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Abstract. A set of slurry shield test system capable of cutter cutting and slurry automatic circulation is used to investigate the
deformation characteristics, the evolution characteristics of support resistance and the distribution and evolution process of earth
pressure during excavating and collapsing of slurry shield tunneling in circular-gravel layer. The influence of cover-span ratio on
surface subsidence, support resistance and failure mode of excavation face is also discussed. Three-dimensional numerical
calculations are performed to verify the reliability of the test results. The results show that, with the decrease of the supporting
force of the excavation face, the surface subsidence goes through four stages: insensitivity, slow growth, rapid growth and
stability. The influence of shield excavation on the axial earth pressure of the front soil is greater than that of the vertical earth
pressure. When the support resistance of the excavation face decreases to the critical value, the soil in front of the excavation
face collapses. The shape of the collapse is similar to that of a bucket. The ultimate support resistance increase with the increase
of the cover-span ratio, however, the angle between the bottom of the collapsed body and the direction of the tunnel excavation
axis when the excavation face is damaged increase first and then becomes stable. The surface settlement value and the range of
settlement trough decrease with the increase of cover-span ratio. The numerical results are basically consistent with the model

test results.
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1. Introduction

Underground facilities (i.e., subway tunnel, municipal
pipeline, and oil storage tank) are often constructed by
shield tunneling method in soft ground (Eskandari 2018,
Kim et al. 2020, Jeon et al. 2020). According to the support
type of excavation face, Siegmund Babendererde divides
the tunnel excavation machinery into slurry balance shield
and earth pressure balance shield (Babendererde 1991). The
selection of shield type is closely related to formation
permeability and particle composition. In general, when the
permeability coefficient of the formation is less than 10’m
s-! or is mainly composed of clay and muddy soil, the earth
pressure balance shield can be selected, but when the
permeability coefficient of the formation is greater than
10*m s-! or mainly composed of gravel and coarse sand, the
slurry shield should be selected (Editorial Department of
China Journal of Highway and Transport 2015). The
supporting medium of the excavation face of the slurry
shield is fluid, while the supporting medium of the
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excavation face of the earth pressure balance shield is the
excavated material itself. For the slurry shield, the fluid
composed of water and additives can be filtered and
precipitated on the surface of the excavation face to form an
impervious layer. This layer then transfers the pressure of
the support fluid to the ground. The stability of the
excavation face is always one of the most important aspects
in the process of shield tunnel excavation, especially under
bad geological conditions (Alagha and Chapman 2019,
Zeng et al. 2019). Many factors, such as shear strength and
permeability of the soil, mud pressure, suspension
parameters, tunnel geometric parameter, etc., will affect the
stability of the excavation face (Anagnostou and Kovari
1994). In extreme cases, the collapse propagates up to the
ground surface creating significant surface subsidence.
Therefore, it is necessary to gain a better understanding of
the stability of the excavation face of the shield tunnel
under bad geological conditions (Zhang et al. 2018, Xu and
Bezuijen 2019).

The stability of the structure is one of the major issues
that designers are concerned about (Han et al. 2019, Liu et
al. 2019, Xue et al. 2019). In the past few decades, some
scholars have conducted some researches on the stability of
slurry shield tunnel excavation (Anagnostou and Kovari
1994, Anagnostou and Kovari 1996, Mansour and Swoboda
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1997, Broere 1998, Chou et al. 2001, Broere and van Tol
2001, Li et al. 2009, Zhang et al. 2011). Anagnostou and
Kovari (1994) and Mansour and Swoboda (1997) studied
the relationship between shear strength, the permeability of
soil, earth pressure, slurry pressure, suspension parameters,
geometric parameters of tunnel and safety factor during
slurry shield tunnel excavation. Mansour and Swoboda
(1997) also put forward a criterion for identifying the
ultimate stable state of shield tunnel excavation face based
on the yielding concept. Chou et al. (2001) analyzed the
stability of the shield tunnel across the liquefiable soil layer,
and put forward the anti-liquefaction measures for grouting
reinforcement of the liquefiable soil layer. Broere (1998)
and Broere and van Tol (2001) proposed an improved
method that can be used to calculate the minimum support
pressure of slurry shield excavation face in heterogeneous
soft soils. Additionally, they found that the influence of
horizontal layer boundaries on the support pressure is
significant (Broere 1998). Li et al. (2009) used the upper
bound method of limit analysis and the three-dimensional
numerical simulation method to study the stability of slurry
shield excavation face in soft clay. Zhang et al (2011)
proposed a discrete element numerical method which can
simulate the excavating process of the slurry shield. This
method is used to analyze the influence of the change of
support pressure and buried depth on the stability of the
excavation face when the slurry shield tunnel is excavated
in soft soil.

The initial researches on slurry shield tunnel mainly
focused on the analysis of the influence factors of tunnel
stability, control technology and the optimal design of
construction parameters (Eisenstein and Ezzeldine 1992,
Maid 1992, Uchida et al. 1992, Anagnostou and Kovari
1994, Yamaguchi et al. 1998, Swoboda and Abu-Krisha
1999, Chou et al. 2001). In addition, the initial research
methods on the stability of slurry shield tunnel are mainly
numerical simulation and theoretical analysis, while the
model test method is rarely used (Anagnostou and Kovari
1994, Anagnostou and Kovari 1996, Broere 1998, Broere
and van Tol 2001, Li et al. 2009, Zhang et al. 2011). One of
the main reasons is the complexity of the slurry shield test
system. However, as an important means to study the
mechanical behavior of engineering structures or natural
geological bodies, model test plays an important role in
revealing the mechanism of phenomena (Smith et al. 2016,
Wang et al. 2018). Therefore, in recent years, a number of
scholars have studied the stability (Zizka et al. 2019, Huang
et al. 2020), segment bearing performance (Chaipanna and
Jongpradist 2019, Zhang et al. 2019), excavation
disturbance and surface subsidence (Kim et al. 2018, Park
et al. 2018, Jallow et al. 2019, Naseem et al. 2019,) of
slurry shield under different geological and construction
conditions. At the same time, some test systems which can
simulate the main construction process of the slurry shield
have been developed one after another (Kiipferle er al.
2018).

Although the above researches have provided some
insights into the stability, construction disturbance, design
and construction of slurry shield tunnel, the evolution of
support resistance and the mechanical response of soil

(deformation characteristics and earth pressure distribution
and evolution characteristics) of slurry shield tunnel in the
process of excavation and excavation face instability have
not been fully explored, especially in circular-gravel layer.
The circular gravel layer has strong permeability, which is
not conducive to the formation of a stable slurry film on the
excavation face, making it difficult to well guarantee the
stability of the excavation face. The circular gravel layer is
widely seen in southern China, so a slurry shield is
frequently used there. This necessitates more in-depth
studies on the stability of slurry shield tunnels in the
circular-gravel layer. In addition, in most cases, simulation
of the excavation face failure process is conducted by
removing the excavation face support plate from the slurry
shield test equipment (Lv et al. 2016, Li et al. 2018). There
are few slurry shield model test systems that are capable of
shield tunneling, slurry circulation and support pressure
control of excavation face.

The paper aims to study the stability of slurry shield
tunnels in the circular-gravel layer. For this purpose, a
slurry shield test system which can realize cutter head
cutting and slurry automatic circulation has been developed.
A similar material suitable for simulating circular-gravel
layer and a slurry material capable of forming a stable
permeable slurry film on the excavation face are prepared.
Subsequently, the physical model tests with cover-span
ratios (calculated from the ground surface to crown of a
tuunel) of 0.5, 1.0 and 1.5 were carried out to study the
deformation characteristics of circular-gravel layer, the
evolution characteristics of support resistance of excavation
face and the distribution law and evolution process of earth
pressure during excavating and collapsing of slurry shield
tunneling in circular-gravel layer. The effects of cover-span
ratio on surface subsidence, support resistance and failure
mode of excavation face are discussed. In addition, a
boundary condition and a three-dimensional numerical
model which is basically consistent with the model test are
established to verify the reliability of the model test results.

This paper is arranged as follows. The background is
stated in Section 2. The developed slurry shield test device
and the slurry performance and main test steps are
described in Section 3. The deformation characteristics of
circular-gravel layer, the evolution characteristics of support
resistance and the distribution and evolution process of
earth pressure during excavating and collapsing of slurry
shield tunneling in circular-gravel layer are analyzed, and
the influence of cover-span ratio on surface subsidence,
support resistance and failure mode of excavation face are
discussed in Section 4. A numerical calculation for
verification purposes is performed in Section 5, and the
conclusions are drawn in Section 6.

2. Background

The interval of Qingxiushan station-Boyilu station of
Nanning Rail Transit Line 3 starts from the north end of
Boyi lu station, through Longti Road, Caifeng Road and
Yongjiang river to the north bank of Yongjiang river, and
then along Qingshan road northbound, finally arrive at
Qingxiushan station (Liu ef al. 2021). The start mileage of
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Fig. 1 The location map for the interval of Qingxiushan station-Boyilu station of Nanning Rail Transit Line 3

<+— Z (Y) DK20+229.6

Lengend

= Fal B Clay

== sit

Altitude (m a.s.l)

84
Z (Y) DK22+220.6

Shield tunnel

E==5 Fine sandstone

B circular-gravel layer BB Mudstone 228 Siltstone [T _] Stable groundwater level

Fig. 2 Stratum information and location of the tunnel (Liu et al. 2021)

Table 1 Physical and mechanical parameters of circular-gravel soil and similar materials (Liu ef al. 2021)

Bulk density =~ Compression modulus . Internal friction Permeability
Type (KN/m?) (MPa) Cohesion (kPa) angle (°) coefficient (cm/s)
circular-gravel soil 19.9 12.9 0 32.0 3.47x10*
Similar material 19.9 1.1 0 30.2 9.3x107

the interval is Z(Y)DK20+229.6, and the end mileage is
Z(Y)DK22+220.6. The tunnel length of the left line is
1987.1 m and the tunnel length of the right line is 1990.8 m.
The spacing between tunnels is 10.0~32.7 m. The buried
depth of the tunnel is 8.4 to 50.0 m. The tunnel runs under
the houses on both sides of Caifeng Road, Nanning Bridge,
and the tourist center of the Qingxiu mountain. The project
position of this section is shown in Fig. 1.

Two slurry balance shields with a diameter of 6.28 m are
used for construction. In the I zone near the end (axis length
195.6 m), a large cross-section of the slurry shield passes
through the boulder stratum (See Fig. 2). The circular
gravel layer lies below the water table which is mainly
composed of boulders, cobble and sand. The majority of the
particle size is 2~20 mm, with a few being 30~50 mm. Fig.
3 shows the particle size distribution curve of circular-

gravel soil (Liu ef al. 2021). Table 1 shows the physical and
mechanical parameters of circular gravel (Liu ef al. 2021).

3. Test scheme design

To study on the stability of slurry shield tunneling in
circular-gravel layer, a test method similar to the one in
previous studies (Liu et al. 2021) was employed, which
should be described in detail in this paper.

3.1 Determination and calculation of similarity scale

Analog scales are determined by considering field
geological conditions, research objectives and performance
of testing equipment. The diameter of the model shield
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Fig. 3 Particle size distribution curves of circular-gravel soil
and similar material (Liu et al. 2021)

machine is 500 mm while the slurry balance shields with a
diameter of 6.28 m are used for construction in the field,
hence, the geometric similarity scale Cp and bulk density
similarity scale Cy of the experimental model is 1/12.56 and
1 respectively. The similarity ratio of the elastic modulus
(Ckg) is also 1/12.56. Thus, analog scales of other parameters
can be deduced according to the analogy theory as follows

Co=Cs=Ce=C=1/12.56 (1)
C,=C.=C,=1 ©)
C=1/3.54 3)

where C; is similarity scale of stress; Cs is similarity scale
of displacement; Cg is similarity scale of compression
modulus; C. is similarity scale of cohesion; C,, is similarity
scale of Poisson’s ratio; C; is similarity scale of strain; C,, is
similarity scale of internal friction angle; Cqis similarity
scale of permeability coefficient.

3.2 Similar materials

The mechanical characteristics of strata are the focus of
this paper, therefore, the similarity of mechanics and
permeability is mainly considered when making similar
materials In the experiment, the particle size of the original
circular-gravel soil is reduced to obtain the available similar
material. Similar soils were obtained through the
consolidation tests, direct shear tests and penetration tests
(Liu ef al. 2021). Similar soils are made of gravel of 5~10
mm, fine gravel of 2~5 mm, coarse sand of 0.5~2 mm,
medium sand of 0.1~0.5 mm and fine sand < 0.1 mm. Table
1 shows the physical and mechanical parameters of similar
materials. Fig. 3 shows the particle size distribution curve
of similar materials.

The slurry is mixed with water, bentonite, clay and
sodium carboxymethyl cellulose. A total of 9 groups of
slurry are mixed. Hydrometer and slurry viscometer are
used to determine the density (p) and viscosity (v) of slurry
at different ratios. The experiment of slurry permeation is
carried out by using a self-designed permeation device. Fig.
4 shows the typical slurry film morphology formed after
three groups of slurry permeability tests. When the density

@

Fig. 4 Typical forms of slurry film. (a) p=1.05g/cm?3, v=21s,
(b) p=1.16g/cm?, v=31s and (c) p=1.24g/cm?, v=41s (Liu et
al. 2021)

and viscosity of the slurry are low, the slurry film can not be
formed on the surface of similar materials (Fig. 4(a)). When
the density and viscosity of the slurry are high, a slurry film
of a certain thickness (Figs. 4(b) and 4(c)) can be formed on
the surface of similar materials after infiltration, and the
thickness of the slurry film increases with the increase of
slurry density and viscosity. Considering that the density
and viscosity of the slurry used in Fig. 4(b) are close to that
of the field (Liu et al. 2020), this group of slurry (with
p=1.16g/cm’® and v=31s) is used in this model test. The
mass ratio of each material in the slurry is water: bentonite:
clay: sodium carboxymethyl cellulose = 10: 1: 1.2: 0.008
(Liu et al. 2021).

3.3 Testing apparatus

The test is carried out by using a self-designed slurry
balance shield test system (Liu ef @l.2021), as shown in Fig.
5. The test system is composed of a model tank, excavation
and propulsion system, slurry circulation system and
measurement system. The size of the model tank is 1.6 m x
1.4 m x 1.8 m. The model tank is made of a 2 cm thick steel
plate. There is a reinforcement beam at the top of the tank
to ensure its sufficient stiffness. A 0.8 m x 1.6 m door is
placed on the side of the tank to facilitate taking out the
similar material after the test. The shield machine model is
composed of a guiding cylinder, shield shell, motor and
cutter head. The diameter of the model shield machine is
500 mm. Three upper, middle and lower seepage gauges are
installed in the slurry chamber and a pressure gauge is
installed at the inlet pipe to measure the pressure in the
chamber. The slurry chamber is directly connected to the
inlet and outlet pipe. The shield machine propulsion system
consists of a screw jack and a reaction beam.

A displacement meter is installed on the propulsion
system. The displacement meter can collect the advancing
distance of the shield machine in real-time. The opening
rate of the cutter head is 38%. The slurry circulation system
consists of a slurry bucket, a detritus tank and a slurry
pump. The slurry is first pumped into the slurry bucket by
the slurry pool, and then the grouting pressure is adjusted
by adjusting the slurry pressure of the slurry bucket. The
composition of the slurry balance shield test system is
shown in Fig. 5.

3.4 Data collection

In the process of shield tunneling, the pressure of soil in
different directions is measured by earth pressure gauges.
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Fig. 5 Test system of slurry balance Shield (unit: mm) (Liu ez al. 2021). (a) Design drawing, (b) Picture of real object and

(c) Slurry circulation system

Fig. 6(a) shows the installation of the earth pressure gauge.
Fig. 6(b) shows the installation of the earth pressure gauge
in the A-A section. The earth pressure gauges located on the
left side of the shield axis are installed perpendicular to the
horizontal direction to measure the change of the horizontal
pressure of the surrounding soil during excavating. The
earth pressure gauges located on the right side of the shield
axis are installed perpendicular to the vertical direction to
measure the change of the vertical pressure of the
surrounding soil during excavating. The earth pressure
gauges located in front of the shield axis are installed
perpendicular to the vertical direction and perpendicular to
the excavation direction. The distance between the two
adjacent earth pressure gauges is 50 mm to avoid mutual
influence. Fig. 6(c) shows the installation of earth pressure
gauges in the B-B section. The earth pressure gauges used
in the test are the LY-350 strain type miniature earth
pressure gauges, which have a maximum range of 50 kPa, a
0.5 % accuracy, and a working voltage of 2 V.

In the process of excavation, the surface subsidence is
measured by a push rod displacement sensor with the
models 5G105 and 5G107. The 5G105 sensor has a
maximum range of 100mm, a mechanical stroke of 100+3
mm, a precision of 0.01 mm, and a nonlinear error of less
than or equal to 0.25%; the 5G107 sensor has a maximum
range of 300 mm, a mechanical stroke of 200+3 mm, a
precision of 0.01 mm, and a nonlinear error of less than or
equal to 0.25%. The above two sensors are operating at 2V.
The displacement sensor is fixed on the self-made bracket.
Fig. 7(a) shows the installation of the push rod displacement
sensor (Liu et al. 2021).

The change of slurry pressure in the slurry chamber is
measured by the osmometer with a model LY-350 strain-
type microseepometer. The osmometer has a range of 0-30
kPa, an accuracy of 0.5%, and a nonlinear error of less than
0.25%. Fig. 7(b) shows the installation of the osmometer
(Liu et al.2021).

A static strain acquisition instrument with model
DH3816N is used to collect the data measured by each
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sensor (Liu ef al. 2021). It is suitable for measuring strain
stress, force, pressure, torque, displacement, temperature,
and other physical quantities in model tests. Full bridge,
half-bridge, three-wire system 1/4 bridge, and public
compensation 1/4 bridge are all supported by the data
acquisition instrument, with a bridge voltage of 2 VDC. The
strain range is 60000 pe, with a minimum resolution of 0.1
ue; the voltage range is 0-2 V, with a minimum resolution of
5 uV. Fig. 8 shows the sensors and acquisition instruments
used in the experiment.

3.5 Test procedures

This test is mainly divided into the preparation stage and
excavation stage (Fig. 9 and 10 show the main process of
physical model testing). The detailed procedures are as
follows.

Preparation stage :
(1) Preparation of circular-gravel soil and slurry. The

© (d)

Fig. 8 Sensors and acquisition instruments. (a) Earth
pressure gauges, (b) Osmometer, (c) Pull rod displacement
sensor and (d) Static strain acquisition instrument

similar soil was proportioned according to the determined
ratio and fully stirred. The available slurry was prepared in
accordance with the determined ratio and expanded for 16
hours. The CMC was fully dissolved during the extrusion
by stirring continuously to achieve the required slurry
viscosity.

(2) Filling similar materials. First, a 10 cm high water
filter made of gravel with a particle size of 20-50 mm was
placed at the bottom of the model tank. Then the model tank
was filled with similar soils in layers of 20 cm thickness.
After each layer of soil was filled, the soil was tamped by
hammering for sufficient compactibility.

(3) Saturating similar materials by hydrostatic saturation
method. Each layer of similar soil was fully saturated by
hydrostatic saturation. Three layers of iron oxide powder
stained soil layer were laid at heights of 55 cm (center plane
of shield), 85 cm (5 cm above the shield), and 115 cm.

(4) Installation of measurement sensors. The earth
pressure gauges and osmometer were buried and fixed,
respectively, according to the instrument's layout diagram.
The displacement meter support was installed on the model
tank once all of the soil was filled and compacted. Then
displacement sensors were mounted on the support, with the
end of the sensor ensuring contact with the upper surface of
the soil.

Excavation stage

(1) Initial data collection. Collected the initial data from
the earth pressure gauges, osmometer, and displacement
Sensor.

(2) Slurry grouting. Turn on the slurry bucket valve and
hoist the slurry bucket to the required height for slurry
injection. Turn on the valves on the inlet and outlet slurry
pipes, thus the slurry reaches the slurry chamber and form a
slurry film on the excavated face. The slurry flowed
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Fig. 10 Test procedures. (a) Soil particle sieving, (b) Model
filling and sensor burying, (c) Slurry mixing, (d) Slurry
filter residue, (e) Cutter head cutting and (f) Taking out the
similar material

(e) (f)

smoothly out of the slurry pipe and maintained a constant
pressure in the slurry chamber, therefore the system reached
a preliminary equilibrium state.

(3) Excavation. After the slurry circulation was
stabilized, turn on the shield motor to make the cutter head
spiral. The soil was excavated by advancing the shield
machine with a constant velocity of 8.8 mm/min,
meanwhile, the slurry flow is maintained steadily in this
stage.

(4) Slurry circulation was achieved by transporting the
filtered slurry from the detritus tank to the slurry bucket by
a slurry circulation pump.

(5) Active collapse. First, stopped the shield machine's
advance when it reaches 30 cm and keep the cutter head
circling and the slurry circulating. Then, reduced the
chamber pressure to allow for the active collapse of the
excavation face.

4 Results and discussions

4.1 Effect of cover-span ratio on ground surface
subsidence

Figs. 11 (a)-11(c) shows the vertical displacement curve
of the ground surface above the shield during the test. It can
be observed that the ground surface subsidence decreases
with the increase of cover-span ratio. For the ground surface
displacement, a small uplift will generate in front of the
real-time excavation face. When the excavation face is
collapsed, a large amount of subsidence occurs on the
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Fig. 11 Variation curves of ground surface displacement
under different excavation length. (a) C/D=0.5, (b) C/D=1,
(c) C/D=15 and (d) Surface subsidence curves in the
process of active failure of excavation face

surface. The maximum value of the surface settlement for
slurry shield tunneling with the different cover-span ratios
is at the position of 0.5D in front of the excavation face.
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Fig. 11(d) shows the settlement curve of the maximum
settlement point of the ground surface during the failure
process of the excavation face under different cover-span
ratios. According to the characteristics of the curve, the
ground surface subsidence in the process of excavation face
failure can be divided into four stages.

Insensitivity stage (stage 1). When the shield stops
tunneling and reduces the pressure in the slurry chamber,
the ground surface subsidence is not sensitive to the
decrease of the supporting force of the excavation face, that
is, there is only slight or no subsidence on the surface.

Slow-growth stage (stage 2). In the process of
supporting resistance gradually approaching the critical
value of excavation face failure, the surface subsidence
approximately shows a slow linear growth trend. The slope

of the settlement curve at this stage is Sos > S1 > S 5.
Rapid-growth phase (stage 3). When the support
resistance falls below the critical value, the excavation face
will be destroyed. The slope of the surface subsidence curve
increases, and the growth rate of surface subsidence
increases. The order of the slope of the surface subsidence

curve at this stage is also Sos > S1 > Sis.

Stability stage (stage 4). After the failure of the
excavation face, the slope of the settlement curve decreases
rapidly. The surface subsidence finally stabilizes at a certain
constant value. In the test, it is observed that the soil
collapse caused by the failure of the excavation face does
not extend to the ground surface. This shows that a certain
range of soil arch structure is formed above the collapsed
space. The soil arch bears the earth pressure on the upper
part of the collapsed space. The ground surface no longer
continues to settle. This conclusion will also be verified in
later tests.

In addition, the duration of the four stages of surface
subsidence varies with the ratio of cover to span. The larger
the cover-span ratio is, the later the surface settlement
occurs, and the slower the settlement increases. This shows
that the larger the cover-span ratio is, the less sensitive the
surface subsidence is to the stability of the excavation face.
In the other words, when the cover-span ratio is small, that
is, the vertical distance between the surface and the
excavation face is small, the stratum settlement caused by
excavation face failure is easily transmitted to the surface.
However, when there is a large cover-span ratio i.c., a large
vertical distance between the surface and the excavation
face, the stratum settlement caused by the excavation face
failure is difficult to transmit to the surface.

Fig. 12 shows the contours of surface subsidence caused
by excavation face failure under different cover-span ratios.
It can be observed that the smaller the cover-span ratio is,
the larger the range of surface subsidence caused by the
failure of excavation face is. The point with the maximum
subsidence value in the settlement tank appears at 0.5D (D
is the shield diameter) in front of the shield excavation face.

4.2 Effect of cover-span ratio on support resistance of
the excavation face

Fig. 13 shows the variation curve of the pressure of the
slurry chamber during the whole process of the test. The
shield machine has a certain effect on the slurry chamber
pressure during excavating, so the slurry chamber pressure
fluctuates to a small extent (2 kPa). When the tunneling
reaches the final position (300 mm), the grouting pressure
begins to decrease and the slurry chamber pressure is also
reduced at the same time. When the slurry chamber pressure
drops to the limit value Pnin, damage to the excavation face
occurs. Meanwhile, the pressure in the upper, middle and
lower parts of the slurry chamber rapidly decreases.
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Fig. 13 Variation curves of slurry chamber pressure. (a)
C/D=0.5, (b) C/D=1.0 and (c) C/D=1.5.

Subsequently, as the slurry accumulates in the chamber, the
chamber pressure rebounds slightly.

The pressure in the middle of the slurry chamber is
defined as the ultimate support resistance of the excavation
face when the excavation face is damaged. The ultimate
support resistance is denoted by Pus. Then it can be inferred
that Pus=Pm min. Pusr increases with the increase of cover-
span ratio, i.e., 4.81 kPa (C/D=0.5), 5.11 kPa (C/D=1) and
5.61 kPa (C/D=1.5), respectively. And with the increase of
C/D, the decrease ratio of Py relative to the initial stable
value is greater. The ratio of the ultimate supporting
resistance of the excavation face to the stable chamber
pressure of the shield tunneling is defined as the ultimate

supporting force ratio of the excavation face. The stable
chamber pressure (refer to the average value of the pressure
in the middle part of the chamber) with different cover-span
ratios are 9.95 (C/D=0.5), 14.93 (C/D=1.0) and 19.91 kPa
(C/D=1.5), respectively. When C/D is 0.5, 1.0 and 1.5
respectively, the ultimate supporting force ratio of
excavation face is 0.48, 0.34 and 0.28 respectively.
Obviously, the ultimate supporting force ratio decrease with
the increase of the cover-span ratio. Under the same cover-
span ratio, the decreasing ratio of chamber pressure in the
upper part of the slurry chamber is higher than that in the
middle and lower parts. This is because the ultimate
supporting force of the excavation face in the slurry shield
construction is provided by the slurry chamber pressure,
which is an unevenly distributed force. As the pressure
gradient of the slurry chamber is different from that of the
excavation face, this will lead to a slight difference in the
equilibrium state of the upper and lower parts of the
excavation face. When the supporting force of the
excavation face decreases, the bottom of the excavation
face first reaches the limit equilibrium state, while the upper
supporting force continues to decrease until the excavation
face becomes unstable.

In addition, comparing Fig. 11(d) with Fig. 13, it can be
found that the time of active failure of excavation face is
basically earlier than that of ground surface subsidence
(stage 3), and the time difference increases with the increase
of cover-span ratio. This shows that on the one hand, the
surface settlement has a certain lag compared with the
failure of the excavation face; on the other hand, the
increase of the cover-span ratio can facilitate forming a
stable soil arch structure above the shield, which will
significantly reduce the disturbance to the ground caused by
shield excavation.

4.3 Evolution characteristics of earth pressure in front
of the excavation face

Taking C/D=1.5 as an example, the variation
characteristics of earth pressure in front of the excavation
face in the process of shield tunneling are analyzed. Fig. 14
shows the variation curves of earth pressure in front of the
excavation face during testing.

In the process of excavation, the soil in front of the
excavation face is squeezed, the earth pressure increases,
and the growth rate is gradually accelerated. In the
descending stage of chamber pressure, the earth pressure in
front of the excavation face decreases rapidly, and finally
reaches a stable value. During the test, the vertical earth
pressure and axial earth pressure variation curve of the B-B
section are shown in Fig. 15.

The initial value of vertical earth pressure is the
theoretical distributions along with depth due to gravity
before tunneling in. It can be observed that with the
approach of the shield machine, the soil of the B-B section
is squeezed and the vertical pressure increases gradually.
When the chamber pressure decreases gradually, the vertical
earth pressure increases at first and then decreases along
with the buried depth. When the chamber pressure drops to
the final value, the earth pressure in front of the excavation
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face increases slightly. The wvertical earth pressure is
basically the same along with the buried depth in the range
of 0.75D from the bottom of the shield. The initial value of
axial earth pressure in Fig. 15(b) is also the theoretical
distribution along with the depth. With the excavation of the
shield, the wvariation characteristics of the axial earth
pressure are similar to the vertical earth pressure. However,
compared with vertical earth pressure, axial earth pressure
is more noticeably affected by the driving process. The
increase of axial earth pressure at the centerline of the
shield is about 50 %.

From the variation characteristics of vertical and axial
earth pressure, it can be seen that when the supporting force
of the excavation face decreases to the critical value, the
vertical stress of the soil around 0.25D~0.75D above the
shield decreases, while the axial stress increases. This
shows that the soil arch effect in front of the excavation
plays a role. However, the vertical stress and axial stress
near the shield excavation face are reduced. This shows that
the supporting force of the excavation face decreases, which
leads to the collapse of the soil and the stress release of the
soil. After the test is stopped, the soil stress gradually
stabilizes, and it can be seen that the earth pressure in the
stable failure area is basically the same along with the
buried depth. In addition, the vertical stress and axial stress
more than 1D from the top of the shield are basically
consistent with the initial value. This shows that the soil
beyond 1D from the excavation site is not disturbed by
shield excavation and excavation face failure.

The ratio of axial earth pressure to vertical earth
pressure at the same time is defined as the lateral pressure
coefficient. The variation curve of the lateral pressure
coefficient in the A-A section is shown in Fig. 15(c). The
initial value is the coefficient of static earth pressure. In the
process of shield tunneling, the lateral pressure coefficient
in front of the excavation face decreases gradually from the
bottom to the top along with the buried depth. However,
when the chamber pressure decreases to a certain value (46
%), the lateral pressure coefficient increases at first and then
decreases from the bottom to the top along with the buried
depth. Finally, the lateral pressure coefficient in the
0~0.75D region above the shield reaches a stable value,
which is close to the active earth pressure coefficient K,.
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In addition, in the collapse process of the excavation face, a
soil arch will be formed on the upper part of the excavation
face. The position of the extreme value of each lateral
pressure coefficient curve in Fig. 15(c) can be regarded as
the vault of the soil arch inside the soil. The extreme value
of the lateral pressure coefficient appears at the tunnel
crown as the chamber pressure drops to 46%, indicating that
the soil arch is formed and the soil arch vault is located at
the tunnel crown. However, when the chamber pressure
continues to decrease to the critical chamber pressure, the
position of the extreme value moves upward to the position
of 0.25 D above the tunnel, indicating that the vault of the
soil arch also moves upward to this position. To summarize,
Fig. 15(c) partially reflects the formation and gradual
upward evolution of soil arch in the process of active failure
of excavation face.



Experimental and numerical study on the stability of slurry shield tunneling in circular-gravel layer ... 275

Ground surface

1.01 1.04 1.06
1.5 Soil arching zone

1.02 1.12 1.16
e 099 093 083

Failure zone
05 087 065 023

Distance from the tunnel axis/D

Legend

(=}
1

] Horizontal earth

pressure gauge
.Axial earth

-0.5 1 pressure gauge hield

T T T T [
15 1 0.5 0 -0.5

Distance from the tunnel axis/D

(@)

Ground surface

0.98 1.03 1.01
C————

Soil arching zone!
0.87 095 1.01
—

0.41 0.86 1.02
=
Failure zone

0.5

Distance from the tunnel axis/D

o
1

== Vertical earth
pressure gauge

-0.5 7 |shiel
T T T

T T
-0.5 0 0.5 1 15
Distance from the tunnel axis/D

(b)
Fig. 16 Earth pressure coefficient in A-A section; (a)
Lateral earth pressure and (b) Vertical earth pressure

Ground surface

1.06 1.09 1.00
[
Soil ‘arching zone
-l

083 0.69 0.95

S’pield Failure zone
0.23 031 0.85
A
Dl
Io
— —H I
Tunnel axis Legend

‘ ] Axial earth
-0.5 1 v pressure gauge

s
3
1

N
1

Distance from the tunnel axis/D
o
v
|

o
1

T T T T T
-0.5 0 0.5 1 15
Distance from the final excavation/D

(a)

Ground surface

098 095 1.02
B e

[
o
1

Soil arching zone
087 _086 117
=

041 055 1.03

= =

S’Dield Failure zone,
7Y 0.19 0.27 0.93

= ==

-
1

e
3
1

pl
o,
I — He=

Distance from the tunnel axis/D

o
1

Tunnel axi$ Legend
|

== Vertical earth
pressure gauge

-05 ] N

— T T T T
-0.5 0 0.5 1 15
Distance from the final excavation/D

(b)
Fig. 17 Earth pressure coefficient in B-B section; (a) Axial
earth pressure and (b) Vertical earth pressure

Figs. 16 and 17 are diagrams of the distribution of earth
pressure coefficients in the A-A section and B-B section,
respectively. The position of the soil arch in the soil can be
preliminarily judged according to Figs. 16 and 17. When
the excavation face is under the action of ultimate
supporting force, the soil arch is located in the range of
1~1.5D above the center of the shield. In addition, the scope
of the horizontal failure area is larger than that of the
vertical.

4.4 Failure mode

The excavation faces of the slurry shield tunnelings with
different cover-span ratios in the circular-gravel layer show
similar failure modes. When the excavation face is damaged,
there is a certain settlement on the ground surface, but there
are no cracks and holes. The soil mass in the upper front of
the shield machine collapses, and the resulting collapse
slides into the slurry chamber and forms a slope with a
certain inclination (about 60°). At the same time, holes of a
certain size are formed in front of the excavation face. Fig.
18 is a diagram of the soil collapse in front of the
excavation face under C/D=0.5 in section B-B.

The ratio of the earth pressure (vertical and horizontal)
after failure to its initial value is defined as the stress
concentration factor to further discuss the evolution process
of the failure zone and the final failure mode when the
excavation face is in the different support states.

Figs. 19(a) and 19(b) show the evolution process and
final failure mode of the failure area in front of the
excavation face when the supporting force P is close to and
equal to the ultimate supporting force Py, respectively.

The supporting force of the excavation face is reduced,
and the soil in front of the face produces a small uneven
displacement. Stress release occurs locally. The vertical and
horizontal earth pressure of the soil in this area decrease at

the same time, that is, Ay < 1, Ay < 1, and this area are called

the loose area.

Then the soil at the top of the loose area collapses and
moves laterally. This will lead to the vertical stress of the
soil at the top of the loose area decreases and the horizontal

stress increases, that is, Ay < 1, Ay > 1; meanwhile, the soil

adjacent to the loose area is squeezed vertically and
loosened horizontally, which results in the decrease of
horizontal earth pressure and the increase of vertical earth

pressure, which is 4, > 1, 4, < 1. The vertical earth pressure

of the soil above the loose area is less than the horizontal
pressure, and the lateral pressure coefficient reaches the
maximum, forming a soil arch. Arched feet are formed on
both sides. The soil arch is gradually formed (Fig. 19(a). At
this point, the soil arch is located deep, and the ground
surface settlement is not obvious. When the supporting
force decreases to the limit (Fig. 19(b)), the shear failure
occurs in front of the excavation face. The distance between
the top of the failure area and the excavation face is 0.5D.
At this point, the original soil arch at the top of the shield is
destroyed. The loose failure surface extends upward and
finally achieves a new balance. A new soil arch area is re-
formed near the ground surface. The arch height is 1~1.5D.
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Fig. 18 Typical diagram of the excavation face collapse (in
section B-B)
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Fig. 19 Evolution process and failure mode of failure
zone under different support conditions. (a) P > Pysr; (b)
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In this process, significant subsidence will occur on the
ground surface.

5. Numerical simulation
5.1 Numerical model and simulation procedures

In order to verify the model test results, and further
analyze the mechanical response of the soil in the process of
slurry shield tunneling, a numerical study is conducted. The
three-dimensional finite difference software FLAC 3D is
used to establish a numerical model which is consistent

with the size and boundary conditions of the model test. Fig.

20 shows the computational domain of the numerical
simulations. Model elements are regular hexahedral
elements. The height of the groundwater in the numerical
model is the same as that of the ground surface. The
diameter of the tunnel in the model is 0.5m. The excavation
length is 0.3 m. The left and right boundaries of the model
constrained the displacement in the x-direction. The front
and rear boundaries constrained the displacement in the y-
direction. The bottom boundary constrained the
displacement in the z-direction. The top was the free
boundary.

After the model is excavated to the design length, the
supporting pressure opposite to the original lateral static
water pressure and earth pressure is applied on the
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Fig. 20 Numerical model (C/D=1.5)

Table 2 Calculation cases of numerical models with
different cover-span ratios

It
Cover-span ratio -
P Wide range The corresponding small
range
0.1
0.2
C/D=0.5 0.21, 0.22, 0.23, 0.24, 0.25,
0.3 0.26, 0.27,0.28,0.29
0.4
0.1
0.2
C/D=1.0 0.11,0.12,0.13, 0.14, 0.15,
0.3 0.16,0.17,0.18,0.19
0.4
0.1
0.2
C/D=1.5 0.11,0.12,0.13, 0.14, 0.15,
0.3 0.16,0.17,0.18,0.19
0.4

excavation face. The supporting force o5 of the excavation
face mainly comes from the slurry weight and grouting
pressure. In the simulation, the supporting force ysH on the
excavation face produced by the gravity of the slurry itself
is applied on the excavation face in the form of linearly
decreasing load, while the supporting force ¢'s caused by
grouting pressure is applied on the excavation face in the
form of uniformly distributed load.

The ratio of the supporting force at the center of the
excavation face to the lateral pressure of the original
stratum is defined as the supporting ratio 2=as/0,. The ratio
of the supporting force produced by grouting to the grouting
pressure needed for the stability of the excavation face
during the test is defined as the grouting pressure ratio A,
'=0's/(0o-ysH). Fig. 20 shows the numerical model when the
ratio of cover to span is C/D=1.5. In the simulation, the
mechanical response of the soil around the excavation face
and the failure characteristics of the excavation face during
the change of grouting pressure ratio are mainly analyzed.
The simulation steps are as follows. The mechanical
responses of models with different cover-span ratios (i.e.,
0.5, 1.0 and 1.5) are first simulated when the grouting
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Table 3 Parameters used for numerical modelling

Materials  E(MPa) u ¢ (kPa) o () 7(KN/m3)
Cireular- =45 934 0 3015  19.9
gravel soil
Shield shell 1.225e5 0.25 - - -
Slurry 116

pressure ratios (') are within the wide range of 0.1-0.4, and
the small range in which the limit grouting pressure ratios
for the models with different cover-span ratio are located
are obtained, and then further simulation is performed on
the models with different cover-span ratios under the
corresponding small range. Hence, the specific values of the
limit grouting pressure ratios for the models with different
cover-span ratios can be obtained. Table 2 shows the
specific numerical calculation cases under different cover-
span ratios.

5.2 Material properties

In the model, the shell element is used to simulate the
segment of the shield tunnel. The Mohr—Coulomb
constitutive model was adopted for the circular-gravel soil.
The parameters used for numerical modeling are presented
in Table 3.

5.3 Results analysis

5.3.1 Deformation characteristics of soil

Fig. 21 shows the variation curves of surface vertical
displacement and horizontal displacement of excavation
face under different grouting pressure ratios. As can be seen,
both the vertical displacement of the surface and the
horizontal displacement of the excavation face remain
unchanged at first, then gradually increase, and finally
dramatically increase, as the grouting pressure ratio
decreases from 0.4 to 0.1. The vertical displacement of the
surface (and horizontal displacement of the excavated face)
occur when the grouting pressure ratio drops to a limit value.
This value decreases as the cover-span ratio increases,
which is consistent with the variation law of the ultimate
supporting force ratio obtained in the model tests.

Fig. 22 shows the displacement vector diagram when the
soil is in the limit state under different cover-span ratios. It
can be seen from the figure that when the supporting force
is reduced to a certain extent, a bucket sliding zone
extending to the surface will be formed in front of the
excavation face. When the cover-span ratio increases from
0.5 to 1.0, The angle between the bottom of the slip zone
and the axis of the tunnel increases from 45.2 to 55.0, an
increase of 21.68 %. However, as the cover ratio increases
from 1.0 to 1.5, the angle increases from 55.0 to 56.0,
showing a small change. This angle increases first and then
becomes stable with the increase of the cover-span ratio.
The slip zone is within the range of 0~1D in front of the
excavation face, which is basically consistent with the
results of the model test.
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It should be noted that the angles of slip zones in the
simulation are smaller than 60°, which was obtained in the
physical model (see Section 4.4). There are some
differences between numerical simulation and experiment
for the following reasons.

(1) The processes of experimental and numerical
simulation are distinct. The processes of cutting soil, slurry
circulation, slag discharge and shield advance were all
replicated in the model tests. After reaching the
predetermined excavation distance, stop the shield
machine's advance, and reduce chamber pressure so that the
excavation face is damaged. At this point, the cutter head
keeps rotating and the slurry continues to circulate, and the
muck is discharged with the slurry. However, the above
process cannot be achieved in numerical simulation. The
tunnel is excavated to the preset position in the numerical
simulation all at once. After the model is excavated to the
design length, the constant supporting pressure opposite to
the original lateral static water pressure and earth pressure
is applied on the excavation face. Therefore, the realization
processes of shield excavation and the failure of excavation
face in the model test and numerical simulation are different,
which causes the difference between the numerical and
experimental results.

(2) After the excavation face is damaged in the model
test, the cutter head continues to rotate, the slurry circulates
and slurry pressure fluctuates, and the loose muck is still
removed from the slurry chamber, which affects the
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Fig. 22 Displacement vector diagram of slurry shield
tunneling with different cover-span ratio in circular-gravel
layer. (a) C/D=0.5, (b) C/D=1.0 and (c) C/D=1.5.

deformation and failure of the soil in front of the excavation
face. However, numerical simulations are unable to account
for the effects of cutter head rotation, slurry pressure
fluctuations, and soil loss following the failure of
excavation face, resulting in a discrepancy between the
numerical and experimental results.

(3) Despite the fact that the mechanical properties of the
soil in the model tests and the soil in the numerical
simulations are identical, the soil in the model tests is
essentially a heterogeneous material, whereas the soil in the
numerical simulation is a homogeneous material, which will
have an impact on the results.

(4) When observing the failure mode of the excavation
face in the model tests, it is necessary to open the side door
of the model tank and remove a portion of the soil. One of
the reasons for the discrepancy between the experimental
and numerical results is that this process will have an
impact on the damaged excavation face in the model tests.

For the reasons stated above, some differences between
model tests and numerical simulations are inevitable,
resulting in a difference between experimental and
numerical results. However, the angle between the bottom
of the slip zone and the tunnel axis obtained in the
experiment is 60°, which is fairly close to the numerical
simulation results. It demonstrates that the numerical results
are still reliable.

5.3.2 Distribution characteristics of soil stress

Taking the cover-span ratio C/D=1.5 as an example, the
vertical stress and horizontal stress isoline of the plane
parallel to the axial direction of the shield are extracted
when the excavation face is in the limit state, and the isoline
of the lateral pressure coefficient of the corresponding plane
is also extracted. The distribution characteristics of the soil
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Fig. 23 Stress isoline of the plane parallel to the axial direction
of the shield. (a) Horizontal stress (SYY/Pa), (b) Vertical
stress (SZZ/Pa) and (c) Lateral pressure coefficient k.

stress field are analyzed when the excavation face is in the
limit state. The result is shown in Fig. 23. It can be
observed from the diagram that under the condition of the
limit state, the vertical stress and horizontal stress in front
of the excavation face decrease, and the lateral pressure
coefficient increases, with the coefficient sometimes even
greater than 1. The maximum lateral pressure coefficient is
2.7.

The ratio of soil stress to initial stress when the
excavation face is in the limit state is defined as the stress
concentration factor. When the excavation face is in the
limit state, the isoline of the stress concentration factor
parallel to the axial plane of the shield is extracted, and the
result is shown in Fig. 24. It can be seen from the figure that
there is an obvious soil arch effect in the soil. The soil arch
is located near the surface in front of the excavation face. If
the supporting force of the excavation face continues to be
reduced, the damage will continue to extend upward to the
ground surface, and the soil will be damaged as a whole.
The results are consistent with the model test results.

5.3.3 Failure mode

In the simulation, it is found that the shape of the failure
body in front of the excavation face of the slurry shield is
basically the same under different cover-span ratios. When
the support ratio of the excavation face is close to the limit
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Fig. 24 The isoline of stress concentration factor of the
plane parallel to the axial direction of the shield. (a)
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Fig. 25 Plastic zone distribution of slurry shield tunneling
under different cover-span ratio. (a) C/D=0.5, (b) C/D=1
and (c) C/D=1.5

support ratio, the failure area develops rapidly and extends
to the ground surface, and finally forms a bucket collapse
zone. Fig. 25 shows the plastic zone distribution of slurry
shield under different coverage-span ratios. For the slurry
shield tunnel with cover-span ratio C/D=0.5, 1.0 and 1.5,

the plastic zone completely penetrates and extends to the
ground surface when the grouting pressure ratio of the
excavation face is reduced to 0.24, 0.16 and 0.12,
respectively. The corresponding limit support ratio is 0.46,
0.32 and 0.25, respectively. Obviously, the ultimate support
ratio decreases with the increase of the cover-span ratio.
This is consistent with the conclusion of the model test. In
addition, the limit support ratio obtained by numerical
calculation is smaller than that of the model test. This is
mainly because the ultimate support ratio in the model test
is calculated by the ultimate support force when the soil in
front of the excavation collapses, while the limit support
ratio in the numerical calculation is calculated by the limit
support force when the failure area extends to the surface.
Obviously, the supporting force of the former is greater than
that of the latter.

6. Conclusions

Using a slurry shield test system, the physical model
tests for the stability of slurry shield tunneling under
different cover-span ratios are carried out in the circular-
gravel stratum. The deformation characteristics of stratum,
the evolution characteristics of support resistance and the
distribution law and evolution process of earth pressure in
the process of excavation and excavation face instability are
analyzed, and the influence of cover-span ratio on surface
subsidence, support resistance and failure mode of
excavation face is discussed. The following conclusions are
drawn.

e  The surface subsidence decreases with the increase of
the cover-span ratio. The larger the cover-span ratio is,
the smaller the maximum surface settlement caused by
the failure of the excavation face is, and the smaller
the range of the settlement tank is. The maximum
settlement under different cover-span ratios is at the
position of 0.5D in front of the excavation face. With
the decrease of the supporting force of the excavation
face, the ground surface subsidence goes through four
stages: the insensitivity stage, the slow growth stage,
the rapid growth stage and the stability stage.

e  When the excavation face is damaged, the ultimate
support resistance increases with the increase of the
cover-span ratio, while the the ultimate supporting
force ratio deceases. The surface subsidence has a
certain lag compared with the failure of the excavation
face, and the time difference increases with the
increase of the cover-span ratio.

e In the process of excavation, the soil in front of the
shield is squeezed and the earth pressure rises.
Compared with the vertical earth pressure, the axial
earth pressure is more affected by the excavation
process. When the chamber pressure decreases
gradually, the vertical earth pressure and axial earth
pressure first increase and then decrease along with the
buried depth. When the supporting force of the
excavation face decreases to the critical value, the soil
in a certain range above the shield will produce the
soil arch effect, in which the vertical stress decreases
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and the axial stress increases, while the soil in front of
the excavation surface collapses, and the vertical stress
and axial stress near it are reduced.

e  After the excavation face is damaged, the soil in the
upper front of the excavation face collapses, forming a
bucket collapse zone. The shape of the failure body in
front of the excavation face of the slurry shield under
different cover-span ratios is largely consistent. When
the cover span is relatively small (such as C/D=0.5),
the soil in the upper front of the excavation face can
also form a stable soil arch structure. The soil arch
structure can effectively reduce the height of the
collapse zone. In addition, the angle between the
bottom of the collapse zone and the axis of tunnel
excavation increases first and then becomes stable
with the increase of cover-span ratio.
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