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Sess io n  2

Behaviour of Foundations and Structures

C o m p o r te m e n t  des Fonda t ion s  et des S tru c tu re s

J .B . BUR LAND  Head Geotechnics Div., Building Research Establishment

INTRODUCTION

Over 90 papers have teen selected for inclusion in 
Session 2 of this Conference. In view of the all 
embracing nature of the title it is not surprising to 
find a wide diversity of topics covered by the papers. 
The term "foundation" has been taken to include any 
interface between soil and structure as well as the 
soil itself. "Structure" has been interpreted in its 
broadest sense and as well as buildings includes tun
nels, roads, embankments, dams, retaining walls, etc. 
We therefore find topics as diverse as the theorems 
of limit analysis, ground treatment, the performance 
of deep excavations and novel methods of road, con
struction.

The General Reporter must plead, that in a Session as 
diverse as this it would be unreasonable to attempt a 
broad evaluation of the subject matter or a critical 
review of the topics for to do so would be to write a 
treatise on geotechnics. Perhaps his most useful 
task is to assemble the contributions in an orderly 
manner and summarise their content so as to aid the 
delegates in the selection of papers of interest to 
them.

The contributions divide fairly naturally into the 
following subject areas:

(i) The behaviour of foundations (other than piles) 
(ii; Structure/soil interaction 
(iii) The behaviour of piled foundations - this sub

divides into
fundamental behaviour 
bored piles 
driven piles 
negative friction 

and lateral loading
(iv) Earth pressure, buried pipes and tunnels
(v) Earthworks and treatment of poor ground
(vi) Qnbankment dams.

BEHAVIOUR OP FOUNDATIONS

In an important paper Kerisel and Savev present obser
vations of uplift and pore water pressure at various 
depths in a Pliocene clay underlying the 29 m deep 
excavation for the hydro-electric power station at 
Caderousse. A maximum uplift of 84 mm was observed, 
about 40 per cent of which took place during a five 
month period following completion of excavation and 
during construction. Excavation was accompanied by 
substantial reduction in pore water pressure beneath 
the foundation level, but a rapid re-distribution of

pore pressure took place in the upper 15 m. It was 
within this region that the majority of the time- 
dependent swelling took place.

A detailed analysis of the time-dependent response of 
the ground within this region leads the Authors to 
conclude that the in-situ swelling index is about a 
third the value derived from oedometer tests while 
the coefficient of swelling is of the order of 10^ 
times larger than values determined in the laboratory. 
These findings are substantially in agreement with 
field measurements of loading on stiff clays dis
cussed in Section 6.2 of the State-of-the-Art (SOA) 
Report and with recent measurements in a deep excava
tion reported by Burland and Hancock (1977)« As a 
result of the measurements Kerisel and Save.v propose 
a simple method of estimating upheaval during excava
tion in stiff clays. It should perhaps be noted 
that although swelling in the region immediately be
neath an excavation takes place rapidly there is evi
dence to suggest that deep seated swelling takes 
place much more slowly.

Morel_et_al give detailed observations of the beha
vior of two adjacent nuclear reactors, Bugey 2 and 3« 
The reactors have cellular rafts founded on friable 
sandstone. Settlements were measured at some 50 

points on each reactor and contact stresses were 
measured with hydraulic cells beneath Bugey 3 only.
The Authors plot the load—settlement observations on 
a log-scale, but on plotting them on a natural scale 
it will be found that the relationships are remark
ably linear. The observed contact stresses show 
considerable variations. These are almost certainly 
due to local variations in the ground and differences 
in the placing of each cell. More information about 
the calibration, installation and performance of the 
pressure cells would be valuable. As discussed in 
Section 6.1.4 of the SOA Report, there are uncertain
ties about the calibration and temperature correc
tions for hydraulic cells. In spite of these unceî - 
tainties the observed pressures in Fig 7 of the paper 
compare well with the average applied pressure of
O.35 MN/m^. It would have been particularly valu
able if the pressure distribution derived from the 
axi-symmetric finite element analysis on the non— 
homogeneous ground had been included in Fig 7.

Every so often a major investigation is carried out 
which acts as a turning point in our understanding of 
a particular phenomenon. The large-scale cyclic 
loading tests carried out on the Oosterschelde and 
described by Heins and de Leeuw may well turn out to 
be such an event. At the time the paper was pre
pared the tests had only just been completed and



little analytical work had been carried, out. No doubt 
the complete analysis will take many months, but there 
is sufficient detail in the paper to wet our appetites 
in anticipation of the full story.

Drettas. Andrianis and Bardis describe the construc
tion of three gravity dolphins following the dredging 
and replacement of a very soft sea bottom. The dol
phins are made up from precast concrete cellular units 
which were filled with rubble and keyed together by a 
central concrete core. Tan presents case records 
demonstrating the success of various types of founda
tion solution for single and two-storey buildings 
founded on rubbish overlying deep deposits of soft 
clay.

Two papers describing novel foundation techniques are 
included. Sommer describes an intriguing method of 
controlling eccentricity of pressure, and hence tilt, 
at the base of a tower raft by means of watei>-filled 
rubber bags. The Author gives details of the succ
essful use of the system to control the tilt of a 
130 m high-rise building on Frankfurt Clay. Broms 
and Massarsch describe what is claimed to be a new 
foundation termed a "grid mat". The foundation is 
composed of thin steel plates joined together in the 
form of open triangular or rectangular cells. In 
weak ground the grids are pushed into the soil and 
may even be combined with piles. In stronger ground 
the grid is filled with sand, gravel or rockfill.
Thu6 the weight of the manufactured element is kept 
to a minimum and the surrounding soil is used both to 
stiffen the foundation and provide adequate bearing 
capacity. The Authors give details of a number of 
loading tests on model grid mats. The method has 
obvious applications and it will be interesting to 
watch developments,

Feda et al present some valuable measurements of dis
placement at various depths beneath four plate tests 
on different soils and beneath a grain elevator. The 
results show a much larger attenuation of settlement 
with depth than predicted by homogeneous isotropic 
elasticity. The Authors remark that the observed 
behaviour can be accounted for by both non-linear 
stress—strain behaviour and increasing deformation 
modulus with depth. It appears that both phenomena 
are contributing in this case. It is concluded that 
the "active zone" (ie the depth over which 95 Per 
cent of the settlement takes place) lies between 0.5 
and 1.5 the width of the foundation. The results 
deserve detailed study and analysis and serve to em
phasise that the routine application of deformation 
theory based on homogeneous isotropic elasticity can 
lead to large errors.

Egorov. Konovalov and Kitsykina quote a large number 
of examples where ring foundations as opposed to ci]>- 
cular footings, have been used for high towers (eg 
chimneys and TV towers). The measurements of settle
ment are in reasonable agreement with predictions con
firming the effectiveness of this type of foundation. 
The Authors go on to present some results from model 
tests in which a loaded circular disc is pressed into 
the surface of a two—layer system in which the upper 
layer is considerably stiffer than the lower system. 
Lack of space appears to have prevented a description 
of the soil properties or experimental techniques 
which rather limits the direct application of the 
results,

Schultze and Sieverine have analysed data from 148

foundations covering a wide range of sizes, loadings 
and soil types. Using statistical methods they com
pare the observed (or extrapolated) final settlements 
with 10 calculation methods. The assumptions used in 
the settlement calculations are rather restrictive (eg 
constant Es or Es increasing with depth at a fixed 
rate, z/B fixed). The results are of interest as 
they give an indication of the level of confidence 
that can be anticipated when predicting settlement. In 
general the methods which incorporate a linearly in
creasing deformation modulus with depth give the best 
results.

There are a number of papers dealing with the analysis 
of foundation deformations. Khadilkar and Varma have 
carried out an interesting analytical study of the 
settlement and tilt of two adjacent rigid footings on 
a granular material. The direction of tilt depends 
on the spacing of the footings and also on the magni
tude of the load. Thus at low loads the footings may 
tilt away from each other, but as failure is approadied 
they can tilt towards each other. Kryzhanovsl^_et_al 
outline the use of non-linear stress-strain relation
ships in the solution of foundation problems. Various 
formulations are compared including the simple secant 
modulus approach and the more general incremental pro
cedures including dilatancy. The Authors also dis
cuss the inclusion of geometric non-linearity of the 
foundation. Boulon et al develop a Theological model 
for granular material and use an incremental finite 
element analysis to solve the problem of an embedded 
wall subject to a horizontal force at the top and also 
a vertically loaded pile. A feature of the analysis 
is that slip can take place at the boundaries between 
soil and structure. The predictions are compared 
with measurements made in model tests.

Tsjrtovich|_Ter̂ tortirosTjM_Midî dh£^elov, in an un
usual and intriguing paper, outline a method in which 
the stressed state can be determined in closed form 
for a wide range of curvilinear semi-infinite linearly 
elastic regions. It would appear that the stresses 
are generated by what is often temed "graviyy switch- 
on", ie the ground relief is formed prior to the ap
plication of self-weight stresses. An important 
application could well be in a study of the influence 
of topography on the stress distributions beneath 
surface tractions.

Polshin et al discuss the centrifugal testing of model 
foundations and give brief results for a rigid square 
footing on a two—layer base. They also describe the 
modelling of embankments on peat in West Siberia. Two 
particular notable features about their experimental 
techniques are (i) the acceleration of the centrifuge 
was controlled to simulate the construction time of 
the embankment and (ii) the model embankments were 
subject to vibrations simulating the dynamic loads 
transmitted by the passage of a train. Simulation 
also included spring flooding of the surrounding peat 
bog. The results reveal a large component of creep 
and one wonders how much reliance can be placed on the 
centrifuge for simulating this particular phenomenon.

STRUCTURE/SOIL INTERACTION

Hoo£erjMad_Wood describe a fairly unique study in 
which settlement observations were made on two adja
cent, almost identical buildings on London Clay - one 
founded on piles and the other on a raft. The buil
dings are 22-storeys in height and of rigid cross wall 
construction. The building founded on a raft settled



about 110 mm, whereas that on piles settled about 30 

mm, but neither building suffered any distress. A 
detailed analysis of the observations was carried out 
using an axi-symmetric finite element method to 
establish the variations of soil stiffness with depth. 
The asymmetric raft foundation was then analysed in 
detail using the method developed by Wood and Lamach 
0 974) (see Section 5*4.1 of the SOA Report) taking 
account of the stiffness of the superstructure. The 
piled foundation was analysed using an "equivalent 
raft" at depth and it was found that in this case 
good agreement with the observed settlements was only 
achieved when the raft was placed near the base of 
the piles.

Bobe1_Jtertwigjan̂ _Seiffert present a finite differ- 
ence method (PVS method) of solving the problem of a 
slab of variable shape and rigidity on an isotropic 
elastic or quasi-plastic half space. They use the 
method to analyse some measurements of settlement and 
bearing pressure made on the foundation raft of a 
grain silo. By incorporating a realistic represen
tative stiffness of the silo in the analysis good 
agreement with the observed settlement profile of the 
raft was obtained. The predicted contact stresses 
tended to be too high near the edges of the raft even 
when local adjustments were made to the theoretical 
stiffness of the soil. The PVS method appears to be 
rather similar in principle to the methods of Wood 
and Lamach (1974) and Wardle and Fraser (1974). It 
is probable that if the method were generalized to 
include non-homogeneity better agreement with the ob
served contact stresses would be achieved by allowing 
the stiffness of the ground to increase with depth.
All the above methods would be more versatile if a 
finite shear stiffness were incorporated in the raft 
or slab.

Other papers to this Session which deal with the 
interaction between an equivalent slab and half space 
are presented by Km ^, Mustafaev and Evdokimov,
Goldine and Lipovetskaya. It is not clear in Kany*s 
paper what continuum model is used for evaluating the 
settlement coefficients c|j, .v.w and cp. .v.E (eg is 
the Boussinesq theory used to derive the stress dis
tribution when evaluating the settlement beneath any 
given foundation?). Evdokimov et al give details 
of the solution procedure for obtaining the contact 
pressures, pore pressures and settlements at inter
vals of time for a loaded beam on a porous visco
elastic foundation. Mustafaev presents an instruc
tive interactive analysis for a beam on a Winkler 
subgrade within which subsidence can take place. The 
inclusion of a finite shear stiffness substantially 
reduces the bending moments in the superstructure.
It should be noted in passing that although central 
sagging was found to give rise to greater bending 
moments than end sagging, the latter mode may be more 
destructive since it induces hogging in the super
structure (see Fig 5 in the SOA Report).

There are three papers dealing with the interaction 
of framed structures with the ground. Brown examines 
the behaviour of a three—bay symmetrical plane portal 
frame founded on a strip footing resting on a semi
infinite visco-elastic half space. The results show 
the influence of soil stiffness, footing stiffness 
and building stiffness on the magnitude and variation 
with time of differential settlement, column loads 
and bending moments. The results can be used with
out much loss in accuracy for more general frames and 
footings. Komornik and Mazurik summarise the results

of a detailed analysis of the time-dependent settle
ment of a single storey infilled frame building 
underlain by a clay layer of variable thickness. The 
analysis neglects interaction between the footings.
The results illustrate how increasing the stiffness of 
the structure results in a redistribution of load betw
een columns. The beneficial effect of designing the 
footings for equal settlement rather than equal beai'- 
ing pressure is also illustrated (see SOA Review, 
Section 1.4). The analysis presented by Pagadogoulos 
and Anagnostopoulos is essentially for a 3 x D framed 
structure in which each foundation rests on a nonr- 
linear spring having arbitrary characteristics. There 
does not appear to be any interaction through the 
ground between the foundations so that the method may 
be limited to widely spaced footings.

BEARING CAPACITY

We start with two papers of a fundamental nature. The 
paper by Bonding challenges the kinematic admissibil
ity of the rupture figure for the bearing capacity 
problem by Lundgren and Martensen for a wide range of 
friction angles and dilatation angles. It would be 
of practical interest to have the author’s view of the 
value of this figure as a lower bound solution. 
Malyshev. Zaretstcv and Zalezhnev first present some 
triaxial compression and extension test results on 
loose and dense sand which are in good agreement with 
the simple stress-dilatancy concepts. They then go on 
to demonstrate the well-known but frequently neglected 
fact that in a dilatant medium the particle displace
ment trajectories are not slip lines. Stroganov_et 
al deal with the question of bearing capacity of a 
footing during the process of consolidation. They 
take as their starting point the bearing capacity of 
soils exhibiting non-homogeneity of strength and con
clude with an illustrative example in which both 
static and kinematic solutions are obtained for a 
footing which has experienced various degrees of con
solidation.

The Session contains some interesting papers dialing 
with modelling and scale effects. Steenfel^ des
cribes some careful tests on pin models to study 
scale effects on the bearing capacity factor Nf. He 
concludes that for ratios of grain size to footing 
width dĵ /B > 0.01 there is a significant scale effect 
and may account for the increase of Ny with decreas
ing footing width reported by several investigators. 
Yamaguchi. Kimura and Fu.ii-i also study scale effects 
of footings in dense sands - this time in a centri
fuge. Contrary to Steenfelt these investigators 
find that the influence of grain size is not import 
tant and that the increase in Ny with decreasing 
footing width can be attributed to the influence of 
progressive failure. Another paper which deals with 
scale effects, but not specifically with bearing 
capacity, is the one by Polshin et al mentioned pre
viously, who provide a useful list of similarity 
factors for the centrifugal modelling of a rigid- 
elastio-plastic material. Although the centrifuge 
is perhaps the most common method of modelling self 
weight stress fields another method is by means of an 
hydraulic gradient. Tcheng describes the use of 
this technique to study the bearing capacity of shal
low and deep foundations (including pile groups) in 
sand and presents a large number of results.

Shields et al summarise the results of some large 
scale model footing tests at various distances from 
the crest of 2:1 slopes in compact and dense sand.



It is concluded that the theories both of Giroud and 
Meyerhof overestimate the bearing capacity. The 
graphs of empirical bearing capacity with distance 
and depth from the crest will be of particular intei'- 
est to practitioners.

Experience in the behaviour and use of reinforced 
earth is growing rapidly. Milovic presents the 
results of some simple footing tests on sand rein
forced with either steel bars or polypropylene cords. 
The results provide a graphic demonstration of the 
improvement both in settlement and bearing capacity 
that can be achieved by this form of construction.

flattav et al present the results of some model tests 
in sand of block foundations subjected to combina
tions of vertical, horizontal and eccentric load. 
Dembicki discusses the stability and safety of pylon 
foundations. The reasons for the choice of various 
partial coefficients are not given. Bottero et al 
make use of limit analysis for evaluating the pull- 
out capacity of a foundation in clay and Das and 
Seel^£ present some test results for the capacity of 
shallow inclined anchors in loose sand.

THE BEHAVIOUR OF PILED FOUNDATIONS

Fimdament^_behavioiu;

Flaate and Seines present a paper of fundamental and 
practical importance. They carry out a thorough 
study of the observed shaft carrying capacity of 44 
carefully selected tests on piles driven into normal
ly consolidated and lightly overconsolidated clay.
The results show conclusively that the use of effec
tive stress methods for estimating shaft friction 
(fs = p.py-1) is not only simpler but more accurate 
than the method based on undrained strength (fs = 
tt.Sri). The relationship between fs and average su 
shows a much greater variability than that between 
fg and pv*. An additional factor that should per
haps be emphasised is that the average value of ^  
is itself often subject to considerable uncertainty 
since individual values of Su can show wide varia
tions. The Authors conclude that

0 lies between 0.2 and 0.4 x ( \/r̂  x ^  ̂  ̂  )

where L is the pile length in metres (presumably) 
and Rq is the overconsolidation ratio.
The fact that p is not sensitive to is explained 
by Burland (1973)« It should be emphasised that the 
factor y'̂Rj, is an empirical coefficient proposed by 
Meyerhof (1976) which may not be accurate for heavily 
overconsolidated clays.

It is strange that so little attention has been paid 
to the behaviour of piles in terms of effective 
stress since the method presents a simple fundamen
tal framework on which to base judgements and can be 
used to take account of various construction methods 
and the influence of geological history. Here is a 
rich field for investigation and this paper should 
do much to stimulate further work.

IvMiov_and_Fedor describe a laboratory investigation 
of shaft friction in the presence of a clay slurry. 
Laboratory tests clearly have a role in the study of 
shaft friction, but many important construction fac- 
tors can only be reproduced in the field and that is 
where final evaluation needs to be carried out.
There is now a considerable amount of evidence to

suggest that, provided proper construction techniques 
are used, the use of clay slurry during excavation 
results in little or no loss in shaft friction in 
clay soils. For sands the position is not so clear 
and there may be a small loss of friction.

In Section 1.4 of the SOA Review caution was advoca
ted when estimating the bearing capacity of deep 
footings or piles founded in a stiff layer overlying 
a weak layer. It is therefore gratifying to find 
the paper by Meyerhof and ValsanAar dealing with the 
bearing capacity of piles in layered soils. On the 
basis of model tests they present design charts to 
deal with:
(i) a weak layer over dense sand,
(ii) a sand layer overlying a weak deposit, and
(iii) a thin firm layer between weak strata.
The practitioner will need time to get to grips with 
the theory, but Figs 1, 7 and 9 of the paper show the 
variations of point resistance with depth for a num
ber of cases and are very instructive.

Butterfield and Ghosh describe some tests on instru
mented model piles during installation and under 
working load. They relate the settlement response 
to an equivalent global shear modulus G. Baner.iee 
and Davies extend the study of the elastic response 
of pile groups to the important and practical case of 
a soil with linearly increasing stiffness with depth. 
The results of the analysis emphasises the point made 
in the SOA Report (Sections 5*3 and 6.3) that varia
tion of stiffness with depth can have a marked influ
ence on the settlements away from a loaded area. The 
effect of increasing stiffness with depth is to sig
nificantly reduce the interaction between piles in a 
group, thereby reducing the settlement ratio. Fundâ - 
mental studies of pile group behaviour are also pre
sented by Bartolomey et al and J^slivect_Sunek_and 
Mysela. Palka and Naborczyk present a stimulating 
study of the interaction between pile and pile cap 
and demonstrate that there are economic benefits to 
be gained from taking such interaction into account 
in design.

Boredjjiles

The papers on bored piles reflect the growing use of 
this type of foundation which is both economic and 
very adaptable. By good fortune the five papers de
voted to this topic cover a wide range of soil and 
rock and they contain a great deal of valuable infor
mation.

Jelinek. Koreck and Stocker give details of tests on 
five instrumented bored pile§ in a very stiff lacus- 
trian clay of low plasticity which were carried out 
to provide data for the German Standards for Large 
Bored Piles (DIN 4014, Teil 2). Load distribution 
down the shaft and to the base was obtained by means 
of simple hydraulic load cells. Straight shafted 
and underreamed piles were tested. The straight 
shafted piles gave consistent results which are in 
accord with those obtained by other workers (eg 
Whitaker and Cooke, 1966). However, the behaviour 
of the two piles with underreams was quite different 
in that the shaft friction was about double that ob
tained from straight shafted piles, while the base 
resistance at a given settlement was about half.
The size of the underreams was very modest and the 
geometry alone cannot explain the differences in beha
vior which are more likely to be due to differences 
in construction procedure and in particular the time



taken to form the base. It is to be hoped that the 
recommendations of the Standard will take account of 
other research on bored piles in clay.

Similar tests in sand are described by Franke and 
Garbrecht also to provide information for DIB 4014, 
Teil 2. The sand was of medium density (qjj. = 15 MN/ 
m ) and the tests concentrated on measuring the base 
resistance. The settlements required to achieve 
failure could not be reached and the results are re
lated to a fictitious failure pressure at 15 cm 
settlement. It is concluded that the load-settlement 
behaviour is impaired by the forming of an enlarged 
base. Reference is made in the paper to construc
tion difficulties in forming an underream and once 
again we appear to be witnessing the important influ
ence of construction method on pile performance.

The paper by Aurora_anĉ _Reece on the performance of 
drilled piles in clay-shales represents a welcome 
addition to the series of important studies on bored 
pile behaviour carried out under Professor Reece's 
direction. As mentioned in the SOA Review weak rock 
represents a sort of twilight zone between soils and 
rock which has received relatively little attention 
in the past. Yet the choice of bearing pressures 
and depths of penetration of foundations on weak rock 
have important economic consequences. The tests 
described by Aurora and Reece were carried out on two 
test sites, one at Montopolis and the other in Dallas. 
Although many codes neglect shaft resistance, values 
ranging between 280 and 690 kN/m were measured. 
Ultimate bearing capacities from 2400 to 6100 kli/m̂  
were obtained. These values are far in excess of 
those commonly used in design, but are in good agree
ment with values quoted by other authors in the 
recent second Geotechnique symposium in print on 
Piles in Weak Rock,(lnstn Civ Engrs, London 1977)*
The laboratory determination of shear strength of 
shales is notoriously unreliable and unfortunately 
few details are given in the paper. Hence some care 
should be exercised when applying the recommended 
values of Nc and a , particularly as regards differen
tiating between various methods of construction.

To complete the range of materials covered by this 
topic, David. Sroka and Goldberger describe some tests 
on small diameter piles bored into very strong Karstic 
rock in northern Israel, using a newly developed 
rotary-percussive drill. Shaft resistances of betw
een 800 and 3900 kN/m were obtained. Deep spread 
footings had been employed to resist the swelling of 
clay filled cavities and the introduction of small 
diameter bored piles anchored in the rock has resulted 
in considerable economies. The paper concludes with 
a useful specification for pile design and execution.

Klosinski summarises the experience gained from test
ing nearly 5° bored piles in a wide range of materials 
using various construction methods, both dry and with 
bentonite. Unfortunately ultimate bearing capacity 
was reached in only a few cases and indirect methods 
had to be used to isolate the shaft and base compo
nents of resistance. Once again attention is drawn 
to the sensitivity of the load-settlement character
istics of a bored pile to the drilling operations and 
to moisture changes induced in the neighbouring 
ground. For piles in weak rock the sound advice is 
given that the best design approach is by test piles 
and that thorough site control is essential during 
construction. This latter dictum, of course, applies 
to all bored piling operations and the Construction 
Industry Research and Information Association in the

U.K. have recently produced a valuable review of the 
problems that can occur with the construction of 
cast-in-place concrete piles if control is not ade
quate (Thorbum and Thorbum, 1977)«

Driven piles

The construction of the Porto Tolle thermal power 
station in northern Italy necessitated the driving of 
some 10,000 piles through interbedded sands and clays 
into a medium dense sand layer. Appendino presents 
some interesting data from an instrumented mandril 
driven pile in which strains and pore pressures were 
measured at and above the tip. A simplified wave 
equation solution is outlined by assuming that the 
shaft friction is very small in relation to the total 
resistance and the model is used to derive parameters 
for the dynamic soil resistance, both for clays and 
sands. Increased soil deformability is found to sig
nificantly reduce the set per blow indicating that 
great care must be taken when basing pile capacity on 
the set. The paper suggests methods of calculating 
static resistance directly from strain gauge readings 
for given hammers using empirically derived coeffici
ents. Other interesting observations include a 300 
per cent increase in driving resistance after a delay 
in driving of 6 days. Measurements also showed how 
important the choice of cushion blocks is in deter
mining the amount of energy that is transmitted to 
the pile.

Increasing attention is focussing on the bearing capâ - 
city of hollow piles and in particular the formation 
and load carrying capacity of the internal soil core 
or "plug". Stefaioff_Mid_Boshuiov give details of a 
large loading test on a 1.35 m diameter hollow pre- 
stressed concrete pile which had been driven by a 
vibratory method into medium sand. They also develop 
a theory for estimating the active height of the core, 
its compression under load and its frictional resist
ance. Klos and Te.ichman describe some extensive 
model tests on closed and open ended piles in sand in 
which they have studied the formation of the soil core 
and the development of end bearing and shaft resist
ance.

Kishida and Isemoto present the results of some large 
scale tests to investigate the compaction of sand in 
a hollow pile and the load transfer from the inside 
wall to the sand. The measurements are compared with 
predictions from a finite element analysis. The study 
has concentrated on the behaviour of the sand within 
the pile itself. This must be significantly affected 
by the response of the sand beneath the tip of the 
pile and it is to be hoped that future studies will 
include this aspect of the problem.

Negative friction

Four papers are concerned with negative friction and 
reflect the concern that engineers have for this prob
lem. Okahe describes a very interesting and complete 
study of negative friction and its elimination in con
nection with the construction of a large freight yard 
near Tokyo for the Japanese National Railways. Nega<- 
tive friction was measured on three instrumented 
piles driven through very soft silts and clays, two of 
them into a dense sand layer. The induced negative 
friction resulted from the placement of a surface 
embankment and a continuing compression of the allu
vium due to ground water extraction. The measured 
values of negative friction agree well with predic
tions based on effective stress considerations, but



no details are given of the pore water pressures or 

values of Kq used in these predictions. Two methods 
of eliminating friction are investigated. Firstly, a 
single cased (or sleeved) pile was tested and resul
ted in a 2/3 reduction of axial force. Secondly a 
pile group was constructed in which the outer piles 
acted as "shields" protecting the inner piles from 
negative friction. This method proved remarkably 
effective.

Horvat_Mdbjran_der_Veen present some test results on 
working driven concrete piles with and without coat
ings which demonstrate the effectiveness of a bitumen 
coating. In a very useful discussion on assessing 
safety they make the important observation that the 
problem of negative friction is essentially one of 
settlement provided the pile material can withstand 
the stresses. Simple re-consolidation of the soil 
can result in negative friction, but need not result 
in excessive settlement even if the point carrying 
capacity is fully mobilised. On the other hand, if 
the soil layer is undergoing large settlements due, 
say, to surcharging or groundwater lowering, the 
piles require an adequate factor of safety in end 
bearing and the above authors give recommendations 
for safety factors.

The paper by ̂ nousej_Taraaoki_Md_Ogai describes a 
situation in which the pile foundations for a 3- 
storey school building were driven through soft 
alluvium immediately after 2.5 m of fill had been 
placed on it. The negative friction was sufficient 
to fully mobilise the end resistance of the piles 
driven through the deepest layers of alluvium with 
the result that large damaging differential settle
ments developed. Another case in which piles were 
driven through recent fill and alluvium is described 
by Mazurkiewicz. On this occasion the possibility of 
negative friction was anticipated and the solution 
adopted was to coat the piles with bitumen.

Pile subject to lateral load

A number of papers submitted to this Session deal 
with various problems relating to the lateral loading 
of piles. Lubking describes some interesting full 
scale lateral loading tests on the large diameter 
(3.1 m and 4*1 m) tubular piles for the cableway used 
for the damming of the Oosterscheldt in Holland. The 
piles were driven into sand and tight tolerances were 
placed on the horizontal displacement and rotation of 
the tops of the piles. The two test piles were irt- 
strumented for deformation and stress. The Author 
has been very honest about the difficulties encounter
ed with the instrumentation and the paper is a valu
able commentary on the need for simple, reliable and 
robust measuring devices when carrying out field 
measurements.

Da Costa Himes et al give details of full scale tests 
on reinforced concrete piles used in the foundations 
of the Presidente Costa e Silva Bridge across Guana- 
bara Bay in Brazil. Horizontal tests were carried 
out by pulling two piles together and the deflected 
shapes were analysed to give the variations of hori
zontal soil modulus with depth. The results were 
used in the analysis of impact forces at deck level.

A wide range of carefully planned lateral pile loading 
tests were carried out to obtain design data for quay 
walls in Romanian harbours on the Danube. Small 
groups of vertical and battered piles were tested and

the results are presented in both graphical and tabular 
form by Manoliu. Botea and Constantinescu. The results 
have been been interpreted in terms of a modulus of 
subgrade reaction varying linearly with depth. The 
range of values from the various tests were small and 
could therefore be used with confidence for design 
purposes.

The papers discussed so far in this subsection relate 
to the application of horizontal load to piles. An 
indirect form of lateral loading is that due to eccen
tricity. Chin and Chan present the results of model 
and full-scale studies of the influence of eccentricity 
of vertical loads on (i) the load carrying capacity,
(ii) the load-settlement relationship, and (iii) the 
bending moments, shears and lateral displacements down 
the pile. It is concluded that eccentricity of ver
tical load hardly affects the load carrying capacity 
of the pile and its main influence will therefore be a 
structural one relating to bending and shear in the 
pile. It seems probable that codes of practice and 
specifications are over-stringent on allowable eccen
tricities of load.

Another important form of lateral loading is that im
posed by the lateral movement of the surrounding 
ground on piles. This frequently occurs when an 
approach embankment is placed alongside an existing 
bridge abutment. Biaot et al present a very com
plete field study of the action of lateral soil move
ments caused by the construction of an embankment 
alongside an existing pile. Prior to construction of 
the embankment the characteristics of the pile were 
determined by horizontal load tests. During embank
ment construction the deformations and bending stres
ses in the pile were observed as were the displace
ments of the soil at a similar location some distance 
from the pile. By making use of pressuremeter tests 
and knowing the lateral displacement of the soil re
mote from the pile it proved possible to predict the 
deflections and bending stresses down the pile. Agree
ment between observations and predictions was very 
satisfactory. Bernal and Romana present the results 
of stress measurements in large, hollow, prestressed 
concrete piles (1.37 m diameter) during the placing of 
a rockfill slope around them. The induced vertical 
stresses and bending moments due to downdrag and 
lateral movement of the fill were considerable. The 
tests had an important influence on the construction 
methods that were finally adopted at the Torreare- 
nillas dock in Spain.

General

Kay discusses the important question of the choice of 
factor of safety for the design of piles in cohesive 
soils. He outlines an approach using probability 
theory. Studies of this type are important if a ra<- 
tional and consistent approach to factors of safety is 
to evolve and this paper deserves close and critical 
scrutiny. Another important paper along similar 
lines is that of Evangelista. Pellegrino and Viggiani 
who analyse the load-settlement behaviour of 94 piles 
from 8 different sites on medium to dense sand. The 
results are analysed statistically and used to calcul
ate the range of bending moments that can be antici
pated in (i) a column rigidly connected to a three- 
pile group and (ii) a beam founded on a row of 25 
piles. Engineers engaged in the design of foundations 
and structures would do well to ponder on the results 
since they give an indication of the range of pile 
reactions and bending moments that must be anticipated.



Field measurements confirming the wide range of loads 

carried by the piles in a large pile group are des

cribed by Joustra. de Sitter and den Ouden. The 
measurements were made on a 66.5 m high building of 
cross-wall construction founded on piles driven 
through soft clay and loose sand into a dense sand 
layer. Pile loads were deduced by measuring their 
shortening over a 14 m length. As is to be antici
pated and in keeping with the findings of other in
vestigators (eg Hooper 1973* Hight and Green 1976) 
the piles near the edge of the group are carrying 
more load than the piles near the centre (in this 
case about twice as much). This feature has been 
observed sufficiently frequently in practice, and 
has such a strong theoretical basis, that it seems 
entirely justifiable to take account of it in design 
(eg by re-distributing the piles or modifying the 
structure) if economy or increased safety can be 
achieved by so doing.

EARTH PRESSURE, BURIED PIPES AIJD TUNEELS

This Session contains some useful papers describing 
field measurements of earth pressure. In most of 
these studies hydraulic cells have been employed.
This type of cell is particularly attractive because 
it is very cheap and relatively easy to install and 
read. However, as mentioned earlier, little atten
tion appears to have been paid to the calibration 
factors of such cells when they are used at rigid 
boundaries. In view of the increasing use of these 
cells it is the General Reporter’s opinion that an 
intensive study of their performance under controlled 
conditions is urgently required.

Smoltcz^cet^jil give a very valuable account of de
tailed measurements of earth pressure and movement on 
two deep lock structures in Germany and highlight the 
important influence of seasonal temperature changes. 
The double ship hoist near Lüneburg consists of two 
adjacent U-framed structures constructed in a 14 m 
deep excavation with a silty sand backfill. The secw 
sonal temperature fluctuations have resulted in 
cyclic lateral displacements of the walls with a ten
dency for them to move progressively into the fill. 
Over a period of 4i' years the average earth pressure 
coefficient more than doubled and, at the time of 
writing, was varying from O.65 in the winter to O.y 
in the suimrer.

A 19 m deep face of the retaining walls for the Eibach 
Lock was fitted with earth pressure cells, some meâ - 
suring friction as well as normal pressure. Deflec
tions were measured with clinometers and extensome— 
ters were placed in the backfill. During backfilling 
operations the top of the wall moved out 32 mm in
creasing to 39 mm with time. During the summer the 
wall moved 10 mm into the fill giving rise to a sig
nificant increase in earth pressure.

Substantial fluctuation in earth pressure due to 
seasonal temperature changes have also been reported 
by Rathmayer. The paper outlines a novel design for 
a railway bridge in which the horizontal earth pres
sures and braking loads are taken on vertical buffer 
plates which are integral with the deck.

Uriel and Oteo present some measurements made on a 
circular excavation, 25 m in diameter and about 30 m 
deep, retained by a diaphragm wall, ifydraulic cells 
were used to measure earth pressures normal to the 
wall and circumferential pressures in the concrete.

Strain gauges were also placed in the concrete. The 
use of pressure cells for the reliable measurement of 
earth pressure against diaphragm walls is exceedingly 
difficult, especially in sand and gravel. The results 
obtained by these Authors show considerable scatter 
due, most probably, to the difficulty of obtaining 
satisfactory ,rbedding" of the cells whose action in 
concrete must be questioned. The reference bases used 
for the displacement measurements were less than 10 m 
away from the edges of the excavation. Observations 
on other excavations show that movements can extend 
as far as three times the depth of excavation away and 
hence the measurements must be treated with caution.

Richards presents an interesting case record of the 
development of very large pressures (up to five times 
the overburden pressure} due to the wetting up of an 
expansive clay. The behaviour was simulated by means 
of a non-linear finite element analysis in which the 
soil suction could be varied. The analysis supports 
the hypothesis that the horizontal pressures developed 
by wetting up of the soil from the base of the wall 
upwards.

Earth pressures

Hu.ioshi presents a very complete set of measurements 
on two braced excavations in Tokyo. Of particular 
interest is the magnitude and extent of ground move
ments outside the excavations. The Author develops 
a simple analysis based on an elastic beam on spring 
supports - the springs being elastio-perfectly 
plastic. By making use of the observed load-defor- 
mation behaviour of the struts and the soil deformâ - 
tion modulus from pressuremeter tests, predictions 
are made of bending moments and wall deflections at 
various stages of excavation which are in quite 
remarkable agreement with the measurements.

The use of reinforced earth retaining walls is devel
oping rapidly and the paper by Finlay and Sutherland 
describing the measurements that \*ere made on the 
first structure to be constructed in the U.K. at 
Granton should do much to encourage their use and con
tribute to an understanding of their behaviour. The 
6.3 m high wall consists of concrete facing panels 
and stainless steel reinforcing strips. The backfill 
material is burnt oil shale. Careful measurements 
were made of the movements of the concrete panels and 
the stresses at various locations in the strips dur
ing and subsequent to construction. The major move
ments consisted of outward tilt of each panel immedi
ately after placing the fill behind it. The general 
pattern of stress is increasing from the face of the 
wall to a maximum at a point within the front half of 
the strip and then decreasing to zero at the free end. 
The average stresses are in good agreement with con
ventional design values corresponding to an earth 
pressure coefficient Ka = 0.3, but are significantly 
larger than the value derived from the measured pro
perties of the fill. It is concluded that the con
struction procedure plays an important role in 
influencing wall movement, stresses in the reinforc
ing strips and the subsequent behaviour of the wall.

Two theoretical papers on earth pressures are inclu
ded in the Session. Yakovlev refers to analytical 
solutions he has obtained for active and passive 
earth pressures on walls with broken backs using the 
theory of Sokolovsky and Golushkevich. Vidmar and 
Majes study the development of passive pressure due 
to the translation of a rigid plate into a sandy silt



using an incremental elastic plane-strain finite 

element analysis in conjunction with soil data ob

tained from triaxial tests. The use of triaxial data 
in a plane strain problem probably accounts for the 
rather poor agreement with the model test data.

Two papers in this Session describe tests on buried 
pipes. James and Larsen have carried out some very 
careful and refined centrifuge tests on miniature con
crete pipes buried in sand to represent (i) a pipe 
beneath an embankment and (ii) a pipe in a backfilled 
trench. The pressures acting on the pipes were mea
sured by means of miniature contact pressure cells for 
registering normal stress, eccentricity and shear. 
Details are given of the circumferential distribution 
of radial and tangential pressures from which bending 
moment distribution and thrusts are calculated. Com
parison is made between a centrifuge test and a con
ventional surcharge test. The centrifuge test gave 
significantly higher vertical stresses at the crown 
demonstrating that gravity stresses need to be cor
rectly modelled. Nevertheless, it should be born in 
mind that the centrifuge tests were effectively of the 
"gravity switch-on" type and if the actual placement 
of the fill had been correctly modelled the results 
may have differed significantly.

Large-scale tests on buried plastic pipes are des
cribed by Tammirinne and Jttflskelflinen. The aim of 
the project was to investigate the behaviour of plas
tic sewer pipes in clay and other fine-grained back
fill. Deformation of the pipes were measured mechan
ically, strain gauges were attached to the pipes and 
hydraulic earth pressure cells were embedded in the 
soil close to the pipes. Detailed results are given 
for a variety of soil types and grades of pipe.

Miller and Spaun. in their paper 'Soft ground tunnel
ling under buildings in Germany*, give some results of 
surface subsidence caused by the use of the so-called 
New Austrian Tunnelling Method (NATM) and state that 
no damage was caused to buildings. The subsidence 
magnitudes they quote do not seem to be particularly 
small compared to those found with shield tunnelling 
using experienced crews under similar conditions.
Breth and Chambosse (1975) give detailed information 
about several buildings in Frankfurt where tunnelling 
took place beneath them using both the NATM and shield 
tunnelling methods. The observations suggest that 
damage was associated more with the form and construc
tion of the building than with the tunnelling method.
To keep subsidence to a minimum Mttller and Spaun cor
rectly emphasise the need to complete the closure of 
ring supports as fast as possible and the use of an 
experienced crew. The greater speeds of construction 
that are possible with shield tunnelling methods are 
surely an advantage in this respect. The high cost 
of NATM has also been questioned (Leeney, 1976, and 
O’Reilly, 1977).

EARTHWORKS AND TREATMENT OF POOR GROUND

A number of papers in this Session are concerned pri
marily with ground treatment and earthworks. The 
title of the session does not specify types of founda
tion or structure and therefore earthworks and earth 
structures do, of course, fall very much within the 
scope of the session. Sparks discusses the settle
ment of Venice and sets out clearly the factors that 
need to be incorporated in the analysis of a aquifer— 
aquitard system. An analytical model is described 
using a hexagonal grid and is applied to the Venice 
region. The predictions of pore pressures and

vertical strains due to pumping are compared with 
observations. Two solutions to the settlement 
problem are offered.

Burghignoli and Calabresi report on the long-term 
observations of settlement and pore pressure in a 
deposit of soft normally consolidated organic clay 
underlying a runway for Fuimicino airport. A not
able feature of the measurements is the apparently 
anomalous behaviour of the pore pressures which 
show a marked variability with depth. Many of the 
piezometers are actually registering a slow con
tinuous increase of pore pressure with time even 
though compression is taking place. The Authors 
attribute this behaviour to the structural viscosi
ty of the soil skeleton and refer to similar obser
vations by other workers - notably those of Chang, 
Broms and Peck (1973). Before this explanation is 
accepted too readily, the General Reporter believes 
that it may be timely to emphasise the importance 
of checking the reliability of the piezometers.
One of the limitations of standard pneumatic or 
electrical piezometers is that they cannot be 
regularly flushed with de-aired water. Marsland 
(1973) has reported a case in organic soil in which 
a pneumatic piezometer registered a head of water 
which was 5*75 m greater than that recorded on an 
adjacent twin tube hydraulic piezometer which was 
regularly flushed with de-aired water. The differ
ence is believed to result from the accumulation of 
gas in the tip of the pneumatic piezometer.

Badiou et al in their paper "Dykes on marine clay 
in Singapore" report on two successful methods of 
constructing embankments on the very soft clay in 
this region. The first method was to found the 
embankment on the surface and employ a carefully 
phased construction sequence, the cost of which can 
be kept to a minimum by careful monitoring. The 
use of sand drains was found to be inefficient due 
to the presence of natural sand layers. For under
water construction on weak clays a displacement 
method of construction was employed. A simple 
theoretical analysis was carried out to assess the 
penetration and spread of the embankment and the 
support provided by the displaced clay acting ae a 
surcharge. An experimental length of embankment 
was constructed to verify the principal features of 
the theory. Togrol and Dadasbilge also report on 
the successful construction of an underwater em
bankment on soft submarine sediments. Again con
struction was carried out in phases based on the 
results of a trial embankment.

The problems created by the collapse of Loessial 
soils on wetting are well known and occur in many 
countries throughout the world. In a very com
prehensive paper Stanculescu et al summarise the 
experience gained in treating such soils in Roma
nia over the last ten years or more. The methods 
discussed consist of deep compaction, earth piles, 
pre—wetting and deep explosions following pre- 
wetting. Controlled wetting and grouting have 
been used to correct differential settlements 
under existing structures.

Datve and Nagara.iu outline the various ground 
treatments adopted for founding different struc
tures on a 20 m deep layer of soft compressible 
deposits. The treatments consisted of various 
combinations of preloading, stone columns and 
sand drains. The foundation solutions appear to 
have been successful, but unfortunately the paper



throws little light on the actual improvements 

brought about by the various treatment methods as no 

comparisons were made with an untreated site. The 
behaviour of stone columns in soft clay is not undei>- 
stood and their effectiveness has yet to be clearly 
demonstrated. To date all the tests on stone 
columns in soft clay have been by quick loading with 
little or no drainage. Their behaviour under drain
ed conditions has not been studied. Further discus
sion on this problem can be found in the First Geo- 
technique Symposium in Print, Ground Treatment by 
Deep Compaction, Instn Civ Engrs, London (1975)*

The paper by Hansbo_jin̂ _Torstensson deals very tho
roughly with the subject of vertical drains for in
creasing the rate of consolidation in soils of low 
permeability. The major factors influencing the 
behaviour and effectiveness of drains are discussed 
and recommendations are made regarding the most 
suitable methods of soil investigation. The theore
tical aspects are considered and graphs are presented 
which facilitate the choice of drain spacing and 
drain diameter for different soils. Although much 
emphasis is placed on the Geodrain, the paper is ob
jective in its presentation and the results of a 
number of full-scale trials are reported. Of par
ticular interest are the 6tudies on the durability of 
the filter paper in Geodrains. It would appear that 
under normal conditions they do not function effec
tively for more than 1 to 1*- years. However, im
pregnation of the filter paper to prolong its life 
looks promising.

Souto_Silveira_an^_Gaioto discuss the stabilization 
of a 40 m thick layer of soft marine clay at Guaruja, 
Brazil, Vertical sand drains and preloading were 
used and the Authors state that the method was effec
tive in permitting the economic construction of 
buildings and industrial plant using shallow founda
tions , Only a limited amount of field data is pre
sented. Broms and Boman emphasise that lime columns, 
besides serving the function of piles, also act as 
very efficient drains. Their performance in both 
respects is demonstrated by means of comparative 
field tests at sites in Sweden and Finland.

The paper by ¿ngles_jind_Jjawson is a re—appraisal of 
the use of MESL (membrane encapsulated soil layer) in 
the construction of road sub-bases. It is concluded 
that the membrane need not be completely impermeable 
and with the advent of synthetic materials the re
quired properties of strength, durability, economy 
and low permeability can be achieved. Two field 
trials are described and the performance of the MESL 
system is shown to be very satisfactory.

EMBANKMENT DAMS

It has now become common to investigate the behaviour 
of embankment dams by means of finite element methods 
of analysis and it is always valuable to have field 
measurements which help to clarify the interaction of 
such dams with their foundations. Lefebvre presents 
measurements on the foundations of Manicouagan 3 dam 
in northern Quebec which point strongly towards 
cross-valley arching. The dam is 110 m hi^i and is 
underlain by a 125 m deep steep sided canyon filled 
with sand, gravel and boulders. A positive cut-off 
was formed by twin diaphragms of contiguous bored 
piles socketed into the underlying rock. Interest 
centred on the behaviour of these walls as the weight 
of the dam compressed the sediments on either side of 
them. Strings of Carlson electrical extensometers

were embedded in the whole length of some of the 
piles. The distribution of strain in the piles near 
the centre of the canyon suggests that little or none 
of the weight of the dam is reaching the sediments at 
the bottom of the canyon. However, the piles loca
ted further up the side of the sediment filled canyon 
are very highly stressed. Measurements of the 
settlement of the bedrock at the bottom and up the 
sides of the canyon similarly indicate that marked 
cross valley arching is .taking place. The practical 
implications of such arching are discussed.

The paper by Folque and de Melo also deals with the 
problem of a sediment filled valley containing clays 
as well as sands and gravels forming the foundation 
for the 37 m high Quiminha Dam. The sediments extend 
to a depth of about 40 m and a compressible cut-off 
wall of 0,8 m thickness was constructed through the 
sediments. The composition of the clay-cement slur- 
ry used for the cut-off wall was arrived at by trial 
and error so as to attain a compressibility which 
matched that of the foundation sediments. The ob
served settlements of the dam during construction 
are in reasonable agreement with predictions and the 
pore pressure observations downstream of the sedi
ments indicate that the diaphragm wall is performing 
satisfactorily.

Beavan. Colback and Hodgson discuss the pore pres
sures developed in the cores of seven embankment dams 
with heights ranging from 12 to 115 m. The pore 
pressure response is considered in terms of the rela
tionship between piezometric level h^ and height of 
fill hf (known as the piezometric response curve).
The form of the curve depends on the geometry of the 
dam, the permeability of material, the pore pressure 
coefficient B (= u/ O] ) and the rate of construction. 
The geometric effect results in A o-|/a  “f«hf becoming 
less than unity as h^ increases and is most signific
ant in steep-sided rockfill dams. The Authors con
sider thre classes of core material: glacial drift, 
overconsolidated clay and residual soils and the 
range of piezometric response for these materials are 
discussed in relation to the types of dam.

Dingosov and Markov are also concerned with pore 
pressures in cores of dams and they compare the cal
culated and observed pore pressures in the core of a 
75 m high rockfill dam. The calculated excess pore 
pressures are much greater than the measured values 
and the Authors conclude that the discrepancy is 
because the laboratory tests do not accurately simul
ate field conditions. The value of field measure
ments in developing experience and improving predic
tions for analogous situations is emphasised.
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