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A mud-water balance shield is the preferred method for the high permeability and high water pressure stratum, but when
restricted by construction and environmental conditions, the shield must be constructed with the earth pressure balance shield
(EPBS).,e risk of slag spraying is extremely high during construction, and this often results in great hidden dangers that threaten
workers’ safety during the construction of the tunnel. Slag improvement is an effective measure to prevent slag spraying, and the
relevant research is bringing more and more attention to this activity. Based on the background for the tunnel project of
Shangteng-Dadao Section of the No. 1 line for Fuzhou Rail Transit, ratio method is proposed for the combined application of
sodium bentonite-carboxymethyl cellulose-polyacrylamide adopted by laboratory test focusing on the challenge of residual soil
spraying for earth pressure balance shield under the stratum with high water pressure and high permeability; consequently, the
best improvement program is suggested for the construction using earth pressure balance shield on this typical kind of stratum,
which can be briefly described as the respective mixing of 2.5% and 0.5% accounting for the sand volume by swelling soil with a
concentration of 10%, sodium bentonite-CMC mixed mud with a concentration of 5%, and polyacrylamide solution with a
concentration ranging from 3% to 4%; furthermore, the results for the field application are random inspected.

1. Introduction

Since the first use of EPBS in 1974, with the continuous
development of technology, it has been applied in more than
90% of the shield tunnel projects in the world [1]. Due to its
small impact on the surrounding environment, strong
adaptability to complex geological conditions, and safe and
rapid construction, EPBS gradually has become the pre-
ferred method for constructing tunnels under rivers or the
sea. However, when the shield machine is burrowing in a
stratum with high permeability, such as gravel stratum, the
stratum often exhibits large gaps between the particles.
When this occurs, the lack of a cohesive force and poor
plasticity of the soil often result in the slag in the soil tank
being prone to various problems, such as poor gradation,
strong water permeability, and poor workability. In an
environment in which the water pressure is high, the

groundwater in the shield earth chamber can easily penetrate
the slag and seep out along the shieldmachine hopper, which
creates risks during normal construction and easily causes
slag spraying. ,us, the construction safety of the shield
tunnel is seriously threatened. ,e schematic diagram of
EPBS slag spraying is shown in Figure 1.

Scholars from different countries have conducted vari-
ous theoretical and experimental studies on the EPBS
spraying. Some scholars have conducted related research on
the mechanism of slag spraying [2–8], which has provided a
certain guiding role for the prevention and control of slag
spraying. At the same time, the equipment will be improved
during the construction process to reduce the risk of slag
spraying [9, 10]. However, in many solutions, turning the
sandy soil improvement into impervious cohesive soil is the
most intuitive and effective method to solve slag spraying
[11]. Many scholars have conducted research on soil
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improvement for different stratum conditions and water
pressure conditions [12–14].

Currently, there are many kinds of materials that can be
added to improve the soil, such as representative interface
materials and mineral modifiers, foaming agents and ben-
tonites, which are used in most projects due to their rela-
tively low cost and extensive applicability. Researchers
around the world also have continued to study how to
improve the soil. Quebaud et al. [15], Sotiris [16], and Xavier
[17] have discussed the importance of foam-improved soils
for EPBS construction. Laboratory experiments of Peila et al.
[18, 19] show that the use of foaming agent for soil im-
provement can enhance the adaptability of EPBS in a rock
stratum. Ehsan et al. [20] found that the use of foam for soil
improvement can improve the flow plasticity of the slag,
thereby reducing the internal friction of the soil and the
torque during EPBS tunneling. Some scholars have con-
ducted research on the microscopic properties and the
puffing mechanism of mineral modifiers represented by
bentonite. He et al. [21] discussed the optimal concentration
and optimal volume ratio of the improved sand-cobble
stratum with sodium bentonite, and they proved that the
improved slag has high spraying control reliability. ,e
results of Martinelli et al. [22] showed that the combination
of a foaming agent and bentonite can achieve a better soil
improvement effect when EPBS is used in the oil sand layer.

,e existing research indicates that the soil improvement
of EPBS is focused mainly on the performance of a single
material, but there is still less research on the combination
and performance of different improved materials under high
water pressure and high permeability. ,e permeability
coefficient of the permeable stratum involved in the current
research basically is no more than 10−2 cm/s, and the water
pressure to which the shield is subjected during construction
usually is not high. However, with the extensive application
of shield technology, some stratum conditions with high
permeability and water pressure must be constructed by
EPBS due to the limitations of the construction environ-
ment. ,e risk of slag spraying during construction is ex-
tremely high, which is a huge threat to the safety of the
people involved. ,erefore, in this paper, our intent was to
use laboratory tests to study the soil improvement scheme of
the EPBS under high water pressure and high permeability
relying on the tunnel of the Shangteng-Dadao Section on the
No. 1 line of Fuzhou Rail Transit. ,e tests were conducted
by selecting various test materials and comprehensively
considering the permeability and workability of the slag.

Subsequently, the laboratory test results were applied in an
actual project to test their effect in the project.

2. Project Overview

,e total length of the tunnel at the Shangteng-Dadao
station on the No. 1 line of the Fuzhou Rail Transit is
about 1700m. ,e strata in the river section are mainly fine
sand, medium sand, silt soil with a thin silt layer, and a small
amount of sand-clay. ,e distribution of the geological
conditions is shown in Figure 2. ,e tunnel passes mainly
through the middle sand stratum, which is 30–35m deep.
According to the geochemical survey, the maximum per-
meability coefficient of the middle sand layer can reach
10−2 cm/s. ,e stratum is located in the Minjiang River
section, and the peak water head in the upper part reaches
40m due to the influence of tides, so the shield crosses the
stratum as a typical high pressure and high permeability
sandy stratum. Due to the construction environment and the
construction scheme of the adjacent section, the tunnel at
Shangteng-Dadao Station was constructed by the EPBS
tunneling under the Minjiang River. During construction,
the risk of slag spraying is extremely high.

To prevent spraying in the supersaturated sandy stratum,
the key point is to reduce the permeability coefficient of the
slag and control its viscosity and flow plasticity quantified by
the slump cone test [23–29]. According to the experience that
has been gained in constructing sand shields in Shenzhen,
Guangzhou, Nanjing, and other locations, it is evident that
shield spraying accidents can be completely suppressed when
the soil permeability coefficient has been improved and is in
the range of (1-2)× 10−5 cm/s [30]. Many scholars, such as
Vinai et al. [31], Anagnostou and Kovari [32], also found that
almost no water permeability occurred when the improved
slag permeability coefficient was decreased to 1× 10−5 cm/s.
,erefore, the target value of the improved slag permeability
coefficient was considered to be less than 1× 10−5 cm/s.

For viscosity of soil, by referring to the technical in-
dicators for the construction of the existing metro EPBS
machine, its target determined was less than 100 s. And for the
improvement of soil collapsed slump, Quebaud et al. [15]
stated that the plastic flow state for residual soil after im-
provement is most suitable for requirements of the shield
machine pressure regulation and conveying when the col-
lapsed slump becomes 12 cm; Vinai et al. [31] posited that the
plastic flow state of the improved slag is the most suitable
when the slump is 120–185mm. Extensive experience with
EPBSs in China has shown that the soil slump can meet the
requirement of the plastic flow state when the slump is in the
range of 10–15 cm. ,erefore, the target value of slump, as
determined in comprehensive laboratory tests, is 10–15 cm.

3. Soil Improvement Test of the Supersaturated
Sandy Stratum

For high permeability and high water pressure stratum,
during the construction process of shield tunneling, the
shield machine is commonly in the state of full warehouse
during excavation in case that excessive groundwater fills in
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Figure 1: Schematic diagram of EPBS slag spraying.
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the space of soil warehouse and potentially increases the risk
of slag spraying. At this time, the tank muck is a mixture of
water and sand, and the sand is compacted and supersat-
urated with the water filling the spaces between the particles
of sand. ,erefore, supersaturated sand is used as a soil
improvement material in the laboratory test.

3.1. Preparation of Soil Sample of Supersaturated Sandy
Stratum. ,e slag of the adjacent section shield tunneling was
sampled and sieved, and the medium sand particle gradation
is shown in Table 1. According to the gradation, the river sand
is self-purchased, dried, and sieved, and then, the medium
sand will be fully reshaped.,e coefficient of the permeability
for the remolded medium sand is determined by the constant
head penetration test, and then, the sand will be filled to the
supersaturated state by feeding water. ,e process of pro-
ducing a sample of the sand is shown in Figure 3.

,e control of the amount of water is very important
when adding water to make a remolding sand sample su-
persaturated. ,erefore, when mixing saturated sand in the
laboratory, first a certain amount of dry sand is poured into
the bucket, and the surface is leveled. ,en, water is added
slowly until the surface of the water just spills over the surface
of the sand. Figure 4 shows a sample of supersaturated sand.

3.2. Improvement Effect of Sodium Bentonite-CMC Mixed
Mud. At present, foam is commonly used as themodifier for
residual soil of the shield tunnel in China; however, the pores
for saturated sandy stratum are relatively large, and bubbles
cannot be easily filled in sand grains; as a matter of fact, the
permeability coefficient cannot be reduced under the cir-
cumstances, considering that the volume of bentonite will be
expanded encountering water, resulting in the volume in-
crease for particles; impermeability can be improved by the
modifier filled in the gaps of residual soil; in consequence,
the improvement on the gradation of residual soil can be
conducted by sodium bentonite [33]. Xia [34] used sodium
bentonite for the improvement of the soil, which shows that
the viscosity of the mud is positively correlated with the

concentration of bentonite. When the concentration of
bentonite is 1 : 8, the viscosity of the mud reaches 90 s,
meeting the viscosity standard; when the ratio of bentonite is
10 : 2∼10 : 2.5, the slump of bentonite meets the standard
from 10 to 15 cm; however, when the viscosity and slump
standards are met at the same time, the evaluation criteria of
the permeability coefficient less than 1× 10−5 cm/s cannot be
satisfied. Considering that CMC has a sticky effect on soil
particles, it can play the role of retaining water, increasing
the consistency, and reducing the permeability coefficient of
the muck [35]; therefore, the sodium bentonite-CMCmixed
mud is used for the improvement of the slag, but CMC
solution is 2%, and its viscosity has exceeded the range of
shield pumping capacity [34], and so, it is only used as an
auxiliary material. [36–38].

Based on the existing research, two different sodium-
based bentonite slurry with viscosity close to the upper limit
of 1 :10 and 1 : 8 are used as the base modifiers to configure
the sodium-based bentonite-CMC mixed mud of two
schemes. ,e CMC concentrations were, respectively, 1‰,
2.5‰, 5‰, 7.5‰, and 10‰. Details of the scheme are shown
in Table 2.

,e test sand was mixed with the sodium bentonite-
CMC mixed slurry of the above various schemes according
to the solid-liquid doping ratio of 10 : 2, and the sand
permeability coefficient of each scheme was measured. ,e
results are shown in Table 3.

,e antipermeability of the supersaturated sand obvi-
ously was improved when the sodium bentonite solution is
added with CMC, as shown in Table 3, and the improved
permeability coefficient of the sand was less than the limit
value of 1× 10−5 cm/s of the different CMC concentrations.
,e results show that the sodium bentonite-CMC mixed
mud can improve the impermeability of the slag. At the same
time, it can be seen that from schemes 1-1 to 1-5 and
schemes 2-1 to 2-5, with the CMC concentration gradually
increasing, the rate of decrease of the permeability coefficient
gradually slows down, and the outcome of improvement also
tends to be approaching the limit. ,erefore, based on
scheme 1-5, the experimental variables were further divided.
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Figure 2: Geological diagram of the section under the river.
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,e concentrations of bentonite were, respectively, 8%, 9%,
10%, 11%, and 12%, and the mass ratio of CMC to bentonite
solution was, respectively, 2.5‰, 5‰, 7.5‰, and 10‰. ,e

sodium-based bentonite-CMC mixed mud was prepared
under the above conditions, and the corresponding viscosity
test was carried out. ,e results are shown in Figure 5.

Table 1: Grading sand particles.
Particle size (mm) >20 20–2 2–0.5 0.5–0.25 0.25–0.075 0.075–0.005 <0.005
Percentage 0 1.9 15.9 37.9 21.7 17.3 5.3

(a) (b) (c)

(d) (e)

Figure 3: Remolding the sand configuration process.

Figure 4: Remolding the supersaturation of medium sand.

Table 2: Sodium bentonite-CMC mixed mud ratio scheme.

Scheme 1 CMC concentration (‰) Sodium bentonite-mixed
mud concentration Scheme 2 CMC concentration (‰) Sodium bentonite-mixed

mud concentration
1-1 1

1 :10

2-1 1

1 : 8
1-2 2.5 2-2 2.5
1-3 5 2-3 5
1-4 7.5 2-4 7.5
1-5 10 2-5 10

Table 3: Permeability coefficients of supersaturated sand improved by sodium bentonite-CMC mixed mud.
Scheme number 1-1 1-2 1-3 1-4 1-5 2-1 2-2 2-3 2-4 2-5
Permeability coefficients of supersaturated sand
(×10−6 cm/s) 7.31 4.72 1.75 0.769 0.265 6.47 2.96 0.961 0.415 0.138
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Figure 5 shows that the viscosity of the mixed mud
increased remarkably when the amounts of bentonite and
CMC were increased, and the viscosity of the partial mixing
ratio mud exceeded the limit value of 100 s. ,erefore, the
bentonite-CMCmixed mud that was close to the upper limit
of the pumping capacity of the shield machine was selected
for further experimental research. ,e selected sodium
bentonite-CMC mixed mud parameters are shown in
Table 4.

In order to study the effects of the mixing amount for
sodium bentonite-CMC mixed mud on the permeability
coefficient and slump of the supersaturated sand in the
shielded soil tank after sieve, the supersaturated undisturbed
sand is respectively mixed with sodium bentonite-CMC
mixed mud whose number is, respectively, A, B, C, and
D according to a volume ratio of 10 :1, 10 :1.5, 10 : 2, 10 : 2.5,
and 10 : 3. ,e improved sand was subjected to a penetration
test and a slump test, and the results of the tests are re-
spectively shown in Figures 6 and 7.

When the mixing ratio of sodium bentonite-CMCmixed
mud was increased, it was obvious that antipermeability of
supersaturated sand was enhanced. When the mixing ratio
of the mixed mud was less than 10 : 2, the improved co-
efficient of permeability of the sand was reduced. As the
incorporation ratio continued to increase, the slag that was
improved by the different proportions of mud attained a
permeability coefficient less than 1× 10−5 cm/s, as shown as
Figure 7(a). Compared with the single sodium bentonite
solution, CMC will connect the fine particles in the mixed
soil; thereby, the viscosity is increased for the soil near the
excavation surface, and the permeability will be reduced for
the soil; as a matter of fact, the improved slag will form a
better waterproof sealing effect. From Figure 7(b), although
the amount of mixed mud was increased, the supersaturated
sand slump basically increased uniformly, and the slump loss
was improved to a certain extent; however, the slump did not
exceed 10 cm in the range of the solid-liquid volume ratios
that were tested. ,erefore, the sodium bentonite-CMC
mixed mud solution cannot meet slump requirements in
the supersaturated state.

3.3. Improved Effect of Sodium Bentonite-CMC Mixed Mud
and Polyacrylamide Solution. Since the sodium-based
bentonite-CMC mixed mud cannot be used to satisfy
the requirements of the slump in the supersaturated state,
it is considered to add an improver for improving the
workability of the soil. Liu and Bai [30] showed that the
slump is positively correlated with the polyacrylamide
concentration and the blending ratio. ,e single-used
polyacrylamide solution has a significant improving ef-
fect on the permeability and workability of the sand;
therefore, on the basis of selecting the mix ratio and dosage
of sodium bentonite-CMC mixed mud, a polyacrylamide
solution was introduced, and the slag improvement test
was carried out by adjusting the concentration and dosage
of polyacrylamide.

In order to prevent the slump of the improved slag from
being too large, refer to the study of Liu and Bai [30], taking
the polyacrylamide concentration as 1%, 2%, 3%, and 4%,
and the polyacrylamide blending ratio is 100 : 3, 100 : 4, 100 :
5, and 100 : 6 for the cross test. For the mixing ratio and
dosage of sodium bentonite-CMC mixed mud, considering
the viscosity of the slurry itself and the effect of stopping the
water on the slag, the numbered B sodium bentonite-CMC
mixed mud was selected and is mixed with the supersatu-
rated sand at 2.5 :10. Figure 8 shows the improvement effect
of polyacrylamide solution with different concentrations and
blending ratios on supersaturated sand in the case of sodium
bentonite-CMC mixed mud with the fixed mixing ratio and
fixed blending ratio.

Figure 8(a) shows that the polyacrylamide incorporation
enhanced the reduction of the improved permeability co-
efficient of the supersaturated sand, and the permeability of
the slag met the requirements when the sodium-CMCmixed
mud was mixed with the polyacrylamide solution.
Figure 8(b) shows that the combination of the three im-
proved materials made the supersaturated sand slump meet
the requirements when the concentration of polyacrylamide
was 3% and 4%, and the volume ratio of incorporation was
100 : 5. Figure 9 shows the details.

By summarizing the properties of polyacrylamide, it was
found that when the polyacrylamide solution was combined
with the sodium bentonite-CMC mixed mud, the floc
formed by the polyacrylamide solution enclosed the soil
particles, the sodium bentonite particles, the CMC floc, and
a large amount of water, all of which improved the work-
ability of the saturated sand. ,e final improved scheme for
supersaturated sand is shown in Table 5.

4. Engineering Application

After using the above formula to improve the slag at the
construction site, the actual effect was evaluated compre-
hensively by observing the construction and using the
sampling method to determine the slump and the coefficient
of permeability. ,e improved slag at the construction site is
shown in Figure 10. It was apparent that the improved
supersaturated sand has a certain shape, and no obvious
segregation phenomenon occurred. ,e slag is discharged
continuously at the gate, and the large-grained sand can be

8 9 10 11 12
0

50

100

150

200

250

300

350

400

Sl
ur

ry
 v

isc
os

ity
 (s

)

Sodium bentonite concentration (%)

2.5‰
5‰

7.5‰
10‰

Figure 5: Viscosity curve of sodium-based bentonite-CMC mixed
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wrapped by the improved material because it has better flow
plasticity.

At the same time, for the different excavation sections
and the different operating conditions of the shield machine,
the slag samples were taken randomly at the spiral excavator
gate, and the slump and penetration tests were conducted.
,e results are shown in Table 6.

Table 6 shows that the improved slag performance index
basically meets the target value, but the permeability coefficient
of the slag generally was smaller than the laboratory test results,
and the slump generally was too large. ,e main reason is that
the soil in the shield soil tank can effectively control the water
content in the soil tank after mixing with the improved

material, so that the water content of the soil is significantly
reduced. ,erefore, it can be seen that the sodium-based
bentonite-carboxymethyl cellulose-polyacrylamide ratio
scheme can effectively solve the spraying problem of the earth
pressure balance shield construction in highwater pressure and
high permeability sand formation.

5. Conclusion

In order to effectively avoid the occurrence of slag spraying
in the construction of earth pressure balance shield in
supersaturated sandy stratum, the laboratory soil im-
provement test was taken as a research method. Based on the

Table 4: Sodium bentonite-CMC mixed mud mixing ratio grouping.

Mixed mud proportioning number Bentonite concentration (%) CMC quality ratio (%) Mud viscosity (s)
A 11 0.25 85.3
B 10 0.5 97.8
C 9 0.75 86
D 8 1 79.4

(a) (b) (c) (d)

Figure 6: Slump of different matching when the solid-liquid volume ratio was 10 : 3. (a) Matching A. (b) Matching B. (c) Matching C.
(d) Matching D.
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Figure 7: Improved variation in slag performance with the volume ratio. (a) Slag permeability coefficient. (b) Slag slump.
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existing research, the effective rule of mix proportion
combined with sodium bentonite-carboxymethyl cellulose
mixed slurry and polyacrylamide solution on the flow ability
and permeability is clarified, and the best improvement
program suitable for saturated sand is determined. ,e field
sampling tests are also conducted.,emain results obtained
from the study are as follows:

(1) CMC will connect the tiny particles in the soil to
increase the viscosity between the particles; conse-
quently, the improved slag will form a better

waterproof sealing effect and reduce the permeability
of the slag. ,e concentration of sodium bentonite is
11%, 10%, 9%, and 8% mixed with CMC concen-
trations of 2.5‰, 5‰, 7.5‰, and 10‰, respectively,
composing sodium bentonite-CMC mixed mud.
While the sodium bentonite-CMC mixed mud is
mixed with saturated sand within a certain blending
range, it can meet the requirement of viscosity and
permeability coefficient. Although the slump of
saturated sand is also improved, it still does not meet
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Figure 8: Improvement of the performance of the slag with the solid-liquid volume ratio of mixed mud. (a) Slag permeability coefficient.
(b) Slag slump.

(a) (b)

Figure 9: Effect of sodium bentonite-CMC mixed mud and different concentrations of polyacrylamide solution on slump improvement.
(a) 3% concentration of polyacrylamide. (b) 4% concentration of polyacrylamide.

Table 5: Optimal mixing ratio of sodium bentonite-CMC and mud-polyacrylamide solution.

Sodium bentonite
concentration CMC mass ratio Polyacrylamide solution concentration Supersaturated sand: sodium bentonite-CMC

mud: polyacrylamide volume ratio
10% 0.5% 3-4% 100 : 2.5 : 0.5
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the evaluation standard of 10–15 cm, which conse-
quently cannot meet the requirements of antispray as
well.

(2) ,e combination of sodium bentonite-CMC mixed
mud and polyacrylamide solution can provide better
performance of different improved materials to meet
the workability and permeability index of the sand.
In the supersaturated sand stratum, the sodium
bentonite-CMC mixed mud with a bentonite con-
centration of 10%, a CMC concentration of 5%, and a
polyacrylamide solution with a concentration in the
range of 3 to 4% were mixed with volumes of 2.5%
and 0.5% of the sand.,is met the needs of antispray
in construction.
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