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ABSTRACT Owing to long-distance advancement or obstacles, shield tunneling machines are typically shut down for
maintenance. Engineering safety during maintenance outages is determined by the stability of the tunnel face. Pressure
maintenance openings are typically used under complicated hydrogeological conditions. The tunnel face is supported by
a medium at the bottom of the excavation chamber and compressed air at the top. Owing to the high risk of face failure,
the necessity of support pressure when cutterhead support is implemented and a method for determining the value of
compressed air pressure using different support ratios must to be determined. In this study, a non-fully chamber
supported rotational failure model considering cutterhead support is developed based on the upper-bound theorem of
limit analysis. Numerical simulation is conducted to verify the accuracy of the proposed model. The results indicate that
appropriately increasing the specific gravity of the supporting medium can reduce the risk of collapse. The required
compressed air pressure increases significantly as the support ratio decreases. Disregarding the supporting effect of the
cutterhead will result in a tunnel face with underestimated stability. To satisfy the requirement of chamber openings at
atmospheric pressure, the stratum reinforcement strength and range at the shield end are provided based on different
cutterhead aperture ratios.

KEYWORDS tunnel face stability, cutterhead configuration, aperture ratio, pressure gradient, support ratio

1 Introduction environment with complicated hydrogeological condi-
tions, a large cover depth, or a high hydraulic pressure,
only pressure maintenance openings can be adopted. The
chamber opening is used to achieve a safe and stable

maintenance environment. Therefore, the excavation

With the rapid increase in underground engineering,
construction in China has resulted in an increase in shield
tunneling. Shield construction presents many technical

problems, such as tunnel face failure [1-4], tool wear
[5-8], and segment leakage [9—11]. The increase in long-
advance and super large-diameter shield projects has
resulted in a higher occurrence of shield tunneling
machines being shut down because of obstacles or for
machine maintenance. Shield machine maintenance
during shutdown is typically performed using an
atmospheric pressure opening or a pressure maintenance
opening [12]. The atmospheric pressure opening is only
suitable for a stratum with a high self-steady ability. In an
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chamber opening is governed by the stability of the
tunnel face.

In shield construction, the external pressure of the soil
and water is balanced by the support pressure from the
soil muck or bentonite slurry in the excavation chamber.
The soil propagates into the excavation chamber rapidly
when the support pressure is insufficient, resulting in
active ground instability accidents [13—15]. In recent
years, the failure mechanism of tunnel faces has been
investigated extensively via theoretical analysis [16—19],
model tests [20—23], and numerical simulations [24,25].

Mollon et al. [26] proposed a three-dimensional (3D)
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rotational failure model, and both the upper and lower maintenance based on the kinematic approach of limit
solutions of the critical support pressures were provided. analysis. A non-fully chamber support model considering
Perazzelli [27] derived a closed-form solution for the the cutterhead configuration is developed to evaluate the
lower solution of the limit support pressure under seepage stability of the tunnel face based on the rotational failure
flow conditions. Pan and Dias [28] investigated the effect mechanism proposed by Mollon et al. [26]. To validate
of anisotropic permeability on the limit solution of critical the proposed mechanism, the limit support pressure is
support pressure using a kinematic method and the compared with numerical simulation results. The effects
FLAC3D software. Ji et al. [29] investigated the effects of the support ratio, pressure gradient, tunnel diameter,
of tunnel diameter and cover depth on support pressure; and aperture ratio are discussed. In addition, a
the 3D arch effect was considered as well in that study. reinforcement strength value and a limit reinforcement
Kirsch [30] investigated the critical support pressure of a range of the stratum are proposed that can maintain the
tunnel face in dry sandy ground via model tests. The stability of the tunnel face when the shield tunneling
results indicated that the initial density of the ground machine is shut down.
significantly affected the development of the collapse
mechanism. Chen et al. [31] discussed the evolution
process of a soil arch by performing model tests based on 2 3D rotational failure model
different soil covers. Qarmout et al. [32] proposed a
numerical method to obtain the lower limit support 2.1 Support mode analysis considering cutterhead support
pressure in dry frictional soil using the kinematic element
method. Based on the pressure distributions in the excavation
Owing to the space requirement of maintenance chamber, Fig. 1 illustrates the chamber opening can be
workers, cutters are typically inspected and changed classified into two modes. a) The chamber opening at
under a non-fully supported mode [33], which can atmospheric pressure, where the excavation chamber is
significantly reduce the face stability and easily cause completely emptied. In this mode, the tunnel face is
ground collapse. In practical engineering, the top external merely supported by the cutterhead. This model is only
pressure at the tunnel face is typically balanced with the applicable to strata with good stability. b) The pressure
compressed air pressure by reducing the fluid level of the maintenance chamber opening, where a certain height of
muck or slurry in the chamber [34,35]. However, all the supporting medium is retained at the bottom of the
previous studies focused on the analysis of face stability —excavation chamber. The external earth-water pressure at
for cases involving uniformly and fully distributed the top is balanced by the compressed air pressure
support pressure in the excavation chamber, which can [38—40]. This model is more suitable for unsatisfactory
result in a tunnel face with overestimated stability. and water-rich stratum geological conditions. In the cutter
Additionally, the effect of the cutterhead is rarely changing period or for certain tunneling projects in a
considered when the shield machine is shut down. Most complex stratum, the tunnel face is supported entirely by
relevant previous studies are based on numerical compressed air pressure. However, controlling the
simulations and do not involve theoretical calculations accuracy of the compressed-air pressure adjustment is

[36,37]. difficult. Moreover, the safety of maintenance workers
The current study investigates the face stability of may be jeopardized.
shield tunneling machines shut down for pressure The bottom section of the tunnel face, supported by the
chamber
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Fig. 1 Chamber opening modes: (a) chamber opening at atmospheric pressure; (b) pressure maintenance chamber opening. Notes: orange
region: cutterhead; gray region: supporting medium pressure; blue region: compressed air pressure.
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supporting medium, is known as the support face,
whereas the upper section is a free face. The cover depth
is denoted by C; the diameter of the shield tunnel, D; and
the height of the support face, H. The support ratio » is
defined as H/D, and o is the limit support pressure of the
supporting medium acting on the support face. The
support pressure is distributed in trapezoidal form
because of the soil gravity in the excavation chamber. As
shown in Fig. 2, the gradient of the support pressure is
denoted as k, which can be expressed as £ = tan 6. The
support pressure is uniformly distributed at = 0°, and o,
is the limit support pressure of compressed air supported
on a free face. The cutterhead configuration is described
by the aperture ratio u [41]. In this study, the overall
tunnel structure is considered safe, i.e., the cutterhead
cannot propagate backward. Hence, only face stability
problems are discussed herein.

2.2 Solution of critical support pressure
The limit support pressure calculation method used in this

study is based on the theoretical rotational failure method
proposed by Mollon et al. [26]. Its rationality has been
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verified based on numerous model test results for the
active failure mechanism [30,42]. As shown in Fig. 3, a
spatial discretization technique was used to model the
rotational failure mechanism. The main purpose of
modeling the 3D collapse mechanism is to generate a set
of points that represent the contour in a previous plane.
All the planes intersect at the origin of the polar
coordinates, and the normal lines are parallel to the
velocity field. The contour of the tunnel face is
discretized by several points, and the moving block is
discretized by several radial planes that coincide at point
O. E is the center point of tunnel face. The boundary of
the failure mechanism is determined only by two
parameters, Sy and Rp/D, where B is the angle between
OF and XY plane, Ry is the length. 4 and B are the
intersection points of the spirochete and inverted arch
with the central axis. In this study, the spirochete rotates
around the central axis OX at a uniform angular velocity
® when global failure occurs. The velocity of each point
in the spirochete mechanism is equal to the product of @
and the vertical distance from the point to OX. The tunnel
face is discretized by m groups of points symmetric to the
longitudinal axis OY.

collapse
mechanism

a7/

support face

Fig.2 Schematic diagram of the non-fully supported mode (o-g: uniform support pressure, og,: gradient support pressure, o,: compressed

air support pressure).
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Fig. 3 Discretization technique for the collapse mechanism of tunnel face.
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As shown in Fig. 3, the spirochete is composed of two
sections. Both sections are discretized by several radial
planes separated by &;. In theory, the calculation accuracy
is positively associated with &; and m. However, the
calculation time also increases as the accuracy increases.
In this study, m and & were set as 100 and 1.0°
respectively.

In the upper-bound theorem of limit analysis, the
ultimate state of active failure that occurs on the tunnel
face is the work rate of the external force, which is equal
to the internal energy dissipation. In this study, the rate of
external face W includes the effective gravity of soil W,
support pressure W_;, and the uniform surcharge acting
on the ground surface W; when the failure mechanism
outcrops. In this study, W comprises three components:
the work rate of the support force acting on the support
face W_g, the compressed air support force acting on the
free face W,,, and the static earth pressure from the
cutterhead W, .. The distribution of o, o, o is shown
in Fig. 4(a). Based on the rotational collapse mechanism
like Fig. 4(b) [26], the work rate of different external
forces are presented next.

The work rate of the support force of the supporting
medium is expressed as follows:

Wos = [| (@ +)-7az
S

k-D- Z (n— j/m)+0'sl

J=1

-i(S,--Rj-cosﬁj),

J=1

(M

where og denotes the uniform support pressure acting on
the support face and o, is the gradient support pressure
applied to the support face. The height of the support face
is adjusted by nD. Similarly, the support area is changed
by adjusting the summation of the upper bound, nm. In
this study, the specific gravity of the soil or slurry is
adjusted by the gradient k, R; and B; are the polar
coordinates of the points on the support face, S; represents
the area of the element at the discretized face, w is the
angular velocity of the failure mechanism, and yu is the
aperture ratio of the cutterhead.

The work rate of compressed air support force acting
on the free face is expressed as follows:

m—1

Wor= [ F2T =0 pan- Y (85-Ry-cosB). @)

Jj=nm+1

where o, denotes the compressed air pressure acting on
the free face. For the non-fully supported mode with
compressed air pressure, o, is uniformly distributed and
equal to og [34]. In the non-fully supported mode
analysis, o, = 0.
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The work rate of the cutterhead support force acting on
the tunnel face is expressed as follows:

m—1

We :Hsa’-m: —w-kyy-(1 —y).Zsj-Rj-Hj-cosﬁj,
=
3)

where o denotes the support pressure of the cutterhead
acting on the tunnel face. In practice, a shield machine
cannot be retreated owing to the jacking force from the
thrust cylinders. Hence, suppose that the support pressure
of the cutterhead is equal to the static earth pressure for
each trip; k, is the lateral pressure coefficient, whose
value is set as 0.35 to indicate the empirical value of
tunneling in sandy soil [43]; ¥ is the unit weight of the
stratum; and #; is the cover depth of the element on the
discretized face.

The work rate of possible uniform surcharge acting on
the ground surface can be expressed as

W = \[J‘SOTZ}'_V)dZ=a)-O_G'Z(Sl'RI'Sin,Bl)7 “)

where o denotes the ground surface surcharge, R; and g,
are the polar coordinates of the points on the possible
outcropping surface, and S, represents the area of an
element on the outcropping surface. In this study, only
the active failure problem is considered, whereas W is
not.

The work rate of effective gravity is expressed as

v fff 7

=w-y- Z (Ri;-Vij-sinf;;+R; ;- V;-sinf; ), (5)
¥

where R;; and B;; (and the corresponding R;; and ;) are
the polar coordinates of the surface center of gravity of
discrete micro-tetrahedral elements in the collapse
mechanism, and ¥, (and the corresponding V;)) is the
micro-tetrahedral unit volume.

In this study, internal energy dissipation only includes
the soil sliding resistance Wg.

Ws :fL c-v-cosgp-dS = a)-c-cosgo-z(SL,_/'R;,,'+S;’J»RI’.Y].),
L]
(6)

where c is the cohesion of stratum soil; ¢ is the angle of
the internal friction; and S;; and S/, are the areas of
triangular faces P, ; P P iyyand Py Py P
respectively.

Based on the upper-bound theorem of limit analysis,
the upper-bound value of the limit support pressure can
be derived as follows [44]:

Og = 'yDNy _CNS +O—GNG _kD/lNk _k()'y(l _,U)NC

it1,j i+t1j+ 1

(7
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illustration of rotational failure mechanism.

The limit collapse support pressure can be obtained by
maximizing o in Eq. (7). In the equation, N,, Ng, Ng, Ny,
and N are dimensionless coefficients associated with the
soil weight, cohesion, surface load, support modes, and
cutterhead configuration impact factor, respectively.
Their formulas are shown as follows:

Z (Rij-Vij-sinB;;+ R ;- V] -sinf; )
ij

N, = . @
D- )" (S;-R;-cosB)) ®

cos - Z (Sij-Rij+S.;-R.)
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excavation

(b)

Fig. 4 (a) Computation of work rates of tunnel face (v; represents the velocity of the discretized element on tunnel face); (b) schematic

3 Comparisons
3.1 FLAC3D modeling

To verify the accuracy of the proposed theory, a tunnel
face without cutterhead support (u= 100%), a tunnel face
supported by a spoke cutterhead (u = 51.52%), and a
spoke-panel cutterhead (u = 26.61%) were simulated
using FLAC3D. As shown in Fig. 5, the size of the 3D
model was 40 m (Iength) x 50 m (width) X 30 m (height).
The width was set to five times the tunnel diameter D.
Both cover depths, C and D, were set to 10 m. The
thicknesses of the cutterhead and shell were set as 0.3 m.
To accurately describe the stratum slip trend, the mesh
density was increased within 5 m in front of the tunnel
face [45]. The top of the model was constrained by a free
boundary, the surroundings were constrained by a normal
displacement, and the bottom was a fixed boundary. The
soil properties were described using the Mohr—Coulomb
constitutive model. A linear elastic model was adopted to
simulate the cutterhead and shell of the shield machine.
The detailed parameters are listed in Table 1. On the
tunnel face, only a uniform support pressure was applied
to the free face. Uniform and gradient support pressures
were applied to the support face. Static earth pressure in
the form of a gradient was applied to the cutterhead
region.

3.2 Determination of face failure

An improved dichotomy method was used in this study to
determine the limit support pressure via numerical
simulation [16]. This method comprises three basic steps:
1) the cohesion of the stratum is set to an extremely high
value, which transforms the soil into an elastic material;
2) the internal stress is manually set to twice the initial
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free face
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1 =26.61%

(d

Fig.5 Schematic diagram of model: (a) integral model; (b) tunnel face; (c) spoke cutterhead; (d) spoke-panel cutterhead. Notes: red cross:
uniform support pressure; black cross: uniform support pressure + gradient support pressure; white cross: static earth pressure.

Table 1 Parameters of soil, cutterhead, and segment

material unit weight (kN-m”’) cohesion (kPa) internal friction angle (°) Poisson’s ratio elastic modulus (MPa)
soil 18.0 7 17 0.30 24
cutterhead 78.5 - - 0.26 2.06 x 10°

shell 28.0 - - 0.16 23x10*

value. The number of steps N required to return to the
equilibrium state of ground stress is determined. For the
spoke cutterhead model, the N is 3396, whereas it is
approximately 3681 for the spoke-panel cutterhead
model. Compared with classical stress control methods
[46], this method can improve the calculation accuracy
and reduce the calculation time required to reach the
plastic flow state, particularly when the desired accuracy
for the results is high [47].

To verify the proposed method, the results of numerical
simulations obtained from FLAC3D were compared with
the results obtained using the proposed method. The
gradient coefficient was set to 3.0. Figure 6 shows the
limit support pressure og for different support ratios and
aperture ratios. Based on comparison, the theoretical

results were consistent with the numerical simulations.
This indicates that og gradually increased with the empty
level of the excavation chamber. The rate of increase of
oy decreased gradually. For p = 100%, the average
increase rate when n = 0.3 was 79.34%, whereas it was
only 2% when n < 0.3. This indicates that tunnel face
stability was primarily sustained by the uniformly
distributed earth pressure and compressed air pressure
under a low support ratio. In addition, og decreased with
the aperture ratio. For the spoke-panel cutterhead models
(n = 0.8), og reduced to zero. Under this condition, the
tunnel face can maintain a steady-state supported only by
the cutterhead, and a chamber opening at atmospheric
pressure is theoretically feasible.

Next, the variation in the horizontal displacement of the
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non-cutterhead area for different support ratios is
analyzed. According to Xu et al. [41], the position with
the maximum horizontal displacement is at the bottom of
the tunnel face. As shown in Fig. 7, the results are
consistent with the numerical simulation results of this
study. The displacement of the lower opening area is
significantly larger than that of the top and cutterhead
areas. Consequently, point C, which is at the center of the
lowest opening area, was selected as the monitoring
point, and its specific position is shown in Fig. 5(a). The
support pressure applied to the tunnel face is the result
yielded by the proposed method. The horizontal
displacements of point C for the three aperture rate cases
are shown in Fig. 7. The displacement changed equally as
the support ratio decreased. Each case indicated
instability trend lines extending forward from the vault
and the bottom of the arch. This indicates that local
failure will not occur in the open zones of the tunnel face
owing to the decrease in the support ratio. This further
confirms the rationality of the proposed method.

6 —a— 1 = 100% (proposed theory) k=3.0 kPa/m
©=100% (FLAC3D) C=D=10m

50 - —a— 4 = 51.52% (proposed theory) |c=7kPa;p=17°
- & -4 =51.52% (FLAC3D) y =18 kN/m’

| —®— = 26.61% (proposed theory)
1 =26.61% (FLAC3D)

- ———

00—o—¢ "9 1 1 I 1 1 I
1.0 09 08 07 06 05 04 03 02 0.1 00
support ratio n

Fig. 6 Limit support pressure vs. support ratio for different
aperture ratios.
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—a—p=51.52% C=D=10m
600 F—e—u=26.61% ¢=7kPa; p =17
7=18 kN/m?

500 |

400 |

300

2002

“

horizontal displacement of point 4 (mm)
\K

0 ® ® . 4 . 4

09 08 07 06 05 04 03 02 01
support ratio n

Fig. 7 Horizontal displacement of point C.
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4 Parametric study

Figure 8 shows the effect of the tunnel diameter D and
stratum internal frictional angle ¢ on the critical support
pressure og. An increasing demand for transportation has
resulted in an increase in the shield tunnel diameter. A
few tunnels measured approximately 20 m in diameter;
hence, the range of tunnel diameter was set as 5-20 m for
the analysis. The cover depth-to-diameter ratio ranged
from 0.5 to 2.0, whereas ¢ ranged from 10° to 30°. The
gradient coefficient was set as 3.0 kPa/m. As shown in
Fig. 8, the required limit support pressure increased
gradually with D. This indicates that the pressure
difference between the support pressure and external soil
pressure increased. Similarly, a larger D implies a higher
risk of face collapse. In addition, o decreased with ¢,
indicating that the support pressure required to maintain
the stability of the tunnel face is much higher under
unsatisfactory geological conditions.

Figure 9 shows the effects of the support pressure
gradient £ and soil cohesion ¢ on the limit support
pressure. The following analysis is based on & and ¢
values ranging from 0 to 15 kPa/m and 0 to 15 kPa,
respectively. Here, £ = 0 indicates that the support
pressure is uniformly distributed on the entire tunnel face.
In this condition, the effect of the supporting medium
specific gravity is not considered. The theoretical
calculation results based on £ = 0 can be regarded as
results based on a compressed air pressure maintenance
chamber opening. The limit support pressure decreased
gradually as & increased (see Fig. 9). When og decreased
to 0, the pressure distribution mode changed to a
triangular distribution, which implies that the stability of
tunnel face is overestimated by considering a uniformly
distributed support pressure. This further indicates that
increasing the specific gravity of the support medium to
an appropriate level can improve the stability of the

240
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Fig. 8 Effects of tunnel diameter and stratum internal frictional
angle on limit support pressure 0.
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Fig. 9 Effects of support pressure gradient and stratum
cohesive on limit support pressure og.

tunnel face. For example, engineers can use additives to
improve the density of slurries used for constructing
shields [48]. Meanwhile, og decreased as c¢ increased.
This indicates that increasing the stratum strength in front
of the tunnel face can reduce the risk of collapse when the
shield machine is shut down.

5 Discussion

Soil reinforcement at the shield end is an essential
component of shield machine maintenance during
outages. Selecting a suitable reinforcement method for
the end soil is necessary to guarantee engineering safety.
Both sandy soil and saturated clay lack adequate self-
stability and water repellency. When the tunnel face is
exposed after the end seal is removed, soil collapse and
water bursts tend to occur at the front soil. Currently,
chemical reinforcement is one of the most typically used
stratum reinforcement methods. Examples of chemical
reinforcement include the liquid grouting, high-pressure
rotating spouting, and deep agitation [49]. In these
methods, cement grout or silica gel chemical slurries are
used to bond grout with soil particles via perfusion
pressing, high-pressure spraying, and deep stirring
through pneumatic, hydraulic, or electrochemical
principles. Consequently, the stratum strength improves
macroscopically, i.e., the cohesion of the stratum
improves significantly. Meanwhile, the internal friction
angle of the mixed material increases indirectly. Based on
typical values of internal friction angle for soil-cement
systems, the internal friction angle of the reinforced
stratum was set to 20°-30° [50].

In this study, the unconfined compressive strength of
the stratum when og decreased to 0 is defined as the
lower limit value of the critical reinforcement strength ¢,
The critical reinforcement range dg is defined as the
distance between the slip surface edge of the failure

529

mechanism and the tunnel face (as shown in Fig. 10). The
detailed calculation procedure is as follows. 1) The
internal friction angle of the stratum is set as a fixed value
and calculated repeatedly until og = 0 by adjusting the
cohesion. 2) The open zone areas for different aperture
rate conditions are determined. Based on the principle of
area equivalence, the equivalent diameter R’ of the
opening area is calculated using the formula nnR> = nR'%.
Local failure is assumed to occur in the opening area if
og < 0. 3) The collapse failure mechanism is determined
and the limit reinforcement range dg is measured.

Figure 11 shows the effects of the internal friction
angle and aperture rate on ¢q,,. The results show that g
decreased gradually as ¢ increased, whereas it increased
significantly with g This indicates the non-negligible
support effect of the cutterhead. For the cases where ¢ >
25°, the decrease rate of g, almost stabilized. Based on
the computation results, local failure occurred at the
opening area in all limit conditions when ¢ = 30°. Thus, a
multiple factor s must be specified for ¢, i.e., the
proposed value Gup should be equal to sq,,. The cutterhead
of the shield tunneling machine cannot easily cut the
reinforcement stratum and can be locked if the
reinforcement strength is extremely high. After
performing several trial calculations in MATLAB, s was
set as 1.49. The stability of tunnel face was confirmed by
verifying the area equivalence. Figure 12 shows the
variation in the limit reinforcement range dg with ¢. As ¢
increased, the reinforcement strength increased rapidly in
the ¢ range of 20°-25°. The change rate stabilized when
@ >125°
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Fig. 10 Schematic diagram of limit reinforcement range dj.
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Fig. 11 Effects of internal friction angle and aperture ratio on
stratum reinforcement strength g,,,.
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Fig. 12 Effects of internal friction angle and aperture ratio on
stratum reinforcement range dg.

6 Conclusions

Herein, an active failure mechanism for a non-fully
supported mode with cutterhead support under a shield
machine shutdown period was proposed. The proposed
mechanism can be used to determine the limit support
pressure with different aperture ratios for maintaining
tunnel face stability. The main results are as follows.

1) Assuming a uniformly supported support pressure,
the stability of the tunnel face was overestimated.
Increasing the specific gravity of the supporting medium
to an appropriate level reduced the collapse risk when the
support ratio exceeded 0.3. The limit of compressed air
pressure increased significantly as the support ratio
decreased.

2) The required support pressure increased gradually
with D. Unsatisfactory stratum conditions corresponded
to higher risks of tunnel face collapse. For the active
failure mechanism, the effect of the cutterhead was
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unfavorable. The support pressure required for
maintaining the tunnel face stability was much lower
when cutterhead support was implemented.

3) Soil reinforcement at the shield end is typically
implemented to guarantee the stability of the tunnel face
during shield machine maintenance. The limit reinforce-
ment strength of the stratum increased significantly with
the aperture ratio. Conversely, the limit reinforcement
range was short when the aperture ratio was high. To
avoid local failure on the tunnel face, the reinforcement
strength was multiplied based on the limit value, and the
multiple factor was set as 1.49. This approach can serve
as a basis for soil reinforcement at the shield end.

The model proposed herein cannot consider the seepage
field and is suitable only for dry conditions. Hydraulic
conditions will adversely affect the limit support pressure.
In addition, changes in the cutter can increase the risk of
water bursting into the chamber. Further analyses should
be conducted in future studies. The addition of a seepage
field will be considered in subsequent investigations.
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