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ABSTRACT: Measurements are presented that were performed in the pressure chamber and screw conveyor
of an EPB TBM. The TBM operated in saturated sand with a high water table. Foam was applied for soil
conditioning. Different from a slurry shield there was no direct relation between vertical the pressure gradient
and the density of the muck in the pressure chamber. The pressure measurements differ considerably for different
rings. The density and saturation of the mixture was measured by taking samples from the pressure chamber
during excavation. Densities found indicate a porosity just higher than the maximum porosity of the sand. A
pressure drop of approximately 1 bar was found when the muck passes from the pressure chamber to the screw
conveyor. Explanations are presented in the paper.

1

INTRODUCTION

The Botlek Rail Tunnel was the second bored tunnel in
The Netherlands and the first one that was completed
using an EPB shield. A considerable part of the tunnel
was bored through Pleistocene sand under a high water
table, see Figure 1. The water table was up to 23 m
above the tunnel axis. Foam was used to stabilize the
tunnel face.
The support pressure acting at the tunnel face can be
seen as a combination of an absolute pressure and the
vertical pressure gradient. In an EPB-shield, the average pressure is controlled by the screw conveyer and
valves; the vertical pressure gradient is determined by
a combination of the excavation process and material
properties and cannot be controlled. Yet this gradient

Figure 1. Geotechnical profile. The numbers indicate the
approximate positions of evaluated rings, see further text.

is of importance because it determines the pressure
at the crown of the tunnel for a given pressure at the
axis. The pressure gradient at the tunnel face of a slurry
shield is determined by density of the slurry at the tunnel face. For an EPB-shield there appear to be more
mechanisms determining the gradient.
The paper deals with the pressure gradients measured, the densities and saturation of the mixture
samples taken, the pressure drop in the muck at the
transition between pressure chamber and the screw
conveyor and presents possible explanations.

2
2.1

Density measurements

A sampling device was developed in order to determine the exact composition of the muck inside the
excavation chamber. This device simply consisted of a
piece of pipe with some valves directly attached to the
pressure bulkhead. By carefully opening the valves,
some muck was allowed to flow out from the pressured
excavation chamber through the sampling device. By
subsequently closing the valves an exactly known volume of muck was extracted, which would be analysed
in a laboratory. In this way, the porosity and water
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Figure 3. Position of instruments in the TBM looking from
the tunnel to the TBM and definition of rotation.

Figure 2. Measured sand, water and air fractions by sampling through the pressure bulkhead.
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Pressure measurements

2.2.2 Pressures and vertical gradients
Pressures were measured during excavation of the
Botlek Rail Tunnel at various locations at the pressure
bulkhead; see for an example Figure 4. The average vertical pressure gradients determined from these
pressures are shown in the upper plot of Figure 4. (all
figures with measurements present the ring number in
the caption that was drilled during the measurement.
S is the south tunnel, N the north, location of the rings
is shown in Figure 1). It shows that the gradient can be
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2.2.1 Instrumentation in pressure chamber
The total pressure was measured at the bulkhead at
9 locations and the pore water pressure at 3, see Figure 3. The pore pressure gauges could be cleaned by
a small water jet to avoid blocking of the filter. The
status of the boring process was monitored as well as
the amount of injected foam.

E5
E4

status

content of the mixture could be determined and could
be converted tot the relative volumes of the different
phases of the muck (solid, liquid and gas) as shown in
Figure 2.
A total of more than 20 samples of muck have been
extracted from the centre of the excavation chamber
at 6 different locations along the tunnel alignment.
Although muck with a relatively high consistency
proved problematic to collect because of its inability
to flow easily, samples taken in a short time span were
very comparable.
The results show that all samples have a sand fraction that is lower than the minimum fraction to develop
grain stresses in the sand. For some samples however,
the density is close to the density were grain stresses
can be expected.

12:30

13:00
time

13:30

14:00

0.0
14:30

Figure 4. Ring 318 N. Pressures measured at the bulkhead,
status of the TBM and the gradient determined from the pressures. Only a part of the pressure readings is shown, but all
readings (E1–E9) are used to calculate the gradient.

high during excavation but decreases when excavation
stops (shown with the status, 2 means excavation, all
other values mean stand still, see Table 1). The values
measured for the vertical gradient can be put in perspective realizing that the gradient of the total vertical
pressure in the not yet excavated soil is approximately
20 kPa/m, the density of the foam-water-soil mixture
is approximately 13 kPa/m and the pore pressure has
a gradient of 10 kPa/m. The measurements show that
the measured gradients can be higher than 20 kPa/m,
but also lower than 10 kPa/m. The vertical pressure
gradient decreases during ring building. The vertical
pressure gradient determines, together with the average pressure, how well the TBM can counterbalance
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Status

Meaning

1
2
3
4
5
6

Temporary stop during excavation
Excavation
End of excavation phase
Start of ring building phase
Actual ring erection
Pause after ring erection

pressure (bar)

Table 1. Meaning of the status bit (Figure 4, lower part).
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Figure 5. Ring 318 N. Pressure distributions along the
gauges E1 until E5 for various times. Up to 12:30:01 the
TBM is drilling, later times represent pressures during ring
building.

the in-situ soil stress, which is of importance to limit
soil deformations.
Another way to present the pressure measurements
for the same ring is shown in Figure 5. It shows the
pressures from gauges E1 until E5 for different time
steps. It can be seen that there is a more or less linear pressure increase with depth apart from the lowest
measurement position (E5) with various gradients.The
pressure decreases at the position of E5, because this
gauge is close to the screw conveyer, where the mixture
is removed from the pressure chamber.
2.2.3 Effective stress
Pore pressure gauges were installed near some total
pressure gauges, see Figure 3, to determine the effective stress in the soil water foam mixture. Results of

13:00
time

13:30

14:00

14:30

both total pressure gauges and pore pressure gauges
are shown in Figure 6. It is clear that both pressures
are comparable, which means that the effective stress
in the mixture is negligible. W3 did not function and
therefore could not be compared with E5.
Figure 6 shows the pressures measured for only one
ring. The conclusion that there is hardly any effective
stress in the mixture is a more general one for this
boring (Joustra, 2002). Although there are some indications, that there is an effective stress near transducers
E4 and E6 during the excavation of some rings, for
example the large pressure variations measured during
excavation between 12:00 and 13:00 (Figure 4) (see
also Bezuijen et al. 2005). The conclusion that there
is hardly any effective stress is also confirmed by the
density measurements performed. It was found that
in most cases the porosity of the samples was above
the maximum porosity (see Section 2.1). A porosity
lower than the maximum porosity is necessary to have
a grain skeleton and effective stresses.
2.2.4 Pressures near the screw conveyor
The muck was removed from the pressure chamber
by a screw conveyer. The screw conveyer was 15 m
long from the entrance to the valve controlled outlet
and made an angle of 23 degrees with the horizontal. The pressures were measured at 3 locations in the
conveyor. Positions of the pressure gauges in the screw
conveyor together with the vertical position of the pressure gauges in the bulkhead are shown in Figure 7.
Results of measurements are shown in Figure 8 and
Figure 9. The TBM excavates at the left side of these
plots, where the pressures are fluctuating and there
is no excavation at the right side with the smoother
pressure lines. PC E5 is the pressure in the pressure
chamber at E5, see Figure 3. The other pressures are
measured in the screw conveyer at respectively 2.5, 5
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Figure 6. Ring 318 N. Total pressures and pore pressures
compared.
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In some other rings, where the pressures in the screw
conveyor were checked, the pressure during and after
excavation remained more or less constant. The high
pressure drop measured at Ring 318 N between the
entrance of the screw conveyor and in the screw
conveyor itself indicates that there are grain stresses
present in the muck close to the entrance. These grain
stresses can cause arching in the pressure chamber. The
influence of arching increases when excavation stops.
The situation of Ring 813 S occurs when there is
limited or no arching in the pressure chamber. When
that is the case the flow resistance in the screw conveyor decreases when the flow decreases after the
end of excavation for that ring. Pressure can only be
maintained by closing the valve on top of the conveyer.
Soil conditions were not very different for both situations (mostly sand), but more air was present in the
samples taken close to Ring 318 N, compared with
Ring 813 S.
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Figure 7. Position of pressure gauges on bulkhead and in
the screw conveyor.
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Figure 8. Ring 318 N, pressures in the pressure chamber
(PC) screw conveyer (S).
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Figure 9. Ring 814 S pressures in the pressure chamber
(PC) screw conveyer (S).

and 11.5 m from the entrance. These plots show two
extremes that were found in the measurements:
– Ring 318 N: A considerable pressure drop between
the pressure in the pressure chamber (PC E5) and
the pressures in the screw conveyer. The pressure
difference even increases during stand still.
– Ring 814 S: Only a small pressure drop that
decreases during stand still.

The vertical gradient found in the pressure chamber
of a slurry shield TBM is equal to the gradient that
corresponds with the density of the slurry (Bakker
et al. 2003). In the predictions made for these measurements it was assumed that this was also the case
for an EPB shield. However, this is not found for this
tunnel. Pressure gradients varied during drilling and
this variation was much larger than can be expected
from variations in densities. Measured vertical gradients were sometimes larger than 20 kPa/m. Assuming
that such a gradient is a good indication for the density
would mean that there would be rather dense saturated
sand in the pressure chamber, which is quite unlikely.
From the results it is concluded that also the yield
stress of the soil has an influence on the pressure gradient. This can also be seen from the pressure drop that
is present at E5 compared to the pressures E4 and E6,
see Figure 5 and Figure 10. At the lower end of the
tunnel, the screw conveyer removes the mixture from
the pressure chamber. This leads to a pressure drop due
to the yield strength of this mixture.
Assume a layer of sand-water-foam mixture
between the cutter head and the pressure bulkhead of
the pressure chamber at L metre apart. The adhesion
between the cutter head or the pressure bulkhead and
the mixture is τa and the density of the mixture is ρm .
In case of vertical flow, equilibrium of forces leads to
the following equation:
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DISCUSSION
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Figure 10. Ring 813 S. Distribution of pressures when the
cutter head is rotating to the left (negative values) at 0:26:02
and to the right at 0:40:03.

Depending on the flow direction the pressure gradient
can be 2τa /L higher or lower than the pressure gradient
corresponding to the density of the mixture. In case of a
flow with a horizontal component as can be expected
in the pressure chamber between E6 and E5 as well
as between E4 and E5, the influence of the adhesion
becomes even bigger.
There is no direct field data on the shear strength of
the mixture in the pressure chamber, but from measurements in the laboratory it was found that this
shear strength is one to a few kPa. This means that
with an average density of the mixture of approximately 1500 kg/m3 , the pressure gradient can vary as
was measured depending on the direction of the flow.
Lower values of the shear stress of 0.2 to 0.6 kPa were
found from back calculation of the performance of the
screw conveyer (Talmon & Bezuijen 2002). However,
these values are likely to be lower than in the pressure chamber due to the pressure relief in the screw
conveyer that leads to a higher porosity.
From a physical point of view the concept of adhesion as described here is probably too simple.Adhesion
on flat iron surfaces can be less and the roughness, combined with the cohesion results in an apparent adhesion. However, also this apparent adhesion
will result in the pressure gradient variations described here.
The vertical pressure gradient decreases after the
actual excavation, during ring building. Foam injections executed during ring building are necessary to
keep a stable boring face, but also lead to a decrease in

the average density of the mixture. The pressure loss
is caused by ground water flow from the tunnel face
to the ground water, a process driven by the excess
pore pressure in the chamber (see also Bezuijen &
Schaminée, 2001 and Bezuijen, 2002). The water that
flows out is compensated with foam that contains only
about 10% water and 90% air.
Consequence of the relatively low measured vertical gradient during most of the excavation cycle,
compared to the gradient that corresponds with the
density of the soil, is that the pressure gradient is lower
than the soil pressure gradient. It is sometimes mentioned as an advantage of the EPB shield that there is
a better ‘match’ with the pressure gradient in the soil
when compared with a slurry shield. For the ground
conditions encountered here this was not the case. The
relatively high permeability sand (k is 5.8 10−6 m/s
when Ring 318 N was drilled and 3 10−4 m/s during
excavation of Ring 813 S) leads to expelling of water
from the mixture. This reduces the density of the mixture. Together with the influence of the yield stress that
leads to a further reduction of the vertical gradient the
reduced density results in pressure gradients that are
significantly lower than measured in a slurry shield
(Bakker et al. 2003).

3.2 Pressure drop screw conveyor
Before the entrance of the screw conveyor a pressure drop of 1 bar or more was found for most of
the rings, see Figure 8. This pressure drop was not
expected. Given the strength of the muck, yield stress
of about 3 kPa at maximum, the theory of extrusion
of homogeneous plastic materials would apply, (Hill,
1986). For such conditions a pressure drop of about
dp = 5τy = 15 kPa is expected. An example of numerical pressure calculations in the mixing chamber, based
on Bingham theory, is provided by Goeree 2001. The
calculations of Goeree result in a comparable pressure
drop as the extrusion theory.
A possible reason for the discrepancy is a thickening
of muck in front of the entrance of the screw conveyor. The existence of such a phenomenon can also
be the reason for difficulties encountered when sampling muck from the lowest sampling position through
the pressure bulk head. Drained behaviour of the muck
can lead to grain stresses.
A theory for distinction between drained and
undrained behaviour was publicized by Winterwerp &
van Kesteren, 2004. When the time-scale of drainage is
shorter than the time-scale of deformation (= flow) of
the muck, then compaction can occur. The key parameter is the so-called Peclet number that is defined by:
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with: U the characteristic velocity [m/s], D the characteristic length scale [m] and cv the consolidation
coefficient [m2 /s].
The consolidation coefficient is defined by:

in which k is the permeability [m/s], ρ the fluid density
[kg/m3 ] and mv the compressibility [1/Pa].
At Peclet >10 the mixture displays undrained
behaviour, and no thickening is expected. At Peclet <1
the mixture displays drained behaviour, and thickening
might occur.
Measured permeabilities of muck are in the range:
2 10−6 < k < 1 10−4 m/s (Bezuijen, 2002).The air content in the muck determines its compressibility. At a
porosity of n = 0.5 and a saturation of 0.5, the compressibility, at 2 bar (1 bar above the atmospheric
pressure), is equated at: 1/mv = 800 kPa. As a result
the consolidation coefficient will be in a range of
2 10−4 < cv < 1 10−2 m2 /s.
The characteristic length scale of the flow towards
the screw conveyor equals the diameter of the screw
conveyor D = 1 m. The characteristic velocity at the
entrance of the screw conveyor is:

with: DTBM the diameter of the tunnel and Dsc the
diameter of the screw conveyor.
As a result the Peclet number is within the range:
5.4 < Pe < 270.
It is concluded that muck properties are within the
transition between drained and undrained behaviour.
Only for the lowest permeabilities measured, the muck
presumably will behave undrained. Under such conditions no segregation is expected to take place. The
pressure build up at the entrance of the screw conveyor
will disappear, flow control will be easier.
The theory described above showed that for these
high permeable sands drained behaviour cannot be
excluded. Such drained behaviour can lead to a
decrease of the water content in the muck and porosity changes. Therefore it should be taken into account
when designing an EPB for highly permeable soils.
The theory is however, not more than partly the explanation for the observed phenomena in Figure 8 and
Figure 9.As mentioned before, the soil conditions were
not very different for both locations; only the water
content was different. This would mean that at the location with the highest water content, the compressibility
is lowest and the Peclet number is also lowest. Thus
drained behaviour would be expected. Yet most arching (a result from porosity loss that could be caused
by drained behaviour) is found in the Ring with the
highest air content in the muck, Ring 318 N.

The explanation is that soil is not a linear elastic
material. The compressibility as mentioned above is
only valid as long as the there are no effective stresses.
As soon as effective stresses occur (regardless whether
this is caused by water flow or air compression) the soil
will behave much stiffer, leading to a decrease of the
Peclet number, thus drained behaviour.
4

From the study described in this paper we came to the
following conclusions:
– While boring in sand with an EPB shield an important function of the foam is to increase the porosity
of the sand to such a value that deformation is possible without or with only limited grain stresses. This
is different from boring in clay where the lubricating
is more important (Mair et al. 2003).
– The vertical pressure gradient is only to a certain
extend influenced by the density of the mixture.
Yield stress of the mixture also seems to have an
influence.
– The vertical pressure gradient can be lower for an
EPB using foam than for a slurry shield.
– Arching of sand before the entrance of the screw
conveyor can lead to a considerable pressure drop
before this entrance. This complicates the regulation of the pressure in the pressure chamber by
means of the screw conveyor.
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