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ABSTRACT The stability of the shield tunneling face is an extremely important factor affecting the safety of tunnel
construction. In this study, a transparent clay with properties similar to those of Tianjin clay is prepared and a new
transparent clay model test apparatus is developed to overcome the “black box™ problem in the traditional model test. The
stability of the shield tunneling face (failure mode, influence range, support force, and surface settlement) is investigated
in transparent clay under active failure. A series of transparent clay model tests is performed to investigate the active
failure mode, influence range, and support force of the shield tunneling face under different burial depth conditions,
whereas particle flow code three-dimensional numerical simulations are conducted to verify the failure mode of the shield
tunneling face and surface settlement along the transverse section under different burial depth conditions. The results
show that the engineering characteristics of transparent clay are similar to those of soft clay in Binhai, Tianjin and satisfy
visibility requirements. Two types of failure modes are obtained: the overall failure mode (cover/diameter: C/D<1.0) and
local failure mode (C/D =2.0). The influence range of the transverse section is wider than that of the longitudinal section
when C/D22.0. Additionally, the normalized thresholds of the relative displacement and support force ratio are 3%—6%
and 0.2-0.4, respectively. Owing to the cushioning effect of the clay layer, the surface settlement is significantly reduced
as the tunnel burial depth increases.

KEYWORDS shield tunneling face, stability, transparent clay, model test, numerical simulation

1 Introduction occur, resulting in serious engineering accidents.
In the past decades, studies regarding modern shield
tunneling construction have been conducted, providing a

foundation for subsequent related studies. Currently,

Owing to rapid economic development, many cities in
China are planning to increase metro line construction. In

the construction of urban subway tunnels, the most typical
construction method is the shield tunneling method. As an
important factor affecting the safety of shield tunneling
construction, the stability of the shield tunneling face is
extremely important to engineers and researchers. During
the excavation of the shield, a slurry or earth pressure is
used on the work face to support the surrounding soils. If
the support parameters of the shield tunneling face are set
improperly, the active or passive earth pressure will
change, and in severe cases, instability and damage will
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research methods to investigate the stability of shield
tunneling face primarily include theoretical analysis,
model testing, and numerical simulation. In terms of
theoretical analysis, Horn [1] first proposed a three-
dimensional failure model with a wedge shape and a
rectangular parallelepiped based on the limit equilibrium
method. Subsequently, some scholars improved the three-
dimensional failure model and established limit equili-
brium models for the stability analysis of shield tunneling
face [2-6]. Furthermore, some scholars deduced the limit
values of active and passive earth pressure using the limit
analysis or limit equilibrium method during failure [7-10].
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Using these methods, shield construction parameters can
be determined.

The traditional model test offers distinct advantages and
is widely used to investigate the stability of the shield
tunneling face. The primary methods used in model tests
are constant gravity model tests [11-13] and centrifuge
tests [14,15]. However, the traditional model tests to
investigate the stability of the shield tunneling face present
two main disadvantages. First, the traditional model tests
damage the original structure of the natural soil and affect
the dynamic response of the soil and deformation field by
inserting a sensor. Second, the traditional model test
presents the “black box™ problem. The natural soil used in
the test is not visible; therefore, the internal deformation of
the shield tunneling face cannot be directly observed.

Hence, some scholars use numerical calculation soft-
ware to perform further investigations. Typically used
numerical simulations can be classified into two cate-
gories: the finite element method (FEM) and the discrete
element method (DEM). Many experts have obtained
cutting-edge research results using the FEM in geotechni-
cal engineering [16—18]. Considering the movement law of
soil particles during the failure process, many scholars
have used the DEM for numerical simulation [19-23].
Recently, a new high efficiency and robustness method
termed “discontinuity layout optimization” has been
successfully applied for analyzing the stability of shield
tunneling construction [24-26], and a new approach for
modeling discrete cracks in mesh-free methods has been
proposed to solve discontinuities and fractures [27,28].
Numerical simulations have significantly promoted
research development. However, because numerical simu-
lations are not identical to the actual project, the real
situation cannot be reflected accurately in the former.

With the advancement of materials science, a new
research method for transparent soil has been applied.
Some scholars used transparent silica to simulate natural
sand and verified its feasibility. The production of
transparent soil can be traced back to Mannheimer and
Oswald [29]. Subsequently, some scholars confirmed that
transparent silica can simulate sand [30-33]. Transparent
soil has been used to simulate various underground
engineering problems, including foundation drainage
[34,35], shallow foundations [36,37], tunnel face stability
[38], and ground movement induced by tunneling [39].
Previous studies [40—42] investigating the stability of the
shield tunneling face is primarily based on transparent
sand. Because transparent clay is difficult to prepare,
research pertaining to it is scarce. Nevertheless, many
construction projects are performed in clay foundations,
and transparent clay must be produced to simulate natural
clay.

This paper describes the stability (active failure mode,
influence range, support force, and surface settlement) of
the shield tunneling face under different burial depth
conditions via transparent clay model tests and particle

flow code three-dimensional (PFC*”) numerical simula-
tions. This study presents two unique aspects: first,
combined with the engineering characteristics of Tianjin
soft clay, a new transparent clay model test apparatus is
developed to overcome the “black box” problem in
traditional model tests and the internal displacement of
the soil can be directly observed under an active failure;
second, the active failure model of the shield tunneling
face is revealed from the longitudinal and transverse
sections, whereas the failure shape and influence range are
analyzed using an accurate function. In addition, the PFC*°
software is employed to simulate the internal movement of
soil particles, and the surface settlement is analyzed
comparatively for active failure.

The remainder of this paper is organized as follows. We
used amorphous silicon powder, #15 white oil, and
n-dodecane to prepare transparent clay, and its visibility
and similarity with soft clay from Binhai in Tianjin was
proven through a series of triaxial tests, as will be
explained in Section 2. Subsequently, we introduce a
self-developed transparent soil model test apparatus and a
test scheme to study the active failure mode of shield
tunneling face in Section 3. We performed transparent clay
model tests to study the active failure mode, influence
range, and threshold support force of the shield tunneling
face along the longitudinal and transverse sections at
different depths, as will be presented in Section 4. In
Section 5, we present the PFC*® numerical simulation
conducted to verify the failure mode and surface settlement
of the shield tunneling face. Finally, we provide the
conclusions regarding our study in Section 6.

2 Experimental materials and equipment
2.1 Experimental materials

To observe the internal deformation of the soil, transparent
clay was selected as the test material in this study.
Transparent clay comprises three primary materials:
amorphous silicon powder, #15 white oil, and n-dodecane.
Amorphous silicon powder was used as the solid phase
material, and #15 white oil and n-dodecane were used as
the pore fluids. The physical parameters are listed in
Table 1. In terms of solid particles, the particle size of the
solid particles (amorphous silica powder) in transparent

Table 1 Physical parameters of the material

material physical parameters

amorphous silicon powder particle size: 4-10 pm; dry density:

0.056-0.230 g/cm’
viscosity: 13.5-16.5 mm?*/s (20°);
density: 0.848 g/cm®

#15 white oil

n-dodecane (C;2Hxe) melting point: —9.6°C; boiling point:

215°C-217°C
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clay was between 4 and 10 pm, which is the particle size
range of clay. Therefore, amorphous silicon powder is
suitable for simulating actual clay particles. According to
Lei et al. [43], the optimal ratios of transparent clay at
laboratory temperature (20°C) is #15 white oil: n-dodecane
= 10:3 (volume ratio) and pore fluid: amorphous silicon
powder= 1.5:1 (mass ratio).

When preparing transparent clay, the small particle size
of the amorphous silicon powder will result in a large
number of bubbles, which are not easy to dissipate, thereby
affecting the visibility of transparent clay and necessitating
gentle stirring and vacuuming. In addition, temperature
significantly affects the visibility of transparent clay [44];
therefore, the laboratory temperature must be maintained at
approximately 20°C.

Transparent clay possesses extremely high visibility
when the optimal ratio is used, and its physical and
mechanical properties are similar to those of soft clay in
Binhai, Tianjin. The visibility of the prepared transparent
clay is shown in Fig. 1. Because of the different shooting
positions (as shown in Figs. 1(a) and 1(c)), the “transparent
soil” gray value was used in this study to determine the
visibility. The range of gray value is generally from 0 to
255, where 0 and 225 represent pure black and pure white,
respectively. The gray values in Figs. 1(a) and 1(c) are 65
and 103, respectively. Based on the gray value in Fig. 1(a),
the gray value percentage in Fig. 1(c) is 72%. It can be
concluded that the visibility depicted in Fig. 1(c) is

approximately 70% that of Fig. 1(a), indicating compliance
with testing requirements.

Through a series of tests, the physical and basic
mechanical indicators of the transparent clay used in this
study were obtained. In addition, other natural clay
physical property indicators are summarized herein based
on other relevant articles, as shown in Table 2. In terms of
the density characteristics, the density of transparent clay is
approximately 1.40 g/cm’, which is 60%—70% that of
natural clay. The values of cohesion (c) and friction angle
(p) of the transparent clay were consistent with those of
silty clay in Binhai, Tianjin. The compression character-
istics of the transparent clay and Tianjin silty clay were
similar, and the basic physical properties were the same
except for the density and water (oil) rate. The difference
between the compression factor and compression modulus
was within 10%. Hence, it was demonstrated that
transparent clay is feasible for simulating natural clay.

To determine the material similarity of transparent clay
and natural clay, consolidated undrained shear tests were
designed for both clay materials, and the stress-strain
curves were normalized, i.e., the data points on the curve
were divided by the maximum value on the curve. The
normalized stress-strain relationship curve is shown in
Fig. 2. As shown in the figure, transparent clay is highly
similar to natural clay. In summary, the transparent clay
prepared in this study satisfied the conditions for
simulating natural clay.
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Fig. 1 Comparison of visibility in different media: (a) air; (b) glass; (c) transparent clay.

Table 2 Physical and basic mechanical property comparison [43]

source of soil transparent clay in this paper

silty clay in Binhai, Tianjin [45]

Ariake clay [46] Kitakyushu clay [47]

density p (g-cm ) 1.4 1.757 - —
water (oil) rate w (%) 150 50.3 87.4 59.4
initial porosity e 1.306 1.34 2.25 1.582
compression factor a; _, (MPa™) 0.868 0.81 3.8 1.6
compression modulus E.1-0.2) (MPa) 2.543 2.81 0.855 1.614
cohesion ¢ (kPa) 11.7-22.62 17.6 - -
internal friction angle ¢ 14.19°-18.65° 9.3° - -
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Fig. 2 Normalized triaxial compression curves between transparent clay and natural clay: (a) 100 kPa confining pressure; (b) 200 kPa
confining pressure; (c) 300 kPa confining pressure; (d) 400 kPa confining pressure.

2.2 Test apparatus of model test

Two methods of model testing can be used to investigate
the stability of the shield tunneling face: the force method
(changes in force cause changes in displacement) and
displacement method (changes in displacement cause
changes in force). Owing to the principle of the self-
developed test apparatus (the support end moves backward
to simulate the process of active failure) in this study, the
displacement method was adopted, from which the
threshold support force was obtained. The test method
was based on Ahmed and Iskander [30], who were the first
to propose the use of this method in a transparent sand
experiment.

Figure 3(a) shows the test apparatuses used in this study;
they primarily include the following five components:

1) model test box: model test chamber (25 cm x 25 cm
x 40 cm); plexiglas base (length x width= 40 cm x
40 cm);

2) shield tunneling face moving apparatus: shield
tunneling face moving apparatus (@ = 5 cm); support
force monitor;

3) optical test platform: sliding rail (length / = 1.5 m);
self-balancing optical platform (1.5 m x 2 m);

4) visual image acquisition system: laser (200 MW,
650 nm); industrial camera (resolution 4896 x 3264); laser
bracket; camera stand;

5) particle image velocimetry (PIV) analysis software.

This set of test apparatuses enable large deformation and
instability condition simulations of shield tunneling faces
as well as realize the dynamic monitoring and analysis of
the instability process of shield tunneling faces by
combining laser section images and digital image analysis
technology.

Figure 3(b) shows the shield tunneling face moving
apparatus. A screw was used in the apparatus to connect
the end face of the shield tunneling face and the flange of
the sidewall of the model box. The spiral handle was
arranged outside the flange, enabling the shield tunneling
face to be retreated by rotating the handle. A pressure
sensor was arranged at the end to monitor the change in the
support force when the shield tunneling face exhibited
instability (Fig. 3(c)).

The tracer particles used in the test were hollow glass
microspheres manufactured by the 3M Company in the
United States, and model iM 16K with a particle size of 12—
20 pm and a density of 0.6 g/cm® was used. The
displacement field analysis software used in this study
was PIV view2C (PIV view2C) developed by the German
Aerospace Center. Figure 3(d) shows a schematic illustra-
tion of the PIV technique, which can be used to perform a
displacement field analysis on the image of soil near the
captured face of the shield. When investigating the failure
mode of the transverse section, the laser light irradiated to
the edge of the plexiglass tube will distort the captured
image. Therefore, in this study, the laser was shifted 2 mm
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1. model test chamber
2. shield tunneling face
moving apparatus

3. plexiglas base

4. sliding rail

5. self-balancing optical
platform

6. laser

7. industrial camera

8. support force monitor
9. laser bracket

10. camera stand
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Fig. 3 Test apparatus: (a) test schematic; (b) shield tunneling face moving apparatus; (c) support force monitor; (d) schematic diagram of

the PIV system; (e) longitudinal section of model box.
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directly in front of the shield tunneling face, as shown in
Fig. 3(e). The laser-cut surface at this position is the
transverse section.

3 Test scheme and procedure
3.1 Test scheme

The burial depth of the tunnel is an important factor
affecting the stability of the shield tunneling face. The test
was designed based on factors such as the tunnel depth
ratio C/D and the position of the monitoring section. The
stability of the shield tunneling face under different burial
depth conditions was analyzed. Additionally, correspond-
ing numerical simulations were performed for each model
test. The specific test scheme is shown in Table 3.

Table 3 Scheme of the model test and numerical simulation

test id monitored cover/diameter model test numerical
section (C/D) simulation
1 longitudinal 0.5 N v
transverse
2 longitudinal 1.0 v v
transverse
3 longitudinal 2.0 N v
transverse
4 longitudinal 3.0 v v

3.2 Test procedure for model test

The photographs captured during the model test are shown
in Fig. 4, and the test procedure can be summarized as the
following four steps.

1) Transparent clay was filled into the model test box to
a specified depth, and air bubbles were evacuated using a
vacuum pump.

2) The entire test device was covered using a black
curtain and laser was used to cut a predetermined
transverse section. Owing to laser irradiation, the tracer

particles resulted in bright spots on the outer wall of the
model box.

3) The shield tunneling face was rotated by moving
device slowly to move the shield tunneling face back,
simulating the instability condition of the shield tunneling
face caused by an insufficient support force in actual
construction.

4) An industrial camera was used to capture photo-
graphs at every half revolution (the shield tunneling face
retracted by 0.75 mm, which was 1.5% of the shield
diameter) until it rotated ten revolutions.

4 Model test results and discussion

4.1 Failure mode of different burial depth conditions

4.1.1 Along longitudinal section
Figure 5 shows the failure mode along the longitudinal
section of the tunnel under different burial depth condi-
tions. The failure mode under each burial depth condition
is the instability region when the shield tunneling face is
completely unstable (i.e., when the shield tunneling face
displacement reached 12.0% times the tunnel diameter).
The displacement of particles in transparent clay was
between 0 and 3 mm. The displacement at the blue position
was less than 1 mm, and the displacement at the green and
red positions was greater than 1 mm in the image. With a
limit of 1 mm, the displacement between the blue and
green positions changed abruptly, and the macroscopic
expression was a line segregating the stability region from
the instability region. As shown by the test results in Fig. 5,
at C/D = 2.0 and C/D = 3.0, the arching effect occurred in
the soil area ranging from 1.5D to 2.0D above the top of
the tunnel. This corresponds to approximately 2.0 times the
tunnel diameter, based on general experience, indicating
that the results of the test based on transparent clay
conform to the actual engineering results.

At C/D = 0.5 and C/D = 1.0, the instability region in
front of the shield tunneling face developed to the surface,
forming a basin-like failure mode. At C/D =2.0 and C/D =

(@)

(b)

Fig. 4 Test photos: (a) along the longitudinal section; (b) along the transverse section.
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Fig. 5 Failure mode under different burial depth conditions (longitudinal): (a) C/D=0.5; (b) C/D=1.0; (c) C/D=2.0; (d) C/D =3.0.

3.0, the instability region in front of the shield tunneling
face developed to a certain height cutoff, demonstrating the
soil arching effect and forming a bulb-like failure mode.

A few scholars [39,48] conducted model tests on sandy
soils to investigate the instability of tunnel faces. Figure 6
shows a comparison of these results with those of this
study. Some differences were observed between the model
tests of clay and sandy soil, manifested as clay developing
forward and upward in the influence area as well as the
influence area of the sandy soil developing primarily above
the tunnel face. The analysis above shows that the results
of transparent clay test in this study differ from those of
previous transparent sand tests.

4.1.2 Along transverse section

Figure 7 shows the failure mode along the transverse
section of the tunnel under different burial depth condi-
tions. At C/D =0.5 and C/D = 1.0, the shield tunneling face
developed directly along the instability region of the

transverse section to the surface, forming a funnel-like
failure mode. At C/D = 2.0 and C/D = 3.0, the instability
region developed to a certain height, demonstrating the soil
arching effect and forming a local drop-like failure mode.
The instability region of the soil arch was in the range
1.5D-2.0D above the top of the tunnel, consistent with the
position where the soil arching effect was observed along
the longitudinal section of the tunnel.

As shown in Fig. 8, Mair [49] obtained a funnel-like
failure mode of the shield tunneling face instability in clay
formations using a centrifugal model test. The studies
above show that the change trend of the failure mode along
transverse section in this study is consistent with those of
previous studies.

4.2 Failure mode influence range

4.2.1 Along longitudinal section

Based on the image of the failure mode obtained from the
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Fig. 6 Failure mode along the longitudinal section: (a) C/D=1.0; (b) C/D=2.0; (c¢) C/D=1.0; (d) C/D=2.0 ((c) and (d) are from

Ref. [48] with permission).

test, the fracture face is fitted with reference to the
logarithmic spiral model [4] used in previous studies. At
C/D = 0.5 and C/D = 1.0, the failure mode curve of the
shield tunneling face reached the surface directly and can
be fitted by an exponential function curve. At C/D = 2.0
and C/D = 3.0, it can be assumed that a soil arch will be
formed 0.5D above the tunnel under the failure mode of the
shield tunneling face. The failure mode curve can be
composed of an exponential function line and a parabola.
In Fig. 9, the fitting functions of Figs. 9(a) and 9(b) are
y = a(e®™ 1), whereas the fitting functions of Figs. 9(c)
and 9(d) are y=a(e” 1) and y = Ax*> 4 Bx + 1.5,
respectively. The fitting results were consistent with the
test results.

The curve fitting of the failure mode under different
burial depths is shown in Table 4, where the relative
influence range 4, is the maximum value of the x-axis on
the fitted curve. The calculation method is shown in

Eq. (1), which is derived from the logarithmic spiral.
In the equation, when C/D <2.0, y = 1+ C/D; when
C/D=2.0,y=1.5.

(M

where A is the relative influence range, y is the y-axis value
at the surface, and a and b are parameters.

As shown in Table 4, the changes in parameters a and b
exhibit a certain regularity. As the burial depth ratio C/D
increases, parameter a shows an increasing trend, whereas
parameter b shows a decreasing trend. Parameter 4 has a
larger absolute value when C/D = 3.0 than when C/D = 2.0,
indicating that the parabola is more curved. The deeper the
tunnel is buried, the more prominent is the soil arch effect.

As the cover depth ratio of C/D increases, the relative
influence range A; increases gradually, but the magnitude
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Table 4 Curve fitting parameter equations and relative influence range (longitudinal)

cover depth ratio parametric equation parameter relative influence
(C/D) P A y B range A,

0.5 y=a(e*-1) 0.034 2915 - - 1.307

1.0 0.086 1.950 - - 1.635

2.0 y=a(e*-1), 0<y<15 0.081 1.688 —0.791 1.451 1.760

3.0 {y—sz +Bx+15,  y>15 0.149 1.310 -1.081 1.990 1.835
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Fig. 7 Failure mode under different burial depth conditions (transverse): (a) C/D=0.5; (b) C/D=1.0; (c) C/D=2.0; (d) C/D=3.0.

of the increase decreases gradually. Using the burial depth
ratio C/D as the x-axis and the influence range A, as the y-
axis, the curve fitting image is as shown in Fig. 10, and the
curve fitting can be obtained using Eq. (2).

A = —1.336e 14CE/D) 4 1818, @)

where A; is the relative influence range, and C/D is the
burial depth ratio.

As shown in Eq. (2), the relative influence range A; of
the longitudinal section has a limit value of 1.818. This
indicates that the instability region caused by the instability
of the shield tunneling face in the clay stratum is primarily
concentrated in the range of approximately 1.8 times the
tunnel diameter in front of the shield tunneling face.

An extreme condition of C/D = 0 was assumed, and a
slope self-stability analysis was performed to verify the
influence range fitting shown in Eq. (2). When the burial
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depth ratio C/D approached 0, the operating condition
transformed into a slope self-stability problem. The
relative influence range in front of the shield tunneling
face should be A =m/D = cotf. The geometric relationship
is shown in Fig. 11. According to the stability analysis of a
clay slope by Zhang and Liu [51], the stability number
method can be used to calculate the self-stabilizing angle
p of a clay slope. The formula to calculate Ny is shown in

Eq. (3).
C
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Fig. 9 Curve fitting of the failure mode (longitudinal): (a) C/D=0.5; (b) C/D=1.0; (c) C/D=2.0; (d) C/D =3.0.
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Table 5 Curve fitting parameter equations and relative influence range (transverse)

cover depth parametric equation parameter relative influence
ratio (C/D) P A y B C range A,

0.5 y=Zax+b 3.195 -1.311 - - - 1.760

1.0 1.445 —0.409 - - - 3.334

2.0 {y—iA\/(Bixz)—&- C, 0<y<l 1.751 2 1.033 0.417 0.667 1.290

3.0 y = *tax+b, y>1 2.149 2.3 1.068 0.447 0.697 1.338

A, =-1.336¢ 4P 11818
R2=0.99

relative influence range of profile, 4,

0.0 T T T T T T T T T T T 1
2 3 4

buried depth ratio, C/D

Fig. 10 Curve fitting of the relationship between C/D and A;.

where c is the soil cohesion, y is the soil bulk density, and /4
is the slope height.

The accuracy of the formula in the model test was
verified through theoretical calculations of engineering
projects. The diameter of the tunnel was approximately
6 m. When # = D = 6 m, the cohesion of the Tianjin
soft clay was ¢ = 17.6 kPa, and the bulk density was y =
17.57 kN. Hence, N, = 0.167 was obtained. Combined with
the internal friction angle ¢ = 9.3°, which is approximately
10°, it is shown in Ref. [51] that § = 70°. When the burial

depth ratio C/D approached 0, the relative influence range
of the longitudinal section A, = m/D = cotf = 0.364.
Furthermore, substituting C/D = 0 into Eq. (2) yielded
A1 = 0.482. The A; values obtained using the two methods
were similar, and the difference percentage was 24.48%.
Because the stress conditions in the slope stability and
shield tunneling face analyses were inconsistent, the
calculation results indicated some discrepancies. Com-
parative analysis studies showed that the fitting of Eq. (2)
was reasonable.

4.2.2 Along transverse section

The transverse section instability region resembled a
funnel or drop. Therefore, a straight line can be used to
fit the soil failure mode for C/D =0.5 and C/D=1.0, and an
elliptic curve and tangent curve to fit the soil failure mode
for C/D=2.0 and C/D = 3.0, respectively. The curve fitting
is shown in Fig. 12. At C/D = 2.0 (Fig. 12 (¢)) and C/D =
3.0 (Fig. 12 (d)), the soil near the shield tunneling face
exhibited a certain soil arching effect. The left and right
sides of the image were symmetrically distributed; there-
fore, the right half was used for analysis. In Fig. 12, the
fitting functions of Figs. 12(a) and 12(b) are y = £ax + b,
whereas the fitting functions of Figs. 12(c) and 12(d) are
y=+4/(B—x*)+ C and y = dax+ b, respectively.
The fitting results were consistent with the test results.
Table 5 shows the curve fittings of the failure modes
along the tunnel transverse section under different burial
depth conditions. The transverse section relative influence

surface

shield excavation face

D

bottom of foundation pit

self-stabilizing angle 8

Fig. 11 Positional relationship between the horizontal distance m and shield diameter D.
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Fig. 12 Curve fitting of the failure mode (transverse): (a) C/D=0.5; (b) C/D=1.0; (¢c) C/D=2.0; (d) C/D=3.0.

range A, is the difference between the maximum and
minimum values of the x-axis on the fitted curve.

As shown in Table 5, the relative influence range A, for
C/D = 0.5 and C/D = 1.0 is larger than that for C/D = 2.0
and C/D = 3.0. This is because at C/D = 0.5 and C/D=1.0,
a large instability region will develop at the surface. At C/
D =2.0 and C/D = 3.0, the soil arching effect can occur in
the soil, thereby restricting the further development of the
instability region.

Comparing the relative influence range along the
transverse and longitudinal sections of the tunnel, the
relative influence range A, of the transverse section was
larger than A; at C/D = 0.5 and C/D = 1.0, and A, was the
same as A; at C/D = 2.0 and C/D = 3.0. This is because at

C/D = 0.5 and C/D = 1.0, the influence range of the failure
mode in front of the shield tunneling face can develop at
the surface. At C/D = 2.0 and C/D = 3.0, owing to the soil
arching effect in the soil, the development of deformation
and failure was restricted. The expansion law is the same
for the transverse and longitudinal sections.

4.3 Support force of shield tunneling face

The support force—displacement relationship curve of the
shield tunneling face obtained by monitoring the shield
tunneling face support force during the test is shown in
Fig. 13(a). The x-axis is the relative displacement of the
shield tunneling face (S/D). The y-axis represents the
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Fig. 13 Supporting force-displacement relationship of the shield
tunneling face: (a) actual value; normalized value.

support force P, which can be calculated as follows:

_ 4F
- D

where Pis the model support force (unit: Pa), F is the
sensor reading (unit: N), and D is the model tunnel
diameter (unit: m).

Figure 13(a) shows that the support force of the shield
tunneling face increases with the burial depth. The
formation stress increases with the burial depth; therefore,
the support force of the shield tunneling face must be
improved accordingly. In addition, with the increase in the
displacement of the shield tunneling face, the support force
of the shield tunneling face decreased continuously,
exhibiting a two-stage feature. In the first stage, the
support force decreased rapidly, and the support force
decreased slowly in the second stage. The cut-off point for
the two stages was approximately 4%. The threshold
relative displacement of the shield tunneling face in the

P 4)

Table 6 Particle flow model parameters

parameter value
normal stiffness &, (N/m) Se7
tangential stiffness kg (N/m) 5e7
contact normal stiffness pb_k, (N/m) Se7
contact tangential stiffness pb_k, (N/m) Se7
contact tensile strength pb_ten (Pa) 3.5¢5
contact bonding strength pb_coh (Pa) 3.5e5
moment transfer coefficient pb_rmul 0.08
particle friction coefficient fric 0.05
particle size (m) 0.002-0.003

clay was approximately 4%.

As shown in Fig. 13(b), to compare the variation law of
the support force under the condition of each burial depth,
the y-axis is represented by P/P, (P, is the initial support
force). The P/P, values at each burial depth were similar,
showing a two-stage change trend. The support force
corresponding to the demarcation point of the two stages is
the threshold support force, which is 0.2-0.4 [52]. Hence,
the threshold support force in the clay is 0.2Py—0.4P,. In
addition, the threshold support force differs slightly at
different depths, and the threshold support force tends to
increase linearly with the burial depth. The deeper the
burial depth, the greater is the formation pressure, and
hence the greater is the support force required to maintain
the stability of the shield tunneling face.

5 Numerical simulation
5.1 Parameter calibration

Conventionally, the stability of a shield tunneling face can
be analyzed using the FEM and DEM. The FEM offers
many advantages, and numerous significant research
results regarding shield stability have been obtained
using this method [53-55]. Owing to the discrete
characteristics of soft clay particles in actual engineering,
the DEM was used in this study to analyze the spatial
movement law of the surrounding soil during active
failure. Using the trial-and-error method in PFC*® soft-
ware, the mesoscopic parameters such as the particle
contact stiffness, friction coefficient, and bond strength
were continuously adjusted until the selected parameters
can simulate a stress-strain curve that is consistent with that
of transparent clay.

Figure 14(a) shows the sample generated during the
parameter calibration. It measured 39.1 mm in diameter
and 80 mm in height, consistent with the size of the
transparent clay sample used in the laboratory triaxial test.
A comparison between the stress-strain curves obtained
from PFC*” and the triaxial tests is shown in Fig. 14(b).
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Fig. 14 Parameter calibration: (a) triaxial sample from particle
flow; (b) stress-strain curves between the numerical simulation and
triaxial test.

The specific parameters of the PFC?” numerical model are
listed in Table 6. The numerically simulated curve is
consistent with the results of the triaxial test. Therefore, the
parameters in Table 6 can be used to establish a numerical
model for the failure mode of the shield tunneling face.

5.2 Established model

The initial model was generated using the radius expansion
method. After applying gravity acceleration, an automatic
balance calculation was performed. The termination
condition is that the overall average change ratio (“Aratio”
in the software) of the model is less than le—5. The
condition of the model after the initial in situ stress balance
is shown in Fig. 15(a). The different colors of the particles
correspond to the different radii. As shown, particles with
different particle sizes mixed uniformly, reflecting a better
grading effect. The analysis of numerical simulation results

in the following are based on Fig. 15(a). Tunnel excavation
was simulated by deleting the particles inside the tunnel.
The lining was simulated by a cylindrical wall, and the
grouting layer was simulated using the parameters of the
strengthened soil, i.e., the increased strength and stiffness
of the soil in the grouting layer. Furthermore, a circular
wall was added at the location of the shield tunneling face,
the diameter of which was the same as the tunnel diameter,
to simulate the support of the shield tunneling face. The
development process of failure was simulated by slowly
retreating the wall (0.00075 m/time step) at the shield
tunneling face. The contact force on the wall at the shield
tunneling face served as the support force during the shield
instability and was monitored. The simulation instability
process caused by the retreating shield tunneling face is
shown in Fig. 15(b).

5.3 Results and discussion

5.3.1 Comparison of failure modes between numerical
simulation and model test

The failure modes of the shield tunneling face at C/D = 0.5
are shown in Fig. 16. PFC*" can simulate large deforma-
tions and large displacements accurately. When the shield
tunneling faced backward, the soil entered the tunnel; this
phenomenon can be observed from the longitudinal section
view. In the model test, the tunnel irradiated by the laser
was opaque. Although the soil particles had entered the
tunnel, the inside of the tunnel was not visible from the
longitudinal section. The failure modes of the numerical
simulation were consistent with those of the model test,
and they were all integrated failure modes that extended to
the surface. The longitudinal influence range of the
numerical simulation was approximately 1.5D, which
was similar to that of the model test (1.307D). Therefore, it
can be concluded that the selection of soil parameters in the
numerical calculation model was reasonable.

5.3.2 Failure mode of different burial depth conditions

Figure 17 shows the failure mode along the longitudinal
section of the tunnel under different burial depth condi-
tions. At C/D = 0.5 and C/D = 1.0, the instability range
reached the surface directly, forming an overall basin-like
failure mode. At C/D = 2.0, the instability range could not
be extended to the surface, and a bulb-like soil arch with a
range of 1 to 2D formed near the shield tunneling face. The
numerical simulation test results were consistent with the
previous model test results.

5.3.3 Surface settlement

Figure 18 shows the normalized surface settlement curves
along the transverse section under different burial depth
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Fig. 15 Numerical simulation model: (a) numerical model after in-situ stress balance; (b) simulation instability process of the shield

tunneling face.

conditions. The surface settlement of the three curves
increased gradually from both sides to the middle of the
tunnel. At C/D = 2.0 and C/D = 1.0, the surface settlement
decreased by 36.24% and 58.23%, respectively, compared
with that at C/D = 3.0. The results show that with

increasing tunnel depth, the surface settlement reduced
significantly. This is because as the burial depth increased,
the overburden layer demonstrated an enhanced buffering
capacity for soil deformation.
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5.3.4 Comparison between numerical simulation and Peck
formula

Based on the statistical results of a large amount of
measured data, Peck [56] hypothesized that surface
settlement was caused by soil loss. Under the assumption
that the soil is undrained and the volume of the settlement
tank is equal to the volume of the soil loss, the ground
settlement tank distribution is similar to a normal
distribution. The formulas to estimate the transverse
section ground subsidence are shown in Egs. (5) and (6).

S(X) = Smaxexp[_x2/<2i2)]9 (5)

_ Vloss _7TD2’7

N RN

Smax (6)
where x is the horizontal distance from the transverse
section of the tunnel, s(x) is the ground settlement at
position X, S, is the maximum surface settlement above
the tunnel axis, Vo 1S the soil loss per unit length, # is the
soil loss rate, D is the outer radius of the tunnel, and i is the
width coefficient of the ground subsidence tank.
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According to Knothe [57], the parameter i depends on
the strength of the stratum close to the surface, as well as
the tunnel depth and radius. The formula to calculate i is
shown in Eq. (7).

h
N \/Etan(45°—§) ’

where £ is the depth from the surface to the center of the
tunnel, and ¢ is the angle of internal friction.

Previous studies have suggested the typical expected
soil loss # during shield tunneling of approximately 2.25%
[58,59]. Hence, the soil loss 7 was set to 2.25% in this
study. According to the relevant parameters of transparent
soil shown in Table 2 and the diameter and burial depth of
the shield tunnel in the model test, the settlement curves
under different tunnel burial depth conditions can be
calculated, as shown in Fig. 19. In addition, many methods
can be used to calculate i, of which the typical method is to
use. In this study, £ was set as 0.5 in the formula (based on
the characteristics of Tianjin clay). The calculation results
were compared with other results, as shown in Fig. 19.

i = kh, ®)

i

™)

where k is an empirical constant of proportionality ranging
between 0.4 and 0.7 for cohesive soils [58].

Based on a comparative analysis of Fig. 19, the result
calculated using Eq. (7) differed slightly from that
simulated for C/D = 1.0, whereas the result calculated
using Eq. (8) differed slightly from that simulated for C/D
= 3.0. In other conditions, the results of the numerical
simulation were consistent with those calculated using the
Peck formula. In general, with increasing burial depth, the
surface settlement value decreased continuously. These
curves exhibited a normal distribution and were similar to
the numerical simulation results.
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Fig. 19 Comparison of the numerical simulation and peck curve
on the transverse section: (a) C/D=1.0; (b) C/D=2.0; (c) C/D=
3.0.

6 Conclusions

Herein, an experimental model system was proposed for
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analyzing the stability of a shield tunneling face using a
type of transparent clay reflecting the engineering
characteristics of Tianjin soft clay. The system was used
to investigate the stability of the shield tunneling face to
solve the “black box” problem and directly observe the
internal displacement of the soil under active failure. In
addition, an accurate function was performed to express
the active failure mode of the shield tunneling face, and the
relative influence range was deduced.

Considering the particle migration law, a DEM software,
namely, PFC*®, was employed to further analyze the active
failure mode of the shield tunneling face and surface
settlement under different burial depth conditions. Com-
pared with the model test, the PFC?® simulated the
movement of soil particles in the inner tunnel when active
failure occurred.
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