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Abstract

The presence of openings in spherical pressure hulls compromises the structural integrity
and induces stress concentrations at the opening area. The strength assessment of shell
openings remains a challenge in shell strength theory, even if using an approximated algo-
rithm. While finite element analysis (FEA) is commonly employed, it is computationally
prohibitive for iterative design. To address this gap, this study proposes a novel theoretical
framework to calculate the Stress Concentration Factor (SCF) for spherical hulls with com-
plex opening reinforcements under external pressure. A geometric transformation method
based on the Equal Area Criterion (EAC) is established to convert complex reinforcement
geometries into analytical forms. The accuracy is validated through comprehensive FEA
and full-scale hydrostatic pressure tests on titanium-alloy manned hulls. The results demon-
strate that the proposed method has high accuracy and exhibits excellent applicability,
with deviations from experimental data generally within 5%. This study establishes a
rapid assessment framework with high accuracy, providing a valuable engineering tool for
deep-sea structural design.

Keywords: stress concentration factor; spherical hull; opening strength; external
pressure test

1. Introduction

Deep-sea exploration is critical for scientific discovery and resource development [1].
Manned submersibles operating at extreme depths require robust pressure hulls to protect
crew members from immense hydrostatic pressures. Spherical pressure vessels are widely
adopted due to their superior load-bearing efficiency and uniform stress distribution char-
acteristics [2-7]. Deep-sea pressure hulls are generally designed as spherical hulls with
thickness-to-radius ratio within 0.02-0.08 to satisfy the safety requirements and material
strength limitations [8-11]. The manufacture process primarily involves stamping thick
plates into hemispheres, followed by welding the equatorial seam to form the final struc-
ture [12,13]. However, necessary openings for hatches and viewports induce localized stress
concentration that can lead to structural failure under external pressure loading [14-17].
Consequently, effective reinforcement design is paramount to ensure operational safety.
Titanium alloys, particularly TA31 and TC4ELI, are the preferred materials for deep-sea ap-
plications due to their excellent strength-to-weight ratio and corrosion resistance. Current
design practices for spherical hulls with openings primarily rely on finite element analysis
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(FEA). Although FEA provides detailed stress distributions, it is computationally expensive
for iterative design processes. Figures 1 and 2 illustrate the typical manned hull structure
and the specific reinforcement details studied in this research.
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Figure 1. Manned hull with several openings.
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Figure 2. Structure reinforcement. (a) Hatch. (b) Main window.

Previous studies have mainly focused on the structural buckling stability considering
the influence of geometric imperfection [18-22]. The interaction between residual stresses
and working stresses significantly diminishes the creep—fatigue life of conical-column
pressure shells [23]. Fatigue assessment methods have been developed using equivalent
structural stress and fatigue crack propagation approaches [24,25].

As the shell thickness and the operation depth increase, the main failure mode of
the shell is both buckling failure and strength yield failure. Millet et al. [26] reviewed the
reinforcement rules in different codes, while D Calligeros [27] suggested that the design
rules are conservative for reinforcement of pressure vessel openings under external pressure.
Xu et al. [28] derived a theoretical formula for calculating the strength of a cylindrical shell
reinforcement, and this formula provides an appropriate theoretical reference for designing
spherical shells with openings. Pranesh et al. [29] analyzed reinforced viewports in the
pressure hull using the finite element method and suggested that the calculated primary
and secondary stresses should below the permissible limits. Ma et al. [30] investigated
the numerical buckling load of an externally pressurized spherical shell with a reinforced
opening and verified the results using full-scale external pressure tests.
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However, limited theoretical research exists on the stress concentration of spherical
shells with opening reinforcement under external pressure. Existing standards, such as
CCS [31], often rely on FEA for reinforcement verification, and analytical methods [28]
primarily focus on cylindrical shells or internal pressure conditions. Although FEA is
widely used, it is time-consuming for iterative design. To address this gap, this study
proposes an analytical method to assess the opening reinforcement strength of spherical
hulls, which aims to provide a generalized solution. Numerical analysis, finite element
analysis and full-scale hydrostatic pressure tests on manned hulls were performed to
validate the reliability and applicability of the proposed method.

2. Calculation on Theoretical Stress Concentration Factor
2.1. Geometric Transformation Based on Equal Area Criterion

For the complex reinforcement shown in Figure 2a, this paper introduces a geometric
transformation of reinforcement based on the Equal Area Criterion (EAC), converting
complex reinforcement geometries into analytically tractable forms. The reinforcement
area of the access hatch is geometrically transformed into a wall (height unchanged) with a
thick plate reinforcement (width unchanged), as shown in Figure 3a, and the reinforcement
of the window openings is transformed into wall reinforcement with height unchanged.
During the transformation, the main parameters, such as opening radius, plate width,
wall height, and total reinforcement area, are kept unchanged. This ensures that the
membrane stress characteristics of the original structure are accurately represented in the
transformed model.

Py S\ J P~y

Reinforcement

J \ o T~
Transformation f \ Reinforcement = Transformation

(a) (b)
Figure 3. Transformation form. (a) Hatch. (b) Main window.

2.2. Theoretical Method
2.2.1. Wall Reinforcement

The spherical hull structure with wall reinforcement is shown in Figure 4.

5 Wall

Spherical shell
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Figure 4. Spherical hull with wall reinforcement.
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For a relatively small circular opening, the local reinforced region can be treated as an
axisymmetric structure [32]. In the polar coordinate system (p, 0), the displacement and
stress function of the spherical shell are written as Equation (1). The analysis assumes linear
elastic material behavior, uniform external pressure, a circular or approximately circular
opening, and a local stress concentration field that decays away from the opening edge [32]:

{DAAw +EA@) —p=0 @
AN®) — EtAw =0

where D is the bending rigidity, D = Eh®/12(1 — ?); E is Young’s modulus; y is Poisson’s
ratio; R is the radius of the spherical hull; & is the spherical hull thickness; p is external

pressure; w is the normal displacement function; & is the stress function; and A is the
10 4 1 0%
paop * p? 962"

differential operator, A = % +
The functions of internal membrane force T, internal moments M and internal normal

force N can be expressed by ® and w, as shown in Equation (2) in the polar coordinate
system frame:

To= %% + 5%

Ty = 327?

Too =~ hd + 2%

M= D[S +u(33 + 358 o
Mo = =D (35 + 25 +13¥)

Moo = —D(1 —ﬂ)(%% - ;78%’)

N, = =D (Aw)

Np = =B 3 (Aw)

The normal displacement function w and stress function ® should satisfy Equation (1).

The stress concentration at the opening area is local features and it can be assumed that

w and 6 are independent owing to features of the axisymmetric structure. Since the peak

stress decays rapidly with increasing distance from the opening area [32], the displacement

function of a spherical hull with an opening is assumed as an exponential decay function
in Equation (3):

w = w2 (3)

where B = p/a; a is the opening radius; and wjy is an undetermined coefficient.
Then, ® can be solved by substituting Equation (3) into Equation (1):

2
¢:A1np+Bp2+%(1nﬁ)2 4)

where A and B are undetermined coefficients defined by boundary conditions.

Both displacement function w and stress function ¢ are functions of the undetermined
coefficient wy. And wg can be obtained using Equation (5) based on the energy method.

2 R

| IDAMw + A(®) /R — plowde + /(Mp - Ma)éd—wdc - /(Np + 2 aTa)(Swds =0 )

dp
As shown in Equation (6), T, and Ty can be obtained by solving Equations (2) and (4):

Eh 2
T, = §+2B+%Zlen§

6
Ty=—4 +2B+ 05 (1-1n ) ©
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The boundary conditions of spherical shells with openings should meet Equation (7),
which enforces compatibility between the shell deformation and the reinforced boundary:

Tp =Ty, when:p=a ”
T, = Ty = EX, when : @
p =Ty = %, when:p — oo
Then, undetermined coefficients A and B can be obtained in Equation (8), which is
solved from Equations (6) and (7):

A = (T, — 2B)a?
R 8)
B=E"
Ac <1+%7%g>
where T, = HJ’W [28]; A is the effective area, A, = 6 Vas; [ is the effective

coefficient of wall heigh [31]; and J is wall thickness.
SCF K, and Ky can be obtained from T, and Ty using A and B, as shown in
Equation (9).
_ L _ 226 (14— g5) —2 | 9 p-2
KPpR/21+|: A ) 1|7+ 2wop*Inp
24 (1+w— &)

©)

ah

A
1+ 26 (14p)

Ky = pgeﬂ =1+ [1 }5—2 + 2wWop (1 — In B)
where Wy = Ehwy/pR>.

The circumferential stress is usually the maximum at the opening edge (8 = 1). The
max SCF can be calculated by Equation (10):

Ac = h

(K9)max =2-
1+ 21+ p)

+ 2wy (10)

The SCF (Kp) max
simplified parameters [32], as shown in Equation (11). And the family curves are illustrated

of the spherical hull with wall reinforcement can be solved with

in Figure 5.
X ) 2K; [1+w070.088(1<1)*2/3(1@)2/3] -
(Ko)max =2~ T+13K; + 2w
2Ky [1—0.088(1<1)*2/3(1<2)2/3] (11)
T — 1- 713K,
O 0.0078K, 1t i +243KK,

where K; = % and K, = % v/ %@ . The substitutions K; and K, are dimensionless structural

parameters introduced to make the equations more visual and easier to implement in
calculation programs.

When the structural design parameters are determined, K; and K can be calculated
from the above equation, and SCF at the spherical shell opening area can be obtained from
Figure 5. This enables rapid optimization of the reinforcement geometry before detailed
finite element verification.

2.2.2. Wall and Thick Plate Combination Reinforcement

A thick plate should be introduced into the reinforcement structure when the wall
reinforcement fails to satisfy the strength limitations, even when the wall to spherical shell
ratio reaches 2.0 [30]. The spherical hull structure with the wall and thick plate combination
reinforcement is illustrated in Figure 6.
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Figure 6. Spherical hull with wall and thick plate combination reinforcement.

The wall and thick plate combination reinforcement leads to stress concentration
at the opening edge (0 = a) and the connection between the thick plate and spherical
shell (o = b) [28]. The analysis procedure incorporates the compatibility equation at the
connection of the reinforcement plate and spherical shell, in addition to the boundary
conditions considered in the wall reinforcement. The circumferential stress remains the

https:/ /doi.org/10.3390/app16136634
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primary concern, similar to the stress characteristics in the wall reinforcement [11]. The
SCFs at opening edges are given in Equations (12) and (14):

e  SCF at the opening for the thick plate (p = a);

To/hy 2 (m2+1)g—ﬁ—2m2 Iy 4 owyeinm

(Kr0)max = pR/2h = g 1_m2 Gwo (12)

where § = hy/h, m = b/a, b is the radius of shell opening for reinforcement plates, and h,
is reinforcement plate thickness.

The reinforcement plate coefficient v was introduced to link (Kyg),,,, to the SCF
(Kp) max Of the wall reinforcement case, as shown in Equation (13) [32].
(Kot o = 7Koo = 17— (Ko) 13)
79max_’y 9max_1+a(m_1) 0 ) max
where « can be obtained from previous research [32].
e  SCF at the connection of the thick plate and spherical shell:
Ty
(Ksﬂ)max = pR/Z (14)

Referring to Equation (4), the stress function ®; of the spherical hull with combined
reinforcement can be written as Equation (15).

2 2
wokha” | ) (15)

CI>2:A21np—|—sz2+ SR 1

The boundary conditions of spherical shells with combined reinforcement should
satisfy Equation (16):
T, = Ty, when:p =b

16
Tp:Tf):%,when:pﬁoo (16)

And undetermined coefficients A, and B, can be obtained, as shown in Equation (17):
_ PR Ko (17)

Substituting Equation (17) into Equation (14) gives the rewritten SCF expression in
Equation (18).
Ty

(Ksé))max: /0
pR/2 (18)

Internal force T,, Tj, and explicit displacement w are determined using the following
three boundary conditions:

( m2—1 pR 2)

_ 2 4gnm)? | 83311 (R\ A sk
+(’,‘(1—m 2)+m 2_ n(ﬂnfrr{) + 3(1*P‘2) Z(;) %Eﬁ}wo—lJernm

1.  w fits the mixed variational equation solved from Equation (5):
);ﬁ+4m21nm Tb _’_{|:40/3 8#63 ( If) 6:| (R/a)4(h/R)2

(19)

where Wy = Ehwy/pR>.
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2. The compatibility equation for connection of the wall and thick plate:

1+(m2+1)+y(m2—l)ﬁ T 2m® AT, () 2lnm\AcwoEl  Acah 20)
m2 —1 ahy | pR~ m?2 —1ah; pR m2—1)ah;y pR2 " ahiR 6

3. The compatibility equation for the connection of the thick plate and spherical shell:

2 (1+u) +m?(1—pu) + (mz—l)(l—ky)é %mm
mz—lTu_ pa— T, + 1 = —¢pR (21)

Solving Equations (19)-(21) gives T}, and wy, as shown in Equation (22).

T, = pR&
2 (22)
wo = PEL%

where

E=th [Kl (1.3m2 4 0.7) i é‘(mz - 1)} +2RInm(2Inm +1) [Kl (1.3m2 4 0.7) n {,‘(mz - 1)}
F2K &2t Inm — 1) — 24Ky (2Inm + 1) (2t Inm — 1) — 0.17606t; £,K3/ 3 K373
~0.352124,K}3K2/3¢ Inm(2t; Inm — 1)

F= 2lnm+1)2 [Kl (1.3m2 + 0.7) + g(mz - 1)} (1.3¢ + 2t +0.7) + 4 Kym? (2t Inm — 1)

¢
+0.7042412K1 3 K3/ 3m? In m — 0.17606K1/°K3/3 (2t; Inm — 1)(1.3¢ + 2t +0.7)

— 42K, (2Inm + 1)";2 — 4B Inm K (13m2 +07) + ¢ (m? ~1))]

C=883m(Inm)” | Ky (1.3m2 +07) + ¢ (m? = 1) | + 2Ky (2t Inm — 1) (1.3g + 24 +07)

12t
Lhb [Kl (1.3m2 + 0.7) + §(m2 - 1)] — 42K m? — 162Ky mP Inm (2t Inm — 1)
¢ ¢
L1
o
K3 0.00782 +0.015(1 — &%) m~° 1 1 2
t2: 243K§/3 K% + C(l — 7112) + W — 4t1§(11’1m)

The SCF (Ksg)max
simulated in Equation (23) with known structural parameters.

at the connection of the thick plate and spherical shell can be

E—-F
(Ks0) max = 2(1 — C) (23)

where E, F and C are defined in Equation (22) above. Figure 7 shows part of the SCF family
curves. SCF can be obtained in family curves based on K; and K, for known m and ¢.
And Equation (23) degenerates to Equation (11) when m — 1 and § = 1, which is the wall
reinforcement case.

From Figure 7, it can be seen that as m and ¢ increase, the SCF decreases. The effect
of thick plate thickness h; and thick plate opening radius b on SCF is further analyzed

in Figure 8. It can be observed that (Ks),,., decreases steadily, but with a gradually

max
decreasing reduction rate, as h; or b increases. This trend shows a diminishing return
on stress reduction by solely increasing the reinforcement dimensions. This suggests
an optimal design point where the structural weight is balanced against the structural

strength limitations.
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Figure 7. SCF at the connection of the thick plate and spherical shell with different structure design
parameters: (a)m =12, =15,(b)ym =15 =12,(c)m=12,{ =2,(d)ym =15, =2.
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Figure 8. The effect of reinforcement plate radius and thickness on SCF.
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Tables 1 and 2 show the effect of wall thickness and reinforcement plate thickness on
the SCFE. The SCF variation remains less than 5% when ¢ and h; vary by less than £20%,
respectively, when all the other opening reinforcement structural parameters are kept
unchanged. This indicates that the transformed parameters have a limited influence on the
stress concentration at the opening region. Therefore, the proposed method is well suited
for strength verification of the spherical shell opening reinforcement shown in this research.

Table 1. SCF with wall thickness changing.

Material 1) Jx12 Deviation J x 0.8 Deviation
TA31 1.169 1.131 —3.251% 1.220 4.363%
TC4ELI 1.143 1.105 —3.325% 1.192 4.287%

Table 2. SCF with reinforcement plate thickness changing.

Material hy hy x 1.2 Deviation hy x 0.8 Deviation
TA31 1.169 1.121 —4.106% 1.227 4.962%
TC4ELI 1.143 1.097 —4.025% 1.198 4.812%

The stress concentration near the opening is primarily attributed to the discontinuity
of membrane stress transmission and stiffness mismatch between the spherical shell and
the opening reinforcements. Increasing the reinforcement plate radius or thickness can
enhance the local load-transfer path and reduce the stress concentration at the opening
area. However, the reduction in SCF exhibits a diminishing return as the reinforcement
dimensions increase., which indicates that simply increasing reinforcement dimensions may
not always be efficient. Excessive reinforcement may lead to structural weight increasing
without producing proportional stress reduction. Therefore, the reinforcement design
should balance opening reinforcements strength, smooth stiffness transition and structural
weight. The proposed SCF method serve as a rapid preliminary design and strength-
evaluating tool before detailed finite element verification. However, for non-axisymmetric
openings, complex local attachments, very thick shells, or highly nonlinear deformation
cases, further validation or direct finite element analysis is still required.

3. Experimental Details and Finite Element Analysis
3.1. External Pressure Test

An external pressure test was applied on two full-scale manned spherical hulls to
validate the theoretical method. The primary geometric parameters are listed in Table 3.
The maximum operating depth of the spherical hull is 4500 m underwater, corresponding
to an operating pressure of 46 MPa. The maximum test pressure was set to 57.5 MPa
(1.25 times the operating pressure).

Table 3. Structure design parameters.

. Inside Diameter Thickness Opening Radius (mm)
Material
(mm) (mm) Access Hatch Main Window Side Window
TA31 56
TC4ELI 2100 53 330 315.7 262.9

High-sensitivity resistance strain gauges with a temperature compensation function
were arranged on both sides of the spherical hulls to capture stress accurately, as shown
in Figure 9. The gauges were waterproofed to ensure reliability under high-pressure

https:/ /doi.org/10.3390/app16136634
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conditions. Figure 10 shows the test preparation. A step-wise hydrostatic pressure test
procedure was conducted up to 57.5 MPa (1.25 times the operational pressure). The loading
and unloading rates were controlled at 0.6 MPa/min. Strain data were recorded after each
pressure increment stabilized for a minimum of 3 min to ensure equilibrium.

Main window

Figure 10. Test preparation.

3.2. Finite Element Analysis

The finite element analysis was applied in ABAQUS. The element type is C3D20R.
The material is titanium alloy, and its density, Young’s modulus and Poisson’s ratio are
4510 kg/m?, 110 GPa and 0.34, respectively. Two points, UX = UY = 0, on the Z-axis of
the outer surface of the shell and one point on the X-axis, UX = UZ = 0, were applied to
the boundary conditions according to the requirement of CCS illustrated in Figure 11 [31].
Mesh sensitivity was evaluated to ensure solution convergence, shown in Table 4. It can
be observed that max Tresca stress of the whole model changes by less than 5%. The final
spherical shell finite element model contains 38,590 elements and 190,866 nodes, ensuring
a balance between computational efficiency and accuracy.

https:/ /doi.org/10.3390/app16136634
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Point 1 and 2
UX=UY=0

Figure 11. FEA boundary conditions.

Table 4. Mesh sensitivity analysis.

Element Size 20 mm 10 mm 5 mm
Max Tresca stress 1020 MPa 1060 MPa 1105 MPa
4. Results

Figure 12a shows the global stress distribution. And Figure 12b—d show the circumfer-
ential stress distribution at the opening area. A stress linearization procedure through the
thickness was applied to obtain membrane stress at the area of interest. The FE-based SCF
was defined as the ratio of the membrane stress at the reinforced opening to the membrane
stress away from the shell opening.

s, Tresca 5, 522 (Csvs-1)
(@) | aze (b) | a3
+1.02e+03 :%g;:ﬁg
e e 5160402
17 .8set03 Jae
Hs8ai 35103
ey :
3%e102
Pt
e 5l
+3.41e+02 5.33e402
12550102 :
s
el Ssseion
tasreior 3510
( C) s, 522 (CSYS-1) ( ) s, 522 (Cs¥s-1)
(hvg: 75%) d e

Figure 12. FEA results of opening areas: (a) global stress, (b) access hatch, (c) side window,
(d) main window.
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Figure 13 shows representative strain responses under the maximum test pressure of
57.5 MPa. The measured strain varies nearly linearly with external pressure and returns
close to the initial value after unloading, indicating that the hull response of the structure
remains elastic during the test. Membrane stresses were calculated by averaging the
measured strains on the inner and outer surfaces. The tested SCF at the opening area was
calculated based on measured data, as shown in Table 5. A comprehensive comparison
of the SCF values obtained from the theoretical method, FEA, and the pressure tests is
summarized in Table 5.

0 0
—1000 —1000 1
£ -2000 | £ 2000 1
£ £
g g
¢ —3000 & —3000 ]
—&— A05—=—E05 —&— A11—=—E11
—— A06 EO6 ——A12 E12
—4000 A07—A— EQ7 —4000 A13—&—E13 '
A08 EO8 A14 E14
—5000 * * * ! * -5000 * * ! ! !
0 10 20 30 40 50 60 0 10 20 30 40 50 60
External pressure /MPa External pressure /MPa
(a) Hatch (b) Main window
Figure 13. Strain response to external pressure at typical area: (a) Strain response at measure point of
hatch. (b) Strain response at measure point of main window.
Table 5. Theoretical calculations and experimental results of SCF.
. . Theoretical . Deviation of Theoretical
Material Location Value FE Analysis = Test Results Value to Test Results
Hatch 1.169 1.161 1.191 1.85%
TA31 Main window 1.274 1.207 1.221 4.34%
Side window No. 1 1.226 1.183 1.246 1.61%
Side window No. 2 1.226 1.183 1.195 2.59%
Hatch 1.143 1.130 1.091 4.77%
TCAELI Main window 1.258 1.202 1.154 9.01%
Side window No. 1 1.216 1.142 1.215 0.08%
Side window No. 2 1.216 1.169 1.198 1.50%

It can be seen that the SCFs obtained by the proposed theoretical method, finite
element analysis and the experiments indicate a high consistency and the deviation of most
numerical results is generally within 5%, which indicates that the method proposed in this
paper has high accuracy in evaluating the SCF at the opening area of spherical shells. The
maximum deviation of 9.01% at the main window of the TC4ELI hull is also less than 10%,
which may be attributed to the welding residual stresses in the heat-affected zone (HAZ) of
the titanium alloy, which are not fully accounted for in the linear elastic theoretical model.

During manufacturing, the required tolerance for the shell thickness is (0, +1 mm),
and the tolerance for the inner diameter is (—2 mm, 0). The actual manufacturing thickness
of the spherical shell with TA31 alloy is 56.89 mm. Tables 6 and 7 show the influence of

https:/ /doi.org/10.3390/app16136634
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thickness deviation and inner diameter deviation on the SCF. From the table, it can be seen
that both deviations have little influence on SCF (variations less than 0.7% and 0.02%, re-
spectively). This suggests that the theoretical model is robust against typical manufacturing
tolerance. The design parameters can effectively represent the SCF characteristics of the
actual structure in the theoretical calculation. The applicability of this method has been
validated with the spherical hulls with opening ratio no more than 0.32 and thickness to
shell radius ratio about 0.05 in this study. Further experiments are needed to verify the
applicability for spherical hulls with larger opening ratios. While this study focuses on
titanium-alloy hulls, the underlying analytical principle is material-agnostic and can be
adapted to other shell materials after experimental verification.

Table 6. SCF at shell opening with design shell thickness and actual shell thickness.

Design Thickness  Actual Thickness

Location t = 56 mm t = 56.89 mm Deviation
Access Hatch 1.169 1.176 0.598%
Main window 1.274 1.282 0.628%
Side window 1.226 1.223 0.576%

Table 7. SCF at shell opening with upper and lower limits of design inside radius.

. Upper Limits Lower Limits .y
Location R = 1050 mm R = 1049 mm Deviation
Access Hatch 1.169 1.1691 0.008%
Main window 1.274 1.2742 0.016%
Side window 1.226 1.2262 0.007%

5. Conclusions

This study has developed a theoretical formulation for calculating the SCF in titanium-
alloy spherical hulls with opening reinforcements under external pressure. By employing
a geometric transformation based on the EAC, complex geometries were successfully
simplified for analytical treatment.

The proposed method was validated through comprehensive FEA and full-scale
external pressure tests. The results indicate a high consistency among the theoretical
predictions, finite element analysis, and experimental measurements, with most deviations
remaining below 5%. The proposed method therefore provides a practical and rapid
framework for evaluating the strength of opening reinforcements for underwater spherical
pressure hulls.

This study is limited to spherical shells with openings and working depths similar
to those in this paper. Factors like welding residual stress, manufacturing processes, and
creep effects have not been fully considered. Future work will focus on extending this
method to more opening types, pressure hull operation depths, manufacturing processes
and different shell materials. It should be noted that the current analytical model assumes
linear elastic material behavior. For ultra-deep applications where material nonlinearity or
large deformation occurs, a nonlinear FEA correction factor is recommended.
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