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Abstract: Based on the construction practice of the Beijing Metro Line 10 shield tunneling project,
this paper describes research on soil improvement technology for Beijing stratum characteristics
(sandy gravel stratum) and covers similar engineering conditions. It also describes the development
of a new type of mud improver. Based on the laboratory tests with bentonite as the base mud and
different additives, the effects of guar gum, CMC, xanthan gum, and clay medium particles on
mud performance are analyzed. Then, two kinds of mud were used to conduct indoor simulated
muck improvement tests (mixing test, slump test, sliding plate test, and adhesion resistance test),
and the improvement effects of new mud and ordinary mud applied in pebble/round gravel and
sandy soil layers were compared. The results show that xanthan gum is the best material to improve
the performance of slurry, using the contrast test of bentonite-based slurry and different additives.
The optimum slurry preparation scheme is 4% bentonite, 0.2% xanthan gum, 0.04% soda ash, and
1% clay particles. Using indoor simulated muck improvement tests (mixing test, slump test, slide
plate test, and adhesion resistance test), the improvement effects of applying new mud and ordinary
mud in pebble/round gravel and sandy soil layers are compared, and the advantages of the new
mud in the application of the above two formations are verified. Among them, the new slurry has
great advantages for improving the two parameters of the soil adhesion resistance coefficient and
slump during shield tunneling. When the improved soil mass reaches the flowing plastic state, the
proportion of new mud added to different soil mass is different. The proportion of new mud added
to improved pebble/pebble soil is 28%, and that of sand and clay is 32%. It can be seen that new mud
is more suitable for improving pebble/pebble soil.

Keywords: EPB shield; fluid-plastic state; muck improvement; new mud; xanthan gum; sandy
gravel stratum

1. Introduction

With the rapid development of urban rail transit construction, subway shield construc-
tion has been widely used with its unique advantages [1]. The EPB shield tunneling in
Beijing is often carried out in sandy gravel soil [2–4], and the excavated soil mass in the nat-
ural state cannot meet the requirements of plastic fluidization of soil mass [5–7]. Therefore,
this can easily lead to the instability of the excavation surface [8–12], and cause the closure
of the pressure chamber [13–15], the caking of the pressure chamber [16], gushing [17,18],
and other technical problems often encountered in the construction of soil layers. To ensure
the normal operation of shield tunneling, the soil must have good plasticity [19,20] and low
permeability [21–23].

As one of the key technologies of EPB shield, muck improvement technology has been
paid more and more attention in current shield research [13,24,25]. At present, the im-
provement additives mainly include foam agents, dispersant, clay minerals and flocculant.
The clay minerals are predominantly bentonite and clay [26,27], which are mainly used to
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supplement the fine particles in order to reduce the internal friction angle of the soil mass in
the pressure chamber [28]. Foam agent is composed of special foam agent and compressed
air, which can be used to improve the fluidity [29,30] and impermeability [31,32] of the
excavated soil mass. Flocculant is mainly applicable to water-rich consolidated clay, silt,
sand and fine gravel formation, which can cause particles to agglomerate in the slag to
improve the plastic flow behavior of the slag [33,34]. Dispersants can disperse substances
in the water to form colloidal solutions, reducing the adhesion between particles [35,36].
At present, different scholars have conducted a great deal of research on the improvement
effect of the selection and proportion of these soil improvers on the EPB shield construction,
and these improvement evaluations are mostly seen in indoor tests.

Relying on a tunnel project in Fuzhou, Wang, S.M [37] carried out a study on the
construction of an earth pressure shield machine in high permeability and high-pressure
formation by using nano bentonite CMC as the muck improver, and they evaluated the
effect of this soil improver through field tests. Zhu H. H and others [38–41] evaluated the
stability of the earth pressure shield in the sandy gravel stratum by establishing the DEM
model, and proposed measures to improve the fluidity and wear resistance. Zhao S. S. [36]
discussed the effect of adding dispersant in mud on controlling clay cake, and verified
the effectiveness of the dispersant in reducing viscosity through laboratory tests. Cheng
Chihao and others [42,43] carried out laboratory soil improvement test research on the
micro mechanism of soil improvement with different proportioning of foam and bentonite
in the EPB shield construction, and evaluated the improvement effect of different schemes
in combination with field tests. Jiang Houting and others [44–46] conducted relevant tests
on foam improving round gravel formation during EPB shield construction and obtained
the experimental law of foam’s impact on plastic fluidity of round gravel formation and the
optimal foam injection ratio suitable for EPB shield construction. Xiao Chao [47] studied
the influence of modified bentonite grouting on the shield driving in the sand gravel layer
by simulating the earth pressure balance shield system, and obtained the mixed proportion
of modified bentonite slurry for the earth pressure shield driving in the sand gravel layer.
Xu Q. W and others [48–51] injected different amounts of air bubbles into the soil with
different water content to reflect the effect of air bubble mixed soil on torque reduction
through the reduction rate of power consumption of the mixer. The results show that
adding air bubbles to sandy pebble soil can reduce the power consumption of mixing by
more than 50%.

In combination with the current research on the improvement of EPB shield tunnel-
ing, there is a lack of systematic theoretical evaluation standards and methods for the
basic properties of the improver, the matching relationship between the improver and
the improved soil, the improvement effect of the improver, and the relationship between
the improver and the shield construction parameters, which leads to the blindness of the
use of the improver in shield tunneling, and may cause problems such as large material
consumption and environmental pollution. Therefore, based on the construction practice
of Beijing Metro Line 10 shield tunneling project, this paper conducts research on soil
improvement technology for Beijing stratum characteristics (sandy gravel stratum) and
covers similar engineering conditions, as well as developing a new type of mud improver.
Based on the laboratory tests with bentonite as the base mud and different additives, the
effects of guar gum, CMC, xanthan gum, and clay medium particles on the mud perfor-
mance are analyzed, and a new mud performance improvement material with the best
performance is obtained. Then, two kinds of mud were used to conduct indoor simulated
muck improvement tests (mixing test, slump test, sliding plate test, and adhesion resistance
test), and the improvement effects of new mud and ordinary mud applied in pebble/round
gravel and sandy soil layers were compared.

2. Study on Properties of New Mud Modifier

The soil state control in the pressure chamber is the key to EPB shield construction. The
soil state in the pressure chamber is different in different strata. When most undisturbed



Coatings 2022, 12, 1961 3 of 20

soil enters the pressure chamber, it will cause construction difficulties, which are manifested
in the increased torque of the cutterhead, the dumping efficiency of the screw conveyor,
and the thrust of the shielding jack, which will lead to “blocking”, “gushing”, “caking”
and other construction problems, and even lead to the instability of the excavation surface.
To solve these problems, the ideal state of the soil mass in the pressure chamber, namely
the “plastic flow state”, is proposed. Its physical and mechanical indexes include the
permeability coefficient, internal friction angle, slump, and compression coefficient. To
effectively solve these problems in construction, it is necessary to add additives to the soil
for soil improvement.

2.1. Site Mud Solution

The stability of the earth pressure balance shield excavation surface is achieved by the
pressure of the sealed cabin. When the mud penetrates the soil, a layer of mud film with
very low permeability is formed, and the mud pressure effectively acts on the excavation
surface through the mud film, so it can prevent the deformation and collapse of the
excavation surface and ensure the stability of the excavation surface. One of the key issues
in earth pressure shield construction is to use of a muck modifier suitable for engineering
geological conditions.

To compare the development of the mud, the mud configuration scheme adopted
in the construction site was studied first. The mud used on the construction site is pure
bentonite mud with a bentonite content of 9%, that is, 90~120 Kg of bentonite is added to
one side of the water, and the performance parameters are shown in Table 1:

Table 1. Site mud performance parameters.

Mud Performance Index

Density (g/cm3) 1.04 pH 10
Marsh funnel viscosity (”) 40 Static filtration (mL/30 min) 21

Apparent viscosity ηA(MPa·s) 13.5 Plastic viscosity ηp(MPa·s) 3
Dynamic shear τd(Pa) 10.7 Dynamic to plastic ratio τd/ηp 3.6

Initial static shear force (Pa) 9.2 Final shear force (Pa) 10.7
Liquidity Index 0.17 Consistency coefficient (Pa·sn) 4.2Colloid rate 90%

It can be seen from the above parameters that the mud of this formula has a high
consistency and does not flow easily. After standing, it is even more difficult for the mud in
the test tube to flow out. Therefore, the comprehensive performance of the mud should be
improved by adding other additives. At the same time, the cost can be reduced by reducing
the amount of bentonite.

2.2. New Mud Solution

In this paper, a new type of soil amendment that combines mineral improvement
materials and water-soluble polymer improvement materials is developed. Bentonite is
the main raw material of mineral modifiers, and the mineral material used in the test is
the red sodium bentonite produced by the Shamaying Sodium Clay Factory in Weifang
City, Shandong Province, which is used in the construction site. The solution is prepared as
follows: add water to the container, stir with a mixer at medium speed, and at the same
time add the sodium bentonite and other materials evenly into the container and stir. If the
solution is thick, stop the mixer every few minutes. Stir the bentonite attached to the bottom
layer with your hands or with sticks to speed up the dissolution, then stir at medium speed
for about ten minutes.

On the one hand, if only bentonite is used to prepare slurry, the amount of bentonite
is large, which leads to high slurry cost. On the other hand, the performance of the slurry
is difficult to guarantee, which cannot meet the requirements for slag improvement in
the EPB shield. It is therefore necessary to optimize the mud performance by adding
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appropriate additives. Common additives mainly include: 1. tackifier: guar gum, sodium
carboxymethyl cellulose (CMC), xanthan gum, polyacrylamide; 2. lubricant; 3. PH value
regulator, mainly sodium carbonate; 4. other additives such as clay particles.

Soda ash has greatly improved the performance of mud. Therefore, a proper amount
of soda ash is added to the subsequent formula to improve the PH value of mud. According
to the mud configuration plan of the construction site, the bentonite dosage is 9%, but the
thickness is too high and the viscosity is not high. The topic of this lesson is to reduce the
bentonite dosage to reduce the cost and improve the mud performance to adapt to the
earth pressure balance shield. Therefore, the bentonite dosage is preliminarily determined
to be 3%~5%.

In this paper, four additives will be added to evaluate the mud improvement effect,
and the research scheme of the mud improvement test with different additives is shown in
Table 2.

Table 2. Test Design Scheme of Different Additives.

Scheme
Drugs

Water (g) Bentonite (g) Sodium Carbonate (g) Guar Gum (g) Sodium Carboxymethylcellulose (g) Xanthan Gum (g) Polyacrylamide (g)

F1 1000 30 (4%) 0.5 (0.05%) 2 (0.2%) / / /
F2 1000 40 (5%) 0.5 (0.05%) 2 (0.2%) / / /
F3 1000 50 (3%) 0.5 (0.05%) 2 (0.2%) / / /
F4 1000 30 (4%) 0.5 (0.05%) / 2 (0.2%) / /
F5 1000 40 (3%) 0.5 (0.05%) / 2 (0.2%) / /
F6 1000 50 (3%) 0.5 (0.05%) / 2 (0.2%) / /
F7 1000 30 (3%) 0.5 (0.05%) / / 2 (0.2%) /
F8 1000 40 (3%) 0.5 (0.05%) / / 2 (0.2%) /
F9 1000 50 (3%) 0.5 (0.05%) / / 2 (0.2%) /
F10 1000 30 (3%) 0.5 (0.05%) / / / 2 (0.2%)
F11 1000 40 (3%) 0.5 (0.05%) / / / 2 (0.2%)
F12 1000 50 (3%) 0.5 (0.05%) / / / 2 (0.2%)

Where AV represents apparent viscosity, PV represents plastic viscosity, YP represents
dynamic shear, Gelin represents initial shear, Gel10 represents final shear, FL represents
filtration, K represents consistency index, n represents fluidity coefficient, and YP/PV
represents a dynamic plastic ratio.

See Table 3 for data of mud properties with different additives.

Table 3. Mud Performance Test Data of Different Schemes.

Scheme AV
(Mpa·s)

PV
(Mpa·s) YP (Pa) Gelin Pa Gel10

(Pa) FL (mL) K
(Pa.sn) n Marsh Funnel

Viscosity S
Colloid
Rate (%) YP/PV

F0 13.5 3 10.7 9.2 10.7 21 4.2 0.17 40 90% 3.6
F1 9 7 2.04 1.53 2.04 1.48 0.21 35 80% 0.3
F2 15.5 10 5.6 2.6 3.6 0.33 0.56 38 80% 0.56
F3 18 13 8.2 3.1 4.1 0.71 0.47 40 82% 0.63
F4 9.5 8 1.53 1.53 2.04 19 0.04 0.79 36 99% 0.19
F5 14 11 3.07 2.04 2.56 18 0.10 0.72 41 99% 0.28
F6 18 13 5.11 3.57 4.09 17 0.20 0.65 54 99% 0.39
F7 14.5 7 7.67 4.09 6.13 21 0.93 0.40 47 99% 1.10
F8 21.5 10 11.8 7.67 9.20 19 1.58 0.38 61 99% 1.18
F9 26 9 17.4 8.69 9.20 17 2.82 0.33 94 100% 1.93

It can be seen from Table 3 that the overall viscosity of the slurry added with guar gum
is low, and the colloid rate is about 80%, indicating that there is more water precipitation.
After adding CMC, the mud performance is obviously improved, the viscosity is improved,
and the filtration is within 20 mL/30 min, meeting the requirements of filtration. The colloid
rate is also greatly improved. During the preparation of the three schemes F10-F12, a large
number of insoluble matters were precipitated, most of which were white blocky colloids.
During the API filtration test, the liquid continued to flow downwards, with a filtration
loss of about 45 mL/30 min, which seriously exceeded the requirements. Therefore, the
application of polyacrylamide in mud was extremely insoluble, and the viscosity increasing
effect of the mud was not ideal, so it was abandoned in future tests.
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2.3. Comparative Study on Mud Performance after Adding Different Additives
2.3.1. Viscosity Contrast

The plastic viscosity is the total reflection of the internal friction between solid particles,
between solid particles and liquid phases, and between liquid molecules when the slurry
flows. Apparent viscosity refers to the ratio of shear stress to the shear rate at a certain
shear rate, which is the sum of plastic viscosity and structural viscosity.

The viscosity comparison of different mud schemes is shown in Figure 1.

Coatings 2022, 12, x FOR PEER REVIEW  5  of  22 
 

 

Table 3. Mud Performance Test Data of Different Schemes. 

Scheme 
AV 

(Mpa∙s) 

PV 

(Mpa∙s) 
YP (Pa)  Gelin Pa 

Gel10 

(Pa) 

FL 

(mL) 
K (Pa.sn)  n 

Marsh Funnel 

Viscosity S 

Colloid 

Rate (%) 
YP/PV 

F0  13.5  3  10.7  9.2  10.7  21  4.2  0.17  40  90%  3.6 

F1  9  7  2.04  1.53  2.04    1.48  0.21  35  80%  0.3 

F2  15.5  10  5.6  2.6  3.6    0.33  0.56  38  80%  0.56 

F3  18  13  8.2  3.1  4.1    0.71  0.47  40  82%  0.63 

F4  9.5  8  1.53  1.53  2.04  19  0.04  0.79  36  99%  0.19 

F5  14  11  3.07  2.04  2.56  18  0.10  0.72  41  99%  0.28 

F6  18  13  5.11  3.57  4.09  17  0.20  0.65  54  99%  0.39 

F7  14.5  7  7.67  4.09  6.13  21  0.93  0.40  47  99%  1.10 

F8  21.5  10  11.8  7.67  9.20  19  1.58  0.38  61  99%  1.18 

F9  26  9  17.4  8.69  9.20  17  2.82  0.33  94  100%  1.93 

It can be seen from Table 3 that the overall viscosity of the slurry added with guar 

gum is low, and the colloid rate is about 80%, indicating that there is more water precipi‐

tation. After adding CMC, the mud performance is obviously improved, the viscosity is 

improved, and the filtration is within 20 mL/30 min, meeting the requirements of filtra‐

tion. The colloid rate is also greatly improved. During the preparation of the three schemes 

F10‐F12, a large number of insoluble matters were precipitated, most of which were white 

blocky colloids. During the API filtration test, the liquid continued to flow downwards, 

with a filtration loss of about 45 mL/30 min, which seriously exceeded the requirements. 

Therefore,  the application of polyacrylamide  in mud was extremely  insoluble, and  the 

viscosity increasing effect of the mud was not ideal, so it was abandoned in future tests. 

2.3. Comparative Study on Mud Performance after Adding Different Additives 

2.3.1. Viscosity Contrast 

The plastic viscosity is the total reflection of the internal friction between solid parti‐

cles, between solid particles and liquid phases, and between liquid molecules when the 

slurry  flows. Apparent viscosity refers  to  the ratio of shear stress to the shear rate at a 

certain shear rate, which is the sum of plastic viscosity and structural viscosity. 

The viscosity comparison of different mud schemes is shown in Figure 1. 

 

Figure 1. Viscosity Comparison of Different Mud Schemes. 

F0 F1 F2 F3 F4 F5 F6 F7 F8 F9
0

5

10

15

20

25

30

35

40

V
is

co
si

ty
 /M

P
aꞏ

s

Scheme

 Apparent viscosity
 Plastic viscosity

Figure 1. Viscosity Comparison of Different Mud Schemes.

It can be seen in Figure 1 above that the apparent viscosity of all schemes is higher
than F0 except that the F1 and F4 schemes are lower than F0 of mud for a construction
site. According to the requirements for the sand gravel layer of Beijing Metro Line 10,
the slurry viscosity is high and favorable, so F1 and F4 schemes were abandoned. In
the scheme of adding guar gum, CMC and xanthan gum, the formula with a bentonite
dosage of 5% has the highest apparent viscosity value of mud, among which F9 is the
highest, indicating that xanthan gum is superior to guar gum and CMC for improving the
apparent viscosity of mud. In terms of plastic viscosity, the plastic viscosity of mud can be
improved by adding a viscosity increaser, and the rule is roughly the same as the apparent
viscosity. In comprehensive consideration, xanthan gum is higher than guar gum and CMC
in improving mud viscosity.

2.3.2. Dynamic Shear Force Comparison

Microscopically, the dynamic shear force is the reaction of space grid structure force
formed between clay particles when slurry flows, which can reflect the ability of slurry
to carry sand and gravel to a certain extent. The dynamic shear force comparison of each
scheme is shown in Figure 2.

As can be seen in Figure 2 above, among the schemes, only the F8 and F9 schemes
have higher mud dynamic shear force values than the F0 scheme, indicating that only the
addition of xanthan gum can effectively improve the mud dynamic shear force.
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2.3.3. Static Shear Force Comparison

The static shear force comparison of each scheme is shown in Figure 3.
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The static shear force reflects the strength of the internal gel network structure when
the drilling fluid is in a static state. A small initial shear force is conducive to reducing
the starting power of the shield machine, so the initial shear force should be appropriately
reduced; for larger sand and pebble formations, the large final shear force is conducive
to the suspension and transportation of mud to the muck, so it should be appropriately
increased. From the comparison of the above figures, it can be seen that except for schemes
F8 and F9, the static shear forces of the other schemes are relatively small and unfavorable
to the sandy cobble stratum. Only the plans F8 and F9 of adding xanthan gum are close to
the construction site mud, and the initial shear force and final shear force of scheme F8 are
more suitable.
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2.3.4. Dynamic Plastic Ratio Comparison

The dynamic plastic ratio (τd/ηp) is an important indicator to measure the shear
dilution characteristics of mud. Given the particularity of shield soil improvement materials,
to prevent the excavated soil from settling and accumulating at the bottom of the earth
ballast tank, the mud is required to have a greater rock-carrying capacity, and the dynamic-
plastic ratio is recommended to be between 0.5–1.5 Pa/MPa·s in this test. The dynamic-
plastic ratio comparison of each mud scheme is shown in Figure 4.
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Figure 4. Changes in the dynamic-plastic ratio of different schemes.

An analysis of Figure 4 above shows that the F0 dynamic-plastic ratio of the mud
scheme used on the construction site was too large, it is not conducive to the pumping of
mud, and the dynamic-plastic ratio of the mud in the schemes F1~F6 was too small, which
is not conducive to carrying cuttings. Scheme F8 is more suitable.

2.3.5. Flowability Index and Consistency Coefficient Comparison

The fluidity index n represents the non-Newtonian degree of the fluid within a certain
flow velocity range, and the fluidity index is the representation of the fluidity of the mud.
According to the knowledge of drilling fluids, the popularity index n is best around 0.5,
and generally less than 1. The consistency coefficient k is the viscosity of the fluid under
the 1 s−1 flow velocity gradient, and it is a reflection of the viscosity of the fluid; the larger
the consistency coefficient, the more viscous the fluid. For the larger sand and pebble
formation, the K value of the earth pressure balance shield should be 1.5~2. Figure 5 shows
the fluidity index and consistency coefficient of the mud in each scheme.

An analysis of the Figure 5 above shows that the fluidity index of the mud F0 scheme
used in the construction site is 0.17, which is too small; it will influence the effect of mud
carrying gravel, and if the consistency coefficient is too large, the pumpability of the slurry
will be poor. The consistency coefficients of schemes F2~F7 are all less than 1. It is more
appropriate to comprehensively consider the fluidity index and consistency coefficient of
scheme F8.
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Figure 5. Changes of fluidity index and consistency coefficient for different schemes.

2.3.6. API Filtration Loss Comparison

Filtration loss is the degree of stability of the mud. The amount of water filtered by
the mud is small, which can make the pore water pressure close to the excavation face rise
less, ensuring that the effective mud-water pressure acting on the digging face remains
unchanged after the mud film is formed, conducive to the stability of the excavation surface.
To ensure mud performance, the smaller the water loss, the better. See Figure 6 for the
comparison of mud filtration in each scheme.
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Figure 6. Variation diagram of filtration volume in different schemes.

For the earth pressure balance shield, the filtration loss is generally required to be less
than 20 mL/30 min. Therefore, schemes F4, F5, F6, F8, and F9 can all meet the requirements.

2.4. Comprehensive Analysis of Mud Plan

Through the above comparative analysis of each index parameter of the mud of
each scheme, it can be concluded that xanthan gum is superior to guar gum, CMC, and
polyacrylamide in improving mud performance; in particular, the index parameters of
scheme F8 are the most suitable, and follow-up programs were therefore carried out
concerning the ratio of program F8.
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2.5. Effect of Clay Particles on Mud Properties

When clay particles are added to the slurry, the particle surface dissolves, forming a
layer of coating with viscous slurry. During shield construction, it will be filled in the space
between sand and gravel, which plays a role in lubrication and drag reduction, increasing
plasticity and reducing cutting power. To study the influence of clay particles on mud
properties, the following experiments were conducted for scheme F8.

The additional amount of clay particles should not exceed 2%. The test plan is shown
in Table 4.

Table 4. Test Scheme for Adding Clay Medium Particles.

Scheme
Drugs

Water (g) Bentonite (g) Sodium Carbonate (g) Xanthan Gum (g) Clay Particles (g)

F13 1000 40 (4%) 0.5 (0.05%) 0.5 (0.05%) 5 (0.5%)
F14 1000 40 (4%) 0.5 (0.05%) 0.5 (0.05%) 10 (1%)
F15 1000 40 (4%) 0.5 (0.05%) 0.5 (0.05%) 15 (1.5%)

The data on mud properties are shown in Table 5.

Table 5. Test Data of Influence of Clay Particles on Mud Performance.

Scheme AV
(Mpa·s)

PV
(Mpa·s) YP (Pa) Gelin

(pa)
Gel10
(Pa) FL (mL) K

(Pa.sn) n Marsh Funnel
Viscosity S

Colloid
Fraction(%) YP/PV

F13 20.5 11 9.7 7.67 8.18 19 0.93 0.45 63 100% 0.88
F14 22.5 12 10.5 7.67 8.18 20 0.85 0.48 65 100% 0.88
F15 23 13 10 8.18 8.69 21 0.85 0.48 67 100% 0.77

See Figure 7 for a comparison of the parameters of each scheme.
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Figure 7. Comparison of clay particles’ influence on mud.

It can be seen from the analysis of the above figure that the viscosity of medium
particles has little impact on the overall performance of the mud. It is found in the test that
the clay medium particles contain a small number of insoluble substances, and when the
addition amount exceeds 1%, the insoluble substances in the mud will increase, which will
have adverse effects on mud filtration and plastic viscosity. Therefore, the added amount
will be controlled at 1% in the future.

3. Analysis of Indoor Muck Improvement Test
3.1. Soil Mixing Test Design

The soil mixing test mainly uses the mixing process of the mixer to simulate the soil
mixing process in the pressure chamber of the earth pressure balance shield, to evaluate
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the improvement effect of the developed modifier on the simulated soil. The amount of
soil amendment added can be controlled by changing the stirring power of the mixer. See
Figure 8 for indoor mixer test. The steps of the soil stirring test are as follows:

(1) Use a plastic measuring cup to measure a certain volume of soil and pour it into the
mixer, stir for 3 min, stop stirring after the reading of the power meter is stable, and
record the stirring power when the reading is stable.

(2) Take out a certain amount of soil from the mixing tank and conduct the friction
coefficient test, adhesion resistance test, and slump test in sequence.

(3) Pour the test soil back into the mixer, add a certain amount of soil amendment, stir
the soil with a mixer for soil improvement, stir for 3 min and stop stirring after the
reading of the power meter is stable. Record the stirring power when the reading is
stable, and then remove the soil from the mixing drum for subsequent tests. The test
cannot be terminated until the soil reaches the ideal plastic flow state. There were
3–5 groups in each experiment, and the results were averaged.
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3.2. Friction Coefficient Test Design

The main purpose of the design of the friction coefficient test is to simulate the
process of friction between the soil and the steel during the excavation process of the screw
excavator. By measuring the external friction angle between the soil and the steel, the
friction coefficient between the soil and the steel is obtained.

The specific test steps are as follows:

(1) Place the plastic ring on a stainless-steel plate, fill it with improved soil, and smooth
the top of the plastic ring.

(2) Fix one end of the steel plate, and slowly lift the other end. When the ring with the
improved soil starts to slide, stop and continue to lift.

(3) The angle at which the steel plate is tilted at this time is measured, which is the
external friction angle ϕ between the improved soil and the steel plate.

(4) The friction coefficient between the improved soil and the steel plate can be obtained
by the following formula. There were 3–5 groups in each experiment, and the results
were averaged.

f = tan ϕ
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f —Improve the friction coefficient between soil and steel plate; ϕ—Improve the exter-
nal friction angle between the soil and the steel plate.

3.3. Adhesion Resistance Test

The adhesion resistance test is to simulate the process of the soil adhesion to the steel
surface during the excavation process of the screw excavator. By measuring the adhesion
resistance of soil and steel, the adhesion resistance coefficient between soil and steel is
obtained, which can be used to measure the fluidity of soil. The specific test steps are
as follows:

(1) Place the iron cylinder on the iron box, fill it with the improved soil, and smooth the
upper part of the improved soil.

(2) Lift the iron cylinder slowly, and stop lifting the iron cylinder when the iron cylinder
is high enough.

(3) Measure the adhesion resistance F at this time, which is the adhesion resistance
between the improved soil and the iron cylinder.

(4) After the adhesion resistance between the improved soil and the iron cylinder is
measured, this does not provide the adhesion resistance between the reaction soil
and the iron surface used, because this adhesion resistance only reflects the situation
of this test. Therefore, this adhesion resistance should also be treated to a certain
extent, obtaining the size of the adhesion resistance per unit area, to better reflect
the change in the adhesion resistance between the soil and the iron cylinder. There
were 3–5 groups in each experiment, and the results were averaged. The adhesion
resistance coefficient k is obtained by the following formula. This adhesion resistance
measuring device is shown in Figure 9.

Coatings 2022, 12, x FOR PEER REVIEW  12  of  22 
 

 

3.3. Adhesion Resistance Test 

The adhesion resistance test is to simulate the process of the soil adhesion to the steel 

surface during the excavation process of the screw excavator. By measuring the adhesion 

resistance of soil and steel,  the adhesion resistance coefficient between soil and steel  is 

obtained, which can be used to measure the fluidity of soil. The specific test steps are as 

follows: 

(1) Place the iron cylinder on the iron box, fill it with the improved soil, and smooth the 

upper part of the improved soil. 

(2) Lift the iron cylinder slowly, and stop lifting the iron cylinder when the iron cylinder 

is high enough. 

(3) Measure the adhesion resistance F at this time, which is the adhesion resistance be‐

tween the improved soil and the iron cylinder. 

(4) After  the adhesion  resistance between  the  improved  soil and  the  iron  cylinder  is 

measured,  this does not provide  the adhesion resistance between  the reaction soil 

and the iron surface used, because this adhesion resistance only reflects the situation 

of this test. Therefore, this adhesion resistance should also be treated to a certain ex‐

tent, obtaining the size of the adhesion resistance per unit area, to better reflect the 

change in the adhesion resistance between the soil and the iron cylinder. There were 

3–5 groups  in  each  experiment,  and  the  results were  averaged. The  adhesion  re‐

sistance coefficient k is obtained by the following formula. This adhesion resistance 

measuring device is shown in Figure 9. 

 

Figure 9. Design of Adhesion Resistance Test Device. 

Since the original adhesion resistance dimension measured in this test is a mass unit, 

to convert to weight units, first convert using the following formula: 

F = M × g 

The surface area of the inner surface of the iron cylinder is: 

S = π × D × h 

The adhesion resistance coefficient between the improved soil and the iron cylinder is: 

K = F/S = (M × g)/(S = π × D × h) 

M is the measured original lifting weight (kg); F is the adhesion resistance (N) be‐

tween the improved soil and the iron cylinder; S is the surface area of the inner surface of 

Figure 9. Design of Adhesion Resistance Test Device.

Since the original adhesion resistance dimension measured in this test is a mass unit,
to convert to weight units, first convert using the following formula:

F = M × g

The surface area of the inner surface of the iron cylinder is:

S = π × D × h
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The adhesion resistance coefficient between the improved soil and the iron cylinder is:

K = F/S = (M × g)/(S = π × D × h)

M is the measured original lifting weight (kg); F is the adhesion resistance (N) between
the improved soil and the iron cylinder; S is the surface area of the inner surface of the iron
cylinder (m2); D is the inner diameter of the iron cylinder (m); h is the height of the iron
cylinder (m); K is the adhesion resistance coefficient between the improved soil and the
iron cylinder (N/m2).

3.4. Slump Test Design

The slump test uses standard test equipment, which is a standard slump tube. Its
specifications are: the slump tube, the diameter of the upper mouth is 100 mm, the diameter
of the lower mouth is 200 mm, and the height of the tube: 300 mm; Tamper, 16 mm diameter,
650 mm long, steel round bar with hemispherical ends. The slump test device is shown in
Figure 10. Each experiment was conducted in 3-5 groups, and the average value of the data
of each group was obtained.
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4. Results of Soil Improvement Test

The new mud formula is shown in Table 6.

Table 6. The new mud formula.

Raw Material Bentonite Xanthan Gum Sodium Carbonate Clay Particles

Increase the amount 4% 0.2% 0.04% 1%

4.1. Experimental Study on Improvement of Pebble/Gravel Soil

Through the qualitative analysis of the applicability of the new type of mud to peb-
ble/gravel and sand, the improvement effect of the new mud soil amendment on the
pebble/round gravel soil can be seen, and compared with the mud used in the construction
site to determine the superiority of the new mud.

The test conditions are as follows: the amount of soil added is 7.5 L, after the initial test
analysis, the amount of mud added was determined to be 18% of the soil volume (1350 mL),
after each parameter measurement, the amount of mud added is 2% of the soil volume
(150 mL) until the soil reaches the ideal plastic flow state.
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4.1.1. Slump Test Design

The test soil is anhydrous round gravel soil, and the soil particle sieving is shown in
Table 7.

Table 7. Particle size distribution of anhydrous round gravelly soil.

Particle Size(mm) 60~20 20~5 5~2 2~0.5 0.5~0.25 0.25~0.075 0.075~0.005

content(%) 30 20 15 15 10 5 5

The net power comparison curve is shown in Figure 11.
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Figure 11. Comparison of net power of pebble/round gravel improved by two kinds of mud.

In Figure 11 above, it can be seen that the net stirring power of the soil is significantly
reduced after adding the mud, and the influence of the two kinds of mud on the stirring
power is roughly equal. It is found that when the net power is close to 0, the slag is in a
better flow-plastic state. The net power of the new mud is smaller than that of the mud used
on the construction site, therefore the effect of the new type of mud in reducing stirring
power is better than that of the mud used in the construction site.

4.1.2. Friction Coefficient Test

The friction coefficient comparison curve is shown in Figure 12.
Through the comparison of friction coefficients, it can be seen that the friction coeffi-

cients tend to increase first and then decrease with the increase in mud addition; when the
amount of mud used in the construction site is 26%, the friction coefficient has a maximum
value of 0.6. The maximum value is 0.58 when the new mud addition is 22%. It was found
in the test that when the friction angle was about 20◦, the flow plasticity of the slag was
better. When the amount of mud added was 28%, the friction coefficient of the new mud
was smaller than that of the land-use mud, therefore, the performance of the new type of
mud for improving the coefficient of friction of the muck is better than that of the mud
used in the construction site.
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Figure 12. Comparison of friction coefficient of pebble/round gravel improved by two kinds of mud.

4.1.3. Adhesion Resistance Test

The adhesion resistance comparison curve is shown in Figure 13.

Coatings 2022, 12, x FOR PEER REVIEW  15  of  22 
 

 

 

Figure 12. Comparison of friction coefficient of pebble/round gravel improved by two kinds of mud. 

Through the comparison of friction coefficients, it can be seen that the friction coeffi‐

cients tend to increase first and then decrease with the increase in mud addition; when the 

amount of mud used in the construction site is 26%, the friction coefficient has a maximum 

value of 0.6. The maximum value is 0.58 when the new mud addition is 22%. It was found 

in the test that when the friction angle was about 20°, the flow plasticity of the slag was 

better. When the amount of mud added was 28%, the friction coefficient of the new mud 

was smaller than that of the land‐use mud, therefore, the performance of the new type of 

mud for improving the coefficient of friction of the muck is better than that of the mud 

used in the construction site. 

4.1.3. Adhesion Resistance Test 

The adhesion resistance comparison curve is shown in Figure 13. 

0.18 0.20 0.22 0.24 0.26 0.28
200

250

300

350

400

450

500

550

C
oe

ff
ic

ie
nt

 o
f 

A
dh

es
io

n 
R

es
is

ta
nc

e 
/N

•m
−

2

Mud addition amount

 mud for construction site
 new mud

 

Figure 13. Comparison of adhesion resistance of pebble/round gravel  improved by two kinds of 

mud. 

0.18 0.20 0.22 0.24 0.26 0.28
0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

fr
ic

ti
on

 c
oe

ff
ic

ie
nt

Mud addition amount

 mud for construction site
 new mud

Figure 13. Comparison of adhesion resistance of pebble/round gravel improved by two kinds of
mud.

It can be seen from the above curve that when the amount of mud added was less
than 24%, the adhesion resistance of the slag increased with the increase in the amount
of mud added. When the amount of mud added was about 28%, the adhesion resistance
coefficient had a low, stable value, and the adhesion resistance coefficient of the new mud
was smaller than that of the mud used on the construction site, therefore the new type of
mud can better reduce the adhesion resistance coefficient of the muck, which is beneficial
to the smooth discharge of the muck.

4.1.4. Slump Test

The slump comparison curve is shown in Figure 14.
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Figure 14. Comparison of the slump of pebble/round gravel improved by two kinds of mud.

It can be seen in Figure 14 above that with the increase of the amount of mud added,
the slump of the muck increased significantly. When the amount of mud added was 28%,
the slump of mud used on site was only 7.5 cm, and the soil slump requirement (12~20 cm)
of the earth pressure balance shield was not met, while the slump of the new type of mud
is 18 cm, which meets the requirement. Therefore, the new mud was better than the mud
used on the construction site for improving the slump of the muck.

4.2. Experimental Study on Sandy Soil Improvement

Through qualitative analysis of the applicability of soil amendment and sandy soil,
the applicability relationship between soil amendment and sandy soil was determined.

The soil volume used in the test analysis process was 7.5 L, and the amount of soil
amendment added was determined according to the volume of the soil. The test soil was
anhydrous sand, and the particle size distribution of the sand is shown in Table 8. After
initial experimental analysis, the initial amount of mud added was determined to be 20% of
the soil volume (1500 mL): After each parameter measurement, the amount of mud added
was 4% of the soil volume (300 mL) until the soil reached the ideal plastic flow state. The
following sub-soil improvement test categories were analyzed for the test results.

Table 8. Sand particle size distribution.

Particle Size (mm) 2~0.5 0.5~0.25 0.25~0.075 0.075~0.005

Content (%) 30 30 30 10

4.2.1. Sand Mixing Test

The net power comparison curve is shown in Figure 15.
When mud was added to the sand, the net stirring power was significantly reduced.

When the mud addition amount was 32%, the net stirring power of the new mud was
0.002 KW, which means that the sandy soil is in a good fluid plastic state. The net stirring
power of the mud used in the construction site was 0.009, significantly higher than the new
type of mud, therefore the improved performance of the new mud on sandy soil was better
than that of mud used on site.
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Figure 15. Comparison of net power of sand improved by two kinds of mud.

4.2.2. Sand Friction Coefficient Test

The friction coefficient comparison curve is shown in Figure 16.
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Figure 16. Comparison of friction coefficient of the sand improved by two kinds of mud.

As can be seen in Figure 16 above, when the mud addition amount was 32%, the
friction coefficient of the new mud was 0.29, which meets the requirements of fluid plasticity.
The construction site mud rose to a maximum value of 0.62, and then gradually decreased.
When the amount of mud added to the construction site was 44%, the friction coefficient
was reduced to 0.36, therefore the new type of mud was superior to the mud used on the
construction site.
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4.2.3. Sand Adhesion Resistance Test

The comparative analysis curve of adhesion resistance is shown in Figure 17.
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It can be seen in the above figure that with the increase in the amount of mud added,
the sandy soil increases, and the adhesion resistance coefficient first increases and then
decreases. After adding the new mud to 20%, the adhesion resistance coefficient began
to decrease. When the addition amount is 32%, the mud is in a fluid plastic state. The
adhesion resistance reached the maximum value when the amount of mud used in the
construction site was 32%; after that, it began to decrease. When the addition amount was
44%, the sand was in a fluid plastic state. Therefore, the improvement effect of the new
mud was better than that of the mud used on the construction site.

4.2.4. Sand Slump Test

The slump comparison curve is shown in Figure 18.
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Figure 18. Comparison of the sand slump of pebble/round gravel improved by two kinds of mud.

From Figure 18 above, it can be seen that the sand slump gradually increased with
the increase in the amount of mud. When the amount of new mud was 32%, the slump
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was 18 cm, which meets the requirements. The slump did not reach 16 cm until the amount
of mud used on the construction site was 44%. Therefore, the new mud can effectively
improve the sand slump.

5. Conclusions

(i) Through laboratory tests, the effects of guar gum, CMC, xanthan gum, and polyacry-
lamide, which are different additives, on the performance of the slurry are analyzed
with bentonite as the base slurry. It was found that xanthan gum was the best material
to improve the performance of the slurry. The best slurry preparation scheme is 4%
bentonite, 0.2% xanthan gum, 0.04% soda ash, and 1% clay particles.

(ii) Through indoor simulated muck improvement tests (mixing test, slump test, slide
plate test, and adhesion resistance test), the improvement effects of applying new
mud and ordinary mud in pebble/round gravel and sandy soil layers were compared
to verify the superiority of the new mud in the application of the above two kinds
of formations.

(iii) In the soil improvement test, the effect of the new mud was similar to that of ordinary
mud. However, it had greater advantages in improving the two parameters of the soil
adhesion resistance coefficient and slumps during shield tunneling.

(iv) When used to improve pebble/round gravel soil, the test showed that when the net
power was close to 0, the slag soil was in a good flow plastic state, and the net power
of the new mud was less than that of the mud used in the construction site. When
the friction angle was about 20◦, the flow plasticity of slag was better. When the mud
dosage was 28%, the friction coefficient of the new mud was smaller than that of
the land mud. When the amount of mud was about 28%, the adhesion resistance
coefficient had a low, stable value, and the adhesion resistance coefficient of the new
mud was smaller than that of the mud used in the construction site. When the amount
of mud added was 28%, the slump of the mud used at the construction site was only
7.5 cm, which cannot meet the requirements of the earth pressure balance shield on
the slump of the muck, while the slump of the new mud was 18 cm, which meets
the requirements.

(v) When used to improve the sand, the test found that when the amount of mud added
was 32%, the net mixing power of the new mud was 0.002 KW, indicating that the
sand was in a good flow plastic state, while the net mixing power of the mud used at
the construction site is 0.009, which is significantly greater than the new mud. When
the amount of mud added was 32%, the friction coefficient of the new mud was 0.29,
which meets the requirements of flow plasticity. The site mud rose to the maximum
value of 0.62, and then the friction coefficient decreased to 0.36 as the amount of mud
added reached 44%. When the new mud dosage was 32%, the mud was in the flow
plastic state, while when the mud dosage was 32%, the adhesion resistance reached
the maximum value, and when the mud dosage reached 44%, the sand was in the flow
plastic state. When the dosage of new mud was 32%, the slump was 18 cm, meeting
the requirements. When the amount of mud used at the construction site was 44%,
the slump reached 16 cm.

(vi) The new mud addition ratio was 28% for improved pebble/round gravel soil, and
32% for improved sand and clay. By comparison, it can be seen that the new mud is
more suitable for improved pebble/round gravel soil and meets the requirements for
the improvement of sandy pebble stratum.
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