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Abstract: The stability of a tunnel face and the rationality of its supporting structures are the guaran-
tees for safe tunnel construction. This paper established a quantitative analysis model of tunnel face
stability, obtained the calculation formula of the tunnel face stability coefficient based on the silo the-
ory of surrounding rock, and then realized the quantitative description of stability of the tunnel face
under the condition of a pipe roofing support, bolting support, grouting support and reserved core
soil. Finally, a tunnel face stability discrimination and support optimization system was developed,
its supporting effects were quantitatively evaluated, and the support measures were optimized based
on a buried tunnel of Chongging rail transit passing through the suburban expressway. The results
show that the grouting support increased the stability coefficient by 103~412%, and its supporting
effect is the most significant. The reinforcement with reserved core soil has the lowest cost. The
tunnel face stability discrimination and support optimization system carries out a rapid judgment of
tunnel face stability, and then provides a quantitative evaluation method for the assessment of the
tunnel face. On-site monitoring indicates that the cumulative displacement gradually increased with
monitoring time; the farther from the tunnel surface, the smaller the cumulative displacement. The
cumulative displacement reached 34.50 mm before the optimization of the reinforcement scheme.
The optimization scheme of pipe roofing support + reserved core soil + grouting support led to the
gradual convergence of cumulative displacement. The final surface settlement displacement was re-
duced to 15.50 mm, which was about 44.93% of that before the optimization of reinforcement scheme,
ensuring the safe construction of the buried tunnel. This research has a certain theoretical significance
for the quantitative evaluation and analysis of the tunnel face stability of shallow buried tunnels.

Keywords: shallow buried tunnel; stability coefficient of tunnel face; cumulative settlement displacement;
support optimization

1. Introduction

With the gradual implementation of deep exploitation strategy, the geotechnical en-
gineering field requires more space resources from deep rock mass [1-5], and the under-
ground traffic engineering shows a strong momentum of development [6-9]. As early as
1991, the Tokyo Declaration, adopted by the International Academic Conference on the
Utilization of Urban Underground Space held in Tokyo, proposed that the 21st century
would be the century for the development and utilization of underground spaces [10-12].
The stability of a tunnel face is the key to safe tunnel construction [13,14]. Different from
deep-buried tunnels, the instability and collapse of shallow-buried tunnels are mainly
caused by the soil pre-deformation and extrusion deformation of the tunnel excavation face.
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To ensure the stability of the tunnel excavation face of a shallow buried tunnel in an open-
tunnel-face excavations construction, existing research [15] mostly adopted comprehensive
advance pre-support measures to realize safe tunnel construction. However, the selection
of pre-reinforcement measures is often determined based on engineering experience and
there is a lack of reasonable and effective design criteria, which often lead to engineering
accidents.

The process of tunnel rock excavation and support has a complex mechanical behavior.
For discriminating aspects of tunnel face stability, Broms et al. [16] proposed the concept
of a stability coefficient. Potts et al. [17] obtained the minimum support pressure required
for the stability of a non-sticky soil tunnel face through the plastic limit analysis method.
Anagnostou et al. [18] calculated the ultimate support pressure using the wedge sliding
body model. Zhang et al. [19] proposed a 3D destruction mechanism composed of four
truncating cones. Li et al. [20] evaluated the stability of a tunnel working surface excavated
in a weathered saturated rock mass using the Hoek-Brown damage criterion. Liu et al. [21]
obtained the active failure process of tunnel excavation face in dry sand strata under dif-
ferent densities and different coverage depths through model tests and 2D particle flow
calculation program. Zheng et al. [22] discussed the advantages of safety coefficient as a
basis for judging tunnel stability compared to tunnel convergence and plastic zone criteria.
Zhao et al. [23] analyzed the upper limit solution of tunnel face stability and its influenc-
ing factors. Wu et al. [24] studied the analytical approach to estimating the influence of
shotcrete hardening properties on tunnel response. Regarding the tunnel face support
measures, Song et al. [25] proposed a force analysis model for pipe roofing support con-
sidering the integrity of grouting support, and deduced the deflection and internal forces,
verifying their rationality. Wang et al. [26] introduced the calculation method of tunnel
face bolting support and face grouting support. Wang et al. [27] analyzed the influence
of glass fiber bolt parameters on the tunnel face stability based on Taoshuping tunnel.
Huang et al. [28] optimized the excavation sequence of reserved core soil method for eccen-
tric weak surrounding rock tunnels. Lai et al. [29] showed that the cohesion and internal
friction angle of tunnel face soil, which increased after grouting support. Liang et al. [30]
proposed a 3D failure mode and analyzed the influence of various parameters on the
tunnel face stability. Anagnostou et al. [31] and Oggeri et al. [32] studied the measuring
of tunnel face reinforcements and the quality of tunnelling. The above existing results
provide an analysis method for studying the stability of tunnel face and revealing the
influence of different advanced pre-supporting measures. However, there are few reports
on the quantitative determination of the stability of shallow tunnel faces under different
support measures. Therefore, it is very important for the safe [33,34], fast, and economical
construction of shallow tunnels to conduct a quantitative evaluation of the contribution of
different advanced pre-reinforcement measures for tunnel face stability.

To explore the quantitative evaluation method of tunnel face stability of a shallow
buried tunnel and its engineering application in open-tunnel-face excavations construction,
this paper established a quantitative analysis model of tunnel face stability and obtained
the calculation formula of the tunnel face stability coefficient based on the silo theory of
surrounding rock. This study then realized the quantitative description of the stability
of the tunnel face under the conditions of pipe roofing support, tunnel face bolting sup-
port, tunnel face grouting support and reserved core soil. Finally, the tunnel face stability
discrimination and support optimization system was developed and its effects were quan-
titatively evaluated, and the support measures were optimized based on a buried tunnel
of Chonggqing rail transit passing through suburban expressway. This study has a certain
theoretical significance for the quantitative evaluation and analysis of tunnel face stability.

2. Establishment of Wedge Sliding Body Model
2.1. Limit Equilibrium Model of Wedge Sliding Body

The soil in front of a tunnel face has a sliding tendency when a shallow tunnel is
excavated, causing instability in the tunnel face [18] and forming a wedge sliding body.
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In tunnel engineering, the cross-sectional profile of the tunnel is generally composed of
multiple central circles, and the cross-sectional shape is also different due to the differences
in tunnel structure design. For the convenience of calculation, we make the tunnel cross-
section shape equivalent to a rectangle (AabB). As shown in Figure 1a, the triangular prism
(ABC-abc) is the wedge sliding body in front of the tunnel face, and the quadrangular prism
(DCcd-EFfe) is the upper soil body, and H represents the buried depth of tunnel. AaBb
is the equivalent excavation surface of the wedge sliding body, Dy represents the tunnel
height, and I represents the equivalent width. The excavation area is the section area of
tunnel in the case of a full-section excavation, and the excavation area is the upper step
area in the case of step method. EeFf is the ground surface of quadrangular prismatic soil.
BbDd is the unsupported section and its length L. (DB, as shown in Figure 1b) is related
to the actual excavation progress. AaCc is the slip surface of wedge sliding body, and the
relationship between sliding angle (8) and internal friction angle (¢) satisfies:
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Figure 1. Schematic diagram of limit equilibrium model: (a) 3D computational model, (b) Plan sketch.

To establish the limit equilibrium model of wedge sliding body, the following assump-
tions need to be made. The soil body is a homogeneous and isotropic rigid-plastic material
and the weighted average method can be used for the multi-layer soil body. (D The soil
material obeys the Mohr—Coulomb failure criterion (7 = ¢ + otang, c is the cohesion, ¢ is
the normal stress), and the influence of groundwater is not considered. @ The damage
range of excavation section is composed of wedge sliding body (ABC-abc) and prismatic
body (DCcd-EFfe). 3 The tunnel face is equivalent to a rectangle (ABba) with the same
area and height for a calculation based on the principle of area equivalence. The vertical
stress on the side of the wedge body linearly increases with the depth, and the stress on the
top surface and inclined sliding surface is uniformly distributed.

Figure 2 shows the schematic diagram of wedge sliding body stress. P is the active
stress that ensures tunnel face stability and the active force applied by the tunnel face
support measures, and the direction is the vertical tunnel face and points to the inside of
wedge sliding body. F is the compressive stress of the soil body acting on wedge sliding
body. G is the self-gravity of the wedge sliding body (-y indicates density), facing a vertically
downward direction, and its size depends on the volume of the wedge sliding body and
the density of the surrounding rock. Ny and T are the compression stress and shear stress
on sliding surface (A(a)C(c)), respectively. N and T, are the compression stress and shear
stress on the wedge sliding body (ABC). The lateral abc has the same stress as the lateral
ABC. Combined with the limit equilibrium model of the wedge sliding body, the following
are the solutions for the self-gravity (G), compressive stress (F), shear stress (1) and shear
stress (T3), which are used to obtain the active stress (P).
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Figure 2. Schematic diagram of wedge sliding body stress.

When the wedge sliding body is in the limit equilibrium state, the stress balance
equation can be expressed as:

G = ivloD¢’*tan(F — %)
P+ Tysin(§ — ) +2Tsin(F — %) — Nicos(F — %) = 0 , )
F+G—Ticos(§ —4)—2Tcos(F—4)—Nysin(£—%) =0

Therefore, the compressive stress (N1) and active stress (P) can be expressed as:

Nl _ F+G _ _Th+2T
sin(£-4) tan(Z-%) @)
_ F+G T +2T, ’
tan(F—%) sin(Z-%)

The unit body of soil body (DCcd-EFfe) is selected as the analysis object, and the
schematic diagram of soil unit body at a buried depth (z) is shown in Figure 3. g is the
uniformly distributed load on ground surface, which is the active load acting on the surface,
and its size is determined according to the actual engineering. w is the self-weight of the
soil unit body. o is the positive stress on the upper surface of soil unit body, and it faces a
vertically downward direction. ¢}, and T are the positive stress and shear stress on the side
of soil unit body, respectively, and their sizes are related to the values of ¢, ¢ and -y of the
surrounding rock. Then, the vertical stress balance equation of soil unit body is:

0,S 4+ vSdz = (0yp +doy)S + 2lytdz + 2L7dz
T = c+Aoytang , 4)
L = L.+ Dptan(F — %)

where S is the upper surface area of soil unit body. A is the lateral stress coefficient of soil
unit body.
Equation (4) can be rewritten as:

%ero% = Qo

2A(lp+L)t
Py = %’lz’ , 5)
Qo = 71— C(lgz_)
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Figure 3. Loosening earth pressure calculation model.

Thus, the equation between normal stress (0,) and buried depth (z) of upper surface
of unit body can be obtained:

oz = (4= e+ Po<z <) ©
Py Py
If it is assumed that the compressive stress (F) acting on the top of wedge sliding body
by soil body (DCcd-EFfe) is:

T
F = 0uls— i [Le+ Dotan( — 9], @)
The relationship equation between normal stress (¢) and buried depth (z) can be
expressed as:

Ool, -y = %(1 —eiPOH) —i—qe*POH, (8)

The expression relationship of compressive stress (F) can be obtained by combining
Equations (8) and (7) as:

F = {%S (1 — e_PoH) + qe_PoH] {Le + Dy tan(g — g)}lo, 9)

The shear stress (T7) on the slip surface (AaCc) of the wedge sliding body according
to assumption (@) is expressed as:

L
T, = E

+ Nit , 10
cos(% = ¢+ Nitang (10)

[S/ESY
~—

The shear stress (T1) can be obtained by combining Equations (7), (8) and (10) as:

tan(Z — £) L T tan ¢
T, = 42 ° + (F+G-2T. D)) —T, 11
! tan(Z — %) +tang Cos(z—f)c ( 2COS(‘J: 2)>sin(%—%) an

The shear stress (Ty) at the buried depth z on the sliding surface A(a)C(c) based on
assumption (3) is expressed as:

S

1 T 1 T
T, = 67/\D03 tan(ptan(z - E) + E[C + Aoy, — y tan @] Dg? tan(z - %), (12)
Based on the above analysis, Equations (2), (9), (11) and (12) can be substituted into

Equation (3) to obtain the active stress (P):
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I t
R R g + S G+ 2Tcosf)] g AD@P[YDy + 300 - ] — 52, (13)
" tanp = H 270 (tan B + tan @) cos B 6cosp’? T vlz=HI" 5 c0s B’

2.2. Stability Coefficient of Tunnel Face

Existing studies showed that increasing the sliding resistance and reducing the sliding
stress are the main measures used to improve the stability of the tunnel surface. To
improve the stability of the tunnel face, typical reinforcement measures, such as pipe
roofing support, tunnel face bolting support, tunnel face grouting support and reserved
core soil, are usually used to reinforce the tunnel excavation section in the rock mass
engineering [25]. Wang et al. [26] and Wang et al. [27] conducted a quantitative analysis of
pipe roofing support, bolting support and grouting support. The pressure reduction factor
(a1) of rock mass was used to quantitatively evaluate the vertical deformation pressure
of disturbance section under pipe roofing support. The grouting support effect of tunnel
face was evaluated using cohesive strength () to improve the cohesion of surrounding
rock. When evaluating the support effect of bolting support, the minimum bearing capacity
of each bolt in five failure modes was first calculated, and then the bearing capacity was
accumulated to obtain the total supporting stress (P1) provided by the bolting support. The
calculation steps of the stability coefficient (K) of the tunnel face based on the reinforcement
effects of pipe roofing support, tunnel face bolting support, tunnel face grouting support
and reserved core soil are as follows.

The vertical pressure (F’) of wedge sliding body after pipe roofing support was applied
can be expressed as:

F' = aF, (14)

The cohesive strength (') of surrounding rock after grouting reinforcement can be
expressed as:

cglLgn

14 S8 (LSZDtanﬁ),

where cg is the cohesion strength of mortar. Vy is the volume of mortar. V is the volume of
wedge sliding body. { is the filling rate of mortar. L, is the grouting depth. 7 is the porosity
of the surrounding rock. a, is the strengthening coefficient of cohesion after grouting
support.

Then, by combining the cohesive strength (¢') with Equations (11) and (12), the shear
stress (T}) on the sliding surface and shear stress (T}) on the side of wedge sliding body
after grouting reinforcement can be immediately obtained, respectively.

A fiberglass anchor bolt is a typical bolt commonly used for face reinforcement. Its
failure modes include the failure of bolt body by tension (Py;), failure of non-anchored
section by sliding of bolt body (P»;), failure of non-anchored section by sliding between the
mortar and hole wall (P3;), failure of the anchored section by sliding between bolt body and
hole wall (Py;), and failure of the anchored section by sliding between mortar and hole wall
(Ps:) [27]. The anchoring stress of single bolt is the minimum anchoring stress among the
five failure modes considering construction safety. The calculation equations of anchoring
stress can be expressed as [28,29]:

rd? f

P = 20, a7)

11.7d
P2i = ndbllift (2 + 114 b), (18)
i
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1+A
P = ndhllift (;0’0 tan ¢ + C), (19)
11.7d
Py = ﬂdblllift (2 + lH- b)/ (20)
i
1+A
P5i = Hdhlﬂift (20'\; tan @ + C) , (21)

where fj, is the tensile strength of anchor bolt. d, is the diameter of anchor bolt. f; is the
design value of tensile strength of mortar. Ij; is the length of the i-th row of anchor bolt in
non-anchored area. Iyj; is the length of the i-th row of anchor bolt in anchored area. dj, is the
drilling diameter. A is the lateral pressure coefficient of soil body.

The total supporting stress (P;) of tunnel face can be expressed as:

P; = mj x min(Py;, Pyi, Psi, Pyi, Psi)
i=n
p="T'p ’ 22
i=1
where m; is the number of transverse anchor bolts in row i. # is the number of rows of
anchor bolt.

Reserved core soil is a common measure to ensure the stability of tunnel face, which is
realized by dividing the tunnel face into several parts and then optimizing the excavation
sequence of the tunnel face. Figure 4a shows the schematic diagram of reserved core soil.
The tunnel face is divided into three areas: the annular excavation area, reserved core soil,
and excavation area of the lower section. As shown in the figure, the annular excavation
area is first excavated to form an arc advance guide pit at the tunnel outline during tunnel
excavation. The reserved core soil in the center of tunnel face is retained to support against
tunnel face, and then increase the tunnel face stability. The quantitative supporting method
of reserved core soil is introduced based on the existing research. A simplified schematic
diagram of reserved core soil size is shown in Figure 4b, where b; is the bottom width, by is
the top width and h is the height of reserved core soil. It is assumed that the mechanical
action of the wedge sliding body on the reserved core soil causes the reserved core soil
to be in a critical sliding state. That is, the supporting stress reaches the maximum value,
and the maximum supporting stress can be determined by the passive soil pressure. The
supporting stress (P) provided by the reserved core soil is expressed as:

Py = 1(br+b2) (3Kp7h? +2,/Kich) )
K, = tan?(45° + %(p) ’

where K}, is the Rankine passive soil pressure coefficient.

~ Annular T b
3 N )
excavation area \\ |

Reserved \ B
core soil

‘/‘Qb

Excavation area of |
lower section [l | |

b,

(@) (b)

Figure 4. Schematic diagram of reserved core soil support: (a) Schematic diagram of reserved core
soil, (b) Schematic diagram of reserved core soil size.
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It is assumed that the toe angle of the reserved core soil is the sliding angle (8) of the
surrounding rock. The top width (b,) of reserved core soil can be expressed as:

b, = by —2htanp, (24)

The supporting stress (P;) can be obtained by the simultaneous Equations (23) and (24):

1 1
P, = —EKp'yh3 tan 8 + (zKp'ybl —2tan f, /Kpc> W + \/Kpcbih, (25)

From the stable conditions of wedge sliding body, it can be seen that when the sliding
stress generated by self-gravity and compressive stress are greater than anti-sliding stress
generated by surrounding rock, then the failure of sliding instability will occur. In order to
achieve a quantitative description of the stability of the wedge sliding body, the ratio of
anti-sliding force to the sliding force of the wedge sliding body is defined as the stability
coefficient (K). The ratio of anti-sliding force to sliding force without any supports is defined
as the initial stability coefficient of tunnel face (Kj). Based on the limit equilibrium model
of wedge sliding body in Figure 1, initial stability coefficient (Kp) of tunnel face can be

expressed as:
Ty + 2T,
Ky = ———— 2
0 (F+G)cospB’ (26)
If the reinforcement effects of pipe roofing support, tunnel face bolting support, tunnel
face grouting support and reserved core soil are considered, the stability coefficient (K) of

the tunnel face after reinforcement can be expressed as:

Tll + ZTé + (Pl + P)sinp
(e1F 4+ G) cos B

K = , (27)

2.3. Discrimination Method of Tunnel Face Stability

To reasonably determine the stability of tunnel face, this paper introduces the critical
stability coefficient ([K,,;,,]) [35], and then comprehensively and quantitatively evaluates
the reinforcement effect of the pipe roofing support, tunnel face bolting support, tunnel
face grouting support and reserved core soil. First, the initial stability of the tunnel face and
whether the excavated tunnel face needs to be reinforced are judged. The discrimination
method of tunnel face stability is as follows. When P < 0 and K > [Kj;;,,], it indicates
that the initial tunnel face is in a stable state, and thus support is not required. When

P <0, Ko< [Kmin}
o
safety reserve is insufficient, so support is needed. The stability coefficient (K) in Section 2.2
is used to determine the tunnel face stability after reinforcement. The discrimination
steps are: (D when K < [K,,;;;/], it indicates that the supporting measures cannot meet the
stability requirements, and the supporting strength needs to be increased until the stability
coefficient meets K > [Ki;;,]. @ when K > [K,,;,], it shows that the supporting measures can
ensure the stability of the tunnel face and have a certain safety reserve.

The critical stability coefficient of a tunnel face must be determined. Existing stud-
ies [35] show that the sliding surface of rock slope or soil rock combination slope developed
with an inclined structure surface has an approximately regular plane, and its stability is
usually analyzed by rigid body limit balance condition. Based on the wedge sliding body
model established in this paper, the failure mode of tunnel face in shallow buried tunnel is
the overall collapse failure of the wedge sliding body and the slip surface is also manifested
as the plane, which has the same collapse mode as the rock slope and earth rock slope
combined. Therefore, the instability judgment of the tunnel face in shallow buried tunnel
can refer to the judgment standard of rock slope or soil-rock slope. The wedge sliding body
in front of the tunnel face is regarded as a secondary temporary slope combined with the

, it indicates that the initial tunnel face is in an unstable state or its
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existing specifications [36,37], and the critical stability coefficient ([K,,;,]) can be determined
as 1.20.

3. Quantitative Analysis of Support Effect of the Tunnel Face
3.1. Support Optimization System of the Tunnel Face

Based on the above discrimination method of tunnel face stability, the discrimination
of tunnel face stability and the support optimization system were developed by using
the appdesigner function in Matlab software. This support optimization system takes
the theoretical calculation in Section 2 as the optimization algorithm to realize the initial
stability and stability coefficient under pipe roofing support, tunnel face bolting support,
tunnel face grouting support and reserved core soil. Then to judge the stability of tunnel
face and suitability of supporting measures. The operation interface for solving support
stress and stability coefficient is shown in Figure 5. Its main functions include inputting
the tunnel geometric parameters and soil parameters and then calculating the stability
coefficient of the tunnel face. The advantage of the support optimization system is that the
stability coefficient of the tunnel face under the four support measures can be calculated
simultaneously, so as to achieve a comprehensive evaluation of tunnel face stability.

Tunnel face stability discrimination and support optimization system

Main solution interface Bolting support solver interface Drawing interface

Enter geomelric parameters Soivethe weage [PSBIEECLE Il ) sotv the grouting support
B sliding body force
uried depth-H (m) o Slurry cohesion-cg(kPa) 0 @ 1
Calculate height-Do (m) Y G (kN) 91 Filling ratio of grouting-C [ T (kN) 0
Equivalent width-Lo (m) 0 ov (kPa) [ G k) o T2 () 0
Unsupported section o F (kN) o
length-Le (m)
N1 (kN) 0 Please confirm  [pUNBOIPAIAMEIErS [=]
Ente inding rock paramees
T suouncing & T (kN) O] Total support provided by the bolt -P1 (kN) 0
Cohesion-o (kPa) 0 T2 (kN) [
Internal friction angle-g (°) 0 P (kN) 9 Please confirm  [ipuicore Soil parameters) e el @
jlestweiohicy; (kN’"N? 0 ST © Bottom length-b1 (m) 0| Core soil height-h (m) 0
Lateral pressure coefficient-A o Contiusont o peserve
: Inital stabil Bottom length-b2 (m) : o
Porosity-n (%) o mmcyem_K“{) 0 earth pressure-Kp (kPa)
e ) o Support provided by reserved core sail-P2 (kPa) 0
Please enter the a1 | 1
Enter the critcal stability factor " _ Supporting stress (P') o
Solve the pipe roof support after support(kN)
Criical stability factor- [Kmin] 0
T“"e orce ??e(':r{‘ 3! Stability coefficient K after support 0
Output break angle-B (*) ) he pipe shed  (kN)
Hiessurolefioypipe 6 Insufficient e Suitable
Please confirm [Kmin] 0 shed support-F' (kN) 0
Conclusion

Figure 5. Tunnel face stability discrimination and support optimization system.

The operation flow chart of the support optimization system is shown in Figure 6. The
contribution of different reinforcement measures to tunnel stability is further evaluated by
combining them with the geometric parameters [36] of the shallow buried tunnel. Tunnel
parameters: the buried depth (H) is 10 m, the tunnel height (Dy) is 10 m, and the length of
unsupported section (L) is 1 m. Rock mass parameters: the cohesion (c), internal friction
angle (@) and porosity (n) are 7.50 kPa, 28.60° and 40%, respectively. The density () and
lateral stress coefficient (1) of soil are 18 kN/m? and 0.5217, respectively.

3.2. Strengthening Effect of Pipe Roofing Support

Figure 7 shows the relationship between the stability coefficient (K) and vertical
pressure reduction factor (a1) under pipe roofing support. When a; = 0, it means that the
pipe roof bears the upper pressure, and when a; = 1, it means that the pipe roof does
not bear the upper pressure. It can be seen from Figure 7 that the variation range of the
stability coefficient is 0.85~1.64, and the stability coefficient of tunnel face decreases with the
increasing vertical pressure reduction factor after pipe roofing support is implemented. The
stability coefficient is significantly larger than the critical stability coefficient ([K,,;,]) when
the pressure reduction coefficient is less than 0.40, and the stability coefficient gradually
tends to 0.80 when the pressure reduction coefficient is greater than 0.40. The classical
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prism—-wedge model shows that the safety pressure reduction factor of rock mass in actual
tunnel engineering is generally between 0.60 and 0.90 [26]. However, the conclusion drawn
from Figure 7 shows that the stability coefficient corresponding to the safety pressure
reduction coefficient is 0.90~1.06, which is clearly less than 1.20. Therefore, it can be
concluded that the strengthening effect of pipe roofing support cannot meet the stability

requirements of the tunnel face.

Establishment of limit equilibrium
model for wedge sliding body

Stress analysis of
wedge sliding body

Calculation of supporting
stress (P) of tunnel face

Initial stability
coefficient (Kj)

Critical stability Inadequate Init
coefficient [K,,;,] safety reserve

ial tunnel face
is unstable

Ky>

Support measures
[Kinl ?

of tunnel face

Initial tunnel
face is stable

Tunnel face
is stable

COR———

Figure 6. Operation flow chart of support optimization system.

187 4 Stability coefficient K
o Critical stability coefficient [K,,,]
s 1.6
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3.3. Strengthening Effect of Grouting Support

The grouting strengthening effect of the tunnel surface is closely related to the cohe-
sion (cg), grouting filling rate () and grouting depth (L,). Figure 8 shows the relationship
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between stability coefficient and grouting depth under grouting support. As can be con-
cluded from Figure 8, the grouting depth causes the stability coefficient to go through a
linear growth and a steady development with a stage demarcation point of 5.94 m. The
evolution characteristics of the stability coefficient show that when the tunnel face does not
have grouting support (Lg = 0), its stability coefficient (0.86) is significantly less than 1.20,
showing that the tunnel face cannot reach a self-stable state. The stability coefficient linearly
increases when the grouting depth increases from 0 to 6 m, and the strengthening effect of
tunnel face is significantly improved when the grouting depth is greater than 2.40 m. The
maximum stability coefficient reaches a maximum of 1.75 when the grouting depth is 6 m.
This indicates that the tunnel face has the best reinforcement effect. However, the stability
coefficient remains around 1.75 when the grouting depth exceeds 6 m, indicating that the
reinforcement effect does not continue to improve.

209 Stability coefficient K

I8 o Critical stability coefficient [K ]
x=6.00
=175

® 0 © 0 0 0 0 0 o ® ® 0 0 0 0
=240 (K 1=1.20
y=1.20

Stability coefficient K
~

0.8 — T T T T ]

Grounting length (m)

Figure 8. Relationship between stability coefficient (K) and grouting depth (Lg) under grouting support.

The reason analysis shows that the grouting support improves the stability and bear-
ing strength of tunnel face by increasing the cohesion of the wedge sliding body. The
grouting effect cannot be fully utilized by the wedge sliding body and sliding surface when
the grouting depth exceeds the sliding surface. The stability of the tunnel face cannot
significantly improve if the grouting depth continues to increase, but the utilization rate of
the grouting material is reduced [29]. Therefore, the precise position of sliding surface of the
wedge sliding body should be considered when strengthening the grouting of the tunnel
surface, and the grouting depth should be comprehensively determined in combination
with factors such as excavation footage and grouting equipment performance.

Based on a consideration of the potential instability of the tunnel face, a sufficient
grouting depth was preserved, and the grouting depth (L;) is 8 m. Figure 9 shows the
relationship between the stability coefficient and cohesion and grouting filling rate. It can
be seen from the 3D distribution cloud map that the stability coefficient of the tunnel face
has spatial division characteristics, indicating that there are differences in the reinforcement
effect of grouting. Figure 9b shows the relationship between the stability coefficient and
grouting filling rate when the mortar cohesion is 1000~4000 kPa, revealing that the stability
coefficient linearly increases with the increasing grouting filling rate when the mortar
cohesion is determined. When the mortar cohesion is 1000 kPa, the grouting filling rate
increases from 0 to 0.075, and the stability coefficient increases from 0.86 to 1.20. Existing
studies show that the grouting filling rate of surrounding rock in practical engineering is
generally between 0.15 and 0.20 [38]. It can be seen that the stability coefficient increases to
1.75 as the grouting filling rate increases to 0.20, indicating that the reinforcement effect is
significantly improved.
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Figure 9. Relationships between stability coefficient (K) and cohesion (cg) and grouting filling rate ({):
(a) 3D distribution cloud map, (b) Relationship between K and ¢, (c) Relationship between K and cq.

Figure 9c shows that the stability coefficient also has a good linear correlation with
mortar cohesion when the grouting filling rate is determined. When the grouting filling
ratio is taken as 0.15, the stability coefficient increases from 0.86 to 1.22 when the mortar
cohesion increases from 0 to 550 kPa. When the mortar cohesion increases to 4000 kPa, the
stability coefficient can reach 3.52, which is 4.09 times higher than initial stability coefficient.
When the grouting filling rate is 0.20 and the mortar cohesion values are 1000 kPa, 2000 kPa,
3000 kPa and 4000 kPa, the corresponding stability coefficients are 1.75, 2.63, 3.52 and 4.41,
respectively. A higher stability coefficient can significantly improve the safety of the tunnel
face, but it also increases engineering costs and the difficulty of excavation [5,25,29,36].
Therefore, the parameters of the grouting type and grouting pressure should be reasonably
determined according to the soil properties to address safety and cost.

3.4. Strengthening Effect of Reserved Core Soil

Figure 10 shows the 3D relationship between the stability coefficient (K), bottom width
(b1) and top height () of the reserved core soil. It can be seen that the stability coefficient
presents typical spatial distribution characteristics when the reserved core soil is used to
strengthen the tunnel face, and the projection of the stability coefficient on the horizontal
plane is triangular with the variation range of 0.85~1.225. The stability coefficient can
effectively be stabilized at 1.225 when the bottom width is 7.85 m and top height is 6.60 m,
which is slightly larger than the critical stability coefficient.
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Figure 10. Relationship between stability coefficient (K), bottom width (b1), and top height ().

Equation (25) shows that the supporting stress provided by reserved core soil has a
linear relationship with bottom width and a cubic nonlinear relationship with top height,
indicating that the influence of top height on the stability coefficient is significantly greater
than that of bottom width. Relevant specifications reveal that the reserved area of core
soil is generally not less than 50% of tunnel face [38,39], but the reserved core soil size
of the actual construction is often affected by the limitations of tunnel dimensions, cycle
footage, self-stability and construction convenience. Therefore, a larger excavation height
will reduce the ratio of the reserved core soil area to the excavated cross-sectional area when
the tunnel is excavated by the full-section method, resulting in a limited strengthening
effect. A larger height of core soil can be reserved for a better supporting effect when
excavating with the step method, and this is consistent with the fact that reserved core soil
is mostly used in step method construction [30,38]. It can be seen from the above analysis
that, on the premise of ensuring the stability of the reserved core soil and construction
space, appropriately increasing the top height and bottom width can improve the stability
of the tunnel face, and blindly increasing the reserved core soil dimensions will adversely
affect the convenience of construction.

3.5. Strengthening Effect of Bolting Support

Fiberglass anchor bolts are mainly composed of glass fiber polymers and widely used
in tunnel face support because of their characteristics of a high tensile strength, low shear
strength and easy excavation. To analyze the strengthening effect of bolting support, the
bearing capacity of a single bolt in five failure modes was calculated. Referring to the
existing study [26,27], the bolt parameters are m = 100, I;; = 3 m, Iy; = 1 m, dp, = 0.025 m,
dy = 0.042 m, f, = 556 MPa, and f; = 1.20 MPa. The anchoring stresses of the anchor bolt
are Py; = 272.80 kN, Py; = 592.80 kN, P3; = 17531 kN, Py; = 216 kN, and P5; = 5844 kN, and
its total supporting stress is P,,;, = 216 kN. Therefore, the strengthening effect of bolting
support can be studied by increasing the anchor bolt density. The variation trend in the
stability coefficient (K) with increasing anchor bolt density is shown in Figure 11.

As shown in Figure 11, the stability coefficient linearly increases with the density of an-
chor bolt. The stability of the tunnel face cannot meet the safety construction requirements
when the anchor bolt density is less than 0.52 roots/m?. The stability coefficient is slightly
greater than the critical stability coefficient (1.20) when the anchor bolt density is greater
than 0.52 roots/m?, indicating that the stability of the tunnel face is improved, and the
strengthening effect is slightly prominent. The anchor bolt density in actual engineering is
generally 0.50~2 roots/m? [26], as shown in the shaded part in Figure 11, and the stability
coefficient calculated from the data in this paper is 1.17~2.09. It can be seen that the im-
provement effect of tunnel stability depends on the anchor bolt density when the anchoring
force is determined; however, it is not possible to blindly increase the anchor bolt density
and ignore the cost of engineering, when considering the actual working conditions.
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Figure 11. Variation trend in stability coefficient (K) with increasing anchor bolt density.

Based on the above analysis, it can be concluded that the grouting support has the
most significant effect on improving tunnel face stability, followed by the reinforcement
effect of the anchor bolt and reserved core soil; the reinforcement effect of pipe roofing
support has the worst effect. Therefore, the reserved core soil is preferred for providing
support if the initial stability coefficient of tunnel face cannot meet the stability requirement,
and then the reinforcement through the tunnel face grouting is more effective than other
measures when the stability requirements are still not met.

4. Engineering Case Calculation
4.1. Engineering Geology Overview

Figure 12 shows the schematic diagram of the underground rail transit tunnel passing
through suburban expressway in Chongqing. It can be seen from satellite terrain map that
the left, right and middle lines all obliquely pass through the existing suburban expressway
through the underground excavation method. The mileage of the left line is K17+665.000
to K17+739.000, the mileage of right line is K17+659.500 to K17+733.500, and the mileage
of middle line is YCK0+600.000 to YCK0+674.000. The length of tunnel passing through
the suburban expressway is about 74 m. The schematic diagram of tunnel cross-section
shows that the left line and right line tunnels are symmetrically distributed with respect to
middle line with a width of 7.06 m, a height of 7.11 m and a buried depth of 16.136 m. The
width of middle line tunnel is 7.06 m, the height is 7.56 m, and the buried depth is 7.252 m.
The geological survey data show that the buried depth of the three tunnels is less than
2.50 times the height of surrounding rock pressure arch, belonging to the shallow buried
tunnel [38]. The length (L,) of the unsupported section of excavation section is the spacing
between arches (0.50 m). The statistical geometric dimensions and excavation parameters
are shown in Table 1.

Table 1. Geometric dimensions and excavation parameters.

Tunnels Left Line Right Line Middle Line
Buried depth H (m) 16.13 16.13 7.25
Tunnel height D (m) 7.11 7.11 7.56
Tunnel width By (m) 7.06 7.06 7.06
Upper step height D 3.71 3.71 3.71
Equivalent width [y (m) 5.80 5.80 5.80
Bottom of core soil by (m) 3.80 3.80 3.80
Height of core soil 1 (m) 1.80 1.80 1.80
Length of unsupported 0.50 0.50 0.50

section Le (m)
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Figure 12. Schematic diagram of the underground rail transit tunnel passing through suburban
expressway: (a) Satellite terrain map of tunnel, (b) Schematic diagram of tunnel cross-section.

Table 2 shows the surrounding rock parameters. Above the tunnel vault is mainly
artificial fill and silty clay, and the surrounding rock is graded V. The underlying rock
is mainly sandstone and sandy mudstone of the Middle Jurassic Shaximiao Formation,
and the surrounding rock is graded IV. The exposed strata are Quaternary Holocene
artificial fill (Q4™"), residual slope layer silty clay (Q4¢"*4!), and sedimentary rock strata of
Middle Jurassic Shaxi Temple Formation (J,°). Since the suburban expressway is a two-
way four-lane expressway, the General Specification for Design of Highway Bridges and
Culverts states that the standard value of a uniformly distributed load for a Class I lane is
10.50 kN/m [39]. The geological survey data show that the stratum on the left line of tunnel
is poor silty clay, which easily leads to the instability of tunnel face during excavation.
Therefore, it is necessary to optimize the reinforcement scheme of the tunnel face.

Table 2. Surrounding rock parameters.

Surrounding Rock

Parameters Artificial Fill Silty Clay Sandy Mudstone
Thickness (m) 15.10~22.4 0.40~3.50 6
Density (kN/m?) 17 18 20
Porosity (%) 50 47 20
Cohesion (kPa) 15 30 60
Internal friction angle (°) 20 35 40

Lateral pressure coefficient 0.357 0.293 0.234
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4.2. Initial Stability Analysis of Tunnel Face

According to the geological conditions of the left line tunnel and mechanical param-
eters of the surrounding rock, the initial stability analysis of tunnel face was discussed
by tunnel face stability discrimination and the support optimization system. According
to the above description, the geological conditions and tunnel parameters of the left line
tunnel are determined as follows: the buried depth (H) is 16.13 m, the calculated height
(Do) is equal to the height of upper step at 3.71 m. The equivalent width (Iy) is 5.80 m,
and the length of the unsupported section (L) is 0.50 m. The cohesion (c), internal friction
angle (¢), and porosity (1) are 15 kPa, 20° and 50%, respectively. The density () and
lateral stress coefficient (1) of the soil are 17 kN/m3 and 0.357, respectively. The above
parameters are input into the tunnel face stability discrimination and support optimization
system developed based on the calculation method described in Section 2 to calculate the
initial state of stability coefficient of left line tunnel under the original design support. The
calculation interface is shown in Figure 13.

Tunnel face stability discrimination and support optimization system Tunnel face stability discrimination and support optimization system
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Figure 13. Calculation interface of the initial status and original design scheme: (a) Calculation
interface of initial status, (b) Calculation interface of original design scheme.

The calculation results of the initial stability coefficient of the left line tunnel show
that the supporting stress when the tunnel surface reaches the steady state is 289.90 kN,
and the initial stability coefficient (Kq) is 0.733, which is only 61.83% of the critical stability
coefficient. Therefore, the tunnel face cannot reach a stable state without reinforcement
measures. The tunnel in this study section adopts a double-layer pipe roofing support
and reserved core soil to support the tunnel face according to original design scheme. The
calculated supporting stress required for the tunnel face to reach stability is 0 kN, and the
stability coefficient is 1.13, which is slightly less than the critical stability coefficient of 1.20.
The calculation results of the stability coefficient show that, although the original design
scheme can initially stabilize the tunnel face, it cannot guarantee safe construction due
to insufficient safety reserves, and there is a great construction risk. On-site monitoring
shows that the ground surface of the auxiliary road of the left line occurred in an over-limit
settlement on 7 October 2019 when the original design scheme was used for construction,
which can further confirm the reliability of the calculation results. The original support
scheme of tunnel face needs to be properly optimized.

4.3. Optimization Analysis of Support Measures

Figure 14 shows the relationship between the stability coefficient (K) and vertical
pressure reduction factor (a;) under the strengthening effect of pipe roofing support. It can
be seen that only when the pressure reduction factor is adjusted from 0.80 to 0.60 can the
stability coefficient increase from 1.13 to 1.23, barely reaching the critical stability coefficient.
Therefore, it is difficult to ensure the stability of the tunnel face by reducing the pressure
reduction factor through the optimization of the pipe roofing support parameters. On the
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Stability coefficient K

contrary, the operation difficulty and construction costs will greatly improve if the pipe
roofing support parameters are forced to improve. Furthermore, the pipe roof has the
function of carrying vault gravel to ensure construction safety, so the pipe roof support
cannot be removed. Based on the above analysis, it is recommended that the optimization
of design parameters of the original scheme is abandoned. Instead, support measures
should be adopted based on the original scheme and increase the grouting reinforcement
to improve the strengthening effect.
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Figure 14. Relationship between stability coefficient (K) and pressure reduction coefficient (a7).

The specification shows that the grouting filling rate of the surrounding rock is about
0.15~0.20 when the mortar cohesion is 1000~4000 kPa [38]. The distance from the sliding
surface to the tunnel face calculated in this project is 2.60 m, so the grouting depth (L)
is set to 3 m, and mortar cohesion is 1000 kPa. Figure 15 shows the relationship between
the stability coefficient and grouting filling rate. It can be seen that the stability coefficient
increases from 0.733 to 1.208 when the grouting filling rate increases from 0 to 0.035. The
stability coefficient will continue to linearly increase with the increase in grouting filling
rate. The stability coefficient reaches 2.769 when the grouting filling rate increases to
0.15, indicating that the reinforcement effect can be effectively improved by appropriately
increasing the grouting filling rate when the grouting cohesion is determined. From this, it
can be concluded that the reserved core soil of the original design scheme (reserved core
soil + pipe roofing support) has no optimization conditions, the reinforcement effect after
optimizing the pipe roofing support is not clear, and the stability can be greatly improved
by grouting support. Therefore, an optimization scheme of pipe roofing support + reserved
core soil + grouting support was formed considering the effect of support measures and
difficulty of construction.
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Figure 15. Relationship between stability coefficient and grouting filling rate: (a) 3D distribution
cloud map, (b) Relationship between K and .
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4.4. On-Site Monitoring

To verify the rationality and superiority of the optimized support measures, on-site
monitoring was carried out on the surface settlement of a suburban expressway in the study
section to reveal the stability of the tunnel face. A schematic layout diagram of the on-site
monitoring plan is shown in Figure 16. The monitoring points JC-1~JC-9 were characteristic
measuring points with an interval of 8 m, and three monitoring points were arranged
between every two characteristic monitoring points. The monitoring points were arranged
on the suburban highway pavement along tunnel according to a 2 m spacing. The distance
between tunnel face and monitoring point was about 3 times the tunnel diameter (21~24 m).
The daily excavation footage of the tunnel was about 2 m, and the next monitoring point
began to enter the settlement influence range after 4 days.

Suburban expressway
JC-1 JC-2 JC-3 JC-4 JC-5 JC-6 JC-7 JC-8 JC-9

PG -G--G--@--——
8/[8/[8/8m 8m|[8m|8m|8m

—)H(— Tunneling direction

2m

16.136 m

7.11 m

Figure 16. Schematic layout diagram of on-site monitoring plan.

Figure 17 shows the variation trend in the cumulative displacement of different moni-
toring points JC-1~JC-9. It can be seen that the cumulative displacement of all monitoring
points gradually increases with increasing monitoring time, and the farther from the tunnel
face, the slower the cumulative displacement increases, and the smaller the maximum cu-
mulative displacement. The settlement characteristics can be found that when the distance
from tunnel face is about 3.40 times the tunnel dimensions, the cumulative deformation and
change rate of monitoring point JC-1 continue to increase. The cumulative displacement
reaches 34.50 mm when the tunnel face is excavated below the monitoring point, which
exceeds the settlement warning value (30 mm). This has a great impact on the safety of the
suburban expressway; therefore, it is necessary to stop the tunnel excavation and optimize
the original plan.
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Figure 17. Variation trend of the cumulative displacement of different monitoring points.

To ensure the stability of the excavated tunnel face and inhibit the settlement of
suburban expressway, the optimization scheme of pipe roofing support + reserved core
soil + grouting support is adopted to reinforce the tunnel face on 12th to 16th days, as shown
in the shaded area. During the 4 days of tunnel face grouting construction, the cumulative
settlement displacements of monitoring points JC-2 and JC-3 show a gradual convergence
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trend. After the optimization scheme is implemented, the settlement of monitoring points
JC-2 and JC-3 continue to increase but the maximum cumulative settlement displacements
are only 61.45% and 53.94% of that of monitoring point JC-1, and the settlement degree
significantly decreases. The change trends in the monitoring points JC-4~JC-9 are essentially
the same as the tunnel face continues to move forward, and the maximum cumulative
displacement is roughly 15.50 mm, which is only 44.93% of monitoring point JC-1. It
can be seen that the settlement deformation of monitoring points JC-2~JC-9 meets the
requirements of the settlement deformation control value [34,35], and the optimization
scheme of pipe roofing support + reserved core soil + grouting support has a clear control
effect on the surface deformation.

5. Conclusions

To explore the quantitative evaluation method of tunnel face stability, this paper real-
ized a quantitative description of a tunnel face under pipe roofing support, bolting support,
grouting support and reserved core soil. The tunnel face stability discrimination and
support optimization system was developed, and supporting effects were quantitatively
evaluated based on a buried tunnel in Chongging. The following conclusions can be drawn:

1. The quantitative analysis model of tunnel face stability is established based on the
silo theory. The tunnel face stability discrimination and support optimization system
is developed, which can rapidly determine tunnel face stability and then provide a
quantitative evaluation method for the assessment of tunnel face safety.

2. Based on the quantitative analysis model of tunnel face stability, the strengthening
effect of different support schemes of the tunnel face is systematically analyzed. It can
be found that the grouting support has the most significant effect on improving the
tunnel face stability, followed by the reinforcement effect of an anchor bolt and reserved
core soil, and the reinforcement effect of pipe roofing support has the worst effect.
The reserved core soil is preferred for use as a support if the initial stability coefficient
of the tunnel face cannot meet the stability requirements. Then, the reinforcement
through the tunnel face grouting is more effective than other measures when the
stability requirements are still not met.

3. The tunnel surface stability of an underground rail transit tunnel passing through
suburban expressway in Chongqing was analyzed based on the tunnel face stability
discrimination and support optimization system. The optimization analysis of support
measures successfully predicts the over-limit settlement of an auxiliary road of the
left line. Then, the optimization scheme of pipe roofing support + reserved core
soil + grouting support is finally formed considering the effect of support measures
and construction difficulty. On-site monitoring shows that the farther from the tunnel
face, the slower the cumulative displacement increases, and the smaller the maximum
cumulative displacement. The settlement displacement after optimization is reduced
to 15.50 mm, which is about 44.93% before the optimization of the reinforcement
scheme, ensuring the safe construction of the suburban expressway.
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