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Abstract: The interaction mechanism between a two-lane shield tunnel and an existing tunnel during
oblique underpass is a matter of widespread concern in the engineering community, and knowledge
in this area remains crude. In the construction of subway tunnels in mountainous cities with huge
topographical fluctuations, internal forces and deformations are inevitable in existing tunnels. To
verify the applicability of existing shield construction technology and empirical parameters to the
Guiyang area, a systematic and refined numerical analysis was conducted on the shield passing under
the existing tunnel section of the Tao-Hua interval of Guiyang Metro Line 3. In this paper, the accuracy
of the numerical simulation is verified by comparing the calculated results with the data measured in
the field; the settlement pattern that appeared above the existing tunnel during the construction of
the shield with slurry hardening is analyzed; the internal forces, lateral deformation, and torsional
deformation of the existing tunnel caused during the excavation of the new tunnel are obtained based
on the numerical simulation results; finally, the effect of the old and new tunnels on the torsional
deformation and settlement of the existing tunnel under different spatial intersection angles is studied.
The results show that the internal forces, lateral deformation, and surface settlement of the existing
tunnel due to the diagonal underpass show obvious asymmetric characteristics. Additionally, the
existing tunnel experiences local irrecoverable torsional deformation, with the maximum torsional
deformation occurring at the intersection of the old and new tunnels, and the spatial intersection
angle of the old and new tunnels has a great influence on the maximum settlement of the tunnel vault
and arch bottom, which shows a negative correlation.

Keywords: double-lane shield tunnel; oblique passing under; lining torsional deformation; grouting
hardening; composite rock stratum

1. Introduction

With the increasing scarcity of land resources and the increasing congestion of traffic in
China, the development and utilization of underground space has become a contemporary
development trend, and the emergence of urban subways has greatly alleviated some traffic
congestion. However, due to the rapid expansion of China’s urban rail network, more
and more subways are being constructed above, below, and parallel to existing tunnels.
These new shield tunnels create secondary disturbances in the soil around the existing
tunnels, resulting in stress increments and deformations in the existing tunnels. Large
tunnel deformations can lead to the cracking of lining and track deformation and may
even pose a threat to the operational safety of trains and affect the normal operation of
existing tunnels. In the current golden period of urban underground space development,
the construction of underground works in the presence of existing tunnels is a practical
area that urgently requires research. Therefore, it is important to study the mechanical
behavior and deformation of existing tunnels during the shield tunneling process.
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Due to the rapid development of urban rail transportation, the construction of subway
tunnels will encounter a variety of engineering problems. Thus, the deformation of existing
tunnels caused by the construction of urban subway tunnels has been a hot topic of research
in recent years, with the internal forces and deformation of existing tunnels being predicted
using theoretical derivation formulas [1–6]. Alternatively, numerical simulation software
can be used to study the interaction effects between old and new tunnels in depth [7–12], or
model test approaches can be used for prediction [13–19] before comparing the final results
with the data measured in the field for analysis. Simultaneous grouting is an important
means used to control surface settlement in shield method construction. Minglun Yin [9]
studied the construction of an EPB shield using mid-shield grouting in the Meicun to
Shangmeilin tunnel of Shenzhen Metro Line 9 and found that timely mid-shield grouting
is an effective method by which to control the settlement caused by excavation gaps.
Hongpeng Lai [11] investigated the settlement characteristics of existing tunnels based
on monitoring data and finite difference method (FDM) numerical simulation and found
that the existing tunnel deformation caused by shield underpasses is mainly a vertical
settlement with some torsional deformation. C.W.W. Ng [12] investigated the effect of
a two-lane tunnel passing under an existing tunnel by varying the ratio of the existing
horseshoe tunnel width to the diameter of the new circular tunnel. While theoretical
analysis usually ignores the effect of ring joints, Dejun Liu [15] modified the longitudinal
deformation model of shield tunnels based on the Timoshenko beam theory and proposed
a homogeneous solid ring-spring numerical model that considers the treatment of ring
joints. In a study conducted by Junlong Yang [18], the deformation and internal forces
of closely overlapping shield tunnels were monitored and analyzed through a series of
physical model tests and numerical simulations. Huai-Na Wu [19] combined the TBSM
with the Vlasov basis model to develop a soil–tunnel interaction model and derived a
closed solution for shield tunnels using the Vlasov basis under arbitrary loads. Van Thien
Mai [20] analyzed different culverts using CANDE software and ABAQUS software; the
numerical simulation results were compared with the experimental results to determine
the accuracy of both software packages in assessing the remaining structural capacity
of damaged metal culverts. Tomasz Maleska [21] performed an anti-seismic analysis of
four different numerical models of soil–steel tunnels using the DIANA finite element
analysis software. The effect of different construction methods and different construction
sequences on existing structures was found to be significant. T. Boonyarak [22] investigated
the effect of construction sequence on the interaction of crossing tunnels by conducting
three-dimensional centrifuge tests. To study the general principles of the new Austrian
tunnelling method (NATM), Ebu Bekir Aygar [23] focused on the tunneling practices used
in the Bolu Tunnel, assessed the conditions under which the NATM could be effectively
implemented, and finally identified the types of ground to which the NATM principles
applied and suggested relevant updates. Nguyen Tai Tien [24] studied the effect of tunnel
shape on the internal forces in the lining of tunnels using the Hyperstatic Reaction Method
(HRM) and compared the internal forces derived from the HRM model with those derived
from the numerical model Plaxis2D. Numerous domestic and foreign research findings
have highlighted the problem of the disturbance caused by the diagonal underpassing
of old and new tunnels being more complex than vertical underpassing. We have only a
rough knowledge of the torsional deformation of existing tunnels, and existing studies have
failed to fully simulate the actual construction process used in shield tunnel construction
(e.g., the hardening process of the grouting layer and the jacking force of the shield lining
rings are not considered), and these factors will have an impact on calculation accuracy.
To reveal the mechanical response of an existing tunnel to being diagonally underpassed
by a shield tunnel in greater depth, many scholars have used the finite element method to
investigate the mechanism of interaction of the new tunnel with the surrounding rock and
the existing tunnel.

In view of the special geological environment of Guiyang City, Guizhou Province,
subway construction in this area must be carried out in rocky strata. The applicability of



Appl. Sci. 2022, 12, 5569 3 of 26

shield construction to the Guiyang area is the focus of the current study, as this technique is
being used here for the first time. There have been few studies on the mechanical response
of existing horseshoe tunnels to new tunnels under rocky strata, and an in-depth analysis of
the torsional deformation of horseshoe tunnels is another current research gap. Therefore,
based on this engineering background, this paper investigates the effects of the mechanical
response (e.g., internal forces and deformation) and ground properties (e.g., settlement)
of an existing horseshoe tunnel underpassed by a two-lane shield tunnel using a three-
dimensional numerical model that considers the characteristics of shield construction.

2. Project Summary
2.1. Engineering Background

The research project described in this paper focused on the intersection of Guiyang rail
line 3, Taohuazhai Station–Huaxi South Station, and the existing Yangliutang (YLT) Tunnel.
The YLT Tunnel, which was opened in 2017, is a horseshoe-shaped, single-hole, two-lane
tunnel with a line spacing of about 4.6 m and a burial depth of 7.6 m in the underpass
interval. As Figure 1 shows, the thickness of the initial lining of the YLT Tunnel is 0.25 m,
the thickness of the second lining is 0.5 m, the width of the tunnel is 12.96 m, the height
is 11.3 m, and the cross-sectional area is about 130 m2. As shown in Figure 2a, the angle
between the new shield tunnel and the existing tunnel is about 80◦. As shown in Figure 2b,
the minimum vertical distance between the new shield tunnel and the existing tunnel
is 9.92 m.
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Figure 1. Current status of the Yangliutang (YLT) Tunnel. Figure 1. Current status of the Yangliutang (YLT) Tunnel.

2.2. Engineering Geological Conditions

The proposed site had a dissolution-type mound peak valley landform. The topog-
raphy of the site slightly undulated from north to south in the vicinity of the near-axis
Qianling Mountain dissolution remnant mound at the north end of Guiyang oblique rise, lo-
cated in the north of Guiyang dissolution basin, with a ground elevation of 1119 m~1136 m
and high terrain in the middle.

The overall groundwater runoff in this area occurs from the northwest to the southeast,
mainly along the direction of the rock formation, with discharge occurring to the south
along the tributaries. Since the mechanism of groundwater action in tunnels is overly
complex, ignoring the effect of groundwater on tunnels has only a limited impact on the
final results; therefore, most of the studies disregard the effect of groundwater, and hence
the effect of groundwater is also ignored in this study.
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Figure 2b shows the geological profile of the proposed tunnel. The uppermost layer is
a fill layer that is mainly composed of crushed stones. Below the fill, there is a medium
weathering dolomite layer local phase that becomes dolomitic tuff and muddy dolomite.
The rock joints are more developed here and overall more broken, while the basic quality
level of the rock mass is IV. Beneath the medium-weathering dolomite, there is a layer of
medium weathering argilliferous dolomite with a high mud content. The local phase is
dolomite, the surface of the rock body occasionally shows honeycomb-like solution holes,
the rock body is fairly broken, the core is short columnar, there is local fragmentation, and
the surrounding rock grade is IV. Further down, there is a medium weathered dolomite
layer. Table 1 shows the physical and mechanical properties of the uppermost to lowermost
geotechnical layers. Half of the new shield tunnel is located in the medium-weathering
mud dolomite layer, and half is located in the medium-weathering dolomite layer, while
the existing YLT Tunnel is located in the medium-weathering dolomite layer.

Table 1. Calculation parameters of the soil layer.

Stratum Depth (m) γ

(kN/m3) E (GPa) µ c (kPa) ϕ (◦)

Fill 1.3 18.5 0.005 0.33 8 17
Medium weathering

dolomite 22.0 27.4 1.8 0.20 520 18

Medium weathering
argilliferous dolomite 9.0 27.4 2.0 0.22 600 23

Medium weathering
dolomite - 27.4 1.8 0.20 520 18

Note: γ = stratum unit weight; E = elastic modulus; µ = Poisson’s ratio; c = cohesion; ϕ = angle of internal friction.

3. Three-Dimensional Numerical Model
3.1. Finite Element Calculation Model

The 3D geological model used in this paper was developed using Midas GTS software.
In order to fully simulate the three-dimensional spatial effect of the tunnel, the dimensions
used in the calculation model were generally larger than 3~5 times the excavation diameter:
the length (X direction) × width (Y direction) × height (Z direction) of the finite element
model were 120.0 m ×100.0 m × 75.0 m. The proposed interval of the South Huaxi Station
of Taohua Station was located on Qingxi Road, Huaxi District, Guiyang City, while the
east side of the interval was a test planting shed and the project site of Southwest Ring
Road. The west side was mainly a retaining wall, and both sides were relatively open,
meaning that the upper surface was free and without constraints. Due to the extrusion of
the surrounding geotechnical body, the horizontal displacement around the model was
restricted, meaning that the constraints around the model were horizontal constraints. The
vertical and horizontal displacements of the model bottom surface were restricted and
were fixed constraints. The boundary conditions of the model are shown in Figure 3a.
The spatial location of the newly constructed shield double-line tunnel under the existing
Yangliutang tunnel is shown in Figure 3b.

3.2. Finite Element Calculation Parameters

The mechanical properties of the fill and dolomite were both simulated in this paper
using the Mohr–Coulomb constitutive model (considering the rock tensile strength). The
physical and mechanical properties of the surrounding rock and lining materials were
selected based on the results of indoor tests and in situ tests, with reference to the national
standard “Engineering Rock Classification Standard” (GB50218-94) and the experience of
Guiyang metro construction. Table 1 shows the determined parameters.
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(b) spatial location model of old and new tunnels.

The tunnel shield machine selection method used for this section of the project utilized
a composite EPB shield (as illustrated in Figure 4), where the cutter opening rate was 38%,
the outer diameter of the lining was 6.20 m, the inner diameter was 5.50 m, the thickness
of the lining was 0.35 m, and the ring width was 1.50 m. The lining was divided into
6 blocks, where there was 1 block of capping block (F) + 2 blocks of neighboring blocks
(L1, L2) + 3 standard blocks (B1, B2, B3). We used a universal wedge ring and staggered
joint assembly, and the rings were connected by bolts. The major construction parameters
of the shield machine are listed in Table 2, and the lining ring division and reinforcement
are shown in Figure 5. Both the lining and the EPB shield were isotropic elastic materials.
Both the lining and the EPB shield shell were isotropic elastic materials and had elastic
moduli of 40 GPa and 207 GPa, respectively. The moduli of elasticity of the lining and the
EPB shield shell were 40 GPa and 207 GPa, and their corresponding Poisson’s ratios were
0.20 and 0.29, respectively. Table 3 shows the material parameters of the existing tunnel
and shield construction.
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Table 2. Geometric and technical parameters of the shield.

Shield Type

Physical Diameter Dynamical System
Shield Cutter
Opening RateExcavation

Diameter (m)
Lining

Out-Diameter (m)

Lining Inner-
Diameter

(m)

Shield
Thickness (m)

Lining Width
(m)

Rated Torque
(kN.m)

Normal
Thrust

(kN/m2)

CTE6450 6.48 6.20 5.50 0.35 1.50 6000 100 38%
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Table 3. Shield construction material parameters.

Material Type γ (kN/m3) E (GPa) µ

Secondary lining
(C25) 25.00 30.00 0.20

Shield lining (C50) 25.00 40.00 0.20
Grouting layer
(unhardened) 23.00 0.08 0.28

Grouting layer 23.00 0.20 0.25
Bolt (M30) 7850.00 206.00 0.31
Shield shell 7850.00 207.00 0.29

Note: The parameters in the table are the same as those above.

3.3. Numerical Simulation Process

The specific process of numerical simulation can be divided into two stages: (1) excava-
tion of the existing tunnel and (2) the shield tunnel underpassing the existing tunnel. Since
this paper focuses on the second stage and does not consider the influence of the existing
tunnel excavation process, the soil and structure displacements were removed after the
excavation of the existing tunnel, and the application of the second lining was completed.

In the second stage, a detailed simulation of the shield excavation process was carried
out assuming that the shield was a step-by-step leap forward, and in order to save calcula-
tion time, each excavation mileage used two-tube sheet ring widths (the lining ring width
was taken as 2.0 m, and a total of 30 excavation steps were used), which can better reflect the
non-linear mechanical properties of the soil. Thus, the Mohr–Coulomb constitutive model
was selected for the soil and grouting materials, and the lining, shield shell, and existing



Appl. Sci. 2022, 12, 5569 8 of 26

elastic structure models were adopted for the tunnel second lining. The construction steps
of the numerical simulation were as follows:

1. Excavation process: A ring with a large stiffness and high weight shell unit was
extracted at the top of the excavation surface to simulate the shield shell bearing the
surrounding soil load caused by the shield excavation and the reaction force of the
shield shell on the soil. The digging pressure was set to 0.10 MPa according to the
actual construction process (as shown in Figure 6a).

2. Lining ring assembly process: The elastic shell element structure was extracted under
the use of the shield shell, and the simulated segment was subjected to the extrusion
load of the surrounding rock. The lining ring was assembled using the staggered seam
assembly method, and the lining ring bolt adopted a rigid connection simulation. By
setting the jacking force to simulate the actual lining construction process, the jacking
force perpendicular to the uniform pressure on the cross-section of the lining had a
value of 0.10 MPa (according to the value of the field monitoring data) (as shown
in Figure 6b,d).

3. Synchronized grouting process: The grouting process was simulated by changing the
grid boundary conditions and applying the grouting pressure, which is a uniform
pressure of 0.20 MPa (taken according to the measured data in the field) perpendicular
to the surface of the tube sheet ring and outward (as shown in Figure 6c).
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During the numerical simulation, part of the soil in front of the working face was
inactivated to simulate the shield machine segmental excavation process. The shell units
extracted at the top of the excavation face were then activated to simulate the supporting
action of the shield shell. In the next excavation stage, the shield shell unit was inactivated
to simulate the shield advance process, while the elastic shell unit and solid ring unit
were activated in the excavated soil to simulate the lining ring assembly and grouting
process, while the grouting pressure, boring pressure, and jacking force were activated in
the corresponding area.

3.4. Analysis of Numerical Simulation Results

Figure 7 shows the numerical simulation values calculated for the settlement after
excavation of Metro Line 3 for the left line tunnel (LT) and right line tunnel (RT), which
were compared and analyzed with the actual measured values in the field. As can be seen
from Figure 7a, after the RT excavation was completed, a settlement trough with a width
of about 45 m was formed on the ground surface above the existing tunnel axis. After the
LT excavation was completed, the settlement trough became wider and deeper, and the
maximum settlement value was located at the center line of the new two-lane tunnel. As
can be seen in the figure, the settlement data measured on site were significantly larger
than the calculated values, which is due to the fact that the existing tunnel was not only
affected by the new tunnel excavation during the shield excavation but also by complex
ground loads, such as construction loads and vehicle loads. It is obvious from Figure 7b that
the settlement fitting curve fits the measured values more closely because the hardening
process of the grouting layer was considered and the actual field construction conditions
were simulated, making the calculated values more accurate. In addition, to further verify
the accuracy of the numerical simulation, the measured and calculated values of the existing
tunnel vault settlements during the excavation of the left and right lines were compared
(as shown in Figure 8a,b). The graph shows that the excavation process of the new tunnel
causes the measured values of the existing tunnel vault settlement to fluctuate widely,
which is due to the complexity of the ground load and the unstable parameters used for the
shield machine. Comparatively, the settlement of the existing tunnel vault during the left
line shield tunneling after the completion of LT excavation is significantly larger than that
of RT, which is due to the secondary disturbance of the surrounding rock during the LT
excavation. Figure 8c,d shows the settlement of the vault considering the slurry hardening
process, from which it is obvious that it was closer to the measured values of field data than
Figure 8a,b, which further illustrates the importance of the slurry hardening process to the
accuracy of the numerical simulation. In a comprehensive comparison, the calculated and
measured values of the vault settlement of the existing tunnel were in good agreement and
were within the settlement control requirements (<10 mm); thus, the numerical simulation
results in this paper are reliable.
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Figure 7. Comparison of calculated and measured values of surface settlement after RT (right line
tunnel) and LT (left line tunnel) excavation: (a) no consideration of slurry hardening; (b) consideration
of slurry hardening.
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Figure 8. Line 3 excavation of the existing tunnel vault settlement calculated values compared with
measured values: (a) RT excavation process; (b) RT excavation process (considering slurry hardening);
(c) LT excavation process; (d) LT excavation process (considering slurry hardening).

4. Ground Response Due to Shield Construction
4.1. Surface Settlement

Figure 9 shows the progressive development of the ground settlement through above
the central axis of the existing tunnel during the excavation of the shield tunnel. In Figure 9,
L is the horizontal distance from the working face of the shield tunnel to the axis of the
existing tunnel. With the excavation of the shield tunnel, the maximum settlement did not
occur directly above the axis of the RT, but rather to the right of the axis. This was caused
by the shield tunnel excavation occurring at an angle of about 80◦ with the existing tunnel
(as shown in Figure 2), and the soil on the right side of the existing tunnel was disturbed
first by the shield tunnel excavation. With the continuous advancement of the shield in
the right line, the maximum settlement value gradually moved to the RT center line. After
the RT excavation was completed, the settlement curve was observed to be symmetrical
to the RT axis. As the left shield tunnel was excavated, the maximum settlement point
gradually moved from directly above the RT axis to directly above the center axis of the
two-lane tunnel.
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Figure 9. Ground settlement above the existing tunnel axis is caused by tunnel excavation.

4.2. Surface Settlement (Considering the Slurry Hardening Process)

Figure 10 shows the progressive development of the ground settlement trough above
the central axis of the existing tunnel during the excavation of the shield tunnel (considering
the slurry hardening process). It is obvious from Figure 10 that the surface settlement curve
considering the shield grouting process is not as smooth as that in Figure 9 because of the
large difference between the unhardened and hardened strength of the grouted layer; thus,
it exhibits large numerical fluctuations. During the RT excavation, the difference in surface
settlement near the LT and RT axes is large, and with the completion of the shield underpass,
the difference decreases, and the settlement curve changes to a smooth curve. As the LT
tunnel is excavated, the settlement pattern becomes similar to that of the RT excavation,
except that only the settlement near the LT axis shows this pattern, which is because the
grout layer between the RT lining and the surrounding rock has been completely hardened,
meaning that the LT excavation produces less disturbance in the RT. The growth rate of
the surface settlement after considering grout hardening is approximately 10%, according
to Figure 10. In summary, the surface settlement law is roughly similar to that discussed
in Section 4.1.
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Figure 10. Ground settlement above the existing tunnel axis caused by tunnel excavation (considering
the slurry hardening process).
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5. Deformation Characteristics of Existing Tunnels
5.1. Transverse Deformation

Figure 11 shows the lateral deformation of different sections (sections 1-1 to 5-5, loca-
tions shown in Figure 3b) during the LT excavation after the RT excavation was completed
(displacement zeroing). The horizontal distance between each two sections was 9 m. Sec-
tions 2-2 and 4-4 were located directly above the LT and RT axes, respectively. After RT
excavation, it was observed that the existing tunnel lining of sections 1-1, 3-3, and 4-4 de-
formed to an inclined horseshoe shape, with the lining of section 1-1 inclining to the left and
the lining of sections 3-3 and 4-4 inclining to the right. The deformation of section 2-2 lining
showed a vertical stretching horseshoe shape, while that of section 5-5 shows a horizontal
stretching horseshoe shape. After RT excavation, it was observed that the existing tunnel
linings of sections 1-1, 3-3, and 4-4 were deformed into an inclined horseshoe shape, with
the lining of section 1-1 inclining to the left and the lining of sections 3-3 and 4-4 inclining
to the right. The lining section of 2-2 was deformed into a vertically stretched horseshoe
shape, and the 5-5 section lining became a horizontally stretched horseshoe shape.
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Note: L1 represents the horizontal distance of the shield palm face from the existing tunnel axis
during the RT excavation, L2 represents the horizontal distance of the shield palm face from the
existing tunnel axis during the LT excavation after the RT excavation is completed (as shown in
Figures 9 and 10).

As the shield machine progressed, the transversal deformation of the existing tunnel
lining in these five sections first gradually increased and then gradually converged to its
original shape. When the shield tunnel face was −20.5 m from the existing tunnel axis,
the lining deformation of sections 4-4 and 5-5 became larger, and the lining deformation
of section 5-5 was slightly larger than that of section 4-4, while the lining of section 3-3
was also slightly deformed. When the shield tunnel face was −4.5 m and −0.5 m away
from the existing tunnel axis, the lining deformation of sections 4-4 and 5-5 was relatively
obvious because the new shield tunnel was constructed with an 80◦ oblique underpass
with the existing tunnel (as shown in Figure 1); thus, the lining of section 5-5 was first
disturbed by the shield during the shield underpass, followed by section 4-4 and finally
section 3-3. In the process of RT excavation, the cross-section lining of sections 1-1 and 2-2
was slightly deformed, and the cross-sections of sections 3-3, 4-4, and 5-5 first showed a
transverse stretching horseshoe shape, after which the cross-sections inclined to the right.
The deformation behavior of the cross-sections of 4-4 and 5-5 was similar to the combined
2-2 and 3-3 cross-section deformations of sections 2-2 and 3-3. Finally, it is worth noting
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that after the shield tunnel penetrated the existing tunnel, the lining of the three sections
gradually changed back to its original shape, while the lining of sections 1-1 and 5-5 tilted to
the left and right, respectively, because the shield tunnel was able to carry out the assembly
support of lining rings and synchronized grouting.

5.2. Transverse Internal Force

The bending moments and axial forces in the five profiles of the existing tunnel after
the excavation of the shield tunnel LT and RT are shown in Figure 12. This paper stipulates
that if the lining external edge bending moment for the tensile state and the internal edge
of the compression state for the positive bending moment show an otherwise negative
bending moment, the axial force tension is positive and pressure is negative.

After the RT excavation, the axial forces and bending moments corresponding to each
cross-section changed due to the transverse deformation produced. The positive bending
moment values generated at the left and right arch foot of section 2-2 were larger, the
maximum variation value at the right arch foot was 5.4209 kN.m/m, and the negative
bending moment values generated at the edge of the inverted arches of section 2-2 and
section 4-4 were larger. It is noteworthy that only the negative bending moment at the edge
of the inverted arch of section 2-2 was significantly reduced (maximum change value was
5.5903 kN.m/m). At the same time, the axial forces increase in a certain area of each section;
for example, the axial forces increase in section 1-1 at the bottom of the arch, at the left arch
foot, and at the right side of the arch top; in section 2-2, the axial forces increase only at the
top of the arch and at the left and right sides of the arch top. In section 3-3, the axial forces
increase at the left side of the arch and at the top of the arch. In sections 4-4 and 5-5, the axial
forces increase in all the parts except the bottom of the arch. As can be seen in Figure 12,
the inconsistency of the stress variation pattern between section 1-1 and section 3-3 is due
to the asymmetry of the existing tunnel stress release due to the oblique underpass of
the shield tunnel. After the completion of the RT underpass, the axial pressure increases
significantly at the top of the arch (that in section 2-2 increases up to 8.23%), and the axial
pressure decreases significantly at the bottom of the arch (that in section 2-2 decreases up
to 85.37%). Since sections 4-4 and 5-5 are outside the shield tunneling influence zone, their
axial forces change slightly after the completion of the shield left line underpass.

After LT excavation was completed, sections 3-3 and 5-5 also showed the same in-
consistent characteristics in their internal force change patterns. The lining internal force
change laws of cross sections 3-3, 4-4, and 5-5 were similar to those of cross sections 1-1,
2-2, and 3-3 after RT excavation, respectively. However, because of the larger volume loss
caused by the LT excavation, the lining internal force change values of sections 3-3, 4-4, and
5-5 were larger than those of sections 1-1, 2-2, and 3-3 before the LT excavation in the case
of double-line penetration.

The internal forces in the five sections of the existing tunnel during the shield tunnel
underpass are shown in Figure 13 (all internal forces in all sections are taken as absolute
values), from which it is obvious that the internal forces in each section are located within
the broken ring envelope (maximum axial force is 0.95 MN/m, maximum bending moment
is 0.028 MN.m/m), which indicates that although the shield tunnel allows the existing
tunnel to generate large bending moments and axial forces during the construction process,
the existing tunnel lining does not break the ring (i.e., the tunnel lining cracks), meaning
that the existing tunnel lining structure is in a safe state.
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Figure 13. Bending moment and axial forces envelope of each section.

5.3. Torsional Deformation

Figure 14 shows the local deformation of the existing tunnel after the completion of the
shield double-line tunnel construction. It is clear from this that the shield tunnel passing
under the existing tunnel will cause not only the longitudinal and transverse deformation
of the existing tunnel but also the torsional deformation of the existing tunnel. It is evident
from the figure that torsional deformation after LT excavation is greater than that after
RT excavation.
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To explore the torsional deformation properties of the existing tunnel, four points
(A1, A2, A3, A4) located at the arch top, arch foot, and arch bottom of the existing tunnel
were selected as reference points. Figure 15 shows the rotation of the different sections
of the existing tunnel, as the LT and RT were excavated. After the completion of the RT
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excavation (as shown in Figure 15a), section 2-2 basically did not rotate, reference point
A1 of section 1-1 moved slightly down to the left, and reference point A3 shifted slightly
down to the right, which indicated that section 1-1 rotated counterclockwise. At the same
time, reference point A1 in section 3-3 was displaced down to the right, while reference
point A3 was displaced down to the left, which indicated that section 3-3 rotated clockwise.
As the rotation directions of sections 1-1 and 3-3 were different, torsional deformation of
the existing tunnel occurred. Following the completion of the LT excavation (as shown
in Figure 15b), section 3-3 underwent counterclockwise rotation, section 5-5 underwent
clockwise rotation, and section 4-4 showed basically no rotation.
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To further understand the torsional deformation of the existing tunnel, this paper
refers to the tunnel torsion angle equation proposed by Xing-Tao Lin [8]:

ω = tan α =
uy1 − uy2

H
(1)

where ω is the rotation index; α is the rotation angle of the existing tunnel; uy1 is the
horizontal displacement at the top of the arch; uy2 is the horizontal displacement at the
bottom of the arch (as shown in Figure 16); and H is the height of the existing tunnel, which
in this paper is 11.3 m.
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The longitudinal distribution of the rotation index ω after RT and LT excavation is
shown in Figure 17; among them, when ω is clockwise rotation is positive, ω is counter-
clockwise rotation is negative. As seen in Figure 17, the RT excavation resulted in clockwise
rotation of the existing tunnel lining near the top left of the RT, counterclockwise rotation
near the top right, and slight clockwise rotation above the axis. On the left side of RT, the
rotation indexω decreases as the distance from RT increases, and the minimum value is
located around x = −17 m. On the right side of RT, the rotation index ω increases as the
distance from RT increases, and the maximum value is located around x = 1 m. After LT
excavation, the longitudinal distribution of the rotation index ω is similar to that of RT
after excavation, but relatively large clockwise rotation occurs above the RT axis, and both
the maximum value (located around x = 15 m) and the minimum value (located around
x = −14 m) of the rotation indexω tend to move toward the right and are roughly symmet-
rical along the center line of the two-lane tunnel. The existing tunnel rotation caused by the
LT excavation is greater than that caused by the RT excavation. For this paper, the rotation
range of the existing tunnel caused by the shield underpass is −0.70 × 10−6~1.80 × 10−6.
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Figure 17. Longitudinal rotation index distribution of the existing tunnel.

For the shield oblique underpassing the existing tunnel, the deformation mode of the
existing tunnel is not only limited to shear and bending deformation but will also include
local torsional deformation. If various reinforcement measures are not taken in advance,
the existing tunnel may experience large torsional deformation, which will lead to lining
cracking, causing groundwater leakage, sidewall deformation, ballastless track fastener
shear damage, and ballastless track bed and back arch separation, and which may even
affect the normal operation of the existing tunnel. Many researchers have conducted a huge
amount of work on the shear and bending deformation of tunnels, with many conclusions
being reached, but little attention has been paid to the local torsional deformation of
tunnels. When the spatial location of the existing tunnel and the new tunnel involves
oblique intersections, the designers and constructors must consider not only the shear and
bending deformation of the existing tunnel but also its torsional deformation.

6. Effect of Spatial Intersection Angle between New and Existing Tunnels

To study the influence of the spatial intersection angle of the old and new tunnels on
the existing tunnel, a simplified calculation model with different spatial intersection angles
is established in this paper, as shown in Figure 18. The size of this numerical simulation
model has dimensions of 120 m (length) × 100 m (width) × 75 m (height). The burial depth
of the shield tunnel is the same as the actual working conditions. The parameters of the
stratum shown in Table 2 are used in this model. The numerical simulation procedure
in this section is the same as that in Section 2, except that the spatial intersection angle is
different. The values of the spatial intersection angle range from 0◦ to 90◦.
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Figure 18. Numerical simulation model diagram.

6.1. Existing Tunnel Settlement

Figure 19 shows the settlement of the existing tunnel vault and arch bottom at different
spatial intersection angles. From Figure 19a, it is evident that with the increase in the spatial
intersection angle β, the maximum change in the settlement value of the vault position of
the existing tunnel is 2.06 mm, with an increase ratio of about 341.4%. This indicates that
the settlement of the existing tunnel vault, due to the excavation of the new shield tunnel,
is greatly influenced by the spatial intersection angle β. As seen in Figure 19b, as the spatial
intersection angle β increases from 0◦ to 90◦, the minimum settlement at the bottom of the
existing tunnel arch appears at β = 90◦, while the maximum settlement is located at β = 0◦.
The maximum change in settlement at the bottom of the arch is 2.44 mm, with an increase
ratio of about 317.5%. To sum up, the spatial intersection angle β has a great influence on
the settlement at the bottom of the existing tunnel arch and at the top of the arch.
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Figure 19. Settlement in an existing tunnel at different spatial intersection angles: (a) vault;
(b) arch bottom.

Figure 20 shows the maximum settlement and height change rates of the existing
tunnel at different spatial intersection angles. From the figure, it is clear that, as the spatial
intersection angle β increases, the maximum settlement at the vault and arch bottom of
the existing tunnel also goes through four stages: rapid decrease (0◦~15◦), slow decrease
(15◦~30◦), steady (30◦~75◦) and slow decrease (75◦~90◦). Since the change in the maximum
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settlement at the bottom of the arch is consistent with the pattern of change at the top
of the arch, the rate of change in the height of the existing tunnel also goes through the
same four stages. For a more convenient subsequent presentation, the different spatial
intersection angles can be divided into four phases: Phase 1 (0◦~15◦), Phase 2 (15◦~30◦),
Phase 3 (30◦~75◦), and Phase 4 (75◦~90◦).
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Figure 20. Maximum settlement and height change rate of the existing tunnel under different spatial
intersection angles.

Figure 21 shows the maximum settlement increment ratio at the bottom of the existing
tunnel arch under different shield construction stages, where S1 represents RT construction
to half, S2 represents RT penetration, S3 represents LT construction to half with RT penetra-
tion, and S4 represents double penetration. The settlement increment ratio N is shown in
the following equation:

N =
Smaxβ − Smax90◦

Smax90◦
(2)

where Smaxβ represents the maximum settlement at the bottom of the existing tunnel arch
at any spatial intersection angle, and Smax90◦ represents the maximum settlement at the
bottom of the existing tunnel arch at spatial intersection angle β = 90◦. The incremental
settlement ratio N increases from 46.29% to 73.66% from shield construction phases S1 to S2,
as shown in Figure 21, which indicates that the greater the volume loss induced by the
shield tunnel excavation, the greater the impact of the spatial intersection angle on the
maximum settlement at the bottom of the existing tunnel is. It is worth noting that as the
shield construction phase progresses, the trend of the different phases in this process is the
same as the trend of the rate of change in height shown in Figure 20. When the construction
phase moves from S2 to S3, the secondary disturbance of the existing tunnel soil due to
the shield construction will cause the maximum settlement increment ratio to increase
cumulatively from 69.36% to 272.52%. The conclusion that can be drawn from Figure 21
is that the volume loss rate increases along with the shield construction stage, with the
largest change in the settlement increment ratio from 10.96% to 335.69% occurring at stage 1
(0◦ to 15◦).
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Figure 21. Maximum settlement increment ratio of the existing tunnel under different construc-
tion stages.

6.2. Torsional Deformation of Existing Tunnels

Figure 22 shows the distribution of the rotation index of existing tunnels that have
different angles of spatial intersection with the new shield tunnels. It is obvious from the
figure that, when the spatial intersection angles are 30◦, 45◦, 60◦, 75◦, and 90◦, the rotation
indexω of the existing tunnels varies less than 0.1 × 10−5 and its value is relatively small.
When the spatial intersection angle changes from 0◦ to 30◦, the maximum value of the
existing tunnel rotation indexω (absolute value) decreases from 1.65 × 10−5 to 0.35 × 10−5

and then increases to 1.13 × 10−5. When the spatial intersection angle β = 0◦, the rotation
indexω is the maximum and its influence range is the largest, which means that at this time
the existing tunnel lining is subject to torsional action and experiences the largest shear
force. In addition, due to the irregularity of the horseshoe tunnel section, the deformation
of the existing tunnel lining is greatest when the spatial intersection angle β = 0◦.
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Figure 22. Longitudinal rotation index of the existing tunnel with different spatial intersection angles.

7. Conclusions and Discussion

This article investigates the interaction effects of double-lane shield tunnels obliquely
passing under existing tunnels. Numerical simulation calculations are undertaken for
comparison with the measured data for analysis and research. The results of this study
show that the internal forces and displacements generated in the existing tunnel during
the shield underpass are within a safe range, and the ground settlement also meets the
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construction settlement control requirements (<10 mm), thus confirming the applicability
of the shield method in the Guiyang area and providing a reference for similar projects
in the future. Further analysis conducted using numerical simulation software led to the
following conclusions:

• After the completion of the RT excavation in Line 3, a settlement trough with a width
of about 45 m was formed on the ground surface above the existing tunnel axis. When
the excavation of Line 3 LT was completed, the settlement trough became wider and
deeper, with the maximum settlement value occurring along the center line of the new
two-lane tunnel. Figure 7 shows that the value of the settlement data measured in the
field is significantly larger than the calculated value. Furthermore, considering the
hardening process of grouting will cause the calculated results to more closely match
the values measured in the field.

• During this period of LT excavation after the completion of RT excavation, the maxi-
mum settlement point above the existing tunnel gradually moved first from the right
side above the RT to directly above the RT center line and finally to directly above the
center axis of the two-lane tunnel. Additionally, the surface settlement curve obtained
considering the grout hardening process was not as smooth as the curve obtained
when this process was not considered.

• Changes in the pressure of the surrounding rock acting on the tunnel will lead to
changes in the deformation of the tunnel and its corresponding internal forces (axial
forces and bending moments). The lateral deformation of the existing tunnel during
RT and LT excavation showed the same pattern, and the RT excavation caused the
lateral deformation of the existing tunnel to be larger. When the new two-lane tunnel
passed through the existing tunnel, the three sections of the existing tunnel lining
gradually changed back to their original shape. Only two sections of the lining were
tilted to the left and right side of the deformation, and the internal forces of the existing
tunnel were in the envelope, meaning that the existing tunnel will not experience large
torsional deformation.

• In contrast to vertical underpasses, double-lane shield tunneling that obliquely un-
derpasses existing tunnels will cause the irrecoverable local torsional deformation
of the existing tunnels. The distribution pattern of the existing tunnel rotation index
ω was similar for RT and LT after excavation completion, and the existing tunnel
rotation caused by LT excavation was larger than that caused by RT excavation. The
rotation range of the existing tunnel caused by the shield underpass in this paper was
−0.70 × 10−6 ~ 1.80 × 10−6.

• The settlement of the existing tunnel vault and arch bottom caused by the excavation
of the new shield tunnel was greatly influenced by the spatial intersection angle β.
As the spatial intersection angle β increased from 0◦ to 90◦, the minimum settlement
of the existing tunnel vault and arch bottom appeared at β = 90◦; the maximum
settlement occurred at β = 0◦; and the maximum change in settlement at the vault and
arch bottom positions was 2.06 mm and 2.44 mm, respectively, showing increase ratios
of about 341.4% and 317.5%. When the spatial intersection angle β = 0◦, the influence
range and value of the rotation indexω of the existing tunnel were the largest.

In a comprehensive comparison, we found that shield tunneling in rocky strata has
a greater impact on existing tunnels than boring in soft ground does [25–31]; thus, the
torsion of the existing tunnel [11] will also be relatively smaller [4]. Simultaneous grouting
in shield construction [32–47] is a key measure used to control settlement, and the use of
reasonable construction methods will lead to a smaller impact on existing tunnels. In this
study, only the effect of unloading excavation on existing tunnels was studied; the effect
of shield underpassing on existing railroad tunnels under dynamic train loads was not
studied, nor was the friction that occurs between the shield shell and the surrounding
rock. Since the in-depth analysis of the shield tunnel response was based on the use of
finite element software, the results of the finite element software were only approximate
numerical solutions rather than theoretical solutions, and their accuracy was affected by the
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calculation parameters, the grid density, and the boundary conditions, which have certain
limitations. Therefore, the reliability of finite element software analysis is a topic that needs
further analysis and comparison.
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