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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 capaloiitiettarge
spanareas 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 transportahah & not possible with other
materialsDespite theiwidespread 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 determiniacipal gtesign
paranetes 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 lewesght,

wind action poses a critical load farembrane structures.

Wind tunnel tests and numerical simulations are recommended as effective strategies for
determining wind actions on structures. Wind tunnel tests, though expensive acdnsaeing,
are highly reliable. In contrast, numerical simulations can offer fastdr 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 tygeametric shapes for
membrane structures. Pressure coefficient maps and membrane force determinations are included
in this document. Subsequently, wind tunnel tests were conducted on a seriessoipaaied
structures, measuring mean, maximum, andmum pressure coefficients across multiple wind
directions. Simultaneously, numerical simulations were developed basdite @teadystate
analysis. A comparison of both methodologies is presented in this docuhmentresearch
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 ancientimes simpletent structureshave performed as one of the earliest approatthes
shielding for human civilization. The primitive human banged reachable resources to build
shelters to prote¢chemselve$rom 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 conicaEsbagbough

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

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

offer a more sophisticated design dmgherresistanc¢l-6].

Membrane structurggovidean excellent solution to cover large areas efficiently with unique and
complex structual shaps. It is considered that the Germarchitect Frei Otto was one of the
pioneers in the development of tensile membrane strudir&s3]; his remarkable career dated
from thefoundationof the Institute for Lightweight Structures in Germany and the construction of
the German Pavilion for the Expo@®in Montreal, Canada; which covered an 8000 m2 area and
had a maximungpanof 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 systemith coated fabric as the principal roofiragnd
structuralmaterial in conjunction with a supporting systenth arches, masts, trusses, ties, or
cableqd2, 10-13]. Their major difference from other type of building systems is that the membrane
surface only carries tension forcedich means that the lodmkaring capacity of the structure will

exist if all external forces are successfully transferred from the fabric to the support system by
tension stresse$he structural stability is achieved the prestress aride double curvature shgpe

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

The most remarkable advantage of membsineture is the largeovered areas that can be built
without significant internal supportsvhich increases the structéresfficiency [14]; this means
reduction in the material and human resources, construction time, and the option to create unique,

flexible, and more sophisticated constructions.



1.1.1 Membrane materials

The materials of the modern membrane structures are coatedllexb technical textilesThe
strength of the coated fabric is governed by the strength of the consfitutdgewhich are placed

in two orthogonal directions: warp afiil (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 dir@etgumel.1). This yarn
arrangement provides different mechanical properties to the coated fabric in thé&lwampbias

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

——-  Fill direction

M— WV arp direction
I I . e

Figurel.1 Introduction. Membrane material, thread arrangements.
The material 6s behaviour is usually deter mi nec
behaviour of the coated fabric. For examligure 1.2 shows an example of biaxial test results

made by Naizil, an Italian company that produces coated fabrics.
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Figurel.2 Introduction.Biaxal testresultsfor coated fabric(diagramprovided byNaizil).



The membrane force [kN/mglongation [%] 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 matilare most often not
available; therefore, an orthotropic linearly elastic material model is used during static analysis.
Even though the thickness (about 1 mm) andwselfht (about 60500 g/n) of the fabric are

very small, its stiffness and strgth are significantlO, 15}

1.1.2 Membrane structures classification

The classification of membrane structures is based on the pretegstemthe two possibilities
are external pretensior(they are the socalled tensile membrane structufesnd internal
pressurizatiofil6-17]. The group ofensile membrane structur@sludes all structures built up by

elements in the form of arches, masts, rings, or cébbefigure1.3a).

On the other hand, intermalpressurized structures are subdivided intesapportedand air-

inflated structuregFigure1.3b-c, respectively. The first subgroup represents a fully enclosed and
air-supported volume, whereas the second one comprises those structures thatihHstedir

walls. Air-inflated structures have been adopted to adeasporary recreation centr¢4,18],

shelters for vehicles, helicopters, and airplanes; they could also be used as emergency shelters for
natural disasters such as floods, earthquakes, and hurr{@®peshe applied material and the

pretensioning system should follow the architectural requirements and the sGusturé unct i on

b)

Figurel.3 Introduction Classification of membrane structures a) tensile membrane structuressip@arted
structures; and c) ainflated structures.

1.1.3 Analysis ofmembrane 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 arclitétébwever, in the case of tensile membrane



structures, the shape is strongly related to loads and membrane forces. As a result, thésstructure

shape cannot be determined arbitrarily.

The structuraldesign process of tensile membrane structures typically involves three main steps:
form finding, cutting pattern generation, and load anafilsi8, 10] Some authors have suggested
additional steps to improve such design pro¢2821].

Form finding is the process of determining the stru@usbape that corresponds to the boundary
conditions and the required internal force distributjd@-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 externabioadshe membrane
structures experience large displacements, superposition cannot be applied to the load
combinationshence, special numerical theds are required to consider geometrically nonlinear

behaviourThe membrane forces are calculated based on the actual deformed shape.

The Force Density Method (FDM) and Dynamic Relaxation Method (D&Ml Ywo 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, forcdength ratio. By using the FDM, findinthe equilibrium shape of a membrane
structure can be simplified to solve a system of linear equilibrium equations of the substitute cable
net mode[25-26].

The Dynamic Relaxation Method (DRN§ a useful approach fanalysingcable and membrane
structureg27-31]. 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 fefimding and static analysis of membraneistureq32].

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 fiatge resulting in structural failure.

Since the building standards contain limited information regarding the wind load acting onr double
curved surfaces of membrane structures, determining the wind pressure distribution is one of the
most important and, simultaneously, the most complex issuabe structural analysis of

membrane structures.



1.2 Wind pressure onmembrane 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 windloads on structures can lspecifiedby dimensionless panaetes known as Pressure

Coefficients ¢ ); thesecoefficients depend on thgeometry of thestructure andepresenthe

relationship between the inertial and viscous forces 1Hy

5 — (1.1)

wheren is the pressure in a specific point, is thefreestreampressure;Y s the freestream

velocity, and’ is the fluid density.

1.2.1 Wind tunnel experiments

Wind tunneltess are widely useth thedifferent fields ofengineeringlesign In civil engineering,

wind load information is found in standards for the most commiomplestructural forms, but in

some specific cases WT tests aguired 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 analysisnay also be necessary fanilolings withan unusuaberodynamic

shape. Furthecaseselated totopography configuration and terrain exposure may edgaire

special attentiorin addition to tle abovementioned examples, a wind tunnel test can @svide

valuableinformation about pollution dispersion, air quality, pedestrian comfort[33E.

In wind tunnel studies, the building and its surroundingsnavdelledwith a chosengeometry

ratio; thus,wind effects on the building can be observ8d, different paranetes like pressure,
forces,momentsand accelerationsan be measurash a scale modethentranslatedo the full-
sizestructurg34]. 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 st

1.3 Computational Wind Engineering
Computational Wind Engineering (CWE) is a subfield of Computational Fluid Dynamics (CFD)
that analyses the wind effects around buildif8fs| considering incompressible airflowhe



numerical approximation is based on solving differential equations of a given domain according to

specified boundary conditions.

The flow patrticles are defined by the conservation laws of mass and momentum, also known as the
continuity and NaviefStokes equations, respectivelysing Einstein notation, the continuity
equation is represented byuation1.2, and the NavieGtokes equations by Hgtion1.3:

— T 1.2
— Y- —— '—— (1.3)

where'Y is the velocity components in a Cartesian coordinate sy&ermi;ho ; iy is the pressure;

" is the fluid kinematic viscosity; ani@is the vector representing the body forces.

The continuity equation (Ed4..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{speed air, the density remains constant. Therefuze, t
volume of fluid entering a region must equal the volume leavirihi.left-handside of Eq1.3
means theate of change of momentum in tAeid, whereas the rightand sideare the forces

responsible for the change in mentum

All buildings are subjected to turbulent eddy motions primarily due to the dynamic characteristics
of the Atmospheric Boundary Layer (ABLJhe ABL is the lowest part of the troposphere, and its

wind velocity typically follows a logarithmic or powdaw distribution. Near the ground, wind

speed is reduced due to surfdcag butincreases 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 Karméan vortex streets,
which refers to the periodic shedding of alternating vortices frensides of a bluff body such

as a buildind when 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 frequgnc al i gns wi th the Dbuil dingéds natu

induced vibrations.



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 wifett®fin terms of safety and

serviceability.

Additionally, to the flow equation system, the computational methodology requires further
paranetes which describe the instabilities in the fluid. Such instabilities confotateée secalled
turbulence. The turbulence comprises the presence of additional stresses (Reynolds stresses) as a
result of the velocity fluctuations; these extra eddy motions have different lengtls eartiggme

scales. There exist different strategies to fully solve or model the turbulent motions in the flow;
such strategies déf in computational time and effdfigurel.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 rigadies. However, in the case of flexible buildings,
these deformations can notably modify the flow structure and the-imdluded forces. This
scenario examines a Fluftructure Interaction (FSI) problem, which focuses on how a fluid
impacts the mechanichehaviour of a solid that is immersed in it and vice versa. There are two

primary approaches to solving FSI problems:-aag and tweway techniques.

DNS LES Hybrid URANS RANS
Direct Large Eddy RANS/LES Unsteady Reynolds Reynolds
Numerical Simulation RANS is anplied Averaged Navier-Stokes Averaged
Simulation = 15 applie Models all turbulent Navier-Stokes
Solves larger- on areas close to . . .
Resol m e eddi I s whil motions but resolves low- Simulations
esolves a scale eddies the wa s while frequency eddies .
turbulent and models LES on far away . S . All eddies are
X associated with instabilities
eddies smaller ones areas modeled

on the mean flow

Figurel.4 Introduction.Different strategies to approximate the turbulence in fluids.
The oneway 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 fluidds behaviour. In contrast, the tweay approach is generally more computationally
expensive because it considers both the @ugdfects on the solid and how the s@ideformations
influence the fluid flow. This twavay approach is particularly important in scenarios that involve

large deformationsThanks to the advancements in computational fluid dynamics strategies, FSI



problems can now be effectively addresg@®-38]. The effect of structural deformations of

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

Due to itssimplicity andrelatively low computational demand, thiReynolds Averaged Navier
Stokes RANS) simulationsarewidely appliedfor most CFD problems. Thagpresent steady

state analysis including tirreveraged flowsHowever, because of the trend to build lightweight
systems, important winohduced effects such as galloping or buffeting should be considered,

leading to the application of more sophisticated strat¢g#js

In CFD analysis, the turbulence models represent additional equations and constants that close the
system of mean flow equations (RANS equatipms)this way,wind fluctuation effects are
considered40-41]. In the currentresearch projecthe RANS simulations were applied witne

classical tweequations turbulence model®: - andQ 7 for the CWE studieBoth turbulence

models introduce two partial differential equations to solve the turbulent kinetic ef@rgpd

either theturbulencealissipation rate-(), or the specific dissipation ratg ) [41].

The™Q - turbulence model is currently available in most commercial CFD software; there are
three different versions: Standaf@{ )Y RealizableQ- )Yand Renormalization GroufX- 'Y § 'O

The first turbulence model introduced into the CFD analysis wa@th&Ythén 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 dema@uh the other handQ- 'Y (pi@mises a better
solution for more complex turbulent flow, however it is slightly more computationally expensive
than™Q- "Y4Y. Finally, the' Q- tdrbulence model intends to provide better prediction for flows
involving strong streamline curvatures, vortices, recirculation, adverse pressure gradients, and

rotations[42].

The™Q 71 turbulence model also has three versions: Stand@ty()Y Baseline © 6 “Y)i and
Shear Stress Transpor®("Y"Y).YThe '® "Y"Yrovidesa promisingapproach for lowReynolds
number flowsandfor flows with complex boundary layerStill, the close relationship with the
freestream conditions can influence the solutiofahdb outside the shear layer, whighthe
weakness of the solutiothe'® 6 "Yworks as a combined version of file 5 and’Q - modes,
close to the boundary layer atite freestream region, respectivelis turbulence model may

give better resultsvithout the strong dependency éreestreamvalues Finally, the™® "Y"Y"Y

8



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

the reliability of numerical predictions in more cap&3.

1.4 Literature review of the wind analysis ofmembrane structures

Even though the first application of tensile membrane structures datesdr@maldecadesgq

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
institutionsandresearch groups improse¢he knowledge and understanding of such structures.
Improvements have been focused on materials fabrication, design processes, and construction
techniquesAs mentioned, the gictural analysis stage determines a new equilibrium shape based
on external load application over the init@nstructionshape considering material properties.
Thus, the iterative procesmalysesmembrane forces and displacements under external load

application.Externaldominantioads for lightweight structures are wind, snow, and rain.

Theload-bearingof the membrane structure under rain/snow loads is given by an equilibrium shape
that carries only tension forces over the whole surface withr nenimalslack areasrhe rain or

snow accumulation can cause ponding ematinuously increasing load on the structilvat can

lead to the collapse dhe structure;henceit is important to usea shape that prevents water
accumulationSnow loads can be omitted if the building region does not represent high snow
incidents during the year antl 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 implementingiaftated
membrane as a rainproof covering for an existopenstadium withsteelstructure[43]. Their

findings showed that adding this covering does not significantly changeténeal forcef the

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

the other hand, wind load analysis is more challenging because design codes offer guidance for
structures withsimple geometricconfigurations. Membrane structures, often characterised by
anticlastic or synclastic forms, fall outside the typical scope of these codes. For instance, the
European StandaiN 13782ZiTemporary structureésTentsi Safetyo [44] addresses wind effects

by two load cases with constant wind pressure coefficie@tg for upward wind and +0.3 for

downward windwithout taking into account the variation of the pressure throughout the surface



The absencef detailedvind pressure informatian national codesuch as the Eurocodequires

flow analygs of membrane structwseo provide enough information for their desif#b-48].
Researchers have attempted to reproduce wind effecttermile structures through both
experimental and numerical methods, focusing on common architectural shapes. The following

paragraphs will introduce some of these studies.

Earlier studiessuch as the work done yoxey and Richardson (1984), involved fatlale

pressure measurements on film plastad greenhouses under natural wind condit{d®$. The
greenhouses selected for the experiments were all situated in open areas without obstructions
within 100metes of the faces exposed to the wind. Another relevant study was Toy and Tahouri
(1988), they conducted wind tunnel measurements on-cdmdrical models with a turbulent

boundary layer to understand the factorsurdlnci ng pressure distributdi

crosssectional geometry and aspect rg&0].

Kassem and Novak (1991) examined theoretically and experimentally the response of a
hemispherical aisupported structure subjected to turbulent wBane of their remarks were that

the mean membrane deflections because of strong wind are very large compared to conventional
structuresand deformations are mostly outwarelxcepton the windward sideAlso, the roob s

responseés very sensitive to variations in the mean internal predsdie

Canavesio and Natalini (1999) developed wind tunnel experiments on a hyperbolic paraboloid roof
with a circular plan shape. In their studi¢isey compared thsurface roughnessf the model to

understand the Reynolds number effect on curved shapes usedspded/wind tunnels2].

Jiemin and Zhijun (2005) applied wind tunnel tests to characterize the static wind effects on a
membrane canopy roaf a stadiumThey observed thahe wind suction on the leading edge is

significantly larger than in other areas, making it the dominant[&{d

Hincz and Gamboa Marrufo (201@amboaMarrufo et al.(2011) conducted experiments on an
archsupported tensile rog54-55]. 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.

Rizzoet al.(2011, 2012¥tudied the aerodynantehaviouof hyperbolic paraboloighaped roofs
[56-57]. They conducted wind tunneixperimersg of hyperbolic paraboloid tensile roofs with

10



rectangular, squared, and circular plaRsessure coefficients were obtained for various wind
directions.Later, Rizzo (2012) carried out wind tunnel tests on hyperbolic paraboloid roofs with
elliptical groundplan All the research results showed that roofs with an elliptical shape have the

best aerodynamicehaviouramong the foutestedshapeg58].

Hincz and Gamboe#larrufo (2015) presented the wind analysis over a +s@gported 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 sbapgared to the unloaded

construction shape.

Rizzo and Ricciardelli (2017) obtained experimental pressure coefficients for hyperbolic
paraboloid roofs with circular and elliptical p&af60]. 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 avalgy tensile membrane
structure by wind tunnel experimeiél]. Their studies intended amalysehe effects of several
factors:archrise-span ratio, terrain roughness, eaves height, wind direction and closed and open
conditions. They found that the contribution of the wind direction and@rtterise-span ratio is

more significant than the eaves height and terrain roughness. Later, using a similar methodology,
Sun et al. (2020) studied ovsthaped arcisupported membrane structsiréhe key panmetes
werearchrise-span ratio, different wind directions, and terrain roughfts Their analysis also
included open and enclosed struesiiand the results showed that the variation in thoserjzdes

had more influence on the windward pressure distribution than on the leeward side for both the
enclosed and open structsirParticularly, the effect of therchrise-span ratio depends on the wind

direction.

A more complex wind tunnel experiment waevelogd 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 tbelastic model were used to

calibrate the numerical model
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Kandel et al. (2021) studied the witluced responses on oxstlaped arcisupported structuse

They aimed toanalysethe effects of various pareetes 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 Elent dynamic analysis. They found that the arch span is
the most influential paraeterson wind-induced responses. Also, in most cases, the open
str uct windecedresponge das more significant than the enclosgé4inéater, Kandel

et al. (2022) studied a rectangutdraped arcisupported structurgs5]. Like their previous
research, they also included the analysis of dheh risespan effect on the wind pressure
distribution, wind direction, and boundary wall conditions. They observed thefféet of flow
separatiornincreases with tharch risespan ratiancrement. Based on theiwuslies, the structure

experienced the most critical conditions understkewvwind direction effects.

Lately, Chen et al. (202®)troduced the wind tunnel experiments of spherical inflatable membrane
structureg66]. They built three rigid models with differeneightspan ratiosThey obtained the
wind-induced response characteristics using the experimental wind load data and the nonlinear

dynamic timehistory analysis.

Besides the studies based on experimental analyses, another approach to studying wind effects on
structures is based on numerical approximatig@FD). For example GamboaMarrufo et al.

(2013) carried outite G~D analysis ofthe arch supported tensile roof presenteb4j. Pressure
coefficients were determined based the 'Q - turbulence mode]67]. The mean difference

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

Mokin et al. (2017nnalysedhefluid-structure interaction of a larggeale airsupported structure.
Their resultsbased on a twavay approachshowed that surface wind loads may increase due to
the deformations of thetructure[68].

Sun et al. (2018yleveloped a comprehensive simulation analysis of four typical roof shapes of
tensile membrane structur@®9]. Their methodology included steadiate RANS simulation
consideringoaranetes like heightspan ratieandwind direction. Their results were given as mean

wind pressure coefficients divided into sections for each roof type.

Kandel (2019)applied numerical simulations ttetermine wind pressure distribution over arch

supported structusg70]. His studies considered the influence of terrain categoryaesitise-
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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 laayeh risespan ratiosMeanwhile, the

mean pressure coefficients were significantly influenced bwittte risespan ratio

Colliers et al. (2020pnalysedmean pressure distribution on hyperbolic paraboloid roofs and
canopies based on wind tunnel experiments and CFD simuld#@@hsThe wall condition for
hypermodels 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 han@FD calculations applied RANS equations,
evaluating the performance of different turbulence rdeesults 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 reasonlabaccuracy.

ValdésVazquez et al. (2028Iso conducted computational analyses of the response of a double
hypertensile membrane structuf@2]. In their study, they attempted to simulate the support
conditions of the tensile fabric, which gives a more realistic solufitiey first determined
pressure coefficients based on FSI analysis. |ifey developed both static and dynamic analyses
to determine stresses in the fabric, mast forces, and the tensile force inbeslelé©n pressure
coefficients derived from HSanalysis Their dynamic analysis was based oongway fluid-

structure interaction problem

Most recently, Alsofi et al. (2023)eveloped numerical simulations to estimate wind load actions
over an akinflatable membrane structufé3]. Their study considered a rigid model subjected to
uniform flow. The paper also presents previous wind tunnel ddteh validates the numerical

simulations.

Chen et al. (2024) conducted a numerical simulation to study theimdaoded 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 speedsuamalence, the vibration
amplitude of the membrane structures increases significantly, leading to more chaotic vibrations.
Their research indicated that the most unfavoursiblation was when theind blows parallel to

the concave axis of the structupaditionally, 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 casigsl].

Liu et al. (2024) aimed to understand the structural performance of-anpgiorted membrane
structure under wind load action by numerical simulations. They evaluated different wind
directions, speeds, and internal pressures. They proposed a mixed rhogighddoestablish
influencing parenetes from a static analysis to approach a more realistic solution considering

fluid-structure interaction conditiorig5].

1.5 Research purpose

The current research aimed to determine the wind load distribution actisgnoa typical,
frequently usednembrane structurf@rms with various structural systemshe studyfocused on
numerical CFD simulations based on steadiate analysis (RANS equatiorem)d experimental

wind tunnel measurements. On the one hand, the research tried to answer the question of the
reliability of the CFDbasedstructural analysis in the case of membrane structuitbsvarious
shapesOn the other hand, the study aimedi¢bermine 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 expaimemd CFDBbased 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 (experimeatadlyr numerically). Then,
using numerical methods, these pressure coefficients were applied as part of the external load

action in a structural model to compute thembrane forces in thideeformed configuration.

The structural analysis was completed with the method developed by BilhcEHe 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 calculatidrttee 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
structuresAlthough this approach does not constitute a fully coupled-8trgcture interaction
analysis, similarities/differences betweeavailable experimental results amroduced. 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 structuf@sth doubly curved shape without flat areashly static analysis
was applied in the studyhe slack areas in the membrane or the lack of double curvature can result
in flutter, which in worst cases can destroy the structure, hencerntustbe avoided by careful

planning(formfinding, prestressing method, etc.)

As a detailed explanatiothe wind analysis considered three different membrane structures. The
first one, a single mastupported tent, was investigated only numericallhe current research
and its validation was based on former wind tunnel test results (CHjptstean pessure
coefficients, membrane forcemd displacements were calculat®od comparedThe second
analysed structure was an-aiflated hangar investigated with (Chapter 3) and without (Chapter
4) sidewalls. Additionally, the studyncluded a comparison of wind loads on btite unloaded

and the deformed shape of the structuseng both experimental and numerical methadstly,

the third analysis compiled a set of asiipported tensile membrams¢ructureswith various
lengths and numbers of supporting arc{@sapter 5) The wind pressure on models with four,
five, and six supporting archessmeasured in the wind tunnel and calculated with the help of the
CFD method
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2 Computational Wind Engineering of a mastsupported structure

2.1 Problem statement
The currentchapterconsidershe numerical wind analysis of a mastipported structureith a
regular dodecagon floor plaan example of this type of membrane strucisréocated at the

University of La Verne, California, which wagsigned and constructby Birdairin 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 ofteised, simple surface, and the resoltgrevious wind tunnel tests were

available for validation. The dimensions of the prototype structure are shdigune2.2.

2m 25m 05m
T 10m

Figure2.2 Mastsupported structur@rototype dimensiona) front, and b)top views.
The applied material properties of the membrane are as follaas= BOO KN/m, k= 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 cresectional 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 simplBia polyester
textile were considered in the structural analysis.) The material fibre directions were considered
according to the cutting pattern proposed by Hincz @20®1]. (Warp direction is close to the
radial direction, se€igure2.2b).

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 introdugsd. imhe wind tunnel

measurements were carried out on a rigid scale model (1:30) with 132 pressurgtap2.Q).

Figure2.3 Mastsupported structure. Rigid scale model with measurement points.
Table2.1 presents the prototype and scale model dimensions according to the X, Y, and Z axes.

Because of the structureds symmetry, one sing

Table2.1 Mastsupported structure. Prototype and scale mdide¢nsions

Along axis Prototype Model 1:30
[m] [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

Thesteadys t at e analysis determined the stQ-@wtureos
Q) "YNifBulence models. This activity evaluated the accuracy of the latest versions of the most
common tweequation turbulence model§irst, the numerical approach based on e Y
turbulence model involved wind flow simulations around thedizé structure. Then, th@ “Y"Y"Y

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 basddedill 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 giK/en by

79. The recommended distances from the structu
boundaries are 5H (where H is the structureo
distance from the structure to the outlet surface is Titisidering the fulkize structurd’ Q- Y

analysis) the total width and height we8®.0 m, and the length 110.0 fRigure2.4); only half of

the domain was needed (symmetry condition).

25m 10 m 75m rd ) Ve 30m r'd
a) b)

Figure2.4 Mastsupported structure. Domaitimensiors for the Q- tMrbulence moded) side and b)front view
(the vertical walls are closed)

Boundary conditions and software settings

The grid for the™Q- Wrbulence model had approximately 3.5 million quadratic tetrahedral
elementskigure25).The first cell height around the mod
the face sizing on the structuredbds surface wa
was 1.5 m. Scalable wall functions were used as recommendd@]byecause they provide a

better approach for refined grid areas.

The 1:30 scale model)] "Y'tdflulence 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 conditionsere applied andre presented ihable2.2.
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Figure2.5 Mastsupported structure. Grid resolutio®{ iodel)

Figure2.6 Mastsupported structure. Grid resolutiogy( "Y' odel).

Table2.2 Mastsupported structure. Boundary conditions for CWE analysis

Boundary Condition
Inlet Uniform velocity
Outlet Gauge pressure, 0 Pa
Top and lateral Free §ip
Symmetry plane Symmetry
Walls & bottom No-slip wall

To discardReynoldsnumberdependeny, the Q- Modeltried severalinlet uniform velocities
ranging froml to 60 m/qe.g.1, 5, 10, 30, 6Q)since no significant differences were found, the
following results correspond to 15 misiform velocity since theformerwind tunnel test did not
includeABL simulation On the other hand, tf@ “Y'™oddel considered 20 m/s uniform velocity,

similar to the wind tunnel case.

About the specific parameters of the turbulence models,@iked -, 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 viscositytia On the other handhe™Q Y tifulence model waspplied
through the SimScale webs{i@hich uses th©penFOAM solverand thedefault constants fo©

and wereused being 3.75x16B [m?/s?], and 3.375 (1/s), respectivelfe iteration step numbers
were 2500 and 12000- anhdQ "Yiflulence moderespectively.
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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 Figure2.7). Thed 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 coefficieatshe structureentrelinesn the vertical symmetry
planes parallel and perpendicular to the wind direcfidrere was not enough information from
the WT results at the closing cap region; however, bathulence modelgrovided a similar

suction coefficient at the structdrdaighest point.

Cp

0.20
0.10
-0.00
-0.10
-0.20
‘ -0.30
a)

»

Wind flow M

0.50
0.60

Vo a i
IA’) AARS |-

1.20

Figure2.7 Mastsupported structuré.,-] distributionbase ona) WTtest b) Q- ,’%nd c)Q "YNiflvulence modsl

According toFigure 2.8a, the’Q- ‘tdrbulence model provided a more accurate solution on the
windward side compared to the leeward side, wher@ihe'Y Wiflulence model provided closer
solution to WT resultsAt the centrelingperpendicular to the wind direction, only negative

values were foundFigure 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
detachmentrigure2.8c 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 structuestiMdh@nnd direction is

close to tangential to the wall.
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Figure2.8 Mastsupported structuré. distribution on cenglines a) parallelandb) perpendicular to the wind flgw
and c) at the structure walls

2.3.2 Membrane forces and displacement comparison

Since the membrane forces and displacementgrabably the mostmportant values during the
static analysis, their distribution and their significant values based on the differfiitds were

also comparedThe determination of membrane forces was based on the Dynamic Relaxation
Method (DRM)[27-28]. The appliednesh of the structural mechanics madegresented ifigure

2.2. Membrane forces were estimated based on a wind load of 1.2 ki#k 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 CWé4sSed pressure coefficient fields. The maximum

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

M\

kN /m
L eaae——

0.0 0.5 1.0 1.5 2.0 25 3.0

Figure2.9 Mastsupported structure. Membrane for@esvarp directiorbasedhe construction shagprestressed
membrane without external loads)

The maximum and average membrane force magnitudes in warp and fill directions are presented
in Table2.3. (The tensile strength of PV ated 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 betweebad&d and CWibased
results is less than 10%. TH@ SST-based maximum membrane force in warp direction

overestimated the Wased value by 20% according to the larger positive pressure coefficients
on the windward side of the structure.

»

Wind flow

L

b) c)
kN /m

00 1.0 20 30 40 50 60 7.0 80 90 100 11.0

Figure2.10 MastsuNpported structure. Membrane forces in warp direction bast gmessureoefficient fields
from a) WT testsh) ‘Q- ,"#ndc) ‘Q1 "YMilulence model *The scale of the construction shape figure is different
than the loaded structure figures.

Table2.3 Mastsupported structure. Membrane forces, displacements, and strain.energy

Membrane forces . Strain

[KN/m] D|sp[lnz;11<r:T(]=_]ment energy

Warp Fill [kJ]

Max. Avg. Max. Avg. Max.

Construction 3.02 177 132 111 ; 0.35
shape

W'”€V$ad’ 9.15 2.75 580  3.63 277 3.77
Wind load,

CWEE ¢ 4 8.44 2.92 526  3.54 280 3.57

Wind 'Oaci'" g 1098 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 fable2.3; compared to the Wbased results, the maximum displacement

was overestimated by about 1% by e iodel and about 12% by t® "Yiflulence model.
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Additionally, the strain energy was also calculated and compared for the construction shape and
the analysed load case€Baple 2.3). The wind load distributions based on the 3d™Q “Y'Y"Y
turbulencemodels resulted in 5% and 16% higher strain energy than the experimental one.

5 Construction shape = Construction shape
—Wwr —Wr
i i i keR g
Wind direction B keR

2 —— kaSST —— kaSST

.

X o+
<

a) b)

Figure2.11 Mastsupported structure. Membrane displacements a) pagaitb) perpendicular to the wind
direction

2.4 Summary

This partial research aimed to determine mean pressure coefficients on a hyperbolic membrane
roof based onCWE analysis. The 3D steadyate RANS approach was applied with th®
versions of tweequation turbulence model®- and@ "Y"YTYe validation of the CWE analysis
compared results frorformer WT tess, including pressure coefficieptmaximum membrane
forces,maximumdisplacements, and strain enerBgsed on the results, the following conclusions

are drawn:

1 Both turbulence models providegualitatively good approximation to the Whased
pressure coefficientsbut sgnificant differences were found in those areas highly
influenced by flow separation.

1 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 experimentdlies.The most

significant differences in the maximum membrane forces and maximum displacements

were20%and12%, respectively.
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3 Computational Wind Engineering analysisof an air -inflated structure
(enclosed)

3.1 Problem statement
The present research also applied 3D stestigye approximation to determine mean pressure
coefficients on an enclosed-#@iflated membrane structusemilar totheair-inflatedhangaishown

in Figure3.1.

Figure3.1 Air-inflated structure (enclosedir-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 26Figure 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 Si mi | ar Youngds modul us
and fill fibre directions for the orthotropic materialég=Esin =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 @es$on of the six inflated arches that are the

components of the prototype stture is presented irigure3.2b.

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 WereYO- "\ "Yand Q) Y YI'he
studied wind directions were 0°, 30°, 45°, 60°, and 90° Ksg@e3.2c).

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 dire¢@@hg he wind tunnel
experiments were conducted in an opewouit wind tunnel at the Autonomous University of

Yucatan, Mexico. The measurements did not consider the simulation of the ABL but constant

24



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 sfructure 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 struetuwvhich included both internal and external measurement

points; the arrangement can be sedrigure3.2 andFigure3.3.

45° é,\300

I
OO
| !

—— e —— —— -

— -—

Figure3.2 Air-inflated structure (enclosed)). Prototype dimension8) top view with wind directions and fibre
directions, and)crosssection of the sixflated arches

Figure3.3 Air-inflated structure (enclosed)). top view of thescale model with measurement points, b) scale model
with sidewalls, and c) scale model without sidalls [80].
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3.2 Domain specifications, boundary conditions and solver settings

Since the current study considered the $idke structure, following the suggestiongby-79], the
domain dimensions were set 5H from the struéwsarface to the inlet, lateral, and top boundaries,
while 15H from the structuée surface to the outlet boundary. This domain definition provided

blockage ratios smaller than 10% for any wind direction.

Furthermore, based on suggestion$8iy83] for studies includingeverakkewwind directions,
a double inlet/outlet domain represents a suitable opfious,the boundary conditions included
inlet(s) velocity, gauge outlet(s) pressure, free slip wall(sklipovall(s), and one symmetry face.
This symmetry conditiowas given athe topof thedomain, wilie the neslip wall condition was

set to the ground artle 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 conditiorOwals.
contrary, forskewwind 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)Figure3.4 represents the domain dimensions and the boundary conditions depending on

the wind direction.

Figure3.4 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.

Yoy @ (3.1)
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where"Yis the velocity at heightty and™Y is the velocity at the given reference heightfinally,

| is the velocity exponent that depends on the terrain rougtiess.there was no record of the

ABL simulation, a simple flat terrain characterization was considered wijthcaefficient equal

to 1/9.5[84]. The velocity at the reference height was supposed to be equal to 15-[gus}3.5

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

direction is 90°.

Regarding the constants for tf® - and™Q 71 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 ANSYSuent 19 R3, including settings like the SIMPLEC algorithm
and a secondrder discretization scheme for all the governing equations. Every simulation ran
5000 iteration steps.

Nl
& "ﬁ(’ & N »?;‘P .
. I_. x

Velocity [msr1) 0 5000 10000 (m)
Vector 1 L Se— S—

Figure3.5 Air-inflated structure (enclosed). Velocity vectors around the membrane surface shown in an XZ plane,
90° wind direction.

3.3 Grid sensitivity analysis

A semistructured grid waapplied includingtetrahedral and hexahedral elements; the tetrahedral
elements were only allocated on the membrane surface and its surrouiidings 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 sollihoze differentgrid
resolutions were evaluated, as detailedamle 3.1, including minimum and maximum element

sizes, and the total number of nodes and elemdihis.discretizationprocess considered an

27



increment in the number of elements and ndyagducing the dimensions of the finite elements,
allowing for a more refinedrid and attempting to improve accuracy in capturing the pressure
distribution in critical regions of the domain, particularly near the surface of the struthise.
grid-sensitivity analysis ensured that thed 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 1weat boundary layer falls within the viscous
sublayer or logaw layer (fully turbulent region). According tbe ANSYS Theory Guid@2],

the recommended range for Y+@ - 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+ valuestfédy.

Based on[42], the™@ 7 turbulence models are by default Yidependent because they are
supposed to be able to solve the viscous sublayer near the wall. Howev@r, the a hybrid
approximation that might solve the viscous sublayer when Y+<5 or apply the wall function
approximation when Y+>3@igure3.7 shows the Y+ around the membrane surface based on the

Q1 “Yifulence model and the 90° wind direction.

< 2019

Figure3.6 Air-inflated structure (enclosed). Tetrahedral elements distribution on the membrane gudade.

28



Table3.1 Air-inflated structure (enclosed). Grid resolution details.

MO M1 M2
First layer thickness 0.05m
Growth rate 1.2

Tetrahedral elements

Average edge size  2.0m 1.0m 0.5m
Hexahedral elements edge size

Minimum 20m 1.0m 0.5m

Maximum 4.0m 3.5m 3.0m

Number of elements  3.3E+5 1.2E+6 5.5E+6
Number of nodes  3.2E+5 1.2E+6 5.0E+6

Wall Yplus [ ]

— o /ANSYS

19 155 291 427 563 699 836 972 1108 1256 2023 R1

Figure3.7 Air-inflated structure (enclosedy+ values ormembrane surfac&) “Ytiflulence model, 90° wind
direction.

The pressure coefficient fieldsrecompared. The solutions are given in two representptive
sets.Point sefiA0 represents the highest points of #iehednflated tubes along a line parallel to
the structureds mai n dBoidenptes tha sutfabeepoirdsoon the tavo vy ,

central inflated tubes

Figure3.8 introduces the mean pressoaefficient at point sef for 0° wind direction. The most
significant differences were found at tiog ofthe first archat the windward sideHere, the results
of the denseggrid (M2) were closest to the experimental results for all four turbulence models.

Theappliedgrid had a much smaller effect at thi#nermeasuremergoints

Figure 3.9 represents the pressure coefficients at poinBsketr 90° upstream flow. From the
presented results, the most significant differences were observed close to the flow separation zone
when théQy "Y'hdfbulence model was applied. Nonetheless, negligible differences were observed

for the other turbulence models.
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Figure3.8 Air-inflated structuréenclosed)0 results at point se%, 0° wind direction, different grid resolution a)

Q- WYQ-, % "Yand d)Q) “Y'uflsulence models
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Figure3.9 Air-inflated structure (enclosed). results at point s&&, 90° wind direction, different grid resolutions a)
Q- "HYQ-, Y)Y "Yard d)Q)  "Y'tflulence 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 i80]. The pressure wameasuredn the scale modelt 156 surface pointd02

points on the tubular sections and 54 points on the side walls). These piagspanets 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 (M@5]). The following equations give

these factors:

060 0-B i H h zpmmb (3.2
D00 -B 0y 0 p (3.3
0°YO -B 8 6 3.4

<

where ¢ is the data points numbed, ; ando j are the pressure coefficients from WT

experiments and CWE simulations, respectively.

Table3.2 presents the error percentages based on EquatiaBs4 for all turbulence models and

grid resolutionsThe 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 ane gesioditions

were more significant for 0° and 45° wind directioimsmost 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 coeftiveeafere using MSE

or MAE factors for accurate evaluation is more appropriate.
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Table3.2. Air-inflated structure (enclosed). Error percentages

Wind

. . 0° 45° 90°

direction
Turbulence MAPE MAE MSE | MAPE MAE MSE | MAPE MAE MSE

model
IRE 25 0.17 0.05; 49 013 0.04 | 42 0.11 0.03
Coarsest £ 28 020 007 8 020 008 42 011 0.03

orid | . . . . . .

(MO) o 22 019 010 45 011 0.02: 37 0.11 0.02
14 24 020 012 55 0.14 0.05; 40 0.12 0.02
Basic £ 30 019 005 61 015 0.05; 42 0.11 0.03
arid £ 34 022 007, 69 017 006 40 0.11 0.02
(M1) RIE 30 023 011 61 0.13 0.03 40 0.11 0.02
 EEE 29 024 015 57 0.13 0.04 | 43 0.12 0.02
Finest K 19 012 0.03{ 47 018 0.08: 40 011 0.03
grid B 23 014 003 47 048 0.08; 37 010 0.02
(M2) 28 017 004 36 045 0.05; 35 0.10 0.02
28 017 005 32 042 0.04; 39 011 0.03

Figures 3.168.12 represent an overview of the meandistribution when the wind blows at 0°,
45°, and 90°, respectively. The results from WT tests are depickadures 3.108.12a. On the
contrary,Figures 3.1€8.12(b-e) illustrate the CWHbased meat 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 measureniaetsuctions observed on

the second and thiidflated archesvere more pronounced in the wind tunnel experiments.

Figure3.11shows 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 overestimateapeemental ones.

Finally, Figure 3.12 illustrates that the approximati®ron the side wallsare similar for all
turbulence models and consistent with experimental relttsough te simulations provided

significantly larger suction coefficients at the centre of the structure.
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Figure3.10 Air-supported structure (enclosed).distribution from 0° wind direction a) WT test; and CWE analysis
based on the turbulence models®) YENQ- M) Q) "Yanid e "YIY'Y
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Figure3.11 Air-supported structure (enclosed).distribution from 45° wind direction a) WT test; and CWE
analysis based on the turbulence model®b) YENQ- M) Q) "Yand e “YIY'Y
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Figure3.12 Air-supported structure (enclosed).distribution from 90° wind direction a) WT test; and CWE
analysis based on the turbulence mod@s: \YENQ- ,"¥)Q] “Yand eJQ "YIY'Y

Figure3.13 compares thé results from CWE simulations and WT tests; CWE results are based
on the most refined grid (M2figure 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 dt-@feadches.

Figure 3.13b depicts the mean pressure coefficients for 90° wind direction at poiBt &
numerical solution performance at the windward side was mostly accurate; nevertheless, the

suction coefficients at the top of the structure were overestimated.

Finally, Figures 3.18-d) present the pressure coefficient results for 45° wind direction (point set
A andB, respectively)The largest differences can be detected at point set A at the top of the first
two components Higure 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 direcéiboases
presented irFigure 3.13, all turbulence models provided similar solutiptiee most important

differences were found on those areas highly affdaydtbw separation.
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Figure3.13 Air-inflated structure (enclosed). results based on grid M2 and different turbulence models &) 0°
90°, and ed) 45° wind directions. Point set A (left) and B (right)

Furthermore Table 3.3 presents the maximum and minimum Wased and CWABased mean
pressure coefficients. Considering the 0°, 45°, and 90° wind directions, the most significant
differences between the experimental and ChdEed maximurmd values were 7%, 3%, and 5%,
respectively (considering all turbulence models). The largest mispredictions to the migimum

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

Table3.3. Air-inflated structure (enclosed). Maximum and minimainvaluesbased on WT test and CWE analysis

Wind WT Q- Y o4 204
direction Max. Min. Max. Min. Max. Min. Max. Min. Max. Min.
0° 0.86 -1.81 089 -205 089 -193 090 -190 092 -1.83

30° - - 079 -210 080 -193 082 -159 0.83 -159
45° 062 -117 060 -193 060 -196 061 -1.70 0.62 -1.58
60° - 073 -166 074 -164 074 -150 073 -1.43

90° 0.5 -0.v6 078 -107 078 -107 0.79 -1.07 077 -1.07

Considering the error percentages present&dlate 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’Q- "Witbulence model were 0.19 and 0.08, respectively, the smallest compared to the other
turbulence modelg:igure3.14illustrates the mean pressure coefficient distribution for all studied

wind directions based o®- “¥iMulence model.
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Figure3.14 Air-inflated structuréenclosed)d distribution on the membrane surface base®oen WiMulence
model, all wind directions

3.4.1.2 Membrane force and displacement comparison

The membrane force distribution attie displacementsinderwind load are presented in the
current section. The structural analysasbased o fields from WT tests and CWE simulations.

The unloaded construction shape, the deformed slaapgethe membrane forces in the inflated
membrane were calculatbased orthe DRM[27-28]. According to the Mexican Standaj@b],

the dynamic wind pressure considered during structural analysis was 1.52 KNénside 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 experimeatadnumerical 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 M= 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% compared to the Whasedresults(warp, and filldirection,
respectively)Figure3.15depicts the membrane force distributions (warp direction only) computed

from the pressure coefficients for 0° wind direction.

Table3.4. Air-inflated structure (enclosed). Membrane forces and displacements derived from experimental and
numerical pressure coefficients

Wind Membrane force, Membrane force, Displacement
direction Model warp [kN/mj fill [KN/m] ' [mm] '
Max. Diff. Max. Diff. Max. Diff.
Construction 25 5.1
shape
0° WT 11.2 7.5 779
Q- Y'Y 12.4 +11% 7.4 -1% 961 +23%
Q- Y 11.5 +3% 7.3 -3% 978 +26%
QY'Y 11.6 +4% 7.2 -4% 1090 +40%
QUYYY 11.0 -2% 7.2 -4% 992 +27%
45° WT 8.4 6.4 1151
Q- Y'Y 11.1 +32% 7.2 +13% 1542 +34%
- Y 11.0 +31% 7.2 +13% 1532 +33%
QY'Y 9.9 +18% 7.0 +9% 1263 +10%
QYYY 9.5 +13% 6.8 +6% 1214 +5%
90° WT 8.9 6.1 1622
Q- Y'Y 9.8 +10% 6.6 +8% 1532 -6%
Q- Y 9.9 +11% 6.6 +8% 1570 -3%
Y'Y 10.0 +12% 6.6 +8% 1633 +1%
QYYY 10.0 +12% 6.7 +10% 1652 +2%

4 kN/M — s |2 kKN/m

Figure3.15 Air-inflated structure (enclosed). Membrane forces in warp direction derivedfréon 0° wind
direction based on a) WT teb) Q- NENQ- ,'¥) Q) "Yavid e)Q "Yifsulence models

37



Based on the experimental results, the maximum displacement wamfr@2&lculated 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 mmaxm displacement showed a 6%
underestimation compared to the wind tunnel measurentégtse3.16 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
direction® those producing the maximum membrane forces and largest displac@rtients
CWE-based results showed good agreement with experimental data, with acceptdblefleve
misprediction. However, for 45° wind direction the discrepancies between CWE predictions and

experimental measurements were more significant.

Figure3.16 Air-inflated structure (enclosed). Structure displacements derivedifrdon 90° wind direction based
on a) WT testb) Q- ENVQ- W) Q) "Yavid eJQ "YWiflsulence models

3.5 Area-distributed pressure coefficients

The current section compares the adesributed pressure coefficients over the-iaflated
membrando provide an easio-use tool for the design of similar structur€se external surface

of the airinflated membrane was divided into 12 and 9 regions for 0° and 90° wind flows, and the
largest0 value was considered for &ch (the pressure results on the side wallsre not

considered)Figures 3.173.18 present the aredistributed pressure coefficients and the considered
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regions for 0° and 90° wind flow$his section considered the CWE results based on the Standard
"Q4urbulence modeFigures 3.1-3.18c show the CWE misprediction compared to the-W&Bed
resultsln the 0° wind direction, theost significantinderprediction of suction forces was detected

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

On the contrary, for the 90° wirdirection, the numerical analysis accurately approximated the
windward sideof the structurenevertheless, there was a significant overprediction at the top of
the structure Finally, Figure 3.19 compares the aredistributed pressure coefficients the
symmetry planeluring 90° wind flowfrom WT tests, CWE analysis, and the given values in the
American and European Standafdshalf-cylindrical shape$84, 87] The numerical results are

close to the standardized envelope.

a b
) (056 -0.52 0.567) 0.10L ) (-0.61 -0.55 -0.61) 0.10L
5-0.53 -0.46 0.53 ; 0.40L €-0.4s 052 0.48 g 0.40L
g-l.lz 127 112 ; 0.40L 5-0.73 -0.81 20.78 g 0.40L
(-1.81 -1.68 -1.81) 0.10L (-1.89 -2.05 -1.89) 0.10L
Wi4 W/2 W/4 W/4 Ww/2 Wi4
| | 1 L L |
1 1 1 1 T 1
c) :
(9% 6% 9% ) 0.10L
g 9% 13% 9% ; 0.40L
o] 1
f 0 %-30%; -36% -30%% 0.40L
(4% | 22% 4% ) 0.10L
w4 w2 W4

L | L |

Figure3.17 Air-inflated structure (enclosed). Aréstributed pressure coefficients, 0° wind flow a) WT tests, b)
CWE, and c) CWE versus WT
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Figure3.18 Air-inflated structure (enclosed). Aréstributed pressure coefficien°® wind flow a) WT tests, b)
CWE, and c) CWE versus WT
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Figure3.19 Air-inflated structure (encloseddreadistributed pressure coefficients on gygnmetry planéased on
WT test and CWE, and standardised pressure coefficients ferytialfirical 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 distributionThe initial prototype structure is I8etes long (6 inflated arches), and the

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

The current evaluation only considered the orthogonal wind flows (0° and 90°) by applying the
Q- “Yiiulence model and grid MEigures 3.2€B.21 illustrate the mean pressure coefficient

distribution based on numerical approximations.

-1.8-16 -14 -12 -1.0 -08 -06 -04 -02 0.0 02 04 06 0.8

Figure3.20 Air-inflated structure (enclosed).6 distribution for 0° wind direction: #neter(left), 13meter
(middle), and 17meterlong structuregright).
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Figure3.21 Air-inflated structure (enclosed). distribution for 90° wind directior8-meter(left), 13meter
(middle), and 11meterlong structures (right)

Additionally, Table3.5 presents the maximum and minimdmresults for the 9, 13, and ideter

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 maxium and minimum pressure coefficients increased with the structure
length. The largest negative value was 53% higher in the case of thenigterlong structure

than in the case of therleterlong one. The difference between the maximum positive pressures

was less significant.

Table3.5 Air-inflated structure (enclosed). Maximum and minimiinvaluesfor the 9metetr 13meter and 17
meterlong structures

Wind 9-meter 13-meter 17-meter
direction structurg structur(_a structurg
Max. Min. { Max. Min. | Max. Min.
0° 0.89 -200{ 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 theeanpressure distribution on the surface of anirfiated
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 resolgtiohs (
sensitivity analysis). The CWE results were then compared with available WT test results for three
wind directions (0°, 45°, and 90%inally, the analysis included stter and longer structures for
orthogonal wind directions (0° and 90Based on the presented results, the following conclusions

can be drawn:

1 Considering all three grid resolutions, four applied turbulence models, and three wind
directions, the maximum error measure values between the CWE aich¥d pressure
coefficients were MARa= 0.24 and MSka= 0.15. In the case of th- "Yiulence
model, the maximum error measure factors were M&EOQ.19 and MSka= 0.08. Based
on these results, it was concluded that e “Yiivbulence model provided the best

approximation of the WT results.

1 According to WT tests, the maximum membrane forces in warp and fill directions were
Nw,max= 11.2 KN/m,and Nmax= 7.5 kN/m, respectively, obtained when the wind direction
was 0°.The maximum membrane forces in warp and fill directioased on CWE results
wereNwma= 12.4 KN/m, andNrmax= 7.2 KN/m. Thus, the most significant differences in
the maximum values between WT tests and CdEed results were 11% and 4% (warp
and fill direction, respectively).

1 The largest Wibased 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 CWEbased 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 W-based resultfr the critical wind directionsaind directions tht
provided the maximum membrane fosae warp andfill directions (0°) and largest

displacemen(90°)).

42



1 Through the analysis of prototypes with different lengths, it was observed that the
maximum and minimurd values remain almost unaffected by the struéength 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 struciomeared to the

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

1 The research introduced an overview of the accuracy of CWE calculations using four
turbulence models commonly available in most commercial CFD software afElae
distributedpressure coefficieathat were presented can be directly applied in the structural

analysis of inflated structures with similar shapes

1 The comparison betwee@WE 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 ar -inflated structure (open)

4.1 Problem statement

The current section describes the CWE analysis of the apanflated membrane structu(@he
enclosed one was studied in the previous Se8jiorhe research aimed to study the mean pressure
variation on the membrane surface when the walés are removed. The analysis determined the
pressure coefficients on the internal and external membrane sufape®4.1).

The materi al properties were considered |I|ine
Modulus in both fibre directions:wap= Ein = 400 kKN/n#; the considered Shear Modulus was G=

10 kN/nm?. Meanwhile, the internal pressure in the inflated arches was p=25 (netetive
pressure)lt was supposed that the warp direction was "parallel” to the centreline of the inflated
archesmeanwhile, the fill direction was perpendicular to the warp direckdore directions are

similarto thoseof the enclosediginflated structureKigure3.2b). Like in thestudy of theenclosed

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

Z

External
surface

Internal

45 . surface
W

=

\26—'11

Figured.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 softwsetingsapplied 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 Q- "Y{ilbulence model were applied. The studied wind directions were

similar and are also shown kigure4.1.

Concerning the Y+ number fof - turbulence models, as in the enclosed case, some cells

experienced large Y+ values; however, the minimum Y+ value was around 30. Additionally, wall
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function approximations were used to account for the-wadlrtreatmentFigure 4.2 shows the
tetrahedral elements on the structure surfaceanwhileFigure 4.3 depicts the Y+ around the

membrane surface based onTe "Witulence model and the 0° wind direction.

Figure4.2 Air-inflated structure (openMembrane surface discretization

y+
Wall Yplus [ ]

30 174 319 464 609 754 899 1044 1189 1334 1479

Figure4.3 Air-inflated structure (open). Y+ around the membrane seyffcwind directionQST turbulence
model.

4.3 Results and validation

The validation stage comprises the mean pressure coefficients comparison and statistical error
evaluation based oMAE and MSE factors (Eq. 3.3 and 3.4, respectively)n the following
paragraphs9 and0 denote mean pressure coefficients on external and internal membrane
surfaces, respectivelfigure4.1). Table4.1 presents thdMAE and MSEfactors that show the

error estimation based on CWE resulie analysis of the deformed structurernssented in the

following chapter)
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Table4.1 Air-inflated structure (open). Error estimation based on MAE and fd&ars.

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 External 0.23 0.10
structure (90°) Internal 0.09 0.01

Similarly to theanalysis of the enclosed membrane structwe,sets of points were determined

to compare® distributions on the membrane surfaces (external and intefPoalf. seA comprises

the measurement points located on the symmetry plane, aligned parallel to the central axis of the
structure. These points are identified on itifeated arche8external and internal surfacd®oint

setB represents the measurement points on the external and internal surfaces of the two middle
inflated arches

Figures 4.44.5compare th®@ andod distributionon the external and internal structure surace

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 meastiredirstarch around

the flow separation areblowever, better approximations were obsemethe last two arclse

Figure4.4b and Figure4.5b demonstraté results in point sek for 45° upstream flowThe results
indicate that the numericappraximations were mostly reliable in determining thevalues on
the internal surfaceF{gure4.5b), while the first arch exhibited the greatest mispredictiod of

values(Figure4.4b).

Figure4.4c andFigure4.5¢c show the pressure coefficients for 90° wind flow at poinBsghe
dastedlines represent the results for the deformed stibpanalysisof whichis introduced in the

next section). The numerical approach provided an accurate solution at the external windward
surface of the structure; nevertheless, at the strdctsop 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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Figure4.6 Air-inflated structure (open). Wihased) distribution on the external (top) and internal (bottom)
surfaces fof°, 45°, and 90%ind directions.

Finally, Figure4.7 andTable4.2 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 pasitiveere-1.752 and 0.785, found

in the 30° and 90° wind direction, respectiveébn 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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0 were-2.473 and 0.785Based on the experimental results, the most significant negative
pressure coefficient on the internal surfaze ( -1.196) was found in the 45° wind direction. The
wind suction at this point was overestimated by 56% by the CWE analysis €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 tek#s1% versus1.388,
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 thaneh@easured by WT tests

(0.785 versus 0.731, respectively).
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Figure4.7 Air-inflated structure (openEWE-based) distribution on the external (top) and internal (bottom)
surfaces for alhnalysedvind directions
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Table4.2 Air-inflated structure (open). Maximum and minimdmresults on the membrane surface based on WT
tests and CWE approximatians

Wind Surface WT CWE
direction 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 importatieewind analysis of the

deformed shape of a mamipported membrane structyis®].

This section describes the mean pressure distribution of the deforangithéed membrane shape.
The deformed shape was calculated using the PRIV28] considering the wind impact at 90°
(critical condition in terms of displacement®y the open conditianThe considered dynamic
pressure wad.52 kN/n%, based on the Mexican StanddB6]. Material properties and fibre
directions are as defined in section 3The maximum displacement based on experimental
pressure coefficients was approximat2ly m (locatedat the windward side)rigure4.8 depicts

the comparison between the undeformed and deformedsshape

. Undeformed shape

. Deformed shape

Figure4.8 Air-inflated structure (open). Comparison between the undeformed and the deformed shapes.
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Similar to the wind tunnel methodology presente@d], 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 ojméncuit wind tunnel located at the Wind Engineering
Laboratory of the Civil Engiieering 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 exrtd and internal wind pressurdsiqure 4.9). Constant wind
velocities ranged from 17 to 21 m/s were applied, and the results were presented as pressure

coefficient maps.

Figure4.9 Air-inflated structure (open). Wind tunnel scale maxféhedeformed 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.

FurthermoreFigure4.10 presents the pressure coefficient distributions over the undeformed and
deformed atinflated membrane, based on wind tunnel measurements. AdditioRigilye4.11
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 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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Figure4.10 Air-inflated structure (open). Wibased pressure coefficients on the external (top) and internal (bottom)
membrane surfaca) Undeformed and b) deformed shape.
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Figure4.11 Air-inflated structure (open). CWEased 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, theba&dd calculation

did not converge, suggesting that no equilibrium shape is assowittiede 25mbar 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 presare, but we did not have the means to perform this test.
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4.5 Summary

This section presead pressure coefficient maps for an openigilated membrane structure based

on 3D steadystate numerical simulation. The turbulence flow was described using the RANS
equations with théQ-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 factor
showed good general agreement. Howeseme areas close to flow separation regions showed
significant local discrepancies.

The analysis of the deformed shape for one oattaysedvind directions showed that the effect

of displacements could have a significant impact in the pressure coefficienflinapsperimental

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 archsupported structure by wind tunnel
measurementsand numerical approximations

5.1 Problem statement

The current section discusses the wind load analysis of a group e$ugpbrted membrane
structures based on wind tunnel measurements and numerical simulations. The wind tunnel
measurements were conducted on a scale model, while the numerical appoosinvatie applied

to the fulksized structuresAn example of an archupported structure is shown kigure 5.1,

which features the Hidegkuti Nandor Stadium in Budapest, Hungary.

Figure5.1 Arch-supported structurélidegkuti Nandor Stadium, Budapest (Photo: K. Hincz)
The prototypestructures 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 elemengrid in the mechanical modeThe equilibrium shapes of the structures were
determined using the DRNR7]. The dimensions of the largegtototypestructure (5module
structure) are illustrated migure5.2, its total width (W) and maximum heighiH) was60 m and
30 m, respectively. Additionally, the total lengihg of thethree prototypestructures are 100 m

(5-modulestructure), 80 m 4nodulestructure), and 60 m {@odulestructure).

a) b)

Figure5.2 Arch-supported structur&-modulestructure ajateral andb) isometric vies.
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Figure 5.3 depicts a top view of the-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 shov ifigure, is along the

Sstructureds height.

The determined structureds prestress |l evel wa:
the materi al under wind | oad action. The Youn
and equal to krp= Eil = 1600 kN/m. (Because of the large span, PMDEted fibreglass material

was considered in the structural analysis. Its modulus of elasticity and tensile strength are
significantly higher than those of the P\@BGated polyester materials.) The warp di@ttwas

supposed to be perpendicularthe supporting arches; meanwhile, the fill fibre direction was

parallel. Warp and fill fibre directions in the membrane material are also shdviguire5.3.

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 908 wirection was parallel to the long
axis (along the X axis, séggureb.4a). To referee in the futurBjgure5.4b shows the location of

t he measurement points on the structureds sur:

+ warp

weft

—

60 m

20m L 20m L 20m L 20m L 20m
100 m

Figure5.3 Arch-supported structure. Reference coordinate arddfibre directior{top view)

Module 5 Selected PQints for
comparison
Module 1 v

\

¢ Pressure .
measurement points

*

90° a) b)

Figure5.4 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 Ei@ure 5.
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5.2 Literature review for arch -supported structures

The geometry of thanalysedstructures is close to a hemicylindrical shape, which former studies
have reported wind parameters either by wind tunnel tests or evestdidl measurements. Even
though the geometries are not entirely similar, the comparison to a hemicylindricalvatiape
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 observedFor instance, some research studies alaod analysis of structures with similar

geometries to the one studied in this section are introduced.

Hoxey and Richardson (1984), which involved fthle pressure measurements on film plastic

clad greenhouses under natural wind conditjd@% 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 prsent study, which corresponds tdv@micylindricalstructure with vertical end

walls measuring 3.1 m in heighté24.4 m in length, resulting iiH= 7.87. The reported pressure
coefficients correspond to the measurements a

Another relevant study was done by Toy and Tahouri (198®)y conducted wind tunnel
measurements drenicylindrical models with vertical walls of various length/height ratios (height

of the model: 95 mm, L/H= 2, &) [50]. Reports of the mean pressure coefficient on the centseline

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 opr8ided 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-pinted modules wer used for the longest
structure, andne or two modules were removied the four and dnodule 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 tapsonithe del 6 s sur f ace; this resulted

module structure, 144 for therodule structure, and 108 for ther®®dule structure.
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The pressure taps were shaped using 0.9 mm inmaetBecopper tubes connected to the pressure
measurement system through 750 mm long silicone pipes with 1.5 mm intermatetis(see
Figure5.5). Any distortion of the pressure signal due to the length of the pipes was corrected during
data processindzigure5.6 displays photos of all the ardupported scale models. Finallygble

5.1 summarizes the scale model specifications.

Figure5.5 Arch-supported structure. Copper tubes and silicone pipes configuration

Figure5.6 Arch-supported structure. ajrBodule b) 4module and c) Smodulestructure.

Table5.1 Arch-supported structure. Scale model details

Full-size structure

Scale model

5-module 100 m

5-module 40 cm

Length (L) 4-module 80 m 4-module 32 cm
3-module 60 m 3-module 24 cm
Width (W) 60 m 24 cm
Height (H) 30m 12cm
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 25h 90s

G
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