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ABSTRACT: During mechanized tunneling with a slurry shield in saturated sand, pressured bentonite 
slurry is often used to counteract soil and water pressures in front of the tunnel face. Due to the pressure dif-
ference between the mixing chamber and the ground, the bentonite slurry will penetrate into the sand. This 
study focuses on the two key processes in bentonite slurry infiltration: mud spurt and filter cake formation. 
A series of bentonite slurry infiltration tests in saturated sand are presented. The experiments show that the 
excess pore water pressure will only be present in the sand during mud spurt. After that, the filter cake will 
form on the sand surface. The distribution of pore water pressure in the sand depends on the bentonite content 
of the slurry. The differences between the stages of mud spurt and filter cake formation were clearly noticed.

After some time, the bentonite particles are 
blocked in the sand pores, and only water from the 
slurry flow into the sand. The governing perme-
ability is now the much lower permeability of water 
through the clay particles. The velocity slows down 
and an external filter cake is built with a much 
lower discharge rate. An infiltration test determines 
how the discharged volume increases with time. 
The two infiltration stages can be identified if  the 
accumulated volume is plotted against the square 
root of time. This will result in two straight lines, as 
in Figure 1. The line just after t = 0 represents the 

1 INTRODUCTION

Slurry pressure balance (SPB) tunnel boring 
machines (TBM) support the excavation face 
through a mixture of bentonite slurry and excavated 
soil. Whenever the pressure of the supporting mix-
ture is higher than the groundwater pressure, the 
fluid will tend to flow into the ground. In perme-
able ground, such as saturated sand, this will cause 
a field of excess pore pressure in front of the TBM, 
which influences the stability of the tunnel face. 
Even though some analytical methods have been 
proposed to predict the magnitude of the excess 
water pressures ahead of the tunnel face (Broere  
et al. 2001, Bezuijen et al. 2001, 2016), more attention 
needs to be given to the process of bentonite slurry 
infiltration. This process determines the thickness of 
the filter cake, and how the excess pressures increase 
during drilling and decrease during stand still.

Many bentonite slurry infiltration tests have 
been performed (Krause 1987, Fritz 2007, Min  
et al. 2013a, b, Talmon et al. 2013, Xu et al. 2016, 
Yin et al. 2016). Overall, two infiltration stages 
can be identified during the test: mud spurt and 
consolidation (also called filter cake formation) 
(Talmon et al. 2013). When mud spurt starts, the 
slurry (liquid and bentonite particles) penetrates 
into the soil. The infiltration velocity depends 
on the sand permeability regarding the bentonite 
slurry, which tends to be relatively high.

Figure  1. Volume of displaced fluid in time (after 
Talmon et al. 2013).
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stage of mud spurt, which is followed by the forma-
tion of an external filter cake (consolidation).

Min et al. (2013a) conducted a series of ben-
tonite slurry infiltration tests to study the effect of 
slurry infiltration on the pore water pressure in sat-
urated sand. The results show that the slurry pres-
sure can be transformed into three different parts: 
pore pressure to counteract the hydrostatic water 
pressure, excess pore water pressure that will cause 
groundwater flow and effective pressure to counter-
act the soil pressure. The slurry density has a sig-
nificant influence on the distribution of the excess 
pore water pressure. Min et al. (2013b) performed 
more tests in high permeable sand to investigate 
the process of filter cake formation. Three different 
situations were observed at the end of a test, see  
Figure 2: a filter cake just outside the sand with a 
very low permeability, resulting in a large pressure 
gradient (L1), an infiltrated zone with a higher per-
meability than the cake (L2) and a non-infiltrated 
zone with still the original permeability of the sand 
(L3). According to Min et al. (2013a), the distribu-
tion of pore water pressure over sand in slurry shield 
tunneling is similar to what is shown in Figure 2.

The maximum infiltration depth also depends 
on the infiltration velocity (Talmon et al., 2013). 
A lower infiltration velocity may lead to a lower 
final infiltration depth because the external filter 
cake build up will start earlier. The final infiltration 
depth is used to quantify the stability of the pen-
etration zone for hyperbaric interventions, and the 
development of excess pore pressures during drill-
ing. It may be the case that the fluid infiltration 
is slower than the drilling velocity of the TBM, in 

which case there will be no filter cake formation. 
However, if  the infiltration velocity is larger than 
the drilling velocity then an internal filter cake can 
form in the sand during drilling, but an external 
filter cake will never form, as it is continuously 
scraped away by the cutter head.

The slurry infiltration can be described as a 
function of time, as in the well-known formula 
suggested by Krause (1987):
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xt max=
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where xt = slurry infiltration distance; t  = infiltra-
tion time; a = time when half  the maximum infil-
tration distance is reached; xmax  = maximum slurry 
infiltration distance.

This empirical formula combines both infiltra-
tion stages: mud spurt and filter cake formation. 
Broere (2001) suggests that the maximum infiltra-
tion depth xmax can be calculated by:
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where ∆p  =  the excess pressure, d10  =  the grain 
diameter at which 10% of the particles are smaller 
than it, α = the fitting factor (2 ≤ α ≤ 4), τy = yield 
strength of slurry.

The infiltration velocity can be obtained through 
the time derivative of Equation 1:
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Bezuijen et al. (2016) have shown that the time 
a is not only a function of the bentonite proper-
ties, but also of the diameter of the tunnel and the 
geometry. Overall, the authors have shown that a 
will have a much smaller value in a model test than 
in a real TBM.

To explore the mechanism of mud spurt and fil-
ter cake formation and how the slurry penetration 
influences the pore water pressure in saturated 
sand, a series of  bentonite slurry infiltration tests 
in saturated sand were performed. The test results 
will be discussed based on the theories presented.

2 LABORATORY TESTS

Three infiltration tests in saturated sand were car-
ried out. The bentonite contents in the slurry for 
each test were 40 g/l (Test A), 50 g/l (Test B) and 
60g/l (Test C). In each test, the discharged water 
volume, the infiltration distance, the infiltration 

Figure 2. Distribution of pore water pressure over sand 
in slurry shield tunneling. L1 is the thickness of filter cake 
and L2 is the thickness of penetrated zone (after Min et al., 
2013a).
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velocity and the pore water pressure distribution 
were measured.

Figure  3 shows the schematic layout of the 
test apparatus. The Perspex cylinder has an inner 
diameter of 80 mm and a wall thickness of 2 mm. 
The air pressure is applied on the slurry suspension 
surface. Four pore pressure transducers (PPTs) 
with a diameter of 8 mm were installed to meas-
ure the pore water pressure in the slurry and in the 
sand. PPT 102 was positioned 10  mm above the 
sand surface to measure the pore water pressure 
in the slurry suspension. PPTs 103, 104 and 105 
were located at 1, 3 and 5 cm below the sand sur-
face, respectively. A filter cloth was placed on top 
of a perforated plate a few centimeters above the 

bottom of the cylinder. Using this apparatus, the 
slurry infiltration into the soil and the filter cake 
formation on the soil surface can be observed. 
Meanwhile the water discharge is measured con-
tinuously with an electronic balance.

The sand was placed on top of the filter cloth 
and densified to a relative density of approximately 
90%. This filter allowed water flow but blocked the 
sand grains. The thickness of soil specimen was 
17  cm. The sieve curve of the sand is shown in 
Figure 4.

Preliminary tests are performed before each 
infiltration test to check whether the sand sample 
and the slurry are consistent. The bentonite and 
the water are mixed in a mixer for 20 minutes and 
stiffened for 24 hours according to API (2003). To 
check the consistency of the sand, the porosity and 
the permeability of every sand column were meas-
ured, and the results are shown in Table 1.

The yield point, yield strength, and apparent 
viscosity of the slurry were measured with a Fann 
viscometer, and the results are in Table 2.

A slurry layer of  100 mm thickness was placed 
on top of  the saturated sand column. At the start 
of  the test this was pressurized with an air pres-
sure of  approximately 50 kPa. The bentonite used 
in the tests was bentonite IBECO B1 used in the 
North/South Line project in Amsterdam. The 
slurry infiltration process starts when the valve 
at the bottom of  the apparatus is opened. Mean-
while, the pore water pressure in sand at different 
depths was measured by pore pressure transduc-
ers. After 30 minutes, the valve was closed at 
the bottom and the air pressure on the top was 
released.

Figure  3. Schematic layout of test apparatus. Dimen-
sions in millimetres.

Figure 4. Sieve curve of the sand.

Table 1. Properties of the sand for the different tests.

Code Sand height n ks

– cm – m/s

A 16.9 0.41 2.4E-4

B 17.3 0.41 2.4E-4

C 17.0 0.40 2.2E-4

Table 2. Properties of the slurry for the different tests.

Code
Bentonite  
content

Yield  
point

Apparent  
viscosity

Yield  
strength

– g/l Pa cP Pa

A 40  5.1  9.0  5.1

B 50  9.2 13.0 10.2

C 60 14.8 22.5 16.9
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3 RESULTS AND DISCUSSION

The parameters derived from each test are shown 
in Table 3. The final discharged water volume after 
30 minutes is 150 ml, 106 ml and 50 ml in tests A, B 
and C, respectively. The discharged water volume 
depends on the bentonite content or the density of 
the slurry. With higher bentonite content, the dis-
charged water volume will be less. The infiltration 
depth is calculated as:

x
V

A n
t

pw

IC

=  (4)

where xt = infiltration depth, Vpw = volume of dis-
placed fluid, AIC = cross-sectional area of infiltra-
tion column, n = sand porosity.

The measured discharged water volume can be 
used in Equation 4 to determine the infiltration 
depth, see Figure 5. The timespan a was set at the 
moment xt reached half  of the maximum infiltra-
tion depth. The infiltration velocity at t = 0 vslurry,0 
can be calculated with Equation (3). Table 3 shows 
that with the same geometry of the tunnel a faster 
infiltration velocity results in a longer infiltration 
depth. It should be noted that Figure 5 only shows 
the result within 225s, while the values in Table 3 
were measured after 30 min. The top level of slurry 
was not monitored in these tests, but it should 
match the discharged water.

Figure 6a shows the excess pore water pressure 
and the discharged water volume against the square 
root of time for Test A. The lines for both the mud 
spurt and the filter cake formation areas are nearly 
straight, and the gradient change is clear. This 
change signals the transition from mud spurt to 
external filter cake formation, according to Talmon 
et al. (2013). The similar transition can also be seen 
in the results of Test B and C (Figs. 6b and 6c).

Figure 6 also shows the excess pore water pres-
sure dissipation at different depths. When the valve 
at bottom was opened the excess pore water pres-
sures in sand dissipated fast and linearly, while 
the excess pore water pressure in slurry suspen-
sion dissipated slowly. After about 10 seconds, the 

Figure 5. Infiltration depth in time for different tests.

Figure  6. Change of excess pore water pressure and 
discharged water volume in Test A (a), Test B (b), and 
Test C (c).

Table 3. Parameters derived from each test.

Code
Bentonite  
content Vpm xt a vslurry,0

– g/l ml cm s mm/s

A 40 150 7.5 3.6 20.8

B 50 106 5.1 3.0 17.0

C 60  50 2.5 2.7  9.3
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excess pore water pressures in the sand dropped to 
negative values. The excess pore water pressures 
are transferred to the soil skeleton. But the excess 
pore water pressure in the slurry suspension was 
still between 45 and 50 kPa. During this process, 
the bentonite slurry replaced the pore water in the 
sand on top of the column.

As soon as the mud spurt came to an end, the 
water flow in the column was reduced and suction 
built up in sand. It should be noted that this suc-
tion is related to the difference in height between 
the top of the sand column, where the filter cake 
forms, and the outflow opening. In the period of 
filter cake formation, the pore water pressures 
reached a steady value. At the beginning of this 
process, the pore water pressures in PPT 102 con-
tinued to decline slightly. It implies that the zone 
close to the slurry suspension front can be influ-
enced by infiltration after mud spurt.

During mud spurt the decline rate of excess 
pore water pressure in PPT 103 was apparently 
lower than that of PPT 104 and 105. After that, 
the excess pore water pressure in PPT 103 would 
decrease rapidly. A similar result can be also found 
in Figure 6b. But in Figure 6c, there is no apparent 
difference between the curve of PPT 103 and the 
curves of PPT 104 and 105. This may be explained 
by the infiltration distance of pore water. In the 
first 2 tests the infiltration front during the mud 
spurt passes PPT 103. During the mud spurt the 
pressure drop is partly over the penetrated zone 
(see Fig.  2), partly over the not penetrated sand. 
When PPT 103 is in the penetrated zone, it will 
only measure a part of the pressure drop over the 
penetrated zone. However, when filter cake forma-
tion becomes dominant, as indicated in Figure 2, 
the pressure drop will be predominantly over the 
external filter cake and PPT 103 will have the same 
value as the lower PPT’s. This means that then the 
pressure drop over L2 is relatively small and thus 
that the permeability of the external filter cake 
is much lower than that of the infiltrated zone. 
Because the infiltration distance for Test C was 
very small after mud spurt, the penetrated zone 
was very shallow. Consequently, PPT 103 will be 
outside the penetrated zone in the sand.

Figure 7 shows the measured pore water pres-
sure distribution in depth. Before the test started, 
the pore water pressure increased with depth. Once 
the mud spurt started, the pore water would flow 
out rapidly from the sand column, the excess pore 
water pressure in sand dissipated fast. The distri-
bution of pore water pressure after 5 s in Test A 
and B can be expected as the curve in Figure 2. But 
for Test C, the distribution of pore water pressure 
had already reached steady values after 5  s. The 
transition from mud spurt to filter cake formation 
was not so apparent. After 20 s, the distribution of 

pore water pressure for the other two tests reached 
steady values too. During this process, the filter 
cake formed on the sand surface. Because of the 
low permeability in the filter cake, the flow resist-
ance increases. The pore water pressure rapidly 
decreased over the filter cake and then became 
steady in deep soil layer.

4 CONSEQUENCES FOR PRACTICE

The experiments described in this paper show that 
there are two processes during slurry infiltration: 
mud spurt and filter cake formation. This is in 
agreement with previous research (Talmon et al. 
2013). Bezuijen et al. (2016) took into account only 

Figure  7. Excess pore water pressure distribution in 
Test A (a), Test B (b), and Test C (c).
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the process of mud spurt to calculate the excess 
pore water pressures in front of the slurry shield 
and found reasonable agreement with the meas-
urements. This seems to indicate that the second 
infiltration stage (cake formation) is not relevant 
for real tunneling conditions.

The reason for this is that the ground water flow 
is very limited during external filter cake formation. 
This means that there will be no or very limited 
excess pore water pressures in front of the TBM 
when filter cake formation starts. Furthermore, the 
external filter cake will be removed immediately 
when drilling starts. This means that to describe 
the excess pore water pressures in front of a tunnel 
face only the mud spurt phase is of importance. 
Knowledge of the external cake building phase is 
used to calculate the stability of the face during 
compressed air interventions.

5 CONCLUSIONS

Laboratory experiments of bentonite slurry infil-
tration in saturated sand have been conducted to 
investigate the process of slurry infiltration ahead 
of slurry pressure balance TBM’s. The mechanisms 
of mud spurt and filter cake formation are used to 
explain how the slurry infiltration influences the 
pore water pressure in the sand. A few conclusions 
can be made from the laboratory results and the 
associated theory:

1. The bentonite content of the slurry has a signifi-
cant effect on the process of slurry infiltration. 
Less bentonite content leads to a higher water 
discharge and longer penetrated distance. With 
less bentonite content, the transition from mud 
spurt to filter cake formation will also be shorter.

2. The infiltration velocity may influence the infil-
tration distance. Higher infiltration velocity 
seems to result in longer infiltration distance.

3. The excess pore water pressure will only build 
up in saturated sand during mud spurt. With 
the filter cake forming on the sand surface, the 
pore water pressure reaches steady values. The 
distribution of pore water pressures measured 
in these tests were in agreement with the theory 
of Min et al (2013a). Although in these tests 
only a very small pressure drop in L2 is found 
when the external filter cake starts to build up.

Further research will focus on the influence of 
the pressure on slurry infiltration, since test results 

seems to be dependent on the applied pressure and 
on the translation of the test results to prototype 
conditions.
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