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ABSTRACT: Deep excavations give rise to movements in the surrounding ground with consequent potential
for damage to surrounding structures and buried services. A novel method used to reduce movements caused
by a 24m deep excavation, in London, involved the use of piles at excavation formation level as a means of
locally Stiffening the soil. A series of centrifuge tests is described that explore the effectiveness of piles in re
ducing vertical and horizontal ground movements behind an embedded retaining wall. The research demon
strated that piles located in the excavation formation were effective in reducing the magnitude of both vertical
and horizontal displacement; A parametricfinite element analyses of the model was able to provide reason
able predictions of the magnitude of displacement.

l INTRODUCTION
A trend for construction of deep basements in urban

areas has become established over recent years.
Major projects involving underground construction
are technically demanding and the construction in
dustry has responded to the demands with new con
struction techniques. Activities that involve deep
excavation cause significant stress changes in the
ground which inevitably result in movements of ad

available. There are nrunerous reasons for this
which include significant areas of uncertainty such
as details of stress history, three dimensional effects,
ground water level and variations in overall stiffness
caused by buried structures and services as well as
structures above ground level. It is therefore attrac
tive to have in the physical problem conditions _of
plane strain, combined with largely known and con
trolled boundary conditions, such as exist in centri
fuge models, to enable close comparison with nu

jacent foundations. , 'Prediction of likely ground

merical analyses of the same problem. Good

movements, assessment of their impact on existing

numerical predictions should be expected since there
is then very close comparison with the actual physi
cal model bourrdary conditions.

_infrastructure and the design of any mitigating

measures to avoid damage are an important part of
the design process. The magnitude and extent of the
ground movements are dependent upon many factors

including the nature of the soil, the construction
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methods employed and the time involved in carrying

out fthe work. Predicting and controlling these

movements involves complex design techniques us
ing comprehensive understanding of ground behav
ioru‘ as well as a detailed knowledge of construction
processes. However,-»-the ability to provide accurate

predictions is largely based on information from
previous field monitoring. For the new teclmique of
using heave reducing piles, with which this project

is concemed, no such data existed and a series of

centrifuge model tests provided useful insights into
the effectiveness of the techniques used.

It is notoriously difficult to carry out accurate
numerical analyses of complex geotechnical prob
lems, such as those associated with retaining walls,
even with the most advanced analytical methods

The construction of a 24m deep basement at the site
of the former Knightsbridge Crown Court led to the
use of heave reducing piles at excavation formation

level in an attempt to limit ground movements
around the site (Figure 1). The close proximity of
sensitive buildings, including a retained facade on
part of the site perimeter meant that extremely oner
ous design constraints were imposed with regard to
allowable settlement,. The requirement to maximise
the useable space within a relatively small site foot
print resulted inthe adoption of a heavily reinforced,
but quite slender, 800mm thick diaphragm wall at
the basement perimeter.
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PRECISE LEVEL STUD

tween the plane strain and axi-symmetry conditions
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suming conditions of axi-symmetry. The C0mp1¢X_
ity of the problem was such that accurate predictions

v\e\’~“€a1

especially in the wider part of the site. Howevei
both plane strain and axi-symmetric finite element
analyses predicted that movements would be sensi
tive to the construction sequence and the potential
for the piles to act in tension to reduce heave at the
base of the excavation. The assumption that this
would in nun lead to reduced movements in the sur_
rounding ground was therefore an important feature
of the overal_l design philosophy. A series of een
trifuge model testing to enable a better understand
ing of the effect of piles was therefore considered a
useful adjunct that could verify the results of the fi_
nite element analyses.

Figure 1 Plan showing pile layout at Knightsbridge Crown

Subsequent excavation (Figure 2) was canied out
using top down construction techniques with exca
vation generally progressing two levels prior to con
struction of successive permanent basement slabs.
By and large, temporary propping of the_ perimeter
wall was avoided apart from near to the ground sur

face. The basement construction sequence and

method meant that all piling was carried out Hom a
platform about 2 metres below ground level thereby
maximising any benefit that may accrue :from the
Stiffening effects that pile installation may' have on
the excavation formation.
G"W"‘d '°"°| Maln exuzvation Basementalab

B.DIT1 AOD -suns, wwh tyco

;s§=
s. gg ¥M=GI&\dd
==S=E3E;E;S;El_ -ve-if 255335555555 E; +

3 CENTRIFUGE MODEL TESTS

A series of plane strain model tests (McNamara
2001) was carried out at 100g on the Acutronic 661
geotechnical centrifuge at the London Geotechnical
Centrifuge Centre at City University. The centrifuge
has a working radius of 1.8m to the model platform
giving an operating radius of around 1.6m and is ca
pable of working at up to 40g tonne. Schofield and

Taylor (1988) describe the centrifuge in detail.
Models were made fiom speswhite kaolin mixed in a

slurry with a water content of 120% prior to being
consolidated to 500kPa and subsequently swelled to
250kPa. A general view of the model showing key
components of the apparatus is shown in Figure 3.
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Section through narrow part of stte showing
the general basement construction.

Figure 2 Section through the basement (narrow part) at
Knightsbridge Crown Court.

Numerical analysis of such a complicated ge

ometry was clearly not a trivial undertaking and re
sults could not be expected to provide very accurate

predictions of displacement. Whilst the problem
could not be accurately modelled in plane strain,
owing to three dimensional effects, neither could it
necessarily be represented more accurately by as

Figure 3 General view of the model showing key compo
nents of the apparatus General format requirements

The model was designed to represent a 12m deep

prototype excavation incorporating an embedded
wall of stiffness equivalent to that of a relatively
stiff 1.3m thick concrete prototype and three levels
of stiff props. Whilst only about half the depth of
the Knightsbridge Crown Court basement, the model
depth was sufficient to ensure that the essential ele
ments of behaviour of a deep excavation in overcon

solidated clay were modelled. The props could be

installed as the stress changes associated with exca
vation were simulated_by removal of fluids fiom the
pre-formed excavation. _ The prototype excavation
half width was l5m and the propping sequence was
intended to- simulate top down construction. Previ
ous centrifuge work on propped retaining wall be

haviour has made useof props that were fixed into
position using hydraulic locking units (Richards,
1995) and the props were instrumented to enable
horizontal loads-to be determined. However, for the
tests undertaken it was planned to usethree levels of

props, in close proximity to one another, which
would make direct instrumentation difficult. In an
attempt to simplify the apparatus it was decided that

miniature hydraulic' cylinders should be used to pro
vide prop reactions. These offered the advantage of

being able to measure, directly, the prop load by
monitoring oil pressure in the cylinders throughout
the test (Figure 4).
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Figure 4 General arrangement of main apparatus

This simple, but 'potentially less stiff approach
could be justified because prop loads were not cen
tral to the investigation. Prop stiffness was consis
tent although the magnitude of movement resulting
from flexibility in the propping system was not par
ticularly well known.

The problem of temporary support to a pre

of this method, with the constraints imposed by fluid
equal in density to the soil model, would imply that

KO, the coefficient of earth pressure at rest, was

unity.
An alternative approach was devised to allow for

the ability to control independently the horizontal
(wall) and vertical (excavation support) pressures.
This was achieved by the use of compressed air,
contained within a membrane. and separated .Hom the

dense fluid, to provide a surcharge at excavation

fonnation level that would simulate the overburden
removed during model making. A stiff plate at the
junction of formation level and retaining wall sepa

rated this membrane from the bag containing the
dense fluid used to support the retaining wall. The
choice of material for the bag containing the dense

fluid was not straightforward. The bag needed to be
both strong, flexible and fi'ee of leaks. Also, a fea
ture of the apparatus design was that the bag would
be trapped between the prop walings and the model
retaining wall. Fbr this reason it was decided to use
a purpose made 500 gauge polyethylene bag which,
although thin and relatively incompressible in _com
parison to rubber was not especially robust.

Three sets of tests were conducted. A set of

datum tests, in which no piles were used, sought to
establish the magnitude of displacements that may
be reduced by the introduction of piles. Two further
sets of tests in which either one row of 12.7mm¢ x

\it

120mm long piles were installed at a distance of

40mm hom the retaining wall or two rows as shown
in Figure 5
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Figure 5 Typical layout of piles at excavation formation level.

The piles were installed during model making
and were augured using a thin walled tube guided by

a purpose made template. Polyurethane ‘fastcast’

excavated soil model has, in the past, led to the use
of a dense fluid to maintain horizontal total stress
reasonably consistent with that in the clay, (Powrie,

period preceding spin up on the centrifuge. The

1986, Richards, 1995). Clearly, it would be possible
to vary the density of the fluid to provide some pre

stiffness of the piles was determined from a series of
compressive and tensile tests and indicated Young’s

determined magnitude of horizontal support that

resin was poured into the holes and cured during the

Modulus E=800Mpa whilst the density was

varied hydrostatically over the depth of the excava

l200kg/m3. Both stiffness and density were less

testing since it would be unreasonable to use a fluid

than could be assumed for a corresponding concrete
prototype. However, this was seen as advantageous

tion. However, this method limited the scope of
of a density unequal to the specific gravity of the
soil in order to avoid the imposition of an incorrect
stress at excavation formation level. Indeed the use

since there would be no beneficial self weight ef
fects of the piles and stiffer prototype piles could be

assumed to provide at least the same reduction in
displacement as the model piles.

Around 900 image processing targets were em
bedded in the front vertical plane of the clay surface

to monitor displacements throughout the model.
Details of the image processing used are given by
Taylor et al (1998). Additional measurements of
displacement at the retained ground surface were
made using LVDTs. The model was placed on the
centrifuge and accelerated to lO0g. Air pressure at
excavation formation level was increased during
spin up to provide the' variation in stress appropriate

to increasing gravity. The model was left at 100g
for about 36 hours pntil conditions of pore pressure
equilibrium were established as identified by pore
pressure transducers embedded in the soil.
- The test consisted of advancing the top-prop and

then modelling the first phase of excavation by
draining the dense fluid from the polyethylene bag
to the level of the middle prop whilst simultaneously
reducing air pressure acting ar excavation formation
level to a magnitude consistent with the depth of ex
cavation. This operation was repeated for each sub
sequent stage of excavation until the retaining wall
supported by three levels of props and the air pres

"

sure at excavation formation level was zero. As
each prop was advanced a force of approximately

200N was applied to the retaining wall. The ,oil res
ervoir was then isolated from the prop jack and each
prop thus fixed in place with a stiffness of approxié

mately l.75xl06N/m. There was no subsequent
control over magnitude of prop load. During this
period, which typically corresponded to a realistic
prototype excavation period (8 weeks), images were
grabbed at 2 second intervals.

4 RESULTS p

In tests where piles were used to stiffen the excavation
formation the retained ground surface displacements were
significantly reduced in comparison to tests without piles
(Figure 6).
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Figure 6 Comparison of settlement behind retaining wall at
completion of simulated excavation for tests with and without
piles at excavation formation

The use of l row of piles resulted in a significant
reduction in maximum settlement behind the retain_
ing wall of about 40%. However, at this stage, there
appeared to be less distinction between tests that in.
corporated either one or two rows of piles indicating

that in the short term there may be limited benefit
from installing additional piles. The maximum dig
placement* was found to be reduced by about 60%
using 2 rows of piles.
At a distance of approximately 2H behind the re~
taining wall (i.e. 240mm) no consistent reduction in

settlement was seen. Overall, the settlement of the
retained ground surface was less pronounced and
was subject to less variation in the tests that included
piles. After a 'period of consolidation following eX_
cavation the additional stiffness provided by 2 rows

of piles was seen to be a little more effective in
maintaining the reduced displacements.

At the excavation formation heave was reduced
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Figure 7 Comparison of excavation formation displacements
measured using image processing at end of simulated excava
tion for tests with and without piles at excavation formation

Marked reductions in displacement were seen
around the positions of the piles leading to a more
uniform distribution of heave. Near to the end wall
of the strongbox and at a depth below the toe of the

retaining wall displacements for all tests were

similar indicating that boundary effects influenced

displacements. ' '

In Figure 8 image processing data has been used

to show the horizontal displacements behind the
retaining wall in three tests with varying formation
stifhiess. At the toe of the retaining wall increasing

numbers of piles resulted in reduced horizontal
displacements. Where 5 piles were used movement
was reduced by about 50% and an additional row of
piles reduced displacement by about 70%.
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5 COMPARISON OF RESULTS WITH FIELD
MEASUREMENTS AND NUMERICAL
ANALYSIS
In order to quantify the- Stiffening effect of the piles

it is necessary to know the initial stiffness of the
soil. Determining the stifhress of even the relatively

homogeneous mass of soil' used in the centrifuge
model is not straightforward and the problem be
comes even more complicated with the introduction
of piles at excavation formation level. This means
that, whilst it would be advantageous to view the
problem in terms of relative stiffness, such an ap
proach is inappropriate owing to the level of com
plexity, limited test data and insufficient knowledge
of material parameters. However, if a relationship
exists in the model tests between the displacements
resulting from excavations in which the formation
was not stiffened and those in which piles were used

then this could bel used to indicate how similar
measures used in the same situation at prototype
scale could influence displacements. It therefore
follows that in determining the relative stiffening
effects between the model and the prototype the in

fluence of piles should be viewed in terms of an
overall effect in the model and then an estimate
made of their likely effect in the prototype.
In Figure 9 the normalised (retained ground sur
face settlements measured in tests AMI3, AM14 and
AMl5 are compared with those from finite element

analyses predictions (Geotechnical Consulting
Group, 1998) and monitoring data from the site of
the former Knightsbridge Crown Court.

The site and the centrifuge model possess some
elements 'that are geometrically similarly propor
tioned, asshown in Figure 10, although the depth of
the excavation differs significantly.

Figure 9 Comparison of predicted and measured displace
ments at Knightsbridge Crown- Court site and results of centri
fuge model tests.
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Figure 10 Comparison of geometry of Knightsbridge Crown
Court site with the centrifuge model.

For the field situation, the finite element analysis
(Geotechnical Consulting Group, 1998) predicted a
reduction in maximum displacement resulting from
the use of piles of about 25% to 30% whilst the ac
tual maximum measured displacement was,Qin turn,
about 75% of that predicted. Thefinite element pre
dictions were therefore reasonably accurate although
somewhat conservative. It should also be noted that
there was a significantly greater reduction in vertical
stress at formation level associated with the addi
tional depth of excavation at Knightsbridge Crown
Court when compared to the centrifuge tests. This

could be expected to contribute to potentially in
creased displacements hom both wall and formation
movements.
In the centrifuge tests much greater reductions in

displacement (between 40% and 55%) were seen
with the use of piles. This seems reasonable owing
to the much lower soil stiffness in the model com
pared to the field and thus the use of piles could be
expected to have a relatively greater effect. A para
metric study involving Enite element analyses pre

dictions of the model behaviour (Kopsalidou 2000)
suggested reductions in .displacement when using
piles that were less than those seen in the centrifuge
tests (Figure ll).
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Figure 11 Comparison of retained ground surface displace
ments measured in centrifuge tests and predicted using finite
element analysis.

In modelling the prototype at Knightsbridge
Crown Coiut predicted reductions in displacement
resulting from the use of R piles were of a greater
magnitude. This suggests that the respective finite
element analyses do not predict similar influence of
piles.

6 CONCLUSIONS
Centrifuge tests have confirmed that the use of piles

at excavation formation level can be beneficial in
reducing -ground movements although the circum
stances in which their use is considered is important.
In general, piles near to the retaining wall have been
found to provide substantial reductions in both verti
cal and horizontal ground movement and increasing
the _intensity of piles, by providing an additional row
towards the centre ofthe excavation, has a small ad

ditional benefit in_ the short term (i.e. largely
undrained conditions). After an extended period
such that there is time for dissipation of pore pres
sures then additional piles have an -important influ
ence on maintaining control over displacements.
'Whilst the overall magnitude of displacements in
the centrifuge tests and field appear to be reasonably
well predicted by finite element analysis accurately
modelling the effects of the piles is much more diffi
cult and there is a lack of consistency suggested by

the results of the two sets of analyses undertaken.
This means that establishing correlations between
the centrifuge tests and finite element predictions of
the field problem is difficult but also not entirely un

expected owing to the complexity of the problem.
Quantifying the overall stiffening effect of the piles
cannot be readily achieved using the results of the

finite element analyses considered in this project
although the generally good consistency achieved in

the results of the centrifuge tests may permit such an
estimate to be made.

7 IMPLICATIONS FOR BASEMENT DESIGN
AND CONSTRUCTION
Where existing basements are incorporated into new

developments the effect of existing foundations,

both deep and shallow, during tmloading associated
with demolition is ignored. This often leads to time
consuming and costly phased working whereby only
partial unloading of the formation level is permitted
prior to reloading from the new structure. Such re
strictions are especially relevant when buried stru¢_
tures, such as ttmnels, exist in close proximity to the
excavation. The influence of existing piles in such
cases could be considered and may allow a less re
stricted approach.
In general there is a reluctance to provide piled
foundations for new structures when deep excava
tion is involved owing to the fact that large stress re
ductions caused by excavation will provide an ade

quate _ bearing capacity for a rafi foundation.

However, the alternative approach of including piles

should be considered when the control of ground

movements is considered a critical issue.
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