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Abstract. In order to strengthen the control ability of single sidewall guided pit
method on surrounding rock deformation, and make it more suitable for the con-
struction of very large section loess tunnel. The five-step single sidewall pit guide
method is proposed by reserving core soil on the basis of single sidewall pit guide
method. Taking the Fenghuang Mountain Tunnel of the expansion and renova-
tion project of the Qingshuiyi-Zhonghe section of the G30 Lianhuo Expressway
as the engineering background, the effects of changes in depth of burial, density,
modulus of elasticity, cohesion and angle of internal friction on the settlement of
the arch, horizontal convergence and stress of the steel arch frame were analyzed
through numerical simulation, and the applicability of the five-step single side-
wall pit guiding method was obtained: the density should not be more than
1.69g/cm’ , and the modulus of elasticity should not be less than 50MPa.

Keywords: super large section; loess tunnel; five-step single sidewall guide pit
method; numerical simulation; field test.

1 Introduction

With the implementation of the western development strategy, the economy of the
northwest region, logistics and other rapid development, resulting in an unprecedented
strong demand for transportation. The existing two-lane highway tunnel has been una-
ble to meet the demand for transportation, so four lanes and more than the large section
loess tunnel project is increasing ), the construction of large section loess tunnel can
not only meet the people's demand for transportation, but also to facilitate the neigh-
boring provinces and regions of each other, and to promote the province's economic
development is of great significance. Due to the large cross-section loess tunnels have
the characteristics of large cross-section, large span and small flat rate, in order to en-
sure the construction safety, the construction method mostly adopts the double-sidewall
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guided pit method or the single-sidewall guided pit method . Although the double
sidewall guided pit method can be used for the excavation of very large section loess
tunnel, it requires frequent erection and removal of temporary supports, which makes
the construction speed slow and the construction cost high. Although the single sidewall
guided pit method overcomes the above shortcomings, the control of surrounding rock
deformation is not as good as the double sidewall guided pit method. Therefore, it is
necessary to improve the single sidewall guided pit method, so that it can have the
construction efficiency and better control of the surrounding rock deformation, which
is more suitable for the construction of large cross-section loess tunnels.

Scholars at home and abroad have conducted researches on the construction methods
of loess tunnels with very large sections. Soranzo et al?! studied the working face sta-
bility of shallow buried tunnels in partially saturated loess by centrifugal test and nu-
merical analysis. Chambon et al® systematically discussed the factors affecting the sta-
bility of the shallow tunnel face. The centrifugal model test was carried out on a shallow
tunnel to study the limit value of the surrounding rock of the tunnel under various con-
ditions. Regarding the double sidewall guided pit method, Yuan Long et al.[* utilized
ANSYS software to numerically simulate different excavation support sequences of
double sidewall guided pit method, and obtained the effects of different excavation
support sequences on the deformation of surrounding rock in shallow buried large sec-
tion loess tunnel , and gave the excavation support sequences that can control the de-
formation of surrounding rock on the surface and the deformation of surrounding rock
in the tunnel. Jiang Ziliang®™ Relying on the actual project, numerical simulation was
used to optimize and determine the optimal spacing of the palisade faces for the double
sidewall guide pit method of excavation, and the reasonableness of the spacing of the
palisade faces was verified according to the construction monitoring data. Li Ming et
al.[®! Numerical simulation was used to compare and analyze the initial support force
and deformation characteristics, surface settlement and pore water pressure field distri-
bution characteristics of a water-rich large section loess tunnel constructed by double
side-wall guided-pit method under the effect of fluid-solid coupling and no-coupling,
which can be used as a guide for similar projects. Pan Chunyang et al.[’! The distribution
patterns of initial support rock pressure and grillage arch reinforcement stress in the
construction section of double sidewall guided pit method were obtained by on-site
monitoring method. Zhang Qinglin ™ took the tunnel project of Xi'an Metro Line 6 as
an example and used FLAC3D software to study in detail the deformation of the strata
in the regional scope during the construction of the double sidewall guide pit method.
Cao Qian et al P! used FLAC3D numerical calculation software to study the variation
rules of stress and deformation in the surrounding rock of loess tunnels under different
support strength conditions as well as the limit value of deformation for arch monitor-
ing. Ruan et al' compared the effects of different construction sequences of double-
side heading method on surface settlement, surrounding rock stress and lining stress
through indoor model tests. The experimental results show that compared with the up-
per and lower excavation methods, the surface settlement caused by the left and right
excavation methods is smaller, the disturbance to the surrounding rock is smaller, and
the stress of the supporting structure is more uniform and stable during the excavation
process. Based on the actual project, Luo et all'!l studied the space-time law of the
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deformation of the surrounding rock supporting structure of the V-level shallow loess
tunnel through numerical simulation and field monitoring. Regarding the single side-
wall guided pit method, Fan Chuntan et al.l'”l Taking a loess tunnel as the background,
numerical simulation of CRD method, CD method and three-step seven-step excavation
method was carried out to analyze and compare the displacement, stress and elastic
coefficient of reaction k of the surrounding rock under the three construction methods,
and the numerical calculation results were examined by the measured data and the es-
tablished theories, and the values of the elastic coefficient of reaction k of the different
working methods were obtained. Luo Yanbin et al.['3] The mechanical behavior of next
door construction in the upper step CD method of mega-span tunnels is obtained by
combining theoretical analysis, field testing and mechanical model calculation with the
background of actual engineering. Li Bo et al.l'¥ Relying on Zhengzhou-West Passen-
ger Dedicated Line, the mechanical properties and deformation characteristics of dif-
ferent experimental methods, including single sidewall guide pit method, were obtained
through on-site experimental tests and data analysis, and the applicability of different
experimental methods was given for comprehensive evaluation. Zan Wenbo et al.[!s]
used numerical simulation to systematically compare and analyze the four commonly
used methods of large section loess tunnel excavation: three-step and seven-step exca-
vation, middle and next door, cross middle and next door, and double side wall, and
obtained the distribution law of perimeter rock deformation and perimeter rock pressure
of different methods. Meng Xinzeng !9 used finite element software to analyze the
influence of locking anchor length, locking anchor laying angle and steel frame spacing
on the deformation and support internal force of loess tunnel constructed by single side-
wall guided pit method. Jin Jin ' used finite element software to study the deformation
law of surrounding rock, stress distribution law and plastic zone distribution law of
single sidewall guide pit method. In summary, domestic and foreign scholars have con-
ducted a lot of research on the construction method of large section loess tunnel, but
there are few studies on the optimization of the method for the single sidewall guide pit
method.

Therefore, in order to strengthen the control ability of single sidewall guided pit
method on surrounding rock deformation and make it more suitable for the construction
of very large section loess tunnels, this paper proposes a five-step single sidewall
guided pit method on the basis of single sidewall guided pit method, and takes the
Fenghuangshan Tunnel of the expansion and renovation project of the Qingshuiyi-
Zhonghe section of G30 Lianhuo Expressway as the engineering background. The ef-
fects of burial depth, density, modulus of elasticity, cohesion and change of internal
friction angle on vault settlement, horizontal convergence and steel arch stress are ana-
lyzed by numerical simulation, and the applicability of the five-step single sidewall pit
guide method is obtained.
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2 Practical Engineering and Numerical Simulation

2.1  Summary of works

G30 Lianhuo Expressway Qingshuiyi to Zhonghe section expansion and renovation
project Phoenix Hill Tunnel is located in Lanzhou City, Yuzhong County, for the sep-
aration of the double-hole long tunnel. Tunnel peripheral rock is mainly for the upper
Pleistocene wind accumulation loess, its soil quality is more uniform, mainly powder,
soil is drier, belongs to the V level peripheral rock. Measured by the field sampling, the
highest water content of loess is 9.7%, cohesion and internal friction angle of up to
50.68kPa and 41.99 °, indicating that the tunnel loess surrounding rock quality is good.
The length of Phoenix Hill Tunnel is 3945m, the maximum depth is 185m, the maxi-
mum excavation width of the tunnel is 17.89m, the maximum excavation height is
12.05m, and the excavation area is 182.5m? , which belongs to the very large section
loess tunnell'®), The tunnel adopts a five-step single sidewall guideway. The tunnel is
constructed by five-step single sidewall guide pit method. The excavation footage is
1m, the second lining back arch is 6m each time, and the second lining of the cave body
is 12m each time, and the support parameters are shown in Fig. 1.
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Fig. 1. Supporting parameters.

2.2 Introduction to the method

The five-step single sidewall guide pit method is optimized from the single sidewall
guide pit method, and the difference between the two is:

(1) Location of the center wall. The location of the next door in the single sidewall
guide pit method is located at half of the hole width, and the next door in the five-step
single sidewall guide pit method is 0.45 times the hole width from the left excavation
boundary.
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(2) Whether to reserve core soil. The single sidewall guide pit method did not reserve
core soil in the upper right guide pit, while the five-step single sidewall guide pit
method reserved core soil with a width of 0.34 times the diameter of the hole and a
height of 0.22 times the diameter of the hole for the purpose of controlling the problem
of excessive settlement of the upper right guide pit section caused by the leftward move-
ment of the center wall.

A comparison of the single sidewall guided pit method with the five-step single side-
wall guided pit method is shown in Figure 2.
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Fig. 2. Comparison of single sidewall guide pit method and five-step single sidewall
guide pit method.

2.3  Modeling

2.3.1 Modeling methodology.

In this paper, numerical simulation of five-step single sidewall guide pit method is
carried out. Currently, there are two methods on tunnel modeling, one is the life and
death unit method and the other is the tracking unit method!'*! The other is the tracking
unit method. The life and death unit method is to connect the soil body with the lining
through the contact relationship, and using the life and death unit function, the lining
will be activated at the original position after killing the soil body in the tunnel excava-
tion area, so as to realize the simulation of tunnel excavation and support. The tracking
unit method has only one component, the soil body, by modifying the model file, the
soil body and the lining of the overlap of the unit copied to generate the lining, these
copied units and the copied unit common node, so that the lining can track the defor-
mation of the soil body, and thus activated in the deformation of the soil body position,
so that the simulation is more in line with the actual construction process, and the track-
ing unit method has a fast computation speed, easy to convergence, and so the tracking
unit method is used in this paper. Therefore, this paper adopts the tracking unit method
for modeling, and Figure 3 shows the modeling flow of the two methods.
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Fig. 3. Modeling process.

According to the principle of St. Venant, the scope of tunnel excavation disturbance
zone is generally 3-5 times the diameter of the hole, so the model is 138m wide, 133m
high (buried depth of 60m), the longitudinal length of 60m, the model schematic dia-
gram is shown in Figure 4. In the excavation process setup, the excavation feed is 1m,
the second lining back arch is laid 6m each time, the second lining cave body is laid
12m each time.The excavation sequence of five-step single sidewall guide pit method
is in the order of the left upper guide pit, left lower guide pit, right upper guide pit, core
soil and right lower guide pit, and the length of the steps is Sm.
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Fig. 4. Schematic diagram of finite element calculation model.
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2.3.2 Modeling parameters.

The surrounding rock of the model is modeled by Mohr-Coulomb intrinsic model,
the primary liner and the secondary liner are simulated by solid unit C3D8R, the steel
arch of the primary liner is embedded in shotcrete by using built-in commands, and the
steel arch and anchors are simulated by beam unit. In order to simplify the calculation,
the overrun small conduit and the base rotary spray pile are simulated according to the
principle of equivalent stiffness.?2! and the second liner and steel reinforcement are
considered as a whole.?” The second liner and reinforcement are considered as a whole.
The release of surrounding rock stress during excavation is considered by the method
of reducing the modulus of elasticity of soil in the excavation area.!**) The method of
reducing the modulus of elasticity of the soil in the excavation area was used. After
combining the indoor test and referring to the "Road Tunnel Design Code" (JTG
3370.1-2018)1?4], the numerical simulation parameters are shown in Table 1. After that,
the numerical simulation parameters are shown in Table 1.

Table 1. Numerical simulation parameters.

gravity elastic modulus pois- . angle of inter-
/(N/m?) /(MPa) Sozora' cohesion kP | friction /(°)
Aeolian loess 15700 80 0.4 35 29
shotcrete 22000 26000 0.2
secondary liner 25000 35000 0.2
steel centering 78500 210000 0.2
feet-lock bolt 78500 210000 0.3
Advanced small
pipe reinforce- 18840 463 0.3 42 35
ment area

Reinforcement
area of jet 20410 1000 0.3 45 37
grouting pile

3 Analysis of the applicability of the five-step single
sidewall guide pit method

In this chapter, the effects of burial depth, density, modulus of elasticity, cohesion and
internal friction angle changes on the settlement of the vault, horizontal convergence
and maximum stress of the steel arch in a section are analyzed by numerical simulation,
and the applicability of the five-step single-sidewall guided pit method is analyzed in
this way. According to the "Highway Tunnel Design Code" (JTG 3370.1-2018), com-
bined with the actual size of the tunnel in this project, the deep and shallow burial limit
of Phoenix Hill Tunnel is obtained as 34.38m, and the shallow burial of 20m and 30m,
and the deep burial of 40m and 60m are taken as the burial depth of the tunnel for
numerical simulation, and the parameters of the numerical simulation are set up as de-
scribed in section 2.3.2
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3.1 Density changes at different burial depths

The modulus of elasticity, cohesion and angle of internal friction of the model are set
according to Table 1, and the density is calculated from 1.57g/cm? to 1.69g/cm?® during
the change of density, the change rule of the steel arch stress, the settlement of the vault
and the horizontal convergence of the steel arch with different depth of burial, and the
results of the calculations are shown in Fig. 5. As can be seen from the figure, for the
steel arch stress, when the depth of burial is unchanged, with the gradual increase in
density, the steel arch stress is gradually increasing. When the density is unchanged,
with the increase of burial depth, the steel arch stress also increases gradually. For the
arch settlement and horizontal convergence, with the gradual increase of burial depth,
the arch settlement and horizontal convergence also gradually increase with the in-
crease of density, and different depths of burial, the magnitude of the increase of the
two is different, when the depth of burial is shallow, the magnitude of the change of the
two is small, and when the depth of burial is large, the increase of the two is large.
Among them, when the burial depth is 60m and the density is 1.69g/cm? , the arch
settlement and horizontal convergence reach the maximum value, which is 11.09cm
and 7.12cm, respectively, and the maximum steel arch stress is 191.3MPa, and the steel
arch stress has exceeded the specification requirements. Meanwhile, combining with
Fig. 5(a) and Technical Specification for Highway Tunnel Construction (JTGT3660-
2020)231, it can be obtained that the maximum density of the five-step single sidewall

guide pit method can not exceed 1.68g/cm? when the burial depth is 60.
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Fig. 5. Effect of density on stress and settlement convergence of steel arch.

3.2 Variation of elastic modulus at different burial depths

The density, cohesion and angle of internal friction of the model are set according to
Table 1, and the change rule of steel arch stress, arch settlement and horizontal conver-
gence in different burial depths is calculated during the change of modulus of elasticity
from 40MPa to 80MPa, and the results are shown in Fig. 6. As can be seen from the
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figure, when the burial depth is unchanged, with the gradual increase of elastic modu-
lus, the steel arch stress, vault settlement and horizontal convergence are gradually re-
duced. When the modulus of elasticity is unchanged, with the increase of burial depth,
the steel arch stress, vault settlement and horizontal convergence also increase gradu-
ally. Among them, when the burial depth is 60m and the modulus of elasticity is 40MPa,
the arch settlement and horizontal convergence reach the maximum value, which is
11.92cm and 6.17cm, respectively, and the steel arch stress is 219.6MPa, which exceeds
the specification requirements. Meanwhile, combining with Fig. 6(a) and Technical
Code for Highway Tunnel Construction (JTGT3660-2020), it can be obtained that the
maximum modulus of elasticity of five-step single-sidewall guided pit method can not
be less than 50MPa when the burial depth is 60m.

—=— 60m o

—o— 40m v
220+ —a— 30m . v oF S
b 4 -
—v— 20m / N —a
200 T — -
< Specification limit g 5L
& [T T g a* 5
S 180 . — S ot * *g —=— 60n
2 ~ —a = 'S g | —e— 40m
= 1601 — o 2 " e o 24 A= 30m
= . ER s —e—40m 8 v 20m
o 140 o 2z A 30m E.l %
< A z ¢ v 20, 23 LN
_— ) m o p 3
g 120 I 5 T AL
@ —A— N or - a 2 oL S *— o
100 - - I
80 Ty v Sz b r/ T A
F — v
. . P A ——— R L . |
40 50 60 70 80 40 50 60 70 80 40 50 60 70 80
. elastic modulus/MPa elastic modulus/MPa
elastic modulus/MPa
(a) The influence of elastic modulus (b) The influence of elastic modulus change on
change on the stress of steel arch settlement convergence

Fig. 6. Effect of elastic modulus on stress and settlement convergence of steel arch.

3.3  Variation of cohesion at different burial depths

The density, modulus of elasticity and angle of internal friction of the model are set
according to Table 1, and the change rule of steel arch stress, vault settlement and hor-
izontal convergence for different burial depths is calculated during the change of cohe-
sion from 20kPa to 45kPa, and the calculation results are shown in Figure 7. As can be
seen from the figure, for the steel arch stress, although the greater the depth of burial,
the greater the steel arch stress, but when the depth of burial is unchanged, with the
increase of cohesion, the steel arch stress is almost unchanged, which shows that the
change of cohesion can't have an effect on the steel arch stress. For the vault settlement
and horizontal convergence, when the cohesive force is constant, with the depth of bur-
ial gradually increasing, the vault settlement and horizontal convergence also gradually
increase, when the depth of burial is constant, the vault settlement and horizontal con-
vergence decrease with the increase of cohesive force. And, the magnitude of the de-
crease of both increases with the increase of burial depth, when the cohesive force in-
creases to a certain critical value, the arch settlement and horizontal convergence of the
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various burial depths basically no longer change, and this critical value increases with
the increase of burial depth. For example, when the burial depth is 30m, the cohesive
force is greater than the critical value of 30kPa, the vault settlement in the horizontal
convergence will basically no change, and when the burial depth is 40m, the cohesive
force is greater than the critical value of 40kPa, the vault settlement in the horizontal
convergence will basically no change.
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Fig. 7. Effect of cohesion on stress and settlement convergence of steel arch.

3.4  Variation of internal friction angle at different burial depths

The density, modulus of elasticity and cohesion of the model are set according to Table
1, and the change rule of steel arch stress, vault settlement and horizontal convergence
for different burial depths is calculated during the change of internal friction angle from
23° to 35°, and the calculation results are shown in Fig. 8. As can be seen from the
figure, for the steel arch stress, when the depth of burial is unchanged, as the internal
friction angle gradually increases, the steel arch stress is gradually increasing. When
the angle of internal friction is unchanged, with the increase of burial depth, the steel
arch stress is also gradually increased. For vault settlement and horizontal convergence,
when the angle of internal friction is constant, with the gradual increase of burial depth,
the vault settlement and horizontal convergence also increase gradually, and when the
burial depth is constant, the vault settlement and horizontal convergence decrease with
the increase of the angle of internal friction. And, the magnitude of the two decreases
with the increase of the depth of burial increases, when the internal friction angle in-
creases to a certain critical value, the arch settlement and horizontal convergence of the
various burial depths basically no longer change, and this critical value increases with
the increase of the depth of burial. For example, when the burial depth is 30m, after the
internal friction angle is greater than the critical value of 29 °, the vault settlement in
the horizontal convergence is basically unchanged, while the burial depth is 40m, the
internal friction angle is greater than the critical value of 32 °, the vault settlement in
the horizontal convergence is basically unchanged.
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Fig. 8. Effect of internal friction angle on stress and settlement convergence of steel arch.

Through the above analysis, it can be found that, with the increase of cohesion and
internal friction angle, the settlement and horizontal convergence of the arch are re-
duced, and the reduction increases with the increase of burial depth, and has a critical
value, but the change of cohesion and internal friction angle is not obvious to the steel
arch stress, and when the burial depth is increased, the steel arch stress does not exceed
the specification limit, so the cohesion and the angle of friction can't be taken as a five-
step single-sidewall guided pit method. Applicability index. When the density is bigger,
the elastic modulus is smaller, and the burial depth is bigger, the steel arch stress, arch
settlement and horizontal convergence are bigger, when the burial depth is 60m, the
density is more than 1.69g/cm?, and the elastic modulus is less than 50MPa, according
to the "Technical Specification for Highway Tunnel Construction" (JTGT3660-2020),
the five-step single-sidewall guided pit method can't be used.

4 Conclusion

In this paper, the applicability of the five-step single sidewall guide pit method is ana-
lyzed by numerical simulation and the following conclusions are obtained:

(1) When the density of loess is higher, the modulus of elasticity is lower, and the
depth of burial is greater, the steel arch stress, arch settlement and horizontal conver-
gence will be greater.

(2) When the cohesion and internal friction angle increase, the settlement and hori-
zontal convergence of the arch are reduced, and the reduction increases with the depth
of burial, and has a critical value, and the critical value increases with the depth of
burial. When the cohesion and internal friction angle change, the change of steel arch
stress is not obvious.

(3) Five-step single sidewall guide pit method applicable conditions: density should
not exceed 1.69g/cm? , modulus of elasticity should not be less than 50MPa, The results
of this study can be used as a reference for future similar projects when using the five-
step single sidewall guide pit method.
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(4) The five-step single sidewall guided pit method, compared with the double side-

wall guided pit method, takes into account the construction efficiency while controlling
the deformation of the surrounding rock, which is of great significance to shorten the
construction period and save the construction cost.
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