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Buckling analysis of thin-walled structures is essential to ensure their structural 
integrity under various loading conditions. The study aims to analyse buckling in thin-
walled structures, particularly a C-section channel, under different loads, considering 
cases with and without holes, using FEM. It investigates hole impact on buckling, 
critical load, and mode shapes, offering insights for C-section channel design. A finite 
element method (FEM) is used to model the structure and simulate mechanical and 
thermal loading conditions. Additionally, the study investigates the critical buckling 
load factor and mode shapes for both cases with and without holes. The results show 
that the presence of holes significantly affects the buckling behaviour of the structure. 
The mode shapes indicate that the buckling behaviour of the structure is different for 
each case. The critical buckling load factor is lower for the C-section channel with 
holes, indicating a higher risk of buckling. The results of this study provide insights into 
the buckling behaviour of thin-walled structures and demonstrate the importance of 
considering the presence of holes in the design and optimization of C-section channels.  
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1. Introduction 
 

Thin-walled structures are widely used in aerospace [1,2], automotive, and civil engineering 
applications [3]. These structures are prone to buckling under compressive loads, which can lead to 
catastrophic failures [4]. Therefore, it is crucial to study the buckling behaviour of thin-walled 
structures under different loading conditions to ensure their safe and efficient design. One of the 
critical issues that engineers face while designing these structures is their buckling behaviour. Under 
thermal loads, thin-walled structures may experience buckling that could lead to critical failures. 
Therefore, understanding the buckling behaviour of thin-walled structures under thermal loads is 
crucial. This literature review summarizes some of the recent studies on buckling analysis of thin-
walled structures under mechanical and thermal load. 
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Zhu et al., [5] analysed the buckling behaviour of thin-walled structures and showed that the 
buckling behaviour of these structures is affected by their cross-sectional shape and aspect ratio. Ma 
et al., [6] investigated the buckling behaviour of thin-walled structures under combined axial and 
bending loads and showed that the buckling load of thin-walled structures is lower than that under 
purely axial loads. Wang et al., [7] studied the buckling behaviour of thin-walled structures under 
axial compression load. The authors used the finite element method to analyse the buckling 
behaviour of different thin-walled structures. The study showed that the buckling behaviour of these 
structures depends on their geometrical parameters and material properties. The influence of 
manufacturing on the buckling performance of thin-walled, channel-section CFRP composites has 
shown by the authors Czapski and Lunt [8] through the experimental and simulation approach that 
useful to define composite materials for structural performance. Improved the brittle flexural 
behaviour of composite laminates finding traditional laminates based on the type of structural 
application [9]. A review has been made on composite laminates for thin-walled structures and 
shown the challenges in current industry [10].  

Kumar et al., [11] used the finite element method to analyse the buckling behaviour of different 
thin-walled structures and showed that the buckling behaviour of these structures under dynamic 
loading is affected by the loading frequency and amplitude, and the critical buckling mode may 
change under dynamic loading. Guo et al., [12] showed that the presence of a cut-out in a thin-walled 
structure significantly affected the buckling behaviour of the structure under thermal loads. Seidi et 
al., [13] studied the buckling behaviour of thin-walled structures under thermal loading. The authors 
used the finite element method to analyse the buckling behaviour of different thin-walled structures, 
including cylindrical shells, conical shells, and spherical shells. The study showed that the buckling 
behaviour of these structures under thermal loading is different from that under mechanical loading, 
and the buckling load is affected by the material properties and boundary conditions. Han [14] 
derived the buckling load and critical buckling mode of the cylindrical shell and showed that the 
buckling load of the cylindrical shell under thermal loads was lower than that under mechanical loads. 
Kadoli and Ganesan [15] considered a rectangular tube and a cylindrical shell made of aluminium 
alloy and subjected them to thermal loads and showed that the buckling behaviour of the structures 
was significantly affected by the thermal load. 

Kim et al., [16] analysed the buckling behaviour of a thin-walled beam subjected to bending using 
analytical and numerical methods. The authors considered the effect of different boundary 
conditions and loading conditions on buckling behaviour. Nguyen et al., [17] investigated the buckling 
behaviour of a thin-walled cylindrical shell under external pressure using experimental and numerical 
methods. The study showed that the buckling behaviour was influenced by the shell's geometrical 
parameters and the loading conditions. Shan et al., [18] considered the effect of different boundary 
conditions on buckling behaviour and analysed the stress and deformation patterns of the structure. 
Zhao et al., [19]  analysed the buckling behaviour of a thin-walled cylindrical shell under torsion using 
the finite element method. The authors considered the effect of the shell's curvature on the buckling 
behaviour and compared the results with those of previous studies. Jiao et al., [20] investigated the 
buckling behaviour of a thin-walled cylindrical shell under axial compression using an experimental 
method. The study showed that the initial imperfection of the shell had a significant influence on the 
buckling behaviour [21] and the critical buckling load.  

The studies reviewed suggest that the buckling behaviour of thin-walled structures under 
mechanical [4] and thermal loads is significantly affected by various factors, including the material 
properties, the presence of cut-outs or holes [22], the boundary conditions, and the aspect ratio of 
the structure. The results from the energy method and the finite element method are generally 
consistent in predicting the buckling behaviour of thin-walled structures under mechanical and 
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thermal loads. The buckling analysis of thin-walled structures, such as the study of C-section channel 
behaviour under mechanical and thermal loading with and without holes using finite element 
methods, is essential under modern conditions to enhance structural integrity, optimize design, and 
mitigate buckling risks for various applications. The results of these studies can provide practical 
insights for optimizing the design and ensuring the structural integrity of thin-walled structures, 
particularly C-section channels, by understanding the effects of mechanical and thermal loading, as 
well as the presence of holes, on buckling behaviour and critical load factors. Further research is 
needed to develop more accurate and efficient methods for analysing the buckling behaviour of thin-
walled structures under different loading conditions. The current study aims to demonstrate that the 
buckling behaviour of thin-walled structures is influenced by various factors, including loading 
conditions, geometrical parameters, material properties, boundary conditions, and the presence of 
cut-outs. The numerical methods used to investigate buckling behaviour in these studies provide 
insight into the underlying physics and can help engineers design more robust and efficient 
structures.  

 
2. Problem Definition 

 
The objective of this study is to perform a buckling analysis of a thin-walled C-section channel 

under mechanical and thermal loading, considering both the cases with and without holes. The C-
section channel is a commonly used structural component in various engineering applications and 
can be subjected to different loading due to exposure in different environments. 

The first part of the study will focus on creating a finite element model of the C-section channel 
with and without holes using a 3D finite element method. The mesh size and quality will be optimized 
to ensure accurate results. The material properties of the thin-walled structure will be defined, 
including the coefficient of thermal expansion, and other properties. The second part of the study 
will focus on defining the boundary conditions to simulate the structure's different loading conditions 
and support conditions. The boundary conditions will include constraints, loads, and initial 
conditions. The types of loads applied to the structure will depend on the type of buckling being 
analysed, such as critical buckling load and critical thermal load. The third part of the study will 
involve solving the finite element equations using numerical methods to obtain the temperature and 
displacement fields. The solution obtained will be used to determine the critical buckling load factor 
and mode shapes for both cases with and without holes in the C-section channel. 

 

 
Fig. 1. A model description with its dimension 
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Finally, the results will be post-processed to compare the buckling behaviour of the C-section 
channel with and without holes. The mode shapes will be used to identify the type of buckling that 
occurred in the structure under thermal load. The buckling load factor will be used to determine the 
safety factor and whether the structure is in danger of buckling or not. This study will contribute to 
the understanding of the buckling behaviour of thin-walled structures under mechanical and thermal 
loading and provide useful insights for the design and optimization of C-section channels in various 
engineering applications. 

 
3. Methodology  

 
FEM for buckling analysis of a thin-walled structure under mechanical and thermal load was 

considered in the present work and it is a powerful numerical technique used to solve complex 
engineering problems that cannot be easily solved using analytical methods.  

 
3.1 Geometry and Modelling 

 
First, a finite element model of the thin-walled structure is created using a 3D ANSYS workbench 

software, and the model is then discretized into smaller elements using meshing options. The mesh 
size and quality are critical parameters that can significantly affect the accuracy of the results. Figure 
1 shows the dimensions of the model which is designed as a c-section channel. The material used in 
the model is glass fibre-reinforced polymer (GFRP) which is represented in the model dimension as a 
channel with 80 mm height, 40 mm width, and a length of 250 mm. The flanges and web of the 
channel were composed of eight layers of 0.26 mm laminated sheets and had a thickness of 1 mm 
(0.125 mm each layer).  
 

  
Fig. 2. A FE model without and with holes 

 
Three parameters were investigated in this study: the spacing ratio, the shape of the hole, and 

the ratio of the opening (Figure 3). Each parameter was examined with three different configurations 
[22].  
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Fig. 3. Description of opening and spacing ratio 

 
3.2 Material Properties 

 
The mechanical properties of the material are defined in the finite element (FE) analysis software. 

Mechanical properties such as Young's modulus, Poisson's ratio, and shear modulus are used to 
define the constitutive equations that relate the stresses and strains in the material. Next, the 
material properties of the thin-walled structure are defined including the coefficient of thermal 
expansion. These properties are used to define the mechanical and thermal behaviour of the material 
when subjected to mechanical and thermal loading. The type of laminate considered quasi-isotropic 
and were analysed using the same thickness of each layer. This laminate type quasi-isotropic 
[+45/+45/+45/+45]s was introduced into ANSYS benchwork software with their respective 
properties. The GFRP material used in the analysis had a mass density of 2200 kg/m^3, and Table 1 
lists the strength properties of the GFRP strut. 

 
Table 1 
GFRP properties used for simulation 
E1 (MPa) E2(MPa) 𝝊𝝊 G12(MPa) G13(MPa) G23(MPa) 
38000 8100 0.27 2000 2000 2000 

 
3.3 Boundary conditions and meshing 

 
A mesh with a size of 2 mm was selected based on the results of the mesh sensitivity analysis. 

The bottom end of the column was fixed-fixed, and all points in that section had restrained rotations 
(ROTX, ROTY, ROTZ) and translations (UX, UY, UZ). The load was applied to the upper part of the 
column at a specific reference point shown in Figure 4. The reference point at the bottom was 
identified as RP-1, while RP-2 was assigned to the top section. 
 

 
Fig. 4. Loading conditions on the model 
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The buckling analysis of the linear perturbation procedure in the postprocessor of the ANSYS 
workbench was used for the elastic buckling analysis. All models utilize multi-layered, QUAD4, and 
SHELL181. SHELL181 is a four-node with six degrees of freedom. This element expresses thin-walled 
structure geometry by a flat finite element degenerated from 3D finite element formulations of the 
structure's mid-surface [23]. The upper end’s x, y, and z rotation angles were all assumed to be 
constrained (Figure 5). The vertical z-axis was set to be unrestricted while all degrees of freedom 
were restrained at the bottom end at the reference point. Using rigid body-pin (node) constraints, a 
uniform load was applied to a reference point representing the strut’s upper nodes. The contact of 
the strut with the top plate is represented by this type of constraint. The FE model was given a 
nominal compressive load of 1.0 N. A linear eigenvalue buckling problem was used to determine the 
critical buckling load. The first buckling mode, which is referred to as the critical buckling load, was 
used in this study to generate the buckling mode shapes.  
 

  
Fig. 5. FE mesh model without and with holes 

 
3.4 Solution 

 
The finite element equations are solved using numerical methods, such as the direct or iterative 

method, to obtain the temperature and displacement fields. The solution obtained will be the 
buckling load factor and mode shapes. The results are then post-processed to obtain the critical 
buckling load factor and mode shapes. The mode shapes are used to identify the type of buckling 
that occurred in the structure under thermal load. The buckling load factor is used to determine the 
safety factor and whether the structure is in danger of buckling or not. 

The thermal critical buckling load is the load at which a column will buckle due to thermal 
expansion. It can be determined by performing a linear buckling analysis on the column, with the 
thermal loading applied as a uniform temperature change. We are going determine the thermal 
critical buckling load on a column when the column is subjected to the increase in the temperature 
of 150°C from the room temperature which is 22°C, we are obtaining the load multiplier factor. 

 
i. Linear Buckling Analysis: Perform a linear buckling analysis on the model. This involves 

solving for the eigenvalues (load multiplier factors) and eigenvectors (buckling modes) of 
the system. The load multiplier factors represent the critical buckling loads as multiples of 
the applied load. 
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ii. Thermal Loading (T-critical): Apply the thermal loading to the model. simulate the 
temperature increase from 22°C to 150°C. Incorporate the temperature-dependent 
material properties, including coefficients of thermal expansion. 

iii. Eigenvalue Extraction: Extract the lowest eigenvalue from the analysis. This corresponds 
to the most critical buckling mode and provides the load multiplier factor associated with 
the thermal critical buckling load. 

iv. Interpretation: The load multiplier factor indicates how much the applied load needs to 
be multiplied by to reach the critical buckling load under the specified.  

 
4. Results and Discussion 
4.1 FE Model Validation 

 
To validate the proposed finite element (FE) model, this study relied on the buckling outcomes 

reported by Doan and Thai [23]. The length and cross-sectional dimensions of the specimen were 
matched and replicated to verify the accuracy of the current work. The buckling behaviour of both 
quasi-isotropic laminate and angle-ply laminate FE models was compared with their respective 
numerical analysis results to assess the reliability of the proposed model. The stacking sequences 
used were [0/+45/+45/+45/+45]s for the quasi-isotropic laminate. Initially, the beam model without 
any holes was compared for both laminates to ensure higher reliability. The comparison of the critical 
buckling load's numerical results with a previous study is presented in Table 2. 
 

Table 2  
Comparison of c-section model under mechanical load 
Laminate Types Critical Buckling Load (N) Percentage error (%) 

Previous study [12] ABAQUS [4] Present work ANSYS 
Quasi-isotropic 10500 N 11201.2 N 10237.8 N ± 2.56 % and ± 8.6 %  
 - 8551 N 8625.8 N ± 0.86 

 
Another validation of current model under thermal load has been compared with theoretical and 

numerical results [24]. The authors compared the FE result for first mode with theoretical solution 
available in the University of Connecticut for isotropic materials. The development of the FE model 
is grounded in previous research that examined an FRP composite thin rectangular plate. The plate 
has in-plane dimensions, with a length of 2 m and a width of 1 m. The plate's thickness is determined 
based on the length-to-thickness ratio (s = a/t) and is varied for a specific case. Stacking sequences 
were used symmetric quasi-isotropic (90/45/-45/0/0/-45/45/90). The comparison is provided in 
Table 3. 
 

Table 3 
Comparison of c-section model under thermal load 
Laminate Type Critical Buckling Temperature (oC) Percentage error (%) 

Theoretical [24] Numerical (Current)  
Quasi-isotropic 28.2 oC 25.8 oC ± 8.5 % 

 
4.2 Mesh Convergence Study 

 
A mesh convergence study is conducted to assess the accuracy of the mesh in a current model. 

The study focuses on a basic model without any cut-outs in the c-section channel. To explore the 
impact of different mesh sizes, five element sizes ranging from 1.8 mm to 3 mm are tested. The 
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element size that produces the most similar results is selected for further analysis. The mesh 
refinement is then examined in relation to a specific case in the current work, which is similar to a 
previous study [23]. The accuracy of results using the FEM improves with smaller element sizes. In 
the mentioned scenario, achieving a more precise outcome with a 1.8 mm element size is valid; 
however, it's important to note that smaller elements increase the number of elements and nodes, 
demanding a higher PC configuration and longer runtime. The analysis determines that an element 
size of 2 mm closely aligns with the reference value and exhibits the lowest error, resulting in 
convergence of the results (Table 4). Thus, for this study, the optimal choice is a 2 mm element size, 
which strikes a balance between accuracy and computational efficiency, demonstrating a minor 
difference/error in critical buckling load compared to the 1.8 mm element size. This mesh size is 
subsequently employed for all models, with slight modifications near the holes of the structure to 
ensure smoother boundaries.  
 

Table 4  
Mesh convergence study for c-section without cut-outs 
Sl. No Element size No. of elements No. of nodes Critical buckling value 
1 1.8 24777 25891 9001.5 
2 2 20486 21389 9032.7 
3 2.4 14199 16002 9082.8 
4 3 9281 10281 9164.3 

 
4.3 Total Deformation 

 
The results obtained from the ANSYS simulation provide evidence that the inclusion of apertures 

diminishes the capacity of a beam to withstand an axial load prior to failure. The eigenvalue depicted 
in Figures 6 to 12 illustrates the critical buckling load and the thermal critical buckling load that these 
models can sustain before experiencing buckling. Figure 6 displays the eigenvalues in a C-section 
channel without any apertures, indicating that these eigenvalues should be higher compared to the 
C-section channel with apertures. To emphasize strength and reduce weight, the channel 
incorporates apertures and is subsequently tested with various shapes and sizes, as depicted in 
Figures 6 to 12.  
 

  
(a) Mechanical (b) Thermal 

Fig. 6. Total deformation (Eigenvalue buckling) without cut-outs 
 
The contours have been extracted independently for mechanical and thermal loads, as the 

eigenvalues exhibit significant variations between these two conditions. While the deformation 
phenomenon between the two cases is approximately similar and behaves in a consistent manner, 
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the presence of cut-outs in the C-sectional channel leads to a decrease in the buckling load results. 
This reduction in buckling load is clearly visible in the plots presented in the following section.   
 

  
(a) (b) 

 
(c) 

Fig. 7. Total deformation (Eigenvalue buckling) under mechanical load for circular cut-outs (a) W/Wo= 1.5 
(b) W/Wo= 1.6 (c) W/Wo= 1.7 

 

  
(a) (b) 

 
(c) 

Fig. 8. Total deformation (Eigenvalue buckling) under thermal load for circular cut-outs (a) W/Wo= 1.5 (b) 
W/Wo= 1.6, (c) W/Wo= 1.7 
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In this study, three different cases were considered, with W/Wo ratios of 1.5, 1.6, and 1.7. Among 
these cases, the ratio of 1.5 stood out as having a higher diameter for the cut-outs compared to the 
other two ratios. As a result, the buckling load in this case was lower, indicating a decrease in the 
structural stability. However, it should be noted that the weight of the channel was also lower in this 
scenario. Conversely, when the diameter of the cut-outs was smaller, the buckling load increased. 
This suggests that a channel with a higher weight will exhibit a greater buckling load, as evidenced by 
the absence of cut-outs. 

Additionally, when comparing different cut-out shapes, the circular cut-out demonstrated greater 
strength than the other two shapes. This advantage stems from the absence of sharp edges in the 
circular cut-out, which helps distribute the stress more evenly and enhances structural integrity. On 
the other hand, the square cut-out, characterized by 90-degree angles, is more prone to immediate 
structural failure due to the presence of stress concentration points. 
 

  
(a) (b) 

 
(c) 

Fig. 9. Total deformation (Eigenvalue buckling) under mechanical load for hexagon cut-outs (a) W/Wo= 
1.5 (b) W/Wo= 1.6 (c) W/Wo= 1.7 

 
 
 
 
 
 
 
 



Journal of Advanced Research in Applied Mechanics 
Volume 109, Issue 1 (2023) 1-16 

11 
 

  
(a) (b) 

 
(c) 

Fig. 10. Total deformation (Eigenvalue buckling) under thermal load for hexagon cut-outs (a) W/Wo= 
1.5 (b) W/Wo= 1.6 (c) W/Wo= 1.7 
 
In all the models, the flanges exhibited a half-wave deformation along the longitudinal axes. This 

deformation can be attributed to the compressive stresses that occur on the flange plane during the 
loading process. In the reference model (the model without any holes), local buckling was clearly 
observed along the web, while in the perforated models, buckling was also observed near the edges 
of the holes. 

Across all models, Euler buckling load was observed as the first mode of buckling along the web 
and flanges. Despite the presence of perforations and their shapes for quasi-isotropic materials, a 
consistent pattern of half-wave deformation was observed. Therefore, it can be concluded that the 
critical buckling load and the buckling shape of the thin-wall structure are influenced by the 
configuration of the laminate, resulting in different behaviour. 
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(a) (b) 

 
(c) 

Fig. 11. Total deformation (Eigenvalue buckling) under mechanical load for square cut-outs (a) W/Wo= 1.5 
(b) W/Wo= 1.6 (c) W/Wo= 1.7 

 

  
(a) (b) 

 
(c) 

Fig. 12. Total deformation (Eigenvalue buckling) under thermal load for square cut-outs (a) W/Wo= 1.5 
(b) W/Wo= 1.6 (c) W/Wo= 1.7 
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4.4 Critical Buckling Load 
 
In Figure 13, the impact of different cut-out shapes with various laminates is depicted, while 

maintaining a constant spacing and opening ratio. As the cut-outs are introduced, there is a decrease 
in the buckling load. Among the cut-out shapes, the circular cut-out exhibits the highest critical 
buckling load, whereas the square cut-out has the lowest buckling load capacity. The reduction in 
load is particularly noticeable with the introduction of holes. This can be attributed to a greater 
removal of area on the web of the thin wall, with the circular shape resulting in the least amount of 
area removed. Furthermore, when subjected to mechanical or thermal loads, the square cut-out 
shape demonstrates the lowest buckling load. 

 

  
(a) Mechanical (b) Thermal 

Fig. 13. Effect of hole shapes on critical buckling load for different laminates 
 
Figure 14 illustrates a declining trend as the ratio of the opening decreases. This indicates that as 

the ratio decreases, the size of the hole’s increases. This finding aligns with the observation made in 
the previous paragraph, where the introduction of greater perforation onto the web of the thin wall 
GFRP composite member led to a decrease in the buckling load. 

In all cases studied, the mechanical load resulted in the highest buckling load values, while the 
thermal load exhibited the lowest range of buckling load. However, Figure 14(a) reveals that the 
critical buckling load remains relatively constant. Under thermal load conditions which is shown in 
Figure 14(b), the spacing ratio of 1.5 demonstrates higher buckling values. This occurs when the 
diameter is in a low range, while the body of the structure contains a high proportion of solid regions. 
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(a) Mechanical (b) Thermal 

Fig. 14. Effect of spacing ratio on critical buckling load for different laminates 
 
Finally, Figure 15 displays graphs that indicate a relatively insignificant decrease in trend as the 

opening ratio decreases. When the opening ratio remains constant, it can be inferred that the 
distance between the centres of two holes decreases as the ratio decreases. Considering all the 
figures mentioned in this section, it can be concluded that, across all laminates, the combination of 
a circular shape, an opening ratio of 1.7, and a spacing ratio of 1.5 exhibits the highest critical buckling 
load. This phenomenon holds true for both mechanical and thermal loads. When the distance within 
the structure is large, the buckling load is found to be higher. Conversely, when the distance is 
reduced, the buckling load decreases. However, the combined effect of these parameters will be 
further discussed in subsequent sections. 
 

  
(a) Mechanical (b) Thermal 

Fig. 15. Effect of opening ratio on critical buckling load for different laminates 
 
5. Conclusion 

 
This study compares the buckling behaviour of a thin-walled C-section channel under mechanical 

and thermal loads, with and without holes, using finite element analysis. Critical buckling load factors 
and mode shapes are investigated for both cases. Results indicate that holes significantly influence 
the buckling behaviour, with distinct mode shapes for each scenario. The C-section channel with 
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holes has a lower critical buckling load factor, indicating increased buckling risk. This underscores the 
need to consider holes in C-section channel design. The study enhances comprehension of buckling 
in thin-walled structures under mechanical and thermal loads, highlighting the importance of hole 
presence in C-section channel design. Findings can enhance design and optimization of C-section 
channels and similar structures under thermal loading. It is recommended that future research could 
explore diverse hole types and their impact on buckling behaviour in thin-walled structures, leading 
to more comprehensive design guidelines and improved structural performance. 
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