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Parametric studies for shield tunnelling in soft soils

T. Kasper & G. Meschke

Institute for Structural Mechanics, Ruhr University Bochum, Germany

ABSTRACT: Provided that the properties of the ground and the different shield tunnelling components and
processes are adequately represented, finite element simulations are a valuable tool to analyse the various,
complex interactions in shield tunnelling. In the presented parametric studies, a three-dimensional finite element
simulation model is used to analyse these interactions for a shallow tunnel advance in soft, cohesive soil located
below the ground water table. The influence of the face support, the bending stiffness of the jacks connecting
the TBM with the tunnel lining, the grouting pressure, the conicity and weight of the TBM and the friction angle
of the soil on the surface settlements, the pore pressure distribution and the stresses in the lining is evaluated
numerically.

1 INTRODUCTION

Various numerical models for shield tunnelling with
different degrees of idealisation have been developed
in the past. Starting with simplified 2D models e.g.
by Finno & Clough 1985, more elaborate 3D models
have been developed in recent years, e.g. by Komiya
et al. 1999, Swoboda & Abu-Krisha 1999, Dias et al.
2000 and Melis et al. 2002. A three-dimensional finite
element model for shield tunnel advances in soft soil
below the ground water table has been proposed by
Kasper & Meschke 2004.This model, which takes into
account the relevant components involved in shield
tunnelling and realistically simulates the step-by-step
process of the tunnel advance, is taken as the basis for
the present investigations.After a short overview of the
finite element simulation model and the investigated
tunnel advance in Section 2, the influence of various
design parameters on the computed stresses and pore
pressures in the soil, on the surface settlements and
the loading and deformation of the tunnel lining is
analysed by means of parametric studies in Section 3.
The results give a more detailed insight into the various
interactions and sensitivities in shield tunnelling.

2 FINITE ELEMENT MODELLING

The finite element model includes the soil, the TBM,
the hydraulic jacks, the tunnel lining and the tail void
grout as separate components (Fig. 1). The TBM is
modelled as an undeformable body with frictional
contact to the soil along the shield skin. It is driven
forward by appropriate length changes of the elements
representing the jacks. An automated steering of the

Figure 1. Finite element mesh used for the simulation of
48 m tunnel advance in the presented parametric studies.

individual jack thrusts is applied to accomplish the
desired driving path. The step-by-step excavation, the
grouting of the tail void and the lining erection are
modelled by successive rezoning of the mesh at the
cutting face and introduction of elements for the lining
and the tail void grout. The tunnel lining is modelled
as a continuous, elastic tube without consideration of
its segmentation.

The self-weight of the different components, the ini-
tial stresses and ground water pressures in the soil
and the trailer loads following the TBM are taken
into account. The soil and the grout are modelled as
saturated porous materials using a two-field finite ele-
ment formulation. Slurry face support can be modelled
either assuming a perfectly impermeable filter cake
without slurry infiltration or assuming free infiltra-
tion into the soil without formation of a filter cake.
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The grouting pressure is modelled by pore pressure
boundary conditions along the shield tail. The hydra-
tion of the grout is taken into account by applying a
time-dependent stiffness and permeability. The mate-
rial behaviour of soft, cohesive soils is modelled by
means of an elasto-plastic Cam-Clay model. With-
out reference to a specific project, the computational
model is used to simulate a shallow hydroshield tunnel
advance with a diameter of 6.3 m and a cover depth of
9.45 m in homogeneous, saturated, soft cohesive soil.
Details of the model and the analysed tunnel advance
are contained in Kasper & Meschke 2004.

3 PARAMETRIC STUDIES

3.1 Face support

First, the influence of the filter cake and the face
support pressure is investigated.

Figure 2 shows the computed excess pore water
pressures in the soil. The applied face support pressure
of 170 kN/m2 at the level of the tunnel axis approxi-
mately equals the sum of the earth and ground water
pressure. Hence, only small changes of the pore pres-
sures in the center of the cutting face can be observed
if an impermeable filter cake is assumed (Fig. 2a
and b). During the TBM advance, the shield skin fric-
tion induces excess pore pressures along the periphery
of the cutting face and further ahead of the cutting face
(Fig. 2b). According to Figure 2a, these excess pore
pressures dissipate during standstill. When assuming
free slurry infiltration, no pore pressure dissipation is
possible at the cutting face during standstill (Fig. 2c).
Figure 2 also shows that the soil deformations along
the conical shield skin lead to a temporary decrease
of the pore pressures during the passage of the TBM.
At the shield tail, the grouting pressure again induces
excess pore pressures, which dissipate further away
from the machine. A relatively fast tunnel advance in
low permeable soil (k = 1 · 10−7 m/s) is assumed in
the simulations. Therefore, along the shield skin the
pore pressures temporarily decrease below the normal
ground water pressure. Behind theTBM, the buoyancy
of the tunnel causes decreased pore pressures below
the tunnel.

Figure 3 shows that, as the TBM approaches the
monitoring section, the computed evolution of the
pore pressure in the tunnel axis qualitatively agrees
with measurement data from the Second Heinenoord
Tunnel in the Netherlands. However, the simulation
assuming an impermeable filter cake cannot repro-
duce the intense pressure increase when reaching the
cutting face. On the other hand, the simulation with-
out consideration of a filter cake cannot reproduce the
dissipation of the excess pore pressures during the last
standstill before reaching the cutting face. Hence, dur-
ing standstill the assumption of an impermeable filter

Figure 2. Computed excess pore water pressures in the
soil during the tunnel advance. The applied slurry pressure is
170 kN/m2 at the level of the tunnel axis.

(a)

(b)

Figure 3. Comparison between the computed pore water
pressures in the tunnel axis (point B according to Fig. 1)
during the approach of the TBM and measurement data from
the Second Heinenoord Tunnel in the Netherlands (Broere
2003).

cake seems to be more realistic. In this stage, the filter
cake is not permanently disturbed by the excavation
tools. On the other hand, the assumption of free infil-
tration seems to be more realistic during the advance
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Figure 4. Computed effective stress path in point B (Fig. 1)
during the approach of the TBM: 1 – initial stress state, 2 –
stress state at the cutting face.

Figure 5. Computed surface settlements in point A of the
monitoring section (Fig. 1) for different slurry pressures, with
an impermeable filter cake at the cutting face (solid lines) and
without a filter cake (dashed lines).

of the TBM. Figure 4 shows the computed effective
stress path in the tunnel axis when approaching the cut-
ting face. If free infiltration of slurry is assumed, the
effective normal stress at the cutting face is reduced to
zero. Therefore, the effective hydrostatic pressure p′ is
reduced and the stress path approaches the softening
region of the Cam-Clay yield surface. This demon-
strates the importance of a filtercake in order to avoid
possible loss of stability at the cutting face (Broere
2003).

The computed surface settlements for different
slurry pressures are shown in Figure 5. An increase

Figure 6. (a) Computed lining pressure, (b) normal force
and, (c) bending moment in the monitoring section (Fig. 1)
at time t = ∞ for different slurry pressures (with an imper-
meable filter cake at the cutting face).

of the slurry pressure leads to a decrease of the com-
puted settlements ahead of the TBM and a decrease of
the final settlements. For ps = 230 kN/m2 a slight tem-
porary heave ahead of theTBM can be observed. In the
assumed low permeable, cohesive soil, the influence
of the filter cake on the computed surface settlements
is relatively small.

An increase of the slurry pressure causes a smaller
stress release of the soil at the cutting face and there-
fore leads to a slight increase of the radial loading of the
tunnel lining behind the TBM (Fig. 6a). Accordingly,
the ring normal force also slightly increases (Fig. 6b).
Since the difference between the lining pressure at the
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(a)

(b)

Figure 7. (a) Ring normal force and (b) bending moment
determined from strain measurements at the Botlek Railway
Tunnel in the Netherlands (Blom 2002) and obtained for a
tunnel in Shanghai by means of a 2D analytical approach
(Lee et al. 2001).

crown and the invert on the one hand and the lining
pressure at the springline on the other hand decreases,
the bending moment also decreases (Fig. 6c). A
comparison between the computed normal force and
bending moment in Figure 6 with measurement data
from the Botlek Railway Tunnel in the Netherlands in
Figure 7 shows a reasonable, qualitative agreement.
Figure 7 also shows the normal force and bending
moment determined for a tunnel in Shanghai by means
of a 2D analytical approach of Lee et al. 2001.

3.2 Bending stiffness of the jacks

In the numerical simulations 12 hydraulic jacks are
assumed around the periphery of the tunnel.

Assuming that each jack consists of a pair of cylin-
ders with one shoe, the radial bending stiffness can be
neglected compared to the tangential bending stiffness.
To investigate the influence of the bending stiffness,
three different values for the tangential bending stiff-
ness of each jack have been applied in comparative

Figure 8. Computed surface settlements in point A of the
monitoring section (Fig. 1) for different bending stiffnesses
of the jacks.

simulations: a large value of 1 · 1016 kNm2 represent-
ing a very stiff connection between the TBM and the
tunnel lining, an intermediate value of 6.1 · 105 kNm2

and a very small value of 1 · 10−10 kNm2.
A stiff connection between the TBM and the tun-

nel lining leads to the effect that the weight of the
TBM is transferred less to the soil around the TBM
and more to the tunnel lining. Therefore, the nec-
essary tilt angle of the TBM to keep the prescribed
course becomes smaller and nearly reduces to zero
for EIt = 1 · 1016 kNm2. As a consequence, the crown
settlement and thus the surface settlement becomes
smaller (Fig. 8). Furthermore, as the lining pressure
increases at the crown and decreases at the invert
(Fig. 9a), the maximum of the ring normal force is
shifted from the invert towards the springline (Fig. 9b).
Comparing these results with Figure 7a it is noticed
that the measured ring normal force in the lining of
the Botlek Railway Tunnel has its maximum at the
invert, while simplified 2D models e.g. by Lee et al.
2001 neglect the influence of phenomena like the
weight and tilt of the TBM and predict a maximum at
the springline. This example demonstrates the neces-
sity to consider the three-dimensional character of all
phenomena and the interaction between the different
components in shield tunnelling. According to Fig-
ure 9c, the influence of the bending stiffness of the
jacks on the bending moment in the cross-section of
the tunnel lining is only marginal. However, as illus-
trated in Figure 9d, it has a considerable effect on the
uplift of the tunnel lining.

Figure 10 shows the influence of the bending stiff-
ness of the jacks on the longitudinal bending moments
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Figure 9. (a) Computed lining pressure, (b) normal force,
(c) bending moment in the monitoring section (Fig. 1) at time
t = ∞ and, (d) uplift of the tunnel lining for different bending
stiffnesses of the jacks.

in the tunnel lining. Considering the two limit cases of
a very large and a zero bending stiffness of the jacks,
the longitudinal bending moments in the tunnel lining
show a broad bandwidth. It is evident that the finite

Figure 10. Computed longitudinal bending moments in
the tunnel lining for different bending stiffnesses of the
jacks and comparison with measurement data from the Sec-
ond Heinenoord Tunnel and results of an analytical model
developed by Boogards & Bakker 1999.

Figure 11. Computed surface settlements in point A of the
monitoring section (Fig. 1) for different grouting pressures.

element model is able to reproduce the characteristics
of the measured and calculated bending moments of
the Second Heinenoord Tunnel presented in Boogards
& Bakker 1999.

3.3 Grouting pressure

Figure 11 confirms the fact that the grouting pressure
provides a possibility to control tunnelling induced set-
tlements. An increase of the grouting pressure leads to
a decrease of the computed settlements.

3.4 Conicity of the TBM

According to Figure 12, the conicity of the TBM
has a significant influence on the computed surface
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Figure 12. Computed surface settlements in point A of the
monitoring section (Fig. 1) for different conicities of the
TBM.

Figure 13. Computed surface settlements in point A of the
monitoring section (Fig. 1) for different weights of the TBM.

settlements. The larger the conicity, the larger are the
resulting settlements.

3.5 Weight of the TBM

As shown in Figure 13, an increase of the weight of
the TBM causes an increase of the computed surface
settlements.

Figure 14. Computed surface settlements in point A of
the monitoring section (Fig. 1) for different friction angles
of the soil.

3.6 Friction angle of the soil

As an example for the influence of the material proper-
ties of the soil, three different friction angles have been
applied. Figure 14 shows that a decrease of the friction
angle induces a nonlinear increase of the computed
surface settlements. More detailed results concern-
ing the influence of other material parameters are
contained in Kasper 2004.

4 CONCLUSION

A recently developed three-dimensional finite element
model for shield tunnelling has been used to analyse
the effect of different TBM design and operational
parameters and the effect of the friction angle of the
soil on the settlements, the loading of the lining and
the pore pressures for a shallow tunnel advance in soft,
saturated, cohesive soil. The presented results of the
parametric studies demonstrate the complexity of the
interactions between the soil, the TBM, the hydraulic
jacks, the tail void grouting and the tunnel lining.
Some comparisons with measurement data have been
provided in order to validate the computational results.
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