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ABSTRACT: A total of twenty one papers were grouped in this session. As the title of this session implies,
these papers covered a wide spectrum of topics related to deep excavations. The reporters have divided these
papers under two main themes: wall movement and control of wall movement, and more general causes of
movement. The main conclusions the reporters can draw is that in many practical situations where control of
movement.is important, the retaining system is designed to be sufficiently stiff so that movement is reduced to
a very small amount. In that situation, the analysis is less sensitive to variation in soil parameters than to the
nature of the supporting structure. Wall movement is not the only potential source of ground movements
during deep excavation. This must be recognised, else any back analysis or design will not be correct.

l INTRODUCTION cavation in General, the areas covered were substan
tially broader. This made it more difficult to write a
general report, but also more interesting.

ground space has led to an increase in deep excava
tion near to existing structures, though occasionally,
some substructures are still constructed with toler
ance for larger movement. A total of twenty one pa
pers were grouped for this session. These twenty
one papers cover a wide spectrum of topics; and it
was not an easy task to distill a clear theme running
through all the papers. However, the reporters have
on their own draw a thin line to further separate the
papers.

The following report is divided into two main
sections. The first section covers cases where one
requirement for the substructure construction is the
control of movement. Issues pertaining to what are
the field evidences, how analyses are conducted and
how the movement are controlled will be discussed.
In the second section, causes of movements are ex
amined in two broad categories: those that cause
catastrophic failure and those that lead to general
movement but not failure.

2 WALL MOVEMENT AND CONTROL OF
MOVEMENT

There are 21 papers in this session. ll papers out of
the 21 can be broadly classified as concerned with
wall movement and methods to control wall move
ments in an excavation. Though these papers were
under the classification of Braced Excavation - Ex

The first thing that came to mind was what is of
interest to researchers and engineers alike from a
collection of papers such as these? Clearly, there are
three aspects of interest, namely:

i. What do the data in these papers tell us about
deformation and excavation in the field? What can
we leam from these data?

Clearly, the data can only come from two sources,
namely from field instrtunentation and laboratory
data, which are mainly from centrifuge testing.

ii. How do we predict it?
For this, invariably, recourse to numerical meth

ods will have to be made. The pertinent issues in
clude the type of numerical analysis, the choice of
soil models, the choice of soil parameters and how to
establish that a particular predictive approach is uni
versal and not peculiar to a specific experience of
back analysis.

iii. Once we know that there will be movements,
what we can do to control it? How do we establish
that a method is perfonning as desired? What are
the options available as far as deep excavation is
concemed?

This part of the general report is organised to
follow the thought process laid out above. More im
portantly, important lessons will be drawn, even
from these few cases, to ensure that future research
can be focused on issues that will have direct rele
vance to what is happening in the field.

Vlfhat can we tell from the real behaviour?
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A total of six papers have included data of some
sort from the field, while three papers have data
from the laboratory, mainly from centrifuge testing.
One paper concerns itself with the stress-strain soil
of soil element with improved soil column, and in a
philosophical sense is more basic and not directly
related to deep excavation. Though such a small
number is not adequate to form a basis for an in
formed assessment of field performance, there are
common themes running through these papers.
These themes will become clear in the following
section when field data are examined.

2.1 Behaviour #om the field

Schweiger et al. showed data from an excavation for
an underground car park which is next to an existing
underground railway line. Their main interest is in
the application of the observational method to this
excavation using 2-D FEM analyses run on the pro
gram PLAXIS. This approach will be discussed
later on. However, as is clear from their paper, the
maximum vertical and horizontal movement during
excavation is in the range of ll - 13mm.

Imamura et al. studied the movement around an
excavation for a shaft, using the centrifuge. Large
movement was imposed on their centrifuge model.
However, one set of data was shown in their paper
from a large-scale shaft construction of diameter
30.6m and depth of 60m. This data showed a maxi
mum vertical settlement is about 7mm, near to the
wall. This is many times smaller than that for their
centrifuge tests.

Bloodsworth and Houlsby evaluated the effect of
an excavation for a shaft on a nearby masonry
structure of historical importance. Due to the im
portance of this old masonry structure, movement
needs to be stringently controlled. Their paper
showed a maximum settlement of about 9mm. Ac
cording to their assessment later on, a tunnel con
structed nearby may have contributed up to 3mm to
the settlement; that is over 30% of the observed
value.

Normalized distance from the shaft , X/ Dp

Figure Za. Centritirge data on settlement from Imamura et al.
(1999)
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Figure 2b. Field settlement data from Imamara et al. (1999)

de Wit et al. showed one set of data from a field
test on excavation of a trench for a panel of dia
phragm wall. Again, this detail is regarded as im
portant as the planned excavation is at extremely
busy locations in Amsterdam, and near to buildings
of historical importance. The actual observed
maximum surface settlement is less than 0.04% of
the depth of trench; which for a 30m deep trench
translates to less than 12 mrn.

Hongo et al. showed field data from a project us
ing ground freezing technique to provide frozen col
umns to underpin an existing structure while exca
vation is carried out underneath this structure as well
as in adjacent ground. Two interesting observations
can be made; horizontal displacements were very
significant during the freezing and thawing ofthe
frozen columns, but movement is small during the
actual excavation, and is of the order of about
20mrn.

Liu et al. 's paper is to introduce a method is
based on what they termed as time-space-effect. In
that paper, they presented the maximum horizontal
wall deflection of a wide range, from 10mm to
106mm (8/D ~ 0.7-0.8%, except for first case).
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Figure 3. Settlement data from Bloodsworth & Houlsby
(1999).
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Figure 4. Normalised settlement data from De Wit et al (1999).
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Figure 5. Centrifuge settlement data from Ala'a El Nahas et al

(1999).

Usually, the settlement and movement in the ground
would attenuate rapidly with distance. However,
little other detail is available from their paper.

2.2 Behaviour from cem‘rU'uge

Ala ’a EI Nahas et al. used the centrifuge to model
the behaviour of a self supporting wall (SSW) sit
ting on a soft clay. This is a new form of soil im
provement whereby large soil wall is constructed to
facilitate excavation without the use of struts. Of
relevant to this section of the discussion is the fact
that their data showed that pre-failure deformation is
insignificant, but that failure is sudden.

Ohishi et al. studied the effectiveness of using
ground improved using the DMM, but with the ad
dition of fly ash to control heave. They conducted
centrifuge tests whereby two levels of struts were
pre-installed and then conducted an excavation
simulated by draining of heavy fluid to evaluate the
effectiveness of controlling heave. As a control
model, this is acceptable, but the situation simulated
is different from field where the struts were installed
after excavation.

Imamura et al., in the same paper as described
earlier, also used the centrifuge to study the earth
pressures acting around a shaft and the associated
movement. A significant observation was that
movement observed during the centrifuge tests was
many times larger than that observed in the field.

2.3 Immediate impressions

In many excavations in urban areas, the need to
control movement imposed by relevant authorities
has meant that actual allowable movement in adja
cent ground is limited and often of the order of less
than l5mm. When system is designed to control
movement, the induced movement in adjacent
ground is very small. The key question for engi
neers and researchers alike is how to reconcile two
opposing forces, namely imperfect analysis or ap
proximate centrifuge testing versus the demand of
having accuracy to the millimeter magnitude. More
importantly, from an engineering point of view, if
there are uncertainties due to the analysis and soil
profile, then how much can we rely on it. Alterna
tively, how much must we rely on the known struc
tural system to provide confirmed rigidity and stiff
ness to the whole system(soil structure) to withstand
the changes in loading and produces a manageable
amount of movement, in spite of imperfect knowl
edge of soil_ behaviour, profile, initial condition and
constructioii sequence.

The second issue is the complexity in interpreting
the behaviour and relating them to field behaviour,
especially on aspects relevant to geotechnical engi
neering. In a number of cases summarised above
and elsewhere in this conference, including other



papers in this session, other often overlooked factors
are just as important, if not more important in con
tributing to the movement. Unless these are known
a priori, back analysis and interpretation will be
misleading. If Bloodworth and Housby did not
know about the tunnel, a back analysis would then
require a lower stiffness to produce the larger
movement. Similarly, in the case reported by Hongo
et al., the movement caused by other activities, in
this case freezing and thawing, produced far more
significant movement than that due to the actual
construction.

2.4 How Z0 predict the movement?

A total of six papers presented various aspects of
numerical analyses. In spite of the small number of
papers, it is interesting to note that they represent a
broad spectrum of the types of numerical analyses
available today. These papers also vary in the de
gree of sophistication, ranging from very detailed
analysis to highly simplified analysis. Before we
can discuss the message from this paper, it is im
portant to reiterate the important steps in a numerical
analysis.

For any nrunerical analysis, a number of decisions
have to be made before the analysis can be carried
out. Briefly, these are

0 Type of numerical analysis (FEM or spring and
dashpot model; 2-d or 3-d)

0 Soil models

0 Selection of parameters
0 Degree of details
° Verification of results including back analysis
A brief summary of the papers presented in this

section will be given following the sequence of
questions described above.

2.5 Type of numerical analysis ana' choice of soil
model

Three of the papers are based on FEM analysis using
the so-called coupled equations; that is equilibrium
equation, Darcy’s Law and the effective stress prin
ciples are combined to described the consolidation
behaviour. This is also frequently referred to as the
Biot’s Formulation.

a.Bl00dsw0rth ana' Houlsby described a very de
tailed three-dimensional FEM analysis including the
coupling of a masonry structure to the soil mass, and
incorporated a kinematic -hardening model, which
included the effect of small strain stiffness. The jus
tification for the need for such details is the fact that
very small movement is needed to cause cracks in
the old masonry structure. Thus accuracy is supreme
in this case.

b. Schweiger et al. on the other hand adopted an
observational approach to improve their 2-D FEM
analysis using the FEM code PLAXIS. The recog

nition that 2-D analysis is approximate necessitates
the need to refine soil parameters using data from the
early stages of construction. They have thus adopted
an observational approach; a prudent move, if it is
recognised that the type of analysis is approximate
and the probability of getting everything right during
design is remote. They adopted a modified hyper
bolic model which allowed for a smooth transition to

unloading and reloading. Very good agreement was
obtained in the prediction, after refining parameters
from data obtained in the first three stages.

c.de Wit et al. also used PLAXIS to conduct 3-D
FEM analysis to study the deformation due to the
opening of a trench for the construction of _ dia
phragm wall. All layers were essentially modeled as
a linear elastic model with the Mohr-Coulomb yield
surface.

One paper in this session, by .He et al., used the
total stress analysis to analyse their excavation
problem. The assumption was made that the period
of construction is short and the behaviour is essen
tially undrained. They conducted 2-D analysis using
the Duncan-Chang hyperbolic model to describe the
soil. No mention was made concerning how this
model would behave in unloading and reloading,
important in a system where strutting is carried out.
This paper reported purely numerical results, using
this as a basis to evaluate different configurations of
soil improvement and their effectiveness. One fig
ure, with little detail, was discussed and they were
able to show that their analysis is in close agreement
with observed data.

One paper reported by Kim et al. is based on the
program FLACZD. This program, from this re
porter’s knowledge is based on the finite difference
scheme and use an algorithm referred to as Fast La
grangian. Kim et al. were analysing the effective
ness of using pretension in soil nailing system. They
had also evaluated the mobilised friction using some
simple model and an empirical relation to reflect
changes in soil properties due to the nailing process.
No data was available for comparison in this paper;
this lack of data was recognised by the authors
themselves.

In this session, only one paper used the sub-grade
reaction model (spring type model) to conduct their
analysis. The usual limitation imposed by this
method was recognised and the authors, Liu et al.,
proposed a “new method” to evaluate the subgrade
reaction to be used in their analysis. Many “cor
recting” parameters were introduced to account for
time, space, rheological and other parametric effects.
These “cor;rections” or “accounting” include consid
eration of the soil layer by layer. Clearly, a vast data
base is needed for such an approach, and in their
case, in the Shanghai area, they reported that they
were able to achieve milli-meter accuracy. How
ever, the applicability of this approach to totally new
area has to be further verified.



2.6 General comments

Even with this small number of papers, it could be
seen that they really represent, in the philosophical
sense, the whole spectrum of usual numerical analy
sis. The papers presented analyses with great varia
tion in details, types of soil model used; types of
analysis carried out. But as is usual with one of the
most persisting observation in such works, most
authors reported that that, generally, their analytical
results are in good agreement with experimental or
field observations. However, different authors give
different details on how they verify the accuracy of
their analysis; a point that should face more serious
scrutiny in future reviews.

It is also obvious that in many practical situa
tions, it is difficult to capture all essential details;
and often overlooked details which are peculiar to
each site may play an important role distorting the
data, so that without accounting for it, back analysis
may be no more than curve-fitting. This often poses
the greatest difficulty in analysing field construction
where a number of concurrent activities are under
way.

If soil is highly non-linear even at small strain;
parameters should be sensitive to any perturbation.
The movement required to mobilise a strain of
0.001% or 0.01% may be small, but the change in
stiffness, from elemental test data, is significant.
Two issues arise naturally out of this observation.

0 First, engineers are increasingly faced with the
problem of conducting approximate analyses in de
sign and then expect to produce a design, which can
control soil movement to the order of 10mm. The
approximation comes from actual construction pro
cedures which do not follow exactly the prescribed
sequence in analysis, imperfect knowledge of soil
profile, initial conditions and soil parameters.

0 A more relevant question to engineers (not re
searchers) is then how to design a substructure safely
in light of these uncertainties. It is the opinion of
this reporter that the engineers have often took a
wise course; they build a sufficiently stiff retaining
and bracing structure which is so strong that the
stiffness of soil contributes little to the overall stiff

ness of the soil structure system. Thus, most practi
cal structures as are reported here can control
movement to around l0mm, though as is also evi
dent, analyses are often course.

2.7 How can we control the movement?

Naturally, after an initial assessment of possible
movement, the next question is how to control the
movement. Seven of the papers summarised by this
reporter dealt with this topic. However, as grouped
by the organiser under a general session, they actu
ally covered a wide spectrum of methods. Dominant
among these papers is the use of some type of soil
improvement through cement mix.

Ground improved with additive (cement and fly
ash)

0 Ohnishi et al. investigated the use of FGC-DM;
this is essentially a deep mixing method, but with f`ly
ash added. The paper was concerned with the effec
tiveness of an improved layer to control heaving.
However, two aspects of their modelling techniques
rendered their results useful for calibration purpose,
but have little relevance to practical situation. These
are pre-installation of struts above the improved soil
layer and the use of heavy fluid for the entire soil
layer

0 Ala 'a EI Nahas et al. studied self-supported
DMM wall. The paper was concerned with the basic
mechanic concerning the stability of such a wall. ln
flight excavation was carried out to provide a realis
tic simulation. The main and most important obser
vation from this investigation is that failure will oc
cur suddenly with little warning.

0 Liao and Su studied the stress strain behaviour
of grout column reinforced soil in a truetriaxial ap
paratus. This is actually a paper without direct rele
vance to excavation, but recognises the fact that such
method is often used to stabilise deep excavation.
The authors’ key point is that at low replacement ra
tio, strength increase is not significant but the in
crease in stiffness is much more significant.

'Xie et al. use a 2-D undrained FEM analysis
with Duncan and Chang hyperbolic model to evalu
ate suitable shapes for improved ground. Various
configurations were examined though little details
were given to the initial ground condition and the
improved soil properties. Their figures indicated a
maximum wall lateral deflection of 48mm in a can
tilever mode. This is a small value for such a mode
and may already reflects a reasonable stiff soil.

By provision of frozen underpinning column

0 Hongo et al. reported a novel approach of using
frozen soil columns to underpin a structure while an
excavation is carried out, including partly under
neath the structure. An interesting aspect of this
works is the fact the movement during the freezing
and thawing process is much more significant than
during the actual excavation process. This is not an
uncommon experience with many soil stabilisation
techniques, once the technique is introduced, it is ef
fective in controlling the movement. But the instal
lation and subsequent withdrawal effect can be more
important than the actual excavation process.

Use of soil nailing

0 Kim et gl. presented the only paper in this ses
sion where anchoring in the form of soil nailing is
used. Their main interest was focused on the issue
of providing pretension to the nail and the effective
ness of this. At this stage, there is a lack of field
data, and the evaluation is mainly through analytical
and numerical means.



2.8 What have we learnt?

As a summary for this section of the report_ a num
ber of conclusions can be drawn. These are:

0 Movements are generally very small, of about
l0mm. When the movement, and therefore the
strain, is so small, the parameter of importance is the
mobilised stiffness (or subgrade reaction). However,
this parameter is highly non-linear and what this
means is that any perturbation can lead to significant
changes to the value used in an analysis.

0 However, the practical requirement is that
movement needs to be controlled to very small mag
nitude. This essentially means a very stiff retaining
system is needed for the excavation. For such a
system, the analysis may not be as sensitive to the
soil properties as elemental testing would suggest.

° There are a lot of details to capture to be able to
truly represent the actual construction process. This
is true for both numerical analysis and centrifuge
testing. However, in most practical situations in
deep excavation, the actual construction process is
very complex and it is virtually impossible to cap
ture everything. Back analysis, without knowing all
the possibilities, may lead to erroneous conclusions.

3 FAILURES AND GENERAL MOVEMENTS

For excavations, wall movements are commonly the
cause of the majority of the settlement associated
with the excavation. Many of the papers relating to
excavations that have been presented at this Sympo
sium have been specifically about the prediction or
measurement of wall movement. However, it is im

portant to remember that wall movement is not the
only potential source of settlement, or indeed of the
failure of an excavation. The remaining papers in
volving excavations presented at the symposium will
be considered in the broad context of the various

potential causes of movement due to excavations.
For simplicity, the potential causes of move

ments due to excavations can be divided into those
causes that result in catastrophic failure, and those
causes that lead to general movement but not failure.

Some potential sources of catastrophic (failure)
movements are summarised in Table l.

Table l. Potential sources of catastrophic (failure) movement.
Failure of retaining wall
Failure of struts or anchors

Base failure - base heave in soft clay
Base failure - hydraulic uplift or Qping
lnflow through gaps - in squeezing or flowing_ground
Seepage through gaps - loss of fines
Seismic events

In this list ‘seismic events’ has been included
even though the event causes movement through one
of the other direct sources listed. However, it is in
cluded as a separate category here because of its un
usual nature and because one of the papers presented
is about the effects of a major seismic event on deep
excavations.

Some potential sources of general movement,
short of failure, are presented in Table 2.

Table 2. Potential sources of general movement around exca
vations

Deflection of wall
Installation of wall
Installation of anchors

Removal of struts or anchors and backtilling
Removal of walls

Installation of ground improvement
Consolidation due to seepage
Seismic events

3.1 Potential causes of failure (catastrophic
movements)

None of the papers in this session of the Symposium
dealt with the failure of walls, struts or anchors.
However, Allersma & Toyosawa (1999) and Kort et
al. (1999) presented failure and studies related to
failure in the earlier Session 4. it

Kawasaki & Shioi studied basal failure by
undrained base heave in a I g model. The experi
mental work consisted of excavating through soft
bentonite clay within 30cm diameter plastic pipes.
Additional load could be applied using a sand sur
charge. A lower layer of sand could also be used to
apply a hydraulic pressure at the base of the layer of
bentonite. The study was limited by a number of
factors. The movement of the ground was measured
in the horizontal direction only outside the excava
tion; vertical movements were only measured in the
base of the excavation. The bentonite clay used for
the study had a nearly uniform strength with depth,
which is not a common condition in most of the soft
clays where base heave is a real problem. One inter
esting conclusion given in the paper is that ground
improvement is more efficiently applied around the
excavation than in the excavation base. However,
the actual test results do not appear to provide evi
dence for this conclusion. The study needs to be
further developed to be of value in practice.

Another paperion the general subject of base
heave is that by Inoue et al. (1999). This paper deals
with the hetave of the base of a 39m deep excavation
due to thelstress relief involved in excavation. Al
though this was not a failure, the measured move
ment was large at nearly l60mm. Initial predictions
of movement had been based on soil stiffness values

measured using shear waves. The measured move
ments were then used to backanalyse the actual stiff
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groundwater. Tanaka et al. (1999) present the re
sults ofa lg model to study the critical head required
to cause failure of the base of an excavation in sand.
The main study confirms the use of the ‘prismatic’
failure theory presented in the 1s‘ Symposium (Ta
naka et al. 1996). The study also provides interest
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Figure 6. Change in stiffness with stress ratio, 39m deep exca
vation, from Inoue et al. (1999).

ness of the ground. It was found that the backana
lysed stiffness was as little as 5% of the initial
stiffness in the clay layers. This is presented in
terms of change in stress level in Figure 6. How
ever, the strain in the base of the excavation was
high, in the order of 1 to 2%. It therefore appears
that the data in Figure 6 could also be presented in
terms of strain, and would show the typical relation
ship for change of stiffness with strain.

Two of the papers relate to groundwater and the
potential for failure of the excavation base due to

from their paper. At this particular site, the ground
consisted of a sequence of sand and clay layers.
Based on the borehole data only, the aquitard (clay)
layers would have been expected to follow the pat
tern shown by the dashed lines in the F igure. How
ever, the pumping test showed a significantly differ
ent continuity for the layers on the site. The differ
ence could be crucial in the safe design of a deep
excavation in such conditions.

Gaps in temporary retaining walls are surprisingly
common, and present a major area of risk for the loss
of ground. In subway construction along road corri
dors a common cause of gaps is the presence of
utilities. Where the utilities are deep the cost and
time involved in moving them to avoid leaving a gapMountains P13111
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Figure 7. Use of pumping tests to establish continuity of aquifer and aquitard layers, from Ono et al. (1999).



may be prohibitive. Gaps may also occur in an un
planned manner, through problems in constructing
adjacent sections of wall or in the declutching of
sheetpiles. In squeezing or flowing ground, very
large volumes of grotmd can be lost through such
gaps very quickly. Even limited seepage without
obvious ground loss can lead to loss of fines in the
ground outside the excavation. No example of a
failure related to gaps in walls was presented in this
session, but Som (1999) presented a particularly
dramatic failure in Session 4.

Major seismic events, such as the Great Hanshin
earthquake, cause great damage to surface structures.
The potential for damage to underground structures,
particularly when only temporary support has been
installed, is obviously of great interest. Furukawa et
al. summarise the effects of the Great Hanshin
(Kobe) earthquake on 80 excavations that were open
at the time of the event. The results show surpris
ingly little effect, given the size of the event. For 60
of the excavations there was no visible damage to
the support system. For 17 of the excavations the
support system showed only slight damage, and only
3 of the excavation support systems showed ‘tre
mendous’ damage. In general, the effect on the
struts appears to have been greater than on the walls.
Vlfhere there was damage to walls it included crack
ing of soil cement columns, damage to sheet pile
joints, and damage at junctions between different
retaining systems or corners. Damage in the city ar
eas was less than that observed in reclaimed areas.
Liquifaction of the reclamation fills seems to have
been a maj or factor in the increased damage in those
areas. However, the authors also consider that the
presence of nearby buildings designed to earthquake
resistant codes helped to protect the excavations in
the city areas.

3.2 Potential causes ofgeneral movement

Saji et al. have reviewed the settlements due to some
200 excavations in Tokyo. The results they give
make an interesting contrast with the specific cases
presented at this Symposium. Most of the specific
case studies of excavations presented at the Sympo
situn have involved relatively low settlements, often
of the order of 0.1% to 0.5% of the depth of the ex
cavation. However, the plot of settlement presented
by Saji et al. includes values as high as 6%, with
many in excess of 1% of the depth of excavation
(see Figure 8). In their study, Saji et al. have in
cluded a wide variety of excavations, with some less
than 2m deep. It is also apparent that many of the
excavations studied were for river walls. It seems
likely that many of the excavations were in areas
where settlement was not particularly critical. Saji
et al. conclude that settlement is related to the stiff
ness of the retaining system and the strength and
stiffness of the soils below the base of the excava
tion.

. Distance from Edge/Depth of Cut$3 0 5 ro 15 20 25 30
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Figure 8. Settlement summary for 200 excavations in Tokyo,
from Saji et al. (1999).

The movements summarised by Saji et al. are for
the total settlement induced by excavation. It is pre
sumed that the settlements therefore include the ef
fects of many or all of the factors listed in Table 2.
Two of the papers in this session, by Kemfert & Ge
breselassie, and by Horiuchi & Shimizu, are case
studies in which the causes of the settlement re
corded are given in some detail.

Kempfert & Gebreselassie summarise the move
ments recorded due to an excavation in Constance.
The excavation was supported by an anchored pile
wall. The maximum recorded settlement, of
56.2mm, represented just less than 1% of the depth
of excavation (5.95m). As shown in Table 3, only
10 to 35% of the settlement was a direct result of ex
cavation. In contrast, 65 to 90% of the settlement
was a result of the effects of pile and anchor excava
tron.

Table 3. Percentage of settlement for each major activity,
5.95m deep excavation, Constance, from Kempfert & Gebre
selassie (1999).

Point Pile installa- Anchor in- Excavation
tion stallation3 9% 70% 21%4 1 8% 7 1% 10%7 3% 72% 25%8 4% 6 1% 3 5%

Horiuchi & Shimizu record the movements near

a 5.6m deep excavation through alluvial soils in Ja
pan. The excavation was supported by sheetpiles
and struts. The maximum recorded settlement, of
171mm, represents 3% of the depth of excavation.
As little as 4% of the movement was a direct result
of excavation. As shown in Table 4, the majority of
the settlement occurred during sheetpile extraction.
Some movement was also recorded during the re
moval ofthe struts and backfilling. The settlements
recorded during strut removal, backfilling and sheet
pile extraction were not only much larger than those
during excavation, but also had a much wider zone
of influence. As shown in Figure 9, some settlement
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Figure 9. Settlements during excavation, back filling and
sheetpile extraction, from Horiuchi &Shimizu (1999).

was recorded 35m from the excavation. The zone
extended to over six times the depth of the excava
tion.

Franzen et al. present a trial into different meth
ods to control the settlement experienced by sewer
pipes laid in the base of a 2m deep trench in soft clay
in Sweden. They divide the settlements into three
groups, by cause:

1) Backfilling over the sewer pipe
2) Removal of sheetpiles
3) Time dependant effects.

Table 4. Settlements due to a 5.6m deep excavation, from
Horiuchi &Shimizu (1999).

Excavation Backfill Extraction Total
A 32mm 10mm 113mm 155mm

(21%) (6%) (73 %) (100%)B 7mm 2mm 155mm 17 1 mm
(4%) (1%) (91%) (l00%)C 25mm 46mm 100mm 171mm
(15%) (27%) (58%) (100%)

The trial involved a number of different methods,
as summarised in Table 5. The use of longer sheet
piles (Trial A) reduced the settlement on backfilling,
but at the expense of more settlement due to sheet
pile removal. The total settlement was very close to
that in the control section (Trial C). Cutting off the
sheetpile at the base of the trench and removing
them during rather than after backfilling _made little
difference to the settlement. A significant reduction
in settlement was only achieved by driving short
wooden piles, to compensate for the effects of sheet
pile extraction.

The examples quoted above show that wall
movements during excavation alone are not neces
sarily the major cause of settlement. Indeed, for the
examples by Kemfert & Gebreselassie, and by Hori
uchi & Shimizu, the settlement due to wall move
ment during excavation were a very small proportion
of the whole.

ferdam during the recovery after the collapse of_ the
Heathrow Express tunnels. It is a useful reminder
that good design analysis alone is not sufficient for
success. The cofferdam was 60 m in diameter, and
involved the formation of 182 secant piles of
l220mm diameter. To allow successful excavation
within the cofferdam, every pile had to interlock
over nearly 20m depth. This interlock had to be
achieved despite the work. being carried out in
ground that was highly disturbed by the collapse,
and the presence of the shotcrete ttmnel linings, con
crete backfill and tunnelling plant. The work re
quired a high degree of quality control. Every pile
was carefully monitored for verticality, and special
tools were developed to correct verticality where
necessary.

Overall, the 'papers presented in this session in
clude examples of many of the potential sources of
settlement presented in Table 2. They demonstrate
that, while Wall movement is often the major source
of settlement, this is by no means always the case.

4 CONCLUSIONS

The main conclusions the reporters can draw is that
in many practical situations where control of move
ment is important, the retaining system is designed
to be so stiff so that wall movement is reduced to a
very small amount. In that situation, the analysis is
dominated by the stiffness of the structure, and may
not be sensitive to variation in soil parameters.
Also, often there are many other causes of move
ment, not all related to the actual excavation proc
esses. These must be recognised, else any back
analysis or design will not be correct.
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