o.)

Check for

Available online at www.sciencedirect.com

Kes [ ]|

Underground Space

ScienceDirect

updates

Underground Space 18 (2024) 130-150 Ve
www.keaipublishing.com/undsp

Research Paper

Influence of secondary lining thickness on mechanical behaviours
of double-layer lining in large-diameter shield tunnels

Shimin Wang*, Xuhu He, Xiaoyu Peng, Ya Wang, Zhengxin Li, Zihan Song
Key Laboratory of Transportation Tunnel Engineering, Ministry of Education, Southwest Jiaotong University, Chengdu 610031, China
School of Civil Engineering, Southwest Jiaotong University, Chengdu 610031, China

Received 2 March 2023; received in revised form 26 October 2023; accepted 29 November 2023
Available online 5 March 2024

Abstract

In large-diameter shield tunnels, applying the double-layer lining structure can improve the load-bearing properties and maintain the
stability of segmental lining. The secondary lining thickness is a key parameter in the design of a double lining structure, which is worth
being explored. Based on an actual large-diameter shield tunnel, loading model tests are carried out to investigate the effect of the sec-
ondary lining thickness on the mechanical behaviours of the double lining structure. The test results show that within the range of sec-
ondary lining thicknesses discussed, the load-bearing limit of the double-layer lining increases with growing secondary lining thickness.
As a passive support, the secondary lining acts as an auxiliary load-bearing structure by contacting the segment. And changes in sec-
ondary lining thickness have a significant effect on the contact state between the segment and secondary lining, with both the contact
pressure level and the contact area between the two varying. For double-layer lining structures in large-diameter shield tunnels, it is pro-
posed that the stiffness of the secondary lining needs to be matched to the stiffness of the segment, as this allows them to have a coor-

dinated deformation and a good joint load-bearing effect.

Keywords: Large-diameter shield tunnels; Double-layer lining structure; Secondary lining thickness; Stiffness matching; Similar model test

1 Introduction

In shield tunnel operations, the tunnel structure is sus-
ceptible to complex groundwater and geological condi-
tions, construction disturbances around the tunnel and
other factors. Especially in some special circumstances, it
can be challenging for traditional segmental lining to
ensure the safety and stability of the tunnel in long term
(He & Feng, 2011; Yan et al., 2015a; Zhu et al., 2022).
For example, the longitudinal deformation of the tunnel
structure in long-term operation will cause further prob-
lems such as segment joint deformation, cracks and
groundwater leakage, reducing the service life of the seg-
mental lining and even endangering traffic safety (Wu
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et al., 2015, 2018). Cavities behind segment caused by
grouting defects or dynamic loads such as earthquake
can contribute to the development of segment cracks
(Zhang et al., 2022).

Therefore, the double-layer lining, i.e., constructing a
secondary lining on the inner side of segment, has been
put forward and applied in shield tunnels. In the Blue
Metro Line in Lisbon and Trans-Tokyo Bay Highway Pro-
ject, cast-in-place secondary lining was constructed so as to
ensure the stability of shield tunnels (Uchida et al., 1992;
van Empel et al., 2006; Yao et al., 2014). Admittedly, a
single-layer segment lining structure with high performance
can also improve the load-bearing capacity and is more effi-
cient in reality. The advantage of a double-layer lining
structure, however, is the flexible construction of secondary
lining. For example, Shiziyang Tunnel in China was rein-
forced with a secondary lining at the entrance/exit section.
And the secondary lining can also play the role of improv-
ing the waterproofing ability, the fireproofing ability as well
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as the anti-impact capability (Wunfah & Della Posta, 1992;
Okamura, 1987; Qiu et al., 2015). The double lining struc-
ture is therefore also a good option for the long-term safety
and maintenance needs, especially in some underwater
shield tunnels.

Studies on the double lining of shield tunnels date back
to the 1980s, and scholars have carried out many investiga-
tions and discussions on the mechanical effects of double-
layer lining structures through model tests, numerical cal-
culations and theoretical analyses (Hanya, 1985; Sakuma
& Ishida, 1990; Takamatsu et al., 1992). Murakami and
Koizumi (1987) found that in the double-layer lining of
shield tunnels, segment is still the main undertaker of exter-
nal loads, while secondary lining is aimed at helping
improve the bearing capacity of the segment lining, then
enhancing the bearing capacity of the entire double-layer
lining structure system. Wang et al. (2011) conducted cen-
trifugal model tests on a shield tunnel in Shanghai and
found that the longitudinal flexural stiffness of the shield
tunnel with a double lining was greater and the settlement
was more uniform. Feng et al. (2013) investigated the dis-
tinction of mechanical features between the single-layer lin-
ing and the double-layer lining in an underwater shield
tunnel with the help of model test and field test. On the
basis of curved Euler beam theory, Chen et al. (2020) pro-
posed an analytical solution for the structural internal
forces when a secondary lining was used to reinforce the
shield tunnel. In addition, some studies also focused on
the interaction of the segment with the secondary lining.
Zhang (2010) classified the double lining types according
to the form of joint surface, and analyzed corresponding
theoretical calculation methods and structural mechanical
characteristics. Wang et al. (2016a) built a 3D solid model
of the double lining with discontinuous contact mode, dis-
covering that there was non-coordinated deformation
between segment and secondary lining. The mechanism
of double-layer lining with different joint surfaces was stud-
ied through similar model tests (Wang et al., 2019).

On the other hand, in terms of analysis on parameter
sensitivity, the influences of segment strength and sec-
ondary lining strength on the bearing capacity of double-
layer lining were studied (Yang, 2018; Li et al., 2020).
Wang et al. (2020a) examined the mechanical response of
the double lining structure to changes in the construction
time of secondary lining and proposed a reasonable con-
struction time range. In particular, the secondary lining
thickness is regarded as a key design parameter, and some
latest research has discussed it by virtue of numerical sim-
ulation (Guo et al., 2020; Shangguan et al., 2015; Yan
et al., 2015b). They have studied the internal forces and
deformation characteristics of double-layer lining struc-
tures at different secondary lining thicknesses, and have
also presented corresponding recommendations on sec-
ondary lining thickness. However, these were mainly car-
ried out on shield tunnels with a diameter of 10 m class
or 12 m class. Nowadays, the number of large-diameter
shield tunnels (14 m diameter and above) is growing, but

research on double lining structures for those tunnels is still
very limited. Compared to smaller tunnels, the diameter-to-
thickness ratio of a super-large diameter shield tunnels is
greater, making it akin to a thin-walled structure. For the
double lining structure in such a shield tunnel, whether
the effect of secondary lining thickness on its load-
bearing capacity shares a similar pattern with that in a
smaller shield tunnel needs to be examined. And the inter-
action between segment and secondary lining is required to
be further explored to clarify the bearing role of secondary
lining.

The objective of this paper is to investigate the mechan-
ical response of a double-layer lining structure in an oper-
ating 15 m diameter shield tunnel to changes in secondary
lining thickness. A similar model test is designed and per-
formed and the impact of the secondary lining thickness
on the double lining structure is analyzed through test
results. Then, the actual secondary lining thickness of the
tunnel (30 cm) is verified to be reasonable after taking
the structural load-bearing capacity, force state and coordi-
nated deformation into account. For this kind of large-
diameter shield tunnel, it is proposed that a reasonable sec-
ondary lining thickness should be determined based on the
principle of stiffness matching between segment and sec-
ondary lining, so as to maximize the auxiliary load-
bearing effect of the secondary lining.

2 Methodology for similar model test
2.1 Test idea

In order to investigate the effect of secondary lining
thickness on the bearing performance of the double-layer
lining in operational large-diameter shield tunnels, a load-
ing test for the double lining structure model is designed
according to the similarity theory. The test framework is
shown in Fig. 1, which contains three main phases: test
preparation, test implementation, and data processing &
analysis.

Basic similarity ratios in the model test should be first
determined in accordance with the specific project, test con-
dition and costs. And mechanical and geometrical param-
eters about the model soil and model lining structure can
be calculated. These parameters are then used to search
for suitable soil materials and lining model materials. After
that, the segment model is fabricated. At the same time, the
test groups, test loading scheme and measuring scheme
should be designed.

The main tasks in test implementation phase involve the
instrumentation installation, the placement of model struc-
ture, as well as the loading test. The artificial loading pat-
tern can simulate the load-bearing state of structure in
the stratum. At the end of the test, data should be pro-
cessed to investigate the load-deformation behaviours of
the double lining structure in the large-diameter shield
tunnel.
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Fig. 1. Framework of test design and procedure.

2.2 Test apparatus

The shield tunnel-stratum similar model test system
designed by Southwest Jiaotong University is adopted in
this test, as shown in Fig. 2. The device mainly consists
of a horizontal loading system and a test model. The load-
ing system can provide external loads from directions I, II
and III by hydraulic jacks. The directions I and II are hor-
izontal, and in this test the vertical loads on the tunnel
structure can be applied from direction I while the lateral
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Jacks in direction I
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3000
Jacks in direction II

(@)

loads can be output from direction II. The vertical loads
are taken from the vertical earth pressure and the lateral
loads are obtained by multiplying the vertical loads and
the lateral pressure coefficient. While the external forces
in direction IIl are applied to simulate the longitudinal
restriction of stratum on structure, the load applied by
the vertical jack in direction III acts on the lower soil
through the load-distributing plate, ensuring the plane
strain state of the soil. To mitigate the friction on the nor-
mal surface of direction III during loading process, polyte-
trafluoroethylene (PTFE) is used to construct a friction-
reducing layer.

The model structure is placed at the device center and
model soil is filled around it. The output loads from
hydraulic jacks are applied uniformly on the boundary of
model soil through a load distribution plate. The output
load level can be controlled by the hydraulic jack pump
pressure, which has a minimum accuracy of 0.2 MPa.

Of particular concern is that the prototype tunnel is an
underwater shield tunnel, so water pressure should be con-
sidered in the test. And it is directly applied on the lining
structure by another specific loading device (Wang et al.,
2020b). As the external water pressure, to which the tunnel
is subjected, is small at the crown and large at the invert, it
is divided into uniform and non-uniform water pressures
when applied. The uniform water pressure is the water
pressure at the crown caused by the height of water head,
which is applied using some annular steel strands tied to
the outer surface of the segment (Fig. 3(a)). The annular
steel strands are arranged at equal intervals, and the con-
tact stresses resulting from tensioning the strands can be
considered as uniform water pressure. The value can be
adjusted by applying different torques. The non-uniform
water pressure is the variable water pressure from the
crown to the invert influenced by the tunnel external diam-
eter. It is imposed by means of several groups of semi-
circularly tensioned steel strands (Fig. 3(b)). They are

Jacks in_direclion I

®

Fig. 2. Diagrams of the shield tunnel-stratum similar model test system. (a) Plan of the loading device, and (b) profile of the loading device. (Unit: mm).
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arranged only halfway along the segmental outer surface
and can therefore provide additional pressure. It can be
adjusted by varying the tension angle and tension force.

2.3 Soil materials and lining models

According to previous treatments in relevant studies, a
mixture of sand, gravel aggregates as well as some con-
struction materials is used as model soil. Model soil that
meets the requirement of parameters similarity (weight,
elastic modulus, cohesion and angle of internal friction)
can be obtained by adjusting the material proportions.
For model lining, in addition to meeting the geometrical
similarity, material needs to be selected according to the
similarity of physical and mechanical parameters.

In the similar model test, both the segment model and
the secondary lining model are made of gypsum. Model
segment is prefabricated, while the secondary lining model
is cast-in-place during the test. By testing the key mechan-
ical properties of the gypsum specimen with different
gypsum-water ratios, an appropriate gypsum-water ratio
may be ascertained so that the model could show the phys-
ical and mechanical properties of the real structure. Fig-
ure 4 draws the variation curves of elastic modulus and

Fig. 4. Variations of elastic modulus and uniaxial compressive strength of

Gypsum-water ratio

the gypsum specimen.
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Fig. 3. Device for applying water pressure. (a) Applying uniform water pressure, and (b) applying non-uniform water pressure.

uniaxial compressive strength of gypsum specimens with
different proportions. Apart from that, steel wire needs to
be applied to simulate the main steel rebar in model seg-
ment and secondary lining, and its detailed size should be
determined according to the calculation of similarity ratio
as well as the equivalent tensile and compression stiffness.

To simulate segment circumferential joints which may
be cither tensioned or compressed, inner and outer dividing
grooves are adopted (Xu et al., 2016). The segment joint is
simplified to a straight beam structure (Fig. 5), and the flex-
ural stiffness of real joint should be equivalent to that of the
straight beam structure. As proposed by He et al. (2010),
the groove depth on the straight beam structure can be
obtained by iterative calculations in the finite element soft-
ware and the formula in Fig. 5. Then, depths of internal
and external grooves on the model segment can be acquired
by virtue of the similarity ratio. For the segment longitudi-
nal joints, they have less influence on the results since the
mechanical behaviour of the double lining structure in
the transverse direction is discussed in this model test.
Therefore, thin steel bars are used to simulate the longitu-
dinal joints according to similarity ratios.

3 Case study

In this section, the double lining structure in a real large-
diameter shield tunnel is investigated through similar
model test as described above. This will not only help
understand the transverse mechanical properties of this
double-layer lining structure, but also help analyze how
to choose a reasonable secondary lining thickness in
reality.

3.1 Project description

Rail-cum-Road Yangtze River Cross Tunnel in Wuhan,
China is the first built large-diameter underwater shield
tunnel shared by highway and railway. As shown in
Fig. 6, the external diameter of the tunnel is 15.2 m, and
the internal diameter is 13.9 m. The thicknesses of segment
and secondary lining are 65 and 30 cm, respectively. A sin-
gle segment lining ring is 2 m wide and consists of 7 stan-
dard blocks, 2 adjacent blocks and 1 capping block, all
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Fig. 5. Diagram of the straight beam structure (He et al., 2010).

Cast-in-place
secondary lining

Fig. 6. Diagram of double-layer lining structure in Rail-cum-Road
Yangtze River Cross Tunnel (Unit: mm).

with a centre angle of 36°. The segment is prefabricated
with the concrete of C50 strength grade and steel bar rein-
forcement, while the secondary lining is a cast-in-place
structure with C25 grade concrete and reinforcement.

3.2 Model similarity

According to the test site and equipment conditions, the
geometric similarity ratio Cp = 30 is determined, so the
geometrical sizes of the lining model are obtained: the
external and internal diameters of the segment are 506.7
and 463.3 mm respectively, and its average width is
66.7 mm. In order to examine whether the designed thick-
ness of the secondary lining in this real project is reason-
able, the thickness value of secondary lining model is
considered as the only variable in this test. Based on the
geometric similarity ratio of Cp = 30 and the bulk density

similarity ratio of C, = 1, other related ratios are derived,
as shown in Table 1.

3.2.1 Similarity of model soil

The physical and mechanical parameters of the stratum
in the actual typical section are selected as the reference for
preparing the model soil. Rail-cum-Road Yangtze River
Cross Tunnel in Wuhan is mainly located in the silty sand,
so river sand is the main constituent of model soil, mixing
with quartz sand, fly ash, machine oil and colophony with
a certain proportion to satisfy the requirements of the
physical and mechanical properties of the prototype stra-
tum. Table 2 summarizes mechanical parameters of the
applied model soil after a series of material experiments.

3.2.2 Similarity of model double-layer lining

Refer to the parameters of C50 grade concrete as well as
C25 grade concrete in the Code for Design of Concrete
Structures (MOHURD, 2010) to determine corresponding
values of the model segment and model secondary lining
respectively. Table 3 displays physical and mechanical
parameters of prototype structure and model structure.
And with the help of Fig. 4, the material proportions for
the model segment and the model secondary lining can
be separately determined. At the same time, a small
amount of diatomite should be also added to ensure that
the physical and mechanical parameters of model segment

Table 1
Similar relations of physical quantities between the prototype and model.

Name of physical quantity Symbol Unit Similarity ratio
Elastic modulus E Pa Ceg =130
Poisson’s ratio u - C.=1

Stress o Pa Cs =30
Strain & - C.=1
Strength X Pa Cr =30
Cohesion c Pa C.=30

Angle of internal friction @ ° C,=1
Displacement d m Cq =30
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Table 2

Physical and mechanical parameters of model soil.

Parameter name Unit Value in actual stratum Value in model stratum

Unit weight 7y kN/m? 17.1-20.3 20.0

Elastic modulus £ MPa 15.0-42.5 1.0

Cohesion ¢ kPa 0 0

Angle of internal friction ¢ ° 19.0-33.0 27.0

Table 3

Parameters of double-layer lining structure.

Structure Parameter Prototype Theoretical model Applied model

Segment Elastic modulus (MPa) 33.6 x 10° 1.12 x 10° 1.26 x 10°
Uniaxial compressive strength (MPa) 31.2 1.04 0.98

Secondary lining Elastic modulus (MPa) 27.9 x 10° 0.93 x 10° 1.1 x 10°
Uniaxial compressive strength (MPa) 159 0.53 0.53

are much closer to those of concrete (Wang et al., 2016b).
Therefore, the applied material proportions are: (1) for
model segment, the mass ratio of water, gypsum, and dia-
tomite is 1.00:1.38:0.10; (2) for model secondary lining, the
mass ratio of water, gypsum and diatomite is
1.00:1.26:0.10. In addition, steel wire meshes with a diame-
ter of 1.2 mm (Fig. 7) is applied to simulate the main steel
rebar in segment and secondary lining through the calcula-
tion mentioned in Section 2.3.

For the simulation of segment circumferential joint, the
internal and external cutting grooves in the model segment
are arranged as shown in Fig. 8. The cutting groove depths
are derived using the method described in Section 2.3 and
are listed in Table 4. Taking its complex variation into
account, the joint bending stiffness values under regular

12 mm

Fig. 7. Steel wire for simulating steel rebar.

B6 Internal cutting groove

Fig. 8. Simulation of segment circumferential joints.

loads are chosen according to the range of joint test stiff-
ness provided by He et al. (2010). To simulate the segment
longitudinal joints, thin steel bars with a diameter of 0.4 cm
and a length of 4 cm are adopted to connect adjacent seg-
ment rings by embedding them in the segment model, as
described in Section 2.3.

According to whether the shear force can be transferred
between the segment and the secondary lining, there are
two types of double-layer lining structures, composite
structure and double-shell structure. The former means
that the secondary lining and the segment are structurally
integrated through bolted or shear links, and the shear
force can be transferred between them. While in a
double-shell structure, a smooth waterproof layer is set
between the segment and the secondary lining. There is
no cohesion or friction between them, and only the radial
stress can be transferred.

In this test, taking the waterproof requirements of the
shield tunnel into account, a double-shell structure is
needed, and smooth plastic film with a width of
133.3 mm is used to simulate the waterproof layer. Figure 9
shows the structure diagram and real treatment to the joint
surface between the segment and secondary lining.
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Table 4

Groove depths on the segment structure.

Bending stiffness of joint (N-m/rad) Joint depth in prototype segment (m) Groove depth in model (m) Type

+2.48 x 10® 0.30 0.011 Internal groove
—1.58 x 10° 0.32 0.011 External groove

-~ Precast segment

-Waterproof layer

Cast-in-place _
secondary lining

(b)

Fig. 9. Double-shell structure.

3.3 Test scheme

Aiming at analyzing transverse mechanical properties as
well as bearing mechanism of double lining structures with
different secondary lining thickness, three test groups are
set up, as shown in Table 5. On the basis of 30 cm sec-
ondary lining used in this real case, consider reducing
and increasing 5 cm on secondary lining thickness as
another two test groups. The height of water head (vertical
distance from the water surface to the crown) and the bur-
ial depth (vertical distance from the soil surface to the
crown) in the test are taken in accordance with this engi-
neering practice. They remain constant in the three test
groups.

3.3.1 Loading scheme

Firstly, external loads in direction III (generally greater
than those in directions I and II) are applied to ensure that
the whole test could be carried out under the plane strain
state. The reasonable jack pressure in direction III is deter-
mined is 18 MPa. The effective output stress can be con-
trolled by adjusting the jack pump pressure and applied

Table 5
Grouping scheme.

evenly to the model soil boundary with the aid of a steel
plate or cover. Then apply water pressure on the lining
model in forms of uniform pressure and non-uniform pres-
sure separately. In directions I and II, the multistage load-
ing method is adopted, that is, loads are increased step by
step, so as to simulate the load-bearing process of the in-
service double lining structure. The water and soil pressures
on the tunnel under the practical condition can be calcu-
lated theoretically as follows:

Pw1 = thwv (1)
Pw2 = Vw X (ha - hs)a (2)
Ps = (y - Vw) X hS7 (3)

where p,,; is uniform water pressure (700 kPa); y,, is the
weight of water, taken as 10 kN/m?®; &, is the height of
water head (70 m); p,, is non-uniform water pressure (0—
152 kPa); h, is the vertical distance of a certain location
in the tunnel from the ground surface (m); 4 is the tunnel
burial depth (40 m); p, is vertical soil stress at crown
(400 kPa); y is the unit weight of the aquifer strata, taken
as 20 kN/m>.

Group number Secondary lining thickness (cm)

Height of water head (m)

Burial depth (m) Loading method

1 25
2 30 70
3 35

40 Multistage loading
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Table 6 shows the multi-stage loading plan. At the 8th
loading step, the applied loads are approximately equal
to the actual regular loads (calculated above) since the
equivalent burial depth is close to the real burial depth.
Then the loads gradually increase. And a constant ratio
of the load value in direction I to the load value in direction
IT should have been kept during the whole process to reflect
the lateral pressure coefficient of the actual stratum. But
limited by the jack accuracy, the ratio of loads in direction
II to loads in direction I could only be close to the actual
lateral pressure coefficient (the geological report of the
actual project gives a lateral pressure coefficient of around
0.4 for the strata, and in the test, the load ratio is kept
within the range of 0.3-0.5 as much as possible).

3.3.2 Measuring scheme

In the measurement system, earth pressure cells, strain
gauges, displacement transducers and acoustic emission
(AE) devices are used to monitor the mechanical situation
of the double lining structure throughout the loading pro-
cess (Fig. 10(a)).

Internal forces of the segment and the secondary lining
need to be acquired by collecting strains and calculating
them. A total of 48 strain gauges are arranged symmetri-
cally at intervals of 15° on the inner and outer surfaces
of the model segment. While for the secondary lining, as
a cast-in-place structure, it is difficult to fix the strain gauge
on it. Therefore, we decide to make some gypsum blocks
with the same thickness as the secondary lining and stick
strain gauges on them, and then fix them on the waterproof
layer in advance (Fig. 10(b)). The gypsum block is
arranged every 30°, and a total of 12 blocks are set in a lin-
ing ring. After constructing the secondary lining, these
blocks with strain gauges will become a whole with the sec-
ondary lining structure. For a pair of strain gauges located
on the inner and outer surfaces of the structure respec-
tively, the structural bending moment and axial force at
this location are:

N = E(g + &)bh/2, 4)
M = E(g — &,)bh* /12, (5)

where b is the unit length, taken as 1 m; % is the lining thick-
ness; E is the elastic modulus of the lining; ¢; is strain mea-
sured from strain gauges on segment inner surface; ¢, is
strain measured from strain gauges on segment outer
surface.

Apart from that, the strain earth pressure cell with an
output accuracy of 0.01 pe is adopted to collect radial stress
on the joint surface between model segment and model sec-
ondary lining. Starting at the crown of the double-layer lin-
ing, eight earth pressure cells are arranged at intervals of
45°. Structural deformations could be obtained by setting
displacement transducers on the inner side of the lining.
And probes of acoustic emission sensors are placed at the
crown, invert and haunches of the segment, in order to
catch acoustic emission signals generated by the formation

and expansion of microscopic cracks in the segment during
the loading process.

3.3.3 Test procedure

Figure 11 illustrates the main steps in the experiment.
The model segment (Fig. 12(a)) in the test is composed of
two half rings and an integral ring of the model segments,
and the middle full ring and two half rings are connected
by thin steel bars acting as longitudinal joints. Of particular
concern is that only the middle full ring is considered as the
research object, which is placed with monitoring instru-
ments on it. Then put the model structure at the center
of device and model soil is filled around the model struc-
ture (Fig. 12(b)). In order to simulate the interaction
between soil and structure when transmitting external
loads, the compacted model soil meets similarity require-
ments to the actual soil in terms of cohesion, angle of inter-
nal friction and the unit weight. After all the preparations
being completed, the model segment is loaded according to
the multistage loading plan and the monitoring data are
collected. Based on consideration of the reasonable con-
struction time of the secondary lining (Wang et al.,
2020a), the secondary lining is constructed when the over-
burden loads in test increase to 80% of the actual engineer-
ing loads, i.e., at the 6th loading step. The external loads
are kept constant and the gypsum for the secondary lining
is prepared and applied manually after the waterproofing
layer and measuring instruments have been placed. After
the gypsum has hardened, the subsequent loading tests
can be conducted. Then the load is increased until the sec-
ondary lining fails (the last loading step).

4 Test results and analysis

All information of the prototype structure can be
obtained by processing test results, and following analyses
are based on the prototype tunnel.

4.1 Effect of secondary lining thickness on internal forces of
the segment lining

Figures 13 and 14 display the variations of bending
moments and axial forces of the prototype segment in the
3 test groups respectively, per metre length of the tunnel.
It is shown as a positive bending moment when the inner
surface of the structure underwent tension, and the outer
surface underwent compression. Conversely, the bending
moment is negative. The axial force is positive when the
structure underwent compression, and on the contrary,
the axial force is negative.

Figure 13 shows that both the bending moments at the
crown and the invert of the segment are positive and those
at the haunches are negative throughout the test. With the
increase of external loads, the bending moment value at
every monitoring position increases continuously and the
growth trend does not vary greatly, which indicates that
all the segment lining structures in the three groups are
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Table 6
Loading plan.

Loading Jack pressure in Jack pressure in Output pressure in direction I (kPa) Equivalent burial
step direction I (MPa) direction 1T (MPa) Model Prototype depth (m)
0 0 0 0 0 0

1 0.4 0.2 0.75 21.05 2

2 0.6 0.4 1.44 40.54 4

3 1.0 0.8 5.52 155.39 15
4 1.4 1.0 8.67 244.06 23
5 1.6 1.0 10.47 294.73 28
6 1.8 1.0 11.86 333.86 32
7 2.0 1.0 13.09 368.41 35
8 22 1.0 14.46 407.05 39
9 2.4 1.2 16.45 463.14 44
10 2.6 1.2 18.70 526.41 50
11 2.8 1.2 20.19 568.40 54
12 3.0 1.4 21.79 613.39 58
13 32 1.4 23.56 663.14 63
14 34 1.6 24.95 702.34 67
15 3.6 1.6 27.30 768.40 73
16 3.8 1.8 29.29 824.51 78
17 4.0 2.0 31.78 894.71 85
18 4.2 2.0 33.96 955.97 91
19 44 22 37.39 1052.60 100
20 4.6 24 41.88 1178.92 112
21 5.0 2.6 47.31 1331.78 127
22 5.4 3.0 52.83 1487.16 141

not destabilized when the secondary lining breaks. In addi-
tion, it is worth noting that the increase in the secondary
lining thickness makes the segment bending moment
decline. It may be because the secondary lining with higher
stiffness helps the segment bear more external loads. For
instance, in the 10th loading step, the bending moment at
the segment crown is 992.45 kN-m in group 2, accounting
for only 37% of that in group 1, and the corresponding
value in group 3 reduces to 671.15 kN-m. When the sec-
ondary lining fails to work, i.e., at the last loading step,
the maximum bending moments in three groups are: group
1, 4030.04 kN-m (crown); group 2, 3244.83 kN-m (left arch
haunch); group 3, 2428.95 kN-m (crown). Moreover, the
secondary lining structures in the three test groups fail at
loading steps 18, 19 and 20, respectively, with an increase
in the corresponding external loads. This suggests that
the growth in the thickness of secondary lining boosts the
load-bearing capacity of the structure.

During the test, the whole segmental lining ring is under
compression and the axial force of the segment generally
shows an increasing trend, as shown in Fig. 14. Generally
speaking, the segmental axial forces grow with the increas-
ing load level. And the final segment axial forces in group 2
are higher than those in groups 1 and 3, which may be
linked to the internal boundary state of the segment. Dur-
ing the loading process, the secondary lining with different
thicknesses will cause different uncoordinated deforma-
tions and changes in the contact state between the segment
and the secondary lining. Further, the segmental internal
boundary state as well as its structural stress system will

be altered. Combined with the bending moment values,
the eccentricity of the segment at different locations
(e = M/N) is analysed. It is found that compared to group
1, at the last loading step, the maximum structural eccen-
tricity in group 2 decreases significantly. And for group
3, the corresponding maximum eccentricity grows slightly.
The maximum segmental eccentricities in three groups are
1.41 m (crown), 0.71 m (right arch haunch) and 0.74 m (in-
vert) respectively, and the most unfavourable stress posi-
tion also changes. Overall, the segmental eccentricity level
in group 1 is higher than that in groups 2 and 3 during
the loading test, indicating that the stress state of the seg-
ment structure has been effectively improved.

4.2 Mechanical behaviour of secondary linings with different
thicknesses

The relations between the loads and the internal forces
of the secondary lining are converted into the correspond-
ing prototype conditions by the similarity ratio of 30, as
shown in Figs. 15 and 16. As illustrated, bending
moments of the secondary linings in the three test groups
show a similar trend: before loading step 8, external loads
to which the structure is subjected do not rise to those
under regular burial depth and water pressure, and the
bending moment is almost zero and varies slightly. And
at this stage the secondary lining hardly plays an auxil-
iary load-bearing role. While after that, it gradually rises
with increasing external loads. And it can be seen that a
thicker secondary lining possesses more significant bend-
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Fig. 12. Model structure and model soil in test. (a) Segmental lining model, and (b) placement of model soil and model segment (Wang et al., 2019).

ing moments. At the last loading step, the maximum Similar to the bending moment, the axial force of the
bending moment in each group is 193.34, 292.75 and  secondary lining is close to zero before loading step 8.
34796 kN-m. However, as external loads increase, the axial forces at
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Fig. 13. Relations between external loads and segment bending moments. (a) Group 1, (b) group 2, and (c) group 3.

crown and invert increase gradually in all three groups.
Especially in groups 2 and 3, corresponding axial forces
increase dramatically. For the axial forces at arch
haunches, they are much lower than those at crown and
invert. It may be caused by uneven loads on the circumfer-
ence of the secondary lining since the contact area and
range between segment and secondary lining are various
around the circular structure. But they still show an overall
upward trend. Table 7 lists the values and distributions of
the axial forces of the secondary lining when it fails. We
can see that as the secondary lining thickness ascends from
25 to 30 cm, the maximum axial force in the secondary lin-
ing at the last loading step rises by nearly 1 000 kN; and
this value drops marginally by 50 kN as the thickness con-
tinues to increase to 35 cm. By analyzing the internal force
variation pattern of the secondary lining, it is implicated
that as an auxiliary load bearing structure, internal forces
of the secondary lining are lower than those of the segment,

and the secondary lining thickness has a great impact on
them.

4.3 Response of the double-layer lining to changes in
secondary lining thickness

In Sections 4.1 and 4.2, the changes in internal forces of
segment and secondary lining during the test are studied
respectively. Segment and secondary lining together form
a double-layer lining structure, then bearing loads together.
Hence the influence of secondary lining thickness on the
mechanical behaviours of the double lining structure is
explored in this section.

4.3.1 Bearing capacity

Based on analyses in Section 3, it is implicated that seg-
ment is still regarded as the main part to bear loads in the
double-layer lining structure, and construction of the sec-
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ondary lining changes the stress state of the segmental
inner boundary. The increase of secondary lining thickness
can enhance the overall stiffness and bearing capacity of the
double-layer lining structure, then making it bear more
external loads. Apart from that, the stress state of the
structure is also improved due to the moderate increase
in the secondary lining thickness.

According to the AE results as well as observable minor
cracks on segments (Figs. 17 and 18), when secondary lin-
ing thickness rises, damages on the segment lining are
reduced, which makes the goal of boosting its bearing
capability achieved. Figure 17 shows the acoustic emission
information of the lining structure at the crown, including
the AE event rate and the count of AE events. In the three
tests, the AE event rates of the double-layer lining fluctuate
and the count of AE events increases constantly under the
increasing loads. And when the AE event rate or the count
of AE events proliferate, it indicates that there are micro-
scopic damages in the structure. As the thickness of the sec-
ondary lining increases, the external loads at the time of

first micro damages occurrence ascend. When the failure
of the secondary lining happens, the count of AE events
in the three groups doubles and redoubles, with the values
of 1410, 2401 and 4609 in groups 1, 2 and 3, respectively.
This indicates that with the rising secondary lining thick-
ness, microscopic damages in the secondary lining develop
fast. In Fig. 18, it is found that the segment also inevitably
develops some minor cracks during the test, but the num-
ber of segmental cracks falls with the increase of secondary
lining thickness. In group 1, cracks are distributed on the
entire outer surface of model segment, with more cracks
at arch haunches. In contrast, the number of cracks signif-
icantly reduces in group 2, and some invert areas on the
outer surface are crushed. In group 3, there are still local
crushed areas on the outer surface of the segment crown
and invert, but there are nearly no cracks on the segment
inner surface. Overall, the number of segmental cracks
can be reduced by increasing the secondary lining
thickness.
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Fig. 15. Relations between external loads and bending moments of secondary lining. (a) Group 1, (b) group 2, and (c) group 3.

4.3.2 Structure deformation

The prototype condition convergence deformation of
the double-layer lining structure is obtained by collecting
the monitored displacements and converting them by a
similarity ratio of 30 (Fig. 19). Figure 19 shows that the
double-layer lining structure deforms outwards at the
haunches and converges inwards at the crown and invert.
The double-layer lining structure deformations in the three
groups rise monotonically with the increase of load all the
time. And among the 3 groups, the convergence values of
the double-layer lining in group 1 are the largest. When
the secondary lining fails, the vertical convergence in group
1 reaches 45.98 cm, which is 5.20 and 7.16 cm greater than
that in groups 2 and 3, respectively. Corresponding hori-
zontal convergence is 37 cm and it is 2.98 and 12.43 cm
greater than that in groups 2 and 3, respectively. To con-
clude, the increase of the secondary lining thickness could
help suppress structural deformation, especially in the
overload phase.

4.3.3 Interaction between the segment and the secondary
lining

In these tests, the double lining structure is a double-
shell structure, which means that the joint surface between
the segment and the secondary lining is smooth and only
transfers radial stress. And the theoretical model of joint
surface interaction could be considered as the compression
model (Zhang et al., 2001). Therefore, to investigate the
radial contact pressure between secondary lining and seg-
mental lining is of great significance to study the interac-
tion between them. The strain data from the earth
pressure cells at different locations can be processed with
the help of the calibration results to obtain the contact
pressure between the segment and the secondary lining.
Figure 20 shows the changes of prototype contact pressure
distribution between the segment and the secondary lining
during loading, where a positive value indicates extrusion
contact between the segment and the secondary lining,
and a negative value indicates no contact between the two.
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Table 7

Distributions of axial forces of secondary lining at the last loading step.

Group number

Maximum axial force Minimum axial force

Value (kN)  Location  Value (kN)  Location
1 2474.30 Invert 464.14 Left haunch
2 3401.71 Crown 751.70 Left haunch
3 3349.44 Crown 728.95 Left haunch

In comparison to Fig. 20(a)—(c), the most obvious
change is that when the secondary lining thickness
increases, the contact pressure level between the segment
and the secondary lining rises significantly, especially from
group 1 to group 2. During the loading process, the maxi-
mum contact pressure in group 1 is 153.96 kPa, and the
corresponding values increase dramatically to 593.05 and
674.44 kPa in groups 2 and 3, respectively. Taking into
account the deformation characteristics of the structure,
it can be seen that the interaction strength between the seg-
ment and the secondary lining is enhanced when the sec-

ondary lining thickness increases. On the other hand, it
can be noted that in groups 1 and 2, the segment has an
effective extrusion contact with the secondary lining at
almost all locations whereas the contact positions in group
3 reduce. For example, in the five locations shown, the con-
tact between the segment and the secondary lining in group
3 at the last loading step only occurs at the crown and left
arch shoulder.

In one test group, the contact pressure between the seg-
ment and the secondary lining also varies at different loca-
tions. For group 1, the contact pressure values at the left
arch haunch and the crown are higher than the rest loca-
tions, indicating that the interaction between the segment
and the secondary lining is stronger at these two locations.
When the secondary lining fails, the contact pressures at
these two locations are 133.99 and 97.41 kPa, respectively.
In addition, during the test, the maximum range in contact
pressure around the circumference is 153.96 kPa (for one
loading step, range = maximum contact pressure — mini-
mum contact pressure, when minimum contact pressure
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is negative, it is taken as 0). For group 2, the contact pres-
sures at the crown and left arch shoulder are considerable,
and the contact pressures at these two locations are 481.60
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sures at the crown and left arch shoulder in group 3 are
quite high, and the corresponding contact pressures as
the secondary lining fails are 536.38 and 367.24 kPa,
respectively. The maximum range in contact pressure in
group 3 is 674.44 kPa. Thus in general, in the three test
groups, group 1 has the most uniform distribution of con-
tact pressure around the circumference, group 2 has the
second most uniform distribution, and group 3 has the
poorest uniformity on contact pressure distribution.

Secondary lining thickness also has an impact on the
contact state between segment and secondary lining at
the same location. The prototype contact pressure at the
crown, the invert and the left arch haunch of the structure
in the three groups is shown in Fig. 21. First of all, it can be
clearly observed that the contact pressure level at the crown
in groups 2 or 3 is significantly higher than that in group 1.
This is because when the secondary lining thickness is
small, the stiffness of the secondary lining is small and its
deformation response to external loads is greater than that
of the segment. In contrast, the thicker secondary lining
can restrain the segmental inward deformation at crown
to a certain extent, leading to a higher contact pressure.
The contact pressures in groups 2 and 3 climb as the exter-
nal load increases, but in the later loading steps, there is a
decreasing trend in the contact pressure at the crown. It is
probably due to the fact that the secondary lining is in a
plastic phase after the secondary lining has been over-
loaded. And its inward deformation at the crown grows
rapidly, thus weakening the contact strength with the
segment.

At invert, the contact pressures among the three groups
are close and low (less than 100 kPa), demonstrating that
the interaction between the segment and the secondary lin-
ing is not strong at this location and the secondary lining
thickness has little effect on it. At left arch haunch, the con-
tact pressure between the segment and the secondary lining
in group 1 is the highest during loading, followed by
groups 2 and 3, which are 133.99, 105.32 and —32.61 kPa
respectively when the secondary lining fails. At the same

time, the contact pressure at the left arch haunch varies
among the three groups. For groups 1 and 2, the contact
pressure gradually rises with increasing external loads,
since the secondary lining and the segment have a better
coordinated deformation. Moreover, compared with group
2, the stiffness of the secondary lining in group 1 is smaller,
so the outward deformation of the secondary lining at left
arch haunch is more significant and the extrusion contact
with the segment is stronger. For group 3, the contact pres-
sure at the left arch haunch is negative throughout the
loading process. This can be attributed to the high stiffness
of the secondary lining and the outward deformation of the
segment at this location.

5 Discussion on rationality of the secondary lining thickness

According to the above analysis, we know that changes
in the secondary lining thickness will have an impact on the
load-bearing capacity and mechanical characteristics of the
double lining structure. In the large-diameter shield tunnel
discussed, the increase of secondary lining thickness
enhances the stiffness and bearing capacity of double-
layer lining, and structure deformation could be controlled.
It is consistent with past studies on smaller shield tunnels:
numerical computations for both 6 and 12 m shield tunnels
have shown that an increase in the secondary lining thick-
ness leads to a reduction in structure deformation and a
decrease and increase in internal forces of the segment
and secondary lining, respectively (Deng et al., 2008; Li
et al., 2020).

Furthermore, Table 8 summarizes some critical data of
the double-layer lining structure in three groups.

By comparison, it is found that: (1) when the secondary
lining fails, the full overburden pressure at the crown rises
linearly in the three groups since the percentage changes
are close. Similarly, for maximum segmental bending
moment, it decreases almost linearly. (2) According to
the eccentricity in segment, we can see that from group 1
to group 2, actually the stress state of segment is effectively
improved as the maximum axial force of the segment at the
last loading step shows a great growth in this process.
While from group 2 to group 3, the eccentricity goes up
slightly. (3) As the secondary lining thickness increases,
the internal force level of the secondary lining climbs
remarkably, especially from group 1 to group 2.

The increase of secondary lining thickness enhances the
stiffness and bearing capacity of double-layer lining. In
every test group, the secondary lining fails to work after
the external loads exceed 2 times the actual external loads
at the crown, which shows that the double-layer lining
structures with 3 different thicknesses of secondary lining
can meet the load-bearing demands. But from the perspec-
tive of improving the structural stress state, the 30 cm thick
secondary lining has a more effective and outstanding con-
tribution to it.

On the other hand, as mentioned in Section 4.3.3, the
contact pressure between segment and secondary lining



146 S. Wang et al. | Underground Space 18 (2024) 130-150
Left haunch Left haunch
600 7 Left arch shoulder 600 Left arch shoulder no
Crown Crown
500 Invert 500 - Invert - n
= Left arch foot = Left arch foot
~ =¥
2 400 = 400 A
& 2 |
Z Z - -
S 300 L 300
a, (=9
g g
& 8
£ 200 4 £ 200 -
3 O
" H-H'H N ’-H-H (ﬂﬂ H { { {
0 T &umnﬂhrﬂﬂﬂ“ﬂm’ﬂ:ﬁ-‘ﬂw T ’:’-ﬂﬂﬂ T 0 ! UI-I:I—L FIIIT‘LI' ! ! ! 'H '-H 'ﬂ "H 'JH
6 7 3 9 10 11 12 13 14 15 16 17 I‘JS 6 7 8 9 10 11 12‘ 13 14 15 16 17 18 1
Loading step Loading step
(b)
600 4 Left haunch I
Left arch shoulder n 0
Crown n
500 Invert h
= Left arch foot I
s _ |
= 400 A _ I
=4 |
=}
2 _ |
S 300
a.
k31
<
= 200 -
)
@]
100 4 rl-l-h h
0 1 r”-ﬂ T ar ol =T o I T L T U L I—I L 1] L ) L T
6 7 8 9 10 11 12 13 14 15 16 17 18 19 Z&J
Loading step
(©
Fig. 20. Distributions of contact pressures between segment and secondary lining. (a) Group 1, (b) group 2, and (c) group 3.
04 700
700 5 = Group 1 —#— Group 1
= Group 1
w0l | ® Group2 P 600 - : Group 2 600 | : gmu"§
4 Group 3 2 e A . |4 Group 3| roup
gm_ o e gsoo— §5oo—
5 . S 4004 > 4004
% 400 i g 400 g 400
ém- = s gwo— 3004
é 200 ” . P 5 200 4 é 200 o .
L
100 A s 2 = 100 H 4 100 L .
-:: = . ‘3::§I:=‘. _.::'.'.
04 = re ® o I °
—— R e R I e e i S e S G
4 N 8 ooz de 1820 4 5 H o 12 14 16 18 20 2 4 6 $ 10 12 14 16 18 20 2
Loading step Loading step Loading step

(@)

Fig. 21. Contact pressure at some positions. (a) Crown, (b) invert, and (c) left arch haunch.

(b)

©



S. Wang et al. | Underground Space 18 (2024) 130-150 147

can reflect their contact state and ability of deformation
coordination. Some important contact pressure is summa-
rized, as shown in Table 9.

Figure 20 and Table 9 show that the contact pressure
level of a whole lining ring in group 1 is significantly lower
than that in groups 2 and 3. It indicates that for the 25 cm
thick secondary lining, the insufficient stiffness of the sec-
ondary lining causes it to deform easily when subjected
to external loads, which cannot effectively suppress the seg-
ment deformation by interacting with it. However, the
interaction on the joint surface between segment and sec-
ondary lining is strengthened when the secondary lining
thickness is 30 or 35 cm. When the secondary lining thick-
ness is 25 c¢cm, although the contact pressure between the
segment and the secondary lining is lower, its circumferen-
tial difference is smaller and there are more positions where
effective contact exists. It shows that at this point the joint
surface between the segment and the secondary lining is
large and the contact pressure is evenly distributed. How-
ever, as the secondary lining thickness increases, the differ-
ence in contact pressure values on the circumference grows
significantly. And when the secondary lining is 35 cm thick,
there are fewer effective contact areas between the segment
and the secondary lining because the two could not deform
in a coordinated manner. This indicates that the interaction
areas between the segment and the secondary lining reduce,
and the secondary lining only plays a role locally. There-
fore, compared with the 25 cm thick or 35 cm thick sec-
ondary lining, the application of a 30 cm thick secondary
lining can effectively enhance the interaction strength
between the segment and the secondary lining, and also
ensure a larger interaction scope between the two. Then
the secondary lining can fully play its auxiliary load-
bearing role.

With a comprehensive consideration of structural load-
bearing capacity, stress state, the cooperative deformation
as well as construction costs, for the Rail-cum-Road
Yangtze River Cross Tunnel in Wuhan, we believe that it
is reasonable to adopt a 30 cm thick secondary lining in
the double-layer lining structure. It not only effectively
improves the stress state of the double-layer lining struc-
ture, but also enhances interaction of the joint surface
between segment and secondary lining. On the other hand,
the findings from some relevant previous numerical calcu-

lations can also validate the experimental results of the
model to a certain extent. Yang (2018) and Li et al
(2020) analyzed the effect of secondary lining thickness
on mechanical properties of double-layer linings in 12 m
diameter shield tunnels by means of numerical modelling.
They believed that as the secondary lining thickness
increases, the overall stiffness and load-bearing capacity
of the double lining structure can be enhanced, but struc-
tural stress state is not improved all the time. Hence the
secondary lining thickness should also be determined with
a view of keeping the structure in a safe stress state during a
long-term service.

6 Design of secondary lining thickness in large-diameter
shield tunnels

At present, there are no systematic guidelines for the
design of double-layer lining structure in large-diameter
shield tunnels, and the secondary lining thickness is usually
determined according to past experiences. Therefore, based
on Rail-cum-Road Yangtze River Cross Tunnel in Wuhan
and corresponding test results, we suggest that stiffness
matching between segment and secondary lining could be
considered to get a good cooperative bearing effect when
designing the secondary lining thickness in a large-
diameter shield tunnel.

Take the structure crown in the test as an example (see
Fig. 21(a)). If the secondary lining thickness is small, the
insufficient stiffness may not ensure that it can carry loads
together with the segment when the external loads increase,
and the contact state between the two is not very good.
And if the secondary lining thickness is great, its stiffness
increases, but there would be a deformation incompatibil-
ity between the secondary lining and the segment. Even
though the interaction between the segment and the sec-
ondary lining is locally strong, their effective joint surface
area declines around the circular structure. To sum up, if
there is a good match between the secondary lining stiffness
and the segment stiffness, it will not only help to improve
their cooperative load-bearing capacity, but also allow
the auxiliary load-bearing role of the secondary lining to
be effectively played. Further, the stiffnesses of the segment
and 30 cm thick secondary lining are calculated as follows:

Table 8

Key data of double-layer lining structure in the large-diameter shield tunnel (at the last loading step).

Name Group 1 Group 2 Group 3

Full overburden pressure at crown (kPa) 955.97 1052.60 (+10.11%) 1178.92 (+12.00%)
Maximum bending moment of segment (kN-m) 4157.51 3244.83 (—21.95%) 2428.95 (—25.14%)
Maximum axial force of segment (kN) 5654.75 9129.18 (+61.44%) 5746.81 (—37.05%)
Maximum eccentricity of segment (m) 1.41 0.71 (—49.64%) 0.74 (+4.23%)
Maximum bending moment of secondary lining (kN-m) 193.34 292.75 (+52.20%) 347.96 (+18.86%)
Maximum axial force of secondary lining (kN) 2474.30 3401.71 (+37.48%) 3349.44 (—1.54%)
Maximum structural convergence value (cm) 45.98 40.78 (—11.31%) 38.82 (—4.81%)

Notes: the percentage in the table shows the increase or decrease relative to the former group.
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Table 9

Contact pressure of double-layer lining structure.

Name Group 1 Group 2 Group 3

Maximum contact pressure of a whole lining ring (kPa) 153.96 (17th loading 593.05 (15th loading 674.44 (17th loading
step) step) step)

Maximum contact pressure range of a whole lining ring (kPa) 153.96 (17th loading 564.42 (15th loading 663.72 (17th loading
step) step) step)

Average contact pressure of a whole lining ring at the last loading step  57.99 194.83 180.72

(kPa)
Number of pressure cells with positive contact pressure at the last 7 6 3

loading step

Segment parameters

Stiffness
ratio 5=9.4

[ Stiffness of segment ’

Stiffness of ’
secondary lining

Other
parameters

Secondary lining ’
thickness /4,

Fig. 22. Calculation of reasonable thickness of secondary lining in large-
diameter shield tunnels.

E\I" =nEd, =1.19 x 10° N - m?, (6)
Exl, =126 x 10° N - m?, (7)

where EjI* is the effective stiffness of segment; E; is the
elastic modulus of segment, 3.45 x 10* MPa; I; is the seg-
mental moment of inertia, I; = b;h3/12 = 0.046 m*;y is the
lateral effective stiffness coefficient, the range is 0.70-0.81
for large-diameter shield tunnels (Li et al., 2015), so 0.75
is chosen; F, is the elastic modulus of secondary lining,
2.80 x 10* MPa; I, is the moment of inertia of secondary
lining, I, = b,h3/12 = 0.0045 m*.

And the stiffness ratio of segment to secondary lining is:

In Rail-cum-Road Yangtze River Cross Tunnel in
Wuhan, when the stiffness ratio of segment to secondary
lining S'is 9.4, it is considered that the stiffness of secondary
lining matches the stiffness of segment. And for a double-
layer lining structure in a similar shield tunnel with a diam-
eter of approximately 15 m, the reasonable secondary lin-
ing thickness might be calculated with the help of the
above ratio S, as shown in Fig. 22.

7 Conclusions

With regard to double-layer lining structures in 15 m
diameter large shield tunnels, issues relating to the sec-

ondary lining thickness still need to be further explored.
In this paper, a similar model of the double-layer lining
structure in a large-diameter underwater shield tunnel is
built and loading tests are carried out on it. The transverse
mechanical behaviours of the double-layer lining structure
and the interaction of joint surface between segment and
secondary lining are studied in condition of different thick-
nesses of secondary lining. The following conclusions could
be drawn:

(1) In the double-layer lining structure of the large-
diameter shield tunnel, the secondary lining mainly plays
the role of assisting segment to bear loads. When the sec-
ondary lining thickness increases, the double-layer lining
can bear more external loads. The stress state of the double
lining is improved considerably as the secondary lining
thickness grows from 25 to 30 cm.

(2) The thickness of secondary lining has an effect on the
magnitude and distribution of contact pressure between
segment and secondary lining, thus reflecting the coordi-
nated deformation and interaction strength between the
two. As the secondary lining gets thicker, the overall con-
tact pressure level increases, but the contact pressure
becomes unevenly around the circumference and the effec-
tive contact area reduces. In the three test groups, when the
secondary lining thickness is 30 cm, overall contact pres-
sure level between segment and secondary lining is high
and the interaction area is also large.

(3) The test results verify that for Rail-cum-Road
Yangtze River Cross Tunnel in Wuhan, it is reasonable
to construct a double-layer lining structure with a 30 cm
thick secondary lining, and its stiffness ratio of segment
to secondary lining S is 9.4.

(4) Based on this case study, we present a piece of
advice: for the double-layer lining structure design in a
large-diameter shield tunnel (around 15 m in diameter),
stiffness matching between segment and secondary lining
needs to be considered, and the above stiffness ratio of seg-
ment to secondary lining S might help to get the reasonable
thickness of secondary lining.
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