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Abstract:  Pressurized bentonite slurry is applied on a tunnel face to form a filter cake to stabilize the tunnel face when the slurry
shield excavates through the sandy soil. Failure of the tunnel face may be caused by a high permeable filter cake, which commonly
has a long penetration distance of slurry in sands. A column system with a height of 680 mm and a diameter of 300 mm was de-
veloped to model pressurized slurry infiltration in sands. Pressure transducers were installed to estimate the hydraulic conductivity
of the filter cake during slurry infiltration. The electrical conductivity of the leachate of collected samples was measured. Results
show that the majority of fine particles in slurry are within the range 100-300 mm into the sand specimen. The time for forming an

impermeable filter cake is about 300 s, which indicates the impermeable filter cake is hard to form during the excavation.
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1 Introduction

Maintaining the stability of tunnels is an im-
portant engineering issue (Huang ef al., 2012; Liu and
Yuan, 2014). Pressurized bentonite slurry is widely
used to stabilize the tunnel face for excavation of
slurry shield in sandy soils. Fine particles in bentonite
slurry penetrate into the sandy soils to a certain dis-
tance, forming a slurry saturated zone. The length of
the zone is termed as the penetration distance of the
slurry (Anagnostou and Kovari, 1994). During the
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process of excavation, the normal speed of the shield
reported was at least 1 r/min, at an average cutting
speed of 5 cm/min (Broere, 2001). For a shield with a
five-spoke cutter wheel, the slurry penetration dis-
tance repeats being shortened and increased at an
interval of 12 s. Thus, the slurry penetration distance
is a dynamic value. The maximum slurry penetration
distance under a specific pressure is a reference value
for evaluating slurry infiltration in a practical engi-
neering situation. Bentonite slurry also forms a filter
cake on the tunnel face (Kim and Tonon, 2010). The
support force on the tunnel face is affected by the
hydraulic conductivity of the filter cake. A highly
permeable filter cake leads to long penetration dis-
tance and less effective support force, which may
cause a failure of the tunnel face. For instance, during
the advance of a sewage gallery of 2.8 m diameter in
Zurich, Switzerland, the bentonite slurry established
only a limited pressure, which led to various surface
failures (Fritz et al., 2002).
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Many models have been presented to analyze the
influence of the filter cake on the stability of the
tunnel face. Kim and Tonon (2010) assumed that an
impermeable membrane develops on the tunnel face.
Anagnostou and Kovari (1994) assumed that the
support force is distributed along the penetration
distance. The effective support force decreases when
the penetration distance is longer than the wedge in
front of the tunnel face. The filter cake is removed by
the cutter arms when the slurry shield is excavating.
The increase of the excess pore pressure in front of the
shield caused by the slurry infiltration reduces the
effective support pressure, and the failure of the tun-
nel face may occur (Broere and van Tol, 2000). These
examples show that study of the behavior of the slurry
infiltration is important. Physical model tests with
infiltration columns were always used to investigate
slurry infiltration in soils (Krause, 1987; Fritz, 2007,
Min et al., 2013). Traditional infiltration columns
were usually equipped with a transparent wall or
section for the visual measurement of the penetration
distance. For example, Gouet-Kaplan and Berkowitz
(2011) demonstrated an infiltration test with dye
tracers through direct visualization. However, the
change of the hydraulic conductivity of the filter cake
during filter cake forming has not been studied
through tests and experiments.

Measurement of the electrical conductivity of
soil is an efficient way to study the slurry infiltration
in the soil (Chen et al., 2010). The electrical conduc-
tivity of the bentonite slurry is very high, compared to
that of sands. Hence, the electrical conductivity will
be a strong indicator of the slurry infiltration (Ward et
al., 1994; Vanclooster et al., 1995; Chen et al., 2014).
In this paper, a column system is presented to model
slurry infiltration in sands at various slurry pressures
Ap. The hydraulic conductivity of the filter cake
formed on the sand face is estimated by pressure
transducers during the infiltration. In order to study
the distribution of the fine particles in the slurry
within the penetration distance, sand samples were
collected to measure the electrical conductivity after
the infiltration.

2 Materials and preparation

Sands collected from the beach at the Yangtze

River, China were used in this study. It is a kind of
silty sand (SM) according to ASTM D2487-11
(ASTM, 2011). The characteristic grain diameter at
which 10% mass passes the sieve djp is 0.137 mm.
The grain size distribution of the Yangtze River sand
is shown in Fig. 1. This sand has a uniformity coeffi-
cient C, of 3.18, which is less than 10. This means the
sand is self-filtering (Kovacs, 1981).

The sand was dried in an oven at 110 °C for 24 h
before use. The raining method was applied to pre-
pare the sand specimen column, which was 60 cm
high. A flat nozzle was used for raining, which has a
slot of 4 mmx85.6 mm (widthxlength). The dry sand
was rained into the infiltration column at a height of
2 m above the sand surface. The sand specimen was
divided into 13 layers. Each layer of sand had been
saturated from the bottom of the column before the
upper layer was rained. When the outgoing water was
observed on the surface of the specimen, the column
was covered by a cap. The air in the tube connecting
the column and the slurry stirring tank was driven
away by tap water. The tap water kept flowing into the
column from the bottom and discharging from the
hole on the cap of the column. This procedure lasted
for at least 24 h in order to achieve moisture ho-
mogenization (Cui et al., 2013). The porosity of the
specimen is 0.39. The hydraulic conductivity of the
specimen is 2x10°* m/s according to ASTM
D2434-06 (ASTM, 2006).

The slurry used in this study was made of
Na-bentonite produced by Wyo—Ben®, Inc., USA and
tap water. In China, the funnel viscosity of slurry
measured with a Russian funnel viscometer is usually
required to be between 30 and 40 s when the slurry is
excavating in the sand (Wang and Cai, 2008). We had
tried a series of bentonite contents of the slurry before
the infiltration. It is found that the funnel viscosity of
slurry is 35 s when the bentonite content is 5% in
weight. In this study, the bentonite content of the
slurry is 5% (0.05 kg bentonite per liter water). The
slurry was hydrated for 24 h before use. The density
of slurry is 1.03 g/cm3 and the yield strength zr of 5%
bentonite slurry is about 2 Pa obtained by the rota-
tional viscometer method. The grain size distribution
of the slurry was measured by a Beckman Coulter
LS-230 Laser particle size analyzer (Beckman Coul-
ter, Inc., USA), as shown in Fig. 1.
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Fig. 1 Grain size distributions of Yangtze River sand and

bentonite slurry

3 Experimental setup

A column system (Fig. 2) was developed to in-
vestigate the behavior of the slurry infiltration at
various slurry pressures. It consists of an infiltration
column and auxiliary apparatus (including pressure
supply device, slurry stirring tank, Mariotte bottle,

water collector, data collector, and electronic balance).

The aluminum infiltration column has a diameter of
300 mm, a height of 680 mm, and a wall thickness of
25.5 mm. Five time domain reflectometries (TDR)
probes (numbered as TDR1 to TDRS5) were equipped
to measure the electrical conductivity of sand in the
vertical direction (distance from the specimen surface
h=35, 100, 200, 300, and 400 mm) (Fig. 3). Two
pressure transducers (numbered as P1 and P2) are
placed on the wall of the column (A=—20 and 35 mm)
to estimate the hydraulic conductivity of the filter
cake. The slurry was injected into the column through
a hole in the cap. The cap was connected to the slurry
stirring tank via a valve. The pressure supply device
supplies the pressurized air to the tank, and the slurry
was stirred in the tank to avoid slurry sedimentation.
A 50 mm height margin is given between the cap and
the sand surface for the homogeneous infiltration of
the slurry. The margin was filled with water before the
slurry infiltration. A filter layer of 30 mm thick coarse
grains and a layer of geotextile were placed beneath
the specimen. Two holes with a diameter of 9 mm at
the column bottom allow the water to be discharged
from the specimen. They are sequentially connected
to the Mariotte bottle and the water collector. An
electronic balance under the collector is used to weigh
the discharged water.

Data collector

Pressure supply device

Mariotte bottle
Water

collector

Electronic
balance

Fig. 2 Test apparatus system
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Fig. 3 Schematic views of the infiltration column: (a) front
view; (b) cross section of A—A (unit: mm)

The TDR probes consist of three rods with a
length of 200 mm and a diameter of 6 mm. The in-
fluence zone of the probe is 20 to 30 mm around the
rod, and the accuracy of the measured dielectric con-
stant is £1% (Ferré et al., 1998). The TDR meas-
urement device is a Campbell Scientific TDR100
(Campbell Scientific, Inc., USA). At the height for
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installing the TDR probe, a hollow (230 mm in length
and 70 mm in width) was carefully dug in the soil
during preparation of the sand specimen. The TDR
probe was subsequently placed in the hollow. Then,
the gap between the sand specimen and the probes
was refilled.

The pressure transducers are Measurement Spe-
cialties MSP5100 type (Measurement Specialties,
Inc., USA). The measurement range is 350 kPa, and
the accuracy is £0.25% of the measurement range.
Pressure transducers were used to measure the slurry
pressure and pore pressure in the specimen. In order
to keep the soil away from the cavity of the pressure
transducer, a piece of geotextile was clamped in the
front of each pressure transducer using two porous
copper sheets. An O-ring was placed between each
pressure transducer and the wall of the column to
ensure waterproofness. The cavities in front of the
films of the pressure transducers were filled with
silicone oil, and the geotextile clamped in the front of
each pressure transducer was saturated with silicone
oil. This action was performed during the installation
of the pressure transducers on the wall of the infiltra-
tion column. A Druck-pace 5000 pressure controller
was used to provide steady pressurized air.

4 Experimental procedure

Four tests under various slurry pressures (Ap="71,
83, 95, and 119 kPa) were conducted to study the
behavior of slurry infiltration in sandy soil. As shown
in Fig. 4, a slurry shield with a diameter of 15 m is
tunneling under a river with a depth A of 40 m. For
the cohesiveless soil, Rankine’s active earth pressure
at the center of a tunnel face p, is calculated by

p,=7(C+D/2) tan’(45°— @'/ 2), )

where ' is the effective weight density of the sand
(11.87 kN/m®), ¢' is the effective angle of friction of
the sand (27°), D is the diameter of the shield, and
C is the distance between riverbed and tunnel crown.
In China, the slurry pressure at the center of a tunnel
face p is usually equal to the sum of p,, the hydrostatic

ground water pressure, and the additional pressure
(20 kPa) (Zhang et al., 2004). The excess pressure is

defined as the difference between slurry pressure and
the hydrostatic ground water pressure (Anagnostou
and Kovari, 1994; 1996; Anagnostou and Rizos,
2009). When Cis 4, 7, 9.5, and 15 m, p is 586, 629,
665, and 745 kPa; the hydrostatic ground water
pressure is 515, 545, 570, and 625 kPa, and the excess
pressure at the center of tunnel face is 71, 84, 95, and
120 kPa, respectively. The water table of the Mariotte
bottle and the surface of the sand are on the same level,
so the gauge pressure at the surface of sand is equal to
0 kPa before the infiltration. The slurry pressure for
this study ought to be equal to the excess pressure for
practical engineering. We input that value on the
panel of the pressure supply device during the infil-
tration. However, the pressure gauge indicated that
the actual slurry pressure was 71, 83, 95, and 119 kPa,
respectively in the slurry stirring tank. These errors
are within the allowable instrument error of the
pressure supply device.

During the tests, the water discharge, the pres-
sures in the slurry and pore water were measured. The
steps in the test procedure are given as follows:

(1) Assembling the infiltration column. Install
the pressure transducers on the wall of the infiltration
column. Fill the Mariotte bottle with tap water and
connect it to the infiltration column.

(2) Preparation of the sand specimen and slurry.
Prepare the sand specimen in the column using the
raining method. Install the TDR probes in the sand
specimen during specimen preparation. Saturate the
sand specimen after the completion of each layer of
the sand specimen. The slurry preparation is 24 h
before the infiltration to make sure there is full hy-
dration of the bentonite. Stir the slurry by a mechan-
ical stirrer for at least 1 h after mixing.

(3) Preparation of the auxiliary apparatus. As-
semble the auxiliary apparatus. Seal the slurry stirring
tank after filling it with the slurry. Then, pressurize
the slurry with the pressure supply device. The pres-
sure provided by the pressure supply device should be
equal to the slurry pressure. This step takes at least
2 h.

(4) Setting of the transducers and probes.
Measure the initial TDR waveforms for the electrical
conductivity of the pore water. Measure the initial
pressures and the indoor temperature before the in-
filtration of the slurry. Start the automatic acquisition
and recording of the pressures at intervals of 10 s.
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(5) Infiltration of the slurry. Open the valves, and
let the pressurized slurry infiltrate into the soil.
Measure the discharge in the collector at intervals of
10 s. When the increase of the water discharge is less
than 2 g/min, end the test. The infiltration of the slurry
lasted about 60 min.

(6) Calculation of the hydraulic conductivity of
the filter cake. Collect the filter cake. Measure the
thickness of the filter cake. Calculate the hydraulic
conductivity of the filter cake.

(7) Collection of the sand sample. At the end of
the test, measure TDR waveforms for the electrical
conductivity of the pore water (comparing the final
electrical conductivity of the pore water with the
initial value, it was found that the electrical conduc-
tivity of the pore water in the sand specimen where
slurry penetrated increased markedly). Then, collect
the sand samples at the different heights of the
specimen at intervals of about 100 mm. At the region
between two adjacent TDR probes, the difference
between the electrical conductivity of the pore water
is large (i.e., A=35 to 100 mm when Ap=71 kPa,
h=100 to 200 mm when Ap=83 and 95 kPa, /=300 to
400 mm when Ap=119 kPa), the sample frequency
should be intensified.

(8) Analyze the sand samples. Dry the samples
in an oven at 60 °C for 3 d. Mix 5 g sand of each
sample with 30 g deionized water and stir for 3 min.
Measure the electrical conductivity of the leachate
ECs using the electrical conductivity meter. Mean-
while, mix 5 g untested sand with 30 g deionized
water and stir for 3 min. Measure the electrical con-
ductivity of the untested sand leachate EC,. Analyze
the grain surface of the dry samples at different
heights of the specimen by FEI QUANTA FEG 650
environmental scanning electron microscope (FEI
Inc., USA) (when Ap=71 kPa).

H
Riverbed
Yangtze River sand
C
*
Slurry
pressure
D
Slurry shield

Fig. 4 Cross section of the slurry shield in the sand

5 Results and discussion
5.1 Behavior of the slurry infiltration

A series of leachates were prepared from the
collected samples after infiltration tests as mentioned
above. Due to the inhomogeneity of the sands, EC,
was slightly different in each test. Hence, the nor-
malized ratio between ECg and EC, is adopted as an
indicator of the slurry infiltration in the soil. Because
of the infiltrated slurry, the ratio increases to about
2.5-5 at the surface of the specimen (Fig. 5). Then,
the ratio decreases with the increase of the distance
from the specimen surface. The change trends of the
ratio and the distance from the specimen surface are
similar to the logarithmic function. The ratio between
ECs and EC, indicates the distribution of the fine
particles in the sand specimen. The content of the fine
particles decreases with the increase of the distance
from the specimen surface. The majority of the fine
particles are within the range #=100-300 mm at dif-
ferent slurry pressures.

Krause (1987) and Anagnostou and Kovari
(1994) have suggested equations for the calculation of
the maximum penetration distance emax, Which is
calculated by (Anagnostou and Kovari, 1994)

emax = Ap_d]o ’ (2)

ar;

where the factor of the grain size and effective radius
of a flow channel o=4; 7=2 Pa, d;,=0.137 mm, and
emax=1224, 1428, 1633, and 2042 mm, for the tests of
Ap=T71, 83, 95, and 119 kPa, respectively. By com-
paring em,x with the ratio between ECg and EC,
(Fig. 5), it is found that the ratio at ~=600 mm has
already dropped to about 1. This indicates that fine
particles at /=600 mm are rare in the sand specimen.
In order to investigate the behavior of the slurry
infiltration, the sand samples at different heights of
the sand specimen (Ap=71 kPa) were scanned by an
environmental scanning electron microscope (Fig. 6).
On the surface of the sand grains that are collected at
the specimen surface (A/=0 mm), a large amount of
dried aggregated solid matter of slurry remains.
However, on the surface of sand grains that are col-
lected from A=47 and 512 mm, dried aggregated solid
matter is rare. This agrees with Fig. 5 that the majority
of the fine particles are within the range A=
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Fig. 6 Microscopical sand grains at different heights of
the specimen when Ap=71 kPa: (a) /=0 mm (on the sand
specimen surface); (b) /=47 mm; (¢) /=512 mm

100-300 mm. A reason for the overestimated maxi-
mum penetration distance (Anagnostou and Kovari,
1994) is that the seepage force drives the soluble dye
tracers (Gouet-Kaplan and Berkowitz, 2011) far away.
The fine particles remain near the specimen surface.

The maximum penetration distance is difficult to
determine in this study. Firstly, during the collection
of the sand samples (step (7) in Section 4), it was
found that the color of the slurry saturated sand was
similar to that of the untested water saturated sand.
Secondly, the trends of the ratio between ECs and EC,
are similar to the logarithmic function (Fig. 5). The-
oretically, the maximum penetration distance can be
determined when the ratio is equal to 1. However, the
derivative of the ratio at maximum penetration dis-
tance trends to zero gradually. Because of the insuf-
ficient interval, the boundary of the slurry saturated
zone is difficult to distinguish.

The change in the electrical conductivity along
the infiltration direction can be roughly divided into
three stages (Fig. 5): descending, transitional, and
steady stages. A fitting line was plotted with the data
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of the descending stage. Another was plotted with the
data of the steady stage. The abscissa value of the
intersection point of the two fitting lines is regarded
as the penetration distance in this study. The ratio
between ECs and EC, has approximated 1 at the
penetration distance, which means that the majority of
fine particles are within this distance. The penetration
distance was 85, 126, 141, and 214 mm, for the tests
of Ap=T71, 83, 95, and 119 kPa, respectively. The
result shows that the penetration distance is positively
dependent on Ap. The penetration distance when
Ap=119 kPa is only 1.4% of the diameter of an 15 m
shield machine. During the tunnel excavation, the fine
particles remain near the tunnel surface. The hydrau-
lic conductivity of the stratum is hardly changed by
the slurry infiltration.

5.2  Estimation of the filter cake hydraulic
conductivity

During the slurry infiltration, the water discharge
was measured by the electronic balance. The water
discharge increases quickly within 75 s, and reaches a
steady value gradually after about 300 s (Fig. 7). The
steady value increases with the increase of Ap. The
time history of water discharge is similar to the results
provided by Fritz (2007) and Min et al. (2013). The
pressure differences between both sides of the filter
cake were measured by the pressure transducers P1
and P2 during the slurry infiltration. The pressure
differences between P1 and P2 increase quickly
within 100 s, and reach a steady value after 150 s
(Fig. 8). The oedometric test shows that the coeffi-
cient of volume compressibility of the sand specimen
(the porosity is 0.39) is 5.5x10"° kPa . In this study,
the maximum displacement of the sand specimen is
2.3,2.7, 3.1, and 3.9 mm, for the tests of Ap=71, 83,
95, and 119 kPa, respectively. The displacement of
the sand specimen is small. Full displacement is
produced when the impermeable filter cake is formed.
The effect of the displacement of the sand specimen
on the result is ignored. Seepage failure did not occur
during the infiltration.

Thickness and hydraulic conductivity are two
characteristic values of the filter cake. It is difficult to
measure the thickness of the filter cake during slurry
infiltration. The thickness of the filter cake is assumed
to be constant during the slurry infiltration. The hy-
draulic conductivity of the sand specimens between

P1 and P2 (including the filter cake) is calculated for
studying the forming of the filter cake. It is found
after scanning each layer of the dried specimen by the
environmental scanning electron microscope (Fig. 6)
that the dried aggregated solid matter of slurry mainly
settled near the specimen surface. The hydraulic
conductivity of the sand specimen is assumed to be
2x10"* m/s during the slurry infiltration. The hy-
draulic conductivity of the filter cake is less than
13107 m/s (Yeo et al., 2005). The hydraulic conduc-
tivity of the sand specimens between P1 and P2 is
mainly determined by that of the filter cake. The
thickness of the sand specimen between P1 and P2 is
3.5 cm. The velocity of the water discharge and the
pressure differences between both sides of the filter
cake were calculated according to the curves in
Figs. 7 and 8. The change of hydraulic conductivity
between P1 and P2 was calculated. A logarithmic
scale is used to express the change of the hydraulic
conductivity between P1 and P2 (Fig. 9).
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Fig. 8 Pressure difference between P1 and P2

When the slurry infiltration starts, the hydraulic
conductivity between P1 and P2 drops from 2x 10 to
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about 1x10° m/s within 5 s (Fig. 9). The hydraulic
conductivity between P1 and P2 drops to a value
between 8.8x10™° and 2x10® m/s within 300 s. After
300 s, the hydraulic conductivity between P1 and P2
trends to a steady value. The change of hydraulic
conductivity between P1 and P2 is similar at different
slurry pressures. The slurry forms the high permeable
filter cake on the surface of the sand specimen when
the slurry infiltration starts. The hydraulic conductiv-
ity of filter cake continues to drop during the slurry
infiltration. It appears that the forming of the imper-
meable filter cake needs at least 300 s.

10°
o = Slurry pressure=71 kPa

& 10%E o Slurry pressure=83 kPa
g v Slurry pressure=95 kPa
2 & 10°k v Slurry pressure=119 kPa
2E
2T a6
Sn 107k
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= 107k g 0
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Time (s)

Fig. 9 Change of hydraulic conductivity between P1 and
P2

When the slurry infiltration ended, the filter cake
on the surface of the sand specimen was sampled
(Fig. 10). The final thickness of the filter cake was
measured. The final thickness of the filter cake de-
creases with the increase of Ap (Table 1). The velocity
of water discharge is equal to the derivative of the
water discharge (Fig. 7). The pressure differences
between both sides of the filter cake were calculated
from the recording of P1 and P2 (Fig. 8). The final
hydraulic conductivity of the filter cake was calcu-
lated by the final thickness of filter cake (Table 1).
The final hydraulic conductivity is of the same order
of magnitude at different Ap. The final hydraulic
conductivity of the filter cake is less than 1x10™" m/s.
This result agrees with the expected hydraulic con-
ductivity of the filter cake (Yeo et al., 2005). This
shows that the filter cakes formed in this study were
similar to the impermeable filter cakes recorded in
engineering practice.

It is found that the forming of the impermeable
filter cake needs at least 300 s. The normal excavation

speed of the Second Heinenoord shows that the
timespan between subsequent passages of the cutter
arms is 12 s (Broere, 2001). This means that the filter
cake will be removed by each passage of the cutter
arms before the impermeable filter cake is formed.
The hydraulic conductivity between P1 and P2 at 5 s
is less than that of the sand specimen (Fig. 9). From a
practical point of view, the impermeable filter cake is
hard to form during excavation. The slurry forms the
highly permeable filter cake on the tunnel face. The
hydraulic conductivity of this kind of filter cake is
between the hydraulic conductivities of stratum and
impermeable filter cake.

@) Filter cake ( Filter cake

——

Sand specimen -

b)

Sand specimen

Filter cake (d)
Filter cake

:

©

47 48 49 50

Sand specimen,

0

| 60 6l 62 63 64 &5 &6 &7

Fig. 10 Samples of the filter cake when Ap is 71 kPa (a),
83 kPa (b), 95 kPa (c), and 119 kPa (d)

Table 1 Hydraulic conductivity of the filter cake
under varied slurry pressures

Slurry Final thick- Final hydraulic
Test
No pressure  ness of filter conductivity of
) (kPa) cake (mm) filter cake (m/s)
1 71 5.0 5.7x107"°
2 83 4.5 5.4x107"°
3 95 4.0 3.2x107"°
4 119 3.5 2.2x107"°

6 Conclusions

A column system was developed to model slurry
infiltration in sandy soil at varied excess pressures.
The results show that the electrical conductivity of
soil is a good indicator for estimating the slurry pen-
etration distance. In the sand specimen, the content of
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slurry decreases quickly along the infiltration direc-
tion. The majority of the fine particles are within the
range 100300 mm in the sand specimen. This range
is dependent on slurry pressure. The time for forming
an impermeable filter cake is at least 300 s, which
indicates that the impermeable filter cake is hard to
form during excavation. Greater attention should be
paid to the slurry pressure on the tunnel face after the
entire removal of the filter cake by cutters in advance
of the slurry shield.
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