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ABSTRACT The excavated soil in the chamber of an earth pressure balance (EPB) shield is typically required to
achieve a plastic flow state during tunneling to ensure a stable excavation face and the smooth discharge of soil. When
EPB shield tunneling takes place in composite strata with gravelly sand above and moderately weathered argillaceous
siltstone with high clay mineral content below, the changing sand-rock ratio on the excavation face leads to a greater risk
of water spewing and clogging on the cutterhead, posing enormous challenges to soil conditioning. In the study reported
here, we used foam and bentonite slurry as conditioning materials for mixed soil. A series of laboratory tests were
performed on the conditioned soil with different sand-rock ratios and water contents to determine the optimal injection
ratios of conditioning materials. A miniature EPB shield model test involving soil pressure balance, conditioning material
injection, and tunneling control was conducted to simulate the continuous excavation process from full-face sand to full-
face rock stratum. The model and field test results of thrust, torque, and soil pressure in the soil chamber and screw
conveyor validate the effectiveness of the proposed soil conditioning schemes for composite strata with different
sand-rock ratios. The test results indicate that the volume ratio 4:1 of foam to bentonite slurry achieves better
performance of the conditioned gravelly sand at a lower total injection ratio (7/R < 10%). The bentonite slurry has a
significant improvement effect on the flow plasticity of crushed moderately weathered argillaceous siltstone. The
influence of bentonite slurry on the slump value of conditioned soil is greater than that of foam. Based on the optimal
injection ratios of conditioning materials for full-face sand (¢ = o) and full-face rock (¢ = 0), the injection ratios for
composite strata were obtained by weighted summation according to the area ratio of different strata on the tunnel face.
This research provides valuable insights into soil conditioning and parameter determination methods for EPB shield
tunneling in composite strata.
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ensures there is a stable excavation face, a smooth
discharge of the soil, and the occurrence of water spewing

1 Introduction

Full-face earth pressure balance (EPB) shield machines
have increasingly been used in urban subway construc-
tion in China in recent years, as they have advantages
such as high excavation efficiency and a small impact on
the surrounding environment [1,2]. An important
prerequisite for normal tunneling using an EPB shield is
that the excavated soil is in a plastic flow state. This
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from the screw conveyor and clogging on the cutterhead
is prevented [3,4]. This plastic flow state of the excavated
soil is mainly characterized by small cohesion and
internal friction angle, low permeability, high flowability,
and good water retention [5—7]. The unconditioned soil
generally cannot fully meet the above requirements.
Hence, injecting water, foam, bentonite slurry, polymer,
and other materials is often necessary to condition the
excavated soil during shield machine tunneling.
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Many scholars have conducted experimental research
on soil conditioning in EPB shield tunneling, mainly
focusing on the following four aspects: 1) the action
mechanism of additives to conditioned soil [8—11]; 2) the
research and development of new conditioning materials
[1,12,13]; 3) the effects of the properties and injection
ratio of the conditioning materials on the various plastic-
flow indexes of conditioned soil [14—17]; 4) the effect of
soil conditioning on the EPB shield tunneling parameters
[18,19]. The strata studied include water-rich sand, sand-
pebble stratum, clay, argillaceous siltstone, limestone,
and marl layers, etc. Hu et al. [20], Huang et al. [21], and
Wang etal. [22,23] studied the permeability characte-
ristics of foam-conditioned sand in different conditioning
states for mechanized tunneling. Xu etal. [19], Huang
etal. [24], and Wang et al. [25] carried out laboratory
tests on conditioned sandy-cobble soil and evaluated the
workability of conditioned soil. Peila etal. [26] and
Todaro etal. [27] studied the dynamic adhesion of
conditioned clayey soil.

The research results described above provided many
effective means and a theoretical basis for understanding
the mechanical properties of sandy or clay-based soil.
However, most of the studies were focused on a single
homogeneous stratum, and there are few reports on soil
conditioning for composite strata. The composite strata
with sand above and rock below, especially where the
lower part is weathered rock with high clay mineral
content, are experienced frequently during EPB shield
tunneling. This sand-rock composite strata (referred to in
this study as a rock with high clay mineral content)
combines the dual characteristics of sand and clay layers,
and the performance of mixed soil in the soil chamber has
a particularly significant impact on excavation safety
[28]. When the sand layer accounts for a larger proportion
of the excavation face, problems such as instability of the
excavation face and water spewing are likely to occur.
When the rock dominates the excavation face, issues such
as low excavation speed, abnormal cutter wear, and
clogging on the cutterhead and cutters are likely to occur
[6]. The composite ratio of the two strata on the
excavation face does vary in shield tunneling. The
changing sand-rock ratio on the excavation face leads to
a greater risk of water spewing and clogging on the
cutterhead, posing enormous challenges to soil
conditioning. Consequently, the conditioning material
injection schemes for a single stratum cannot be applied
ideally in actual EPB shield tunneling in composite strata.
Therefore, the soil conditioning methods for sand-rock
composite strata require further discussion.

As conventional soil conditioning tests and evaluation
methods cannot truly reflect the characteristics of the
undisturbed soil and the construction environment, the
test results are difficult to apply to actual construction
directly. Some researchers have begun to incorporate
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model tests to evaluate the soil conditioning effectiveness
based on thrust, torque, and other tunneling parameters
[4,29]. Hu and Rostami [30,31] found the interdepen-
dency between soil conditioning settings and rheological
parameters in the conditioned soil using the soil rheology
evaluation system developed at the Colorado School of
Mines. Lee etal. [32] proposed a laboratory-scale
experimental approach to evaluate the rheological
properties of conditioned soil. Currently, the model test
devices available for EPB shield tunneling with
simultaneous soil conditioning are very limited and do
not have rich functions. The model test combining
conditioning material injection and EPB shield tunneling
control while evaluating the soil conditioning effect with
tunneling parameters needs further research.

In summary, the above literature review indicates that
few studies focused on soil conditioning for composite
strata and the effect of sand-rock ratio. In addition, there
is no research on the model test combining conditioning
material injection and tunneling parameter control. In
view of this, this study highlights the soil conditioning for
EPB shield tunneling in the gravelly sand and moderately
weathered argillaceous siltstone composite strata with
different sand-rock ratios. We used foam and bentonite
slurry as conditioning materials. A series of laboratory
tests were performed on conditioned soil with different
sand-rock ratios and water contents to determine the
optimal injection ratios of conditioning materials. A
model test system using a miniature EPB shield was
upgraded to realize the full range of functions of
conditioning material injection and tunneling control. The
soil conditioning effect and the variability of tunneling
parameters in strata with different sand—rock ratios were
investigated through model and field tests.

2 Materials description

2.1 Sand and rock
The gravelly sand and moderately weathered argillaceous
siltstone used in the laboratory tests are collected from
the engineering site of the Nanchang Rail Transit Line 4,
Jiangxi Province, China. Geological investigation shows
that the EPB shield excavates for long distances in
composite strata of gravelly sand and moderately
weathered argillaceous sandstone, which puts higher
requirements on the effectiveness of soil conditioning.
The gravelly sand is yellowish-brown, saturated, and
medium-dense, with a natural density of 2.0 g/cm® and a
saturated water content of 20.4%. The permeability
coefficient of gravelly sand is 1.21 x 107> m/s, and the
specific gravity of sand particles is 2.63. The grain-size
distribution is shown in Fig. 1. The gravelly sand samples
are poorly graded sandy (SP) with a uniformity
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Fig. 1 Grain-size distribution of gravelly sand.

coefficient C, of 5.61-10.86 and a curvature coefficient
C, 0of 0.84-0.88 according to the ASTM D2488-17¢l [33]
standard classification. The proportion of particles with a
size of 2-20 mm in the soil sample is 29.7%—-33.2%, and
the fine particles smaller than 0.075 mm only account for
2.8%-3.5%, which is far less than the ideal range of
20%-30%. This type of soil is extremely prone to water
spewing from the screw conveyor and to excavation face
instability due to the high permeability coefficient and
poor fluidity of the soil when EPB shield tunneling in a
saturated gravelly sand stratum.

The moderately weathered argillaceous siltstone of the
engineering site is brownish crimson, with argillaceous
cementation predominantly and calcareous cementation
locally, which is easily softened by water. According to
the geological investigation, the natural density and
saturation density of the moderately weathered argilla-
ceous siltstone are 2.36 and 2.42 g/cm’, the natural water
content is 11.2%, the permeability coefficient is 1.16 x
107° m/s, and the rock quality designation is 55%-90%.
The uniaxial ultimate compressive strengths of the rocks
in the dry, natural, and saturated states are 21.3, 10.1, and
7.0 MPa, respectively. The mineral composition of
moderately weathered argillaceous siltstone is given in
Table 1. The proportion of clay minerals such as
kaolinite, montmorillonite, and illite in the rock exceeds
40%. These clay minerals are important causes of
clogging on the cutterhead and cutters [34].

Table 1 Mineral composition of moderately weathered argillaceous
siltstone

Mineral Proportion (%)
Quartz 443
Kaolinite 29.1
Microcline 10.8
Illite 9.6
Montmorillonite 4.6
Albite 1.6
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2.2 Conditioning materials

Different conditioning materials have different stratum
adaptability. The commonly used conditioning materials
in actual engineering include water, foam agents,
dispersants, clay minerals, and flocculants. Some
researchers have developed new high-performance
conditioning materials for specific strata. For example,
Lu et al. [12] proposed a novel dispersed foaming agent
suitable for silty clay strata by combining a surfactant,
dispersant, and tackifier in proportion. Foam and
bentonite slurry, commonly used in actual engineering
due to their low costs and wide stratum adaptability, were
used as conditioning materials in this study.

Foam is in a typical gas—liquid two-phase unstable
state, with about 90% air and about 10% foam agent
solution. The properties of foam, such as foaming
formation and stability, are very important for improving
soil discharge and maintaining pressure at the excavation
face [35]. The foam expansion ratio (FER) and half-life
time (H-T) are important parameters reflecting the quality
of the foaming agent and the performance of the foam
[6,36,37].

The mass ratio of foam agent to solution is defined as
the concentration of foam agent solution, denoted by the
symbol a. Foam agent solutions with @ = 1%, 2%, 3%,
4%, and 5% were prepared, the FER and H-T were tested,
and the test results are shown in Fig. 2. It can be seen
from the figure that the concentration of foam agent
solution has an important impact on the stability of foam,
and the FER and H-T both increase with the increase of
concentration. When the concentration of foam agent
solution is low (1% < @ < 2%), the FER and H-T slowly
increase with the increase in concentration. When the
concentration increases from 2% to 3%, the FER and H-T
increase rapidly. When the concentration exceeds 3%, the
change of FER and H-T tends to be stable. Therefore, the
concentration of foam agent solution should not be too
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Fig.2 FERs of foam agent solution with different
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high, or it will cause waste. When a = 3%, the foam
expansion ratio is 16, and the half-life time of foam is
580 s, which matches the engineering experience (FER =
10-20 and H-T > 5 min) and the guidelines from the
European Federation for Specialist Construction Che-
micals and Concrete Systems for soft ground tunneling.
Therefore, the concentration of the foam agent solution in
this study was set to 3%.

Bentonite slurry is made by mixing bentonite and
water. Viscosity and specific gravity are two important
indicators for evaluating slurry performance. The mix
ratio S8 is defined as the mass ratio of water to dry
bentonite. Taking sodium bentonite as the research
object, bentonite slurries with 8 = 5,6,...,14,15 were
prepared, the viscosity and specific gravity of bentonite
slurries with different mix ratios were tested, and the test
results are shown in Fig. 3.

As can be seen from Fig.3, the funnel viscosity of the
bentonite slurry increases continuously with the increase
of hydration time, and the viscosity of the slurry
gradually reaches a stable state after hydration for 18—
24 h. Over the same hydration time (24 h), the viscosity
of the bentonite slurry decreases as the mix ratio
increases. When 10 < < 15, the apparent viscosity of the
slurry is lower than 15 mPa-s, the plastic viscosity is less
than 10 mPa-s, the specific gravity is 1.16—1.15, and the
slurry is relatively thin with a layering phenomenon after
slurrying. As g reduces further, the layering phenomenon
gradually disappeared, and the viscosity increased
significantly. When S < 5, the apparent viscosity reaches
30 mPa-s, the plastic viscosity is > 20 mPa-s and there are
water-insoluble clumps. When g = 8§, the viscosity and
specific gravity of the bentonite slurry can meet the
engineering needs. After comprehensive comparison, a
mixing ratio of 8 and a hydration time of 24 h are selected
as the slurry preparation parameters for subsequent
experiments.
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3 Laboratory tests on soil conditioning

3.1 Devices and procedures

Laboratory tests were conducted on gravelly sand,
moderately weathered argillaceous siltstone, and mixed
soil using foam and bentonite slurry. The optimal
injection ratios of conditioning materials for saturated
gravelly sand, moderately weathered argillaceous
siltstone with different water contents, and mixed soil
with different sand-rock ratios were analyzed through a
series of laboratory tests. The effects of the total injection
ratio (7IR) of the conditioning materials and the volume
ratio £ of foam and bentonite slurry on the performances
of conditioned soil were studied. The tests on conditioned
soil are shown in Fig. 4. The slump test, direct shear test,
and constant head permeability test were conducted in
accordance with ASTM C143/C143M-20 [38], ASTM
D3080-04 [39], and GB/T 50123-2019 [40] specifica-
tions, respectively.

The rock samples of moderately weathered argillaceous
siltstone were first crushed by a laboratory jaw crusher
with the aim of preparing irregular grains similar to those
in the real chamber of the EPB shield. As reported by
Peila et al. [4,5,41], rock fragments or grains larger than
20 mm have almost no effect on the formation of
clogging on the cutterhead and cutters. Therefore, these
grains were removed from the samples. In the crushed
moderately weathered argillaceous siltstone, the contents
of the particles with diameters in the ranges of < 1, 1-5,
5-10, and 1020 mm are approximately 6%—20%,
21%-32%, 27%-33%, and 21%-40%, respectively.
Previous research [4,17] has shown that such grain-size
distributions in samples are acceptable to characterize the
soils in the chamber of the EPB shield when tunneling in
moderately weathered argillaceous siltstone. The crushed
moderately weathered argillaceous siltstone has high
cohesion, with a liquid limit of 27.9% and a plastic limit
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Fig. 3 Properties of bentonite slurry: (a) Funnel viscosity; (b) apparent viscosity, plastic viscosity, and specific gravity.
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of 18.4%. So, the plasticity index is 9.5, and the soil is
classified as clay.

Considering the water-sensitive characteristics of clay,
soil samples crushed from moderately weathered
argillaceous siltstone with water contents of 18%, 20%,
and 22% were prepared for the conditioning test. For the
gravelly sand to be conditioned, water was added to
achieve a saturated water content of 20.4%. For each TIR,
it was subdivided into foam only, bentonite slurry only,
(=1:4,0=2:3,0=3:2,and {=4: 1 test cases. The
conditioning cases of crushed moderately weathered
argillaceous siltstone with water contents of 18%, 20%,
and 22% are listed in Table 2. The conditioning cases of
saturated gravelly sand are listed in Table 3. The volume
ratio of foam to soil to be conditioned is defined as the

{Soil to be conditioned

(a) (b)

415

injection ratio of foam, denoted by the symbol FIR. The
volume ratio of bentonite slurry to the soil to be
conditioned is defined as the injection ratio of bentonite
slurry, denoted by the symbol BIR. Three parallel tests for
each group were carried out, and the average value was
used as the final experimental result.

3.2 Conditioning results on gravelly sand

Slump test results of conditioned, saturated, gravelly sand
are shown in Figs. 5 and 6, where the following points
can be observed.

1) When only foam is used, the slump value of the
conditioned soil increases with the increase of FIR. Foam
wrapping the soil particles reduces the contact area and

Conditioned soil sample

RRRI|

XX

Fig. 4 Tests on conditioned soil: (a) slump test; (b) direct shear test; (c) constant head permeability test.

Table 2 Conditioning cases of crushed moderately weathered argillaceous siltstone with a water content of 18%, 20%, and 22%, respectively

Case TIR =2% TIR = 4% TIR = 6% TIR = 8% TIR = 10% TIR =12% TIR = 14%
FIR BIR FIR BIR FIR BIR FIR BIR FIR BIR FIR BIR FIR BIR
Foam only 2 0 4 0 6 0 8 0 10 0 12 0 14 0
Bentonite slurry only 0 2 0 4 0 6 0 8 0 10 0 12 0 14
(=14 0.4 1.6 0.8 32 1.2 4.8 1.6 6.4 2 8 2.4 9.6 2.8 11.2
(=23 0.8 1.2 1.6 2.4 2.4 3.6 3.2 4.8 4 6 4.8 7.2 5.6 8.4
=32 1.2 0.8 2.4 1.6 3.6 2.4 4.8 32 6 4 7.2 4.8 8.4 5.6
=41 1.6 0.4 3.2 0.8 4.8 1.2 6.4 1.6 8 2 9.6 2.4 11.2 2.8
Note: TIR = FIR + BIR.
Table 3 Conditioning cases of saturated gravelly sand with 20.4% water content
Case TIR = 5% TIR = 10% TIR = 15% TIR =20% TIR =25% TIR =30% TIR =35%
FIR BIR FIR BIR FIR BIR FIR BIR FIR BIR FIR BIR FIR BIR
Foam only 5 0 10 0 15 0 20 0 25 0 30 0 35 0
Bentonite slurry only 0 5 0 10 0 15 0 20 0 25 0 30 0 35
(=14 1 4 2 8 3 12 4 16 5 20 6 24 7 28
(=23 2 3 4 [ 6 9 8 12 10 15 12 18 14 21
=32 3 2 6 4 9 6 12 8 15 10 18 12 21 14
(=41 4 1 8 2 12 3 16 4 20 5 24 6 28 7

Note: TIR = FIR + BIR.
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Fig. 5 Results of slump tests carried out on saturated gravelly sand using a single conditioning material: (a) foam only; (b) bentonite slurry
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Fig. 6 Slump results of conditioned saturated gravelly sand.

friction between particles, resulting in a significant im-
provement of the fluidity. However, when FIR > 5%, the
slump value of the conditioned soil is too large, reaching
200-260 mm. The fluidity of the soil is obviously too
high, with poor cohesion, which is not conducive to the
smooth discharge from the screw conveyor.

2) When only bentonite slurry is used, the minimum
slump value of conditioned soil occurs at BIR = 5%. The
probable reason for this is that the gravelly sand itself has
very little cohesion, and a certain amount of bentonite
slurry can bond the sand particles. Subsequently, the
slump value of conditioned soil increased slowly with
increasing BIR, and the growth trend of slump value is
significantly slower compared to the case of foam only.
This indicates that the bentonite slurry is not as effective
as foam in improving the fluidity of gravelly sand.

When BIR > 17.5%, the slump value of the conditioned
soil can reach the desired target (150-200 mm), but there
are obvious bleeding and loose collapse phenomena,
which indicate that the cohesion of the conditioned soil
has been improved, but the water retention is insufficient.
Therefore, only using bentonite slurry for conditioning
can achieve certain improvements, but the effect on
water-rich sand is not satisfactory enough.

3) When ¢ = 1:4, 2:3, and 3:2, the slump values are
50-170 mm, 30-182 mm, and 86240 mm, respectively,
and the changing trend of the slump value is similar to the
case of bentonite slurry only. When ¢ = 4:1, the slump
values are 185-260 mm, and the changing trend is similar
to the case of foam only.

If we aim to minimize 7/R to reduce the cost and
maximize good workability of the conditioned soil, after
extensive comparisons of various combinations of
conditioning material injection, it was found that £ = 4:1
can achieve better performance of the conditioned soil at
a lower TIR ratio (TIR < 10%). Therefore, the volume
ratio of foam to bentonite slurry was determined as 4:1.
The test results of conditioned saturated gravelly sand
with different T/Rs at { = 4:1 are shown in Fig. 7. When
1% < TIR < 10% and ¢ = 4:1, the following observa-
tions can be made.

1) The slump value of the conditioned soil increases
approximately linearly with increasing 7/R, with a
goodness-of-fit of 0.9868 and a range of 142-210 mm.

2) The internal friction angle of the conditioned soil
decreases approximately linearly with increasing TIR,
with a goodness-of-fit of 0.9812. The internal friction
angle decreases by an average of 0.85° for every 1%
increase in TIR. The conditioning materials reduce the
shear strength and internal friction angle of the sand,
which will reduce the torque of the EPB shield and
cutter/cutterhead wear.



Kangjian ZHANG et al. Soil conditioning in composite strata

220 36 1407

= Slump value 2

i  Internal friction angle & — =i

210 4+ Permeability coefficient ¥ 7 e ©

3 o =

= 200 w“"\:&/ 34 % 7 30 N
E 190 o » =1 =
8 , / { : .E .§
S 180 1322 20,2
> & aq:)
g 170t V- E 8
£ ﬁ,\g g ;
@ 160 Py 1305102
150 t % = 1

i S8TIR, R - 0.997g 9,;./\){ Yo g

140 W 28 o 8

o 1 2 3 4 5 6 7 8 9

TIR (%)

Fig.7 Test results of conditioned saturated gravelly sand with
different T/Rs at /= 4: 1.

3) The permeability coefficient of the conditioned soil
reaches a magnitude in the order of —6 to —5, which is
significantly lower than that before conditioning and can
effectively reduce the risk of water spewing during EPB
shield tunneling. The permeability coefficient is affected
considerably by the TIR at TIR < 3%, and the change
curve of the permeability coefficient is gradually
stabilized after T/R > 3%.

The goals of gravelly sand conditioning are to improve
impermeability, flow plasticity, and reduce internal
friction angle. Taking the factors above into considera-
tion, it is recommended that the T/R of conditioning
material for saturated gravelly sand be 5%—7% and the
volume ratio of foam to bentonite slurry be 4: 1. At these
ratios, the slump value of conditioned soil is 180-
200 mm, the internal friction angle is 29.0°-30.7°, and
the permeability coefficient is lower than 10~ m/s, which
has met the requirements for preventing water spewing
[36,42,43].

3.3 Conditioning results on moderately weathered
argillaceous siltstone

The curve of slump versus water content for moderately
weathered argillaceous siltstone without conditioning
material injected is shown in Fig. 8. As can be seen from
the figure, the slump value of moderately weathered
argillaceous siltstone is less than 20 mm when the water
content is less than the plastic limit. The slump value
increases continuously with the increase of water content
when the water content is greater than the plastic limit.
When the water content reaches 35%, the slump value of
moderately weathered argillaceous siltstone is about 170
mm. At this water content, although the slump value of
soil basically meets the engineering requirements, the
cohesion is still high.

Conditioning tests were carried out on crushed
moderately weathered argillaceous siltstone using foam
and bentonite slurry, and the slump values of conditioned
soil with different water contents are shown in Fig. 9,
from which the following several points can be seen.
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Fig.8 Curve of slump versus water content for moderately
weathered argillaceous siltstone without conditioning.

1) When the same conditioning scheme is used, the
slump value of conditioned soil increases with an increase
in TIR and water content.

2) The bentonite slurry has a significant improvement
effect on the flow plasticity of crushed moderately
weathered argillaceous siltstone. The influence of
bentonite slurry on the slump value of conditioned soil is
greater than that of foam.

3) Due to the crushed argillaceous siltstone's better
water absorption, many injected foams break down,
resulting in a poor improvement in the performance of
conditioned soil. Therefore, foam is not suitable for soil
conditioning when using an EPB shield to excavate in
moderately weathered argillaceous siltstone.

4) When the same water content and 77R are used, the
slump value of conditioned soil decreases with the
increase of FIR. The main reason is that the burst foam
fails to condition soil, and the content of effective
conditioning material in the injected material decreases at
a certain 7/R.

Previous research [17] has shown that the slump value
of 170-200 mm for crushed moderately weathered
argillaceous siltstone is appropriate for EPB excavation.
The optimal injection ratio of conditioning material
shown in Table 4 can be obtained by taking 170-200 mm
as the target slump range for conditioned soil.

3.4 Conditioning results on sand—rock composite strata

When EPB shield tunneling in composite strata, both the
upper gravelly sand and the lower moderately weathered
argillaceous siltstone will appear on the excavation face
simultaneously. The sand—rock ratio in this study refers to
the arc height (sagitta) ratio corresponding to gravelly
sand and moderately weathered argillaceous siltstone on
the excavation face, represented by the symbol ¢. The
actual EPB shield excavates from full-face sand (¢ = o)
to full-face rock (¢ = 0) stratum. Five typical sand-rock
ratios are studied here, and the tunnel faces with different
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Fig. 9 Slump values of conditioned, moderately weathered argillaceous siltstone with different water contents: (a) w = 18%; (b) w = 20%;
() w=22%.
Table 4 Injection ratios of conditioning material at the target slump value of 170-200 mm
Water content of moderately weathered Injection scheme TIR (%) FIR (%) BIR (%)
argillaceous siltstone (%)
w=18 bentonite slurry only 12.8-15.4 0 12.8-15.4
bentonite slurry only 11.1-13.5 0 11.1-13.5
w=20
(=14 12.2-15.4 2.44-3.08 9.76-12.32
» bentonite slurry only 9.4-11.6 0 9.4-11.6
W=
(=14 10.3-12.6 2.06-2.52 8.24-10.08

sand-rock ratios are shown in Fig. 10.

It is assumed that the volume ratio of the two types of
soils excavated per unit distance of EPB shield advance is
equal to the area ratio of the two strata on the tunnel face.
Based on the above-obtained optimal injection ratios of
conditioning materials for full-face sand (¢ = o) and full-
face rock (¢ = 0), the injection ratios for composite strata
can be obtained by weighted summation according to the
area ratio of different strata on the tunnel face, as given in
Table 5. The water content of the gravelly sand in the
table is the saturated water content of 20.4%, and the
water content of the moderately weathered argillaceous
siltstone is either 18%, 20%, or 22%, respectively. The

sand and rock samples were mixed according to the
volume ratio to obtain the mixed soil, and their slump
values are given in Table 5. The average values of slump
are all in the range of reasonable slump 170-200 mm,
which indicates that the proposed conditioning schemes
and injection ratios for the composite strata are
reasonable.

4 Miniature EPB shield model tests

The effectiveness of the conditioning scheme obtained
from the laboratory tests for composite soil with different
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Fig. 10 Tunnel faces with different sand-rock ratios.

Table 5 Injection ratios of conditioning materials and corresponding
slump values for composite strata
Water content of ¢ FIR (%) BIR (%) Slump  Standard
moderately weathered average deviation
argillaceous siltstone (%) value (mm) (mm)
w=18 3 3.22451 331-4.14 180 4
1 2.00-2.80 6.90-8.40 173 2
1/3 0.78-1.10 10.49-12.66 175 5
w=20 3 322451 297-3.77 188 6
3.70-5.11 2.71-3.53 190 4
1 2.00-2.80 6.05-7.45 172 2
3.22-4.34 5.38-6.86 185 5
1/3 0.78-1.10 9.13-11.13 175 3
2.74-3.57 8.05-10.19 174 4
w=22 3 322451 2.64-3.39 181 5
3.62-5.00 2.42-3.10 189 6
1 2.00-2.80 5.20-6.50 170 3
3.03-4.06 4.62-5.74 184 5
1/3 0.78-1.09 7.76-9.61 183 5
2.44-3.12 6.82-8.38 192 6

sand-rock ratios needs to be further verified by model
tests. A miniature EPB shield test was carried out to
analyze the indicators of thrust, torque, soil pressure in
the soil chamber, and soil pressure in the screw conveyor
during shield machine tunneling.

4.1 Miniature EPB shield

Zhang etal. [44] reported a full-face Tunnel Boring
Machine tunneling test system. The test system comprises
three primary components: soil box, propulsion, and
tunneling device, as well as data sampling and control
system. This test system was upgraded to include soil
pressure balance and conditioning material injection, as
shown in Fig. 11.

The upgraded test system has added a soil chamber, a
screw conveyor, a soil pressure sensor, and a conditioning
material injection system. There are two independent
tubes leading to the soil chamber, which can be used to
inject foam, bentonite slurry, and other materials
according to requirements. Based on a geometric length
similarity ratio of 20, the excavation diameter of the

cutterhead is set to 314 mm, the outer diameter of the
screw conveyor is set to 40 mm, and the major and minor
diameters of the spiral shaft are set to 34 and 18 mm. The
soil chamber and screw conveyor are equipped with a
total of six soil pressure sensors, which can monitor the
soil pressure during the soil conveying process. The
locations of the soil pressure sensors are shown in
Fig. 11(b).

The cutterhead used in the test is equipped with one
star-shaped center cutter with a 19 mm tip, 24 positive
cutters with 13 mm tips, and the opening ratio of the
cutterhead is about 35%, which matches the actual
cutterhead. Twelve stirring rods behind the cutterhead
allow for the mixing of the soil and injected conditioning
material. The miniature EPB shield is also equipped with
various sensors, such as a pull rope displacement sensor,
a force sensor, a rotary torque sensor, and a rotational
speed sensor. The upgraded test system can more
realistically simulate the EPB shield tunneling process
and study the influence of shield operation parameters
(thrust, torque, penetration rate, rotational speed of the
cutterhead, screw conveyor, etc.) on the tunneling
performance.

4.2  Scheme of model tests

The gravelly sand and moderately weathered argillaceous
siltstone used in the model tests are collected from the
engineering site, and they are all undisturbed soil/rock
samples. The gravelly sand in the soil box is water-
saturated, and the water content of the moderately
weathered argillaceous siltstone is 20%. The longitudinal
profile of the model soil is shown in Fig. 12. The actual
EPB shield excavates from full-face sand (¢ = o) to full-
face rock (¢ = 0) stratum. Corresponding to field and
laboratory tests, the sand—rock ratio of the model test is
still typically set to o, 3, 1, 1/3, 0. The shield machine
advances sequentially into the strata A,—E, with a width
of 100 mm for each type of stratum, where A,-A, are
full-face gravelly sand strata, B,—B, are composite strata
with ¢ = 3, C,—C, are composite strata with ¢ = 1, D,-D,
are composite strata with ¢ = 1/3, and E,—E, are full-face
moderately weathered argillaceous siltstone strata.

In this research, the rotation speed of the cutterhead is
set to 1.2 r/min, and the rotation speed of the screw
conveyor is set to 3.0-4.0 r/min based on field
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Fig. 11 Photograph and detailed schematics of miniature EPB shield: (a) image of the upgraded test system equipment; (b) diagram of
equipment configuration.
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Fig. 12 Longitudinal profile of model soil.

engineering and similarity theory [45]. Regardless of the
ground volume loss caused by excavation, the injection
ratios of conditioning material (i.e., FIR and BIR)
obtained from the laboratory tests for different strata are
converted into time-dependent injection parameters for
the model tests, as given in Table 6. Based on the
parameters in the table, the tunneling simulation tests are
conducted using the miniature EPB shield.

4.3 Test results and analyses

The thrust and torque curves of the miniature EPB shield
are shown in Fig. 13, from which the following points can
be seen.

1) Compared to the strata dominated by gravelly sand
(¢ > 1), when the cutterhead is tunneling into a stratum
dominated by argillaceous siltstone (¢ < 1), the thrust
increases by approximately 6%, and the torque fluctua-
tion decreases.

Table 6 Injection parameters of conditioning materials in model test 2) For strata with the same sand-rock ratio, the
Stratum  Foam, — Bentonite slurryStratum ~ Foam, — Bentonite slurry  djfference in thrust (torque) between the two conditioning
(mL-s™) (mL-s™) (mL-s™) (mL-s ™) . . . .
material injection schemes obtained from the soil
A 2.3-3.3 0.5-0.8 Ay 2333 0.5-0.8 conditioning tests is not significant, verifying the
B, 1.8-2.6 1.6-2.0 B, 2129 1.4-1.8 accuracy of the soil conditioning tests.
3) The thrust and torque of different sand-rock ratio
C, 1.1-1.6 3.2-3.9 C, 1823 2.8-3.3 o .
strata fluctuate within an acceptable range, with a
D, 0.4-0.6 4.7-5.8 D, 14-18 4.1-4.8 relatively stable fluctuation trend, which stabilizes the
E, 1214 5.0-5.9 E, 0 5870 tupnehng pargmeters and verifies the effectiveness of the
soil conditioning schemes proposed above.
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Fig. 13  Thrust and torque curves of miniature EPB shield.
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Soil pressure curves in the soil chamber of the
miniature EPB shield are shown in Fig. 14. The pressure
variation ranges for #1, #2, and #3 sensors are 5.0-11.1,
5.1-10.9, 5.1-11.9 kPa, with average values of 7.6, 7.9,
and 7.9 kPa, respectively. The pressure fluctuation range
(and average value) of each sensor in the soil chamber are
close to each other, indicating the stable pressure in the
soil chamber during the tunneling process. The proposed
injection schemes ensure the stability of the excavation
face and enhance the adaptability of shield machine
excavation in composite strata with different sand-rock
ratios.

Soil pressure curves in the soil chamber of the screw
conveyor of the miniature EPB shield are shown in Fig.
15. The pressure variation ranges for #4, #5, and #6
sensors are 1.3-2.4, 0.9-2.0, and 0.6-1.7 kPa, with
average values of 1.9, 1.4, and 1.2 kPa, respectively. The
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pressure fluctuation ranges of the sensors at different
locations in the screw conveyor are different. The soil
pressure of sensor #4, which is closest to the soil
chamber, is the largest, followed by sensor #5, and sensor
#6 is the smallest. When the shield machine is tunneling
in a full-face sandy stratum, the soil pressure in the screw
conveyor is generally lower than the average value.

The slump value of soil discharged from the screw
conveyor was tested. It was found that the slump values
of the soils from different sand—rock ratio strata were
distributed within a reasonable range of 170-200 mm,
and the flow plasticity of the soils was better. This
experiment verifies the feasibility of the upgraded
miniature EPB shield test system, which cannot only
evaluate the flow plasticity of the conditioned soil but
also assess the impact of soil conditioning on shield
machine tunneling control.
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Fig. 14 Soil pressure curves in the soil chamber of miniature EPB shield.
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5 Field tests

5.1 Tunnel overview

The tunnels from the People’s Park Station to Dinggong
Road North Station on Nanchang Rail Transit Line 4 in
China were constructed using the EPB shield excavation
method. The buried depth of the tunnel ranges from 10.94
to 23.69 m, and the groundwater level is between 3.2 and
9.8 m below the surface.

Figure 16 shows the longitudinal engineering geology.
The shield tunnel passes through strata that mainly
consist of coarse sand, gravelly sand, round gravel, highly
weathered argillaceous siltstone, and moderately
weathered argillaceous siltstone, of which the combined
percentage of gravelly sand and moderately weathered
argillaceous siltstone reaches 80%. The EPB shield
excavates from full-face sand (¢ = =) to full-face rock
(¢ = 0) stratum. The tunneling distance in composite
strata of gravelly sand and moderately weathered
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total length of the tunnel. The detailed correspondences
between sand-rock ratio and segment ring number are
shown in Figs. 17-19 and will not be repeated here.

The high permeability of the gravelly sand increases the
risk of water spewing from the screw conveyor during
EPB shield tunneling. At the same time, the high
cohesion of moderately weathered argillaceous siltstone
also increases the risk of clogging the cutterhead and
cutters. The composite ratio of the two strata on the
excavation face is variable, and the performance of mixed
soil in the soil chamber has a significant impact on the
safety of shield tunneling.

5.2 Field test results

The soil conditioning schemes obtained in the laboratory
were applied to the actual engineering environment. Ye
etal. [17,46] proposed a method for calculating the foam
consumption per ring of shield tunnel by considering the
stratum looseness as well as the pressure of the soil
chamber. Based on those studies, the conditioning

argillaceous sandstone accounts for about 50% of the material injection ratios (i.e., FIR and BIR) obtained from
20
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Fig. 16 Engineering geology: (a) longitudinal geological profile; (b) proportion of strata within the range of shield tunneling.
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Fig. 19 Penetration rate of EPB shield in the actual engineering environment.

the laboratory tests were converted to the injection
volume per ring used in the engineering context. In the
actual tunnel excavation, water was injected into the soil
chamber to make the water content of the soil reach about
20%. The change curves of foam and bentonite slurry
injection volume are shown in Fig. 17, in which the
“suggested upper limit” and “suggested lower limit” are
all converted from the laboratory test results given in
Table 5.

As can be seen from the figure, the injected volume of
foam and bentonite slurry in the actual engineering
environment shows a fluctuating trend. The reason is
mainly that the EPB shield is tunneling in water-rich
strata, and the abundant groundwater leads to the water
content of the soil in the soil chamber changing greatly.
The injected volume of conditioning material has a
sudden change every time the shield enters the next
stratum. The amount of foam used in the sand stratum is
larger than that in the rock stratum, with a difference of
49.4 L/ring, and the amount of bentonite slurry used in
the rock stratum is larger than that in the sand stratum,
with a difference of 5.96 L/ring. Comparing the actual
and the recommended injection volume of conditioning

material, it can be found that the two values are basically
consistent, and the actual injection volume generally falls
into the range of the recommended injection volume. The
EPB shield did not show any water spewing from the
screw conveyor or clogging the cutterhead and cutters
during the entire tunneling process.

The change curves of thrust, torque, and penetration
rate of the EPB shield in the actual engineering
environment are shown in Figs. 18 and 19. The thrust
range is 13.0-23.8 MN, which is less than the rated thrust
of 37.0 MN, and the torque range is 2.228-4.587 MN-m,
which is less than the torque results of Li et al. [18]. The
average penetration rate is 42.21 mm/min, with a
coefficient of variation of 12.12%. The relatively stable
penetration rate in different strata indicates that the
proposed soil conditioning schemes reduce the impact of
strata changes on the penetration rate. There are no
abnormal fluctuations in the thrust, torque, and
penetration rate curves. It shows that the simultaneous
use of foam and bentonite slurry for soil conditioning of
water-rich composite strata improves the stability of
shield machine tunneling, and the effect of soil
conditioning is remarkable.
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6 Conclusions

The changing sand-rock ratio on the excavation face
leads to a greater risk of water spewing and clogging on
the cutterhead, posing enormous challenges to soil
conditioning. In this research, laboratory tests were
performed on conditioned soil to determine the optimal
injection ratios of conditioning materials for the
composite strata with sand above and rock below. The
soil conditioning effect and the -characteristics of
tunneling parameters in composite strata were
investigated through model and field tests. The following
conclusions can be drawn.

1) The 4:1 volume ratio of foam to bentonite slurry
achieves better performance of the conditioned gravelly
sand at a lower TIR (TIR < 10%). In the range of 1% <
TIR < 10% and ¢ = 4:1, both slump value and internal
friction angle of the conditioned gravelly sand are
approximately linearly correlated with 77R, and the
permeability coefficient is significantly affected by the
TIR at TIR < 3%.

2) The bentonite slurry has a significant improvement
effect on the flow plasticity of crushed moderately
weathered argillaceous siltstone. The influence of
bentonite slurry on the slump value of conditioned soil is
greater than that of foam. Keeping the water content and
TIR constant, the slump value of conditioned soil
decreases with the increase of FIR.

3) The optimal injection ratios for composite strata can
be obtained by weighted summation according to the area
ratio of different strata on the tunnel face based on the
optimal injection ratios of conditioning materials for full-
face sand and full-face rock.

4) A miniature EPB shield model test system was
upgraded to model the soil pressure balance, conditioning
material injection, and tunneling control. The model and
field test results of thrust, torque, and soil pressure in the
soil chamber and screw conveyor validate the
effectiveness of the proposed soil conditioning schemes.
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