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Abstract: The main load-bearing structure of submarines is the pressure shell. Shell failures are
usually caused by high hydrostatic pressure and its own potential geometric imperfections. This
paper proposes a cylindrical shell with a strong corrugated stiffening structure. Two theoretically
geometrically identical shells are fabricated using CNC machining to ensure the reproducibility
and reasonableness of the results. Firstly, the point cloud data of all the geometric parameters of
the corrugated pressure cylindrical shells were obtained using a 3D scanner. Geomagic Control X
3D inspection software was used to determine the geometric deviations of the shells. Geometric
reconstruction was performed using Geomagic Design X reverse modeling software to capture poten-
tial imperfections of the shells. The aluminum shells were then welded and placed in the pressure
chamber. Failure loads were obtained for all shells by constant water injection and pressurization.
Considering the confined nature of the pressure chamber, a nonlinear finite element analysis of
the corrugated pressure cylindrical shell was carried out using Abaqus/Riks, taking into account
actual fabrication imperfections. Finally, the failure behavior of the shells under uniform external
pressure was determined. The results show that both corrugated pressure cylindrical shells have high
machining accuracy. The numerical simulation results of the critical buckling load of the corrugated
pressure cylindrical shells were in good agreement with the test results. The corrugated structure
has additional advantages in retarding the generation and expansion of shell surface defects. The
equilibrium path of the corrugated pressure cylindrical shell can be maintained in a smooth and
continuous state, showing stable buckling behavior. This study will provide new inspiration for the
structural design and failure prediction of the submarine pressure shell.

Keywords: corrugated structure; hydrostatic pressure; geometric imperfections; failure behavior

1. Introduction

The submarine is a naval vessel with the ability to operate underwater and complete
various specialized missions, such as covert attacks against the enemy [1,2], intelligence
gathering [3], surveillance, and special deployments [4—6]. Under combat conditions, it can
dive to reasonable depths for underwater operations [7]. The most important load-bearing
structure of a submarine is the pressure shell. Pressure shell dimensions and compressive
properties largely determine its maximum operating depth [8-11].

Many researchers are pursuing pressure structures that combine greater diving depths,
higher pressure resistance, and better safety features. This is due to the presence of a
leaping layer at depths of 300-350 m, i.e., the salinity, water temperature, and density of
the ocean water have a significant leap. As a result, most sonar signals are unable to detect
objects below this layer, which increases the concealment of submarines [3,12]. Secondly,
the substantial rise in seawater pressure below 300 m diminishes the air bubble effect
created by the submarine propeller operating at high speed. Additionally, all kinds of
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turbulence generated by the submarine in high-speed motion are easily compressed and
diluted by the water pressure [13-16]. Thirdly, once the submarine submerges to a depth of
400-500 m, most of the anti-submarine means in the world today would have difficulty
attacking it effectively [7].

Based on hydrodynamics, the teardrop or nearly cylindrical pressure shells made up of
a series of cylindrical shells and end spherical conical shells remain the most effective design
for modern submarines [17-21]. This design can significantly reduce seawater resistance at
high speeds [22], increase sailing speeds [23], and lower energy consumption [24,25].

Based on structural mechanics, cylindrical pressure shells are widely used due to
the convenience of processing and fabricating, high utilization rate of inside space, and
the ability to be combined with hemispherical, ellipsoidal, and conical heads [26-29].
Nevertheless, cylindrical pressure shells have limited compressive strength. Structural
buckling failure frequently takes place before the shell material yields, which severely
limits their application in offshore engineering [30,31]. Welding ring reinforcing ribs on the
shell surface can significantly increase its buckling resistance, fully utilizing the advantages
of material strength [32-35]. Due to the giant size of the submarine pressure shell, local
buckling failure can easily occur under external hydrostatic pressure. Therefore, based on
welded stiffening ribs, a few strong stiffening ribs (king stiffening ribs) are usually welded
to delay the occurrence of local buckling failure [36,37]. The welding process induces
varied mechanical properties in different regions of the pressure shell. Such differences
are likely to result in early failure of the submarine in the vicinity of the welded areas
during service. Employing CNC machining to fabricate the stiffening shell can reduce the
number of weld seams to a certain extent and ensure the overall machining accuracy of the
shell [38]. However, this approach would unavoidably result in material waste.

Compared to the ideal pressure shell shape, the geometry of the actual fabricated
pressure shell will deviate somewhat. Sometimes this deviation is defined as geometric
imperfections. Geometric imperfections are one of the most important factors affecting
the failure behavior of pressure shells [39,40]. These imperfections typically arise during
the machining, assembly, transportation, and operating processes of pressure shells and
are virtually impossible to avoid completely. The initial geometric imperfections result
in a lower failure load of the pressure shell than the theoretically calculated value and
are distributed in a discrete manner. They also lead to the shell exhibiting instability
and dynamic failure characteristics after reaching the failure load, which, in some cases,
may lead to catastrophic results. During submarine service, various types of loads such
as explosions, wave impacts, shock loads, hydrodynamic pressure, hydrostatic pressure,
and gravity are often applied to the pressure shell, and the most important load is the
hydrostatic pressure [41]. In addition, these loads will inevitably lead to a certain impact
on the structural integrity of the pressure-resistant shells [42,43]. As the submarine dives
deeper, the external seawater pressure will continue to increase. Under a high hydrostatic
pressure environment and its own potential imperfections, the submarine is likely to
undergo unstable local buckling and sudden collapse in a short period of time [44].

The rapid advancement of computers has led to the development and improvement
of industrial software. By integrating nonlinear finite element analysis into the structural
design of pressure shells, pressure-resistant structures can now be more accurately eval-
uated for integrity and failure behavior. Due to the limitations of the current pressure
shell fabrication process, little attention has been paid to the influence of the true geome-
try of pressure shells, including deterministic imperfections derived from more accurate
measurements, on their ultimate failure behavior [45,46]. For a conventional cylindrical
pressure shell of equal wall thickness, the global thickness variation is usually ignored. The
shell is simply defined as an equal wall thickness cylindrical pressure shell. However, for
the variable wall thickness corrugated pressure shell investigated in this study, the wall
thickness variation cannot be ignored.

The overall structure of the submarine is shown in Figure 1 [47,48]. In this work, two
corrugated pressure cylindrical shells with high machining accuracy were fabricated by
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CNC machining. Hydrostatic pressure tests were performed on the sealed aluminum shells
to determine their failure loads. In addition, a nonlinear finite element analysis using
Abaqus/Riks was performed on the corrugated pressure cylindrical shells, taking into
account actual fabrication imperfections, to investigate the safety and robustness of the
shells under uniform external pressure.

(a) Submarine concept art

Figure 1. Schematic diagram of submarine structure [47,48].

2. Specimen Design and Measurement Methods
2.1. Specimen Design

Corrugated sheets and bellows construction can provide excellent compressive per-
formance [49,50]. The utilization of variable thickness plates can considerably minimize
the product weight without reducing the component service performance [51]. Therefore,
this study aims to explore the impact of potential imperfections of the corrugated pressure
cylindrical shell on the final failure behavior.

In practical engineering applications, the stiffening structure can be placed either
inside or outside the pressure shell. The inner stiffening structure has a wider range of
application scenarios, while the outer stiffening structure has the advantage of easy process-
ing. Essentially, the corrugated structure is a form of stiffening structure with a smoother
axial cross-section. In the American Bureau of Shipping (ABS) [52] and China Classification
Society (CCS) [53], the compressive performance of pressure shells is stipulated primarily,
with no specific requirement on stiffening location. To more accurately evaluate the failure
behavior of the pressure shell, in this study, the outer corrugated pressure cylindrical shell
was selected as the object to ensure the machining accuracy of the corrugated structure.
In addition, we designed a strong corrugated stiffening structure in the middle region
of the shell to make the corrugated structure more consistent with practical engineering
applications. For ease of description, the remainder of the paper uses corrugated shells
instead of pressure shells with strong corrugated stiffening structures.

The dimensions and actual specimens of the corrugated shell are displayed in Figure 2.
The ideal corrugated shell has an inner diameter of D = 150 mm and a height of H = 200 mm.
Two types of uniformly distributed sinusoidal corrugations can be found on the shell’s
outer surface. The main parameters of the first sinusoidal corrugation are as follows:
number of corrugations n; = 4, corrugation amplitude A; = 1 mm, corrugation span
hy = 2rt/w = 40 mm, where w represents the frequency 0.057t. The main parameters of the
second sinusoidal corrugation are as follows: number of corrugations 1, = 1, corrugation
amplitude Ay = 2 mm, corrugation span hy = 2t/w = 40 mm. The two sinusoidal corru-
gations have the same corrugation span and frequency, and the main difference lies in
the number of corrugations and corrugation amplitude. The distribution locations of the
two sinusoidal corrugations are shown in Figure 2a.
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(a) Geometric dimensions (b) CNC machining specimens

Figure 2. Corrugated shell geometrical dimensions and machining results.

For corrugated shells, the shell wall thickness varies periodically along the axial
direction. In this study, wall thickness t is defined as the shortest horizontal distance,
i.e.,, the theoretical thinnest wall thickness t = 1.0 mm. The corrugation height s is defined
as the maximum horizontal distance. Under ideal conditions, the corrugation height
51 =2A1 =2.0 mm and the strong corrugation height s, = 24; = 4.0 mm. However, the
results are slightly different when actual fabrication errors are considered. In order to
ensure that the sealing circular plates can effectively seal all ends of the corrugated shells
in the subsequent welding and minimize their impact on the failure behavior, define
Dsp =154 mm and T = 10 mm, where Dsp and T are the sealing circular plate diameter and
thickness, respectively.

Extruded Al6061-T6 aluminum alloy seamless cylindrical preforms were used as the
raw material for the experiment. To guarantee the reproducibility and reasonableness of
the test outcomes, two theoretically identical corrugated shells were acquired through CNC
machining. The machining results are shown in Figure 2b, where the two corrugated shells
are defined as CS1 and CS2, respectively. The sealing circular plate was cut from a 10 mm
thick square plate, as shown in Figure 2b.

2.2. Geometric Parameter Measurements

Submarine pressure shell failures typically result from high external hydrostatic pres-
sures and their own potential imperfections. The potential imperfections can be divided
into two main types: geometric imperfections and material imperfections. The former
mainly includes out-of-roundness [54] and thickness deviation [55], while the latter mainly
includes material anisotropy [56] and residual stress [57,58]. These two sets of factors
interact with each other. Material anisotropy and residual stresses can be eliminated by
proper heat treatment [59,60]. The underlying geometric imperfections of the pressure shell
are the key factors influencing the failure behavior of the pressure shell.

For conventional cylindrical pressure shells with equal wall thickness, out-of-roundness
is one of the main factors influencing their failure behavior [54]. Therefore, it is possible to
ignore their global thickness variation without affecting the accuracy of the final calcula-
tion. However, for pressure shells with variable thickness, it is essential to consider their
thickness variations. Ultrasonic gauges can be utilized to precisely measure the thickness
variation of each section of the pressure shell [61]. For corrugated shells, the wall thickness
varies periodically along the axial direction. Obtaining complete information on wall
thickness variation through an ultrasonic measuring instrument for the shell would be a
huge amount of work. Therefore, it is necessary to propose a new method to obtain the
potential imperfections of corrugated shells.

We chose the DUUMM V900 handheld 3D laser scanner to measure the geometric
point cloud data of the corrugated shell, as shown in Figure 3. On the surface of the shell,
approximately 100 marking points were randomly taped at approximately 2-3 cm intervals.
Taking into account the presence of corrugated morphology on the outer surface of the
shell, we employed a higher number of marking points on this surface. Subsequently, the
shell surface was scanned smoothly along axial and circumferential directions using a 3D
laser scanner to capture the full information of the corrugated morphology. The scanner
has an accuracy of 0.025 mm. The final output of the point cloud data is approximately
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2,120,000 laser points. In this study, the wall thickness of the ideal corrugated shell is 1 mm,
and measurement error is 2.5%, which is within the acceptable range.
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Figure 3. Measurement of corrugated shell parameters.

2.3. Reverse Modeling and Geometric Imperfections Characterization

After obtaining the point cloud data of corrugated morphology information, it is neces-
sary to perform reverse modeling processing and geometric imperfections characterization.
The basic process is shown in Figure 4. In addition, this study neglected the impact of
welding residual stresses on the corrugated shells.

The point cloud data obtained from 3D laser scanning tend to have local scanning
blind spots and noise, which cannot fully meet the requirements of realism and real time
of the digital model. The corrugated shell point cloud data were preprocessed using
Geomagic Design X 2020 software, followed by reverse modeling, and the results are
shown in Figure 5. The initial geometric imperfections clouds of the corrugated shell are all
on the same scale (—1 mm~1 mm). It can be observed that the reverse modeling results
have high accuracy (£0.1 mm, green area). Therefore, the authors concluded that the
reverse modeling results of the corrugated shell CS1 and CS2 are good.

Geomagic Control X was utilized to identify geometric deviations in the actual fab-
ricated corrugated shells. Considering that the geometric deviation of different planes
of corrugated shells all have some differences, three X-Y horizontal planes, top, middle,
and bottom, are selected to observe the roundness variation and thickness deviation. In
addition, the X-Z and Y-Z vertical planes are taken as an example to analyze the local thick-
ness deviation variation of corrugated shells, as shown in Figure 6. The initial geometric
imperfections clouds of the corrugated shells are all on the same scale (—1 mm to 1 mm).
Positive values represent large thicknesses and negative values represent small thicknesses.
Compared to the ideal model, the actual fabrication errors of the corrugated shells are
relatively small, and the overall corrugated morphology is good. The only slight difference
in the local region is in CS 1 and CS 2, which is due to the randomness of the fabrication
errors caused by the CNC machining. Nevertheless, the overall fabrication error is largely
within £0.20 mm, demonstrating the high machining accuracy of the corrugated shell.
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Reverse Geometric deviation
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Geomagic Design X Geomagic Control X
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Figure 4. Reverse modeling processing and geometric imperfections characterization of corrugated
shell point cloud data.
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Figure 5. Reverse modeling results for two corrugated shells.
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3. Hydrostatic Uniform External Pressure Test

The corrugated shell underwent hydrostatic pressure testing by using a deep-sea pres-
sure simulation chamber to simulate an underwater high-pressure environment, as shown
in Figure 7. As the corrugated shell does not contain a power unit, it may float on the water
surface during the test due to its lower gravity compared to the buoyancy force. This may
result in non-uniform distribution of external water pressure on the corrugated shell. The
test results will be significantly affected by this [62]. The decision was made to secure the
shell in the water using a rope. In this study, the pressure loading history of the corrugated
shell is divided into three stages, as shown in Figure 8, following the pressurization curve

of a spherical shell under hydrostatic pressure proposed by Pan et al. [63].

Convexity

Analog pressure gauge

Hydrostatic pressure changes

Exhaust and pressurization

Pressure chamber

Failure pressure shell

Figure 7. Hydrostatic pressure test device.

A
= Cycle 3
E Critical buckling load «———e
z \
3 \
2 \
e \
A \
Cyclel  Cycle2 \
02 M . \
\\V// \
\
1 1 |
20 40 80

»

Time (s)

Figure 8. Pressure-time curve.

The pressure chamber was first filled with water and then pressurized to test that
the equipment is working properly. Afterwards, the shell was placed into the pressure
chamber and the chamber was filled with water to exhaust the air. The chamber was
slowly pressurized with water to about 0.2 MPa by manually adjusting the pressure pump.
The pressure was then removed to minimize residual stresses in the welded areas of the
shell. Finally, manually adjust the pressure pump again to slowly pressurize the chamber
with water, and when the bursting sound is heard from the destruction of the shell, the
pressurization is stopped and the test data are recorded. After the chamber is depressurized,
open the chamber cover and remove the model. Record the experimental data and observe
the failure of the corrugated shell morphology. The test results are shown in Table 1. The
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critical buckling loads of the corrugated shells CS1 and CS2 were 3.2 MPa and 3.4 MPa,
respectively. The difference on the critical buckling load between the two shells is only
0.2 MPa. It proves the reproducibility and reasonableness of the test results. The failures all
occurred close to the thin-walled area of the corrugated shell, and the sealing plates at both
ends were essentially undeformed. Both have very similar failure loads and failure modes.

Table 1. Comparing experimental and numerical results of critical buckling loads for different
corrugated shells.

Corrugated Shells Cs1 CS2
Ptest/MPa 32 3.4
Prum/MPa 3.063 3.188

(Ptest - Pnum)/Ptest 4.28% 6.24%

Prest: test critical buckling load. Pnum: scanning model critical buckling load.

4. Nonlinear Buckling Failure Analysis

To ensure the safety and robustness of the corrugated shell under external hydrostatic
pressure, it is necessary to understand the collapse behavior accompanied by buckling and
to estimate the failure behavior as well as the defect generation on the corrugated shell
surface with high accuracy. It is unrealistic to try to fully obtain the buckling behavior and
failure mechanism of the corrugated shell at different stages purely through tests, and a
nonlinear analysis of the geometric model for reverse modeling of the corrugated shell was
performed using Abaqus with reference to ABS [52] and CCS [53].

4.1. Solver Selection

In general, the theoretical buckling strength of the pressure shell can be determined
by solving the characteristic equations. Solving the eigenvalues and corresponding eigen-
modes of the pressure shell under uniform external pressure is called “eigenvalue buckling
analysis”. However, in practical engineering applications, due to the limitations of the
fabrication process, there is inevitably a certain error between the actual fabricated pres-
sure shell and the theoretical model. Therefore, only calculating the eigenvalue buckling
does not represent the actual buckling strength of the structure. The Arc Length Method
(Riks) proves to be particularly advantageous in solving the nonlinear buckling strength of
the pressure shell under uniform external pressure. Abaqus/Riks was finally chosen for
nonlinear analysis of the corrugated shell reverse modeling model.

A 10 mm thick sealing circular plate is selected to minimize the effect of plate thickness
on the failure behavior of the corrugated shell. In the finite element simulation, a “Tie”
connection is defined for the connection area between the upper and lower ends of the
corrugated shell and the end circular plates. It is assumed that no welding failure would
occur in the corrugated shell under hydrostatic pressure. The uniform pressure acting on
the outer surface of the sealed corrugated shell is defined as 1 MPa, resulting in a final load
scaling factor that was numerically equal to the critical buckling load of the corrugated shell.
The effects of geometric nonlinearity and material nonlinearity are considered in the Riks,
and the solving parameters are tabulated in Table 2. The mechanical property parameters
of 6061-T6 are shown in Figure 9 and Table 3. Repeated tensile tests were carried out on
five identical specimens, taking into account the various errors that may exist during the
experiment. More detailed measurements of aluminum alloy material parameters can be
found in the literature [55].

Table 2. Solution parameters for numerical analysis of hydrostatic buckling.

Nmax Alin Almin Almax
500 0.005 le—15 0.05

Nmax = maximum number; Alj, = initial increment in arc length along the static equilibrium path in scaled
load-displacement space; Alyin = minimum arc length increment; Almax = maximum arc length increment.
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Figure 9. Bi-linear stress—strain curves of 6061 aluminum alloy under tensile condition: (a) engineer-
ing stress—strain curve, (b) true stress—strain curve [55].

Table 3. Material properties of Al6061-T6 [55].

Properties E (MPa) u oo (MPa) Ks (MPa)
Values 69,900 0.33 185 940,000

E: Young’s modulus; y: Poisson’s ratio; 0: yield stress; Ks: strain hardening factor.

4.2. Mesh Selection

Considering that the wall thickness of the corrugated shell varies periodically along
the axial direction, the thickness variation cannot be ignored. Consequently, the corrugated
shell, considering actual geometric imperfections, is defined as a three-dimensional solid
unit with mesh type C3D8R. The sealing circular plate is defined as a shell unit with mesh
type S4R. We found that when the mesh number of the corrugated shell is 47,800 (there is a
slight difference in the mesh number between corrugated shells CS1 and CS2 due to the
different actual fabrication imperfections) and the mesh number of the sealing circular plate
is 5760, the increase in the mesh number thereafter has less effect on the failure loads of the
corrugated shells. The boundary conditions for the sealed corrugated shell are shown in
Figure 10. In order to show the boundary conditions more clearly, only half of the model is
shown. With reference to CCS [53], a symmetric setting of the three-point support boundary
condition is chosen, which eliminates the rigid displacement of the entire sealing pressure
shell and has no effect on the shell deformation.



J. Mar. Sci. Eng. 2024, 12, 385

12 of 21

Corrugated Shell Sealed End

Mesh Type: C3D8R Mesh Type: S4R
Mesh Number: ~47800 Mesh Number: 5760
Structural Nodes: ~72400 Structural Nodes: 5881

4

Non-uniform mesh distribution
Figure 10. Mesh division and boundary conditions in finite element simulation.

4.3. Results Analysis and Discussion
4.3.1. Sealing Circular Plates Variations

The displacement variations of the sealing circular plates in different buckling states
are shown in Figure 11. The sealing circular plates of CS1 and CS2 are highly similar in
different buckling states. In the pre-buckling and critical buckling stages, the ends of the
sealing plates basically do not change, and the displacement in the center is relatively large,
with the overall tendency of inward concavity. The sealing circular plates exhibit regular
changes. In the post-buckling stage, the displacement changes of the sealing circular plates
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of the corrugated shells CS1 and CS2 can also be considered to be very similar, and only the
nominal coordinates have some differences. This is due to the potential imperfections of
the corrugated shells considered in the finite element simulation process. For CS1, the shell
near the positive direction of the z-axis has a larger localized error, resulting in a larger
displacement variation of the sealing circular plate top. For CS2, the shell near the negative
direction of the z-axis has a larger local error, resulting in a larger displacement variation of
the sealing plate bottom.

U, Magnitude CS1 U, Magnitude CS2
(mm) (mm)
Pre-buckling stage 0.529 Pre-buckling stage
0.486
0.443
+0.400
+0.357
0.314
0.271
0.228
0.185
Bottom 0.142 Bottom
0.099
0:056 ,
0.013
U, Magnitude Top U, Magnitude Top
(mm) N . (mm) - .
1.051 Critical buckling stage 1.125 Critical buckling stage
EO.%S 1.034
0.879 0.942
+0.794 +0.850
+0.708 +0.759
0.622 0.668 v
0.536 0.576 )\
0.450 0.485 z*™x
0.364 0.394
0.278 v 8%(1)%
0.106 0.119
x‘J‘x 0.028
U, Magnitude U, Magnitude
(mm) . (mm) .
0.874 Post-buckling stage 1.008 Post-buckling stage
EO.804 0.925
0.735 0.842
+0.665 +0.758
+0.595 +0.675
0.526 0.591
0.456 0.508
0.386 0.424
0.317 0.341
T s
0.108 A 0.091
0.038 # X 0.007 # X

Figure 11. Displacement variation of sealing circular plates in different buckling states.

For the sealing circular plates, the maximum displacement occurs in the critical buck-
ling stage. This is due to the fact that at this time, the corrugated shell is subjected to the
largest external pressure, and the pressure acting on the outer surface of the sealing circular
plates is also the largest. As a result, the displacement of the sealing circular plates in this
state changes significantly. The displacement magnitude of the sealing circular plates in
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the whole buckling process is relative. Through observation, it can be found that due to the
fact that the sealing circular plates are thicker, the maximum displacement in the whole
buckling process is only about 1 mm. It can be considered that the sealing circular plates
have sufficient stiffness.

4.3.2. Corrugated Shell Variations

In solving the equilibrium path of the sealed corrugated shell model, the displacement
changes at different nodes of the model are different. The node at which the maximum
displacement occurs on the corrugated shell is selected as the object of study, and the
equilibrium path is shown in Figure 12. Where A represents the pre-buckling state,
A1 represents the critical buckling state, and A,—As represent the post-buckling state. We
can find that the critical buckling loads for the corrugated shells CS1 and CS2 are 3.063 and
3.188 MPa, respectively. In addition, the corrugated shell equilibrium paths show a regular
variation, which is a typical steady-state buckling.

3.5

CS1

Figure 12. Equilibrium path variation of corrugated shells.

For corrugated shell CS1, we divide the outer surface along the z-axis positive direction
into thin-walled region Pyy; (i = 1-4) and corrugated region P (j = 1-5). For corrugated
shell CS2, we also divide the outer surface along the z-axis positive direction into thin-
walled region Quy; (i = 1-4) and corrugated region Qg (j = 1-5). Figure 13 shows the
displacement variation of the corrugated shell in different buckling states. Theoretically, the
maximum displacement of the corrugated shell should appear near the middle region of the
corrugated shell under the symmetric boundary condition. However, the simulation results
show that the maximum displacement of the corrugated shell CS1 occurs in the thin-walled
region Pyy4, and the maximum displacement of the corrugated shell CS2 occurs in the
thin-walled region Qgy1. The failures of the two corrugated shells in different buckling
states are very similar, and only the nominal coordinates have some differences. This shows
that even if the CNC machining of the corrugated shells has reasonable machining accuracy,
local geometric imperfections are still unavoidable.

Pre-buckling stage: For the corrugated shell CS1, the displacement changes in the thin-
walled regions Py and Pyy4 are more obvious and coordinated. The displacement changes
in the corrugated region are relatively small. For corrugated shell CS2, the displacement
change in the thin-walled region Qyy; is more obvious. The displacement changes in the
corrugated region are relatively small. The regions where the maximum displacements
occur are similar for CS1 and CS2, but the overall displacement changes for CS1 are
somewhat more symmetrical.
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Critical buckling stage: For corrugated shell CS1, the displacement change in the thin-
walled region Py, 4 is more pronounced. The displacement changes in other thin-walled
and corrugated regions are more coordinated. For corrugated shell CS2, the displacement
change in the thin-walled region Q1 is more obvious. The overall displacement changes
in CS1 and CS2 are very similar, except that CS2 has a larger maximum displacement in the
critical buckling state. This also explains why the critical buckling load is higher for CS2.

Post-buckling stage: There are three periods with different pressure decrease rates. As
the displacement of the corrugated shell increases, the pressure decrease rate gradually
slows down and finally stabilizes. For the corrugated shell CS1, the maximum displacement
occurs near the thin-walled region Ptw4, and there is a tendency to expand in the negative
direction of the z-axis. For the corrugated shell CS2, the maximum displacement occurs
near the thin-walled region Qy1, and there is a tendency to expand to the positive direction
of the z-axis. The corrugated structure can suppress the expansion to some extent and slow
down the rate of pressure drop. The presence of a strong corrugated structure can enhance
this suppression effect to some extent.

4.3.3. Surface Defect Generation

Figure 14 shows the stress variation of the corrugated shells in different buckling states.
In the pre-buckling state, the overall stress variations of CS1 and CS2 are very similar. The
maximum Mises stresses mainly appear at the end of the corrugated shell. The overall stress
variation in the thin-walled region is lower than that in the corrugated region, which is due
to the larger thickness of the corrugated region. In the critical buckling state, the overall
stress variation of CS1 is more symmetrical, and the maximum stress region mainly occurs
in the thin-wall region Pyy1, Prws and the end, while the maximum stress region of CS2
mainly occurs in the thin-wall region Q1 and the end. At this time, some scattered ring
defects (Piw2, Ptws and Quwa, Qws, Qtwa) appear in the thin-walled regions of corrugated
shells CS1 and CS2, thereafter entering the post-buckling state. The stress variations of
CS1 and CS2 in the post-buckling stage are very similar. For the corrugated shell CS1: at
the moment A, the maximum Mises stress occurs mainly in the thin-walled region Py,
and there is a tendency for small defects near Piy4 to be connected. At the moment Ajz, the
corrugated shell as a whole is subjected to a larger Mises stress, and the small defect near
P4 starts to expand into an approximate small diamond-shaped defect. At the moment of
Ay, the small diamond-shaped defect expands along the negative direction of the z-axis
and gradually forms a large diamond-shaped defect.

In general, with the increase in external pressure, the corrugated shell surface will
produce some sporadic ring defects. They gradually deepen and expand and eventually
form a large diamond-shaped defect. The existence of a corrugated structure can inhibit the
generation of scattered ring-shaped defects to a certain extent. When the small diamond-
shaped defect starts to expand, the corrugated structure can also delay the transformation
of the small diamond-shaped defect to the large diamond-shaped defect to a certain extent.
We observe the defect expansion path of the corrugated shell and find that the defect
expansion rate is not uniform. This is because the initial geometric imperfections of the
corrugated shell are considered in the nonlinear analysis, and the distribution of the
geometric imperfections has a certain randomness. In addition, in the nonlinear analysis
of the corrugated shell model, the thickness distribution at the corrugated shell end is not
uniform, which is the main reason for the end stress concentration phenomenon in the early
stage. In this study, the main failure regions of the corrugated shell are near the thin-walled
region of the corrugated shell, which also indicates that it is reasonable to ignore the effect
of weld strength when analyzing the shell failure.
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Figure 13. Displacement variation of corrugated shells in different buckling states.
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Figure 14. Stress variation of corrugated shells in different buckling states.
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5. Discussion

During submarine service, various types of loads such as explosions, wave impacts,
shock loads, hydrodynamic pressure, hydrostatic pressure, and gravity are often applied
to the pressure shell, and the most important load is the hydrostatic pressure applied to
the shell’s outer surface. Submarine failure is often the result of multiple loads acting
together. This study focuses on hydrostatic pressure and uses a combination of numerical
simulations and experiments to investigate the influence of the potential imperfections of
the corrugated shell itself on its failure behavior. To ensure the accuracy and repeatability
of the test results, two theoretically identical corrugated shells are fabricated by CNC
machining, taking the external corrugated structure as an example.

In terms of fluid mechanics, the inner corrugated structure has better practical en-
gineering application scenarios. However, when the authors attempted to fabricate the
inner corrugated structure, the overall fabrication accuracy was found to be low. This
phenomenon becomes more pronounced when strong corrugated structures are considered.
Therefore, the subsequent research work can put more energy into the inner corrugated
structure under the premise of ensuring the machining accuracy. Furthermore, due to the
military and classified nature of submarines, many relevant test data have not been dis-
closed. This results in fewer relevant reference materials. Considering the cost of specimen
machining and the actual test conditions, only laboratory-level hydrostatic pressure tests
were conducted in this study for aluminum corrugated shells. How to apply the existing
small-scale results with high fidelity to actual submarine pressure shell structures will be
the focus of future work.

In addition, the fabrication process for ring- and T-shaped stiffening pressure shells,
which are in very mature operation at this stage, can be divided into two main steps. The
first step is the large plate rolling machine, which is subsequently longitudinally welded
into a cylindrical part. The second step is to weld circumferential stiffening ribs inside
it. The presence of welded areas (axial welds of the cylinder and circumferential welds
of the stiffening ribs) will inevitably degrade the overall mechanical properties of the
pressure shell. For the corrugated shell proposed in this study, its structure is characterized
by the continuous smooth variation of the corrugated stiffening part. This characteristic
contributes to the innovation of the fabrication process of the corrugated stiffening shell.

In this study, numerical simulations and test validation were conducted only for
aluminum corrugated shells. Considering that, the failure behavior of different pressure
shell materials under uniform external pressure will be different. How the existing research
on corrugated structures can be applied to other commonly used pressure shell materials
such as high-strength steel or composite materials will help to further promote the use of
corrugated structures in the marine field.

It is a long process from the proposal of a pressure shell structure to its practical
application. In this study, we choose the von Mises criterion for a simple analysis of
the corrugated cylindrical shell stress case. However, when applying the corrugated
structure to the submarine pressure shell, we also need to pay more attention to the stress
concentration situation near the shell load transfer nodes and opening regions. Moreover,
for a 3-axis stress state, one of which has a negative value, the intensity criterion more
accurately captures the maximum shear stresses that threaten the integrity of the shell. We
also need to increase the stress calculations by 2-5% to eliminate the effects of numerical
errors and other factors.

Compared with the traditional finite element, this study used a 3D scanner to obtain
the potential imperfections information of the corrugated shell itself and performed the
inverse modeling process. It makes the finite element simulation results have better
agreement with the test results. However, the cumbersome process of reverse modeling is
a major constraint to its wide-scale application.

Boundary conditions have a strong influence on the failure behavior of pressure
shells. Submarines achieve submergence in the ocean mainly through internal power units.
Considering the cost of the experiment, the size of the pressure shell and the limitation of
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the test conditions, the pressure shell in this paper does not have any internal power unit.
In order to avoid the influence of buoyancy on the failure behavior of the pressure shell, it
is chosen to tie a rope on the outer surface of the shell to realize the fixation of the pressure
shell in the water. This will inevitably have some influence on the boundary conditions.
The best way to fully determine whether the immobilization of the pressure shell by the
rope will have a significant effect on its buckling critical load and failure behavior is still
to improve the existing hydrostatic pressure device. Installing a high-speed camera in the
pressure chamber is a good option.

6. Conclusions

(1) The hydrostatic pressure test results show that the critical buckling load of the two
corrugated pressure cylindrical shells differed by only 0.2 MPa. The reproducibility
and reasonableness of the test results are proved.

(2) The numerical simulation results for the critical buckling load of the corrugated pres-
sure cylindrical shell considering fabrication imperfections were in good agreement
with the test results. It is demonstrated that the reverse modeling technique has great
potential in reproducing the shell failure behavior.

(3) The corrugated shell equilibrium path exhibits a regular variation that is a typical
steady-state buckling. The corrugated structure provides an additional advantage in
retarding the generation and expansion of defects on the shell surface.
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