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Abstract: To investigate the mechanical characteristics of shield tunnels when openings are made
for the construction of cross passages, a series of centrifugal model tests were conducted. The
segmental features of the shield tunnel were simulated in the tests, and the influence of different
types of openings, namely, rectangular opening, small circular opening, and big circular opening was
compared. External earth pressures, structural deformations, dislocations, and structural stresses
were monitored during the tests, while the influence of different buried depths was also investigated.
The results show that (1) soil arching effect occurred in the overlying soil due to the deformation
of the tunnel, and the earth pressure reduction coefficients can guide the tunnel structural design;
(2) vertical deformations of the main tunnel and the dislocations between adjacent rings increased
with the opening sizes significantly; (3) significant stress concentration occurred close to the openings,
and the compressive stress at the inner surface may even exceed the limit strength of the concrete.
In summary, the adverse responses of the tunnel increased with the increase of the buried depth
and the opening size. Targeted measures should be taken, such as temporary support, longitudinal
connections, and high-strength materials near the openings.

Keywords: centrifugal model test; shield tunnel; cross passage; opening type; structural response

1. Introduction

Cross passages, as the important auxiliary structures linking the double-line tunnels,
play a vital role in the accident evacuation, fire rescue, operating ventilation, and other
functions in tunnels [1–5]. However, when lateral openings are broken out on shield tunnels
to construct cross passages, the stress and deformation characteristics of the structure will
become complicated, due to the flexible features of shield tunnels. The shapes of the
openings may be different, such as rectangle [6–9] or circle [10–12]. The sizes of the
rectangular openings mentioned are 1.2 m (width) [6], 2.3 m × 2.3 m (width × height) [7],
1.2 m–6 m× 1.9 m (width× height) [8], and 2.1 m× 2.1 m (width× height) [9], respectively.
The diameters of the circular openings mentioned are 6.2 m [10], 3.6 m [11], and 3.3 m [12],
respectively. Due to the different sizes of the openings, the number of the lining rings
involved by the openings varied from two to five rings in the corresponding projects.
However, there are few systematic studies on the influence of different types of openings
on the shield tunnels.

The research methods to investigate the mechanical characteristics, e.g., stress state,
deformation pattern of shield tunnels include theoretical analysis [13–15], numerical simu-
lations [1,2,16,17], field monitoring [2–5], and model tests [18–21]. The combination of the
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cross passages and main tunnels is a complex three-dimensional structure, which is unreal-
istic to utilize classical theoretical methods such as beam-spring models or homogeneous
ring models to perform analysis.

Numerical methods will play a significant role in investigating this issue. Spyridis
and Bergmeister (2015) [16] investigated the structural response of a tunnel when a lateral
opening is formed on it, using two-dimensional and three-dimensional finite element
analysis. Three-dimensional models were established to investigate the structural behavior
of the tunnel openings, and the results showed that a lintel effectively transfers the load
above the opening to the adjacent lining rings [8]. Tan et al. (2020) [17] established three-
dimensional discontinuous contact numerical tunnel models, including segments, joints,
and bolts, to investigate the mechanical characteristics of the mainline tunnel at the opening.
However, it is still challenging to accurately simulate the details of the segmental joints
such as bolts and bolt holes, mortises and tenons, and sealing liners for problems involving
tunnels of a larger scale.

Numerical results need to be verified by in situ monitoring data or model tests.
Frost heave pressure on the shield tunnel during the construction of the cross passages
were monitored using anti-freezing pad-type earth pressure gauges [7]. The maximum
measured increment of earth pressures was about 0.2 MPa, smaller than the anticipated
value. Tan et al. (2020) [17] conducted field tests of earth pressures, stresses of steel bars
and concrete, and the internal forces of bolts on the segmental linings around the opening
for the cross passages. The stress characteristics and dangerous sections were identified
according to the results of the field tests.

Model tests are an effective method to investigate the mechanical characteristics of
tunnels. Because shield tunnels are discontinuous segmental structures, it is significant
to simulate the segmental features in the model test. Some modeling methods have been
proposed to simulate assembled shield tunnels, which can provide a reference for this
paper. Zheng et al. (2017) [18] employed polypropylene to manufacture model segments,
aluminum wires as the circumferential and longitudinal joints, and 1 g scaled model tests
were carried out to investigate the progressive structural collapse of the segmental linings.
Li et al. (2019) [19] used plexiglass to simulate the segmental linings, polycarbonate to
simulate the longitudinal bolts, and the groove method to simulate circumferential joints.
Wang et al. (2020) [20] utilized special gypsum and steel wires to manufacture the reinforced
concrete segmental lining rings in 1 g model tests. Inner and outer dividing grooves were
fabricated to simulate the circumferential joints. A 1 g shaking table test with the model
tunnel assembled by organic glass segments, 5 mm thick rubber strips, and M5 steel bolts
was conducted by Yang et al. (2021) [21]. All the above tests are small-scale model tests
conducted in 1 g condition, whose simulation laws are different from n g centrifugal model
tests. Still, the above ideas of designing the joints of model shield tunnels can be adopted.

From the overview above, no centrifugal model tests investigate the mechanical char-
acteristics, e.g., stress state, deformation pattern of shield tunnels influenced by openings.
The influence of different opening types, such as different sizes or shapes, remains unclear.
Therefore, this paper performed centrifugal model tests to explore the mechanical response
of the shield tunnels with three different types of openings under different buried depths.
The findings can guide the design of the cross passages in shield tunnels.

2. Test Design
2.1. Centrifugal Model Test Platform and Container

The centrifugal model tests were performed on the TK-C500 Centrifuge of Tianjin
Water Transport Engineering Research Institute in Tianjin, China, whose effective capacity
is 500 g·t (mass multiplied by centrifugal acceleration), the largest in China, as shown in
Figure 1. The length, width, and height of the soil box used in the test are 1.2 m, 1.0 m, and
1.2 m, respectively, which is the largest box that can be placed in the centrifuge basket.
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Figure 1. TK-C500 centrifuge.

2.2. Design of the Model Segmental Lining
2.2.1. Geometric Dimension of the Model Lining Ring

The engineering background of the test is the shield tunnel project of the Beijing East
Sixth Ring Road reconstruction project, whose external diameter, lining thickness, and
average width are 15.5 m, 0.65 m, and 2 m, respectively, as shown in Figure 2.

Figure 2. Segment layout and dimensions.

The tests aim to investigate the mechanical characteristics of the mainline tunnel when
lateral openings of different types, i.e., small circle, large circle, and rectangle, were made to
construct cross passages. In general, the larger the dimension of the model tunnel, the easier
to machine the detailed parts, such as joints of the model lining. Due to the limitation of the
soil box and the requirements of the tunnel boundary conditions, considering the symmetry
of the investigating issues, only one mainline tunnel was set in the model box. The primary
geometric similarity ratio of the centrifugal tests is 1:50, namely that the external diameter
(D) and the ring width of the model lining are 310 mm and 40 mm, respectively. The general
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similarity laws of the centrifuge model tests can be deduced according to the similarity
theory, as shown in Table 1.

Table 1. Similarity law of the centrifugal model tests.

Parameters Symbol Unit Similarity Relations

Length l m Cl = lp/lm = 50
Elastic modulus E Pa CE = Ep/Em = 1

Displacement δ m Cδ = δp/δm = 50
Strain ε - Cε = εp/εm = 1
Stress σ Pa Cσ = σp/σm = 1

Concentrated load F N CF = Fp/Fm = 502

Bending moment M N·m CM = Mp/Mm = 503

Internal friction angle ϕ (◦) Cϕ = ϕp/ϕm = 1
Cohesion c Pa Cc = cp/cm = 1

The lining thickness was determined considering the similarity of the bending stiffness
(E.I.). In the tests, Mg–Al alloy (AZ31B) is employed as the material of the model lining,
with the advantages of high strength and good machinability. In addition, the elastic
modulus of the selected material is 44.8 GPa, close to that of the prototype lining material,
C60 concrete with an elastic modulus of 36.5 GPa, making the thickness similarity ratio
close to the primary geometric similarity ratio.

According to the similarity principle of the model test, the thickness of the model
lining can be calculated by

tm =
1
n
×

(
Ep

Em

) 1
3
× tp (1)

where tm(tp) is the model (prototype) lining thickness; Em(Ep) is the elastic modulus of
model (prototype) material; n is the primary geometric similarity ratio. The lining thickness
in the tests is 12.5 mm.

2.2.2. Simulation of the Longitudinal Joints

To simulate the weakening of the bending stiffness at the longitudinal joints (the joints
between segments of the same ring), inner and outer grooves are cut on the lining rings.
According to previous studies [22,23], the reduction ratio (m) of the bending stiffness at the
longitudinal joints compared to the normal section was set to 0.2. Hence, the remaining
lining thickness at the cutting grooves can be calculated by

trem = m
1
3 × tm (2)

where trem refers to the remaining lining thickness. The inner and outer cutting groove
depths are the same, so the groove depth on each side is

tm − trem

2
(3)

The cutting groove depth calculated is 2.5 mm. The cutting groove width is mainly
determined, considering not to affect the structural safety and avoid the soil from filling the
cutting grooves. The groove width was set to 1.2 mm. The positions of the cutting grooves
are designed based on the practical segmentation of the shield tunnel. Namely, the segment
ring is divided into 10 blocks, and the central angle of the capping block is 12◦51′25.71′′,
while the center angle of the other nine pieces is 38◦34′17.14′′.

2.2.3. Simulation of the Circumferential Joints

In practical engineering, there are 28 evenly distributed mortises and tenons at the
circumferential joints (between adjacent rings) to resist the staggering deformation and
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provide shear stiffness. Two inclined bolts are arranged at both sides of one couple of
mortises and tenons along the circumferential direction to provide longitudinal connection
and preload. Previous studies [24,25] have demonstrated that the shear stiffness between
adjacent rings is firstly provided by the friction of the segments, and when the mortise and
tenon contact, the tenon-mortise structure will play a significant role.

The area of a single tenon is Ap = (150 × 120 + 3.14 × 1502/4) mm2 = 3.56 × 104 mm2.
The elastic modulus, Poisson’s ratio, and the shear modulus of C60 concrete are 36.5 GPa,
0.167, and 15.6 GPa, respectively. Thus, the shear stiffness of a single tenon can be calculated
as GpAp = 15.6 GPa × 3.56 × 104 mm2 = 5.55 × 108 N. The average shear length of the long
and short axes is 210 mm, so the shear stiffness coefficient of a single tenon is ksp = GA′/L′

= 5.55 × 108 N/(210 mm) = 2.64 × 109 N/m.
In the tests, 28 straight bolts were chosen to simulate the shear stiffness of the practical

tenons. The model bolt positions are determined according to the positions of the evenly
distributed tenons and the segmentation of the lining ring. The lining ring was machined of
counterbores and through holes on one side, and thread holes on the other side, to realize the
ring-by-ring assembly of the model lining. According to the similarity principle, the stiffness
of a single model bolt should be ksm = ksp/n = (2.64 × 109/50) N/m = 5.28 × 107 N/m.
The size of the model bolts and bolt holes should not be too large to affect the mechanical
characteristics of the lining ring, nor too small to make it hard to machine and assembly.
Thus, Al alloy bolts (No. 6063) were used in the tests, whose elastic modulus and Poisson’s
ratio are 70 GPa and 0.33, respectively. The bolt diameter calculated is 2.55 mm, so Al alloy
bolts with a diameter of 2.5 mm were employed as the circumferential joints. Specifically,
the diameter of threaded holes, through holes, and counterbores are 2.5 mm, 2.8 mm, and 5
mm, respectively. When assembling the model lining, the pre-tightening force of a single
bolt is about 440 N, so the compressive stress of the contact surface between adjacent rings
is about 1.06 MPa. The overall photo and the local details of the joints are shown in Figure 3.

Figure 3. Model lining ring.

2.2.4. Stiffness Characteristics of Model Segmental Lining Ring

To investigate the influence of grooving and drilling on the stiffness of the lining ring,
the radial loading tests were performed for four different structural types, with the material,
external diameter, width, and thickness being the same, whereas the difference is whether
to groove or drill.
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A digital display electronic pressure testing machine was used, with a maximum axial
force of 1000 N. The stiffness of lining rings is compared according to the convergence
deformation induced by the radial loading. The loading speed was set to 1 mm/min, and
the maximum loading force was set to 500 N. The stiffness test devices and results are
shown in Figure 4.

Figure 4. Stiffness tests of different types of lining rings: (a) testing process; (b) comparisons of the
stiffness of different types of the lining rings.

As shown in Figure 4b, the radial deformations of the four types of rings all vary
linearly with the loading force. The reduction factors of the stiffness of the lining ring with
only grooves, only holes, and both grooves and holes compared to a homogeneous ring
are 0.88, 0.99, and 0.84, respectively. The results show that the influence of only drilling
holes on the structural stiffness is negligible, and the reduction factor of the ring with both
grooves and holes, which is finally used in the tests, is within the range of previous research
results of 0.2 to 0.9 [26], demonstrating the reasonability of the joint simulation method.

2.3. Model Soil

The prototype soil of the project is primarily dense fine sand, which is simulated by
standard fine sand in the tests. The particle size of the sand used in the centrifugal tests
needs to meet the requirement that the ratio of model tunnel diameter to the sand particle
size d50 should be more than 45 [27]. Thus, the particle amplification effect caused by the
increase of centrifugal acceleration can be ignored in the tests.

The physical parameters of the model soil are shown in Table 2. The parameter d50
of the model sand is 0.17 mm, while the diameter of the model tunnel is 310 mm, which
meets the above requirement. The sand rain method was used to prepare the ground for
the tests. The falling distance is 0.5 m, and the mass of sand flowing from the end of pipe
per unit time is about 5 kg/min. The density of the sand employed in the tests is about
1610 kg/m3. Generally, under the centrifugal conditions, the commonly used waterproof
methods are to apply glue or wrap the rubber film. However, there are so many joints in
the model tunnel that the waterproofing of the tunnel is hard to fully guarantee under
50 g centrifugal acceleration conditions. Hence, dry sand was chosen to conduct the tests,
ignoring the existence of water for the safety and reliability of the tests.

Table 2. Physical parameters of standard sand.

Parameters Specific
Gravity/G

Average
Particle

Size/d50(mm)

Friction
Angle/ϕ(◦)

Cohesion/c
(kPa)

Maximum
Porosity

Ratio/emax

Minimum
Porosity

Ratio/emin

value 2.65 0.17 30 0 1.038 0.636
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Three different buried depths above the tunnel were considered in the tests, namely,
1.0 D, 1.5 D, and 2.0 D, respectively.

2.4. Types of the Openings

When constructing cross passages on shield tunnels, due to different functions such as
for pedestrians or vehicles, and different construction methods such as traditional mining
method or mechanical method, the types of the openings may be different. In the tests,
three different types of openings were investigated, namely, rectangle (width = 46 mm,
height = 56 mm), small circle (diameter = 86 mm), and big circle (diameter = 120 mm). The
rectangular opening corresponds to the cross passage for pedestrians constructed by the
traditional mining method; the small circular opening corresponds to the cross passage for
pedestrians constructed by the mechanical method; the big circular opening corresponds to
the cross passage for vehicles. To facilitate narration, the rectangular opening, small circular
opening, and big circular opening are denoted as Rec-Op, SC-Op, and BC-Op, respectively.
The positions of the three openings on the mainline tunnel can be seen in Figure 5. The
openings, Rec-Op, SC-Op, and BC-Op are located at the 4th–5th, 11th–13th, and 21st–24th
rings of the mainline tunnel. Model cross passages with a size slightly smaller than the
opening size (length, width, or diameter smaller by 1 mm) are installed at each opening,
which are mainly used to simulate the boundary conditions of the mainline tunnel during
the operation period after the completion of the construction of the cross passages.

Figure 5. Three openings on the model tunnel.

2.5. Monitoring Scheme

The tests aim to investigate the influence of different types of openings on the mainline
shield tunnel. In the tests, the deformations of the main tunnel, dislocations between
adjacent rings, stress states around the openings, and the external earth pressures on the
main tunnel were monitored for different opening types and different overlying soil depths.
Detailed monitoring schemes are as follows, and the overall monitoring scheme is shown
in Figure 6.
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Figure 6. Schematic diagram of monitoring scheme: (a) layout of the openings, strain gauges, and
earth pressure sensors; (b) layout of the laser sensors and support in the front view; (c) layout of the
laser sensors and support in the side view for SC-Op; (d) layout of the laser sensors and support in
the side view for other sections.

(1) Earth pressure. To investigate the external load on the mainline tunnel from the
surrounding soil, three earth pressure sensors were arranged on the outer surface of the
tunnel to monitor the vertical pressures at the vault and the invert, and the lateral earth
pressure at the hance of the tunnel lining. The results of earth pressure can reflect the
effect of soil arching and guide structural mechanics analysis. The monitoring section is set
far away from the openings, as shown in Figure 6a, considered not to be affected by the
openings.

(2) Structural deformation. Laser displacement sensors are arranged inside the model
tunnel. The vertical deformation of the tunnel can be obtained by monitoring the vertical
displacement of the vault and the invert, while the horizontal deformation can be obtained
by monitoring the horizontal displacement of the tunnel hances. Due to the limitation of
the internal space of the model tunnel, the number of laser displacement sensors, and the
monitoring channels, the vertical and horizontal deformations are monitored close to the
small circular opening, whereas only the vertical deformation is monitored for the other
three sections.

Panasonic HG-1050 and HG-1100 laser sensors are employed. The HG-1050 laser
sensor has a measuring range of 30 mm, a monitoring distance of 35–65 mm, and an
accuracy of 30 µm; the HG-1100 laser sensor has a measuring range of 70 mm, a monitoring
distance of 65–135 mm, and accuracy of 70 µm, meeting the requirements of test accuracy.
The laser sensors need to be fixed inside the tunnel structure through combined alloy
support. The layout of the laser sensors is shown in Figure 6b–d.

(3) Dislocations between rings. Openings on the shield tunnel for cross passages will
weaken the lining stiffness at the opening position, and then induce uneven deformation
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between adjacent rings, causing dislocations. Up to now, there are few published appro-
priate approaches to monitor the dislocation between segments in the previous scaled
shield tunnel model tests. In the tests, an indirect method was used to measure dislocations
between adjacent rings. As shown in Figure 7, an aluminum sheet is arranged across the
seam between two adjacent rings, as the two ends of the aluminum sheet are pasted on
the adjacent segments, while the middle of the aluminum sheet can deform freely. When
a dislocation occurs, the strain sensors attached to the aluminum sheet can monitor the
length changes, so the corresponding dislocation amount can be calculated based on the
geometric relationship. The tests monitored the dislocations close to the three openings,
with the specific locations shown in Figure 6a.

(4) Structural stress. Previous studies have demonstrated that the influence of the
opening on the mainline tunnel stress is concentrated at the opening position and 1–2 rings
nearby [12,17]. Considering the symmetry, for each opening, three couples of strain gauges
(one inside and one outside) are arranged longitudinally along the tunnel, to analyze the
stress concentration degree and influence range, as shown in Figure 6a.

Figure 7. Schematic diagram of the dislocation measuring point.

2.6. Test Procedure

Three cross passages are set on one mainline tunnel. The influence of the different
types of openings on the mainline tunnel was investigated under three different buried
depths. The main test procedure is as follows:

(1) Fabricate lining rings, openings, and model cross passages, as well as end plates,
and prepare connecting bolts and sensors. (2) Assemble the lining ring by ring and install
the sensors at the designed positions. (3) Assemble the model cross passages at the corre-
sponding openings, and fill the gap with epoxy resin cement. (4) After the soil beneath the
tunnel with a thickness of 100 mm is paved on the bottom of the soil box, place the tunnel
onto the bottom soil, and then continue to sprinkle sand to the design position that the
thickness of soil covering the main tunnel is 1.0 D. (5) Lift the soil box onto the centrifuge
basket, connect the sensors to the centrifuge data acquisition system, clean and inspect the
centrifuge room, and close the hatch, preparing for the test. (6) Accelerate the centrifuge
level by level, with 10 g for each level. After the sensor data of this level is stable, continue
to accelerate to the next grade, finally reaching 60 g, and save the test data of the whole
process. (7) Decelerate and shut down the centrifuge. When the centrifuge completely
stops, open the hatch, and prepare for the next test. (8) Sprinkle sand onto the ground
surface of the last test until the buried depth above the main tunnel is 1.5 D. (9) Repeat the
above 5–7 steps. (10) Sprinkle sand onto the ground surface of the last test until the buried
depth reaches 2.0 D. (11) Repeat the above 5–6 steps. (12) Decelerate and shut down the
centrifuge. When the centrifuge completely stops, open the hatch, disconnect the sensors
from the centrifuge, and dig out the tunnel and the soil for the next test. The photos taken
during the preparation of the model tests are shown in Figure 8.
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Figure 8. Photos of the model tunnel: (a) laser sensors and support; (b) model tunnel in soil box.

3. Test Results
3.1. External Earth Pressures

External earth pressures at the vault, invert, and hance of the main tunnel were
monitored. The monitoring section was far away enough from the openings, considered not
to be affected by the openings. The external earth pressure results can provide a reference
for external loads on the tunnel in the process of structural design or theoretical analysis.

Variations of the earth pressures versus time at three different positions under three
different buried depths are plotted in Figure 9.

As the centrifuge accelerated level by level, the earth pressures increased and showed
obvious step variations versus test time. When the acceleration reached the design value
for each level, the earth pressure would gradually tend to be stable and the values after
stabilization for each acceleration level are extracted. In addition, it can be found that
the greater the buried depth, the longer the time required for the stability of the earth
pressure results.

The vertical earth pressures at the tunnel vault under 50 g acceleration of the three
buried depths, namely, 1.0 D, 1.5 D, and 2.0 D, are 226.4 kPa, 292.1 kPa, and 364.3 kPa,
respectively, while the theoretical values of earth pressures considering the whole soil
column are 244.6 kPa, 366.8 kPa, and 489.1 kPa. It shows that the vertical earth pressures at
the vault are smaller than the theoretical values, and the reduction coefficients are 0.926,
0.796, and 0.74, respectively, indicating that a certain soil arching effect has occurred in the
soil above the tunnel. Moreover, the reduction coefficient of the vertical earth pressure at
the tunnel vault gradually decreases with the increase of buried depth. The reason can be
speculated that, with the increase of buried depth, the load on the tunnel increases, and the
elliptical deformation trend is amplified, resulting in a more significant arch effect of the
overlying soil.

The lateral earth pressures at the tunnel hance under 50 g acceleration of the three
buried depths, namely, 1.0 D, 1.5 D, and 2.0 D, are 89.7 kPa, 112.1 kPa, and 143.8 kPa,
respectively. Thus, the lateral pressure coefficients corresponding to the vertical earth
pressure of the whole soil column are 0.245, 0.229, and 0.235, respectively. In practical
engineering, as the elliptical deformation trend will be amplified due to the increase of
the buried depth, the soil close to the tunnel hance will be squeezed to a certain extent,
resulting in passive earth pressure, and the lateral earth pressure coefficient may increase to
a certain extent. However, in the tests, the three lateral pressure coefficients were consistent.
This is because, in the scaled model tests, the lateral expansion displacement of the tunnel
was limited, and the passive earth pressures caused were relatively small, so the monitored
lateral pressure coefficients were consistent.
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Figure 9. Variations of earth pressures versus test time: (a) 1.0 D, (b) 1.5 D, (c) 2.0 D.
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3.2. Structural Deformation

As the structural deformation monitoring scheme has been described in Section 2.5,
there are four tunnel structural deformation monitoring sections. Vertical and horizontal
deformations were both monitored for the small circular opening, while only vertical
deformations were monitored for the other three monitoring sections. The variations of the
deformations versus time under different buried depths are shown in Figure 10.
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Figure 10. Variations of deformations versus test time: (a) 1.0 D, (b) 1.5 D, (c) 2.0 D.

It can be found that the results of the deformations also showed obvious step variations
versus test time, similar to the earth pressures, but stabilized faster. In addition, the
fluctuations at the stable stages are greater, which may be induced by the sensor accuracy
and the vibration of equipment during centrifuge operation. The average values of the
displacements at each stable stage were calculated for analysis. The ratios of deformation
to diameter versus the buried depth are plotted in Figure 11.

Figure 11. Variations of the ratio of deformation to diameter versus buried depth.

It can be seen from Figure 11 that, the vertical deformations of the four sections
increased approximately linearly with the increase of buried depth. The four sections,
in descending order of the vertical deformations, are big circular opening, small circular
opening, rectangular opening, and non-opening. Thus, the larger the opening size, the
greater the vertical deformation of the tunnel. For the big circular opening, the vertical
deformation ratio to the diameter reached 3.86‰ under the buried depth of 2.0 D, which
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almost reached the limit of 4‰, specified in Code for construction and acceptance of
shield tunnelling method [28]. Therefore, when considering making a large opening in a
shield tunnel, it is necessary to check the structural deformation and take necessary control
measures to avoid exceeding the limit.

For the horizontal deformation of the small circular opening, it increased as the buried
depth increased from 1.0 D to 1.5 D, but when the buried depth continued to increase from
1.5 D to 2.0 D, the increase was insignificant. The reason may be that as the laser sensor
support is fixed on the invert of the tunnel when the elliptical deformation occurs, the
horizontal displacement measuring point may not be located on the diameter line of the
lining ring, resulting in the errors.

3.3. Dislocations between Rings

The results of the dislocations between rings close to the openings under 50 g acceler-
ation of the three buried depths are summarized in Table 3. Noted that the listed results
have been converted into the corresponding prototype dislocations through the similarity
relationship. The dislocations versus the buried depth are plotted in Figure 12.

Table 3. Dislocations between adjacent rings.

Buried Depth
Dislocations between Rings (mm)

Rectangular
Opening

Small Circular
Opening

Big Circular
Opening

1.0 D 3.2 4.0 5.2
1.5 D 4.3 5.2 6.7
2.0 D 5.4 6.5 8.5

Figure 12. Variations of the dislocations versus buried depth.

It can be found that the dislocations between rings of the three openings increased
approximately linearly with the increase of buried depth. The dislocation close to the big
circular opening was the greatest, followed by the small circular opening and rectangular
opening. When the buried depth reached 2.0 D, the dislocations close to the three openings
all exceeded 5 mm. In practical engineering, excessive locations between segments may
cause waterproof failure, and may even lead to the inrush of soil and water, thus inducing
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structural instability. Therefore, attention should be paid to the dislocations during the
construction of the cross passages, and reinforcement measures should be taken if necessary.

3.4. Structural Stress

There are three couples of strain gauges close to each opening, to investigate the stress
state and influence range under different buried depths. As shown in Figure 7, the three
couples of strain gauges were located at the hance of the semi-split ring, the first adjacent
ring, and the second adjacent ring, denoted as R0, R1, and R2, respectively. For instance,
the semi-split ring and the second adjacent ring of the small circular opening are denoted
as SC-Op-R0 and SC-Op-R2.

The results of the inner and outer stress are plotted in Figure 13, where the positive
stress values represent tensile stress and the negative values represent compressive stresses.

Figure 13. Variations of the structural stress.

It can be found that the stresses at the inner surface are compressive, and increase with
the buried depth. The inner stresses at the semi-split rings (R0) are much greater than those
at the adjacent rings (R1, R2), which demonstrates that significant stress concentrations
occurred at the semi-split rings. The inner compressive stresses at the semi-split ring of
the big circular opening are 31.7 MPa and 41.9 MPa under the buried depths of 1.5 D and
2.0 D, respectively, which exceed the design compressive stress of C60 concrete of 27.5 MPa,
meaning that the concrete segment may collapse. The inner compressive stress at the
semi-split ring of the small circular opening is 32.3 MPa, also exceeding the limit strength.
Thus, in practical engineering, higher-strength materials or other reinforcement measures
should be adopted for segments around the openings to avoid the risk of structural damage
or even instability due to stress concentration.

For the stresses of the outer surface, the variations are complex. For the adjacent rings
(R1, R2) of the three openings, the stresses at the outer surface are positive, demonstrating
the tensile state, and the tensile stresses increased slightly with the increase of the buried
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depth. For the semi-split rings (R0), on one hand, the tensile stresses may increase due to
the increase of the buried depth; on the other hand, the concentration due to the opening
may increase the compressive stresses, so the outer stresses do not vary linearly with the
buried depth. However, it should be noted that the absolute values of the outer stress are
much smaller than the inner stresses, so more attention should be paid to the inner stress.

4. Conclusions

Three centrifugal model tests have been conducted to investigate the mechanical
characteristics of the mainline tunnel influenced by different types of lateral openings under
different buried depths. There are three types of the opening, namely, rectangular opening,
small circular opening, and big circular opening. External earth pressures, structural
deformations, dislocations, and structural stresses were monitored during the tests. The
main conclusions are as follows.

(1) The vertical earth pressures on the tunnel vault demonstrated that the soil arching
effect occurred in the overlying soil. The reduction coefficients of the actual pressure to
the theoretical pressure were obtained for different buried depths, namely, 0.926, 0.796,
and 0.74 for 1.0 D, 1.5 D, and 2.0 D, respectively, which can provide a reference for
the structural design or theoretical analysis. The lateral pressure coefficients changed
barely with the buried depth, which is because in the scaled model test, the lateral
expansion displacement of the tunnel is limited, and the increase of the lateral passive
earth pressures can be neglected.

(2) The vertical deformation of the mainline tunnel increased with the size of the opening.
For the big circular opening, the vertical deformation ratio to the diameter reached
3.86‰ under the buried depth of 2.0 D and 50 g acceleration, and may even exceed
the limit (4‰) specified in the specification. Thus, temporary support methods should
be adopted during the construction of the cross passages.

(3) The dislocations between the semi-split ring and the adjacent rings also increased
with the opening size. The dislocations close to the three openings all exceeded 5
mm when the buried depth reached 2.0 D. As excessive locations between segments
may cause waterproof failure, the longitudinal connections should be enhanced in
practical engineering to resist the trend of dislocations.

(4) Significant stress concentration occurred close to the opening and was approximately
limited in the opening rings. The larger the opening size, the more severe the stress
concentration, and the greater the compressive stress at the inner surface. The inner
compressive stresses at BC-Op-R0 are 31.7 MPa and 41.9 MPa under the buried depths
of 1.5 D and 2.0 D, while 32.3 MPa at SC-Op-R0 under the buried depth of 2.0 D, which
may exceed the limited strength of C60 concrete (27.5 MPa). Thus, higher-strength
materials or other reinforcement measures should be adopted for segments around
the openings.

In summary, the lateral openings on the shield tunnel will increase the stresses and
deformations of the structure, and the larger the opening, the more unfavorable is the
influence. Therefore, targeted measures should be taken, such as temporary support,
longitudinal connections, and high-strength materials near the openings.
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