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The effects of tunnelling on existing structures

A.F. van Tol

GeoDelft and Delft University of Technology, Delft, The Netherlands

ABSTRACT: This paper presents a general report regarding the effects of tunnelling on existing structures based
on the papers presented at theTC 28 symposium held inAmsterdam 2005.This report is subdivided in experimen-
tal research, modeling and monitoring. Moreover the report distinguishes between piled and non-piled structures.

1 INTRODUCTION

In most metropolises the number of urban under-
ground constructions is increasing steadily. These
activities are related to replacing old structures by
new ones, often high-rise buildings with underground
parking facilities, or infrastructure works such as
motorways, railways and subway tunnels. To assess
the impact of these construction operations on existing
structures is increasingly important for designers. In
particular tunnelling near piled foundations is a subject
that recently has gained the interest of the geotechnical
research world, mainly because of a number of tunnels
that are projected in city centres with piled foundations
such as the North/South Line in Amsterdam and the
Channel Tunnel Rail Link in London. A better insight
into the response of piled structures to tunnelling is
needed to carry out these projects without harming
monumental buildings.

This general report focuses on the results of research
on this topic. This general report discusses 14 papers,
directly addressing this topic. The papers originate
from 7 different countries, authors come from both
the academic world as from consultants. This report is
restricted to bored tunnel operations and does not deal
with the effects of excavations on existing structures.
An overview of the papers that are discussed in this
general report is given at the end of this report.

In the innovation cycle three stages and type of
research can be distinguished:

– experimental research
– modeling, (predictions and calculations)
– monitoring (field testing and case histories)

This report will be subdivided in these three types
of research. Moreover this report will distinguish
between non-piled structures (6 papers) and piled
(8 papers). The piled structures refer to buildings and
bridge piers, the non-piled structure to buildings on
shallow foundation and tunnels, sewers etc.

When considering the effects of tunnelling on exist-
ing structures and more in particular to estimate the
potential damage to buildings three aspects are of
importance:

1. the assessment of the magnitude of the ground
deformations induced by the tunnelling process,

2. the response of the structure to the ground move-
ments and

3. the tolerable deformations of the buildings.

Most papers presented to this symposium address two
out of these three aspects. Determining the ground
deformations is the first step; the response of the struc-
ture to these deformations is the next. Analyzing this
response one distinguishes between piled and non-
piled foundations. Papers dealing with ground move-
ments only are reported in one of the other general
reports.

2 EXPERIMENTAL RESEARCH

Experimental research into the tunnel-soil-structure
interaction is often carried out in a geotechnical
centrifuge. In this symposium Carporaletti, Burghig-
noli & Taylor (2005) and Kaalberg, Teunissen, Van
Tol & Bosch (2005) studied the impact of tunnelling
on respectively non-piled and piled structure in a
geotechnical centrifuge, while Standing & Leung,
2005 describe in their paper presented to this sym-
posium photo-elasticity experiments to analyze the
reverse process: the stresses developed around a tunnel
during piling.

Standing & Leung (2005) describe photo-
elasticity experiments to analyze the stresses devel-
oped around a tunnel during piling. Photo-elasticity
techniques were used earlier to investigate stress distri-
butions in geotechnical problems. Allersma (1987) for
example studied the stresses around pile tips with this
technique. This technique requires for soil mechanics
applications a particulate material surrounded by a
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Figure 1. Test set-up (Standing & Leung, 2005).

liquid medium of the same refractive index. Standing
and Leung used Pyrex for the particles, Perspex for
the tunnel and pile and paraffin for the liquid. In
a clear-sided chamber these materials are transpar-
ent, but block fully polarized light. Stressed elements
become visible by refraction showing stress paths and
stress intensities. Figure 1 shows the schematically
the test set up. The pile was penetrated by force at
different positions relative to the tunnel up to a hori-
zontal distance from the side of the tunnel equal to the
tunnel diameter. The tunnel behaved relatively stiff.
Based on the experiments the authors conclude that the
impact of piling on the tunnel is similar to the influ-
ence of tunnelling on a piled foundation as presented
by Jacobs et al. (2003). Moreover they conclude that
piles installed at a distance less then 0.5 D from the
side of the tunnel transfer a considerable part of the
load from the pile toe to the tunnel lining. Although
the applied technique provides only qualitative results
the authors consider the technique applicable to assess
boundary values, as for example the distance at which
load transfer starts.

Experimental research into the tunnel-soil(-build-
ing) interaction in a geotechnical centrifuge research
has been carried out by a number of researchers.
Grant & Taylor, (1996) studied tunnelling-induced
ground movements. Bezuijen & van der Schrier
(1994), Loganathan et al. (2000) and Jacobsz et al.
(2003) researched the effects of tunnelling on piled
structures. One of the important issues in this kind of
centrifuge research is the modeling of the tunnelling
process. Grant & Taylor used a cavity lined with a
rubber bag and simulated the tunnelling process by
reducing air pressure in the bag. Bezuijen & van der
Schrier applied a cylinder with a decreasing diameter.
Loganathan et al. Jacobs et al. also used a cylinder but
with a membrane around the cylinder with respectively
oil and water in between and simulating ground loss
by decreasing the liquid volume.

Caporaletti et al. (2005) report in their paper to
this symposium the research, also performed in a cen-
trifuge, on the effects of tunnelling in layered ground
on existing non-piled structures, by modelling a com-
pletely buried thin ‘historical wall’ perpendicular to

the tunnel axis. The purpose of the study was to assess
ground movements and strains at different depths and
the potential damage on pre-existing structure. The
set-up was plane strain. A stratum of 12.8 m sand over-
lies a 22 m layer of clay (prototype scale). The tunnel
was cut in a stiff over-consolidated kaolin clay layer
and lined with a rubber bag and represented a real
tunnel of diameter equal to 8 m with an axis located
about 23 m underneath the ground surface. Similar to
Grant & Taylor the excavation process was simulated
by reducing the air pressure in the tunnel liner bag.The
model wall (of an existing building) corresponded to
a prototype wall 15.2 m high and 4 m width. It was
placed within the upper sand layer with its foundation
just at the sand/clay interface. The sand stratum con-
sisted of medium dense sand (Dr = 60 − 70%). The
water level was set at about 4 m above the sand/clay
interface.

The first test modelled the greenfield condition
and subsequent tests used model walls of different
strength and stiffness to investigate the interaction
problem. The most significant tests (with the weakest
wall and with strongest wall) were presented and anal-
ysed at fixed reference values of volume loss (VL =

5.0% − 10.0% − 15.0% − 20.0%). The distance iz of
the inflexion point from the tunnel centreline for the
settlement troughs was evaluated at every horizon,
both in sand and in clay, and was found to remain con-
stant at each horizon during the process of simulated
tunnel excavation.

All the measured distance iz can well be fitted by
using the equation presented by Moh et al. (1996)
for drained soils. No evident differences were noted
between the behaviour of the weak wall and the strong
wall. The patterns of movement were independent of
magnitude of volume loss. In order to assess trends
for the greenfield test and ground-structure interaction
tests all values of iz and H (= focus of displacement
vectors) are plotted against depth in Figure 2. This
figure demonstrates that the theoretical trends address-
ing normalized parameter of settlement trough against
normalized depth from ground surface suggested from
literature (O’Reilly & New, 1982 and Mair et al., 1993)
underestimate the values assessed from experimental
data, both on the ground surface and subsurface.

The authors also evaluated contours of volumet-
ric strains in the wall. Quite different contours
were found for the weak wall test compared to the
greenfield and strong wall tests. Maximum shear
strains in the wall-ground interaction tests are similar
both in shape and in magnitude. The pictures in Fig-
ure 3 present the failure mechanisms of the weak
and strong wall. The failure mode of the weak wall is
characterized by bending deformation causing crack-
ing due to direct tensile strain. In contrast, the
strong wall is characterized by a shear deformation
with cracking due to diagonal tensile strains.
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Figure 2. Normalized parameter of settlement trough
(i/z0) against normalized depth from ground surface (z/z0),
(Carporaletti et al., 2005).

The paper from Kaalberg et al., 2005, to this
symposium presents a research overview with the
results of centrifuge research, already reported earlier
(Bezuijen & van der Schrier, 1994). In that research
large pile settlements were observed due to tunnelling
also outside the triangular zone as presented later by
Kaalberg et al., (1999) and by Jacobs et al. (2003),
respectively based on field tests and centrifuge tests.
Also the results of the field tests reported by Kaalberg
et al., 2005 confirm the validity of the theory that
piles with a toe position outside the triangular zone
are not affected by tunnelling, at least with small val-
ues of ground loss. The contradiction between these
results and the former centrifuge test results can prob-
ably be explained by the magnitude of the volume loss
in the former centrifuge tests. Outside the triangular
zone large pile settlements may occur in case of large
volume loss (more than 3%).

3 MODELLING

3.1 Impact on non-piled structures

Three papers presented to this symposium address
modelling of different aspects of the tunnelling-soil-
building interaction. Simic (2005) focuses on the
modification factors for the deflection ratio as pre-
sented by Potts & Addenbrooke (1997) using the mon-
itoring data from three tunnel projects in Madrid
and compared these data with numerical simulations.
Franzius & Potts, Burland (2005) studied the twist
deformation of buildings along a tunnel trajectory due
to the 3D aspects of tunnelling by 3D FEM paramet-
ric analysis in order to assess modification factors for
twist. Netzel (2005) focuses on damage criteria for
buildings analyzing the limiting tensile strain method.

Figure 3. Failure mechanism of the weak (left) and the
strong wall (right), (Carporaletti et al., 2005).

The investigations in Simic’s (2005) paper concern
both the discussion of different models to quantify
ground movements and the damage induced to build-
ings. The author processed the measurement data of
three tunnels bored in the city of Madrid to compare
greenfield values with the corresponding settlement
of buildings along the tunnel route. The interaction
effects have been analyzed in terms of the build-
ing situation in respect of the settlement trough and
of the structure type. The three tunnels were exca-
vated and supported in two stages using the traditional
Madrid method with different excavated sizes: 49 m2,
78 m2 and 125 m2. The three tunnels were bored under
urban areas in medium dense to dense silty sands
with occasional layers of clayey sands that origi-
nate to the Miocene. Settlements were measured in
different sections along the tunnels routes, either in
greenfield conditions and below existing buildings. A
total of 26 buildings were surveyed during the tunnel
construction.

The surface settlement points were evaluated by
fitting to a Gaussian distribution to obtain the per-
centage of volume loss. The building settlements were
compared to the greenfield settlements in an equiv-
alent situation of tunnel depth and geotechnical
conditions to assess the modification factors of the
deflection ratio for hogging and sagging (Potts and
Addenbrooke, 1997).

However, the recommended assessment of the bend-
ing stiffness of the building by Potts and Addenbrooke
implicitly assumes that the columns of the building
are infinitely rigid, grossly overestimating the stiff-
ness of the structure. Simic uses three dimensional
slab and column elastic analysis to obtain the real
stiffness (Ec I)flex of the building. The back-analysed
values of the modification factors for the deflection
ratio MDR for sagging and hogging are shown in Fig-
ure 4, together with the parametric curves proposed by
Potts and Addenbrooke (1997).

The author concludes that although there is a wide
scatter: i buildings in sagging tend to behave less stiff
than the parametric model, yielding higher modifica-
tion factors, ii buildings in the hogging mode tend
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Figure 4. Comparison of the back analyzed values of mod-
ification factors with theoretical values from Potts and
Addenbrooke (1997), (Simic, 2005).

to follow more closely the parametric model, except
for some particular cases of structures of load bearing
walls which, due to brittle failure.

In addition a three dimensional finite difference
model (FLAC 3D) was run to simulate the tunnel con-
struction below one of the buildings in hogging mode.
The excavation process was modelled by imposing
a ground loss that resulted in a ‘greenfield’ settle-
ment similar to that measured in a control section.
The calculated settlements of both ground and building
were in good agreement with the measured values. In
this model, the tensile strains of the building yielded
a maximum value of 0.046% which was very close
to the result of the equivalent beam analysis (by
Burland &Wroth, 1974 and Mair et al., 1996) using the
modification factors of Potts andAddenbrooke (1997).

The analyses of Potts and Addenbrooke and of
Simic concerned the settlement assessment assum-
ing a 2D deformation of the building. Case studies
have shown that buildings can be distorted three-
dimensionally (3D) during the process of tunnel con-
struction. The paper by Franzius et al. (2005) tot this
symposium presents a 3D Finite Element (FE) para-
metric study of twist deformation of buildings due
to tunnel induced ground movement. For this paper
a definition of twist derived from expressions used in
structural engineering was adopted relating the settle-
ments of four corners of a building to the width and
length. This expression for twist has the dimension
[1/length]. FE modelling of the tunnelling process by
different researchers is discussed below together with
the impact on piled structures.

In the 3D FE calculations the tunnel, with a diameter
of 4.1 m, was placed at a depth of 20 m. The tunnel lin-
ing was represented by elastic shell elements. Tunnel
construction was modelled by successively excavat-
ing 2.5 m long ‘slices’ of soil elements in front of
the tunnel face and activating one ring of tunnel lin-
ing after each excavation step (i.e. the soil remained

unsupported over 2.5 m behind the face). The tunnel
excavation was modelled over 100 m, while all build-
ings were in plan perpendicular to the tunnel axis. The
soil profile consisted of London Clay represented by a
non-linear elastic plastic constitutive model. The ini-
tial coefficient of earth pressure at rest was K0 = 1.5.
The soil was modelled to behave undrained.

The building structure was represented by elastic
shell elements and the stiffness parameters were cho-
sen to represent 1-, 3-, 5- and 10-storey buildings.
8 different building scenarios were analysed, to inves-
tigate the behaviour of building twist, varying building
stiffness, building geometry and tunnel depth. The
twist behaviour was quantified by introducing twist
modification factors M�, similar to MDR adopted by
Potts & Addenbrooke (1997). The twist modification
Factor M� is defined as the ratio between the peak
twist of the building case over the maximum twist
in the corresponding greenfield scenario. The study
revealed that these factors M� reduce with increas-
ing building stiffness and increase with increasing
building geometry an increasing tunnel depth. This
trend of smaller structures leading to smaller values of
twist deformation shows that smaller buildings show a
stiffer response than large structures. In contrast to the
small twist deformation, it was found that the stiffer
building response leads to an increase rigid-body
motion of the whole building, i.e. the entire structure
rotates towards the tunnel face as it approaches and
rotates back as the excavation passes beyond the build-
ings. After 70 m of tunnel face passage the magnitude
of the twist remains constant.

Netzel (2005) focusses on damage criteria for build-
ings analyzing the limiting tensile strain method. The
limiting tensile strain (LTS) method is an empirical,
analytical method to predict the degree of possible set-
tlement damage on the buildings. The calculated diag-
onal and bending strains in the beam are consequently
compared to different limiting tensile strain values rep-
resenting different damage classes with an indication
of degrees of damage. Design charts are developed by
Burland & Wroth (1974) and Boscardin & Cording
(1989). Netzel presents the results of a fundamental
analyses of the basic assumptions made by the devel-
opers from structural point of view and its impact
on the calculated tensile strains in the buildings. The
current LTS-method uses equation (1) presented by
Timoshenko to calculate the tensile strains in the
structure but with a shear form factor of 1.5.

Where � is the maximum deflection of the beam, E,G
and I are building parameters (respectively: Young’s
modulus, shear modulus and the moment of inertia),
L the considered span length of the building, and P
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the fictive vertical point load at midspan of the beam,
causing the impose deflection profile.

Equation (1) is based upon the maximum shear
strain at the neutral axis of the beam. Timoshenko,
however also presents solutions where the influence
of the shear strain distribution over the height of the
beam is properly taken into account, thus resulting in
a shear form factor of 1.2 for a rectangular beam as
presented in equation (1). The influence of the dif-
ferent shear form factors on the calculation of tensile
strains is analysed by Netzel. The correct shear form
factor leads to an increase of the strains between 20 and
25% for practical ranges of L/H (between 0.7 and 1.5).
Netzel therefore recommends to use a shear form fac-
tor of 1.2 when predicting the building damage using
the tensile strain method.

If a building is longer than the influence area of a
settlement trough, the current LTS only considers the
part of the building inside the influence area (cut off
for the building at 1 mm settlement line). Obviously
neglecting the ‘cantilever’ effect of long structures. In
his paper Netzel shows that the ‘cantilever’ effect can
cause a significant increase of the strains (up to 80%)
and has therefore to be considered especially, when the
L/H-ratio of a building in the hogging zone is smaller
than 3 (which is the case in most situations) and the
proceeding length of the structure beyond the 1 mm
line is more than one time the length of the structure
inside the 1 mm area.

Netzel emphasizes in his paper that the design chart
by Boscardin & Cording (1998) and the design chart
by Burland et al. are only applicable for the case of
a massive bearing wall in the hogging zone and the
L/H-value of 1. A fundamental difference between
the two charts is the use of the parameter deflec-
tion ratio or the angular distortion as measure for the
building distortion due to vertical (differential) set-
tlements. Netzel investigated the influence of these
two approaches on the determination of the tensile
strains and thus the damage class. The author rec-
ommends to use the maximum angular distortion for
the determination of the diagonal tensile strains and
the deflection ratio to determine the bending tensile
strains with the LTS for Gaussian formed settlement
profiles.

3.2 Impact on piled structures

In the field of the prediction of tunnelling-induced
deformation of piled constructions two approaches can
be distinguished:

1. staged calculation methods containing
a. the estimation of the tunnelling-induced ground

deformation (with taken any foundation into
account, also named free field ground move-
ment)

b. the analysis of the response of the pile or pile
group to these deformations

2. fully numerical 3D analyses

In this category four papers were presented ded-
icated to prediction models. Surjadinata, Carter,
Hull & Poulos (2005), Kitiyodom, Matsumoto &
Kawaguchi (2005) and Matsumoto, Kawaguchi &
Kitiyodom (2005) describe staged calculation
approaches and Lee & Ng (2005) a FE modelling. In
two other papers prediction models were described and
used in combination with monitoring, Jacobsz, Bow-
ers & Moss (2005) applying stage calculation method
and Kaalberg et al. (2005) FE analysis. The predic-
tion models used in these two papers will shortly be
discussed here.

3.2.1 Staged calculation models
This approach was presented by Chen et al., (1999
and 2000). They estimated the free field movements
with empirical models. Loganathan and Poulos (1999)
applied this approach with a closed form solution for
the free field deformations. In both papers bound-
ary element analyses were used for the pile response.
Jacobsz et al. (2005) applied in their paper with differ-
ent case histories a similar approach, analyzing the free
field deformations with an empirical model (New &
Bowers, 1994) and using simple straight forward anal-
yses of the pile response.

The paper of Surjadinata et al. (2005) presented to
this symposium continues with this approach but using
a FEM analyses to establish the free filed movements.
Because of the combination with the boundary element
method to analyse the pile response they name it the
FAB-method (FiniteAnd Boundary element method).
The tunnelling-induced deformations and were mod-
elled with the FEM by prescribing displacements at
the tunnel boundary corresponding with a pre-defined
ground loss. The calculation of the free field defor-
mations was validated with two well documented case
histories. The authors focus in their paper in particu-
lar at the horizontal pile displacements as the tunnels
are situated well above pile toe level. Their calcula-
tion results are compared with predictions from Chen
et al. (1999). The agreement between both approaches
is reasonable, but it has to be mentioned that the
benchmark Case of Chen et al. (1999) is not validated
with measurements. Nevertheless Surjadinata et al. did
compare their findings also with the case history pre-
sented by Lee et al. (1994) in which horizontal pile
displacements were indeed measured. Figure 5 show
the results. They conclude that their so-called FAB
method provides slightly conservative predictions.

Kitiyodom et al. (2005) and Matsumoto et al.
(2005) present in their respective papers similar
approaches using the computer model PRAB to ana-
lyze the pile, pile group and piled raft response. PRAB
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uses an analytical solution based on an extension
of Mindlin’s solution for passive loading f.e. ground
movements. To estimate these free field ground move-
ments empirical and analytical solutions (Sagaseta,
1987, Verruijt and Booker, 1996 and Loganathan &
Poulos, 1998) as well as a numerical method are
applied. The calculation results were compared with
fully numerical analyses using FLAC3D. In their mod-
els the volume loss was induced using the gap factor
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presented by Lee et al. (1992). Kitiyodom et al. apply
this model to predict the effect of tunnelling on pile
groups and Matsumoto et al. use the same model for
the effects on piled raft foundations. The calculation
results for the pile group are compared with calculation
results from Loganathan et al. (2001), see Figure 6.

Matsumoto et al. compare their results with
FLAC3D, see Figure 7. In general there is a reasonable
agreement.

Although fully numerical 3D analyses are more and
more feasible due to hardware and software develop-
ments they are still very time consuming and therefore
expensive and not particular fitted to make numerous
calculations for example for different cross-section,
parametric studies and different building and founda-
tion configurations etc. Thus the staged calculation
methods are still attractive because of the relative good
quality of the predictions especially in combination
with validation with case histories or a fully numerical
method and the fact that the time of these predictions
is mere a fraction (approximately 1/1000th) of the
time needed for a full 3-D FEM approach, Surjadinata
et al. (2005).

3.2.2 Fully numerical 3D analyses
Soil-tunnel-pile interaction has previously been inves-
tigated by fully numerical methods, in 2D by
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Vermeer & Bonnier, (1991) and in 3D by Van Dijk,
(1998) and Mroueh & Shahrour (1999). The first
two simulated the tunnelling process with a contrac-
tion model, Mroueh & Shahrour (1999) with a staged
construction where in the second stage the soil was
removed and the lining was activated. As stated above
the fully numerical 3D calculations are in develop-
ment and applied increasingly. In this symposium three
papers deal with fully numerical 4D predictions of the
effects of tunnelling-induced deformation of construc-
tions, wherein 4D means 3D with an advancing TBM.
Franzius et al. (2005) and Lee et al. (2005) combine
the advancing TBM with an unsupported span in stiff
clay, respectively for the effect on non piled and piled
structures. Kaalberg et al. (2005) performed numeri-
cal 3D predictions of the effects of tunnelling-induced
deformation of piled constructions with an advanc-
ing TBM in combination with front pressure and tail
grouting.

The authors mention the use of different computer
codes respectively ABAQUS and DIANA. This gen-
eral report will only address the specific aspects related
to the topic of this report, such as the schematisa-
tion of the tunnelling process and features of the pile
foundation.

Lee et al. (2005) simulate the construction of an
open face tunnel excavation in stiff (London) clay with
an unsupported span of 3 m before a shotcrete lining
is installed. The excavation rate amounts 3 m/day. The
numerical analysis takes this advancing process and
the related consolidation into account. The pile in their
study was a ‘wished’ in place concrete pile, with a
diameter of 0.80 m. The pile is loaded up to a factor of
safety equal to 3.0. The calculated surface settlement
after passage of the tunnel (plain strain) is compared
with results of the centrifuge tests by Loganathan
(2000) and seems after a correction for the differences
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in volume loss reasonable. The paper shows pile head
settlements as a function of the advancement of the
tunnel, expressing the additional pile settlement as a
percentage (in this case 0.12%) of the tunnel diam-
eter. This additional pile head settlement (167% of
the initial pile head settlement) is translated into an
equivalent of the applied working load, from which
the authors conclude that the FOS is reduced from 3.0
to 1.5, see Figure 8. According to this approach the
authors assume that pile load versus pile displacement
behavior was not affected by the tunnelling process.

Kaalberg et al. (2005) mention in their paper, con-
cerning Dutch research, that the full-scale tests were
accompanied by fully numerical calculations. In their
case the tunnelling process in saturated sand with a
slurry supported face was simulated and the inter-
action with driven piles was analyzed. In the initial
analyses a contraction of the tunnel simulated the
volume loss related to the tunnelling process. In subse-
quent calculations the tunnel process was simulated in
time and taking front pressure and the grout pressure
in the tail into account. To the opinion of the authors
the simulation of the grout pressure distribution in the
tail void leads to a more realistic input of the tun-
nelling process and much better results concerning the
stresses around the tunnel after TBM passage result-
ing in a steeper settlement contour perpendicular to the
tunnel axis and a more realistic longitudinal trough at
the surface. This 4D model was calibrated using the
monitoring data from the Heinenoordtunnel.

Another important aspect of their analyses is the
stress condition around the driven piles. As they
were in particular focussing on possible stress relieve
around the pile tips a realistic stress condition in these
zones was required. Therefore a calculation model
based on an Eulerian principle (Berg, 1994) was used
to simulated larges strains related to pile installation.

4 MONITORING

4.1 Effects non-piled structures

Two papers were presented to this symposium con-
taining monitoring data from existing tunnels due to
tunnelling at short distances. The paper of Kwast &
Van Oosterhout (2005) presents the predicted and
measured impact of the boring of the second tube of the
Pannerdensch Canal Tunnel on the first tube. This tun-
nel is part of the Betuweroute, a new cargo railway link
between the harbour of Rotterdam and Germany. The
tunnels were driven with a TBM type slurry shield.
The minimum distance between the tubes is rather
small (<0.5 D) and no mitigating measures were taken
before boring. The outside diameter is 9.5 m and the
lining thickness is 0.42 m. At the monitoring location
the distance between the tubes varies from 3.5 m to
5 m (ca. 0.35 D to 0.5 D) and the cover above the bore
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tunnel varies between 1.0 D and 0.6 D. At this location
the tunnel was bored through a refilled sand pit with
mainly middle to well compacted uniform sand. Pre-
dictions were performed by 2D FEM analyses showing
a maximum horizontal and vertical deformation of the
outer diameter of the first tube of respectively −0.02%
(−2 mm) and +0.02% (+2 mm) during construction
of the second tube. Deformation measurements were
carried out at 3 cross sections with distances between
the tubes equal to 5.0 m, 4.0 m and 3.5 m. The mea-
sured diameter deviations of the first tube (horizontal
and vertical) during passage of the second were neg-
ligible (+/−2 mm), which was in accordance to what
was predicted.

The maximum calculated change of lateral ground
stresses during grouting of the second tube was 35 kPa
at a distance of 1.0 m out of the lining of the second
tube decreasing to nil at a distance of 4.0 m. Two cross-
sections were analysed with regard to changes in lateral
ground stresses by spade cells. The increase of ground
pressure during TBM passage of the first tube at an
angle of 45◦, by spade cells 2 and 6 is respectively
200 kPa and 125 kPa, see Figure 9. The rather high
increase of ground pressure at these locations is caused
by a nearby located grout injection point of the TBM.
The maximum increase of water pressures duringTBM
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Figure 9. Results of spade cells (in kPa), (Kwast, E.A. &
G.P.C. van Oosterhout, 2005).

passage is 40 kPa and disappears just after passage of
the TBM.

The main conclusion of this research project was
that no measurable influences were observed on the
first tube due to the construction of the second tube at
a distance of only 3.5 m to 5.0 m from the first tube.

Moss, N.A. & K.H. Bowers (2005) report the effect
of new tunnel construction under existing tunnels.
Section 2 of the Channel Tunnel Rail Link (CTRL)
high-speed railway includes 36 km twin running tun-
nels driven through mixed soft ground conditions
beneath east London. The tunnels were excavated
using a TBM with an Earth Pressure Balance (EPB)
shield and an excavated diameter of 8.15 m. Controlled
pressure grouting through the tailskin was carried out
concurrently with excavation. Additionally the annu-
lus around the shield itself was supported with pres-
surised fluid. A 350 mm thick steel and polypropyl-
ene fibre reinforced precast concrete tunnel lining was
erected inside theTBM tailskin to form the final lining.

The CTRL tunnels pass beneath buildings, bridges,
surface railways, an underground station and under
six existing operational metro tunnels. The existing
metro tunnels included a variety of different types of
metro tunnel constructions. The philosophy for the
CTRL tunnelling was based on minimizing the ground
movement at the TBM and systematically assessing
the risks to determine if any supplementary measures
were necessary. The assessment process for the effects
of CTRL-tunnelling involved three stages, aiming to
reduce the number of structures by eliminating those
demonstrated to be at low risk.

Stage 1 assessment of settlement contours showing
greenfield settlement contours, using the Gaussian dis-
tribution model described by New & O’Reilly (1991).
Assumed Volume loss of 1% (contract requirement)
and 2% as conservative starting point.

Stage 2 assessment comprises damage categorisa-
tion according to the model described by Boscardin&
Cording (1989) and the more recent model proposed
by Mair et al. (1996).

The stage 3 approach applied to the assessment
of the metro tunnels (being extraordinary structures),
commenced with ground movement predictions,
according to the model proposed by New and Bowers
(1994), for a credible range of volume losses and val-
ues of the trough width parameter. The results of the
calculations were then applied to the metro tunnels
using simple beam and spring models. The capac-
ity of the metro tunnel lining system was defined in
terms of a limiting bending curvature. Once the crit-
ical curvature had been defined, an iterative process
was undertaken to determine the matching volume loss
and hence the tolerable vertical settlement. In cases
where the calculated capacity of the metro tunnel was
deemed insufficient to resist the predicted settlement
mitigation works were undertaken in advance of the
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tunnelling. The paper by Moss and Bowers describes
the stage 3 assessment for the six metro crossings.

Ground movement during tunnelling was limited
by close TBM control and intensive monitoring of the
metros tubes. Systems of monitoring trigger levels and
associated contingency plans were prepared to manage
any adverse events.

The authors conclude i. that Metro crossing are
conducted without disruption of operation of existing
railways ii. the detailed specification of TBM and risk
engineering contributed to remain within budget and
time schedule iii. the assessment of ground deforma-
tions was reasonably accurate and the magnitude of
volume losses lower than initially expected.

4.2 Effects on piled structures

Two papers presented to this symposium report the
results of full-scale tests in which the behaviour of
piles was monitored during the passage of a TBM. A
third paper describes case studies of a tunnel project
in which the behaviour of piled constructions was
monitored when the TBM advanced underneath.

Selemetas, Standing & Mair (2005) present the
results of a full-scale trial, which took place during the
construction of CTRL in the UK. The tunnel consists
of two bored tunnels with a diameter of 8 m. The first
TBM (Up-Line) passed beneath the monitoring section
one month prior to the secondTBM (Down-Line). Four
instrumented, driven cast-in-situ, reinforced concrete
piles were installed above and at an offset from the two
tunnels to be bored with an Earth Pressure Balance
(EPB) shield. All four piles were loaded up to 50% of
their ultimate bearing capacity. The ground conditions
consist of 3 m of made ground overlying about 4.5 m
of soft Alluvium of peat and silty clay.

Beneath this Alluvium lies 3.7 m of dense Terrace
Gravels followed by 15 m of very stiff London Clay.
The groundwater level is 4 m below the ground surface.
The intention was to maintain these loads during tun-
nelling, which at the site of interest took place through
London Clay. The profile of greenfield ground surface
displacement was also measured. The paper discusses
the resulting changes in the pile base load and the
associated pile settlement due to tunnel construction.
The conclusion of this paper confirms the earlier pre-
sented approach with the triangular zones, in which
pile settlement can be correlated to greenfield ground
surface settlement, (Kaalberg et al., 1999). In Figure 10
their zones of influence for (EPB) shield tunnelling
in London Clay is presented. In this research special
attention was paid to the distribution of shaft and base
resistance and the impact of tunnelling on this distri-
bution as two piles were “end bearing” piles and two
“friction” piles. Piles with their bases above the tun-
nel (Zone A) showed a considerable reduction in their
base loads during passage of the TBM. Piles with their

bases in beside the tunnel (Zones B and C) experienced
small changes in their base loads. The base loads of
these piles showed a small increase with time due to
the negative shaft friction.

Kaalberg et al. (2005) present an overview of
the Dutch research on the impact of tunnelling on
pile foundations in view of the North/South Line in
Amsterdam that will be bored in the coming years. A
part (3.9 km) of this line crosses the historic centre
of Amsterdam. The line will pass beside more than
250.000 wooden and over 2000 concrete piles of the
foundations of adjacent buildings.The research started
with tests in the geotechnical centrifuge of GeoDelft
and comprised numerical modelling and full-scale
tests. The full-scale test was carried out at the Second
Heinenoord tunnel, consisting of two tunnels (diame-
ter of 8.3 m) bored with a slurry shield.The test had two
objectives: to study the effects and risks of tunnelling
near, beside and under pile foundations and to validate
a 3D numerical model. This computer code was used
to predict pile and (sub)surface settlements. Special
attention was paid to distinguish between settlement
of the soil layer around the pile toe and settlement
caused by stress relieve around the pile toe due to
the tunnelling. Especially this last reason, causing
a permanent reduction of pile capacity was feared.
The soil conditions of the test site are different from
Amsterdam. In Amsterdam the upper 10–12 meters
consists of very soft silty clays, peat and loose sand
deposits. Underneath these soft layers a sand layer is
found, in which most wooden piles are founded. At
the test site only the first four meters consists of soft
clay, overlying fine sand. To stimulate the Amsterdam
subsoil conditions large clay columns have been con-
structed. Subsequently the piles were rammed through
the clay column and into the sand layer. The pile loads
are similar to Amsterdam pile configurations. In total
43 timber piles and 20 concrete piles were placed in the
vicinity and above of the tunnel. For the first passage,
the pile toes were located at a distance of 0.5 D to 2.5 D

Figure 10. Zones of influence of piled settlement due to
Earth Pressure Balance shield tunnelling in London Clay,
(Selemetas et al., 2005).
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from the tunnel tube (with diameter D). Most piles
were loaded by sand-filled containers on top. Through
a load-controlled jack, the weight of the load was
transported to the piles. The monitoring programme
contained: i. pile, surface and sub surface vertical and
horizontal deformations; ii. stresses in the soil and at
the pile shaft; iii. static pile load tests and CPTs before
and afterTBM-passage.The paper presents for the first
and second passages the relation between surface and
pile settlement, corresponding with a volume loss at
surface of respectively between 1 and 2% during the
first passage and 0.75% during second, see Figure 11.
These results have led to the triangular zones as earlier
presented by Kaalberg et al. (1999).

The measured changes in effective stress, after the
secondTBM passage show that despite the volume loss
of 0.75% during this passage that the stresses increased
considerably after the passage, probably due to effec-
tive tail grouting. Close to the tunnel an increase
between 100 and 150 kPa was found. It was concluded
from the stress measurements at the pile shafts at a
distance of 0.5 D from the tunnel that also during pas-
sage the total and effective stresses at the pile shafs
temporary increased. CPTs as well as static pile load
tests before and after TBM passage confirmed that
a relieve of stresses around the pile shaft and toes
did not occur as the cone resistances and the pile
capacities even increased slightly after TBM passage.
Finally it was concluded that the surface settlements
and pile settlements at the long term increased by 15%
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Figure 11. Surface and pile settlement at first (1st figure)
and second (2nd figure) passage, (Kaalberg, et al., 2005).

compared with the immediate deformations afterTBM
passage.

Jacobsz et al. (2005) describe three case studies
dealing with the construction of the tunnels for the
Channel Tunnel Rail Link (CTRL) project in London,
which gave the opportunity to obtain valuable informa-
tion on the effects of tunnelling relatively close to piled
bridge foundations. The paper briefly describes the
assessments carried out prior to tunnelling under three
bridges in London as well as monitoring results. The
first bridge, Renwick Road Bridge, is supported on
end-bearing piles, while the other two bridges, Ripple
Road Flyover and the A406 Viaduct, are supported
on friction piles. During the passage of the downline
under the Renwick Road Bridge the volume loss was
just above 1%, leading to surface settlements of about
20 mm and pile settlements between 15 and 18 mm.
These settlements correspond with the triangular zone
relating surface and pile settlements as shown above.
The authors concluded, based on the prediction of sub
surface settlements, that the pile behaviour of end bear-
ing piles corresponds with the settlement of the layer
in which the pile toes are installed.

A simplified cross-section of the Ripple Road Fly-
over bridge is presented in Figure 12. The vertical
piles were of driven-cast-in situ construction, while
the raking piles were bored.

The majority of the pile shafts are in the London
Clay, which is overlain by approximately 4 m of Ter-
race Gravels. The surface is underlain by made ground
varying in thickness between 1 m and 2 m. The clear-
ance between pile base and tunnel lining was estimated
to be approximately only 1 m. Mitigation works were
carried out consisting of grouting around the piles
within the Terrace Gravel, and additional grouting
underneath the pile cap. With this solution the grouted
piled bridge piers were expected to settle by the same
amount as the ground surface.

The upline TBM resulted in a total settlement of
between 8 mm and 10 mm, i.e. a volume loss of about
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Figure 12. Cross-section Ripple Road Flyover, (Jacobs
et al., 2005).
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0.6%. The downline TBM passage caused approxi-
mately 11 mm of settlement just before the bridge,
i.e. a volume loss of 0.8%. The face pressure was
then increased, reducing the settlement to about 7 mm
under the bridge. Approximately 3 mm of heave was
observed ahead of the TBM face. The settlement of the
bridge pier above the upline tunnel was about 8 mm
and that of the pier above the downline tunnel 10 mm.
These settlements are similar to the surface settlement.

From the three presented case histories the authors
conclude the following: i.At small volume losses end-
bearing piles settle by an amount equal to the green-
field settlement at the pile base ii. friction piles change
the greenfield subsurface settlement profile and settle
by an amount similar to the greenfield surface set-
tlement iii. care must be taken to ensure that volume
losses are kept small in areas where load cannot be
distributed from the pile base to the shaft iv. assum-
ing friction piles to deform with the surrounding soil
provides a conservative approach and v.when assess-
ing the effects of tunnelling on piled foundations a
re-assessment of pile capacity should be carried out.

5 GENERAL CONCLUSIONS

The papers dealt with in this general report have rather
different topics. It is therefore not possible to present
overal conclusions that cover all papers. However,
some general trends can be mentioned:

– The papers dealt with showed that there is some
agreement how to deal with the response of struc-
tures to tunnelling. For structures without piles
the theoretical work from Potts and Addenbrooke
(1997) is (with some scatter) confirmed by mea-
surements. Damage criteria for these buildings are
presented. Work has started to include 3D effects.

– The influence of tunnelling on piled foundations
is in several papers described with influence zones
as the zones presented in Figure 10 of this report.
Deviations are reported only for large volume losses
and piles very close to the tunnel.

– Nowadays tunnels can be built with volume losses
of less than 1%. It is shown in the papers that this
presents possibilities to bore tunnels close to each
other (at distances of only 0.35 × D with D the
diameter of the tunnel), to bridge foundations and
crossing existing tube tunnels without disrupting
the normal operation.
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