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ABSTRACT: Steel cylindrical shells are widely used in engineering structures due to their high strength-to-weight
ratio, but they are vulnerable to buckling under axial loads. To address this limitation, fiber-reinforced polymer
(FRP) composites have emerged as promising materials for structural reinforcement. This study investigates the
buckling behavior of steel cylindrical shells reinforced with inner and outer layers of polymer composite materials
under axial compression. Using analytical and numerical modeling methods, the critical buckling loads for different
reinforcement options were evaluated. Two-sided glass fiber reinforced plastic (GFRP) or carbon fiber reinforced plastic
(CFRP) coatings, as well as combined GFRP+CFRP coatings with layers of different composites, were considered.
In the calculations, the coatings were treated as homogeneous orthotropic materials with equivalent averaged elastic
characteristics. The numerical analysis revealed that CFRP reinforcement achieved the highest increase in buckling
load, with improvements ranging from 9.84% to 47.29%, depending on the composite thickness and steel shell thickness.
GFRP reinforcement, while beneficial, demonstrated a lower effectiveness, with buckling load increases between 5.89%
and 19.30%. The hybrid GFRP+CFRP reinforcement provided an optimal balance, improving buckling resistance by
6.94% to 43.95%. Statistical analysis further identified composite type and thickness as the most significant factors
affecting buckling performance. The findings suggest that CFRP is the preferred reinforcement material, especially when
applied to thin-walled cylindrical shells, while hybrid reinforcements can be effectively utilized for structures requiring a
balance between stiffness and ductility. These insights provide a foundation for optimizing FRP reinforcement strategies
to enhance the structural integrity of steel shells in engineering applications.
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1 Introduction
Cylindrical steel shells are widely used in various engineering applications, including storage tanks,

pipelines, and pressure vessels. However, these structures are susceptible to buckling failure under axial
compression, which can compromise their structural integrity [1–5].

Several researchers have focused on enhancing the load-bearing capacity of steel cylindrical shells, often
by incorporating ring stiffeners or stringers on the surface [6–10]. Tanase et al. [11] provide a technical-
economic optimization framework for structural components, showing how cost-effective design can
improve buckling resistance. This concept of optimization is also explored by Al-Kalali [6], who investigates
the optimal design of cylindrical stiffener shells under hydrostatic pressure, emphasizing the need for both
structural integrity and material efficiency.
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Shiomitsu and Yanagihara [7] delve into the ultimate strength of ring-stiffened shells, considering local
and torsional buckling, further expanding the understanding of how stiffeners impact shell stability.

In a similar investigation, Zhang et al. [8] highlight the significant role of rings in enhancing the
buckling strength of cylindrical shells, while Andrianov et al. [12] provide a detailed analysis of discretely
stringer-stiffened shells, showing how different reinforcement patterns affect buckling behavior. These
studies are complemented by Spagnoli and Chryssanthopoulos [13], whose research on stringer-stiffened
conical shells offers insights into similar cylindrical structures, illustrating the broader applicability of
stiffening techniques.

Further investigations into failure modes and damage tolerance are presented by Cho et al. [10], who
examine ring-stiffened cylinders under external pressure, and Cho et al. [9], who assess the residual strength
of damaged cylinders.

Finally, Li et al. [14] confirm the effectiveness of ring stiffeners in enhancing axial compression
resistance, providing experimental and numerical validation for the role of stiffeners in improving the
load-bearing capacity of cylindrical shells.

On the other hand, to enhance the buckling resistance of thin-walled cylindrical shells, Fiber Reinforced
Polymer (FRP) composites have emerged as a promising strengthening solution [15–19]. Several studies have
explored different FRP reinforcement strategies to mitigate buckling effects and improve the load-carrying
capacity of metallic cylindrical shells.

Study [20] numerically investigates the buckling behavior of thin metallic cylindrical shells wrapped
with FRP composites, emphasizing how buckling characteristics influence strengthening effectiveness.
Results show that elastic buckling shells benefit from increased FRP hoop modulus, while plastic buck-
ling shells with asymmetric failure modes achieve optimal performance with minimal longitudinal FRP
stiffening.

Another study [21] evaluates the impact of a CFRP composite layer on the buckling behavior of metallic
cylindrical shells, as an alternative to traditional metallic stiffeners. Experimental tests show significant
improvements in bearing capacity, and the results align well with a developed numerical model.

Another work [17] presents a numerical study on the buckling pressure. Using nonlinear stability
analysis in ABAQUS, it evaluates different reinforcement layouts across various slenderness ratios, showing
that all reinforcement configurations enhance buckling stability, with circumferential CFRP strips at the
midsection ([0○] fiber angle) proving most effective.

Krishna et al. [22] examine the buckling behavior of FRP-strengthened aluminum cylindrical shells
with geometric imperfections and cut-outs and find that FRP strengthening is more effective for shells with
cut-outs, improves buckling resistance, and is particularly beneficial for shells with small imperfections. The
study also reveals that elliptical cut-outs offer better resistance than rectangular ones, and FRP strengthening
enhances performance, especially for shells with smaller initial imperfections.

Wang et al. [15] investigate the buckling behavior of steel-composite cylindrical shells under axial
compression, deriving a theoretical formula for the linear elastic buckling of steel-composite cylindrical
shells, and conducting numerical analyses to verify the solution. Results show that the theoretical and
numerical values agreed well, with deviations under 20%, while the steel-composite shells demonstrated
lower imperfection sensitivity and higher load capacity than regular steel shells, offering valuable insights
for their design and evaluation.

Also, the effects of carbon fiber orientations on strengthening small-scale thin-walled steel cylinders
(TSCs) under axial compression were investigated both experimentally and numerically by Nhut et al. [23].
Additionally, the impact of various types of carbon fiber reinforced polymers (CFRPs) on the load-carrying
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capacity of full-scale TSCs was numerically explored and the results showed that circumferential CFRP layers
(0○) significantly improved the load-carrying capacity, while 90○ CFRP layers had minimal strengthening
effects. For TSCs subjected to bending shear loads with high internal pressures, circumferential fibers
provided better strengthening than angled fibers.

The paper [19] explores the inelastic buckling of steel tubes strengthened with glass fiber-reinforced
polymer (GFRP) composites, taking into account different factors such as boundary conditions, geometric
imperfections, transverse moduli of GFRP, interfacial bonding between metal and FRP, and FRP damage.

Batikha et al. [24,25] investigated the phenomenon of elephant’s foot buckling, a type of elastic-plastic
instability failure that occurs near the base of cylindrical shells. Their innovative approach involved using
FRP composites in carefully selected areas to enhance resistance to this failure mode. In their first study
[24], they utilized linear elastic bending theory to show that the effectiveness of FRP strengthening depends
significantly on factors such as the thickness, height, and placement of the FRP sheets. In a subsequent
study [25], they expanded their analysis to consider additional factors like shell height, and thickness ratios,
optimizing the size and placement of FRP bands. Their results revealed that even small changes in the FRP
parameters had a major impact on the shell’s performance, highlighting the critical importance of precise
design and placement for effective reinforcement.

Features of the stability loss of layered hollow shells with porous materials are considered in articles
[26,27], taking into account the non-uniform distribution of compressive forces at the shell boundaries.
The originality of these studies lies in taking into account different porosity distribution patterns. Porous
material properties are modeled along the thickness using trigonometric functions. The governing equations
for the buckling problem are solved via Galerkin’s method. Based on parametric analysis, the influence of the
degree of porosity, orthotropy of components, directions of fiber reinforcement, etc., on the critical forces
was established.

While previous research has focused on either CFRP or GFRP reinforcement independently, this study
uniquely evaluates their combined effect, demonstrating that hybrid CFRP+GFRP reinforcement provides a
well-balanced solution for applications requiring both strength and flexibility.

The increasing use of shells in various branches of the chemical and aerospace industries leads to
different requirements for internal and external coatings. This determines the relevance of research on
the stability of cylindrical shells with various two-sided coatings. The purpose of this study is to develop
a methodology for determining critical loads in cylindrical shells with two-sided composite coverings.
Extensive results of numerical calculations are used to statistically analyse the influence of design parameters
and material properties on the loss of stability of three-layer shells.

The mathematical model is based on the linear theory of cylindrical shells. The peculiarities of shells
with two-sided covers are reflected by the introduction of integral forces and moments. The proposed
relations allow taking into account the differences in the elastic properties of the layers and their anisotropy.
Governing relationships are obtained under the assumption of perfect contact between the coatings and
the base metal and without taking into account possible delaminations and failure in composite coatings.
Unlike conventional studies that assess reinforcement without considering the interplay between structural
parameters, this research reveals how steel shell thickness, composite thickness, and reinforcement type
interact, allowing for a more refined and application-specific optimization. Such optimization is important
from an economic point of view in large shell elements of chemical engineering structures and cylindrical
columns of ocean platforms and wind turbines. Weight optimization is critical for the aerospace industry.



720 Comput Model Eng Sci. 2025;144(1)

2 Theoretical Foundations of the Formulation of the Stability Problem
When constructing constitutive relations, the linear Donnell shell theory is used. Donnell shell theory

uses a simplified set of equations to analyze the behavior of thin shells, in particular shells of zero Gaussian
curvature. In the geometrical relations for curvature changes, the contribution of displacements u and v is
not taken into account because of their small ratios to the radii of the principal curvatures. In addition, the
first quadratic form of the cylindrical surface corresponds to the Euclid’s metric of the plane. This leads to a
wide application of Donnell’s theory to analyze the stability of cylindrical shells under axial compression.

The middle surface of the shell is referred to the cylindrical coordinate system r, θ. The components of
the deformation tensor of the middle surface are related to the displacements of its points by the following
relations:

ex =
∂u
∂x

; eθ =
1
R

∂v
∂θ
+ w

R
; ex θ =

∂v
∂x
+ 1

R
∂u
∂θ

(1)

where u, v, w—are the displacements in the axial, circumferential and normal directions, respectively, R—is
the radius of the middle surface of the shell.

The parameters for changing the curvature and torsion of the middle surface have the form:

χx = −
∂2w
∂x2 ; χθ = −

1
R2

∂2w
∂θ2 ; χx θ = −

1
R

∂2w
∂x∂θ

(2)

χx , χθ —changes in curvature in the axial and circumferential directions, χx θ —the torsion parameter of
the middle surface.

When considering the geometric relationships of a multilayer cylindrical shell, the direct normal
hypothesis is used for the entire package of layers. The components of the deformation tensor of points lying
at a distance z from the middle surface are expressed in terms of the deformation parameters of the middle
surface:

εx = ex + zχx ; εθ = eθ + zχθ ; γx θ = ex θ + 2zχx θ (3)

The geometrical relations (3) are based on the hypothesis of straight normal for the whole package of
layers and perfect contact between the layers. In cases of technological defects, delamination may occur,
which lead to a decrease in critical loads. However, theoretical analysis of the stability of shells with
delamination requires consideration of the contact interaction in the defect zone, which requires a nonlinear
formulation of the problem.

Physical relations for all layers are written taking into account the static hypotheses of shell theory σz =
τxz = τθz = 0. For orthotropic materials, in the case when the symmetry planes of the material coincide with
the coordinate symmetry planes of the cylindrical coordinate system, stresses are related to deformations by
the following relations:

σx =
E1

1 − ν12ν21
⋅ (εx + ν21εθ); σθ =

E2

1 − ν12ν21
⋅ (εx + ν12εθ); τx θ = G12 γx θ (4)

Elastic moduli, shear moduli and Poisson’s ratios can have different values for each of the three layers.
The linear forces per unit length of the line of the middle surface are introduced taking into account the
difference in the elastic characteristics of the layers.

Nx = ∫
0.5h2

−0.5h2
σ(2)x dz + ∫

−0.5h2

−0.5h2−h1
σ(1)x dz + ∫

0.5h2+h3

0.5h2
σ(3)x dz (5)



Comput Model Eng Sci. 2025;144(1) 721

Nθ = ∫
0.5h2

−0.5h2
σ(2)θ dz + ∫

−0.5h2

−0.5h2−h1
σ(1)θ dz + ∫

0.5h2+h3

0.5h2
σ(3)θ dz

Nx θ = ∫
0.5h2

−0.5h2
τ(2)x θ dz + ∫

−0.5h2

−0.5h2−h1
τ(1)x θ dz + ∫

0.5h2+h3

0.5h2
τ(3)x θ dz

here h1, h3 are the thicknesses of the composite coatings, h2 is the thickness of the steel shell (Fig. 1). The super-
script in brackets means that the stresses are calculated using formulas in (4) with the elasticity characteristics
of the corresponding layer. Linear bending and torque moments are introduced in a similar way.

Mx = ∫
0.5h2

−0.5h2
σ(2)x z dz + ∫

−0.5h2

−0.5h2−h1
σ(1)x z dz + ∫

0.5h2+h3

0.5h2
σ(3)x z dz (6)

Mθ = ∫
0.5h2

−0.5h2
σ(2)θ z dz + ∫

−0.5h2

−0.5h2−h1
σ(1)θ z dz + ∫

0.5h2+h3

0.5h2
σ(3)θ z dz

Mx θ = ∫
0.5h2

−0.5h2
τ(2)x θ z dz + ∫

−0.5h2

−0.5h2−h1
τ(1)x θ z dz + ∫

0.5h2+h3

0.5h2
τ(3)x θ z dz

Figure 1: Cross-section of the wall of a cylindrical shell

To study the stability of three-layer orthotropic shells using the energy method, it is necessary to obtain
expressions for the total potential energy of the shell—external load system. The energy of elastic deformation
of the shell for small deviations from the ideal initial shape can be written in the form of a functional defined
on the possible displacements of points on the middle surface:

U (u, v ⋅w) = ∫
2π

0
∫

L

0
(Nx ex + Nθ eθ + Nx θ γx θ +Mx χx +Mθ χθ +Mx θ χx θ)dx Rdθ (7)

where L—is the length of the cylindrical shell.
The work of external forces depends on the type of applied loads. The most common cases of buckling

are related to axial compressive force and external pressure. If the shell is loaded at the ends with axial uniform
compressive forces so that the subcritical stress state is membrane N0

x = const, N0
θ = N0

x θ = 0, then the work
of external forces has the form:

A(u, v ⋅w) = 1
2 ∫

2π

0
∫

L

0
N0

x (
∂w
∂x
)

2
R dx dθ (8)
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Based on Lagrange’s variation principle, the actual displacements during loss of stability deliver a
minimum to the functional Λ defined on the kinematic permissible displacements.

Λ (u, v ⋅w) = U (u, v ⋅w) − A(u, v ⋅w) (9)

To find the displacements that deliver the minimum functional of the total energy, the finite element
method is used.

3 Application of the Finite Element Method

3.1 Finite Element Formulation of the Multilayer Shell Stability Problem
The energy of elastic deformation of the shell (7) is written in the form of a quadratic form of nodal

displacements:

U = 1
2
{u}T [K] {u} (10)

where {u} is the vector of displacement values at the nodes of the finite element mesh, [K]—is the global
stiffness matrix of the finite element model. Due to the linear dependence of the work of external forces on
the compressive force, we write this work accurate to scalar factor λ:

A = 1
2
{u}T λ [D] {u} (11)

where [D] is the global differential matrix for a unit value of the compressive force. The discrete form of
the total energy of the system takes the form of a function depending on the nodal displacements and the
parameter λ:

Λ = 1
2
{u}T [K] {u} − 1

2
{u}T λ [D] {u} (12)

The equilibrium conditions for the perturbed state correspond to the minimum total energy:

∂Λ
∂ {u} = [K] {u} − λ [D] {u} = 0 (13)

This leads to the problem of finding nontrivial values of a linear homogeneous system of algebraic
equations with respect to nodal displacements. Each root of the equation:

([K] − λ [D]) {u} = 0 (14)

corresponds to its eigen form of buckling of the shell and the corresponding critical force. The number of
roots of Eq. (14) is equal to the number of degrees of freedom of the finite element model. Several smallest
values of the critical load are of greatest practical interest.

The ANSYS software package was used to perform numerical studies on the stability of cylindrical shells
with two-sided composite covers (Fig. 1).

The ANSYS software package uses shell elements for structural and stability analysis of shells. They allow
analyzing multilayer elements as well. In cases of layers asymmetric with respect to the median surface, it is
possible to introduce a reference surface that does not coincide with the median surface. When analyzing the
stability of cylindrical shells compressed along the shells by Nx force, it is assumed that the unperturbed state
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is momentless. This condition will be fulfilled for asymmetric layers if the bending moment with respect to
the reference surface is zero when the deformation εx is constant along the thickness.

Mx = ∫
0.5h2

−0.5h2
σ(2)x (z − z∗)dz + ∫

−0.5h2

−0.5h2−h1
σ(1)x (z − z∗)dz + ∫

0.5h2+h3

0.5h2
σ(3)x (z − z∗)dz = 0 (15)

here z∗ is the distance of the reference surface from the median surface, and the stresses are constant within
each layer and are determined by its elastic properties.

σ(k)
x = E(k)

1

1 − ν(k)
12 ν(k)

21

(k = 1, 2, 3) (16)

here the superscript (k) specifies the layer number. Eq. (15) defines the distance of the reference surface from
the mid-surface of the middle layer.

z∗ = σ(3)x h3 (h2 + h3) − σ(1)x h1 (h2 + h1)
2(σ(1)x h1 + σ(2)x h2 + σ(3)x h3)

(17)

For specific values of layer thicknesses and their elastic characteristics, the the distance z* is set
in the “Section” settings as “Section Offset” by choosing “User-Input-Location” in preprocessor ANSYS
software package.

3.2 Creating Geometric Models and Performing Numerical Analysis
The finite element (FE) method was chosen to validate the corresponding theoretical solutions, and

linear eigenvalue analyses were conducted using the commercial software ANSYS 2021 R1. The influence of
structural parameters on the buckling response was systematically examined.

The cylindrical shell was considered to have the height L = 5000 mm and radius R = 5000 mm. To
perform a parametric study, the steel layer thickness h2 was considered as 8, 10 and 12 mm, while the thickness
of composite layers h1 = h3 was 1, 2 and 3 mm.

A second-order finite element SHELL281 was used to create discrete models. This element has eight
nodes with six degrees of freedom at each node: translations in the x, y, and z axes, and rotations about
the x, y, and z-axes. Element SHELL281 makes it possible to simulate layered structures with anisotropic
materials. Special settings of the SHELL 281 element allow to take into account different orientation of the
main directions of orthotropy of elastic properties of composite layers with respect to the global coordinate
system. Perfect bonding interface between the steel and composite layers was assumed. The accuracy in
modeling composite shells is governed by the first-order shear-deformation theory. The finite element model
of the shell consisted of 53,136 nodes and 17,496 elements. The criterion for sufficient accuracy in technical
calculations is the coincidence of nodal and element stress values to within one per cent. On the mesh used
these values for equivalent stresses coincided to within three significant digits.

The model of shell contained three layers, as seen in Fig. 2. The first and the third layers represent the
composite material, while the middle layer is represented by steel shell. The properties of composite layers
are presented in Table 1.
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Figure 2: FE model of the steel shell reinforced with two composite layers: (a) defining the layers properties; (b) detailed
view on shell thickness

Table 1: The properties of composite layers

Property Material

GFRP [19] CFRP [22]
Elastic modulus along fiber direction, E1 [MPa] 80,100 209,000

Elastic modulus along transverse direction E2 [MPa] 5000 9500
Elastic modulus along thickness direction E3 [MPa] 5000 9500

Poisson’s ratio μ12 = μ13 0.30 0.27
Poisson’s ratio μ23 0.40 0.40

Shear modulus G12 = G13 [MPa] 5000 5500
Shear modulus G23 [MPa] 3800 3900

Before performing the investigation, a mesh convergence analysis was made in order to validate the
results of numerical analysis. Firstly, it was calculated the critical buckling load for a steel cylindrical shell
under axial compression with the formula of Timoshenko [28,29]:

Pcr = 0.605 ⋅ Et2

R
, N/mm (18)

where E is Young’s modulus, MPa, t is the shell wall thickness, mm, and R is the mean radius of cylinder, mm.
In case of analyzed shell with L = 5000 mm, R = 5000 mm and thickness t = h2 = 10 mm, it results

Pcr = 2541 N/mm.
The boundary conditions were set as: at the cylinder base UX = UY = UZ = 0, while at the other part

of cylinder where the unit load of 1 N/mm was applied (on OY direction) it was considered UX = UZ = 0
(see Fig. 3a).
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Figure 3: Numerical modeling: (a) loads and boundary conditions; (b) buckling mode shape for isotropic shell

After mesh convergence analysis (Fig. 4), it was adopted a 200 mm mesh size to ensure computational
efficiency, since the critical buckling load was obtained in this case 2540.61 N/mm, very close to the analytical
value, as observed in Fig. 3b.

Figure 4: Mesh sensitivity analysis for critical buckling load

4 Theoretical Stability Analysis of Thin Orthotropic Shells
The analytical proposed method is based on the use of stability equation for an orthotropic shell under

axial compression [30,31]:

P = (m ⋅ π
L
)

2
[ Dx

1 − μx ⋅ μy
+ (

2μy ⋅ Dx

1 − μx ⋅ μy
+ 2 ⋅ Dx y)(

n ⋅ L
m ⋅ π ⋅ R)

2
+

Dy

1 − μx ⋅ μy
( n ⋅ L

m ⋅ π ⋅ R)
4
]

+
Ex ⋅ Ey

(m ⋅ π
L
)

2
⋅ R2 ⋅ (Ex − (2μy ⋅ Ex −

Ex ⋅ Ey

Gx y
) ⋅ ( n ⋅ L

m ⋅ π ⋅ R)
2
+ Ey ⋅ (

n ⋅ L
m ⋅ π ⋅ R)

4
)

(19)

To determine the buckling load from Eq. (19), it is necessary to minimize the expression of load for
discrete integer values of m (the number of axial half-waves) and n (the number of circumferential full waves).
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Eq. (19) utilizes the following notations: L represents the cylinder length, while R denotes its mean
radius. The wall thickness is given by t. The Poisson’s ratios in the longitudinal and circumferential directions
are μx and μy, respectively. The extensional stiffnesses in these directions, Ex, Ey, are specified by Eqs. (20)
and (21). Similarly, the bending stiffnesses, Dx, Dy follow from Eqs. (22) and (23). The in-plane shear stiffness,
Gx, is defined in Eq. (24), while the twisting stiffness, Dxy is given in Eq. (25).

Ex = E1 ⋅ t (20)
Ey = E2 ⋅ t (21)

Dx =
E1 ⋅ t3

12
(22)

Dy =
E2 ⋅ t3

12
(23)

Gx y = G12 ⋅ t (24)

Dx y =
G12 ⋅ t3

12
(25)

For a metallic shell reinforced with on both internal and external surface with layers of composite
material, the parameters from Eqs. (20), (21) and (24) were recalculated for a three-layers shell. The
approximations made include:

Ex ,m = E(1)1 ⋅ h1 + E ⋅ h2 + E(3)1 ⋅ h3 (26)

Ey ,m = E(1)2 ⋅ h1 + E ⋅ h2 + E(3)2 ⋅ h3 (27)

Gx y ,m = G(1)12 ⋅ h1 +G ⋅ h2 +G(3)12 ⋅ h3 (28)

Theoretical stability analysis of thin orthotropic shells uses cylindrical stiffness parameters. For three-
layer shells with asymmetric arrangement of layers, these parameters are determined relative to the reference
surface from Fig. 1, as:

Dx =
E(2)1

1 − ν(2)12 ν(2)21
∫

0.5h2

−0.5h2
(z − z∗)2dz + E(1)1

1 − ν(1)12 ν(1)21
∫
−0.5h2

−0.5h2−h1
(z − z∗)2dz

+ E(3)1

1 − ν(3)12 ν(3)21
∫

0.5h2+h3

0.5h2
(z − z∗)2dz (29)

Dy =
E(2)2

1 − ν(2)12 ν(2)21
∫

0.5h2

−0.5h2
(z − z∗)2dz + E(1)2

1 − ν(1)12 ν(1)21
∫
−0.5h2

−0.5h2−h1
(z − z∗)2dz

+ E(3)2

1 − ν(3)12 ν(3)21
∫

0.5h2+h3

0.5h2
(z − z∗)2dz (30)

Dx y = G(2)12 ∫
0.5h2

−0.5h2
(z − z∗)2dz +G(1)12 ∫

−0.5h2

−0.5h2−h1
(z − z∗)2dz +G(3)12 ∫

0.5h2+h3

0.5h2
(z − z∗)2dz (31)

5 Design of Experiments
This study employs an advanced statistical prediction model to systematically analyze the obtained data,

aiming to identify the optimal configuration and assess the influence of various factors—such as, metallic
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shell thickness, composite thickness, and composite material type—on the buckling behavior of FRP-
strengthened metallic cylindrical shells. A full factorial design of experiments (DOE) approach is utilized,
implemented using the statistical software Minitab 19. The investigated parameters and their corresponding
three-level variations are detailed in Table 2.

Table 2: Parameters and levels used in DOE analysis

Parameter Level

1 2 3
Type of composite material GFRP/GFRP CFRP/CFRP GFRP/CFRP

Steel thickness, h2, mm 8 10 12
Composite thickness, h1 = h3, mm 1 2 3

Therefore, it resulted a number of 27 tests, as presented in Table 3. The following designations are
adopted here for the various combinations of coatings.

Table 3: DOE array

Test no. Composite type h2, mm h1 = h3, mm Test no. Composite type h2, mm h1 = h3, mm
1 GFRP/GFRP 8 1 15 CFRP/CFRP 10 1
2 GFRP/GFRP 8 2 16 CFRP/CFRP 12 1
3 GFRP/GFRP 8 3 17 CFRP/CFRP 12 2
4 GFRP/GFRP 10 1 18 CFRP/CFRP 12 3
5 GFRP/GFRP 10 2 19 GFRP/CFRP 8 1
6 GFRP/GFRP 10 3 20 GFRP/CFRP 8 2
7 GFRP/GFRP 12 1 21 GFRP/CFRP 8 3
8 GFRP/GFRP 12 2 22 GFRP/CFRP 10 1
9 GFRP/GFRP 12 3 23 GFRP/CFRP 10 2
10 CFRP/CFRP 8 1 24 GFRP/CFRP 10 3
11 CFRP/CFRP 8 2 25 GFRP/CFRP 12 1
12 CFRP/CFRP 8 3 26 GFRP/CFRP 12 2
13 CFRP/CFRP 10 1 27 GFRP/CFRP 12 3
14 CFRP/CFRP 10 2

GFRP/GFRP—double-sided glass fiber reinforced polymer composites coatings.
CFRP/CFRP—double-sided carbon fiber reinforced polymer composites coatings.
GFRP/CFRP—inner coating with carbon fiber reinforced polymer composite and outer coating with

glass fiber reinforced polymer composite.

6 Results and Discussion

6.1 Analytical and Numerical Results
The analytical and numerical results regarding axial critical buckling load are shown in Table 4.

The column titled “Increase in buckling load (%)” in Table 4 quantifies the relative enhancement in the
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critical buckling load achieved through FRP reinforcement, compared to the baseline performance of an
unreinforced steel cylindrical shell (calculated with Formula (18)).

Table 4: Analytical and numerical results

Test No. Pcr, N/mm Difference, % Increase in Buckling Load, %
Analytical Numerical

1 1741 1722 1.10 5.89
2 1864 1826 2.08 12.29
3 2002 1940 3.20 19.30
4 2674 2659 0.56 4.64
5 2754 2784 1.08 9.56
6 2980 2919 2.09 14.88
7 3828 3803 0.66 3.94
8 4018 3955 1.59 8.09
9 4217 4114 2.50 12.44
10 1878 1860.5 0.94 14.41
11 2141 2082 2.83 28.04
12 2444 2395 2.05 47.29
13 2845 2831 0.49 11.41
14 3172 3117 1.76 22.67
15 3532 3412 3.52 34.28
16 4044 4019 0.62 9.84
17 4468 4346 2.81 18.78
18 4885 4690 4.16 28.18
19 1829 1901 3.79 16.89
20 2065 2137 3.37 31.40
21 2352 2341 0.47 43.95
22 2777 2748 1.06 8.15
23 3056 2965 3.07 16.69
24 3382 3420 1.11 34.59
25 3960 3913 1.20 6.94
26 4311 4163 3.56 13.77
27 4684 4410 6.21 20.52

It can be observed that the analytical and numerical results are very close, the maximum difference
between the analytical and numerical results, 6.21%, occurred in Test 27, which involved the thickest hybrid
composite configuration (GFRP/CFRP with 3 mm thickness each). This discrepancy arises due to the
simplifying assumptions in the analytical model—such as perfect geometry, linear elasticity, and averaged
material properties—which do not fully account for the complex interfacial effects, stiffness gradients, and
boundary layer behavior captured in the finite element simulations. Nonetheless, a deviation of 6.21% is
within the range of acceptable accuracy for engineering design. It confirms that the analytical model provides
reliable estimations and validates the general trend observed in the numerical simulations, especially
for use in parametric and optimization studies where exact matching is less critical than capturing the
behavior trends.
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As shown in Table 4, increasing the composite thickness from 1 mm to 3 mm resulted in up to a 47.29%
increase in buckling resistance, indicating a strong dependence on the reinforcement ratio. Additionally,
thinner steel shells, (h2 = 8 mm) benefited more from FRP strengthening due to their higher susceptibility
to local buckling, which the composite layers effectively constrained.

As shown in Fig. 5, the FRP-reinforced cylindrical steel shell exhibits a more uniform deformation
pattern and higher overall stiffness compared to the unstiffened shell depicted in Fig. 3b. The reinforced shell
demonstrates delayed buckling and localized displacement, whereas the unstiffened configuration (Fig. 3b)
shows pronounced global instability with higher deformation amplitudes concentrated along the vertical
axis, indicating a lower load-carrying capacity.

Figure 5: Example of failure mode of steel cylindrical shell reinforced with FRP

Fig. 6 presents the axial critical buckling load variations for different reinforcement types: GFRP, CFRP,
and the hybrid combination of GFRP+CFRP. It is evident that CFRP reinforcement yields the highest
buckling resistance due to its superior stiffness and strength compared to GFRP. This can be attributed
to the higher elastic modulus of CFRP, which allows the reinforced shell to resist axial compression more
effectively. The hybrid reinforcement (GFRP+CFRP) further enhances buckling resistance, benefiting from
the combination of CFRP’s high stiffness and GFRP’s flexibility, which overall structural performance.
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Figure 6: (Continued)
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Figure 6: The values of axial critical buckling load for different types of composite reinforcement: (a) GFRP
reinforcement; (b) CFRP reinforcement; (c) GFRP+CFRP reinforcement

Similarly, Ref. [16] have demonstrated that increasing the thickness of CFRP or GFRP layers leads to a
significant enhancement in buckling resistance, consistent with our findings. Also, the results from Ref. [15]
showed that compared to the normal steel cylindrical shell, the steel–composite cylindrical shell possessed
lower imperfection sensitivity and higher load-carrying capacity.

The presented results are further supported by findings in the Ref. [20] which emphasize the role of FRP
stiffness in buckling performance. It has been shown that the elastic modulus of the FRP wrap influences the
effective stiffness of the strengthened shell only when it exceeds that of the metallic substrate. For elastically
buckling shells with wall thickness much greater than the FRP layer, only the hoop modulus of the FRP
(i.e., the modulus in the circumferential direction) significantly affects the buckling load, while increases in
axial modulus have little to no effect. This is because buckling in cylindrical shells under axial compression
is often triggered by circumferential deformation patterns, and increasing the hoop stiffness resists these
out-of-plane deformations more effectively, thereby delaying instability. In contrast, the axial modulus does
not directly resist the lateral deformation modes that drive buckling. However, for thinner shells, where the
overall shell is more flexible and the FRP layer contributes a higher proportion of the composite stiffness,
increasing the axial modulus of the FRP wrap can significantly enhance the ultimate buckling load. In such
cases, both axial and hoop stiffness become important. These observations confirm and explain our findings
that both composite type (i.e., material modulus) and layer thickness play critical roles in influencing the
buckling resistance, particularly in shells with smaller steel wall thicknesses.

In Fig. 7, the increase in the critical buckling load is shown as a function of reinforcement type
and thickness.
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Figure 7: Increase of critical buckling load

The results indicate that, for all reinforcement types, increasing the composite thickness leads to an
enhancement in buckling resistance. This suggests that while adding more composite layers strengthens the
shell, there exists a point where additional thickness provides diminishing returns due to local instability
effects. Moreover, the rate of improvement is more pronounced in CFRP-reinforced shells, which demon-
strates that the material’s superior mechanical properties make it more effective in carrying axial loads. The
hybrid reinforcement also exhibits a notable increase in buckling resistance, indicating that the combination
of CFRP and GFRP creates a synergistic effect where stiffness and ductility are balanced. The steel shell
thickness also plays a role, with thinner shells benefiting more from composite reinforcement.

6.2 Statistical Results
To gain deeper insight into the factors affecting the buckling behavior of steel cylindrical shells

reinforced with FRP, a statistical analysis was conducted. This included determining the main effects plots
for the critical buckling load increase (Fig. 8), interaction plots (Fig. 9), as well as the Pareto chart (Fig. 10).

The plot reveals that composite thickness has the most substantial impact, confirming that as additional
layers are applied, the shell gains stability against axial compression. The second most influential factor
is composite type, reinforcing the idea that CFRP outperforms GFRP not only due to its higher elastic
modulus, but also because the increased stiffness provided by CFRP enhances the overall axial rigidity of
the shell, effectively delaying the onset of buckling. This improved confinement of radial and circumferential
deformations contributes to a greater increase in critical buckling load. However, the effectiveness of
increasing composite thickness is more pronounced in thinner steel shells, as the additional reinforcement
compensates for their lower intrinsic stiffness. On the other hand, the influence of steel shell thickness follows
a less steep trend, suggesting that although thicker steel layers improve buckling resistance, the benefits are
moderate compared to composite reinforcement. This aligns with the fact that steel itself already provides
significant structural integrity, making the additional reinforcement less critical for thicker shells.
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Figure 8: Main effects plot for buckling load increase

Figure 9: Interaction plots for buckling load increase
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Figure 10: Pareto charts for buckling load increase

Expanding on this, Fig. 9 presents interaction plots, which reveal how different factors work together to
influence buckling resistance. The interaction between steel thickness and composite thickness is particularly
interesting, as it shows that the benefits of composite reinforcement are more significant for thinner steel
shells. This suggests that reinforcement is most effective when applied to structures that are inherently more
susceptible to buckling, making it a valuable technique for lightweight engineering applications. Another
key interaction is between composite type and thickness—while increasing CFRP thickness results in a
substantial improvement in buckling load, GFRP reinforcement exhibits a more gradual increase. This
indicates that CFRP reinforcement is more effective in thinner layers because its higher stiffness-to-thickness
ratio provides significant buckling resistance without the need for substantial thickness increase. In contrast,
GFRP requires a thicker application to offer a comparable stabilizing effect due to its lower modulus,
which makes it less efficient in thin-layer applications where added mass or dimensions are critical. The
interaction between composite and steel thickness further supports the idea that optimizing reinforcement
strategies requires considering both material properties and structural dimensions, rather than treating them
as independent factors.

Finally, Fig. 10 provides a Pareto chart illustrating the significance of different factors in determining
buckling load increase. The chart confirms that composite type is the dominant factor, accounting for the
largest portion of variance in buckling performance. Composite thickness follows closely, indicating that
increasing reinforcement thickness is a key strategy for improving structural stability. Steel thickness, while
still relevant, has a smaller impact compared to composite reinforcement, highlighting the efficiency of using
FRP materials for buckling enhancement.

The statistical plots confirm that composite thickness is the dominant factor influencing the buckling
resistance, highlighting the substantial role of reinforcement ratio. While local buckling suppression is
reflected in the increased load capacity of thinner steel shells, its impact is secondary to the direct
contribution of the reinforcement thickness.
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7 Conclusion
The findings of this study emphasize the critical role of composite reinforcement in enhancing the

buckling resistance of steel cylindrical shells under axial compression. Through both numerical and analyt-
ical analysis, it has been demonstrated that CFRP reinforcement leads to the most substantial improvement
in buckling resistance, with increases of up to 47.29% when applied in thinner layers. In comparison,
GFRP reinforcement, although beneficial, achieves a more modest enhancement ranging from 3.94% to
19.30%. Interestingly, the hybrid combination of GFRP and CFRP strikes a balance between strength and
flexibility, providing an increase in buckling load ranging from 6.94% to 43.95%. These results indicate that
material selection plays a decisive role in structural performance, with CFRP being the preferred option
for applications requiring maximum stiffness and load-bearing capacity. Furthermore, the impact of steel
shell thickness on reinforcement efficiency reveals an important trend. The most significant benefits of FRP
reinforcement are observed in thinner steel shells (h2 = 8 to 10 mm), where the risk of buckling is inherently
higher. As the steel shell thickness increases to 12 mm, the influence of composite reinforcement diminishes,
though improvements remain notable. This insight suggests that FRP reinforcement is most advantageous
for lightweight structural applications, where maintaining stability without excessive material weight is a key
design constraint.

The interaction between different design parameters further highlights the importance of a complete
approach to reinforcement optimization. The results show that reinforcement effectiveness decreases as
steel thickness increases, indicating that reinforcement strategies should not be considered in isolation but
rather tailored to the specific geometry and material properties of the shell. This finding underscores the
necessity of performing parametric studies to optimize reinforcement configurations based on individual
structural requirements. The validation of numerical simulations through theoretical calculations ensures
the reliability of the results, making them directly applicable in engineering design practices. The results of
the work are obtained in the framework of the linear theory of shells with ideal connections between the
layers. The performed research can be further developed in several directions. For structures with insulating
layers with low shear stiffness, it is reasonable to apply the modified Kirchhoff hypothesis with a piecewise
linear distribution of displacements along the thickness of the package. If plastic deformations appear in
the subcritical state or the material of the cylindrical shell is nonlinearly elastic, then these nonlinearities
can be taken into account at the stage of analysis of the preliminary stress state. The same applies to the
geometric nonlinearity of the equations of the subcritical state. For cases in which residual stresses arise
as a result of the process operations that create additional compressive axial force, this can be taken into
account at the prestressing calculation stage. If compressive forces are applied cyclically, the probability of
delamination increases. In such cases, it is reasonable to investigate the loss of stability in a nondeterministic
formulation. To analyze the after-critical state, it is necessary to use geometrically nonlinear shell theory,
which takes into account the squares of rotation angles of the normal element. The use of commercial
software systems, supplemented with user procedures, will make it possible to perform such calculations for
industrial shell structures.

Experimental studies are of great importance for the reliability of the results of theoretical modeling. It
is advisable to conduct experiments on the stability of cylindrical shells with composite coatings. Publication
of the results of such experiments with a full set of model parameters will contribute to the development
of research in this direction. While the validation of numerical simulations through theoretical calculations
ensures the reliability of the results, this study operates within the framework of linear shell theory and
assumes ideal connections between layers. These assumptions may limit the applicability of the findings in
real-world scenarios involving geometric imperfections, nonlinear behavior, or imperfect bonding. Future
work should address these limitations through experimental validation and more advanced modeling
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techniques to capture the full complexity of reinforced shell structures. The results of the paper provide
direct guidance on selecting optimal reinforcement strategies for real-world applications, such as storage
tanks, pipelines, pressure vessels, and offshore structures, where axial compression resistance is a critical
design consideration.

Acknowledgement: Not applicable.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: The authors confirm contribution to the paper as follows: Conceptualization, Maria Tănase
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