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ABSTRACT: This General Report covers 23 papers that were included in Session 3 of the Symposium which
are related to ground movements caused by tunnelling: measurements and back-analysis.

1 INTRODUCTION

This session contains 23 papers with case studies
and back-analyses Hom, twelve countries. There is a
roughly equal number of case studies where moni
toring ofthe response of the ground and buildings to
tunnelling or tmdergrotmd excavation was under
taken, and back-analyses of the performance of the
ground and buildings. In many cases the latter is
achieved using monitoring results a.nd so in some
cases there is overlap with the first category.

The approach taken in this general report 'has
been to describe the papers in an order that reflects a
progressive sequence that can be likened to opera
tions in a tunnelling project. The subjects covered

_ start with consideration of site investigation and se
lection of tunnelling methods, followed by monitor
ing system installation and base readings. Case stud
ies are then given .with greeniield measurements,
observations concerning tunnelling machine per

-formance and control, the response of subsurface
and surface structures, protective measures and long
term behaviour. Two specific categories are made
from the case studies and back-analyses. These re
late to the subjects of multiple tunnels and the re
sponse of piled foundations 'to timnelling.

Papers focussing on or including back-analyses
are discussed at appropriate points within the text.
Eleven papers describe numerical analyses using
mostly either finite element or finite difference tech
niques, implementing different constitutive models,
to model physical conditions. One adopts a closed
foim approach. The most popular method was using
finite difference techniques usually with the com
mercially-available software FLAC, often three
dimensionally. Constitutive models were generally
kept simple, typically with elastic perfectly-plastic
behaviour and Mohr-Coulomb failure conditions.

2 GEOTECHNTCAL INVESTIGATION AND
GROUND AND STRUCTURAL
MONITORING

Quick, Michael and Behr describe geological, geo
technical and hydrological investigations in mainly
phyllite and gneiss that were undertaken to make de
cisions about the route and tunnelling methods for
two major railway ttmnels in mixed conditions of
predominantly rock. Geophysical, including geo
electrical, profiling enabled tectonic features such as
faulting and jointing to be identified and hydrologi
cal conditions estimated.

Based on the results *dom the investigations, con
struction techniques forthe Schulwald ttmnel involv
ing pilot tunnels, forepoling, bolting and groundwa
ter lowering were adopted. Monitoring indicated
that crown movements occurred mainly from the
widening of the crown and were often within a range
of 50 to 100 mm. Construction ofthe pilot tunnel, at
crown level and the bench/invert caused much
smaller roof settlements. Decisions about -the con
struction of the Riidesheim tunnel have also been
based on the findings from the investigation, with a
an earth-pressure-balance (EPB) 'tunnel boring ma
chine (TBM) being selected to deal with the grotmd
and groundwater conditions and allow a good degree
of control in urban areas.

In the paper by Netzel and Kaalberg, the base
readings that are underway as part of the monitoring
being carried out for the Amsterdam North-South
Metro line are discussed. Although the project is not
due to start in the immediate future, the parties in
volved have had the foresight to start base readings
well in advance. Sophisticated monitoring systems
involving about 75 automatically controlled total sta
tion instruments have been installed along with some
5500 prism targets on buildings along the route that
are expected to be influenced by the tunnelling op
erations. The on-line monitoring system determines



changes of displacement in x, y, z directions. Practi
cal details are given about powering the instrunrents,
lines of site and organising the installation of in
struments and prisms.-. _ . . .'
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Figure 1. Variation in vertical displacement over 4 month pe

riod (N etzel and Kaalberg).

Results from monitoring over- the first 4 months
from July to November 2001 are presented in Figure
l. These provide information on variations in
longer-term seasonal and '-short-term diurnal move
ments. In the former, settlements of about 1.5 mm
were observed in response to a drop in temperature
from 30° to 5°. In the shorter term, changes in verti
cal” displacement of about 0.5 mm and 'l mm were
observed for temperature fluctuations of 49 and 12°
on cold and warm days respectively were observed.
Similarly, short-term horizontal in-plane movements
of about 0.7 mm were measured onone building. It
is noted that vibrational movements could also influ

ence the_ results although the surveying techniques
described are not intended for such measurements.

Another interesting observation made in the paper is
that Amsterdam itself is said to be settling by about
1 mm per year! This would also have an influence
that would be detected by the instruments as the re
sults are related to deep datum points.

It is important to understand the magnitude of
natural back-ground movements that buildings ex
perience and this paper describes a project that sets
an excellent example of where such measurements
are being taken seriously. They will enable im
proved control to be implemented dtuing the course
of the works -this is particularly significant with re
spect to horizontal movements which can be poten
tially damaging at magnitudes similar to those that
occur naturally fiom seasonal and thermal effects.
With more data of this nature, it should be possible
to anticipate the magnitude of movement that might
be expected for certain building and foundation
types. However, it is perhaps worth mentioning that
there is often little incentive to monitor when no
construction works are underway, particularly when
manual surveying is being carried out. This is an
other advantage with remote automated monitoring.

Cooper and Chapman describe standard systems
for in-tunnel monitoring involving precise levelling,

extensometers and electrolevel beam monitoring. It
is suggested that precise levelling accuracy might be
improved by using a number of closed but overlap
ping loops to enable checks to be made for each loop
and provide a greater number of readings, which can
statistically improve the accuracy. However, the
time required to do this might be prohibitive given
that the surveys often have to be done in ‘engineer
ing hours’ (Reporter’s comment). Results. from pre
cise levelling within the existing Piccadilly line ttur
nels during construction of the Heathrow Express
tunnels (UK) are compared with data obtained from
strings of electrolevel beams. There is very good
agreement between the two sets of measurements
(Figure 2), the inconsistencies that do exist are at
tributed to errors in the electrolevels and the beam
linkages (n.b. this issue at Heathrow has been thor
oughly investigated by Barakat, 1996). The ar
rangements of tape extensometer spans used on three
projects in London with in-tunnel monitoring are
compared and it is concluded that none is superior to
another.
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Figure 2. Settlement data, Piccadilly line tunnel, Heathrow, us

ing electrolevels and precise levels (Cooper and Chapman).

The benefits of remote monitoring in operational
ttmnels are discussed. It is observed that because of

the short time period during ‘engineering hours’
available for manual surveying, tunnel movements
might be missed with large rates of tunnelling (the
level of which is dependent on a number of factors,
such as relative positions of tunnels, depths etc.).
This might be unacceptable in terms of risk man
agement. Remote monitoring overcomes this time
constraint although there are limitations on the space
available to install automated total station instru
ments (similar to those described by Netzel and
Kaalberg) in existing tturnels. Installing strings of
electrolevel beams is a much more viable option.

3 GREENFIELD MONITORING AND TBM,
PARAMETERS

Moving on to greenheld observations, Dimmock,
Mair and Standing present data from monitoring at



Southwark Park that was performed as part_ of the
Jubilee Line Extension _Project in London. At this
location an earth-pressure-balance machine was used
because of the granular nature of the Lambeth Group
beds that the 5 m diameter TBM passed through.
Surface and subsurface monitoring of the ground
was carried out showing very small volume losses of
about 0.5% at the surface increasing with depth to
about 0.8% for' the eastbound tumrel (Figure 3).
These equated to maximum ground settlements of 4
to 4.5 mm at the surface and about 12 mm just above
crown level. These settlements are related to meas

urements of tunnel boring machine parameters: face
pressure, torque and thrust and also the pitch of the
shield (i.e. deviation from the horizontal) and grout
volumes injected. The thrust required to advance the
westbound tunnel, which had the lower voltune loss,

was markedly greater thannfor the eastbound tunnel

(Figure 3). There is also a _much more signiicant
pitch of the westbound tunnel, _ which could have
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Figure 3. Relationship between volume loss and (i) depth and
(ii) EPB TBM thrust (Dimmock, Mair and Standing).

The paper provides evidence of the direct relation
between ground movements and tunnel machine pa
rameters. A corollary could be that close observa
tion and control of these parameters might be used to
minimise ground movements and increase TBM ef
ficiency, and also to give waming of potentially in
creased ground movements Hom excessive pitching

(for instance). Tunnelling parameters might also be
useful as input 'data for sophisticated numerical
analyses, particularly where the analysis is being
validated using field measurements.

A comprehensive database of EBP trumel boring
machine face pressures for a number of different
grotmd conditions encountered in Singapore is de
scribed by Shirlaw, Ong, Osborne and T an. Face
pressure data for the nine categories of ground con
dition presented are normalised with respect to over
burden pressure and are plotted against volume loss
for each case, an example is given in Figure 4. Usu
ally the normalised face pressures were less than
Lmity and in the softer soil formations a trend is evi
dent showing that volume loss reduces with increas
ing face pressure. It was therefore necessary to
maintain face pressures at 0.9 to 1.2 times the total
overburden pressure to minimise settlements. The
relatively stronger beds did not show such a marked
relation, in some, cases there being low voltunes
losses recorded regardless of face pressure. Weath
ered rocks exhibited a much greater variability.
Cases are also reported where large local ground
movements _were observed _because of equally local
adverse ground conditions.
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Figure 4. Example of volrune loss against nomralised face pres

sure for Singapore ground conditions (Shirlaw, Ong, Osborne

and Tang).

At the small scale, Branque, Subrin and Boutin
describe a physical model study with a miniature
EPB TBM that is advanced into a large tank of dry
line silica sand. A ntunber of _ parameters on the
model and within the soil were monitored using
transducers, including jacking forces, the couple on
the cutting head, pressures at the face and rear of the
chamber, along with total stresses and displacements
within the soil mass. A number of parametric tests
have been performed to investigate their sensitivity,
identifying for example the zone in which ground
stresses are affected and the relationship between the
flow rate and speed of advance. A linear elastic per
fectly-plastic finite difference (FLAC) analysis is be
ing used to simulate the physical model with a view
to gaining further insight into the response of the
ground mass.



A ntunber of the papers discussing back-analyses
contain valuable field measurement data with which
the accuracy of the analyses is compared. A prime
example is the paper by Guedes de Melo and Santos
Pereira' who present data from monitoring surface
and subsurface ground movements caused by the
construction of one of the two running tunnels form
ing part-of the Shanghai Metro (Line 2). An EPB
TBM was used to tunnel through strata of recent ma
rine deposits of silty clays (the tunnel is located
across one of the interfaces between two of the
Lmits). A 3-D back-analysis was performed using to
tal stress parameters (undrained conditions) with lin
ear elastic perfectly-plastic models for all materials
and Tresca or Mohr-Coulomb failure criteria in the
ABAQUS finite element code. Care was taken to
model the excavation process at the face in a repre
sentative way by removing a layer of elements im
mediately adjacent to the- TBM face, while introduc
ing new nodes to allow soil movements to take
place. It is noted that a uniform pressure was ap
plied to the face as no information was available
about the actual distribution of pressure, although it
is appreciated that in practice there is an increase of
pressure from the crown to the invert of the TBM.
Also the TBM was operated in such a way so as to
induce heave of the surrounding soil to 'compensate
for subsequent inward movements. This was mod
elled by having soft outer elements for the shield and
applying a pressure at their boundary, taken as the
average of pressures measured at the front face and
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Figure 5. Horizontal displacements along a vertical longitudinal

plane at 6 m from the tunnel axis (Guedes de Melo and Santos

Pereira).

The results from the analysis are compared with
surface and subsurface movements around the tunnel

as it progresses (Figure5). There is good agreement
between the surface and subsurface measurements
and the results from the analysis. Even modelling
surface movements is often only achieved with lim
ited success in numerical analyses (e.g. see Adden
brooke et al., 1997). Here the data are generally in
very good agreement both transverse and longitudi
nally to the tunnel. The subsurface results also

match the field measurements well and provide in
sight ofthe ground response over a greater area. For
instance, horizontal displacements were only meas
ured from ground surface to about half a tunnel di
ameter above the crown. Although these were small,
the heave induced in front of the shield is evident
and clearly shown by the analysis, which also indi
cates that this heave is very local, dying out by about
one timnel diameter from the face. Earth pressures
around the tunnel lining were also calculated in the
analysis. The analysis and method of modelling fea
tures of the TBM, although in some respects are
simplistic, seem to have worked well.

4 CASES WITH MULTIPLE TUNNELS

The ground response to the construction of more
than one tunnel is not well understood. There are
two main points to consider: (i) the distance between
tunnels at which their settlement troughs start to in
teract (also a ftmction of tunnel depth) and (ii) the
consequence of the interaction.

Results Hom a large set of monitoring data from
the construction of two metro lines in Budapest are
presented and discussed by Mecsi. The 5.5 m outer
diameter tunnels, spaced at four diameters between
axes, were built using compressed air. Correlations
are made between ground settlements and geology
and over-burden. Settlements were found to in
crease markedly as the thickness of clay' cover re
duced, particularly when this approached about one
tunnel diameter. Settlement troughs are also com
pared and fit well with Gaussian distributions and
the extent of the settlement trough, i.e. wheresettle
ments become negligible, is discussed.
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The standard two tunnels were at a closer spacing
at the stations and were enlarged by forming addi
tional tunnels, between and/or either side of them us
ing_ hand mining methods to form three- or five
tunnel configurations. Much larger settlements were
observed at these locations (i.e. more than would be
expected hom individual tunnels). This is partly at
tributed to the fact that the construction technique
involved manysmall stages. There was also a strong
relation with thickness of cover and settlements of
up to about 150 mm~(worst case) were observed for
a five-tunnel configuration with less than two indi
vidual diameters cover (Figure 6). This paper con
tributes to the database of tunnelling-induced settle
ments for construction under air pressure and gives
interesting data resulting Bom the construction tech
nique used for the station tunnels.

Monitoring data nom two projects in the UK, in
Chalk near Dover and in London Clay at~Heathrow,
are presented by Pound and Beveridge. Settlements
at the former site were found to conform well to
Gaussian curves although quite different values of
volume loss were recorded for different lengths of
trmnel (in what is reported as being similar geologi
cal conditions). The depth of overburden increased
with distance Hom the portal and consequently the
surface settlement decreased. Subsurface measure
ments indicated a similar trend with greater settle
ments at a given depth for the locations where the
tunnel was closer to the ground surface.; At .the
Heathrow project the results from twin tunnels are
given and are also found to match a Gaussian distri
bution well. Volume losses and trough width pa
rameters for the two tunnels were similar at the sec
tion under consideration, although it is noted that at
other locations there were marked differences. It is
observed that at the section shown the troughs are
reasonably distinct 1Q3igure 7), while at places where
the tunnels were at ia closer spacing the two troughs
merged into one. It is suggested that for values of
K~0.5, provided the`tum1el centre-line separation is
no greater than the tunnel depth, a single broad set
tlement trough will develop.

Oflsel from Contra-[Ins (m)

-so -ao -so -zo ~1o o 1D zo so 40

0  .... _ .___ _ . _ .... ...V . . _ . _ . .
.2  \,

.C

4 f

E f \,
.E -6 _ - \- /CD\2 V \Y ,E 1 ’ `' \ \2. -9 /5 7 \,-1o '

o semememom
-- Bolt Fl! Gauss Curve

-14 '

Figure 7. Settlement data for twin tunnels (Pound and
Beveridge).

Most of the paper by Pound and Beveridge de
scribes a comprehensive series of ' finite difference
numerical analyses using FLAC, where a number of
factors were varied such as the constitutive model,
geotechnical parameters (stifmess-strain relations),
distance -to mesh boundaries etc. These analyses
modelled a set of conditions_ similar to tho_se for the
Heathrow project and fit well with the previous sec
tion relating to greenfield conditions. It is concluded
that to obtain surface settlement troughs similar to
those observed in practice, it is necessary to adopt a
non-linear anisotropic elastic soil model and to re
duce the predicted settlements at the edges of the
trough the soil must be assumed to be partly drained.

Chapman, Rogers and Hunt have investigated
the influence of closely spaced multiple tunnels on
ground settlements. This is an area where there is
still considerable uncertainty, for example whether
or not superposition is applicable and what the limit
ing tunnel separation distances are. Predicting sur
face and subsurface settlements of a single tunnel
can be achieved with good reliability using the tradi
tional empirical approach with a Gaussian distribu
tion curve and modifying the trough width parameter
where necessary (Mair et al., 1993). The authors in
vestigate the effect of overlapping zones of disturbed
ground from construction of two ttmnels either side
by-side (FigLu°e 8) or stacked one upon the other us
ing finite element analyses with the ABAQUS code
for plane-strain conditions. Analyses were per
formed for a ntunber of tunnel spacings in the hori
zontal sense. A constant volume loss was 1.3% was
used for both tunnels so that effects from deviation

in trough width and previously strained soil could be
isolated more easily. The volume loss was imposed
by specifying a gap around the tunnel periphery, us
ing a set of ‘anchor’ elements within the lining that
were deactivated once the gap closed. Comparisons
between settlement and horizontal displacements ob
tained from the analyses were compared with data
from greenfield cases (determined using the tradi
tional empirical Gaussian-curve type of approach).
The results show, when considering the settlement
caused by the second tunnel alone for side-by-side
tunnels, that the position of maximum settlement
moves closer towards the first tunnel as the tunnels
get closer and the magnitude of settlement increases.
This effect diminishes with depth as the zone of dis
turbed ground reduces in lateral extent. Interestingly
the effect on the settlement directly above the first
tunnel becomes greater as spacing increases (i.e. ex
pressing settlement as a percentage of expected
greenfield settlement), although the actual magni
tude of settlement clearly becomes much less. The
stacked tunnels were less susceptible to increased
settlements although an increase in trough width was
indicated.
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5 BACK-ANALYSES AND SOIL-STRUCTURE
INTERACTION

A 3-D finite element analysis was used to -model the
slurry shield operation as part of the construction of
the Rinkai line in Tokyo. Kobayashi, Hagiwara,
Yoshino, Hayasaka and Komiya describe -the pro
ject and present valuable data from surface and sub
surface settlement monitoring that was undertaken.
The analysis was rim using an isotropic elastic con
stitutive model. Again particular attention was paid
to the excavation process at the front of the shield
and solid ‘excavating’ finite elements were used to
represent the disturbed groturd in frontof the cutting
face. It is noted that this method allows both the
force and displacement boundaries to be satisfied (it
is noted that approaches where the elements are sim
ply removed and nodal forces applied to compensate
only satisfy force conditions). It is reported that the
size of these elements and their material properties
are selected so that calculated movements match
those measured in practice and are also based on the
volume of soil removed and the characteristics of the

TBM and workmanship. The material properties of
the elements representing the ground were based
upon results from in-situ testing. Joint elements
were included at the botmdaries of the TBM to allow
interface friction effects to be investigated.

During construction the second ttmnel was started
when the first had advanced by about 100 rings from
the launch shaft. The parallel running tunnels were
modelled by the analysis. Data are presented from
settlement monitoring at depths above the first,
northbound, tunnel and it is observed that the pas
sage ofthe shield and the tail void closure accounted
for 80% of the total settlement with insignificant
consolidation movements because the turmel was in

dense sand. The analysis tended to slightly over
predict the measured settlements although at shallow
depths there was good agreement.

2-D finite element and finite difference analyses
were performed using PLAXIS and FLAC respec
tively by Hu, Drexel, Plassmann and Kluge to
model ground movements Hom the construction of a
subway line under Nuremberg, Bavaria. The tturnel
crowns are only 3 m beneath existing buildings and
the Keuper sandstone ground conditions very varied.
The construction sequence for forming the ttmnels is
described, with precautions such as roof anchors be
ing implemented as a further stabilising measure.
Monitoring was perfonned on the buildings, within
the tunnels and the ground and comparisons made
with the mmrerical analysis. It is interesting that the
paper reports that the construction techniques were
modified if predicted displacements were exceeded
(rather than the analysis being modified). To ac
count for three-dimensional effects an approach
similar to the B-method (sometimes referred to as the
}\-method) involving a relaxation factor was imple
mented in the analyses and a surcharge was applied
to account for the weight of the overlying buildings.
Input ground parameters were based on laboratory
tests on representative rock samples. The finite ele
ment and difference analyses used the same parame
ters for soil and shotcrete. These were modified to
account for observations of the geology where nec
essary (e. g. a large hard block that was encountered)
and shotcrete stifhress (which was higher than as
sumed). Examples of data from both original and
modified analyses are presented. Both types of
analysis give reasonably similar results for the vari
ous excavation stages and the modified runs match
measured displacements well. The conclusion is that
2-D analyses can give realistic estimations provided
that appropriate rock parameters are used to adapt
the relaxation factor as necessary to suit site condi
tions.

Two papers describe fmite difference analyses us
ing FLAC of conditions at two ofthe stations on the
Lisbon Metro. Weira, Marcelino, Barreto and Dias
describe analyses performed to model the Lurniar
station case. Ahnost 10 rn diameter running tunnels
were constructed using EPB TBMs prior to the con
struction of the retaining walls for the station. The
‘gap’ parameter approach was used in the analysis to
simulate the effect of tunnelling and the soil was
modelled using a linear elastic perfectly-plastic con
stitutive law with an undrained condition and Tresca

and Mohr-Coulomb failure criteria for clay and
coarse sand and gravel respectively. In the analyses
of the station excavation works the nearby buildings
were modelled using beam elements with their
weight taken into account, anchorages in the walls as
point loads, and the tunnel lining, retaining wall and
the steel reinforcing framework, installed within the
tunnel, as linear elastic materials. Parameters were



selected based on previous experience and test re
sults. Excavation stages were modelled as a seriesof steps. '

Measured settlements from tunnelling are re
ported to be very small, being between less 4.5 mm
and iiequently. less than l mm. Results for the 2-D
and 3-D analyses are presented and it is noted that
they give similar results. The influence of the retain
ing slab at the top of the retaining walls is said to be
indicated from the analysis, horizontal movements
being about 5 to 10 mm and about 25 mm for the
cases with and without it respectively. The overall
conclusion is that the station works proceeded in a
structurally safe manner due to the ground condi
tions and construction techniques used.

Barreto, Dias and Ribeiro e Sousa describe finite
difference analyses using FLAC and monitoring of
the Arneixoeira station. The station is circular in
plan with diameter and depth of 40 m and 22 m re
spectively, constructed using staged excavation with
shotcrete. Tunnelling in the vicinity of the station,
before its construction, was by EPB TBM. _As with
the Lumiar case, a reinforcing framework was placed
inside the tunnel to support it during the excavation
sequences and prior to the lining being dismantled
within the station. It is also noted that there are a
number of important buildings and an elevated water
table in the vicinity. Borings to provide drainage
were installed to control this. Monitoring 'of pore
water pressures along with surface and subsurface
displacements was undertaken to control theworks.
Data relating to the convergence of galleries exca
vated around the tunnel within the station are pre
sented and so also are horizontal displacements' (in
orthogonal directions). It isnoted that the magnitude
of the movements is about the same as the accuracy
of the apparatus. The 3-D undrained analyses were
perfonned in stages; representing the construction
sequences, which are described, and it is reported
that the analysis produced values of displacement
close to those observed.

Three papers describe numerical studies where
structural elements were taken into account. Bil
laux, Rachez, Varona, Virollet and Bernardet per
formed a 3-D finite difference analysis using FLAC
of the response of the existing running tunnels for
Line A of the Toulouse Metro to the excavation of
the station at Jean Jaurés which will be one of the
stations for Line B. A comparatively complex Cam
Clay constitutive soil model, requiring more refined
input parameters, was used for the molasses strata; a
varying Young’s modulus with depth was also mod
elled. Slip elements were implemented between the
soil and the outer surface of the tunnel lining. The
results indicate that during excavation an upthrust of
the tunnels of up to 12.4 mm will take place as a re
sult of the excavation. Comparisons are also made
with a 2-D analysis where a linear elastic model was
used. In this case the predicted upthrust was much

larger at 45 mm. Additionally the 3-D Cam Clay
analysis indicates that the shear stresses and mo
ments generated within the lining are within working
limits for the concrete while the 2-D analysis shows
them to be unacceptable. Results from the analyses
have been used as part of the monitoring control to
set trigger levels. This station was under construc
tion at the time of the conference and so compari
sons with the class A predictions (Lambe, 1973) will
hopefully be presented at a later date.
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Figure 9. Horizontal surface settlements for different founda

tion types (Dias and Kastner).

Dias and Kastner present a ntunerical investiga
tion into the interaction between tunnelling-induced
ground movements and overlying structures. The 3
D finite difference analyses were made using FLAC
and conditions relevant to those for the Cairo Metro
tunnels were used (slurry shield TBM in sand). The
soil behaviour was modelled as being elastic per
fectly-plastic and the tunnel shield advance was
modelled in stages. The mesh for the building was
assembled using beam and shell elements (columns
and slabs) with appropriate stifmess values. Analy
ses were made for two foundation types with the
building having: individual pads and a raft (both
fully hictional at interface with soil), and also for the
greenfield case. Results from the analyses are com
pared for both longitudinal and transverse profiles.
The latter indicate that horizontal displacements at
the surface reduce considerably for the pad formda
tion case compared with those for the greenfield and
are almost negligible for the ran (Figure 9). This is a
significant result which has also been observed in
field monitoring (Standing, 2002). Conversely, cal
culated vertical displacements are actually slightly
greater than those for the greenfield case. Potts and
Addenbrooke also found a similar response in their
parametric studies where building stiffness was var
ied (Potts and Addenbrooke, 1997). It was also
found that greater loads were generated within struc
tures with pad foundations than with a raft. The
overall message is that traditional approaches for es
timating building strains can lead to significant over
predictions and that it is important to account for the
stiffness of the foundations to obtain more realistic
results.



In the previously discussed paper by Dias and
Kastner the structure. was modelled in a simplistic
way using elastic beam and shell elements.
Miliziano,jSoccodaio and Burghignoli focus more
on the nature of structure itself, first simplifying it to
a 2-D construction and then modelling it as a series
of macro-elements with elasto-plastic interfaces
(governed by the normal stress acting on the wall
and the characteristic shear strength of_ the wall it
self). The analyses were performed using the finite
difference method '-(FLAC) with an elastic-plastic
soil model. The authors’ first aim was to match
greenfield conditions, as given by a Gaussian distri
bution. This was 'achieved quite successfully by im
posing a differential reduction of the vertical and
horizontal components of the geostatic stresses act
ing initially on the turmel boundary.
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Figure 10. Soil-structure interaction analysis: (a) vertical and

(b) horizontal surface displacements (Miliziano, Soccodato and

Burghignoli).

Results from the analyses with the masonry struc
ture show its influence (Figure 10), with flatter set
tlement profiles and reduced horizontal displace
ments (as found by Dias and Kastner). As the
method of analysis allows the number, frequency,
pattern and width of cracks to be evaluated, esti
mates of the degree of damage can be also made. At
this stage comparisons have not been made with a
case history.

6 RESPONSE, or 'PILED FOUNDATIONS TO
rUNNELL1NG

Estimating the response of piled foundations is cur
rently a subject of considerable interest. In London
the Channel Tunnel Rail Link project involves tun_
nelling beneath a number of piled structures and this
is even more so for the Amsterdam North-South line
(Netzel and Kaalberg) where most of the buildings
are piled. Within this session three papers refer to
piled foundations. The case study by Kobayashi et
al. mentions and shows the close proximity of the
tunnels to the piled foundations of the Higashi
Shinagawa bridge as part of their paper. Also, in
Session 6, the paper by Jacobsz et al. describes a
centrifuge model study investigating the same prob
lem.

Selemetas, Standing, Mair, Sharrocks, Parker
and Allen present a case study from the Jubilee Line
Extension project, focussing in particular on the re
sponse to a variety of underground activities of a lift
shaft that was added to a 24-storey office block, both
being supported on piled foundations. One of the
main concems was that the two structures would
move differentially causing distress along the inter
face between them. In order to control the position
of the lift shaft, structural jacks had been installed
just above its foundations. As tunnelling-induced
settlements occurred Hom the construction of station
tunnels, the jacks were operated such that the lift did
not separate adversely from the main building and
such that it remained operational. Of special interest
is that for Lmknown reasons a shorter under-reamed
pile was used beneath one corner of the shaft. The
toe of this pile, being at a higher elevation, falls
within a zone of influence where greater pile settle
ments might be expected (see Jacobsz et al., 2002)
and the monitoring data corroborate this. However,
the jacking teclmique was -still shown to have suc
cessfirlly controlled the position of the lift shaft in
relation to the main building.
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Figure ll. Pile adjacent to timnel - basic problem analysed
(Poulos).



Poulos describes a closed-forrn method of analy
sis using elastic solutions to predict the response of
piled foundations (Figure ll). Single piles are con
sidered first and it is concluded that additional axial
and lateral loads can be induced from tunnelling
with associated settlements and lateral deflections
that might compromise the structural integrity of the
pile. The analysis is developed further to cater for
pile groups using interaction factors. Conditions for
a case history in SE Asia are then incorporated into
this form of analysis. The results show that the tun
nel construction induced additional settlement and
tilt of the structure/ and that the bending moments
might approach or exceed design moment capacity
of the pile section. The papers in this conference
provide good examples of the advances being made
with this complex soil-structme interaction problem.

7 PROTECTIVE MEASURES - CASE STUDIES

Four different methods of controlling ground move
ments induced by underground excavation are de
scribed in the four papers summarised next. Seleme
tas et al; describe a jacking system to maintain the
integrity of a lift shaft alongside a tower-block as described above. _

Oteo, T rabada and Gonzalez present aspects of
construction of a tunnel forming an extension of the
Madrid Metro. Two tunnelling methods were used:
an EPB TBM for one stretch where there was rea
sonable cover and the traditional Madrid method for

the remainder. Overlying buildings were protected
using a variety of methods including compensation
grouting, jet grouting and under-pinning. Details of
the method of under-pinning are given along with
the special precautions that were necessary for the
construction of the new tunnel immediately above an
existing tunnel. For' this, an altemative method to
the Madrid method ‘was adopted for the initial
stages, involving construction of a gallery either side
of the tunnel. The galleries are supported by foru' 2.5
m diameter hand-excavated piles just before and af
ter the existing tunnel. It is reported that surface set
tlements in this zone were limited to about 60 mm

using the technique described (estimates of antici
pated ground movements without these protective
methods are not reported).

Artificial grotmd freezing techniques were used to
control the ground during construction of cross
passages between the running tunnels of the Wester
scheldetunnel in the Netherlands. Rékers, Hem
men, Naaktgeboren and Weigl explain the ground
freezing technique used and the monitoring that was
performed as part of the operation which took place
in both clayey and sandy soils. Interesting results
from two cross-passages are presented: one con
structed in sand and the other in stiff Boom Clay.

Stresses were measured in radial, tangential and ax
ial directions. As freezing commenced in the tubes,
positioned around an outer periphery of the elliptical
cross-passage to form an annulus of frozen ground,
all three components of stress increased. Subsurface
extensometers registered a swelling of the ground as
the freezing front progressed. Once the annulus was
fully formed, excavation for the cross-passage within
the central core of the frozen ground commenced,
resulting in increases in tangential and axial stresses
while radial stresses reduced. The authors explain
how stresses are then redistributed according to
changes in temperature and progress of the works.
On completion of the works, as thawing occurred,
the radial stress is observed to increase as the stress
transmitted circumferentially can no longer be sus
tained by the annulus of frozen ground. Measure
ments of subsurface displacement show the ground
to heave above the frozen soil mass dining freezing,
with increasing displacements towards the surface.
These heave displacements reduce during thawing,
but a residual heave was evident at all levels (the
magnitude of which increased with depth). Because
of the tree-_draining nature of sand only very small
pore pressure increases were registered. A more
complex response to freezing was observed in the
clay soil because of its rmdrained nature, with much
greater magnitudes of all three components of stress.
The maximrun deformation in the clay was about
tive times that in the sand.

The freezing of the ground also generated signifi
cant heave loads on the existing tunnels. The tunnel
where the cross-passage was constructed in clay de
formed by about 20 mm at the most (as observed
Hom convergence monitoring) compared with 4 mmin the sand stratum. _

Compensation grouting was used to control move
ments of a building beneath which a step-plate
junction was constructed as part of the Jubilee Line
Extension (where it joined the existing tunnels).
Standing, Gras, Taylor, Gupta, Nyren and Burland
describe the results from precise levelling and total
station facade monitoring of the building. Maximtun
relative settlements within the building were con
trolled to just over 15 mm during excavation of the
largest 10 m diameter section. Measurements to the
facades, where a datum out of the zone of influence
was used, indicated larger movements of almost 20
mm. A maximrun deflection ratio of 0.02% was ob
served transverse to the step-plate. Horizontal
movements determined from the facade monitoring
were much smaller than the vertical with negligible
strains. All these measurements indicate that negli
gible damage would be expected which is consistent
with the fact that no damage was observed.



8 LONG-TERM EFFECTS OF TUNNELLING

Little is reported about long-tenn tunnelling-induced
settlements caused by consolidation in clay. This
subject is _coming more to the fore with the greater
awareness of damage and the increased demands to
provide undertakings to avoid it. Harris presents
data from case studies hom Contract 102 of the Ju
bilee Line Extension project where timnels were
constructed in London Clay and where compensation
grouting was also extensively used. Data from a
number of buildings and greenfield sites are plotted
to illustrate the magnitude, rate and extent of con
solidation settlement. These are dependent primarily
on the permeability of the clay (which varies within
different sub-units of the London Clay) and the in
teraction between turmels (when they are close to
each other). Maximum settlements of up to about 5 0
and 100 mm have been measured after construction
of rtmning and station tunnels respectively over a pe
riod of five years. It is noted that a substantial
amount of consolidation settlement can also occur
during the construction period. Although these set
tlements are greater than those generated during con
struction and extend over a much wider settlement
trough, it is concluded that in general little damage is
initiated by them, although any existing damage de
fects can be worsened because of concentrations of
strain. Another interesting point is that for ground
where compensation grouting took place in the stiff
over-consolidated London Clay, there does not seem
to be any greater long-term settlements than for un
treated ground (Figure 12).1U .. fI E I |
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Figure 12. Settlement in areas with and without compensation

grouting (Harris).

As a brief overall conclusion, it can be seen that
the papers within this session provide a number of
high-quality case studies. The importance of back
analysis as a method of developing our understand
ing is well evidenced by a ntunber of the examples
presented. _
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