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ABSTRACT The Xiamen Haicang double-arch tunnel has a maximum span of 45.73 m and a minimum burial depth of
5.8 m. A larger deformation or collapse of the tunnel is readily encountered during tunnel excavation. It is therefore
necessary to select a construction approach that is suitable for double-arch tunnel projects with an extra-large span. In this
study, three construction methods for double-arch tunnels with extra-large spans were numerically simulated.
Subsequently, the deformation behavior and stress characteristics of the surrounding rock were obtained and compared.
The results showed that the double-side-drift method with temporary vertical support achieves better adaptability in the
construction of such tunnels, which can be observed from both the numerical results and in sifu monitoring data. In
addition, the improved temporary support plays a critical role in controlling the surrounding rock deformation. In
addition, the disturbance resulting from the excavation of adjacent drifts was obvious, particularly the disturbance of the
surrounding rock caused by the excavation of the middle drift. The present findings can serve as the initial guidelines for

the construction of ultra-shallowly buried double-arch tunnels with extra-large spans.
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1 Introduction

A double-arch tunnel is a particular form of tunnel
engineering, and the two adjacent tunnels are connected
by a middle partition wall. Double-arch tunnels possess
advantages such as a small occupation area, high space
utilization rate, and smooth route connection. Therefore,
double-arch tunnels have been widely used in tunnel
construction in recent years. However, double-arch tunnels
are usually characterized by large excavation spans,
shallow burial depths, various construction procedures,
and complex support systems, which have negative
impacts on the tunnel construction. Therefore, the design
and construction of a double-arch tunnel are much more
difficult than those of a single-arch tunnel [1,2].

In general, the tunnel face is divided into several
temporary drifts using the subsection excavation method,
which can improve the stability of the tunnel face and
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effectively control the deformation of the surrounding rock
[3]. Therefore, during the construction of a large-span
single-arch tunnel, subsection excavation methods, such as
the center diaphragm method (CD), cross diaphragm
method (CRD), and three-bench seven-step excavation
method, are widely adopted. Academics and practitioners
have conducted considerable research on subsection
excavation methods for single-arch tunnels through field
monitoring, physical model testing, numerical simulations,
and engineering analogies [4—11]. However, few studies
have been conducted on the construction methods of
double-arch tunnels. Gao and Xue [12] compared and
optimized three double-arch tunnel excavation procedures
using the bench method. In addition, through a physical
model test and numerical simulation, Li et al. [1] and Yang
et al. [13] conducted an in-depth study on a CRD for the
excavation of a double-arch tunnel. The corresponding
regularity of the ground movement above the tunnel and
the stress of shallowly buried formations were obtained.
Furthermore, Bai et al. [14] and Yang et al. [15] carried out



Yiguo XUE et al. Stability analysis of the double-arch tunnel 137

a simulation analysis on the construction process of
double-arch tunnel excavation using the three-tunnel
method. Several scholars have also studied the structural
stability and construction process optimization of double-
arch tunnels under asymmetrical pressure and asymmetric
double-arch tunnels [16,17].

Typical cases of double-arch tunnels with different spans
were compared and analyzed (see Table 1). With an
increase in the span, the excavation method and support
system of the tunnel become increasingly complicated.
The plastic zone of the surrounding rock displays a wider
range of distribution in cases of double-arch tunnels with
large spans. For example, the plastic zone above the middle
partition wall of the Jinkou Tunnel (with a span of 22 m)
has dimensions of 6.1 m x 3.5 m, whereas the plastic zone
above the middle partition wall of the Great Wall Ridge
Tunnel (with a span of 33.97 m) has dimensions of 15 m x
10 m. Furthermore, a wider tensile stress zone can also be
seen at the arch crown and arch bottom of double-arch
tunnels with large spans. The stress concentration
phenomenon is more obvious at the arch foot and joint
between the middle partition wall and the sidewall. Thus,
the applicable construction approach is important for
double-arch tunnels with an extra-large span. In previous
construction cases of large-span tunnels, CD and CRD
methods have usually been adopted (see Table 1).
However, the use of a double-side-drift method in the
excavation of an ultra-shallowly buried double-arch tunnel
with an extra-large span has rarely been explored and
studied. Meanwhile, the difference in the support perfor-
mance of vertical or curved temporary support remains
largely unexplained for the double-side-drift method.

After its completion, the double-arch tunnel of the
Xiamen Haicang undersea tunnel will have the greatest
across-span in China, as well as an ultra-shallow burial and
complex geological engineering conditions. This study
compared the deformation and stress characteristics of
three construction methods, i.e., the CRD method, and the
double-side-drift method with a vertical temporary support
or a curved temporary support, in the excavation of a
double-arch tunnel with an extra-large span. Based on both
numerical results and in situ monitoring data, the best
construction method and the optimized temporary support
were developed for a double-arch tunnel. In addition, the
displacement and stress field of the surrounding rock in
each construction stage were analyzed for the double-side-

Table 1 Case information and statistics of typical double-arch tunnels

drift method with temporary vertical support. This study
can provide a basis for optimizing the construction scheme,
excavation sequence, and supporting parameters of a
double-arch tunnel, which can then guide the field
construction.

2 Project overview

The double-arch tunnel of the Xiamen Haicang undersea
tunnel project has a total length of 160 m and is located in
Huli District, Xiamen City, Fujian Province, China. The
double-arch tunnel has a large excavation section, with a
maximum double-line span of 45.73 m. The maximum
burial depth of the double-arch tunnel is approximately
12.9 m, and the minimum burial depth of the double-arch
tunnel is only 5.8 m [21].

The double-arch tunnel adopts the support form of a
triple-layer composite liner system. The primary support is
composed of a grouting steel pipe, H-shaped steel, steel
mesh, and shotcrete. The secondary and temporary
supports are composed of I-shaped steel, a steel mesh,
and shotcrete, and the tertiary lining is composed of
reinforced concrete. The tunnel adopts a compound middle
wall 2-3.87 m thick (excluding the thickness of the tertiary
lining).

Geotechnical engineering investigations have indicated
that the geological engineering conditions of a tunnel
construction are complex and that the rock exhibits clear
variations in weathering. The strata above the double-arch
tunnel are mainly composed of miscellaneous fill soil,
highly weathered granite, and completely weathered
granite. The rock surrounding the tunnel is mainly
moderately weathered granite with poor integrity, and the
surrounding rock at the bottom of the tunnel is mainly
slightly weathered granite. The rock surrounding the
double-arch tunnel has the characteristics of poor forma-
tion stability and rapid deformation.

3 Numerical simulation
3.1 Description of the numerical model

Three numerical simulation models, namely, a CRD
method (Fig. 1(a)), a double-side-drift method with a

tunnel name span (m) burial depth (m) excavation methods of main tunnels number of excavation sections references
Jinkou 22 45 CD 7 Shen et al. [18]
Zhongxi 25.19 38.52 bench method 5 Zhang et al. [16]
Mazhaiding 28.33 50 CD 9 Wang et al. [19]
Zhangshi 29.7 54 bench method 5 Ji et al. [20]
Guanyinshan 33.65 80 CD 12 Yang et al. [15]
Great Wall ridge 33.97 5 CRD 12 Lietal [1]
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temporary curved support (Fig. 1(b)), and a double-side-
drift method with a vertical temporary support (Fig. 1(c)),
were established. According to the disturbance range of the
excavation and grid density, the length of the model is four-
times the excavation span, and the distance from the
bottom of the tunnel to the bottom part of the boundary is
twice the height of the tunnel. As shown in Fig. 1, the
numerical model is 52.97 m high, 174 m wide, and 20 m
long. The strata in the model are miscellaneous fill soil,
moderately weathered granite, and slightly weathered
granite from top to bottom.

The top surface boundary of the calculation model was
free. The horizontal constraint was set at the left and right
sides of the model, the longitudinal constraint was set at the
front and rear, and the vertical constraint was set to the
bottom [22,23].

3.2 Constitutive model and calculated parameters

The Mohr—Coulomb model is a constitutive model that is
widely used in geotechnical engineering and can be
applied to simulate soil, rock, concrete, and loose
cemented granular materials, among others. Therefore,

13.95m 6.51 m

the Mohr—Coulomb model was adopted in this numerical
simulation.

The calculated parameters of the surrounding rock were
determined according to the design description of the
Xiamen Haicang undersea tunnel. The elastic modulus of
the steel arch and steel mesh are converted into shotcrete
for an equivalent substitution. Furthermore, to simplify the
calculation, the surrounding rock parameters of the
reinforcement zone are improved to simulate the grouting
area of the long pipe shed [12,24].

The calculation parameters of the surrounding rock used
in the numerical simulation are listed in Table 2. The
simulated parameters of the temporary support, primary
support, secondary support, tertiary lining, and middle wall
are shown in Table 3.

3.3 Excavation simulation

As shown in Fig. 2, the CRD method divides the tunnel
section into nine drifts. The double-side-drift method with
a vertical or curved temporary support divides the tunnel
section into 13 drifts.

1) The CRD method consists of 15 specific construction

miscellaneous fill soil

3251 m

Fig. 1 The tunnel calculation model: (a) CRD method; (b) double-side-drift method with vertical temporary support; (c) double-side-

drift method with curved temporary support.

Table 2 Physico-mechanical parameters of surrounding rock

material name unit weight (kN/m®) Poisson’s ratio Young’s modulus (MPa) cohesion (kPa) friction angle (°)
miscellaneous fill soil 18.4 0.3 8.5 27 23
moderately weathered granite 25 0.25 6000 50 55
slightly weathered granite 26.5 0.2 15000 100 70
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Table 3 Physico-mechanical parameters of the supporting structure

material unit weight Poisson’s Young’s modulus
name (kN/m?) ratio (MPa)
temporary support 22 0.2 25000
primary support 23 0.2 28000
secondary support 22 0.2 25000
tertiary lining 27 0.2 35000
middle wall 27 0.2 35000
stages.

Stages 1-3: Drifts No. 1 and 2 are excavated. The
primary, temporary, and secondary supports are exerted
after the excavation of each drift. The middle partition wall
was poured after the excavation of middle drift No. 0. The
arch foot of drift No. 2 overlaps with the middle partition
wall during these phases.

Stages 4 and 5: Drifts No. 3 and 4 are excavated in turn,
and primary, temporary, and secondary support are exerted.
The arch foot of drift No. 3 overlaps with the middle
partition wall during these phases.

Stages 6-9: Drifts No. 5 and 6 are excavated and
supported. The tertiary lining of the left line is then applied
after the removal of its temporary support.

Stages 10-13: Drifts No. 7 and 8 of the right line are
successively excavated and supported. The tertiary lining
of the right line is then applied after the removal of its
temporary support.

2) The double-side-drift method with a vertical or
curved temporary support consists of 17 specific construc-
tion stages.

Stages 1-3: Drifts No. 1 and 2 are excavated in turn after
applying the long pipe shed above drifts No. 1 and 2. The
primary, temporary, and secondary supports are exerted

temporary support

139

after the excavation of each drift. The middle partition wall
was then poured after the excavation of middle drift No. 0.

Stages 4—7: The primary supporting parts of middle drift
No. 0 located in drifts No. 3 and 4 are removed after
applying the long pipe shed above the drift. Then, drifts
No. 3 and 4 are excavated in turn, and the primary,
temporary, and secondary supports are exerted. The arch
foot of drifts No. 3 and 4 overlaps with the middle partition
wall in these phases. Then, drifts No. 5 and 6 are excavated
and supported.

Stages 8—-10: Drifts No. 7, 9, and 8 of the left line are
successively excavated.

Stages 11-15: The tertiary lining of the left line is
applied after the removal of its temporary support. Drifts
No. 10, 12, and 11 of the right line are successively
excavated and supported.

Stages 16 and 17: The tertiary lining of the right line is
applied after the removal of its temporary support.

4 Numerical results

4.1 Stress analysis of surrounding rock

Figure 3 shows the vertical stress contours of the
surrounding rock of the three construction methods after
completion of the construction. In Fig. 3, negative values
indicate compressive stress, and positive values indicate
tensile stress. Figure 3 shows that the distribution of the
stress field of the surrounding rock is basically symmetric
after the excavation using the three construction methods.
The maximum vertical stress of the surrounding rock,
which is approximately 2.76 MPa, is located at the
sidewalls on either side of the tunnel when using the
CRD method. However, the vertical stress in the same area

primary support

secondary support

temporary support

No. 1

No. 2 No. 3

No. 4

tertiary lining

(a)

primary support

secondary support

No. 5 No. 6
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No. 11 | No. 12

(b)

Fig. 2 Division of the tunnel section: (a) CRD method; (b) double-side-drift method.
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Fig. 3 Comparison of stress field of surrounding rock: (a) CRD method; (b) double-side-drift method with vertical temporary support;
(c) double-side-drift method with curved temporary support (unit: Pa).

as that of the double-side-drift method is much less than
that of the CRD method, at approximately 1.02 MPa.
Meanwhile, when using the CRD method, spandrels close
to the middle wall and the joint between the lining and
middle wall exhibit a more obvious stress concentration.
Furthermore, with the three construction methods, a tensile
stress zone appears in the tunnel vault. The tensile stress

area is the largest when applying the CRD method and is
the smallest when using the double-side-drift method with
a temporary vertical support. Therefore, the double-side-
drift method with a temporary vertical support is more
beneficial to the stress redistribution of the surrounding
rock during the construction of a double-arch tunnel with
an extra-large span.
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Owing to the complex excavation process of a double-
arch tunnel, the rock surrounding the tunnel section
changes dynamically during the construction process.
Elucidating the state of stress of the surrounding rock
during each construction stage at the macroscopic level is
crucial for guiding the site operation. Therefore, stress
monitoring points are set at the key positions in the left and
right lines of the tunnel, such as the arch crown, sidewall,
and tunnel bottom, and at the top and bottom of the middle
wall. The stress change curve of the double-side-drift
method with a temporary vertical support obtained through
a calculation is shown in Fig. 4, in which the stress value
corresponding to construction stage 0 is the initial stress.

Figures 4 shows that, after the excavation of drifts No. 2
and 4, the stress of the surrounding rock at the arch crown
is clearly released. The vertical stress of the surrounding
rock of the left arch decreases from 0.11 to 0.04 MPa, and
that of the right arch decreases from 0.13 to 0.06 MPa. The
vertical stress at the bottom of the left tunnel decreases
from 0.3 to 0.02 MPa after the excavation of drift No. 8§,
and the vertical stress at the bottom of the right line
decreases from 0.3 to 0.03 MPa after the excavation of drift
No. 11. Large fluctuations in vertical stress on the left and
right sidewalls appeared during stages 8 and 14,
respectively. The above areas with obvious changes in
stress should be considered during the corresponding
construction process.
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In addition, the vertical stress at the base of the middle
partition wall increased steadily from 0.03 to 0.62 MPa
after the stress was released owing to the excavation of
drift No. 0, indicating that the middle wall starts to act as a
load-bearing member after lapping with the steel arches of
drifts No. 3 and 4. Therefore, the monitoring and
measurement of the middle wall should be strengthened
after the middle wall starts to play a load-bearing role.

4.2 Displacement characteristics of the surrounding rock

An analysis of the displacement field in the surrounding
rock is important during the construction of a double-arch
tunnel. The displacement of the surrounding rock can
directly reflect the relative merits of the construction
methods. Figure 5 shows the displacement contours of the
surrounding rock of the three construction methods after
completion of the construction. A comparison of the
displacement of the arch crown in the left line when
applying the three construction methods is shown in Fig. 6.
The deformation area caused by the CRD method is clearly
larger than that caused by the double-side-drift method.
Meanwhile, compared with the CRD method, the double-
side-drift method is more favorable for controlling the
deformation of the surrounding rock above the middle
partition wall. The CRD method resulted in a settlement of
25 mm, approximately twice that of the double-side-drift
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Fig. 4 The vertical stress change curve of the surrounding rock: (a) arch crown; (b) arch bottom; (c) sidewalls; (d) middle wall.
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Fig. 5 Comparison of displacement field of surrounding rock: (a) CRD method; (b) double-side-drift method with vertical temporary
support; (c) double-side-drift method with curved temporary support (unit: m).

method. A similar settlement of the arch crown can be seen
from two types of temporary support forms of the double-
side-drift method. The double-side-drift method with a
temporary vertical support has slightly better control over
the settlement of the arch crown than this method with a
temporary curved support.

The displacement contours during each stage of the
double-side-drift method with a temporary vertical support
are shown in Fig. 7. The surrounding rock deformation
caused by the excavation of each drift is similar to the
displacement distribution caused by the excavation of a
single-arch tunnel. The surrounding rock deformation is
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Fig. 7 Displacement contours of the surrounding rock of double-side-drift method with vertical temporary support (unit: m).
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In addition, the settlement of the arch crown is an
important metric of the construction safety and stability of
the surrounding rock. The calculated arch settlements of
drifts No. 1-6 change during the construction when
applying the double-side-drift method with a temporary
vertical support, as shown in Fig. 8.

As shown in Fig. 8, the excavation of drift No. 0
produces a disturbance in the surrounding rocks on both
sides of the middle wall, and the deformation in the
surrounding rocks accounts for approximately 15% of the
final deformation. In addition, the changes in the arch
settlement in drifts No. 1, 3, 4, and 6 are similar, and large
changes in the displacement curves of drifts No. 2 and 5
occur after the completion of stages 11 and 16. These
fluctuations indicate that the removal of the temporary
support has a significant impact on the stability of drifts
No. 2 and 5. After the removal of the temporary support, an
approximately 5 mm arch settlement occurs in the double-
arch tunnel, accounting for approximately 45% of the final
deformation. Thus, the tertiary lining should be closed as
soon as possible after the temporary support is removed to
limit further deformation of the surrounding rock.

5 Site monitoring

Finally, the optimized double-side-drift method was
adopted in field construction. As shown in Fig. 9, the
in situ monitoring data of arch settlement of the three drifts
are compared with the numerical results. The construction
process of the numerical simulation is more ideal than that
of the field construction. Therefore, the values of the in situ
monitoring data are slightly larger than those of the
numerical results. However, the variation trend of the
in situ monitoring data are consistent with the numerical
results.

As shown in Figs. 9(a) and 9(b), after completion of
stage 10 (the removal of the temporary support), the arch
settlement of drifts No. 1 and 3 underwent significant
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changes. The same change occurred after stage 15 in drift
No. 5. After the removal of the temporary support, an arch
settlement of approximately 4.5 mm occurs, generating
approximately 40% of the final deformation. The removal
of the temporary vertical support has a significant impact
on the stability of the double-arch tunnel, as revealed
through both numerical simulation and in sifu monitoring
data.

6 Discussion

During the actual tunnel construction, the excavation
section of drift using the CRD method is much larger than
that using the double-side-drift method. Therefore, it takes
longer for the CRD method to complete the excavation and
support of a single drift than that of the double-side-drift
method. Moreover, the construction difficulty of the
temporary vertical support is easier to control than that
of the temporary curved support. Therefore, the advantage
of the double-side-drift method is more obvious during the
actual construction than in the numerical results.

During the construction of the double-arch tunnel, the
disturbance of the surrounding rock using the double-side-
drift method is frequent, which leads to complicated
changes in the stress and displacement fields of the
surrounding rock. During the excavation of the drifts, the
influence of the excavation of the adjacent drifts is
extremely obvious. The deformation area of the surround-
ing rock changes dynamically with continuous construc-
tion. Vertical deformations are mainly concentrated in the
arch crown and tunnel bottom. Moreover, because the
burial depth of the double-arch tunnel is only 6.8 m, the
surrounding rock deformation area extends to the surface,
resulting in a surface settlement of approximately 12 mm.

In particular, the application of a triple-layer composite
liner system in a large-span tunnel, particularly in a double-
arch tunnel with an extra-large span, deserves a more in-
depth study. In the future, the authors will focus on a
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Fig. 8 The relation curves of arch crown settlement and excavation stages of tunnel: (a) left line; (b) right line.
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Fig. 9 Comparison of numerical results and in situ monitoring data: (a) No. 1 drift; (b) No. 3 drift; (c) No. 5 drift.

theoretical derivation and analysis of the support impact of
the flexibility of the primary and secondary supports. In
addition, different layouts of the two layers of steel arch
frames and other aspects need to be considered.

7 Conclusions

1) During the construction process of the extra-large
double-arch tunnel, the excavation section of the drifts
when using the double-side-drift method is small and the
support is timely. The ability to control the bearing
capacity and deformation when using the double-side-drift
method is far better than that of the CRD method. The
support of the double-side-drift method with a temporary
vertical support is slightly better than that with a temporary
curved support, and can better meet the requirements of
construction space.

2) A temporary vertical support plays a key role in
controlling the surrounding rock deformation. The removal
of such a temporary support causes varying degrees of
impact on the surrounding rocks of each drift. The
settlement of the arch crown caused by the removal of
the temporary support when applying the double-side-drift
method generated approximately 45% of the final settle-
ment.

3) When adopting the double-side-drift method, the
compressive stress of the surrounding rock at the sidewall
was shown to be less than that of the CRD method. The
tensile stress area was the largest when the CRD method
was adopted, and the tensile stress area was the smallest
when the double-side-drift method with a temporary

vertical support was adopted. The double-side-drift
method with a temporary vertical support is more
beneficial to the stress redistribution of the surrounding
rock in the construction of a double-arch tunnel with an
extra-large span.
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