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Abstract

In mountain tunnels, a series of advanced reinforcement measures are often employed to
maintain the stability of the tunnel face, particularly in challenging geological conditions. However,
there is a lack of design theories regarding the advanced support structure for uniquely shaped tunnel
faces, necessitating further exploration. Based on the limit equilibrium method, this paper presents
a derivation of the mechanical model for analyzing excavation face stability considering shape
changes and bolts. Additionally, a design theory for horizontal glass fiber bolts in longitudinally
inclined tunnel faces is established. The reinforcement effect of the pipe shed is further considered.
Finally, the proposed model is validated, and parameter analysis is conducted to guide improved
design practices.

Keywords: Tunnel engineering; Limit equilibrium method; Longitudinal inclined tunnel face; Face
bolts; Pipe shed

1 Introduction

With the sustaining spread of highway networks, the environment faced by tunnels is becoming
more and more complex and diverse, among which the particularly prominent problems include the
stability problem of soft rock tunnel face (Ding et al., 2017). To reveal the excavation face's failure
shape and mechanism, scholars have studied the key factors such as the size of the influence area,
the shape of the disturbance area, the displacement and stress development of the stratum in front
of the tunnel excavation face through many laboratory model experiments (Chambon et al., 1994;
Takano et al., 2006; Kirsch, 2010). Furthermore, with the continuous maturity of numerical
simulation technology, it is also widely used to study the relationship between stratum or design
factors and limit support pressure (Vermeer et al., 2002; Ukritchon and Keawsawasvong, 2017;
Alagha and Chapman, 2019). Based on the results of the above research, scholars have proposed
various improved calculation methods of limit support pressure, mainly including the limit analysis
method (Leca and Dormieux, 1990; Mollon et al., 2009) and limit equilibrium method (Anagnostou
and Kovari, 1996; Murayama et al., 1966).

For mountain tunnels, the stability of the tunnel face often requires stratum reinforcement
measures to balance, such as near-horizontal jet grouting piles, honeycomb arches, advanced
grouting pipe sheds, drainage pipe sheds, or horizontal glass fiber bolts. Among these, the advanced
glass fiber bolt reinforcement technology is the most common and has been widely used. It uses the
horizontal long bolt to anchor the leading core soil, mainly relying on the bonding force of the
grouting layer around the glass fiber bolt to provide horizontal support. Due to the complexity of
the force of the bolt and the difficulty in defining the scope of advanced core soil, the design of the
horizontal face bolt is mainly based on empirical analogy and numerical simulation (Oreste and
Dias, 2012; Oreste, 2009; Li et al., 2015; Zhang et al., 2022). With the deepening of scholars'
understanding of it, the theoretical design is becoming more and more mature. The design theory of
face bolt based on the limit analysis method mainly considers further the resistance power generated
by the face bolt to balance its external force power (Pan and Dias, 2017). The design theory of face
bolt based on the limit equilibrium method mainly utilizes the upper load, self-weight load of the
sliding wedge, the support force of bolts and the friction resistance of the stratum to carry out static



balance, and then solve the density of the bolt required for the minimum supporting force
(Anagnostou and Serafeimidis, 2007).

Different from the blasting excavation method used in hard rock strata, the excavation of soft
soil or weak surrounding rock tunnels can be achieved by mechanical or manual excavation, so the
shape of the excavation face can be controlled. When advanced glass fiber grouting bolt is used for
reinforcing the advanced core soil, the New Italy Method usually tilts the excavation face forward
to improve its stability (Ranjbarnia et al., 2016). At the practical level, in some tunnels in Britain,
the Matsumoto Tunnel in Japan and the Shanwang Tunnel in China, the field has adopted the
technology of longitudinal forward-tilting tunnel face or spherical tunnel face for construction
(Guan and Zhao, 2011). Practice shows this technology can effectually improve the advanced core
soil's stress condition, increase the tunnel face stability, and reduce construction risk. In terms of
theoretical research, Zhao, Huang, and Wang solved the limit support pressure required by the tunnel
excavation face when the shield tunnel is inclined upward and downward in the stratum (Zhao et
al., 2017; Huang et al., 2019; Wang et al., 2020). The results indicate that the limit support pressure
will decrease if the tunnel face is inclined forward. In addition, Weng et al., (2020) used centrifugal
experiments and numerical simulations to prove the occurrence of this phenomenon further.

Therefore, the influence of tunnel face shape on its stability can't be ignored. In this paper, on
the basis of the Wedge-prism model, the theoretical model of the tunnel face bolt, considering the
shape of the excavation, is established using the slice method. Furthermore, the calculation method
of minimum bolt density in the inclined tunnel face is proposed in two cases: the middle and exit
sections of the tunnel. Then, the mechanical stability model of the inclined tunnel face reinforced
by the pipe shed and face bolt is proposed. Finally, it is verified by comparing it with previous

studies, and the influence of strata and design parameters are analyzed.
2 Limit equilibrium method for the different shape of tunnel face

Based on the Wedge-prism model, the sliding wedge after the reinforcement of the glass fiber
horizontal bolt is mainly subjected to four forces to maintain the balance, including the active load:
the vertical load on the upper part of the sliding wedge (), the self-weight of the sliding wedge (dG)
and the passive load: the horizontal arching effect of the stratum on the sliding wedge when it
deforms into the tunnel (d75), the supporting effect produced by the bolt of the excavation face
(vertical support force dTn, and horizontal support force dS). When the shape of the excavation face
changes, the change in the upper part of the sliding wedge will cause a corresponding increase in
the unsupported length of the tunnel, resulting in an increase in the vertical load on the sliding wedge.
In addition, the change in the shape of the face will further decrease the volume of the sliding wedge
so that its weight will be reduced accordingly. When the tunnel face is inclined from upright to
forward, the change of the area on both sides will also reduce the horizontal soil arching effect on
both sides of the stratum. Finally, because the overlap length of the face bolt is certain, the change
of the tunnel face will make the original unstressed bolt ( all located inside the sliding wedge ) begin
to play its role (Fig. 1).
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Fig. 1 Different shape of excavation face
Therefore, it is not difficult to find that the shape change of the tunnel face may increase or
reduce its stability. Thus, Section 2 makes a theoretical feasibility analysis of this interesting
phenomenon. First, we take a differential soil strip on the sliding wedge for analysis, as detailed in
Fig. 2.
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Fig. 2 Force of differential soil strip on excavation face after advanced pre-reinforcement
(Ius 1s the unsupported span of the tunnel; /,, is the length of the glass fiber bolt inside the sliding wedge;
low 1s the length of the glass fiber bolt outside the sliding wedge; z is the distance from the soil slice to
the bottom of the wedge; w is the inclination angle of the wedge.)
When the shape of the tunnel face changes, the self-weight of the differential element (dG)

can be expressed as:
dG =yB(ztan(w)- f(z))dz (1)

where y is the weight of soil; B is the tunnel's width; f(z) is the shape function of the tunnel face,
which is related to the z; dz is the thickness of the differential element.

The relationship between tangential force (d7) and normal force (dN) on the sliding plane of
the sliding wedge is:

dT =dN tang )

where ¢ is the internal friction angle of the soil.
After tunnel excavation, sliding wedge has a tendency to slide into the tunnel. At this time, the

friction resistance provided by the strata on both sides of the sliding wedge is:
dT, =2(c+ Ao, tanp)(ztan (w)- f (z))dz (3)

where c is the cohesion of soil.
From the above equation, we can observe that the horizontal soil arching effect in the stratum
has changed. In particular, according to Terzaghi's loose earth pressure formula, the overlying stress

of the strata on both sides of the differential element can be expressed as follows (Terazaghi, 1965):
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where R = ; A 1s the lateral pressure coefficient.

The unsupported length (/) after the change of excavation face is related to the shape of the
face:

' = (H)+, )

To simplify the calculation, here assumes that the cohesion of the face bolt can be fully utilized
(Tw=Tmax) and ignores the role of the bolt beam. The supporting force of the bolt on the sliding wedge
can be expressed as:

dS(z) =s(z)Bdz=nrd,, - min(z |, 7

OWIOW

)Bdz (©6)

hole

where s is the support pressure; n and djo are the density and diameter of the face bolt, respectively;
Tw 1s the shear stress of bolts within the sliding wedge; Tow is the shear stress of bolts outside the
sliding wedge.

In addition, the length of the internal and external bolts of the sliding wedge can be expressed
as:

™)

{IW =ztan(w)- f (z)
low =15 + f(2)—2ztan(w)

ow

According to the limit equilibrium method, the static equilibrium of differential element can
be obtained:

{dTS +dT +dSsinew=(dV +dG)cosw
®)

dN =(dV +dG)sin w+dS cos

Taking the Eq.s (1)-(7) into the Eq. (8), the linear non-homogeneous differential equation can
be obtained by reorganizing:

Bd—V—szm[i—L))}P ©)

where A, M, P are coefficients listed in Appendix I.
After solving, the maximum vertical load that the top of the sliding wedge can bear is :

V(z)=C,B’nrd +C,B*—-C B’y (10)

hoIeTmax

Different from the case of the vertical tunnel face, the coefficients C. and C, that determine
the degree of cohesion and formation weight are expressed as follows:

z -Az
C :Cv_lpc{ F LIer(x)deMC (11)

C A A? BZtan(w);

F c,
C=|———" et f dx |M 12
7 (Az than(w)!.‘e (x) XJ 4 (12)



where C,, P, F, M., M, are coefticients listed in Appendix 1.

In addition, C, determines the supporting effect of the bolt, which is closely related to its spatial
location and layout. We need to discuss it in different situations:

The supporting effect provided by the bolt inside the sliding wedge can be expressed as:

AH H —Az AH H —Az
c,=et - I |, B & dz=e ® - j(z tan(w)— f (z))B%e ® dz (13)
0 0
The supporting effect provided by the bolt outside of the sliding wedge can be expressed as:

M H M oH oY
Cow=e® -[I,,B7e®dz=e® - [(I,—ztan(w)+ f(z))Be ®dz  (14)
0

0

When all the bolts are located inside the sliding wedge:
C,=0 (15)

However, which part of the tunnel face bolt provides the support function needs to be
discussed in combination with f{z) and w.

3 Bolt design theory of longitudinal inclined tunnel face

The contribution of tunnel face shape to its stability is complex. According to the Eq. (10),
there is an optimal shape of the tunnel face in theory so that the bearing capacity of the sliding
wedge can reach the maximum value. Although the complex shape of the tunnel face can improve
its stability in the soft soil layer to a certain extent, it not only puts forward new requirements for
the theoretical level of engineers but also challenges the operation difficulty and fineness of
construction machinery. Considering the actual needs, we will discuss the longitudinal inclined
tunnel face in this section.

3.1 Middle section of tunnel
When the soft soil tunnel enters the hole, the advanced bolts laid on the inclined tunnel face

are usually equal in length. They will form a parallelogram in the stratum, as depicted in Fig. 3.
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Fig. 3 Face bolts arrangement of inclined excavation face ( middle section of tunnel )
At this time, the end connection line of bolts will be parallel to the tunnel face. We assume
that the inclination angle of the tunnel face is 0, then the f{z) can be further transformed into:

f (z)=ztan(0) (16)

However, we need to pay attention here that 8 is constrained by the maximum unsupported
length. If the forward inclination of the tunnel face is too large, resulting in the tunnel's unsupported
length (I,s) exceeding its maximum value, the risk of roof collapse and block falling may occur.
Therefore, in order to obtain the maximum possible inclination angle, let /,; = 0. According to the
study of the maximum unsupported length (Anagnostou and Perazzelli, 2013; Anagnostou and



Perazzelli, 2015), the maximum inclination angle of the tunnel face is:

c
0, =arct 17
| ax = arc an(}/H (0.5—c/7/B)J (17)

After taking it into Eq. (11) and (12), it can be obtained:
F 2BC 2B 2H H? tan(é?)
C=|——| 2| —+= 4 M 18
’ [AZ ( A° (A3 A? ABZDtan(W)] ’ 1o

_ 2 \\tan(@
A A A A® A* AB?)Jtan(w)

At this time, C, can be divided into three categories for discussion.

2ztan(w)+ 2, +1,
2H

a) When w is very small, w< w, = arctan( j . At this time, the
horizontal support effect will be completely provided by the bond force of the bolt inside the sliding
wedge.

-Az

swa(z):'fe?nﬂd T2 (tan (W) —tan (6))dz (20)
0

hole * max

ztan(w)+1, +1,,

b) When w is moderate, w, <w<w, =arctan ( j . There may be two

H
situations for the face bolt.
-
swb(z):fe 8 N70e T ey (I — 2 taN (W) +ztan(6)),z, <z < H
5(2)= i @D
swa(z):je?nndholermaxz(tan (w)-tan(0))dz,z<z
0

where z, is the neutral height, and the length of the horizontal bolt inside the sliding wedge is equal
to that outside, as depicted in Fig. 3. It can be expressed as:
I

— ol
A= tan (w)-2tan(0) (22)
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¢) When w is too large, W, < W. At this time, part of the horizontal bolt may be completely

located inside the sliding wedge. The supporting force can be expressed as:

0,z,<z<H
H -Az

s(z)= swb(z):.[e?nyzdho,ermax (I, -ztan(w)+ztan(9)),z,<z<z,  (23)
0

Az

H -
swa(z):je?nﬂd T2 (tan(w)—tan(6))dz,z< z,
0

hole * max

where z, is the limiting height, and the length of the horizontal bolt inside the sliding wedge is equal
to its overlap length, as depicted in Fig. 3. It can be expressed as:

ol

2™ (w)—tan(0) -
At this time, C,; is shown as :
eA; _1_ﬁ, w<w
B
s Ze[ABH 1%ﬂ
Cm:%(tan(w)—tan(e)) (tan(w,)—tan(8)) ) AH -
n

+1, w<w<sw,,

(tan(w)-tan(6)) ) B

According to the boundary conditions, the bearing capacity of the sliding wedge is equal to

the overlying loose soil pressure V (H )=VP the required minimum bolt density can be

rism *

obtained (Anagnostou and Perazzelli, 2015):



C 0, rism
r]r = flc B f2c ﬁ+ f3c ;)_Is (26)
where:
C
o = = 27)
ﬂ-d hoIeTmaanl
C.H
= ——————— (28)
ﬂ.d holermaanlB
H tan w
fo = () ——— 29
* ( B ) ﬂdholermaxcnl ( )

3.2 Exit section of tunnel
When the tunnel is out of the hole, the distribution of face bolt is trapezoidal. At this time, the
end connection line of bolts is perpendicular to the tunnel axis, and the bolt exceeding the entrance

position ( the red line position below ) will be in the air and can not play a role (Fig. 5).
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Fig. 5 Face bolts arrangement of inclined excavation face ( exit section of tunnel )
Under this condition, the coefficient C. related to the cohesion of the stratum and the
coefficient C, related to the weight of the stratum soil remain unchanged, but C, needs to be
classified and discussed:

|, +1
a) When WSW, = arCtan( > oH 91, the horizontal support force is:

Az

swa(z):je?nﬂd T2 (tan (w)—tan (6))dz (30)
0

hole * max

|
b)When W, SWSW, = arctan (ﬁ , the horizontal support force is:

H -Az

S, (2) = je?nndho,ermax (I, —ztan(w)+ztan(0)),z <z<H

S(Z) - I(')| —-Az I

S, (2) = J.e?nndho,ermaxz(tan (w)—tan(0))dz,z<z =
0

ol

2tan(w)—2tan(0)
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c) When W, < W, the horizontal support force is:

|
ol <z<H

0,2, =
& tan (w)—tan(0)

—Az

”
s(z)= swb(z):J.e?nﬂdho,ermax (I, —ztan(w)+ztan(0)),z/ <z<z, (32)
0

H -Az

S, (2)= je B nrd z(tan(w)—tan(0))dz,z <z,

hole max

At this time, C,» is shown as :

AH
B —1—ﬂ , WSw,
B

a N (tan(60)-2tan(w)) e%[l,%j
(tan(w)-tan(6))

tan(w) (AH . 1)

+
c. - ps(tan(w)—tan(e)) (tan(w)—tan(e)) B
n2 A? B tan(wz) H, w<w<w, (33)
(tan(w)—tan(6))
an(w, )
% + tan(W) %(l_ttan(w)]

(tan(w)—tan (@ )
(tan(0)- 2tan( ) %[1 M]

2tan(w)—tan(0)

" (tan(w)—tan(9)) ° ’

W, <W.

According to the boundary conditions, the bearing capacity of the sliding wedge is equal to

the overlying loose soil pressure V (H )=V the required minimum bolt density can be

Prism °
obtained:
C O
n="f-f —+f, O 34
T e T e T e T (34)
where:
C
fy Y o (35)
ﬁ-d hoIeTmaanZ
P CH w6
=74 ¢ C B 36)

hole * max ~n2
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4 Bolt design theory of longitudinal inclined tunnel face under pipe shed

In the previous section, we discussed the possibility of longitudinally inclined tunnel face and
the design density formula of the bolt under the corresponding two working conditions. However,
one thing we must recognize is that the longitudinal inclined tunnel face is under an important
premise, that is, the tunnel stratum can allow the tunnel face to tilt, and it is limited by the cohesion
of the stratum. So for sandy soil, in order to achieve the possibility of an inclined tunnel face, it is
necessary to pre-reinforce the vault through pipe shed, advanced small pipe or horizontal jet
grouting pile. In this section, we established the design theory of face bolt with longitudinal inclined
tunnel face under pipe shed assisted construction.

4.1 Mechanical model of pipe shed

Fig. 6 shows the excavation face reinforced by pipe shed and horizontal glass fiber bolt. In
this composite reinforcement structure, the advanced horizontal bolt mainly bears the horizontal
support function, while the pipe shed bears the vertical load from the stratum on the upper part of
the sliding wedge. x; is the starting point of the pipe shed, located in the upper part of the lining
structure; x: is the point on the pipe shed at the end of the lining; x; is the intersection point between
the top of the inclined tunnel face and the pipe shed; x. is the intersection point between the sliding
surface of the sliding wedge and the pipe shed; x; is the end point of the pipe shed. /, is the length
of the pipe shed behind the lining; /. is the unsupported length of the tunnel; /.., is the length of the
pipe shed at the top of the sliding failure zone; /.. is the length of the pipe shed outside the sliding
wedge.

[ [ Lo [

owu

e . 3 x4 \ x5
/ Umbrella arch

~

Face bolts

Fig. 6 Excavation face after pre-reinforcement of pipe roof and horizontal bolt

Considering that the pipe shed is mainly subjected to vertical load to produce deflection, it is
assumed to be an elastic foundation beam for analysis. Specifically, the Winkler beam model is used
(Zhang et al., 2020). Since the pipe shed is built between equal lengths and intervals, we take one
of the pipe sheds for analysis. The pipe shed produces deflection under the action of an overlying
load, which is mainly divided into four stages (Fig. 6).

a) Isp section: The lining and the pipe shed above the lining jointly bear the bending moment
and shear force of the pipe shed caused by the loose load on the excavation surface. And the pipe



shed corresponding to point x; is fixed. At this time, the mechanical model of the pipe shed of the
Isp section can be described as:
4
A%y (%)

Eﬂl“—:&x—-+pw(Y)=0 (38)

where £ is the elastic modulus of each grouting rigid pipe; /i is the moment of inertia; ys(x) is the

vertical displacement of the pipe shed point in the /;, section above the lining; psy(y) is the foundation

reaction force of the /;, section pipe shed above the lining, which can be expressed as:

where dpipe is the diameter of the pipe shed; £, is the foundation resistance coefficient of /;, section,
specifically:
2
€, (Re ~(Ra 1))
= - > (40)
R, (1+ ,us)((l—Z,us)Req (R —t) )

where £, is the elastic modulus of concrete; R, is the equivalent diameter of the tunnel,
B+H

sp

; t is the thickness of lining ( primary support ); us is the Poisson's ratio of concrete.

Req=

b) s section: The pipe shed here is usually the most unfavourable section. There is no
foundation reaction support at the lower part of the pipe shed, and the upper part directly bears the
loose soil pressure load. The force is:

d*y, ()
El‘Jl ) dX4 :Vpipe (41)
where yu(x) is the vertical displacement of any point on the pipe shed of the /., section ;
In addition, the vertical load on a pipe shed Vpipe is:

V

pipe = Gvn Is (42)

where /; is the spacing of the pipe shed; ovn is the vertical stress above the excavation face.

¢) Lw section: Here, the pipe shed is above the sliding wedge. The upper part of the pipe shed
receives the loose soil pressure load of the failure zone, and the lower part is supported by the
foundation reaction force provided by the sliding wedge. The mechanical behaviour can be
described as follows:

d*Yyq (X)
J . dw i)
B

where ywu(x) is the displacement of any point of the /.. pipe shed; the specific form of pwu(y) is :

pwu (y) = kwudpipe ywu (X) (44)

+pwu (y) :Vpipe (43)

The foundation resistance coefficient 4, of this section is:

_ 3E, )

kWU
(1_ Hq )(5_ 6/”9 ) Req




where Fj; is the elastic modulus of the formation; y is the Poisson's ratio of the formation.
d) low. section: This section is deep in the stable stratum and is not subjected to vertical load
like /;, section, but bears the bending moment transmitted by other sections.
4
d yowu (X)

El‘Jl T +powu (y) =0 (46)

where yowu(x) is the vertical displacement of the pipe shed in the L, section; the foundation reaction

force powu(y) is expressed as :
powu (y) = kwudpipe yowu (X) (47)

To solve the displacement of the pipe shed in the above four stages, it is necessary to rely on
12 boundary conditions. The boundary equation and the vertical displacement expression of each
stage are detailed in Appendix II. After solving the vertical displacement of any point, the shear
force and bending moment on the pipe shed can be obtained.
4.2 Design theory of face bolt

The supporting mechanism of the pipe shed can be considered to bear the vertical load and
reduce the vertical load of the self-weight failure zone of the sliding wedge through its force.
However, when the tunnel face is inclined, not only the factors mentioned before (such as the force
of the face bolt, and the weight of the sliding wedge) have changed, but also the force of the pipe
shed itself has changed.

The length of the pipe shed in the /s section can be described as:

l. = f(H)=Htan(8)=x,—X, (48)

In order to maximize the tilt angle of the tunnel face, it is considered that the primary lining
can be applied to the bottom of the tunnel face in time.

In addition, the length of the pipe shed in the /., section is decided by the & and w.
l, =Htan(w)—Htan(6)=x,—x, (49)

Finally, under the condition of fixing the length of pipe shed in the /;, section, the length of
the pipe shed in the /,., section can be described as :

Lo =1, — 1, — 1 —1 (50)

where /, is the overlap length of the pipe shed.

a ) When the overlap length of the pipe shed is long enough, the length of the pipe shed (/,) is
much larger than the distance from the farthest vertex of the sliding wedge to the fixed end of the
pipe shed (xs - x1). At this time, as illustrated in Fig. 7, the vertical load of the sliding wedge after
the pipe shed support is:

lgp +Hlys +Hy
dpipekg J. ywu (X) dX

—_ Isp +|us
pipe — |+ (51)
us  'wu

o

After taking it into Eq. (26), it can be obtained that the required minimum bolt density is:
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Fig. 7 Case a

(52)

b ) When the overlap length of the pipe shed is limited (/, < x4 - x1). The second situation shown

in the Fig. 8 may occur.
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Further, the minimum density of the face bolt is:

(53)
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5 Comparison of results and parameter analysis

5.1 Comparison of results

We focus on discussing and comparing the support pressure required for the inclined tunnel
face. Based on analyzing the various possibilities of the inclination angle of the sliding wedge
(5°<w<70°), the most unfavourable conditions are selected for analysis and verification.

To verify the rationality of the theoretical solution, we compare this paper's solution with
Zhao's limit analysis theory (Zhao et al., 2017) and Wen's numerical simulation solution (Wen et al.,
2020). In Fig. 9, the upper four curves are under the condition of y/H/c = 40, and the lower four
curves are under the condition of y//c = 20. The ordinate is the ratio of limit support pressure to
cohesion. Comparing three analysis results, they are closely aligned in value, all indicate that the
required limit support pressure decreases with an increase in ¢. Furthermore, the forward inclination
of the excavation face enhances the stability of the tunnel face to some extent.
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Fig. 9 Relationship between ¢ and S/c (C/H=1)

Fig. 10 compares the theoretical solution of the limit support pressure with the limit
equilibrium method (Ding et al., 2021) and limit analysis method (Mollon et al., 2009; Mollon et
al., 2010; Leca and Dormieux, 1990). As shown in the figure, the limit support pressure calculated
by the limit equilibrium method is higher than the upper limit solution of the limit analysis method.
Furthermore, the improved model's solution aligns with Ding's research findings. That is, upon
implementing advanced pre-reinforcement measures, the required limit support pressure decreases.
This reduction is attributed to the ability of the advanced pre-reinforcement to support the vertical

load above the excavation face, thereby enhancing its stability.
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5.2 Parameter analysis
Next, we will discuss the specific influence of stratum and bolt design parameters on the
stability of longitudinal inclined tunnel face. The calculation parameters of each case are described
in the Table 1.

Table 1 Tunnel and stratum parameters

Height of tunnel Width of tunnel Buried depth ~ Stratum weight

Cases H B C 4
(m) (m) (m) (kN/m®)

Fig. 11- Fig. 14 12 10 50 20

Fig. 15- Fig. 16 10 10 50 20

Fig. 11 (a) shows the required minimum bolt density of the middle section of the tunnel under
different inclination angles. It can be found that the internal friction angle of the soil has a significant
effect on the design of the face bolt. When ¢ < 10°, the minimum bolt density is much larger than
the corresponding value of ¢ > 15°. In addition, in most cases, the increase of & can reduce the
number of bolts required for the excavation face and improve its stability. This conclusion is
consistent with Zhao's theoretical research (Zhao et al., 2017) and Wen's centrifugal test results (Wen
et al., 2020). However, the longitudinal inclination angle of tunnel face can not be infinitely
increased, which is limited by the maximum unsupported distance. It is worth mentioning that it is
not in any case that increasing the inclination angle can effectively lessen the minimum bolt density.

As shown in Fig. 11(a), when ¢ = 10°, its curve has an obvious inflection point.
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Different from the middle section of the tunnel, the relation between the inclination angle and
the minimum bolt density in the exit section of the tunnel has changed to some extent (Fig. 11 (b)).
Under the condition of the same inclination angle, the minimum bolt density required in the exit
section is higher. In addition, when ¢ = 10°, the stability of the tunnel face is weakened by the
forward inclined face. This is due to the fact that the upper stability of the sliding wedge is mainly
controlled by the length of the bolt inside the sliding wedge when the friction angle is small. At this
time, the forward inclined tunnel face will reduce the effective length of bolt.

Fig. 12 shows that the increase of formation cohesion effectively decreases the bolt density of
the tunnel face. This relationship is attributed to the improved mechanical properties of the
formation with higher cohesion, leading to a greater maximum inclination angle. Additionally, we
found that under deep burial conditions, with the increase of cohesion, the influence of the
inclination angle on the stability of the tunnel face diminishes. However, under the condition of
shallow burial, although the minimum bolt density is also reduced accordingly with the increase of
inclination angle, there is no obvious inflection point in the bolt density curve of the tunnel face at

this time.
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Fig. 12 Relationship between ¢ and n, (middle section of tunnel, p=10°, djore= 114 mm, Tmax= 150
kPa, Io;= 12 m)
The overlap length of the face bolt is a critical design parameter in the advanced reinforcement

method. It determines the maximum excavation length after one round of face bolt reinforcement and the



frequency of cyclic application of advanced support bolts. Too short overlap length will make the tunnel
face unstable, while too long overlap length will make the material input of the face bolt too much,
affecting the construction period. As shown in Fig. 13, the required minimum bolt density decreases with
the increase of overlap length. However, it is worth mentioning that when its length is greater than 8 m,
the effect of increasing length on the minimum bolt density of the tunnel face becomes negligible. This
is because, at this time, the stability of the tunnel face has been mainly controlled by the length of the
bolt within the sliding wedge, which remains constant once the sliding surface form is established.
Therefore, the continued increase in overlap length can be disregarded in terms of its effect on tunnel
face stability and bolt forces.
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Fig. 13 Relationship between overlap length and 7, (middle section of tunnel, djore = 114 mm, Tmax =
150 kPa)

As shown in Fig. 14, the increase in bolt density on the tunnel face is significant to the safety
factor of the sliding wedge. However, the increment of the safety factor decreases, which is a
concave curve. In addition, it is easy to find that the increase in the inclination angles does not
necessarily increase the stability of the tunnel face. When n: = 0.2, the safety factor decreases with
the decrease of 6. However, when the bolt density is large to a certain extent, for example n, =1, the
safety factor of € = 3° is consistent with the working condition of & = 5° and is smaller than other

inclined angles.
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Finally, we discuss the effect of the inclination angle on the stability of the tunnel face after
the reinforcement of the pipe shed. As demonstrated in Fig. 15, the pipe shed can effectively
improve the stability of the excavation face. The specific performance is that the density of the bolt
required for the excavation face is reduced. In addition, the adhibition of the pipe shed also changed
the law of the lowest density of face bolt, and the two types of curves were not parallel. It is worth
mentioning that when ¢ = 10°, there is a theoretical optimal inclination angle of the tunnel face
when there is no pipe shed. However, after the pipe shed reinforcement, there is no obvious

inflection point in the minimum density curve of the bolt.
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From Fig. 16, the increase in the pipe shed's overlap length can increase the excavation face's
stability to a certain extent. But this increase is limited, especially when the internal friction angle
of the stratum is large. This is because the self-stability of the tunnel excavation surface and the soil
arch area above it will increase, and the load reduction effect of the pipe shed on the loose area will



decrease.
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6 Conclusion

This study proposed a stability analysis model considering the shape of the tunnel face and
reinforcement measures. The main conclusions are summarized as follows:

(1) According to the limit equilibrium method, a mechanical analysis model is established for
a uniquely shaped tunnel face reinforced with horizontal glass fiber bolt.

(2) Taking the longitudinal inclined tunnel face as an example, the calculation formula of the
minimum horizontal bolt required for stability in the middle and exit sections of the tunnel is derived.

(3) Based on elastic foundation beam theory, the calculation model of pipe shed-bolt
composite pre-reinforcement structure under inclined tunnel face is established, accompanied by
the corresponding calculation formula for bolt density.

(4) A forward inclined tunnel face can enhance stability to a certain extent. However, in strata
with high cohesion, while the tunnel face may achieve a greater inclination angle, its impact on
stability gradually diminishes.

(5) The application of pipe shed can effectively reduce the required minimum bolt density and
improve the stability of the tunnel face, especially when the pipe shed overlap length is large.
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Appendix IT

Through the Winkler beam model, the mechanical equations of different characteristic sections
of the pipe shed are established. Then the general deflection solutions of different characteristic

sections on the pipe shed can be solved (Zhang et al., 2020). Specifically:

Yoo (X) = (e, €OS B X+ a2, 5N BX) + €77 (€08 Bix+ e, SiN BiX) (1)
_ 1WO0n 5 3 2
yus(x)_24E I X*+a X" +agX" +a, X+a 2
2°2

Yo (X) =€ (g €OS B, X + a1y SIN 3,X)

+e 77 (o, €S B,X + a1, SiN B,X) )

| 0Oun

K,.d

wu -~ pipe

+

[1-cosh 8, (x—x,)cos B, (x—%,)]

Youu (X) = €7 (a4 €OS B,X + a1y SiN B,X) + €77 (1, €OS By X + a1y, SIN BX)  (4)

Where



®)

In order to solve the 12 undetermined coefficients, the following boundary conditions need to
be passed:

(1) The left end of the pipe shed is usually welded on the steel arch, so the first moment of
displacement and displacement here is 0, that is :

Yo (%) =0
Y'p(%)=0

(2) The strain at the intersection of the pipe sheds of different characteristic sections is

(6)

continuous, the shear force is equal, and the bending moment is equal, that is :
Yo (Xz) = VYus (Xz)
Y'p (X)) =Y (%)
y "sp (Xz) =Y (Xz)
Y e (%) =y (%)
Yus (%) = Y (%)
y 'us (Xs) = y|wu (Xa)
Y (Xs) =Y (X3)
y ...us (Xs) =Yy ...WU (Xs)

(3) At the free end of the pipe shed, although it can be freely deformed, its shear force and

™)

bending moment are 0, that is :

y IIowu (XS) = 0 (8)
y Illowu (XS) = 0
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