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Abstract: To explore the solution of the two-step method applied in the rapid construction of super
large cross-section tunnels passing through IV-and V-grade surrounding rock sections in karst cave
areas, based on an engineering example of the Lianhuashan Tunnel, we use the numerical calculation
method to analyze the stability of surrounding rock and the design parameters of the control measures
for super large cross-section tunnels during the construction of the step method. The calculated
results show that the working face of IV-grade surrounding rock can be stabilized by an advanced
small pipe, and the stability of the supporting structure should be controlled mainly by IV-grade
surrounding rock. In order to control the stability of the tunnel face, it is necessary to use an advanced
large pipe shed in the surrounding V-grade rock. The reinforcement range of the advanced large pipe
shed is 120° and the length is 20 m. This is the most economical design parameter of the advanced
large pipe shed, ensuring the deformation control effect. For control of the stability of the supporting
structure, under the condition that the working space is suitable for large machinery, the settlement
of the arch of the supporting structure can be obviously reduced by shortening the step cycle footage
and reducing the step length, and the peripheral convergence of the supporting structure can be
obviously reduced by reducing the step height. After comprehensive analysis and considering the
development of karst caves, the advanced support measures, design parameters, bench excavation
design parameters, initial support measures, karst cave treatment measures, and bench construction
process of IV- and V-grade surrounding rock is determined. The application verification shows that
the research results have a good control effect on the stability of the surrounding rock and cave and
are suitable for large-scale mechanical operations, which can significantly improve the excavation
speed of the super large cross-section tunnel passing through the IV- and V-grade surrounding rock
sections in the karst cave area.

Keywords: tunnel engineering; two-step method; numerical calculation; super large cross-section;
karst cave area; weakly broken surrounding rock

1. Introduction

The IV- and V-grade surrounding rock sections of super large cross-section tunnel
construction mainly adopt the partial excavation method used in China. Three-step meth-
ods, single-side heading methods, CD methods, CRD methods, and double-sided heading
methods are widely used. The support system formed by a small pilot tunnel and tem-
porary support [1-4] has the problems of a narrow working space, complex process, and
slow construction speed. When this support system is used in karst cave strata, because the
influence of karst cave development on construction is not considered, there are a series of
problems, such as difficulty in implementing karst cave treatment measures, difficulty es-
caping construction personnel during disasters, and inability to use large-scale construction
machinery during disaster treatment.
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The two-step method can provide a large construction space and is conducive to the
use [5,0] of large-scale construction machinery due to the small number of blocks. However,
under the condition of weak surrounding rock, there are also problems such as poor stability
of the tunnel face and large deformation of the supporting structure. In the past, this method
was mostly used in the II-grade and IlI-grade surrounding rock of the 3-lane tunnel. In
recent years, with the development of large construction machinery and surrounding rock
reinforcement technology, the micro-step method has been widely used in the IV-grade
surrounding rock of 3-lane tunnels (the relevant provisions of the Technical Specifications for
Construction of Highway Tunnels (JTG/T 3660-2020)) [7] and has been explored and applied
in the V-grade surrounding rock of 3-lane tunnels. By means of numerical simulation,
Song Shuguang [8] and Zou Chenglu [9] studied the effects of geometric parameters
such as step length, height, and excavation footage on the deformation control ability
of the surrounding rock and supporting structure under the geological conditions of the
weakly broken surrounding rock. Wu Jingang [10], Li Wenjiang [11], Luo Yanbin [12],
Zuo Yiming [13], and Yuan Xiaoshuai [14] studied the measures of advanced support,
initial support, and locking anchor rods in step method construction. Some of the research
results have been verified by engineering applications. This shows that the two-step
method and reasonable engineering measures can improve the tunnel deformation control
ability and reduce the risk of collapse and large deformation.

From the above analysis, the two-step method has advantages in terms of the stability
of karst caves, karst cave treatment, and mechanized construction (construction speed).
Based on this excavation method, targeted technical measures can be taken to solve the
problems of construction speed, cost, and safety of super large cross-section tunnels crossing
karst cave areas. However, at present, research on the stability of tunnel construction
in karst cave areas has focused on analyzing the effect of karst caves on the stability
of surrounding rock [15] and the deformation and stress of supporting structures via
numerical calculations [16,17]. The research on the systematic theoretical analysis and
construction technology system of the two-step method for the construction of super large
cross-section tunnels passing through karst areas is insufficient. The Lianhuashan Tunnel in
Liuzhou City is a 3-lane super large cross-section tunnel located in an area where karst caves
are strongly developed. Many intrusions into karst caves are detected in the additional
construction survey stage. Due to the construction period, the original designs of the
double-sided heading method and CD method are optimized to the two-step method, but
many disasters, such as collapse, large deformation, and karst cave inrush, have occurred
during the construction process. Therefore, based on the Lianhuashan tunnel project, a
numerical calculation method is used to analyze the deformation and failure characteristics
of the two-step method for constructing a super large cross-section tunnel under the
condition of weakly broken surrounding rock failure. A two-step construction technology
system for a super large cross-section tunnel crossing a karst cave area is established and
applied in a supporting project.

2. Overview of Related Supporting Projects

The Lianhuashan Tunnel is a two-way, 6-lane, separated highway tunnel located north
of Liuzhou City, Guangxi Province. It is a neighborhood tunnel (the clear distance ranges
from 15.12 m to 22.12 m). The drilling and blasting methods are adopted in the tunnel
construction. The excavation section is more than 150 m? and the length is approximately
1.87 km. The lithology of the tunnel site is mainly limestone and red clay. The surrounding
rock grade is mainly IV and V, and the geological longitudinal section is shown in Figure 1.
A supplementary survey of the left line mileage K2 + 920~K3 + 060 section and the right
line mileage YK2 + 920~YK3 + 060 section of the Lianhuashan Tunnel shows that 16 of the
21 geological exploration boreholes reveal karst phenomena such as dissolution grooves,
caves, and cavities. The rate of encountering caves is 84%, the rate of line karst is 16.7%,
and karst is strongly developed. Karst caves are mostly filled with clay, block, and stones,
etc. Some of the karst caves invade the interior of this tunnel, some are distributed outside
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the contour line of the tunnel, and some are beaded by multiple karst caves. Shallowly
buried karst caves or karst funnels are mostly connected to the surface. In the dry season,
there is generally no groundwater in the tunnel area. In the rainy season, the infiltration of
surface water will form unevenly distributed fissure water, and groundwater may infiltrate
the tunnel in a point or linear manner.
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Figure 1. Engineering geological profile.

The original design methods for the Lianhuashan Tunnel are the double-side heading
method and the middle partition method. Among them, the double-side heading method
is suitable for poor sections of V- and IV-grade surrounding rock, and the middle partition
method is suitable for general sections of IV-grade surrounding rock. Due to the need
to shorten the construction period by half a year for the opening of the whole line of the
project, according to engineering experience, the Lianhuashan Tunnel was changed and
optimized at the initial stage of construction. The double-layer advanced small pipe, step
method, and reserved core soil method were adopted for the V-grade surrounding rock
section, and the single-layer advanced small pipe and step method were adopted for the
IV-grade surrounding rock section. However, disasters such as collapse, large deformation,
and karst cave inrush often occur during construction.

3. Stability Analysis of Step Method of Construction

The instability and failure of the Lianhuashan Tunnel caused by the two-step method
can be attributed to the stability of the surrounding rock and the stability of the karst cave.
The stability of the surrounding rock can be analyzed via a numerical calculation method.
Without considering the karst cave, FLAC3D 6.0 software is adopted, and a two-step
numerical model of a super large cross-section tunnel with weakly broken surrounding
rock is established to analyze the deformation and failure characteristics of the surrounding
rock. The calculation model adopts a 3D model. The tunnel section is a three-center curved
sidewall, with a net width of 13.75 m, a net height of 5.0 m, and a tunnel depth of 90 m.
There are 16,503 model elements, the top surface of the model is free, and the surrounding
and bottom surfaces of the model constrain the displacement in all directions. The model is
140 m long, 50 m wide, and 162 m high, as shown in Figure 2.

Figure 2. Model grid.
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3.1. Calculation Parameters

The calculation model does not consider the effect of secondary lining, and the sur-
rounding rock, advanced support, and initial support adopt the Mohr-Coulomb model
for solid elements. Among them, the cohesion and friction angle of the primary support
are obtained by drawing the Mohr circle of the maximum compressive strength and the
maximum tensile strength of the concrete, and the elastic modulus is the equivalent stiffness
of the concrete and the steel frame.

According to the relevant recommended parameters of highway tunnel design spec-
ifications, the calculation parameters of surrounding rock and supporting structure are
shown in Table 1. The length of advanced support reinforcement is 3.5 m, and the cohesion
c and friction angle ¢ of reinforced surrounding rock are increased by 30% [18].

Table 1. Physical and mechanical parameters of surrounding rock and supporting materials.

Material Gravity Elastic Modulus E Poisson’s Ratio Force of Cohesion Friction Angle
v (kKN/m®) (GPa) v f (MPa) @ (°)
Surrounding rock 23 6.0 0.25 0.10 39
Initial support 26 31.4 0.20 227 53

3.2. Calculation Conditions

The strength reduction method is used to calculate the strength parameters of the
surrounding rock after reduction, and the reduction formula is:

r_ €
¢ = —, ¢ =arctan
w

tang
w

where c and ¢ are the cohesion and friction angle, respectively, w is the strength reduction
coefficient (the value is 1.1, increasing by 0.1 until the tunnel is unstable), and ¢’ and ¢’ are
the cohesion and friction angle after the reduction of the surrounding rock, respectively.

3.3. Construction Steps

The model is excavated by positive step method, and the construction steps are as
follows:

(1) Excavating the upper step, the excavation height is 6 m, and the excavation footage is
1m.

(2) The initial support is carried out on the upper step excavated in step 1. The construc-
tion of the supporting structure lags the excavation of the upper step by 1 m and the
length of the supporting structure is 1 m.

(3) Excavating the lower step, the excavation height of the lower step is 4.3 m, the
excavation lags the upper step by 6 m, and the excavation footage is 1 m.

(4) The initial support is carried out on the lower step, the lag excavation is 1 m, and the
support length is 1 m.

(5) Theinverted arch is excavated at 12 m behind the lower step, and one-time excavation
is completed with a length of 6 m.

(6) Initial support for inverted arch construction.

3.4. The Variation Law of Surrounding Rock Deformation with Surrounding Rock Grade

The results show that the deformation of the surrounding rock increases gradually
with the increased reduction of coefficient w, and the surrounding rock is unstable when w
is 3.8. When the reduction coefficient w is 1.5, 2.0, 2.5, 3.0, 3.5, 3.6, and 3.7, the variation law
of the arch settlement Dy of the surrounding rock at Y = 20 m with the construction step is
as shown in Figure 3.
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Figure 3. Variation curve of surrounding rock arch settlement under different reduction coefficients.

Figure 3 shows that in the advanced deformation stage (construction steps 1~21), the
advanced arch settlement corresponding to the reduction coefficient w (1.5~3.7) ranges from
12.7~89.3 mm. In the excavation stage of the upper step (construction steps 22~25), the arch
settlement corresponding to the reduction coefficient w (1.5~3.7) ranges from 7.0~52.8 mm.
In the excavation stage of the lower step (construction steps 26~35), the arch settlement
corresponding to the reduction coefficient w (1.5~3.7) ranges from 2.9~111.9 mm.

The ratio of the surrounding rock arch settlement to the total deformation in the typical
construction stage when the reduction coefficient w (1.5~3.7) is shown in Table 2.

Table 2. The proportion of surrounding rock arch settlement under different reduction coefficients.

Construction Stage

Reduction Factors

1.5 2.0 2.5 3.0 3.5 3.6 3.7
Advanced deformation 51.1% 63.5% 67.3% 61.9% 43.5% 37.6% 33.3%
Excavation of upper steps 34.7% 23.3% 18.3% 18.6% 19.5% 22.8% 21.4%
Excavation of lower steps 14.3% 13.2% 14.4% 19.6% 37.1% 39.6% 45.3%

Table 2 shows that the proportion of surrounding rock arch settlement to total defor-
mation increases with the increase of reduction coefficient w, which increases first and then
decreases in the advanced deformation stage and decreases first and then increases in the
excavation stage of the upper and lower steps. When the reduction coefficient w is less than
2.5, the settlement of the surrounding rock arch after the construction of the supporting
structure is quickly stabilized. When the reduction coefficient w is greater than 2.5, after
the construction of the supporting structure.

3.5. Characteristics of Rock Deformation and Failure

When w is 3.8, the instability of the tunnel occurs, and the displacement of the tunnel
face is 590 mm (unstable at the 29th construction step). To analyze the process of sur-
rounding rock failure, the abrupt change of shear and tensile strain of surrounding rock
is taken as the criterion'® for judging the failure zone of the surrounding rock [19]. The
research object is selected as the section when Y = 28 m, and the total displacement D of
the monitoring points at the key position of the tunnel excavation profile is plotted with
respect to the excavation. The longitudinal section and profile of the surrounding rock
failure zone at 27 steps, 28 steps, and 29 steps are shown in Figure 4.
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Figure 4. The development law of deformation and failure of surrounding rock in tunnel construction
by two-step method. Note: (A-C) represent the failure zone of the 28 m research section when the
tunnel face is excavated to 27 m, 28 m, and 29 m, respectively.

From Figure 4, we can see that:

(1) With the progress of the excavation, the displacement of each monitoring point
gradually increases, the deformation gradually develops from the arch to the wall
foot, and the deformation gradually decreases according to the order of the arch, the
arch waist, the arch foot, the sidewall, and the wall foot.

(2) Tunnels with poor surrounding rock (IV-grade-preferred surrounding rock and
V-grade surrounding rock) mainly suffer from instability of the supporting struc-
ture, large extrusion deformation of the tunnel face, and local small-scale falling
blocks. The tunnel with poor surrounding rock (poor V-grade surrounding rock) will
have instability of the tunnel face. The surrounding rock will collapse 4.5 m in front
of the tunnel face and 1.5 m above the arch. The deformation and failure will develop
from the arch to the foot of the wall, and the influence distance of excavation will be
approximately 20 m.

4. Stability Control Measures for Step Method Construction and Analysis of
Design Parameters

From the above research results, the stability of the tunnel face is better when the
IV-grade surrounding rock of a super large cross-section tunnel is excavated by the two-step
method. The deformation and failure mainly occur in the construction process of the initial
support, and the excessive deformation of the initial support structure should be controlled.
The deformation and failure of the super large cross-section tunnel of V-grade surrounding
rock is the instability of the tunnel face when it is excavated by the two-step method, and
its countermeasures should be based on controlling the advanced deformation. According
to previous engineering experience [20], advanced support measures such as advanced
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small pipes or advanced large pipe roofs can be used for the stability of the tunnel faces
of IV- and V-grade surrounding rock, so that the super large cross-section tunnels of IV-
and V-grade surrounding rock can be excavated via a two-step method. For the support
deformation control of IV- and V-grade surrounding rock after excavation, the optimization
of step design parameters and initial supporting design parameters can be adopted, and
the optimization of step design parameters should be the priority.

The advanced large pipe shed has the characteristics of high cost and slow speed,
and its design parameters directly determine the economy and safety of the measure. At
present, there is no mature experience in the support effect and design parameters of
the advanced large pipe shed for the construction of the two-step method of the V-grade
surrounding rock of the super large cross-section tunnel, which needs to be calculated and
analyzed by theoretical or numerical analysis. Therefore, based on the two-step method
numerical model of the super large cross-section tunnel with weakly broken surrounding
rock established above, the deformation of the surrounding rock of the tunnel is analyzed
when the advanced large pipe roof is pre-supported for the V-grade surrounding rock of
the super large cross-section tunnel. The design parameters of the advanced large pipe
roof, such as the reinforcement angle and length, and the influence of the step construction
parameters, such as the cyclic footage, step length, and step height, on the stability of the
surrounding rock are compared and analyzed, which provides a reference for the design of
the two-step method and advanced large pipe roof construction parameters of the super
large cross-section tunnel.

4.1. Calculation Conditions

(1) When w is 3.8, the deformation of the rock surrounding the tunnel under the pre-
support of the advanced large pipe shed is analyzed, and the effectiveness of the
advanced large pipe shed measures on the V-grade surrounding rock of the super
large cross-section tunnel is verified.

(2) The stability of the surrounding rock is compared and analyzed when the reinforce-
ment range of the pipe roof is 120°, 150°, and 180°, and the reinforcement length of
the pipe roof is 15 m, 20 m, 25 m, and 30 m, respectively.

(3) The stability of the surrounding rock is compared and analyzed when the cyclic
footage is 0.5 m, 1.0 m, and 1.5 m (the step length is 6.0 m, and the step height is
6.0 m), the step length is 4.0 m, 6.0 m, and 8.0 m (the cyclic footage is 1.0 m, and the
step height is 6.0 m), and the step height is 4.0 m, 5.0 m, and 6.0 m (the cyclic footage
is 1.0 m, and the step length is 6.0 m).

The leading large pipe roof in the model adopts ¢108 mm steel pipe, the reinforcement
length is 30 m, and the reinforcement range is 90°. The Mohr-Coulomb ideal isotropic elastic-
plastic material is used, and the elastic modulus is calculated by the stiffness equivalent
method. The calculation parameters are 25.0 kN/ m3, the elastic modulus is 20.0 GPa, the
Poisson’s ratio is 0.28, the cohesion is 1.0 MPa, and the friction angle is 40°.

4.2. Effect Analysis of Advanced Large Pipe Shed

The calculation results show that when w is 3.8, there is no instability in the sur-
rounding rock of the two-step method and advanced large pipe roof construction, and the
maximum displacement of the working face is 168 mm. Y = 25 m is selected as the research
section, and the curve of the total displacement D of the monitoring points at the key
position of the tunnel excavation contour with the excavation is drawn. The cross-section
of the surrounding rock failure zone is extracted at 24 steps, 25 steps, 29 steps, 30 steps,
31 steps, and other typical construction steps, as shown in Figure 5.
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Figure 5. Development law of surrounding rock deformation and failure during advanced pipe
roof support.

From Figure 5, we can see that:

(1) With the excavation process, the displacement of each monitoring point gradually
increases with excavation, the deformation gradually develops from the arch foot
to the wall foot (shown in 1~3 of Figure 5), and the deformation decreases in the
order of arch foot, side wall, wall foot, arch waist, and arch. The total displacement is
181.2 mm, 175.0 mm, 146.5 mm, 133.3 mm, and 127.4 mm, respectively.

(2) The failure area of the surrounding rock in the tunnel arch is much smaller. With the
advancement of the excavation face to a deeper depth, the surrounding rock failure
area mainly develops below the arch. The failure law is from the arch foot to the
sidewall and, finally, to the wall foot.

In summary, under the pre-support effect of the advanced pipe shed, the stability of
the two-step construction method of the tunnel in the V-grade surrounding rock stratum is
significantly improved. The upper step face is almost not squeezed by the surrounding
rock of the arch. The deformation and damage of the surrounding rock around the face are
mainly concentrated in the sidewall area. It is verified that the two-step construction of the
V-grade surrounding rock of the super large cross-section tunnel can effectively control the
deformation of the face by using the advanced large pipe shed.

4.3. Analysis of the Pipe Roof Design Parameters

For different pipe shed reinforcement lengths and different pipe shed reinforcement
ranges, the deformation calculation results of the surrounding rock and supporting struc-
ture at the Y = 25 m section are shown in Table 3.
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Table 3. Calculation results under different design parameters of advanced large pipe shed.
Surrounding Rock Supporting Structure
- - Displacement
Project Arch Horizontal Arch Horizontal of Tunnel Face
Settlement Dy Convergence Settlement Dy Convergence Dy (mm)
(mm) Dy (mm) (mm) Dy (mm)

Reinforcement 90 —155 123 —96 62 —160
range 120 -115 117 —65 61 —145
o 150 —83 85 —44 24 —133
©) 180 —63 59 —29 34 —119
Reinforcement 15 —202 124 —112 73 —368
length 20 —1lel 113 —85 67 —247
(m) 25 —160 111 —85 68 —230
30 —159 116 —83 65 —227

@

@)

The following can be seen from Table 3:

When the reinforcement range of the pipe roof increases from 90° to 180°, the arch
settlement, horizontal convergence, and tunnel face displacement are significantly
reduced, and the decreases are —59.4%, —52.0%, and —25.6%, respectively. The
maximum displacement position of the surrounding rock around the tunnel gradually
shifts from the arch foot to the sidewall and, finally, to the wall foot. The deformation
of the supporting structure is also significantly reduced, which indicates that the
pipe roof also reduces the deformation of the supporting structure by reducing the
advanced deformation. From the perspective of displacement reduction caused by
unit angle, it is more economical to adopt a reinforcement range of 120° for controlling
the arch settlement and the displacement of the tunnel face, and a reinforcement range
of 150° for controlling the convergence displacement is more economical.

The length of the pipe shed increases from 15 m to 30 m. Compared with 15 m, when
the length of the pipe shed is 20 m, the advanced deformation of the surrounding
rock, the settlement of the arch of the supporting structure, and the displacement of
the tunnel face are significantly reduced, and the reductions are —15.5%, —24.1%, and
—32.3%, respectively. Compared with the pipe shed lengths of 30 m and 20 m, the dis-
placement of the pipe shed is basically unchanged, with a decrease of approximately
1% to 6%.

4.4. Analysis of Step Design Parameters

The deformation calculation results of the surrounding rock and supporting structure

at Y = 25 m for different cycle footage, step length, and step height are shown in Table 4.

@

@)

®)

The following can be seen from Table 4:

The adjustment of the circulation footage z mainly affects the settlement of the arch of
the supporting structure. Compared with z = 0.5 m, when z is 1.5 m, the advanced
deformation increases from 45 mm to 50 mm, the settlement of the arch of the support-
ing structure DV increases from 58 mm to 90 mm, and the deformation of the tunnel
face DF increases from 137 mm to 161 mm, an increase of approximately 14.9%.
Adjusting the step length 1 mainly affects the settlement of the arch of the supporting
structure. Compared with 1 =4 m, when 1is 8 m, the advanced deformation of the
peripheral convergence increases from 42 mm to 60 mm, an increase of approximately
42.8%, and the deformation of the tunnel face DF decreases from 157 mm to 134 mm,
a decrease of approximately —15.7%. The arch settlement of the supporting structure
DV increased from 47 mm to 93 mm, an increase of approximately 97.8%.

Adjusting the step height h mainly affects the surrounding convergence of the support-
ing structure. Compared with h =4 m, when h is 8 m, the surrounding convergence
of the supporting structure DH increases from 20 mm to 61 mm, an increase of ap-
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proximately 205%. The extrusion deformation of the tunnel face DF increased from
126 mm to 145 mm, an increase of approximately 15.1%.

Table 4. Calculation results of different step design parameters.

Surrounding Rock Supporting Structure
- - Displacement
Project Arch Horizontal Arch Horizontal of Tunnel Face
Settlement Dy Convergence Settlement Dy Convergence Dy (mm)
(mm) Dy (mm) (mm) Dy (mm)

Cvele foot 0.5 —103 107 —58 56 —161
ye e(oc; age 1.0 ~115 117 —65 61 —145
zim 15 —140 124 —90 62 —137
4.0 —-93 99 —47 57 —157
Ste}; (ler;gth 6.0 115 117 65 61 145
m 8.0 —143 133 —93 73 —134
. 4.0 —98 80 —57 20 —126
Ste}; ?el)ght 5.0 102 86 58 55 132
m 6.0 —115 117 —65 61 —145

5. Two-Step Method for Constructing a Super Large Cross-Section Tunnel in Karst Cave
Development Stratum

5.1. Calculation Conditions

Based on the above research results and the case statistics of karst caves prone to mud
inrush disasters, according to the stability of the surrounding rock and the development
of karst caves, the advanced support measures and design parameters of IV- and V-grade
surrounding rock, the design parameters of bench excavation, the initial support measures,
and the treatment measures of karst caves, the construction of super large cross-section
tunnels through karst caves is determined.

Advanced support measures and design parameters of IV-grade surrounding rock:

(1) The advanced small pipe with a length of at least 4.5 m is used to improve the
stability of the surrounding rock.

(2) When the karst cave is developed in front of the tunnel arch [21], the partition
advanced large pipe shed measure (only arranging the advanced large pipe shed in the
range of the karst cave development in front of the tunnel arch) is adopted to improve the
stability of the karst cave. The length of the advanced large pipe shed should pass through
the karst cave and ensure that the depth of the rock is at least 2.5 m. The criterion for the
development of filled karst caves in front of the tunnel arch is that the karst cave is within
120° of the tunnel arches, the size of the karst cave is greater than or equal to 50 m3, and
the distance between the karst cave and the tunnel face is not more than 4 m.

Advanced support measures and design parameters of V-grade surrounding rock:

(3) Advanced pipe sheds should be adopted to improve the stability of the surround-
ing rock or karst caves. The length of the advanced pipe shed should be 20 m and the
circumferential reinforcement range should be within 120° of the arches. The length of the
advanced large pipe roof should be optimized according to the size of the karst cave, the
location of the karst cave, and the type of filling material, according to the drilling records
of the pipe roof. The length of the advanced large pipe roof should pass through the karst
cave, and the depth of rock entry should be at least 2.5 m.

Design parameters of the step excavation:

(4) The step design parameters include step height, step length, and cycle footage. The
step length should be 3~5 m, the step height should be 4~6 m, and the cycle footage should
be 1~2 steel frame spacing.

(5) To avoid hanging the initial support of the upper step at the same time, the lower
step should be excavated by a staggered platform. When the karst cave is exposed on
the side of the upper step, the side of the karst cave should be excavated first when the
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lower step is staggered. The excavation of the lower step should be carried out after the
construction of the upper step karst cave is completed.

(6) To provide construction conditions for karst cave construction, it is necessary to
adjust the step design parameters. The height of the step should be increased so that the
upper step can expose the cave vertically, and the height of the adjusted step should be less
than or equal to 6 m. The length of the step should be increased so that the upper step can
expose the longitudinal direction of the cave, and the adjusted step length can be greater
than 5 m.

Initial support:

(7) After the excavation of the micro-step, the initial support construction is carried
out quickly. The initial support construction includes measures such as tunnel face closure
and shotcrete-anchor support. Among them, the closure of the tunnel face should be
implemented when the deformation of the tunnel face is obvious, the side wall of the arch
falls off a large number, the local collapse occurs, and the tunnel face cannot be stabilized.
Shotcrete-anchor support includes a steel frame, steel pipe (¢ > 42 mm) grouting locking
foot, shotcrete, system bolt, and so on.

Treatment measures of karst caves:

(8) The treatment of karst caves is mainly based on their scale, spatial position, and
the type of filling material provided by geological exploration and construction geological
forecasts. When the large filling karst cave (more than 50 m®) is in the arch and sidewall,
the advanced treatment is carried out by means of a large pipe shed or surface grouting.
For other cases of large karst caves and small karst caves (less than 50 m3), cleaning, sealing,
and backfilling measures are mainly used for post-processing.

5.2. Construction Process

In view of the two-step method construction for constructing super large cross-section
tunnels crossing the karst cave area, according to the stability of surrounding rock and the
development of karst caves, the following construction process is formulated:

(1) Advanced geological prediction and sketching of the tunnel face are carried out on
the tunnel face to confirm the grade of the surrounding rock and the condition of the
surrounding rock in front.

(2) The karst development is judged according to the surrounding rock conditions, and
the advanced support measures and design parameters are determined according to
the surrounding rock grade and karst cave development.

(38) The hole-forming and charging operations are carried out in the upper and lower steps.
The upper and lower steps are blasted at the same time, and the excavation is carried
out in parallel. The design parameters of the steps should meet the requirements of
large-scale mechanical operation space under the condition of ensuring the stability
of the surrounding rock.

(4) The fan is opened to discharge the dust in the hole, and the excavator is used to carry
out the dangerous rock discharge under excavation treatment around the hole. The
excavator cooperates with the mucking truck to carry out the mucking operation.
After the dust is discharged, geological sketching is carried out on the face of the
tunnel. According to the results of the geological sketch, the karst cave treatment and
the initial support construction are carried out.

(5) According to the geological sketch results, the advanced support measures and design
parameters of the next cycle and the design parameters of the steps are adjusted.

The construction process is shown in Figure 6.
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Figure 6. Construction flow chart.

6. Engineering Applications

Through the application of the two-step construction method of the super large cross-
section tunnel in the karst cave development stratum, the Lianhuashan Tunnel adopts the
advanced large pipe shed and two-step method in the V-grade surrounding rock (soil)
stratum (poor stability of the tunnel face) in the soil-rock composite stratum section. In
the V-grade surrounding rock (mainly bedrock) stratum (good stability of the tunnel face)
and the IV-grade surrounding rock stratum, the construction method of the advanced
small pipe and two-step method is adopted, and the advanced large pipe shed adopts the
self-propelled pipe shed process, which has achieved good surrounding rock deformation
control and karst cave stability control effect [22]. The monthly excavation progress of the
single working face of the tunnel in the IV- and V-grade surrounding rock sections of the
tunnel reaches 44~54 m/month.
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6.1. V-Grade Surrounding Rock Step Method Construction

ZK1 + 358~ZK1 + 523 on the left line of the entrance of the Lianhuashan Tunnel is
in the shallow buried section. The surrounding rock of this section is mainly hard plastic
red clay, and the clay and weathered limestone are interlaced, as shown in Figure 7. The
advanced support of this section adopts a ¢76 self-propelled advanced large pipe shed, and
the specific implementation of the advanced large pipe shed is shown in Table 5. Among
them, four sections, ZK1 + 382~ZK1 + 402, ZK1 + 415~ZK1 + 435, ZK1 + 460~ZK1 + 490,
and ZK1 + 493~ZK1 + 523 have developed karst caves, and some of the pipe sheds have
been lengthened to penetrate the karst cave and reach a depth of 4 m.

ZK1 + 415 face of the palm ZK1 + 460 face of the palm

Figure 7. Typical surrounding rock of tunnel face.

Table 5. The construction quantity of the advanced large pipe shed.

Section Number/Hole N Length L (m)
ZK1 + 358~ZK1 + 373 41 15
ZK1 + 367~ZK1 + 387 42 20
ZK1 + 382~ZK1 + 402 42 20/22
ZK1 + 398~ZK1 + 418 42 20
ZK1 + 415~ZK1 + 435 42 20/25
ZK1 + 433~ZK1 + 463 42 20
ZK1 + 460~ZK1 + 490 48 20/25
ZK1 + 493~ZK1 + 523 37 20/25

Taking ZK1 + 382~ZK1 + 402 as a typical example, the construction scheme of the
two-step method for V-grade surrounding rock is described in detail as follows:

(1) The geological radar is used to detect the range of 30 m in front of the tunnel face
in the ZK1 + 382 section. The arch line map shows that the radar wave reflection is
strong in the 9~15 m section in front of the tunnel face, which may develop large-scale
karst caves, groundwater is not developed, and the surrounding rock level is V-grade.

(2)  According to the conditions of the surrounding rock and the development of the karst
cave, the advanced support adopts the advanced large pipe shed. The design length
of the advanced large pipe shed is 20 m, and the circumferential reinforcement arch is
120°. A total of 31 holes were arranged. Through the analysis of the drilling records
of the pipe shed, the 11~18 m section of 8~14 holes are filled with karst cave, so the
length of 8~14 holes is extended to 22 m. The layout of the advanced large pipe shed
is shown in Figure 8.
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Figure 8. The layout diagram of the advanced large pipe roof.

(3) The upper steps and lower steps are excavated in parallel. The length of the step is
4 m, the height of the step is 5 m, and the cyclic footage is the spacing of 2 steel frames.

(4) After the ventilation and mucking operation, the geological sketch results show that
the 3m x 3 m x 5m (length, width, height) semi-filled silty clay karst cave is exposed
on the left sidewall of the lower step, and the primary support is closed after cleaning
the filling and concrete backfilling. The tunnel face is relatively stable, there is no
obvious extrusion deformation, and there is a small amount of falling blocks. The
initial support adopts HW200 x 200H steel, a 3.5 m-long @42 mm grouting steel
pipe lock foot, C20 thick 29 cm early strength shotcrete, and a 5.0 m-long @22 mm
cartridge bolt.

During the construction process, 14 monitoring sections were arranged in the
ZK1 + 358~ZK1 + 523 section (as shown in Figure 9). The arch settlement of the
ZK1 + 400 section was the largest at 74.2 mm, followed by 51.2 mm of the ZK1 + 410 section,
and 4.3~17.2 mm in the other sections. The deformation of the tunnel support structure is
controllable. The two-step method and advanced large pipe roof measures adopted in this
section have a significant effect on tunnel deformation control.

80 r
70
60 r
50 r A
40 r
30 r
20

Arch settlement Dy (mm)

10
A A A A 4 A
0 1 1 1 1 1 1 1 1 1 1 1 1 J
1370 1384 1400 1440 1470 1490 1510

Left line mileage

Figure 9. The arch settlement of each monitoring section.
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6.2. IV-Grade Surrounding Rock Bench Method Construction

The surrounding rock of the ZK1 + 950~ZK2 + 850 (YK1 + 900~YK2 + 850) section

of the Lianhuashan Tunnel is mainly composed of limestone and siliceous limestone with
mudstone, and the surrounding rock grade is IV. There may be hidden karst caves in the
bedrock, and mud inrush and other disasters may occur. The TSP is used for detection every
100 m in this section. After roughly determining the distribution of bad geology in front of
the tunnel face, a geological radar is used for detection once it is close to approximately
30 m from the bad geological body to further verify and understand the distribution of bad
geology. Taking the ZK2 + 155 section as a typical example, the construction scheme of the
two-bench method for IV-grade surrounding rock is described in detail.

)

@)

®)
4)

©)

In the range of 30 m in front of the tunnel face, the geological radar is used for
detection. The arch line map shows that there is a strong radar reflection section in the
3~9 m section in front of the tunnel face, so it is speculated that there is a large-scale
cavity in this section. The sidewall survey line map shows that there is a strong radar
reflection section in the front 2~5 m section, so it is speculated that there may be a
weak interlayer or cavity in this section. The surrounding rock is IV-grade.
According to the condition of the surrounding rock and the development of the karst
cave, it is judged that the advanced support adopts @42 advanced small pipe and
@76 partition advanced large pipe shed. The design length of the advanced small
pipe is 4.5 m, the circumferential spacing is 40 cm, the extrapolation angle is 10°, the
arch is 120°, and the lap length is greater than 1.0 m. The preliminary determination
range of the partition advanced large pipe roof layout is 30° on the left side of the arch.
Then, according to the analysis of the pipe roof drilling records, the 4-11 m section of
10-15 holes is determined as the filling karst cave. The final partition advanced large
pipe roof layout scheme is 10-15 holes with a length of 15 m. The partition advanced
large pipe roof layout is shown in Figure 10.

The length of the step is 5 m, the height of the step is 5 m, and the cyclic footage is
two steel frames. The upper steps and lower steps are excavated in parallel.

After the ventilation and mucking operation, the geological sketch results show that
the tunnel face is unstable, the extrusion deformation of the tunnel face is obvious,
and there is a local collapse phenomenon. The tunnel face is closed by 20 cm-thick
shotcrete. The initial support adopted 120 b I-shaped steel, a 3.5 m-long ©42 mm
grouting steel pipe locking foot, C20 thick 25 cm early strength shotcrete, 4.0 m long
@22 mm cartridge anchor rods. The 2 m x 2 cm X 3 cm (length, width, height)
semi-filled silty clay karst cave was exposed on the left arch foot of the upper step,
and the primary support was closed after cleaning the filling and concrete backfilling.
According to the exposed conditions of the karst cave and the state of the tunnel face,
the length and height of the next cycle step are adjusted according to the longitudinal
and vertical ranges of the karst cave. The adjusted step length can be greater than 5 m,
and the step height should be less than or equal to 6 m. In the next cycle, the leading
small pipe is adjusted to a 942 double-layer length of 6.0 m, circumferential spacing
of 40 cm, extrapolation angle of 10°, and arch range of 120°.
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Figure 10. The layout diagram of the advanced large pipe roof in the partition.

7. Conclusions

By comprehensively analyzing the above numerical analysis results and engineering

application results, the conclusions are as follows:

)

@

®)

When the advanced small pipe measures are adopted, the tunnel face can be self-
stabilized during the construction of the IV-grade surrounding rock of the super-large
cross-section tunnel by the two-step method. However, the tunnel face of the V-grade
surrounding rock section of the super large cross-section tunnel is easily unstable.
The surrounding rock in the range of about 4.5 m in front of the tunnel face and about
1.5 m above the arch has collapsed, and the advanced influence distance is approx-
imately 20 m. The countermeasures should be mainly based on the tunnel face for
stability control.

The adoption of advanced large pipe shed measures can significantly improve the
construction stability of the two-step method in the V-grade surrounding rock sec-
tion of the super large cross-section tunnel. The reasonable design parameters of
the advanced large pipe shed can improve the economy and construction speed of
the measures. A reinforcement range of 120° is more economical for controlling the
arch settlement and the displacement of the tunnel face, and a reinforcement range
of 150° is more economical for controlling the convergence displacement. The de-
formation control effect is the best when the pipe shed length is 20 m. Shortening
the step cycle footage can significantly reduce the arch settlement of the supporting
structure. Reducing the step length can significantly reduce the arch settlement of
the supporting structure but increase the extrusion deformation of the tunnel face.
Reducing the step height can significantly reduce the surrounding convergence of the
supporting structure.

The stability of the surrounding rock and karst cave should be controlled at the same
time during the construction of the super large cross-section tunnel crossing the
IV-grade and V-grade surrounding rock section in a karst cave area. According to the
conditions of the surrounding rock and the development of karst caves, advanced
support measures and two-step excavation should be adopted according to the classi-
fication. Among them, the IV-grade surrounding rock adopts the advanced small pipe
to control the stability of the surrounding rock, and the arch and large-scale filling
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karst cave are treated in advance by partition advanced pipe shed measures. The
V-grade surrounding rock adopts an advanced large pipe roof to control the stability
of the surrounding rock and karst cave. After the excavation of the micro-step, the
primary support is quickly closed to control the deformation of the support, and the
exposed karst cave is treated by measures such as closure and concrete backfilling.

The application of this construction method in the Lianhuashan Tunnel has achieved a
good control effect of surrounding rock deformation and karst cave stability and signifi-
cantly improved the monthly excavation progress of the single working face of the tunnel
in IV-grade and V-grade surrounding rock sections. However, in engineering practice,
there is still much room for improvement in the construction speed and economy of this
construction method from the two aspects of the rapid construction technology of the
advanced large pipe shed and the construction method of the advanced large pipe shed
partition, which needs to be further studied in future work.
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