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Abstract

:

This study examines the static performances of a graphene platelet (GPL)-reinforced ethylene tetrafluoroethylene (ETFE) composite membrane under wind loadings. The wind pressure distribution on a periodic tensile membrane unit was analyzed by using CFD simulations, which considered various wind velocities and directions. A one-way fluid–structure interaction (FSI) analysis incorporating geometric nonlinearity was performed in ANSYS to evaluate the static performances of the composite membrane. The novelty of this research lies in the integration of graphene platelets (GPLs) into ETFE membranes to enhance their static performance under wind loading and the combination of micromechanical modelling for obtaining material properties of the composites and finite element simulation for examining structural behaviors, which is not commonly explored in the existing literature. The elastic properties required for the structural analysis were determined using effective medium theory (EMT), while Poisson’s ratio and mass density were evaluated using rule of mixtures. Parametric studies were carried out to explore the effects of a number of influencing factors, including pre-strain, attributes of wind, and GPL reinforcement. It is demonstrated that higher initial strain effectively reduced deformation under wind loads at the cost of increased stress level. The deformation and stress significantly increased with the increase in wind velocity. The deflection and stress level vary with the wind direction, and the maximum values were observed when the wind comes at 15° and 45°, respectively. Introducing GPLs with a larger surface area into membrane material has proven to be an effective way to control membrane deformation, though it also results in a higher stress level, indicating a trade-off between deformation management and stress management.
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1. Introduction


Tensile membrane structures have gained significant attention in both architectural and engineering fields due to their lightweight nature, aesthetic appeal, and ability to cover large spans with minimal material usage [1,2]. These structures, typically composed of materials like ethylene tetrafluoroethylene (ETFE) and PVC-coated polyester, are widely utilized in applications ranging from sports arenas to exhibition pavilions [3,4]. The inherent flexibility of membrane structures allows for innovative designs, but this flexibility also presents challenges in terms of structural stability and response to environmental loads, particularly wind forces [5]. Research on the behavior of tensile membrane structures under various loading conditions has been extensively carried out. Numerical methods, particularly finite element analysis (FEA), have been pivotal in advancing the understanding of how these structures behave under wind [6], snow [7,8], and other environmental loads. Studies have been focused on optimizing membrane shape [9,10] and understanding the impact of pre-stress levels on the overall stability and durability of the structure.



Despite significant progress, one of the primary challenges that remains is to enhance the mechanical properties of the membrane materials themselves [11,12]. Researchers and industry professionals have explored various approaches to improve the performance of membrane materials, including the incorporation of advanced materials that can provide higher strength, better durability, and enhanced resistance to environmental aging. Among these advanced materials, carbon-based nanomaterials, such as carbon nanotubes (CNTs) and graphene (including its derivatives), have emerged as promising candidates due to their exceptional mechanical, thermal, and electrical properties [13,14,15]. Graphene, in particular, has attracted widespread attention due to its extraordinary strength and stiffness, coupled with its lightweight nature [16]. These characteristics make it an ideal reinforcement material for polymers and other composites. In recent years, extensive research has been conducted on the integration of graphene into various matrices, aiming to create composite materials with superior properties [17]. The effective enhancement of mechanical properties, such as tensile strength, Young’s modulus, and fracture toughness, has been demonstrated in numerous studies where graphene has been incorporated into materials such as epoxy resins, polymers, and even metals [18,19].



The interest in graphene family composites has extended into the realm of structural applications [20,21,22], where the focus has been on developing materials that can withstand higher loads while maintaining or even reducing weight. This has led to a growing trend on using graphene family fillers as reinforcement in tensile membrane structures [23]. Graphene platelets (GPLs), which are small, flat pieces of graphene, offer several advantages over pure graphene when used as reinforcement in composites. Unlike single-layer graphene, GPLs are easier to disperse in polymer matrices, ensuring more uniform distribution and improving the overall mechanical properties of the composite. GPLs are also more cost-effective and easier to process compared to pure graphene, which often requires advanced fabrication techniques. These advantages make GPLs an ideal reinforcement for lightweight and flexible materials, such as membranes. The combination of GPLs with traditional membrane materials like ETFE offers the potential for significantly improved performance, particularly in terms of resistance to environmental loading and longevity of the structure. However, despite the promising potential of GPLs-enhanced membranes, there remains a gap in the research regarding to the specific application of these materials in tensile membrane structures subjected to wind actions. While several studies have investigated the mechanical properties of GPLs composites, limited research has focused on their performance under real-world conditions, such as wind loading. This gap in knowledge is critical, as the response of the membrane structure to wind loads can significantly affect its stability and performance over time.



This research addresses the identified gap by investigating the wind-induced static performances of a periodic GPL-reinforced ETFE composite membrane unit, as depicted in Figure 1a, surrounding the facades of a building, as shown in Figure 2. Detailed dimensions of the unit are provided in the multiview orthographic projection in Figure 1b. The composite membrane unit is composed of four individual pieces with a thickness of 400 µm, with all edges of each piece fixed to a steel support structure. To enhance the membrane’s mechanical properties, GPLs are incorporated. The tensile modulus of the GPL reinforced ETFE composite is predicted using effective-medium theory (EMT), while rule of mixtures is employed to approximate the composite’s Poisson’s ratio and density. A one-way fluid–structure interaction analysis in ANSYS is conducted to perform a parametric study on the static behaviors of the composite membrane.



This study not only examines the wind pressure distribution on the membrane but also investigates how the introduction of GPLs affects the deformation of the structure. This research aims to provide a comprehensive understanding of how GPL-reinforced ETFE composite membranes perform under wind load. The findings from this study will contribute to ongoing efforts to enhance the performance of the composite membrane, offering new insights into the application of advanced materials like graphene in real-world architectural and engineering contexts.




2. Effective Mechanical Properties of GPL Reinforced ETFE Composites


Effective medium theory (EMT) has demonstrated its capability to accurately predict the mechanical properties of composites reinforced with GPLs [24]. According to EMT, the Young’s modulus of these composites can be derived by solving the following scalar equations [25]:


    ∅   m        L   m   −   L   e       L   m   + (   1   3   ) (   L   m   −   L   e   )    +    1   3      ∅   f     ∑  k = 1   3         L   k   −   L   e       L   e   +   S   k k   (   L   k   −   L   e   )      = 0  



(1)







In this equation,     L   k     ( k = 1 , 2 , 3 )   represents the components of the associated moduli tensor, while     S   k k     ( k = 1 ,   2 ,   3 )   refers to the components of Eshelby’s tensor corresponding to the GPL reinforcement within the local coordinate system. The volume fraction is represented by   ϕ  , and the subscripts “m”, “f”, and “e” refer to the matrix, filler, and effective composite, respectively.



By substituting the relevant elastic parameters into Equation (1), the Young’s modulus of the composites can be determined as:


    ∅   m        E   m   −   E   e       E   e   + (   1   3   ) (   E   m   −   E   e   )    +    1   3      ∅   f     ∑  k = 1   3         E   k   −   E   e       E   e   +   S   k k   (   E   k   −   E   e   )      = 0  



(2)




where     E   e     stands for the effective Young’s modulus of the composites. To account for the imperfect bonding between GPL fillers and the polymer matrix, the modulus for the coated GPL is adjusted as:


    E   k   ( c )   =   E   0   ( i n t )     1 +    ( 1 −   ∅   i n t   ) (   E   k   −   E   0   ( i n t )   )     ∅   i n t     S   k k       E   k   −   E   0   ( i n t )     +   E   0   ( i n t )          k = 1,2 , 3  



(3)







The Young’s modulus of the interphase is denoted by     E   0   ( i n t )    . The coated GPLs’ modulus     E   k     c       should replace the pristine GPLs’ Young’s modulus     E   k     in Equation (2).



The rule of mixtures is employed to estimate the Poisson’s ratio and mass density of the GPL-reinforced composites:


    v   e   =   ∅   m     v   m   +   ∅   f     v   f      ρ   e   =   ∅   m     ρ   m   +   ∅   f     ρ   f    



(4)







In the current paper, unless specifically indicated, the following parameters will be adopted:




	
The mechanical properties of the ETFE are     E   m     = 0.9 GPa,     ν   m     = 0.305,     ρ   m     = 1700 kg/m3, respectively;



	
The mechanical properties of the GPL are selected as     E   1     =     E   2     = 1.01 TPa,     E   3     = 101 TPa,     ν   G P L     = 0.175,     ρ   G P L     = 2200 kg/m3, respectively;



	
The weight fraction of GPL     f   G P L     is 1.0%;



	
The dimensions of GPL are selected as     t   G P L     = 5 × 10−8 m,     D   G P L     = 8.1967 × 10−6 m;



	
The membrane is pre-stretched in both in-plane directions with 0.5% initial strain;



	
The angle between wind direction and y axis is 0°.









3. Fluid–Structure Interaction Simulation of Membrane Unit


A comprehensive simulation setup was developed in this project, enabling a detailed examination of the static performances of the membrane when subjected to wind forces. The one-way fluid–structure interaction approach used in the analysis is computationally efficient, providing accurate results while minimizing the computational resources required. This method is particularly suitable for applications where the structural deformation does not significantly alter the fluid flow field, making it a practical choice for optimizing the design and performance of membrane structures under wind loads. In the following sections, the simulation setup, including geometry and model configuration, numerical wind tunnel simulation and structural analysis will be introduced.



The fluid–structure interaction (FSI) model set up in Ansys focused on a periodically repeating membrane, specifically designed to study wind-induced behaviors. The Design Modeler within Ansys is utilized to model a single unit of the membrane unit, rather than the entire building surface. This membrane unit repeats in two orthogonal directions, x and z, enabling the accurate simulation of the structure’s periodic nature without the computational expense of a full-scale model. The overall configuration of the model is generally a parallelepiped, a shape chosen for its simplicity and compatibility with the periodic boundary conditions applied later in the simulation. The surrounding fluid domain is modeled to encapsulate the membrane unit, providing a comprehensive environment for analyzing the interaction between fluid flow and the membrane. The details of the geometry for the FSI model of the periodic tensile membrane structure unit are shown in Figure 3.



To simulate the wind forces acting on the membrane structure, Ansys Fluent is employed for a numerical wind tunnel simulation. The SST k-omega turbulence model is selected from the viscous model options, particularly well-suited for this scenario due to its robustness in capturing complex flow behaviors, such as boundary layer separation and reattachment. The fluid medium, representing air, flows around the membrane structure, simulating realistic wind conditions. The choice of the SST k-omega model ensures the accurate resolution of the turbulent flows around the membrane, which is critical for understanding the impact of wind forces on the structure.



A key aspect of the model setup involves the precise definition of boundary conditions. The details of these boundary conditions in the numerical wind tunnel simulation are shown in Figure 3. The model is designed with periodic boundary conditions on the left and right sides, as well as on the top and bottom, replicating the infinite repetition of the membrane structure. This setup allows for a more realistic and computationally efficient simulation. The front face of the model is defined as the inlet, where the wind enters the domain. The deviation of the wind direction from the y axis is denoted by θ. The inlet boundary conditions specify the turbulence intensity at 15% and the turbulent viscosity ratio at 10, which are typical values for simulations representing real-world wind tunnel conditions.



The rear face of the model includes the building surface and its supporting structures, both treated as walls with a no-slip condition, ensuring no relative motion between the fluid and these surfaces. The roughness of these walls is modeled using standard roughness models, with specific roughness heights and constants (1 m and 0.5, respectively) to replicate actual physical conditions. Similarly, both sides of the membrane are also treated as no-slip stationary walls, but with a reduced roughness height of 0.1 m to account for the different material properties and surface conditions of the membrane compared to the support structures.



The structural analysis portion of the model is conducted in Ansys Mechanical 2023 R1. The membrane material is defined with properties tailored to accurately reflect its physical behavior under wind loads, and the mesh is generated with sufficient resolution to capture the membrane’s deformation precisely. Boundary conditions for the structural analysis include fixed supports at the edges and connections, ensuring that the membrane remains securely anchored during the simulation, as shown in Figure 4. ANSYS Parametric Design Language (APDL) is employed to apply a pre-strain to the membrane, simulating the initial tension that would be present in a real-world scenario. This pre-strain is critical to the membrane’s structural integrity, influencing how it deforms under load.



A one-way fluid–structure interaction (FSI) approach is utilized to analyze the deformation of the tensile membrane structure unit subject to wind load. This method involves running the numerical wind tunnel simulation as described in the previous section to achieve the steady-state status of the fluid domain. The pressures exerted on the membrane surfaces by the fluid flow are then transferred as load inputs into the structural analysis. The static pressure data obtained from the fluid analysis is used as a load in the structural analysis, allowing for accurate prediction of the membrane’s response to wind forces. Geometric nonlinearity is enabled in the structural analysis to account for the large deformations often experienced by membrane structures, ensuring that the simulation results are both realistic and reliable.




4. Results and Discussion


4.1. Effect of Pre-Stretching


The influence of initial strain on the deformation and stress distribution of the membrane was thoroughly examined. Various FSI cases with different initial strain levels, ranging from 0.1% to 1.0%, were simulated. The maximum deflection, maximum von Mises stress, and average von Mises stress on the membrane surface were extracted and plotted against the initial strain, as shown in Figure 5. The black line with squares represents the maximum deflection, which decreases significantly as the initial strain increases from 0.1% to 1.0%, showing a 79.19% reduction. This indicates that higher initial strain reduces structural deformation under wind loads. Conversely, the blue lines with rounds and hexagons illustrate that both the maximum and average von Mises stresses rise with increasing initial strain. The deformation and distribution of von Mises stress on ETFE tensile membrane with 0.1% and 1.0% initial strain subjected to 10 m/s wind load is presented in Figure 6 and Figure 7. The finding underscores the critical balance that must be struck by designers: while higher initial strain can mitigate deformation, it also increases stress within the membrane. Therefore, selecting the optimal initial strain level is crucial to minimizing deformation while preventing excessive stress that could lead to structural failure under wind loads.




4.2. Effects of Wind Loading Conditions


In this section, the effect of wind conditions, including velocity and direction, on the maximum deformation and maximum von Mises stress of the membrane structure will be analyzed. To analyze the effect of wind velocity on the static behavior of the ETFE membrane structure unit, a set of FSI cases, in which the wind blows perpendicularly to the membrane at different speeds, ranging from 10 m/s to 30 m/s, were simulated. As the wind speed increases, the membrane’s maximum deformation grows from 0.00307 m to 0.01933 m, while the maximum von Mises stress rises from 7.5077 MPa to 15.092 MPa, as shown in Figure 8a. The primary reason for this increase in deformation and stress lies in the corresponding rise in static pressure on both the windward and leeward sides of the membrane. As shown in Figure 8b, as the wind speed escalates from 10 m/s to 30 m/s, the average static pressure on the windward side increases significantly from 10.14316 Pa to 94.27328 Pa. Simultaneously, the average static pressure on the leeward side drops from −149.67 Pa to −1358.2178 Pa.



Next, the impact of wind direction on the membrane’s maximum deformation and maximum von Mises stress was examined by varying the angle θ between the wind direction and the y axis. The variation of maximum deflection and von Mises Stress on the ETFE tensile membrane unit with the wind direction is given in Table 1. As the angle between wind direction and y–axis increases from 0° to 15°, the maximum deflection increases from 0.00638 m to 0.00838 m, representing a 31.35% increase. During the same interval, the maximum von Mises stress also rises from 8.9597 MPa to 9.5114 MPa, a 6.16% increase. This indicates that even a slight deviation in wind direction can significantly impact the membrane’s response, likely due to an uneven distribution of pressure on the membrane surface. As the angle continues increasing from 15° to 90°, the maximum deflection on the membrane decreases steadily, reaching a minimum of 0.00138 m at 90°, which is an 83.53% decrease from the peak deflection at 15°. The maximum von Mises stress shows less fluctuation as the angle increases from 15° to 45°, with some minor variations, but overall does not change substantially. However, beyond 45°, the stress gradually decreases, reaching 6.841 MPa at 90°, representing a 28.74% reduction from the maximum observed at 45°.



The change in deformation and stress is closely related to the area-weighted average static pressure on both the windward and leeward sides of the membrane. The variation of area-weighted average static pressure on both windward side and leeward side of the membrane with the increasing wind direction is tabulated in Table 2. The leeward side’s average static pressure increases steadily from −338.99637 Pa at 0° to a mere −6.31158 Pa at 90°, corresponding to a significant reduction in the force exerted on the membrane. The windward side shows a more complex behavior. Initially, the static pressure increases as the angle increases, reaching a minimum of 90.20836 Pa at 60°. Beyond 60°, the pressure starts to decrease again, although not returning to its initial values. The detailed distribution of static pressure on both windward and leeward sides of the membrane under wind load with different directions are presented in Figure 9.



The reduction in maximum deflection and von Mises stress as the wind direction angle increases beyond 15° can be attributed to the decreasing difference between the static pressure on the windward side and leeward side of the membrane, leading to a less significant load on the membrane. The complex behavior on the windward side contributes to the fluctuations in stress, particularly between 15° and 45°. Overall, this analysis underscores the importance of considering wind direction in the design and analysis of tensile membrane structures, as it can significantly affect both deformation and stress distribution.




4.3. Effects of GPL Reinforcements


After analyzing the effects of initial strain, and wind speed and direction, on the performance of tensile membrane structure unit, attention was directed towards enhancing the mechanical properties of ETFE by incorporating graphene platelets. The effect of the GPLs weight fraction in the GPL-reinforced ETFE on the performance of the tensile membrane structure unit was first investigated. The variation of the maximum deflection, von Mises stress, and von Mises strain of the GPL-reinforced ETFE tensile membrane structure unit subjected to 35 m/s wind coming from the y direction with the increasing GPL weight fraction is presented in Figure 10. As the weight fraction of GPLs in ETFE increases, the maximum deflection of the membrane decreases, as shown in Figure 10a. When the GPLs’ weight fraction increases from 0% to 1%, the maximum deflection reduces from 0.002376 m to 0.001415 m. Concurrently, the maximum von Mises strain decreases from 0.02091 to 0.01405, while the maximum von Mises stress increases from 18.822 MPa to 28.015 MPa, as illustrated in Figure 10b. The primary reason for this is the enhancement of the material’s stiffness due to the GPL reinforcement, where the Young’s modulus of GPL-reinforced ETFE increases from 0.9 GPa to 1.99415 GPa as the GPL weight fraction rises from 0% to 1%, as shown in Figure 10a.



These findings highlight the effectiveness of GPLs in significantly improving the static performance of ETFE membranes, offering a potential pathway for optimizing membrane structures subjected to various environmental loads.
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Figure 9. Static pressure distribution on the windward and leeward sides of ETFE tensile membrane subjected to 15 m/s wind with different directions: (a)   θ = 0 °   ; (b)   θ = 15 °  ; (c)   θ = 30 °  ; (d)   θ = 45 °  ; (e)   θ = 60 °  ; (f)   θ = 75 °  ; (g)   θ = 90 °  . 
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Figure 10. Effects of GPL concentration on (a) Young’s modulus and the maximum deflection; (b) von Mises stress, and von Mises strain on GPL/ETFE composite membrane. 
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Next the effect of the aspect ratio of GPL reinforcement on the static performance of GPL-enhanced ETFE tensile membrane structure unit is analyzed. The thickness of the GPLs is fixed as 5 × 10−8 m, while the diameter-to-thickness ratio was varied from 100 to 1000. Figure 11 presents the impact of the GPL aspect ratio on the maximum deflection, Young’s modulus, and von Mises strain of the membrane. As the GPLs’ diameter-to-thickness ratio increases from 100 to 1000, the maximum deflection of the membrane decreases from 0.01677 m to 0.00867 m. Concurrently, the maximum von Mises strain reduces from 0.01575 to 0.01091, while the maximum von Mises stress rises significantly from 24.689 MPa to 40.391 MPa. These changes are primarily attributed to the enhancement in stiffness: when the diameter-to-thickness ratio of the GPLs increases from 100 to 1000, the Young’s modulus of the GPL-reinforced ETFE increases from 1.56735 GPa to 3.70168 GPa. This suggests that utilizing GPLs with a higher surface area to enhance ETFE is more effective in improving both the structural rigidity and the stress-bearing capacity of the membrane.





5. Conclusions


This study explored the static performances of GPL-reinforced ETFE tensile membrane structures under various wind conditions. The findings demonstrated the significant influence of initial strain, wind speed, direction, and GPL reinforcements on the structural performance of the membrane. The results revealed that an increase in initial strain from 0.1% to 1.0% resulted in a 79.19% reduction in the maximum deflection under 10 m/s wind loads, though at the cost of increased stress levels. Wind conditions also play a crucial role in determining the membrane’s response, with maximum deformation growing from 0.00307 m to 0.01933 m, and maximum von Mises stress intensifying from 7.5077 MPa to 15.092 MPa as wind speed increased from 10 m/s to 30 m/s. The orientation of the wind further influences the membrane’s performance, with maximum deformation and stress occurring in specific directions.



The introduction of GPLs into the ETFE matrix significantly improved the mechanical properties of the membrane. By increasing the GPL weight fraction and aspect ratio, the membrane’s stiffness is enhanced, leading to a substantial reduction in deformation and strain under wind loads. When the addition of GPLs increased from 0% to 1% by weight, the maximum deflection dropped from 0.002376 m to 0.001415 m. The increase of the GPLs’ diameter-to-thickness ratio from 100 to 1000 resulted in the decreases from 0.01677 m to 0.00867 m in the maximum deflection. However, this also resulted in higher stress levels, indicating a trade-off between stiffness and stress management.



Overall, the incorporation of GPLs into ETFE membranes presents a promising approach for enhancing the structural performance of tensile membrane structures subjected to wind actions. These findings provide valuable insights for the design and optimization of membrane structures in architectural and engineering applications.
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Figure 1. (a) GPL/ETFE composite membrane unit; (b) multiview orthographic projection. 
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Figure 2. Building surrounded by periodic GPL/ETFE composite tensile membrane units. 
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Figure 3. GPL/ETFE composite membrane with boundary conditions for numerical wind tunnel simulation. 
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Figure 4. Boundary conditions of the structural analysis. 
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Figure 5. Effects of pre-stretching on maximum deflection and von Mises stress of membrane surface. 
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Figure 6. Deformation of ETFE composite membrane unit with different initial strains under 10 m/s wind: (a) initial strain = 0.1%; (b) initial strain = 1.0%. 
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Figure 7. Distribution of von Mises stress of ETFE composite membrane with different initial strains under 10 m/s wind: (a) initial strain = 0.1%; (b) initial strain = 1.0%. 
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Figure 8. Effect of wind velocity on: (a) maximum deflection and von Mises stress; (b) area-weighted average static pressure on windward size and leeward side of ETFE composite membrane. 
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Figure 11. Effect of GPL aspect ratio on (a) Young’s modulus and the maximum deflection; (b) Young’s modulus, and von Mises strain of GPL/ETFE composite membrane subjected to 35 m/s wind. 
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Table 1. Maximum deflection and von Mises stress of ETFE composite membrane subjected to 15 m/s wind in different directions.
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	Wind Direction θ (°)
	Maximum Deflection (m)
	Maximum von Mises Stress (Pa)





	0
	0.00638
	8,959,700



	15
	0.00838
	9,511,400



	30
	0.00818
	9,428,400



	45
	0.00737
	9,600,000



	60
	0.00596
	8,105,200



	75
	0.00325
	7,351,200



	90
	0.00138
	6,841,000










 





Table 2. Area-weighted average static pressure on windward side and leeward side of ETFE composite membrane subjected to 15 m/s wind with different directions.
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Wind Direction θ (°)

	
Area-Weighted Average Static Pressure (Pa)




	
Windward Side

	
Leeward Side






	
0

	
24.30616

	
−338.99637




	
15

	
42.65541

	
−341.09953




	
30

	
58.28871

	
−309.11767




	
45

	
48.41315

	
−304.77645




	
60

	
90.20836

	
−176.49991




	
75

	
18.08621

	
−93.92579




	
90

	
18.17405

	
−6.31158
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