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Abstract: The temporal and spatial effects of a complicated excavation process are vital for an ultra-
shallow buried large-span double-arch tunnel excavated under an expressway in service. Numerical
simulations are urgent and necessary to understand the effect of the total construction process. Taking
Xiamen Haicang tunnel as a research object, the total excavation process of three pilot tunnels and the
three-bench reserved core soil method of an ultra-shallow buried large-span double-arch tunnel with
a fault fracture zone under an expressway was simulated using software FLAC3D. The deformation
of the surface, surrounding rock, underground pipelines, tunnel support structure and partition
wall of the three pilot tunnels and the main tunnel was analyzed, and the dangerous areas and time
nodes were obtained. When the tunnel was excavated to the fault fracture zone, the deformation of
the surface and surrounding rock increased significantly. The rock and soil within 20 m behind the
excavation surface of the pilot tunnel were greatly disturbed by the excavation. During the excavation
of the main tunnel, the horizontal displacement of the middle partition wall moved slightly towards
the main tunnel excavated first. The research results can provide a reference for the construction
design of double-arch tunnels.

Keywords: ultra-shallow buried large-span double-arch tunnel; three pilot tunnels method;
three-bench reserved core soil method; total construction process; deformation analysis;
numerical simulation

1. Introduction

The design and construction of double-arch tunnels have been developed for nearly
50 years. In 1974, the first double-arch tunnel was built in Japan, and then this structure
was adopted by some European countries. The double-arch tunnel is a special form
of tunnel engineering. Two adjacent tunnels are connected by a middle partition wall,
which has the advantages of a small footprint, high space utilization, and smooth line
connection. Therefore, the double-arch tunnel has been widely used in tunnel construction
in recent years [1,2]. However, compared with single-arch tunnels, double-arch tunnels
have problems such as large excavation areas, difficulty controlling surrounding rock
deformation, and complex structural forces [3]. A significant difference between the double-
arch tunnel and the ordinarily separated tunnel is that the double-arch tunnel has a great
influence on the stability of the other tunnel and the deviation of the middle partition wall
at different construction stages [4].

The double-arch tunnel has many procedures, and the surrounding rock has been
disturbed by excavation and unloading, and the stress state has changed many times, which
makes the double-arch tunnel is prone to surrounding rock destruction and collapse and
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other engineering accidents in the construction process, so it has been widely concerned
by scholars. At present, many scholars have widely studied the mechanical response of
surrounding rock and tunnel structure during the construction of double-arch tunnels by
using field monitoring, physical model tests, the analytical method and numerical simula-
tion. At the construction site of a double-arch tunnel, Wu et al. [5] studied the overbreak
of the double-arch tunnel through on-site monitoring and found that the overbreak was
mainly concentrated at the connection between the middle pilot tunnel and the tunnel.
Yan et al. [6] measured the internal force of the secondary lining of a double-arch tunnel
at a construction site, and the results showed that the force of the double-arch tunnel
lining structure was related to various factors such as construction procedures, geological
conditions and location. Lai et al. [7] found through field monitoring that the key areas of
the double-arch tunnel were mainly located in the middle partition wall, sidewall and vault.
Yuan et al. [8] designed a complete on-site monitoring scheme for a Jinzhulin double-arch
tunnel and analyzed the stress of the tunnel support system and the law of vault settlement
in detail. In an underground copper ore mine in Poland, Skrzypkowski [9] used string
sensors to monitor the behavior of the rock mass between two workings. Taking an earth-
pressure-balance shield tunneling project in Guangzhou as an example, Zhang et al. [10]
studied the key factors of tunnel boring machine performance and delayed construction
schedule, and found that the performance of TBM varies greatly in different strata. Tunnel
face collapse, spewing during spoil discharge and disc cutter consumptions are the typical
factors affecting construction progress. Yan et al. [11] took the construction efficiency of
earth pressure balance shield tunneling in the soft deposit of Tianjin as an example to study
the relationship between soil properties and energy consumption, and found that the total
energy consumption of shield tunneling machine can be estimated based on the particle
size distribution of soil. In terms of physical model test, Li et al. [12] and Yang et al. [13]
conducted an in-depth study on the excavation method of cross diaphragm method for
the double-arch tunnel through physical model test and numerical simulation. Using shak-
ing table tests, Liu et al. [14] studied the acceleration response of a shallow-buried offset
double-arch tunnel under Wenchuan wave, and discussed the influence of unbiased and
offset on the acceleration response of a shallow-buried offset double-arch tunnel. Taking
a double-arch tunnel of the Yuanmo Expressway in Yunnan Province as the engineering
background, Liu et al. [15] conducted indoor model tests of a double-arch tunnel based on
the principle of elastic phase similarity, simulated the construction conditions of the double-
arch tunnel and studied the stress and displacement distribution of tunnel surrounding
rock during construction. Liu et al. [16] simulated the pilot tunnel excavation in a Loess
multi-arch tunnel through a large-scale indoor model test. The field monitoring conditions
were complex and the physical model test was expensive, and the analytical method proved
an effective method for analyzing the mechanical behavior of tunnel-surrounding rock [17],
but there are few studies on the analytical solution of the double-arch tunnel at present.
Hu et al. [18] combined the unbalanced force transfer method with the force method to
give an analytical solution for the internal force of a segmental prefabricated double-arch
tunnel lining. Yang et al. [19] proposed a set of analytical solutions to determine the internal
forces of shallow buried double-arch tunnel lining structures under symmetric external
loads. Lyu et al. [20,21] proposed a new analytical method based on limit equilibrium
analysis to calculate the tunnel pressure caused by the surrounding rock of layered double
tunnels, and applied it to the pressure analysis of the metro twin-tunnels in Chongqing and
Fuzhou, China. Wu et al. [22] simplified the tunnel to homogeneous Timoshenko beams
and proposed a new longitudinal structure model considering interring shear dislocation,
which can better describe the actual deformation mode of the tunnel. Elbaz et al. [23]
combined a data handling type neural network with a genetic algorithm to propose a
new model to estimate disc cutter life, which can analyze the monitoring data such as
shield performance database, disc cutter consumption, geological conditions and operating
parameters. Compared with the above methods, numerical simulation has the characteris-
tics of low cost, time-saving and labor-saving, so it has been widely used in double-arch
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tunnels. Soliman et al. [24] used the finite element method to study the elastic response of a
double-arch tunnel, and found that the stress and deformation analysis of the tunnel must
consider the mutual influence of the continuous tunneling of the double-arch tunnel. Wang
et al. [25] established a numerical calculation model of the double-arch tunnel by using
FLAC3D software, and analyzed the morphological characteristics, evolution process and
oblique arch effect of pressure arch in the double-arch tunnel. Li et al. [26] used the actual
excavation data of a highway tunnel to establish the calculation model of surrounding rock
pressure of double-arch tunnel, analyzed the evolution law of surrounding rock pressure
in the excavation process of the double-arch tunnel under different stress states, different
construction methods and different tunnel sizes, and studied that the surrounding rock
pressure of double arch tunnel presents skew distribution characteristics under various
working conditions. Shi et al. [27] conducted a three-dimensional numerical simulation
analysis of blasting vibration during the construction process of full-section excavation
of the double-arch tunnel, and studied the vibration impact of blasting construction on
the middle partition wall in the post excavated the main tunnel of a double-arch tunnel.
Li et al. [28] studied surrounding rock stability and internal force of a double-arch tunnel
under seepage conditions based on the fluid-structure coupling method. Bai et al. [29,30]
carried out the numerical simulation of the excavation process of a double-arch tunnel with
the three pilot tunnel method.

In general, scholars have carried out a large number of researches on double-arch
tunnels and achieved fruitful results, but there are few researches on the deformation of
the surface, surrounding rock, underground pipeline, tunnel support structure and middle
partition wall in the total construction process of double-arch tunnels under a running
highway. Therefore, the numerical simulation of the total process of tunnel construction
is carried out according to the site geological conditions, surrounding environmental
conditions, construction method, construction process and support structure system, which
can be referred by similar projects.

2. Overview of the Engineering

The double-arch tunnel in the concealed excavation section of Haicang tunnel is
located in Huli District, Xiamen City, Fujian Province, China. The starting and ending
mileage of the double-arch section of the Haicang tunnel is BK 17 + 825–BK 17 + 982, with a
total length of 157 m and a buried depth of about 5 m–16 m. The stratum on the surface of
the tunnel site is a miscellaneous fill with a thickness of about 3.0 m, and the lower stratum
is silty clay with a thickness of about 2.3–13.5 m. The bedrock is granite, and the weathering
degree varies greatly. The thickness of fully weathered and strongly weathered rock layers
is about 10–25.7 m, and the rock is weakly weathered. The structural surface of the slightly
weathered rock has good shape and distribution, good integrity, high rock strength and
poor water permeability. The buried depth of the tunnel is ultra-shallow and the main
rock of the tunnel is mainly fully weathered and highly weathered rock and residual soil
with poor self-stability. There is a fault fracture zone at BK 17 + 890–BK 17 + 930, and
the surrounding rock of the tunnel has poor stability and is prone to collapse, subsidence
and water inrush. According to the investigation, it is found that the traffic volume of
this section is large and the pipe network is densely arranged. In the tunnel site area of
the shallow buried section, there are eight underground pipelines, such as water supply
pipe, drain pipe, gas pipe and power cable, and the buried depth is less than 2.5 m. The
longitudinal profile of the double-arch tunnel is shown in Figure 1. The project has complex
geological conditions, weak lithology, poor stability of tunnel confining pressure and high
construction risk. Therefore, controlling the deformation and settlement of tunnel structure,
adjacent surface, buried pipelines and surrounding buildings within a reasonable range is
a significant difficulty of the project. According to the optimized construction organization
design, the final excavation plan is the three pilot tunnel method. The middle pilot tunnel
is first excavated, then the non-biased side pilot tunnel is excavated, and finally the biased
side pilot tunnel is excavated. The excavation of the main tunnel uses the three-bench
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reserved core soil method. The main tunnel on the non-biased side is excavated first, and
then the main tunnel on the biased side is excavated.

Figure 1. Longitudinal profile of the double-arch tunnel.

3. Numerical Model
3.1. Establishment of Numerical Model

FLAC3D was used to establish the numerical model of the double-arch tunnel. To
avoid the influence of boundary condition setting on the simulation results, the boundary
of the model was expanded to a certain range based on the study area. In tunnel modeling,
it is generally considered that the scope of the affected area was defined between three
times and five times of tunnel diameter. Therefore, the length of the model was set as
120.00 m (the maximum single tunnel diameter in this project was 14.6 m). The width of
the model was set as 140.00 m according to the excavation length along the longitudinal
axis of the tunnel in the actual construction. The surface of the model was established
according to the actual terrain and the distance from the highest point to the bottom of
the model was 69.46 m. In the model, the fault fracture zone was generalized as an area
with a width of 20.00 m in the excavation direction and a dip angle of 60◦. As the thickness
and distribution range of silty clay were small in practice, silty clay was not considered
in the model. The soil layer in the model was divided into four parts, and their types and
thicknesses were as follows: miscellaneous fill soil, 2–13.46 m thick; fully weathered granite,
22 m thick; strongly weathered diabase, 34 m thick; The width of the fault fracture zone
was 20 m. The rock and soil in the model were established by solid elements. The Xinghu
Road on the upper part of the tunnel was an urban expressway, and the road load was
simplified to a uniformly distributed load of 21.5 kN/m2, which was applied according to
the position of the road in the scene, as shown in Figure 2a. In the model, the underground
pipelines were simulated by shell structural units, and were arranged in the form of the
longitudinal section of the tunnel, with a total of eight locations with a spacing of 10 m, as
shown in Figure 2b. The lining of the three pilot tunnels was simulated by shell structural
elements, as shown in Figure 2c. The lining and partition wall of the main tunnel was
established by solid units, and their thickness and shape were established according to the
actual situation, as shown in Figure 2d. The anchor bolts and advanced small conduits of
the pilot tunnel were simplified as anchor cable units. The length of the anchor bolt was
2.5 m, the circumferential spacing was 0.6 m, and the longitudinal spacing was 1 m. The
length of the advanced small conduit was 3.5 m, the circumferential spacing was 0.4 m, the
longitudinal spacing was 3 m, and the extrapolation angle was 15◦ with the tunnel axis,
as shown in Figure 2e. The long pipe shed at the portal of the main tunnel and the long
pipe shed ahead of the tunnel body were also simulated by the anchor cable element. The
external diameter of the long pipe shed was 159 mm and the circumferential spacing was
35 cm. The length of the long pipe shed at the entrance of the main tunnel was 40 m, with
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an elevation of 1◦. The length of the long pipe shed ahead of the tunnel body was 20 m,
with an elevation of 30◦, as shown in Figure 2f.

Figure 2. Numerical calculation model: (a) Double-arch tunnel model (unit: m); (b) Underground
pipeline model; (c) The lining of the three pilot tunnels; (d) The lining and partition wall of the
main tunnel; (e) The anchor bolts and advanced small conduits of the pilot tunnel; and (f) The long
pipe shed.

Figure 3 shows the cross-section of the numerical calculation tunnel model. The side
pilot tunnel was a straight wall semi-circular arch section, and the middle pilot tunnel
was a small radius horseshoe-shaped section. The cross-sectional area of the pilot tunnel
was 49.8 m2, and the cross-sectional area of the side pilot tunnel was 26.7 m2, and the
two adjacent pilot tunnels were approximately 15 m apart in the horizontal direction. The
three-bench reserved core soil method was adopted for the main tunnel, and the excavation
section of the single tunnel was 119.3 m2.

Figure 3. Cross-section of the numerical calculation tunnel model.

The calculation steps in the numerical simulation were based on the on-site construc-
tion method and construction process. Before the excavation of the pilot tunnel, the pilot
tunnel was supported in advance according to the actual section conditions. The excavation
of the pilot tunnel was carried out in the sequence of the middle pilot tunnel, left pilot
tunnel and right pilot tunnel. The staggering distance between the middle pilot tunnel and
the left pilot tunnel, and the left pilot tunnel and the right pilot tunnel, was 20 m. Before the
excavation of the main tunnel, the long pipe shed at the portal was arranged first, and the
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long pipe shed and small conduit of the tunnel body were arranged during the excavation.
The excavation of the main tunnel was carried out in the order of the left main tunnel first
and then the right main tunnel; that is, the non-biased side was excavated first and then
the biased side.

To reflect the real contact relationship between the partition wall and surrounding
rock to the greatest extent, the contact surface between them was considered in this model.
The shape and structure of the contact surface were the same as the actual situation. The
parameters of the contact surface were calculated according to the empirical formula. The
contact surface between the pilot tunnel and the partition wall is shown in Figure 4a.
During the excavation of the main tunnel, the lining and inverted arch were simulated by
solid elements, and there was also a complex contact relationship with the surrounding
rock. When establishing the model, the contact surface was established between the lining
and surrounding rock, inverted arch and surrounding rock according to the actual contact
situation to reflect the real contact relationship, as shown in Figure 4b,c.

Figure 4. The contact surface: (a) The contact surface between the pilot tunnel and the partition wall;
(b) The contact surface between the lining and surrounding rock; and (c) The contact surface between
the inverted arch and surrounding rock.

3.2. Material Parameters

According to the investigation report of tunnel surrounding rock in this section, the
physical and mechanical parameters of rock, soil and lining in the numerical simulation
were determined. In the model, the elastic modulus of the rock and soil in the fault fracture
zone was reduced to a certain extent on the basis of the surrounding rock. The rock and
soil mass was set as an elastic-plastic constitutive model, and the mechanical behavior
conformed to the Mohr-Coulomb failure criterion. The parameters of rock and soil mass
and support structure adopted by the double-arch tunnel are shown in Table 1.

Table 1. Model material parameters.

Material Density
(kg/m3)

Elastic
Modulus

(MPa)

Poisson’s
Ratio

Frictional
Angle (◦)

Cohesive
Force (kPa)

Coefficient of
Permeability

(10−6 m·s)
Thickness (m)

Miscellaneous fill 1510 10.76 0.32 19.4 26.8 52.52 2~13.46
Completely

weathered granite 1630 13.00 0.35 23.4 49.4 63.00 10

Strongly weathered
Diabase 1680 200.00 0.3 30.5 56.5 53.00 32

Fault fracture zone 1430 18.00 0.42 22.0 26.95 16.0 25
Pipeline 1400 2000 0.34 — — — 0.01

Contact surfaces — Kn = 964.7 Ks = 964.7 30.4 242 — —
The pilot tunnel

lining 2500 25,000 0.23 — — — 0.24

Inverted arch initial
support 2600 34,000.00 0.15 — — — 0.3

Partition 2500 30,000.00 0.20 — — — —
Primary lining 2600 34,000.00 0.15 — — — 0.3

Secondary lining 2550 32,000.00 0.15 — — — 0.22
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4. Numerical Results and Discussion
4.1. Numerical Model Accuracy Verification

In order to confirm that the established numerical model can effectively reflect the
actual situation of the site and has certain guiding significance for the actual project, the
validity of the established numerical model needs to be verified. The accuracy of the
numerical model was verified by comparing the vertical settlement of the left tunnel vault
monitoring point 40 m away from the portal with the excavation process and the final
vertical settlement of the right main tunnel vault during the excavation of the main tunnel.
In the numerical model and field monitoring, the vertical settlement curve of the vault of
the left tunnel at the monitoring point 40 m away from the portal during tunnel excavation
is shown in Figure 5. It can be seen from the figure that the shape of the vertical settlement
curve of the vault at the same position of the numerical model and the field monitoring
was similar, and the changing trend was the same. The vertical settlement of the vault of
the left tunnel increased with the increase of the excavation depth. When the excavation
depth of the left tunnel was 40–50 m, the vertical settlement of the vault increased rapidly,
and the vertical deformation of the vault at this position shows a slowly increasing trend.

Figure 5. Vertical settlement of left tunnel vault at 40 m away from the portal.

Subsequently, after the completion of the tunnel excavation, the numerical calculation
and field monitoring of the final vertical settlement of the vault of the right tunnel at differ-
ent distances from the tunnel portal was compared and analyzed, as shown in Figure 6. It
can be seen from the figure that at a certain distance from the portal, the simulation results
were similar to the monitoring results, and the changing trend was the same. Within the
range of 0–90 m from the portal, the vertical settlement of the vault was small. The farther
away from the portal, the greater the vertical settlement of the vault. In the numerical
calculation, the vertical settlement of the vault varied within 4.09 mm–24.76 mm, and in
the field monitoring, the vertical displacement of the vault varied within 3.80 mm–23.3 mm.
Comparing the simulated value with the monitored value, it can be found that the moni-
tored value basically fluctuates up and down on both sides of the simulated value, and the
two values were similar. In the range of 90–110 m from the portal, due to the existence of
fault fracture zone here, the simulation value and monitoring value of vertical settlement
of the vault were large, and showed a trend of first increasing and then decreasing. The
maximum simulation value reached 30.67 mm and the maximum monitoring value reached
29.5 mm. In this area, there was little difference between the simulated value and the
monitored value, and the changing trend was the same. Within the range of 110–140 m
from the portal, with the increase of the distance from the portal, the vertical settlement
of the vault gradually decreased, and the variation range of vertical displacement was
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12.07 mm–21.24 mm (simulated value) and 8.50 mm–14.80 mm (monitored value). The
maximum error between the simulated value and the monitored value was 6.44 mm,
the minimum error was 0.03 mm and the average error was 1.95 mm. In summary, the
three-dimensional numerical model has a good simulation effect.

Figure 6. Vertical settlement of the vault of the right tunnel.

4.2. Analysis of Numerical Simulation Results of Pilot Tunnel Excavation
4.2.1. Deformation Analysis of Surface and Surrounding Rock

Figure 7 shows the vertical deformation of the surface and surrounding rock on the
central axis section of the middle pilot tunnel during the excavation of the pilot tunnel. The
Y-direction was the direction of tunnel excavation, and L was the excavation distance of
the middle pilot tunnel. Figure 7a–g respectively shows the vertical deformation of the
surface and surrounding rock when the middle pilot tunnel was excavated to 20 m, 40 m,
60 m, 80 m, 100 m, 120 m and 140 m. After the excavation of the middle pilot tunnel, the
surrounding rock had been deformed to varying degrees, the tunnel vault had subsided,
and the arch bottom had uplifted. In the direction of excavation, the surface had different
degrees of settlement deformation, and the surface above the tunnel excavation surface
and near the fault fracture zone had large settlement deformation. With the increase of
the excavation depth of the middle pilot tunnel, the maximum vertical deformation of
the surface and surrounding rock continued to increase. The maximum settlement in
Figure 7a–g were 3.15 mm, 3.65 mm, 3.88 mm, 7.44 mm, 29.2 mm, 31.0 mm and 31.0 mm,
respectively. When the middle pilot tunnel was excavated to the distribution section of the
fault fracture zone (Y = 100 m), the vertical deformation of the surface and surrounding
rock increased suddenly, and the settlement of the vault increased obviously. Therefore,
special attention should be paid to the change of rock and soil strain during construction in
this area.
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Figure 7. Vertical deformation of surface and surrounding rock during pilot tunnel excavation (unit:
m): (a) L = 20 m; (b) L = 40 m; (c) L = 60 m; (d) L = 80 m; (e) L = 100 m; (f) L = 120 m; and (g) L = 140 m.

Figure 8a–e shows the horizontal deformation of the surface and surrounding rock in
the cross-section at Y = 0 m, 40 m, 60 m, 80 m and 100 m after the completion of pilot tunnel
excavation. The rock and soil mass around the three pilot tunnels had different degrees of
horizontal displacement, which showed that the rock and soil mass at the arch waist of the
pilot tunnel tended to move in the middle of the pilot tunnel. The horizontal deformation of
rock and soil around the middle pilot tunnel was large, and the horizontal deformation of
rock and soil around the side pilot tunnel was small. Due to the bias phenomenon caused
by terrain and the influence of the excavation sequence of the pilot tunnel, the horizontal
displacement on the right side of the pilot tunnel (the displacement in the negative direction
of the X-axis in the figure) was generally greater than that on the left side. Therefore, in the
process of pilot tunnel excavation, it was necessary to pay special attention to the change of
the horizontal displacement of the surrounding rock on the middle pilot tunnel and the
right side of the side pilot tunnel. Observing the section diagrams at different locations
after the completion of the pilot tunnel excavation, it can be found that as the excavation
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depth increased, the horizontal displacement of the rock and soil around the pilot tunnel
continued to increase. The maximum horizontal displacements of the surrounding rocks
at the five cross-sections were, respectively, 6.27 mm, 6.74 mm, 6.96 mm, 10.2 mm and
29.0 mm; the horizontal displacement of the rock and soil around the pilot tunnel increased
significantly near the fault fracture zone.

Figure 8. Horizontal deformation of surface and surrounding rock after pilot tunnel excavation (unit:
m): (a) Y = 20 m; (b) Y = 40 m; (c) Y = 60 m; (d) Y = 80 m; and (e) Y = 100 m.

Figure 9 shows the surface settlement during the pilot tunnel excavation, and the
abscissa was the pilot tunnel excavation process expressed by the excavation distance.
The excavation of the three pilot tunnels was carried out in sequence, and the excavation
interval was 20 m, that was, after the excavation of the middle pilot tunnel (140 m) was
completed, another 40 m side pilot tunnel needed to be excavated. Therefore, the abscissa
0–140 m indicated the excavation of the middle pilot tunnel, and 140–180 m represented
the excavation time of the remaining side pilot tunnel. Y = 0 m, 10 m . . . 140 m indicated
the distance between the surface settlement monitoring point above the central axis of the
middle pilot tunnel and the tunnel portal. As the excavation of the pilot tunnel continued,
the surface settlements at various locations continued to increase. When the excavation
surface advanced to about 20 m in front of the monitoring point, the settlement increased
sharply, indicating that the rock and soil within 20 m behind the excavation surface was
greatly disturbed by the excavation. Comparing the final settlement values of various
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locations, it can be found that the surface settlement value of the portal section was small,
and the surface settlement value of the section away from the portal was large. Since the
surface monitoring points corresponding to Y = 90 m and Y = 100 m were located near the
fault fracture zone, the strength of the surrounding rock was low, so their final settlement
was greater than the surrounding surface settlement.

Figure 9. Surface settlement during pilot tunnel excavation.

4.2.2. Lining Deformation Analysis

Figure 10a–h show the vertical deformation of the lining when the middle pilot tunnel
was excavated to 20 m, 40 m, 60 m, 80 m, 100 m, 120 m and 140 m, and when all the pilot
tunnels were excavated. The pilot tunnel lining structure was deformed to a certain extent
under the surrounding rock pressure formed by excavation and unloading, and the lining
at the vault was mainly settlement deformation. The vault settlement of the middle pilot
tunnel was significantly greater than that of the side pilot tunnel, and the vault settlement
of the left pilot tunnel was significantly greater than that of the right pilot tunnel. Therefore,
it was necessary to pay more attention to the changes in the vertical deformation of the
lining structure during the construction of the main tunnel excavated first. The lining
structure on the right side of the middle pilot tunnel generally had rebound uplift, which
may be related to the tunnel bias pressure. Considering the small rebound value, it would
mostly not affect the stability of the lining structure. Comparing the vertical deformation
of the lining structure when the pilot tunnel was excavated to different positions, with the
continuous advancement of the pilot tunnel excavation process, the vertical deformation
of the lining continued to increase, and the maximum vertical deformation of the lining
at eight locations was 0.93 mm, 0.96 mm, 1.05 mm, 1.37 mm, 1.73 mm, 2.50 mm, 2.69 mm
and 3.14 mm in turn. The permissible deformation of the lining was 45 mm. In general, the
vertical deformation of the lining caused by the excavation of the pilot tunnel was small,
indicating that the design of the lining structure was reasonable, which was beneficial to
ensure the safe and smooth construction of the pilot tunnel of the shallow buried tunnel.
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Figure 10. Vertical deformation of lining during pilot tunnel excavation (unit: m): (a) L = 20 m;
(b) L = 40 m; (c) L = 60 m; (d) L = 80 m; (e) L = 100 m; (f) L = 120 m; (g) L = 140 m; and (h) The pilot
tunnel excavation is completed.

Figure 11 shows the vault settlement of the middle pilot tunnel during the pilot tunnel
excavation. The abscissa was the excavation process of the pilot tunnel expressed by the
excavation distance, and the ordinate was the vault settlement of the middle pilot tunnel.
Since the sequence of pilot tunnel excavation was middle pilot tunnel—left pilot tunnel—
right pilot tunnel, and the excavation interval was 20 m, that was, 40 m side pilot tunnel
still needed to be excavated after the excavation of middle pilot tunnel (140 m), so the
abscissa 0–140 m represented the excavation time of middle pilot tunnel and 140–180 m
represented the excavation time of remaining side pilot tunnel. Y = 0 m, 10 m . . . 140 m
indicated the distance between the vault monitoring point on the central axis of the middle
pilot tunnel and the tunnel portal. The settlement of the vault of the middle pilot tunnel



Appl. Sci. 2022, 12, 39 13 of 24

continued to increase with the excavation process of the pilot tunnel. When the pilot tunnel
was excavated near the fault fracture zone (Y = 100 m), the vault settlement was the largest,
which was 25.6 mm. Observing the change of vault settlement value at each position, the
vault settlement increased sharply about 20 m in front of the excavation face, indicating
that the rock and soil within 20 m behind the excavation face were greatly disturbed by the
excavation. In the process of pilot tunnel excavation, special attention should be paid to its
stress-strain state to prevent collapse, surge and other accidents. The vault settlement of the
left and right pilot tunnels had the same variation law as that of the middle pilot tunnel.

Figure 11. Vault settlement of middle pilot tunnel during pilot tunnel excavation.

Figure 12 shows the vault settlement curve of three pilot tunnels after the completion
of pilot tunnel excavation. The abscissa was the distance between the upper bench face
and the portal during the excavation of each pilot tunnel. With the increase of excavation
footage, the vault settlement of the three pilot tunnels increased first and then decreased.
The settlement and defamation laws of the vault were different at different positions.
Within the range of 0–50 m, the vault settlement of the left pilot tunnel was significantly
greater than that of the middle pilot tunnel and the right pilot tunnel. Within the range of
50–80 m, the vault settlement of the right pilot tunnel was greater than that of the middle
pilot tunnel and the left pilot tunnel. In the range of 80–140 m, the vault settlement of the
middle pilot tunnel was significantly greater than that of the left pilot tunnel and the right
pilot tunnel. The maximum vault settlement of the three pilot tunnels was obtained near
the range of 90–100 m, which was located in the fault fracture zone. The maximum vault
settlement of the middle pilot tunnel was significantly greater than that of the two side
pilot tunnels, and the maximum vault settlement of the left pilot tunnel and the right pilot
tunnel were similar.

4.2.3. Deformation Analysis of Supporting Structure

Figure 13 shows the deformation of the normal supporting anchor bolt and the ad-
vanced supporting pipe after pilot tunnel excavation. Due to the influence of pilot tunnel
excavation unloading, after the surrounding rock stress was released, part of the surround-
ing rock pressure directly acted on the anchor bolt connected with it, resulting in varying
degrees of deformation of the anchor bolt. On the whole, the deformation of the anchor
bolt was small, and the magnitude was basically 10−4 m. Within 30 m of the middle pilot
tunnel and the left pilot tunnel, there were some bolts with large deformation locally, with a
maximum deformation of 183 mm. The bolts may have reached the yield state or even been
damaged. The deformation of the advance support conduit was small, and the maximum
deformation was located on both sides of the left and right pilot tunnels, with the maximum
deformation of 30 mm. The permissible deformation of the advance support conduit was
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50 mm. Therefore, higher design standards and parameters should be used to improve the
yield strength of the bolt when the bolt was used to strengthen the surrounding rock at the
portal section of the pilot tunnel.

Figure 12. Vault settlement of three pilot tunnels during pilot tunnel excavation.

Figure 13. Deformation of supporting structure (unit: m): (a) Normal supporting bolt; (b) Advance
supporting pipe.

4.3. Analysis of Numerical Simulation Results of Main Tunnel Excavation

After the pilot tunnel excavation, the main tunnel excavation shall be carried out after
the surface and surrounding rock deformation were stable. The main tunnel was excavated
by the three-bench reserved core soil method. Before the formal excavation, the long pipe
shed at the portal was arranged first. During the excavation, the long pipe shed and small
conduit of the tunnel body were arranged. The excavation of the main tunnel was carried
out in the order of excavating the left main tunnel first and then the right main tunnel. The
staggering distance between the upper bench face of the left main tunnel and the right main
tunnel was 30 m, and the distance between the upper bench and the middle bench, and the
middle bench and the lower bench, was 20 m and 15 m, respectively, and the secondary
lining of the main tunnel lagged behind the inverted arch by 10 m.
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4.3.1. Deformation Analysis of Surface and Surrounding Rock

Figure 14 shows the vertical deformation of the surface and surrounding rock with
the central axis of the left tunnel as the section during the excavation of the main tunnel.
Figure 14a–g shows the excavation of the upper bench face of the left main tunnel to 20 m,
40 m, 60 m, 80 m, 100 m, 120 m and 140 m. Due to the redistribution of stress caused by
the excavation unloading, the surrounding rock at the vault of the left main tunnel had
subsidence deformation, the surrounding rock at the arch bottom had uplift deformation,
and the surface had settlement deformation to varying degrees. With the continuous
progress of the excavation of the left main tunnel, the settlement value of the tunnel vault
was increasing, and the maximum values were 7.76 mm, 10.6 mm, 13.7 mm, 14.1 mm,
23.1 mm, 22.3 mm and 28.1 mm, respectively. When the upper bench face of the left main
tunnel advanced near the fault fracture zone, the settlement of the tunnel vault increased
by 9 mm. Therefore, during the excavation of the left main tunnel, attention should be paid
to the impact caused by the sudden change of the strength of the surrounding rock near
the construction interface. The geological exploration in front of the excavation face should
be done well before the excavation face advances to the fault fracture zone.

Figure 15 shows the horizontal deformation of the surface and surrounding rock
after excavation of the main tunnel. Figure 15a–c shows the horizontal deformation of
the surface and surrounding rock on the section perpendicular to the Y-axis when the
excavation depth Y = 40 m, 100 m, and 130 m, in which Y = 40 m and Y = 130 m respectively
represent the section at a certain distance before and after the fault fracture zone, Y = 100 m
is the section through the fractured zone. Due to the excavation and unloading of the main
tunnel, the surrounding rocks on both sides of the main tunnel tended to move towards
the middle. The horizontal displacement of the arch foot and arch waist on the left and
right sides of the left tunnel was large, and the horizontal displacement of the arch crown
and arch bottom was small. The horizontal displacement of the stratum near the middle
partition wall was small. The maximum horizontal displacement of Y = 40 m, 100 m and
130 m sections were 6.23 mm, 20.8 mm and 5.70 mm, respectively. It can be seen that the
horizontal displacement of the stratum near the fault fracture zone was much greater than
that of the stratum at other positions.

Figure 16 shows the surface settlement during the excavation of the main tunnel.
The abscissa was the excavation process of the main tunnel expressed by the excavation
distance, and the ordinate was the surface settlement displacement. Since the excavation
sequence of the main tunnel was to excavate the left tunnel first and then the right tunnel,
and the excavation interval was 30 m, that was, after the excavation of the left tunnel
(140 m), it still needed to excavate another 30 m of the right tunnel, so the abscissa 0–140 m
represented the excavation time of the left tunnel and 140–170 m represented the excavation
time of the remaining right tunnel. Y = 0 m, 10 m ···140 m indicated the distance between
the surface settlement monitoring point above the central axis of the middle partition wall
and the portal. The surface settlement at each position increased with the progress of
the main tunnel excavation. Observing the interval where the settlement value suddenly
increased, it can be found that when the excavation face advanced to about 20 m before the
location, the surface settlement increased sharply, indicating that the rock and soil mass
within 20 m behind the excavation face was greatly disturbed by the excavation.
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Figure 14. Vertical deformation of surface and surrounding rock during excavation of main tunnel
(unit: m): (a) L = 20 m; (b) L = 40 m; (c) L = 60 m; (d) L = 80 m; (e) L = 100 m; (f) L = 120 m;
(g) L = 140 m.

Figure 15. Horizontal deformation of surface and surrounding rock after excavation of main tunnel
(unit: m): (a) Y = 40 m; (b) Y = 100 m; (c) Y = 130 m.
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Figure 16. Surface settlement during excavation of the main tunnel.

4.3.2. Lining Deformation Analysis

The vertical displacement of the lining structure was an important monitoring object in
the construction of a double-arch tunnel. This indicator can intuitively reflect whether there
was a greater risk in the tunnel excavation process. Figure 17 shows the vertical deformation
of the vault lining corresponding to different excavation distances. The excavation distance
shown in Figure 17a–i is that the left tunnel face advances to 20 m, 40 m, 60 m, 80 m, 100 m,
120 m and 140 m, the right tunnel excavates to 130 m and all main tunnel excavation ends.
The settlement of the tunnel vault continued to increase with the progress of the main
tunnel excavation. The maximum settlement values of the vault on the nine statistical
nodes were 6.17 mm, 9.61 mm, 11.4 mm, 11.0 mm, 18.2 mm, 23.7 mm, 29.5 mm, 30.6 mm
and 31.3 mm, respectively. When the left tunnel was excavated into the fault fracture
zone, the vertical deformation of the vault lining increased greatly, which was 7.2 mm.
Therefore, in the actual construction, the existing orientation of the fault fracture zone
shall be accurately given in combination with the advanced geological prediction. When
crossing the distribution area of the fault fracture zone, the construction process shall be
adjusted to reduce the excavation footage. The primary support shall be carried out as soon
as possible to minimize the deformation of the lining structure.

During the construction process, due to the different excavation sequences of the left
and right caves, there may be some differences in the vertical deformation of the vaults of
the left and right main tunnels. Figure 18 shows the settlement deformation of the left and
right main tunnel after the excavation of the main tunnel is completed. With the increase
of the distance from the portal, the settlement displacement of the vault of the left main
tunnel and the right main tunnel first increased and then decreased. In the fault fracture
zone, the vault settlement displacement was large, and the maximum vault settlement of
the left main tunnel and the right main tunnel was 28.2 mm and 31.6 mm respectively. The
maximum settlement of the vault of the right main tunnel was greater than the maximum
settlement of the vault of the left main tunnel. Controlling tunnel vault deformation was
the key step to controlling the deformation of the whole tunnel [31]. Therefore, in the
actual construction, the monitoring of vault settlement in the fault fracture zone should be
strengthened and special attention should be paid to the change of vault settlement during
the excavation of the post excavated main tunnel.
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Figure 17. Vertical deformation of vault lining during main tunnel excavation (unit: m): (a) L = 20 m;
(b) L = 40 m; (c) L = 60 m; (d) L = 80 m; (e) L = 100 m; (f) L = 120 m; (g) L = 140 m; (h) Excavation of
right tunnel to 130 m; (i) The main tunnel excavation is completed.

4.3.3. Deformation Analysis of the Middle Partition Wall

The middle partition wall was an important part of the supporting structure of the
double-arch tunnel. The stress of this part was complex and changeable with the construc-
tion process. In the tunnel supporting structure, the deformation and stress of the middle
partition wall cannot be ignored, and its structural stability was related to the overall
stability of the double-arch tunnel supporting structure [32]. As the tunnel excavation
created free faces on both sides of the middle partition wall, the risk of structural damage
to the middle partition wall was greatly increased. Under the pressure of surrounding rock,
the horizontal displacement of the middle partition wall was often too large, affecting the
stress of the middle partition wall and even the overall support structure. Additionally,
due to the different contact area, structural form and bearing pressure, the horizontal
displacement of the top and bottom of the middle partition wall were often quite different,
so the torsional deformation of the middle partition wall structure cannot be ignored.
The measurement point A above the partition wall and the measurement point B on the
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abdomen were selected as the monitoring points for the horizontal deformation of the
partition wall, as shown in Figure 19. The degree of torsional deformation of the partition
wall was represented by the difference between the horizontal displacements of the top
measurement point A and bottom measurement point B.

Figure 18. Vault settlement of the main tunnel.

Figure 19. Deformation monitoring point of the middle partition wall.

Figure 20 shows the displacement of the middle partition wall at different sections
after the main tunnel excavation. Figure 20a–g shows the tunnel cross-sections as Y = 20 m,
40 m, 60 m, 80 m, 100 m, 120 m and 140 m. The displacement values of the middle
partition walls at the seven sections were different, and the directions were also different.
The maximum displacement of the middle partition wall in seven sections was 1.59 mm,
1.71 mm, 2.25 mm, 6.51 mm, 6.24 mm, 2.73 mm and 1.83 mm, respectively. At the Y = 80 m
and Y = 100 m sections, the displacement of the middle partition wall was relatively large.
This was because the location was located in the fault fracture zone, the rock and soil was
weak, the stability was poor, and the supporting structure was complicated. Therefore,
the middle partition wall had a large deformation under the pressure of surrounding
rock. On the Y = 20 m section, the vertical displacement of the middle partition wall was
upward, indicating that under the reinforcement of rotary jet grouting pile, the surrounding
rock strength of the portal section was high, the self-supporting capacity was strong, the
surrounding rock pressure on the top of the middle partition wall was small, and the
downward vertical displacement was not obvious. As the distance between the section and
the portal increased, the direction of the vertical displacement of the partition wall gradually



Appl. Sci. 2022, 12, 39 20 of 24

developed downward. The horizontal displacement direction of the middle partition wall
at each section was the negative direction of the x-axis, that was, it moved towards the free
face of the left tunnel (the main tunnel excavated first). Therefore, during the excavation of
the main tunnel, the influence of the excavation sequence on the horizontal displacement
of the middle partition wall was that the middle partition wall moved slightly towards
the main tunnel excavated first. Therefore, during the excavation of the main tunnel, the
influence of the excavation sequence on the horizontal displacement of the partition middle
wall was that the partition middle wall moved slightly towards the main tunnel excavated
first. The displacement amount and displacement direction of the top and bottom of the
middle partition wall at each section were different, indicating that the tunnel excavation
caused a certain degree of torsional deformation of the middle partition wall.

Figure 20. Displacement of middle partition wall at different sections (unit: m): (a) Y = 20 m;
(b) Y = 40 m; (c) Y = 60 m; (d) Y = 80 m; (e) Y = 100 m; (f) Y = 120 m; (g) Y = 140 m.
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Figure 21 shows the torsional deformation of the middle partition wall during excava-
tion of the main tunnel. S in the legend was the tunnel excavation progress expressed by the
distance from the upper bench face of the left main tunnel to the tunnel portal. According to
the excavation sequence of the left tunnel first and then the right tunnel, after the left tunnel
was excavated 140 m, the right tunnel still needed to be excavated for another 30 m until
the calculation was complete. In the section within the range of 110–140 m, the maximum
torsional deformation of the central partition wall was obtained when the calculation was
completed, while in the range of 0–110 m, the maximum torsional deformation of the central
partition wall was obtained during the excavation process. The torsional deformation of the
middle partition wall in the fault fracture zone was large, especially when the excavation
face was pushed into this area, and the torsional deformation increased abruptly, with a
maximum value of 2.6 mm. The maximum torsional deformation at each section of the
middle partition wall varied between 0.5–2.6 mm. When excavating the rock and soil before
the fault fracture zone (excavation progress S ≤ 80 m), attention should be paid to the
torsional deformation of the middle partition wall within 20–50 m. When excavating the
rock and soil after the fault fracture zone (excavation progress S ≥ 100 m), attention should
be paid to the torsional deformation of the middle partition wall near the excavation face.
When excavating the rock and soil mass in the fault fracture zone, the monitoring of the
torsional deformation of the middle partition wall in this range should all be strengthened.

Figure 21. Torsional deformation of the middle partition wall.

4.3.4. Deformation Analysis of Underground Pipelines

The vertical deformation of 8 underground pipelines is shown in Figure 22. Legend Y
indicated that the distance between the pipeline and the portal is 30 m, 40 m, 50 m, 60 m,
70 m, 80 m, 90 m and 100 m, respectively. The maximum vertical displacement of each
underground pipeline was obtained near the central axis of the middle partition wall, and
this position was closer to the right tunnel due to the influence of the excavation sequence
of the main tunnel and the bias phenomenon. The farther away from the portal, the
greater the vertical displacement of the underground pipeline, indicating that the impact of
tunnel excavation on the underground pipeline was continuous and strong propagation.
The vertical deformation of all pipelines in the tunnel site area should be continuously
monitored during the excavation process, rather than only focusing on the underground
pipeline near the excavation surface. The vertical displacement of underground pipelines
near the fault fracture zone was generally greater than that at other locations.
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Figure 22. Vertical deformation of underground pipelines.

5. Conclusions

To investigate the mechanical behavior of the total construction process of the double-
arch tunnel, taking the Xiamen Haicang super-shallow-buried large-span double-arch
tunnel as background, the total excavation process of a double-arch tunnel under a running
highway was simulated by using FLAC3D. The following conclusions were obtained.

(1) When the tunnel was excavated to the fault fracture zone, the maximum vertical
deformation of the surface, surrounding rock and vault increased suddenly, and the
horizontal displacement of rock and soil around the pilot tunnel increased obviously.
When crossing the distribution area of the fault fracture zone, the excavation footage
should be reduced, and the primary support should be applied as soon as possible
after the excavation was completed.

(2) The vertical deformation of the lining caused by pilot tunnel excavation was small,
indicating that the lining structure design was reasonable.

(3) Among the three pilot tunnels, the vault settlement of the middle pilot tunnel was the
largest, and the maximum settlement of the left pilot tunnel and the right pilot tunnel
was similar. The rock and soil within 20 m behind the excavation face were greatly
disturbed by excavation.

(4) During the excavation of the main tunnel, the horizontal displacement of the central
partition wall moved slightly towards the main tunnel excavated first.

(5) During the excavation of the double-arch tunnel, the maximum vertical displacement
of the underground pipeline occurred at the position where the central axis of the
middle partition wall deviates to the post excavated the main tunnel.

By analyzing the mechanical behavior in the total construction process from the
perspective of deformation, the potential risk areas and time nodes can be obtained. In the
future, a comprehensive study needs to be carried out from the perspective of stress and
plastic zone. Load-structure method and analytical solution can be introduced to discuss
the loading on arch during construction.
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