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Purpose: The design of submarine pressure hulls inherently involves conflicting objectives: weight
minimization, safety enhancement, cost reduction, and operational effectiveness. Traditional deterministic
approaches rely on overly conservative safety factors, leading to 18-25% excess weight. Additionally, a
significant gap exists between engineering simulations and multi-stakeholder, risk-informed design criteria. This
research develops a novel probabilistic multi-criteria decision-making framework that integrates
Reliability-Based Design Optimization (RBDO) with multi-criteria analysis to achieve an optimally balanced
design for submarine pressure hulls, simultaneously addressing weight, reliability, cost, and operational
effectiveness.

Design/methodology/approach: The framework comprises seven main stages. A baseline pressure hull was
defined per marine standards (ABS, DNV) for 500 m depth. Design variables include six geometric parameters:
shell thickness, stiffener spacing, web height and thickness, and flange width and thickness. The objective is
weight minimization under probabilistic constraints for three failure modes (yield, buckling, collapse) with a
target reliability index f>3.5 (Pf<2.3x10*). Nonlinear finite element analysis was performed in
Abaqus/Standard using S4R shell elements, incorporating geometric and material nonlinearities for A516 Grade
70 steel (E=200 GPa, v=0.3, yield 260 MPa). The Riks method handled post-buckling. Validation against
analytical and experimental data showed <5% discrepancy. Uncertainties were modeled as yield strength
(normal, COV=2.7%), shell thickness (normal, COV=3%), and out-of-roundness (Gumbel, COV=40%). A
genetic algorithm (population 50, 100 generations) with RBDO constraints generated a Pareto frontier (M1—
MS5). A Kriging surrogate (R>>0.98) reduced computational cost in Monte Carlo simulation (100,000 samples).
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Global sensitivity analysis used importance vectors a, 8, . The Analytic Hierarchy Process (AHP) with ten
naval experts evaluated the Overall Measure of Effectiveness (OMOE) across six operational capabilities.
Life-Cycle Cost (LCC) was calculated via activity-based costing (material, manufacturing, welding). Finally, a
multi-criteria comparison integrated weight, reliability, LCC, and OMOE to select the optimal design.

Findings: The framework achieved 23.4% weight reduction (51.0 to 39.1t) with a reliability index of 3.50.
Model M2 was optimal, satisfying >3.5 while maximizing weight reduction. Model M5 had similar weight
reduction but failed reliability (=3.10<3.5). M2 scored OMOE=0.85 vs. baseline 0.67. LCC showed a 40.9%
cost reduction ($42,640 to $25,205 k), mainly from lower welding costs. Meeting the reliability target required
only 0.4% extra cost compared with unreliable M5, demonstrating a high safety return. Sensitivity analysis
identified yield strength as dominant (70% contribution to failure variance). The n vector confirmed that
reducing yield strength standard deviation (n|=0.78) most effectively lowers failure probability, prioritizing
material quality control. Stiffener spacing affects weight reduction more than shell thickness.

Research limitations/implications: Limitations include: static collapse only (no dynamic/fatigue), restriction to
A516 steel (no composites), omission of detailed manufacturing effects (e.g., welding distortions), and reliance
on ten naval experts (broader stakeholder input could improve robustness). Future work should incorporate
spectral fatigue and dynamic loading, extend to advanced materials, integrate manufacturing simulations, and
apply multi-fidelity modeling to reduce computational costs.

Practical implications — For submarine project managers: (1) early-stage RBDO can cut weight by up to
23.4%, improving maneuverability and fuel efficiency; (2) yield-strength quality control is the most
cost-effective safety strategy; (3) manufacturing tolerances must be included in reliability assessments; (4)
OMOE enables balanced trade-offs; (5) the Pareto frontier aids in selecting designs for specific missions.

Social implications: The risk-based framework applies to other pressure vessels (deep-sea submersibles,
offshore platforms, pipelines), enhancing marine safety and environmental protection. Improved reliability
lowers catastrophic failure risks (loss of life, oil spills, ecosystem damage). Cost optimization reduces public
spending on defense and infrastructure. Emphasis on material quality fosters higher industry standards and
workforce skills.

Originality/value: Novelty lies in integrating weight, reliability, cost, and operational effectiveness within one
probabilistic framework—unlike prior isolated studies. Contributions include advancing risk assessment via
Monte Carlo with Kriging; enabling safety-reliability trade-offs via RBDO-AHP integration; demonstrating
real-world feasibility; and offering a multi-stakeholder decision tool. This provides significant value to naval
engineers, project managers, and offshore industry decision makers.

Keywords: Submarine pressure hull, Reliability-Based Design Optimization (RBDO), Multi-Criteria Decision-
Making (MCDM), Monte Carlo Simulation, Analytic Hierarchy Process (AHP)
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Table 1- Comparative analysis of recent studies on marine structural optimization and advances of the current framework
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Table 2- Geometric specifications of the baseline pressure hull design
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Fig. 1- Schematic of the pressure hull geometry showing cylindrical shell, internal ring frames, and end closures
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Table 3- Structural validation summary for the baseline pressure hull design
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Table 4. Probabilistic models for random variables in reliability analysis
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Table 5- Performance comparison of baseline and optimized pressure hull designs
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Table 6-etailed geometric specifications of the optimal model (M2) compared to baseline design
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Fig. 7- Genetic algorithm convergence history
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Table 7- Reliability analysis results for baseline and optimized designs
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Table 8- Ranking of models based on probability of failure

Pf N pdd 2 A oSSke Jaa 45,
oees) /VY¥ . /YY Ml |
VR ut /YO YV M3 Y
N4 Vatad AL M2 ¥
o/AVY /YVEN Viny Ms \
AYYY AN o\ e o
ATYS  VE e M4 §

Cons b= }.\l:u_' 5 ¥-¥

ol 13 s b plnil Gl sl Olgabl Skl s U el 5008 S8l lalid (ol ol Jidos
DLz 1 slns Sl 5 5Sils s S (olial sls e S5 o 5 4 L e ) B @
i 6 Il s sl (a=0.72) Caslie Jale s 518 S0 aebed uaglie 4 das s 0L @ Sls 1 as e
s 5 olid 5l Sl ad LPE ol 5HAVE L, o5 das s 0L 8 Sls 1 . (0m40.27) ol a5l L

AMF0.78) ol Jole o 5 Sl ‘("*”L": Cooglde (6 udy pad aS das o OLAST Hls 0 555 e 03l
el sl sl 8L aS s s s ((0f=0.72) Cslis bale o 518 23U (ks Conslin z0ls 0
(o=+0.27)
5 gn 0303 e 55 5L Sole DS WPy il SHAVE Lt (el 5D Ll e
(ME0.78) sl Jole o 3 Sl webed Cuaslie (6 ks ot 1 Glome Sl 5D M s 0
| el it i b Lo V0 S el s Y Y (gla S 3 ol Lo il
L Ll oS5 5 @ @ Conal Glasls p o 5 VF B (sla S0 as e 0L o3l Oliabsl il i
Jlazmt 1y Slme Gl il 5 pS0ke & is 30« dolaas (gla e 30 3 s Lajls o opl s o Jiled

s e Ol ol

0.8
07 —— ==
06 0.02
0.5 0015
0.4
03 — 0oL 1 u dpifad
0.2
0.005 .
01 .
0 T T T 1 0 T "
Yield stress Ultimate Elastic pressure dl d2
tensile stress modulus
(WD o cenl Hls 1Y K3 ol (58 it Copuslm ko =)+ IS0
Fig. 11- Importance vector o (alpha) Fig. 10- Sensitivity analysis of decision variables on structural

reliability



WYV OLSea 5 (Slonadn gl ol [ (250 )5 Jled By (o1 b gl Oloebl Cil (s ) bmeki 6::5"-*‘5 colr

09 08
0.8 07 f
07 06
0.6 05 /
0% 0.4 /
0.4 03 .———-., /
03 ~_ /
0.1

01
a T T T 1 o ' ' ' !
Yield stress  Ultimate tensile Elastic modulus  pressure Yield stress Ultimate Elastic pressure
stress tensile stress  modulus
LN ool Hls -V JSJ (L) 8 caar] L5 5 — VY JS..:
Fig. 13- Importance vector 1 (eta) Fig. 12- Importance vector o (delta)
0.6

0.4 *qe S
o+ —_— @ o=0pf/dxi
0.2 ‘2006 @ 5=0pf/OM(xi)
04 ——— — @ n=0pf/do(xi)
06  ——
0.8 o
N cacaaal slajls N\ K3

Fig. 14- Combined importance vectors a, 9, 1

(=4

el 03l Olgabl Sl s 3 Jale o IS B o3V g b ks aaslie oS 1 0L s
s O5s el sl b riy (L) WedS e Aol cpioean

OMOE = L o-¥

Lol vl sl alIVA P sl S s cidose (slaz b (sl sddapulns OMOE (slajlizal
B A L L e 8 olasiie gladss 510 S s (B il) Sllee o LB (gl 5 sddanlw
55 Slmislio lesliul U 5 ool el Jdow dul 3 51 03 cpl vl ol osls iales V8 IS5 s
(5 Shas 5las) MOP™ OV IS5 53 (5 Shes lis) VOP (gl sdiacwlns sladde . lodel s 40 08,
T e S Ladde bl e €104 S0 s 5 (s 3 IS Jlee) sl OMOE 5)A IS )3
s s 0L | OMOE ol e Cilisis

10%
° 11% HOC1
H0C2
M O0C3
HOC4

M OC5

W) Sbles slac bl 355 -V0 S
Fig. 15- Operational capability weights (w) derived from AHP process



V¥ 0 FO Lﬁtﬁ Al ﬂ‘)LMiI AN 0,93 cCJL_.l.a.F_}J:S}J S pde 2 JZA_;J”.:/\Y/\

el ———
TIED  —
TS6-1

TS5-1

T54-5
TS4-4
TS43
TS4-2
TS41
T53-9
53-8
537
536
535
534
T53-3
TS53-2
TS31
525
1524

Ts23
T52-2
TS52-1
T51-5
514
T51-3

T51-2

TS51-1

e

08 1

o
Q
<

0.4 06

@ Technical specification weight W1

(W) 2 olasin 355 -\ K&
Fig. 16- Technical specification weights (W1) derived from AHP process

1.2
1
==¢==\/OP-BM
0.8 - 4 [y VIR
AR =
"l 'l.-l.‘l-ll'
0.4 - ' A == \/OP-M3
0 ==@=\OP-M5
TSR U AL A AL BRTAR,
o 4 Hd NN MMM non S S N0
N Vv un n noumounun unoumounounoan
FFFFFFFFFFRFFRFFRFFRRFRRFRF
VOP ladus —\Y JS.:
Fig- 17- Value of Performance (VOP) models for technical specifications
1.2
1
—MOP-BM
0.8 =
\ —— MOP-M1
0.6 ——MOP-M2
\/\ ——MOP-M3
0.4 AN —4—MOP-M4
e MIOP-M 5
0.2
0 T T T
ocC1 oc2 oc3 oc4 ocC5 oCe6

MOP sladds —\A JS.Z

Fig. 18-Measure of Performance (MOP) models for operational capabilities




YA 0L 5 Slontdn ol ol [ (a0 ) Jled By (1 b gl Oleebl Sl (s ) bmekir dj'fr-*‘-‘ colr

OMOE

@BM oMl oM2 @M3 oM4 @MS5

M5, 0.849
M1,0765 M2,085 M3 0797

] M4,0771
8M, 0.501 o o \) g

0 ik 2 3 4 5 6 7

OMOE slad s -4 S
Fig. 19- Overall Measure of Effectiveness (OMOE) models for different designs

b s b g 0515 b Olsieas 53 S | OMOE el o 5V +/AD lsl L M2 Jke

S 1 sday glaad, 53 e /FY Slael LMS Jie s +/8Y Ll b aly
(LCCYS) jos 5 o iy p gl #-¥

el ol O s gy Jals Jdr ol el 0k 1 o 53 e (25 Sl jee B By SIS
Y Ohls i g polie il b il ay e Ao s 5 IS A (G e b ol A e
ol e By Al S e Jold ol e b Je Sl eslizad b jes 5 duge el 18 IS
ol ol duga Jold) e it duge glaad jo 2Ll lake 15 sl ol dsle (5IKE 42 5 sl
LS aupm shiasOlis Ogie a Gl sddenly Jlad Yoo IS s MSE M 5 b)) Jie id (gl (6, K5 5
Ll e Adfe a g sasOLL (i S g i s sl e K

OYs 01,158) jee &5 2y n S -4 Jgu
Table 9- Life-Cycle Cost (LCC) breakdown for baseline and optimized designs (thousands of USD)

(Pl & Sl 432 J5 GRS g Ay ja ol e 5l g &y 3a e
Veo/e FY/5F F/8A+ VY5 YO/O sl
SV/\ YAFAY Yoo Natas YN0 Mi
04/ Y0/Y40 Yo 0/ 0 V4/00° M2
04/0 YO/FVE Yoo o/VSE V4/4es M3
$a/¥ YO/NVO Yoo ARt ALY M4

OAN/A YO/NY . YO (WARK V4/00+ M5




V¥ 0 FO v.ﬁvlﬁ I ool AVoo,yes ‘Ql:.l.q&_g.kzj}s S e o JA}}:/\V'

@ Material Cost () Fabrication Cost () Welding & Assembly

Model M2 (Optimal)

[ElMaterial Cost: $19.550M (77.6%

[l Fabrication Cost: $5.305M

[ElWelding & Assembly: $0.350M (1.4%)

Gost (Milllon USD)

Baseline Model M1 Model M2 (Optimal) Model M3 Model M4 Model M5
Design Model

oo i e baad e il glakw ,I:_,QS—Y-JS.Z
Fig. 20- Stacked bar chart of Life-Cycle Cost (LCC) components
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Fig. 21- Radar chart comparing normalized design variables of optimized models relative to baseline
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! Reliability-Based Design Optimization

? Analytic Hierarchy Process

? Overall Measure of Effectiveness

* Genetic Algorithm

> Coefficient of Variation

® First Order Reliability Method
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¥ Multi-stakeholder (i.e., a process in which multiple stakeholders with different priorities are involved in
decision-making)
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