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In the process of the slurry shield construction, the formation of the ﬁlter cake is the key to maintain the stability of the excavation
face. In high-permeability formation, ordinary pure bentonite slurry is easy to pass through the formation void. Therefore, it is
necessary to study the slurry permeability characteristics of the high-permeability sand layer. For the purpose of researching the
permeability characteristics of slurry in sandy formation, this paper studies the inﬂuence of slurry viscosity on the formation of
the ﬁlter cake in high-permeability formation under diﬀerent pressure gradients by the slurry permeability test. The eﬀect of
additive particle size on the ﬁlm-forming gain was studied by adding additives with diﬀerent particle sizes into pure bentonite
slurries with diﬀerent viscosities. This paper presents a method to determine the optimum slurry viscosity and particle size for
high-permeability formation so as to guide the slurry shield construction in high-permeability formation.

1. Introduction
The slurry shield tunnel has been widely used in recent years,
especially in the urban subway and river crossing tunnel.
However, during the slurry shield construction in the highpermeability stratum, the pure bentonite slurry inrush
caused disasters frequently, which seriously aﬀect the stability of the shield construction face. In order to maintain the
stability of the slurry shield excavation face during construction, it is necessary to prevent the slurry suspension from
penetrating into the soil. To ensure the eﬀective transmission
of support pressure to the soil, it is necessary to form a dense
low-permeability ﬁlter cake on the face of the tunnel [1–7].
For highly permeable soils, pure bentonite suspensions cannot be used anymore, which penetrate the ground, and the
required suspension pressure may not be attached. It is necessary to add chemical additives (tackiﬁer, dispersant, etc.)
[8] and coarse-grained materials (vermiculite, sand, clay,
quartz powder, sawdust, ﬁber, etc.) [8–14] to improve the
slurry properties. When the slurry permeates the formation,

it could reduce the formation permeability and form the
membrane more quickly and eﬃciently.
For the purpose of researching the eﬀect of slurry particle
additives on formation permeability, Fritz [8] considered the
inﬂuence of additive polymer, sand, and vermiculite on the
maximum slurry pressure and determined the composition
proportion of the best combination. The slurry pressure that
the best combination could bear is more than 10 times higher
than that of using ordinary bentonite slurry. Han et al. [9]
and Liu et al. [15] compared the eﬀective gap of the formation with the minimum particle size and the maximum particle size of the slurry and divided the formation state of the
membrane into three types: ﬁlter cake type, permeability
zone type, and ﬁlter cake and permeability zone type. Liu
et al. [15, 16] took light sand as coarse-grained material. By
comparing the relationship between the particle size of
coarse-grained material and the pore diameter of formation,
it was found that the addition of coarse-grained material is
more conducive to the formation of the ﬁlter cake, and the
coarse-grained material with a smaller particle size could
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produce a good synergistic eﬀect with slurry particles. Min
et al. [11, 12] deﬁned the average pore diameter soil through
the formation permeability coeﬃcient and pore ratio, compared the average pore diameter with the particle size of
representative slurry particles, and divided the seepage phenomenon into three categories.
For the purpose of researching the inﬂuence of slurry viscosity on formation permeability, Min et al. [12] showed that
increasing the content of clay particles was more conducive
to the formation of the ﬁlter cake, but only the content of clay
particles (clay particles less than 0.005 mm) in the slurry
could be used as an important index for slurry adjustment.
The eﬀect of coarse particles in the slurry was ignored. Wang
et al. [17] and Min et al. [18] regarded the slurry as Bingham
ﬂuid, tested the slurry performance with a rotary viscometer,
and established the relationship between the yield stress
which can characterize the viscosity of the slurry and the initial pressure gradient in the process of mud inﬁltration. The
yield stress is positively correlated with the initial pressure
gradient. Zhai et al. [19] and Xu and Bezuijen [14] regarded
slurry inﬁltration as a kind of formation silting process and
increased slurry viscosity by increasing bentonite content. It
is concluded that increasing the viscosity of slurry is more
conducive to the formation of the ﬁlter cake. In the process
of slurry shield circulation, the slurry plays an important role
in carrying slag, so the slurry should have good ﬂuidity.
Therefore, previous studies were mostly limited to lowviscosity mud (marsh time 30~40s). However, in the highpermeability stratum, the shield machine is in the rest state
and does not need to carry slag. At this time, the primary
role of slurry is not to carry slag but to form the ﬁlter
cake. In other words, grouting must be used in the highpermeability stratum to reduce the permeability in front
of the excavation face. The use of high-viscosity bentonite
slurry has become the ﬁrst choice [20].
Therefore, it is necessary to carry out the inﬂuence of
slurry viscosity and particle size on the formation of the
ﬁlter cake in high-permeability formation. The relationship
between the slurry viscosity and the pressure gradient of
pure bentonite was established by the slurry permeability
experiment. The inﬂuence of slurry viscosity on the formation of the ﬁlter cake in high-permeability formation under
diﬀerent pressure gradients is studied. By adding additives
with diﬀerent particle sizes to pure bentonite slurry with different viscosities, the eﬀect of additive particle size on the
gain eﬀect of ﬁlter cake formation was studied. In this paper,
a method of optimum slurry viscosity and particle size suitable for the high-permeability stratum is proposed to guide
slurry shield construction in the high-permeability stratum.
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Table 1: Basic physical indexes of the test soils.
Identity of soil
Grain size range (mm)
Dry density (g/cm3)
n
K (m/s)
D′ (μm) [11]

S1

S2

S3

2-3
1.45

3-4
1.49

4-5
1.53

0.43

0.40

0.36

1:86 × 10−2

3:87 × 10−2

4:97 × 10−2

305

456

544

which was 1-2 orders of magnitude smaller than that in additives, so it was deﬁned as pure bentonite slurry [8, 21].
To investigate the inﬂuence of slurry viscosity and particle size of additives on the formation of the high-permeability
sand ﬁlm, four pure bentonite slurry materials [11, 19] were
prepared, respectively. After screening, impurities were
removed from the bentonite, and bentonite particles with
particle sizes less than or equal to 0.075 mm [12] were
obtained. Five kinds of coarse-grained additive materials
with diﬀerent particle sizes were prepared [8, 16]. For the
integrity and accuracy of the experimental data, three kinds
of coarse sand with diﬀerent particle sizes [11, 16] were also
prepared as high-permeability formation materials for slurry
permeability. Slurry materials and formation materials would
be described in detail below.
2.1.1. Stratum Materials. For the integrity and accuracy of the
experimental data, three kinds of high-permeability formations with diﬀerent permeability coeﬃcients and pore ratios
were constructed in the paper. The construction method
was to obtain three kinds of uniform sand with particle sizes
of 2-3 cm, 3-4 cm, and 4-5 cm through four kinds of standard
sieves with diameters of 1 mm, 2 mm, 3 mm, and 4 mm,
named S1, S2, and S3, respectively. The basic physical indexes
of the experimental formation materials were measured by
the standard of the soil conventional parameter test, as
shown in Table 1.
The permeability of soil is aﬀected by its porosity and
pore size distribution. It is diﬃcult to accurately measure
the pore size of sand, so some conceptual models and empirical equations are used to estimate the pore size of the formation. The average pore size of a formation is equivalent to the
pore size of a formation [11, 22–24]. The accuracy of the forpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mula (D ′ = K/ð31 × 1:5nÞ) is veriﬁed by the experimental
comparison between the calculated data of formation average
pore size in Min et al.’s paper and the data of the PoreMaster60GT mercury injection instrument. Therefore, this paper
selects the formula as the standard for calculating the average
pore size D′. (D′ is the average pore diameter size of soil.)

2. Experimental Studies
2.1. Materials. Two kinds of materials were used to simulate
the formation of the ﬁlter cake, which were pure bentonite
slurry material formed by bentonite and water and slurry
material added with coarse additives. The pure bentonite
was composed of diﬀerent clay particles; it was mixed material. However, its clay particle size was less than 0.075 mm,

2.1.2. Slurry Materials. According to the diﬀerent research
emphases, two kinds of slurry materials were prepared. To
investigate the inﬂuence of the relationship between the viscosity of pure bentonite slurry and the pressure gradient of
slurry, the ﬁrst kind of slurry was prepared as pure bentonite
slurry (i.e., the content of particle additives was zero). The
pure bentonite slurry was a mixture of sodium bentonite
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Table 2: Mass of each constituent in slurry.

Type of slurry

The content of bentonite (%)

The particle diameter of additives

Marsh time (s)

7.4
13.7
19.4
24.2

No contain
No contain
0 and 0.2 mm~0.6 mm, namely, SL3 and SL31~SL35, respectively
No contain

22 s
68 s
155 s
210

SL1
SL2
SL3
SL4

Permeation column
Air compressor
Intake valve

Relief valve

Slurry

Soil
Drain valve

Figure 1: Filter cake airtightness test apparatus.

and CMC (0.04%, a high molecular polymer [11, 25]) and
water. In order to reﬂect the eﬀect of slurry viscosity on formation silting better, we choose the method of increasing
bentonite content in this paper. Four kinds of pure Na-bentonite slurries with concentrations of 7.4%, 13.7%, 19.4%,
and 24.2% were prepared, which were named SL1-SL4,
respectively.
To investigate the inﬂuence of the silting eﬀect of particle
size additives on formation, the average pore sizes of S1, S2,
and S3 were 0.305 mm, 0.456 mm, and 0.544 mm, respectively. In this paper, ﬁne sand with a particle size of
0.2 mm~0.6 mm (increment 0.1 mm) and SL3 pure bentonite
slurry [15, 16], which were widely used in high-permeability
formation engineering, were selected as the second slurry in
this paper, named SL32-SL36, respectively. Table 2 shows
the slurry material parameters. The ﬁne sand is selected as
an additive in this paper.
2.2. Experimental Apparatus and Test Method. In this paper,
the self-developed ﬁlter cake airtightness test device was used
as the test device (as shown in Figure 1). The device consists
of the main body of the permeation column, a pressure relief
valve maintaining stable air pressure, and an air compressor
providing air pressure. The inner diameter of the plexiglass
cylinder is 75 mm, 10 mm thin, and 40 mm high. It could
withstand a maximum pressure of about 1 MPa. An air compressor was used to provide osmotic pressure. The initial
slurry pressure is 50 kPa, with 50 kPa as an order of magnitude, and it is continuously increased to the maximum
300 kPa. In order to control and measure the pressure in
the column, a pressure relief valve is used to stabilize the air
pressure with a stability accuracy of 1 kPa. The main body
of the permeation column is composed of the plexiglass cylinder. The air compressor could pressurize the experimental

slurry in the column through the intake valve on the column.
After the slurry penetrates through the formation, the rate
loss of the slurry could be measured by connecting the measuring cylinder with the drainage outlet.
Before adding 5 cm of the cushion layer, the test was carried out at the bottom of the layer. In order to make the formation distribute evenly, the formation material was added
three times. Add about 7 mm each time, and then hammer
10 times each time to keep the void ratio stable. Secondly,
tap water was used to saturate the formation materials. Then,
500 mL of slurry was introduced into the top of the formation
to form a slurry layer in the upper part of the formation.
Finally, an air compressor was used to apply diﬀerent air
pressures on the upper part of the mud layer to simulate
the slurry inﬁltration. The downward seepage that ﬂowed
through the test soil layer was recorded by using the slurry
pressure method. When the pressure was applied each time,
the ﬂow rate was stable; record the corresponding slurry
pressure and discharge volume. At the same time, the formation of the ﬁlter cake was observed. When the cake was
formed, the test pressure ends.

3. Results and Analysis
3.1. Filter Cake Formation of Pure Na-Bentonite Slurry. In
order to obtain the permeability law of slurry with diﬀerent
viscosities in high-permeability formation, the permeability
of four kinds of pure bentonite slurry in three kinds of formation was analyzed by experiment device 1. The test pressure is
in the order of 50 kPa, which was continuously increased to
the maximum 250 kPa. By recording the leakage under diﬀerent pressures, the formation of the ﬁlter cake in the three formations was observed (it should be noted that the leakage
amount here represents the water after the free water in the
slurry was not fully combined with the slurry particles and
penetrates through the formation under the action of consolidation) [9, 11]. The test pressure gradient and permeability
curve were established here, as shown in Figure 2. In the ﬁgure, the abscissa was the pressure action time, the left ordinate is the pressure gradient, and the right ordinate was the
leakage amount.
It could be seen from Figure 2 that the ﬁlter cake of SL3
and SL4 formed in S1 and S2 formations. SL1 and SL2 did
not form the ﬁlter cake. It showed that with the increase of
slurry viscosity, the formation of the ﬁlter cake was easier.
When the ﬁlter cake was formed, the ﬁltering water was less,
which indicated that the quality of the ﬁlter cake is better. In
S3 formation, the ﬁlter cake was formed in SL4 and not in
SL1-3. Although SL4 formed the ﬁlter cake, the quality was
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Figure 2: Pressure gradient and inﬁltration curve of the test.

poor. When the slurry pressurized to 100 kPa, the ﬁlter cake
was broken down, and the ﬁltration volume increased rapidly. Only increasing the content of bentonite has a limited
eﬀect on the quality of the ﬁlter cake.
3.2. Filter Cake Formation of Na-Bentonite Slurry with
Coarse-Grained Materials. To investigate the inﬂuence of
slurry viscosity and particle size of additives on the formation
of the ﬁlter cake in high-permeability formation, ﬁve kinds of
bentonite slurries SL31~SL35 containing coarse-grained
materials were selected to analyze their permeability in three
formations. The eﬀect of pure bentonite slurry and particle
additives on the formation of the high-permeability formation ﬁlter cake was studied under diﬀerent pressures. The
speciﬁc experimental operation was consistent with the test
operation in Section 3.2. The typical curve of the relationship
between the ﬁltration rate and the ﬁlm-forming time is
shown in Figure 3. In the ﬁgure, the abscissa is the pressure
action time, the left ordinate is the pressure gradient, and
the right ordinate is the leakage amount.

It could be seen from Figure 3 that the initial pressure of
slurry leakage was increasing after adding coarse-grained
materials to SL3 pure bentonite slurry. The increase of coarse
particles in the slurry had a signiﬁcant eﬀect on the increase
of initial mud pressure, which made it easier to form the ﬁlter
cake than pure bentonite slurry.
In general, for S1 formation, the leakage tended to be stable under various pressures, and there was no trend of rapid
increase. It was proved that the ﬁlter cake could be formed by
adding coarse particles in the formation. Since S1 formation
could form the ﬁlter cake under various pressures, S2 formation and S3 formation were mainly analyzed. For S2 formation, when the vertical pressure was greater than 150 kPa,
the leakage of SL31 slurry would increase rapidly. It was
proved that the ﬁlter cake could not be formed at this time.
When the pressure of SL32 and SL35 slurries was higher than
200 kPa, the leakage of SL32 and SL35 slurries increased rapidly, and the ﬁlter cake could not be formed. SL33 and SL34
slurries could not form the ﬁlter cake when the pressure
was greater than 250 kPa. For S3 formation, when the slurry
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Figure 3: Pressure gradient and inﬁltration curve of the test.

pressure was greater than 100 kPa, the leakage of SL31 slurry
increased rapidly. When the vertical pressure of SL32 and
SL35 slurries was greater than 150 kPa, the leakage of SL32
and SL35 slurries would increase rapidly, and the ﬁlter cake
could not be formed. When the initial pressure gradient of
SL33 and SL34 was greater than 200 kPa, ﬁlter cake could
not be formed.

4. Discussion
4.1. Eﬀect of Coarse-Grained Additives on Filter Cake
Formation. Figure 4 shows the maximum pressure that ﬁve
diﬀerent slurry materials could bear when forming the ﬁlter
cake in S2 formation and S3 formation, respectively. It
could be seen from Figure 4 that with the increase of the
average pore size of the formation, the maximum pressure
that the same slurry could bear to form the ﬁlter cake
becomes smaller. Moreover, the increase of coarse particles

in the slurry had a signiﬁcant eﬀect on the increase of initial slurry pressure. The smaller size of the coarse-grained
materials could reduce the ﬁltration rate and shorten the
ﬁlm-forming time. However, with the increase of the particle size of coarse-grained materials, the gain eﬀect was
gradually weakened. The results showed that the gain eﬀect
of coarse-grained material on the ﬁlter cake was limited.
The results showed that both the ﬁltration loss and the formation time of the ﬁlter cake decreased at ﬁrst and then
increased with the increase of particle size in additives,
which was similar to Gaussian distribution, as shown in
Figure 4.
In Figure 3, SL32 and SL35 and SL33 and SL34 intersect
in S2 and S3 formations, indicating that SL33 was more stable
than SL34 and that SL32 was more stable than SL35 before
the intersection. The reason may be that ﬁne sand particles
with too large particle size could not form a good synergistic
eﬀect with slurry. In addition, the ﬁne sand with the same
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Figure 4: Distribution of the maximum vertical pressure during mud ﬁlm formation.
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Figure 5: The permeability eﬀect of slurry in S3 formation.

content had a larger particle size and fewer particles, which
led to the formation of an uneven thin ﬁlter cake and easyto-cause local damage. The selection of the particle size of
coarse-grained materials was the most important factor
aﬀecting the ﬁlm-forming eﬀect. The experimental results
were consistent with the experimental results of Liu et al.
(2015) and also veriﬁed the reliability of the experimental
results.
4.2. Mechanism Analysis of Coarse-Grained Additives and
Slurry Viscosity on Filter Cake Formation. This section evaluated the ﬁlm-forming eﬀect of pure bentonite slurry and
granular slurry. Figure 5(a) shows the ﬁnal result of SL3 pure
bentonite slurry forming the ﬁlter cake in S3 formation. It
could be seen from the ﬁgure that the change of stratum
properties could be divided into two parts: the upper part is
the ﬁlter cake, and the lower part is the permeable zone.
Because the clay particle size of pure bentonite slurry was less
than 0.075 mm, far less than the average pore diameter of S3
formation of 0.544 mm, a part of clay particles penetrated

into the sand layer under the action of seepage force, and
most of the clay particles formed the polymer chain structure
under the action of polymer CMC and formed the ﬁlter cake
on the surface of the formation, as shown in Figure 5(a).
The interaction mechanism between polymer chains and
clay particles is shown in Figure 6(a). In addition to bentonite, the polymer was also mixed into the slurry. The polymer
with long strings forms a “net” over the pores causing a rapid
clogging almost without respect to any ﬁlter law. Figure 6(a)
tries to visualize this special situation. The soil-bentonite
slurry would penetrate relatively deep into the pores if there
were no polymer strings in the slurry mixture. The pure bentonite slurry must overcome the shear force caused by soil
action before it could penetrate into the pores of the formation. When the viscosity of the slurry is high, the shear force
is larger. The slurry that does not penetrate into the formation will accumulate at the excavation face, which is another
way to form a ﬁlter cake.
Figure 5(b) shows the ﬁnal eﬀect of SL33 slurry (with a
particle size of 0.4 mm) forming the ﬁlter cake in S3
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Figure 6: Filter cake formation mechanism analysis.

formation. It could be seen from the ﬁgure that the permeability state of slurry in the formation was obviously divided
into three parts: the upper part is the ﬁlter cake, the middle
part is the particle clogging area, and the bottom part is the
permeability zone. Due to the blocking eﬀect of the formation voids, ﬁne sand particles added in the slurry would be
silted up after being penetrated a certain distance in front
of the excavation face. It could be seen from Figure 3 that
under the same level of pressure load, the ﬁltration capacity
of SL33 was about half less than that of SL3. SL33 could bear
more mud pressure. Finally, the inﬁltration area and ﬁlter
cake formation area were dried, sieved, and weighed. The
0.3 mm particle additive accounted for 95% of the original
addition. Considering the loss of additive particles in the
experiment, most of the particles were blocked in the inﬁltration area and ﬁlter cake. It could be seen from this that the
coarse-grained materials will ﬁrst be silted up in the formation pores, reducing the average pore size of the original formation and forming new pores with a smaller average pore
size. The clay particles in the subsequent bentonite slurry
were more likely to be silted in the average pore space of
the new formation. Thus, the formed sludge membrane has
lower ﬁltration capacity and stronger antipermeability damage ability. The interaction mechanism of the polymer chain,
clay, and coarse-grained materials after adding coarsegrained materials is shown in Figure 6(b) [25].

5. Conclusion
In view of the problem of how to form a low-permeability ﬁlter cake in high-permeability strata, this paper investigates
the inﬂuence of slurry viscosity and particle size on the formation of the ﬁlter cake through the slurry permeability
experiment. Some new understandings and conclusions are
obtained:
(1) In high-permeability formation, increasing the content of bentonite and increasing the viscosity of slurry
are reliable methods to form the ﬁlter cake quickly
and maintain the support pressure of the excavation
face. The formation of the polymer chain between

clay particles and CMC in bentonite slurry is the reason for the rapid ﬁlm formation of pure bentonite
slurry
(2) Adding coarse-grained materials to slurry could
eﬀectively improve the ﬁlm-forming eﬀect. A good
synergistic eﬀect can be achieved by adding granular materials slightly lower than the average pore
size of the formation and pure bentonite mud.
The amount of leakage is small, and the slurry is
denser. It also provides a new idea for the selection
of particle size distribution in slurry. The ﬁlter cake
with better quality can be formed by adding coarse
particles slightly smaller than the average pore size
of the formation. But the premise is to select the
correct way to calculate the average pore size of
the formation
(3) There are two kinds of ﬁlter cake formed by bentonite
slurry in high-permeability formation: one is the ﬁlter cake with the permeable zone, and the other is
the ﬁlter cake with the permeable zone and particle
clogging area. The latter kind of ﬁlter cake could be
formed by adding coarse additives suitable for the
average pore size of the formation
(4) There are many reasons that aﬀect the viscosity of
slurry. The paper only considers the inﬂuence of
bentonite content on the viscosity of slurry. The
follow-up research could supplement the eﬀect of
other additives such as CMC content and a new
type of HengDunNi material on the ﬁlm-forming
eﬀect
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