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Abstract 

The use of tensile membrane structures has significantly increased over the past decades. These 

structures have gained popularity due to their lightweight nature and the capability to cover large-

span areas with minimal support. Additionally, membrane structures are advantageous for their 

rapid construction and installation, making them suitable for permanent and temporary buildings. 

They also offer the benefit of easy disassembly and transportation, which is not possible with other 

materials. Despite their widespread application, the lack of standardization in design codes remains 

a significant concern for designers. The limited available information in the literature has prompted 

several research groups to conduct comprehensive analyses to determine the principal design 

parameters for these structures. One of the major challenges in this field is understanding the effects 

of wind actions. Given their negligible bending stiffness, complex curvature, and low self-weight, 

wind action poses a critical load for membrane structures. 

Wind tunnel tests and numerical simulations are recommended as effective strategies for 

determining wind actions on structures. Wind tunnel tests, though expensive and time-consuming, 

are highly reliable. In contrast, numerical simulations can offer faster and more economical 

solutions but require proper validation. A combined approach utilizing both wind tunnel tests and 

numerical simulations can lead to a deeper understanding of wind effects on these structures. 

This research introduces a wind analysis of various shapes of membrane structures, considering 

both wind tunnel experiments and numerical approximations. Initially, numerical approximations 

were developed to provide the wind pressure distribution on typical geometric shapes for 

membrane structures. Pressure coefficient maps and membrane force determinations are included 

in this document. Subsequently, wind tunnel tests were conducted on a series of arch-supported 

structures, measuring mean, maximum, and minimum pressure coefficients across multiple wind 

directions. Simultaneously, numerical simulations were developed based on the steady-state 

analysis. A comparison of both methodologies is presented in this document. This research 

summarizes the wind pressure distribution through pressure coefficient maps for various wind 

directions, providing promising data for the wind analysis of membrane structures with similar 

shapes. 
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1 Introduction  

1.1 Membrane structures 

Since ancient times, simple tent structures have performed as one of the earliest approaches to 

shielding for human civilization. The primitive human beings used reachable resources to build 

shelters to protect themselves from the weather and allow them to do their daily activities; the first 

houses were made of wood, animal skins, bones, plants, or rocks. The first tents, like the Indian 

tepees, were a type of shield that combined wood and animal skins in a conical shape. Even though 

this idea appeared many years ago, it is still present in the current days in modern architecture; with 

the invention of new materials and the introduction of new construction technologies, the new tents 

offer a more sophisticated design and higher resistance [1-6]. 

Membrane structures provide an excellent solution to cover large areas efficiently with unique and 

complex structural shapes. It is considered that the German architect Frei Otto was one of the 

pioneers in the development of tensile membrane structures [2, 7-8]; his remarkable career dated 

from the foundation of the Institute for Lightweight Structures in Germany and the construction of 

the German Pavilion for the Expo 1967 in Montreal, Canada; which covered an 8000 m² area and 

had a maximum span of 130 m [9]. In the early beginning, the analysis and structural verifications 

were based on physical models at different scales; later, with the introduction of advanced 

computers, the design procedure of membrane structures improved radically. 

Membrane structures are lightweight systems with coated fabric as the principal roofing and 

structural material in conjunction with a supporting system with arches, masts, trusses, ties, or 

cables [2, 10-13]. Their major difference from other type of building systems is that the membrane 

surface only carries tension forces, which means that the load-bearing capacity of the structure will 

exist if all external forces are successfully transferred from the fabric to the support system by 

tension stresses. The structural stability is achieved by the prestress and the double curvature shape, 

which is obtained through the special design steps that will be introduced later. 

The most remarkable advantage of membrane structures is the large-covered areas that can be built 

without significant internal supports, which increases the structureôs efficiency [14]; this means 

reduction in the material and human resources, construction time, and the option to create unique, 

flexible, and more sophisticated constructions. 
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1.1.1 Membrane materials 

The materials of the modern membrane structures are coated, so-called technical textiles. The 

strength of the coated fabric is governed by the strength of the constitutive fibres, which are placed 

in two orthogonal directions: warp and fill ( weft) (longitudinal and perpendicular, respectively). 

Most of the membrane materials are prestressed only in the warp direction during the coating 

process, which results in a larger curvature of the threads in the fill direction (Figure 1.1). This yarn 

arrangement provides different mechanical properties to the coated fabric in the warp, fill , or bias 

direction; however, the longitudinal direction is generally the strongest. 

 

Figure 1.1 Introduction. Membrane material, thread arrangements. 

The materialôs behaviour is usually determined through biaxial tests, which provide a more realistic 

behaviour of the coated fabric. For example, Figure 1.2 shows an example of biaxial test results 

made by Naizil, an Italian company that produces coated fabrics. 

 

Figure 1.2 Introduction. Biaxal test results for coated fabric. (diagram provided by Naizil). 
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The membrane force [kN/m]-elongation [%] diagrams strongly depend on the ratio of the 

membrane forces in warp and fill directions, which results in a very complex material behaviour. 

In practice, the measurement data necessary to apply an accurate material model are most often not 

available; therefore, an orthotropic linearly elastic material model is used during static analysis. 

Even though the thickness (about 1 mm) and self-weight (about 600-1500 g/m2) of the fabric are 

very small, its stiffness and strength are significant [10, 15]. 

1.1.2 Membrane structures classification 

The classification of membrane structures is based on the pretension system, the two possibilities 

are external pretension (they are the so-called tensile membrane structures) and internal 

pressurization [16-17]. The group of tensile membrane structures includes all structures built up by 

elements in the form of arches, masts, rings, or cables (see Figure 1.3a). 

On the other hand, internally pressurized structures are subdivided into air-supported and air-

inflated structures (Figure 1.3b-c, respectively). The first subgroup represents a fully enclosed and 

air-supported volume, whereas the second one comprises those structures that have air-inflated 

walls. Air -inflated structures have been adopted to act as temporary recreation centres [4,18], 

shelters for vehicles, helicopters, and airplanes; they could also be used as emergency shelters for 

natural disasters such as floods, earthquakes, and hurricanes [19]. The applied material and the 

pretensioning system should follow the architectural requirements and the structureôs function. 

 

Figure 1.3 Introduction. Classification of membrane structures a) tensile membrane structures; b) air-supported 

structures; and c) air-inflated structures. 

1.1.3 Analysis of membrane structures 

The design and analysis of membrane structures follow different steps than conventional structures 

made of concrete or steel. In the case of concrete or steel structures, a static analysis is carried out 

on a structural geometry determined by the architects. However, in the case of tensile membrane 
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structures, the shape is strongly related to loads and membrane forces. As a result, the structureôs 

shape cannot be determined arbitrarily. 

The structural design process of tensile membrane structures typically involves three main steps: 

form finding, cutting pattern generation, and load analysis [1, 8, 10]. Some authors have suggested 

additional steps to improve such design process [20-21]. 

Form finding is the process of determining the structureôs shape that corresponds to the boundary 

conditions and the required internal force distribution [22-24]. The cutting pattern generation 

involves transforming the 3D surface into 2D stripes. During the load analysis, the membrane 

forces and deformations of the structure are determined under external loads. Since the membrane 

structures experience large displacements, superposition cannot be applied to the load 

combinations; hence, special numerical methods are required to consider geometrically nonlinear 

behaviour. The membrane forces are calculated based on the actual deformed shape. 

The Force Density Method (FDM) and Dynamic Relaxation Method (DRM) are two widely used 

numerical methods for form finding. The FDM works by converting the system of nonlinear 

equilibrium equations of a spatial network into a linear one through the introduction of force 

density, force-length ratio. By using the FDM, finding the equilibrium shape of a membrane 

structure can be simplified to solve a system of linear equilibrium equations of the substitute cable 

net model [25-26]. 

The Dynamic Relaxation Method (DRM) is a useful approach for analysing cable and membrane 

structures [27-31]. The process involves tracking the fictitious motion of the structure from an 

arbitrary initial position to the equilibrium shape. By incorporating Kinetic Damping, the DRM 

becomes an effective technique for form-finding and static analysis of membrane structures [32]. 

The structural analysis of membrane structures under various external load actions involves 

difficulties not encountered in the structural analysis of traditional structures. For example, the lack 

of tension in the membrane can lead to wrinkling and fluttering, resulting in structural failure. 

Since the building standards contain limited information regarding the wind load acting on double-

curved surfaces of membrane structures, determining the wind pressure distribution is one of the 

most important and, simultaneously, the most complex issues in the structural analysis of 

membrane structures. 



5 

 

1.2 Wind pressure on membrane structures 

In wind engineering, two ways exist to determine the mean pressure distribution on any structure: 

experimentally carrying Wind Tunnel tests (WT) or numerically by Computational Wind 

Engineering (CWE). 

The wind loads on structures can be specified by dimensionless parameters known as Pressure 

Coefficients (ὅ); these coefficients depend on the geometry of the structure and represent the 

relationship between the inertial and viscous forces (Eq. 1.1). 

ὅ       (1.1) 

where ὴ is the pressure in a specific point, ὴ is the freestream pressure, Ὗ is the free-stream 

velocity, and ” is the fluid density. 

1.2.1 Wind tunnel experiments 

Wind tunnel tests are widely used in the different fields of engineering design. In civil engineering, 

wind load information is found in standards for the most common, simple structural forms, but in 

some specific cases WT tests are required. Their purpose is mostly to assess the reliability and cost-

effectiveness of the structures; another application is the analysis of structures sensitive to wind 

loads. A wind tunnel analysis may also be necessary for buildings with an unusual aerodynamic 

shape. Further cases related to topography configuration and terrain exposure may also require 

special attention. In addition to the above-mentioned examples, a wind tunnel test can also provide 

valuable information about pollution dispersion, air quality, pedestrian comfort, etc. [33]. 

In wind tunnel studies, the building and its surroundings are modelled with a chosen geometry 

ratio; thus, wind effects on the building can be observed. So, different parameters like pressure, 

forces, moments, and accelerations can be measured on a scale model then translated to the full-

size structure [34]. Rigid models may not accurately represent realistic dynamic behaviour but can 

still provide reliable results. Their simple construction increases the efficiency of conducting wind 

analyses on structures at relatively low costs compared to an aeroelastic study. 

1.3 Computational Wind Engineering 

Computational Wind Engineering (CWE) is a subfield of Computational Fluid Dynamics (CFD) 

that analyses the wind effects around buildings [35] considering incompressible airflow. The 
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numerical approximation is based on solving differential equations of a given domain according to 

specified boundary conditions. 

The flow particles are defined by the conservation laws of mass and momentum, also known as the 

continuity and Navier-Stokes equations, respectively. Using Einstein notation, the continuity 

equation is represented by Equation 1.2, and the Navier-Stokes equations by Equation 1.3: 

π      (1.2) 

Ὗ ’ Ὢ    (1.3) 

where Ὗ is the velocity components in a Cartesian coordinate system (Ὥ ρȟςȟσ; ὴ is the pressure; 

’ is the fluid kinematic viscosity; and Ὢ is the vector representing the body forces. 

The continuity equation (Eq. 1.2) states that the net flow of fluid into a small volume equals the 

net flow out of that volume, indicating no accumulation of mass inside that volume. For 

incompressible fluids, such as water or low-speed air, the density remains constant. Therefore, the 

volume of fluid entering a region must equal the volume leaving it. The left-hand side of Eq. 1.3 

means the rate of change of momentum in the fluid, whereas the right-hand side are the forces 

responsible for the change in momentum. 

All buildings are subjected to turbulent eddy motions primarily due to the dynamic characteristics 

of the Atmospheric Boundary Layer (ABL). The ABL is the lowest part of the troposphere, and its 

wind velocity typically follows a logarithmic or power-law distribution. Near the ground, wind 

speed is reduced due to surface drag but increases with height depending on terrain roughness. The 

shape of the velocity profile varies across terrain categories such as urban, suburban, or open fields. 

Within the ABL, buildings will experience aerodynamic forces distribution, flow separation, and 

vortex formation. A significant phenomenon in this context is the Von Kármán vortex streets, 

which refers to the periodic shedding of alternating vortices from the sides of a bluff bodyðsuch 

as a buildingðwhen a fluid interacts with it. This vortex shedding generates an oscillating wake 

and fluctuating forces that can induce dynamic responses in structures. This is particularly critical 

when the shedding frequency aligns with the buildingôs natural frequency, leading to vortex-

induced vibrations. 
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Extreme events like gusts, storms, or hurricanes can introduce additional turbulence around the 

structures. Therefore, from a structural point of view, all buildings should be designed with such 

considerations that the structure should resist those wind effects in terms of safety and 

serviceability. 

Additionally, to the flow equation system, the computational methodology requires further 

parameters which describe the instabilities in the fluid. Such instabilities conformed to the so-called 

turbulence. The turbulence comprises the presence of additional stresses (Reynolds stresses) as a 

result of the velocity fluctuations; these extra eddy motions have different length ranges and time 

scales. There exist different strategies to fully solve or model the turbulent motions in the flow; 

such strategies differ in computational time and effort Figure 1.4 represents the available strategies 

to solve or model the turbulent eddy motions. 

The advance of different CFD strategies has enabled their application in civil engineering purposes. 

Typically, the deformations of certain structures are not considered to significantly affect the flow 

field around them, leading to the analysis of rigid bodies. However, in the case of flexible buildings, 

these deformations can notably modify the flow structure and the wind-induced forces. This 

scenario examines a Fluid-Structure Interaction (FSI) problem, which focuses on how a fluid 

impacts the mechanical behaviour of a solid that is immersed in it and vice versa. There are two 

primary approaches to solving FSI problems: one-way and two-way techniques. 

 

Figure 1.4 Introduction. Different strategies to approximate the turbulence in fluids. 

The one-way approach assumes that while the fluid flow affects the solid, the solid does not affect 

the fluid flow; in other words, the deformations of the solid are not significant enough to change 

the fluidôs behaviour. In contrast, the two-way approach is generally more computationally 

expensive because it considers both the fluidôs effects on the solid and how the solidôs deformations 

influence the fluid flow. This two-way approach is particularly important in scenarios that involve 

large deformations. Thanks to the advancements in computational fluid dynamics strategies, FSI 



8 

 

problems can now be effectively addressed. [36-38]. The effect of structural deformations of 

membrane structures on the flow and wind pressure distribution is analysed in the dissertation. 

Due to its simplicity and relatively low computational demand, the Reynolds Averaged Navier-

Stokes (RANS) simulations are widely applied for most CFD problems. They represent a steady-

state analysis including time-averaged flows. However, because of the trend to build lightweight 

systems, important wind-induced effects such as galloping or buffeting should be considered, 

leading to the application of more sophisticated strategies [39]. 

In CFD analysis, the turbulence models represent additional equations and constants that close the 

system of mean flow equations (RANS equations); in this way, wind fluctuation effects are 

considered [40-41]. In the current research project, the RANS simulations were applied with the 

classical two-equations turbulence models: Ὧ ‐ and Ὧ for the CWE studies. Both turbulence ‫ 

models introduce two partial differential equations to solve the turbulent kinetic energy (Ὧ) and 

either the turbulence dissipation rate (‐), or the specific dissipation rate (.[41] (‫ 

The Ὧ ‐ turbulence model is currently available in most commercial CFD software; there are 

three different versions: Standard (Ὧ‐ὛὝ), Realizable (Ὧ‐Ὑ), and Renormalization Group (Ὧ‐ὙὔὋ). 

The first turbulence model introduced into the CFD analysis was the Ὧ‐ὛὝ; then the Realizable and 

Renormalization Group versions were introduced. For many fluid engineering problems, the 

Standard version is the common solution due to its reasonable level of accuracy for many flows, 

and the relatively small computational demand. On the other hand, Ὧ‐ὙὔὋ promises a better 

solution for more complex turbulent flow, however it is slightly more computationally expensive 

than Ὧ‐ὛὝ [41]. Finally, the Ὧ‐Ὑ turbulence model intends to provide better prediction for flows 

involving strong streamline curvatures, vortices, recirculation, adverse pressure gradients, and 

rotations [42]. 

The Ὧ turbulence model also has three versions: Standard (ὯʖὛὝ), Baseline (ὯʖὄὛὒ), and ‫ 

Shear Stress Transport (ὯʖὛὛὝ). The ὯʖὛὝ provides a promising approach for low-Reynolds 

number flows and for flows with complex boundary layers. Still, the close relationship with the 

freestream conditions can influence the solution of Ὧ and ʖ outside the shear layer, which is the 

weakness of the solution. The ὯʖὄὛὒ works as a combined version of the Ὧ ʖ and Ὧ ‐ models, 

close to the boundary layer and the freestream region, respectively. This turbulence model may 

give better results without the strong dependency on freestream values. Finally, the ὯʖὛὛὝ 



9 

 

combines the corrections of former versions, which allow more accurate solutions and increases 

the reliability of numerical predictions in more cases [42]. 

1.4 Literature review  of the wind analysis of membrane structures 

Even though the first application of tensile membrane structures dates from several decades ago, 

gaps in the field still need to be filled up. The lack of information in design codes has limited the 

spread of tensile membrane applications. However, since their pioneers like Frei Otto, several 

institutions and research groups improved the knowledge and understanding of such structures. 

Improvements have been focused on materials fabrication, design processes, and construction 

techniques. As mentioned, the structural analysis stage determines a new equilibrium shape based 

on external load application over the initial construction shape considering material properties. 

Thus, the iterative process analyses membrane forces and displacements under external load 

application. External dominant loads for lightweight structures are wind, snow, and rain. 

The load-bearing of the membrane structure under rain/snow loads is given by an equilibrium shape 

that carries only tension forces over the whole surface with no or minimal slack areas. The rain or 

snow accumulation can cause ponding and continuously increasing load on the structure that can 

lead to the collapse of the structure; hence it is important to use a shape that prevents water 

accumulation. Snow loads can be omitted if the building region does not represent high snow 

incidents during the year and if heating systems are installed; however, design codes provide 

information to consider additional snow loads based on the roof shape. 

Gong et al. (2010) conducted analytical and numerical studies of implementing an air-inflated 

membrane as a rainproof covering for an existing, open stadium with steel structure [43]. Their 

findings showed that adding this covering does not significantly change the internal forces of the 

steel supporting system. Moreover, it solves the inconvenience of an open stadium structure. On 

the other hand, wind load analysis is more challenging because design codes offer guidance for 

structures with simple geometric configurations. Membrane structures, often characterised by 

anticlastic or synclastic forms, fall outside the typical scope of these codes. For instance, the 

European Standard EN 13782 ñTemporary structures ï Tents ï Safetyò [44] addresses wind effects 

by two load cases with constant wind pressure coefficients: -0.7 for upward wind and +0.3 for 

downward wind without taking into account the variation of the pressure throughout the surface. 
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The absence of detailed wind pressure information in national codes, such as the Eurocode, requires 

flow analyses of membrane structures to provide enough information for their design [45-48]. 

Researchers have attempted to reproduce wind effects on tensile structures through both 

experimental and numerical methods, focusing on common architectural shapes. The following 

paragraphs will introduce some of these studies. 

Earlier studies, such as the work done by Hoxey and Richardson (1984), involved full-scale 

pressure measurements on film plastic-clad greenhouses under natural wind conditions [49]. The 

greenhouses selected for the experiments were all situated in open areas without obstructions 

within 100 meters of the faces exposed to the wind. Another relevant study was Toy and Tahouri 

(1988), they conducted wind tunnel measurements on semi-cylindrical models with a turbulent 

boundary layer to understand the factors influencing pressure distribution, such as the modelsô 

cross-sectional geometry and aspect ratio [50]. 

Kassem and Novak (1991) examined theoretically and experimentally the response of a 

hemispherical air-supported structure subjected to turbulent wind. Some of their remarks were that 

the mean membrane deflections because of strong wind are very large compared to conventional 

structures, and deformations are mostly outward, except on the windward side. Also, the roofôs 

response is very sensitive to variations in the mean internal pressure [51]. 

Canavesio and Natalini (1999) developed wind tunnel experiments on a hyperbolic paraboloid roof 

with a circular plan shape. In their studies, they compared the surface roughness of the model to 

understand the Reynolds number effect on curved shapes used in low-speed wind tunnels [52]. 

Jie-min and Zhi-jun (2005) applied wind tunnel tests to characterize the static wind effects on a 

membrane canopy roof of a stadium. They observed that the wind suction on the leading edge is 

significantly larger than in other areas, making it the dominant load [53]. 

Hincz and Gamboa Marrufo (2010); Gamboa-Marrufo et al. (2011), conducted experiments on an 

arch-supported tensile roof [54-55]. The experiments took place in an open subsonic wind tunnel 

with laminar flow, using constant velocities. Pressure coefficients were measured for three wind 

directions, and it was found that the most critical wind condition was when the wind direction was 

at a 45° angle. 

Rizzo et al. (2011, 2012) studied the aerodynamic behaviour of hyperbolic paraboloid-shaped roofs 

[56-57]. They conducted wind tunnel experiments of hyperbolic paraboloid tensile roofs with 
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rectangular, squared, and circular plans. Pressure coefficients were obtained for various wind 

directions. Later, Rizzo (2012) carried out wind tunnel tests on hyperbolic paraboloid roofs with 

elliptical ground plan. All the research results showed that roofs with an elliptical shape have the 

best aerodynamic behaviour among the four tested shapes [58]. 

Hincz and Gamboa-Marrufo (2015) presented the wind analysis over a mast-supported structure 

[59]. Their studies included comparing pressure coefficient fields over an unloaded construction 

shape and the deformed shape under wind actions. Their experimental results proved the significant 

differences in the pressure distribution over the deformed shape compared to the unloaded 

construction shape. 

Rizzo and Ricciardelli (2017) obtained experimental pressure coefficients for hyperbolic 

paraboloid roofs with circular and elliptical plans [60]. They included two different building 

heights and two different roof curvatures. Their results attempted to provide simplified load maps 

for use in design and possible code implementation. 

Sun et al. (2019) determined wind pressure coefficients over a ridge-valley tensile membrane 

structure by wind tunnel experiments [61]. Their studies intended to analyse the effects of several 

factors: arch rise-span ratio, terrain roughness, eaves height, wind direction and closed and open 

conditions. They found that the contribution of the wind direction and the arch rise-span ratio is 

more significant than the eaves height and terrain roughness. Later, using a similar methodology, 

Sun et al. (2020) studied oval-shaped arch-supported membrane structures; the key parameters 

were arch rise-span ratio, different wind directions, and terrain roughness [62]. Their analysis also 

included open and enclosed structures, and the results showed that the variation in those parameters 

had more influence on the windward pressure distribution than on the leeward side for both the 

enclosed and open structures. Particularly, the effect of the arch rise-span ratio depends on the wind 

direction. 

A more complex wind tunnel experiment was developed by Rizzo et al. (2021); they studied the 

wind pressure distribution over a hyperbolic paraboloid roof using a rigid and a flexible scale model 

[63]. The research included two phases: first, the aerodynamic test over the rigid model was done, 

and then, by applying a numerical model and the results from the first experiments, they designed 

the aeroelastic model. Then, the aerodynamic tests from the aeroelastic model were used to 

calibrate the numerical model. 
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Kandel et al. (2021) studied the wind-induced responses on oval-shaped arch-supported structures. 

They aimed to analyse the effects of various parameters like arch rise-span ratio, arch span, 

membrane prestress, wind velocity and direction, and boundary wall condition (open and enclosed 

structure). First, they recorded wind pressure data on scale models and then applied the 

experimental information to the Finite Element dynamic analysis. They found that the arch span is 

the most influential parameters on wind-induced responses. Also, in most cases, the open 

structureôs wind-induced response was more significant than the enclosed one [64]. Later, Kandel 

et al. (2022) studied a rectangular-shaped arch-supported structure [65]. Like their previous 

research, they also included the analysis of the arch rise-span effect on the wind pressure 

distribution, wind direction, and boundary wall conditions. They observed that the effect of flow 

separation increases with the arch rise-span ratio increment. Based on their studies, the structure 

experienced the most critical conditions under the skew wind direction effects. 

Lately, Chen et al. (2022) introduced the wind tunnel experiments of spherical inflatable membrane 

structures [66]. They built three rigid models with different height-span ratios. They obtained the 

wind-induced response characteristics using the experimental wind load data and the nonlinear 

dynamic time-history analysis. 

Besides the studies based on experimental analyses, another approach to studying wind effects on 

structures is based on numerical approximations (CFD). For example, Gamboa-Marrufo et al. 

(2013) carried out the CFD analysis of the arch supported tensile roof presented in [54]. Pressure 

coefficients were determined based on the Ὧ ‐ turbulence model [67]. The mean difference 

between WT and CWE pressure coefficient values was around 10%. 

Mokin et al. (2017) analysed the fluid-structure interaction of a large-scale air-supported structure. 

Their results, based on a two-way approach, showed that surface wind loads may increase due to 

the deformations of the structure [68]. 

Sun et al. (2018) developed a comprehensive simulation analysis of four typical roof shapes of 

tensile membrane structures [69]. Their methodology included steady-state RANS simulation 

considering parameters like height-span ratio and wind direction. Their results were given as mean 

wind pressure coefficients divided into sections for each roof type. 

Kandel (2019) applied numerical simulations to determine wind pressure distribution over arch-

supported structures [70]. His studies considered the influence of terrain category and arch rise-
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span ratio in the wind pressure distribution. Results showed that the terrain category influence is 

only significant at the leeward zone for models with larger arch rise-span ratios. Meanwhile, the 

mean pressure coefficients were significantly influenced by the arch rise-span ratio. 

Colliers et al. (2020) analysed mean pressure distribution on hyperbolic paraboloid roofs and 

canopies based on wind tunnel experiments and CFD simulations [71]. The wall condition for 

hyper-models was enclosed (considered as a simple roof) and without enclosing walls (considered 

as a canopy). The WT experiments did not consider an ABL approximation but used a simple 

uniform load distribution. On the other hand, CFD calculations applied RANS equations, 

evaluating the performance of different turbulence models. Results from WT tests helped to 

validate the CFD solutions. Then, more variables, such as shape factor, were introduced in the 

numerical simulations to extend the conclusions further. Numerical models could predict the wind 

tunnel results with reasonable accuracy. 

Valdés-Vázquez et al. (2021) also conducted computational analyses of the response of a double 

hyper-tensile membrane structure [72]. In their study, they attempted to simulate the support 

conditions of the tensile fabric, which gives a more realistic solution. They first determined 

pressure coefficients based on FSI analysis. Later, they developed both static and dynamic analyses 

to determine stresses in the fabric, mast forces, and the tensile force in cables based on pressure 

coefficients derived from FSI analysis. Their dynamic analysis was based on a one-way fluid-

structure interaction problem.  

Most recently, Alsofi et al. (2023) developed numerical simulations to estimate wind load actions 

over an air-inflatable membrane structure [73]. Their study considered a rigid model subjected to 

uniform flow. The paper also presents previous wind tunnel data, which validates the numerical 

simulations. 

Chen et al. (2024) conducted a numerical simulation to study the wind-induced response of saddle 

membrane structures under extreme wind conditions, such as those produced by a typhoon. They 

found that during a typhoon, which features higher wind speeds and turbulence, the vibration 

amplitude of the membrane structures increases significantly, leading to more chaotic vibrations. 

Their research indicated that the most unfavourable situation was when the wind blows parallel to 

the concave axis of the structure. Additionally, they emphasized the importance of considering the 
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significant suction effects of wind on the membrane structures when designing for wind resistance 

including such extreme cases [74]. 

Liu et al. (2024) aimed to understand the structural performance of an air-supported membrane 

structure under wind load action by numerical simulations. They evaluated different wind 

directions, speeds, and internal pressures. They proposed a mixed methodology to establish 

influencing parameters from a static analysis to approach a more realistic solution considering 

fluid-structure interaction conditions [75]. 

1.5 Research purpose 

The current research aimed to determine the wind load distribution acting on some typical, 

frequently used membrane structure forms with various structural systems. The study focused on 

numerical CFD simulations based on steady-state analysis (RANS equations) and experimental 

wind tunnel measurements. On the one hand, the research tried to answer the question of the 

reliability of the CFD-based structural analysis in the case of membrane structures with various 

shapes. On the other hand, the study aimed to determine the wind load distribution on the surface 

of various membrane structures in the case of different wind directions to support the design of 

such structures. 

The difference between the two approaches (experimental and numerical) can be interpreted in the 

distribution and magnitude of the wind pressure coefficients. Still, the differences in the membrane 

forces and displacements calculated based on the experimental and CFD-based pressure 

distributions are even more interesting.  

The adopted methodology was considered to begin with determining the mean pressure coefficient 

fields over the surface of the membrane structures (experimentally and/or numerically). Then, 

using numerical methods, these pressure coefficients were applied as part of the external load 

action in a structural model to compute the membrane forces in the deformed configuration. 

The structural analysis was completed with the method developed by Hincz [21]. The geometrically 

nonlinear numerical method is based on the DRM, and an orthotropic, linear elastic material model 

was applied. Since the method has been previously published in detail, the dissertation does not 

present the details of the calculation of the membrane forces and displacements. 
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The significant displacements of membrane structures (compared to structures composed of 

conventional building materials) justify the wind load analysis of the deformed shapes of the 

structures. Although this approach does not constitute a fully coupled fluid-structure interaction 

analysis, similarities/differences between available experimental results are introduced. This 

reinforced the value of combining numerical and experimental methods as complementary tools 

for evaluating the structural response of membrane structures.  

Since the dynamic effects rarely cause problems in the case of properly prestressed and well-

designed membrane structures (with doubly curved shape without flat areas), only static analysis 

was applied in the study. The slack areas in the membrane or the lack of double curvature can result 

in flutter, which in worst cases can destroy the structure, hence these must be avoided by careful 

planning (formfinding, prestressing method, etc.). 

As a detailed explanation, the wind analysis considered three different membrane structures. The 

first one, a single mast-supported tent, was investigated only numerically in the current research, 

and its validation was based on former wind tunnel test results (Chapter 2). Mean pressure 

coefficients, membrane forces and displacements were calculated and compared. The second 

analysed structure was an air-inflated hangar investigated with (Chapter 3) and without (Chapter 

4) side walls. Additionally, the study included a comparison of wind loads on both the unloaded 

and the deformed shape of the structure, using both experimental and numerical methods. Lastly, 

the third analysis compiled a set of arch-supported tensile membrane structures with various 

lengths and numbers of supporting arches (Chapter 5). The wind pressure on models with four, 

five, and six supporting arches was measured in the wind tunnel and calculated with the help of the 

CFD method. 
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2 Computational Wind Engineering of a mast-supported structure 

2.1 Problem statement 

The current chapter considers the numerical wind analysis of a mast-supported structure with a 

regular dodecagon floor plan; an example of this type of membrane structure is located at the 

University of La Verne, California, which was designed and constructed by Birdair in 1973 (Figure 

2.1) [76]. 

The analysed membrane structure comprises three main sections: 1) the vertical walls, 2) the 

hyperbolic membrane, and 3) the closing cap on the top. This structure was selected for the analysis 

because it has an often-used, simple surface, and the results of previous wind tunnel tests were 

available for validation. The dimensions of the prototype structure are shown in Figure 2.2. 

 

Figure 2.1 Mast-supported structure, University of La Verne, California [76]. 

 

Figure 2.2 Mast-supported structure. Prototype dimensions a) front, and b) top views. 

The applied material properties of the membrane are as follows: Ewarp= 600 kN/m, Efill = 150 kN/m; 

and G= 5 kN/m. (It should be mentioned that the material properties are always provided for a 

given material width and not for cross-sectional area in the case of membrane materials. Because 
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of the small size of the analysed structure, the material properties of a simple PVC-coated polyester 

textile were considered in the structural analysis.) The material fibre directions were considered 

according to the cutting pattern proposed by Hincz (2000) [21]. (Warp direction is close to the 

radial direction, see Figure 2.2b). 

Former wind tunnel experiments of the structure were developed in the Wind Engineering 

Laboratory of the Civil Engineering Faculty of the Autonomous University of Yucatan. The mean 

pressure coefficients and the structure displacements were introduced in [59]. The wind tunnel 

measurements were carried out on a rigid scale model (1:30) with 132 pressure taps (Figure 2.3). 

 

Figure 2.3 Mast-supported structure. Rigid scale model with measurement points. 

Table 2.1 presents the prototype and scale model dimensions according to the X, Y, and Z axes. 

Because of the structureôs symmetry, one single wind direction was studied. 

Table 2.1 Mast-supported structure. Prototype and scale model dimensions. 

 Along axis Prototype 

[m]  

Model 1:30 

[mm] 

Width  X 10 333.3 

Length Y 10 333.3 

Height Z 5 166.7 

2.2 Domain specifications, boundary conditions and solver settings 

The steady-state analysis determined the structureôs pressure coefficient map based on the Ὧ‐Ὑ and 

Ὧ‫ὛὛὝ turbulence models. This activity evaluated the accuracy of the latest versions of the most 

common two-equation turbulence models. First, the numerical approach based on the Ὧ‐Ὑ 

turbulence model involved wind flow simulations around the full-size structure. Then, the Ὧ‫ὛὛὝ 

simulation analysed the wind flow around the scale model (similar to the wind tunnel scale model). 
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This comparison aimed to examine the dynamic similarity, which states that the ratio of all forces 

acting on corresponding points of the model and prototype should be the same. Referring to the 

main goal of the analysis, the pressure distribution based on the full size and the scale model was 

expected to be the similar. 

Domain specifications 

In the case of all CWE calculations, the domain dimensions satisfy the requirements given by [77-

79]. The recommended distances from the structureôs surface to the inlet, lateral, and top domain 

boundaries are 5H (where H is the structureôs height). On the other hand, the recommended 

distance from the structure to the outlet surface is 15H. Considering the full-size structure (Ὧ‐Ὑ 

analysis), the total width and height were 30.0 m, and the length 110.0 m (Figure 2.4); only half of 

the domain was needed (symmetry condition). 

 

Figure 2.4 Mast-supported structure. Domain dimensions for the Ὧ‐Ὑ turbulence model a) side, and b) front view 

(the vertical walls are closed). 

Boundary conditions and software settings 

The grid for the Ὧ‐Ὑ turbulence model had approximately 3.5 million quadratic tetrahedral 

elements (Figure 2.5). The first cell height around the modelôs surface was 0.15 mm, meanwhile 

the face sizing on the structureôs surface was 0.20 m, and the maximum size on the whole domain 

was 1.5 m. Scalable wall functions were used as recommended by [42] because they provide a 

better approach for refined grid areas. 

The 1:30 scale model (Ὧ‫ὛὛὝ turbulence model) had 4.8 million pyramid and tetrahedral elements 

(Figure 2.6). The first cell height was set to 0.001 m, additionally, around the model surface, 

refinement volumes were set with maximum element sizes of 0.015 m. 

Similar boundary conditions were applied and are presented in Table 2.2. 
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Figure 2.5 Mast-supported structure. Grid resolution (Ὧ‐Ὑ model). 

 

Figure 2.6 Mast-supported structure. Grid resolution (Ὧ.(‫ὛὛὝ model 

Table 2.2 Mast-supported structure. Boundary conditions for CWE analysis. 

Boundary Condition 

Inlet  Uniform velocity 

Outlet Gauge pressure, 0 Pa 

Top and lateral Free slip 

Symmetry plane Symmetry 

Walls & bottom No-slip wall 

To discard Reynolds-number dependency, the Ὧ‐Ὑ model tried several inlet uniform velocities 

ranging from 1 to 60 m/s (e.g. 1, 5, 10, 30, 60); since no significant differences were found, the 

following results correspond to 15 m/s uniform velocity since the former wind tunnel test did not 

include ABL simulation. On the other hand, the Ὧ,‫ὛὛὝ model considered 20 m/s uniform velocity 

similar to the wind tunnel case. 

About the specific parameters of the turbulence models, like Ὧ and ‐, they were not explicitly 

defined; instead, the turbulence intensity and turbulent viscosity ratio were given; the default 

constants given by ANSYS are 5% for turbulence intensity, which represents a medium intensity, 

and 10 for the turbulent viscosity ratio. On the other hand, the Ὧ‫ὛὛὝ turbulence model was applied 

through the SimScale website (which uses the OpenFOAM solver) and the default constants for Ὧ 

and were used, being 3.75x10-3 [m²/s²], and 3.375 (1/s), respectively. The iteration step numbers ‫ 

were 2500 and 12000 Ὧ‐Ὑ and Ὧ.‫ὛὛὝ turbulence model, respectively 
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2.3 Results and validation 

2.3.1 Pressure coefficients comparison 

The current section compares the pressure coefficient fields based on WT and numerical 

simulations (Figure 2.7). The ὅ numerical distribution shows a good approximation to the WT-

based results on the windward and leeward sides, considering that the windward side was subjected 

to positive pressure and the leeward side only to suction. 

Figure 2.8 presents the pressure coefficients at the structure centrelines in the vertical symmetry 

planes parallel and perpendicular to the wind direction. There was not enough information from 

the WT results at the closing cap region; however, both turbulence models provided a similar 

suction coefficient at the structureôs highest point. 

 

Figure 2.7 Mast-supported structure. ὅὴ distribution based on a) WT test, b) Ὧ‐Ὑ, and c) Ὧ.‫ὛὛὝ turbulence models 

According to Figure 2.8a, the Ὧ‐Ὑ turbulence model provided a more accurate solution on the 

windward side compared to the leeward side, where the Ὧ‫ὛὛὝ turbulence model provided closer 

solution to WT results. At the centreline perpendicular to the wind direction, only negative ὅ 

values were found (Figure 2.8b). The largest differences between the two numerical approaches 

were at some points at the closing cap, recalling that this zone is highly influenced by the flow 

detachment. Figure 2.8c presents the pressure coefficients at the measurement points on the vertical 

walls at half their height. The CWE results are similar and close to the experimental results; the 

most significant differences can be detected at the side of the structure where the wind direction is 

close to tangential to the wall. 
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Figure 2.8 Mast-supported structure. ὅ distribution on centrelines a) parallel, and b) perpendicular to the wind flow, 

and c) at the structure walls. 

2.3.2 Membrane forces and displacement comparison 

Since the membrane forces and displacements are probably the most important values during the 

static analysis, their distribution and their significant values based on the different ὅ fields were 

also compared. The determination of membrane forces was based on the Dynamic Relaxation 

Method (DRM) [27-28]. The applied mesh of the structural mechanics model is presented in Figure 

2.2. Membrane forces were estimated based on a wind load of 1.2 kN/m2 peak velocity pressure. 

Figure 2.9 and Figure 2.10 depict the membrane force distributions in the warp direction in the 

construction shape (prestressed membrane without external loads), and under the external wind 

load according to the experimental and CWE-based pressure coefficient fields. The maximum 

values can be detected on the windward side at the upper supporting ring of the membrane. 

 

Figure 2.9 Mast-supported structure. Membrane forces in warp direction based the construction shape (prestressed 

membrane without external loads). 

The maximum and average membrane force magnitudes in warp and fill directions are presented 

in Table 2.3. (The tensile strength of PVC-coated polyester membrane materials varies significantly 

depending on the product, with typical values from around 20 to over 100 kN/m.). The results 
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showed that, except for one significant value, the difference between WT-based and CWE-based 

results is less than 10%. The Ὧ‫SST-based maximum membrane force in warp direction 

overestimated the WT-based value by 20% according to the larger positive pressure coefficients 

on the windward side of the structure. 

 

Figure 2.10 Mast-supported structure. Membrane forces in warp direction based on the pressure coefficient fields 

from a) WT tests, b) Ὧ‐Ὑ, and c) Ὧ‫ὛὛὝ turbulence models. *The scale of the construction shape figure is different 

than the loaded structure figures. 

Table 2.3 Mast-supported structure. Membrane forces, displacements, and strain energy. 

 

Membrane forces 

[kN/m]  
Displacement 

[mm] 

Strain 

energy 

[kJ]  Warp Fill  

Max. Avg. Max. Avg. Max.  

Construction 

shape 
3.02 1.77 1.32 1.11 - 0.35 

Wind load, 

WT 
9.15 2.75 5.80 3.63 277 3.77 

Wind load, 

CWE-▓Ⱡ╡ 
8.44 2.92 5.26 3.54 280 3.57 

Wind load, 

CWE-▓ⱷ╢╢╣ 
10.98 3.09 6.03 3.85 309 4.36 

Figure 2.11 represents the membrane displacements in the centrelines in the vertical symmetry 

planes parallel and perpendicular to the wind direction. Furthermore, the maximum displacement 

values are also given in Table 2.3; compared to the WT-based results, the maximum displacement 

was overestimated by about 1% by the Ὧ‐Ὑ model and about 12% by the Ὧ.‫ὛὛὝ turbulence model  
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Additionally, the strain energy was also calculated and compared for the construction shape and 

the analysed load cases (Table 2.3). The wind load distributions based on the Ὧ‐Ὑ and Ὧ‫ὛὛὝ 

turbulence models resulted in 5% and 16% higher strain energy than the experimental one. 

 

Figure 2.11 Mast-supported structure. Membrane displacements a) parallel, and b) perpendicular to the wind 

direction. 

2.4 Summary 

This partial research aimed to determine mean pressure coefficients on a hyperbolic membrane 

roof based on CWE analysis. The 3D steady-state RANS approach was applied with the two 

versions of two-equation turbulence models: Ὧ‐Ὑ and Ὧ‫ὛὛὝ. The validation of the CWE analysis 

compared results from former WT tests, including pressure coefficients, maximum membrane 

forces, maximum displacements, and strain energy. Based on the results, the following conclusions 

are drawn: 

¶ Both turbulence models provided qualitatively good approximation to the WT-based 

pressure coefficients, but significant differences were found in those areas highly 

influenced by flow separation. 

¶ The nonlinear static analysis of the membrane roof proved that the membrane forces, 

displacements, and strain energy estimated by the pressure coefficients from CWE analysis 

represent a good approximation to the results based on experimental ὅ values. The most 

significant differences in the maximum membrane forces and maximum displacements 

were 20% and 12%, respectively. 
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3 Computational Wind Engineering analysis of an air -inflated structure 

(enclosed) 

3.1 Problem statement 

The present research also applied 3D steady-state approximation to determine mean pressure 

coefficients on an enclosed air-inflated membrane structure similar to the air-inflated hangar shown 

in Figure 3.1. 

 

Figure 3.1 Air -inflated structure (enclosed). Air -inflated hangar, Budapest Airport. 

In the current study, the prototype structure comprises six inflated arches of 3 m diameters; its total 

length (L) and height (H) are 13 m, and its width (W) is 26 m. Figure 3.2 shows the prototype 

dimensions and the global coordinate system. Additionally, it shows the warp and fill fibre 

directions in the membrane, which will be evaluated later. (Warp directions is supposed to be 

parallel to the centreline of the inflated arches). Similar Youngôs modulus was considered in warp 

and fill fibre directions for the orthotropic material (Ewarp=Efill =400 kN/m), and the shear modulus 

G equal to 10 kN/m. The relative pressure in the inflated tubes was p=25 mbar (which means 25 

mbar above the atmospheric pressure). The cross-section of the six inflated arches that are the 

components of the prototype structure is presented in Figure 3.2b. 

The CWE simulations included three different grid resolutions, four turbulence models, and five 

wind directions. The details about the different grid resolutions are presented in the following 

sections; meanwhile, the applied turbulence models were Ὧ‐ὛὝ, Ὧ‐Ὑ, Ὧ‫ὛὝ, and Ὧ‫ὛὛὝ. The 

studied wind directions were 0°, 30°, 45°, 60°, and 90° (see Figure 3.2c). 

Pool Blanco et al. measured wind pressure on a scale model by wind tunnel experiments; their 

study reported pressure coefficient fields for 0°, 45°, and 90° wind directions [80]. The wind tunnel 

experiments were conducted in an open-circuit wind tunnel at the Autonomous University of 

Yucatan, Mexico. The measurements did not consider the simulation of the ABL but constant 
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velocity magnitudes. The chosen model scale was 1:72.5, considering a maximum blockage ratio 

of 5%. The experiments comprised 54 measurement points on the inflated arches to measure 

external and internal pressure (in open condition only). The analysis of the structure without the 

removable side walls is presented in the following chapter. Also, there were 30 points on the side 

walls. Considering symmetry, the total number of measurement points was 156 for the enclosed 

structure and 204 for the open structure, which included both internal and external measurement 

points; the arrangement can be seen in Figure 3.2 and Figure 3.3. 

 

Figure 3.2 Air -inflated structure (enclosed). a) Prototype dimensions, B) top view with wind directions and fibre 

directions, and c) cross-section of the six inflated arches. 

 

Figure 3.3 Air -inflated structure (enclosed). a) top view of the scale model with measurement points, b) scale model 

with side walls, and c) scale model without side walls [80]. 
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3.2 Domain specifications, boundary conditions and solver settings 

Since the current study considered the full-size structure, following the suggestions by [77-79], the 

domain dimensions were set 5H from the structureôs surface to the inlet, lateral, and top boundaries, 

while 15H from the structureôs surface to the outlet boundary. This domain definition provided 

blockage ratios smaller than 10% for any wind direction. 

Furthermore, based on suggestions by [81-83] for studies including several skew wind directions, 

a double inlet/outlet domain represents a suitable option. Thus, the boundary conditions included 

inlet(s) velocity, gauge outlet(s) pressure, free slip wall(s), no-slip wall(s), and one symmetry face. 

This symmetry condition was given at the top of the domain, while the no-slip wall condition was 

set to the ground and the membrane surface. 

In the case of orthogonal wind directions (0° and 90°), the boundary conditions included one single 

velocity inlet surface, one gauge pressure outlet (0 Pa), and two free slip condition walls. On the 

contrary, for skew wind directions (30°, 45°, and 60°), two inlet velocity profiles were given in the 

form of X and Y vector components. Similarly, there were two outlet pressure surfaces (0 Pa gauge 

pressure). Figure 3.4 represents the domain dimensions and the boundary conditions depending on 

the wind direction. 

 

Figure 3.4 Air -inflated structure (enclosed). Domain dimensions and boundary conditions. 

Even though wind tunnel tests did not consider ABL simulation, the CWE study applied the power-

law formula given by Equation 3.1 for the inlet velocity profile.  

Ὗ
Ὗ

ὤ
ὤ      (3.1) 
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where Ὗ is the velocity at height ὤ; and Ὗ  is the velocity at the given reference height ὤ; finally, 

‌ is the velocity exponent that depends on the terrain roughness. Since there was no record of the 

ABL simulation, a simple flat terrain characterization was considered with an ‌ coefficient equal 

to 1/9.5 [84]. The velocity at the reference height was supposed to be equal to 15 [m/s]. Figure 3.5 

shows the velocity vectors around the membrane surface presented in an XZ plane when wind 

direction is 90°. 

Regarding the constants for the Ὧ ‐ and Ὧ turbulence models, they were not explicitly ‫ 

defined, instead the default values given by ANSYS were used. These values correspond to 5% for 

turbulence intensity and 10 for the turbulent viscosity ratio. 

The applied CFD solver was ANSYS-Fluent 19 R3, including settings like the SIMPLEC algorithm 

and a second-order discretization scheme for all the governing equations. Every simulation ran 

5000 iteration steps. 

 

Figure 3.5 Air -inflated structure (enclosed). Velocity vectors around the membrane surface shown in an XZ plane, 

90° wind direction. 

3.3 Grid sensitivity analysis 

A semi-structured grid was applied, including tetrahedral and hexahedral elements; the tetrahedral 

elements were only allocated on the membrane surface and its surroundings (Figure 3.6). The 

domain discretization phase evaluated three different grid resolutions to improve the accuracy of 

the results and eliminate any potential grid dependence in the solution. Three different grid 

resolutions were evaluated, as detailed in Table 3.1, including minimum and maximum element 

sizes, and the total number of nodes and elements. The discretization process considered an 
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increment in the number of elements and nodes by reducing the dimensions of the finite elements, 

allowing for a more refined grid and attempting to improve accuracy in capturing the pressure 

distribution in critical regions of the domain, particularly near the surface of the structure. This 

grid-sensitivity analysis ensured that the grid configuration did not significantly influence the 

numerical solution. 

A common question regarding refinement in the structure of CFD problems relates to the range of 

Y+. This key parameter indicates whether the near-wall boundary layer falls within the viscous 

sublayer or log-law layer (fully turbulent region). According to the ANSYS Theory Guide [42], 

the recommended range for Y+ in Ὧ ‐ models is between 30 and 300 for the height of the first 

cell. However, this upper limit can increase with the Reynolds number. In the current analysis, the 

full -size structure resulted in large Reynolds numbers, leading to some Y+ values exceeding 300 

in certain cells. Nevertheless, the minimum Y+ value was above 30. Reducing the high Y+ values 

was not feasible, as it would compromise the cells with lower Y+ values. Instead, scalable wall 

functions were utilised to model both small and large Y+ values effectively. 

Based on [42], the Ὧ turbulence models are by default Y+-independent because they are ‫ 

supposed to be able to solve the viscous sublayer near the wall. However, the Ὧ‫ὛὛὝ is a hybrid 

approximation that might solve the viscous sublayer when Y+<5 or apply the wall function 

approximation when Y+>30. Figure 3.7 shows the Y+ around the membrane surface based on the 

Ὧ.‫ὛὛὝ turbulence model and the 90° wind direction 

 

Figure 3.6 Air -inflated structure (enclosed). Tetrahedral elements distribution on the membrane surface, grid M2. 
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Table 3.1 Air -inflated structure (enclosed). Grid resolution details. 

 M0 M1 M2 

First layer thickness 0.05 m 

Growth rate 1.2 

Tetrahedral elements 

Average edge size 

 

2.0 m 

 

1.0 m 

 

0.5 m 

Hexahedral elements edge sizes 

Minimum 

Maximum 

 

2.0 m 

4.0 m 

 

1.0 m 

3.5 m 

 

0.5 m 

3.0 m 

Number of elements 

Number of nodes 

3.3E+5 

3.2E+5 

1.2E+6 

1.2E+6 

5.5E+6 

5.0E+6 

 

Figure 3.7 Air -inflated structure (enclosed). Y+ values on membrane surface, Ὧ‫ὛὛὝ turbulence model, 90° wind 

direction. 

The pressure coefficient fields are compared. The solutions are given in two representative point 

sets. Point set ñAò represents the highest points of the arched inflated tubes along a line parallel to 

the structureôs main axis; on the contrary, point set ñBò denotes the surface points on the two 

central inflated tubes. 

Figure 3.8 introduces the mean pressure coefficients at point set A for 0° wind direction. The most 

significant differences were found at the top of the first arch at the windward side. Here, the results 

of the densest grid (M2) were closest to the experimental results for all four turbulence models. 

The applied grid had a much smaller effect at the other measurement points. 

Figure 3.9 represents the pressure coefficients at point set B for 90° upstream flow. From the 

presented results, the most significant differences were observed close to the flow separation zone 

when the Ὧ‫ὛὛὝ turbulence model was applied. Nonetheless, negligible differences were observed 

for the other turbulence models. 
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Figure 3.8 Air -inflated structure (enclosed). ὅ results at point set A, 0° wind direction, different grid resolution a) 

Ὧ‐ὛὝ, b) Ὧ‐Ὑ, c) Ὧ‫ὛὝ, and d) Ὧ.‫ὛὛὝ turbulence models 

 

Figure 3.9 Air -inflated structure (enclosed). ὅ results at point set B, 90° wind direction, different grid resolutions a) 

Ὧ‐ὛὝ, b) Ὧ‐Ὑ, c) Ὧ‫ὛὝ, and d) Ὧ.‫ὛὛὝ turbulence models 
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3.4 Results and validation 

3.4.1.1 Pressure coefficients comparison 

The current section introduces the CWE results validation based on former wind tunnel 

experiments. The scale model was tested in an open wind tunnel considering laminar flow; results 

are reported in [80]. The pressure was measured on the scale model at 156 surface points (102 

points on the tubular sections and 54 points on the side walls). These pressure tap points are shown 

in Figure 3.3. The experimental mean pressure coefficients were determined for three wind 

directions: 0°, 45°, and 90°. 

To verify the accuracy of the four different turbulence models and grid resolutions, the current 

validation introduces statistics error evaluation based on Mean Absolute Percentage Error (MAPE), 

Mean Absolute Error (MAE), and Mean Square Error (MSE) [85]. The following equations give 

these factors: 

ὓὃὖὉ В ȟ ȟ

ȟ
ρzππϷ   (3.2) 

ὓὃὉ В ὅȟ ὅȟ     (3.3) 

ὓὛὉ В ὅȟ ὅȟ    (3.4) 

where ὲ is the data points number, ὅȟ  and ὅȟ  are the pressure coefficients from WT 

experiments and CWE simulations, respectively. 

Table 3.2 presents the error percentages based on Equations 3.2-3.4 for all turbulence models and 

grid resolutions. The MAPE, MAE, and MSE factors corresponding to the 90° wind direction, 

show insignificant dependency on the grid resolution; the four turbulence models provided similar 

statistics errors. Nonetheless, the differences between turbulence models and grid size resolutions 

were more significant for 0° and 45° wind directions. In most cases the finest grid (M2) resulted in 

the smallest error. 

It is essential to note that MAPE factors can become unreliable when dividing by numbers that are 

close to zero. This is a common issue when evaluating pressure coefficients therefore, using MSE 

or MAE factors for accurate evaluation is more appropriate. 
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Table 3.2. Air-inflated structure (enclosed). Error percentages. 

 Wind 

direction 
0° 45° 90° 

 Turbulence 

model 

MAPE MAE  MSE MAPE MAE  MSE MAPE MAE  MSE 

Coarsest 

grid 

(M0) 

▓Ⱡ╢╣ 25 0.17 0.05 49 0.13 0.04 42 0.11 0.03 

▓Ⱡ╡ 28 0.20 0.07 82 0.20 0.08 42 0.11 0.03 

▓ⱷ╢╣ 22 0.19 0.10 45 0.11 0.02 37 0.11 0.02 

▓ⱷ╢╢╣ 24 0.20 0.12 55 0.14 0.05 40 0.12 0.02 

Basic 

grid 

(M1) 

▓Ⱡ╢ 30 0.19 0.05 61 0.15 0.05 42 0.11 0.03 

▓Ⱡ╡ 34 0.22 0.07 69 0.17 0.06 40 0.11 0.02 

▓ⱷ╢╣ 30 0.23 0.11 61 0.13 0.03 40 0.11 0.02 

▓ⱷ╢╢╣ 29 0.24 0.15 57 0.13 0.04 43 0.12 0.02 

Finest 

grid 

(M2) 

▓Ⱡ╢╣ 19 0.12 0.03 47 0.18 0.08 40 0.11 0.03 

▓Ⱡ╡ 23 0.14 0.03 47 0.18 0.08 37 0.10 0.02 

▓ⱷ╢╣ 28 0.17 0.04 36 0.15 0.05 35 0.10 0.02 

▓ⱷ╢╢╣ 28 0.17 0.05 32 0.12 0.04 39 0.11 0.03 

Figures 3.10-3.12 represent an overview of the mean ὅ distribution when the wind blows at 0°, 

45°, and 90°, respectively. The results from WT tests are depicted in Figures 3.10a-3.12a. On the 

contrary, Figures 3.10-3.12(b-e) illustrate the CWE-based mean ὅ using the finest grid (M2) and 

all turbulence models. 

Figure 3.10 shows that the approximation to the positive pressure on the windward wall is 

consistent with the results obtained from experimental measurements. The suctions observed on 

the second and third inflated arches were more pronounced in the wind tunnel experiments. 

Figure 3.11 shows that the resulting wind pressure distribution on the windward side wall is similar 

for all turbulence models. Also, a significant suction coefficient was detected at the first tubular 

section for all turbulence models; these values overestimated the experimental ones. 

Finally, Figure 3.12 illustrates that the approximations on the side walls are similar for all 

turbulence models and consistent with experimental results. Although the simulations provided 

significantly larger suction coefficients at the centre of the structure. 
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Figure 3.10 Air -supported structure (enclosed). ὅ distribution from 0° wind direction a) WT test; and CWE analysis 

based on the turbulence models: b) Ὧ‐ὛὝ, c) Ὧ‐Ὑ, d) Ὧ‫ὛὝ, and e) Ὧ.‫ὛὛὝ 

 

Figure 3.11 Air -supported structure (enclosed). ὅ distribution from 45° wind direction a) WT test; and CWE 

analysis based on the turbulence models: b) Ὧ‐ὛὝ, c) Ὧ‐Ὑ, d) Ὧ‫ὛὝ, and e) Ὧ.‫ὛὛὝ 
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Figure 3.12 Air -supported structure (enclosed). ὅ distribution from 90° wind direction a) WT test; and CWE 

analysis based on the turbulence models: Ὧ‐ὛὝ, c) Ὧ‐Ὑ, d) Ὧ‫ὛὝ, and e) Ὧ.‫ὛὛὝ 

Figure 3.13 compares the ὅ results from CWE simulations and WT tests; CWE results are based 

on the most refined grid (M2). Figure 3.13a shows the results for 0° wind flow; the significant 

differences between CWE and WT results were found at the top of the first three inflated arches. 

The numerical solutions predicted better the suction coefficients at the top of the 4th-6th arches. 

Figure 3.13b depicts the mean pressure coefficients for 90° wind direction at point set B. The 

numerical solution performance at the windward side was mostly accurate; nevertheless, the 

suction coefficients at the top of the structure were overestimated. 

Finally, Figures 3.13(c-d) present the pressure coefficient results for 45° wind direction (point set 

A and B, respectively). The largest differences can be detected at point set A at the top of the first 

two components (Figure 3.13c). Figure 3.13d shows that the pressure coefficients are 

overestimated at point set B at the top of the structure, similar to the 90° wind direction. In all cases 

presented in Figure 3.13, all turbulence models provided similar solutions; the most important 

differences were found on those areas highly affected by flow separation. 
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Figure 3.13 Air -inflated structure (enclosed). ὅ results based on grid M2 and different turbulence models a) 0°, b) 

90°, and c-d) 45° wind directions. Point set A (left) and B (right). 

Furthermore, Table 3.3 presents the maximum and minimum WT-based and CWE-based mean 

pressure coefficients. Considering the 0°, 45°, and 90° wind directions, the most significant 

differences between the experimental and CWE-based maximum ὅ values were 7%, 3%, and 5%, 

respectively (considering all turbulence models). The largest mispredictions to the minimum ὅ 

were more significant: 13%, 68%, and 41% for the three analysed wind directions. 

Table 3.3. Air-inflated structure (enclosed). Maximum and minimum ὅ values based on WT test and CWE analysis. 

Wind 

direction 

WT ▓Ⱡ╢╣ Ὧ‐Ὑ ▓ⱷ╢╣ ▓ⱷ╢╢╣ 

Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. 

0° 0.86 -1.81 0.89 -2.05 0.89 -1.93 0.90 -1.90 0.92 -1.83 

30° - - 0.79 -2.10 0.80 -1.93 0.82 -1.59 0.83 -1.59 

45° 0.62 -1.17 0.60 -1.93 0.60 -1.96 0.61 -1.70 0.62 -1.58 

60° - - 0.73 -1.66 0.74 -1.64 0.74 -1.50 0.73 -1.43 

90° 0.75 -0.76 0.78 -1.07 0.78 -1.07 0.79 -1.07 0.77 -1.07 

Considering the error percentages presented in Table 3.2, given by all turbulence models compared 

to the existing wind tunnel measurements, the maximum MAE and MSE factors were 0.23 and 

0.11, respectively. The maximum MAE and MSE factors (for all analysed wind directions) given 

by the Ὧ‐ὛὝ turbulence model were 0.19 and 0.08, respectively, the smallest compared to the other 

turbulence models. Figure 3.14 illustrates the mean pressure coefficient distribution for all studied 

wind directions based on Ὧ‐ὛὝ turbulence model. 
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Figure 3.14 Air -inflated structure (enclosed). ὅ distribution on the membrane surface based on Ὧ‐ὛὝ turbulence 

model, all wind directions. 

3.4.1.2 Membrane force and displacement comparison 

The membrane force distribution and the displacements under wind loads are presented in the 

current section. The structural analysis was based on ὅ fields from WT tests and CWE simulations. 

The unloaded construction shape, the deformed shape, and the membrane forces in the inflated 

membrane were calculated based on the DRM [27-28]. According to the Mexican Standard [86], 

the dynamic wind pressure considered during structural analysis was 1.52 kN/m2. The side walls 

are usually independent and removable elements of the inflated structure; therefore, they were not 

considered for the membrane force calculations. 

Table 3.4 introduces the membrane forces in warp and fill directions, also, the maximum 

displacements derived from the experimental and numerical pressure coefficient fields. From the 

experimental pressure coefficients, the maximum membrane force in the warp direction was 

Nw,max= 11.2 kN/m, meanwhile in the fill direction, it was Nf,max= 7.5 kN/m; they were found in 

the 0° upstream flow (critical wind direction). The largest mispredictions given by the numerical 
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approximations were 11% and -4% compared to the WT-based results (warp, and fill direction, 

respectively). Figure 3.15 depicts the membrane force distributions (warp direction only) computed 

from the pressure coefficients for 0° wind direction. 

Table 3.4. Air-inflated structure (enclosed). Membrane forces and displacements derived from experimental and 

numerical pressure coefficients. 

Wind 

direction 
Model 

Membrane force, 

warp [kN/m]  

Membrane force, 

fill [kN/m]  

Displacement 

[mm] 

Max. Diff.  Max. Diff.  Max. Diff.  

 Construction 

shape 

2.5  5.1    

0° WT 11.2  7.5  779  

Ὧ‐ὛὝ 12.4 +11% 7.4 -1% 961 +23% 

Ὧ‐Ὑ 11.5 +3% 7.3 -3% 978 +26% 

Ὧ‫ὛὝ 11.6 +4% 7.2 -4% 1090 +40% 

Ὧ‫ὛὛὝ 11.0 -2% 7.2 -4% 992 +27% 

45° WT 8.4  6.4  1151  

Ὧ‐ὛὝ 11.1 +32% 7.2 +13% 1542 +34% 

Ὧ‐Ὑ 11.0 +31% 7.2 +13% 1532 +33% 

Ὧ‫ὛὝ 9.9 +18% 7.0 +9% 1263 +10% 

Ὧ‫ὛὛὝ 9.5 +13% 6.8 +6% 1214 +5% 

90° WT 8.9  6.1  1622  

Ὧ‐ὛὝ 9.8 +10% 6.6 +8% 1532 -6% 

Ὧ‐Ὑ 9.9 +11% 6.6 +8% 1570 -3% 

Ὧ‫ὛὝ 10.0 +12% 6.6 +8% 1633 +1% 

Ὧ‫ὛὛὝ 10.0 +12% 6.7 +10% 1652 +2% 

 

 

Figure 3.15 Air -inflated structure (enclosed). Membrane forces in warp direction derived from ὅ for 0° wind 

direction based on a) WT test, b) Ὧ‐ὛὝ, c) Ὧ‐Ὑ, d) Ὧ‫ὛὝ, and e) Ὧ.‫ὛὛὝ turbulence models 
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Based on the experimental results, the maximum displacement was 1622 mm, calculated from the 

pressure coefficient fields measured in the 90 upstream direction. This significant displacement 

occurred on the windward side of the inflated membrane structure. When using pressure 

coefficients derived from CWE, the predicted maximum displacement showed a 6% 

underestimation compared to the wind tunnel measurements. Figure 3.16 illustrates the deformed 

shapes calculated from the pressure coefficient fields measured in the 90° wind direction. 

The current membrane structure wind load analysis demonstrated that, for critical wind 

directionsðthose producing the maximum membrane forces and largest displacementsðthe 

CWE-based results showed good agreement with experimental data, with acceptable levels of 

misprediction. However, for 45° wind direction the discrepancies between CWE predictions and 

experimental measurements were more significant. 

 

Figure 3.16 Air -inflated structure (enclosed). Structure displacements derived from ὅ for 90° wind direction based 

on a) WT test, b) Ὧ‐ὛὝ, c) Ὧ‐Ὑ, d) Ὧ‫ὛὝ, and e) Ὧ.‫ὛὛὝ turbulence models 

3.5 Area-distributed pressure coefficients 

The current section compares the area-distributed pressure coefficients over the air-inflated 

membrane to provide an easy-to-use tool for the design of similar structures. The external surface 

of the air-inflated membrane was divided into 12 and 9 regions for 0° and 90° wind flows, and the 

largest ὅ value was considered for each (the pressure results on the side walls were not 

considered). Figures 3.17-3.18 present the area-distributed pressure coefficients and the considered 
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regions for 0° and 90° wind flows. This section considered the CWE results based on the Standard 

Ὧ‐ turbulence model. Figures 3.17c-3.18c show the CWE misprediction compared to the WT-based 

results. In the 0° wind direction, the most significant underprediction of suction forces was detected 

beyond the first arch, behind the highly unpredictable flow separation zone. 

On the contrary, for the 90° wind direction, the numerical analysis accurately approximated the 

windward side of the structure; nevertheless, there was a significant overprediction at the top of 

the structure. Finally, Figure 3.19 compares the area-distributed pressure coefficients on the 

symmetry plane during 90° wind flow from WT tests, CWE analysis, and the given values in the 

American and European Standards for half-cylindrical shapes [84, 87]. The numerical results are 

close to the standardized envelope. 

 

Figure 3.17 Air -inflated structure (enclosed). Area-distributed pressure coefficients, 0° wind flow a) WT tests, b) 

CWE, and c) CWE versus WT. 

 

Figure 3.18 Air -inflated structure (enclosed). Area-distributed pressure coefficients, 90° wind flow a) WT tests, b) 

CWE, and c) CWE versus WT. 
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Figure 3.19 Air -inflated structure (enclosed). Area-distributed pressure coefficients on the symmetry plane based on 

WT test and CWE, and standardised pressure coefficients for half-cylindrical shapes for 90° wind direction. 

3.6 Length dimension analysis 

The numerical approach was extended to determine mean pressure results on a shorter and longer 

prototype structure to identify any correlation between the structure length and the mean pressure 

coefficient distribution. The initial prototype structure is 13 meters long (6 inflated arches), and the 

shorter and longer structures are 9 and 17 meters long (4 and 8 inflated arches), respectively. 

The current evaluation only considered the orthogonal wind flows (0° and 90°) by applying the 

Ὧ‐ὛὝ turbulence model and grid M2. Figures 3.20-3.21 illustrate the mean pressure coefficient 

distribution based on numerical approximations. 

 

Figure 3.20 Air-inflated structure (enclosed). ὅ distribution for 0° wind direction: 9-meter (left), 13-meter 

(middle), and 17-meter-long structures (right). 
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Figure 3.21 Air -inflated structure (enclosed). ὅ distribution for 90° wind direction: 9-meter (left), 13-meter 

(middle), and 17-meter-long structures (right). 

Additionally, Table 3.5 presents the maximum and minimum ὅ results for the 9, 13, and 17-meter-

long structures. The results show that in the 0° upstream direction, there is no direct correlation 

between the structure length and the largest pressure coefficients. On the contrary, in the 90° 

upstream flow, the maximum and minimum pressure coefficients increased with the structure 

length. The largest negative ὅ value was 53% higher in the case of the 17-meter-long structure 

than in the case of the 9-meter-long one. The difference between the maximum positive pressures 

was less significant. 

Table 3.5 Air -inflated structure (enclosed). Maximum and minimum ὅ values for the 9-meter, 13-meter, and 17-

meter-long structures. 

Wind 

direction 

9-meter 

structure 

13-meter 

structure 

17-meter 

structure 

Max. Min. Max. Min. Max. Min. 

0° 0.89 -2.00 0.89 -2.05 0.89 -2.04 

90° 0.75 -0.81 0.78 -1.07 0.80 -1.24 
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3.7 Summary 

This study aimed to determine the mean pressure distribution on the surface of an air-inflated 

membrane structure through computational wind analysis using four different turbulence models. 

The wind pressure analysis was conducted for five wind directions. The first stage of the research 

involved assessing the accuracy of four turbulence models by varying grid resolutions (grid-

sensitivity analysis). The CWE results were then compared with available WT test results for three 

wind directions (0°, 45°, and 90°). Finally, the analysis included shorter and longer structures for 

orthogonal wind directions (0° and 90°). Based on the presented results, the following conclusions 

can be drawn: 

¶ Considering all three grid resolutions, four applied turbulence models, and three wind 

directions, the maximum error measure values between the CWE and WT-based pressure 

coefficients were MAEmax= 0.24 and MSEmax= 0.15. In the case of the Ὧ‐ὛὝ turbulence 

model, the maximum error measure factors were MAEmax= 0.19 and MSEmax= 0.08. Based 

on these results, it was concluded that the Ὧ‐ὛὝ turbulence model provided the best 

approximation of the WT results. 

¶ According to WT tests, the maximum membrane forces in warp and fill directions were 

Nw,max= 11.2 kN/m, and Nf,max= 7.5 kN/m, respectively, obtained when the wind direction 

was 0°. The maximum membrane forces in warp and fill directions based on CWE results 

were Nw,max= 12.4 kN/m, and Nf,max= 7.2 kN/m. Thus, the most significant differences in 

the maximum values between WT tests and CWE-based results were 11% and 4% (warp 

and fill direction, respectively). 

¶ The largest WT-based displacement was 1622 mm at the windward side of the structure 

when the wind direction was 90°. Then, the most considerable difference between the WT 

and CWE-based solutions was 6%. From a static point of view, the maximum membrane 

forces and the maximum displacement are the most important results of the wind analysis. 

Based on the findings, it can be inferred that the CWE analysis provided a good 

approximation of the WT-based results for the critical wind directions (wind directions that 

provided the maximum membrane forces in warp and fill directions (0°) and largest 

displacement (90°)).  
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¶ Through the analysis of prototypes with different lengths, it was observed that the 

maximum and minimum ὅ values remain almost unaffected by the structureôs length when 

the wind direction is 0°. However, when the wind direction is 90°, the maximum pressure 

and suction coefficients increase in accordance with the length of the structure. The 

maximum suction was 53% larger in the case of the longest structure compared to the 

shortest one. The differences between positive pressure values were less significant. 

¶ The research introduced an overview of the accuracy of CWE calculations using four 

turbulence models commonly available in most commercial CFD software. The area 

distributed pressure coefficients that were presented can be directly applied in the structural 

analysis of inflated structures with similar shapes 

¶ The comparison between CWE simulations and wind tunnel test results demonstrated 

reasonable correlation, validating the reliability of the numerical approach. Notably, the 

CWE analysis produced results that were either in close agreement with or somehow 

conservative compared to the experimental data.
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4 Computational Wind Engineering of an air -inflated structure (open) 

4.1 Problem statement 

The current section describes the CWE analysis of the open, air-inflated membrane structure (The 

enclosed one was studied in the previous Section 3). The research aimed to study the mean pressure 

variation on the membrane surface when the side walls are removed. The analysis determined the 

pressure coefficients on the internal and external membrane surfaces (Figure 4.1). 

The material properties were considered linear elastic and orthotropic with similar Youngôs 

Modulus in both fibre directions: Ewarp= Efill  = 400 kN/m²; the considered Shear Modulus was G= 

10 kN/m². Meanwhile, the internal pressure in the inflated arches was p=25 mbar (relative 

pressure). It was supposed that the warp direction was "parallel" to the centreline of the inflated 

arches; meanwhile, the fill direction was perpendicular to the warp direction. Fibre directions are 

similar to those of the enclosed air-inflated structure (Figure 3.2b). Like in the study of the enclosed 

structure, former WT experiments validated the CWE results for 0°, 45°, and 90° wind directions. 

 

Figure 4.1 Air -inflated structure (open). Prototype dimensions and considered wind directions. 

4.2 Domain specifications, boundary conditions, and solver settings 

The domain criteria, boundary conditions and software settings applied in the analysis of the 

enclosed structure remained applicable to the open case. However, in the current analysis, only the 

finest grid (M2) and the Ὧ‐ὛὝ turbulence model were applied. The studied wind directions were 

similar and are also shown in Figure 4.1. 

Concerning the Y+ number for Ὧ ‐ turbulence models, as in the enclosed case, some cells 

experienced large Y+ values; however, the minimum Y+ value was around 30. Additionally, wall 



45 

 

function approximations were used to account for the near-wall treatment. Figure 4.2 shows the 

tetrahedral elements on the structure surface, meanwhile Figure 4.3 depicts the Y+ around the 

membrane surface based on the Ὧ‐ὛὝ turbulence model and the 0° wind direction. 

 

Figure 4.2 Air -inflated structure (open). Membrane surface discretization. 

 

Figure 4.3 Air -inflated structure (open). Y+ around the membrane surface, 0° wind direction, Ὧ‐ST turbulence 

model. 

4.3 Results and validation 

The validation stage comprises the mean pressure coefficients comparison and statistical error 

evaluation based on MAE and MSE factors (Eq. 3.3 and 3.4, respectively). In the following 

paragraphs, ὅ  and ὅ  denote mean pressure coefficients on external and internal membrane 

surfaces, respectively (Figure 4.1). Table 4.1 presents the MAE and MSE factors that show the 

error estimation based on CWE results. (The analysis of the deformed structure is presented in the 

following chapter.) 
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Table 4.1 Air -inflated structure (open). Error estimation based on MAE and MSE factors. 

Wind direction  Surface MAE  MSE 

0° External 0.21 0.07 

Internal 0.18 0.07 

45° External 0.14 0.03 

Internal 0.23 0.08 

90° External 0.12 0.03 

Internal 0.19 0.04 

Deformed 

structure (90°) 

External 0.23 0.10 

Internal 0.09 0.01 

Similarly to the analysis of the enclosed membrane structure, two sets of points were determined 

to compare ὅ distributions on the membrane surfaces (external and internal). Point set A comprises 

the measurement points located on the symmetry plane, aligned parallel to the central axis of the 

structure. These points are identified on the inflated archesô external and internal surfaces. Point 

set B represents the measurement points on the external and internal surfaces of the two middle 

inflated arches. 

Figures 4.4-4.5 compare the ὅ  and ὅ  distribution on the external and internal structure surfaces. 

Figure 4.4a, and Figure 4.5a show pressure coefficients in the 0° wind direction. The most 

remarkable discrepancies between CWE and WT results were measured at the first arch, around 

the flow separation area. However, better approximations were observed on the last two arches. 

Figure 4.4b and Figure 4.5b demonstrate ὅ results in point set A for 45° upstream flow. The results 

indicate that the numerical approximations were mostly reliable in determining the ὅ values on 

the internal surface (Figure 4.5b), while the first arch exhibited the greatest misprediction of ὅ  

values (Figure 4.4b). 

Figure 4.4c and Figure 4.5c show the pressure coefficients for 90° wind flow at point set B (the 

dashed lines represent the results for the deformed shape, the analysis of which is introduced in the 

next section). The numerical approach provided an accurate solution at the external windward 

surface of the structure; nevertheless, at the structureôs top points, more significant differences 

were found. On the other hand, relatively small suction coefficients were found on the internal 

surface, wherein the numerical solution underestimated such values. 

Figure 4.6 depicts the pressure coefficient distribution on the external and internal membrane 

surfaces based on measurements from the WT test. 
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Figure 4.4 Air -inflated structure (open). External pressure coefficient (ὅ ): a) 0°, b) 45°, and c) 90° wind directions. 

 

Figure 4.5 Air -inflated structure (open). Internal pressure coefficient (ὅ ): a) 0°, b) 45°, and c) 90° wind directions. 

 

Figure 4.6 Air -inflated structure (open). WT-based ὅ distribution on the external (top) and internal (bottom) 

surfaces for 0°, 45°, and 90° wind directions. 

Finally, Figure 4.7 and Table 4.2 provide a more general overview of the numerical solution and 

the comparison of maximum and minimum pressure coefficients on the external and internal 

membrane surfaces. The most significant negative and positive ὅ  were -1.752 and 0.785, found 

in the 30° and 90° wind direction, respectively. On the contrary, the 60° wind flow was the most 

critical condition for the internal membrane surface, and the most significant negative and positive 
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ὅ  were -2.473 and 0.785. Based on the experimental results, the most significant negative 

pressure coefficient on the internal surface (ὅ  -1.196) was found in the 45° wind direction. The 

wind suction at this point was overestimated by 56% by the CWE analysis (ὅ  -1.861). It was 

the most significant misprediction of the negative pressure coefficients. 

On the other hand, the estimation of the minimum external pressure coefficient by CWE was 

approximately 10% higher than the minimum measured by WT tests (-1.515 versus -1.388, 

respectively). 

Regarding the maximum pressure coefficients, the CWE analysis provided a close solution to the 

WT test results; on the internal membrane surface, the difference was about 1% (0.705 versus 

0.692), on the external surface, the maximum was 7% higher than the one measured by WT tests 

(0.785 versus 0.731, respectively). 

 

Figure 4.7 Air -inflated structure (open). CWE-based ὅ distribution on the external (top) and internal (bottom) 

surfaces for all analysed wind directions. 
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Table 4.2 Air -inflated structure (open). Maximum and minimum ὅ results on the membrane surface based on WT 

tests and CWE approximations. 

Wind 

direction 

Surface WT CWE 

Max. Min. Max. Min. 

0° External -0.297 -1.228 -0.261 -1.139 

Internal -0.069 -0.794 -0.306 -1.235 

30° External - - 0.260 -1.752 

Internal - - 0.471 -1.654 

45° External 0.770 -1.388 0.643 -1.515 

Internal 0.692 -1.196 0.705 -1.861 

60° External - - 0.782 -1.352 

Internal - - 0.785 -2.473 

90° External 0.731 -0.802 0.785 -1.039 

Internal -0.039 -0.636 0.073 -0.344 

4.4 Wind analysis of the deformed membrane structure 

The strong relationship between the membrane displacements and pressure distributions is usually 

not observed during conventional WT experiments; mainly, only rigid scale models are used 

instead of aeroelastic models. The displacements could significantly impact the wind pressure 

distribution on structures; previous research pointed out the importance of the wind analysis of the 

deformed shape of a mast-supported membrane structure [59]. 

This section describes the mean pressure distribution of the deformed air-inflated membrane shape. 

The deformed shape was calculated using the DRM [27-28] considering the wind impact at 90° 

(critical condition in terms of displacements) for the open condition. The considered dynamic 

pressure was 1.52 kN/m², based on the Mexican Standard [86]. Material properties and fibre 

directions are as defined in section 3.1. The maximum displacement based on experimental 

pressure coefficients was approximately 2.7 m (located at the windward side). Figure 4.8 depicts 

the comparison between the undeformed and deformed shapes. 

 

Figure 4.8 Air -inflated structure (open). Comparison between the undeformed and the deformed shapes. 
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Similar to the wind tunnel methodology presented in [80], a scale model of the deformed shape 

was also 3D printed, and wind tunnel tests were conducted for 90° wind direction. The wind tunnel 

experiments were carried out in an open-circuit wind tunnel located at the Wind Engineering 

Laboratory of the Civil Engineering Faculty of the Autonomous University of Yucatan. The scale 

model was created using 3D printing with a scale ratio of 1:72.5. A total of 102 measurement points 

were applied to measure both external and internal wind pressures (Figure 4.9). Constant wind 

velocities ranged from 17 to 21 m/s were applied, and the results were presented as pressure 

coefficient maps. 

 

Figure 4.9 Air -inflated structure (open). Wind tunnel scale model of the deformed shape. 

The mean pressure distribution over the deformed shape was also determined by CWE, following 

all the recommendations and the methodology applied for the analysis of the undeformed model. 

Table 4.1 also introduces the MAE and MSE factors for the current analysis; error estimations 

show an acceptable approximation of the experimental results, especially on the internal surface of 

the structure. 

Furthermore, Figure 4.10 presents the pressure coefficient distributions over the undeformed and 

deformed air-inflated membrane, based on wind tunnel measurements. Additionally, Figure 4.11 

shows the pressure coefficients derived from numerical simulations on the undeformed and the 

deformed shapes. 

Notable differences can be seen between the numerical and experimental results at the top of the 

structure. Nonetheless, the CWE outcomes provided satisfactory approximations except for that 

specific region. There is a remarkable agreement in the windward zone; the WT test and the CWE 

analysis also demonstrated that on the external surface of the deformed shape, the positive pressure 

area was significantly larger than on the undeformed shape. 
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Figure 4.10 Air -inflated structure (open). WT-based pressure coefficients on the external (top) and internal (bottom) 

membrane surface. a) Undeformed and b) deformed shape. 

 

Figure 4.11 Air -inflated structure (open). CWE-based pressure coefficients on the external (top) and internal 

(bottom) membrane surface. a) Undeformed and b) deformed shape. 

The test would be complete if we recalculated the deformations of the structure based on the 

pressure coefficients of the deformed shape. However, for this load, the DRM-based calculation 

did not converge, suggesting that no equilibrium shape is associated with the 25-mbar overpressure. 

In practice, when the wind increases, the overpressure in the membrane is often increased, thereby 

stiffening the structure. The test could be performed by printing the deformed shape associated 

with the higher internal pressure, but we did not have the means to perform this test. 
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4.5 Summary 

This section presented pressure coefficient maps for an open air-inflated membrane structure based 

on 3D steady-state numerical simulation. The turbulence flow was described using the RANS 

equations with the Ὧ‐ Standard turbulence model. The pressure coefficients on the external and 

internal surfaces were determined for five wind directions. Results obtained from the CWE were 

compared with experimental results, and the error measurement based on MAE and MSE factors 

showed good general agreement. However, some areas close to flow separation regions showed 

significant local discrepancies. 

The analysis of the deformed shape for one of the analysed wind directions showed that the effect 

of displacements could have a significant impact in the pressure coefficient maps. The experimental 

and the CWE results also showed that on the external surface of the deformed shape, the positive 

pressure area was significantly larger than on the undeformed shape. 

.
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5 Wind load analysis of an arch-supported structure by wind tunnel 

measurements and numerical approximations 

5.1 Problem statement 

The current section discusses the wind load analysis of a group of arch-supported membrane 

structures based on wind tunnel measurements and numerical simulations. The wind tunnel 

measurements were conducted on a scale model, while the numerical approximations were applied 

to the full-sized structures. An example of an arch-supported structure is shown in Figure 5.1, 

which features the Hidegkuti Nándor Stadium in Budapest, Hungary. 

 

Figure 5.1 Arch-supported structure. Hidegkuti Nándor Stadium, Budapest (Photo: K. Hincz). 

The prototype structures include configurations of 3, 4, and 5 modules, supported by 4, 5, and 6 

circular arches, respectively. All the structures have anticlastic surfaces, represented by planar 

triangular element grid in the mechanical model. The equilibrium shapes of the structures were 

determined using the DRM [27]. The dimensions of the largest prototype structure (5-module 

structure) are illustrated in Figure 5.2, its total width (W) and maximum height (H) was 60 m and 

30 m, respectively. Additionally, the total lengths (L) of the three prototype structures are 100 m 

(5-module structure), 80 m (4-module structure), and 60 m (3-module structure). 

 

Figure 5.2 Arch-supported structure. 5-module structure a) lateral, and b) isometric views. 
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Figure 5.3 depicts a top view of the 5-module structure and includes the adopted reference 

coordinate system. In this system, the X and Y axes are aligned parallel and perpendicular to the 

long axis of the structure, respectively. The Z axis, which is not shown in the figure, is along the 

structureôs height. 

The determined structureôs prestress level was 22 (kN/m), which numerically avoids slackening of 

the material under wind load action. The Youngôs Modulus in both fibre directions was the same 

and equal to Ewarp= Efill  = 1600 kN/m. (Because of the large span, PVDF-coated fibreglass material 

was considered in the structural analysis. Its modulus of elasticity and tensile strength are 

significantly higher than those of the PVC-coated polyester materials.) The warp direction was 

supposed to be perpendicular to the supporting arches; meanwhile, the fill fibre direction was 

parallel. Warp and fill fibre directions in the membrane material are also shown in Figure 5.3. 

The wind study included analysing wind directions ranging from 0° to 90° in 10° increments, as 

well as one more skew wind direction at 45°. The 0° wind direction was set perpendicular to the 

long axis of the structures (along the Y axis), while the 90° wind direction was parallel to the long 

axis (along the X axis, see Figure 5.4a). To referee in the future, Figure 5.4b shows the location of 

the measurement points on the structureôs surface and the points for midline comparisons. 

 

Figure 5.3 Arch-supported structure. Reference coordinate axes and fibre direction (top view). 

 

Figure 5.4 Arch-supported structure. a) 0° and 90° wind directions; and b) pressure measurement points and selected 

points for pressure comparison in the sections perpendicular to the central axis (in Figure 5.10). 



55 

 

5.2 Literature review for arch -supported structures 

The geometry of the analysed structures is close to a hemicylindrical shape, which former studies 

have reported wind parameters either by wind tunnel tests or even full-scale measurements. Even 

though the geometries are not entirely similar, the comparison to a hemicylindrical shape with 

vertical end walls might be convenient, particularly when the wind impacts parallel to the Y axis; 

in this direction, the geometrical differences might be less pronounced, and similar results could 

be observed. For instance, some research studies about wind analysis of structures with similar 

geometries to the one studied in this section are introduced. 

Hoxey and Richardson (1984), which involved full-scale pressure measurements on film plastic-

clad greenhouses under natural wind conditions [49]. The greenhouses selected for the experiments 

were all situated in open areas without obstructions within 100 meters of the faces exposed to the 

wind. Although different shapes were analysed, this discussion focuses on the geometry most 

similar to the present study, which corresponds to a hemicylindrical structure with vertical end 

walls measuring 3.1 m in height and 24.4 m in length, resulting in L/H= 7.87. The reported pressure 

coefficients correspond to the measurements along the arc in the structureôs symmetry plane. 

Another relevant study was done by Toy and Tahouri (1988), they conducted wind tunnel 

measurements on hemicylindrical models with vertical walls of various length/height ratios (height 

of the model: 95 mm, L/H= 2, 4, Ð) [50]. Reports of the mean pressure coefficient on the centrelines 

for L/H= 2 and 4 are presented in the results and discussion section. The magnitude of the negative 

pressure coefficients measured at the top of the hemicylinder increased with the L/H ratio. 

5.3 Arch-supported structures: the wind tunnel experiments 

5.3.1 Scale models 

The scale model was manufactured based on 3D-printed modules on a scale of 1:250. Since the 

modules were printed individually, each segment can be removed, providing the possibility of 

studying structures with different lengths. Five 3D-printed modules were used for the longest 

structure, and one or two modules were removed for the four and 3-module structures. Thin plastic 

walls were added to the ends of the models to study the fully closed structure. Each module had 36 

holes to place pressure taps on the modelôs surface; this resulted in 180 pressure taps for the 5-

module structure, 144 for the 4-module structure, and 108 for the 3-module structure. 



56 

 

The pressure taps were shaped using 0.9 mm inner diameter copper tubes connected to the pressure 

measurement system through 750 mm long silicone pipes with 1.5 mm internal diameters (see 

Figure 5.5). Any distortion of the pressure signal due to the length of the pipes was corrected during 

data processing. Figure 5.6 displays photos of all the arch-supported scale models. Finally, Table 

5.1 summarizes the scale model specifications. 

 

Figure 5.5 Arch-supported structure. Copper tubes and silicone pipes configuration. 

 

Figure 5.6 Arch-supported structure. a) 3-module, b) 4-module, and c) 5-module structures. 

Table 5.1 Arch-supported structure. Scale model details. 

 Full -size structure Scale model 

Length (L)  

5-module: 100 m 

4-module: 80 m 

3-module: 60 m 

5-module: 40 cm 

4-module: 32 cm 

3-module: 24 cm 

Width  (W) 60 m 24 cm 

Height (H) 30 m 12 cm 

Mean velocity at 

reference height 

(◊▐) 
30 m/s 12 m/s 

Reynolds 

number (Re) 
6.0E+07 9.3E+04 

Sampling rate 

█▼  
30 Hz 3 kHz 

Sampling time 

(╣▼) 
2.5 h 90 s 

 




























































































