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A B S T R A C T

Conventional inspection of groundwater leakage of segmental tunnel linings is a time-consuming task, while
vertical and horizontal convergences are routinely measured in many tunnels. This provides the motivation to
use convergences as input for the quantification of the safety against groundwater ingress through longitudinal
joints of segmental tunnel linings. Measured convergences are translated into relative rotations at the joints.
These rotations are then converted to changes of the compression of the gaskets. Combining these changes
with results from testing of the gaskets allows for quantification of the remaining sealing pressure. The safety
against groundwater ingress is quantified by means of the ratio between the remaining sealing pressure and
the groundwater pressure. To ensure efficient application in tunnel engineering, closed-form equations are
provided in the analysis whenever possible. The method is validated by comparing model predictions with
inspection data of the segmental lining of Metro Line 7, in Shanghai. Finally, the effectiveness of two sets of
gaskets per longitudinal joint is assessed. It is concluded that a symmetric arrangement of two pairs of gaskets,
one close to the outer edge and the other close to the inner edge of the joint, significantly increases the water
tightness as long as the sealing of the bolt channels can be guaranteed. Otherwise, an eccentric arrangement
of two pairs of gaskets, both close to the outer edge, is a good option.
1. Introduction

Groundwater leakage and ovalization of initially circular segmental
linings are threats to the serviceability of tunnels (Yuan et al., 2012).
As regards related structural monitoring, inspection methods must
comply with two main requirements: (i) the monitoring data must be
of suitable quality such as to allow for a quantitative assessment of the
serviceability of the tunnels and (ii) the inspection methods shall affect
the regular operation of the tunnels as little as possible.

The ovalization of tunnel linings is usually monitored by means
of measuring convergences, representing changes of the diameter of
initially circular tunnel linings. A convergence-related serviceability
limit state is reached as soon as the largest convergence reaches or
exceeds a certain fraction of the initial diameter of the lining, e.g.
2% according to the Chinese code of practice (DG/TJ08-2123-2013,
2013). Convergences are usually measured in the vertical and the
horizontal direction. Manual measurements (Li et al., 2017) are time
consuming and the regular operation of the tunnel must be interrupted
during inspection. In order to improve this situation, laser scanning
technology, installed on a rail-bound vehicle, was used for tunnel
inspections (Nuttens et al., 2014; Xie and Lu, 2017). Displacements

∗ Corresponding authors.
E-mail addresses: yuany@tongji.edu.cn (Y. Yuan), Bernhard.Pichler@tuwien.ac.at (B.L.A. Pichler).

of many points of the lining are automatically acquired while the
vehicle moves through the tunnel (Cui et al., 2019). This reduces the
negative effect of the inspection of the tunnels on their operation to
a tolerable minimum. The collected data are postprocessed off-site. It
is popular to represent the deformed state of a tunnel cross-section by
an ellipse which approximates the deformation measurements in the
best-possible fashion (Walton et al., 2014). A more advanced approach,
accounting for discontinuities at the longitudinal joints, connecting
neighboring segments of a tunnel ring, consists of representing the
deformed configuration of every single tubbing by a specific segment
of an ellipse (Xu et al., 2022). The convergences in the vertical and the
horizontal direction are eventually determined from the deformed con-
figuration which was back-analyzed from the monitoring data. Herein,
convergences, taken from (Ai and Yuan, 2019), will be used to assess
the safety against groundwater ingress through longitudinal joints.

Groundwater leakage increases the likeliness of deterioration of
both the lining itself and the electrical equipment required for tunnel
operation (Gong et al., 2019). Groundwater-leakage-related service-
ability limit states are usually defined by limiting the average daily
volume of groundwater running into the tunnel per 100 m2 of its inner
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surface. According to the Chinese code of practice (T/CSPSTC 43-2019,
2019), related threshold values depend on the importance grade of the
tunnel. Groundwater leakage is usually monitored by means of visual
inspection which is expensive in terms of both time and manpower.
In order to improve this situation, artificial intelligence concepts were
developed to detect groundwater leakage (Huang et al., 2018; Attard
et al., 2018; Huang et al., 2021). One promising approach refers to
detecting sites of groundwater ingress by means of analyzing gray-
scale images produced from 3D laser scanning data (Yi et al., 2019;
Huang et al., 2020). Together with his colleagues, the second author
of the present paper developed a machine learning approach, based on
photos taken by charge-coupled device (CCD) cameras (Ai et al., 2016).
These photos allow for measuring the convergences of tunnel rings
and for detecting groundwater leakage sites simultaneously (Ai and
Yuan, 2019). The inspection of 13 segmental linings of tunnels crossing
the Huangpu River in Shanghai below the riverbed has shown that
groundwater leakage mainly occurs at the joints of segmental tunnel
linings (Wu et al., 2014).

The following two points provide the motivation for the present
analysis.

• Anticipatory planning of maintenance and repair of tunnels would
benefit significantly from the possibility to quantify the safety
against groundwater ingress into the tunnel before a leakage prob-
lem is encountered. Provided that a suitable safety factor could be
defined and quantified, its evolution could be monitored. Trends
derived from monitoring data could be used for predicting the
remaining time before the occurrence of significant groundwater
leakage.

• Significant ingress of groundwater can be identified rather easily
by monitoring the amount of water running through the drainage
system of the tunnel. However, localization of the actual sites
through which the groundwater runs into the tunnel is a much
more challenging task. Provided that the safety against ground-
water ingress into the tunnel could be quantified, the search for
leakage sites could be focused on stretches of the tunnel where
the likeliness of groundwater ingress is known to be specifically
high.

otably, a statistical analysis of monitoring data, obtained from inspec-
ion of 360 segmental rings of a damaged metro tunnel in Shanghai,
ndicated a correlation between groundwater ingress through longitu-
inal joints and the convergences (Huang et al., 2017). This is setting
he scene for the present paper.

The objective of the present paper is to check whether or not it
s possible to quantify the safety against groundwater ingress through
ongitudinal joints of a segmental tunnel lining by means of a multiscale
ngineering mechanics approach. It uses convergences, measured in the
ertical and the horizontal direction, as input. The analysis starts at the
argest scale, i.e. at the one of the tunnel rings, and then proceeds to
ver smaller scales, namely, first to the joints and then to the gaskets.
his two-step approach will be explained in the following:

1. In the first step, relative rotations at the joints are quantified
from convergences measured in the vertical and the horizontal
direction. The rationale behind this step is that (i) the conver-
gences of segmental tunnel rings are governed by rigid-body
displacements of the tubbings (Zhang et al., 2017, 2019a), and
(ii) these displacements go along with relative rotations at the
longitudinal joints (Blom, 2002; El Naggar and Hinchberger,
2008). The transformation of two measured convergences into
six relative rotations at the joints follows research by Jiang et al.
(2021) and Zhang et al. (2022a). In more detail, the rigid-body
displacements of the investigated tunnel rings, consisting of six
tubbings, are described as a linear combination of three modes of
rigid-body displacements (Jiang et al., 2021). Each one of them
represents a specific set of six relative rotations at the joints.
2

The components of these modes, i.e. the scalar factors by which
these modes are multiplied, are obtained as the solution of an
optimization problem, characterized by the use of convergences
measured in the vertical and the horizontal direction as input
(Zhang et al., 2022a).

2. The second step refers to the conversion of the relative rota-
tions at the joints into changes of the sealing pressure of the
gaskets. The rationale behind this step is that (i) gaskets are
compressed in the intended circular initial configuration of the
tunnel ring, resulting in a specific initial sealing pressure (Gong
et al., 2022), and (ii) relative rotations at the joints increase
or decrease this initial compression, resulting in an increase or
decrease of the sealing pressure (Zhang et al., 2022b; Meng
et al., 2023). Relative rotations at the joints are converted into
changes of the shortening of the gaskets by means of a newly
proposed kinematic analysis. Changes of the sealing pressure
are quantified with the help of changes of the shortening of
the gaskets, using results from direct compression tests of the
gaskets.

inally, an index for quantification of the safety against groundwater
ngress is introduced. It is equal to the ratio between the sealing pres-
ure in the deformed configuration and the groundwater pressure. This
s useful for closed-base gaskets (Shalabi et al., 2016). The described
ethod is used to predict the relation between the convergences and

he safety against groundwater ingress into the segmental tunnel lining
f Metro Line 7, in Shanghai. The predictions will be validated based
n measured convergences of tunnel rings through which water was
ctually running into the tunnel (Ai and Yuan, 2019).

Notably, state-of-the-art approaches regarding the assessment of the
ealing performance of gasketed joints combine advanced laboratory
esting with numerical simulations of the interaction between the gas-
ets and the segments (Gong et al., 2022; Zhang et al., 2022b; Meng
t al., 2023). These approaches are directly applicable provided that
he dislocations at the joints, both in the tangential and the radial
irection, and the relative rotations are known. However, on site quan-
ification of joint deformations remains a challenging task, no matter
hether performed by manual measurements or laser scanning (Xu
t al., 2019). The novelty of the present paper consists in the develop-
ent of a concept that allows for relating an index that quantifies the

afety against groundwater ingress to measured convergences. Thereby,
losed-form equations are provided whenever possible. They ensure
fficient numerical applicability in tunnel engineering.

The paper is organized as follows. Section 2 contains fundamentals
equired for transforming convergences into relative rotations at the
oints. Section 3 is devoted to converting the relative rotations at the
oints first into changes of the shortening of the gaskets, then into the
emaining gasket-to-gasket contact pressure, and finally into the afore-
entioned index for determination of the safety against water ingress.

n Section 4, the described method will be applied to Metro Line 7 in
hanghai. In Section 5, the developed method will be used to assess the
ffectiveness of placing two sets of gaskets at each longitudinal joint.
ection 6 contains the conclusions drawn from the presented study.

. Fundamentals: quantification of relative rotations at longitudi-
al joints from known convergences (Zhang et al., 2022a)

Herein a segmental ring consisting of six tubbings, as are used for
he linings of metro tunnels in Shanghai, is considered, see Fig. 1(a).
he radius of the axis of the ring, 𝑅, amounts to 2.925 m. The angular

coordinate, 𝜑, is measured counterclockwise from the crown. The joints
are located at

𝜑1 = 8◦, 𝜑2 = 73◦, 𝜑3 = 138◦, 𝜑4 = 222◦, 𝜑5 = 287◦, 𝜑6 = 352◦.

(1)
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Fig. 1. Tubbing ring used for the segmental linings of metro tunnels in Shanghai: (a) arrangement of the segments, numbering of the joints, radius of the axis of the ring, and
angular coordinate, (b) relative rotation at the 𝑗th joint, 𝛥𝜃𝑗 .
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Relative rotations at the six joints, resulting in rigid-body displacements
of the tubbings, satisfy the conditions (A.4)–(A.6), as explained in
Appendix A. There are infinitely many solutions for the six relative
rotations satisfying these conditions. All of these solutions can be
mathematically expressed in the form of a linear combination of three
fundamental solutions. Zhang et al. (2019a) introduced a fundamental
solution, referring to a symmetric mode of rigid-body displacements,
see Fig. 2(a). Jiang et al. (2021) introduced two fundamental solutions,
referring to two antisymmetric modes of rigid-body displacements,
Figs. 2(b) and (c). These three solutions form a basis of the solutions
for the six relative rotations satisfying Eqs. (A.4)–(A.6). After their
orthonormalization, the corresponding values of these rotations at the
joints, see also Fig. 1(b), can be expressed as (Jiang et al., 2021)

⎡
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⎢
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⎣
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𝛽1
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𝛽3

⎤

⎥

⎥

⎦

⏟⏟⏟
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, (2)

where the three columns of the matrix 𝑨 refers to the orthonormalized
asis, see details in (Jiang et al., 2021; Zhang et al., 2022a). Thus,

6

𝑖=1
𝐴𝑖𝑗 𝐴𝑖𝑘 = 𝛿𝑗𝑘 , ∀𝑗, 𝑘 ∈ {1 ; 2 ; 3} , (3)

here 𝐴𝑖𝑗 denotes the component of 𝑨 in the 𝑖th row and the 𝑗th column,
nd where 𝛿𝑗𝑘 denotes the Kronecker delta. It is equal to 1 for 𝑗 = 𝑘

nd to 0 otherwise.

The first column of the matrix 𝑨 in Eq. (2) refers to the symmetric
ode of rigid-body displacements illustrated in Fig. 2(a). The remain-

ng two columns refer to the two antisymmetric modes of rigid-body
isplacements illustrated in Figs. 2(b) and (c). 𝛽1, 𝛽2, and 𝛽3 denote
calar components of the three orthonormalized modes of rigid-body
3

isplacements. The related convergence 𝐶 at 𝜑 = 𝜓𝑘 in the direction of
the diameter at that angle can be expressed as (Zhang et al., 2022a)

𝐶(𝜓𝑘; 𝛽1, 𝛽2, 𝛽3) =

{

[

2𝑅 +
6
∑

𝑗=1
𝑅
(

𝐴𝑗,1 𝛽1 + 𝐴𝑗,2 𝛽2 + 𝐴𝑗,3 𝛽3
)

×

{

sin(𝜓𝑘 − 𝜑𝑗 )𝐻(𝜓𝑘 − 𝜑𝑗 ) + sin(𝜓𝑘 + 𝜋 − 𝜑𝑗 )𝐻(𝜓𝑘 + 𝜋 − 𝜑𝑗 )
}

]2

+
[ 6
∑

𝑗=1
𝑅
(

𝐴𝑗,1 𝛽1 + 𝐴𝑗,2 𝛽2 + 𝐴𝑗,3 𝛽3
) {

[

1 − cos(𝜓𝑘 − 𝜑𝑗 )
]

𝐻(𝜓𝑘 − 𝜑𝑗 ) +

[

1 − cos(𝜓𝑘 + 𝜋 − 𝜑𝑗 )
]

𝐻(𝜓𝑘 + 𝜋 − 𝜑𝑗 )
}

]2
}

1
2

−2𝑅 .

(4)

Introducing ‘‘1’’ and ‘‘2’’ as indices for the horizontal and the vertical
direction, respectively, the corresponding angles 𝜓𝑘 read as:

1 = 90◦, (5)
𝜓2 = 180◦. (6)

𝛽1, 𝛽2, and 𝛽3 are identified from the measured values of horizontal and
ertical convergences, denoted by 𝐶𝑚𝑒𝑎(𝜓1) and 𝐶𝑚𝑒𝑎(𝜓2), respectively,
y means of the following two-step identification procedure (Zhang
t al., 2022a):

tep 1: 𝛽2 and 𝛽3 are set equal to zero. The value of 𝛽1 is optimized
by means of minimizing the root mean square error between
measured and modeled convergences:

𝑅𝑀𝑆(𝛽1) =

√

√

√

√
1
2

2
∑

𝑘=1

[

𝐶𝑚𝑒𝑎(𝜓𝑘) − 𝐶(𝜓𝑘; 𝛽1, 𝛽2 = 0, 𝛽3 = 0)
]2

→ min .

(7)

Step 2: 𝛽1 is kept constant at the optimal value 𝛽𝑜𝑝𝑡1 determined in
Step 1. The values of 𝛽2 and 𝛽3 are optimized by means of
reducing the root mean square error between measured and
modeled convergences to zero:

𝑅𝑀𝑆(𝛽2, 𝛽3) =

√

√

√

√
1
2

2
∑

𝑘=1

[

𝐶𝑚𝑒𝑎(𝜓𝑘) − 𝐶(𝜓𝑘; 𝛽1 = 𝛽𝑜𝑝𝑡1 , 𝛽2, 𝛽3)
]2

→ 0 .
(8)
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Fig. 2. Three orthonormalized modes of rigid-body displacements of the tubbings: (a) symmetric mode, (b) first antisymmetric mode, (c) second antisymmetric mode; the circles
refer to the joints; after (Jiang et al., 2021).
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Table 1
Numerical values of the geometric dimensions labeled in Figs. 3(a), 5, 6, and 16.
𝐿1 = 210mm 𝐿2 = 35mm 𝐿3 = 25mm 𝐿4 = 42mm 𝐿5 = 36mm
𝐿6 = 4mm 𝐿7 = 4mm 𝐿8 = 8mm 𝐿9 = 150mm ℎ = 350mm

Once 𝛽𝑜𝑝𝑡1 , 𝛽𝑜𝑝𝑡2 , and 𝛽𝑜𝑝𝑡3 are identified, they are inserted into Eq. (2)
in order to quantify the corresponding values of the relative rotations
at the joints. The latter are the basis for the assessment of the safety
against leakage at the joints.

3. Assessment of the safety against leakage at longitudinal joints
based on known relative rotations

Gaskets made of an Ethylene–Propylene–Diene Monomer (EPDM)
are used to render longitudinal joints of segmental linings of metro
tunnels in Shanghai groundwater-proof, see Fig. 3(a) and Table 1.
The gaskets are glued into grooves of the prefabricated reinforced-
concrete tubbings. During installation of a tubbing ring, two gaskets
are pressed at each other at each joint. As long as the resulting contact
pressure 𝜎 is larger than the hydraulic stress resulting from the external
groundwater pressure 𝑝𝑤,1 the gaskets prevent the groundwater from
running into the tunnel, see Fig. 3(b). The relation between the contact
pressure 𝜎 and the shortening 𝛥𝑙 imposed on a gasket was determined
experimentally by Shen (2012), see Fig. 4. The measured data are
described by means of the following function:

𝜎 =

⎧

⎪

⎨

⎪

⎩

𝑘1 𝛥𝑙 . . . . . . . . . . . . . . . . . . . . . . . . 0 ≤ 𝛥𝑙 ≤ 𝛥𝑙𝑡1 ,
1MPa × exp

(

𝑘2 𝛥𝑙 + 𝑑2
)

. . . 𝛥𝑙𝑡1 ≤ 𝛥𝑙 ≤ 𝛥𝑙𝑡2 ,

1MPa × exp
(

𝑘3 𝛥𝑙 + 𝑑3
)

. . . 𝛥𝑙𝑡2 ≤ 𝛥𝑙 ,
(9)

where 𝑘1, 𝑘2, and 𝑘3 are calibration parameters, see Table 2. The
constants 𝑑2 and 𝑑3 are related to 𝑘1, 𝑘2, and 𝑘3 such as to ensure
continuity at the boundaries between the intervals given in Eq. (9):

𝑑2 = ln
(

𝑘1 𝛥𝑙𝑡1
1MPa

)

− 𝑘2 𝛥𝑙𝑡1 , (10)

𝑑3 = 𝑑2 + (𝑘2 − 𝑘3)𝛥𝑙𝑡2 . (11)

The three lines in Eq. (9) refer to three different intervals of 𝛥𝑙. The
interval boundaries are denoted as 𝛥𝑙𝑡1 and 𝛥𝑙𝑡2. Numerical values of
the boundaries between these intervals are given in Table 2.

The height 𝑙0 of the undeformed trapezoidal gaskets, measured in
circumferential direction of the tunnel ring, amounts to 16 mm, see the
insert in Fig. 3(a). Provided that two neighboring tubbings are installed

1 Compressive stresses (= pressures) are introduced with a positive
athematical sign, tensile stresses with a negative sign.
4

Table 2
Numerical values of calibration parameters 𝑘1, 𝑘2, and 𝑘3, the constants
𝑑2 and 𝑑3, the interval boundaries 𝛥𝑙𝑡1 and 𝛥𝑙𝑡2, introduced in Eqs. (9),
as well as initial shortening of the gaskets 𝛥𝑙𝑖𝑛𝑖 according to Eq. (12);
the values of 𝑑2 and 𝑑3 were quantified based on Eqs. (10) and (11).
𝑘1 = 0.0919MPa/mm 𝛥𝑙𝑡1 = 3.5mm
𝑘2 = 0.5014/mm 𝑑2 = −2.8892 𝛥𝑙𝑡2 = 5.4mm
𝑘3 = 0.9834/mm 𝑑3 = −5.4920 𝛥𝑙𝑖𝑛𝑖 = 6.0mm

as illustrated in Fig. 3(a), the height of each one of the two trapezoidal
gaskets is reduced by

𝛥𝑙𝑖𝑛𝑖 = 6mm (12)

to 10 mm. This ‘‘initial’’ shortening activates a contact pressure amount-
ing to 1.50MPa, see Fig. 4.

The contact pressure 𝜎 changes as a function of the relative rotations
t the joints. A positive relative rotation opens the joint at the inner
ide, see Fig. 5, while a negative relative rotation opens it at the outer
ide, see Fig. 6.

The relation between positive and negative relative rotations at the
oints, on the one hand, and the shortening of the gaskets and their con-
act pressure, on the other hand, as well as the associated safety against
eakage will be dealt with in the remainder of this paper. In order to
eep the corresponding mathematical description reasonably simple,
inearized rigid body kinematics of reinforced-concrete tubbings will
e assumed.

.1. Changes of the shortening of the gaskets resulting from relative rota-
ions at the longitudinal joints

As regards monotonously increasing positive relative rotations, the
nalysis consists of two stages. In Stage 1, the center of the relative
otation is point 𝐵, see Fig. 5(a). In Stage 2, it is point 𝐴, see Fig. 5(b).
he transition from Stage 1 to Stage 2 takes place as soon as the relative
otation around point 𝐵 closes the initial gap between points 𝐴𝑙 and
𝑟 in Fig. 3(a). The corresponding relative rotation is equal to the

nitial tangential distance between points 𝐴𝑙 and 𝐴𝑟, see 𝐿6 in Fig. 3(a),
ivided by their radial distance from point 𝐵, see 𝐿4 +𝐿5 in Fig. 3(a):

𝜃1→2 =
𝐿6

𝐿4 + 𝐿5
. (13)

Water ingress resulting from the increasing positive relative rotation
will take place as soon as the compressive stress at the outer edges of the
gaskets (= the upper edges in Fig. 5) has decreased to the groundwater
pressure. Therefore, the following analysis is focused on the outer edges
of the gaskets.

Positive relative rotations, Stage 1: Provided that the relative
rotation increases from zero to 𝛥𝜃 , the shortening of both
1→2
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Fig. 3. (a) Geometric properties of a longitudinal joint between neighboring tubbings used for segmental linings of metro tunnels in Shanghai and (b) sketch of the forces acting
on the gaskets in case of 𝛥𝜃𝑗 < 0; note that the magnification factor in subfigure (b) is 10 compared to that in subfigure (a) and that the scales in the radial and the tangential
direction are different in order to increase the comprehensibility of the figure, see also Table 1.
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Fig. 4. Relation between the contact pressure and the shortening of the EPDM gaskets
used in metro tunnels in Shanghai: the pink circles mark test results by Shen (2012);
the solid line refers to Eqs. (9)–(11), and the dashed lines refer to the shortening
which results from the installation of a tunnel ring, see Eq. (12), as well as to the
corresponding contact pressure which amounts to 1.50MPa.

gaskets at their outer edges increases by an amount which is
equal to the relative rotation 𝛥𝜃 multiplied by the radial distance
of the outer edge of the gaskets from point 𝐵, see 𝐿5 in Fig. 5(a).
Dividing this product by 2 in order to compute the shortening
of one gasket and adding the result to the initial shortening,
delivers

𝛥𝑙1(𝛥𝜃 > 0) = 𝛥𝑙𝑖𝑛𝑖 +
𝐿5
2
𝛥𝜃 , 0 ≤ 𝛥𝜃 ≤

𝐿6
𝐿4 + 𝐿5

, (14)

see also the red line in Fig. 7. The shortening at the end of
Stage 1 (= transition to Stage 2) follows from setting 𝛥𝜃 in
Eq. (14) equal to 𝛥𝜃1→2:

𝛥𝑙 = 𝛥𝑙 +
𝐿5 𝛥𝜃 . (15)
5

1→2 𝑖𝑛𝑖 2 1→2
Positive relative rotations, Stage 2: With increasing relative ro-
tation angle, the shortening of both gaskets at their outer edges
decreases by an amount equal to 𝛥𝜃 − 𝛥𝜃1→2 multiplied by the
radial distance of the outer edge of the gaskets from point 𝐴, see
𝐿4 in Fig. 5(b). Dividing this product by 2 in order to compute
the shortening of one gasket at its outer edge and adding the
result to 𝛥𝑙1→2 according to Eq. (15), yields the shortening in
Stage 2 as

𝛥𝑙2(𝛥𝜃 > 0) = 𝛥𝑙𝑖𝑛𝑖 +
𝐿5
2
𝛥𝜃1→2 −

(𝛥𝜃 − 𝛥𝜃1→2)𝐿4
2

. (16)

Collection of terms proportional to 𝛥𝜃1→2 in Eq. (16), insertion
of Eq. (13) into the resulting expression, and simplification of
the result yields:

𝛥𝑙2(𝛥𝜃 > 0) = 𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2

−
𝐿4
2
𝛥𝜃 ,

𝐿6
𝐿4 + 𝐿5

< 𝛥𝜃 ≤
2𝛥𝑙𝑖𝑛𝑖 + 𝐿6

𝐿4
,

(17)

see also the blue line in Fig. 7. Notably, (2𝛥𝑙𝑖𝑛𝑖 + 𝐿6)∕𝐿4 in
Eq. (17) is equal to the relative rotation at the end of Stage 2,
at which the two gaskets separate. It is obtained by setting
𝛥𝑙2(𝛥𝜃 > 0) in Eq. (17) equal to 0 and solving the resulting
expression for 𝛥𝜃.

As regards monotonously increasing negative relative rotations, point
s the center of rotation, see Fig. 6. Ingress of groundwater will take
lace as soon as the compressive stress at the inner edges of the gaskets
= the lower edges in Fig. 6) has decreased to the groundwater pressure.
herefore, the following analysis is focused on the inner edges of the
askets.

The shortening of each one of the two gaskets at their inner edge is
qual to the initial shortening, 𝛥𝑙𝑖𝑛𝑖, plus one half of the relative rotation
𝜃 multiplied by the radial distance of the inner edges of the gaskets
rom the center of rotation (= point 𝐶), see 𝐿1 in Fig. 6,

𝑙(𝛥𝜃 < 0) = 𝛥𝑙𝑖𝑛𝑖 +
𝐿1
2
𝛥𝜃 , −

2𝛥𝑙𝑖𝑛𝑖
𝐿1

< 𝛥𝜃 ≤ 0 . (18)

see also the black line in Fig. 7. Notably, −2𝛥𝑙𝑖𝑛𝑖∕𝐿1 in Eq. (18) is
equal to the relative rotation at which the two gaskets separate. It is
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Fig. 5. Rigid-body displacements associated with a positive relative rotation at a longitudinal joint: (a) Stage 1: the center of rotation is located at point 𝐵, (b) Stage 2: the center
f rotation is located at point 𝐴; for the derivation of the rotation ranges see Eqs. (13)–(17); note that the scales in the radial and the tangential direction are different in order
o increase the comprehensibility of the figure.
btained by setting 𝛥𝑙(𝛥𝜃 < 0) in Eq. (18) equal to 0 and solving the
esulting expression for 𝛥𝜃. In order to prove that the rotation center
emains at point 𝐶 rather than changing to point 𝐷, it is checked that
he initial gap between points 𝐷𝑙 and 𝐷𝑟 in Fig. 3(a) has not closed. In
athematical terms, the product of the absolute value of the rotation,
𝛥𝑙𝑖𝑛𝑖∕𝐿1, multiplied by the radial distance of the points 𝐷𝑟 and 𝐷𝑙 from
he center of rotation (= point 𝐶), see 𝐿2 in Fig. 6, must be smaller than
he initial tangential distance between 𝐷𝑟 and 𝐷𝑙, see 𝐿7 in Fig. 3(a):
2𝛥𝑙𝑖𝑛𝑖
𝐿1

𝐿2 < 𝐿7 . (19)

nsertion of numerical values from Table 1 into the inequality (19)
elivers a true answer. This proves that point 𝐶 remains the cen-
er of rotation, because the points 𝐷𝑟 and 𝐷𝑙 remain separated. It

demonstrates the validity of Eq. (18).

3.2. Changes of the contact pressure between the gaskets resulting from
relative rotations at the longitudinal joints

Closed-form relations between the contact pressure and the relative
rotation are obtained by inserting the expressions for the shortening
according to Eqs. (14), (17), and (18), see also Fig. 7, into Eqs. (9), see
also Fig. 4, and considering the numerical values listed in Tables 1 and
2. The obtained relations read as

𝜎 =

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

𝑘1
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿1
2 𝛥𝜃

]

. . . . . . . . . . . . . . . . . . . . . . . . . . 𝛥𝜃𝑛3 ≤ 𝛥𝜃 ≤ 𝛥𝜃𝑛2 ,

1MPa × exp
(

𝑘2
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿1
2 𝛥𝜃

]

+ 𝑑2
)

. . . . . . . 𝛥𝜃𝑛2 ≤ 𝛥𝜃 ≤ 𝛥𝜃𝑛1 ,

1MPa × exp
(

𝑘3
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿1
2 𝛥𝜃

]

+ 𝑑3
)

. . . . . . . . . . . 𝛥𝜃𝑛1 ≤ 𝛥𝜃 ≤ 0 ,

1MPa × exp
(

𝑘3
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿5
2 𝛥𝜃

]

+ 𝑑3
)

. . . . . . . . . . . 0 ≤ 𝛥𝜃 ≤ 𝛥𝜃𝑝1 ,

1MPa × exp
(

𝑘3
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2 − 𝐿4

2 𝛥𝜃
]

+ 𝑑3
)

. . . 𝛥𝜃𝑝1 ≤ 𝛥𝜃 ≤ 𝛥𝜃𝑝2 ,

1MPa × exp
(

𝑘2
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2 − 𝐿4

2 𝛥𝜃
]

+ 𝑑2
)

. . . 𝛥𝜃𝑝2 ≤ 𝛥𝜃 ≤ 𝛥𝜃𝑝3 ,

𝑘1
[

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2 − 𝐿4

2 𝛥𝜃
]

. . . . . . . . . . . . . . . . . . . . . 𝛥𝜃𝑝3 ≤ 𝛥𝜃 ≤ 𝛥𝜃𝑝4 .

(20)
6

with

𝛥𝜃𝑛3 = − 2𝛥𝑙𝑖𝑛𝑖
𝐿1

, 𝛥𝜃𝑝1 =
𝐿6

𝐿4+𝐿5
,

𝛥𝜃𝑛2 =
2 (𝛥𝑙𝑡1−𝛥𝑙𝑖𝑛𝑖)

𝐿1
, 𝛥𝜃𝑝2 =

(

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2 − 𝛥𝑙𝑡2

)

2
𝐿4
,

𝛥𝜃𝑛1 =
2 (𝛥𝑙𝑡2−𝛥𝑙𝑖𝑛𝑖)

𝐿1
, 𝛥𝜃𝑝3 =

(

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2 − 𝛥𝑙𝑡1

)

2
𝐿4
,

𝛥𝜃𝑝4 =
(

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2

)

2
𝐿4
.

(21)

see also Fig. 8. In the initial configuration of a tubbing ring, all relative
rotations at the joints are equal to zero, and the contact pressure be-
tween the gaskets amounts to 1.50 MPa. Provided that a positive relative
rotation develops at a joint (= opening at the inside), the contact
pressure increases until points 𝐴𝑙 and 𝐴𝑟 get in contact. Thereafter, a
continued increase of the relative rotation results in a monotonously
decreasing contact pressure. The latter vanishes at

𝛥𝜃 = 2
𝐿4

(

𝛥𝑙𝑖𝑛𝑖 +
𝐿6
2

)

= +0.381 rad , (22)

as obtained from setting 𝜎 in Eq. (20) equal to zero, solving the last line
of this equation for 𝛥𝜃, and inserting numerical values from Tables 1
and 2 into the resulting expression. Provided that a negative relative
rotation develops at a joint (= opening at the outside), the contact
pressure decreases monotonously and vanishes at

𝛥𝜃 = −
2𝛥𝑙𝑖𝑛𝑖
𝐿1

= −0.057 rad , (23)

as obtained from setting 𝜎 in Eq. (20) equal to zero, solving the first line
of this equation for 𝛥𝜃, and inserting numerical values from Tables 1
and 2 into the resulting expression. Fig. 8 underlines that negative
relative rotations are more problematic for joints than positive ones.
A negative relative rotation results in a larger change of shortening of
the gaskets than a positive relative rotation of the same absolute value,
see Figs. 5 and 6, because the gaskets are closer to the groundmass than
to the interior of the tunnel.

3.3. Assessment of the safety against leakage based on the contact pressure
between the gaskets and the groundwater pressure

Introducing the groundwater pressure in Fig. 8, see the magenta
dashed graph parallel to the abscissa, yields two points of intersection
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Fig. 6. Rigid-body displacements associated with a negative relative rotation at a
ongitudinal joint: the center of rotation is located at point 𝐶; note that the scales
n the radial and the tangential direction are different in order to increase the
omprehensibility of the figure.

Fig. 7. Shortening of the gaskets as a function of the relative rotation according to
q. (14), see the red line, Eq. (17), see the blue line, and Eq. (18), see the black line.
For interpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)

ith the curves relating the contact pressure between the gaskets to the
elative rotations. These two points refer to groundwater-ingress limit
tates. In between them, the joint will be leakproof, see the purple area
n Fig. 8.

A joint-related factor quantifying the safety against groundwater
ngress is introduced as the ratio between the remaining sealing
ressure 𝜎 and the groundwater pressure 𝑝𝑤:

𝜉 = 𝜎
𝑝𝑤

. (24)

Such a definition is reasonable for closed-base gaskets, see the experi-
ments documented in (Shalabi et al., 2016). Notably, 𝜉 > 1 refers to a
leakproof joint. The larger the value of the safety factor 𝜉, the smaller
the likeliness of leakage. 𝜉 = 1 refers to a joint which has reached

groundwater-ingress limit state. 𝜉 < 1 holds for a joint at which
groundwater ingress is expected. The absolute values of the relative
rotations at which a groundwater-ingress limit state is reached are
decreasing with increasing groundwater pressure, see Fig. 9.
7

Fig. 8. Contact pressure between the gaskets as a function of the relative rotation
according to Eqs. (20) and (21) with numerical values taken from Tables 1 and 2. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 9. Relative rotations at which the groundwater-ingress limit state is reached at
a joint as a function of the groundwater pressure 𝑝𝑤 acting on the gaskets; the two
graphs refer to situations for which the contact pressure between the gaskets is equal
to the groundwater pressure (𝜎 = 𝑝𝑤), i.e. to 𝜉 = 1, see Eq. (24).

4. Application to the segmental tunnel lining of Metro Line 7 in
Shanghai

In the present section, the methods described in Sections 2 and
3 are applied to the segmental tunnel lining of the Metro Line 7
in Shanghai. The tubbing rings have aligned longitudinal joints (see
Fig. 10), positioned at angular coordinates given in Eqs. (1). Each
longitudinal joint is equipped with one pair of gaskets, as illustrated in
Fig. 3(a). The outer diameter of the lining, 𝐷𝑜, amounts to 6.2 m. In the
most critical part of the tunnel, the hydraulic head of the groundwater
is around 15 m. Thus, the ground groundwater pressure 𝑝𝑤 is equal to
0.15 MPa.

The method developed for quantification of a convergence-related
safety against water ingress will be applied to convergences increasing
from zero, passing three serviceability classes, denoted A, B, and C, up
to 124mm, which is the convergence-related serviceability limit state,
see Table 3. Notably, the serviceability classes are based on the larger
absolute value of the horizontal and the vertical convergence:

𝐶𝑚𝑎𝑥 = max{|𝐶𝑣|, |𝐶ℎ|} . (25)
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Fig. 10. Segmental tunnel lining of Metro Line 7 in Shanghai, consisting of tubbing
rings with aligned longitudinal joints; a rail-bound vehicle, equipped with non-metric
CCD cameras, was used for inspection of the tunnel by Ai and Yuan (2019).

Table 3
Classification of the convergence-related serviceability according to
(T/CSPSTC 43-2019, 2019): 𝐶𝑚𝑎𝑥 is defined in Eq. (25), 𝐷𝑜 denotes the
outer diameter of the segmental tunnel lining (herein: 𝐷𝑜 = 6.2m).

class serviceability criterion

A acceptable 𝐶𝑚𝑎𝑥 ≤ 0.8%𝐷𝑜
B reduced 0.8%𝐷𝑜 < 𝐶𝑚𝑎𝑥 ≤ 1.2%𝐷𝑜
C endangered 1.2%𝐷𝑜 < 𝐶𝑚𝑎𝑥 ≤ 2%𝐷𝑜
D violated 𝐶𝑚𝑎𝑥 > 2%𝐷𝑜

The method summarized in Section 2 allows for quantifying relative
rotations at longitudinal joints provided that the horizontal and vertical
convergences are known. In the given context it is assumed that the
vertical convergences are proportional to the horizontal convergences.
This assumption is reasonable because of the following fact. If sym-
metric tubbing rings undergo symmetric rigid-body displacements, see
Fig. 2(a), the absolute value of the vertical convergence, |𝐶𝑣|, is 1.009
times larger than that of the horizontal convergence, |𝐶ℎ|, see (Jiang
et al., 2021) for details. Herein, a sensitivity analysis regarding the
proportionality factor is performed. 1.009 is used as a first choice for
the proportionality of 𝐶𝑣 and 𝐶ℎ, for the case of a symmetric mode of
rigid-body displacements.

In tunneling practice, however, the absolute value of the vertical
convergence is frequently smaller than that of the horizontal conver-
gence: |𝐶𝑣∕𝐶ℎ| < 1. This underlines that the rigid-body displacements
of the tubbing rings also include antisymmetric modes (Jiang et al.,
2021). Therefore, the sensitivity analysis regarding the proportionality
factor between 𝐶𝑣 and 𝐶ℎ is associated with the following ‘‘asymmetry
index’’:

𝜔 =
1.009 − |𝐶𝑣∕𝐶ℎ|

1.009
. (26)

Three values are assigned to this index: 𝜔 = {0.00 ; 0.20 ; 0.40}.
Inserting them into Eq. (26) and solving the resulting expressions for
|𝐶𝑣| yields:

|𝐶𝑣| = 𝜆 × |𝐶ℎ| , 𝜆 = {1.0090 ; 0.8072 ; 0.6065} . (27)

4.1. Evolution of the components 𝛽1, 𝛽2, and 𝛽3 of the three modes of rigid-
body displacements in consequence of increasing convergences with ratios 𝜆
according to Eq. (27)

Three different scenarios of growing rigid-body displacements of
the tubbings are investigated in the framework of a sensitivity anal-
ysis. Starting from a circular initial arrangement of the tubbings, it is
assumed that the horizontal convergence increases monotonously and
that the vertical convergence is proportional to it, with proportionality
factors 𝜆 according to Eq. (27). For all three scenarios and for progres-
sively increasing pairs of values of 𝐶 and 𝐶 the components 𝛽 , 𝛽 ,
8

ℎ 𝑣 1 2
and 𝛽3 of the three modes of rigid-body displacements are computed,
using the method described in Section 2.

Because |𝐶𝑣| = 1.0090× |𝐶ℎ| refers to symmetric structural behavior,
only the component 𝛽1 of the symmetric mode of rigid-body displace-
ments, see Fig. 2(a), increases with increasing convergences, see the
blue line in Fig. 11(a). The components of the two antisymmetric
modes, see Fig. 2(b) and (c), are equal to zero: 𝛽2 = 𝛽3 = 0, see the
red and the black lines in Fig. 11(a).

Both |𝐶𝑣| = 0.8072 × |𝐶ℎ| and |𝐶𝑣| = 0.6065 × |𝐶ℎ| refer to rigid-
body displacements consisting of the three modes illustrated in Fig. 2.
The symmetric component 𝛽1 increases linearly with increasing con-
vergences, whereby the slope decreases with decreasing proportionality
factor between |𝐶𝑣| and |𝐶ℎ|, see the blue lines in Figs. 11(a)–(c). The
antisymmetric components 𝛽2 and 𝛽3 increase nonlinearly with increas-
ing convergences, see the red and black lines in Fig. 11(b) and (c).

4.2. Evolution of the relative rotations at the joints in consequence of
increasing convergences with ratios defined in Eq. (27)

The quantified triples of components of rigid-body displacements,
𝛽1, 𝛽2, and 𝛽3, are representative for one specific pair of values of
horizontal and vertical convergences. The triples of 𝛽-values in Fig. 11
are inserted into Eq. (2) in order to compute corresponding values of
the six relative rotations.

As for the symmetric rigid-body displacement associated with |𝐶𝑣| =
1.0090 × |𝐶ℎ|, the relative rotations of all joints are increasing linearly
with increasing convergences, see Fig. 12(a). Because of symmetry, the
relative rotations are equal at both joints in the region of the crown
(𝑗 = 1 and 𝑗 = 6), in the lateral region (𝑗 = 2 and 𝑗 = 5), and in the
region of the invert (𝑗 = 3 and 𝑗 = 4), see the red, blue, and black
lines, respectively, in Fig. 12(a). 𝛥𝜃1, 𝛥𝜃3, 𝛥𝜃4, and 𝛥𝜃6 are positive,
indicating that the joints in the regions of the crown and of the invert
open at their inner sides. 𝛥𝜃2 and 𝛥𝜃5 are negative, indicating that the
lateral joints open at their outer sides, see also Fig. 2(a).

As for |𝐶𝑣| = 0.8072 × |𝐶ℎ| and |𝐶𝑣| = 0.6065 × |𝐶ℎ|, the relative
rotations increase subproportionally with increasing convergences, see
Fig. 12(b) and (c). At each one of the six joints, a specific evolution of
the relative rotation is obtained.

4.3. Evolution of the contact pressure between the gaskets in consequence
of increasing convergences with ratios defined in Eq. (27)

The computed sextuples of values of relative rotations, 𝛥𝜃1, 𝛥𝜃2,
𝛥𝜃3, 𝛥𝜃4, 𝛥𝜃5, and 𝛥𝜃6, are representative for one specific pair of
values of horizontal and vertical convergences. Each 𝛥𝜃𝑗 -value of every
sextuple in Fig. 12 is inserted into Eq. (20) in order to compute the
corresponding value of the contact pressure between the gaskets.

As for the symmetric rigid-body displacement associated with |𝐶𝑣| =
1.0090 × |𝐶ℎ|, the contact pressures between the gaskets of the joints
in the crown-region and the invert-region increase with increasing
convergences, because of moderately increasing positive relative rota-
tions [= Stage 1 behavior of Fig. 5(a)], see the red and black lines in
Fig. 13(a).

The contact pressure between the gaskets of the lateral joints, in
turn, decreases with increasing convergences, because of increasing
negative relative rotations, see the blue line in Fig. 13(a). Once the hor-
izontal convergence has increased to 74 mm, the contact pressure be-
comes equal to the groundwater pressure. Thus, a groundwater-ingress
limit state is reached, see the circle in Fig. 13(a).

As for |𝐶𝑣| = 0.8072× |𝐶ℎ| and |𝐶𝑣| = 0.6065× |𝐶ℎ|, the contact pres-
sure between the gaskets of joint 6 first increases and then decreases
with increasing convergences, because of a monotonously increasing
positive relative rotation in Stage 1 [ Fig. 5(a)] and Stage 2 [ Fig. 5(b)],
respectively, see the dashed red lines in Fig. 13(b) and (c). The most
significant decrease of the contact pressure is obtained at joints 1 and

5, at which negative relative rotations increase monotonously with
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Fig. 11. Evolution of the components 𝛽1, 𝛽2, and 𝛽3 of the three modes of rigid-body displacements illustrated in Fig. 2, resulting from growing convergences with ratios defined
in Eq. (27): (a) |𝐶𝑣| = 1.0090 × |𝐶ℎ|, (b) |𝐶𝑣| = 0.8072 × |𝐶ℎ|, (c) |𝐶𝑣| = 0.6065 × |𝐶ℎ|. (For interpretation of the references to color in this figure legend, the reader is referred to the

eb version of this article.)
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ncreasing convergences. As for moderate asymmetric behavior, |𝐶𝑣| =
.8072 × |𝐶ℎ|, the groundwater-ingress limit state is reached at lateral
oint 5, once the horizontal convergence has increased to 55 mm, see
he circle in Fig. 13(b). As for significant asymmetric behavior, |𝐶𝑣| =
.6065 × |𝐶ℎ|, the groundwater-ingress limit state is reached at crown
oint 1, once the horizontal convergence has increased to 25 mm, see
he circle in Fig. 13(c).

.4. Evolution of the safety factor against a groundwater-ingress limit state
n consequence of increasing convergences with ratios defined in Eq. (27)

The values of the contact pressure in Fig. 13 are inserted, together
ith 𝑝𝑤 = 0.15MPa, into Eq. (24) in order to compute corresponding
alues of the safety factor against reaching a groundwater-ingress limit
tate. For each state of convergence, one value of the safety factor 𝜉 is
omputed for each joint. These values are denoted as 𝜉1, 𝜉2, . . . , 𝜉6. A
egmental tunnel ring will suffer from ingress of groundwater as soon as
he first of the six joints reaches a groundwater-ingress limit state. This
rovides the motivation for assigning the smallest of these six values to
ring-related safety factor 𝜒 :

= min{𝜉1; 𝜉2; 𝜉3; 𝜉4; 𝜉5; 𝜉6} . (28)

> 1 refers to a leakproof tunnel ring. The larger the value of the
afety factor 𝜒 , the smaller the likeliness of leakage. 𝜒 = 1 refers to
ring with at least one joint that has reached a groundwater-ingress

imit state. 𝜒 < 1 refers to a ring through which groundwater ingress is
xpected to occur.
9

t

The ring-related safety factor 𝜒 decreases with increasing conver-
ences, see Fig. 14. This decrease is the faster, the larger the deviation
rom symmetric structural behavior of the tunnel ring (= the smaller
he vertical-to-horizontal convergence ratio), see Fig. 14(a). The value
f the horizontal convergence, at which a groundwater-ingress limit
tate is predicted by the model, decreases nonlinearly with increasing
eviation from symmetric structural behavior, see Fig. 14(b). The blue
ine in Fig. 14(b) refers to convergence ratios for which water ingress
hrough one of the lateral joints is predicted, see also Figs. 13(a) and
b), while the red line in Fig. 14(b) refers to convergence ratios for
hich water ingress through one of joints at the crown is predicted,

ee also Fig. 13(c).
As for a tunnel underneath the groundwater table, it is intuitive

o assume that the distribution of the external pressure acting on the
egmental rings is symmetric with respect to a vertical line containing
he center of the cross-section considered. It is also intuitive to assume
symmetric deformation of the lining. The corresponding model pre-

ictions, see the black line in Fig. 14(a), suggest that all tunnel rings
hrough which water was running into the tunnel of Metro Line 7
n Shanghai, must have had convergences of serviceability class ‘‘C:
ndangered serviceability’’ or even ‘‘D: violated serviceability’’. This
ill be checked next, making use of monitored data of the tunnel.

.5. Model validation based on monitored convergences from Metro 7, in
hanghai

In the most critical part of the tunnel of Metro Line 7 in Shanghai,
he convergences have become larger than 2% of the outer diameter,
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Fig. 12. Evolution of the relative rotations at the six joints, resulting from growing convergences with ratios defined in Eq. (27): (a) |𝐶𝑣| = 1.0090 × |𝐶ℎ|, (b) |𝐶𝑣| = 0.8072 × |𝐶ℎ|,
c) |𝐶𝑣| = 0.6065 × |𝐶ℎ|. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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.e. larger than 124 mm. Thus, the convergence-related serviceability
imit state has been surpassed (T/CSPSTC 43-2019, 2019). This part of
he tunnel and the immediately adjacent stretches of it were inspected
y Ai and Yuan (2019), using a rail-bound vehicle equipped with non-
etric CCD cameras, see Fig. 10. Images of the lining were taken
hile the vehicle was moving through the tunnel. Postprocessing of

he images allowed for detection of groundwater ingress as well as
or cracking and spalling of concrete and enabled quantification of the
orizontal convergences of the individual tunnel rings.

The horizontal convergences of 57 neighboring tubbing rings
hrough which groundwater was running into the tunnel are illustrated
n Fig. 15. The convergences of all 57 rings were so large that they
ad to be assigned to the convergence-related serviceability class ‘‘C:
ndangered serviceability’’, or even ‘‘D: violated serviceability’’, as
redicted by the developed model. This underlines the usefulness of
he model.

. Effect of two pairs of gaskets on groundwater-ingress limit
tates

Because of the eccentricity of the single pair of gaskets illustrated in
ig. 3(a), its capacity to withstand relative rotations without reaching a
roundwater-ingress limit state is significantly smaller for negative than
or positive relative rotations, see Figs. 8 and 9. Promising solutions for
he improvement of this situation are systems consisting of two pairs
f gaskets.

The satisfactory performance of the developed model, demonstrated
n Section 4.5, provides the motivation for its application for assessing
he effectiveness of placing two sets of gaskets at each longitudinal
10
oint. Thereby, the focus rests on arrangements of gaskets proposed
y Xie et al. (2022) and Ding et al. (2022), see Fig. 16.

Systems consisting of two pairs of gaskets are typically used in large-
iameter tunnels (Jin et al., 2017; Feng et al., 2018). Corresponding
egments have a height which is frequently larger than 500 mm. Un-
ortunately, the authors did not have access to monitored convergences
f segmental linings where the longitudinal joints are equipped with
wo pairs of gaskets, and where the convergences have grown so large
hat water was running into the tunnel. Therefore, continued model
alidation is out of reach. Still, it is of conceptual interest to use
he developed method also for the analysis of systems with two pairs
f gaskets per joint. In order to demonstrate the associated benefits
elative to the analyzed system with one pair of gaskets per joint, the
ame tunnel diameter and the same height of the segments will be
nalyzed in the following.

.1. Eccentric arrangement of two pairs of gaskets according to Fig. 16(a)

Xie et al. (2022) proposed an eccentric arrangement of two pairs of
askets. Both pairs are nearer to the outer than to the inner edge of the
oint, see Fig. 16(a). Initially, the groundwater is stopped by the outer
air of gaskets. It behaves like the single pair of gaskets described in
ection 3, i.e. it very effectively prevents ingress of groundwater in case
f a positive relative rotation, while it becomes leaky rather quickly in
ase of a negative relative rotation. In case of the latter, the inner pair
f gaskets takes over, albeit not very effectively. It also becomes leaky
ather soon. Because the arrangement of the two pairs of gaskets is
till eccentric, the relation between the maximum tolerable groundwater



Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 136 (2023) 105102J.-L. Zhang et al.

(

g
t

p
i
g

t
i

Fig. 13. Evolution of the contact pressure between the gaskets, resulting from growing convergences with ratios defined in Eq. (27): (a) |𝐶𝑣| = 1.0090× |𝐶ℎ|, (b) |𝐶𝑣| = 0.8072× |𝐶ℎ|,
c) |𝐶𝑣| = 0.6065 × |𝐶ℎ|. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 14. (a) Evolution of the ring-related safety factor against reaching a groundwater-ingress limit state, 𝜒 , resulting from growing convergences with ratios defined in Eq. (27):
|𝐶𝑣| = 1.0090 × |𝐶ℎ|, see the black line, |𝐶𝑣| = 0.8072 × |𝐶ℎ|, see the blue line, and |𝐶𝑣| = 0.6065 × |𝐶ℎ|, see the red line, and (b) value of the horizontal convergence at the
roundwater-ingress limit state as a function of the vertical-to-horizontal convergence ratio. (For interpretation of the references to color in this figure legend, the reader is referred
o the web version of this article.)
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ressure, max(𝑝𝑤), and the relative rotation at the joint, see the red line
n Fig. 17(a), is not significantly better than that of the single pair of
askets, see the black line in Fig. 17(a).

In order to assess the performance of the eccentric arrangement of
wo pairs of gaskets, the analysis of the entire tunnel ring, documented
n Section 4, is repeated, considering the symmetric mode of the
11
igid-body displacements, i.e. for |𝐶𝑣| = 1.0090×|𝐶ℎ|. The maximum ad-
issible groundwater pressure decreases with increasing convergence,

ee the red line in Fig. 17(b), qualitatively similar to the decrease
omputed for a single pair of gaskets, see the black line in Fig. 17(b).
till, the performance of two pairs of gaskets is quantitatively better.
s for a groundwater pressure amounting to 0.15MPa, the analysis
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Fig. 15. Horizontal convergences of 57 tubbing rings (with numbers running from
710 to 1766) of the segmental tunnel lining of Metro Line 7 in Shanghai, through
hich water was running into the tunnel, as detected by Ai and Yuan (2019) by means
f photos taken by non-metric CCD cameras, see Fig. 10.

uggests that the single pair of gaskets becomes leaky at the border of
onvergence-related serviceability classes B and C, while the eccentric
rrangement of two pairs of gaskets becomes leaky close to the center
f convergence-related serviceability class C at a convergence which
s by 35% larger than that at the border of the classes B and C, see
ig. 17(b).

.2. Symmetric arrangement of two pairs of gaskets according to Fig. 16(b)

Ding et al. (2022) proposed a symmetric arrangement of two pairs
f gaskets. One pair is near to the outer edge of the joint and the other
ne near to the inner edge, see Fig. 16(b). Initially, the groundwater
s stopped by the outer pair of gaskets. It behaves like the single pair
f gaskets, as described in Section 3, i.e. it very effectively prevents
ngress of groundwater in case of a positive relative rotation, while
ailing rather soon in case of a negative relative rotation. In case of the
atter, however, the inner pair of gaskets takes over and very effectively
revents ingress of groundwater. Because of the symmetric arrangement
f the gaskets, the largest tolerable groundwater pressure, max(𝑝𝑤), is

the same for positive and negative relative rotations, see the blue graph
in Fig. 17(a). Note its symmetry with respect to 𝛥𝜃 = 0.

In order to assess the performance of the symmetric arrangement
of two pairs of gaskets, the analysis of an entire tunnel ring of Sec-
tion 4 is repeated, considering the symmetric mode of the rigid-body
displacements, i.e. for |𝐶𝑣| = 1.0090 × |𝐶ℎ|. The maximum admissible
groundwater pressure even increases with increasing convergence all
the way up to the end of convergence-related serviceability class C, see
Fig. 17(b). In the convergence-related serviceability class D, the max-
imum tolerable groundwater pressure decreases. When the horizontal
convergence becomes equal to 3% of the initial outer diameter of the
tunnel ring, the remaining maximum tolerable groundwater pressure
still amounts to 88% of the initial contact pressure between the gaskets,
see Fig. 17(b). Therefore, the symmetric arrangement of two pairs of
gaskets is very effective, ensuring that tunnel rings remain leakproof.
This requires, however, that the channels, hosting the bolts that connect
neighboring tubbings, are suitably sealed (Ding et al., 2022). This is a
challenging task which is beyond the scope of the present paper.

6. Summary and conclusions

The presented approach was developed for prediction of
groundwater-ingress limit states of segmental tunnel rings, using mea-
sured convergences as input. It is a multiscale approach, starting at the
scale of observation of an entire tunnel ring, progressing to that of the
joints, and ending at that of the gaskets:
12

l

• Measured convergences are transformed to values of the relative
rotations at the joints. This is achieved by means of a kinematic
analysis of the entire tunnel ring (Zhang et al., 2022a), based
on the assumption that rigid-body displacements of the tubbings
govern the convergences.

• The relative rotations are converted to changes of the shortening
of the gaskets. This is accomplished by means of a local kine-
matic analysis of each joint, again based on the assumption that
tubbings behave like rigid bodies.

• Changes of the shortening of the gaskets are translated into
corresponding changes of their contact pressure. This step of
the analysis is based on results from direct compression tests
performed on one pair of gaskets by Shen (2012).

• A comparison of the contact pressure between two gaskets with
the groundwater pressure allows for assessing whether or not the
investigated pair of gaskets reaches a groundwater-ingress limit
state.

The described approach was applied to the segmental lining of Metro
Line 7 in Shanghai. From the obtained results the following conclusions
can be drawn:

• The values of the convergences, suggested by the developed
approach to mark the groundwater-ingress limit state, are smaller
than the convergences of the 57 rings of Metro Line 7 in Shang-
hai, characterized by groundwater ingress into the tunnel. Thus,
the model delivers conservative estimates of groundwater-ingress
limit states (= estimates on the safe side). In the given case, this
is considered as advantageous.

• As for symmetric deformations of tunnel rings, groundwater runs
through the lateral joints into the tunnel, because they are sub-
jected to negative relative rotations. This goes along with an
opening close to groundmass-side of the joints. The pair of gas-
kets, positioned eccentrically near to the outer edges of the joints,
soon becomes leaky.

• With increasing asymmetry of the deformations of tunnel rings,
the convergence associated with a groundwater-ingress limit state
decreases. The first joints which become leaky change from the
lateral region to the crown.

From the analysis of systems consisting of two pairs of gaskets, the
following conclusions can be drawn:

• The eccentric arrangement of two pairs of gaskets, proposed
by Xie et al. (2022), increases the groundwater-ingress-related
convergence by 35%, compared to the traditional arrangement
of one pair of eccentric gaskets. In other words, the groundwater-
ingress-related convergence is shifted from the boundary between
convergence-related serviceability classes B and C to the center of
convergence-related serviceability class C, see Fig. 17(b).

• The symmetric arrangement of two pairs of gaskets proposed
by Ding et al. (2022) ensures that the convergence-related ser-
viceability is violated before a groundwater-ingress limit state is
reached. Still, this approach requires sealing of the channel of the
bolts which is difficult to achieve.

Finally, the limitations of the study are addressed. The presented
approach is limited to tunnel rings with insignificant ring-to-ring inter-
action. This is a necessary condition for the validity of the underlying
assumption that rigid-body displacements of the tubbings govern the
convergences. Notably, ring-to-ring interaction is frequently insignif-
icant in segmental linings with aligned longitudinal joints, as were
installed in the tunnel of the investigated Metro Line 7, in Shanghai.
Furthermore, validation of the presented approach is limited to lin-
ings with one pair of gaskets per longitudinal joint. Unfortunately, the
uthors did not have access to monitored convergences of segmental

inings where the longitudinal joints are equipped with two pairs of



Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 136 (2023) 105102J.-L. Zhang et al.
Fig. 16. Systems consisting of two pairs of gaskets: (a) eccentric arrangement of two pairs of gaskets according to (Xie et al., 2022), with both pairs of gaskets nearer to the outer
edge, and (b) symmetric arrangement of two pairs of gaskets according to (Ding et al., 2022), with one pair nearer to the inner edge of the joint and the other one nearer to the
outer edge.
Fig. 17. Influence of the arrangement of one and two pairs, respectively, of gaskets on groundwater-ingress limit states of (a) individual joints, and (b) entire segmental tunnel
rings. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
gaskets, and where the convergences have grown so large that water
was running into the tunnel. Nonetheless, such cases were also ana-
lyzed for illustration purposes. Their validation leaves space for future
research work.
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Appendix A. Derivation of conditions for relative rotation angles
at the joints, resulting in rigid-body displacements of segments

Assuming that the convergences of segmental linings are governed
by rigid-body displacements of the tubbings, relative rotations at the
joints connecting neighboring tubbings can be estimated by means of

known values of horizontal and vertical convergences (Zhang et al.,
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2022a). Essential fundamentals of this statement will be briefly recalled
in the following. The focus is on segmental rings consisting of six
tubbings, as are used for the linings of metro tunnels in Shanghai, see
Fig. 1(a).

Rigid-body displacements of the tubbings can be described by means
of a set of functions of the relative rotations at the joints, 𝛥𝜃𝑗 with
= 1, 2, . . . , 6, reading as (Zhang et al., 2017, 2019a,b, 2021)

𝑢(𝜑) =
6
∑

𝑗=1
𝑅𝛥𝜃𝑗 sin(𝜑 − 𝜑𝑗 )𝐻(𝜑 − 𝜑𝑗 ) , (A.1)

𝑣(𝜑) = −
6
∑

𝑗=1
𝑅𝛥𝜃𝑗

[

1 − cos(𝜑 − 𝜑𝑗 )
]

𝐻(𝜑 − 𝜑𝑗 ) , (A.2)

𝜃(𝜑) =
6
∑

𝑗=1
𝛥𝜃𝑗𝐻(𝜑 − 𝜑𝑗 ) , (A.3)

where 𝑢, 𝑣, and 𝜃 denote the radial displacement, the tangential dis-
placement, and the cross-sectional rotation, respectively, and 𝐻(𝑥)
tands for the Heaviside step function which is equal to 1 for 𝑥 > 1
nd to 0 otherwise.

Considering the continuity conditions of a closed segmental tun-
el ring delivers the following three equations for the six relative
otations (Zhang et al., 2019a; Jiang et al., 2021):

𝑢(0) = 𝑢(2𝜋) ⇒
6
∑

𝑗=1
𝛥𝜃𝑗 sin𝜑𝑗 = 0 , (A.4)

𝑣(0) = 𝑣(2𝜋) ⇒
6
∑

𝑗=1
𝛥𝜃𝑗 (1 − cos𝜑𝑗 ) = 0 , (A.5)

𝜃(0) = 𝜃(2𝜋) ⇒
6
∑

𝑗=1
𝛥𝜃𝑗 = 0 . (A.6)

Appendix B. Fitting formulae for the lines in Fig. 14

Herein, fitting formulae for approximating the waterproofing safety
factor of the tunnel rings, 𝜒 , as a function of horizontal convergence,
ℎ, and the horizontal convergence at the groundwater-ingress limit
tate as a function of the vertical-to-horizontal convergence ratio, 𝜆, are
rovided. In case of |𝐶𝑣| = 1.0090×|𝐶ℎ|, see the black line in Fig. B.1(a),

the fitting formula for 𝜒 reads as

𝜒 =

⎧

⎪

⎨

⎪

⎩

−2.931 (𝐶ℎ)0.3171 + 11.68 . . . . 10mm ≤ 𝐶ℎ < 42mm ,
−0.0368𝐶ℎ + 3.676 . . . . . . . . . 42mm ≤ 𝐶ℎ ≤ 100mm ,
0 . . . . . . . . . . . . . . . . . . . . . . . . . . . 100mm ≤ 𝐶ℎ .

(B.1)

In case of |𝐶𝑣| = 0.8072×|𝐶ℎ|, see the blue line in Fig. B.1(a), the fitting
formula for 𝜒 reads as

𝜒 =

⎧

⎪

⎨

⎪

⎩

6.252 (𝐶ℎ)−0.3583 . . . . . . . 2mm ≤ 𝐶ℎ < 39mm ,
−0.0420𝐶ℎ + 3.293 . . . 39mm ≤ 𝐶ℎ ≤ 79mm ,
0 . . . . . . . . . . . . . . . . . . . . 79mm ≤ 𝐶ℎ .

(B.2)

In case of |𝐶𝑣| = 0.6065× |𝐶ℎ|, see the red line in Fig. B.1(a), the fitting
formula for 𝜒 reads as

𝜒 =

{

−20.48 (𝐶ℎ)0.0466 + 24.73; . . . 2mm ≤ 𝐶ℎ < 55mm ,
0 . . . . . . . . . . . . . . . . . . . . . . . . . . . 55mm ≤ 𝐶ℎ .

(B.3)

Fitting function for the horizontal convergence at the groundwater-
ingress limit state with respect to the vertical-to-horizontal convergence
ratio 𝜆, see Fig. B.1(b), reads as

𝐶ℎ =

{

7.159 e1.725 𝜆 + 1.151 × 10−3 e13.46 𝜆 0.7470 ≤ 𝜆 = |𝐶𝑣∕𝐶ℎ| ≤ 1.009 ,

37.37 e0.4737 𝜆 + 3.73 × 10−14 e33.11 𝜆 . . . 0 ≤ 𝜆 = |𝐶𝑣∕𝐶ℎ| < 0.7470 .

(B.4)
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Appendix C. List of symbols

𝑨 matrix containing base vectors of relative
rotations at the joints

𝐴𝑖,𝑗 element of 𝑨
𝐶 model-predicted convergence
𝐶𝑚𝑒𝑎 measured convergence
𝐶ℎ horizontal convergence
𝐶𝑚𝑎𝑥 larger one of the absolute values of the horizontal

and the vertical convergence
𝐶𝑣 vertical convergence
𝐷𝑜 outer diameter of the tunnel ring
𝑑2 and 𝑑3 constants related to 𝑘1, 𝑘2, and 𝑘3
𝐻 Heaviside function
ℎ radial thickness of the tubbings
𝐿𝑖=1, 2, . . . , 9 numerical values of the geometric dimensions

labeled in Figs. 3(a), 5, 6, and 16
𝑙𝑖 height of the gaskets without any compression
𝑙0 height of precompressed gaskets in the initial

configuration of the circular tunnel ring
𝑘1, 2, 3 calibration parameters for the relation between

the contact pressure and the shortening of the
gaskets

𝑝𝑤 external groundwater pressure
𝑅 radius of the axis of the segmental tunnel ring
𝑅𝑀𝑆 root mean square error between measured and

modeled convergences
𝑢 radial component of the displacement
𝑣 circumferential component of the displacement
𝜷 vector, containing components associated with

the base vectors of fundamental solutions for
relative rotations at the joints

𝛽1 component associated with the symmetric mode
of rigid-body displacements

𝛽𝑜𝑝𝑡1 optimal value of 𝛽1
𝛽2 component associated with the first

antisymmetric mode of rigid-body displacements
𝛽𝑜𝑝𝑡2 optimal value of 𝛽2
𝛽3 component associated with the second

antisymmetric mode of rigid-body displacements
𝛽𝑜𝑝𝑡3 optimal value of 𝛽3
𝛥𝜃𝑗 relative rotation at the 𝑗th joint
𝛥𝑙 shortening of the gaskets
𝛥𝑙𝑡1 and 𝛥𝑙𝑡2 interval boundaries for the three different

intervals of 𝛥𝑙
𝛥𝑙1 shortening of the gaskets in Stage 1 of the relative

rotation
𝛥𝑙2 shortening of the gaskets in Stage 2 of the relative

rotation
𝛥𝑙1→2 transition shortening of the gaskets from Stage 1

to Stage 2 of the relative rotation
𝛥𝜽 vector of relative rotations at the joints
𝛥𝜃1→2 transition relative-rotation at the joints from its

Stage 1 to Stage 2
𝛥𝜃𝑛1, 𝑛2, 𝑛3 interval boundaries for negative relative rotations
𝛥𝜃𝑝1, 𝑝2, 𝑝3, 𝑝4 interval boundaries for positive relative rotations
𝜎 contact pressure between the paired gaskets
𝜃 cross-sectional rotation angle
𝜑 angular coordinate of the polar coordinate system
𝜑𝑗 polar position of the 𝑗th joint of the segmental

tunnel ring
𝜓 angular coordinate of the polar coordinate system
𝜓𝑘 𝑘th direction in which the convergence is

measured
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Fig. B.1. (a) Fitting of the function of the ring-related safety factor against reaching a groundwater-ingress limit state, 𝜒 , with respect to the horizontal convergences, and (b)
fitting of the function of the horizontal convergence at the groundwater-ingress limit state with respect to the vertical-to-horizontal convergence ratio.
𝛿𝑗𝑘 Kronecker delta
𝜆 proportionality factor between absolute values of

the vertical and the horizontal convergence
𝜑𝑗 relative rotation angle of the 𝑗th joint of

segmental tunnel rings
𝛥𝑙𝑖𝑛𝑖 initial shortening of the gaskets
𝜑 angular coordinate
𝜔 asymmetry index
𝜉 joint-related factor quantifying the safety against

groundwater ingress
𝜒 ring-related factor quantifying the safety against

groundwater ingress
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