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Abstract

The localised leakage in shield tunnels that mainly occurs at segment joints may induce other defects, which threatens operational
safety. To obtain a universal solution for the sealant performance of gasketed joints, we proposed a novel analytical model based on
the multiscale contact and percolation theories, in which the obtained percolation pressure and interfacial separation can be utilized
to derive the critical water leakage pressure and leakage rate. The evolutionary process of leakage was divided into three stages (i.e.,
the percolation, leakage and breakdown), which explicitly reveal the progressive hydraulic deterioration of gasketed joints. The gaskets
still own partial waterproof capacity until the end of the leakage stage due to the remaining contact pressure at surface asperities. The
proposed model was first verified by several sets of experimental data, based on which the determination of three key model parameters
(i.e., self-sealing slope, sealing coefficient, and expel pressure) were discussed in detail. The parametric study indicates that the waterproof
capacity is significantly affected by the joint opening, offset, and the surface roughness of the gaskets. The variation in waterproof capac-
ity with joint opening is mainly due to the nonlinearity of the gasket’s modulus and self-sealing slope. The increase in joint offset can
result in a lower waterproof capacity as well as a larger leakage rate. Gasket’s surface roughness affects the percolation pressure and
interfacial separation, which contributes to the long-term sealant performance.
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1 Introduction

Leakage problem and its induced unfavourable conse-
quences in shield tunnels have been reported in many engi-
neering cases (Gong et al., 2022; Liu et al., 2020; Soga
et al., 2017; Wu et al., 2020; Xue et al., 2022; Zhang
et al., 2015, 2021). The in-field survey of operating shield
tunnels indicates that leakage mainly occurs at gasketed
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joints (Gong et al., 2022; Wu et al., 2020; Zhang et al.,
2015). Wu et al. (2020) pointed out that leakage mainly
occurs at circumferential joints, longitudinal joints, cross-
ing joints, bolt holes, and grouting holes, which account
for 55.26%, 26.32%, 13.16%, 2.63%, and 2.63% of the total
leakage, respectively. Figure 1 shows the statistics of leak-
age problems in Hangzhou Metro Line 1. It is found that
the circumferential joints and longitudinal joints account
for 70.97% and 19.35% of the total leakages, while there
are 6.45% at segments and 3.23% at grouting holes, i.e.,
joint leakages account for 90.35% of the total leakages.
This number reaches to 94.74 and 88%, as derived from
statistics of Shanghai Metro Line by Wu et al. (2020) and
Gong et al. (2022), respectively. All these in-field statistics
ehalf of KeAi Communications Co. Ltd.
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https://doi.org/10.1016/j.undsp.2023.08.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xhuang@tongji.edu.cn
https://doi.org/10.1016/j.undsp.2023.08.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.undsp.2023.08.004&domain=pdf


Nomenclature

A asperity contact area
A0 nominal contact area
Ah hole area of the gasket
Agasket gross area of the gasket
Agroove gasket groove area
C(q) surface roughness power spectrum
E Young’s modulus
Eg Young’s modulus of the gasket
E* equivalent Young’s modulus
g hydraulic conductance
H Hurst exponent
Ha hardness of rubber
h substrate surface height profile
hg height of the gasket
hrms root-mean-square roughness amplitude
k0 slope of self-sealing effect
L length of contact area
Lx, Ly length of contact area along or perpendicular to

the percolation direction
O opening of gaskets
Pc confining pressure
Pc1, Pc2 confining pressure before and after water pres-

surization
Pcont contact pressure
Pe expel pressure
Pperc percolation pressure
Pw water pressure
Pwb breakdown water pressure
Pwc critical water leakage pressure
p nominal contact pressure
pc critical probability

pp proportion of the passages that allows the water
to pass along them

Q leakage rate
q wavenumber
qL smallest wavenumber of the contact
q0 small wavenumber cutoff
q1 large wavenumber cutoff
s offset of gaskets
u interfacial separation
u
�

average interfacial separation
uc critical interfacial separation (hydraulic aper-

ture)
v Poisson’s ratio
vg Poisson’s ratio of the gasket
veff effective Poisson’s ratio
wg width of the gasket
b correlation factor of sealing coefficient
cl surface tension of liquid
e compression strain of the gasket
f observation magnification
f1 highest observation magnification
fc critical observation magnification
hCA contact angle
h0, h1 contact angles between fluid and the surface
qp percolation probability
j sealing coefficient
k wavelength of roughness component
l fluid viscosity
n RMS-slope
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highlight the importance of the sealant performance of gas-
keted joints of shield tunnels.

The hydraulic deterioration of gasketed joints has been
investigated by many researchers based on sealant perfor-
mance tests (Ding et al., 2017, 2022; Gong et al., 2018; Li
et al., 2018; Shi et al., 2019; Zhang et al., 2022; Zhang
et al., 2020a, 2020b; Zhang et al., 2018a). Ding et al.,
(2017) and Gong et al. (2018) conducted several seal per-
formance tests for optimizing the design parameters of gas-
kets, from which an empirical design formula for the
sealing coefficient was proposed by combining testing data
with numerical simulation results. Zhang et al. (2022) anal-
ysed different deformation conditions (including opening,
dislocation, and rotation) in sealant performance tests,
based on which an empirical relationship between water-
proof capacity and gasket deformation modes was estab-
lished. Sealant performance of double gaskets was also
analysed based on in-door tests (Ding et al., 2022; Li
et al., 2018; Zhang et al., 2018a), which implies a
more complex hydraulic failure process and marginal
enhancement on the waterproof capacity compared with
single-gasket situation. Overall, the indoor sealant test of
gasketed joints is effective for the involved type of gasket
with specific assembly conditions but lacks universality
for other engineering cases, i.e., the proposed theoretical
models are usually directly derived from fitting with the
sealant test data (Shi et al., 2019; Wang & Huang, 2020),
while the progressive failure of gasketed seals is over-
looked. In addition, most of them only paid attention to
the waterproof capacity but neglected the leakage rate,
which is another important aspect of sealant performance
that needs to be considered.

To reveal the localised and progressive sealant mecha-
nisms of gaskets, numerical modelling has also been
employed in many studies (Gong et al., 2018; Li et al.,
2019; Sun, 2018; Wang, 2015; Zhang et al., 2022). The mer-
its of numerical modelling lie in the access to contact stress
along the interfacial surface. Limited by modelling meth-
ods, most of these studies simplified water pressurization
as surface pressure applied on the lateral side of the



Fig. 1. Detected types and percentages of leakage problems in Hangzhou Metro Line 1 (data from Xie et al. (2020)). (a) Statistics on ML1 of Hangzhou,
and (b) main locations of leakage defects.
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gaskets, i.e., the hydromechanical behaviour was neglected.
Li et al. (2019) suggested that the concept of effective con-
tact stress should be utilized, which will be enhanced by the
twist of the contact region. Zhang et al. (2022) utilized the
fluid pressure penetration (FPP) method to simulate the
leakage process, where an algorithm was embedded to
determine the leakage status by comparison with the preset
critical contact pressure. In addition, by comparing the
contact stress on the surface with that between the gasket
and groove, a highly potential leakage path can be identi-
fied (Li et al., 2019; Sun, 2018; Wang, 2015; Zhang et al.,
2022; Zhang et al., 2018a). Leakage occurs between two
gaskets in most scenarios but may switch to the other paths
in a few misassembled cases (Wang, 2015; Zhang et al.,
2022; Zhang et al., 2018a).

Numerical modelling can be time-consuming and usu-
ally ignores the hydromechanical behaviour of gasket leak-
age. Therefore, some conceptual models were proposed
(Dong et al., 2017; Gong et al., 2019; Shalabi et al.,
2016) to better understand the sealant mechanisms. It is
believed that the compression behaviour of the gasket is
nonlinear mainly owing to its hollow structure, which
accounts for the nonlinear relationship between the joint
opening deformation and waterproof capacity. Further-
more, the self-sealing effect was also considered in some
conceptual models, which is enhanced as compression
increases (Shalabi et al., 2016). Dong et al. (2017) indicated
that the sealant performance also depends on the cross sec-
tion, elastic modulus, and effective clamping length of
bolts, which were therefore incorporated in their concep-
tual model. Nevertheless, although sealant mechanisms
were explicitly explained, the applicability of these concep-
tual models has rarely been verified. In addition, computa-
tional methods considering the hydraulic aperture and
leakage rate for gasketed joints have rarely been reported.

In summary, previous studies on the sealant perfor-
mance of gasketed joints were mostly based on sealant test-
ing data, in which in-depth microscopic mechanisms of
leakage in gasket seals were usually absent. Therefore,
these studies are often case-specific. Thus, it is necessary
to establish an elaborative analytical model that embraces
the sealant mechanisms of gaskets. For rubber seal prob-
lems, the Persson model has been proposed and developed
to illustrate multiscale contact behaviour (Persson, 2007;
Yang & Persson, 2008) and sealant performance (Persson
& Yang, 2008; Bottiglione et al., 2009; Persson, 2022),
which has been verified by indoor sealant performance tests
(Lorenz & Persson, 2009, 2010). The advanced Persson
model (Persson, 2022) provides a thorough solution for sta-
tic rubber seals, where the waterproof capacity and leakage
rate were explicitly derived.

Therefore, we combined the Persson model with perco-
lation theory (Persson et al., 2005; Persson, 2022; Persson
& Yang, 2008) to resolve the sealant performance of gas-
keted joints. It is noteworthy that gaskets utilized in tunnel
segments have a specific hollow structure, which differs
from the typical rubber seals (e.g., O-ring) presented by
Persson (2022). Therefore, we modified the Persson model,
by adopting a nonlinear relationship between modulus and
compression strain, and combined the self-sealing effect
proposed in previous conceptual models to embrace the
sealant performance of gasketed joints. Compared with
the former conceptual and semiempirical models, the pro-
posed analytical model illustrates refined sealant beha-
viours, and reflects the progressive sealant failure of
gasketed joints. The rest of the paper is organized as
follows.

Multiscale contact mechanics and percolation theories
utilized in deriving sealant performance of gasketed joints
are presented in Section 2, in which the expel pressure is
introduced because of the hydrophobic of ethylene propy-
lene diene monomer (EPDM) surfaces. Section 3 incorpo-
rates these theories into the rubber gasket sealing
problem, whereby a novel analytical model for the sealant
performance of gasketed joints was established, and the
calculation methods for critical water leakage pressure
and leakage rate were provided. In Section 4, the proposed
model was verified by several laboratory tests, based on
which the key parameters involved in the model were dis-
cussed. Then, a parametric study of some key factors on
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long-term sealant performance was conducted, whereby the
practical significance of this model was highlighted.
Finally, the major conclusions are summarized.
2 Multiscale contact and percolation theory on gasket seals

The real contact surfaces of gasket seals have their speci-
fic roughness, which is a multiscale problem that manifests
as self-affine characteristics (Persson et al., 2005). More-
over, the hydromechanical coupled seepage flow is progres-
sive during the water pressurization, with varying hydraulic
aperture and leakage rate. Herein, we briefly review the
multiscale contact mechanics combined with the percola-
tion theory developed by Persson (Persson et al., 2005;
Persson, 2022; Persson & Yang, 2008; Lorenz & Persson,
2010), and additional expel pressure induced by hydropho-
bic surfaces, which will be combined in our theoretical
model.

The contact area of seals is assumed to be rectangular
with an area of Lx � Ly , as shown in Fig. 2(a), where Lx is
along the percolate direction, and the contact width Ly is
usually far greater than Lx. In each observation magnifica-
tion f (defined as the ratio of the length of observed contact
area and asperity wavelength k), we obtain the wavelength
of one roughness component k with a wavenumber given as
q ¼ 2p=k (shown as the roughness profile in Fig. 2(a)�(c)).
Figure 2 shows the variations in the asperity contact region
under different magnifications. Based on the contact at an
observation magnification of 1, it is assumed that k equals
to Lx (at the largest observation scale, corresponding
wavenumber q ¼ qL ¼ 2p=Lx), we can find a full contact
between two solids, i.e., the ratio of asperity contact area
and nominal contact area A fð Þ=A0 = 1, as shown in
Fig. 2. Contact conditions observed at different scales. (a) f ¼ 1, no
separation is observed, (b) at a sufficiently large magnification f,
noncontact areas appear with an average separation u

�
fð Þ, and (c) at the

highest magnification f1, the solids are separated by u
�

f1ð Þ.
Fig. 2(a). When we observe at a higher magnification f,
i.e., the observation scale is reduced, as shown in Fig. 2
(b), noncontact areas are present. When the magnification
increases to the highest f1 (atomic scale), as shown in Fig. 2
(c), it can be observed that the asperity contact area at the
previous magnification f is actually separated by the aver-

age aperture u
�

f1ð Þ (Lorenz & Persson, 2009).
Broadbent and Hammersley (1957) developed percola-

tion theory and formulated a stochastic model to illustrate
fluid flow. Let pp be a number varying from 0 to 1, repre-

senting the proportion of the passages that allow the water
to pass along them. qp refers to the percolation probability.

Percolation theory suggests that there exists a critical prob-
ability pc. Leakage only occurs when pp exceeds pc
(Grimmett, 1999):

qp ¼
0 if pp 6 pc
1 if pp > pc

(
: ð1Þ

Combining multiscale contact mechanics and percola-
tion theory, the Persson model for gasket seals can be
established. For the 2D contact problem with a square lat-
tice, pc was suggested to be 0.6 in the Persson model
(Persson & Yang, 2008). The other related parameters
and derivation process are elucidated below.

2.1 Fractal characteristics of the contact surface

To illustrate the fractal characteristics of the solid sur-
face, the surface roughness power spectrum C(q), which
is the most important information of the surface topogra-
phy, was introduced (Persson & Yang, 2008). For a self-
affine fractal surface, C(q) is given as (Persson & Yang,
2008):
Fig. 3. RMS-slope: mainly determined by the large wavenumber cut-off q1
(adapted from Persson et al. (2005)).
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C qð Þ ¼ H
p

h2
� �
q20

q
q0

� ��2 Hþ1ð Þ
; ð2Þ

where H is the Hurst exponent, which varies from 0 to 1.0

according to the surface roughness; h2
� �

is the square of the

substrate surface height profile, which can be derived from

h2
� � ¼ h2rms (Persson, 2007); hrms is the root-mean-square

(RMS) roughness amplitude; q0 and q1 are the small and
large wavenumber cut-offs, respectively.

Figure 3 shows how the surface roughness power spectra
varies with wavenumber q. Normally, the small wavenum-
ber cut-off is larger than qL ¼ 2p=Lx. q0 and the slope of
lg C qð Þ can be obtained by atomic force microscopy
(AFM) tests (Persson et al., 2005). We define the RMS-
slope as n (Persson et al., 2005), which is mainly determined
by the large wavenumber cut-off q1 as shown in Fig. 3. The
RMS-slops is a hybrid parameter that incorporates both
the surface roughness and fractal dimension, which can
be derived theoretically as follows:

n2 ¼ 2p
Z q1

q0

q3C qð Þdq: ð3Þ
ig. 4. Variation in the relative contact area with p=ðE�nÞ. (The contact
rea percolates when the calculated area of real contact A=A0 approaches
.4.).
2.2 Simplification of the seal contact

Figure 2 presents an ideal contact situation between a
rough solid substrate and an elastic solid with a smooth
surface. However, for common contact cases, each solid
has a different surface roughness and elastic properties.
To simplify the calculation process, all elastic contact prob-
lems can be equivalent to the contact between a rigid solid
(substrate) with a roughness profile (Fig. 2) in contact with
a smooth elastic solid with equivalent Young’s modulus E�.
E� of the contact surface is given as (Johnson, 1987;
Persson, 2007):

1

E� ¼
1� v21
E1

þ 1� v22
E2

; ð4Þ

where E� is the effective Young’s modulus of the surface, E1

and E2 are the Young’s moduli of the two solids, and v1
and v2 are their corresponding Poisson’s ratios.

The surface roughness power spectrum of the simplified
rigid surface is given as:

C qð Þ ¼ C1 qð Þ þ C2 qð Þ; ð5Þ
where C1 qð Þ and C2 qð Þ are the power spectra of the two
original surfaces.

2.3 Percolation pressure

To quantitatively evaluate the effect of surface rough-
ness on the sealant behaviour, the concept of percolation
pressure has been raised by Persson (2022) recently based
on the original critical junction theory of rubber seals pro-
posed by Persson and Yang (2008) based on percolation
theory. The basic critical junction theory gives that at the
lowest magnification f ¼ 1, A 1ð Þ equals to A0, where no
separation will be observed. However, at a sufficiently high
magnification, percolation paths can be observed. We
define f ¼ fc as critical magnification, at which the first per-
colation path occurs throughout the contact area, and the
relative contact area A fð Þ=A0 approaches approximately 0.4
(A fð Þ=A0 � 1� pc at critical magnification). The relative
contact area A fð Þ=A0 is calculated by the error function
(Persson, 2007):

A fð Þ
A0

¼ erf

ffiffiffi
2

p
p

nE�

 !
; ð6Þ

where p is the nominal pressure acting on the surface.
According to percolation theory, the contact area will

not leak if the surface percolates at the highest magnifica-
tion (Persson, 2022), i.e., the corresponding relative contact
area A fð Þ=A0 exceeds 0.4. Figure 4 shows the relative con-
tact area A fð Þ=A0 as a function of p=E�n, indicating that
the contact area depends on the nominal pressure, gasket’s
modulus, and RMS-slope. We define the nominal pressure
as percolation pressure P perc (Persson, 2022) when A fð Þ=A0

reaches 0.4 at large wavenumber cutoff q1:

P perc ¼
ffiffiffi
2

p

2
erfinv

A
A0

� �
E�n ¼ 0:262E�n: ð7Þ

Of note, the derived percolation pressure can be
regarded as a threshold of leakage status, which will be
incorporated in the proposed model (see Section 3). This
is a simplified but advanced parameter that uniformly
reflects the impact of the fractal characteristics, and com-
pression behaviour on the sealant performance.

2.4 Interfacial separation and leakage rate

Interfacial separation derived from Persson model pro-
vides an explicit way of evaluating the leakage rate through
F
a
0
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the rubber seals. At the critical magnification fc, a critical
percolation channel can be observed. The corresponding

average separation u
�
of the contact area subjected to exter-

nal pressure p can be derived from the energy conservation
law, i.e., the elastic energy stored in the elastic solids will be
equal to the work done by the external pressure. The aver-

age separation u
�
is given as follows (Persson, 2007):

�u fð Þ ¼ ffiffiffi
p

p Z q1

fq0

q2C qð Þdq

�
Z 1

p fð Þ

1

p
cþ 3 1� cð ÞP q; p; fð Þ½ � � e� w q;fð Þp=E�½ �2dp; ð8Þ

in which c ¼ 0:4, and

P q; p; fð Þ ¼ erf w q; fð ÞpE�½ �; ð9Þ
where

w q; fð Þ ¼ p
Z q

fq0

q03C q0ð Þdq0
" #�1=2

: ð10Þ

The critical interfacial separation uc fð Þ is defined as the
height separating the two solid bodies that contact when
the magnification decreases from f to f� Df (Persson &
Yang, 2008):

uc fð Þ ¼ �u fð Þ þ �u0 fð ÞA fð Þ=A0 fð Þ: ð11Þ
The seepage flow through the gasketed joints can be sim-

plified as a plane flow problem, which follows the Poiseuille
flow at different scales of hydraulic aperture. Considering
an unfavourable leakage scenario, Wang and Huang
(2020) noted that the seepage through the lining joints
can be calibrated via radial steady flow test between con-
crete interfaces, of which the leakage rate Q is intense with
a millimetre-scale hydraulic aperture. Similarly, the leakage
rate can also be derived based on plane Poiseuille flow
between the rubber seals, which has been verified by several
rubber seal tests (Lorenz & Persson, 2009, 2010), with a
micron-level hydraulic aperture:

Q ¼ Ly

Lx
g ucð ÞPw; ð12Þ

in which g refers to the hydraulic conductance:

g ¼ u3c fð Þ
12l

; ð13Þ

where l is the fluid viscosity.

2.5 Expel pressure

The interfacial separation between the rubber seals/gas-
kets is usually extremely small (at the nano- or microscale),
and many rubbers, including EPDM, have typical
hydrophobic surfaces. Therefore, expel pressure, which
refers to the necessary water pressure for driving the fluid
flow caused by capillary force, should not be ignored. This
indicates that the rubber gaskets still have some waterproof
capacity even if the compression stress completely vanishes,
on the premise that the gaskets are well-assembled and clo-
sely affixed. Expel pressure P e was observed in many rubber
seal performance tests (Lorenz et al., 2014) and fluid flow
tests of nano- or microtubes (Zhang et al., 2018b), which
was mainly caused by the surface tension cl of the fluid:

P e ¼ � cos h0 þ cos h1ð Þcl
u

� cl
u
; ð14Þ

where h0 and h1 refer to the contact angles between the
fluid and the surfaces of the top and bottom solids, respec-

tively, as shown in Fig. 5. cl � 0:07 J=m2 and u refers to the
mechanical aperture of the percolation path, which differs
from the hydraulic aperture derived in Eq. (11) that consid-
ers the interface roughness. We conducted several contact
angle tests on the EPDM surface, and the results show that
it is hydrophobic and with a contact angle hCA of 105�–
112�, as shown in Fig. 5. Previous researchers have noted
that the contact angle varies from 105� to 115� for typical
rubber (Lorenz et al., 2014), and 109� ± 1� for EPDM
(Karl et al., 2020), which are identical with that from our
tests, all indicating the existence of hydrophobic surfaces,
i.e., cos h0 þ cos h1 < 0.
3 Analytical model for sealant performance of gasketed
joints

Herein, we introduce the abovementioned Persson
model based on percolation theory into the analytical
model for sealant performance of gasketed joints, based
on which two key problems are addressed: the sealant
mechanisms are better-illustrated considering percolation
pressure, and hydraulic aperture (interfacial separation) is
incorporated to derive the stress-seepage coupled leakage
behaviour.
3.1 Simplification for the gasket-to-gasket contact problem

Firstly, we assume that leakage occurs between two gas-
kets, which is reasonable in most setting conditions (Li
et al., 2019; Wang, 2020). And the leakage path Lx equals
to the gasket width wg when there is no offset s, as shown
in Fig. 6(a). The gasket is far greater in length (Ly) than
in width (Lx), which is identical to the contact problem as
shown in Fig. 2. To better derive the leakage rate, we
defined a representative leakage element with a unit length,
as shown in Fig. 6(b). Two typical deformation modes of
gaskets are shown in Fig. 6(c), where O and s refer to the
opening and offset of the gaskets, respectively. Of note,
the opening of gaskets equals to that of joints as the rota-
tion of the joints is not considered herein.

In addition, to cooperate with the abovementioned mul-
tiscale contact model and percolation theory, the gasket-to-
gasket contact needs to be simplified according to the prin-
ciple introduced in Section 2.2. Because two pieces of gas-
kets have close elastic properties and surface roughness, the
equivalent modulus E� of the surface can be obtained from



Fig. 5. Expel pressure occurs between hydrophobic surfaces.

Fig. 6. Leakage through gasketed joints of shield tunnel. (a) Schematic of gasket leakage (where Pw is the water pressure at extrados), (b) representative
leakage element, and (c) opening and offset of gaskets.
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E� ¼ Eg= 2� 1� v2g
� �� �

, where Eg and vg are the Young’s

modulus and Poisson’s ratio of the gaskets, respectively.
Similarly, C qð Þ of the simplified rigid surface equals to
2Cg qð Þ, where Cg qð Þ refers to the roughness power spec-
trum of the EPDM surface.
3.2 Critical water leakage pressure

Previous studies (Wang & Huang, 2020; Gong et al.,
2018; Zhang et al., 2020b) indicate that leakage occurs once
the confining pressure P c equals the water pressure. This
water pressure is defined as the critical water leakage pres-
sure Pwc:

Pwc ¼ P c: ð15Þ
However, according to percolation theory, leakage has

already occurred before Pw reaches P c (as shown in
Fig. 7), i.e., an asperity contact stress P cont may exist on
the surface during leakage. This is a vital concept in our
proposed model, implying that a semi-critical stage exists
before the gasketed joints break down thoroughly. Hence,
we modified the above formula by introducing percolation
pressure P perc, whereby Pwc is given as:

Pwc ¼ P c � P perc: ð16Þ
Of note, the distribution of contact stresses P cont and P c

is more complex than that shown in Fig. 7. Before water
pressurization, at zero offset, the contact stress distribution
is mirror-symmetrical along the midline of the lateral
length Lx of the contact area. After water pressurization,
the asperity contact stress vanishes at the starting area of
the percolation path (i.e., the lift-off area occurs as shown
in Fig. 7), while there is a growing trend of contact stress
along the rest of the percolation path, whose mechanics
Fig. 7. Schematic diagram of leakage between gaskets. (a) No leakage occurs,
noncontact area; black colour represents asperity contact area; white colour co
and b refer to the upstream and downstream boundaries of the gaskets, respe
have been revealed by numerical results in previous studies
(Gong et al., 2019; Li et al., 2019). It is widely accepted that
P cont or P c can be considered as average values along the
gasket-to-gasket interface (Gong et al., 2018; Zhang
et al., 2020b). Accordingly, the proposed analytical model
simplifies this uneven distribution as average values for bet-
ter practical application.
3.3 Self-sealing effect

The self-sealing effect describes the enhancement of con-
fining pressure induced by external water pressure, which is
mainly due to the confined (gasket-in-groove) conditions in
gasketed joints. It helps gaskets obtain a stronger water-
proof capacity during water pressurization, which can be
simply inferred as slope k0 (Shalabi et al., 2016), as shown
in Fig. 8, where P c1 and P c2 are the confining stresses before
and after water pressure is applied, respectively:

P c1 ¼ Ege; ð17Þ
P c2 ¼ Egeþ k0Pwc: ð18Þ

Under ideal conditions (i.e., the gaskets were incom-
pressible solids without any holes and perfectly assembled
and confined), Poisson’s ratio m and k0 would equal 0.5
and 1, respectively (Dong et al., 2017; Shalabi et al.,
2016). Nevertheless, because gaskets in segmental joints
have multiple holes and may not fit tightly over the whole
grooves, some nominal ‘compression’ will be observed.
Therefore, we denoted an effective Poisson’s ratio
(Shalabi et al., 2016) as meff (meff < 0:5) to illustrate this
self-sealing effect. meff can be determined from gasket-in-
groove compression tests. In turn, k0 is given as:

k0 ¼ veff
1� veff

: ð19Þ
and (b) leakage occurs (blue colour indicates fluid infiltrating through the
rresponds to the noncontact area but with no fluid passing through, and a

ctively).



Fig. 8. Variation in confining pressure P c with water pressure Pw.
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Of note, both meff and k0 vary with compression strain e:
meff will approach 0.5, while k0 approaches 1 as e increases.
Combining Eqs. (16) and (18), the critical water leakage
pressure incorporating percolation pressure can be
obtained:

Pwc ¼ Ege� P perc

1� k0
: ð20Þ
3.4 Sealing coefficient j

Because we idealize that the confining and contact pres-
sures are constant along the interfacial surface, the effect of
offset (s) was not reflected in Eq. (20). However, the offset
of gaskets will aggravate the uneven contact relationship
and thereby cause hydraulic deterioration. To embrace
the abovementioned effect, a sealing coefficient j (Gong
et al., 2018) is introduced for the correction of Pwc. Gong
et al. (2018) recommended ranges for j based on test data
combined with numerical analysis: 0.8–1.1 for zero offset
and 0.5–0.9 for s ¼ 15 mm. Accordingly, the sealing coeffi-
cient j considering the variations in s and wg can be derived
as:

j ¼ exp �b
s
wg

� �
; ð21Þ

where b is the correction factor for the offset related to wg,
which will be verified in Section 4. Of note, we assume that
the sealing coefficient will not be greater than 1.

Then, the modified critical water leakage pressure Pwc is
given as:

Pwc ¼ j P c � P perc

	 

: ð22Þ
Combining Eqs. (18) and (22) and the optional expel
pressure P e, the final equation for Pwc is given as:

Pwc ¼ j
Ege� P perc

1� jk0
þ P e: ð23Þ
3.5 Leakage rate

Based on the abovementioned percolation theory, we
divided the entire leakage process into three stages, as
shown in Fig. 9. (I) Percolation stage when the effective
contact stress P cont exceeds P perc: the effective aperture is
relatively small when subjected to external pressure; there-
fore, the leakage rate can be neglected. This stage corre-
sponds to the most common scenarios in tunnels during
operation. (II) Leakage stage at which P cont still exists but
is smaller than P perc: subtle leakages can be observed in this
stage, while the hydraulic aperture rapidly grows as the
asperity contact pressure decreases. (III) Breakdown stage
at which P cont equals to 0: the aperture approaches the
maximum and remains constant even if Pw continues to
increase, while the leakage rate is proportional to Pw.
The gaskets have completely lost their waterproof capacity.
Accordingly, the leakage rates for the three stages are given
as:

Q ¼
0 if Pw 6 Pwc

Ly
Lx

u3c fð Þ
12l Pw if Pwc < Pw 6 Pwb

Ly
Lx

u3c 1ð Þ
12l Pw if Pwb 6 Pw

8>><
>>: : ð24Þ
3.6 Model application procedure

The proposed calculation method for the sealant perfor-
mance of gasketed joints, which aims at obtaining the crit-
ical water leakage pressure and leakage rate, is summarized
in Fig. 10. First, the input parameters are determined based
on the roughness characteristics of EPDM surface, gasket-
in groove compression test, and geometric parameters of
the gaskets. In the calculation stage, the RMS-slope
derived from the surface characteristics is used to calculate
percolation pressure, while the nonlinear modulus derived
from the compression test is utilized to obtain the contact
stress. Incorporated with the sealing coefficient and
optional expel pressure, the critical water leakage pressure
is derived. Based on the critical junction theory, the
hydraulic aperture under a given contact pressure at 3 leak-
age stages can be obtained. Finally, the leakage rate is
derived following Poiseuille flow.

4 Model validation and discussion

The data are collected from multiple sealant tests for
segmented joints to verify the proposed method. Due to
limiting space, only two of them are discussed below in
detail. Because similar intact EPDM rubbers were utilized
in all sealant performance tests, the roughness-related



Fig. 9. Three stages of leakage process of gaskets, where Pwb and P cb refer to the water pressure and confining pressure respectively when P cont is 0.

Fig. 10. Calculation flowchart of sealant performance of gasketed joints.
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Fig. 12. Comparing the theoretical prediction results and experimental
data of joint opening-Pwc curves where three sealant phases are presented:
(I) hole expansion phase; (II) rubber rebounding phase; (III) residual
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parameters are set as follows. The Hurst exponentH is typ-
ically set as 0.8 for rubber seals (Bottiglione et al., 2009;
Persson & Yang, 2008; Persson, 2022; Wang, 2020); hrms

is set as 0.118 lm according to the AFM tests of EPDM
rubber (Wang, 2020); large and small wavenumber cutoffs

q0 and q1 are set as 1� 105m�1 and 1� 1010m�1 according
to the power spectrum (Persson, 2022); qL ¼ 2p=Lx. P e can
be obtained from Pwc when no compression is applied on
the gaskets. Eg is derived from the assembly loading test
in each case, which reflects the impact of hollow structure
and rubber materials’ properties on the compression beha-
viour of gaskets. The first validation represents the typical
scenarios with three sealant phases, while the second one
refers to a more typical case where the nonlinearity of the
self-sealing effect (slope k0) was employed. Of note, the crit-
ical water leakage pressure is used as the main index in
model validation, which is much easier to be measured
than leakage rate during the in-door tests.
capillary force phase.
4.1 Model verification case one: typical three sealant phases

We conducted the first verification case based on the
sealant test of gaskets performed by Zhang et al (2018a).
A nonlinear relationship between the gasket modulus and
compression strain was established based on the assembly
loading test, as shown in Fig. 11. The fitting curve indicates
that the secant modulus is approximately constant until
e ¼ 0:25, after which Eg sharply increases because the holes
in gaskets are nearly tightly compacted.

The constant linear slope k0 is set as 0.6 (corresponding
to veff ¼ 0:375), b is set as 1, and P e is set as 0.6 MPa. Fig-
ure 12 indicates that the analytical results of the critical
water leakage pressure calculated from Eqs. (20) and (23)
match well the test data. The variation in Pwc with increas-
ing O can be divided into three sealant phases. (I) When O
is smaller than 4 mm, Pwc decreases rapidly with decreasing
compression deformation, corresponding to the period of
e > 0:25. At this phase, the originally compacted gasket
Fig. 11. Variation in modulus with compression strain of the gaskets.
holes recover gradually. (II) A gentler expansion phase
with a linear Pwc drop is observed when O lies between
4.0 and 10.5 mm. At this phase, hole recovery has been
completed, and the expansion deformation mainly comes
from the rebounding of rubber material. (III) A clear resid-
ual waterproof capacity state is observed when O exceeds
10.5 mm due to the capillary effect. Before reaching the
residual phase, Pwc is dominated by the confining pressure
Pc and percolation pressure Pwc; therefore, Pwc varies non-
linearly with O, which is similar to the strain-modulus
curve. Pwc corresponds to expel pressure P e at the residual
phase where P c remains at 0.

Figure 12 also implies that the proposed model can also
reflect the gasket’s sealant behaviour when offsets are pre-
sented. The obtained results indicate that the offsets will
significantly lower down the waterproof capacity in phases
I and II. However, in phase III, Pwc at different gasket off-
sets is consistent and equals to the expel pressure that is
nearly independent of gaskets opening and offset. Of note,
the O� Pwc curves derived from the test data show clearer
nonlinearity than those from the analytical results, mainly
because a constant slope k0 is utilized to illustrate the self-
sealing effect. k0 should approach 0 at the beginning of
compression and increases as compression strain grows.

4.2 Model verification case two: Nonlinear effective
Poisson’s ratio veff

We conduct another model verification based on the
gasket sealant test (Gong et al., 2018) to show the impor-
tance of utilizing nonlinear Poisson’s ratio or slope k0.
veff and k0 are related to many factors, including gasket
shapes and properties of rubber material, which can be
hardly accessed directly from theoretical derivation. To
obtain the nonlinear relationship of k0 � e, the numerical
results obtained by Gong et al. (2018), where water



Fig. 13. Variation in nonlinear slope k0 with compressive strain e.
Fig. 15. O� Pwc curve considering gaskets’ offset.
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pressure Pw was applied in the lateral direction and contact
stress was extracted as P c2, are fitted by equation k0 ¼ ae2,
as shown in Fig. 13. We present two cases for illustration,
where SC1 refers to the original design for the Nanjing
Weisan Road Tunnel, and SC2 corresponds to a modified
design by increasing the hollow area of the gasket. Of note,
we assume that the slope-strain curve passes through the
origin, which means that the self-sealing effect is not appar-
ent (k0 ¼ 0) at the beginning according to the test and
numerical results of Shalabi et al. (2016) and Gong et al.
(2018).

The subsequent calculation process remains the same as
in model verification 1. The modulus-strain curve is con-
structed based on the data of SC1 from the same testing
results (Gong et al., 2018), as shown in Fig. 14. We set a
correction factor b ¼ 0:4 for wider gaskets width
(wg ¼ 37 mm), but the effect of expel pressure is neglected
Fig. 14. Modulus-compression strain curves of the gaskets.
according to the test data. Figure 15 indicates that the ana-
lytical result matches well with the test data, and Pwc signif-
icantly increases when O decreases from 6 to 2 mm, mainly
owing to the nonlinearity of both the gasket’s modulus Eg

and the effective Poisson’s ratio veff . However, test data
exceeds theoretical results when opening is smaller than
6 mm in both cases, which corresponds to the phases when
the compression strain is larger than 0.36. An abrupt
increase of Eg can be observed according to Fig. 14 during
this phase due to the compaction of the hollow structure.
And the results indicate that this effect is slightly underes-
timated in the theoretical derivation. Besides, the effect of
offset is more significant in theoretical results than that
observed from the test, which can be attributed to the over-
look of additional contact regions between the gasket and
groove under large-offset conditions in the theoretical
model.

In addition, we conducted a degradation model (consis-
tent with the one proposed by Gong et al. (2018)), where
P perc was removed from Eq. (23) to highlight the impor-
tance of utilizing percolation pressure in the proposed
model, as shown in Fig. 16. The O� Pwc curve of the
degradation model significantly surpasses that of the pro-
posed model. Another great difference between them lies
in the absence of waterproof capacity at the beginning of
compression in the proposed model, while the degradation
model indicates that Pwc will increase immediately upon
compression. According to the three-phase theory of Pwc

concluded in model verification case one, Pwc decreases lin-
early as O increases due to a constant modulus. Thus, we
draw an auxiliary line in Fig. 16 when O surpasses 8 mm.
The obtained result shows that the auxiliary line intersects
the x-axis when O = 18 mm, which is consistent with the
proposed model. Consequently, the obtained results indi-
cate that overlooking P perc may overestimate the critical
water leakage pressure, especially when the opening
amount is large.



Fig. 16. Comparing the testing data with theoretical results predicted with/without percolation pressure.

Fig. 17. Variation of Pw � P c curves with offset between gaskets.
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To show the influence of gasket offset on the waterproof
capacity, Pw � P c curves with s varying from 0 to 15 mm
were given, as shown in Fig. 17. As the offset of gaskets
increases, the Pw � P c curve moves upwards, which indi-
cates that as water pressure increases, the increasing confin-
ing pressure will reach the Pw � P c curve earlier, and
thereby result in a smaller Pwc. Both Pwc and P c2 decrease
and the self-sealing effect is weakened as offset increases,
which is in line with the poorer assembly condition. Taking
O = 6 mm as an example, the critical water leakage pres-
sures are 1.56, 1.42, 1.29, and 1.18 MPa when the offsets
are 0, 5, 10, and 15 mm, respectively. The offset effect drives
the point when the leakage occurs away from the original
Pw � P c relationship, together with the impact of surface
roughness, reducing the waterproof capacity of gasketed
joints.
4.3 Determination of model parameters

The determination of key model parameters in the pro-
posed model (i.e., k0, b, P e) is nontrivial because they can
be affected by a number of factors. We conducted a series
of model verifications based on collected data of several
sealant performance tests on EPDM gaskets, as shown in
Table 1. The selection of different parameters is discussed
as follows:

k0 is one of the most important parameters representing
the self-sealing effect, which can be influenced by many fac-
tors, such as EPDM hardness H a and gasket geometry. The
former factor is more influential, as shown in the case of
SC3 (Gong et al., 2018). In most cases, k0 varies from 0
to 0.8, corresponding to an effective ratio veff from 0.09
to 0.44. Hence, it is convenient but conservative to take
the average contact stress derived from the assembly load-
ing tests as the critical water leakage pressure (Zhang,
et al., 2020a, 2020b). Except for poor self-sealing cases rep-
resented by low rubber hardness (Gong et al., 2018; Zhang,
et al., 2020a, 2020b), we recommend that slope k0 varies
from 0.3 to 0.6 for common scenarios. One way to obtain
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slope k0 is to add load cells to monitor total loads in sealant
performance test (Shalabi et al., 2016), where confining
pressures P c1 and P c2 can be directly measured.

The correction factor b reflects the effect of gasket offset,
which is influenced mainly by the width of gaskets wg

according to Table 1. This is understandable because a
wider gasket has a longer percolation path and thereby a
higher waterproof capacity than narrower gaskets under
the same offset conditions. It can be seen that there are
mainly two types of wg among the gaskets commonly used
for shield tunnels in China, e.g., 23–24 mm and 36–37 mm.
It is suggested that b can be set from 1.0 to 1.2 for the for-
mer type and from 0.4 to 0.6 for the latter type according to
the prediction accuracy.

Of note, the percolation pressure and expel pressure
have opposite effects on Pwc. The existence of expel pres-
sure will enhance the waterproof capacity, while the perco-
lation pressure leads Pwc to stay at 0 within a period after
the compression starts (as shown in Model verification case
2). In the collected datasets, exaggerated P e can be
observed in two sealant tests of gasketed joints (Dong
et al., 2017; Zhao et al., 2008), as shown in Fig. 18 and
Table 1. Pwc in most tests approaches 0 when no external
pressure is applied, i.e., P e � 0, which indicates that the
existence of exaggerated P e may restrain the applicability
of the proposed model. According to self-sealing theory,
Pwc is proportional to the confining pressure. Hence, when
there is no initial compression or pressure (P c1) on the gas-
kets, the appearance of Pwc mainly corresponds to the expel
pressure. Because P e is sensitive to the assembly quality and
surface roughness of EPDM, we suggest treating it as a
safety stock rather than a design index. In contrast, accord-
ing to the collected cases, it can be found that percolation
pressure surpasses the expel pressure in most cases. Perco-
lation pressure can be easily obtained using the proposed
method, which is proportional to the modulus of gaskets
that nonlinearly varies with compression strain. Thus, we
recommend incorporating the percolation pressure P perc

in practical design.
Unlike the abovementioned parameters that vary with

gaskets type in different engineering cases, the roughness
parameter of EPDM surface is one of the intrinsic material
properties. Herein we used the unaged results of Hurst
exponent and hrms derived from AFM test (Wang, 2020),
which shows great effectiveness in most cases as shown in
Table 1. However, these parameters for rubber and EPDM
materials in the long term vary in a certain range instead of
being a fixing value. For the Hurst exponent H, Wang
(2020) noted that it decreases from 0.8 to 0.7 in aging con-
ditions, indicating the roughening process. hrms is another
parameter that reflects the roughness amplitude (depth),
which varies from 0.1 to 1.0 for rubber seals (Persson,
2022). Based on the suggested ranges of these roughness
related parameters, the effects of surface roughening on
the sealant performance are further discussed in the follow-
ing section.
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5 Evaluating the influence of key factors on sealant

performance and leakage rate

We conduct a parametric study on the leakage beha-
viour considering the variation in the opening, offset, and
surface roughness of gaskets, where the case of SC1
(Gong et al., 2018), whose detailed information has been
given, is chosen for analysis. Table 2 summarizes the
parameters for the calculation that are utilized in
Section 4.2.
5.1 Effect of surface roughness: Hurst exponent H

The surfaces of EPDM gaskets become rougher during
the rubber ageing and corrosion processes. Therefore, H
increases and in turn affects the RMS-slope n and percola-
tion pressure P perc. The ageing test for EPDM carried out
by Wang (2020) indicated that H decreases from 0.85 to
0.70 as rubber degrades. Accordingly, we conduct a para-
metric study of H on n and Pwc, as shown in Figs. 19
and 20, respectively, where hrms is set as 0.118 lm, in line
with Section 4.2. Figure 19 shows that the variation trend
of n with a large wavenumber cutoff q1 becomes gentler
as H increases. n approaches 0.080, 0.150, 0.220, 0.332,
0.513, and 0.806 when q1 = 1 � 1010 m�1, corresponding
to 1.00, 0.90, 0.85, 0.80, 0.75, and 0.70 of H, respectively.
Figure 20 shows that as H increases, the waterproof capac-
ity drops more significantly as the joint opening increases.
The influence of H is less significant when H approaches 1.
Pwc reaches 1.16 MPa when H = 0.70, slightly below the
design waterproof capacity (Pwc should not be less than
1.3 MPa when O = 6 mm) determined by Gong et al.
(2018).

Furthermore, the Hurst exponent also has a nonnegligi-
ble effect on the leakage rate. Figure 21 shows that a
rougher rubber surface will enhance the interfacial separa-
tion and thereby enlarge the leakage rate, especially at leak-
Fig. 18. Sealant test results of gaskets where exaggerated expel pressure
was observed (Dong et al., 2017; Zhao et al., 2008).
age stage III. In addition, it can be seen that the Hurst
exponent does not affect Pwb. This is reasonable because
at the breakdown stage, P perc has no contribution to sealant
performance as illustrated in the three-stage leakage model
in Section 3.5.
5.2 Effect of roughness amplitude hrms

Another important parameter of surface roughness is
the root-mean-square roughness amplitude hrms. We con-
duct a parametric analysis of hrms on the leakage rate, as
shown in Fig. 22, where H is set as 0.70. The selection of
hrms (0.050 to 1.000 lm) refers to the typical values for rub-
ber seals (Persson, 2022). The obtained result shows that
the leakage rate significantly increases as hrms increases:
the leakage rate approaches 0.000 132, 0.001 740, 0.008
460, 0.028 600, 0.132 000, and 1.060 000 mm2/s (Pw=3
MPa) when hrms is equal to 0.050, 0.118, 0.200, 0.300,
0.500 and 1.000 lm, respectively. The hydraulic apertures
uc in the final breakdown stage are also presented in
Fig. 22, implying that the maximum uc is proportional to
hrms of the surface: uc increases from 0.27 to 5.39 lm as
hrms increases from 0.050 to 1.000 lm. Clearly, hrms has a
greater impact on interfacial separation and leakage rate
than H. However, both H and hrms significantly affect the
waterproof capacity of gasketed joints due to the presence
of percolation pressure. Therefore, the impact of surface
roughness on sealant performance deserves more attention
considering the long-term ageing and corrosion scenarios.
5.3 Effect of the opening amount

The influence of O on Pwc is presented in Fig. 20. The
aforementioned three-stage nonlinear relationship between
O and Pwc is still valid in the parametric study. Specifically,
when O is smaller than 8 mm, Pwc sharply decreases owing
to the expansion of compacted holes; then, Pwc decreases
linearly due to constant modulus in stage II; it can be seen
that as the surface becomes rougher, stage III becomes less
significant owing to the decrease in P perc, as shown in
Fig. 20 (enlarged inset). Figure 23 shows the effect of open-
ing on the leakage rate, where H is set as 0.7 to represent
the hydraulic deterioration of gaskets. The obtained results
indicate that when the percolation paths are at the break-
Table 2
Parameters for the calculation.

Parameters Values/equations Unit

Eg 3þ 1:429� 10�6e36:81e MPa
k0 4:46e2 –
wg 37 mm
b 0.4 –
Pe 0 MPa
hrms 0.050, 0.118, 0.200, 0.300, 0.500, 1.000 lm
q0 1 � 105 m�1

q1 1 � 1010 m�1

H 1.00, 0.90, 0.85, 0.80, 0.75, 0.70 –
s 0, 5, 10, 15, 20, 25 mm



Fig. 19. Variation in the RMS-slope with the Hurst exponent H .

Fig. 20. Effect of surface roughness on critical leakage water pressure.

Fig. 21. Effect of the Hurst exponent H on the leakage rate when
O = 6 mm.

334 J. Xie et al. / Underground Space 14 (2024) 319–337
down stage and the corresponding aperture reaches a max-
imum with P cont ¼ 0, all opening cases will result in the
same leakage rate if the water pressure is sufficiently large.
In addition, an abrupt increase in the leakage rate is
observed in all cases at the end of the leakage stage (stage
II) and before stage III. This indicates that leakage will
remain subtle for a long time due to the percolation pres-
sure, but the hydraulic deterioration becomes significant
just before the gaskets completely break down.
Fig. 22. Effect of hrms on leakage rate when O = 6 mm.
5.4 Effect of offset

It is believed that the gasket offset has two negative
effects on the sealant behaviour: (1) a lower Pwc illustrated
by the sealing coefficient and (2) a shorter percolation path
accompanied by a greater hydraulic gradient. Figure 24
shows the former effect, where H and hrms are set as 0.70
and 0.118 lm, respectively, in line with Section 5.3. The off-
set effect becomes more significant when O decreases. When
s increases from 0 mm to s = 25 mm (s=wg increases from 0
to 0.676), Pwc decreases from 8.78 to 3.95 MPa at
O = 2 mm and decreases from 1.16 to 0.74 MPa at
O = 6 mm, but remains nearly the same (0.2 MPa) at
O = 12 mm. This occurs mainly due to the nonlinearity
of the slope k0 of the self-sealing effect, as shown in
Fig. 17, i.e., k0 gets closer to 0 as O increases. Therefore,
the effect of offset becomes less important.

Figure 25 shows the effect of offset on the leakage rate
for two opening cases of O ¼ 6 mm and 10 mm, where
O ¼ 6 mm refers to the designed opening of joints (Gong
et al., 2018). The obtained results indicate that the leakage
rate significantly increases as the offset s increases because
of the greater hydraulic gradient along the percolation
channel. In addition, the leakage stage lasts longer when
O ¼ 6 mm than that of 10 mm, still owing to the increase
in percolation pressure with larger compression strain of



Fig. 23. Variation in leakage rate with joint opening amount (three stages
of leakage are marked in the case of O ¼ 6 mm).

Fig. 24. Variation in the opening-Pw curve with gasket offset.

Fig. 25. Influences of offset on the variation of leakage rate
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gaskets. This is another important aspect associated with
waterproof capacity of rubber gaskets.

6 Conclusion

A novel analytical model for the sealant performance of
segmented joints was proposed to predict both the critical
leakage pressure and leakage rate based on multiscale con-
tact and percolation theories. The model elaborated the
progressive leakage mechanism and the hydraulic deterio-
ration of the rubber gasket, which was verified by compar-
ison with experimental data. Some parametric studies on
the key model parameters were conducted to illustrate
the importance of incorporating these parameters into the
proposed model. The major conclusions are summarized
as follows.

(1) The model captures the three-stage leakage process:
percolation stage, leakage stage, and breakdown
stage. The percolation stage refers to the watertight
status when the asperity contact pressure exceeds
the percolation pressure. In the subsequent leakage
stage, the contact pressure still exists but is lower than
the percolation pressure, and the interfacial separa-
tion significantly increases as P cont decreases to 0. In
the final breakdown stage, P cont stays at 0, while inter-
facial separation has already reached a maximum at
the beginning; therefore, the leakage rate is domi-
nated by external water pressure only.

(2) Of the three key model parameters, slope k0 repre-
sents the self-sealing effect, which greatly varies from
0 to 0.8 among different cases. k0 depends on many
factors, including rubber hardness and gasket geom-
etry. The sealing coefficient j is mainly dominated
by the gasket width. An empirical formula combined
with correlation parameter b was proposed to illus-
trate the effect of gasket offset. It is suggested to treat
expel pressure P e as a safety stock rather than a
design index.
with different offsets. (a) O ¼ 6 mm, and (b) O ¼ 10 mm.
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(3) By comparing with the degradation model, it was
shown that overlooking the effect of percolation pres-
sure would overestimate the waterproof capacity of
gasketed joints because the leakage has already
occurred before the asperity contact pressure com-
pletely vanishes.

(4) As the EPDM surface becomes rougher, the water-
proof capacity significantly decreases. Both H and
hrms have nonnegligible impact on the leakage rate,
among which the latter is more influential. The para-
metric results also revealed the two unfavourable
effects of the gasket offset on the leakage behaviour:
the offset will significantly reduce the waterproof
capacity; meanwhile, the leakage rate becomes
greater because of the shorter percolation path and
associated higher hydraulic gradient.

(5) The proposed model has several limitations that need
further striving. Firstly, it was established under the
assumption that the leakage only occurs between
the gaskets, while the leakage phenomena through
other paths (e.g., gasket-groove interface) are not
considered. In addition, the hydromechanical cou-
pled leakage rate was derived based on Poiseuille
plane flow under some ideal conditions. The general
applicability needs further verification.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
Acknowledgement

This research was financially supported by the National
Natural Science Foundation of China (Grant No.
52278407) and the Fundamental Research Funds for the
Central Universities (Grant No. 22120210573).
References

Bottiglione, F., Carbone, G., Mangialardi, L., & Mantriota, G. (2009).
Leakage mechanism in flat seals. Journal of Applied Physics, 106(10),
104902.

Broadbent, S. R., & Hammersley, J. M. (1957). Percolation processes: I.
Crystals and mazes. Mathematical Proceedings of the Cambridge
Philosophical Society, 53(3), 629–641.

Ding, W. Q., Gong, C. J., Mosalam, K. M., & Soga, K. (2017).
Development and application of the integrated sealant test apparatus
for sealing gaskets in tunnel segmental joints. Tunnelling and Under-
ground Space Technology, 63, 54–68.

Ding, W. Q., Wang, Q. S., Qiao, Y. F., & Jin, Y. L. (2022). Experimental
investigation on waterproofing performance of segmental joint with
double gaskets for shield tunnel. Underground Space, 7(5), 898–910.

Dong, L. W., Jiang, Y. S., Yang, Z. Y., Cheng, J. G., Liu, C. Q., & Zhang,
J. J. (2017). Experimental study and water-resistant mechanism of
gaskets in joints of tunnel segments. Chinese Journal of Geotechnical
Engineering, 39(3), 469–474 (in Chinese).
Gong, C. J., Ding, W. Q., Soga, K., & Mosalam, K. M. (2019). Failure
mechanism of joint waterproofing in precast segmental tunnel linings.
Tunnelling and Underground Space Technology, 84, 334–352.

Gong, C. J., Ding, W. Q., Soga, K., Mosalam, K. M., & Tuo, Y. F. (2018).
Sealant behavior of gasketed segmental joints in shield tunnels: An
experimental and numerical study. Tunnelling and Underground Space
Technology, 77, 127–141.

Gong, C. J., Wang, Y. Y., Peng, Y. C., Ding, W. Q., Lei, M. F., Da, Z. H.,
& Shi, C. H. (2022). Three-dimensional coupled hydromechanical
analysis of localized joint leakage in segmental tunnel linings.
Tunnelling and Underground Space Technology, 130, 104726.

Grimmett, G. (1999). What is percolation? In Percolation (pp. 1–31).
Springer.

Guan, L. X. (2019). Experimental study on waterproof performance of
large-section rectangular shield tunnel seals in soft strata. Tunnel and
Rail Transit, S1, 66–70 (in Chinese).

Johnson, K. L. (1987). Contact mechanics. Cambridge University Press.
Karl, C. W., Rahimi, W., Kubowicz, S., Lang, A., Geisler, H., & Giese, U.

(2020). Surface modification of ethylene propylene diene terpolymer
rubber by plasma polymerization using organosilicon precursors. ACS
Applied Polymer Materials, 2(9), 3789–3796.

Li, P., Xie, H. M., He, C., Zhou, Z. Y., & Wang, S. M. (2019). Waterproof
performance analysis of water sealing gasket of large open shield
tunnel based on effective contact stress. Tunnel Construction, 39(12),
1993–1999 (in Chinese).

Li, X., Zhou, S. H., Di, H. G., & Wang, P. X. (2018). Evaluation and
experimental study on the sealant behaviour of double gaskets for
shield tunnel lining. Tunnelling and Underground Space Technology, 75,
81–89.

Liu, C. (2022). Waterproof performance test and influencing factors
analysis of shield segment joints—taking a metro shield tunnel project
in hangzhou as an example. Engineering and Technological Research,
07(111), 16–20 (in Chinese).

Liu, D. J., Wang, F., Hu, Q. F., Huang, H. W., Zuo, J. P., Tian, C., &
Zhang, D. M. (2020). Structural responses and treatments of shield
tunnel due to leakage: A case study. Tunnelling and Underground Space
Technology, 103, 103471.

Lorenz, B., & Persson, B. N. J. (2009). Leak rate of seals: Comparison of
theory with experiment. EPL (Europhysics Letters), 86(4).

Lorenz, B., & Persson, B. N. J. (2010). Leak rate of seals: Effective-
medium theory and comparison with experiment. European Physical
Journal E, 31(2), 159–167.

Lorenz, B., Rodriguez, N., Mangiagalli, P., & Persson, B. N. J. (2014).
Role of hydrophobicity on interfacial fluid flow: Theory and some
applications. European Physical Journal E, 37(6), 125502.

Persson, B. N. J. (2007). Relation between interfacial separation and load:
A general theory of contact mechanics. Physical Review Letters, 99(12),
125502.

Persson, B. N. J. (2022). Fluid Leakage in Static Rubber Seals. Tribology
Letters, 70(2), 31.

Persson, B. N. J., Albohr, O., Tartaglino, U., Volokitin, A. I., & Tosatti,
E. (2005). On the nature of surface roughness with application to
contact mechanics, sealing, rubber friction and adhesion. Journal of
Physics Condensed Matter, 17(1), R1–R62.

Persson, B. N. J., & Yang, C. (2008). Theory of the leak-rate of seals.
Journal of Physics Condensed Matter, 20(31), 315011.

Shalabi, F. I., Cording, E. J., & Paul, S. L. (2016). Sealant behavior of
gasketed segmental tunnel lining – Conceptual model. Geomechanik
Und Tunnelbau, 9(4), 345–355.

Shi, C. H., Cao, C. Y., Lei, M. F., & Yang, W. C. (2019). Sealant
performance test and stress-seepage coupling model for tunnel segment
joints. Arabian Journal for Science and Engineering, 44(5), 4201–4212.

Soga, K., Laver, R. G., & Li, Z. (2017). Long-term tunnel behaviour and
ground movements after tunnelling in clayey soils. Underground Space,
2(3), 149–167.

Sun, L. W. (2018). Numerical analysis of waterproof mechanism of shield
tunnel joint based on applied water pressure. Tunnel Construction, 38
(4), 603–610 (in Chinese).

Wang, F. Y., & Huang, H. W. (2020). Theoretical analysis of the joint
leakage in shield tunnel considering the typical deformation mode.
International Journal of Geomechanics, 20(12), 04020218.

Wang, Y. J. (2020). Sealing performance degradation and evolution of shield
lining joints – multiple scale research. [Doctoral dissertation, China
University of Geoscience (Beijing)]. (in Chinese).

http://refhub.elsevier.com/S2467-9674(23)00112-5/h0005
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0005
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0005
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0005
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0010
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0010
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0010
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0010
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0015
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0015
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0015
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0015
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0015
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0020
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0020
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0020
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0020
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0025
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0025
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0025
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0025
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0025
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0030
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0030
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0030
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0030
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0035
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0035
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0035
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0035
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0035
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0040
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0040
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0040
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0040
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0040
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0045
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0045
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0045
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0050
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0050
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0050
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0050
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0055
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0055
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0060
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0060
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0060
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0060
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0060
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0065
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0065
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0065
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0065
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0065
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0070
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0070
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0070
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0070
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0070
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0075
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0075
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0075
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0075
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0075
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0080
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0080
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0080
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0080
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0080
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0085
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0085
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0090
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0090
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0090
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0090
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0095
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0095
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0095
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0095
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0100
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0100
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0100
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0100
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0105
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0105
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0105
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0110
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0110
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0110
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0110
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0110
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0115
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0115
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0115
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0120
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0120
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0120
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0120
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0125
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0125
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0125
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0125
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0130
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0130
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0130
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0130
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0135
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0135
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0135
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0135
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0140
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0140
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0140
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0140


J. Xie et al. / Underground Space 14 (2024) 319–337 337
Wang, Z. (2015). Numerical study on waterproof failure mechanism of
elastic sealing gasket of underwater shield- bored tunnel. Tunnel
Construction, 35(11), 1164–1168 (in Chinese).

Wu, H. N., Shen, S. L., Chen, R. P., & Zhou, A. (2020). Three-
dimensional numerical modelling on localised leakage in segmental
lining of shield tunnels. Computers and Geotechnics, 122(2), 103549.

Xie, J. C., Wang, J. C., Huang, W. M., Zhao, J. L., & Qi, X. X. (2020).
Analysis on cracking characteristic of TBM tunnel lining in soft soil
area and its influencing factors. Tunnel Construction, 40(S2), 180–187
(in Chinese).

Xue, Y. D., Shi, P. Z., Jia, F., & Huang, H. W. (2022). 3D reconstruction
and automatic leakage defect quantification of metro tunnel based on
SfM-Deep learning method. Underground Space, 7(3), 311–323.

Yang, C., & Persson, B. N. J. (2008). Contact mechanics: Contact area
and interfacial separation from small contact to full contact. Journal of
Physics Condensed Matter, 20(21), 215214.

Zhang, D. M., Liu, J., Huang, Z. K., Yang, G. H., Jiang, Y., & Jia, K.
(2022). Waterproof performance of tunnel segmental joints under
different deformation conditions. Tunnelling and Underground Space
Technology, 123, 104437.

Zhang, D. M., Ma, L. X., Zhang, J., Hicher, P. Y., & Juang, C. H. (2015).
Ground and tunnel responses induced by partial leakage in saturated
clay with anisotropic permeability. Engineering Geology, 189(2),
104–115.

Zhang, D. M., Xie, X. C., Zhou, M. L., Huang, Z. K., & Zhang, D. M.
(2021). An incident of water and soil gushing in a metro tunnel due to
high water pressure in sandy silt. Engineering Failure Analysis, 121(12),
105196.

Zhang, W. J., Ding, C., Zhang, C. P., & Jiang, K. (2020a). Influence of
different dislocation amount on composite sealing gasket and term
waterproofing performance prediction. Tunnel Construction, 40(3),
337–345 (in Chinese).

Zhang, W. J., Zhang, G. L., Li, H. L., Gao, W. Y., Guo, W. S., & Gao, P.
(2020b). Waterproof performance of sealing gaskets and impact of
construction loads on segment joints in shield tunnel. China Journal of
Highway and Transport, 33(12), 130–141 (in Chinese).

Zhang, Z. X., Sun, J., Zhu, Y. F., Huang, X., & Yuan, W. H. (2018a).
Experimental study on waterproof performance of joint seal for
deeply-buried storage and drainage tunnel. Journal of Zhejiang
University (Engineering Science), 52(3), 431–439 (in Chinese).

Zhang, X. L., Zhu, W. Y., Cai, Q., Shi, Y. T., Wu, X. H., Jin, T. X., ...
Song, H. Q. (2018b). Compressible liquid flow in nano- or micro-sized
circular tubes considering wall-liquid Lifshitz-van der Waals interac-
tion. Physics of Fluids, 30(6), 062002.

Zhao, Y. C., Xiao, L. G., Liu, Z. W., & Yang, H. D. (2008). Experiment
study and design on the watertight seal for reinforced concrete segment
joint of wuhan yangtze river tunnel. Tunnel Construction, 28(5),
570–575 (in Chinese).

Zhu, M. Q., Ding, W. Q., Jin, Y. L., Gong, C. J., & Shen, Y. (2017).
Experimental study of segment joint sealing gasket forms of deep
drainage shield tunnel in shanghai under high water pressure. Tunnel
Construction, 37(10), 1303–1308 (in Chinese).

http://refhub.elsevier.com/S2467-9674(23)00112-5/h0150
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0150
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0150
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0150
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0155
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0155
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0155
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0155
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0160
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0160
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0160
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0160
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0160
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0165
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0165
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0165
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0165
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0170
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0170
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0170
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0170
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0175
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0175
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0175
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0175
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0175
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0180
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0180
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0180
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0180
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0180
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0185
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0185
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0185
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0185
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0185
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0190
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0190
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0190
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0190
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0190
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0195
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0195
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0195
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0195
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0195
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0200
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0200
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0200
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0200
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0200
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0205
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0205
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0205
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0205
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0205
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0210
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0210
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0210
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0210
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0210
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0215
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0215
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0215
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0215
http://refhub.elsevier.com/S2467-9674(23)00112-5/h0215

	Analytical model for the sealant performance of tunnel gasketed �joints based on multi-scale contact and percolation theories
	1 Introduction
	2 Multiscale contact and percolation theory on gasket seals
	2.1 Fractal characteristics of the contact surface
	2.2 Simplification of the seal contact
	2.3 Percolation pressure
	2.4 Interfacial separation and leakage rate
	2.5 Expel pressure

	3 Analytical model for sealant performance of gasketed joints
	3.1 Simplification for the gasket-to-gasket contact problem
	3.2 Critical water leakage pressure
	3.3 Self-sealing effect
	3.4 Sealing coefficient [$] \kappa [$]
	3.5 Leakage rate
	3.6 Model application procedure

	4 Model validation and discussion
	4.1 Model verification case one: typical three sealant phases
	4.2 Model verification case two: Nonlinear effective Poisson’s ratio [$]{v}_{{\rm eff}}[$]
	4.3 Determination of model parameters

	5 Evaluating the influence of key factors on sealant performance and leakage rate
	5.1 Effect of surface roughness: Hurst exponent [$]H[$]
	5.2 Effect of roughness amplitude [$]{h}_{{\rm rms}}[$]
	5.3 Effect of the opening amount
	5.4 Effect of offset

	6 Conclusion
	Declaration of Competing Interest
	Acknowledgement
	References


