
Research Article
Effect of the Double-Line Spiral Tunnel Curvature on the Tunnel
Construction Stability

Chao Zhang,1 Chao Wang,1 Xibin Niu,1 Shaoqiang Zhang,1 and Huiling Zhao 2

1PowerChina Roadbridge Group Co., Ltd., Beijing 100048, China
2Department of Civil Engineering, Shanghai University, Shanghai 200444, China

Correspondence should be addressed to Huiling Zhao; hlzhao@shu.edu.cn

Received 29 July 2020; Revised 19 November 2020; Accepted 30 November 2020; Published 17 December 2020

Academic Editor: Wen-Chieh Cheng

Copyright © 2020 Chao Zhang et al. )is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In the construction of mountain highway, in order to avoid complicated geology and adapt to the requirements of the terrain of
the large height difference and the large slope, the double-line spiral tunnels are gradually applied. )e purpose of this paper is to
analyze the mechanical behavior of the double-line spiral tunnel and its surrounding rock under different line curvatures, and to
obtain the influence of the curvature of the spiral tunnel on the stability of the double-line tunnel construction.)e analysis of this
paper is based on the engineering background of double-line spiral tunnels in China’s Yunnan province. )e elastoplastic three-
dimensional rock strata-tunnel by means of finite difference FLAC3D software was established to simulate the construction
process. )e model was verified by comparing the calculation results and the actual monitoring data of tunnel vault settlement.
)e small curvature radius spiral makes the mechanical behavior of the double-line tunnel uneven and the surrounding rock
deformed unevenly. A quantitative analysis and qualitative evaluation of the influence of curvature radius were established by the
systematic evaluation index of (1) ratio of compressive stress on both sides of the tunnel, (2) stress ratio of double-line tunnel, (3)
convergent deformation of the cross section of the tunnel, and (4) deformation of the surrounding rock on the top of the tunnel.
)e results show that the small curvature radius (less than 200m) will make the inner pressure of the inner tunnel significantly
greater than the external pressure stress, showing obvious asymmetry, and the inner tunnel vault tensile stress is greater than the
outer tunnel. With the increase of the curvature radius (about more than 400m), the ratio of the compressive stress on the inside
and outside of the tunnel tends to be constant, and the bias condition is weakened and stabilized.Meanwhile, the smaller curvature
radius makes the convergent deformation of the cross section of the tunnel appear asymmetrical, and the compression quantity
inside the tunnel center line is larger. It provides a reference basis for the stability control of the construction of the double-line
spiral tunnels in the mountainous area.

1. Introduction

)e mountainous area of the plateau tends to be charac-
terized by the deep valley and high mountain. In order to
avoid poor geology and adapt to the requirements of large
height difference and large longitudinal slope terrain, the
tunnel alignment is usually designed to be spiral [1–3]. )e
alignment of the spiral tunnel is composed of continuous
codirectional curves. Due to the limitation of the terrain,
obstacles, and the engineering investment, the curvature of
the tunnel axis line is required to be tight [4]. Besides, the
tunnel is designed as a two-way double-line to improve the
traffic capacity effectively [5]. )e construction technology

of double-line spiral curve tunnels with the small curvature
radius in rock has gradually attracted attention. )e de-
formation and stability of the surrounding rock during the
excavation are critical to the safety of tunnel construction. It
is significant to clarify the influence of the curvature of the
double-line tunnel on the surrounding rock deformation
under the specified geological conditions, and to predict the
deformation range and deformation amount of the exca-
vation face and near area.

Hao [6] found that the asymmetry of ground-surface
settlement profile caused by the tunnel excavation is related
to the curved alignment of the tunnel by observations.
Under the dual action of asymmetric overcutting and
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construction loadings, the surface settlement of the curved
tunnel is larger than that of the straight-line tunnel [7].
Huynh studied an innovated mechanized tunneling tech-
nology to construct a twin spiral tunnel at once by multi-
circular face shield, and also the cross section can be changed
from a horizontal double circular shape to a vertical one [8].
Numerical simulations have been explored to study the
stratum disturbance caused by the construction of a tunnel
at curved alignment [9–12]. Mitsutaka et al. employed the
proposed three-dimensional FEM kinematic model to
compute immediate ground movements by a curved shield
tunnel excavation in multilayered ground [13]. Li et al. [14]
focused on the stress distribution of segments for a curved
shield tunnel during construction, and segment stress var-
iation from curvature of tunnel alignment, and deviation of
the Jack. However, most of the above studies aimed at the
curved shield tunnel in soft soil. Little literature was found to
study the curved or spiral tunnels in rock. In the moun-
tainous area of west China, tunnels are mostly constructed in
rock. Ganhaizi Tunnel on Yalu Highway is a typical spiral
twin tunnel in rock, and the curvature radius of the left and
right lines is 600m and 618m, respectively [15]. Such type of
tunnels in rock is widely constructed recently [16]. Sys-
tematic numerical simulations of a series of tunnels with
different curvatures at curved alignments need to explore
asymmetric mechanical behaviors of the single spiral. Also,
the differences between the twin spiral tunnels at double
lines need to be paid attention. )ere is a slight difference in
curvature.

In this paper, based on the tunnel project in Honghe,
Yunnan, a 3D elastoplastic numerical model for double-line
spiral tunnels in rock was established. )e model was ver-
ified by the on-site monitoring data. )e deformation of the
surrounding rock caused by the excavation of the double-
line tunnels with the curvature radius from 122m to 722m
was calculated. )e stress and deformation distribution of
the tunnels were studied and compared to obtain the
asymmetric behaviors of the double-line spiral tunnels. )e
influence of the curvature radius on tunnel arch settlement,
lateral convergence deformation, and tunnel stress distri-
bution was analyzed. )is result provides reference and
guidance for safety control of tunnel design and construc-
tion in similar engineering cases.

2. Analysis of Double-Line Spiral Tunnel
Excavation Process

2.1. Characteristics of Spiral Tunnel. )e double-line spiral
tunnel studied in this paper is in China’s Yunnan province.
)e left-line tunnel has a total length of 3900m and a
curvature radius of 703m. )e right-line tunnel has a total
length of 4015m and a curvature radius of 741m. )e
longitudinal gradient of the unidirectional slope of the
tunnel is 3.9%. )e tunnel alignment at the entrance is the
direction of 13°, and the tunnel alignment at the exit is the
direction of 167°. )e tunnel is deeply buried, and the
maximum buried depth is 366m. )e height difference
between the tunnel entrance and exit is about 80m. )e left
line tunnel was excavated firstly, then the right line was

excavated. )e excavation faces of the two tunnels are about
80m apart during the construction process. )e rock
through which the tunnel passes is mainly granite.

2.2. Establishment of 3D Numerical Model. )e interval of
K36 + 395∼K36+ 545 in the double-line spiral tunnel is
selected as the object of three-dimensional numerical sim-
ulation analysis.)e length of the tunnel alignment is 150m.
)e outer diameter of the single tunnel is 12.08m, and the
clear distance between the left and right tunnels is 25m. )e
depth of the tunnel center is 215m.)e surrounding rock of
the tunnel is of grade III. )e rock range considered in the
numerical model is 3–5 times the outer diameter of the
single tunnel. )e width and height dimensions of the three-
dimensional rock-tunnel model are 130m and 110m, re-
spectively. )e X-axis is the transverse direction of the initial
section of the tunnel, the Y-direction is the tunnel axis
direction, and the Z-axis is the vertical direction.)e bottom
boundary of the numerical model is fixed, and the lateral
boundary constraint is normally horizontal translation. )e
numerical calculation model is shown in Figure 1. )e
thickness of the primary lining of the tunnel is 10 cm, and
the thickness of the secondary lining is 35 cm. During the
construction of the tunnel, φ44mm bolts were used for
support, with a bolt depth of 2.5m and a spacing of 1.45m.

)e Mohr-Coulomb constitutive model was adopted for
the rock mass, while the elastic material model was adopted
for the concrete tunnel lining and the anchor rod. )e
material parameters are shown in Table 1.

In order to eliminate the influence of complicate initial
stress distribution, the initial stress of the rock in the nu-
merical model was simplified. )e initial stress of the
original rock was a geostatic field type, on which the set of
vertical initial stress was based. Both horizontal stresses were
proportional to the vertical stress, and the proportionality
factor is 0.5. )e ground water was not considered in the
simulation. )e rock mass was a uniform rock stratum
without consideration of tectonic activities in the rock. )e
parallel integrated contact was set between the different rock
layers. In the simulation, the tunnel excavation was a step-
by-step excavation. )e single excavation step completed
3m excavation forward.)e excavated rock and soil were set
as empty model. )e lining and anchor support structure
were established during the excavation.

2.3. Comparison with the Actual Monitoring Data. )e
tunnel crown settlements were monitored when the right
line tunnel was excavated to the points YK21 + 640m,
YK21 + 680m, YK21 + 700m, and YK21 + 720m during
construction. )e monitoring results were compared with
the results obtained by numerical simulation in order to
verify the numerical simulation in this paper. As shown in
Figure 2, the vertical ordinate indicates the amount of
settlement of the vault, and the abscissa ordinate indicates
the number of construction days from the excavation face. It
can be seen from Figure 2 that the settlement of the tunnel
vault from the 1st to 8th day developed faster, then it got
slowly in 8–15 days, and the final cumulative settlement was
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in the range of 8–14mm. )e development of settlement by
numerical simulation is similar to the monitoring settle-
ment, and the overall trend is relatively consistent. )e
average deviation between the maximum settlement simu-
lation result and the monitoring data is about 11%. Except
for accidental construction factors, the numerical simulation
result is reasonable and credible.

2.4. Comparison with the Analytical Solution. )e analytical
methods offer a rapid analysis of the stress and strain fields
and are practical for predicting the mechanical behaviors of
the tunnel and the surrounding rock. )e calculation model
of the shallow tunnels is more complicated than the deep
tunnels, which are so distant from the ground surface that
the stress boundary condition is equal to the initial stress

Table 1: )e material parameters of the tunnel numerical model.
Rock
Cohesion (kPa) Friction angle (°) Volumetric weight (kNm−3) Elastic modulus (GPa) Poisson’s ratio
900 45 26.5 6.5 0.20
Anchor
Stiffness of cement slurry per unit length (MPa) Elastic modulus (GPa) Cross-sectional area (mm2)
17.6 210 380

Initial lining Secondary lining
Elastic modulus (GPa) Poisson ratio Elastic modulus (GPa) Poisson ratio
10 0.2 10 0.2
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Figure 2: Comparison of numerical simulation and monitoring of tunnel vault settlement.

Figure 1: A numerical model for tunnel excavation simulation in FLAC3D.
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[17, 18]. As for the shallow double-tunnel, the elastic ana-
lytical solution can be obtained by the complex variable
method together with the Schwartz alternating method
[19, 20]. In the references [21, 22], the elastic region in the
z-plane was mapped conformally onto a circular ring in the
ζ-plane, bounded by the circles |ζ|� 1 and |ζ|� α, as shown
in Figure 3. )e conformal mapping transformation is

z � ω(ζ) � −ih
1 − z

2

1 + z
2
1 + ζ
1 − ζ

. (1)

By the ζ-plane, the complex variable solution for a
circular tunnel in an elastic half plane was obtained under
boundary conditions of the stress-free surface and the as-
sumed displacement around the tunnel. And then the effect
of the interaction between the two parallel tunnels was
calculated by the Schwarz alternating method on one tunnel
to another iteratively to satisfy the boundary conditions. )e
solution is limited to the tunnels with the circular cross
section. Few analytical methods were conducted for the
shallow double-tunnel with three-centered arch cross sec-
tion. What is more, this paper focuses on the effect of the
alignment of the spiral tunnel on the tunnel and sur-
rounding rock. )ree-dimensional elastic body with the
double uncircular holes brings about challenge to the an-
alytic solution. )erefore, this paper turns to the numerical
analysis. Conventionally, the stability of tunnel structures
can be analyzed with, e.g., finite element method and dis-
crete element method [23–26]. In the paper, Fu’s [21] an-
alytic solution of shallow double tunnels in two-dimensional
plane is used for a preliminary estimation and validation for
the numerical analysis in some degree. Figure 4 shows the
surface settlement curves by the analysis results by the 3D
numerical model in Section 2.2 and Fu’s 2D analytic solution
for shallow circular double-tunnel, respectively. )e two
curves are close to each other. By the numerical analysis, due
to the spiral tunnel alignment, the settlement of the left
tunnel side is larger than the right tunnel side, while the 2D
analytic solution is incapable of considering the effect of the
spiral alignment.

3. Influence of Curvature on Mechanical
Behaviors of Tunnels

3.1. Parametric Analysis of Numerical Experiments. In order
to systematically analyze the influence of the curvature
radius of the double-line spiral tunnel on the deformation
and stress of the tunnel and surrounding rock, seven models
with different curvature radii of tunnel alignment were set
for numerical simulations, as shown in Table 2.)e variation
range of curvature radius in the table was selected based on
the actual project, and 7 equal interval levels were deter-
mined to conduct parametric analysis.

)e quantitative analysis and qualitative evaluation of
the influence of the curvature radius on the tunnel con-
struction stability were comprehensively analyzed to obtain
the influence of the curvature radius on the unevenness of
the mechanical behavior of the double-line tunnel and the
overall surrounding rock. Four indicators were selected for

stability evaluation as1) compressive stress ratio of both
sides at cross section of a single spiral tunnel, (2) stress ratio
of the two tunnels at double-line, (3) tunnel cross section
convergence deformation, and (4) rock deformation on the
top of tunnels. Index 1 reflects the influence of curvature
radius on the stress asymmetry between the inner and outer
sides of the tunnel lining. Index 2 reflects the influence of
curvature radius on the stress asymmetry between the left
and right tunnel linings. Index 3 reflects the influence of
curvature radius on the deformation unevenness of tunnel.
Index 4 reflects the influence of curvature radius on the
deformation tendency of surrounding rock.

3.2. Influence on Stress Asymmetry of Tunnel Lining.
Figure 5 shows the minimum principal stress cloud diagram
of the tunnel lining when the curvature radius R of the center
line of the double-line spiral tunnel is 122m, 422m, and
722m.)e asymmetry of the internal and external stresses is
significant when R is 122m. )e asymmetry of the tunnel
stress is not obvious when R is 422m and 722m.

Figure 6 shows the maximum principal stress cloud
diagram of the tunnel lining when the curvature radius R is
122m, 422m, and 722m. When R is 122m, the tensile
stresses of the left and right tunnel arches at the beginning of
the excavation are significantly different. When R is 422m
and 722m, the difference in tensile stress between the left
and right tunnels is not obvious.

)e curve of stress ratio varying with curvature radius in
Figure 7 is to quantify the influence of the curvature radius
on the stress unevenness of the tunnel. As shown in
Figure 7(a), when R is 122m, the compressive stress ratio
between the inside and outside of the left tunnel lining is the
largest, reaching 1.38. As the curvature radius increases, the
ratio of the inner and outer compressive stresses of the left
line gradually decreases. When the curvature radius is
greater than 422m, the ratio approaches 1.1. )e com-
pressive stress inside the left tunnel is always greater than the
compressive stress outside. When R is 122m, the ratio of the
compressive stress between the inside and the outside of the
lining of the right line tunnel is the largest, reaching 1.09. At
this time, the compressive stress on the inside is greater than
the outside. As the curvature radius increases, the ratio of the
inner and outer compressive stresses on the right line
gradually decreases. When the curvature radius increases to
322m, the ratio is less than 1.0. At this time, the inner
compressive stress is less than the outer compressive stress,
and the final ratio approaches 0.95.

As for the double-line spiral tunnel, the tensile stress at
the vault of the inner (left) line tunnel is always greater than
that of the outer line tunnel. When R is 122m, the tensile
stress ratio of the inner and outer line lining is the largest,
reaching 1.14. As the curvature radius increases, the ratio
gradually decreases, as shown in Figure 7(b). It can be seen
that there is a significant difference in the unevenness and
distribution of the compressive stress on the inside and
outside of the left and right tunnels, which should be paid
attention to in the design and construction of the tunnel.
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Figure 5: Minimum principal stress of tunnels with different curvature radii (Pa).

y

h

x

Z - plane
z = x + iy

ζ - plane
ζ = ξ + iη

r
u0

α
θ

γ - region

η

ξ

ρ = 1

Figure 3: Conformal mapping from z-plane to ζ-plane [17].
Su

rfa
ce

 se
ttl

em
en

t (
m

m
)

Analytic solution
Numerical analysis

–10

–8

–6

–4

–2

0
–70 –50 –30 –10 10 30 50 70

Distance to the center of the double-tunnel (m)

Figure 4: Comparison between the numerical results and Fu’s analytic solution.

Table 2: Different curvature radius of the tunnel alignment for numerical simulations.

Model no. Curvature radius of left line-RL/m Curvature radius of right line RR/m Center line radius of two line-R/m
1 103 141 122
2 203 241 222
3 303 341 322
4 403 441 422
5 503 541 522
6 603 641 622
7 703 741 722
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3.3. Influence on the Unevenness of Tunnel Deformation.
)e small curvature radius of the tunnel causes the uneven
deformation of the cross section of the double-line spiral
tunnel. As shown in Figure 8, as the tunnel excavation depth
increases, the amount of convergence deformation of the
initial cross section gradually increases and tends to be
stable. Among them, the distance between the two points B
and C increases, and the distance between the two points A
and B and the distance between the two points A and C
decrease, indicating that the entire section is deformed by
transverse compression, and the vault A settles downward.
)e vault settlement of the double-line spiral tunnel with a
curvature radius of 122m is greater than that with a radius of
722m.

As shown in Figures 8(a) and 8(b), when R is 122m, the
AB convergence deformation is less than AC, indicating that
the convergence deformation on both sides of the tunnel
center line is uneven.)e entire cross section deformation is
compressed inward, and asymmetry is shown. It can be seen
from the figure that the asymmetry of the inner line (left
line) tunnel is greater than that of the outer line tunnel,
which is consistent with the distribution law of compressive
stress inside and outside the tunnel. As shown in Figure 8(c),
when R is 722m, the AB convergence deformation is slightly
smaller than AC but very close, indicating that the

convergence deformation unevenness on both sides of the
tunnel center line is not obvious.

3.4. Influence on Deformation of Surrounding Rock.
Figure 9 shows the vertical deformation cloud diagram of the
tunnel surrounding rock when the curvature radius R of the
center line of the double spiral tunnel is 122m and 722m,
respectively. It can be seen from the figure that the clear
distance between the left and right tunnels is greater than 2
times the diameter of the tunnel, so the mutual disturbance
caused by the construction of the double-line tunnel is weak.
At this time, two settlement grooves appear in the vertical
deformation curve of the surrounding rock.

It should be noted that when R is 122m, the deformation
of the surrounding rock of the left and right tunnels shows
an obvious asymmetry. Within the tunnel height range, the
amount and range of vertical deformation of the sur-
rounding rock of the inner tunnel are larger than those of the
outer tunnel. As for the area above the tunnel vault, the
vertical deformation range of the surrounding rock inside
the inner tunnel is smaller than that outside the outer tunnel.
Differently, when R is 722m, the vertical deformation of the
surrounding rock of the tunnel is a typical W-shaped
symmetrical trend, which is in line with the trend of the
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Figure 8: Convergent deformation curve of the tunnel cross section during construction.

Advances in Civil Engineering 7



deformation of the surrounding rock for the separated
double-line tunnel at straight-line alignment.

4. Conclusions

Based on the project of a double-line spiral tunnel in China’s
Yunnan province, a three-dimensional elastoplastic finite
difference model of rock-tunnel was established in FLAC3D.
Furthermore, by numerical simulation, the influence of the
curvature radius on the mechanical behaviors of the double-
line spiral tunnel during the construction process is studied.
)e following conclusions can be obtained:

(1) When the curvature radius of the double-line spiral
tunnel is small (about less than 200m), the stress
distribution of tunnels shows asymmetry. )e
compressive stress at the internal side is greater than
the external one. Compared with outside tunnel, the
asymmetry of inside tunnel is more significant. As
the curvature radius increases (approximately
greater than 400m), the compressive stress ratio of
the inside side to the outside side tends to be fixed.
)e smaller curvature radius results in the fact that
the tensile stress at the vault of the inner tunnel is
significantly larger than that of the outer tunnel.

(2) )e convergence deformation of the tunnel cross
section gradually increases and then tends to be
stable as the construction process. Transverse
compression deformation occurred on both cross
sections of the double-line tunnel, and point A at the
vault settled downward. It should be noted that when
the curvature radius of the spiral tunnel is small,
asymmetry occurs in the convergence deformation
on both sides of the tunnel center line. )e entire
cross section deformation is compressed inwards,
and the asymmetry of the inner tunnel is greater than
that of the outer tunnel. What is more, the small
curvature radius results in a large settlement at vault
of the tunnel.

(3) )e distance between the left and right tunnels is
greater than 2 times the diameter of the tunnel, so the
mutual disturbance of the construction of the
double-line tunnel is weak. Two settlement slots
appear in the vertical deformation curve of the
surrounding rock. When the curvature radius of the
double-line spiral tunnel is small (about less than
200m), the deformation of the surrounding rock of
the left and right tunnels is obviously asymmetric.
)e vertical deformation of the surrounding rock on
top of the inner line tunnel is greater than that of the
outer line tunnel. When the curvature radius is large,
the vertical deformation curve of the surrounding
rock is typical W-shaped symmetrical, which is
consistent with the trend of the deformation of the
surrounding rock of the separated double-line tunnel
at straight-line alignment.

)e influence of the curvature radius of the tunnel
alignment on the deformation and stress of the double-line

spiral tunnel and its surrounding rock provides a reference
for the construction stability control measures of the similar
double-line spiral tunnel.
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