexagon fo r the y ie ld funct ion is indicated by the path (a) in Figs. 9.9(a) 

and (b). I t is predicted that P' reduces by about 20%, and that o^ reduces 

by 42%. These reductions are greater than those predicted by the models 

having constant values of M. S im i la r l y , the f i na l values of both J and 

are smaller in the analyses assuming a constant value of 

These observations suggest that analyses based on so i l models which 

assume the y ie ld funct ion to be a surface of revolut ion may lead to s l i g h t l y 

unconservative predict ions. Nevertheless, the f i na l strengths predicted 

by the two analyses having the same value of at a Lode angle of zero 

(curves (a) and (b) in Fig. 9.9(a)) d i f f e r by only 10%, and th is is w i th in 

the range of uncertainty in the select ion of so i l parameters. The use of a 

surface of revolut ion for the y i e l d funct ion therefore appears to be a 

reasonable approximation provided that the predicted shaft capacit ies are 

adjusted to correspond to the correct value of M at peak. 

The stress paths followed by an element of clay adjacent to a 

ful l -displacement p i l e loaded under drained and undrained conditions are 

i l l u s t r a t e d in Fig. 9.10. The y ie ld surface is taken to be a Mohr-Coulomb 

hexagon in the deviator ic plane, and (j>' = 25°; the p las t ic potent ial is again 

a surface of revolut ion. The s impl i f ied i n i t i a l stress d i s t r i bu t i on has been 
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adopted, and is assumed to be 1-s in (})' (see section 9.3.3.3) . The 

var ia t ion with p i l e displacement of various components of stress and 

s t ra in are i l l u s t r a t e d in Fig. 9.11, where i t w i l l be seen that the stress 

measure, S, remains constant during the early stages of loading and then 

increases monotonically to reach the ult imate value of uni ty at the C r i t i c a l 

State. 

9.3.3 The Effects of Deviations of the Stress Conditions (around 

Displacement Pi les) from the Values Predicted on the Basis of 

Cavity Expansion Analyses 

9.3.3.1 Introduct ion 

The aim of th is parametric study is to examine whether there are 

any par t i cu la r features of the stress state predicted to ex is t in the clay 

around an unloaded displacement p i l e , to which the subsequent loading 

behaviour might be pa r t i cu la r l y sensi t ive. I t may be helpful to repeat 

the main features of stress state predicted by Randolph et al (1979) to 

ex is t in the clay adjacent to a displacement p i l e fo l lowing i n s t a l l a t i o n 

and consol idat ion; 

' " z ' V °r 

where Kqj^ îs the ' a t - r es t ' coe f f i c ien t of earth 

pressure associated with one-dimensionally, normally-

consolidated clay; 

( i i ) the clay immediately adjacent to the p i l e is in a 

normally-consolidated s ta te , i r respect ive of the 

i n i t i a l in s i t u overconsolidation r a t i o . 

In the fo l lowing analyses a Mohr-Coulomb hexagon is adopted fo r 

the shape of the y i e l d surface in the deviator ic plane, and (p' is 25°. The 

so i l parameters X, k , v^ and G are assigned the values employed ea r l i e r to 

represent London Clay, and the magnitudes of the stresses are selected such 

that p r io r to loading, the undrained shear strength of the c lay , at a 
2 

Lode angle of zero, is 100 kN/m . 

In section 9.3.3.2, below, the ef fects of departures from normally-

consolidated conditions immediately adjacent to the p i le are considered, 
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and in section 9.3.3,3 the influence of the assumed value of K is 
0 

examined (K predicted by Modified Cam Clay is much larger than l -s incj) ' ) . 

9.3.3.2 Departures from Normally-Consolidated Conditions Adjacent to 

Displacement Piles 

The resul ts of two analyses assuming OCR's (defined in Chapter 7 

as Pg/P') of 1.5 and 2.0 are presented, and compared wi th the analysis 

assuming normally-consolidated conditions (see section 9.3.2) . The 

re la t i ve locations of the three i n i t i a l stress conditions in the plane 

corresponding to a constant water-content are i l l u s t r a t e d in Fig. 9.12. 

The resul ts of the p i l e loading analyses are presented in the 

form of stress paths (so l id l ines in Fig. 9.13), and of graphs of the 

var ia t ion of the local radial stresses wi th p i l e displacement (Fig. 9.14). 

Whilst there are evident ly differences between the predict ions corresponding 

to the various i n i t i a l degrees of overconsolidation, the values of J/C . 
U , I 

and Op/Cy ^ at peak load are very s imi lar in a l l three cases. Thus the 

stresses act ing on the p i le shaft at peak are l i t t l e affected by the local 

OCR, as long as the correct undrained shear strength a f te r p i l e dr iv ing and 

consolidation has been established. For comparison, the stress paths 

predicted by analyses adopting a constant value of M (selected such that 

cj)' = 25° at 9 = 0°) are also shown in Fig. 9.13. 

9.3.3.3 Influence of the I n i t i a l Stress Ratio 

Randolph et al (1979) suggest that the stresses in the clay at 

the face of a displacement p i l e pr io r to loading are in the rat ios 

where Kq is the ' a t - r e s t ' coe f f i c ien t of earth pressure corresponding 

to normally-consolidated condit ions. The value of predicted by the 

Modified Cam Clay (M.C.C.) is in general too high; in the present example 

of London Clay MCC predicts = 0.715, whereas Jaky would suggest 0.577 

fo r (j)' = 25°. Analyses have been performed in which the value of is 

var ied, but the i n i t i a l stress levels are adjusted such that the i n i t i a l 

undrained shear strength remains constant (see Potts and Mart ins, 1982(a)). 

The resul ts suggest that the ult imate values of J, T and are re l a t i ve l y 

insensi t ive to K , provided that the i n i t i a l undrained shear strength is 

cor rect ly established. The i n i t i a l shapes of the loading stress paths are 
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somewhat more sensi t ive to the value of K selected. 

In conclusion the studies have shown that i t is important to 

cor rec t ly predict the undrained shear strength of the clay beside the p i l e 

a f t e r i n s t a l l a t i o n and consolidation. However, small departures from the 

conditions out l ined by Randolph et al (1979) are re l a t i ve l y unimportant. 

9.3.4 Ef fect of Changes in the Parameters Describing the Soil Model on 

the Behaviour of Full-Displacement Piles 

9.3.4.1 Introduct ion 

A l im i ted parametric study has been performed in order to invest igate 

the influence of the quant i t ies (j)', G/C X and k on p i l e behaviour. In 
U > 1 

the analyses described below, the y ie ld funct ion is assumed to describe a 

Mohr-Coulomb hexagon in the deviator ic plane whereas the p las t ic potent ial 

is taken to be a surface of revolut ion. The i n i t i a l stresses are prescribed 

in the rat ios 

Oz = Og = ^ r " ^ r 

and there is no i n i t i a l radial var ia t ion in the stresses. The stress levels 

are selected in each case such that the i n i t i a l undrained shear strength C,, . 
2 u ,1 

a t a Lode angle of zero is 100 kN/m . 

9.3.4.2 Angle of Shearing Resistance, (p' 

The value of c))' is varied between 20° and 35° whi ls t the values of 

G/Cy ^, X, K and v̂  are maintained at 120, 0.15, 0.03 and 2.83 respect ively 

(appropriate to the Boston Blue Clay described in section 9.2) . I t may be 

seen in Fig. 9.15 that the resu l t ing curves of shear stress acting on the 

shaft against p i l e displacement are l i t t l e d i f f e ren t despite the changes in 

4)'. Fig. 9.16 demonstrates that fo r a given value of C • there is a 
U 9 I 

tendency fo r T to decrease with increasing CF)'! The reduction in the 
msx 

radial stress on loading to peak changes from 34% to 45% as c()' is increased 

from 20° to 35°. For drained loadings does not exceed C,, • by more 
ITIQX U ) 1 

than 20%, and i s , of course, equal to C . on undrained loading. 
Li 5 1 

9.3.4.3 G/C,, . 
U 5 1 

The predicted stress paths corresponding to both drained and 

undrained loading are presented in Fig. 9.17 for a var ie ty of values of 
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G/C .. At the s ta r t of loading the clay beside the p i l e is in a state of 
U 5 1 

t r i a x i a l compression, whereas on loading, the Lode angle of the clay beside 

the pi les rapid ly tends towards zero; th is ro ta t ion of the stress state 

in the deviator ic plane results in a decrease in the value of g(8) , and 

hence i n i t i a l l y in J/C .. 

U 5 I 

In the case of drained loadings, the ult imate strength increases 

s l i g h t l y wi th decreasing G/C . , but the overal l var ia t ion is less than 10% 
U J I 

and so the correct predict ion of G/C . is considered re la t i ve l y unimportant 
U , T 

in the estimation of shaft resistance. However, the same is cer ta in ly not 

t rue when considering shaft load-displacement behaviour as can be seen in 

Fig. 9.18. Unti l about 70% of C . is mobilised the load-displacement 
U > 1 

behaviour fo r drained and undrained loadings is very s im i l a r , and the slope 

is d i r e c t l y proportional to G/C .. Evidently an accurate assessment of 
U 5 1 

G/C,, • is important when estimating settlements. 
U , I 

9.3.4.4 X and k 

As discussed e a r l i e r , the response of the clay around a loaded p i l e 

is dominated by the kinematic boundary condit ions. The kinematic constraints 

necessitate a balance between e las t i c and p las t ic components of s t ra in and 

so i t seems reasonable to expect that the response w i l l be influenced by the 

values of X and k . In the analysis presented below d i f f e ren t values of ^ 

and K are adopted and the i n i t i a l undrained shear strength, C,, . , at a Lode 
2 u ,1 

angle of zero, is again set to be 100 kN/m . 

I t may be seen in Fig. 9.19 that the e f fec t of increasing X is to 

s l i g h t l y reduce the avai lable strength on drained loading; a change in X 

from 0.09 to 0.24 results in an 8% reduction in the drained shaft resistance. 

A high value of X tends to increase the p last ic strains which in turn require 

greater compensating e las t i c strains to sa t i s fy the kinematic res t ra in ts ,and 

thus the drained stress path is constrained fur ther towards the undrained 

stress path. Changes in k have a s l i g h t l y smaller e f f e c t . 

I t would appear that in pract ice the l i k e l y errors in the determination 

of X and k are un l ike ly to cause serious error in the predict ion of p i l e 

capaci t ies, provided that the undrained shear strength of the clay adjacent 

to the unloaded p i l e is correct ly established. 
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9.3.5 Comments 

The work presented on loaded ful l -displacement pi les has considered 

the surrounding so i l to be i n t a c t , i . e . no account is taken of d iscont inu i ty 

surfaces that might be induced in the so i l as a resu l t of the i n s t a l l a t i o n . 

I t has been shown that i f th is were true then the p i l e capacities in drained 

and undrained loading would be d i rec t l y related to the undrained shear 

strength in the so i l adjacent to the p i l e pr io r to loading, and otherwise 

r e l a t i ve l y independent of the so i l parameters. The slope of the load-

displacement curve was shown to be d i r ec t l y related to the G/C . values 
u, 1 

in the early stages of loading. As peak conditions are approached the 

shear st ra ins near the p i l e become loca l l y very large and predominantly 

p las t i c . Pore pressures generated during undrained loading are s im i la r l y 

local ised and i t has been shown that these may be expected to dissipate 

roughly an order of magnitude faster than those generated during p i le 

i n s t a l l a t i o n . 

The dominating influence of the kinematic res t ra in ts in forc ing the 

drained and undrained stress paths fo r elements adjacent to driven pi les 

to be so s imi la r is the reason why the undrained strength a f te r i n s t a l l a t i o n 

is such an important quant i ty . As th is in turn is d i r ec t l y related to the 

i n i t i a l in s i t u undrained shear strength, i t suggests an explanation in terms 

of e f fec t i ve stresses of why to ta l stress design methods have been as 

successful as they have, despite the fac t that in pract ice many p i l e loadings 

are probably almost f u l l y drained. 
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9.4 LOW-DISPLACEMENT PILES 

9.4.1 Introduct ion 

Carter, Randolph and Wroth (1980) present an analysis of the 

stress changes occurring around an unplugged, open-ended pipe p i l e as i t 

i s driven in to clay which is then allowed to consolidate. I t was assumed 

that a volume of clay equal to that of the p i l e wall embedded is displaced 

rad ia l l y outwards, and the problem was analysed as the expansion of a 

cy l ind r i ca l cav i ty . The resul ts obtained suggest that stress changes in 

the clay surrounding the p i l e are s i gn i f i can t , although they are far more 

local ised than those predicted to occur around ful l -displacement p i les . 

As the above predict ions have not yet been val idated in the f i e l d , 

i t has been decided to adopt a more conservative approach. In the fo l lowing 

analyses, i t is assumed that the i n s t a l l a t i o n of a low-displacement p i l e 

has a negl ig ib le influence on the stress state of the clay. Attent ion is 

res t r i c ted to p i les ins ta l led in to normally-consolidated c lay, although the 

main conclusions are va l id even i f the clay around the p i l e is l i g h t l y 

over-consolidated immediately p r io r to loading. I t must again be emphasised 

that no account is taken of the local fabr ic disturbance which may occur 

adjacent" to the p i l e shaft during i n s t a l l a t i o n . 

9.4.2 Drained and Undrained Pi le Loadings 

On the basis of the assumptions out l ined above, the stresses wi th in 

the clay surrounding an unloaded p i l e are given by 

o' = o' = K a' £ (1-sin cj)') o' r 0 0^^ z z 

In the analyses presented below the clay parameters are assigned 

the fo l lowing values; G/C^ = 120, X = 0.15, k= 0.03, v.j = 2.83 and 

cji' = 25°. The y ie ld surface is assumed to describe a Mohr-Coulomb hexagon 

in the deviator ic plane, and the p last ic potent ial is a surface of 

r e ^ l ut ion. 

The stress paths followed by an element of clay adjacent to the 

p i l e shaft are presented in Fig. 9.20 for both drained and undrained loadings, 

In the early stages of loading the stress paths are very s im i l a r , but they 

diverge as peak conditions are approached, although the drained capacity 

exceeds the undrained capacity by less than 10%. Comparison between the 

to ta l and e f fec t i ve stress paths fo r the undrained loading reveals that 
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negative excess pore pressures may be generated i n i t i a l l y despite the 

fac t that the clay is normally-consolidated. As discussed in Chapter 8, 

th is phenomenon is an unusual consequence of the kinematic constraints 

imposed. The var iat ions with p i le displacement, of several components of 

stress and s t r a i n , are i l l u s t r a t e d in Fig. 9.21. I t may be seen that 

on loading to peak, reduces >1 around 40%, whereas decreases only 

s l i g h t l y . The peak value of is a l i t t l e greater than the i n i t i a l 

undrained shear strength at a Lode angle of zero. 

A study of the ef fects of on the p i l e capacity, f o r a given value 

of the i n i t i a l undrained shear strength, reveals a s imi la r trend to that 

encountered in the analyses of ful l -displacement p i l es ; the resul ts are 

compared in Fig. 9.16. Curves of uni t shaft f r i c t i o n against p i l e movement 

fo r a ' fu l l ' -d isp lacement p i l e and a 'zero' displacement p i l e are compared 

in Fig. 9.22. Although the curves are very s im i l a r , i t should be remembered 

that C . in the clay adjacent to the ful l -displacement p i l e w i l l be of the 
Li J1 

order of 1.6 times greater than that adjacent to the 'zero'-displacement p i l e . 

9.5 DISCUSSION OF RESULTS 

9.5.1 Introduct ion 

The predicted var iat ions of the stresses acting on pi les during 

loading are compared with the l imi ted f i e l d and laboratory data avai lable. 

I t i s unfortunate that there are few published measurements of the radial 

stresses, shear stresses or even pore pressures acting on the faces of 

loaded p i l e s , and even fewer simultaneous measurements of a l l three quant i t ies, 

I t should be recal led that the analyses above have a l l assumed the so i l 

beside the p i l e to be in tac t p r io r to loading. The possible influence of 

shear surfaces created during p i l e i ns ta l l a t i on is considered separately 

in section 9.5.5. 

9.5.2 Pore Pressure Generation 

The most common measurements of pore pressures generated around 

pi les are obtained by means of piezometers located some distance from the 

p i l e face. Typical measurements range between 0.2 and 0.5 times the i n i t i a l 

in s i t u undrained shear strength in t r i a x i a l compression, Ĉ  ^ (e.g. Lo and 

Stermac (1964), and Clark and Meyerhof (1972 ,a) , and Meyerhof (1976)). On 

the other hand, measurements obtained at the p i l e face are usually higher, 

and values up to 1.5 Ĉ  ^ have been recorded along pi les in sensi t ive 

clays (e.g. Roy, Blanchet, Tavernas and La Rochelle (1981), Puech and 



-356-

Jezequel (1980), and Massarch, Broms and Sundquist (1975)). The f i e l d 

resul ts are summarised in Chapter 2, Table 2.1. 

The theoret ical predictions presented above (taking no account of 

the possible inf luence of shear surfaces induced para l le l to the pi les 

during i n s t a l l a t i o n ) indicate that peak excess pore pressures ranging 

between 0.25 and 1.8 times the i n i t i a l undrained shear strength of the 

clay ( in t r i a x i a l compression) may be ant ic ipated; the lower l i m i t 

corresponds to low displacement pi les and the higher to f u l l displacement 

p i les . Of course, i f the p i le were to ' f a i l ' along a pre-exist ing shear 

surface then the peak excess pore pressures would be smaller. 

I t may be of in te res t to note that Roy et al (1981) measured 

excess pore pressures of up to 1.5 ^ at the face of a p i l e , whereas no 

change in pore pressure was recorded at a distance of only one p i l e diameter 

from the face. In contrast , pore pressure increases were recorded at 

distances of up to twenty p i l e rad i i from the shaft during the dr iv ing of 

the same p i l e . This confirms the predict ion that pore pressures generated 

as a resu l t of p i l e loading are very local ised in re la t ion to those generated 

during p i l e i n s t a l l a t i o n . The measurements taken by Roy et al (1981) also 

confirm the view that pore pressures recorded at a short distance from a 

loaded p i l e are probably considerably smaller than those obtaining at the 

p i l e face (care must, therefore, be taken when in terpret ing f i e l d measurements), 

9.5.3 Changes in Radial Stresses Acting on Loaded Piles 

Direct measurements of the radial to ta l stresses acting on loaded 

displacement p i les are scarce; simultaneous measurements of pore pressures 

are even more rare. 

Clark and Meyerhof (1972,a), in t he i r tests on a 75 mm diameter 

model p i l e , measured decreases in the radial e f fec t i ve of between 0.1 and 

0.3 times the i n i t i a l undrained shear strength, at a distance of one p i l e 

radius from the shaf t . I t should be noted that the stress changes at the 

p i l e face may have been s i gn i f i can t l y larger . For comparison theoret ica l 

analyses of a f u l l displacement p i l e ins ta l led in normally-consolidated Boston 

Blue Clay suggest that at a distance of one p i l e radius from the shaf t , a 

decrease in the radial e f fec t i ve stress of around 0.19 Ĉ  ^ might be expected, 

whereas at the p i l e face a decrease of 0.5 Ĉ  ^ is predicted when the 

mobilised a value is 1.2; see Fig. 9.23. 
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Puech and Jezequel (1980) report measurements of changes in the 

radial to ta l stresses and the pore pressures act ing on the face of a 275 mm 

diameter p i l e during loading (the so i l was a s i l t y clay having a P . I . of 28). 

The resul ts indicate that both the radial to ta l stresses and the pore 

pressures increased during loading, in such a manner that the radia l 

e f fec t i ve stresses reduced by around 23% of the e f fec t i ve overburden 

pressure. I t is most unfortunate that the accompanying so i l data is very 

l im i ted and does not include measurements of e i ther the i n i t i a l undrained 

shear strengths or the c ' , cj)' parameters of the clay. I t i s , therefore, 

not reasonable to attempt a more sophisticated in te rpre ta t ion of otherwise 

in teres t ing resu l ts . 

Bu t te r f i e ld and Johnston (1973) present measurements of the radial 

to ta l stresses and the local shear stresses acting on the shaft of a 

continuously jacked p i l e in London Clay. I t is unfortunate that measurements 

of excess pore pressures could not be taken, although the authors argue that 

the rate of p i l e penetration was such that the excess pore pressures around 

the shaft were decaying s ign i f i can t l y during the jacking. I f th is is 

correct then the radial e f fec t i ve stresses acting on the shaft away from 

the influence of the toe were between 4.5 and 5 times the i n i t i a l local 

undrained shear strength, and the mobilised angle of shaft f r i c t i o n was 

around 10°. Such values fo r the radial e f fec t i ve stress are somewhat 

greater than the predicted value of j us t under 4 however, the analysis 

takes no account of the possible presence of a shear surface para l le l to 

the sha f t , as suggested by the low angle of shaft f r i c t i o n . The influence 

of shear surfaces para l le l to loaded pi les is considered in section 9.5.5. 

9.5.4 Pi le Capacities 

9 . 5 . 4 . 1 I n t r o d u c t i o n 

The most convenient way to compare predicted p i l e capacit ies with 

f i e l d observations is to consider the respective values of the a and g 

parameters which are commonly employed in p i l e design. In predict ing 

theoret ical values fo r a and 3 i t is assumed, fo r the present, that the p i l e 

behaviour is unaffected by the presence of shear surfaces which may have 

been formed during p i l e i n s t a l l a t i o n . 

9.5.4.2 Full-displacement Piles 

In order to derive typ ica l predictions fo r a and 3 values, the 

analyses described ea r l i e r employing clay parameters cj)' = 25°, A = 0.15, 
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K = 0.03 etc. are reconsidered. Wroth et al (1980) predict that a f t e r 

d r iv ing and consol idat ion, the clay beside the shaft of a ful1-displacement 

p i l e is normally-consolidated and has an undrained shear strength of 

roughly 1,6 times the i n i t i a l value, i r respect ive of the i n i t i a l O.C.R. 

Analyses presented ea r l i e r in th is chapter have shown that p i l e loading 

behaviour is strongly dependent on the state of stress in the clay 

immediately adjacent to the p i l e before loading, and so i t fol lows that the 

predicted a values are almost independent of the i n i t i a l O.C.R. 

In the analyses presented e a r l i e r , the stresses act ing on the 

p i l e shaft have been expressed in terms of the undrained shear strength of 

the c lay , at a Lode angle of zero, a f te r i n s t a l l a t i o n and consol idat ion. 

Before proceeding, th is value w i l l be related to the i n i t i a l in s i t u undrained 

shear strength in t r i a x i a l compression, Q-, 

p — ^3—sin (j) \ p 
u(e = 0°) - I 3 ^u(e= -30°) at same water content 

Thus 

• ^u , i ^u(e=0°) - T'G X ( ^u,o 
(before loading) 

=1 .38C„_„ (9.1) 

Analyses have t yp i ca l l y shown that the f i n a l value of ^ is 

around 1.2 on drained loading, and 1.0 on undrained loading. 

Thus, in the former case, = 1.2 x 1.38 C = 1.66 C 
I Z U U } 0 

(max) 

hence a = 1.66 

On undrained loading, a = 1.38 

As noted above these a values are largely independent of O.C.R., 

but vary a l i t t l e with the clay type. 

g values may s im i la r l y be derived. 

Thus 

$ = - S , . a . ( ^ ) 

( m % ) • ( " v . o ' / C u . o ) 
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Values of (a^ o'^^u o^ well predicted by the Modified Cam Clay model 

fo r heavily over-consolidated clays, and in the example presented below, 

only a normally-consolidated clay is considered. 

A typ ica l value of Ĉ  ^ i , f o r normally-consolidated c lay , 

might be 0.22 ( i f necessary a rough estimate may be derived from Skempton's 

re la t i on C^^p, = 0.13 + 0.0037 PI) . 

This leads to 3 s ax 0.22 

fo r drained loading g s 0.37 

and fo r undrained loading, g s 0.30 

The predicted values of a and g are compared wi th f i e l d and 

laboratory measurements in section 9.5.4.4. 

9.5.4.3 Low-displacement Piles 

In order to be conservative, i t is assumed that the strength of 

the clay beside the p i l e is not increased by the i n s t a l l a t i o n process; thus 

^u(0- 0°) ~ 0-86.C^ g fo r a clay wi th ct>' = 25°. Only normally-consolidated 

clay is considered. 

Referring to Fig. 9.20, i t may be seen that 

J /C = 1.05 on drained loading, and 1.0 on 
muX u)0 

(8= 0°) undrained loading 

At peak, 6 = 0 ° and so J = 

Thus, on drained loading a = 0.9 and g = 0.2 

and on undrained loading, a = 0.86 and g = 0.19 

The predicted a and 6 values are summarised in Table 9.1. 

9.5.4.4 Comparison with Field and Laboratory Measurements 

Kra f t , Focht and Amerasinghe (1981) present a recent compilation of 

a, g and X values derived from good qual i ty tes t data. Both closed and 

open-ended pi les are considered, in both normally- and over-consolidated 

clays. The resul ts suggest that wh i ls t fo r short pi les (< 30 m long) a 

values in excess of uni t are sometimes measured, longer p i les are t yp i ca l l y 
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associated wi th a values between 0.5 and 1.0. The A.P. I . Method 2 (1980) 

recommends a maximum value for a of uni ty fo r p las t ic normally-consolidated 

clays, and values as low as 0.5 fo r less p las t ic clays (the permissible a 

value decreases with increasing g) . 

6 values are less amenable to comparison because the corresponding 

values of ip' and i n i t i a l OCR are not quoted. Nevertheless, i t may be noted 

that whereas fo r shallow p i l es , g values may range between 0.2 and 0.6 

(both normally- and over-consolidated clays are included), longer pi les are 

associated wi th 3 values between 0.1 and 0.2. 

I t would appear that p i l e capacit ies predicted on the basis of 

cavi ty expansion theory followed by the loading analyses presented above, are 

fa r from being conservative. A par t ia l explanation may be that the ef fects 

of fabr ic disturbance caused by p i le i n s t a l l a t i o n are ignored in the analyses 

presented ea r l i e r (evidence fo r such fabr ic disturbance may be found in 

Tomlinson (1970) and in Chapter 6 of th is thesis. In section 9 .5 .5 , the 

analyses of p i l e loading behaviour are reviewed in order to consider the 

possible inf luence of shear surfaces para l le l to the p i l e shaf t . Randolph 

and Wroth (1981) suggest that the most appropriate way to consider p i l e 

loading is on the basis of undrained simple shear tes ts . The v a l i d i t y of 

such an approach is also discussed below. 

9.5.5 The Possible Influence of Fabric Disturbance Caused During Pi le 

I ns ta l l a t i on 

9.5.5.1 Introduct ion 

There is now a s ign i f i can t amount of evidence to suggest that during 

the i n s t a l l a t i o n of a displacement p i le in c lay , considerable micro-fabr ic 

disturbance may occur to the clay adjacent to the p i l e . In some instances 

th is disturbance may resu l t in the formation of a continuous displacement 

d iscont inu i ty surface para l le l to the shaf t . Some of the evidence is b r i e f l y 

reviewed below. 

Tomlinson (1970) reports the resul ts of f i e l d tests on jacked and 

driven pi les in London Clay. On completion of the tes ts , Tomlinson exhumed 

one jacked and one driven p i l e ; he found that a th in skin of clay remained 

adhering to the p i l es , and that the surface of th is skin was si ickens^ided. 

Scanning electron micrographs made of the skins showed that the clay par t ic les 

were strongly oriented para l le l to the axes of the p i les . Tomlinson suggested 

that the s i icken^l ided surfaces were probably at residual conditions 
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(Tomlinson's work is also discussed in some deta i l in Chapter 6). 

Flaate(1972) measured the undrained shear strength of the clay 

(by U.U. and vane tests) around a driven p i l e before and a f te r p i l e 

i n s t a l l a t i o n . He found that close to the p i l e , the undrained shear 

strengths a f te r dr iv ing and consolidation were t yp i ca l l y between 20% 

and 60% greater than those before i n s t a l l a t i o n . However, during the p i l e 

loading t e s t , which was conducted 5J years a f te r i n s t a l l a t i o n , the equivalent 

a value was found to be only 0.6. Thus the average un i t shaft f r i c t i o n was 

only about 60% of the i n i t i a l average undrained shear strength, or 40% of 

the measured undrained shear strength at the p i l e face before p i le loading. 

One explanation fo r th is observation is that on p i l e loading, the clay 

' f a i l s ' prematurely on a pre-exist ing shear surface para l le l to the p i l e . 

Bu t te r f i e ld and Johnston (1973) determined an approximate value for 

the mobilised e f fec t i ve angle of shaft f r i c t i o n acting on a continuously 

jacked p i l e in London Clay. The angle was about 10°, which is much lower 

than the in tac t angle of shearing resistance, , but s imi la r to the residual 

angle of f r i c t i o n determined by Tomlinson (1970) using a d i rec t shear box, 

fo r instance. 

In Chapters 5 and 6 of th is thes is , the resul ts of laboratory tests 

on driven and jacked pi les are presented. Fig. 5.27 i l l u s t r a t e s the load-

displacement behaviour exhibited by three pi les ins ta l led by d i f f e ren t 

methods; one p i l e was ins ta l led wi th minimal disturbance, one was jacked, 

and the other was driven. On the basis of the shapes of the p i l e load-

displacement curves and the micro-fabr ic observations, i t is argued in 

Chapter 6 that the behaviour of the driven and the jacked p i les is consistent 

wi th the formation during p i le i n s t a l l a t i o n , of a th in zone of re-oriented clay 

para l le l to the p i l e . The peak angle of shearing resistance which can be 

mobilised on such a shear surface w i l l depend on several factors which include 

the re la t i ve ve loc i ty between the p i l e and the c lay, and the normal e f fec t i ve 

stress acting on the shear surface, during p i l e i n s t a l l a t i o n . However, i f 

a f te r al lowing the clay beside the p i le to consolidate, the p i l e is slowly 

loaded beyond peak conditions then the p i le capacity w i l l tend to decrease 

as the angle of f r i c t i o n which can be mobilised on the shear surface f a l l s to 

a residual value consistent with the new rate of p i le displacement and the 

higher e f fec t i ve stresses. I f the p i le were to be unloaded, and then reloaded 

some time l a t e r , the p i le behaviour would be far less b r i t t l e than that 

observed on f i r s t - t i m e loading, and the new peak shaft resistance would be 

s imi la r to the former residual value. This behaviour was observed during 
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the laboratory model tes ts , and has been reported by Tomlinson (1970) 

and by Kra f t , Cox and Verner (1981). 

9.5.5.2 Theoretical Analyses of Pi le Loading Incorporating Allowances fo r 

the Presence of Pre-exist ing Shear Surfaces 

Typical analyses fo r the drained and undrained loading of a 

displacement p i l e are b r i e f l y considered in order to examine the required 

angles of shearing resistance on surfaces para l le l to the p i l e sha f t , at 

various stages during loading. In the discussion below i t is assumed that 

i f a pre-ex is t ing shear surface is present around a loaded p i l e , then ' f a i l u r e ' 

w i l l occur when the maximum avai lable angle of f r i c t i o n on the surface is 

mobil ised. I t i s fu r ther assumed that the continuum analyses of stress 

changes wi th in the clay during p i le loading are va l id un t i l s l i p is predicted 

across the shear surface. 

Fig. 9.24 presents the predicted var iat ions of the radial stress 

(oy), the shear stress (Tp^) and the tangent of the mobilised angle of shaft 

f r i c t i o n (tan 6 ' ) , wi th p i l e displacement during the drained loading of a 

ful l -d isplacement p i l e . The stresses induced by p i l e i n s t a l l a t i o n have been 

selected on the basis of cavi ty expansion theory (although radial var iat ions 

of stress have been ignored), and the clay is characterised by the parameters 

(J)' = 25°, X= 0.15, K = 0.03, and G/C^ = 120. In Fig. 9.24, the stresses 

are normalised by the undrained shear strength (at 0 = 0°) of the clay beside 

the p i l e before loading, y By way of an example, assume that the peak 

value of tan 6' ( i . e . which can be withstood by a shear surface 

para l le l to the p i l e is 0.2. The maximum value of ^ i s then 0.78, 

which corresponds to an a value of 1.08 ( i . e . 0.78 x 1.6 x 0.86 - see 

eqn. (9 .1 ) ) . 

Fig. 9.25 presents the predicted var ia t ion of the maximum avai lable 

a value with the peak angle of f r i c t i o n , 6 ' , which can be mobilised on planes 

para l le l to the p i l e shaf t . Both drained and undrained loadings are 

considered, and i t may be of in terest to note that i f the maximum avai lable 

value of 4)' is less than about 15°, the drained and undrained p i l e capacit ies 

are very s im i la r . This predict ion is consistent with f i e l d observations 

reported by Eide, Hutchinson and Landva (1961). 

For a p las t i c clay having an angle of shearing resistance, cj)', of 

say, 25°, a typ ica l residual angle of f r i c t i o n as established by means of a 

r ing shear apparatus might be 12°. However, the peak angle of f r i c t i o n which 
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could be mobilised around a driven p i l e would be expected to be higher, i . e . 

16-18° ( for reasons discussed e a r l i e r ) , and so from Fig. 9.25 i t may be 

seen that a values in excess of uni ty are predicted. Such values are greater 

than those t yp i ca l l y determined from f i e l d tes ts , and suggests that the 

stresses predicted (Randolph et a l , 1979) to ex is t around driven pi les pr io r 

to loading are perhaps too large. I t has been suggested by Wood (1981) that 

when modelling the i n s t a l l a t i o n of a p i l e , the necessary so i l cons t i tu t i ve 

data might best be obtained by performing st ra in-path tes ts , using a True 

Tr iax ia l Cel l . There is great need at present fo r re l i ab le f i e l d measurements 

of the radial e f fec t i ve stresses acting on displacement p i les during 

i n s t a l l a t i o n , consol idat ion, and on subsequent loading. 

An a l ternat ive approach to the modelling of conditions during p i l e 

loading has been proposed by Randolph and Wroth (1981). This is b r i e f l y 

discussed below in section 9.6. 

9.6 THE POSSIBLE USE OF THE SIMPLE SHEAR TEST IN PILE DESIGN 

9.6.1 Introduct ion 

Observing that the soi l adjacent to a loaded p i l e is deformed in a 

manner s imi la r to simple shear, Randolph and Wroth (1981) proposed that the 

resul ts from constant volume simple shear tests should be used in p i l e design. 

The main advantage enjoyed by such an approach compared with conventional 

methods based on t r i a x i a l compression tes t ing , is that the so i l element under 

test is subjected to a s t ra in path which i s apparently s imi la r to the one 

expected in pract ice. However, there are a number of reasons why i t i s 

considered that the d i rec t use of such results may not be appropriate to p i l e 

design; these are discussed below. 

9.6.2 Undrained Pi le Loading 

I t has been demonstrated in section 9.2.6 that i f a p i l e is loaded 

under undrained condit ions, the kinematic constraints ensure that the radial 

to ta l s t ra in is zero, and that the so i l deforms i n i t i a l l y under conditions 

of undrained simple shear. In p r i nc ip le , the simple shear tes t conforms 

with these res t ra in ts . 

Randolph and Wroth (1981) refer to the simple shear tes t data reported 

by Ladd and Edgers (1972). Tests performed on i n i t i a l l y in tac t clays 

(pa r t i cu la r l y sensi t ive ones) indicate considerable stress-path softening 

at large s t ra ins . Although the tests suggest that the angle of f r i c t i o n 
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mobilised para l le l to the d i rect ion of shearing f i n a l l y reaches the angle 

of shearing resistance, 4)', fo r the in tac t c lay, the normal e f fec t i ve stress 

appears to reduce by up to 80%! Employing the conventional in te rpre ta t ion 

of constant volume simple shear t es t s , these reductions in the normal e f fec t i ve 

stress imply the generation, under undrained condi t ions, of excess pore 

pressures of up to 0.8 times the i n i t i a l normal stress. Now, i t is predicted 

(e.g. Randolph et a l , 1979) that the radial e f fec t i ve stress act ing on a 

f u l l displacement p i l e a f te r dr iv ing and consolidation w i l l be between 4 and 

5 times the i n i t i a l i n - s i t u undrained shear strength. Thus the generation 

of excess pore pressures of between 3.2 C ( i . e . 0.8 x 4 C ) and 4 C 
U5O U )0 LijO 

( i . e . 0.8 X 5 is implied during loading. Such values are considerably 
greater than any excess pressures reported to date. 

However, to employ d i r ec t l y the resul ts of simple shear tests 

performed on in tac t clays is to ignore the l i k e l y presence of low strength 

shear surfaces formed para l le l to the p i l e during i n s t a l l a t i o n (see, f o r 

example, Tomlinson (1970) and Chapter 6 of the present thes is ) . In pract ice , 

the presence of such pre-exist ing shear surfaces w i l l modify the undrained 

loading behaviour of the c lay, and s l i p on the shear surfaces w i l l occur 

once the mobilised angle of shaft f r i c t i o n equals the avai lable angle of 

f r i c t i o n on the shear surfaces. Thereafter, i t i s ant ic ipated that the 

mobilised angle of shearing resistance w i l l decrease towards a residual value. 

This discontinuum behaviour could not adequately be modelled in a conventional 

simple shear apparatus. 

9.6.3 Drained Loading of Piles 

The analyses presented in section 9.2.3 suggest that the pore pressures 

generated on p i l e loading are l i k e l y to dissipate roughly an order of magnitude 

faster than those generated on d r i v ing , and so many p i l e loadings are l i k e l y 

to be at least p a r t i a l l y drained. 

Radial st ra ins may occur in the clay adjacent to a p i l e loaded under 

drained condi t ions, and i t is believed that the dramatic reductions in the 

radial e f fec t i ve stress implied by the constant volume simple shear tests 

would not be observed because of the influence of the surrounding c lay. The 

presence of pre-ex is t ing shear surfaces would also tend to l i m i t the possible 

reductions in the radial e f fec t i ve stresses. 

The influence of pre-exist ing shear surfaces on p i l e loading 

behaviour is demonstrated by comparing the resul ts from Test 9 with those 
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from Test 18 (see Chapter 5). Test 9 was performed on a model p i l e 

ins ta l led wi th a minimum of s t ress - f i e ld or micro-fabr ic disturbance in to 

a sample of Kaolin normally-consolidated to a stress ra t i o of 1.5. In 

Test 18, a model p i l e was driven in to Kaolin normally-consolidated to a 

stress r a t i o of 0.7. On the basis of cavi ty expansion theory (e.g. Randolph 

et a l , 1979) i t is estimated that a f te r consol idat ion, the radial stress 

act ing in the clay adjacent to the p i l e is the major pr inc ipal s t ress, and 

the local stress ra t i o a^/o^ is 1/K^ = 1 . 5 . Thus, in both tests the stress 

conditions obtaining around the pi les before loading were such that the radial 

stress was the major pr inc ipal s t ress, and the i n i t i a l stress ra t i o was 

around 1.5; the hoop stresses were not the same. However, a major di f ference 

between these two tests was the presence, before p i l e loading, of pre-

ex is t ing shear surfaces para l le l to the driven p i l e . I t may be seen in 

Fig. 5.27, however, that the loading behaviour of the driven p i l e was very 

d i f f e ren t from that of the pi les ins ta l led without disturbance (the load-

displacement behaviour observed in a l l tests conducted on pi les ins ta l l ed 

with minimal disturbance were s im i l a r ) . I t i s suggested that the presence 

of the pre-ex is t ing shear surfaces around the driven p i l e is the simplest 

explanation f o r the differences observed. 

9.7 A SIMPLE METHOD FOR DETERMINING LOWER BOUNDS TO THE CAPACITIES OF 

LONG DRIVEN PILES 

9.7.1 Introduct ion 

I t is well establ ished, on the basis of f i e l d measurements, that the 

values of the design parameters a,6 and X used to predict the capacit ies 

of long pi les are s i gn i f i can t l y smaller than those applicable to shorter p i les 

(see Meyerhof (1976), Vi jayvergi ja and Focht (1972), and Kra f t , Focht and 

Amerasinghe (1981)). 

Kraft et al (1981) suggest that the major cause of the apparent 

decrease in load carrying capacity with p i l e length is progressive f a i l u r e , 

and introduce a dimensionless coe f f i c i en t , Wn, to describe the re la t i ve 

compressibi l i ty of the p i l e with respect to the so i l (tt̂  = Df^^^ L /AEU* 

where D = p i l e diameter, L - p i le length, A = cross-sectional area of the 

p i l e , E is the p i l e modulus, f^^^ = the peak p i l e - s o i l f r i c t i o n , and U* is 

the re la t i ve p i l e - s o i l movement at which f^^* is developed). Kraft et al 

3" 

max 
established a reasonable corre lat ion between A values and the values of w 

Unfortunately, neither of the parameters f^^^ nor U* is easy to determine 

d i r e c t l y . 



-366-

In order to establ ish the ult imate capacity of a long p i l e by 

means of an e f fec t i ve stress approach, i t i s necessary to be able to predict 

the axial var iat ions of both the radial e f fec t i ve stress and the angle of 

f r i c t i o n para l le l to the p i l e . The determination of values fo r these 

quant i t ies , appropriate to a long p i l e , is considered in the l i g h t of resul ts 

from the model p i l e t es t s , the micro-fabr ic studies, and the theoret ical 

analyses presented e a r l i e r . 

9.7.2 Ultimate Angle of Shaft Fr ic t ion 

I t was suggested ea r l i e r that the peak angle of shaft f r i c t i o n which 

can be mobilised around a driven p i l e corresponds to the residual strength 

appropriate to the e f fec t i ve stress level and the rate of displacement 

encountered during i n s t a l l a t i o n . I f the p i l e is subsequently loaded, the 

mobilised angle of shaft f r i c t i o n w i l l increase to th is peak value, and then 

f a l l to a residual angle of f r i c t i o n appropriate to the slower rate of 

displacement and the higher e f fec t ive stress leve l . One way of establ ishing 

an appropriate lower l i m i t to the angle of shaft f r i c t i o n would be to perform 

slow d i rec t shear interface tes ts , under drained condi t ions, between the 

so i l under consideration and a f l a t inter face made from the p i l e mater ia l . 

In th i s context, there are two important points to note; 

( i ) the residual angle of f r i c t i o n measured in s o i l -

so i l shear (using a r ing shear apparatus, fo r example) 

may not represent a lower bound to the so i l - i n te r face 

f r i c t i o n , especial ly in the case of a low p l a s t i c i t y 

clay sheared against a smooth inter face (see the 

resul ts appropriate to Happisburg T i l l , i n Table 9 .2) ; 

( i i ) when select ing an appropriate surface roughness fo r 

the in te r face , i t should be borne in mind that the face 

of the p i l e w i l l be abraded by being driven through tens 

of metres of s o i l . I t is probably advisable to er r on 

the side of excessive smoothness when preparing an 

inter face fo r tes t ing . 

9.7.3 Ultimate Value of the Radial Ef fect ive Stress 

Analyses of the loading behaviour of both f u l l - and low-displacement 

p i les have been presented ea r l i e r in th is Chapter, I t has been shown that 

during the loading of a ful l -displacement p i l e , the radial e f fec t i ve stress 

may decrease by as much as 40% from the value obtaining pr io r to p i l e loading. 
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with the resu l t that the f i n a l radial stress may not be very much greater 

than the i n i t i a l in s i t u horizontal s t ress, f o r normally or l i g h t l y 

over-consolidated deposits. I t has also been suggested that the use of 

cavi ty expansion theory in conjunction with the Modified Cam Clay const i tu t ive 

law may tend to overestimate the radial stresses acting on a f u l l displacement 

p i l e a f t e r i n s t a l l a t i o n and consol idat ion. A conservative approach to 

estimating the radial e f fec t i ve stresses acting on a ful l -displacement p i l e 

loaded to residual conditions might, therefore, be to assume that the f i n a l 

radial stress is equal to the i n i t i a l in s i t u value. 

In the study of the loading behaviour of low-displacement pi les i t 

has been assumed that radial e f fec t i ve stress act ing on such a p i l e a f te r 

dr iv ing and consolidation is not s i gn i f i can t l y d i f f e ren t from the i n i t i a l 

in s i t u horizontal e f fec t i ve stress. The parametric study performed to consider 

the loading behaviour of pi les ins ta l led in clays having 4)' values between 

20° and 35° predicts only small changes in the radial e f fec t i ve stress during 

loading (see Fig. 9.26). This predict ion is supported by the resul ts of the 

two model p i l e tests (No.5 and No. 11) conducted on one-dimensionally normally-

consolidated Kaolin. I t i s , therefore, considered that the f i na l radia l 

e f fec t i ve stress acting on a low-displacement p i l e loaded to residual conditions 

may reasonably be assumed to equal the i n i t i a l in s i t u horizontal e f fec t i ve 

stress ( for p i les ins ta l led in normally or l i g h t l y over-consolidated, insensi t ive 

c lays) . 

Typ ica l l y , in conditions where long pi les (> 50 m, say) are employed, a 

la rge proport ion of the p i l e length w i l l be surrounded by e i ther normally-

or l i g h t l y over-consolidated clay (examples of typ ica l p ro f i les of OCR with 

depth, f o r various platform si tes in the North Sea, are presented by Semple 

and Gemeinhardt (1981)). In the forthcoming discussion the radial e f fec t i ve 

stresses acting on a long loaded p i l e are assumed to be given by 

a ; = '(o - a ^ . o = («-2' 

( f i n a l ) N.C. 

9.7.4 Evaluation of the Shaft Resistance 

Methods fo r estimating the magnitudes of both the radial e f fec t i ve 

stresses act ing on an element of a p i l e loaded to residual condi t ions, and 

the ul t imate angle of shaft f r i c t i o n have been discussed above. The shaft 

resistance of long compressible pi les is now considered. 
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As a resu l t of the s t ra in softening behaviour of the c lay , long 

compressible p i les w i l l t y p i c a l l y exh ib i t progressive f a i l u r e . Thus the 

clay adjacent to the top of the p i l e may have reached residual condit ions 

before the t i p has reached peak condit ions. A lower bound to the shaft 

resistance of the p i l e may be obtained by assuming residual condit ions to 

obtain along the length of the p i l e . 

At some a rb i t r a r y depth below the ground, 

^ ( res idua l ) ~ ° r ' "̂ r 
( res idual ) 

Using eqn. (9 .2 ) , 

where 

V s l d u a l = (1 - s in • • ) t a n s ; (9.3) 

= ua^ (9.4) 

h = (1 - s in ())') tan (9.5) 

W is analogous to the 6 value often used in determining the capacity of 

r i g i d p i l es . The p i l e shaft res is tance, R, is given by 

R = nD /g m(z) dz 

= TTD u(z) . Y ' (z ) .zdz (9.6) 

The so i l parameters required to estab l ish a lower bound to the 

p i l e capacity are, therefore, y ' , cf)' and 6 \ These parameters are read i ly 

measured in the laboratory , and i t i s a s i gn i f i can t advantage tha t 

undisturbed so i l samples are not required fo r the determination of e i the r 

(j)' or 6^. 

9.7.5 Comparison between Predictions and Field Measurements 

9.7.5.1 In t roduct ion 

General ly, i t is not possible to perform d i rec t comparisons between 

predict ions based on the method out l ined above and the published resul ts of 

f i e l d tests conducted on long p i l e s , because values of cj)' are of ten not 
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quoted and drained interface tests do not appear to have been performed. 

Thus, a more general method of comparison must be adopted. 

Table 9.2 presents measured values of 0 ' , and 6^ fo r a select ion 

of clays. These values are used in conjunction with the method out l ined in 

section 9.^6.4 to determine typ ical lower bounds to the shaft resistance of 

compressible p i les . In order to f a c i l i t a t e the comparison wi th f i e l d 

measurements (see Kraft et al (1981) fo r a recent compilation of f i e l d data) , 

the predict ions are translated in to equivalent a , 6 and A values. I t is 

important to note that th is t rans la t ion process requires addit ional assumptions 

to be made; these would not be necessary when using the new method fo r 

design. 

9.7.5.2 Derivation of Equivalent a Values 

~ "'•(equivalent) ' ^ , o (9.7) 

I f the clay is assumed to be one-dimensionally, normally-consolidated 

p r io r to loading, then the i n i t i a l undrained shear st rength, C , may be 
U }0 r 

related to the e f fec t i ve overburden stress by means of Skempton's approximation, 

Thus, 

C 
= (0.11 + 0.0037.PI) 

*z ,0 ' 

Thus from eqn. (9 .7) , 

"equivalent " = ^0.11 +^0.0U37.PI^ 
u,o 

or 

(1-sin (})') tan 6^ 

"equivalent ^ g . l l + 0.0037.PI^ ^ 

I f several layers of so i l having d i f f e ren t values of y ' , (p', 6' and PI 

are encountered then the Ogquiyaient ^^st be established as a weighted average 

of the contr ibut ions from each layer. 

Equivalent a values appropriate to the clays considered in Table 9.2 

are presented in Table 9.3, and are compared with f i e l d data in section 9.7.5.5. 
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9.7.5.3 Derivation of Equivalent B Values 

Values of p are equivalent to l i m i t i n g values of g. Thus 

^equivalent = (1 - sin • • ) tan s ; (9.9) 

9.7.5.4 Derivation of Equivalent X Values 

T - " ^equivalent ' ( °z ,o ' ^ ^u,o^ 

so, 

^equivalent = ^ / ( l + 2 ( ^ M ) ) 
Z j O 

(1-sin <{)') tan 6' 
( H ) (9.10) 

1.22 + 0.0074.PI 

I f several layers of so i ls are encountered, then ^equivalent ^^st be 

established as a weighted average of the contr ibut ions from the various layers. 

9.7.5.5 Comparisons between Predicted Values of a, g and A wi th Field 

Test Results 

Laboratory measurements of the parameters (})' , 6^ and PI fo r various 

clays are summarised in Table 9.2, These values are used to derive equivalent 

lower bounds to the parameters a, 6 and X, which are presented in Table 9.3. 

This select ion of lower bound values is compared in Figs. 9.27, 9.28, 9.29 

and 9.30 with the f i e l d data compiled by Kraft et al (1981). I t may be 

seen that the range of lower bound values predicted by the new method are 

in very good agreement with the avai lable f i e l d data. Fig. 9.30, which is 

based on a f igure by Kraft et a l , i l l u s t r a t e s that the p i l e compress ib i l i ty , 

rather than the p i l e length as such, is most important in determining how 

closely the p i l e capacity tends towards the lower bound. 

In conclusion, i t is suggested that the method out l ined above can 

provide a quick and re l a t i ve l y cheap method of establ ishing a lower bound 

to the capacit ies of long pi les in c lay, and i t has the advantage of not 

being empir ical . I t is strongly recommended that drained inter face shear tests 
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(e i ther d i rec t shear box or an improved method) should be performed 

rout ine ly as part of the s i te invest igat ion fo r p i l e foundations 

(pa r t i cu la r l y where long pi les are ant ic ipated) . 
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Table 9.1: Predicted Values of a and g assuming the Clay to be 

In tac t ; (()' = 25°. 

Pi le Type "peak ®peak Pi le Type 

Drained Undrained 
Loading Loading 

Drained 
Loading 

Undrained 
Loading 

Full displacement 

OCR = 1 

OCR > 1 

1.66 1.38 

1.66 1.38 

0.37 0.30 

'Zero' 
Displacement 

OCR = 1 0.9 0.86 0.2 0.19 
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Table 9.2: Properties of a Select ion of Clays 

Clay PI "^Triaxial ^Residual In ter face 
Material 

Source of 
Data 

Speswhite 
Kaolin 
(Clay > 82%) 

36 23° 11.5° Smooth epoxy 
resin 

This thesis 

Kao l in i te 53 - 11.5° Smooth steel L i t t l e t o n 
(1976) 

11 l i t e from 
Kimmeridge 

33 - 11.5 I I I I 11 I I 

11 l i t e 20.4 
I I 

I t 

24.4° 

I I 

I I 

13° 

11.5° 
go 

Rough steel 

Normal f i n i s h 

Smooth steel 

Clarke and 
Meyerhof I . 

(1972) 
I I I I 

London Clay 46 25° 10 Clay/clay Tomlinson 
(1970) 

Happisburg 
Clay 

13 30° 16°-18° Smooth res in Lemos (1982) 

(Pr ivate 
communication) 

I I 11 30° Rough resin 
11 I I 30° Clay/clay Lupini (1981) 
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Table 9.3: Predicted Lower Bounds fo r the Coeff ic ients a, M or 

Present 
No.* 

^Tr iax ia l ^Residual "min = Gmin ^min 

1 23° 11.5° 0.51 0.124 0.087 

. 2 (23°) I I 0.405 0.124 0.077 

3 (23°) I I 0.534 0.124 0.085 

4 24.4° 13° 0.728 0.135 0.098 

5 t l 11.5° 0.641 0.119 0.087 

6 n go 0.501 0.093 0.068 

7 25° 10° 0.364 0.102 0.065 

8 30° 16° 0.900 0.143 0.107 

9 30° 30° 1.77! 0.280 0.208 

*See Table 9.2 
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APPENDIX 9.1 

CONSOLIDATION AROUND PILES 

A.9.1 Introduct ion 

Randolph and Wroth (1979) produced analyt ica l solut ions fo r the 

d iss ipat ion of excess pore pressures around driven p i l e s , assuming the 

so i l skeleton to deform in an e las t i c manner. They showed that the par t ia l 

d i f f e r e n t i a l equation governing the plane s t ra in radial consolidation 

reduced to the Terzaghi equation fo r one-dimensional consol idat ion, which 

was then solved by the method of separation of var iables; also see S i l l s (1975), 

Carter, Randolph and Wroth (1979) employed f i n i t e element methods 

to invest igate the consolidation around p i l e s , assuming the so i l to behave 

in an e lastoplast ic manner during consol idat ion. Comparison between these 

predict ions and those obtained ana ly t i ca l l y assuming the so i l to behave 

elast ical ly,showed that the d iss ipat ion of excess pore pressures with time 

is r e l a t i ve l y unaffected by the choice of so i l model, and therefore that 

a good estimate can be obtained by assuming a l inear e las t i c s o i l . However, 

i t was shown that the predicted stress changes are much more dependent on 

the type of so i l model. 

In the present study, i t was desired to be able to determine the 

rates of d iss ipat ion of excess pore pressures around loaded p i l es . On the 

basis of the work described above i t was considered appropriate to assume 

the so i l to deform in a l inear e las t i c manner, and a f i n i t e di f ference 

program was wr i t ten to solve Terzaghi's equation for one-dimensional radial 

consolidation (Terzaghi, 1943); 

Tt ' s ( N 

A . 9 . 1 . 1 F in i te Difference Method 

When considering the d iss ipat ion of pore pressures around p i l es , 

i t is necessary to establ ish the outer boundary at a distance of between 

t h i r t y and eighty times the p i le radius from the p i le (see Randolph and 

Wroth, 1979). Because of the rapid spacial var ia t ion of the pore pressures 

close to the pi les i t is necessary to use closely spaced nodes near to the 

p i l e , i f a f i n i t e di f ference solut ion procedure is adopted; on the other 

hand a much coarser spacing can be tolerated towards the outer boundary 
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where the spacial va r ia t ion of pore pressures is much smal ler. I t 

was, therefore , decided to adopt a mesh in which the spacing of the 

nodes increased is a geometric progression wi th distance from the p i l e . 

Because the spacing of the nodes was not uniform, addi t ional 

( ' c o r r e c t i o n ' ) terms were introduced in to the formul t ion of the f i n i t e 

d i f ference equation, as shown below. 

A.9.1.2 F in i te Difference Formulation to Solve the One-dimensional 

Consolidation Equation 

Considering a node i as i l l u s t r a t e d in Fig. A.9.1.1, the forward 

and backward f i n i t e d i f ference equations are obtained from the expansion of 

Taylor 's ser ies. Thus, 

Forward d i f ferences; 

u(r+A*r) = u(r)+ A^r u ' ( r ) + &(Ar*)^ u " ( r ) + 0(A*r)^ 

A.9.1(2) 
Backward d i f ferences; 

_ _ _ o - 3 
u( r -A" r ) = u ( r ) - A~r u ' ( r ) + i ( A " r ) u " { r ) - 0{A"r) 

A.9.1(3) 

where A"̂ r = - r. 

and A~r = r . - r . , 
I 1 - 1 

In general, l e t r . , 
= constant = x A.9.1(4) 

• î 

so r^ = r^x^ , where r^ is the p i l e radius 

Thus A^r = r (x - l )x^ ) 
° ) 4.9.1(5) 

and A r = •"Q(x-1 )x^ ^ ^ 

The forward and backward di f ference equations were used to derive the 

fo l lowing e x p l i c i t f i n i t e d i f ference equation 
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C At p, 
u . ( t+At ) = u . ( t ) + - ^ X {p u . + i ( t ) + Q u . ( t ) + R u ._^ ( r ) } 

A.9.1(6) 

where P,Q and R are constants which depend on the selected value of 

X. 

P = (x-l)2/(x4-l) + (2x2)/((1+x2)(x-l)2) 

Q = ( ( x - l ) 2 - 4 x 2 / ( x - l ) 2 ) / ( l + x 2 ) { A . 9 . 1 ( 7 ) 

and 

R = x 2 ( 2 / ( x - l ) 2 - ( x - l ) / ( x + l ) ) / ( l + x 2 ) 

The condi t ion f o r s t a b i l i t y of the so lu t ion rout ine i s tha t 

CyAt 

a < & 

so 
c / t 

r ^ f x - l ) 
a < i 

Thus the f i n a l equation may be w r i t t en as 

.2 - 2 i u(t+At) = u ( t ) + a ( x - l ) X {P u^+^(r) + Q u^( r ) + R u^._ i ( t ) } 

A.9.1(8) 

where the condi t ion fo r s t a b i l i t y is a < &, 

A.9.1.3 Boundary Conditions 

The outer boundary ( t y p i c a l l y at a distance of about 90 p i l e 

r ad i i from the shaf t ) was set to a constant excess pore pressure of zero. 

The p i le i t s e l f was assumed impermeable and so a condi t ion of no f low 

across the boundary was imposed by means of an addi t ional imaginary node 

w i th in the p i l e . 
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A.9.1.4 Solution 

A program fo r an HP41 cv calculator (with p r in te r ) was wr i t ten 

to solve the set of f i n i t e di f ference equations represented by eqn. A.9.1(8), 

Typical ly twenty nodes were employed, and the spacing of the nodes beside 

the p i l e was between 0.18 and 0.25 times the p i l e radius. For accuracy 

a was chosen to be 0.125 in the early stages of ca lcu la t ion , but was 

increased to 0.25 a f te r the pore pressure at the p i l e face had decreased 

to about 25% of i t s i n i t i a l value. Thus, at the s ta r t of the analysis the 
C. t 

time increments ( in terms of T^ = ^ - ) were between 1/125 and 1/250. _v 

^0 

A.9.1.5 Check Solution 

Randolph and Wroth (1979) presented the resul ts of analy t ica l 

solut ions fo r the decay of excess pore pressures around a driven p i l e . 

The i n i t i a l logarithmic var ia t ion of the excess pore pressures assumed by 

Randolph and Wroth ( fo r the case of G/Cu = 50) were entered in to the above 

program, and the resul ts were compared with the analy t ica l so lu t ion. In 

Fig. A.9.1.2 the predicted var iat ions with time of the excess pore pressures 

at the p i l e face are compared, and the very close agreement may be seen. 

Having established the v a l i d i t y of the calculator program, i t was then 

used to consider times fo r the d iss ipat ion of excess pore pressures around 

loaded p i l es . 
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APPENDIX 9.2 

DERIVATION OF A VARIETY OF EQUATIONS EMPLOYED IN THE TEXT 

A.9.2.1 Relationship between P ' , P^ and P^ 

The quant i t ies considered are i l l u s t r a t e d in Fig. A.9.2.1. 

Along the swell ing l i n e ; 

+ K &n Pg = Vy + K &n P' A.9.2(1) 

Along the consolidation l i n e ; 

Thus 

^u ^0 pQ A.9.2(2) 

Vy - = K &n(P^/P') = X 2n(P^/P^) A.9.2(3) 

p- K P' X 
(pr) - (-p-r) A.9.2. (4) 

This leads, on manipulation to 

p' p;, l A 
= ( / ) A. 9.2(5) 

where A' = (1-k/a) 

A.9.2.2 Relationship between the Stresses Acting in the Soil Beside 

a Full-displacement Pi le at the Star t and the End of Loading to 

Undrained Failure 

I n i t i a l conditions 

These are denoted by the subscript ( i ) . From Randolph et al (1979) 

the i n i t i a l stress state w i l l be taken to obey the fo l lowing re la t ions , 

( i ) " i . i ' " e . i ' 

( i i ) the so i l is normally consolidated. 

Thus, J j ^ ( l - K ^ ) / / 3 A.9.2(6) 

and P; = a ;^ . (1 + 2K^)/3 A.9.2(7) 

Because the minor and intermediate stresses (a' . and o' •) are equal, the 
y 51 z) I 

so i l is i n i t i a l l y in a state of t r i a x i a l compression (T.C.) and so the Lode 
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angle, 8^, = -30°. 

Thus g(e). = g(8)y A.9.2(8) 

Failure condit ions 

Referring to Fig. A.9.2.1(b) i t may be seen that as the case 

considered is undrained, the values of and P| (the value of P' at f a i l u r e ) 

are determined by the current water content. Thus P^ i s independent of the 

stress path to f a i l u r e and of the shape of the y i e l d funct ion in the 

deviator ic plane. 

In t h i s analysis the y i e l d funct ion may take any shape in the 

deviator ic plane, as may the p las t i c po ten t ia l . The boundary condit ions of 

the problem together wi th the shape of the p las t i c potent ia l d ic ta te the 

Lode angle at f a i l u r e (0^) (see Potts and Gens, 1982). This value may be 

used in conjunction wi th the y i e l d funct ion to define g(6)^ fo r the p i l e 

loading. I t may be seen from Fig. A.9.2.1(b) that the value of J at f a i l u r e 

is given by 

= Pf g(8) f A.9.2(9) 

cos 0^ from eqn. (A.7.14) 

and so 

= Pf g(8) f cos 8f A.9.2(10) 

I t is i l l u s t r a t e d in Fig. 8.9 that at f a i l u r e the shear stress 

acting on the shaft is equal to C^, so 

X = PL g(0) f cos 8 . A.9.2(11) 
max 

A l l that is now required is to determine P| from the i n i t i a l 

condit ions. 

The y i e l d funct ion is given by 
pi 

(-5?) = 1 + = 1 + ^ A . 9 . 2 ( 1 2 ) 
^ P'g(e) 

At f a i l u r e P' 
P' — PL, and S = 1 so -gr = 2 

T 
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Using eqn. A.9.2(5) to eliminate which varies with the current 

stress s ta te . 
p; A 

(•pT") = 0 . 5 A.9.2(13) 

so 

u 

The y ie ld funct ion may be rewri t ten as 

^ ^ p'g(e) 

P = P' {1 + { - J — 
u P'g(e) 

P^ = 0.5"^ P' { 1 + { — — 
P'g(e) 

Pf = P' { 0.5(1 + (—^ ) 2 ) } ^ A.9.2(14) 
P'g(0) 

Subst i tut ing the i n i t i a l stress conditions in to the above expression, 

a' . ( 1 - K . ) / / J 2 ^ 
Pf = (1 + 2Kq)/3 {0.5 (1 + — : r ) } 

^ r , i (T*2K^) /3 X g(8)yc 

1+2K 1-K n A 
Pf ' a' . ( - T - ^ ) ( 0.6 (1 + 3 ( 5 r n A.9.2(15) 
* ^ (UZK^) g (e )^ j 

Subst i tut ing into eqn. A.9.2(11), 

1+2K 1-K p vAf 
= a' . (—o—) {0.5 ( 1 + 3 ( ) )} g(8)f cos 8 . 

max ^ (l+ZKoigfeiyc ^ f 

A.9.2(16) 
F ina l l y , i t w i l l be recal led that i f the so i l is i n i t i a l l l y i n t a c t , 

f a i l u r e is predicted to occur when the mobilised angle of f r i c t i o n is given by, 

6' = tan"^ (sin 6 ' )g ^ q (see Fig. 8.9) 

Further re lat ions between the stresses acting at f a i l u re may be derived as 

necessary from the equations presented above. 
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CHAPTER 10 

CONCLUDING REMARKS 

10.1 CONCLUSIONS 

The work presented in th is thesis is intended as a contr ibut ion 

towards a general e f fec t ive stress theory of p i l e behaviour, and is 

concerned pr imar i ly with the response of normally-consolidated clay 

adjacent to loaded p i les . The clay adjacent to a p i l e shaft is subject 

to an uncommonly high degree of kinematic res t ra in t and so three independent, 

although complementary, approaches were adopted in th i s study; 

( i ) care fu l ly control led model p i l e testS; 

( i i ) micro-fabr ic studies of the clay adjacent to p i l es ; 

( i i i ) theoret ical (numerical) modelling of the behaviour. 

The f i r s t series of model tests was conducted on single p i les 

ins ta l led in to samples of an isot rop ica l ly consolidated Speswhite Kaolin, 

by a technique which was demonstrated to cause minimal disturbance to e i ther 

the stress f i e l d or the micro-fabr ic of the clay. The pi les were loaded 

under f u l l y drained conditions whi ls t the load-displacement behaviour was 

care fu l l y monitored; in two of the tests the radial stresses act ing on the 

pi les were successfully measured. Following each t e s t , the micro-fabr ic of 

the clay adjacent to the p i le was studied. 

The results demonstrate that the radial e f fec t i ve stress acting on 

a p i l e shaft t yp i ca l l y varies during loading. In a tes t on a p i le ins ta l led 

in over-consolidated Kaolin the radial stress increased by about 15%, whereas 

in tests on pi les ins ta l led in normally-consolidated Kaolin the radial 

stresses decreased (the change in stress increased wi th increasing i n i t i a l 

stress r a t i o ) . 

The peak mobilised angle of shaft resistance appears to be 

independent of the i n i t i a l stress r a t i o , and is s l i g h t l y less than cj)'. In 

tests conducted on pi les ins ta l led in normally-consolidated Kaolin, the peak 

uni t shaft resistance mobilised along the p i l e exceeds the i n i t i a l undrained 

shear strength in t r i a x i a l compression by between 20% and 60%. I t is 

suggested that th is resu l t is a consequence both of consolidation during the 
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p i l e loading, and the absence of pre-exist ing micro-fabr ic disturbance. 

The post-peak behaviour is b r i t t l e , the residual shaft resistance being 

roughly one-half of the peak value. The residual angle of shaft resistance 

is s imi la r to the value measured by means of a Ring Shear apparatus at the 

same e f fec t i ve stress level and rate of displacement. 

Micro-fabr ic studies performed in conjunction with these tests 

showed that 'Riedel ' s t ructures, which are associated wi th peak condi t ions, 

are formed at inc l inat ions of between 10° and 15° to the d i rec t ion of p i l e 

loading; the inc l i na t ion appears to be independent of the i n i t i a l stress 

r a t i o . Comparisons with predictions based on f i n i t e element analyses 

suggest that there are s im i l a r i t i e s between the Riedel structures and 

stress character is t ics . In loading a p i l e up to peak condi t ions, permanent 

clay deformations were observed at distances of over one-half of one p i l e 

radius from the shaf t . However, post-peak deformations were accommodated 

in a much narrower zone (less than one mi l l imeter wide) and eventually a 

displacement d iscont inu i ty was formed para l le l to the shaf t . The clay 

par t ic les adjacent to the d iscont inu i ty were strongly aligned sub-paral lel 

to the d i rec t ion of p i l e displacement, and the strength decreased to a 

residual•value. 

In order to examine the nature, and importance, of micro-fabr ic 

disturbance resu l t ing from the i ns ta l l a t i on of displacement p i l e s , model 

p i les were driven and jacked in to samples of normally-consolidated Kaolin. 

Af ter permitt ing complete consol idat ion, two of the three pi les tested were 

loaded under drained conditions un t i l residual strengths were achieved. 

The micro-fabr ic study demonstrated that the i ns ta l l a t i on of displacement pi les 

resul ts in severe, permanent, fabr ic disturbance adjacent to the p i l e . Thus, 

before the p i l e is loaded, there ex i s t s , close to the p i l e , a shear zone 

which is at a residual strength appropriate to the peak p i l e ve loc i t ies and 

the e f fec t i ve stress levels operating during i n s t a l l a t i o n . When the p i l e 

is loaded, peak conditions are achieved when the mobilised angle of shaft 

f r i c t i o n is equal to the residual angle of f r i c t i o n corresponding to the 

i n s t a l l a t i o n process. Thereafter the mobilised angle of f r i c t i o n decreases 

towards a residual value which depends on the rate of p i le displacement 

during loading and the current e f fec t i ve stress leve l . 

The load-displacement behaviour of the jacked and driven pi les 

was in marked contrast to the behaviour of the pi les ins ta l led with minimal 

disturbance into otherwise s imi lar samples of Kaolin. The normalised peak 

shaft resistance of driven p i le was s l i g h t l y greater than that of the jacked 
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p i l e , but only 65% of that corresponding to a p i l e ins ta l led with minimal 

disturbance. On the other hand, the normalised residual shaft resistances of 

the three types of p i l e were very s im i la r ; the driven p i l e was about 10% 

stronger than the ideal ised p i l e . 

I t is considered that the post-peak br i t t leness observed during the 

loading of displacement pi les ( in the f i e l d as well as in the laboratory) 

is large ly a resu l t of a decrease in the angle of shaft f r i c t i o n from a 

residual value appropriate to i ns ta l l a t i on condi t ions, to a lower value 

appropriate to slow loading. This post-peak br i t t leness is responsible fo r 

the progressive f a i l u re of long, compressible, p i les . The experimental resul ts 

have been combined wi th those from theoret ica l studies to provide a new, 

simple, method for calculat ing a lower bound to the ult imate shaft resistance 

of compressible p i les . The predictions based on th i s method were shown to 

be in good agreement with the avai lable f i e l d data, and with current 

empirical design procedures. 

F in i te element modelling of the behaviour of loaded p i l e s , employing 

a form of the Modified Cam Clay const i tu t ive law, has given very encouraging 

agreement with the resul ts of model p i l e tests and the micro-fabr ic studies. 

The theoret ical analyses were extended to consider the behaviour of loaded 

ful l -displacement p i les ; the stress states in the clay a f te r p i l e 

i n s t a l l a t i o n and consolidation were taken from analyses based on cavi ty 

expansion theory (e.g. Randolph et a l , 1979). 

I t has been shown that during the drained loading of a displacement 

p i l e , kinematic rest ra in ts force the e f fec t i ve stress path followed by an 

element of clay adjacent to the p i l e to be very s imi lar to that which would 

be followed on undrained loading. For th is reason, i t is predicted that the 

peak drained and undrained shaft resistances are s im i l a r ; th is is supported 

by f i e l d measurements (e.g. Eide et a l , 1961). 

The excess pore pressures predicted to be generated on undrained 

are smaller and much more local ised than those generated during p i l e 

d r iv ing . I t has also been shown that the excess pressures generated on 

loading w i l l tend to dissipate roughly an order of magnitude faster than 

those generated on i ns ta l l a t i on . I t is suggested that in many instances 

(pa r t i cu la r l y on land) p i le loading w i l l tend to be a drained phenomenon. 

Analyses of the drained loading of ful l -displacement pi les have 

shown that the radial e f fec t i ve stress act ing on the pi les may decrease by 

as much as 40% during loading; i t would, therefore, be highly unsafe to 
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assume that the radial stress acting on a p i l e fo l lowing i n s t a l l a t i o n 

and consol idat ion, would continue to act wh i ls t the p i l e is loaded to peak. 

Pi le capaci t ies, predicted on the basis of analyses which ignore the 

presence of pre-exist ing shear surfaces beside displacement p i l e s , are well 

in excess of values measured in the f i e l d (despite the predicted reductions 

in the radia l e f fec t i ve s t ress) . Analyses which incorporate realisj;fec 

strengths fo r the pre-exist ing shear surfaces lead to predict ions which are 

in more reasonable agreement with f i e l d observations, but are s t i l l not 

conservative. There are a number of possible reasons fo r the over-esimation 

of p i l e capaci t ies. One of these may be that the stresses assumed to ex is t 

around displacement pi les fo l lowing i n s t a l l a t i o n and consolidation were too 

high; the stresses were taken from Randolph et al (1979), and were derived 

from cavi ty expansion theory, employing the Modified Cam Clay cons t i tu t i ve 

law with a surface of revolut ion for both the y ie ld funct ion and the p las t i c 

po ten t ia l . Reliable f i e l d measurements of radia l e f fec t i ve stresses w i l l 

be needed to resolve th is matter. 

10.2 IMPLICATIONS FOR THE DESIGN 

10.2.1 .Predict ion of the Capacities of Compressible Piles 

A method has been out l ined ( in Chapter 9) whereby a conservative 

estimate of the ult imate capacity of a long, compressible, p i l e may simply 

and cheaply be established. The only parameters required are the angles 

of shearing resistance of the in tac t s o i l , cj)', the residual angles of 

in ter face f r i c t i o n , 5' . , and the bulk uni t weights of the various s t ra ta . 

Estimates of cp' and 6' • may be obtained without using undisturbed samples. 

10.2.2 The Design of More E f f i c i en t Piles 

An important conclusion from the work presented so fa r is that the 

peak shaft capacity of a displacement p i le is l imi ted by the presence of shear 

surfaces formed para l le l to the p i l e during i n s t a l l a t i o n . Such surfaces are 

of par t i cu la r importance around compressible pi les because progressive 

f a i l u r e may cause the peak p i le capacity to tend rapid ly towards the ult imate 

residual strength. 

Another common method of i n s t a l l i n g p i l es , pa r t i cu la r l y in heavily 

over-consolidated clays, is to bore a hole (sometimes wi th the aid of 

bentonite mud) which is then f i l l e d with concrete. I t is probable that the 

fabr ic disturbance caused by the d r i l l i n g is less severe than that which 
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would have resulted had the p i l e been driven. However, the ef fects of 

stress r e l i e f and local swell ing of the clay tend to reduce the f i na l 

radial e f fec t i ve stress which acts on the p i l e , and so the peak capacity 

of the p i l e is again well below that which might have been obtained, had 

the p i l e been ins ta l led with no disturbance. 

A method by which the capacity of a p i l e of given dimensions might 

be improved would be to i n s t a l l the p i l e by d r i l l i n g and grouting under 

pressure. The resu l t of th is would be reduced fabr ic disturbance and an 

increased radial stress acting on the p i l e (the radial stress could 

presumably be made to exceed the i n i t i a l in s i t u value). Thus the p i l e 

capacity might exceed that of an otherwise s imi la r p i l e ins ta l led with 

no disturbance. 

The results from the model p i l e tests suggest that the displacements 

required to mobilise the peak shaft resistance around d r i l l e d and grouted 

pi les are considerably greater than those required fo r displacement p i l es . 

Thus, in the case of r i g i d p i l es , the settlement c r i t e r i a may tend to reduce 

the advantages of pressure grouted p i les . However, in the case of compressible 

p i l es , such as those used of fshore, the advantages of the pressure-grouted 

p i les are more obvious. The greater displacements required by d r i l l e d and 

g routed pi les to reach peak conditions imply that fo r a given p i l e 

compressibi l i ty there w i l l be a smaller propensity towards progressive f a i l u r e 

than would be expected from a displacement p i l e . In add i t ion, the model 

tests have shown that the post-peak rate of loss of shaft resistance wi th 

p i l e displacement is less for grouted pi les than fo r displacement p i l es . 

Thus, fo r a given pile-head def lec t ion , a pressure grouted p i l e should be 

able to mobilise a greater load than a displacement p i l e of s imi lar dimensions. 

Gouvenot and Gabaix (1975) report the resul ts of tests conducted on 

pressure-grouted pi les ins ta l led in sand and in clay. The authors conclude 

that the capacit ies of the pressure-grouted pi les are between two and three 

times higher than those of s imi lar pi les grouted under grav i ty head. 

Presumably Franki pi les enjoy s imi la r advantages of high la te ra l 

stresses and the fabr ic disturbance is probably not as severe as that 

encountered around driven p i les . 

This discussion is not pursued f u r t he r , and is l e f t as a suggestion 

for fu r ther consideration by others. 
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10.3 SUGGESTIONS FOR FUTURE RESEARCH 

10.3.1 Field Measurements of Stresses 

Theoretical procedures based on e f fec t ive stress methods have been 

developed by many workers, in an attempt to model the h is tory of the so i l 

around a loaded p i l e . Predictions are made about the magnitudes of the 

radial to ta l stresses, the excess pore pressures, and the shear stresses 

act ing on the p i l e shaft at various stages in the p i l e ' s h is to ry . 

Unfortunately, in many instances, the v a l i d i t y of a l te rnat ive approaches 

cannot be determined for lack of re l i ab le f i e l d measurements. The most 

important quant i ty , the radial s t ress, has proved pa r t i cu la r l y d i f f i c u l t 

to measure, although not impossible (Bu t te r f i e ld and Johnston, 1973). 

There is now a great need for re l iable f i e l d measurements of the stresses 

act ing on p i les ins ta l led in a var ie ty of clays. 

10.3.2 Interface Behaviour 

The behaviour of clays when sheared against r i g i d interfaces has 

received surpr is ing ly l i t t l e a t ten t ion , pa r t i cu la r l y in the las t few years. 

On the basis of the work presented in th i s thesis i t i s suggested that 

d i rec t shear interface tests should be performed rout ine ly in the course of 

the s i t e invest igat ion fo r a p i led foundation. There are also a large 

number of questions concerning inter face behaviour which need to be 

addressed. For example; 

(a) how do 6pgg|̂  and depend on the inter face 

material and the so i l type (PI , grading e tc . )? 

(b) what is the influence of the rate of re la t i ve 

displacement fo r various inter face roughnesses and 

par t i c le gradings? 

(c) what is the influence of the e f fec t i ve stress level? 

(d) what is the e f fec t of reversal , or of cyc l ic loading? 

(e) under what circumstances does the f a i l u r e plane occur 

wi th in the s o i l , and when does i t occur at the interface? 

10.3.3 Indus t r i a l l y Important Problems 

Much of the recent impetus, and money, fo r research in to p i l i ng 

has come from o i l companies who need to design foundations for large offshore 

structures. There is current ly a trend towards the use of Tension Leg 
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Platforms (TLPs) in deep water. The pile's involved w i l l be required to 

act permanently in tension, and to sustain large cyc l ic loadings. Much 

work w i l l be required before the behaviour of p i les under such conditions 

can re l i ab l y be predicted: i t would be helpful f i r s t to understand the 

response of p i les subjegtt- to monotonic compressive loadings! 
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