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Introduction 

Hat-profile structural elements are of critical importance in 

the design of thin-walled structures in engineering, 

providing stability under a variety of loading conditions. 

One of the most notable characteristics of these structures is 

their capacity to combine lightweight properties with high 

strength. Hat profiles are commonly employed in fields 

such as aerospace, automotive, marine, and construction, as 

they effectively distribute forces across a wide surface area. 

These elements demonstrate high resilience against impact 

loads, rendering them particularly well-suited for critical 

functions such as energy absorption in the event of a 

collision. The utilization of such profiles in aircraft 

fuselages, wing structures and rocket components is 

intended to ensure the maintenance of structural integrity 

while simultaneously reducing weight. The aforementioned 

structural elements in aircraft fuselages serve to enhance 

resistance to dynamic loads, including pressure, tension, 

and impact, which are experienced during flight [1]–[3]. In 

the automotive industry, hat-shaped profiles are employed 

in the construction of chassis structures and in the context 

of crash testing scenarios. Their function is to absorb impact 

energy, thereby enhancing passenger safety [4]–[6]. One of 

the most significant engineering challenges faced by hat-

shaped structural elements is that of buckling. Buckling 

occurs when a structure loses stability under axial loads, 

resulting in sudden deformation, which can be particularly 

hazardous for thin-walled structures. It is of paramount 

importance to enhance the resistance of structural elements 

to buckling in order to ensure safety and efficiency. The 

buckling process is typically analyzed in three stages: pre-

buckling, critical buckling and post-buckling. In the pre-

buckling stage, the structure displays elastic behavior in 

response to the applied load and remains stable. Upon 

reaching the critical buckling stage, the structure 

experiences a sudden loss of stability, resulting in the onset 

of deformations. In the post-buckling stage, the structure 

may continue to bear loads, but the deformations that occur 

at this stage are permanent and significantly impact the 

structure's durability. In sectors such as aerospace and 

automotive, the load-bearing capacity of a structure 

following buckling is regarded as a pivotal aspect of the 

design process [7], [8]. The curvature angle of hat-shaped 

structural elements represents a pivotal parameter that 

exerts a direct influence on the buckling behavior of such 

elements. Variations in curvature angle have a direct impact 

on both the critical buckling load and the post-buckling 

load-bearing capacity of the structure. In a study conducted 

by Masood et al., the post-buckling behavior of thin 
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analysis was conducted to ascertain the nonlinear load-bearing capacities of these structures. 
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composite stiffened panels employed in the construction of 

aircraft fuselages was subjected to experimental 

investigation. The buckling and post-buckling performance 

of thirteen panels, designed with various stiffener 

configurations (T-type, I-type, and J-type), were examined 

in order to gain insight into the effects of these 

configurations on the panels' structural behavior [9]. The 

buckling and post-buckling behaviors of composite panels 

with M-type stiffeners were investigated by Liu et al. The 

mechanical stabilities of panels commonly used in aircraft 

were determined using optical measurement methods and 

the finite element method [10]. In a study conducted by 

Wang et al., the stability behaviors of hat-stringer stiffened 

composite panels were examined both experimentally and 

through numerical analyses. Two test panels were 

produced, and the buckling load and ultimate load-carrying 

capabilities of these panels were determined numerically 

and compared with experimental results [11]. Hou et al. 

conducted impact tests on hat-shaped T-joints with weights 

dropped at three different impact velocities. A nonlinear 

finite element analysis was conducted to predict the damage 

and energy dissipation characteristics [12]. The buckling 

and post-buckling behaviors of hat-stringer reinforced 

composite flat panels subjected to axial compression were 

investigated by Mo et al. Based on the experimental data, 

the stability and deformation processes of the reinforced 

panel and the hat-stringer were analyzed. To assess the 

suitability of the hat-stringer section, five different models 

were evaluated using ABAQUS software [13]. The effects 

of curved surface composites under impact loads were 

investigated in a study by Albayrak et al., with a particular 

focus on their impact on energy dissipation [14]. Hat-

shaped structural elements demonstrate high durability not 

only against axial loads but also against impact and pressure 

loads. In particular, these profiles are effective in absorbing 

impact energy while maintaining structural stability in 

aircraft fuselages. The accurate analysis of both buckling 

and post-buckling behaviors is essential for ensuring 

structural stability.  

In this context, a precise understanding of the effects of 

curvature angle is essential for the optimization of 

structures. In this study, the buckling and post-buckling 

behaviors of hat-shaped samples with three different 

curvature angles were investigated numerically using the 

same geometries employed in the work by Albayrak et al. 

[14]. Subsequent to the buckling analysis, a post-buckling 

analysis was conducted to ascertain the load-carrying 

capacity of the structures in question following the buckling 

event. Nonlinear analyses conducted using ANSYS 

Workbench software facilitated a comprehensive 

assessment of the influence of curvature angle on structural 

performance.  

Material and Method 

This study examines the buckling behavior and post-

buckling responses of hat-shaped structural elements under 

varying curvature angles through the use of numerical 

methods. The profiles under examination are defined by a 

hat-shaped geometry, which is a prototypical example of 

thin-walled structures, and were analyzed using a nonlinear 

material model. This section presents the sample geometry, 

material properties, boundary conditions, and the applied 

numerical analysis methods. 

Model Geometry and Material Properties 

In the study, hat-shaped models with a fixed sample width 

(𝑤 = 150 mm), fixed wall thickness (𝑡 = 1 mm), and fixed 

sample height (ℎ = 25 mm) were examined. The length of 

the samples was fixed at 𝑙 = 200 mm, and three distinct 

curvature angles were employed. For illustrative purposes, 

the model geometry is depicted in Figure 1. The numerical 

analysis was conducted using the Aluminum Alloy NL 

material, which is available in the ANSYS Workbench 

library. The selected material's mechanical properties are 

presented in Table 1. 

Table 1. Mechanical properties of Aluminum Alloy NL 

[15] 

Material properties  Value 

Density (kg/m3) 2770 

Young’s Modu 

lus (Pa) 

7.1E+10 

Poisson’s Ratio 0.33 

Bulk Modulus (Pa) 6.9608E+10 

Shear Modulus (Pa) 2.6692E+10 

Yield Strength (Pa) 2.8E+08 

Tangent Modulus (Pa) 5E+08 

Numerical Analysis and Boundary Conditions  

Transformations in the deformation characteristics of 

numerous elements subjected to loading can result in the 

destabilization of the deformation state, thereby prompting 

the system to seek a new stable state. The stable state of a 

system is defined by its capacity to predict the post-

deformation condition, whereas an unstable state is 

characterized by uncertainty following deformation. The 

analysis of perfect plates is conducted within the framework 

of the theory of small deformations, with the assumption 

that there is no midplane deformation of the plate element 

due to loading. In contrast, imperfect plates are examined in 

accordance with the "Great Deformation Theory of Plates," 

as developed by Von Karman. This theory takes into 

account the shape changes occurring in the midplane of the 

differential element during the analysis. In this study, an 

eigenvalue buckling analysis was conducted to determine 

the critical buckling loads for the first ten modes of the 

models. The boundary conditions employed in the analysis 

are depicted in Figure 2. The results of the analysis yielded 

load multiplier values for the first ten modes, which were 

then employed in the calculation of critical buckling loads 

using the following equation:
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Fig. 1. Model geometries a) dimensions [14] b) solid model 

Critical buckling load (N) = Load multiplier * Force 

applied (N) 

In this study, a post-buckling analysis of a hat-shaped plate 

was conducted using the ANSYS Workbench. A nonlinear 

buckling analysis was conducted using both the static 

structural and eigenvalue buckling modules. The results of 

a previous eigenvalue buckling analysis of the stiffened 

plate were incorporated into the static structural module to 

investigate post-buckling behavior. A displacement range 

of 1 mm was applied to analyses the post-buckling response 

and identify the load at which collapse occurs. In the course 

of the analysis, the scale factor value was selected to be 

0.004. The boundary conditions utilized in the numerical 

analysis are illustrated in Figure 3. 

Results and Discussion 

The buckling analysis revealed that the buckling behaviors 

of the three models differed due to their distinct geometric 

properties. Model A exhibited a more uniform and 

centralized buckling shape due to its wide upper surface 

(127.77 mm) and large curvature angle (66.03°). In the 

initial mode, the distribution of buckling exhibited greater 

uniformity, whereas higher modes demonstrated a tendency 

towards localized deformation. Model B, with a narrower 

upper surface (105.55 mm) and a lower curvature angle 

(48.36°), exhibited a more intricate and undulating buckling 

behavior. The fluctuations observed from the third mode 

onward indicate that this structure was subjected to greater 

localized deformation due to its lower curvature angle. 

Model C, distinguished by the narrowest upper surface 

(83.33 mm) and the lowest curvature angle (36.87°), 

exhibited the most intricate buckling behavior. In the initial 

mode, smaller cellular structures were observed, while 

pronounced fluctuations occurred in subsequent modes. 

This outcome demonstrates that the low curvature angle and 

narrow upper surface result in heightened localized 

deformation during buckling. 

Figure 5 presents a comparative graph of the critical 

buckling loads obtained for the initial ten modes following 

the non-linear buckling analysis. Upon examination of the 

variation in critical buckling loads among the modes, a 

distinct trend difference is observed. In the initial three 

modes, Model C exhibits the highest buckling loads. 

However, as the modes progress, this ranking shifts to B > 

A > C. The observation that Model C, which has the 

smallest curvature angle, endures higher buckling loads in 

the initial three modes suggests that structures with lower 

curvature angles demonstrate enhanced rigidity and 

resistance to minor deformations.
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Fig. 2. Eigenvalue Buckling analysis boundary conditions 

 

 

 
 

Fig. 3. Post-buckling analysis boundary conditions 
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 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 

A 

     

B 

     

C 

     
Fig. 4. The first 5 mode shapes of models A, B and C 

The Model A's larger curvature angle results in a more 

flexible structure, enabling it to withstand lower buckling 

loads. In the fourth mode, Model B demonstrates superior 

performance, which can be attributed to its medium 

curvature angle. The occurrence of complex buckling 

modes serves to elucidate the stability conditions operative 

in disparate regions of the structures. During this phase, 

while Model C's high performance in the initial modes 

declines, Model B maintains a more balanced performance. 

In the fifth and tenth modes, it has been determined that the 

large curvature angle of Model A contributes to its greater 

resilience against buckling. As advanced modes represent 

complex buckling modes, larger curvature angles facilitate 

a more uniform distribution of the buckling load, thereby 

enabling Model A to withstand higher buckling loads. 

These findings demonstrate that the mode number and 

curvature angle have a complex interaction with regard to 

buckling loads, underscoring the importance of considering 

these loads in different modes during the structural design 

phase to ensure the creation of optimized and safe 

structures. 

The load-end shortening graph, obtained from the post-

buckling analysis, is presented in Figure 6. Upon 

examination of the graph, it can be observed that the initial 

increase in load corresponds to a linear relationship with the 

shortening of the end section, indicating that the structure is 

operating within its elastic region. This demonstrates that 

the structural element functions elastically, and as the load 

magnitude increases, the deformation also increases in 

proportion. 

This linear relationship persists up to a load value of 

approximately 4000 N, after which a nonlinear behavior is 

observed. This suggests that the structural element has 

exceeded its elastic limit and is approaching a state of 

instability. At this point, the stability of the structure is 

compromised, and deformation accelerates. It is noteworthy 

that the load reaches its peak between 0.6 and 0.7 mm and 

then begins to decline. This indicates that the critical 

buckling load has been exceeded, resulting in a transition to 

an unstable state. The observation that increases in load 

result in significant deformations despite minimal changes 

indicates a reduction in the structure's rigidity and a 

complexity in post-buckling behavior.  

Notwithstanding the geometric discrepancies among the 

models, the load-deformation behaviors remain largely 

analogous, thereby indicating that the models do not exhibit 

appreciable differences in overall stability and rigidity. The 

maintenance of fundamental geometric parameters, such as 

base width and height, has been identified as a primary 

factor influencing the resistance to buckling. Nevertheless, 

alterations in the radius of curvature have led to minor 

discrepancies in peak load capacity and slight divergences 

in post-buckling behavior. 
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Fig. 5. Comparison of critical buckling loads in the first 10 modes of models A, B, and C 

 

 

Fig. 6. Comparison of load-end shortening curves for models A, B, and C 

 

Conclusion 

Buckling represents a significant factor affecting structural 

stability and is a critical design parameter, particularly in 

the context of thin-walled structures. The buckling capacity 

of structures is contingent upon not only the material 

properties but also the geometric parameters. Accordingly, 

the impact of geometric variables, including curvature angle 

and upper surface width, on the buckling behavior of 

structures has prompted the present investigation. In this 

study, the buckling behaviors of hat-shaped structural 

elements, modeled using aluminum alloy NL with varying 

geometric properties, have been investigated in detail. The 

findings of the study can be summarized as follows: 

• Structures with a large curvature angle 

demonstrate a more uniform buckling behavior, whereas 

models with a low curvature angle exhibit more intricate 

and localized deformations. 

• The results of the analyses conducted on hat-

shaped structural elements with different curvature angles 
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demonstrate that the curvature angle has a significant 

influence on both the buckling load and the post-buckling 

behavior. 

• In the initial three modes, Model C displays the 

highest buckling loads. However, as the mode number 

increases, Model B demonstrates a more balanced 

performance. This suggests that the influence of curvature 

angle on buckling loads is mode-dependent. 

• As the modes progress, it has been determined that 

Model A's wider curvature angle distributes the buckling 

load more uniformly, thereby enabling it to withstand 

higher buckling loads. 

• In the post-buckling analyses conducted, the load-

deformation curves obtained for the three models exhibited 

similarities. Despite the presence of geometric differences, 

all models demonstrated linear behavior up to 

approximately 4000 N, followed by a nonlinear transition. 

While minor deviations in peak load values were observed 

due to slight differences in curvature angle, the overall 

behaviors remained largely similar.  

The findings of this study offer substantial insights with 

practical implications for engineering disciplines such as 

aeronautical and automotive engineering. In particular, 

within the field of aviation, the optimization of curvature 

angle has the potential to facilitate the creation of aircraft 

fuselages and wing structures that are both lightweight and 

durable. In the automotive industry, the determination of 

design parameters with the objective of enhancing energy 

absorption capacity can be of paramount importance with 

regard to crash safety. 
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