Two-dimensional FE analysis of ground
movements induced by shield tunnelling:
the role of tunnel ovalization
Claudio Tamagnini,* Chiara Miriano,* Elisabetta Sellari,* Noemi Cipollone*

Summary

In this work, a simple, yet effective procedure for simulating mechanized tunnelling operations with the FE method in
2-d plane-strain conditions is presented, which allows to take into account the ovalization of the tunnel boundary associated
with a non-uniform gap closure, and includes, as a special case, the classical method of ROWE et al. [1983] and LEE et al.
[1992]. The importance of tunnel ovalization on the predicted displacement field is demonstrated by means of a parametric
study on a idealized tunnelling problem. The application of the proposed method to real tunnel excavations is demonstrated by means of two class C predictions of actual ground deformations as observed in two different case-histories of TBM
tunnelling in soft clays.

1. Introduction
The accurate prediction of ground movements
induced by tunnel driving and the assessment of the
potential effects on existing infrastructures (buildings, other tunnels, services) has always been one of
the major design issues in soft-ground tunnel design in urban environments. In tunnelling operations conducted with closed-face tunnelling machines (TBM) – which include the use of a relatively
stiff, precast permanent lining – ground movements
are typically associated with the concept of “volume
loss” (or “loss of ground” ), i.e., the volume of soil
which is excavated in excess of the theoretical volume of the excavation. As observed by, e.g., MAIR
and TAYLOR [1997], the primary sources of volume
loss around the excavation are:
(1) soil movements at the face of the excavation, resulting from stress relief;
(2) during the passage of the shield, the presence of
an over-cutting edge, combined to any tendency
of the shield to deviate from its straight path,
due to inadequate workmanship;
(3) closure of the tail void, due to a existence of a
gap between the tail of the shield and the final
precast lining;
(4) deflection of the lining as the ground pressure
increases;
(5) consolidation and/or creep processes in finegrained soils,
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see Figure 1. Components (1) to (4) are relevant to
the short-term movements associated with tunnel
driving, while the last one is responsible for any
time-dependent additional movements which
might occur after the construction of the tunnel is
completed.
The development of volume loss at tunnel face
and at the tail of the shield is the result of a quite
complex deformation process. A rational approach
to the prediction of ground movements around a
tunnel driven by a closed-face TBM should therefore be based - at least in principle - on the use of
expensive and time-consuming large scale three-dimensional finite element models. On the one hand,
while such an approach is nowadays made possible
by current advances in digital computers and numerical algorithms, see e.g., KOMIYA et al. [1999];
S WOBODA and A BU -K RISHA [1999]; M ROUEH and
SHAHROUR [2003], it still remains mainly confined to
research, although recent developments in available
commercial FE codes seems to indicate that in a few
years it could become a standard tool in tunnel design practice, see e.g., GALLI et al. [2004]. On the
other hand, however, the availability of simplified
two-dimensional approaches for modelling the effects of the excavation is still of great practical value
in tunnel design, particularly when significant
changes in tunnel geometry, soil conditions and
groundwater regime are expected to occur along
the tunnel axis, thus requiring a frequent update of
the numerical model. Moreover, a two-dimensional,
plane strain approach is ideally suited for a unified
modelling of both short- and long-term effects of
the excavation, as the consolidation process induced in clayey soils by the development of excess
pore pressures usually takes place long after the
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Fig. 1 – Sources of ground movements in shield tunnelling and definition of gap parameter according to LEE et al. [1992].
Fig. 1 – Cause dei movimenti associati al passaggio dello scudo e definizione del parametro di gap secondo LEE et al. [1992].

front of the excavation has passed the particular section under study, and a full three-dimensional analysis of such a process is therefore unnecessary.
One of the most widely used approaches for 2d FE simulation of shield tunnelling has been proposed by ROWE et al. [1983], and subsequently refined by LEE et al. [1992]. A key point of Rowe’s approach is the idea of modelling the volume loss at
the face and at the tail of the shield by reducing
the initial diameter of the excavation, D 0 , by a
quantity G, called gap parameter. Although simple
and physically appealing, this approach is not
completely satisfactory, as its use in connection
with classical elastic perfectly plastic or critical
state models invariably leads to a large overestimate of the computed surface settlement trough
[M AIR et al., 1981; L EE and R OWE , 1989; G UNN ,
1993]. The cause of this problem has been typically attributed to some limitations inherent to
these particular constitutive equations. The introduction of some kind of inherent anisotropy [LEE
and ROWE, 1989; SIMPSON et al., 1996] or non-linear
elastic behavior at small strain levels [GUNN, 1993]
in the constitutive model adopted have been in
turn advocated as possible remedies. More recently, CALLARI [2004] pointed out the inability of
conventional, displacement-based FE formulations in correctly reproducing strain localization
processes as a possible explanation of inaccurate
predictions of observed ground movements. However, it is worth noting that the overall displacement field around the tunnel may also be signifi-

cantly affected by apparently minor construction
details, whenever they cause a non-uniform gap
closure around the excavation. As a matter of fact,
a number of analytical solutions are available in
the literature which show that even a slight degree
of ovalization of the tunnel boundary may affect
significantly the magnitude and distribution of
ground surface displacements [V E R R U I J T and
B OOKER, 1999; S AGASETA , 1998; LOGANATHAN and
POULOS, 1998; GONZÁLEZ and SAGASETA, 2001].
The scope of this paper is to describe a simple
numerical technique to perform 2-d FE simulations of TBM tunnelling which allows to take into
account both the effects of the volume loss and tunnel ovalization by imposing a non-uniform gap closure, and includes the LEE et al. [1992] method as a
special case. The importance of tunnel ovalization
on the predicted displacement field is then demonstrated by means of both a parametric study on
a idealized tunnel, and class C predictions of actual
ground deformations as observed in two different
case-histories of TBM tunnelling in soft clays.
The outline of the paper is as follows. The proposed approach for FE simulation of tunnel excavation is described in detail in the following Sect.
2. The results of a parametric study performed to
assess the influence of tunnel ovalization on predicted ground movements are discussed in Sect. 3.
The proposed method is then applied to two different case-histories in Sect. 4. Concluding remarks and suggestions for further studies are finally given in Sect. 5.
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2. Two-dimensional modelling of TBM
tunnelling with non-uniform gap closure
According to LEE et al. [1992], the gap parameter G, roughly equivalent to the maximum settlement at the crown, can be evaluated as the sum of
three distinct contributions, see Figure 1:
G = Gp + u*3d + ω

(1)

In the above equation, the first term, Gp, represents the physical clearance between the tail of the
shield and the outer skin of the liner. The quantity
u*3d globally accounts for the effects of soil movements at the tunnel face, and can be related to the
maximum horizontal soil displacement at the front.
The third term, ω, allows for the effects of workmanship, being directly related to the shield tendency to
plough or yaw. In Rowe’s approach, the reduction of
diameter imposed to the lining to simulate the passage of the shield do not affect the tunnel geometry,
which remains circular. The lining can undergo a
limited change of shape only due to the effect of soil
pressures, as a result of the soil-structure interaction
process which follows the activation of lining elements.
However, a number of factors associated with
current shield tunnelling practice may affect the geometry of the gap in such a way that a uniform gap
closure around the tunnel boundary is unlikely to
occur. In particular:
– when the shield axis is kept slightly inclined
upwards, the final shape of the excavation before gap closure is not perfectly circular, but rather elliptic, with a vertical major axis (Fig. 2a);
– due to the effect of self-weight, the lining deforms along the vertical direction during the erection stage, assuming an ovalized shape with a
horizontal diameter slightly larger than the vertical diameter (Fig. 2b);
– tail void grouting - if employed - can be more effective in reducing the void closure close to the
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flanks than at the crown, due to the effect of gravity (Fig. 2c).
All the aforementioned effects are likely to produce, for a given amount of volume loss, Vl, vertical
ground movements at the crown which are larger
than the gap parameter G given by Equation (1).
This, in turn, may have a strong effect on both strain
and displacement fields in the soil surrounding the
excavation.
In order to take such effects into account,
Rowe’s procedure has to be modified to allow for a
certain degree of ovalization of the excavation
boundary due to non-uniform gap closure. In the
present work, this has been achieved by introducing
a simple modification to the numerical procedure
adopted by LEONI et al. [2003]. In this approach, the
closure of the gap around the excavation boundary
is simulated by imposing a virtual temperature
change to the structural elements representing the
shield, for which a fictitious coefficient of thermal
expansion α = 1 is assumed. The final displacement
field of the lining is thus the result of two different
contributions, namely:
u = uG + uI

(2)

The first term, uG, is the displacement field associated with the imposed change of excavation geometry, while the second term, uI, represents the
displacement field associated with the soil-structure
interaction process. Note that, as no self-stresses in
the lining are generated by the displacement field
uG, no correction is required for the computed lining loads, as, e.g., in the method proposed by Augarde and BURD [2001].
A uniform temperature change ΔT0 produces a
uniform reduction of the shield diameter given by:
G = D0 ΔT0

(3)

Therefore, Rowe’s gap closure can be effectively
simulated by prescribing to shield elements a virtual
temperature change ΔT0 = G/D0, G being the gap

Fig. 2 – Possible causes for tunnel boundary ovalization: a) overexcavation at the crown due to tilting of the shield; b) lining
ovalization due to self-weight; c) non-uniform action of tail void grouting due to gravity.
Fig. 2 – Possibili cause di ovalizzazione del contorno dello scavo: a) sovrascavo in corona dovuto all’inclinazione dello scudo; b)
ovalizzazione del rivestimento dovuta al peso proprio; c) diffusione non uniforme delle iniezioni di intasamento per effetto del peso proprio.
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parameter evaluated according to Equation (1). A
change of both size and shape of the tunnel boundary can be obtained by prescribing a non-uniform
temperature change along the shield perimeter. In
this work, the following sinusoidal virtual temperature change has been employed to simulate tunnel
ovalization:
ΔT(θ) = ΔT0 + A cos(2θ)

(4)

see Figure 3. The deformed shape of the shield induced by the above virtual temperature field is provided by the following parametric equations (see
Appendix 1):

The dimensionless factor β defines the aspect
ratio of the deformed shape of the tunnel after the
gap closure, and quantifies tunnel ovalization. In
practice, due the above mentioned construction
details affecting the spatial distribution of the displacements due to the gap closure, a value of β >
1 is generally to be expected. For any given volume loss, Vl, and coefficient of ovalization, β, the
two semi-diameters of the deformed shape of the
shield, a and b, can be determined from Equations
(8). The mean temperature change ΔT0 and its oscillation, A, to be imposed to the shield elements
to obtain the prescribed values of V l and β, can
then be determined by inverting Equations (6)
and (7), as:

(5)

DT0 =
where x’ and y’ are the cartesian coordinates of
a generic point of the shield in a frame of reference
with the origin at the tunnel axis, R0 := D0/2 is the
nominal tunnel diameter, and θ [0,2π]. For all
practical purposes, for typical values of the coefficients ΔT0 and A, the curve described by Equation
(5) can be identified with an ellipse, with horizontal
and vertical semi-diameters given by:

a = x’

( p2 (= R (1 + D T + 3A (
0

0

(

A
b = y’ (0) = R0 1 + D T0 –
3

(

(6)
(7)

The overall volume loss can thus be approximated to:

Vl = p ( R 02 – bb2 (

b :=

a
b

(8)

a+b –
1
D0

A=

3( a + b (
D0

(9)

Note that, for ΔT=ΔT0 = const., a=b=(D0 G)/2
(uniform reduction in diameter) and Equation (9)1
reduces to Equation (3).
For future reference, it is worth noting that tunnel ovalization can be also described using alternative geometric and kinematic quantities. In particular, SAGASETA [1998] considers the gap closure and
the consequent change in tunnel geometry as the
sum of three fundamental modes of deformation, as
shown in Figure 4. The first mode is a uniform reduction in tunnel radius by a quantity u0 (Fig. 4a).
The second mode is a pure distortion of the tunnel
boundary, with no volume loss. Indicating with
u’r (θ) the radial component of the displacement
field u’ associated with this mode, the additional
vertical displacement at the crown (θ=0) induced
by tunnel ovalization is given by the quantity u’r (0)
(Fig. 4b). The last mode of deformation (Fig. 4c) is

Fig. 3 – Virtual temperature change imposed to simulate a non-uniform gap closure along the excavation boundary.
Fig. 3 – Variazione virtuale di temperatura imposta al rivestimento per simulare una chiusura non uniforme del gap.
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Fig. 4 – Definition of volume loss and ovalization according to SAGASETA [1998] (not to scale): a) uniform reduction in tunnel
radius, accounting for volume loss; b) tunnel boundary distortion at constant volume, accounting for ovalization; c) overall
deformation of the tunnel boundary, including vertical translation of the tunnel axis.
Fig. 4 – Definizione di volume perso e di ovalizzazione secondo SAGASETA [1998] (non in scala): a) riduzione uniforme del raggio della
galleria, che simula l’effetto del volume perso; b) deformazione a volume costante del contorno dello scavo, responsabile della ovalizzazione;
c) deformazione totale del contorno dello scavo, che include la possibile traslazione lungo la verticale dell’asse della galleria.

a pure rigid translation in the vertical direction, carrying the center of the excavation to its final position. The total volume loss, Vl , is related to u0 via the
following relations:

Vl = p R 02 – p ( R0 – u0 (2

u0 = { 1 –

(10)

1– W { R0

where Ω := Vl/(πR02 ) is the normalized volume loss.
Tunnel ovalization is quantified by the (dimensionless) distortion coefficient:

u (0(
d = ’r
R0

(11)

Considering that, by definition, u’r (0) + u0 = R0
– b, we have:

d = 1–

b – u0
R0 R0

(12)

and since, from Equations (8)1 and (10)2:

b
1
=
R0
b

u0
=1 –
R0

1–W

(

(

1–W

An extensive parametric study on a series of idealized tunnel excavations in soft clays has been carried out in order to assess the influence of tunnel
ovalization on the distribution of strains and displacements around the excavation and at ground
surface. Such important factors as tunnel depth and
previous stress history (overconsolidation) of the
soil deposits have been also considered in the study.
However, due to space reasons, only the results obtained for a relatively shallow tunnel driven in a normally consolidated clay layer are presented herein.
A complete account of the parametric study is provided in SELLARI [2003]. All the numerical analyses
have been performed using the FE code ABAQUS
v6.3 [ABAQUS, 2002].
3.1. Model description and analysis program

(14)

Equations (10)2 and (14) allow determination of
u0 and δ for any given volume loss and coefficient of
ovalization, and establishment of a relation between
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3. Effects of tunnel ovalization on displacement
field

1 – W (13)

the distortion coefficient can be expressed as a function of the normalized volume loss, Ω, and the coefficient of ovalization, β, as follows:

d = 1– 1
b

these quantities and the two semi-diameters a and b
via Equation (8).

The tunnel geometry and ground conditions assumed for the analyses discussed in this section are
derived from a case-history of TBM tunnel excavation in S. Francisco, described by C LOUGH et al.
[1983]. The soil profile is composed of two layers of
coarse-grained soil (soils #1 and #2), both 3.05 m
thick, underlain by a 9.15 m thick layer of soft clay
(soil #3), through which the tunnel is excavated.
The ground water level is located 6.10 m below the
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Tab. I – Parametric study: soil parameters adopted in the FE analysis. EDP = extended Drucker-Prager model; MCC =
Modified Cam-Clay model.
Tab. I – Studio parametrico: parametri impiegati nelle analisi agli elementi finiti. EDP = modello di Drucker-Prager esteso; MCC =
modello di Cam-Clay modificato.
Soil #1

Soil #2

Soil #3

Soil #1

Soil #2

Soil #3

Soil model

EDP

EDP

MCC

Soil model

EDP

EDP

MCC

γ

15.75

15.75

16.53

c’

14.4

14.4

–

(K0)NC

0.5

0.5

0.643

φ’ (deg)

30.0

30.0

–

Mc

1.2

1.2

1.2

dc

29.85

29.85

–

R

0.8

0.8

0.8

βc (deg)

50.2

50.2

–

λ

–

–

0.326

ψ (deg)

15

15

–

κ

–

–

0.043

E’ (MPa)

24.17

46.26

–

N

–

–

3.99

ν’

0.3

0.3

0.3

k (m/day)

–

–

8.54 · 10–4

ground surface, at the contact between layers #2
and #3. The tunnel, driven at an average depth of
11 m, has a diameter of 3.7 m, and is supported by
a permanent segmented steel lining 0.25 m thick.
The finite element model employed for the simulations is shown in Figure 5. The FE mesh is composed by a total of 377 elements and 1102 nodes,
corresponding to 2505 degrees of freedom. All the
analyses have been performed adopting a fully coupled formulation for the balance of mass and momentum equations (coupled consolidation). The
sand layers, above the ground water table, have
been modelled using biquadratic, eight-noded
CPE8R elements. Coupled eight-noded CPE8RP,
with biquadratic interpolation for displacements
and bilinear interpolation for pore pressures have
been used to model the clay layer (soil #3). Two different sets of 16 three-noded B22 beam elements

have been chosen to represent both the shield and
the lining.
An elastic-perfectly plastic, three-invariants
Drucker-Prager model has been employed to define
the mechanical behavior of the two sand layers. The
soft clay layer has been modelled using a three-invariants version of the Modified Cam-clay model.
The relevant values of the material parameters for
the soil layers, derived from F INNO and C LOUGH
[1985], are reported in Table I.
The Young’s modulus, the Poisson’s coefficient
and the density of the precast concrete lining have
been assumed equal to 2.0 · 108 kPa, 0.3 and 7.8 t/m3,
respectively. An equivalent bending stiffness two orders of magnitude greater than the lining stiffness
has been adopted for the shield. To take into account the effects of TBM self weight, an equivalent
density of 11.326 t/m3 has been estimated for the

Fig. 5 – FE discretization adopted for the parametric study (elements inside the tunnel boundary are not shown).
Fig. 5 – Discretizzazione agli elementi finiti impiegata nello studio parametrico (gli elementi all’interno del contorno dello scavo non sono
rappresentati in figura).
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Fig. 6 – Parametric study: a) vertical displacements at ground surface; b) normalized vertical displacements at ground surface.
Fig. 6 – Studio parametrico: a) spostamenti verticali del piano campagna; b) spostamenti verticali normalizzati del piano campagna.

shield elements. The program of the FE analyses
considered in this section is detailed in Table II.
The simulations were performed assuming a volume loss equal to 4% of the theoretical volume of
the excavation and four different values of the
ovalization parameter β, ranging from 0.98 (major
axis vertical) to 1.04 (major axis horizontal), including the original LEE et al. [1992] approach (β =
1, analysis r01) as a particular case. Each FE simulation has been performed in 4 different stages, as
reported in Table III. The initial, geostatic conditions are reproduced in the first stage, by activating soil self weight and prescribing the initial geostatic stress. This stage has been performed assuming fully drained conditions. The excavation is
started in Stage 2, where soil elements inside the
tunnel are removed and the shield is activated at
the same time. The process of gap closure is simulated in Stage 3. Finally, in Stage 4 shield elements
are removed and lining elements are activated. As
only short term undrained behavior was of concern, no consolidation stage has been performed
after excavation completion.
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Tab. II – Parametric study: program of FE analyses.
Tab. II – Studio parametrico: programma delle analisi agli
elementi finiti.
Run #

β (–)

a (m)

b (m)

Vl/V0 (%)

r01

1.00

1.812

1.812

4.0

r02

1.02

1.830

1.794

4.0

r03

1.04

1.848

1.777

4.0

r04

0.98

1.794

1.830

4.0

3.2. Discussion of results
The spatial distribution of vertical and horizontal displacement at ground surface computed in the
four FE analyses are shown in Figs. 6 and 7, respectively. From Figure 6a it is apparent how a net increase of the maximum settlement, uy,max at the tunnel axis, and a net reduction of the settlement
trough is associated with an increase in the ovalization factor β. This is to be expected, as larger vertical gap values are associated with larger values of β,
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Fig. 7 – Parametric study: a) horizontal displacements at ground surface; b) normalized horizontal displacements at ground
surface.
Fig. 7 – Studio parametrico: a) spostamenti orizzontali del piano campagna; b) spostamenti orizzontali normalizzati del piano campagna.

Tab. III – Parametric study: details of the FE simulations.
Tab. III – Studio parametrico: fasi delle simulazioni agli
elementi finiti.
Stage #

Δt (days)

Description

1

–

2

0.50

Excavation of soil element and
activation of shield elements

3

0.001

Gap closure

4

0.001

Removal of shield element and
activation of lining elements

Geostatic loading in NC conditions

and the same amount of volume loss has been imposed in all the analyses. Still, it is important to
stress that even relatively small changes in the ovalization factor may produce significant effects on the
ground surface settlement. It is also worth noting
that tunnel ovalization has an effect on ground
heave at some distance from tunnel axis, which
tends to increases with β. In this case, however, the
effect is much more limited, the maximum heave
being less than 4 mm for β = 1.04.

In order to assess the effect of tunnel ovalization
on the shape of the settlement trough, the distribution of normalized vertical displacements, uy/uy,max
is plotted in Figure 6b. In the same figure, the results of the four numerical simulations are also compared with an empirical Gaussian settlement curve
[PECK, 1969], given by:

(

x2
–
=
exp
u y,max
2i 2
uy

(

(15)

in which the horizontal distance of the tunnel centerline to the point of inflexion, i=5.08 m, has been
evaluated using the empirical relations proposed by
SELBY [1988] and NEW and O’REILLY [1991] for layered soils. As this empirical settlement curve may be
considered a synthesis of a large body of experimental evidence gathered from case-histories of tunnels
excavated with the same technique in similar
ground conditions, it can be used as a reference for
a quantitative evaluation of the different numerical
solutions for the problem at hand. As compared to
the Gaussian distribution, the conventional approach of LEE et al. [1992] (β=1) largely overesti-
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Fig. 8 – Parametric study: a) contours of vertical displacements; b) contours of horizontal displacements. Reported values
are in m.
Fig. 8 – Studio parametrico: a) isolinee degli spostamenti verticali; b) isolinee degli spostamenti orizzontali. I valori indicati in figura
sono espressi in m.

mates the width of the settlement trough, which in
this case extends to a distance of about 18 m from
the tunnel axis. On the contrary, the solution obtained with β=1.04 compares quite well with the
Gaussian curve.
Similar observations can be made with respect
to horizontal displacements, as shown in Figure 7a.
As β increases, the magnitude of horizontal displacements increases and the position of the point
where ux attain its maximum moves towards the tunnel axis. This is also apparent from the plot in Figure 7b, which shows the distribution of normalized
horizontal displacements, ux/ux,max , as a function of
the distance to the tunnel axis. In the same plot, the
computed horizontal displacements are compared
with the empirical relation:

( ( (

ux
x2
x
u x,max = 1.65 i exp – 2i 2

(

(16)

derived from the assumption, first introduced
by ATTEWELL [1978], that ground displacement vec-
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tors are directed toward the tunnel axis, and that
vertical displacements are given by Equation (15).
As for the normalized settlements, the computed
normalized displacement distributions tend to approach the empirical curve as β increases, although
in this case a slight difference is apparent between
the solution obtained for β = 1.04 and Attewell’s
curve. In this respect it is worth noting that, since
horizontal displacements are seldom monitored
during tunnel driving, this latter empirical curve is
based on a much smaller database of in-situ measurement than Peck’s Gaussian curve. Therefore,
while Equation (16) can still be used to provide a
picture of typical ground response after tunnel driving, it is not as reliable for estimating horizontal
movement as Equation (15) is for the evaluation of
ground settlements.
Further insight on the effects of the ovalization
parameter on the computed displacement field
around the excavation can be obtained by looking at
the contour line plots of vertical and horizontal displacements, reported in Figure 8. By looking at the
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distributions of vertical displacements (Fig. 8a), it
can be observed how an increase in β is associated
with a net increase of settlements close to the tunnel
axis, and to the formation of a zone above tunnel
crown characterized by strong displacement gradients, which explains the observed reduction in the
settlement trough width at ground surface. As for
the horizontal displacements (Fig. 8b), while for
small values of β the zone of maximum horizontal
movement tend to localize around the tunnel springline, at β=1.04 the peak in ux is found at approximately midway between the springline and the
crown, in a region where the strong displacement
gradients are associated with high deviatoric strain
levels. Overall, the displacement pattern associated
with the highest degree of ovalization appears much
closer to the typically observed distributions of
ground displacement around TBM driven tunnels
than the one relative to the original LEE et al. [1992]
approach.

4. Application to two case-histories
To assess the potential of the proposed approach in predicting ground movements for actual
tunnelling projects, a second series of FE analyses
has been performed, considering two different casehistories of shallow tunnels driven in soft clay soils:
the Thunder Bay Tunnel, a sanitary trunk sewer
tunnel in the city of Thunder Bay, Ontario, and the
Lower Market Street Tunnel for the San Francisco
Bay Area Rapid Transit (BART) system, in S. Francisco. A brief outline of the two projects is given in
Sects. 4.1 and 4.2. The details of the two FE models
are discussed Sect. 4.3, while some selected results
are presented in Sect. 4.4. The reader is referred to
CIPOLLONE [2003] for further details.

were heavily instrumented with extensometers, inclinometers and piezometers, to measure horizontal
and vertical displacements and pore water pressures. The results discussed in this paper refer to
tunnel behavior as observed in Array 2 section.
A slightly simplified soil profile at the Array 2
section, derived from LEE and ROWE [1986], is shown
in Figure 9. It consists of about 0.9 m of peat soil,
underlain by a 7 m thick horizon of sand and silty
sand. Below the sand and silty sand layers, a 4.1 m
thick deposit of soft, slightly overconsolidated silty
clay is found, followed by a 12.5 m thick layer of soft,
overconsolidated varved clay, which extends to the
bedrock, located at 25.4 m below the ground surface. In Array 2 section, tunnel depth at springline
is 10.5 m, with a depth to diameter ratio of 4.25.
The tunnel is therefore located in the soft silty clay.
The groundwater table is found at about 0.9 m below ground surface.
A detailed description of the adopted tunnelling
method is provided by MORTON et al. [1977]. The excavation system employs a full-face TBM, together
with a precast, segmented concrete lining. Each ring
of the lining is 1 m long and is composed of 4 trapezoidal-shaped segments of unreinforced concrete,
0.11 m thick. The lining is assembled within the
protection of the TBM tailpiece, and is designed to
serve as both temporary and permanent lining.

4.1. The Thunder Bay Tunnel
The Thunder Bay tunnel is a 2.47 m diameter
circular tunnel excavated for the construction of a
sanitary trunk sewer in the city of Thunder Bay, Ontario (Canada). The project is described in detail in
B E L S H A W and P A L M E R [1978] and P A L M E R and
BELSHAW [1980]. The subsoil conditions are characterized by the presence of postglacial fluvial deposits of sand and silty sand, underlain by recent glacial
lacustrine deposits of layered and varved clays, extending down to a bedrock of late Precambrian age.
As this was the first case of a TBM tunnel excavation
in North America, and ground conditions were considered to be quite difficult, an extensive program
of in situ measurement was carried out during the
tunnel construction. In particular, two different sections (Array 1 and Array 2) along the tunnel axis

Fig. 9 – Thunder Bay tunnel: soil profile at Array 2 section.
Fig. 9 – Thunder Bay tunnel; profilo stratigrafico nella sezione
indicata come Array 2.
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As the tunnel was to be driven in difficult
ground conditions and in an urban area with several
massive structures which could tolerate only very little ground movements, very conservative construction techniques were adopted for its construction.
The tunnel was excavated using a mechanically operated, closed face TBM. To reduce to a minimum
the amount of volume loss at the tunnel face, care
was taken that the machine head was pressed hard
against the tunnel face, and the actual volume of excavated soil was checked against the tunnel advancement. In addition, a compressed air pressure
of about 83 kPa was applied in order to reduce the
stability number N = γz/cu from an initial value of 6
to a value of 4.6. Following the passage of the shield
tail, a segmented steel lining with an outside diameter of 5.49 m was installed. The corresponding gap
void left was about 160 mm, which was partly filled
with pea gravel, followed by grouting at a later time.
4.3. Details of the FE models

Fig. 10 – Lower Market Street tunnel: soil profile at instrumented section.
Fig. 10 – Lower Market Street tunnel: profilo stratigrafico nella
sezione strumentata.

During the advancement of the TBM, at a maximum recorded speed of 29 m in a 8 hours shift, a
clay grout is injected into the tail void to reduce the
volume loss.
4.2. The Lower Market Street Tunnel
The Lower Market Street tunnel forms a part of
the Bay Area Rapid Transit system in San Francisco.
It is a 5.65 m diameter circular tunnel, excavated in
a very soft, normally consolidated clay, the San
Francisco Bay Mud. The details of the project are
reported by KUESEL [1972]. As for the Thunder Bay
Tunnel, a monitoring program was undertaken
during the excavation. The ground movements reported by ROWE and KACK [1983], relative to one of
the instrumented sections, are considered in the following.
The soil profile at the instrumented section considered in the analysis is shown in Figure 10. It comprises a 33 m thick layer of San Francisco Bay Mud,
underlain by a layer of dense fine sand, 6 m thick,
and by a 30 m thick layer of soft silt and clay. The
bedrock is found at about 70 m below the ground
surface. At the instrumented section, the tunnel
depth at springline is 19 m, with a depth to diameter ratio of 3.4. The groundwater table is located approximately at the ground surface.
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As both tunnels were excavated in fine-grained
soils, the coupling between the solid skeleton and
pore water is expected to play a major role in the
definition of the displacement field associated with
the excavation process, and of its evolution with
time. Therefore, all the analyses have been carried
out adopting a fully coupled formulation for the balance of mass and momentum equations (coupled
consolidation).
4.3.1. THUNDER BAY TUNNEL
The finite element discretization adopted for
the analysis of the Thunder Bay tunnel is shown in
Figure 11. The FE mesh comprises a total of 1643
elements and 5094 nodes, corresponding to 11615
degrees of freedom. The upper peat layer, above
the ground water table, has been modelled using biquadratic, eight-noded CPE8R elements. Coupled
eight-noded CPE8RP, with biquadratic in-terpolation for displacements and bilinear interpolation
for pore pressures have been used to model both
sand and clay layers (soils #2 to #6 in Fig. 9). As
sand and silty sand layers (soils #2 to #4) are much
more permeable than clay layers, drained conditions have been enforced by fixing the pore pressure degrees of freedom in those layers to their initial, hydrostatic values. Two different sets of 20
three-noded B22 beam elements have been used to
model the (rigid) shield and the (more flexible) precast lining. These elements are superimposed on
the same nodes and are activated according to the
prescribed sequence of excavation stages.
The material models adopted for the different
soil layers, and the relevant values of the material
parameters are listed in Table IV. Due to lack of re-
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Tab. IV – Thunder Bay tunnel: soil parameters adopted in the FE analysis. LE = linear elastic model; EDP = extended
Drucker-Prager model; MCC = Modified Cam-Clay model.
Tab. IV – Thunder Bay tunnel: parametri impiegati nelle analisi agli elementi finiti. LE = modello elastico lineare; EDP = modello di
Drucker-Prager esteso; MCC = modello di Cam-Clay modificato.
Soil #1

Soil #2

Soil #3

Soil #4

Soil #5

Soil #6

LE

EDP

EDP

EDP

MCC

MCC

γ (kN/m )

14.0

18.7

20.8

19.8

16.2

18.7

(K0)NC

0.5

0.57

0.45

0.5

0.68

0.65

Mc

–

–

–

–

1.11

1.2

R

–

0.8

0.8

0.8

0.8

0.8

λ

–

–

–

–

0.343

0.104

κ

–

–

–

–

0.034

0.010

Soil model
3

N (p’ = 1 kPa)

–

–

–

–

3.95

2.32

dc (kPa)

–

0.0

0.0

35.0

–

–

φ’ (deg)

–

25.0

34.0

32.0

–

–

dc (kPa)

–

0.0

0.0

72.1

–

–

βc (deg)

–

44.5

54.0

52.2

–

–

ψ (deg)

–

0.0

0.0

0.0

–

–

E’ (MPa)

1.50

4.4

17.7

14.1

–

–

ν’

0.30

0.33

0.33

0.33

0.1

0.15

k (m/day)

–

–

–

–

8.64 · 10–4

8.64 · 10–4

liable experimental data, the peat layer has been
modelled as a linear elastic material. The coarse
grained layers #2 to #4 have been modelled as elastic-perfectly plastic materials, using an extended
version of the classical Drucker-Prager model, while
for the clay layers, a three-invariant version of the

Modified Cam-clay (MCC) model has been
adopted. The details of the two elastoplastic models
and the interpretation of the material constants reported in Table IV are given in the Appendix.
The values of the soil parameters reported in
Table IV have been derived from NG and LO [1985].

Fig. 11 – Thunder Bay tunnel: adopted FE discretization (elements inside the tunnel boundary are not shown).
Fig. 11 – Thunder Bay tunnel: discretizzazione agli elementi finiti impiegata nelle analisi (gli elementi all’interno del contorno dello scavo
non sono rappresentati in figura).
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For the two clay layers, the slope of the virgin compression line, λ, has been evaluated as λ = 2.3 Cc, Cc
being the virgin compression index measured in
oedometric tests. In lack of direct measurements of
the swelling/recompression properties of the two
soils, the values of the parameter K have been estimated by assuming κ/λ = 0.1. Although relatively
low, this value of the ratio κ/λ was selected in order
to obtain the best fit between measured and theoretical values of the coefficient of earth pressure at rest,
K0. The value of the permeability coefficient, for
which no experimental data were available, has also
been estimated based on typical values for low to
medium plasticity clays.
As the clay layers are overconsolidated, with
OCR values ranging from 1.4 to 2.0 [NG and LO,
1985], the stress state and the preconsolidation
pressure distributions with depth have been generated performing a three-step preliminary analysis:
(1) the stress state and the preconsolidation pressure distributions are evaluated assuming normally consolidated conditions and assigning the total unit weight and the coefficient of earth pressure at rest in virgin conditions, (K0)NC to each
layer. For coarse-grained soils, (K0)NC values are
provided by NG et al. [1986]; for clay soils, the
values of (K0)NC consistent with the Modified
Cam-clay model are estimated using the relation [ROSCOE and BURLAND, 1968]:

(

h 02 + 3 1 –

(

k
h0 – M 2 = 0
l

(K0 )NC =

3 – h0
3+2 h0 (17)

(2) a uniform surface load q0 = 40 kPa is applied on
the ground surface to reach the estimated
maximum vertical effective stress experienced
by the clay deposits during their geologic
history;

(3) the uniform surface load is then removed to
simulate the mechanical effects of the erosion
process.
The resulting distributions of OCR and K0 with depth are compared with available field data [NG et al.,
1986] in Figure 12. The values of K0 match quite
well the experimental values, whereas the overconsolidation ratio is significantly underestimated in
the upper part of the varved clay layer. However,
this discrepancy has negligible effects on the computed results, since the stress changes induced in
this zone by the excavation are relatively small, and
the stress paths are characterized by a decrease of
mean effective stress.
Both shield and lining have been considered as
linear elastic. According to the data reported in
PALMER and BELSHAW [1980] and NG et al. [1986], the
Young’s modulus, the thickness and the density of
the precast segmental concrete lining have been set
to 2.0·107 kPa, 0.11 m and 2.5 t/m3, respectively. As
for the shield, an equivalent bending stiffness of
three orders of magnitude greater than the lining
stiffness has been adopted. To take into account the
effects of TBM self weight, an equivalent density of
16.8 t/m3 has been assigned to the shield elements.
This figure is consistent with the data reported by
KOMIYA et al. [1999] for a similar equipment.
The details of the FE simulation of the tunnel excavation are given in Table V. The first three stages
are used to reproduce the initial geostatic conditions, and are performed assuming fully drained
conditions. The excavation is started in Stage 3,
where soil elements inside the tunnel are removed
and the shield is activated at the same time. The
process of gap closure is simulated in Stage 4 by imposing a virtual thermal contraction, as discussed in
Sect. 2. Finally, in Stage 6 shield elements are re-

Fig. 12 – Thunder Bay tunnel: computed and measured K0 and OCR profiles with depth.
Fig. 12 – Thunder Bay tunnel: valori misurati di K0 ed OCR in funzione della profondità e profili adottati nelle analisi.
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Tab. V – Thunder Bay tunnel: details of the FE simulation.
Tab. V – Thunder Bay tunnel: dettagli delle analisi agli elementi
finiti.
Stage #

Δt (days)

Description

1

–

Geostatic loading in NC conditions

2

–

Application of surcharge load q0

3

–

Removal of surcherge load q0

4

0.50

Excavation of soil element and
activation of shield elements

5

0.125

Gap closure

6

0.125

Removal of shield element and
activation of lining elements

moved and lining elements are activated. Two different conditions have been considered:
a) uniform gap closure, with a gap parameter
G = 90 mm, equivalent to a total volume loss
Vl =7.50%;
b) non-uniform gap closure, with the same volume
loss and a coefficient of ovalization β = 1.12.
The value adopted for the gap G in case (a) corresponds approximately to the physical gap. NG et
al. [1986] and ROWE and LEE [1983] report somewhat higher values of the gap, estimated in the
range 90 to 120 mm. The coefficient of ovalization
chosen in case (b) was obtained by trial and error as
the value which provides the best fit of the observed
vertical displacements at ground surface.

4.3.2. LOWER MARKET STREET TUNNEL
Figure 13 shows the finite element discretization adopted for the analysis of the Lower Market
Street tunnel excavation. The FE mesh is composed
by a total of 888 elements and 2693 nodes, corresponding to 6338 degrees of freedom. All soil layers
have been modelled using eight-noded CPE8RP elements. Fully drained conditions have been enforced in the dense fine sand layer (soil #2 in Fig.
10) by fixing the pore pressure degrees of freedom
to their initial, hydrostatic values. Two different sets
of 16 three-noded B22 beam elements have been
used to model the shield and the lining.
The material models adopted for the different
soil layers, and the relevant values of the material
parameters are listed in Table VI. The three-invariant MCC model has been used for the upper S.
Francisco Bay Mud layer (soil #1), while the extended Drucker-Prager model has been used for the
dense fine sand (soil #2). As no data were available
to determine the MCC parameters of the soft silt
and clay layer (soil #3), the choice has been made to
describe it as a linear elastic material, considering
that, given its distance to the excavation boundary
and the nature of the stress-paths induced by the excavation, plastic deformations are unlikely to occur
in this layer. The values of the MCC parameters for
the S. Francisco Bay Mud have been taken from
FINNO and CLOUGH [1985], whereas for the dense
fine sand and the soft silt and clay layers, reference
has been made to the data provided by ROWE and

Fig. 13 – Lower Market Street tunnel: adopted FE discretization (elements inside the tunnel boundary are not shown).
Fig. 13 – Lower Market Street tunnel: discretizzazione agli elementi finiti impiegata nelle analisi (gli elementi all’interno del contorno
dello scavo non sono rappresentati in figura).
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Tab. VI – Lower Market Street tunnel: soil parameters adopted in the FE analysis. LE = linear elastic model; EDP = extended Drucker-Prager model; MCC = Modified Cam-Clay model.
Tab. VI – Lower Market Street tunnel: parametri impiegati nelle analisi agli elementi finiti. LE = modello elastico lineare; EDP =
modello di Drucker-Prager esteso; MCC = modello di Cam-Clay modificato.
Soil #1

Soil #2

Soil #3

Soil #1

Soil #2

Soil #3

MCC

EDP

LE

Soil model

MCC

EDP

LE

γ (kN/m )

16.05

19.0

19.0

c’ (kPa)

0.0

0.0

–

(K0)NC

0.64

0.50

0.50

φ’ (deg)

–

35.0

–

Mc

1.20

–

–

dc (kPa)

–

0.0

–

R

0.8

0.8

–

βc (deg)

–

54.7

–

λ

0.326

–

–

ψ (deg)

–

17.5

–

κ

0.043

–

–

E’ (MPa)

–

90.0

30.0

N (p’ = 1 kPa)

3.93

–

–

ν’

0.25

0.25

0.20

–

8.54 · 10–4

Soil model
3

k (m/day)

KACK [1983). Available experimental evidence indicate that the S. Francisco
Bay Mud can be considered as normally consolidated. Therefore, the geostatic stress state and the
preconsolidation pressure in the subsoil have been
evaluated by assigning the total unit weight, γ, and
the coefficient of earth pressure at rest in virgin conditions, (K0)NC, to each layer. This last quantity has
been evaluated using Equation (17) for the S. Francisco Bay Mud, while for the other two layers a value
of 0.5 was assumed.
The Young’s modulus, the thickness and the
density of the segmented steel lining have been set
to 2.1·108 kPa, 0.076 m and 5.2 t/m3, respectively,
after KUESEL [1972]. An equivalent bending stiffness
of two orders of magnitude greater than the lining
stiffness has been adopted for the shield. To take
into account the effects of TBM self weight, an
equivalent density of 5.62 t/m3 has been assigned to
the shield elements (0.15 m thick). This figure is obtained from a total weight of 84.5 t for the TBM, as
reported by ROWE and KACK [1983].
The details of the FE simulation of the tunnel excavation are given in Table VII. After the first geostatic stage, the excavation simulation is performed
in the following stages. First, soil elements inside the
tunnel are removed and the shield is activated, then
the process of gap closure is simulated by imposing
a virtual thermal contraction, and finally the shield
elements are removed and replaced by lining elements. Again, two different conditions have been
considered:
a) uniform gap closure, with a gap parameter
G = 70 mm, equivalent to a total volume loss
Vl =2.46%;
b) non-uniform gap closure, with the same volume
loss and a coefficient of ovalization β = 1.025.
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Tab. VII – Lower Market Street tunnel: details of the FE
simulation.
Tab. VII – Lower Market Street tunnel: dettagli delle analisi
agli elementi finiti.
Stage #

Δt (days)

Description

1

–

2

4.5

Excavation of soil element and
activation of shield elements

3

2.25

Gap closure

4

2.25

Removal of shield element and
activation of lining elements

Geostatic loading in NC conditions

The value adopted for the gap G is significantly
lower than the physical gap, which is approximately
160 mm, as reported by ROWE and KACK [1983]. This
can be explained by considering that the use of
compressed air and the filling of the tail void with
pea gravel have been effective in reducing the volume loss at the tunnel face and at the tail void. As
for the Thunder Bay tunnel, the coefficient of ovalization adopted in case (b) was obtained by trial and
error as the value which provides the best fit of the
observed vertical displacements at ground surface.
4.4. Results and discussion
Computed and measured displacements at
ground surface for the Thunder Bay and the Lower
Market Street tunnels are compared in Figures 14
and 15. In the figures, both predictions obtained
with the classical method of LEE et al. [1992] (i.e., the
case β = 1.00) and the proposed approach with tunnel ovalization are reported. From the figures, it is
immediately apparent that the classical method of
LEE et al. yields quite poor predictions in both cases,
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Fig. 14 – Thunder Bay tunnel: computed vs. measured vertical displacements at ground surface; measurements after PALMER and BELSHAW [1980].
Fig. 14 – Thunder Bay tunnel: confronto tra previsioni e misure per gli spostamenti verticali al piano campagna; misure da PALMER e
BELSHAW [1980].

Fig. 15 – Lower Market Street tunnel: computed vs. measured vertical displacements at ground surface; measurements after
KUESEL [1972].
Fig. 15 – Lower Market Street tunnel: confronto tra previsioni e misure per gli spostamenti verticali al piano campagna; misure da
KUESEL [1972].

underestimating the maximum settlement above
tunnel axis and largely overestimating the extension of the settlement trough. On the contrary, a
fairly good match between predictions and measurements is obtained by taking into account tunnel
ovalization.
It is interesting to compare the values of the
ovalization coefficients adopted in the two cases –
which provide the best fit to available ground measurements – with the data reported by GONZÁLEZ and
SAGASETA [2001], who analyzed 10 case-histories of
shield tunnelling in cohesive soils using an analytical solution. The values of the distortion coefficient
δ which, in GONZÁLEZ and SAGASETA [2001] analyses,
provided the best fit with the available field data are
plotted as a function of normalized volume loss in
Figure 16. The two points corresponding to the

Thunder Bay tunnel and the Lower Market Street
tunnel – for which the relevant values of δ have been
determined using Equation (14) – are also reported
in the figure. The data of GONZÁLEZ and SAGASETA
[2001] clearly show that distortion increases more
or less linearly with volume loss. A linear leastsquares fit forced through the origin, of Equation
δ=0.51 Ω, provides a coefficient of determination
of 0.91. The results of the two FE analyses considered in this section appear quite well correlated with
the data of GONZÁLEZ and SAGASETA [2001]. In particular, the relatively high value of the ovalization coefficient β which was adopted for the Thunder Bay
tunnel is justified on account of the high volume loss
reported for this case.
The potential damage to existing structures due
to tunnel driving operations is mainly related to the
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(18)

Fig. 16 – Distortion coefficient δ vs normalized volume
loss Ω: data after GONZÁLEZ and SAGASETA [2001] and results of the present study.
Fig. 16 – Coefficiente di distorsione δ in funzione del volume
perso normalizzato Ω: dati da GONZÁLEZ e SAGASETA [2001] e
risultati delle simulazioni numeriche del presente studio.

deformations associated with the occurrence of differential displacements at the ground surface. In
particular, BOSCARDIN and CORDING [1989] associate
the level of damage to the following two deformation measures:

which quantify horizontal strains and angular distortions at ground surface, respectively. The values
of εh and γvh computed with and without tunnel ovalization for the two case-histories examined are
shown in Figs. 17 and 18, respectively. In the same
figures, the angular distortions γvh derived from
measured ground surface settlements are also provided for comparison. As expected, the overestimation of the settlement trough width observed in the
two analyses with β = 1.0 lead to a strong underestimation of the maximum distortion. On the contrary, the results obtained by imposing a non uniform gap closure compare quite well with measured
ones, in terms of both maximum value and spatial
distribution, see Figures 17a and 18a. A large increase in computed horizontal strains, ε h, is observed when tunnel ovalization is taken into account, see Figures. 17b and 18b, although in this
case no measurements are available for comparison.
The relevance of the observed differences in
computed strain for the two approaches, with and
without tunnel ovalization, can be evaluated quantitatively by means of the damage assessment plot
proposed by B OSCARDIN and C ORDING [1989], as

Fig. 17 – Thunder Bay tunnel: a) computed vs measured angular distorsions; b) computed horizontal strains.
Fig. 17 – Thunder Bay tunnel: a) distorsioni angolari calcolate e misurate; b) deformazioni orizzontali calcolate.
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Fig. 18 – Lower Market Street tunnel: a) computed vs measured angular distorsions; b) computed horizontal strains.
Fig. 18 – Lower Market Street tunnel: a) distorsioni angolari calcolate e misurate; b) deformazioni orizzontali calcolate.

shown in Figs. 19 and 20. As horizontal strains are
associated with potential building damage only
when denoting extension (εh > 0), whereas the effect of angular distortion depends on its magnitude, and not on its sign, the plots in Figs. 19 and
20 are drawn in terms of the absolute value of γvh
and of the positive part of ε h , denoted here as
•εh® = (εh + |εh|)/2. Computed values of |γvh| and
•εh® at ground surface are plotted in the figures as
a continuous curve, parametrized by the distance x
to the tunnel axis. The curves proposed by BOSCARDIN and CORDING [1989] to identify the different damage categories, referred to with the numbers
from (1) to (5) – no damage to very severe damage
– are also plotted in the figures. In all the analyses,
the points close to the tunnel axis undergo compressive horizontal strains, and therefore, the potential damage is associated with angular distortions only. As x increases, distortions tend to decrease in magnitude, but positive horizontal strains
develop at the same time, so that the potential damage level remains more or less constant, as in the
case of the Thunder Bay tunnel (Fig. 19), or even
increases, as in the case of the Lower Market Street
tunnel (Fig. 20). Eventually, as the distance to the

tunnel axis has increased sufficiently that the effects of the excavations on ground displacements
are negligible, the damage levels decrease and the
curves representing the results of each FE analyses
converge towards the origin of the plot.
The comparison between Figs. 19a and 19b,
for the Thunder Bay tunnel, and Figs. 20a and
20b, for the Lower Market Street tunnel, shows
that a significant underestimation of potential building damage levels is to be expected when adopting the classical gap closure approach of LEE et al.
[1992]. According to the results obtained for the
Thunder Bay tunnel case with β = 1.0, only slight
damage to buildings is to be expected, in a zone located from 1.4 to 14.7 m off the tunnel axis, see Figure 19a. However, the results of the FE simulation with tunnel ovalization (Fig. 19b) clearly indicate that moderate to very severe damage can occur for 0.8≤x≤10.7 m. Similar results are obtained
for the Lower Market Street tunnel. While no damage is expected to occur due to tunnel driving
according to the analysis with β = 1.0 (Fig. 20b) slight to moderate damage is predicted for
3.8≤x≤23.0 m when tunnel ovalization is accounted for, see Figure 20a.

RIVISTA ITALIANA DI GEOTECNICA

TWO-DIMENSIONAL FE ANALYSIS OF GROUND MOVEMENTS INDUCED BY SHIELD TUNNELLING…

Fig. 19 – Thunder Bay tunnel. Computed building damage levels, after the damage categories of BOSCARDIN and CORDING
[1989]: a) β = 1.12; b) β = 1.00. Labels on the symbols indicate the distance, in m, to the tunnel axis.
Fig. 19 – Thunder Bay tunnel. Livelli di danno previsti dalla correlazione di BOSCARDIN e CORDING [1989]: a) β = 1.12; b) β = 1.00.
I numeri adiacenti ai simboli indicano le distanze, in m, dall’asse dello scavo.

5. Concluding remarks
The development of 2-d FE procedures for
modelling TBM tunnel driving is of great practical
interest as a convenient design tool for the prediction of ground movements induced by tunnelling,
as compared to commonly employed empirical
methods, simplified analytical solutions or more
complex and time-consuming 3-d simulations. In
this work, a simple, yet effective method has been
presented to simulate mechanized tunnelling operations which includes, as a special case, the classical
method of ROWE et al. [1983] and LEE et al. [1992],
and allows to take into account the ovalization of the
tunnel boundary associated with a non-uniform gap
closure.
The results of the parametric study discussed in
Sect. 3 have shown that the introduction of a certain
degree of ovalization in the gap geometry – motivated by some considerations of the details of the
construction procedure – can have a major impact
on the predicted displacement field, even for rela-
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tively moderate tunnel distortions. As the ovalization coefficient β increases, displacements and
strains concentrate towards the tunnel crown, and
the extent of the area of influence decreases. The
numerical predictions appear closer to typically observed ground response in real case-histories, and
synthesized by the Gaussian settlement curve proposed by PECK [1969]. While other factors linked to
specific features of the mechanical behavior of the
soil – such as, for example, intrinsic or induced anisotropy [LEE and ROWE, 1989] or strain localization
[CALLARI, 2004] – can also have some impact on the
displacement field around the tunnel and at ground
surface, the role played by tunnel ovalization appears to be at least of equal importance in actual
predictions.
The analysis of two different case-histories of
shield tunnelling in soft clays has confirmed the importance of tunnel ovalization. In both cases, the
displacement patterns computed with the proposed
method are much closer to actual measurements
than the predictions obtained with the classical pro-
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Fig. 20 – Lower Market Street tunnel. Computed building damage levels, after the damage categories of BOSCARDIN and
CORDING [1989]: a) β = 1.025; b) β = 1.00. Labels on the symbols indicate the distance, in m, to the tunnel axis.
Fig. 20 – Lower Market Street tunnel. Livelli di danno previsti dalla correlazione di Boscardin e Cording (1989): a) β = 1.12; b) β =
1.00. I numeri adiacenti ai simboli indicano le distanze, in m, dall’asse dello scavo.

cedure of LEE et al. [1992]. Moreover, the differential displacement patterns computed at the ground
surface indicates that a significant underestimation
of potential building damage levels is to be expected when adopting LEE et al. [1992] method.
Remarkably, the amount of tunnel distortions
which provided the best fit with the available field
data are in quite good agreement with the figures
reported by GONZÁLEZ and SAGASETA [2001] on 10
different case-histories of shield tunnelling in clayey
soils. In this respect, it is worth noting that, while
the estimation a priori of the proper value of the
ovalization coefficient to adopt in the practical application of the proposed procedure is indeed a difficult task, both the data reported by GONZÁLEZ and
SAGASETA [2001] and the results of the present study
indicate that a well defined correlation appears to
exist between tunnel distortion δ and normalized
volume loss Ω. The linear relation between these
two quantities reported in Figure 16 can thus be
used to obtain a first estimate of tunnel distortion,
based on the expected volume loss.
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Appendix 1. Gap geometry corresponding to a
prescribed thermal contraction
Figure 21 shows the initial and the deformed
shapes of the shield in the relative reference frame
O’x’y’, with the origin at the tunnel axis. The coordinates of a generic point P of the initial configuration
of the shield are given by:

{

x’ = R 0 cos y
y’ = R 0 sin y

(19)

where R0 := D0/2 is the nominal shield radius, and
ψ = π/2 – θ is the angular distance of point P from
point B at tunnel springline. An infinitesimal
change of the angle ψ brings point P in P’, of coordinates (x’ + dx’, y’ + dy’), with:

{

dx’ = – sin y R0 d y = – sin y ds0
dy’ = cos y R0 d y =cos y ds0

{

ds = ds0 {1+aDT ( y ){=R0{1+aDT ( y ){ d y (21)
Substituting this last expression for ds in place of
ds0 in the two Equations (20), we obtain:

dx’ = – R0 {1+aDT ( y ){ sin y d y

(22)

dy’ = R0 {1+aDT ( y ){ cos y d y

(23)

Setting α = 1 and:

{

x’( y ) = R0 ( 1+DT0 + A) cos y – 2 A cos3 y
3

(25)

Analogously, the integration of Equation (23)
with the boundary condition y’ = 0 at ψ = 0 (point
B) yields:

(20)

ds0 := R0dψ being the (infinitesimal) length of the
arc PP’. Upon the application of a virtual temperature variation ΔT(ψ) along the shield perimeter, the
length of the arc PP’ reduces to:

DT( y )= DT0 + A cos (p – 2 y)

Fig. 21 – Gap closure with tunnel ovalization: initial and
deformed tunnel boundaries in the relative reference frame O’x’y’.
Fig. 21 – Chiusura del Gap in presenza di ovalizzazione del
contorno dello scavo: profili iniziale e deformato del contorno
dello scavo, nel sistema di riferimento relativo O’x’y’.

(26)
Finally, substituting ψ = π/2 θ in Equations (25)
and (26), Equation (5) is recovered.

Appendix 2. Details of the constitutive models
adopted in this study
In line with Terzaghi’s principle of effective
stress, all stresses are considered as effective stresses,
unless otherwise stated. Soil mechanics convention
(compression positive) is adopted to represent stress
and stress-related quantities.
Extended Drucker-Prager model

(24)

as in Equation (4), the integration of Equation (22)
with the boundary condition x’ = 0 at ψ = π/2 (point
A) yields:

Choosing as an independent set of invariants
for the effective stress tensor σ the three scalar quantities p (mean stress), q (deviator stress), and θ (Lode
angle), defined as:
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Modified Cam-clay model
(27)

The particular version of the Modified Cam-clay
adopted for the fine-grained soil layers is characterized by the following three-invariant yield surface:

where:

(36)
(28)

and ||s|| := sIJSIJ, the yield surface and plastic potential functions of the extended Drucker-Prager
model are given by:

where the stress invariants p, q and θ are defined in
Equation (27). The parameter Mc defines the slope
of the critical state line in TX compression, related
to the friction angle at critical state, φ’cs, measured
in TX compression tests via a relation similar to
Equation (35)1:
(37)

(29)
(30)
In Equation (29), tanβc and dc represent, respectively, the slope of the yield surface and its intercept
with the q axis in the q : p plane, in triaxial compression conditions (θ = π/6) (see Fig. 21). The function
(31)
defines the dependence of the yield surface slope
and intercept on the actual value of the Lode angle,
and R is a material parameter which can be interpreted as the ratio between the slopes of the yield
surface in TX extension (tanβe) and compression
(tanβc), respectively:
(32)
The parameter ψc appearing in Equation (31)
controls the dilatancy of the material in TX compression:
(33)
where:
(34)
are the plastic volumetric strain rate and the plastic
deviatoric strain rate, respectively. The parameters
tanβc and dc are linked to the friction angle, φ’, and the
cohesion, c’, of the material via the following relations:
(35)
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The function r(θ) appearing in Equation (36) has
the same form as in Equation (31), but now the constant R represents the ratio Me/Mc between the slopes
of the critical state line in TX estension and compression, respectively. As usual, the constants λ and κ define the slopes of the virgin compression and unloading/reloading lines in the v:in p plane, while N is the
specific volume on the virgin compression line at p =
1 kPa. The scalar quantity pc in Equation (36) – known
as preconsolidation pressure – defines the current size
of the yield locus, and changes with plastic volumetric
strains. Its initial value has to be defined together with
the initial geostatic stress state, taking into account
the previous loading history of the deposit.

Analisi agli elementi finiti dei
movimenti indotti dallo scavo
meccanizzato di gallerie: il ruolo della
ovalizzazione del contorno dello scavo.
Sommario

Nel presente lavoro è proposto un semplice approccio
bidimensionale per l’analisi dei processi di deformazione associati
allo scavo meccanizzato di gallerie con il metodo degli elementi
finiti. L’aspetto innovativo di tale approccio, che può essere
considerato una generalizzazione della procedura suggerita da
ROWE et al. [1983], è rappresentato dalla possibilità di
modellare le perdite di volume al fronte e alla coda dello scudo
tenendo conto della eventuale ovalizzazione del contorno dello
scavo. I risultati di un esteso studio parametrico relativo ad un
problema ideale consentono di evidenziare la forte influenza che
l’ovalizzazione del contorno dello scavo può esercitare nel campo
di spostamenti e deformazioni. L’applicabilità del metodo
all’analisi di problemi reali è dimostrata dai confronti tra
previsioni numeriche (di classe C) e misure in sito per due diverse
gallerie realizzate in argille tenere mediante TBM.

