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ABSTRACT: Nowadays there is great interest in the trenchless construction of underground infrastructural
works and their effect on existing infrastructure and foundations. A particular construction method is a guid
ed pipe-jacking. During a guided pipe-jacking in soft clay, with a length of 445.50 meter and a diameter of
1.87 meter, the settlement of the surface was measured. In this case, there was no influence of other infras
tructure, which simplified the numerical model. It appeared that steering in a horizontal and vertical plane of
the shield Tunnel Boring lMachine`(TBM) with such a small diameter, hasxa great influence on the shape of
the settlement curve. The measured settlements are compared with the results of two- and three-dimensional
numerical models. The ‘Modified Cam-Clay’ model is used to model the soft clay.

1. INTRODUCTION

Surface settlement during tunnelling in soft soil is
caused by the fact that the volume of excavated
fsoil is greater than the volume of the tunnel. This
amount of volume is called ‘ground loss’. It is
important to divide the cause of surface settlement
during a guided pipe-jacking into: '

1. Ground loss due to pressure variation at the
front of the TBM.

2. Ground loss along the TBM due to:

- overexcavation to reduce friction.

< steering oflthe TBM.

3. Stress decreasebehind the tail of the TBM
because the diameter of the TBM is greater
than the diameter of the tunnel lining.

Especially in a case with a small diameter the divi
sion of the ground loss along the TBM is impor
tant to predict the correct shape of the settlement
surface. The loss due to overexcavation to reduce

friction is located around the perimeter of the
TBM. The loss due to steering of the TBM is
located on one side of the TBM. During the steer
ing of the TBM the first section is placed at an
angle of maximum three degrees to the last section
of the TBM. Steering to the right means a ground
loss on the right-hand side of the TBM. Ground
loss is modelled by prescribing displacements of
the nodes on the tunnel lining.

Soil is a layered material i.e. the soil is composed
of from a number of deposits. Here, we have con
centrated on the top two deposits. The interface
between the upper deposit and the lower deposit is
located two meters below the surface. Each layer
has its own characteristics and different material

parameters are assigned to each layer.
The Modified Cam-Clay model (Roscoe and

Burland 1968) has been utilised. In this model, a
nonlinear relation for the compressive stiffness
‘K’can be assumed as:

K = -% (loading) , K = % (unloading)

with ‘p’ the hydrostatic pressure. Furthermore, an
elliptical yield surface in p -q space is assumed,
which shape is determined by the constant ‘M’
(see Figure 1).
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Figure 1. Yield surface and plastic potential of the
Modified Cam-Clay model.



For the top layer, we assume a compression
index /1*=0. 15 and a swelling index 1c*=0. 015.

For the bottom layer we have adopted /1* =0. 15
and fc* =0. 03. Furthermore, we have adopted
M=O. 877 (See Figure 1), a density of 15 kN/m3
and _a Poisson’s ratio 0.2 for both layers.

2. -TWO-DIMENSIONAL MODEL

2.1 FINITE ELEMENT MESH

The applied linite element mesh has a height of
12 m. and a width of 30 m. Because of the steering
effect the tunnel lining is placed inthe middle of
the mesh with its centre at 7 m. below the surface.

The boundary conditions on both vertical edges
prevent a horizontal movement and at the bottom
of the mesh a horizontal- and vertical movement is

prevented (Figure 2).
Eight-noded elements with four-point Gaus

sian integration are .applied since they are well
known for their high- efliciency and their compara
tively high degree _of accuracy with respect to
locking behaviour.

The calculation consists of two parts. In the
iirst part of the calculation the stresses in the irri
tial phase are calculated, includingthe removal of
soil and water inside, the lining 'and adding the
weight of the lining. The second part' of the calcu
lation takes into account the ground 'loss due to the
construction ofthe lining.

2.2 FIRST PART OF THE CALCULATION

The fact that the tunnel lining is much stiffer com
pared to the surrounding soil justifies the assump
tion of a rigid tunnel lining. After the calculation
of the initial stresses due to gravity loading on the
soil body arid a vertical point force (Figure 2) on
the lowest node of the lining, representing the
weight of the soil and water inside the tumrel, the
displacements are set to zero. The initial horizon
tal stresses are calculated with the coefficient of
lateral earth pressure K0 = 0.6. The initial Over
Consolidation Ratio (OCR) has been assumed 1.1.
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Figure 2. Initial and boundary conditions for the
two-dimensional model.

The next step is to remove the ground inside
the tunnel and add the weight of the tunnel linine
itself. The weight ofthe tunnel lining is applieg
simultaneously with the removal of the weight; of
the ground in the tunnel. This has been si_mularedl
by application of a net load [ WEIGHT TUNNEL
LINING - WEIGHT GROUND ] downwards.

2.3 SECOND PART OF THE CALCULATION '
To model the ground loss during excavation the
perimeter of the tunnel is contracted. This contrac
tion can be divided in the ground loss due to
overexcavation to reduce friction and the ground
loss behind the tail of the TBM. When the amount
of ground loss is given as a percentage of the tun
nel volume, we can calculate the displacements of
the nodes on the tunnel lining. Here, we have
assumed that the decrease in tunnel volume is
eight percent. This calculation does not take into
account the effect of the weight of the tunnel lin
ing during the contraction of the tunnel perimeter.
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Figure 3. Surface settlements without steering.
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Figure 4. Surface settlements with steering.
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Therefore, an upper bound and a lower bound are
determined. In the upper bound, the centre of the
tunnel remains lixed whereas in the lower bound
the bottom of the tunnel remains lixed.

A simple extension of_ the model incorporates
the ground loss due to steering of the TBM. This
leads to' an.; asymmetric displacement pattern.
Here, we assume four percent volume loss due to
steering and four percent volume loss due to
overexcavation;

2.4 RESULTS

The resulting settlements for ground loss only (no
steering effects) are shown in Figure 3. The settle
ments resulting from the analysis in which also
ground loss due to steering was taken into account
are shown in Figure 4.

At the time of the analysis, only drained analy
sis was possible. The displacements of the surface
resulting from this analysis canthen be regarded
as the long term settlements. Comparing the
results of the calculationsand the measured settle
ments, it appeared that the '_ approach in which the
bottom of the tunnel remains lixed litted best to
the measured settlements, both including and
without steering effects.

In Figure 5 the plastic strains after symmetric con
traction (no steering effects) are shown. Due to

Figure 5. plastic strains after symmetric
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Figure 6. Finite Element mesh for the three
dimensional model.

low stresses in the initial state the elements on the
surface become plastic.

3. THREE-DIMENSIONAL MODEL

3.1 FINITE ELEMENT MESH

The dimensions in radial directions are the same
as the two-dimensional mesh. The length of the
TBM is 8.50 m. The resulting mesh is shown in
Figure 6. Eight-noded elements with eight-point
Gaussian integration are applied. Since this would
lead to severe locking behaviour if plasticity
effects are present, the elements are enriched with
so-called EAS modes (Enhanced Assumed Strain).
The addition of these modes guarantee a locking
free element, even in case of plastic dila
tancy/contraction (de Borst and Groen 1995). The
disadvantage of using this kind of element is that it
requires a more elaborate formulation than a stan
dard eight-noded element. Alternatively, higher
order elements eould have been used but this leads

in general to more complex meshes. The front of
the TBM, the TBM itself and the tunnel lining are
only supported in axial direction. During the cal
culations the nodes at the' bottom of thertunnel lin

ing andthe TBM are fixed, which is in accordance
with the lower bound approach in the two
dimensional model.

3.2 MODELLING OF GROUND LOSS

There is a great uncertainty about the distribution
ofthe ground loss along the TBM and the tunnel
lining. Two situations have been considered:

1. Upper bound: The excavation process is
perfect. There is no ground loss due to
pressure variation at the front and along the
TBM. The only cause of ground loss is due
to stress decrease behind the tail of the
TBM.

2. Lower bound: There is at total relaxation of
the axial stresses at the front of the TBM
which results in a maximum three
dimensional displacement of the soil
towards the front. The ground loss due to
overexcavation is maximum.

Again, the ground loss along and behind the
TBM is modelled by contraction of the tunnel
perimeter.

Modelling of the ground loss at the front due
to stress relaxation involves two problems. Firstly,
because of the prescribed inward displacements of
the nodes at the TBM perimeter, the boring front
deforms in axial direction. This will generate



unknown stress distributions. Another problem is
the difference in contraction at the tail of the
TBM. Contraction of the' tunnel perimeter is
always greater than-contraction of the TBM. This
results in an unknown force in the direction of the

TBM._

To avoid these problems the three-dimensional
case is_ modelled analogously to Lee and Rowe
(1991). First, a linear elastic undrained analysis is
performed in which total stress relaxation at the
front is modelled. From the displacements of the
nodes at the front the volume of ground loss due to
total stress relaxation at the front is calculated. In
the next step of the' calculation this amount of
ground loss is taken' into account as a contraction
along the M. The 'lower bound of the three
dimensional 'A model exists of a contraction of the

perimeter along the TBM and a smaller contrac
tion behind the TBM. `

3.3 RESULTS

The magnitude of the_ settlements now also
depends on the position relative to the front of the
TBM. The difference in contraction between the

TBM and the tunnel lining transfers quickly to the
surface. For the upper bound calculation, there is
no settlement at all above the front of the TBM.
Above the tail of the TBM the settlement is
exactly half of the maximum settlement. For the
lower bound calculation, numerical problems
caused divergence of the calculation at six percent
ground loss around the tunnel lining and at 4.2
percent ground loss around the TBM. The cause
for this is that during contraction around the TBM
tensile stresses develop at the boring front which
cannot be handled by the applied Modified Cam
Clay model. _It appears that the maximum slopes
of the lower, bound and upper bound settlement
curves are equal (Figure 7).
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Figure 7. Axial surface settlements.

Figure 8.' Deviatoric plastic strains after tunnel
contraction for the upper bound.

Figure 9. Deviatoric plastic strains after tunnel
contraction for the lower bound.

The plastic strain distributions for the upper bound
and the lower bound are shown in Figures 8 and 9,
respectively. It can be observed that the plastic
strain development at the end of the mesh is simi
lar to that calculated for the two-dimensional case.

Furthermore, plastic strains develop near the bor
ing front in the lower bound calculation because
the front is fixed in axial direction.
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