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ABSTRACT: The present report summarizes the papers presented to session IV of the Intemational
Symposium on the Geotechnical Aspects of Underground _Construction in Soft Ground (London, 1996).
Different means of investigation were used in these contributions, including numerical modeling, model
testing, and semifempirical approaches, with focus on the finite element method. The following areas were
covered: numerical analysis of case studies, models for shield driven tunnels, tunnel liner design, prediction of
tunneling induced settlements and interaction with adjacent structures. ‘-_

1 INTRODUCTION

The present report summarizes the papers _submitted
to session IV of the International Symposium on the
Geotechnical Aspects of Underground Construction
in Soft Ground, related to modeling and predictionfor bored tunnels. A'

Thirty of the papers presented to the
conference addressed the problem of modeling and
prediction' for bored tunnels ; various approaches
were considered, both analytical and experimental :

- finite element modeling (18 papers),
- model testing (5 papers),
- beam models (3 papers),
; finite diffenence method (2 papers),
- semi-empirical formulations (2 papers),
- limit equilibrium (1 paper),
- mechanical model (1 paper).
It is to be noticed that a majority of the works

presented to this session were based on the finite
element method, which probably reflects the
increasing use of this approach, both as a design tool
and for acquiring a better understanding of the
ground response to different ways of tunneling in
soft ground.

Ten of the papers were concerned with the
numerical analysis of case studies. More general
issues were addressed in the other papers, including
models for shield driven tunnels, tunnel liner design,
prediction of tunneling induced settlements and
interaction with adjacent structures.

2 NUMERICAL ANALYSES OF CASE STUDIES

Almost one third of the papers presented to this
session were related to the numerical analysis of
case studies. Three construction techniques were
mostly considered in these analyses : shield
tunneling, the New Austrian Tunneling Method
(NATM) and tunneling in grouted soil.

2.1 Shield Tunneling

Bakker et al. (1996) analyzed a double tunnel
(Second Heinenoord tunnel), to be constructed in
soft water bearing soils in the Netherlands, using a
8.5 m diameter slurry shield. A two dimensional
finite element model was used to simulate the
excavation process. The soil was modeled with an
elastic-plastic constitutive law, with linear elasticity.
A six stage computational scheme was used to
account for initial stresses in the ground, soil and
water removal within the tunnel area, liner
activation, ground loss into the tail void,
consolidation effects, and construction of a second
adjacent tunnel.

This study was completed as part of a
predictive effort to estimate the surface settlements
induced by the construction of the Second
Heinenoord Tunnel. At the time the paper was
written, the construction had not yet started, and the
computational results could only be compared with



existing empirical correlations proposed by Peck
(1969) and analytical solutions developed by
Sagaseta (1987).

Peck's (1969) correlations, are based on the
observation that the settlement trough induced at the
ground' surface by tunneling can be reasonably
modeled _by a reversed error function curve (Figure
1), of equation :

s x =s .ex -< > *Zmax P 2i2
where x represents the distance to the tunnel center
line, s(x) the surface settlement at this distance, smax
the settlement obtained along the tunnel center-line,
and i the distance between the inflexion point of the
curve and the tunnel center-line.

The authors concluded that the theoretical

results obtained from thisjstudy were consistent with
empirical and analytical estimates ; however, the
width of settlement trough- chosen to best fit the
empirical curve (i = 10 m) appeared to be larger than
that derived from empiricalcorrelations.
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De Borst et al. (1996) modeled the ground
response to pipe-jacking, in the case of a 7 m deep,
1.9 m diameter tunnel constructed in soft clay. The
specific layering of the site was introduced in the
analysis, and the modified Cam-Clay model used to
account for the behavior of the clay, with drained
conditions. Surface settlements were monitored over

the tunnel, which allowed comparisons to be made
between theoretical estimates and field data.

A two-dimensional analysis was first run,
using two computation stages: (1) determination of
the stress distribution at the face due to soil and
water removal within the tunnel, and liner weight
activation; (2) deformation of the tunnel wall to
account for ground losses over the shield and into
the tail void; an overall 8 % volume loss was

assumed at this stage, with two loading conditions:
fixed tunnel center or fixed tunnel invert. In
addition, steering effects were analyzed, assuming a_
4 % volume loss due to steering and another 4' %t
loss due to over-excavation. The comparison
between the computed and measured settlements
showed that the results obtained for the two loading
assumptions provided a bracketed estimate of
observed data; a better match could be achieved
when steering effects were included, since this latter
assumption allowed to account for the observed non
symmetric shape of the surface settlement trough.

A three-dimensional analysis was also run to
study the relative impact of face intake and tail void
closure on the tunneling induced settlements. Two
conditions were analyzed: (1) no ground loss at the
face and along the shield; (2) total relaxationof
ground stresses at the face. Numerical difficulties
were. encountered in the latter case. The former

assumption ,did not allow to reproduce the observed
settlement shape well, in that it lead to zero
settlement above the tunnel front and only 50 % of
the total observed settlement above the shield tail.

Another instrumented shield driven tunnel

was analyzed by Bemat et al. (1996). The project
was constructed in Lyon (France), as part of the
city's metro network, and consisted of two 6.3 m
diameter shallow side-by-side tunnels, excavated in
soft water-bearing soils. Two sections of the project
were carefully instrumented, with surface settlement
markers, borehole extensometers and inclinometers.

A two-dimensional approach was used in this
study, which was considered appropriate, in view of
the small settlement values recorded ahead of the

tunnel face along the project. Drained conditions
were assumed for all analyses, with the soil behavior
being modeled by the CIS law (Cambou & Jafari,
1988); the parameters for this law were adjusted for
each soil layer, using both laboratory and
pressuremeter test results. Several modeling options
were considered; in particular a specific procedure
was proposed to accurately model the ground
movements induced by backfill grouting into the tail
voidpiece. This approach allowed to successfully
reproduce the ground heave observed at the shield
tail, on settlement records.

2.2 New Austrian Tunneling Method

lfeddish et al. (1996) analyzed a 15 m wide, 8 m
high, complex rail tunnel section to be excavated at a
depth of 33.5 m in London clay, using staged
excavation with shotcrete support. The construction



process was carefully modeled using a two
dimensional approach, with allowance for three
dimensional face movements and _ reduced
mechanical properties _'for young shotcrete. Both
stress release and modulus softening techniques
were used to account for three-dimensional effects at

the tunnel face. Two Young's modulus values were
considered for the shotcrete: E = 5000 MPa for the
short term response and E = 15000 MPa for long
term conditions. The soil was modeled as a purely
cohesive elastic-plastic material, with increasing
modulus and shear .strength with depth. The earth
pressure coefficient at rest was taken equal to K0 =
1.5.

The results of these analyses showed that
high moments should be anticipated at intermediate
construction stages, with higher than wide openings
to be supported, whereas the final tunnel shape
should be more favorable from a structural stand

point, given the high horizontal stresses to be
expected on this site. '

Kovacevic et al. (1996) analyzed another
shotcrete tunnel excavated in London clay, as part of
the Jubilee Line Extension (ILE) in London. The
New Austrian Tunneling Method (NATM) was used
for the construction of this 75.8 m deep 11.3 m
diameter circular tunnel. In addition, compensation
grouting was completed to provide adequate ground
movement control during the construction. This
project was instrumented to monitor _tunneling
induced settlements and evaluate the efficiency of
the grouting works.

The construction process was modeled by
means of a two-dimensional finite element analysis;
three-dimensional effects were accounted for
through the "convergence-confinement" method.
This method, which was introduced by Panet &
Guénot (1982), corisists in applying some amount of
stress release to the tunnel periphery to model the
pre-deformation of the ground 'ahead of the tunnel
face, with the remainder of stresses being applied at
the soil-tunnel interface after activation of the tunnel

liner. An elastic-plastic law was assumed for the soil
layers, with Mohr-Coulomb yield criterion; the non
linear elastic model proposed by Jardine et al. (1986)
was used for most soil layers.

The compensation grouting works were
modeled by introducing a layer of interface elements
at the required grouting level, and applying a
pressure along the boundary of the interface
elements to simulate grouting effects. Several widths
and depths of grouting arrays were considered and
the computed results compared with recorded data.
Figure 2 shows the results obtained for grouting
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Figure 2. Computed and Measured Surface
Settlements - Influence of Grouting Array Extent, w
(Kovacevic et al., 1996)

arrays of different widths, w, located 6.5 m above
the tunnel crown, as well as the computed and
measured settlements for no grouting.

It is apparent that the numerical model allows
to reproduce the settlements observed where no
grouting was applied and that a wider grouting array
would be more satisfactory in terms of ground
movement control, since this would lead to reduced

surface heave and differential settlement. The study
also showed that grouting would have little effect on
the structural response of the liner, provided the
grouting array would be located at more than one
tunnel diameter from the liner.

Bolton et al. (1996) also considered a NATM
tunnel constructed in London clay. Bothftwo- and
three-dimensional analyses were run in this study,
with undrained soil conditions. Two modeling
options were evaluated in the two-dimensional case :
(1) wished in place liner or (2) two-stage sequential
excavation with full stress release over the
excavation boundary before liner installation for
each excavation stage. A strain dependent Modified
Cam-Clay model was used for the ground, whereas
the shotcrete was modeled as an elastic material,
with either constant or time dependent stiffness.

The computational results were compared
with settlements measured on the Heathrow trial
tunnel. This study showed that: (1) the two
dimensional models tended to overestimate the



extent of the surface settlement trough induced by
tunneling; (2) the wished in place liner model
provided closer estimates of observed settlements
than the staged excavation model, whereas the best
results were obtained with the three-dimensional

analysis; (3) the modulus of young shotcrete
appeared to have little effect on tunneling induced
surface settlements, provided its value would be
larger than E = 5000 MPa; and (4) early placement
of the tunnel liner would have a stronger impact in
terms of settlement control than a higher shotcrete
stiffness.

The NATM was considered in three other

papers presented to this conference. Casarin et al.
(1996) completed a finite difference simulation of
the construction of a NATM road tunnel in Sao
Paulo, Brazil. The tunnel was excavated in soils
consisting mainly of hard clays and dense sands. A
parametric study was run to analyze the influence of
the amount of stress release ahead of the tunnel face

and coefficient of earth pressure at.rest KO on the
ground response to tunneling. The' shotcrete liner
was modeled as an elastic "material, with its Young's
modulus equal to E = 15000 MPa.

The tunnel was instrumented with surface

and deep settlement markers and convergence pins.
The study showed that the best estimates of recorded
displacements were obtained by reducing the
stresses over the tunnel boundary to _40 % of their
initial value and using a coefficient of _earth pressure
at rest of K0 = 1. These conclusions were used in the
design of a second adjacent tunnel to be constructed.

` Kochen & Negro (1996) presented an
interesting case of a NATM subway tunnel
constructed in soft porous clay in Brasilia, Brazil.
This tunnel was analyzed by means of the finite
difference method, using an elastic-plastic
constitutive model for the clay. The computational
results were compared with ground movement
records taken from the site;'this comparison showed
that the model used in this study allowed to
reproduce the overall deformation mode of the
ground, but was unsuccessful at providing an
accurate representation of the recorded ground
settlements. In particular,- the computed settlements
were significantly smaller that the measured values
and did not reproduce the strong increase in
settlement between the tunnel crown and the soil
surface that was observed on this site. This specific
feature was attributed to the collapsible nature of the
porous clay, which was not considered in the model.

The same problem was analyzed by Farias
and Assis (1996), using a finite element elastic
plastic model. The constitutive model was derived

from the modified Cam-Clay model,'but included
some allowance for tensile stresses and the
consideration of a flatter yield surface in the highly
over-consolidated portion of the mean principal
stress versus deviatoric stress (p', q) diagram~(i.e. for
p' values lower than half the isotropic
preconsolidation pressure p'c). In addition, the
collapsible nature of the clay was modeled, using a
similar procedure to that proposed by Nobari and
Duncan (1972), which consists in altering the
material's properties and imposing some amountof
stress reduction in the soil mass where collapse has
occurred. This model allowed a reasonable
representation of the surface settlements observed on
the site; the results are, however, strongly dependent
on the selection of adequate parameters for the
extent of collapse zone and properties of collapsed
soil, which could be difficult to determine in a
predictive mode.

2.3 Tunneling in Granted Soils

The problem of tunneling in grouted soils was
addressed in one paper by Canetta et al. (1996). This
study was related to the construction of a 8 m high
11 m wide tunnel in sands, as part of the Milan
metro, in Italy. The tunnel was excavated under 12
m of soil cover, with the water table being close to
invert level. Figure 3 shows the main features of the
construction sequence, which involved: (1)
excavating a pilot tunnel and grouting from the pilot
tunnel and the ground surface to build an arch of
consolidated material around the future tunnel; (2)
excavating the upper half of the tunnel and installing
a primary support system made of steel ribs, wire
mesh and reinforced shotcrete; (3) excavating and
supporting the lower half of the tunnel; and (4)
casting the internal concrete liner.

The excavation works were modeled using a
similar approach to the "convergence§confinement"
method. The behavior of the grouted and ungrouted
soils was accounted for by means of the X-Lamber
model (Canetta & Nova, 1989), derived from the
Nova & Wood (1979) constitutive model. Grouting
effects were introduced in the model by increasing
the elastic stiffness of the treated ground, as well as
its elastic domain (both in compression and tension).
In addition, a isotropic anelastic strain increment
was imposed to the grouted soil elements, to
simulate the loading induced into the ground by
grout pressures.

This model was used in a back-analysis of
the observed ground response derived from surface



settlement and borehole extensometer records. The

model proved to be efficient at reproducing the final
settlement distributions (both at the soil surface and
within the ground) after .calibration of the materials
stiffnesses; however, it could not achieve an accurate
simulation ofthe ground heave that was observed on
the site during the grouting stage. The discrepancies
between the theoretical and measured ground motion
due to grouting were attributed to the formation of
an altemate 'distribution of ungrouted and grouted
soil layers within the treated zone; it was concluded
that this structure probably produced grouting effects
similar to those of a series of hydraulic jacks, which
could not be simulated with the isotropic loading
scheme used in the numerical analysis._*I Agrouted  we >s2<
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Figure 3. Typical Construction Sequence on the
Analyzed Section of the Milan Metro (Canetta et al.,
1996)
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2.4 General Comments

A majority of the above described case studies were
based on the finite element method. Most analyses
were run with a two-dimensional model : this
approach was generally preferred to a three
dimensional representation of the ground response to
tunneling for the sake of simplicity, even though the
three-dimensional nature of the ground response to
tunneling had been clearly recognised.

Three-dimensional effects were usually
introduced in the two-dimensional models, using a
stress release technique similar to that developed in
the "convergence-confinement" method. Another
approach, based on imposing soil displacements

over the tunnel boundary, was also used in several
studies of shield driven tunnels, where more effort
was put on the _analysis of the ground movements
occurring into the tail void; it would however seem
that the soil-structure interaction process would only
be partially modeled in this latter case.

It is also remarkable that most analyses used
an elaborate constitutive model for the soil, with
both the plastic and non-linear elastic response of the
ground being considered in most cases.

Most numerical results were compared with
observational data. The comparisons showed that a
reasonable amount of prediction could be achieved
with these models, but that more work would still be

required to improve the simulation of specific
features such as the behavior of grouted or
collapsible soils or loading effects as those produced
by injection pressures. n

3 MODELS FOIQSHIELD DRIVEN TUNNELS

The shield tunneling method was analyzed in a more
general manner in five papers presented to session
IV of the Conference, by means of finite element
modeling, mechanical models, limit equilibrium
computations or centrifuge testing.

Akagi & Komiya (1996) described a three
dimensional finite element model developed to
analyze the soil-machine interaction aspects of
shield tunneling; the model, which accounts for the
disturbance of the soil at the tunnel face, as well as
jacking forces applied to the machine, was tested on
an instrumented Earth Pressure Balance (EPB)
shield tunneling project in soft clay in Tokyo. The
model' was apparently able to provide reasonable
estimates of the final ground settlements and excess
pore water pressures measured on the site. The paper
unfortunately did not provide detail on the
techniques that were implemented for the proposed
approach.

The ground-machine interaction process was
also analyzed by Sugimoto and Luong (1996), using
a sophisticated mechanical model for the shield
(Figure 4). In this approach, the machine is modeled
as a solid subjected to the following set of external
loads : self weight of shield, fl, buoyancy force, f2,
jacking thrust, f3, earth reaction at the face, f4, earth
reaction along the shield skin, f5. The shield
operation data recorded during tunneling are used as
input parameters to the model, in an attempt to
obtain back-calculated values of soil parameters.

This model was tested on a slurry shield
tunnel driven in sandy silts in Tokyo, and provided



back-estimated values of the coefficient of earth
pressure at rest, coefficient of ground reaction, and
adhesion between_ shield and soil that were
consistent with 1 those derived from empirical
correlations. The capabilities of the method are
difficultto fully appreciate at the present stage, since
only preliminary work has apparently been
completed, but its basic idea - using the shield as a
large load cell for the soil - would seem of interest
for future investigation.
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Figure 4. Model of Acting Load on Shield
(Sugimoto & Luong, 1996)

Imamura et al. (1996) described the design
approach used to develop a miniatureiEPB shield for
centrifuge testing; the purpose of thislproject was to
provide a testing equipment to analyze the earth
tunnel pressures and surface settlements associated
with shield tunneling. A refined analysis was
completed to evaluate the different sources for
friction within the machine and at the soil-machine

interface. The reproducibility of test results was also
carefully checked.

The equipment allows to model two specific
features of shield tunneling: ground excavation at
the working face and tail void closure. It was used in
a series of tests conducted in sand. The experimental

program was presented in a companion paper by
Nomoto et al. (1996). Three testing modes were
considered: (1) buried pipe test; (2) tail void test;
and (3) shield test (i.e. with activation of both
ground excavation and tail void closure options).
Several tunnel depths were investigated. The test
results allowed to evidence the influence of the
construction procedure on the distributions of liner
stresses and induced surface settlements. Earth

pressures were also monitored around the tunnel
during the tests, and were found to increase near the
cutting face and then decrease at the tail void. Earth

loads acting on the liner were found in agreement
with Terzaghi's theory.

Anagnostou & Kovari (1996) addressed the
problem of 'tunnel face stability during EPB or slurry
shield tunneling. The authors developed a
computational method to evaluate the supporting
pressure to be applied at the working face, based on
a limit equilibrium approach; a three-dimensional
failure mechanism proposed _by Horn (1961) was
used in this study (Figure 5). The computations were
run for effective stress conditions, with due account
of the development of water pressures in the
surrounding ground. Charts were provided to
evaluate face stability conditions for each
construction technique. The method accounts for the
head losses between the face and the muck chamber

in the EPB case, and for slurry penetration into the
ground in the slurry shield case.
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Figure 5. Failure Mechanism (After Horn, 1961;
.Quoted By Anagnostou & Kovari, 1996)

4 TUNNEL LINER DESIGN

Five papers presented to the conference were related
to tunnel liner design. Hashimoto et al. (1996)
developed a beam-joint model to characterize the
structural response of tunnel liners. The model was
used in a case study of a subway tunnel in Osaka,
Japan, to back-estimate earth loads acting on the
liner. The tunnel was instrumented with strain gauge
extensometers and earth pressure cells and the
normal forces and moments derived from strain

gauge measurements were introduced as input data
for the model, assuming a linear or parabolic earth
pressure distribution on the liner. It was concluded
that both the introduction of segment joints in the
model and the consideration of parabolic (rather than



linear) pressure distributions would improve the
prediction of the liner response.

Steiner & Meier (1996) considered the
structural design of 'a» segmental tunnel liner,
constructed in mixed glacial grounds with a shield.
Two approaches were considered : a beam with
hinges model'-and Einstein & Schwarz (1977) closed
form solutions. Different loading conditions were
analyzed and the results compared to each other and
to interaction diagrams for unreinforced and
reinforced concrete. It was demonstrated that the
liner normal forces and moments induced by earth
and water loads would generally not require any
reinforcement of the concrete (with the exception of
extreme horizontal./stress or loosened rock cases),
whereas more severe conditions would be obtained

with the consideration of handling, transport or
placement loads. This paper underlines the specific
features related to the design of shield driven
tunnels, and emphasizes the_ influence of handling
and jackingloads on the structural response of the
liner.

Van der Poel et al. (1996) reported a study
completed for the design of the Second Heinenoord
tunnel (Netherlands), using both a bedded beam
model and finite element computations; Several
design sections were analyzed.'It was concluded that
buoyancy effects should be accounted for 'in the
estimation of liner loads and that finite element
computations should be recommended for the design
of such structures.

Suzuki et al. (1996) described a
,comprehensive instrumentation program that was
aimed at analyzing the earth loads to be accounted
for in the design of telecommunicationtunnel liners.
Two tunnels of the Nippon Telegraph and Telephone
network in Japan were used in this study. The
tunnels were about 3.5 m in diameter and 35 to 50 m

deep; they were excavated with_ a shield in soils
consisting of sands and gravels, clays and silty clays,
and lined with steel segments. Instrumentation
included earth and water pressure cells, as well as
strain gauges. The experimental data were compared
with the results obtained from a conventional
analysis of the tunnel' liner based on the
consideration of full earth loads. It was found that

measured earth pressures were only 40 to 60% of the
total overburden pressures and that backfill pressures
resulted in significant increases in the earth loads
acting on the liners. The authors reported that further
work was underway to help improve the evaluation
of earth pressures to be used in the design of such
structures.

Urciuoli et al. (1996) used a two-dimensional

finite difference model to analyze the coupled
hydraulic-mechanical response of the ground to
tunneling in soft saturated clays. Even though an
unlined tunnel was considered in the analyses, the
conclusions of this study could have some
applications in the estimation of earth loads acting
on a lined tunnel. Both the influence of the
constitutive model of the soil (purely elastic / elastic
plastic) and the boundary conditions at the opening
(pervious / unpervious) were considered.

The results showed that, in the elastic-plastic
case, a transient ring of negative pore pressures
would form around the opening and that most of the
tunnel convergence would take place a few days
after excavation. The unsaturated aspects of the soil
behavior and peculiarities of the soil-liner interaction
process were, however, not accounted for in this
analysis. This paper still presents the interest of
addressing the problem of the transient ground
response of water-bearing impervious soils, which is
usually difficult to account for, and may affect both
the liner loads and settlements induced by tunneling.

5 PREDICTION OF TUNNELING INDUCED
SETTLEMENTS

Tunneling induced settlements was analyzed by
means of centrifuge testing or finite element analysis
in seven papers presented to session IV of the
Conference.

Bolton et al. (1996) presented works
completed in a drum centrifuge to analyze the
ground movements induced by tunneling in soft
soils. A first testing device was developed to model
the effects of compensation grouting at the face of an
advancing tunnel in clay. Both the stress relief
produced by tunnel excavation at the working face
and the grouting works were simulated- in the
experiments. The two procedures were tested first
separately and then altemately for two distances
between the grouting zone and the tunnel face. The
test results allowed to underline the requirements for
using an adequate grouting distance to the tunnel
face, with the compensation effects being only
achieved at the expense of producing large amounts
of heave at the soil surface with a larger grouting
distance. The measurements also showed that
grouting would be accompanied with excess pore
water pressures within the soil mass and increased
earth pressures at the tunnel front; both effects
should be accounted for in assessing the potentials



for consolidation induced settlements and tunnel
face instability.

The second.device was aimed at modeling an
advancing tunnel, by means of the progressive
dissolution of a polystyrene foam installed in place
of thef tunnel at the beginning of test. It was,
however, apparent that more work would be needed
for this apparatus to be used for settlement analysis,
as the device, in its current form, would be more
suited for modeling tunnel collapse than controlled
ground motion.

Grant &- Taylor (1996) presented a centrifuge
testing device developed to study the settlements
induced by I tunneling in non-uniform grounds.
Testing conditions were designed for a circular
tunnel of diameter, D = 5 m, constructed in a clay
layer overlain with sand (Figure 6, after Stallebrass
et al., 1996). A 550 mm container filled with
kaolinite clay and sand was used for the
experiments; the tunnel was modeled by means of a
cylindrical' cavity, lined with a latex rubber
membrane and filled with compressed air; during the
tests, the air pressure was reduced to simulate the
progressive convergence of the tunnel walls. Marker
beads were pushed into the front wall of the
container to visualise ground motion during the
tests, and their displacements monitored by means of
CCTV cameras; a digital image processing system
was developed to analyze the data taken from this
device. In addition, settlements were measured at the

soil surface and sand / clay interface, by means of
displacement transducers.

The results of one test carried out for a soil

cover, C consisting of 1.5 D of clay 1.5 D of sand,

550 mm_ 4 I >
- :__ model

container

Sand 3D tOt2`:l|

kaolinite cla _ Cover
, ( (150 mm)

‘ /  ‘ base" l “‘ drainage
boundarymarker beads

Tunnel cavity (50 mm diameter = 1D)
supported bv compressed air pressure

Figure 6. Schematic Diagram of Centrifuge Model
(Stallebrass et al., 1996)

was reported in the paper. The test results were
analyzed by means of Peck's (1969) reversed error
function model. The measured settlement troughs
were found wider than those predicted by existing
correlations, essentially because of the large
influencial area of the tunnel within the clay layer,
that was observed in the test. The differences with

empirical estimates were therefore mainly attributed_
to the consideration of -non-uniform ground
conditions in the experimental results; the two
dimensional displacement pattern of the _test
procedure may also have influenced the observed
ground response.
` Tests were also completed with three other

configurations for the soil cover: 3 D clay; 1 D sand
and 2 D clay; 2 D sand and 1 D clay. The test results
were reported by Stallebrass et al. (1996), and
compared to predictions derived from finite element
analyses. In the theoretical study, the sand was
modeled as a linear-elastic material, whereas the 3
SKH elastic-plastic model (Stallebrass, 1990),
derived from the Cam-Clay model, was used for the
clay. Typical displacement vectors, obtained for the
configuration described by Grant & Taylor (1996)
are presented in Figure 7; in this Figure, the
displacements vectors have been normalised to the
value obtained at the tunnel crown, and the vectors

in the sand layer omitted.
The comparison of the displacement field

derived from the finite element analysis to the
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Figure 7. Displacement Vectors Obtained For 1.5 D
of Sand and 1.5 D of Clay (Stallebrass et al., 1996)



experimental one shows that the theoretical model
allows reproduction of the general displacement
pattern observed above the tunnel axis, but
overestimates the invert heave; in addition the area
of influence of the tunnel is overpredicted. Further
analyses ofall theoretical and experimental results
showed that the finite element simulation would tend

to overestimate the magnitude of ground movements
around the tunnel, as well as width of settlement
trough; the trend for increasing trough width with
depth of sand layer, which was observed in the
centrifuge, was, however, well accounted for with
the numerical model.

The problem of accurately predicting the
shape of settlement trough was also addressed by
Simpson & Atkinson (1996), who considered the
impact of soil anisotropy' on the modeled ground
response obtained with finite element simulations.
The soil behavior was modeled using orthotropic
linear elasticity with a Mohr-Coulomb cut-off. An
original procedure was proposed, based on the
analysis of shear wave velocities obtained from
laboratory and in situ testing, to correlate the shear
moduli used in the orthotropic model together. This
procedure was applied to the Heathrow Express trial
tunnel and was successful at reproducing the
observed magnitude and extent of settlement trough.
The authors also reported that this approach had
been investigated because previous attempts to use
soil non-linearity or three-dimensional effects had
been unable to fully counteract the trend for
excessive width of surface settlement trough found
with finite element analyses.

Lee (1996) discussed the capabilities of the
numerical method developed by Lee et al. (1992) for
the prediction of surface settlements induced by
shield tunneling in soft ground. The method makes
use of the "gap" parameter concept, proposed by
Rowe & Kack (1983) for the numerical simulation
of ground motion induced by tunneling in plane
strain conditions; the gap is primarily equal to the
theoretical tail void, i.e. the difference between the
outer diameter of the shield and that of the liner;
corrections are applied to the theoretical gap value to
account for three-dimensional 'face movements, as
well as well as workmanship. The gap parameter can
be introduced in a finite element model to include

ground losses in the soil-structure interaction
analysis of shield tunneling, or used in conjunction
with empirical correlations to estimate tunneling
induced surface settlements. This model was applied
to six cases of instrumented tunnels in soils and

provided reasonable estimates of the observed
maximum surface settlements.

Inokuma & Fujimoto (1996) proposed a
method for estimating surface settlements induced
by shield tunneling, based on a two-dimensional
finite element analysis of ground movements into
the tail void. Two loading stages are considered in
this method: initial earth stresses less backfill
grouting pressures are first applied to the tunnel
periphery, to model the ground deformations
induced by fluctuations in grout pressures before the
backfill material has hardened; in the second stage,
the liner and backfill elements are activated, and
loads derived from Terzaghi's theory or the full
weight of earth cover applied to the soil / backfill
interface.

This approach presents the advantage of
taking more accurately into account the soil /
backfill / structure interaction process than
conventional modeling techniques; it would,
however, seem questionable that the loads applied
during stage two ,__of the modeling process would not
be related to the amount of stress release already
imposed in the first stage. Another feature of this
approach is that it focuses on ground motion into the
tail void; this assumption is backed by observational
evidence showing that this phenomenon would in
average account for 80 % of the volume of observed
surface settlements in a number of tunneling cases,
where the pressurized shield technology was used.
The data provided in the paper shows that this would
be mostly verified for tunnels in sands, which means
that other sources of ground losses might still need
to be considered for some cases of pressurized shield
tunneling.

Sakajo et al. (1996) also emphasized the
impact- of tail void closure and backfill grouting in
the analysis of settlements induced by shield
tunneling. They proposed to use combined two- and
three-dimensional finite element analyses to account

for the different aspects of tunneling in soft cohesive
soils, with the short term ground response being
modeled in 3D, and the results subsequently
introduced in a two-dimensional model to analyze
the potential for consolidation effects.

6 INTERACTION WITH ADJACENT
STRUCTURES

Five papers were related to the interaction between
tunneling works and existing structures or adjacent
tunnelsf

Kim et al. (1996) investigated the problem of
tunneling next to an adjacent tunnel, by means of
both physical and numerical modeling. The study



considered the sequential construction of three side
by-side tunnels, with wall spacings of 0.4 and 1
tunnel diameters.. The data were analyzed in tenns of
tunnel wall deflection and liner moments. The
experimental and theoretical results were found in
reasonable agreement and showed that the structural
interaction between adjacent tunnels would be
moderate for pillar widths of more than one tunnel
diameter.

Ad_denbrooke & Potts (1996) carried out a
series of finite element analyses- to study the ground
response relatedto the interaction between twin side
by-side or piggy back tunnels. The conditions used
in this study were those found on the Jubilee Line
Extension project, with the tunnels being excavated
in London clay at a depth of 34 m (different tunnel
depths were considered for the upper tunnel in the
piggy back case, with the lower tunnel being kept at
a depth of 34 m); the tunnel diameter was chosen
equal to 4.1 m.

Typical results obtained from the finite
element study are shown- in Figure 8. The surface
settlement troughs displayed in this figure
correspond to the excavation of the second tunnel;
the computed values have been normalized to the
maximum surface settlement and. compared with
those that would be obtained for no interaction
(greenfield case). It can be concluded from this
comparison that the settlements induced by twin
tunneling cannot be obtained by superimposing the
settlement troughs relative to two single tunnels; in
particular, the settlement trough due to the second
tunnel, in the side-by-side case, is offset with respect
to the tunnel axis, and that obtained in the piggy
back case is wider than for a single tunnel of same
depth.

Further analysis of the computational results
slfowed that the construction of the second tunnel

would produce a distortion of the first tunnel, with
an increase in horizontal diameter in the side-by-side
case, and an increase in vertical diameter in the
piggy back case. The results also showed that these
effects would be negligible for pillar widths greater
than 7 tunnel diameters in the former case and 3
diameters in the latter.

Potts & Addenbrooke (1996) analyzed the
influence of an existing above ground structure on
the distribution of surface settlements induced by
tunneling. The geometry considered in this study is
shown in Figure 9: a tunnel of diameter, D and
depth, Z is excavated underneath an existing
building of width, B. The tunnel axis is located at a
distance, e with respect to the building center-plane.

Distance from tunnel center-line (m)

_ 40 20 0 20 40

»

I I I ' l I 
~O.2

~ 0.4

\ ~ 0.6\ I
`~ -o.a  "

i.._.., ...,._. _ ........ _....__...._....-.. .... _._.__......__._ .......,...  _ -'

greenfield  v S/Smax
_ ”' 8 mspacing
""` 32 m spacing
i_ ________ ____ ____,_____.._ __ ___J

2nd tunnel 1st tunnel

spacing

a. side-by-side case

0 ‘- 1 2 3 4 5 .-' I I I I I X/I
0.2 - //I . _ - '0.4 _ _./

- 70.6 - ,y
0.8 - _-7'

_ .' /1 '~ ’

S/Smax

2nd tU|'II'Iei l g|'eenfie|d

" " 10 m spacing
1st tunnel

b. piggy-back case

Figure 8. Surface Settlements Computed Above
Twin Tunnels (Addenbrooke & Potts,`. 1996)

This problem was investigated by means of
the finite element method; two parameters were
considered to characterize the interface conditions

between the building and the ground: the relative

bending stiffness p* = -E-12%, and the relative axial

stiffness oc* =  (where E.I (resp. E.A)
E,.H

_represents the bending (resp. axial) stiffness of the
structure, Es the soil stiffness and H = B/2 the half
width of the building).
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Figure 9. Model For Interaction With Above Ground
Structure (Potts & Addenbrooke, 1996)

Results obtained for a_ relative bending
stiffness of p* = 0.518 and three different: values of
the relativeaxialstiffness (ot = 4.86 l0'3,- ot = 4.86

10'1, ot = 4.86 102) are displayed in Figure 10. It can

be noticed that the settlement trough for a soft
structure (ot = 4.86 10'3) resembles that of greenfield
conditions, whereas a much flatter curve is. obtained

for a higher relative axial stiffness (ot = 4.86 102). A

comprehensive parametric study was run to
investigate the effects of tunnel depth, eccentricity of
tunnel axis with respect to the building center-plane,
building width and relative bending and axial
stiffnesses _on the predicted surface settlements. The
results of this study were used to develop correction
factors to be used in conjunction with Burland's
(1995) charts for assessing the level of damage
induced by tunneling to above ground structures.
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The finite element method was used by
Higgins et al. (1996) to study the influence of
tunneling and excavation works to be completed
next to Big Ben clock tower at Westminster station
in London, as part of the Jubilee Line Extension
project (Figure 11).
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Figure- 11.. Tunneling and Excavation Works at
Westminster Station (Higgins et al., 1996)

The grounds found on the site consist of
London clay overlain with Thames gravel and made
ground and alluvium. The following construction
procedure was considered in the analysis: (1)
construction of two pilot tunnels within each running
tunnel area; (2) excavation of the station box with
placement of temporary support,'construction of the
base slab and installation of permanent wall
supports; (3) enlargement of the pilot tunnels.
Tunnel construction was analyzed by means of the
"convergence-confinement" method (Panet &
Guénot, 1982). The made ground and alluvium strata
were modeled as a linear-elastic perfectly plastic
material, whereas non-linear elasticity was
accounted for in the Thames gravel and London clay
layers, using Jardine et al. (1986) model; the
hydraulic response of the clay layer was also
considered in the analysis.

Several construction assumptions were
tested. This study allowed to evaluate the relative
impact of the different construction sequences on
ground settlements; in particular, it was found that
tunneling would have a moderate immediate impact
on the ,settlement of the tower, but would influence
the settlements induced during subsequent
construction stages; it was also shown that the
installation of a deep horizontal restraint to the wall



before excavation would result in a significant
reduction in overall ground movements. The results
of this study were _used in the final -design of the
project.

Another aspect of the interaction between
tunneling and existing structures was investigated by
Hergarden et al. (1996), using centrifuge modeling.
The experiments were designed to study the
response of pile foundations to tunneling works. The
test results were also back-analyzed using finite
element simulations. This study allowed to analyze
the relationship between ground loss at tunnel depth
and surface settlements and to evaluate the influence
of the pile-tunnel distance on the' potentials for
damaging existing piles.

7 DISCUSSION

Based on the above papers", five topics for discussion
were- proposed for session IV ofthe Conference:
design parameters and- loads for tunnel liners;
determination of soil parameters for settlement
analysis; predictions of tunneling induced
settlements; use of back-analysis in tunnel design;
models for grouting works.

The discussion allowed to underline the
potentials of numerical and physical modeling in
terms of (1) providing background for our
understanding of the ground response to tunneling,
and (2) developing predictive tools’ for design. In
particular, advances in finite element as well as
centrifuge modeling allow to provide an accurate
representation of specific aspects of the soil behavior
as well as the construction process, that could
influence the different components of the design of
soft ground; tunnels; these usually include the
evaluation ofi tunnel face stability, the determination
of liner loads and the prediction of tunneling induced
surface settlements. Questions were, however, raised
during the discussion on the advantages and
limitations of these techniques:

(1) finite element simulation may not be
sufficient to account for some design aspects, such
as the determination of' critical loading situations to
be used in the design of shield tunnel liners; on the
other hand, the finite element method provides a tool
to analyze complex situations, such as the interaction
between tunneling and other construction works that
could hardly be evaluated otherwise;

(2) the determination of soil parameters is a
delicate step of the numerical modeling process,
especially when an elaborate soil model is used;
these parameters should be derived from existing

soil testing results; there are, however, limitations to
this process since soils are often tested in
axisymmetrical conditions (triaxial tests), whereas
constitutive models are used in plane strain analyses_;
attempts should also be made to include more data
from in situ testing in calibrating soil models;

(3) both finite element modeling and
centrifuge testing have proved useful in analyzing
specific aspects of tunneling induced settlements,
such as the influence of a layered soil profile or an
existing above ground structure on the settlement
distributions;

(4) back-analysis can be used for calibrating
predictive models or evaluating soil parameters;
difficulties are often encountered, however, in
reproducing completely the observed ground
response;

(5) modeling grouting works requires an
adequate model for both the grouted soil behavior
and the injection related loads.

Both numerical and physical modeling allow
to achieve a high level of sophistication in areas
such as the implementation of complex constitutive
soil_ models or the simulation of elaborate
construction techniques. This is possible, in part,
because of advances in computing capabilities and
accuracy of measuring devices. The limitations of
each approach should, however, be identified, since
it may be difficult to include all aspects of the
tunneling process within the same model.

It is also apparent that further research would
be required to improve the representation of such
aspects as soil anisotropy, time dependent effects or
three-dimensional geometry. Advances in predictive
tools are also strongly dependent on available field
information, both for the calibration of the models
and for the appreciation of the actual ground
response to tunneling. Efforts should therefore also
be put on the instrumentation of case histories
involving various soil conditions and construction
techniques.
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