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Abstract: Segment lining structure is one of the choices to be used for low-to-vacuum maglev tunnels
in the future. The airtightness at the joints of the lining structures is one of the critical problems that
need to be addressed. However, little attention has been devoted to this problem until now. In this
paper, a new apparatus was invented and used to study the mechanical behavior and airtightness
sealing capacity of the gasket-in-groove, and a finite element analysis (FEA) model, validated by
the test, was developed and used to further investigate thoroughly the sealing performance and
sealing failure mechanism of the gasket-in-groove. The results obtained by the above two methods
were discussed and compared, and a series of findings were presented. The results showed that the
initial pressure distribution on the gasket—gasket contact surface is not uniform due to the presence
of the inner holes in the gasket and the grooves between the gasket legs and an approximate “W”
shape distribution in this study. The effect of vacuum pressure on the contact pressure distribution is
very significant and shows an overall decreasing trend with increasing vacuum pressure. A higher
initial maximum contact pressure would provide a better sealing effect but a lower sealing safety
factor. Airtightness failure induced by evacuation is a contact surface separation process in which
the maximum contact pressure shows a tendency to rise sharply with vacuum pressure increases,
followed by a slow drop, and then declines dramatically to zero.

Keywords: gasket-in-groove; sealing performance; contact pressure; sealing failure process;
experiment; numerical simulation

1. Introduction

Using maglev technology and building a low air pressure into a vacuum operating
environment to reduce atmospheric friction and noise is regarded as one of the most
promising developments for high-speed railway transportation in the future [1]. An
underground tube is a preferable alternative to creating a low or vacuum air pressure
environment, and the underground tube has the advantages such as safety, high efficiency,
and little environmental disturbance [2]. However, using the segmental lining structure
for low-to-vacuum tubes is challenging, and how to model the internal forces and how
to keep the tube airtightness are two important issues. Based on the research for tunnel
linings in conventional atmospheric conditions [3-5], our previous work presented an
analytical solution for the internal forces in a low-to-vacuum tunnel lining, and the impact
of key parameters on the internal forces was discussed [1]. The objective of this paper is to
explore the mechanism behavior, sealing performance, and sealing failure mechanisms of
the segmental circumferential joint.
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A great number of tunnels with segmental lining structures have been built in the past
decade for various purposes, while some problems affecting the tunnel’s functions have
been observed, which include water leakage in adjacent segments or adjacent rings in a
water pressure environment [6-9]. Since the joint airtightness sealing for low-to-vacuum
maglev segment tunnels has not been used before and the mechanism of the airtightness
sealing is somewhat similar to the waterproofing of the joints of tunnels, the literature
review on the joint sealing performance for segmental tunnels mainly focuses on the
waterproofing.

Like other industrial methods of sealing joints [10,11], a common solution for the joint
sealing of segmental tunnels is to install elastomeric rubber gaskets circumferentially on
the end faces of the segment [12,13]. However, to conveniently assemble the joints and seg-
ments during construction and thus avoid damaging the tunnel segment structures, sealing
gaskets in tunnel joints actually have much more orifices than solid ones. For a maglev train
segment tunnel, the main purpose of the gaskets is to keep the airtightness of the internal
tube of the tunnel, which is more challenging than waterproofing. Theoretically, the gasket
can prevent the intrusion of pressured water and air into the tunnel interior through the
joint that is subjected to contact pressures induced by external forces. Unfortunately, very
little research with respect to airtightness techniques and the performance of the gasket
applied to the traditional segmental tunnel has been found. On the other hand, water
leakage has been found in the waterproofing gasket, and significant research utilizing nu-
merical simulations and model experiments has been conducted to have a comprehensive
understanding of the mechanism and sealing performance of the gaskets. Shalabi et al. [14]
conducted a leakage test using a steel frame device to explore the sealing performance of
two types of gaskets—one is open-base gaskets, and the other is closed-base gaskets—and
proposed a theoretical model to describe the gasket leakage mechanism. According to
Shalabi et al. [14], the leakage occurs in the case of water pressure being markedly lower
than the final gasket contact pressure for the open-base gaskets; meanwhile, for the closed-
base gaskets, the leakage occurs as the water pressure approximately equals the gasket
contact pressure. They concluded that the closed-base gasket has a better sealing capability
than the open-base gasket. Ding et al. [2] developed an innovative apparatus to analyze
the coupling leakage and mechanical behaviors of longitudinal/ circumferential joints and
T-joints subjected to water pressure and found that a gasket with staggered inner holes and
legs could provide better sealing performance than one with an aligned layout based on the
test results. Shi et al. [15] established a stress-seepage coupling model of the gasket sealing
for the segment joints and derived the corresponding coupling equations for the contact
interface. Their findings indicate that the joint gap and joint offset can significantly decrease
the gasket contact pressure, which would cause a dramatic increase in the seepage rate, and
therefore the joint’s sealing capacity is markedly reduced. To evaluate the waterproofing
capability of a gasket-in-groove subjected to water pressure, Gong et al. [16] presented an
Abaqus-based numerical framework that was validated with experimental data to predict
the behaviors of water leakage. Using this numerical framework and incorporating experi-
mental results, Gong et al. [17-19] further investigated the effect of key parameters, which
included the joint gap, joint offset, positive joint rotation, negative joint rotation, the angle
of the sidewall, groove width, and gasket hardness, on gasket sealing behavior through
analyzing the contact pressure distribution and the water-leakage pressure in different
scenarios. Continuously, Gong et al. [18] presented a theoretical model similar to that of
Shalabi et al. [14] to illustrate the gasket leakage mechanism. Moreover, with the aim of
better guiding the waterproofing design of segment joints, Gong et al. [20] also proposed a
joint waterproofing design framework based on experimental and numerical simulation
results.

The research mentioned in the above literature review has contributed greatly to
understanding the sealing performance and failure mechanism of single gaskets for water-
proofing. In practice, especially in some underwater segment tunnels, double waterproofing
gaskets have been used to improve the robustness of the joints and reduce the failure risk,
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and the sealing performance and mechanism have also been studied. Shalabi et al. [21]
investigated the leakage behaviors of double gaskets subjected to static ground loads and
earthquake shaking. The results indicated that the waterproofing capacity of the longitudi-
nal joints was enhanced through cycling due to the increased bond between the gasket and
the gasket groove. Li et al. [22] estimated the sealing behavior of the double open gasket
with joint opening and offset combination using model test results, and no apparent dis-
crepancy was found between single and double EPDM gaskets with the same joint opening
and offset. Ding et al. [23] investigated the sealing behavior of double gaskets under four
situations using an improved test apparatus that can monitor the water pressure, and the
results show that the joint waterproofing capacity depends mainly on one gasket with a
higher waterproofing capacity and that only a slight improvement in the waterproofing
capacity with the same double gasket is observed.

Although watertight sealing and airtight sealing are somewhat similar from a general
point of view, very limited literature was found related to the airtightness sealing of
joint gaskets in segmental tunnels. Hence, the airtightness sealing performance and failure
mechanisms of the joints for segmental tunnels are worth studying to meet the development
need of low-to-vacuum maglev segment tunnels. Aiming at the above purposes, this
paper first introduced an apparatus invented to perform experimental studies on the
mechanical behavior and airtightness sealing capacity of the gasket-in-groove, followed
by the corresponding test methods and test results. Next, a 2D finite element analysis
model was validated by the test, and finally, both experimental tests and the numerical
models with FEA were performed to further investigate thoroughly the airtightness sealing
performance and sealing failure mechanism of the gasket-in-groove.

2. Experimental Model Tests

The model test consists of two parts: (i) a mechanical test, which focuses on the
analysis of the load-deformation behavior of the gasket-in-groove, and (ii) an airtightness
test, which explores the sealing capability of the gasket-in-groove. For the first part, the
test procedure and test cycle are relatively simple and short. Three parallel tests were
conducted for each operating condition, and their average value was used as the final test
result. For the second part, one test for each operating condition was carried out due to the
complexity of the test procedure and the longer test period.

2.1. Test for Load-Deformation Behavior of the Gasket-in-Groove

An apparatus comprising a loading system and a gasket-in-groove mode is used to
investigate the load-deformation behavior of the gasket-in-groove aiming to have an in-
depth understanding of its nonlinear behavior. The loading system consists of a hydraulic
universal testing machine that is capable of collecting real-time load-deformation data.
The gasket-in-groove model consists of two gaskets and two gasket grooves, and their
cross-section and dimensions are shown in Figure 1. The gaskets were made of Ethylene-
Propylene-Diene Monomer (EPDM), and their engineering properties are listed in Table 1.
During the test, a hydraulic universal testing machine was used to provide the load and
thereby control the joint gap, and the horizontal displacement adjusting bolts were used to
control the horizontal displacement of the upper and lower gaskets, i.e., the joint offset.

Table 1. Engineering properties of the gaskets used in the tests.

Hardness Tensile Strength
Shore A (MPa)

Properties 67 10.9

Item
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Figure 1. Load-deformation behavior tests for the gasket-in-groove (unit: mm). (a) Testing devices
(gasket compression of about Imm); (b) diagrammatic sketch of the gasket-in-groove.

2.2. Test for Airtightness Sealing Performance of the Gasket-in-Groove

A new apparatus made of a steel frame was used to explore the airtightness sealing
performance of the gasket-in-groove under a low-to-vacuum condition and thus to evaluate
its sealing capacity with different initial contact pressures. As shown in Figure 2, the
test apparatus mainly consists of the cover plates, gaskets, gasket grooves, vibration-
resistant vacuum gauge, breaker valve, vacuum valve, connecting hose, vacuum pump,
load bolts, load cell, data collector, vertical displacement adjustment nuts, and horizontal
displacement adjustment bolts. The vacuum level in the inner chamber enclosed by the
gaskets and the covers is provided by the vacuum pump through pumping and is measured
by the vibration-resistant vacuum gauge. The magnitude of joint offset can be achieved
by horizontal displacement adjusting bolts. Loading bolts are used to provide loads for
the cover plate, the load is monitored by a load cell, and the initial joint gap is controlled
by the applied load. The section and dimensions of the gasket-in-groove used to test the
airtightness sealing performance are consistent with Figure 1b.

Vibration-resistant vacuum gauge /v Lower cover plate

Cover plate

B i \* Vacuum pump

horizontal displacement adjusting bolts

Load cell Data acquisition instrument

(a)

Loading bolt

Figure 2. Cont.
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Figure 2. Sealing capacity tests for the gasket-in-groove and components. (a) Testing devices;
(b) diagrammatic sketch. Numeral designations: 1. upper cover plate; 2. lower cover plate; 3. upper
gasket; 4. lower gasket; 5. upper groove; 6. lower groove; 7. vibration-resistant vacuum gauge;
8. broken vacuum valve; 9. vacuum valve; 10. rubber hose; 11. vacuum pump; 12. loading bolt;
13. load cell; 14. data acquisition instrument; 15. vertical displacement adjusting nut; 16. horizontal

displacement adjusting bolt.

The sealing performance test procedures are summarized in Figure 3. In this study, the
sealing performance of the circumferential joints with a 0 joint offset is tested and discussed.

Set initial joint offset and initial joint gap
through horizontal displacement adjusting
bolts and loading bolts
!

Calculate the average initial contact pressure
of the gasket using the loadcell measurements

Open the vacuum valve, close the broken vacuum valve and pump with
vacuum pump

Increasing the vacuum pressure of the inner chamber in 4 kPa increments |
!
For each vacuum pressure, keep it at the current level for 20 minutes and 7
monitor for any leakage %
I No leakage | | Leakage | S
!
| Keep the current vacuum level for 20 minutes I—
Leakage stop

Leakage continue

The current vacuum pressure that is the leakage pressure for the joint gap/offset. Re-check the
joint gap and record the loadcell load to estimate the contact pressure of the gasket at leakage

Figure 3. Sealing performance test procedures.

3. Numerical Model Tests with FEA

The experimental model tests only provide a handful of discrete data due to the
limitations of current testing techniques. For a more detailed and intuitive understanding
of the mechanical behavior, sealing performance, and failure mechanism of the gasket-in-
groove, further investigations are conducted using numerical model tests based on finite
element analysis (FEA).

Currently, two thorny problems are being encountered in how to simulate fluid
permeation across the gasket contact surface: (i) non-convergence due to mesh distortion
caused by large deformations of the gasket, and (ii) the closure and opening of the contact
surface in the process of fluid permeation. The numerical model recommended in this
paper uses mesh adaptive techniques to overcome the problem of non-convergence and
simulates the fluid permeation state at the gasket contact surface using fluid pressure
penetration loading. The numerical simulation methods proposed in this paper may
provide a convenience for engineers to analyze the sealing performance of the gasket-in-
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groove and the selection of gasket configurations at a lower level of engineering cost. The
following is the build-up sequence of the numerical model.

3.1. Finite Element Analysis Model and Assumptions

The 2D finite element models were established using the ANSYS!? software to
further analyze the mechanical and sealing performance of the gasket-in-groove in the
circumferential joint. The dimensions of the gasket-in-groove in the finite element model
were the same as those used in the model test (Figure 1). As shown in Figure 4, the gasket
grooves in FEA were set up as rigid bodies, and the gaskets were discretized by utilizing
three-node triangular plane elements. To address non-convergence problems caused by
mesh distortions, nonlinear adaptivity for meshing was used in the simulations. More
specifically, the grid is subdivided or redivided when the defined distortion criterion (the
energy-based criterion used in this paper) is triggered in the solving process, thus avoiding
grid distortion as much as possible and achieving the convergence of the solution.

Displacement

-

Gasket

!

Groove Groove

-

Fixed
(a) (b)

Figure 4. Schematic diagram of the 2D FEA models. (a) Compressing; (b) applying vacuum pressure.

The simulations consist of two steps. In step (i), the gasket is compressed by the rigid
body (i.e., the gasket groove), resulting in initial contact pressure on the contact surface; in
step (ii), the vacuum pressure (i.e., fluid pressure penetration shown in Figure 4) is applied
to one side of the gasket.

To simplify the numerical model and improve computational efficiency, the following
assumptions were considered in the simulations:

1.  Gasket sealing failure at the joint when the contact surfaces are completely separated
from each other; i.e., air leakage occurs at the joint;

2. The gasket grooves are considered to be rigid; i.e., the deformation may be almost
negligible, and they would be used as constraints on the gasket boundary;

3. The gaskets are considered to be isotropic and almost incompressible ideal elastic
materials with a highly nonlinear stress—strain relationship, i.e., the hyper-elastic
materials;

4. The gasket grooves and the gaskets are impermeable to air;

5. A plane strain condition is assumed.

3.2. Gasket Constitutive Model

The constitutive model of hyper-elastic material is usually defined by the strain energy
density function. The two-coefficient Mooney—-Rivlin model, assuming that the energy
storage function per unit volume is a function of the first and second basic invariant of the
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right Cauchy—Green deformation tensor, is used to simulate the hyper-elastic property of
the gaskets, and the corresponding function can be expressed as follows [24,25]:

W =Cio(l1 — 3) + Co1(I2 — 3) 1)

where W is the strain energy density, and I1 and I are the first and second invariants, respec-
tively. Cq9 and Cy; are Mooney—Rivlin coefficients, which can be determined experimentally
or by the shear modulus G and Young’s modulus E if no test data are available:

G =E/[2(1 +v)] = 2(Co1 + C1p) @
where v is the Poisson’s ratio and taken as 0.5, and E can be estimated by Equation (3).
E =(15.75+2.15HA)/(100 — Hp) 3)

where H is the Shore A hardness. According to Gent [26], the relationship between Cyg
and Cy; is as follows:
Cio=4Cn 4)

Combining Equations (2)—(4), C19 and Cp; can be determined, i.e., 0.592 MPa and
0.148 MPa.

3.3. Contact Pairs

The interactions between gasket—gasket contact pairs and gasket-gasket groove contact
pairs are simulated by the frictional contact element in ANSYS, which can be either normal
separation or tangential sliding. Gasket—gasket contact pairs can be treated as flexible—
flexible contact pairs, in which either surface is defined as the target surface or the contact
surface. Gasket—gasket groove contact pairs may be considered rigid-flexible contact pairs,
where the gasket groove is defined as the target surface, whereas the gasket is defined as
the contact surface.

In the ANSYS software, the contact element in the contact pairs only works when the
contact surface and the target surface are in contact with each other, and therefore one
requires to identify which surfaces may be in contact as the gasket deforms. As shown in
Figure 5, trial calculations showed that the following 32 contact pairs can be observed in
the gasket compression:

1.  Gasket-gasket contact pairs: C1-C1, C2-C2, C3-C3, C4-C4, C5-C5, C6-C6, D1-D1,
D2-D2, D3-D3, D4-D4, E1-E2, F2-F3, F6-F7;

2. Gasket-gasket groove contact pairs: Al-B1l, A1-B2, A1-B3, Al-B4, A1-C1, A1-C2,
A1-C3, A1-F1, A1-F2, A1-F5, A1-F6, A2-B5, A2-B6, A2-B7, A2-B8, A2-F3, A2-F4, A2-F7,
A2-F8.

A2-B6 suggests that the face represented by A2 and the face represented by B6 may
contact each other during the gasket deformation and similarly for the rest.

Generally, experimental measurements are used to calculate the friction coefficients
(FC) of the gasket—gasket groove contact pairs. According to the results of laboratory
experiments, Karger-Kocsis [27] suggested that the friction coefficient varies between
0.5 and 2.5 depending on different scenarios. In this study, the friction coefficient is
uncertain since experimental data do not include it. To address it, numerous simulations
were conducted with different friction coefficients to investigate the impact of the friction
coefficient. Figure 6 shows that the simulation results with different friction coefficients
were almost overlapped, especially in the first two stages, which indicates that the friction
coefficient has a slight effect on the load—displacement behavior. Hence, the friction
coefficient between the gasket and gasket groove in the finite element is adopted as 1.0 for
the sake of simplicity since it will not impact the result significantly. As for the friction
coefficient between the gaskets, it is adopted as 0.57 [19].
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Figure 5. Possible contact pairs in the 2D FEA models.

30
—0—FC=2.5
4 —o—FC=2.0
—t— FC=1.5
@20 | ——FC=1.0
2 —o—FC=0.5
Z
3
olO ]
|
0 ] I 1 I ] I ] I )
0 2 4 6 8 10

Displacement (mm)

Figure 6. Comparison of load-displacement relationships of the gasket-in-groove with different
friction coefficients.

4. Comparison and Validation

Figure 7a depicts a comparison of the load-displacement relationships obtained from
FEM with different mesh sizes and experimental results. The mesh element sizes are
0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm, and 0.6 mm for FEM-1 to FEM-5, respectively. As can
be seen from Figure 7a, the mesh element size has a slight effect on the FEM results, with
smaller element sizes closer to the EXP results, i.e., FEM-5 matches up best with EXP. By
comparing FEM-1 to FEM-5, it can be observed that the results of FEM-4 and FEM-5 overlap
almost exactly, but the time consumed by the latter is about three times that of the former,
and therefore, the FEM with a mesh element size of 0.4 mm, i.e., FEA-4, was used in the
following investigations in terms of calculation time and computational accuracy.
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Figure 7. Comparison between FEA and experimental tests. (a) Load—displacement relationship;
(b) failure pressure.

Additionally, Figure 7a shows that the FEA-4 simulations are in good agreement
overall with the experimental results, but deviations in magnitude are also observed within
10%. From the point of view of engineering applications, this level of deviation is acceptable.
Hence, it is considered that the FEM proposed in this study is reasonable and capable
of accurately simulating the nonlinear behavior of the gaskets. Deviations between the
FEA and EXP results probably resulted from the plane strain condition assumed in the
FEA, which is incompatible with the real conditions that no displacement constraints are
imposed on the ends of the gaskets in experiments.

Figure 7b shows a comparison of the failure pressure (i.e., air-leakage pressure) py
from the experimental test and FEA results with different initial average contact pressure
pi- It was found that the variation trend on p;-py is consistent between the two methods;
i.e., prshows a decreasing trend with increasing p;, which further justifies the reliability of
the FEA model of this paper. Moreover, it can also be observed that FEA results are slightly
higher than the experimental test results, which implies that the FEA may overestimate
the sealing capacity of the gasket-in-groove, which is possibly related to the microscopic
rough morphology of the gasket surface. Microscopically, the gasket surface in the FEA
is assumed to be completely flat (i.e., 0 roughness), whereas in experiments, the gasket
surfaces are not smooth due to the manufacturing workmanship even “undulating”. The
“undulating” surfaces of the gasket have the potential to result in a different distribution of
the contact pressure from the smooth surfaces and thus affect the failure pressure.

To clarify, the above comparison between the numerical simulations and the experi-
mental results was carried out in static conditions. A comparison of the results obtained
from the two methods under cyclic loads or the effect of fatigue is unknown and needs
further investigation, which is beyond the scope of this paper.

5. Mechanical Behaviors

As shown in Figure 8, the load-displacement relationship of the gasket-in-groove
based on testing with no joint offset has a significant nonlinear behavior. The behavior can
roughly be categorized into three stages according to the slopes of the curve:

1.  Stage I: The gasket compression is in the range of 0 to 14.0% of the maximum com-
pression (i.e., the maximum joint gap, equaling 10.0 mm). In this stage, the load has
an approximately linear increasing trend with increasing displacement due to the
gradual change of the closed inner holes in the gasket from circular to elliptical with
the initial compression;

2. Stage II: The gasket compression is in the range of 14.0 to 49.0% of the maximum
compression. In this stage, the trend in stage I continues, but the slope of the cures
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decreases with increasing compression, which is primarily related to the fact that the
gasket legs are gradually bent and start to enter a collapsed state;

3. Stage III: The gasket compression is in the range of 49.0 to 100.0% of the maximum
compression. In this stage, the load increases rapidly with increases in displacement.
This phenomenon indicates that the gasket’s stiffness increases with the increase in
load/displacement, which is consistent with that the groove provides more confining
and enhances the gasket’s stiffness when the gasket fills and fits the groove under

pressure.
40
301
{ Displ.=1.0mm Displ.=4.0mm Displ.=8.0mm
E
é 201
]
<
3 ‘ ‘
Stage -l—r Stage -II L
10
O T T T T T T T T T T
0 2 4 6 8 10

Dispalcement (mm)
Figure 8. The load-displacement relationship of the gasket-in-groove based on experiments.

6. Airtightness Sealing Performance and Failure Analysis
6.1. Air-Leakage Paths

Theoretically, there are three possible air-leakage paths when sealing failure oc-
curs at the gasket-in-groove, i.e., the upper gasket-gasket groove contact surface, the
gasket—gasket contact surface, and the lower gasket—gasket groove contact surface. The
FEA results in this study show that the air-leakage paths for the circumferential joint all are
on the gasket—gasket contact surface, as shown in Figure 9. Only one case with an initial
maximum contact pressure pj;,;, of 100.0 kPa is presented in Figure 9 due to the other cases
having similar leakage paths. Previous studies have shown that fluid leakage occurs once
the fluid pressure exceeds the maximum contact pressure of the contact surface [28-30].
Table 2 compares p;y,,, on possible air-leakage paths for the gasket-in-groove with different
joint gaps. Findings from the study of the data indicate that pj,, at the gasket—gasket
contact surface is the minimum in the three possible air-leakage paths for all cases, which
reasonably explains that the gasket—gasket contact surface is the most vulnerable path for
air-leakage when sealing failure occurs at the gasket-in-groove.

Table 2. Comparison of initial maximum contact pressure for possible air-leakage paths of the
gasket-in-groove (unit: kPa).

Possible Air-Leakage Paths

Joint Gap (mm)

9.873 9.647 9.423 9.205 8.985

Gasket—Gasket surface

20.0 40.0 60.0 80.0 100.0

Gasket-Groove surface

21.6 434 65.7 85.1 112.3
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Figure 9. Air-leakage path.

6.2. Contact Pressure Distribution

The contact pressure p distribution on the gasket-gasket contact surface was only
discussed since FEM results show that the air-leakage path in this study occurred mostly
on the gasket—gasket contact surface. Figure 10 shows the distribution of the initial
contact pressure py along the gasket—gasket contact surface with different joint gaps
(i.e., 9.873 mm, 9.647 mm, 9.423 mm, 9.205 mm, and 8.985 mm, corresponding to an
injtial maximum contact pressure pj,,, of 20.0, 40.0, 60.0, 80.0, and 100.0 kPa, respectively).
Figure 10 indicates that p is symmetrically distributed in a “W” shape along the gasket
centerline, and the contact pressure at both ends of the contact surface is significantly higher
than that in other locations due to the presence of the inner holes in the gasket and the
grooves between the gasket legs. The findings indicate that the contact surfaces at the ends
of the gasket have the strongest sealing capacity due to stress concentration, and the contact
stress in the ends determines the sealing capacity of the gasket-in-groove. Nevertheless, it
is worth noting that the initial contact pressure has an increasing trend with a decreasing
joint gap, which implies that the magnitude of initial contact pressure for the same gasket
depends mainly on its compression.

160 ——9.873mm
304 % ——9.647mm
1% ——9.423mm
=60 af —+—9.205mm

—o—8.958mm

— 7T T T T T T T T T T
-8 6 4 2 0 2 4 6 8

S (mm)
Figure 10. Initial contact pressure distribution along the gasket-gasket contact surface with different
joint gaps. (S represents the distance from the symmetry axis of the gasket, negative values represent
one side close to vacuum pressure, and positive values represent one side far from vacuum pressure).

Figure 11 shows the contact pressure p distribution on the gasket—gasket contact
surface with different vacuum pressure p, (only one case with a pjy,, of 100.0 kPa is



Appl. Sci. 2023,13, 7535 12 of 16

described since other cases have similar trends). It is observed that p, has a significant
effect on p distribution, and the specific details are as follows:

1.  Aspyincreases to 17.7 kPa, p distribution is still approximately in a “W” shape, but
the variations are slight except for a remarkable decrease in the peak contact pressure

on the outside (i.e., the region in the range of S = —7.0-0 mm) and a significant
increase in the peak contact pressure on the inside (i.e., the region in the range of
S =0-7.0 mm);

2. As p, increases to 41.5 kPa, p distribution is no longer in a “W” shape, and the
peak contact pressure on the outside decreases rapidly. However, it is still higher
than p,. Noted that p in some areas of the outside (i.e., the region in the range of
S = —5.5-0 mm) shows a significant increasing trend, while p on the inside changes
little;

3. Aspyincreases to 60.2 kPa, the peak contact pressure on the outside drops below py,
but p in this range of S = —5.5-0 mm increases further. Note that p on the outside end
decreases to 0, indicating that the sealing in this region begins to fail and the contact
surface starts to be separate. However, it is found that the contact pressure variation
on the inside remains relatively slight;

4. As the p, increases to 79.8 followed by 101.0 kPa, the contact surface separation
gradually expands toward the inside, and accordingly, the contact length rapidly
decreases and eventually reduces to 0, which means that the sealing fails and air
leakage occurs.

120 4 —=—p =0 kPa ——p =17.7 kPa——p =41.5 kPa
| ——p,=60.2 kPa ——p =79.8 kPa——p =101.1 kPa ,

Figure 11. The contact pressure distribution along the gasket-gasket contact surface with different
vacuum pressure.

The above analysis reveals that gasket sealing failure is a gradually developing process
rather than a transient process from a macroscopical view. More specifically, the air-leakage
failure is a gradual separation process of the contact surfaces until vacuum pressure exceeds
the contact pressure at each location of the contact surface.

6.3. Separation Pressure and Failure Pressure

The foregoing analysis indicates that the contact pressure at the gasket-gasket contact
surface varies with the vacuum pressure. It is understandable that when the vacuum
pressure exceeds pj;., on the contact surface, which does not mean that the gasket sealing
has failed but rather that only sections of the contact surface may be separated. That is, the
non-separated sections of the contact surface are still capable of providing sealing. Hence,
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the entire air-leakage process should be analyzed to determine the failure pressure. The
separation pressure ps, defined as the fluid pressure corresponding to the beginning of
contact surface separation, will be used in the following subsequent discussions.

Figure 12 illustrates the relationship of p;,,, versus ps and py. It can be observed that
prand ps show an increasing trend with increasing pjy,, which implies that a higher pjq,
would provide a better sealing effect. In all cases, ps/pipay is below 1.0, and p¢/pimay is over
1.0, indicating the fact that the contact surfaces begin to separate as the vacuum pressure is
lower than p;,,,, while the contact surface sealing begins to fail as the vacuum pressure is
higher than pjy;,,. This is due mainly to the redistribution of contact stresses on the contact
surfaces induced by the gasket deformation caused by the vacuum pressure. On the one
hand, the gasket deformation causes the outside contact pressure to decrease, and the
contact surfaces start to separate, thereby reducing the contact length at the contact surface.
On the other hand, the gasket deformation causes the inside contact pressure to increase,
which means the sealing capacity is increased. Moreover, it is worth noting that a higher
Pimax would result in a lower ps/pimax and ps/ pimax, of which the latter means that a higher
Pimax Would lead to a lower safety factor (pg/pimax)-

2.5 120
—O—p s /p imax _A_p S /p imax B

] *

2.0- 0 ——p B

. A\\\\ *//// I
— - 80

L5i i:><i:A\\\\\[/////. }60
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o L
054 = Las

00 T T T T T T T T T
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pimax (kPa)

P s /p imax or p f /p imax
p, or p, (kPa)

Figure 12. Relationship of initial maximum contact pressure versus separation pressure and failure
pressure.

6.4. Sealing Failure Process

For one point on the contact surface, the contact pressure p during evacuation consists
of the initial contact pressure py and the additional contact pressure p, induced by the
vacuum pressure py:

P=po+pa=po+tvpo/(1+v) ®)

where v is the gasket Poisson’s ratio. As mentioned before, theoretically, the sealing fails
once the contact pressure is lower than the vacuum pressure:

p <po (6)

However, whether the gasket is in the initial state of pre-compression or the squeezed
state of evacuation, there are differences in contact pressure at each point on the contact
surface. Therefore, it is more reasonable to explain the seal failure on the contact surface
using Equation (7).

Pmax < Po (7)
where pjax is the maximum contact pressure on the contact surface.

To illustrate the sealing failure process of the gasket-in-groove, Figure 13 plots the
Pmax path at the gasket-gasket contact surface with different pj,;,. Overall, the path may
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be divided into two phases. (i) Path OA; (OAy, OAj3, OA4, OAs) represents the gasket
pre-compression phase before vacuum pressure loading, and pj,,;, mainly depends on
the gasket compression. (ii) Path A1D; (A;D;, AsDs, AyDy, AsDs) represents the vacuum
pressure loading phase, in which pyy is determined by a combination of the vacuum
pressure and the initial contact pressure. In this stage, as the vacuum pressure increases,
Pmax ON the contact surface shows a tendency to first increase sharply (sub-stage 1), then
decrease slowly (sub-stage 2), and then decrease dramatically (sub-stage 3). For sub-stage 1
(A1B1, A2By, A3Bs, A4By, AsBs), the lateral squeezing of the gasket by the vacuum pressure
results in a rapid increase in pyy near the inside contact surface with increasing vacuum
pressure and exceeds pjy.y. For sub-stage 2 (B1Cy, B,Cy, B3C3, B4Cy, B5Cs), as the vacuum
pressure increases further, p,.y near the outside end of the contact surface falls slowly,
while pyax near the inside end of the contact surface rarely varies. Overall, p;qx exhibits a
slow descending at the contact surface. Additionally, in this stage, it is observed that the
outside contact surface begins to separate and expand inside gradually; i.e., the contact
length of the contact surface gradually decreases. For sub-stage 3 (C1D;, C2Dy, C3D3, C4Dy,
CsDs), the contact surface separation extends near its inside, and the increase in vacuum
pressure results in a sharp decrease in pyay in this area. When pyx = 0, the gasket sealing
fails.

—o—p

... =100.0kPa—+—p_=80.0kPa—-—p_=60.0kPa

120 ——p, =40.0kPa—=—p_ =20.0kPa

100

80 +

P, (kP2)

120

p, (kPa)

Figure 13. The maximum contact pressure path at the gasket—gasket contact surface with different
initial maximum contact pressure.

The above analysis reveals that the sealing failure of the gasket-in-groove may also
be considered a gradual variation process in p;ux along the contact surface. Before the
evacuation, the gasket is compressed by various external forces, which causes the initial
contact pressure on the contact surface generated by the gasket rebound force. During the
evacuation, the gasket deformation induced by vacuum pressure causes a redistribution of
contact pressure on the contact surface, and pyx also changes accordingly; i.e., it shows a
trend of increasing, then slowly decreasing, and then sharply decreasing. When pjax = 0,
the sealing fails and air leakage occurs.

7. Conclusions

In this study, the mechanical behavior and sealing capacity of the gasket-in-groove
were studied using experiments, and the numerical FEA model validated by the test
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results was used to further investigate thoroughly the sealing behavior and sealing failure
mechanism of the gasket-in-groove. The following conclusions can be drawn:

1. The numerical model presented in this paper can model the fluid permeation state at
the gasket contact surface and thus predict the airtightness of the gasket-in-groove.
Furthermore, the numerical model can provide assistance to engineers in the analysis
of gasket sealing performance and the optimization of gasket parameters at a lower
time and cost.

2. The experimental and numerical study results show that the load—displacement curve
of the gasket-in-groove has a significant nonlinear behavior, and it can be roughly
categorized into three stages according to the maximum gasket compression.

3.  The FEA results are in good agreement with the experimental results. This implies
that the finite element model established in this paper captures the nonlinear behav-
iors of the gasket well, but the comparisons with experimental tests indicate it may
overestimate the sealing capacity of the gasket-in-groove.

4.  The FEA results show that the air leakage of the gasket-in-groove occurs on the gasket—
gasket contact surface due to a lower maximum contact pressure compared to that on
the gasket-groove contact surface.

5. The FEA results show that the initial contact pressure distribution on the gasket-
gasket contact surface is symmetrically distributed in a “W” shape, with a layout of
higher at the ends and lower in the middle, and a smaller joint gap would result in
higher contact pressure.

6. The FEA results show that a higher p;,,,, would provide a better sealing effect. The
higher initial maximum contact pressure will lower the ratio of ps/pimax and ps/ pimax,
and the lower p¢/pjjuqa would lead to a lower factor of safety of the sealing for a given
initial maximum contact pressure.

7. The FEA results show that the vacuum pressure significantly affects the contact
pressure distribution on the contact surface. Specifically, it shows an overall decreasing
trend with the increases in vacuum pressure, and the decreasing rate on the side close
to the vacuum pressure is significantly higher than the one away from the vacuum
pressure.

8. As the vacuum pressure increases, MCP tends to rise sharply, followed by a slow drop,
and then decline dramatically to 0, which mechanistically provides a good illustration
of the sealing failure process at the contact surface.
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