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Abstract Optimizing the design of composite cyl-
inders is crucial for balancing structural integrity,
weight reduction, and cost-effectiveness, especially
with the widespread use of fiber-reinforced materi-
als in many engineering applications. This study pre-
sents a novel approach using Genetic Algorithms to
optimize liquefied petroleum gas (LPG) composite
cylinders for maximum failure pressure by MATLAB
software. Inspired by natural selection, the Genetic
Algorithm efficiently explores design variations, con-
sidering different materials and cylinder geometries.
The main goal of this study is to find the best ply
angle and stacking sequence to maximize failure pres-
sure for hybrid and non-hybrid composite cylinders.
The maximum stress and Tsai—-Wu criteria are used
together to predict failure. The algorithm converges
towards an optimal design through iterative genera-
tions, evaluated using fitness functions based on clas-
sical laminate theory. The results demonstrate the
effectiveness of this approach in achieving an opti-
mal design under mechanical and thermal loads. The
optimization process exhibits strong sensitivity to the
selected failure criterion, with the Tsai-Wu and Maxi-
mum Stress theories generating fundamentally dif-
ferent optimal configurations. For example, design I
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under mechanical loads, the Tsai-Wu failure criterion
based GA finds that the optimal solution for carbon
epoxy is [-89/-50/56/-50/-51/-504/56,/-50/56/-50/57/-
50,/565/57/-50,/56],. In contrast, for the maximum
stress failure criterion based GA, the optimal solu-
tion is [51, /-50/51,/-50,/51/-50/51/-50/52,/-50,/524/-
50,/52/-50/51/-505],. The analysis under combined
mechanical and thermal loading highlights signifi-
cant performance constraints driven by temperature
variations, uncovering distinct operational regimes.
Within a limited thermal range, several viable stack-
ing sequences are achievable; however, outside this
window, only simplified—yet less optimal—designs
remain feasible. For example, carbon epoxy, both GA
identified that [90,4] is the optimal configuration.
Numerical findings provide insights for hybrid and
non-hybrid composite cylinders, assessing the best
design based on cylinder structural efficiency and the
cylinder cost.

Keywords Composite cylinder - Liquefied
petroleum gas - Optimum design - Genetic algorithm -
Failure pressure

1 Introduction
Liquefied petroleum gas (LPG) has become a ver-
satile fuel source widely utilized in heating, cook-

ing, and transportation. However, efficient storage
and transportation of LPG require well-designed
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containers. While commonly used, traditional metal
cylinders are heavy and have safety limitations. Chan-
drakar et al. (2017) demonstrated that composite LPG
cylinders are 54.5% lighter than steel ones, offering
enhanced safety, corrosion resistance, and a “leak
before fail” design. The advent of composite mate-
rials has opened up new possibilities for improving
the performance and functionality of LPG storage.
Fiber-reinforced composite materials offer numerous
advantages. Integrating fibers into a matrix creates
distinct interfaces, allowing for a unique combina-
tion of properties. Typically, fibers bear the primary
load, while the matrix provides support, facilitates
load transfer, and protects against environmental fac-
tors like heat and humidity. Despite the emphasis
on fibers, the matrix plays a crucial role in enhanc-
ing the material’s overall performance and durability
(Mallick 2008). Recently, Thomas et al. (2025) dem-
onstrated the development of sustainable epoxy com-
posites reinforced with anisotropic, lignin-derived
carbon aerogels, achieving notable improvements
in dynamic mechanical properties through a sim-
ple, green processing route involving ice-templating
and carbonization Incorporating generative artificial
intelligence (AI) into composite material design has
emerged as a transformative approach, enabling the
development of innovative structures with optimized
performance characteristics Hwang (2025) under-
scores the transformative potential of generative arti-
ficial intelligence (AI) in the design of composite
materials and structures. By leveraging generative
Al techniques, the study highlights advancements in
optimizing composite designs, addressing challenges
such as anisotropy and fracture behavior, and enhanc-
ing the overall efficiency and innovation in compos-
ite structure development. Given the complexity of
composite structures, particularly in layered configu-
rations, advanced modeling approaches are essential
to accurately predict their mechanical behavior. Saidi
et al. (2024) developed a refined four-variable shear
deformation model to analyze the vibrational behav-
ior of porous laminated composite plates, providing
insights into how porosity distributions and structural
parameters affect their dynamic responses. Belbachir
et al. (2025) and Nedri et al. (2014) developed refined
shear deformation theories with four unknowns,
which eliminated the need for shear correction fac-
tors. However, Belbachir et al. (2025) extended their
model to analyze both buckling and free vibration of
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cross-ply laminated plates on Pasternak foundations,
while Nedri et al. (2014) focused solely on free vibra-
tion analysis using a hyperbolic shear deformation
theory for laminated plates on Winkler and Pasternak
foundations. Addou et al. (2024) analyzed the flex-
ural and vibrational behaviors of laminated compos-
ite shells with varying porosity distributions using a
novel sinusoidal higher-order shear deformation the-
ory (HSDT). Similarly, Mouaici et al. (2016) inves-
tigated the vibrational characteristics of functionally
graded plates with porosity employing a hyperbolic
shear deformation theory. While both studies address
the impact of porosity on composite structures,
Addou et al. (2024) work extends the analysis to shell
geometries and introduces a sinusoidal shear func-
tion, offering enhanced precision in modeling shear
stress distributions. Attia et al. (2024) emphasize
shell geometries and employ a four-variable shear
deformation to validate the influence of curvature and
boundary conditions on natural frequencies through
finite element analysis. In contrast, Youzera et al.
(2022) delve into plate structures with viscoelastic
cores, focusing on nonlinear damping effects using
harmonic balance and Galerkin methods. Highlight-
ing the effects of geometric nonlinearity and viscoe-
lastic damping on frequency response.

Composite LPG cylinders are generally divided
into five primary categories, labeled sequentially
from Type I to Type V, with differences in cost,
weight, and composition. Nevertheless, the most
advanced pressure vessel technology currently availa-
ble is Type V, which is a composite, linerless cylinder
made entirely of fiber-reinforced materials, offering
maximum weight reduction and high-pressure resist-
ance, corrosion resistance, and improved visibility for
monitoring gas levels (Air et al. 2023). Few exam-
ples in the literature of Type V vessels are accessible.
Jones et al. (2003) produced a Type V tank using fila-
ment winding and analyzed it with a proof test of 41.4
bar. Mallick et al. (2010) utilized a novel epoxy resin
toughened system to develop several Type V filament
wound Tanks. Compared to the baseline aluminium
tank, one design achieved a weight reduction of 25%
and an increase of 15% in the internal volume. Recent
advancements in the design and testing of composite
pressure vessels have demonstrated the effectiveness
of numerical modeling in accurately predicting burst
pressure and failure mechanisms. For instance, Mik-
roni et al. (2024) developed and validated a numerical
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model for a Type V composite pressure vessel,
achieving less than 3% deviation between predicted
and experimental burst pressures. However, optimiz-
ing these cylinders requires achieving a configuration
that meets safety standards while minimizing weight
and preserving structural integrity. Optimizing LPG
composite cylinders is crucial, not only for improv-
ing safety and efficiency but also for cutting costs and
for streamlining manufacturing processes. By achiev-
ing an optimal design, manufacturers can minimize
material wastage, improve production turnaround
times, and ultimately offer more competitive pricing
to consumers. Additionally, implementing efficient
optimization techniques can drive progress in manu-
facturing technology, opening the door to faster and
more cost-effective production methods in the future.
Dedicating resources to optimizing LPG composite
cylinders offers long-term benefits for producers and
consumers.

In the realm of weight optimization, Akbulut and
Sonmez (2011) optimized laminated composite plates
across diverse loading conditions. They propose a
new variant of the simulated annealing algorithm to
optimize the layup design, considering fiber orien-
tation angle and the number of plies as design vari-
ables. Predicting failure using both maximum stress
and Tsai-Wu criteria, they show that their method-
ology can find globally optimum laminate designs,
even with numerous design variables. Pelletier and
Vel (2006) conducted a tri-objective optimization of
a pressure vessel to maximize hoop rigidity and fail-
ure pressure while minimizing mass. Their approach
utilized an integer-coded genetic algorithm for multi-
objective optimization of laminated composite mate-
rials. Their results demonstrate the effectiveness
of this methodology in achieving multi-objective
optimization goals. They propose integrating this
approach with advanced analytic or numeric laminate
analysis techniques and leveraging enhanced compu-
tational resources. Engineers can benefit from a valu-
able tool for designing superior laminated composite
structures.

Numerous studies have optimized composite struc-
tures to maximize buckling load. For example; Riche
and Haftka (1993) and Nagendra et al. (1992) opti-
mized the stacking sequence of composite plates to
maximize the buckling load. Rao and Lakshmi (2009)
explore the application of the Shuffled Frog-Leaping
Algorithm (SFLA) for optimizing laminate stacking

sequences in composite structures. They propose a
hybrid version of SFLA, integrating a customized
neighborhood search algorithm, adaptive search fac-
tor, and strategic crossover operator to enhance com-
putational efficiency and reliability. Through numeri-
cal experiments, they demonstrate the efficacy of the
hybrid SFLA in optimizing buckling and failure load
in composite plates and designing stiffened composite
cylindrical shells, outperforming other meta-heuristic
algorithms like genetic algorithms. Chen et al. (2022)
investigated a Bayesian optimization approach for a
composite cylinder shell, utilizing a Gaussian process
prior model for function representation and an acqui-
sition function targeting the maximization of eigen-
value buckling load. The study successfully identifies
optimal results for a composite cylinder with specified
dimensions and a symmetric stacking sequence. This
methodology demonstrates adaptability in designing
complex composite structures under various condi-
tions. Blom et al. (2010) optimized a composite cyl-
inder for enhanced resistance to buckling under pure
bending. They manipulated fiber placement tech-
niques to vary stiffness circumferentially, ensuring
manufacturability with imposed constraints. Criteria
included maintaining overall stiffness comparable to a
baseline laminate and exceeding specified thresholds
for equivalent stiffness. The study utilized laminates
of constant thickness, employing a surrogate model to
minimize finite element analyses and achieving sig-
nificant load-carrying capacity improvements through
adjustments in fiber orientation and load path. Chat-
topadhyay and Ferreira (1993) analyzed the failure
behavior of cylinders under axial compressive load-
ing. They utilized design optimization and sensitivity
analysis to evaluate thin-walled cylinders made from
symmetric orthotropic laminates with varying wall
thicknesses. Formal optimization techniques were
applied to adjust diameter and ply orientations, aim-
ing to maximize critical buckling load while impos-
ing constraints on ply stresses. The optimization pro-
cess used nonlinear programming with a two-point
exponential approximation method to improve com-
putational efficiency.

The genetic algorithm concept is attributed to John
Holland at the University of Michigan in the 1970s.
Holland aimed to apply principles of natural selec-
tion to artificial systems, diverging from reasoning-
based systems. Implemented through computer soft-
ware, these artificial systems find wide applications in
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design, optimization, and machine learning domains
(Soremekun 1997). From the literature review, it’s
evident that many studies employ genetic algo-
rithms to solve optimization problems. For example,
Liu et al. (2000) developed a permutation genetic
algorithm specifically for optimizing the stacking
sequence of composite laminates to maximize buck-
ling load. Their study demonstrated that permutation
GAs are more efficient than standard GAs for this
type of combinatorial optimization problem, signifi-
cantly reducing computational costs through effec-
tive repair strategies. Pan et al. (2021) introduced an
adaptive surrogate-based harmony search algorithm
(ASBHSA) for the design optimization of variable
stiffness composites (VSCs). Their approach effec-
tively addresses the challenges posed by the high non-
convexity of the design space, significantly improv-
ing optimization efficiency and performance under
various loading and boundary conditions. Mallikarjun
et al. (2018) used genetic algorithms to enhance the
effective utilization of the tailoring capabilities inher-
ent in filament wound cylinders by optimizing their
stacking sequence. Pelletier and Vel (2006) employed
a genetic algorithm to optimize a pressure vessel for
maximum hoop rigidity and failure pressure while
minimizing mass using a tri-objective approach. Sore-
mekun et al. (2001) studied various elitist approaches
for designing composite laminates to improve the
bending/twisting coupling of a laminated cantilever
beam. Messager et al. (2002) employed an analytical
model of shell buckling in conjunction with a genetic
algorithm to discover the optimal stacking sequences
for deep submarine exploration housings and autono-
mous underwater vehicles.

Despite the growing interest in composite pres-
sure vessels, a comprehensive optimization frame-
work that simultaneously addresses mechanical and
thermal loading, multiple failure criteria, and cost-
effectiveness—particularly for both hybrid and non-
hybrid LPG composite cylinders—remains largely
underexplored. Existing studies often limit their focus
to single-material configurations, neglect thermal
effects, or rely on a single failure criterion, thereby
restricting their applicability in real-world environ-
ments. Moreover, few works enforce material com-
position constraints to preserve true hybrid behavior
or incorporate economic considerations within the
design process. To bridge this gap, the present study
proposes an enhanced genetic algorithm (GA)-based
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optimization methodology tailored for the design of
Type V LPG composite pressure vessels. The techno-
logical objective is to maximize structural efficiency
while evaluating the performance of optimized stack-
ing sequences and ply orientations under mechanical
and combined thermomechanical loading conditions.
The optimization process utilizes both Tsai-Wu and
maximum stress failure criteria to ensure reliable
failure prediction and robustness. Three distinct lami-
nate configurations are examined: a single-material
layup, a two-material hybrid, and a three-material
hybrid, each subjected to GA-based optimization. To
improve convergence and maintain solution diver-
sity, the GA is augmented with advanced operators
including rank-based roulette wheel selection, cross-
average crossover, and low-probability mutation. The
optimization process exhibits strong sensitivity to the
selected failure criterion, with the Tsai-Wu and Maxi-
mum Stress theories generating fundamentally dif-
ferent optimal configurations. For example, design I
under mechanical loads, the Tsai-Wu failure criterion
based GA finds that the optimal solution for carbon
epoxy is [-89/-50/56/-50/-51/-504/56,/-50/56/-50/57/-
50,/565/57/-50,/56],. In contrast, for the maximum
stress failure criterion based GA, the optimal solu-
tion is [51, /-50/51,/-50,/51/-50/51/-50/52,/-50,/524/-
50,/52/-50/51/-505]. These enhancements enable
effective navigation of complex, high-dimensional
design spaces and prevent premature convergence.
Furthermore, the integration of classical laminate
theory with cost modeling allows for the identifica-
tion of structurally efficient and economically via-
ble solutions. The proposed approach demonstrates
strong adaptability to varying thermal conditions and
material combinations, offering a scalable and com-
putationally efficient tool for the optimal design of
advanced composite pressure vessels.

2 Modelling structure

In this study, several implicit modeling assumptions are
made to simplify the analysis of the composite cylin-
der. The first assumption involves the thin-walled cyl-
inder approximation, where the composite cylinder
is subjected to internal pressure, with the thickness
considered small relative to its radius. In this con-
text, we further assume the absence of shear stresses
in the wall, implying that the stress state is purely
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normal. Additionally, uniformity of longitudinal and
hoop stresses throughout the wall, indicating that
these stresses are uniformly distributed along both the
length and the circumference of the cylinder, have been
assumed. Radial stresses are considered negligible,
as they act normal to the curved plane of the isolated
element and have minimal effect on the overall stress
distribution. When the thin-walled cylinder undergoes
internal pressure, it induces two mutually perpendicular
principal stresses: namely, the hoop stress (circumfer-
ential stress) and the longitudinal stress (axial stress).
Furthermore, the laminate is assumed to be symmet-
ric, with symmetry about its mid-plane, which leads
to uniform material properties across the laminate and
simplifies the analysis. The analysis of the compos-
ite laminate is conducted under the plane stress con-
dition, utilizing classical laminate theory, which is a
suitable approach for laminates where the thickness
is much smaller than the in-plane dimensions. Addi-
tionally, bending-extension coupling is neglected (i.e.,
the B matrix is assumed to be zero), a consequence of
the symmetric laminate configuration, which further
reduces the complexity of the analysis. Finally, the
material properties are treated as constant throughout
the analysis, with no consideration for aging, creep, or
other time-dependent phenomena, given that the mate-
rial data is directly applied without any modifications
over time. These assumptions facilitate the analytical
approach but limit the generality of the results to cases
where such idealizations hold.

Explore a thin-walled composite cylinder subjected
to internal pressure P with thickness ¢, an internal diam-
eter d, and length L. Consider half of this cylinder and
delve into a rectangular segment of this cylinder crafted
from orthotropic layers tightly bonded together and
reinforced by continuous fibers. The structure exhibits
symmetry about its mid-plane. Applying internal pres-
sure on a thin-walled cylinder generates two perpendic-
ular principal stresses within its material.

The circumferential (hoop) stress o, and the longitu-
dinal stress o, are as follows:

pd
= — 1
oy 2 (1
pd
= — 2
or 41 2

The resultant loads per length due to stresses in the
cylinder manifest in both the hoop and axial direc-
tions are as follows:

_pd

Np =3 3)
_rd

No=+ “4)

These resultant forces correspond to in-plane nor-
mal loading, exerted within the rectangular part of
the cylinder, and will be treated as a laminate plate,
denoted as N,, and N,

Where:
Nxx = NL (5)
Ny, =Ny (6)

2.1 Macro-mechanical analysis of laminates

The macro-mechanical analysis of laminates was con-
ducted using classical laminate theory (e.g. see (Kaw
2006; Tsai 1966)). The initial step in commencing the
analysis involves defining the constitutive equations
that link stresses to the mid-surface strains and cur-
vatures in the global x, y, and z coordinate system for
each lamina as follows:

e+ zké
eoyy + Zk‘ (7
Yot kay

Oxx 01101,016
Oy | = Q129202

Txy Q 16 Q26 Q66

where Q_,j is the off-axis reduced stiffness matrix coef-
ficients of the lamina, and k;,k; and k;y are the cva-
tures (Hyer and White 2009).

Due to the varying stresses across different plies
within a laminated composite, it is practical to intro-
duce the concept of laminate force and moment
resultants. These resultants represent the cumulative
effects of stresses and moments acting on a cross-sec-
tional area of the laminate (Chawla 1998). Defined as
follows:

h/2

[N] = / [oldz ®)

—h/2
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n/2

M] = / [o]zdz 9)
—h/2

By substituting Eq. (7) into Eqgs. (8) and (9), the

matrices that connect the force and moment resultants
to the mid-surface strains and curvatures are derived.

[N] = [A][e°] + [BI[K] (10)

[M] = [B][e°] + [DI[K] (an

where A is the extensional stiffness matrix, B the
bending-extensional coupling stiffness matrix, and D
the bending stiffness matrix, the ABD matrix compo-
nent with i, j = 1,2, 6 are the following:

=Y (25) (=) (12)

k=1
I ([~

Byj=3 2 (0)(m -n.,) (13)
v (+

D=3 Z (Qz:f)(hi — i) (14

To calculate mid-plane strains, both sides of Eq.
(10) are multiplied by the inverse of the A matrix, and
since our composite laminate in this study is symmet-
rical, the B matrix is equal to zero and curvatures do
not exist due to symmetry and loading type.

[e°] = [AT7'[N] (15)
[e] = [e°] + z[k] (16)
€; p
&=l (17
Yo Yo

Finally, local stresses can be expressed in terms of
global strains as:

0] 01101,016

£X
92 = [Tlk| 0120207 ‘iy (18)
2 Ik 016926966 1L 2 Ik
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where
c2s¥2cs
[T]=| s%c%-2cs (19)
—csesc? — g2

where s = sinf, ¢ = cosé, and 0 is the ply angle.
2.2 Hygrothermal analysis of laminates

In simplified one-dimensional scenarios, the thermal
and hygrothermal strain is assumed to be given by the
following formula:

el =a)(T-T,) = AT (20)

el = i(c —co) = fiAc Q1)

wherei = 1,2, 3, «; is the coefficient of thermal expan-
sion, T is the actual temperature, 7 is the reference
temperature, ¢, is the initial moisture concentration,
and f, is coefficient of moisture expansion. The coeffi-
cients of thermal expansion for an orthotropic lamina,
where the fibers are oriented at an angle 6 to the x
direction, are provided as follows:

[ a, | _ [xa cos 62

| B B b6 sin 62 (22)
_ ay | _ | aa; ||cos 62

B, [ BBy || sin6? (23)
_ ay | _ | 2(a; — &) || cos 62 sin 62 ]

.ﬂXy] - [2(,61 _ﬁz)] [ 0 (24)

By definition, the total strain in the lamina is the
sum of the mechanical strain and the hygrothermal
strain, indeed, the mechanical strain in the lamina can
be determined by subtracting the hygrothermal strain
from the total strain. The constitutive Equation can be
written in matrix form as:

[£] = [°] +2Ik] - [@]AT = [BlAc 25)

The mechanical stresses can be calculated using
the following formula:

6] = [E] ([¢°] + 21k - [@IAT — [B1Ac) 26)
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Substituting (26) in the integrals (8) and (9) we
find:

N| |AB e"_NT_NH
M|~ ||| k|7 |Mr| | M @7
If no external loads are applied, the resultant forces
N and moments M are such that N=0 and M=0 (hygro-

thermal loads are self-equilibrated). The thermal loads
induced by the temperature difference are obtained as:

AB || N NT NH

BD KN = MT + MH (28)

where

V7] = AT Y [0 taleth = i) 29)
k=1

W] = ac Y (0] 181k (s = i) (30)
k=1

CUEED)

[Q] lalg (h; —h;_)) (31)

[m"] = 2 0] b1k (2 - 2.) (32)

To calculate mid-plane strains, both sides of Eq. (28)
are multiplied by the inverse of the A matrix, and since
our composite laminate in this study is symmetrical, the
B matrix is equal to zero. Curvatures don’t exist due to
symmetry and loading type; the non-mechanical strains
of the laminate corresponding to the stress resultants
mentioned above can be derived from Eq. (33) as:

V] = 1A ([NT] + [N¥]) (33)

Finally, it’s crucial to differentiate between the
hygrothermal strains within the individual layers,
denoted as £°V, and the free expansion strains, repre-
sented as £, of each layer. We can calculate the local
residual stresses in each layer of the laminate.

[€¥] ¢ =[] = ([e"] + [€"] ) (34)

_ R
Ug 0,191,916 5)13

7 = [Tlk| 012020 f% (35)
> p Q16926%66 1| 5 |,

2.3 Failure criteria for laminated composites

One of the goals of this study is to maximize the
failure pressure of composite cylinders using differ-
ent criteria to predict pressure failure. We use the
Tsai—-Wu (Akbulut and Sonmez 2011) and maxi-
mum stress (Camanho 2002) criteria to analyze
the failure of laminated composite materials. The
Tsai—-Wu failure condition for the two-dimensional
stress state considered here, is

2 2 2
o] 0, 27 0103
Ul U U|U U2 vl|vl|.ul.u
"17|"1c| ”2T‘62C‘ 12 61T|61C|62T)O—2C|
(36)
1 1 1 1
U [N L ) D S ] T
ol U oV U
1T O-lc 2T O-ZC

The expression on the left side of Eq. (36) refers
to the failure index. When its value is below 1.0, the
structure remains intact; the closer it approaches
zero, the higher the safety margin of the laminate.
This study employs a safety factor to determine the
pressure failure of the cylinder. The safety factor for
each lamina SF ’r‘w, based on the Tsai-Wu criterion, is
defined as the multiplier of the stress components
o; at lamina k, which makes the right-hand side of
Eq. (36) equal to 1.0.

a(SF ) +b(SFE) —1=0 (37)
where
B O'f + ‘75 7122 010,
ohilote] onloie] T (o [otifot]ok]
Y S S T U O U )
oy |O'f]C o3 ‘GZUC
(38)

The positive root of Eq. (37) provides the safety
factor. Since a negative safety factor lacks physical
significance, the absolute value of the first root is
taken as the actual safety factor. Subsequently, the
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minimum value of SF' ';W is selected as the laminate’s
safety factor.

For maximum stress failure criteria when any
of the stress ratios exceeds 1, failure is predicted.
The conventional maximum stress criterion can be
expressed as follows:

. . U U
Fiber : o, > o 0r|0'1| > 0c

- U U
Matrix : o, > 6, Or|oy| > 0, (39)

. U

Shear : |t15| > 7,

where 0|, 0,, T}, are local stresses, o-lUT is the axial ten-

sile strength, o-é’T is the Transverse tensile strength,
U

. . . . U .
o/ c Is compressive Axial tensile strength, and o, is

compressive transverse strength.
2.4 Structural efficiency

The structural efficiency (Lark 1977) analysis will be
conducted for each design to facilitate comparison
during the final evaluation phase using Eq. (40) the
designs with high structural efficiency indicate that
the pressure vessel can handle significant pressures
with the least amount of material, contributing to bet-
ter performance, safety, and cost-effectiveness.

_ PV
w

e (40)
where e is structural efficiency, P is failure pressure,
V is cylinder volume, and W is cylinder weight.

2.5 Genetic algorithm implementation

Applying genetic algorithm operators to a search
problem begins by representing potential combina-
tions of variables using bit strings, analogous to chro-
mosomes in biological genetics. Historically, binary
coding has been the predominant representation
method, where design variables are expressed as bit
strings. This approach is straightforward and widely
supported, particularly for problems involving dis-
crete or integer-valued parameters. Binary encoding
represents solution characteristics through bit strings,
enabling efficient execution of crossover and muta-
tion operations. While this approach facilitates rapid
genetic operations, it necessitates additional com-
putational steps for binary conversion, with solution
accuracy being inherently tied to this transformation
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process. The bit string configuration is problem-
dependent, but this encoding method demonstrates
limitations for certain engineering applications due
to two key factors: epistasis (gene interaction effects)
and non-intuitive mapping of real-world parameters.
These constraints make binary representation unsuit-
able for design problems requiring direct physical
parameter manipulation (Katoch et al. 2021). In this
study, natural coding was adopted in the genetic algo-
rithm implementation to represent discrete ply ori-
entations directly, where the gene closely resembles
the stacking sequence. As an illustration, the stacking
sequence [+45/0,/90,], can be represented as [+45
—45 0 090]. While this natural representation simpli-
fies the coding and decoding processes, it necessitates
more specialized programming tailored to the specific
set of orientations utilized (Giirdal 2024). By invert-
ing the fitness function (e.g., minimizing the nega-
tive of a function for maximization), GAs can easily
switch between maximization and minimization with-
out changing the core algorithm, reducing complexity
and potential errors. For instance, consider the mini-
mization problem.

Minimize

- . = cee see aee s
f(x), x {x1,x2,x3,

. (1)

2.6 Initial population

The genetic algorithm initiates by generating an ini-
tial population of designs of a size ng, typically in a
random manner. Each individual undergoes evalua-
tion and is assigned a fitness score based on its objec-
tive function value and the objective function values
of other individuals within the population (Riche
1994).

2.7 Selection and fitness

In genetic algorithms (GAs), the process of select-
ing individuals for reproduction is a critical aspect
influencing the algorithm’s performance. Various
fitness selection methods exist, each with its unique
approach. Proportional selection, often known as
Roulette Wheel Selection, assigns probabilities to
individuals based on their fitness, resembling a rou-
lette wheel where higher fitness corresponds to a
larger slice. Tournament selection involves randomly
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selecting subsets of individuals, with the fittest among
them chosen for reproduction. Rank-based selection
prioritizes individuals based on their ranking rather
than absolute fitness values. Stochastic Universal
Sampling selects multiple individuals at once using
a fixed interval. Boltzmann selection transforms fit-
ness values into probabilities based on the Boltzmann
distribution, promoting exploration in the early stages
and exploitation later on. Linear ranking selection
assigns probabilities linearly based on an individu-
al’s rank. The choice of fitness selection method is
crucial, impacting the balance between exploration
and exploitation and the algorithm’s adaptability to
different optimization landscapes. Establishing fit-
ness solely on the numerical values of the objective
function or augmented function presents a drawback.
Toward the conclusion of the optimization process,
as the distinctions between competing designs dimin-
ish, the selection pressure favoring superior designs
weakens, impeding progress. To address this issue,
we opt for roulette wheel Rank-based selection, where
fitness is determined by the relative rank of designs,
after establishing the fitness for all designs within the
population, a prevalent approach for selecting parent
designs involves simulating a biased roulette wheel.
In this simulation, each design is allocated a sector on
the roulette wheel, the area of which is proportionate
to its fitness. Specifically, if there are n, designs with
fitness values @;, i = 1, ..., n, the iy, design occupies a
fraction of r; of the wheel (Gtirdal 2024).

ﬂizns_i+1 (4’2)
2(n,—i+1)

= (43)
(I’l5+ l)ns

On the computer, implementing the roulette wheel
can be achieved by generating a random number
r within the range of zero to one. Subsequently, the
ig, design is selected if the following condition is
achieved:

Ri_ <r <R, 44)

where R, = Oand R; = Z;zl rpi=1,..,n

s

2.8 Crossover

The individuals with the highest fitness in the popu-
lation are afforded the prime opportunity to act as
parents and potentially endure into the subsequent
generation. The process of reproduction involves the
utilization of a recombination operator, commonly
known as a crossover, with a specified probability of
implementation. The primary goal of crossover is to
inherit advantageous traits from organisms within the
parent population, generating offspring expected to
be better adapted to their environment than their pre-
decessors. Among the widely used implementations
of crossover are one-point and two-point crossover.
In the former, the chromosome string of each par-
ent organism is randomly split at one point, while in
the latter, it is split at two points. Subsequently, frag-
ments from each parent organism are recombined to
give rise to a new offspring. However, if we opt for
real numbers as the representation of variables, we
encounter a contrasting challenge. In this form of
representation, each variable’s real value is assigned
to a specific location in the genetic string. While the
binary representation of these real numbers allows
crossover to produce offspring with intermediate val-
ues of the parent genes, the limitation arises when
each real number is represented by a single gene. In
such a scenario, the crossover can only reproduce
values present in the initial population. While this
condition may be acceptable, as the mutation opera-
tor, described in the next section, can introduce new
values, an alternative solution to this issue involves
replacing the conventional crossover with a cross-
average crossover (Soremekun 1997; Giirdal 2024).
Cross-average crossover known as an adapted form
of Average Crossover is employed, where the aver-
age value of the first gene in the first chromosome and
the last gene in the second chromosome is calculated
to produce the corresponding offspring, this process
is repeated until genes from both chromosomes have
participated in the crossover, generating the complete
set of offspring (Delima et al. 2019)

2.9 Mutation
Subsequently, one of the two offspring is randomly
selected and subjected to mutation. Mutation, a sto-

chastic operator, is typically applied with a low
probability, causing random changes in some genes
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within the chromosome. The primary objective of
mutation is to safeguard against the complete loss of
genetic material. As the impact of selection reduces
the variety of alleles for any given gene in the pop-
ulation, chromosomes tend to converge toward the
most optimal known chromosome. Alleles linked to
less fit individuals often do not get transmitted to the
next generation and may disappear from the popu-
lation, even though they could be essential later in
the search for the optimum solution. The challenge
arises when, under the influence of selection, the
population becomes predominantly uniform, lead-
ing to stagnation in the search as crossover loses its
capacity to generate novel designs. Therefore, by
retaining genetic diversity through mutation, the abil-
ity of crossover to discover new beneficial designs
is preserved. Additionally, mutation independently
uncovers positive features in the design through ran-
dom exploration. Since mutation is entirely random,
its efficacy in directly discovering improved designs
diminishes as the best-known design improves (Riche
1994).

3 The mathematical representation
of the optimization

The genetic algorithm seeks the optimal stacking
sequence and ply angles to maximize failure pressure,
in two scenarios: the first one under mechanical loads
and the second under both mechanical and thermal
loads, subjected to maximum stress and Tsai-Wu fail-
ure criteria for problem I. For problems II and III, the
first scenario (under mechanical loads) is subjected
to maximum stress and Tsai-Wu failure criteria. The
second one (under both mechanical and thermal
loads) only considers maximum stress failure criteria,
because the genetic approach based on Tsai-Wu fail-
ure criteria requires more computational power. The
variables in this problem are stacking sequence and
ply angles, with the upper limit of 90 and the lower
limit of -90; the number of plies is constant.

Problem I Problem I explores a non-hybrid com-
posite cylinder composed of a single type of lamina.
The materials used are Carbon Epoxy, Glass Epoxy,
and Boron Epoxy. The mathematical depiction of the
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optimization problems for problem I can be articu-
lated as follows:

Find:{6,},6,ec[-90,90] mat, € {CE},
{GE}, { BE}where

Number of layers n for;

Design I =52
Minimize : =Py (), X = {0), 65,05, ... ... ....0,}
Subjected to : maximum stress, Tsai — Wu failure criteria

Problem II Problem II involves optimizing a two-
material hybrid composite cylinder, specifically
designed to balance performance and material usage.
The genetic algorithm was constrained to ensure an
equal 50% distribution between the two selected
materials (e.g., Carbon/Glass Epoxy, Boron/Carbon
Epoxy, Boron/Glass Epoxy). This constraint was crit-
ical to prevent the algorithm from defaulting to the
strongest material and producing a non-hybrid design.
The mathematical depiction of the optimization prob-
lems for problem II can be articulated as follows:
Find : {6,.mat, } .6, € [-90,90],
mat, € {CE,GE}, { BE, GE}, { BE, CE}Where
Number of layers n for;

Design I = 44,

: _Pfailure(x)’
x= {Hlmatl;azmat2;03mat3; e

Minimize
e ..Onmatn}s

Subjected to : maximum stress,

Tsai — Wu failure criteria

Problem IIT Problem III extends the complexity by
optimizing a three-material hybrid composite cylin-
der, ensuring each material (boron, carbon, and glass
epoxy) makes up exactly one-third (33%) of the total
plies. This strict balancing constraint maintains the
hybrid nature while exploring synergies among the
three materials. The mathematical depiction of the
optimization problems for problem III can be articu-
lated as follows:

Find: {Gn,matn}s, 0, € [-90,90], mat, € {CE, GE,
BE}

Where

Number of layers n for;
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Design III =78,
Minimize @ —Pgjjue (%),

x= {Hlmat] ;0,maty;0smats; ... ... ..Hnmatn}s
Subjected to : maximum stress,

Tsai — Wu failure criteria
where

CE is Carbon Epoxy, GE is Glass Epoxy, and BE
is Boron Epoxy.

Geometrical parameters and the material selec-
tion related to the design for this study are pre-
sented in Tables 1 and 2, respectively.

4 Numerical results and discussion
This study presents a numerical optimization frame-

work for the structural design of composite LPG
cylinders using genetic algorithms. The analysis was

Table 1 Geometrical parameters of the design problems

Design parameters DesignI  DesignII  Design IIT
Volume (It) 59.6 73.2 92.4
Inner Radius (mm) 128.5 143.53 170.18
Thickness of a ply (mm)  0.125 0.154 0.126
Length (mm) 977 940 789
Number of ply 52 42 78

conducted under both mechanical and thermome-
chanical loading conditions. The results are signifi-
cant in several respects, offering new insights into
the interplay between laminate configuration, failure
criteria, thermal sensitivity, and cost-performance
trade-offs.

4.1 Optimum design under mechanical load

Analyzing the initial and final iterations of the optimi-
zation process underscores the convergence achieved
through optimization. We can illuminate the progres-
sion towards convergence by examining the opti-
mal designs obtained at these two stages. This com-
parative evaluation illuminates the refinement and
improvement in design outcomes throughout the opti-
mization process for both GA algorithms for designs
L, 11, and III, as shown in Fig. 1.

We employed three distinct materials for design I
to explore the optimum layup for achieving the high-
est failure pressure.

For the second design, we conducted an optimiza-
tion of a hybrid composite cylinder comprising two
distinct materials to maximize pressure failure. This
optimization was performed using two different algo-
rithms, and the failure pressure was estimated based
on the Tsai-Wu criterion and the maximum stress the-
ory. To ensure a truly hybrid laminate, we enforced
a constraint for the algorithms to utilize 50% of each
material during optimization. Without this constraint,
the genetic algorithm would tend to select designs

Table 2 Typical strengths
of unidirectional composites
and Measured engineering

constants (Agarwal et al.
2017)

Performance parameter Glass /epoxy ~ Carbon/epoxy  Boron/
T300/N5208 epoxy B-4/
N5505

Axial compressive strength X.(MPa) 610 1500 2500
Axial tensile strength X, (MPa) 1062 1500 1260
Transverse compressive Strength Y (MPa) 118 246 202
Transverse tensile strength Y (MPa) 31 40 61
Shear strength S(MPa) 71 68 67
Elastic modulus Shear modulus E, (GPa) 38.6 181 204

E, (GPa) 8.27 10.2 18.5

G,,(GPa) 4.14 72 5.59
Thermal expansion coefficient a,(ul’'C) 8.6 0.02 6.10

a,(u/"C) 22.1 22.5 30.30
Poisson’s ratio v, 0.26 0.28 0.23
Fiber volume fraction Vg 0.45 0.7 0.5
Density d(g/cm®) 1.8 1.6 2
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Fig. 1 Convergence of Genetic Algorithm based on Tsai-Wu and Maximum Stress Criteria Optimization across Materials for a

design I; b design II; and ¢ design III

solely based on superior material properties, resulting
in a non-hybrid laminate.

In the third design, we engaged in optimizing a
hybrid composite cylinder constructed from three
different materials to enhance its resistance to pres-
sure failure. This optimization process involved the
utilization of two distinct algorithms, and the esti-
mation of failure pressure was conducted employing
both the Tsai-Wu criterion and the maximum stress
theory. A constraint was imposed to ensure the com-
posite cylinder remained truly hybrid, stipulating that
each material should constitute 33% of the overall
composition during optimization. This constraint was
crucial as, without it, the genetic algorithm tended to

@ Springer

favor materials with superior properties, resulting in a
non-hybrid composition.

The optimal stacking sequence and ply angle for
the three designs, along with their estimated pressure
failure based on the Tsai-Wu and maximum stress
theories, and their structural efficiency, are presented
in Table 3.

The investigation reveals a fundamental depend-
ency of optimization outcomes on the selected
failure criterion, establishing this choice as a criti-
cal design parameter rather than merely a compu-
tational consideration. The comparative analysis
demonstrates that the Tsai-Wu and Maximum Stress
criteria produce substantially different optimal
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Table 3 Optimization results of Design I, Design II, and Design III

GA failure
criteria

Design Design material

Optimal layup
sequence

Pfailure (MPa)
™

structural
efficiency
x10"mm

Pfailure (MPa)
MS

structural effi-
ciency X107 mm

I Carbon/Epoxy

Tsai-Wu

Maximum stress

Tsai-Wu

Glass /Epoxy

Maximum stress

Boron/Epoxy Tsai-Wu

Maximum stress

[-89 /-50 /56
1-50 /-51
1-504/56, /-50
156 1-50 /57/-
50, /56 /57
1-50, 1561,

[51,/-50 /51,
1-50, /51 /-50
/51/-50 /52,
1-50, 152,
1-50, /52 /-50
/51 -505],

[55; /-53, /55
/57 155 /-54
/55,156 1-78
1-53 /55156
/-53, /55 /-53
155 1-53,],

[-56, /48 /-56,
148 1-565 148
1-56, 148 /-56
148 1-56 /48],

55 /-55 /56,
/57156 /57 /56
1-56, 156 1-56/
56 /-55 156,
155 156 /-55,
1-57 1-55 156,
/55,1,

[55 /-57 /55,
1-57 155 1-57,
155 1-57, 155
1-57, 155 1-57,
155 1-56 /555,

22.465

18.234

6.777

6.7334

22.057

21.997

1.2530

1.0175

0.3359

0.3338

0.9842

0.9815

24.394

29.262

6.0152

6.125

36.011

37.34

1.3606

1.6175

0.2982

0.3036

1.6068

1.6661
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Table 3 (continued)

Design Design material

GA failure
criteria

Optimal layup
sequence

Pfailure (Mpa)
™W

structural effi-
ciency x107mm

structural
efficiency
x10"mm

Pfailure (Mpa)
MS

1I Carbon/Glass
Epoxy

Boron/Glass
Epoxy

Boron/Carbon
Epoxy

Tsai-Wu

Maximum stress

Tsai-Wu

Maximum stress

Tsai-Wu

[-58, /40, /52,
1-534 158,
141, 152,/-54,
158, /525, /190,
153 /140,
141, 140,
158y, 140,41,

[-48, /53, /-48,,
153,155 1-47,
148 147,
155, 148,
I-47,153,,
1554 153,
148, 1-47 -
48,4 /55
/53],

[-48, /-54,
148, 15T,
1564 157, 1-5%,
1564 1-54,
149, 15T,
148 1-49,,
157, 1-54, 157,
148, 1-5,
148,

[-47, /67,
158, 1-57y
158, 167, 14T,
169,157,
158, /-47,

168, 1-47, /58,
160, /58,
/58, 1-47,
1581,

[-48, /54, 1-53,,
1-48,, 154,
148 /-53,
1-48,, 160,
/54, 1-53, 160,
1-48, 160, /54,
1-53, 160, /54,
160,

Maximum stress [-50, /57, /58,

157, 1-50, /58,
1-49, 1-50,
/58, 1-49, 160,
1-49, /57, 1-50,
158, /-49, /58,
1-50y, /-49,],

13.061

10.594

11.874

11.341

17.547

17.302

0.7665 12.324 0.7232

0.6217 15.565 0.9134

0.6349 18.007 0.9629

0.6064 21.859 1.1689

0.9644 27.997 1.5389

0.9510 31.253 1.7178
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Table 3 (continued)

GA failure
criteria

Optimal layup
sequence

Design Design material

Pfailure (Mpa)

™

structural effi-
ciency x107mm

structural
efficiency
x10"mm

Pfailure (Mpa)
MS

111 Boron/Carbon/  Tsai-Wu

Glass Epoxy

[49,, /-62, /-51,
1-62, /49,
I54, 146,
/54, /-62,

/54, 148, /49,
152,151, 148,
1462, 1-51,
1462, 157,
162, 147, 146,
162, 154, /45,
1-49, /48, /-49,
190, /-51,
149, 151
/54, 1-49,
162, 148,
150, 1-50,],

Maximum stress [-62, /42 /-62,
/-59. /143,
1-61, /-644
1-59,1-67 4/
46, /181, /42,
1-59,. 1-62,
142y 1-60,, /-59,
142, /-64,
1-62, /44
1-62, /41, /42
144 1-59, 139,
142, 142 1-62,
142, 1-62,
1-64, /44,
162y, 174,
1-624 /=14,
1-59.],

16.338

15.229

0.68166 20.545 0.85718

0.63539 26.307 1.0976

solutions, with each criterion exhibiting distinct
preferences in material selection and generating
unique stacking sequence configurations. This cri-
terion-specific behavior results in markedly diver-
gent performance predictions, highlighting that the
concept of optimality in composite design is inher-
ently relative to the adopted failure theory. These
findings carry significant methodological implica-
tions, emphasizing that optimization results must be
explicitly contextualized within their failure crite-
rion framework, and suggest the potential value of
multi-criterion assessment approaches for compre-
hensive design evaluation. The study underscores
the necessity of carefully aligning failure criterion

selection with both performance requirements and
safety considerations in engineering applications.
Considering design I, for carbon epoxy, using the
Tsai-Wu failure criterion with the genetic algorithm
resulted in an optimal layup predicting a failure pres-
sure of 22.465 MPa, whereas the Maximum Stress
criterion predicted 24.394 MPa. Conversely, utilizing
the Maximum Stress criterion with the genetic algo-
rithm led to a Tsai-Wu-predicted failure pressure of
18.234 MPa and a Maximum Stress theory prediction
of 29.262 MPa. This suggests that the optimal layup
for Tsai-Wu may not align with that for Maximum
Stress. For boron epoxy, we found that, although the
optimum layups obtained from the genetic algorithm
based on maximum stress and the other one based on
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Tai Wu criteria differ, the optimal layups yield fail-
ure pressures that are closely aligned within each
criterion. However, for glass epoxy, despite differing
layup configurations, the results showed relatively
close failure pressures, indicating less sensitivity to
layup changes in terms of failure pressure. In terms
of structural efficiency assessed by the Tsai-Wu fail-
ure criteria, the carbon epoxy exhibited the highest
efficiency of 1.2530x10” mm and a maximum fail-
ure pressure of 22.465 MPa, determined by a genetic
algorithm based on the Tsai-Wu criterion as the best
design. Conversely, based on the maximum stress
failure theory, the boron epoxy demonstrated the
highest structural efficiency of 1.6661x10” mm and
a maximum failure pressure of 37.34 MPa, identified
by a genetic algorithm based on the maximum stress
criterion as the best design.

Considering design II, the findings reveal that,
according to the Tsai-Wu criterion, the top-perform-
ing design considering structural efficiency was a
hybrid cylinder composed of boron epoxy and car-
bon epoxy materials, yielding a pressure failure of
17.547 MPa and a structural efficiency of 0.9644x10’
mm identified by genetic algorithm based on the
Tsai-Wu criterion. Similarly, for the maximum stress
criterion, the top-performing design was the boron
epoxy and carbon epoxy hybrid cylinder, with pres-
sure failure of 31.253 MPa and a structural efficiency
of 1.7178x10” mm identified by a genetic algorithm
based on the maximum stress criterion. Conversely,
according to the Tsai-Wu criterion, boron glass epoxy
was the suboptimal design, with pressure failure esti-
mated at 11.341 MPa and a structural efficiency of
0.6064x10” mm identified by genetic algorithm based
on the maximum stress criterion. In contrast, accord-
ing to the maximum stress criterion, the carbon glass
epoxy was the suboptimal design with pressure fail-
ure estimated at 12.324 MPa and a structural effi-
ciency of 0.7232x10” mm identified by the genetic
algorithm based on the Tsai-Wu criterion. Notably,
while both genetic algorithms favored the boron car-
bon epoxy hybrid as the superior design, differences
emerged in their selection of suboptimal configura-
tions. This observation suggests a potential misalign-
ment between the optimal layup configurations identi-
fied by the Tsai-Wu criterion GA and those identified
by the Maximum Stress criterion GA. It’s also worth
highlighting that there exists a substantial dispar-
ity in the failure pressure estimates derived from the
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Tsai-Wu criterion and the maximum stress theory for
the same optimal layup.

Finally, for design III, the outcomes reveal varia-
tions in the optimal layup and corresponding failure
pressures when employing the genetic algorithm.
Specifically, for the Tsai-Wu-based genetic algorithm
optimum layup, the predicted pressure failure accord-
ing to the maximum stress theory was 20.54 MPa,
and the structural efficiency was 0.85718x107 mm,
whereas for the Tsai-Wu failure criteria, the failure
pressure and structural efficiency were 16.33 MPa
and 0.68166x107 mm, respectively. Conversely, for
the maximum stress-based genetic algorithm opti-
mum layup, the pressure failure estimated based on
the Tsai-Wu criterion was 15.30 MPa and the struc-
tural efficiency was 0.63539x10” mm, while the fail-
ure pressure and structural efficiency were 26.3 MPa
and 1.0976x10” mm, respectively, for the maximum
stress theory.

Table 4 presents a comparative analysis of normal-
ized failure pressures for various composite configu-
rations, evaluated using the Tsai-Wu and Maximum
Stress failure criteria. The results clearly demonstrate
the superior failure resistance of high-performance
fiber composites relative to the baseline material.
Hybrid designs, particularly those combining boron
and carbon fibers, show notable improvements, sug-
gesting beneficial interactions between constitu-
ent fibers. The three-phase hybrid offers a balanced
performance, potentially enhancing other structural
attributes. Differences observed between failure crite-
ria highlight the importance of criterion selection in
composite design assessment.

A comparative analysis was conducted to deter-
mine the most appropriate material choice for three
different designs, taking into account the structural
efficiency of each. The three designs with the highest
structural efficiency will be compared to identify the
optimal one, utilizing both the Tsai-Wu criterion and
maximum stress considerations as shown in Fig. 2.

According to the Tsai-Wu criterion, the design
exhibiting the utmost structural efficiency was the
design I made of carbon epoxy, boasting a remark-
able structural efficiency rating of 1.2530x 10" mm.
Conversely, based on the maximum stress criterion,
the design showcasing the highest structural effi-
ciency was design II, a hybrid cylinder made of boron
carbon epoxy materials, registering a structural effi-
ciency of 1.7178 x 10’ mm. The results emphasize the
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Table 4 Normalized values

for fail . Design Design material GA failure criteria Normalized Normalized
or failure pressure, using Ppiue (MP2) TW P (MPa)
Glass/Epoxy as the baseline MS
I Carbon/Epoxy Tsai-Wu 3.315 4.0554
Maximum stress 2.7908 47774
Glass /Epoxy (Baseline) Tsai-Wu 1 1
Maximum stress 1 1
Boron/Epoxy Tsai-Wu 3.2546 5.9866
Maximum stress 3.2668 6.0963
II Carbon/Glass Epoxy Tsai-Wu 1.9272 2.0488
Maximum stress 1.5733 2.541
Boron/Glass Epoxy Tsai-Wu 1.7521 3
Maximum stress 1.6842 3.57
Boron/Carbon Tsai-Wu 2.5892 4.65
Epoxy Maximum stress 2.5695 5.1
111 Boron/Carbon Tsai-Wu 2.4108 3.415
/Glass Epoxy Maximum stress 2.2617 4.3
Fig. 2 Design Comparison 2,0x10’
Based on Tsai-Wu and Max. 1 mTW
Stress Criterion: Evaluation 1,8x107 B ® MS
of Designs I, I, and III 1 ) ®
£ 1,6"107 i boron boron/car bon epoxy
g 1,4x107
7] u
:g 1,2x10 cerbon epaxy o
"\6 1,0x107 m boron/car bon/glass epaxy
© boron/carbon epoxy [ |
© _
5 8,0x10° bor on/carbon/glass epoxy
B 6,0x10°-
1S
B 4,0x10°
2,0x10°
0,0 T T T
Design | Design |1 Design 111
Designs

importance of examining various criteria in assess-
ing the structural efficiency of composite material
designs, thus aiding in determining the optimal mate-
rial choice.

4.2 Cost-effectiveness assessment of optimized
composite cylinder designs

In the optimization of composite pressure vessels,

especially for applications such as LPG storage, both
structural performance and economic viability must
be considered. While advanced hybrid laminates
can offer improved mechanical characteristics, their
cost often limits practical implementation. To guide
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material selection, a cost-per-unit structural effi-
ciency metric provides a clear basis for comparing
design alternatives. This section evaluates the best-
performing configurations across three optimized
composite cylinder designs using the Tsai-Wu and
Maximum Stress failure criteria, focusing on identi-
fying the most cost-effective solution for real-world
applications.

Tables 5 and 6 highlight the critical role of raw
material pricing and its impact on the total cost of
composite cylinder designs. The cost disparity is sub-
stantial: E-glass at $0.38/kg, carbon fiber at $40/kg,
and boron fiber at $3834/kg. This difference under-
scores the importance of cost-performance trade-offs,
as boron’s superior mechanical properties come with
extreme economic penalties.

At the design level, Design I (carbon/epoxy) offers
the best balance, costing $423 while delivering high
structural efficiency. Conversely, the boron/epoxy

version of the same design reaches $36,115, making
it cost-prohibitive despite excellent strength. Hybrid
configurations in Design II show that carbon/glass
epoxy, at $328, achieves a reasonable compromise
between performance and affordability, while boron-
based hybrids exceed $20,000 in cost.

Design III, with a three-material hybrid, further
illustrates the financial weight of combining high-
cost reinforcements, totaling $22,464. These findings
clearly suggest that carbon/epoxy is the most cost-
effective choice, and that incorporating expensive
fibers like boron should be reserved for highly spe-
cialized applications. Future optimization should con-
sider not only mechanical performance but also cost-
efficiency and scalability for real-world adoption.

Based on the summarized data from Table 7, it is
evident that Design I using Carbon/Epoxy under the
Maximum Stress criterion offers the most favora-
ble cost-to-performance ratio, with a structural

Table 5 Raw Materials

. . Material Approximate price Source
Approximate Price Per kg per kg
Fiberglass (E-glass) ~$0.38 Skywell Composite Technology Co., Ltd
Carbon Fiber (T300) ~$40.00 Skywell Composite Technology Co., Ltd
Boron fiber (B-4) ~$3834.00 Specialty Materials Inc
Epoxy ~$37.92 Westlake Epoxy Germany

Table 6 Design Materials approximate price per kg

Design Material combo

Total volume (m®) Fiber volume (m®) Fiber

Epoxy volume Epoxy Total cost fiber

density (g/ density (g/ and matrix
cm?) cm?) (USD)
I Carbon/Epoxy 0.0067 0.0047 1.77 0.002 1.2 $423
I Glass/Epoxy 0.0067 0.0030 2.54 0.0037 1.2 $171.26
I Boron/Epoxy 0.0067 0.00335 2.8 0.00335 1.2 $36,115.36
II Carbon/Glass Hybrid ~ 0.0074 0.00259* 1.77% 0.003145 1.2 $328.08
50% 0.001665° 2.54°
I Boron/Glass Hybrid 0.0074 0.00185°¢ 2.8¢ 0.003885 1.2 $20,038.51
0.001665° 2.54°
I Boron/Carbon Hybrid  0.0074 0.00185°¢ 2.8¢ 0.00296 1.2 $20,178.18
0.00259* 1.77%
I B/C/G Hybrid (33% 0.0123 0.00205°¢ 2.8¢ 0.005535 1.2 $22,464.00
each) 0.00287* 1.77%
0.001845° 2.54°
4Carbon fiber
®Boron fiber
¢Glass fiber
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Table 7 Best Cost per Unit Efficiency For Designs I, II, and III

Design Criterion Best material Structural efficiency ~ Cost USD) Cost per unit effi-
(x 10" mm) ciency (USD/ 107
mm)

I Tsai-Wu Carbon/Epoxy 1.2530 423 337.5

I Max Stress Carbon/Epoxy 1.6175 423 261.51

I Tsai-Wu Carbon/Glass Epoxy 0.9644 328.08 428.1

I Max Stress Carbon/Glass Epoxy 1.7178 328.08 359.2

111 Tsai-Wu B/C/G Hybrid (33% each) 0.6817 22,464.00 32,9549

111 Max Stress B/C/G Hybrid (33% each) 1.0976 22,464.00 20,466.6

efficiency of 1.6175x 10" mm and a cost per unit
efficiency of just 261.51 USD per 107 mm. This
makes it the most economically and structurally
efficient choice among all configurations.

In contrast, Design III, particularly under the
Tsai-Wu criterion, exhibits an extremely high cost
per unit efficiency—over 32,000 USD per 107
mm—highlighting the impracticality of such com-
plex, high-cost hybrid designs unless justified by
highly specialized performance demands.

Design II's carbon/glass epoxy hybrid offers
moderate efficiency at a relatively low cost, but it
does not surpass the performance or cost-effective-
ness of Design I. Overall, the findings underscore
that a well-optimized, single-material compos-
ite (carbon/epoxy) can outperform more complex
hybrid laminates in both structural efficiency and
affordability, especially when guided by targeted
failure criteria like Maximum Stress.

4.3 Optimum design under combined mechanical
and thermal load

The investigation reveals that thermomechanical
loading conditions fundamentally alter the optimi-
zation landscape for composite pressure vessels,
introducing critical temperature-dependent con-
straints on achievable performance. The analysis
demonstrates a pronounced sensitivity of optimal
configurations to thermal variations, with distinct
behavioral regimes emerging across different tem-
perature ranges. Notably, the study identifies a
narrow thermal operating window where multiple
viable stacking sequences exist, beyond which only
simplified, suboptimal layups remain feasible.

In this section, we explored the most effective
configurations for design I, design II, and design III
across various materials. This involved finding the
optimal layup in the temperature fluctuation range
of —100-100 °C through the use of a genetic algo-
rithm. For design I, we applied both genetic algo-
rithms based on Tsai-Wu and maximum stress. We
exclusively used the genetic algorithm based on
maximum stress for designs II and III. The Tsai-Wu
genetic algorithm proved to be considerably slower.
Optimization is required twice the time of the maxi-
mum stress-based genetic algorithm. The results are
shown in Fig. 3 for Design I, Fig. 4 for Design II,
and Fig. 5 for Design III.

Our results demonstrate that the carbon epoxy
design has multiple optimum layups in the tem-
perature range of -0.2 °C to 0.5 °C. Outside of this
range, however, only one optimal design emerged,
exhibiting a failure pressure of 4 MPa. The stack-
ing sequence for this design was determined to be
(90,1,

For glass epoxy, our findings indicate that the glass
epoxy design exhibits multiple optimal layups within
the temperature range of —0.2-1 °C, outside of this
range, only one optimal design emerged, showcasing
a failure pressure of 3.2 MPa. The stacking sequence
for this design was determined to be [90,4]. Fur-
thermore, it is important to highlight that there was
a significant exponential increase in failure pressure
when the temperature changed by 0.1 °C, reaching
approximately 36.58 MPa, compared to 6 MPa in the
absence of temperature change. This phenomenon
can be elucidated by considering the glass transition
temperature of the epoxy material. The glass transi-
tion temperature represents the temperature range
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for design II

at which the polymer undergoes a transition from a
rigid, glass-like state to a more pliable, rubbery state.

For boron epoxy, our results demonstrate that the
boron epoxy design exhibits multiple optimal layups
within the temperature range of —0.2-0.3 °C, out-
side of this range, only one optimal design emerged,
showcasing a failure pressure of 6 MPa. This specific
design demonstrates an impressive ability to tolerate
substantial fluctuations in temperature compared to
other materials during the optimization process. The

stacking sequence for this design was determined to
be [90,]..

Considering design II, for the carbon glass epoxy
material, it becomes apparent that near zero tempera-
ture variation, there exist multiple optimal designs.
However, as the temperature deviates from zero on
either side, only one design consistently emerges as
the optimal choice. Notably, this particular design
exhibits a remarkable capability to accommodate
significant temperature variations compared to other
materials in the optimization process. Moreover, the
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Fig. 5 Optimal design
exploration: failure pres-
sure response to variable
temperatures via max stress
genetic algorithm optimiza-
tion for design III
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optimal configuration of this design involves a stack-
ing sequence of [90,. /90, /90, /90, /90, /904, /905,
19041 190, /904 /90, /90, ],. Similarly, for boron glass
epoxy, several optimal designs are evident near zero
temperature, with two designs emerging as optimal
choices one for positive temperature variations with
a layup of [-14y, /68y, /8, /-5, /-154 /-4 18,/-45. 18
[-4oc 18 1-4¢ 184y =154 I-45 /-5, 1-T44 ] and the other
for negative temperature changes with a layup of
[0241/0¢ /0341 /05 /0g) /05 1051 /05 /05 /04 ]

In the case of boron carbon epoxy, multiple opti-
mal designs are observed near zero temperature, with
two designs standing out for positive and negative
temperature variations. These designs feature layup
configurations of [46,, /6, /584 /7 /-4y T 183, 144 /7,
N0g 16, 17, 1184 I, 16 1-104 /-44, /-22,, /11,], and
[-5g1 /8¢ 1-19¢ 1-54 1-19, 18 [-654) [-541 /-6 I-5,4 I-64
18 1-19, /-6, 1-19 /8. 1-19, 18 /-19.], respectively.

For design III, the results illustrate that multiple
optimal designs are observed in the vicinity of zero
temperature. However, as the temperature deviates
from zero, two designs emerge as the most optimal
choices: one tailored for positive temperature varia-
tions, characterized by a layup configuration of [S,,

@ Springer
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1644, 1-10g /-1y 11 /=124 [0g) -2, -2 -2, -9 -2, I-1,,
120 -3 1-9¢ 1-11 gy [0g /-5¢ -1y /-5 1-24, -8, [-2y, /-3,
I5g 10y 1-5. 1644 1T g -3, I-15, 144 -3y, 1644, and
the other suited for negative temperature fluctuations,
featuring a layup arrangement of [90,;, /80 /70, /81,
190y, /73y, 118, 1674, 1684, 180, 168, /19, I35, /19, 169
1674 180, 1719, 1134y, 168, /73y, /68y /805, /68, /704
190y, /724 190y, 169, 181,172, 1.

5 Conclusion

This investigation presents a systematic optimization
framework for composite pressure vessels employing
advanced genetic algorithms, yielding several fun-
damental insights with significant implications for
structural design. The key findings demonstrate:

1. Failure Criterion Dependence: The optimization
process exhibits strong sensitivity to the selected
failure criterion, with Tsai-Wu and Maximum
Stress theories generating fundamentally dif-
ferent optimal configurations. This dependence
manifests in both material preference (carbon
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versus boron dominance) and stacking sequence
characteristics, establishing that optimality must
be explicitly contextualized within the chosen
failure theory framework.

2. Thermomechanical Behavior: The combined
loading analysis reveals critical temperature-
dependent performance limitations, identifying
distinct operational regimes. A narrow thermal
window (-0.2-1 °C) permits multiple viable
designs, while extreme conditions necessitate
simplified, though suboptimal, configurations.
Boron-based composites demonstrate superior
thermal stability, though with significant cost
penalties.

3. Cost-Performance Tradeoffs: The comprehensive
economic assessment establishes carbon/epoxy
as the most viable industrial solution, achieving
1.2530%x 107 mm structural efficiency at $423
material cost. Hybrid configurations offer limited
practical advantages when considering both tech-
nical and economic factors, while boron-based
designs remain prohibitively expensive despite
their mechanical benefits.

The optimization process exhibits strong sen-
sitivity to the selected failure criterion, with the
Tsai-Wu and Maximum Stress theories generating
fundamentally different optimal configurations. For
example, design I under mechanical loads, the Tsai-
Wu failure criterion based GA finds that the opti-
mal solution for carbon epoxy is [-89/-50/56/-50/-
51/-505/565/-50/56/-50/57/-50,/565/57/-50,/56],. In
contrast, for the maximum stress failure criterion
based GA, the optimal solution is [51, /-50/51,/-
50,/51/-50/51/-50/52,/-50,/525/-50,/52/-50/51/-
50;];. The analysis under combined mechanical and
thermal loading highlights significant performance
constraints driven by temperature variations, uncov-
ering distinct operational regimes. Within a limited
thermal range, several viable stacking sequences are
achievable; however, outside this window, only sim-
plified—yet less optimal—designs remain feasible.
For example, carbon epoxy, both GA identified that
[904], is the optimal configuration.

These findings provide:

e A validated methodology for multi-criteria com-
posite optimization,

e Quantitative performance benchmarks under
complex loading conditions,

e Practical guidelines for material selection and
design configuration,

e Fundamental insights into the thermomechanical
behavior of advanced composites.

The study advances pressure vessel design by
bridging critical gaps between theoretical optimiza-
tion and engineering implementation. The demon-
strated framework offers substantial improvements
over conventional design approaches through its
simultaneous consideration of mechanical perfor-
mance, thermal effects, and economic viability.
Future work should focus on experimental valida-
tion and extension to multi-objective optimization
scenarios, incorporating additional manufacturing
constraints.
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