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Abstract: LGP cylinders are necessary for fuel storage and home heating. To avoid material
and human risk, it is essential to maintain their structural integrity. Extensive mechanical
research studies and physical tests are necessary for its design. This paper investigates the
mechanical performance of the storage capacity of an LPG cylinder under static loading.
The authors integrate and adapt IGA with the T-Splines function for geometry modeling
and numerical analysis in the context of linear elasticity. The main focus is on the strains
and stress numerical results. The obtained results are examined and verified with the FEM
in Abaqus/Standard. The results found show that the storage capacity of a single cylinder
is equivalent to 15 empty cylinders. This study also demonstrates that the T-Splines method
is a promising alternative for numerically analyzing the mechanical structure performance
of LPG cylinders, particularly in energy storage issues.

Keywords: IGA approach; Reissner–Mindlin shell theory; T-splines function; Bézier
extraction; 6061-T6; linear elasticity; LPG cylinder; Abaqus/Matlab

1. Introduction
LPG cylinders are increasingly being used in our daily lives, particularly in domestic

heating [1,2], fuel storage for LPG vehicles [3] and during welding work. These devices
require special attention because they are located close to humans and any issues related to
structural integrity can cause significant material and human damage. The design and de-
velopment of these devices requires several levels of mechanical studies and physical tests
(the burst pressure test, fatigue test, shock and impact test and leak test) to preserve their
structural integrity and ensure their safety according to international approval standards
(ISO 9162 [4], UNECE R67, UNECE R115). In the literature, several works interested in the
study of LPG cylinders in the field of mechanics [5–7] and the field of CFD [8] and also
concerning the process and method of mechanical manufacturing [9] can be found. As an
example, the authors of [10] investigated the mechanical and microstructural properties of
liquefied petroleum gas (LPG) cylinders from local sources, assessing their compliance with
ISO 4706 standards [11]. Experimental tests were performed on three samples including
tensile, bending, hardness, hydrostatic pressure, and microstructural analyses.
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Finite element method(FEM) is an important step after mechanical design. It allows
the mechanical structure to be verified and validated before starting the manufacturing
process. The authors of [12] presented a technical investigation into the design, stress
analysis, and damage assessment of fiber-lined composite gas cylinders using Abaqus
software 2020. Ardayfio et al. [13] analyzed the mechanical and microstructural properties
of welding regions of LPG cylinder materials from various local sources. Experimental and
numerical analyses focus on tensile strength, hardness, burst pressure, fracture toughness,
and microstructure. This study demonstrates the importance of the precise control of
materials and manufacturing processes to ensure the durability and safety of LPG cylinders.

The modeling of curved structures still remains a pertinent research topic because the
finite element method shows limitations in approximating curved structures by meshing.
In the literature, several researchers [14–17] have demonstrated interest in the development
of new numerical methods capable of approximating geometry exactly or with less approx-
imation error, notably the IGA method, which is based on the Non-Uniformal Rational
B-Splines function [18,19]. The IGA method with NURBS functions provides good results
in geometric approximation and numerical analysis compared to the FEM [20,21].

In another sense, the integration of the T-Splines function has corrected some limi-
tations of the NURBS function [21,22]; T-Splines mesh is flexible and uses fewer control
points and therefore less computation time compared to the NURBS function. The literature
shows that T-Splines functions are rarely used or used only in a few particular studies.
As an example, Du et al. [23,24] present an isogeometric analysis in linear and nonlinear
cases of thin-walled structures, applying Bézier extraction tools for the use of T-Splines and
NURBS functions in finite element analysis. In this work, they support the Kirchhoff–Love
and Reissner–Mindlin hypotheses for the analysis of plates and shells. Large deformations,
including several models of hyperplastic materials, are also treated. This work introduces
new perspectives in isogeometric analysis based on the new T-Splines function that comes
with positive points, especially in localized mesh with fewer control points compared to
NURBS, which will reduce the computation time. El Fakkoussi et al. [25] integrate and
adapt the IGA approach with the T-Splines function for research on the mechanical analysis
of a 3D pipe with a preformed hole issue under compression loading with linear elasticity
behavior for untrimmed surfaces to study structural engineering issues. Zhang et al. [26]
have introduced a novel T-Splines-oriented Isogeometric topology optimization (T-ITO)
method to resolve the challenges of designing shell and plate structures with arbitrary
geometries. Traditional NURBS-based approaches face limitations in handling complex
structures due to their tensor product nature. This research study establishes the T-ITO
method as a superior approach for optimizing the topology of shell and plate structures
with complex geometries in technical applications.

According to the literature review, it appears that the study of LPG cylinders by the
IGA approach using the T-Splines function has not been carried out yet. In this work,
we will integrate and adapt IGA with the T-Splines function for geometry modeling and
numerical analysis in the linear elasticity case to study the LPG cylinder under static loading
conditions. This work will make a significant contribution and enrich current research
on the understanding of IGA with T-Splines, implemented for the numerical modeling of
curved structures and also to evaluate the mechanical structure efficiency of LPG cylinders
in comparison with other numerical methods like the FEM and IGA NURBS.

This works is structured into three sections. The primary section focuses on the
mathematical background, including the T-Splines function basis, the Bézier extraction of
the T-Splines function. The following section explains the steps to prepare, draw and extract
geometry via the Rhino V5 and T-Splines plugin for finite element analysis. Additionally,
we model an LPG cylinder subjected to a static load applying the FEM in Abaqus/Standard,
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and the IGA with the T-Splines method is implemented in the Matlab 2021 software. In the
last section, the focus will be on the displacement and stress numerical results of a liquefied
petroleum gas (LPG) cylinder subjected to a static mechanics loading issue. The numerical
results obtained are examined and verified with the FEM in Abaqus/Standard.

2. Materials and Methods
In this section, we present in detail the various mathematical equations and models

employed in the modeling and analysis of the mechanical performance of lithium iron
phosphate (LPG) cylindrical structures. The focus will be on the application of the IGA
method with T-Splines functions. A detailed formulation of the governing equations,
boundary conditions, and numerical implementation will also be thoroughly discussed to
highlight the effectiveness and advantages of the IGA method in this context.

2.1. T-Splines

T-Splines have been introduced as a strong candidate to replace NURBS in isoge-
ometric analysis (IGA) with applications on curved structures [25]. T-Splines illustrate
the ability to represent complex geometries seamlessly; unlike NURBS, which enforces a
rigid tensor product structure that can lead to fragmentation and discontinuities between
patches, T-Splines allow for local refinement at T-junctions. This means it does not re-
quire many cross-nodal repeat patches to curve around the geometry neatly and properly
without flowing over the edges of inserted shapes. Furthermore, T-Splines are used to
reduce the required control points for a more efficient model and correspond to reduced
degrees of freedom in analysis [22]. These advantages allow T-Splines to be particularly
good choices for the design of curved surfaces. They still preserve basic geometry while
optimizing computational resources, comparing favorably with traditional NURBS-based
approaches. In our previous work [25], we clearly showed the advantage of T spline;
notably, T-Splines offer several advantages over the traditional NURBS in isogeometric
analysis. T-Splines also handle trimmed and untrimmed surfaces more effectively, making
them particularly suitable for complex geometries. Additionally, their compatibility with
Bézier extraction facilitates their integration with finite element analysis (FEA) software.
Compared to NURBS-based IGA and the FEM, T-Splines improve computational efficiency
while maintaining high accuracy in structural analysis, especially for mechanical struc-
tures with intricate surface details. The mathematical expression for T-Splines with the
parametric coordinates ξ, η can be expressed as [23]

T(ξ, η) = ∑n
i=1 Ri(ξ, η)Pi, Ri(ξ, η) =

Ni(ξ, η)ωi

∑n
i=1 Nj(ξ, η)ωj

(1)

where Pi is the T-Splines control point; Ri and ωi denote the rational blending function and
weight of the i-th control point; Ni is the B-Splines basis function defined on a topologically
rectangular domain; and n is the total number of control points.

B-Splines basis functions are constructed using the Cox–de Boor recursion formula:

Basis function for 0 degrees:

N0
i (ξ) =

{
1, i f ξi ≤ ξ ≤ ξi+1

0, otherwise
(2)

Basis function for higher degrees:

Np>0
i (ξ) =

ξ − ξi
ξi+p − ξi

Np−1
i (ξ) +

ξi+p+1 − ξ

ξi+p+1 − ξi+1
Np−1

i+1 (ξ) (3)



Appl. Sci. 2025, 15, 3102 4 of 14

where
Ni(ξ, η) = Np

i (ξ).N
q
i (η) (4)

2.2. Bézier Extraction of T-Splines Functions

Similarly to the FEM, the Bézier extraction of T-Splines functions [25] allows their
basis functions to be represented as shown in Figure 1. This process converts the T-Splines
basis functions into a set of constant polynomial terms known as the Bernstein basis (B i),
as shown in Equation (5). The Bézier elements can be processed in a similar manner to
conventional finite element analysis, using existing data processing tables. In practice, only
the shape function subroutine needs to be modified, while all other components of the finite
element framework stay unchanged. A key outcome of the Bézier extraction process is the
creation of an element extraction operator, which facilitates the transformation of T-Splines
basis functions into local Bézier elements. This operator captures element-level topological
information and global smoothing properties, enabling the efficient and canonical handling
of T-junctions. T-junctions, often known as “hanging nodes” in finite element analysis,
are a distinctive feature of T-Splines and are essential for their local refinement capability.
By leveraging the extraction operator C, T-junctions are seamlessly integrated into the
IGA framework, ensuring continuity and smoothness across elements while maintaining
compatibility with standard finite element procedures. The Bézier extraction approach
not only simplifies the integration of T-Splines into existing finite element workflows but
also highlights their adaptability for modeling complex geometries and achieving higher
computational efficiency.

N = CB (5)

where N is the B-Splines basis function; C is the Bezier extraction operator; B is the Bernstein
basis function; and Pi is the point control of the B-Spline curve.
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2.3. Reissner–Mindlin Shell Theorem

The most important difference between the Reissner–Mindlin shell theorem and the
Kirchhoff–Love theory lies in how they account for transverse shear effects, which are
crucial for accurately modeling thick shell structures. In our study, we focus on the Reissner–
Mindlin shell theorem, which is widely used for shell structures where these shear effects
and complex 3D geometries must be considered [27]. This formulation is based on an exact
median surface with precise normal vectors, enabling an accurate description of thick shells
through a complex geometric approach.

In contrast, the Kirchhoff–Love shell theorem, which extends the Kirchhoff–Love
model to thin shells, neglects transverse shear strain and is typically used for both linear
and nonlinear analysis. It includes membrane strain and bending terms and utilizes
covariant and contravariant tensors for nonlinear geometric analysis. The Kirchhoff–Love
theorem is highly accurate for thin shells in both linear and nonlinear cases [23]. While it
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provides a simplified approach suitable for thin structures, the Reissner–Mindlin theorem
is more general and includes the transverse shear effects necessary for thick structures.

3. Computational Analysis and Modeling
This section describes the steps involved in preparing, drawing and extracting the

geometry via the Rhino V5 and T-Splines plugin for finite element analysis. Additionally,
modeling an LPG cylinder subjected to a static load applying the FEM in Abaqus/Standard,
IGA with the T-Splines method is implemented in the Matlab software.

3.1. LPG Cylinder 3D Geometry and Material

The integration and modeling of geometry using NURBS or T-Splines functions in
finite element analysis remains a major concern of researchers. In the literature, we did
not find any tools to perform a complete IGA containing geometric preparation, NURBS
or T-Splines mesh, boundary conditions and a solution of a matrix system of elastic linear
equations.

In this work, we use the T-Splines plugin [28–30] integrated in Rhinoceros 3D V5 to
realize our geometry (Figure 2). This part consists of three main steps: the creation of a
CAD surface in Rhino V5 using the T-Splines plugin and the conversion of T-Splines surface
representations into an IGA file (Figure 3) using Bezier extraction, which contains all the
necessary information used in the Matlab main code (Figure 4), such as control points,
element numbers, the degree of the T-Splines function, the T-Splines function basis and the
boundary conditions of our problem, including the Dirichlet and Newman conditions.
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In the block diagram presented in Figure 4, the following contributions were made:
Geometry design and T-Spline mesh: The geometry was created using the T-Splines

plugin in Rhinoceros 3D V5. The mesh generation process was customized to ensure
compatibility with the IGA approach, and additional scripts were developed to extract and
organize the mesh data necessary for analysis.

Boundary conditions and mechanical properties: Custom MATLAB scripts were im-
plemented to define the boundary conditions, including Dirichlet and Newman conditions,
and to assign the mechanical properties of the aluminum 6061-T6 material.

Numerical resolution (Solver): The matrix system of elastic linear equations,
[K]{u} = {F}, was formulated and solved using the MATLAB solver, specifically developed
for the T-Splines IGA approach to study the mechanical performance of LPG cylinders.

Post-processing: The results were visualized using MATLAB, where custom plotting
routines were developed to display the deformation and stress distributions. These visu-
alizations provided a detailed analysis of the mechanical behavior of the LPG cylinder,
helping to identify areas of stress concentration and regions that may be prone to failure
under loading conditions.
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The materials used to manufacture LPG cylinders include carbon steel alloys [31]
(Figure 5), which are the most commonly used due to their low cost, high tensile strength
and good formability, making them ideal for safely withstanding high internal pressures.
We also find that the aluminum alloys [32] (Figure 5) are less common and are favored for
lightweight applications where portability is required, offering good corrosion resistance
but lower fatigue strength than steel. Finally, we found that glass fiber-reinforced polymer
composites [33–35] (Figure 5) are mainly used for lightweight and corrosion-resistant LPG
cylinders and are often favored in specialized or mobile applications due to their high
pressure resistance and impact tolerance (Figure 6).
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Figure 6. The geometry of the LPG cylinder.

To investigate the LPG cylinder, the aluminum alloy 6061-T6 (Table 1) [12] was utilized.
It was used as an isotropic elastic–plastic material, and Figure 7 illustrates how a bilinear
material model represents the plasticity behavior.

Table 1. Mechanical properties of aluminum alloy 6061-T6.

Aluminum 6061-T6 [12]

Elasticity modulus, MPa 69,000
Poisson ratio 0.324

A% 5.86%
Tensile strength, MPa 368
Yield strength, MPa 298

Density, g/cm3 2.70
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3.2. Meshing, Boundary Condition and Loading

For a good robust numerical convergence of the FEM analysis results in Abaqus/Standard
and to promote useful comparisons with the IGA method with T-Splines results, we car-
ried out a mesh refinement analysis for the various proposed mesh sizes. For an efficient
processing time, the 1 mm mesh size was employed throughout the entire LPG cylinder, as
shown in Figure 8, for the following results in this present research.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 9 of 15 
 

mesh sizes. For an efficient processing time, the 1 mm mesh size was employed 
throughout the entire LPG cylinder, as shown in Figure 8, for the following results in this 
present research. 

 

Figure 8. Mesh of LPG cylinder in Abaqus/Standard for FEM analysis. Total number of nodes: 847. 
Total number of elements: 774. 

In the present research, the aim is to employ IGA with the T-Splines method to 
evaluate industrial mechanical performance issues, in particular, to numerically 
study the storage capacity of liquefied gas (LPG) cylinders in the case of empty 
pressure, as well as to evaluate their mechanical performance. These studies are part 
of a global approach to optimizing storage space, considering geometric constraints, 
material properties, and safety requirements. This loading is modeled by an applied 
load (F) (Figure 9). The loading F of the empty weight of the LPG cylinder is given by 𝐹 = 𝑚𝑔 (6) 

where m is the mass of the empty LPG cylinder; in our case, we take the mass 15 kg 
for an LPG cylinder of 13 kg of gas (one LPG cylinder is modeled with a loading of 
147 Newton) and g = 9.81 m/s2 is the gravitational acceleration. 

   

Figure 9. Loading conditions of the LPG cylinder. 

In consideration of geometry symmetry and for a good processing time ratio, it 
takes half an LPG cylinder to model the storage capacity in the case of empty pres-

Figure 8. Mesh of LPG cylinder in Abaqus/Standard for FEM analysis. Total number of nodes: 847.
Total number of elements: 774.

In the present research, the aim is to employ IGA with the T-Splines method to evaluate
industrial mechanical performance issues, in particular, to numerically study the storage
capacity of liquefied gas (LPG) cylinders in the case of empty pressure, as well as to
evaluate their mechanical performance. These studies are part of a global approach to
optimizing storage space, considering geometric constraints, material properties, and safety
requirements. This loading is modeled by an applied load (F) (Figure 9). The loading F of
the empty weight of the LPG cylinder is given by

F = mg (6)
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where m is the mass of the empty LPG cylinder; in our case, we take the mass 15 kg for an
LPG cylinder of 13 kg of gas (one LPG cylinder is modeled with a loading of 147 Newton)
and g = 9.81 m/s2 is the gravitational acceleration.
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In consideration of geometry symmetry and for a good processing time ratio, it takes
half an LPG cylinder to model the storage capacity in the case of empty pressure for the
two numerical methods of investigation, the finite element method (FEM) according to
Abaqus/Standard and the IGA method with T-Splines.

To obtain good numerical convergence of the FEM analysis results in Abaqus/Standard,
we used a linear element shell of type S4R with reduced integration to model the LPG
cylinder case (Figure 8). The S4R element is efficient in terms of good computational time
savings, is less prone to negative Jacobian errors than 3D solid elements and is simpler
to mesh.

4. Numerical Results and Discussion
In this part, we present the numerical results of the implementation of IGA with

T-Splines and its numerical advantages to study mechanical structure issues. The LPG
cylinder is subjected to a static load benchmark to check the integration and the adaptation
of the IGA with T-Splines and to investigate the numerical convergence and robustness
of the mechanical performance of the LPG cylinder in the case of energy storage issues.
The T-Splines numerical results obtained are examined and verified with the FEM in
Abaqus/Standard.

Firstly, a comparative study of computational time between the various numerical
methods utilized in this study was carried out. The obtained results demonstrate that the
processing time (Table 2) of IGA with T-Splines is less than that of FEM in Abaqus/Standard.
This affirms the results in studies by Du et al. [23] and El Fakkoussi et al. [25]. The reduced
computation time of the IGA compared to the NURBS method and FEM is determined,
and the T-Splines method uses less control points. And the benefits of polygonal and
NURBS modeling approaches are combined in T-Splines, as well as the better numerical
convergence of the results.

Table 2. A comparison of the time calculations for the FEM and the IGA with T-Splines methods,
performed with Intel® Core ™ i5-8250U CPU 1.60 GHz (4 CPUs).

Numerical Method FEM in (Abaqus/Standard) IGA with T-Splines

Time Calculation(s) 24.81 13.22
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A displacement comparison was made for an LPG cylinder subjected to the force of an
empty LPG cylinder during storage application, computed using the finite Element method
(FEM) in Abaqus/Standard and the isogeometric analysis (IGA) T-Splines approach. As
shown in Figure 10, the displacement distribution differs between the two methods, with
the T-Splines approach yielding smoother results with fewer numerical artifacts.
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The comparison in Figure 11 confirms that the IGA T-Splines method provides slightly
lower displacement values than the FEM while maintaining better numerical stability
and accuracy.
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This difference is due to the inherent properties of T-Splines, which allow for a more
flexible and continuous representation of 3D surfaces without the need for mesh refinement,
unlike the FEM, which relies on structured meshing that may introduce local discretization
errors (Figure 12). The T-Splines approach also enables local refinement without increasing
the global computational cost, making it advantageous for complex geometries and large
deformation problems. Similar conclusions were drawn by Du et al. [22–24], reinforcing
the idea that IGA-based T-Splines outperform the traditional FEM in terms of smoothness,
accuracy, and computational efficiency.
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The obtained numerical results demonstrate that the IGA with T-Splines provides
enhanced accuracy, particularly in capturing localized stress concentrations. The maxi-
mum Von Mises stress obtained using T-Splines is 225 MPa, whereas the result for the
Abaqus/Standard FEM is 204 MPa. This enhanced precision is attributed to the ability of
T-Splines to introduce local control points, refining the solution in critical zones without
requiring a global mesh refinement. This feature is particularly beneficial for structural
analyses where stress concentration areas are crucial for design validation.

Furthermore, the structural integrity of the LPG cylinder is evaluated by varying
the number of applied empty cylinders from 5 to 20. Figure 13 shows the variation in
numerical Von Mises stress results in the curve according to the number of loaded cylinders,
highlighting a close correlation between the FEM and T-Splines results, with a minor but
consistent difference. The curve shows that starting from the weight of 15 cylinders, the
elastic limit of the aluminum alloy 6061-T6 (298 MPa) is reached. We conclude that the
storage capacity of a single cylinder is equivalent to 15 empty cylinders.
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Overall, the results demonstrate that the T-Splines approach provides superior numer-
ical robustness, efficiently capturing stress variations in the loading application area while
maintaining a stable and convergent solution. The method’s ability to refine specific regions
without increasing computational costs makes it a powerful alternative to the conventional
FEM for structural applications involving complex geometries and high stress gradients.
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The results obtained demonstrated how IGA allows for rapid analyses, a very impor-
tant advantage for real-time simulation. This fast processing ability is crucial in the context
of digital twin, where instantaneous simulations are needed for evaluating and optimizing
the performance of physical systems in real time. Furthermore, IGA offers increased ac-
curacy in calculations, which is essential for the modeling of objects and processes in IOT
simulation’s systems.

Even if this approach offers significant added values, it is very important to note that
some challenges remain regarding the management of complex non-uniform geometries
and computational costs for large-scale problems.

The treatment of singularities, especially in regions with high stress concentrations,
is another area that requires further development. However, these challenges can be
addressed through the use of extended versions of IGA (such as X-IGA), which provide
greater flexibility in handling complex geometries and localized phenomena like crack
growth. X-IGA, in particular, offers robust solutions for accurately capturing the initiation
and propagation of cracks by using enriched basis functions that can handle singularities
more effectively.

Based on all of these numerical results, confidence is held by applying the IGA with
T-Splines method to numerically evaluate the mechanical performance of the LPG cylinder
in energy storage applications.

5. Conclusions
The mechanical performance of an LPG cylinder for energy storage applications was

successfully investigated under static loading within linear elastic, using isogeometric
analysis (IGA) with the T-Splines function. The numerical results of the displacement and
Von Mises stress were evaluated and verified with the FEM in Abaqus/standard. The
processing time of the isogeometric analysis (IGA) with the T-Splines method is smaller in
comparison to that of the FEM in Abaqus/Standard. This is confirmed by the numerical
results in the studies by Du et al. and also by El Fakkoussi et al.

The Von Mises stress numerical results obtained using the T-Splines method show a
close correlation with the FEM results, with a minor but consistent difference. The stress
results indicate that once the weight of 15 cylinders is reached, the elastic limit of the
aluminum alloy 6061-T6 (298 MPa) is exceeded. This suggests that the storage capacity of a
single cylinder is equivalent to that of 15 empty cylinders.

The results demonstrate that the T-Splines approach provides superior numerical
robustness, efficiently capturing stress variations in the loading application area while
maintaining a stable and convergent solution. The method’s ability to refine specific regions
without increasing computational costs makes it a powerful alternative to the conventional
FEM for structural applications involving complex geometries and high stress gradients.

Future research could focus on further refining IGA and X-IGA techniques for crack
growth simulations in multi-physics contexts, particularly in the analysis of fatigue, frac-
ture mechanics, and failure prediction in real-world structures. Enhanced computational
platforms and optimization algorithms will also be essential in making these methods
more efficient and scalable, enabling their integration into real-time digital twin systems
for predictive maintenance and structural health monitoring.

Another important future research direction involves a complementary investigation
into LPG cylinders under internal pressure, focusing on the integration and development
of isogeometric analysis with the T-Splines function. The goal is to evaluate the mechanical
structure performance of LPG cylinders under internal pressure, addressing challenges in
both linear elastic and plastic scenarios.
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