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Abstract: The underwater dry maintenance method based on a dry cabin can achieve the same maintenance quality provided on 
land. The establishment of a reliable seal between the dry cabin and the pipe is a prerequisite for the formation of a dry 
environment. In this paper, an airbag is proposed as the means to seal the dry cabin. ABAQUS finite element software was used 
to study the influence of the physical characteristics of the airbag on deformation characteristics and sealing performance. We 
also studied the adaptive sealing mechanism of the airbag under the time-varying gap condition. The simulation results show 
that the peak contact stress of the airbag is close to the gas pressure, so the hardness and thickness of the airbag have little effect 
on it. Under time-varying gap conditions, the required inflation pressure increases with the size of the gap. The simulated 
relationship between the gap and the inflation pressure can be referred to in order to guide the control of the air pressure of the 
airbag during actual operation. Finally, the similarity between the test results and simulation results demonstrates the accuracy 
of the simulation results.
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1 Introduction 

Submarine pipelines are the main components of 
offshore oil (gas) field development and production 
systems, and some submarine pipelines have been in 
service for more than 30 years (Animah and Shafiee, 
2018). Compared with the land pipelines, the subma‐
rine pipelines are exposed to the harsh marine envi‐
ronment for a long time. Pipelines have great failure 
probability due to the multiple effects of metal corro‐
sion (Yang et al., 2017), ocean-current erosion (Yang 

et al., 2017), natural disasters (Badida et al., 2019), and 
strikes from ships’ anchors (Gucma and Zalewski, 
2003).

The traditional repair methods for submarine pipe‐
lines are mainly sea-surface dry repair and underwater 
wet repair (Mao et al., 2015; Li et al., 2016; Drumond 
et al., 2018). Surface dry repair involves a high cost 
and heavy workload, and underwater wet repair results 
in poor welding quality. Therefore, the dry repair method 
based on a dry cabin has been proposed. Since the 
underwater dry inspection method is carried out in an 
air environment, it becomes possible to apply the same 
inspection process used on land on the seabed, thereby 
improving the same quality of inspection and repair. 
A subsea pipeline dry cabin is necessary to provide an 
underwater dry environment. The seawater inside the 
cabin is discharged to form a dry working environment, 
and the establishment of a reliable seal between the dry 
cabin and the pipe is a prerequisite for the formation 
of a dry environment. Existing underwater dry cabins 
are sealed mainly by compressing solid rubber strips. 
For example, the world’s first underwater dry-welded 
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cabin (UWH) is sealed by squeezing rubber through 
hydraulic doors (Gaudiano, 1975; Fleury and Schofield, 
1979; Pratt et al., 1997). In addition, some cabins rely 
on underwater frogmen to install steel plates to squeeze 
rubber for sealing, such as the underwater habitat clamp 
(UHC) (Berge et al., 2008; Vernon and Werner, 2009) 
and the habitat designed and built by DCN Diving, 
China (Tronskar and Lee, 2016; Lee Toups et al., 2021).

Meanwhile, inflatable airbags are a sealing method 
widely used in large-scale energy and infrastructure 
projects for the advantages of high filling degree, large 
deformation degree, and sealing on demand. Jiang et al. 
(2012) used a combination method of theory and ex‐
periment to study the stability and air-tightness of fast-
sealing airbags in tunnels. By comparing and analyzing 
the heat resistance, flame retardant, wear resistance, 
hardness, and air permeability of different kinds of 
rubber, they identified the ideal fluoro rubber material. 
In order to effectively contain catastrophic accidents, 
Ma et al. (2022) designed a way to rapidly seal disaster 
areas with inflatable capsules. The dynamic response 
characteristics of a small inflatable airbag under an 
explosion shock wave were studied. To build a device 
to quickly close a pipeline in the event of explosion 
propagation and/or chemical leakage, Eisenreich et al. 
(2007) built an airbag capable of withstanding a pres‐
sure of up to 1 MPa. The modeling and shape analysis 
of the airbag in the pipeline were completed with com‐
putational fluid dynamics (CFD) technology.

In order to improve the sealing performance of 
such an airbag, some studies have examined the parame‑
ters that affect it. Dong et al. (2021) used experimental 
and simulation methods to study the effects of airbag 
location, height, and thickness of oil- and gas-pipeline 
cleaning balls on multi-airbag sealing-disc bending 
angles and airbag expansion ratios. Chen et al. (2019) 
discussed and optimized the relationship between infla‐
tion rate and airbag parameters (volume and pressure) 
by using common coupling surface analysis in MSC 
Dytran finite element software. Given the current prob‐
lems with the stability and air tightness of fast-sealing 
airbags, Jiang et al. (2012) completed the optimal selec‐
tion of an airbag by comparing and analyzing the heat 
resistance, flame retardance, wear resistance, hardness, 
and air permeability of different types of rubber. After 
studying the stress characteristics and failure mecha‐
nism of conventional airbags, Chen et al. (2023) put 
forward a method to improve the blocking ability of 

conventional airbags through reinforcement. They 
established a force-analysis model of reinforced air‐
bags under external pressure, revealed the reinforce‐
ment mechanism, and obtained the calculation formula 
for critical external pressure.

In this study, we used ABAQUS finite element 
software to study the effect of the physical characteris‐
tics of an airbag on its sealing performance. We also 
investigated the adaptive sealing mechanism under time-
varying gap conditions. The specific work was as foll‑
ows: (1) uniaxial tests were carried out to obtain the 
stress–strain constitutive model of a silica gel airbag; 
(2) ABAQUS was used to analyze the sealing and force 
characteristics of sealing airbags with five kinds of 
cross-section shapes; (3) under the constant-gap work‐
ing conditions, the influences of material hardness, wall 
thickness, and inflation pressure on the deformation, 
mechanical, and sealing characteristics of the airbag 
were studied; (4) the sealing characteristics of the 
selected airbag were studied under time-varying gap 
conditions, and the adaptive sealing mechanism of the 
airbag was evaluated; (5) a full-scale airbag pressure 
test was carried out to verify the rationality of the simu‐
lation results.

2 Objects to be sealed: dry cabin for subsea 
pipeline maintenance 

Fig. 1 shows the dry cabin developed by our team 
for subsea pipeline inspection and repair. As shown in 

Fig. 1  (a) Diagram of the dry cabin; (b) schematic 
diagram of the sealing type of the dry cabin
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Fig. 1a, the cabin consists of a top-half cabin and two 
bottom-quarter cabins. The quarter cabin is hinged and 
fixed on the half cabin, and the opening and closing of 
the cabin are realized under the action of a hydraulic 
cylinder. The working depth of the dry cabin is less 
than 40 m. The working principle is to establish a seal 
between the dry cabin and the pipeline after the dry 
cabin is closed, and then the water in the dry cabin is 
pumped out and the cabin is filled with high-pressure 
gas to form a dry environment. As shown in Fig. 1b, 
the sealing of dry cabins can be divided into two stages. 
The first stage is sealing the plane section between the 
half and quarter cabins, as marked in Fig. 1b. The second 
stage is sealing the arc section between the dry cabin 
and the pipeline, as marked in Fig. 1b. The sealing of 
the arc section is accomplished with a combination of 
ethylene propylene diene methylene (EPDM) foam 
material and an inflatable airbag. When the pipe has 
a bend angle, the arc section of the dry cabin is not 
coaxial with the pipe (that is, the pipe appears eccen‐
tric), resulting in uneven compression of the seal strip 
in the arc section. In order to solve the problem of seal 
failure caused by the poor adaptive performance of 
EPDM foam material, we propose an adaptive seal 
between the dry cabin and the pipe. The sealing prop‐
erties of EPDM foams have been discussed in detail 
in our previous study (Guo et al., 2024). Therefore, 
this paper mainly discusses the sealing characteristics 
of airbags. The airbag is supplied with gas through an 
air compressor unit on the deck. As there is no specific 
standard for the selection and design of airbag seals, it 
was necessary to study the factors that affect airbag seal 
performance.

The sealing of the dry cabin is mainly achieved 
through the use of EPDM sealing strips, which have 
good resistance to damage. Airbags are only used to 
compensate for some gaps. Therefore, damage to the 
airbags will not lead to accidents, only to leaks.

3 Methods 

3.1 Silica gel stress–strain constitutive model and 
seal-failure judgment criteria

The mechanical analysis of silica gel, a hyper‐
elastic material, cannot be described only in terms of 
elastic modulus and Poisson’s ratio like linear elasticity. 
Instead, the stress–strain data of silica gel airbags must 

be obtained by the uniaxial test, and the coefficient of the 
material constitutive model can be obtained by fitting 
the test data. One effective theory to describe the char‐
acteristics of hyperelastic materials is the constitutive 
theory based on the strain energy–density function.

In this study, we used the two-parameter Mooney-
Rivlin hyperelastic model for nonlinear finite element 
analysis (Mooney, 1940; Rivlin, 1948; Rivlin and Saun‐
ders, 1951):

W = c10( Ī1 - 3) + c01( Ī2 - 3) +
1
d

( J - 1) 2 (1)

where W is the strain energy potential, c10 and c01 are the 
material constants characterizing the material deflec‐
tion, Ī1 and Ī2 are the first and second partial strain 
invariants, respectively, J is the determinant of the elas‐
tic deformation gradient, and d is the material incom‐
pressibility parameter. The expression is as follows:

d =
1 - 2μ

c10 - c01

 (2)

where μ is Poisson’s ratio.
From the relationship between the Kirchoff stress 

tensor t ij and Green strain tensor γ ij:

t ij =
¶W
¶Ī1

¶Ī1

¶γ ij

+
¶W
¶Ī2

¶Ī2

¶γ ij

+
¶W
¶Ī3

¶Ī3

¶γ ij

. (3)

The relationship between the principal stress σ i 
of rubber material and its principal elongation ratio λ i 
is as follows:

σ i = 2 ( λ2
i

¶W
¶Ī1

+
1
λ2

i

¶W
¶Ī2 ) +P (4)

where P is the hydrostatic pressure.
Three principal stress differences can be obtained 

from the above equation:

σ1 - σ2 = 2( λ2
1 - λ2

2 ) ( ¶W
¶Ī1

+ λ2
3

¶W
¶Ī2 ) 

σ2 - σ3 = 2( λ2
2 - λ2

3 ) ( ¶W
¶Ī1

+ λ2
1

¶W
¶Ī2 )  (5)

σ3 - σ1 = 2( λ2
3 - λ2

1 ) ( ¶W
¶Ī1

+ λ2
2

¶W
¶Ī2 ) .
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For unidirectional tension or compression, σ2=
σ3=0, λ2

2=λ2
3=1/λ1, then

σ1 = 2 ( λ2
1 -

1
λ1 ) ( ¶W

¶Ī1

+
1
λ1

¶W
¶Ī2 ) . (6)

Based on Eq. (1), Eq. (7) can be obtained:

¶W
¶Ī1

=C10    
¶W
¶Ī2

=C01. (7)

Substituting Eq. (7) into Eq. (6), we can obtain:

σ1

2 ( )λ2
1 -

1
λ1

=C10 +
1
λ1

C01. (8)

The above equation is the basic formula for deter‐
mining C10 and C01 by uniaxial tensile or compression 
test.

The criterion for seal failure is to compare the rela‐
tionship between the maximum contact stress and the 
working stress. When the maximum contact stress is 
greater than the working pressure, it is considered that 
the seal has not failed.

3.2 Simulation model and mesh division

In light of the uniform distribution of the geomet‐
ric configuration and load attributes along the circum‐
ference of the arc section, we have transformed the com‐
plex 3D model into a more manageable 2D counterpart, 
focused solely on a singular cross-section. Furthermore, 
with respect to voluminous dry cabins, the transition 
to the 2D model serves to mitigate the overarching 
burden of modeling, whilst simultaneously decreasing 
the time required for simulation computations.

The Mooney-Rivlin hyperelastic model describing 
rubber elastic deformation was provided by ABAQUS 
finite element software, which has been widely used in 
sealing research (Cui et al., 2013; Zhou et al., 2015; 
Lan et al., 2019; Liu et al., 2022). Given the signifi‐
cantly higher elastic modulus of steel in contrast to 
that of silica gel, the deformation of the dry cabin and 
pipe can be deemed inconsequential, thereby identify‐
ing both as rigid bodies. Within the simulated model, 
the rigid body takes on the designation of the principal 
surface, whilst the sealant airbag is characterized as 
the subordinate surface.

Face-to-face contact pairs are established between 
airbags and rigid bodies. As shown in Fig. 2, in order 
to limit the deformation of the airbag in the non-radial 
direction, the width of the groove of the cabin is de‐
signed to be the same width as the airbag. Since the 
bottom of the airbag is glued to the groove of the cabin 
body, the tangential contact behavior between the airbag 
and the bottom surface of the groove is set to non-slip. 
The tangential contact behavior between the airbag and 
the groove side wall, and between the airbag and the 
pipeline, is set as friction contact. The contact coeffi‐
cient is 0.15. In addition, by specifying a starting point 
for full exposure to the fluid, as shown in Fig. 2, the 
pressure-penetration function in ABAQUS can simu‐
late the phenomenon of fluid penetrating two contact 
surfaces (simulating the water pressure). The hydrau‐
lic pressure is imposed from the initiation point to the 
interfacing surfaces on either side, with the bearing of 
pressure application aligning orthogonally to these sur‐
faces. Load application ceases when the contact stress 
(Pc) at a particular node surpasses the threshold of 
penetration pressure (Pp).

The simulation procedure is articulated through 
three analytical stages. The initial step resolves the 
contact interference juxtaposing the airbag and the dry 
cabin. The subsequent step entails the application of 
internal air pressure (Pa) to the airbag, simulating its 
inflationary progression. In the final step, the fluid 
penetration function is implemented to mirror the pro‐
cess of escalating operating pressure (Pp) on one flank 
of the airbag.

As shown in Fig. 2, the airbags were suitably sliced 
to divide the structured mesh. Mesh-convergence stud‐
ies will also be discussed below.

For the uniaxial test, please refer to Section S1 of 
the electronic supplementary materials (ESM). For the 
airbag expansion and seal pressure test, please refer to 
Section S2 of the ESM.

Fig. 2  Airbag meshing
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4 Simulation cases 

4.1 Airbags with different physical characteristics

4.1.1　Different section shapes

As shown in Fig. 3, the most widely used airbags 
on the market have five different cross-sectional shapes. 
Different cross-section shapes produce different defor‐
mations after inflation, making the bags suitable for 
sealing in different working conditions. In order to 
select the best airbag for sealing in the arc section be‐
tween the dry cabin and the pipeline, the sealing per‐
formance of airbags with different section shapes will 
be studied. The detailed dimensions of the airbags are 
shown in Fig. S4 of the ESM. The wall thickness ta 
and width wa of the airbag studied are 1.5 and 40.0 mm, 
respectively. The gap ga between the top of the airbag 
and the pipeline is 5 mm. The airbag has a Shore hard‐
ness of 60 HA and its stress–strain data is covered in 
the next section. In the simulation, the airbag inflation 
pressure Pa is 0.4 MPa, and the penetration pressure 
Pp is 0.2 MPa.

Fig. 3a shows cross-section-1 (S1). This type of 
airbag has a large expansion stroke and good sealing 
performance, and is suitable for the application scenario 
that requires a large expansion amount.

Fig. 3b shows cross-section-2 (S2). This type of 
airbag is a modified version of S1, and is suitable for 
an ultra-high expansion ratio and working conditions 
with large sealing gaps. Due to its high ejection ratio 

and slightly poor pressure resistance, it is not suitable 
for high-pressure sealing conditions.

Fig. 3c shows cross-section-3 (S3). This type of 
airbag is mainly used for radial expansion sealing and 
can be used as a fixture. When expanding, the contact 
surface is wide, the sealing effect is good, and the seal‐
ing gap is small. It has excellent pressure resistance 
and is widely used in all kinds of sealing situations.

Fig. 3d shows cross-section-4 (S4), which is simi‐
lar to S3. This type of airbag improves the sealing per‐
formance against particles and dust with an optimized 
sealing surface design, and is often used for sealing 
pharmaceutical and papermaking equipment. It also has 
good pressure resistance.

Fig. 3e shows cross-section-5 (S5). This type of 
airbag contains a base, which is easy to fix in place and 
does not shift or fall off easily, and offers large expan‐
sion, suitable for sealing conditions with large expan‐
sion requirements.

4.1.2　Different hardnesses

Commercially available silicone airbags have 
Shore hardness between 50 and 70 HA. In order to 
accurately model the stress–strain constitutive model of 
the airbag in ABAQUS, we carried out uniaxial tensile 
and compression experiments on silica gel samples 
with Shore hardness of 50, 60, and 70 HA. Each 
sample had four parallel samples. Fig. 4 shows the 
uniaxial test data for the samples. For each curve, the 
area between the two dashed lines represents the dis‐
tribution of the four test results. Under the same strain, 
the greater the hardness of the silica gel, the greater 
the stress, which is in line with the characteristics of 
the material.

According to the uniaxial test data, the specific 
methods to determine C10 and C01 in the Mooney-Rivlin 
constitutive model of airbags are as follows. σ1 under 

different λ1 is measured according to the test. 
1
λ1

 is 

taken as the horizontal coordinate, and 
σ1

2 ( )λ2
1 -

1
λ1

 is 

taken as the vertical coordinate. The test point is 
drawn in the coordinate system and fitted to a straight 
line. C10 is the intercept of this line, and C01 is the 
slope. Based on the fitting results, C10, C01, and failure 
stress of silica gel with three hardness levels are shown 
in Table 1.

Fig. 3  Sealing airbags with different cross-sections: (a) 
Section-1; (b) Section-2; (c) Section-3; (d) Section-4; (e) 
Section-5
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4.1.3　Different airbag wall thicknesses

The wall thickness ta of the airbag also affects its 
sealing performance. Under the same inflation pres‐
sure, an airbag with thinner walls can produce greater 
deformation; that is, it can fill a larger gap. However, 
the too-low wall thickness will reduce the strength of 
the airbag and the corresponding reduction of pressure 
resistance. Therefore, in order to select the appropriate 
wall thickness, it was necessary to study the deforma‐
tion and stress characteristics of the airbag with different 
wall thicknesses. The wall thickness ta of the airbag 
ranged from 1.5 to 4.0 mm.

4.2 Different sealing gaps ga

As mentioned above, in the maintenance of a 
curved pipe, the dry cabin and pipe will have a different 
coaxial situation; that is, the pipe will be eccentric rel‐
ative to the arc section of the dry cabin. The fact that the 
dry cabin sitting on sediment will also settle unevenly 
exacerbates this, as shown in Fig. 5. Section 4.1 dis‐
cusses the influence of airbag physical characteristics 
on sealing performance at ga=5 mm.

5 Results and discussion 

5.1 Mesh-convergence research

We studied mesh convergence using an airbag 
with a Shore hardness of 60 HA and cross-section S3. 
The airbag width and height are 40 and 30 mm, respec‐
tively, and the thickness is 1.5 mm. Based on the size 
of the airbag, we verified the functions of ABAQUS for 
simulating airbag inflation and pressure penetration. 
In the simulation, the airbag inflation pressure Pa is 
0.4 MPa, and the penetration pressure Pp is 0.1 MPa. 
Fig. 6 shows the shapes of the airbag at three moments. 
As shown in Fig. 6b, the airbag expanded at a pressure 
of 0.4 MPa. Under the constraint of the cabin, the 
airbag mainly expands in the vertical direction and 
fills the gap between the cabin body and the pipeline. 
The top of the airbag contacts the pipe and creates 
contact stress. As shown in Fig. 6c, Pp=0.1 MPa is 
applied to the right side of the airbag, resulting in 
slight compression in the upper right corner of the ex‐
panded airbag.

Fig. 5  Diagram of the eccentricity of the pipe relative to 
the dry cabin

Table 1  C10 and C01 of silica gel with three levels of hardness

Shore hardness 
(HA)

50

60

70

Failure stress 
(MPa)

2.55

3.75

4.77

C10

0.299

0.395

0.412

C01 (×10−3)

−3.930

−5.217

−5.384

Fig. 4  Uniaxial test results for silica gel with different 
hardnesses: (a) uniaxial tensile; (b) uniaxial compression
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Fig. 7 depicts the correlation between the maxi‐
mum contact stress and maximum von Mises stress with 
the increase of mesh number, and the specific values 
are tabulated in Table 2. Both the maximum contact 
stress and the maximum von Mises stress increase with 
the mesh number, while the rate of change decreases 
with the mesh number. When the mesh number surges 
from 2220 to 5394, the change rates of both the stress 
metrics settle at a minuscule 0.08%. This represents a 
substantial diminution relative to the scenario with a 
smaller number of meshes. Therefore, in subsequent 
simulation models, the mesh size of 0.3 mm is used.

5.2 Influence of airbag characteristics on sealing 
performance

5.2.1　Influence of cross-section on sealing performance

In this section, the sealing characteristics of air‐
bags with five kinds of section shapes are discussed. In 
the simulation, the Pa is 0.4 MPa, and the Pp is 0.2 MPa. 
More detailed operating settings are described in Section 
4.1. As shown in Fig. 3, the commonly used airbags on 
the market have five different cross-section shapes. 
Airbags with different cross-section shapes produce 
different deformations after aeration, that is, different 
sealing performance. As described above, we studied 
this in order to select the optimal airbag for sealing 
the arc section between the dry cabin and the pipeline.

Fig. 8a illustrates that the peak values of contact 
stress generated by airbags with different cross-sections 
are significantly different. Due to the uneven contact 
surface at the top of the airbags with S2 and S4, large 
contact stress is generated, with similar stress magni‐
tude. Because the top of the airbags with the other 
cross-sections is flat, the contact stress is small. How‐
ever, the contact stress of all airbags is greater than the 
penetration pressure of 0.2 MPa, which meets the re‐
quirements of sealing. As shown in Fig. 8b, the uneven 
top surface of airbags with S2 and S4 results in stress 
concentration and large von Mises stress. The von 

Table 2  Maximum contact stress and maximum von Mises stress corresponding to different mesh numbers

Mesh size (mm)

0.8

0.4

0.3

0.2

Mesh number

328

1328

2220

5394

Maximum contact stress 
(MPa)

0.404829

0.407413

0.409558

0.409891

Rate of change (%)

–

0.64

0.53

0.08

Maximum von Mises 
stress (MPa)

1.30044

1.33502

1.33757

1.33767

Rate of change (%)

–

2.66

0.19

0.08

Fig. 6  von Mises stress distributions of airbag at different moments: (a) initial moment; (b) applied gas pressure Pa; 
(c) applied penetration pressure Pp

Fig. 7  Changes in maximum contact stress and maximum 
von Mises stress with the increase of mesh number
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Mises stress of the airbag with S3 is small due to its 
regular shape and uniform inflation. Large von Mises 
stress shortens airbag life. Failure of the conventional 
solid seal will only result in slow penetration of the 
liquid. However, the destruction of the airbag will cause 
the seal to fail instantaneously, and the gap that was 
originally filled by the airbag will be immediately 
restored, causing a large influx of seawater into the 
dry cabin. Therefore, to ensure the safety of underwa‐
ter operation of dry cabins, it is essential to keep von 
Mises stress at a low level.

Thus, comprehensively considering the contact 
stress and von Mises stress of the airbags with five 
types of cross-section, we selected airbags with S3 as 
the sealing tool for the dry cabin.

5.2.2　Influence of airbag hardness on sealing 
performance

Cross-section-5 was selected as the final airbag 
type in the previous section. This section takes airbag 
with S3 as the research object and discusses the influ‐
ence of hardness on airbag sealing characteristics. The 

material parameters of the airbags with three hard‐
ness levels were obtained by uniaxial testing and are 
discussed in detail in Section 4.1.2. In the simulation, 
the effect of water pressure was not considered (Pp=
0 MPa).

As shown in Fig. 9a, the peak contact stress of the 
airbag in the part in contact with the pipeline increases 
with inflation pressure, and the hardness has little effect 
on the peak contact stress. Since the sealing mecha‐
nism of the airbag is inflation and expansion, the peak 
contact stress is basically equal to the air pressure. As 
shown in Fig. 9b, as the deformation degree of the 
airbag increases with the air pressure, the von Mises 
stress peak value also increases with the increase of 
inflation pressure. When the Pa is less than 0.5 MPa, 
the von Mises stress peak value of the hard airbag is 
larger. When the Pa is greater than 0.5 MPa, the von 
Mises stress peak of the airbag with a hardness of 50 HA 
becomes the maximum. As shown in Fig. 10, the airbag 
with a low hardness has a large deformation under 

Fig. 9  Mechanical properties of airbags with three levels 
of hardness under different inflation pressures: (a) contact 
stress peak; (b) von Mises stress peak

Fig. 8  (a) Contact stress peak values of airbags with different 
cross-sections; (b) von Mises stress peak values of airbags 
with different cross-sections

915



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(11):908-921

relatively large Pa, and the part in contact with the cham‐
fer of the cabin has a large stretch, resulting in stress 
concentration. Greater magnitudes of von Mises stress 
augment the propensity for material fracturing. Addi‐
tionally, significant von Mises stress levels accelerate 
stress relaxation within the rubber material, conse‐
quently inducing a decline in its inherent “stiffness” 
and leading to seal failure. Therefore, we ultimately 
selected the airbag with a hardness of 60 HA.

5.2.3　Influence of airbag wall thickness on sealing 
performance

In this section, we discuss the effect of wall thick‐
ness on the sealing characteristics of the airbag with a 
hardness of 60 HA. The wall thicknesses ta tested were 
1.0, 1.5, 2.0, and 2.5 mm. In the simulation, the effect 
of water pressure is not considered (Pp=0 MPa).

As shown in Fig. 11a, consistent with the conclu‐
sion drawn above, the peak contact stress of the airbag 
increases with inflation pressure. Under the same air-
pressure conditions, the contact stress generated by the 
thicker airbag is larger, but the difference is not particu‐
larly obvious. As shown in Fig. 11b, when the inflation 
pressure increases, the deformation degree of the airbag 
increases, and the von Mises stress peak increases corre‐
spondingly. The larger the thickness of the airbag, the 
larger the cross-section area, and the smaller the stress 
under the same air pressure, so the smaller the defor‐
mation degree; that is, the smaller the von Mises stress 
peak value. The von Mises stress peak value showed 
a more obvious increasing trend with the increase of 
air pressure when the wall thickness of the airbag was 
small. The increasing trend tended to be gentle and 
gradually closed with increasing airbag wall thickness.

As shown in Fig. 12a, the maximum contact stress 
of the airbag is on both sides of the contact surface, 

which is different from the contact stress distribution 
of the O-ring (Wu et al., 2017; Huon et al., 2022; Wu 
and Li, 2022). By comparing Figs. 12a and 13, it can be 
seen that locations with higher von Mises stress values 
showed higher peak contact stress values. The larger the 
von Mises stress, the greater the compression degree 

Fig. 10  von Mises stress distributions at Pa=0.6 MPa of airbags with three levels of hardness: (a) 50 HA; (b) 60 HA; (c) 70 HA

Fig. 11  Mechanical properties of airbags with four wall 
thicknesses under different inflation pressures: (a) contact 
stress peak; (b) von Mises stress peak
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of the airbag, and thus the greater the contact stress 
between the airbag and the pipeline. The sealing sur‐
face width of an airbag with a smaller wall thickness is 
larger because of its better ductility. With the increase 
of wall thickness, the width of the sealing surface de‐
creases, but the peak value of contact stress on both 
sides increases, so the sealing performance increases 
with wall thickness. As shown in Fig. 13, with increas‐
ing wall thickness, the deformation degree of the airbag 
decreases continuously, and the overall von Mises stress 
of the airbag shows a downward trend. With regard to 
contact stress and von Mises stress, the performance of 
airbags with large wall thicknesses is better. However, 
Fig. 12b demonstrates that the large wall thickness 
results in poor ductility of the airbag, and the airbag 
not being able to expand to fill a larger gap. When the 
air pressure is 0.2 MPa, the expansion height of the 
airbag with a wall thickness of 2.5 mm is much less 
than 10 mm, which is the maximum gap between the 
pipe and the cabin body. When the pressure at a work‐
ing water depth of 0.4 MPa is taken into consideration, 
the total pressure of 0.6 MPa is close to the maximum 
working pressure of the air compressor. Therefore, an 
airbag with a wall thickness of 2.5 mm is not condu‐
cive to filling the gap.

To ensure good gap-filling capacity and low von 
Mises stress, we selected the airbag with a wall thick‐
ness of 2.0 mm.

5.3 Airbag sealing performance in different gaps

Because a curved pipe is eccentric relative to the 
arc section of the dry cabin, the distance (seal gap) bet‑
ween the top surface of the airbag and the pipe will be 
different in various circumferential positions. There‐
fore, it is necessary to clarify the relationship between 
the inflation pressure and different sealing gaps and 
study the sealing characteristics of the airbag under a 
time-varying gap. Above, it was determined to use an 
airbag with a cross-section of S3, a hardness of 60 HA, 
and a wall thickness of 2.0 mm.

After the dry cabin sits at the bottom of 40 m water 
depth, the ambient pressure of seawater is 0.4 MPa, 
and the uninflated airbag is compressed. Therefore, it 
is necessary to fill the airbag with 0.4 MPa of gas to 
restore it to its natural state. On the basis of 0.4 MPa, 
a gasbag with larger gas pressure will expand and fill 
the gap between the pipe and the dry cabin. As shown 
in Fig. 14a, the required inflation pressure increases as 

Fig. 13  von Mises stress distributions of airbags with four 
wall thicknesses at Pa=0.4 MPa: (a) ta=1.0 mm; (b) ta=1.5 mm; 
(c) ta=2.0 mm; (d) ta=2.5 mm

Fig. 12  (a) Contact stress distribution of airbags with four 
wall thicknesses; (b) expansion displacement of airbags 
with four kinds of wall thickness in the y direction at Pa=
0.2 MPa
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the gap widens. The increasing trend tends to be flat 
with the widening of the gap. Inflation of the airbag 
by 5 mm requires 0.533 MPa, and 20 mm requires 
0.681 MPa. The data in Fig. 14a can guide the control 
of airbag air pressure during the actual operation of a 
dry cabin. As shown in Fig. 14b, the von Mises stress 
peak value increased along with airbag expansion, and 
the trend was similar to that of air pressure. However, 
the von Mises stress of the airbag was less than 1 MPa, 
which was far less than the failure stress of the uniaxial 
test (2.55 MPa).

5.4 Airbag test

5.4.1　Airbag inflation height test

In order to verify the accuracy of the airbag elastic 
deformation constitutive model and the accuracy of simu‑
lating airbag inflation deformation using ABAQUS, 

we tested the expansion of customized airbags under 
different air pressures, as shown in Fig. 15a. Fig. 15b 
illustrates that the experimental results are consistent 
with the simulation results. When the air pressure is in 
the range of 0.015–0.025 MPa, the experimental results 
are in agreement with the simulation results. When the 
air pressure is low or high, the error between the two 
is significant, with a maximum difference of 0.4 mm. 
In summary, the test results verify the rationality of 
the simulation results.

5.4.2　Airbag pressure-bearing capacity test

In order to verify the accuracy of the simulation 
results, we carried out a pressure test on the selected 
airbag. The inner diameter of the outer cylinder of the 
seal test cabin is 410 mm, the outer diameter of the 
inner cylinder is 340 mm, and the initial height of the 

Fig. 15  (a) Diagram of airbag inflation; (b) relationship 
between airbag inflation height and air pressure

Fig. 14  (a) Air pressures required for the airbag to form a 
seal under different gap conditions; (b) von Mises stress 
peak values after the airbag formed a seal under different 
gap conditions
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airbag is 30 mm (Fig. S3). Therefore, the gap to be 
filled by the airbag is 5 mm, which is the same as the 
gap in the simulation. The width of the airbag is 40 mm, 
the height is 30 mm, the thickness is 2 mm, the hard‐
ness is 60 HA, and the diameter is 410 mm (the same 
as the inner diameter of the outer cylinder).

To ascertain the potential leakage within the ex‐
perimental cabin, the pressurization process was halted 
upon reaching a specific pressure threshold, as shown 
in Fig. 16a, followed by a periodic observation to 
detect any notable depressurization within 30 s. The 
experimental cabin underwent pressurization at a rate 
of 0.1 MPa/s.

During the test, the airbags were filled with gases 
of 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 MPa in sequence. 
When the pressure in the test cabin was lower than 
that of the airbag, it increased continuously over time. 

When the cabin pressure was higher than that of the 
airbag, it dropped to a level equivalent to the airbag 
pressure after pressurization was stopped. After testing, 
the pressure-bearing capacities of the airbag under diff‑
erent inflation pressures were 0.118, 0.211, 0.308, 
0.401, 0.500, and 0.599 MPa, corresponding to the gas 
levels given above.

Fig. 16b shows the simulation results of the peak 
contact stress, i.e., 0.120, 0.218, 0.313, 0.410, 0.507, 
and 0.605 MPa, generated by the airbag under differ‐
ent inflation pressures. The differences between these 
measurements and the test results were 1.5%, 3.0%, 
1.7%, 2.1%, 1.3%, and 1.0%, respectively. The small 
differences can still explain the accuracy of the simu‐
lation calculation.

6 Conclusions 

In this paper, we proposed applying a non-standard 
airbag to seal a dry cabin for the maintenance of a 
submarine pipeline. We used ABAQUS finite element 
software to study the influence of the physical charac‐
teristics of the airbag on its deformation characteristics 
and sealing performance. In addition, we studied the 
adaptive sealing mechanism of the airbag under the 
time-varying gap condition. Ultimately, a rectangular 
airbag with a hardness of 60 HA and wall thickness of 
2.0 mm was selected after comprehensively consider‐
ing airbag stiffness, gap-filling capacity, and von Mises 
stress. The conclusions are as follows:

(1) Of five cross-section shapes, the rectangular 
cross-section resulted in the minimum von Mises stress 
under the premise of satisfying the seal, which can 
improve the safety of airbag operation.

(2) The peak contact stress of the airbag is close to 
the level of the air pressure, so the hardness of the airbag 
has almost no effect on the peak contact stress. Airbag 
hardness had a slight effect on the von Mises stress.

(3) The contact stress generated by a thicker airbag 
is greater, so sealing performance increases with wall 
thickness. Higher wall thickness decreases the defor‐
mation degree, and the von Mises stress shows a down‐
ward trend. However, higher wall thickness results in 
poorer ductility of the airbag, and an inability to expand 
to fill larger gaps.

(4) Under time-varying gap conditions, as the gap 
widens, the required gas pressure also increases. The 

Fig. 16  (a) Pressure-bearing capacity test results of the 
airbag under different air pressures; (b) simulation results 
of the peak contact stress generated by the airbag under 
different air pressures
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von Mises stress peak value increases with the airbag 
expansion, and the trend is similar to that of the gas 
pressure. The simulated relationship between the gap 
and the air pressure can guide the air-pressure control 
of an airbag during the actual operation of a dry cabin.

(5) The maximum difference between the simu‐
lation results and those of the airbag expansion test is 
only 0.4 mm, and the maximum difference between 
the pressure results of the airbag and the simulation 
results is only 3.0%, which indicates that ABAQUS 
can be used to accurately study the inflation deforma‐
tion and sealing characteristics of airbags.
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