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ABSTRACT: Soil pressures were measured on both sides of the cutter wheel of an EPB-shield during tunnelling
in saturated sand, using foam for soil conditioning. The measured pressures are compared with the pressures at
the pressure bulkhead. The pressures are not purely hydrostatic but the results are also influenced by the yield
strength of the foam mixture and the effective stresses. At the lowest positions, the sensors sometimes measured
effective stresses. This led to peaks in the pressures measured. It is shown that for the soil conditions present,
the pressures measured at the pressure bulkhead are comparable to the pressures measured at the rotor, but the
pressure gradients can differ significantly (around 30% difference in gradients is possible). The measurements
show that the pressure distribution is asymmetric due to the rotation of the cutter head.
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INTRODUCTION

Earth Pressure Balance (EPB) tunneling machines
are nowadays the most used Tunnel Boring Machines
(TBMs). These machines are used in different soils.
For tunneling in sand with an EPB shield it is necessary to use a soil conditioner. In most cases foam
is used. The properties of the foam mixture and its
functionality are investigated by Bezuijen, 2012, 2002,
Bezuijen et al., 2005, Thewes and Budach 2010, 2011
and Russo, 2003. Merrit and Mair (2006) have investigated the properties of a foam clay mixture and the
influence on the screw conveyer. Talmon and Bezuijen
(2002) did this for sand.
In a previous paper we have investigated the pressures that were measured at the tunnel face with
pressure gauges mounted in the cutter wheel (Bezuijen
and Talmon, 2014). In this paper it will be focused on
the pressure gradients, both at the tunnel face and in
the mixing chamber. The measurements are already
quite old (1999–2000) but recently ‘rediscovered’ and
analysed. Since pressure measurements at the cutting
wheel are not standard, these ‘old’ measurements are
still a valuable source of information.
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Figure 1. Cross-section EPB TBM for the Botlek Rail
tunnel (Talmon and Bezuijen, 2002).

A cross-section of the TBM machine is shown in
Figure 1, the instrumentation at the front of the
cutter wheel in Figure 2.
A considerable part of the tunnel was bored through
Pleistocene sand under a high water table, see Figure 3.
The Pleistocene sand has a d50 ranging from 200 to
700 µm and is rather permeable; the permeability is
estimated to be 3*10−4 m/s. The water table was up to
23 m above the tunnel axis. Foam injected at the cutter
wheel and in the mixing chamber and screw conveyor
was used to stabilize the tunnel face.

PROJECT DESCRIPTION

The Botlek Rail Tunnel is a 9.755 m diameter railway
tunnel that is made by two parallel tunnel tubes constructed with an EPB shield. It was the first (and up to
now the only) EPB shield used in the Netherlands.
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INSTRUMENTATION OF THE TBM

In this paper we will only describe the instrumentation in the cutter wheel and in the pressure bulkhead.
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Table 1. Position fixed instruments shown in Figure 4 in
polar coordinates.

E1
E2
E3
E4
E5
E6
E7
E8
E9
W1
W2
W3

R [m]

degr.

3.925
3.838
3.064
4.532
3.459
4.532
4.189
3.838
3.925
3.545
4.207
3.561

17.189
49.353
82.499
123.48
165.602
236.52
275.479
310.647
342.811
19.099
84.544
160.156

Figure 2. Cutter wheel of the Botlek TBM.

Figure 3. Geotechnical profile.

Figure 5. Pressures measured with R3 at the front (f) and
back (b) of the cutter wheel.

Figure 4. Position of instruments in the TBM and on the
rotor looking from the tunnel to the TBM and definition of
rotation. See further text.

The instrumentation is shown in Figure 4. The instruments E1 until E9 measured the total pressure and W1
until W3 the water pressure at the pressure bulkhead.
R1 until R4 are the total pressure gauges on the cutter
wheel. Each location indicates 2 instruments, one measuring at the front (f) and one measuring at the back (b)
of the cutter wheel in the pressure chamber. The green
circles indicate the course of the instruments during
drilling when the cutter wheel is rotating. The radii of
these circles are from the smallest (R1) to the largest
(R4) 3.25, 3.584, 4.044 and 4.442 m respectively.

Table 1 presents the positions of the fixed instruments. The positions are presented in polar coordinates
to be able to compare the radii with the radii of the
rotating instruments.
Measurements of the rotating instruments are only
available for the part where the tunnel was at the deepest section in the Pleistocene sand. Measurements were
taken with a 5 s interval. Results were available for the
Ring 342 until 346 and Ring 618 to 622 of the southern tube. As can be seen from Figure 3, the part in the
Pleistocene sand (middle to coarse sand with gravel in
Figure 3) starts some rings after ring 318 and ends at
ring 813 approximately.
4
4.1

MEASUREMENTS
Pressures as a function of time or position

A previous paper (Bezuijen & Talmon, 2014) presents
the data as a function of time or as a function of position. Two plots are repeated here. Figure 5 presents the
pressure as measured at one location at the frond and
the back of the rotor.
The results show that the pressures are quite comparable, but that sometimes there are pressure spikes
measured at the back of the rotor, indicating that in
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Figure 7. Pressures measured at the front of the cutter head,
during drilling for Ring 342 South from 0:45:00 until 0:52:30.

Figure 6. Pressures at the tunnel face as a function of height
of the instrument during drilling of ring 344 from 6:00 until
6:10.

some cases the muck is not behaving as a liquid,
but the grains have contact with each other, leading to effective stresses in the muck leading to sharp
increases in the measured (total) stress. An example of
the pressures as a function of the position is shown in
Figure 6.
In Figure 6 it can be seen that the pressure distribution is not symmetric. From an analysis of the data
it appeared that the pressures are higher at the side on
which the rotor moves upward and consequently lower
at the other side. This was also found in measurements
at the pressure bulkhead and attributed to the yield
strength of the muck (Bezuijen et al. 2005).
4.2

Pressures as a function of the rotation angle

4.2.1 Ring 342
Another way to present the pressures is a plot as a function of the rotation angle. See Figure 7 and Figure 8.
The pressures were fitted to the curve:

where P(α) is the pressure when the cutter head is at
the angle α. Pavg is the mean pressure 2a the variation in the pressure during one revolution and b is the
parameter that describes the asymmetry of the pressure distribution, due to the rotation direction. Most
data could be fitted quite well to this formula, see
Figure 7 and Figure 8, except the pressure gauge R3b,
thus on the back of the rotor. The values found are
tabulated in Table 2.
The results show that the average values of the pressures are more or less the same, as expected. The

Figure 8. Pressures measured at the back of the cutter head,
during drilling for Ring 342 South from 0:45:00 until 0:52:30.

pressure a, the amplitude of the pressure fluctuation,
increases with increasing diameter again as expected.
All pressure contours are slightly asymmetric due to
the rotation direction, as is shown by the values of b.
The average pressure is a bit higher when the rotor
moves upwards. Remarkable is that the amplitude in
the pressures is higher when measured at the back of
the rotor compared to the amplitude measured at the
front. The amplitude divided by the radius can be used
as the average pressure gradient that exists at the various locations, assuming steady state of the muck at the
cutting wheel. This pressure gradient can be compared
with the pressure gradient measured at the pressure
bulkhead. The total pressures measured at the pressure
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Table 2. Values found for the parameters of Eq. (1) by fitting
to the data shown in Figure 7 and Figure 8.
Press. Gauge

Pavg (kPa)

a (kPa)

b (degr.)

R1 f
R2 f
R3 f
R4 f
R1 b
R2 b
R3 b
R4 b

269.5
263
267.3
266.2
266.2
272.3
274.4
265.3

29.94
35.26
43.68
48.5
37.86
48.05
61.11
55.83

−7.8
−10.7
−11.7
−9.8
−10.8
−9.5
−6.5
−8.9

Figure 10. Ring 342. Pressure distribution at the pressure
bulkhead, see also text.

Figure 9. Pressures measured at the pressure bulkhead as a
function of time during drilling for Ring 342.

bulkhead as function of time are shown in Figure 9 for
the same time period as used in the polar plots.
The pressure distribution as a function of height,
measured at some moments in time in that period, is
shown in Figure 10. Also this pressure distribution
is not symmetric as can be seen from the plot. The
pressures are higher at one side of the tunnel.
All total pressures measured were used to determine
the pressure gradient at the pressure bulkhead. In addition to that the gradient was also determined using only
the instruments that were at a vertical distance of 2.9 m
or less from the tunnel axis. There is some variation in
the determined gradient, but this variation is not too
much, see Figure 11. Since the period of this variation
is the same as the period in the cutting wheel rotation,
it is assumed that this has to do with some asymmetry
of the back of the cutting wheel. Contributing factors
could be: non-equidistantly circumferentially (radius
3.25 m) distributed mixing cylinders attached to the
back of the cutting wheel, a spiraled distribution of
foam injection points at the front of the rotor.
Comparing the gradient measured at the front of the
rotor, the gradient at the back and the average gradient
at the pressure bulkhead as a function of the radius
of the instruments (or the maximum radius for the
instruments on the pressure bulkhead) leads to the
results shown in Figure 12.

Figure 11. Ring 342. Vertical pressure gradients at het pressure bulkhead as a function of time with the position of
the cutting wheel. Gradient determined with all instruments
(Gradient E) or with the instruments located on a distance
less than 2.9 m from the tunnel axis (2.1/2.9).

The figure shows that the measured gradient
depends somewhat on the radius over which it is measured at the tunnel face. Measurements over a smaller
radius result in general in a smaller gradient. The
pressure gradient is the lowest at the tunnel face, but
increases in the mixing chamber. The density of the
muck appears to be higher at the pressure bulkhead
compared to the density at the front.
4.2.2 Ring 618
A comparable analysis as performed for Ring 342
has been performed for Ring 618. For this ring the
period at 29-10-1999 between 1:58:50 and 2:08:42
was investigated. During this period there were some
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Figure 12. Ring 342. Vertical pressure gradient measured
at various locations of the tunnel face and for different radii.

Figure 14. Gradients and moment on the cutting wheel
measured at the pressure bulkhead for Ring 618.

Figure 13. Pressures measured at pressure bulkhead as a
function of time during drilling for Ring 618.

pressure peaks measured at the pressure bulkhead, see
Figure 13.
This led to high pressure gradients at the pressure
bulkhead, see Figure 14. The peaks in the gradients are
higher than 20 kN/m3 , this corresponds with a higher
density than the density of the sand, which means that
here there are effective stresses in the muck during the
peaks in the gradients. At 2:02 this is associated with
a peak in the moment (torque) that was applied on the
cutting wheel. It seems that the peak in the pressure
gradient comes later than the peak in the torque.
Looking at the vertical distribution of the pressures,
see Figure 15, there seems to be some segregation of
the muck. The pressure difference measured between
the pressure gauges is much smaller for the gauges
at the top of the tunnel (with negative values on the
y-axis) than for the positions at bottom of the tunnel.
It is likely that the sand settles down to the bottom of
the mixing chamber causing some effective stresses
en the mixture. In Ring 342 the highest stresses were
measured at pressure gauge E6. E5 resulted in lower
pressures, due to the influence of the screw conveyer.
For Ring 619, the highest pressures were measured at
E5 close to the screw conveyer.

Figure 15. Pressures measured at bulkhead as a function of
height for various times with the measurement interval.

Figure 16 and Figure 17 show the polar plots
of the pressure gauges at the front Figure 16 and
at the back Figure 17. R1f is not shown in Figure
16 because this gauge had broken down somewhere
between Ring 342 and Ring 618. The rotation direction of the TBM is reversed compared to the direction
during drilling of Ring 342 and therefore the asymmetry is in another direction. This asymmetry was also
measured at the pressure bulkhead where for ring 342
gauge E6 resulted in higher pressures than E4 at the
same height, which is the other way around for Ring
618. The plots show that the fit with Equation (1) for
Ring 618 is less precise than for Ring 342, because
the pressure peaks caused by the effective stress are
not described with this equation.
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Table 3. Ring 618. Values found for the parameters of Eq.
(1) by fitting to the data shown in Figure 16 and Figure 17.
Press. Gauge

Pavg (kPa)

a (kPa)

b (degr.)

R1 f
R2 f
R3 f
R4 f
R1 b
R2 b
R3 b
R4 b

–
275.7
284.1
293.3
274.7
281.7
278.8
252.4

–
47.9
56.4
74.2
50.67
70.3
72.7
50.7

–
34.4
33.5
37.4
27.4
26.1
24.3
27.4

Figure 16. Pressures in bar as a function of the rotation
angle measured at the front of the cutter head, during drilling
for Ring 618 South from 1:58:50 until 2:08:42.

Figure 18. Ring 618. Vertical pressure gradient measured
at various locations of the tunnel face and for different radii.
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Figure 17. Pressures in bar as a function of the rotation
angle measured at the back of the cutter head, during drilling
for Ring 618 South from 1:58:50 until 2:08:42.

The values found for the parameters in Equation (1)
are shown in Table 3. The rotation direction for this
ring was opposite to the direction for Ring 342. Consequently the values of the angle b are now positive.
Furthermore, the absolute values for the angle b are
higher than in Table 2, indicating that the consistency
of the muck has also an influence on this angle. The
values for the amplitude are now higher than in Table 2,
thus the average pressure gradient will be higher.
The plot with the average gradients is now less clear
than it was for Ring 342, see Figure 18. Still the gradients at the front are (averaged over the three radii) the
lowest but the gradients at the back of the cutting wheel
are now for 3 of the 4 positions higher than measured
at the pressure bulkhead. The average pressure gradients are significantly higher for Ring 618 compared to
the gradients measured in Ring 342.

DISCUSSION

The two rings analysed showed that the gradients as
measured at the tunnel face with the instruments in
the rotor can be quite different from the gradient measured at the pressure bulkhead. Different rings can give
different results depending on whether or not effective
stresses develop in the mixing chamber or between the
cutting wheel and the tunnel face. Effective stresses
have an influence on the total stress, resulting in more
pressure peaks and asymmetry of the pressure distribution at the rotor, which seems to increase when
effective stresses play a role. With limited influence of
the effective stresses, as was the case for Ring 342, it
was found that the pressure gradient is smaller at the
tunnel face, measured with the instruments at the rotor,
compared to the gradient measured at the back of the
rotor or in the pressure bulkhead. However, more rings
have to be analysed to confirm this finding. In case
effective stresses influence the overall pressure distribution, as was the case for Ring 618, there is no clear
picture on the pressure gradients as a function of the
position. For this ring higher pressure gradients were
measured than for Ring 342, which could be expected
since for Ring 618 the density of the muck will be
closer to the density that corresponds with a packing
of the grains where effective stresses can exist.
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The pressure will be 1 to 1.6 bar higher at the lower
end of the tunnel compared with the pressures at the
top. This has an influence on the behaviour of the muck
with has a lower density at the top end of the tunnel and
is less influenced by the rotation of the cutting wheel,
see Figure 9 and Figure 13. The lower density results
in a lower pressure gradient for the pressure gauges
at the top of the pressure bulkhead, see Figure 10 and
Figure 15.
6

CONCLUSIONS

The pressure distribution at a tunnel face of an EPB
shield was measured using pressure gauges installed
at the front and back of the cutting wheel. Results
have been compared with pressures measured at the
pressure bulkhead. The average pressures measured at
the pressure bulkhead are comparable to the pressures
measured at the rotor, but there can be a significant difference in the measured gradients. For the
rings analysed these gradients vary from around 10
to around 15 kPa/m at the tunnel face. Such a difference in gradients has an influence on the loading on
the soil at the tunnel face.
A clear asymmetry in the pressures has been measured at the tunnel face. This asymmetry is influenced
by the rotation direction of the cutter wheel, see also
Bezuijen et al., (2005). The highest pressures were not
measured when the pressure gauges are at the lowest
position of theTBM, but just a bit later when the cutting
wheel causes an upward movement to the muck.
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