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When a slurry shield tunnel boring machine (TBM) encounters sticky ground during tunneling, mud cakes often occur on the
cutter head due to the high stickiness of soil. (e mud cakes caused several negative issues, such as high torque demand,
advancement rate reduction, and additional costs. Existing studies have largely focused on Earth pressure balance TBMs; research
on formation and mitigation measures of mud cakes in slurry shield TBMs is limited. (erefore, this study proposes the addition
of dispersant to the slurry to prevent mud cakes during the tunneling of slurry shield TBMs by reducing stickiness of excavated
clay. (e basic properties of slurry were measured experimentally, and the effectiveness of dispersant in reducing the potential for
mud cakes was investigated through mixing tests and viscosity experiments. A statistical analysis of the data was performed to
determine relationships between slurry properties and material behaviors.(e results showed that the slurry with dispersant had a
lower viscosity and formed filter cakes more quickly, thereby meeting the performance requirements of a supporting fluid for
slurry shield TBMs. Further, dispersant effectively reduced the empirical stickiness ratio and suspension viscosity. (erefore, a
slurry with an appropriate dispersant content could effectively reduce the potential for mud cake formation.

1. Introduction

Slurry shield tunnel boring machines (TBM) provide for
mechanized tunneling and are widely used in saturated
strata. Slurry shield TBM is suitable for sand strata with
permeability coefficients of 10−7–10−4 m/s [1, 2]. However,
TBM tunnels almost always encounter sticky ground due to
strata complexity and variability. Tunneling in the sticky
ground results in mud cakes on the cutter head [3]. (e
Nanjing Yangtze River Tunnel, Yangzhou Slender West
Lake Tunnel, andWuhanMetro Line 8 Cross Yangtze River
Tunnel projects all experienced mud cakes. (is issue has
several negative impacts, including high torque demand
from the TBM, drastic reduction in performance, decrease
in the advancement rate, lengthy and frequent interven-
tions to clean the cutter head, and additional excavation
costs [4]. Procedures such as eliminating the mud cakes
using high pressure and adding high-pressure water jets
can address the mud cakes, but these mitigation measures
are inefficient.

(e stickiness of the excavated clay is the primary factor
that determines the potential for mud cakes. (ere are two
main methods for evaluating the stickiness of excavated clay
to assess the potential of mud cake formation. (e first is
based on the Atterberg limits and data from engineering
experience. (ewes [3] proposed a method to analyze clay
soil adhesion during slurry shield tunneling and evaluated
the potential of mud cake formation based on the consis-
tency and plasticity indices. Subsequently, (ewes and
Burger [5], Hollmann and (ewes [6], and (ewes and
Hollmann [7] further refined this method and extended its
application to different shielding modes; this method is
widely used to estimate mud cake risk. However, this
method cannot quantify the effects of soil conditioners.

(e second assessment method is based on the adhesion
between the clay soil and the tools. Feinendegen et al. [8]
proposed a “cone pull-out test” to determine the probability
that clay soil will cause clogging. Zumsteg and Puzrin [9]
proposed an empirical stickiness ratio measured using a
Hobart mortar mixer with a B-flat beater to characterize the
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stickiness of clay and evaluate its clogging potential.
Zumsteg et al. [10] researched the relationships between the
ratios of adhesion to strength, consistency index, and em-
pirical stickiness ratio. Additionally, Peila et al. [11] devel-
oped a dynamic and static lateral adhesion test system and
analyzed the effect of a conditioner. Zumsteg et al. [12]
combined the empirical stickiness ratio and a TBM cutter-
head test to analyze the effects of carboxymethyl cellulose
(CMC) on controlling the adhesion between clay and the
cutter head of a slurry shield TBM. De Oliveira et al. [13]
combined the consistency index, empirical stickiness ratio,
and the method proposed by (ewes [3] to provide a
possible method for assessing the efficiency of soil
conditioners.

(e stickiness of the excavated clay can be affected by the
composition of the supporting slurry. A Na-bentonite slurry
is typically used in a slurry shield TBM owing to its many
favorable characteristics; however, pure Na-bentonite slurry
does not prevent mud cakes, as evidenced by the mud cakes
of many slurry shield TBM projects that utilized pure Na-
bentonite slurry. (erefore, pure Na-bentonite slurry should
be treated with additives in some special cases to enhance
slurry properties [12]. Guglielmett et al. [14] summarized the
various types of polymers that can be added to the slurry,
such as flocculants, dispersants, and CMC, and analyzed the
fundamental mechanisms of their effects on slurry prop-
erties. Zumsteg et al. [10] studied the law of polyamine
chemicals in Earth pressure balance (EPB) TBM tunneling to
reduce adhesion, and Zumsteg et al. [12] investigated the
effect of CMC on clogging of slurry shield TBMs.

Existing studies have largely focused on Earth pressure
balance TBM tunneling; however, research on mud cake
formation in a slurry shield TBM and its mitigation measure
is limited. Dispersant molecules can effectively reduce the
stickiness of clay minerals, indicating that the potential of
mud cake formation can be decreased by mixing the ex-
cavated clay with a dispersant. However, the extent to which
the dispersant can affect clay stickiness and mud cake for-
mation has not yet been clarified.

In this study, dispersant was added to the slurry to re-
duce mud cake formation. (e rheology, stability, and
permeability of the filter cakes during their formation were
determined to ensure that the slurry with a dispersant can
meet the requirements for a support fluid in slurry shield
TBM tunneling. (en, the empirical stickiness ratio was
investigated using the mixing test proposed by Zumsteg and
Puzrin [9] to evaluate the effects of the dispersant on mud
cake formation. Finally, the viscosity of the suspension
formed by mixing the slurry and excavated clay was mea-
sured. (e findings of this study provide a reference for
preventing mud cake formation in slurry shield TBM
tunneling.

2. Materials and Methods

2.1. Material

2.1.1. Slurry Preparation. In this study, Na-bentonite and
dispersant were used to prepare the slurry.(e Na-bentonite

was produced by Feilaifeng Nonmetal Mineral Material Co.,
Ltd. (Changde, Hunan, China). (e bentonite had a
moisture content of less than 13%, a 75 µm sieve residue of
less than 2.5%, and a pulping rate of more than 9%. (e
dispersant is BASF Sokalan PA25 CL-FR dispersant, which is
an anionic copolymer sodium salt.

(e bentonite slurry was made with a Na-bentonite
concentration of 8%, which is commonly used in slurry
shield TBMs. (e remaining content was water and the
dispersant. Five concentrations of the dispersant were used
in the slurry: 0%, 4%, 6%, 8%, and 10%. (e remaining
content of the slurries was water. In this study, a slurry with a
dispersant concentration of 2% was not used in the ex-
periments because it was found to be prone to particle
precipitation after preparation.

In the preparation of slurries with a dispersant, the
bentonite was poured into water and then mixed for 12 h;
then, the dispersant was mixed in the slurry. (e entire
preparation process lasted for 24 h until the bentonite had
sufficiently hydrated.

2.1.2. Clay Preparation. (e clay used in the experiments
was taken from the TBM tunnel of Wuhan Metro Line 8; its
liquid limit, plastic limit, natural moisture content, plasticity
index, and consistency index are 42.8%, 26.6%, 30.2%,
16.2%, and 0.778, respectively. According to (ewes’
method, the clay sample has a medium potential for mud
cake formation at its natural moisture content, as shown in
Figure 1 [3].

After the clay sample was dried, water was added to reach
the natural moisture content state, after which the clay
specimen remained undisturbed for 24 h. (e artificial clay
lumps were produced by consolidating the clay samples in
an oedometer cell to a final consolidation pressure of
500 kPa. (e consolidated clay block was then cut into cubes
of approximately 1 cm3 each, as shown in Figure 2.

2.2. Experimental Methods

2.2.1. Overall Experimental Process. Two types of experi-
ments were conducted in this study to determine the effects
of the dispersant on the slurry’s basic properties and mud
cakes.

First, the slurry with dispersant should meet the re-
quirements of a support liquid during slurry shield TBM
tunneling. When a tunnel is being bored, the slurry needs to
quickly form a dense filter cake under pressure in front of the
cutter head.(e amount of water seepage that occurs during
the filter cake formation is an important factor for evaluating
the filter cake densification. (e short-term downtime for
the erection of the slurry shield TBM segment, including
equipment maintenance, is approximately 2 h, and when
tunnel face support pressure is used, the working time for
hyperbaric intervention is approximately 24 h [15]. (ere-
fore, it was necessary to measure the slurry segregation ratio
at 2 h and 24 h. In addition, the slurry viscosity (η) is an
important indicator of slurry performance. (erefore, a
series of tests were performed to determine the slurry
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properties, including investigating the rheology, stability,
and permeability of the filter cakes during their formation.

Second, the effectiveness of the dispersant for reducing
mud cakes was investigated by determining the empirical
stickiness ratio and suspension viscosity. (e mixing test
simulated a TBM-like rotational shearing of the clay at the
contact interfaces with steel surfaces using an empirical
stickiness ratio, λ. (is simple procedure has been previously
applied to quantify the beneficial (i.e., stickiness reduction)
effects of soil conditioners [12]. (e suspension was formed
by mixing the slurry and the excavated clay, and its specific
gravity was expressed by c. (e viscosity of a suspension is
an important index to measure the stickiness of the mixture
(mixture of excavated clay and slurry) and evaluate the risk
of mud cake formation. (erefore, the viscosity of the
suspension (η) was also measured. (e effects of the dis-
persant on mud cakes were then analyzed using the em-
pirical stickiness ratio and suspension viscosity data.

(ree runs were performed for each test scenario, and
the average value was used as the final result. If the difference
between the three test results did not exceed 10% of the
intermediate value, the results were considered acceptable.
Otherwise, the experiments were repeated.

2.2.2. Slurry Properties Test

(1) Rheology Test. (e slurry rheology test measured the
variation in the slurry viscosity at 25°C. An NDJ-9T digital

rotary viscometer was used to measure the viscosity, and a
thermostatic water bath maintained a constant temperature.
(ese two devices were produced by Shanghai Jitai Elec-
tronic Technology Co. Ltd., China.

(2) Stability Test. (e stability test measured the segregation
ratio, which is the ratio of the volume of water separated from
the slurry to the total slurry volume in 24h. In this study, 200ml
of the prepared slurry was poured into a 250ml cylinder, and
the portion of water that was segregated in 24h was measured.

(3) Permeability Test. (e permeability coefficient is an
important index for evaluating filter cakes and is related to
the ratio of the conversion of support stress (effective stress)
of the filter cake. (is test measured the amount of liquid
seepage discharged in 30min during filter cake formation at
0.4MPa. A ZNS-2A slurry filter (Qingdao Jiaonan Analytical
Instrument Factory, China) was used in this test, and the
slurry cup filtration area is 45.6 cm2. An electronic scale was
placed under the slurry cup and connected to a laptop to
record the real-time seepage discharged from the slurry cup,
as shown in Figure 3. (e test procedures are as follows:

(i) We poured 150 g slurry into the slurry cup, an O-ring
and a wet filter paper were placed on top of the slurry,
and the cap of the slurry cup was tightened. (e slurry
cup was then connected to the air inlet.

(ii) (e pressure was increased to 0.4MPa, and the mass
of water accumulated from when the air valve was
opened until the end of the test was measured.

2.2.3. Reduction Analysis of Mud Cakes

(1) Mixing Test. (e mixing test proposed by Zumsteg and
Puzrin [9] was adopted to determine the empirical stickiness
ratio, λ, which is the ratio of the mass of clay sticking to the
beater (GMT) to the total mass of clay in the mixer (GTOT), as
given in equation (1).

λ �
GMT

GTOT
. (1)

(e test was conducted using an NJ-160B mortar mixer
(as shown in Figure 4) as follows:

(i) (e beater was weighed and installed in the mixer
(ii) Previously prepared clay lumps were placed in a

mixing bowl, followed by amoderate amount of slurry
(iii) (e mixer was started, and the clay and slurry were

mixed for 2min at low speed
(iv) (e beater was removed and weighed to obtain the

empirical stickiness ratio

In slurry shield TBM tunneling, the specific gravity, c, of
the suspension is typically controlled within the range of
1.25–1.40 g/cm3 in clay stratum.(erefore, in this test, c was
controlled to be 1.25 g/cm3, 1.30 g/cm3, 1.35 g/cm3, and
1.40 g/cm3 by adjusting the ratio of the clay lumps to the
slurry. After mixing at a low speed for 2min, λ of the pure
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Figure 1: Modified clogging potential based on (ewes’ method [3].

Figure 2: Artificial clay lumps.
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bentonite slurry and slurries with dispersant contents of 4%,
6%, 8%, and 10% were measured at different c values.

(2) Suspension Viscosity. After measuring the λ values, the clay
on the beater was scraped into the mixing bowl and mixed at a
low speed until a stable suspensionwas formed.(e suspension
viscosity was then measured using the NDJ-9T rotary vis-
cometer at 25°C. (e equipment used in this testing was the
same as that used for the rheology test (Section 2.2.2).

3. Results

3.1. Basic Slurry Properties

3.1.1. Rheological Properties of Slurries. (e viscosities of the
slurry samples are illustrated in Figure 5, which shows that
both slurry types demonstrated shear thinning charac-
teristics. At a low shear rate, the rheological properties of a
slurry can be described by a pseudoplastic fluid model.
Further, a dispersant does not change the basic rheological
properties of the slurry, while significantly reducing its
viscosity. (e slurry with 4% dispersant had the lowest
viscosity. As the concentration of the dispersant increased,
the viscosity of the slurry also increased but remained

lower than the viscosity of the pure bentonite slurry in all
cases.

3.1.2. Slurry Stability. (e segregation ratios of the slurries
at 2 h and 24 h are reported in Table 1. (e variation in the
slurry stability during a 24 h test is shown in Figure 6. No
segregation occurred in any of the slurries within the first
2 h, and the segregation ratio of the pure bentonite slurry
remained at 0 after 24 h. For slurries with a dispersant, the
segregation ratios gradually decreased as the dispersant
concentration increased and increased over time. Between
2 h and 12 h, the segregation ratio increased gradually but
then slowed and was almost constant between 12 h and 24 h.
(e slurry with 4% dispersant had the highest final segre-
gation ratio of 1.6% at 24 h. (e segregation ratios of slurries
with the other dispersant concentrations were 1% or less,
which is considered to be very low.(erefore, slurries with a
dispersant satisfied the stability requirements.

3.1.3. Permeability during Filter Cake Formation. (e var-
iation in the permeability of the filter cakes within the first

Laptop

SlurryFilter cake

(a) (b)

Figure 3: Permeability measurement system: (a) schematic diagram; (b) experimental setup.

Figure 4: NJ-160 B mortar mixer.
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60 s and 30min during the formation of filter cakes while the
slurries were under a pressure of 0.4MPa is shown in
Figure 7; Table 1 provides the seepage discharge values. (e
curves illustrate that the addition of a dispersant significantly
reduced seepage discharge during filter cake formation.

(e seepage discharge of slurries with dispersant con-
centrations of 4%, 6%, 8%, and 10% at 30min were, re-
spectively, 48.26%, 46.05%, 37.08%, and 30.11% less than
that of the pure bentonite slurry, as shown in Figure 7(b).
(e seepage discharge gradually increased with an increase
in the dispersant concentration but was always lower than
that of the pure bentonite slurry. (e first 60 s of filter cake
formation demonstrated the same trends.

3.2. Determining the Reduction of Mud Cakes

3.2.1. Empirical Stickiness Ratio. Figure 8 shows the varia-
tion in λ for different values of c as a function of the dis-
persant concentration.(e dispersant effectively reduced the
λ values, particularly at c � 1.30–1.40 g/cm3; for c values of
1.25 g/cm3 and 1.30 g/cm3, the λ values gradually decreased
as the dispersant concentration increased, but themagnitude
of the decrease was less sensitive to changes in the dispersant
concentration and c. However, at c � 1.35 g/cm3 and 1.40 g/
cm3, λ followed a distinctly different trend, as shown in

Figure 9. It first decreased and then increased as the dis-
persant concentration increased. For slurries with a dis-
persant, λ was always lower than that for the pure bentonite
slurry.

For the pure bentonite slurry, λ substantially increased
from 5.24% to 37.23% when c increased from 1.25 g/cm3 to
1.40 g/cm3 (see Figure 8). (e relationship between λ and c

was analyzed for slurries with a dispersant, as shown in
Figure 10. In general, λ was approximately positively related
to c, and its increased magnitude was approximately pos-
itively related to c for each dispersant concentration. (e λ
value of slurries with 4% dispersant was the highest at each c.
For slurries with dispersant concentrations of 6%, 8%, and
10%, the growth rate of λ with respect to c increased with
increasing dispersant concentration.

3.2.2. Suspension Viscosity. (e variation in the viscosity of
the suspension, η, as a function of the dispersant concen-
tration is shown in Figure 11. (e results were measured at
25°C and at a shear rate of 12.88 s−1. For the pure bentonite
slurry samples, η increased with c, and the values were high,
ranging from 1200mPa·s to 1500mPa·s. (e values of η for
slurries with a dispersant were generally low, with a max-
imum value of 890mPa·s. For c values of 1.25 g/cm3 and
1.30 g/cm3, the η values gradually increased as the dispersant
concentration increased, but the magnitude of the increase
was less sensitive to changes in c. However, at c � 1.35 g/cm3

and 1.40 g/cm3, η followed a distinctly different trend, as
shown in Figure 11. It first decreased and then increased as
the dispersant concentration increased.

4. Discussion

4.1. Mechanisms of Dispersant Effects on Slurry Properties.
As shown in Figure 12, Na-bentonite peels off as very thin
flakes after hydrolysis. (e interaction between the surface
charge and the edge charge of the flakes then causes a gel
reaction. Eventually, microstructures are formed, which
have a larger volume than the flakes. A dispersant increases
the overall negative surface charge on the flakes to which it
becomes attached, reducing the tendency of the flakes to
flocculate as a result of the variable distribution of charge on
the particles, thereby maintaining a lower viscosity dispersed
state [16–21].

Compared with the microstructures formed by the gel
reaction of a pure bentonite slurry, the smaller bentonite
flakes of a slurry with a dispersant can quickly form a denser
filter cake on the surface of the filter paper, which explains

Table 1: Slurry properties.

Slurry
Seepage discharge (g) Segregation ratio (%)

60 s 30min 2 h 24 h
Pure bentonite slurry 2.34 14.05 0.00 0.00
Slurry with 4% dispersant 1.17 7.27 0.00 1.60
Slurry with 6% dispersant 1.23 7.58 0.00 1.00
Slurry with 8% dispersant 1.38 8.84 0.00 0.96
Slurry with 10% dispersant 1.58 9.82 0.00 0.88
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why lower viscosity slurries with a dispersant produced less
seepage discharge during filter cake formation.

4.2. Effect of Dispersant on Mud Cake Formation

4.2.1. Empirical Stickiness Ratio and Mud Cake Formation.
According to Zumsteg [10], the mixture (mixed with clay
and slurry) could be considered to have a low potential of
mud cake formation when its λ is less than 20%.(e addition
of a dispersant during the mixing test ensured that λ was
significantly lower than 20%. (e dispersant can effectively
prevent the formation of mud cakes in the light of the
experimental results.

For further analysis of the effects of the dispersant, two
coefficients, the dispersant mass ratio (αd) and the water
mass ratio (αw), were proposed, which represent the ratios of
the masses of the dispersant (md) and water (mw) to the mass
of clay (ms), as given in equations (2) and (3).

αd �
md

ms

, (2)

αw �
mw

ms

. (3)

Given the empirical nature of λ, it is important to explore
if it can correlate with αd. (e relationship between λ and αd
of the mixtures is shown in Figure 13.

At lower values of αd, λ was significantly affected by the
dispersant, but the sensitivity of λ to variations in αd
gradually decreased with the increase in αd. (at is, for the
same dispersant concentration, αd gradually decreased with
the increase in c, causing λ to become increasingly sensitive
to changes in c. (e above analysis is consistent with the plot
in Figure 10.

At low c values (1.25 g/cm3 or 1.30 g/cm3), the content of
the dispersant and water was sufficient, and the sensitivity of
λ to changes in αd gradually decreased. (erefore, the λ
values gradually decreased as the dispersant concentration
increased; however, the magnitude of the decrease was less
sensitive to changes in the concentration and c, as shown in
Figure 8.

At high c values (1.35 g/cm3 or 1.40 g/cm3), the sum of
αd and αw was less than that at low c values. At a lower
dispersant concentration, the dispersant was insufficient
to control the stickiness of the clay, which resulted in
higher values of λ as indicated by the wine red circle in
Figure 13. (is is the reason why the value of λ was the
highest when the slurry with 4% dispersant was used to
prepare the suspension with c � 1.40 g/cm3 (see Figure 8).
With the increase in the dispersant concentration, the
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content of the dispersant and water reached the optimal
value first, and then the water content was insufficient,
leading to high values of λ as indicated by the green circle
in Figure 13. (erefore, the λ values first decreased and
then increased as the dispersant concentration increased
(see Figure 8).

(e addition of a dispersant effectively reduced the risk
of mud cakes, but the sensitivity of the risk reduction to
changes in the dispersant content gradually decreased with
the increase in the dispersant content.(e formation of mud
cakes was also affected by the water content of the mixture to
a certain extent, particularly at high c values. (is indicates
that there are optimal values for the content of the dispersant
in practical use. (e optimal values of the dispersant con-
centration from the mixing tests are marked with a grey
circle in Figure 13, which are 4% for low c values (1.25 g/cm3

or 1.30 g/cm3) and 6% for high c values (1.35 g/cm3 or 1.40 g/
cm3).
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Figure 9: Clay sticking to the beater at c � 1.40 g/cm3.
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4.2.2. Suspension Viscosity and Mud Cake Formation. As
proposed in a previous study [22], an absorbed water film of
clay particles forms after the suspension of pure bentonite
slurry was generated, as illustrated in Figure 14. (ese clay
particles then interact with the adsorbed water film, attract
each other, and agglomerate. After the dispersant molecules
interact with the clay particles, the thickness of the water film
around the clay particles increases, significantly reducing or
even eliminating the attraction between the particles. (e
clay particles disperse in turn more uniformly, significantly
reducing the viscosity, as shown in Figure 11. Compared
with agglomerations, the dispersed clay particles are less
likely to formmud cakes on the cutter head of a slurry shield
TBM.

Linear regression was performed on the η values of the
suspensions with respect to αd, and two outliers of the test
data marked with a wine red circle in Figure 15 were
eliminated. (e relationship between η and αd is shown in
Figure 15.

Overall, η was positively related to αd for each c, and the
slope of the regression line increased with the increase in the
value of c. (e increase of dispersant content should be
cautious at high c values. (e two outliers of the test data in
Figure 15 resulted from the deficiency of the dispersant
content, similar to the description in Section 4.2.1. Both the
dispersant and water affected the η values of the suspension
similar to λ, and the addition of the dispersant was found to
effectively reduce the η values of the suspension.

However, when c was 1.25 g/cm3 or 1.30 g/cm3, the
content of the dispersant and water was sufficient. (e η
values of the suspension increased with the increase in the
dispersant content for high η of the dispersant. When c was
1.35 g/cm3 or 1.40 g/cm3, the dispersant of 4% concentration
was insufficient to control the stickiness of clay, which
resulted in high η values of the suspension.With the increase
in the dispersant content, the contents of the dispersant and
water reached their optimal values first, then the water

content was insufficient. (erefore, the η values of the
suspension first decreased and then increased as the dis-
persant concentration increased.

(e η of the suspension is an important index to evaluate
the stickiness of the mixture (mixture of slurry and clay).(e
smaller the η, the smaller the impact on the formation of
mud cakes. (e optimal values of the dispersant concen-
tration from the suspension viscosity test are indicated with
a grey circle in Figure 15, which are 4% for low c values
(1.25 g/cm3 or 1.30 g/cm3) and 6% for high c values (1.35 g/
cm3 or 1.40 g/cm3).

(erefore, for the clay used in this study, the optimal
values of the dispersant concentration were 4% (c≤1.30 g/
cm3) and 6% (c> 1.30 g/cm3) for different specific suspen-
sion gravities (1.25–1.40 g/cm3) during the tunneling process
of a slurry shield TBM.
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Figure 13: Correlation between the empirical stickiness ratio and
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5. Conclusions

Mud cakes occur when a slurry shield TBM encounters clay
soil. In this study, the effects of a dispersant on the basic
properties of slurries and the potential for mud cake for-
mation were investigated experimentally. (e following
conclusions were drawn based on the results and analyses:

(1) (e dispersant proposed in this study could effec-
tively reduce the risk of mud cake formation without
negatively affecting the basic properties of slurries. It
can be used as a slurry additive for a slurry shield
TBM in the sticky ground.

(2) (e slurry with a dispersant demonstrated funda-
mental properties that were superior to those of the
pure bentonite slurry. (e addition of a dispersant
significantly reduced the slurry viscosity without
changing the rheologic properties of the typical
bentonite slurry. Slurries with a dispersant more
quickly formed a dense and effective filter cake; al-
though its stability was somewhat poor, this would
not impact TBM operations. (erefore, the slurry
with a dispersant could fully satisfy the requirements
for use in slurry shield TBM tunneling.

(3) (e dispersant effectively reduced the empirical
stickiness ratio of clay and the viscosity of the sus-
pension. (e required dispersant concentration was
different for different c values of the suspension. For
the clay used in this study, when c was not higher
than 1.30 g/cm3, the optimal value of the dispersant
concentration was 4%, whereas the optimal con-
centration when c was between 1.30 g/cm3 and
1.40 g/cm3 was 6%.
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