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Abstract

Most studies, standards, and codes on wind pressure distributions commonly disregard the influence of the
flexibility of structures. Nevertheless, in the case of tensile-membrane structures, their flexibility cannot be
ignored, so this study presents the results of numerical simulations evaluating wind pressure coefficient
distributions on tensile-membrane structures, accounting for fluid-structure interaction (FSI) choosing the
most common geometry: the hyperbolic paraboloid. Various curvature configurations, wind incidence
directions, and structural models (both open and enclosed) were analyzed. The FSI solution involves a two-
way partitioned simulation between Computational Fluid Dynamics, Computational Structural Dynamics and
through a coupling system that culminates in the derivation of final pressure coefficient distributions. Results
indicate that pressure coefficients obtained for rigid models underestimate those obtained by the FSI
methodology, which accounts for deformations altering the interaction between the fluid and membrane.
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1 INTRODUCTION

Nowadays, the importance of wind engineering in the design of civil structures has been increased and the
characterization and quantification of wind loads play a critical role. When considering irregular and flexible structures
that are scarcely standardized in regulations (Forster and Mollaert, 2004; Stranghoner et al., 2016), such as tensile
membrane structures, it reveals a domain within wind and structural engineering that demands a comprehensive and
realistic approach for study. Fortunately, multiple design aspects are under exploration, including pressure analysis
within a pioneering European regulation (Stranghoner et al., 2023).

Currently, tensile membrane structures are increasingly used to cover expansive areas like stadiums, parks, and
malls. However, the evident slenderness of membranes makes these structures susceptible to substantial deformations
caused by snow and water accumulation, as well as wind currents. Nevertheless, deformations induced by such loads
can be stabilized or minimized through prestressing techniques (Valdés-Vazquez et al., 2021; Wiichner et al. 2006).
Additionally, as these structures are geometrically nonlinear, the imposition of prestress, boundary conditions, and initial
loads plays a pivotal role in determining their shape, a factor not encountered in conventional structural design
methodologies (Dutta and Ghosh, 2019). The geometric design of a membrane tensile structure involves the form-finding
process, aiming to discover a self-supporting surface that minimizes stresses to solely tensile forces. Hence, the preferred
arrangement involves centers of curvature positioned on opposite sides (anticlastic surface), a characteristic found in
one of the most common double-curved tensile structures: the hyperbolic paraboloid, also known as hypar.

There are two primary approaches for assessing pressures exerted on structure surfaces due to wind flow loading
conditions. The first method involves wind tunnel tests commonly using scaled and rigid models (Flaga et al., 2018; Hincz
and Gamboa-Marrufo, 2016; Sun et al., 2019 and 2020). This approach typically makes use of pressure transducers to
measure pressures by instrumenting these models. On the other hand, the second approach relies on computational
fluid dynamics (CFD) conducted through numerical methods to solve flow equations, providing approximations of fluid
behavior (De Nayer et al., 2018; Pool-Blanco and Hincz, 2022; Wu et al., 2008). CFD allows the extraction of significant
information about fluid dynamics, including velocity gradient, turbulence effects, drag, lift, and the assessment of
pressure fields on surfaces, vital in the design of structures.

Similarly, two primary challenges exist in characterizing wind loads on tensile structures. Firstly, achieving accuracy
in locating and quantifying design wind loads is hindered by standards that predominantly address conventional building
types. These standards often overlook tensile structures or merely account for simple geometries (CFE & INEEL, 2020;
Stranghoner et al., 2023). Secondly, the safety assessment of flexible structures lacks consideration for fluid-structure
interaction, considering only static analyses or dynamic tests on rigid bodies.

Wind tunnel testing and CFD methodologies commonly employ rigid models to measure pressures on structures, using
dimensionless coefficients. These tests vary geometrical parameters (Rizzo et al., 2021a and 2022), wind directions, and surface
roughness but often overlook the inherent flexibility of membrane tensile structures. Some studies acknowledge the necessity of
considering aeroelasticity and advocate for numerical and experimental investigations using flexible models to estimate it
(Rizzo etal., 2021b). Currently, there is a rising trend in implementing CFD analysis due to advancements in computer capabilities,
allowing for complex equation solving. Moreover, this tool offers the possibility of incorporating other analyses alongside fluid
analysis, showcasing significant potential in addressing multiphysics problems (Colliers et al., 2016).

When contemplating the flexibility of solids within fluid dynamics, the concept of fluid-structure interaction (FSI)
emerges. FSI represents a phenomenon of mutual influence between a structure and a fluid, where the structure
deformations alter the flow pattern. Consequently, these changes in the flow pattern lead to variations in pressures
acting upon the surfaces of the structure. FSI exploration within civil engineering remains scarce. This scarcity stems from
the conventional treatment of fluid forces upon rigid solid bodies such as buildings, platforms, dams, or pipes. In these
cases, the interaction minimally impacts fluid behavior and structural dynamics. However, the susceptibility of tensile
membranes to deformation under wind, snow, or rain loads (Liu et al., 2019; Yang et al., 2024) necessitates the
recognition of these structures as active participants in the fluid-solid interaction process.

Numerically, FSI involves a higher computational cost compared to using CFD alone. However, FSI offers insights
into pressure evolution within structures due to flow changes alongside solid deformations. This evolution of pressures
enables the analysis of extreme or average pressure coefficients (Cps), crucial for designing flexible typologies not
accounted for in existing codes and standards. This study incorporates numerical FSI in calculating mean pressure
coefficients, focusing on a fundamental structure: the hyperbolic paraboloid. Various shape parameters related to the
curvature of the structure and wind attack directions are considered for both enclosed (with perimeter walls) and open
(canopy) configurations, as illustrated in Figure 1. The FSI methodology integrates CFD and computational structural
dynamics (CSD) through a two-way partitioned implicit coupling scheme. The primary objective is to discern differences
between applying FSI on membrane tensile structures versus traditional pressure coefficient studies using rigid models.
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Figure 1: Hypar with different shape parameters (SP).

The shape parameter (SP) characterizes the curvature of the tensile structure and quantifies the variation in height
between valleys and ridges in relation to the span. Specifically, for the hypar being studied, these height differences
correspond to the variation in height between low corners and high corners, which define the two primary opposing
curvatures. The calculation of the shape parameter is extensively outlined in Colliers et al. (2016). However, for this study,
a symmetrical squared base was adopted to allow to express the shape parameter using equation (1), where f represents
the maximum height difference between the crossing of the main curvatures of the tensile structure and any corner, and
L is the horizontal distance between opposite corners:

sp=%4 (1)

The flat base tensile structure (SP = 0.00) maintains a uniform height of 3.25m across all four corners. In contrast,
the other models showcase an increase in height for two opposing corners as the curvature rises, reaching a maximum
height of 8.25m in the hypar structure with SP = 0.35. The span between the high and low corners remains constant at
10m. These specific hypar characteristics were selected to facilitate a comparison between the values published in
Colliers et al. (2020) and obtained using CFD simulations and those assessed in this study using both CFD and FSI.

2 COMPUTATIONAL FLUID DYNAMICS

Numerical solutions for fluid-related problems typically involve a simulation tool that discretizes a finite space into
control volumes with established boundary conditions. This process is executed through the utilization of the Navier-
Stokes equations (2) alongside the conservation of mass or continuity equation (3) for compressible flow.

MJrV-V(pV):—VerV-;wLFC
ot (2)

a—/DJrV-pV:O
ot (3)

In equation (2) and (3), p is the density of the fluid and V its velocity vector; p refers to the pressure, T the stress
vector and F. are the body forces in the fluid. In wind engineering, operating within the realm of subsonic velocities, wind
behaves as an incompressible fluid, maintaining a constant density. Consequently, equation 3 is simplified.

For this study, the numerical model for fluid analysis was conducted using Ansys Fluent. The dimensions of the fluid
domain are depicted in Figure 2, wherein the cross-section measures 64.15m at the base and 60.00m in height. Along
the longitudinal axis, the domain spans 174.15m.

Upon integrating the structure model into the fluid domain, the maximum blockage percentage observed -
considering the enclosed structure with SP = 0.35 is 2.97%. The inlet face of this domain is located 43.00m away from
the structure and a wind velocity of 15m/s is used as input, this velocity value was chosen for comparison with the results
of Colliers et al. (2020), who stablished Reynolds independence for rather high velocities on doubly curved membrane
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structures, this was verified for this work by testing the hypar structures in a range of wind velocities from 10 to 20 m/s;
it was found that the deformation had almost a linear behavior, leaving the mean Cp distribution practically unchanged.
The opposite face, positioned at 174.15m from the inlet, is defined as outlet. The remaining surfaces are defined as “no-
slip” condition. Furthermore, the membrane is defined as a coupling interface, using one side for the enclosed structure
and two sides for the canopy case, comprising an upper and a lower interface. The SST k-w turbulence model was
employed, because reliably predicts the flow around bluff bodies with adverse pressure gradient and massive flow
separation (Simiu & Yeo, 2019). This hybrid turbulence model uses the k-w model for the boundary layer, while the k-&
model is used in upper layers with low shear (Younoussi & Ettaouil, 2024). In addition, it has been established that SST
K-w produces good results in pressure coefficients comparison with wind tunnel tests (Colliers et al., 2020; Pool-Blanco
& Hincz, 2022) with a lower computational expense than other complex methods (LES or DNS). Finite volumes were
considered using an unstructured mesh together with prismatic elements that facilitate mesh movement (dynamic mesh)
and remeshing for the FSI case. The 2.5D and spring smoothing methods have been used as remeshing and mesh
adaptation techniques, respectively.

.
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S— x
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Figure 2: Dimensions of the fluid domain.

Studies combining experimental and numerical approaches had significantly contributed to a more comprehensive
understanding of the behavior of tensile structures. An experiment involving scaled hyperbolic paraboloids conducted in
wind tunnel and CFD by Colliers et al. (2020) aimed to explore pressure coefficient distribution, examining the influence
of curvature, wind direction (45°, 90° and 135° as considered in this study), and the behavior of hypar structures with or
without walls (enclosed structure or canopy). However, this experiment employed rigid models, neglecting membrane
deformations, and thereby excluding any fluid-solid interaction. Consequently, this paper presents a comparative
analysis of results obtained from numerical simulations using both rigid and flexible models.

To characterize the wind forces acting upon structures, pressure coefficients serve as crucial indicators. They
represent the ratio between static and dynamic pressures on a surface making them dimensionless parameters. The
pressure coefficient (Cp) is defined by equation (4):

p—p,
Cp == ﬁ
2 (4)

where p is the pressure measured at the discrete point on the surface, po the reference static pressure, p the air density
and, V the unaltered wind velocity. Negative values of Cp represent suctions, while positive values correspond to
pressures.

The initial step of the study involves deriving pressure coefficients for hyperbolic paraboloids while assuming a rigid
membrane. This approach solely entails CFD analyses without accounting for material flexibility. The obtained results
from this approximation are compared with the findings of Colliers et al. (2020) to ensure the consistency of results
derived from the rigid model. This verification process precedes the subsequent pressure analysis involving the
interaction with the flexible structure and its dynamic effects due to the consequent flow variations.

2.1 Fluid-Structure Interaction

In FSI problems, the fluid behavior is intricately linked to both the structural shape and its motion and deformation
of the structure are directly influenced by the mechanical forces exerted by the fluid (Bazilevs et al., 2013). In this context,
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researchers laid out the foundational principles of coupling for fluid-structure interactions, exploring two distinct solution
methodologies: the direct (monolithic) and the partitioned approach, which entails separate solutions for each domain
(Rugonyi and Bathe, 2001). The direct solution method typically incurs significant computational expenses. Therefore,
numerous studies have addressed membrane and cable tensile structures using partitioned methods (Gliick et al., 2003;
Wu et al., 2008; Wiichner et al., 2006). These approaches involve either the exchange of information between the fluid
domain and the structure bidirectionally (two-way simulation) or solely updating the solution of one domain based on
the outcomes obtained from the other (one-way simulation). In civil engineering structures, FSI poses a challenge
regarding the alignment of outcomes from two domains and, as a common practice, validating CFD results with wind
tunnel experiments is frequently adopted (De Nayer et al., 2018; Ortega et al., 2019; Wood et al., 2018). Additionally, an
ongoing numerical challenge in membrane analyses revolves around wrinkling phenomena (Wang et al., 2019). However,
as the present study is primarily focused on deriving pressure coefficients across the surface of tensile structures
considering FSI, aspects like wrinkling and the effects of pre-stress were not included in the investigation as a variable.
Furthermore, prestress is previously considered to obtain the geometry during the form-finding process.

The outlined procedure for the two-way partitioned FSI simulation is illustrated in Figure 3, presenting three
hierarchical iterative steps: the initial step involves the independent solution of each domain, namely CFD and CSD,
separately; the subsequent step revolves around solving the coupling process, considering convergence parameters for
both the fluid and structure and, lastly, the time discretization that advances linearly based on the time step of 0.005s
concurrently set for both the fluid and solid components.

The numerical simulation was carried out with a coupled analysis with ANSYS 2022 R2 software and the utilization
of three modules: Fluent (CFD), Mechanical (CSD), and the coupling interface (System Coupling) for exchanging results
during each iteration.
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Figure 3: Coupled 2-way methodology for FSI calculations (Badshah et al., 2020).

In the structural domain analysis, the tensile structure thickness was maintained at 1.1mm, employing material
properties characteristic of a fabric with a density of 1850kg/m?3. The Young's modulus (E) of the fabric was determined
as 500kN/m for both the warp and weft directions, considering 0.3% of prestress, while the Poisson's ratio (i) stood at
0.3. The edges of the hypars were kept fixed and rigid during the simulations for both the open and enclosed
configurations, as well as the walls for the enclosed configuration, so the only surface capable of deforming was the roof.
In addition, a nonlinear geometrical behavior of the membrane was considered, so that at each time step the stiffness
matrix was evaluated according to the new position of the neutral axis.

The fluid domain's boundary conditions and dimensions were established based on the parameters delineated in the
CFD case, as depicted in Figure 2. An unstructured mesh configuration was defined for the fluid domain, using tetrahedral
control volumes. For the structural membrane, different element types were employed based on the configurations: shell
elements were used for the structure with walls, while solid hexahedral elements were chosen for the open configuration.
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This choice allowed for the evaluation of pressure fields on both external and internal faces of the membrane and a
convergence analysis between the use of shell elements and solid elements was previously carried out. A refinement
strategy was implemented at the boundary FSI to enhance precision in modeling the boundary layer behavior. Overall, each
configuration consisted of between 250,000 and 510,000 finite volumes. The structural model encompassed over 2,500
elements, providing a detailed representation of the structural behavior under the influence of fluid forces.

3 RESULTS

The simulation results are presented in two sections: first, the distribution of the pressure coefficient (Cp) on the
surface of the hyperbolic paraboloids obtained by equation (4) is presented, with a comparison between the rigid models
and the FSI approach. Next, plots of mean Cp are shown, considering an average over a simulation period of 5 seconds
(from 5s to 10s) along the two primary axes: low corner to low corner (L-L) and high corner to high corner (H-H). In the
case of the canopy, mean net pressures are used, corresponding to the difference between the Cp of the upper face and
the Cp of the inner face. The second section of the results shows the maximum displacements in the structure during the
10-second duration of the simulation.

These sections aim to showcase the pressure distribution across the hyperbolic paraboloids, highlighting differences
between CFD on rigid models and FSI approaches, as well as demonstrating the structural behavior in terms of maximum
displacements over the simulated time frame. An initial comparison, made between simulations using CFD only on rigid
models and those reported in Colliers et al. (2020) and illustrated in Figures 4 and 5 for the wind tunnel (WT) and CFD
results from the literature, respectively. Hence, Figure 5 specifically focuses on open hyperbolic paraboloids, considering
two interfaces for the FSI analysis: the upper and lower surfaces, while the pressure coefficient distribution for wind
tunnel tests were only available for SP = 0.09 for both enclosed and open configuration presented in Figure 4.

a) Enclosed structure

WT WT
(Colliers et al., 2020) (Colliers et al 2020) (Colliers et al., 2020)

5“00 O 00
ol -l -
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Figure 4: CFD pressure coefficients comparison with wind tunnel results from Colliers et al. (2020).

CFD results on rigid models versus Cp distribution from WT tests from the literature show similarities for the
enclosed configuration. On the other hand, for the canopy, differences and the absence of a positive pressure zone are
observed in the WT results due to discretization problems. For the canopy (Figure 5), the results of CFD simulations very

Latin American Journal of Solids and Structures, 2025, 22(4), e8419 6/14



Pressure coefficient distributions on Hyperbolic Paraboloid membranes by Numerical Fluid-Structure Interaction Ricardo Maldonado-Rios et al.

closely mirror to each other in most cases, except for SP 0.35 at 45° for the upper face at 45°and lower face at 135°,
where a positive pressure zone was observed.

a) Upper face
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Figure 5: Pressure coefficients comparison with Colliers et al. (2020) for upper and lower face of canopy hypar using CFD.
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3.1 Pressure coefficient distribution by FSI

From the FSI analysis of the hyperbolic paraboloid tensile structure, the pressure field over the 10-second simulation
duration was acquired for various configurations encompassing different shape parameters and wind directions.
Specifically focusing on the configuration with walls, Figure 6 displays the distribution of Cps obtained via CFD on rigid
models and FSI at 10 seconds of simulation.

Figure 6: Pressure coefficients distribution of enclosed hypars using CFD and FSI.

The depicted behavior exhibits similarities between the rigid and flexible model simulations. However, as the
curvature of the structure increases, noticeable disparities emerge in the suction zones as a result of the obstruction of
the flow by a surface more opposed to the wind circulation (applicable in all directions). Particularly, higher absolute
values are observed in the flexible structures due to flow channels generated by membrane deformations, signifying
increased pressure differentials in these regions compared to the rigid model simulations.

For the open (canopy) configuration the distribution of pressure coefficients for CFD and FSI at 10s is presented in
Figures 7 and 8, respectively.

The distribution of Cps for the upper face of the open hyperbolic paraboloid exhibits differences that are not present
for the enclosed structure. For the highest curvature (SP 0.35) there is a drop in the Cp values on the rigid model at 45°,
while the flexible model shows alternating Cps changes starting at 3.5 s. When the direction at 90° is analyzed, the flexible
hypars present a transverse suction zone near the rear edge, whose values vary along with the membrane deformations.
This is observed in the models with shape parameters SP = 0.18, 0.27, and 0.35 (Figure 9).

The transverse "pockets" of suction for the 90° direction are still present and sway further for SP =0.18 and SP = 0.27, but
for SP = 0.35 an extensive suction zone is defined which merges with the suction zone arising from the low windward corner
(Figure 9).

Despite the extensive suction zone, the canopy with SP = 0.35 presented a stable flow for this wind direction, while
the hypars with SP = 0.18 and SP = 0.27 demonstrate an alternating flow. Even with the alternating flow, the maximum
and minimum values of Cp remained in the same range as those calculated on rigid models (CFD).

Regarding the flow velocity, the deformations have little effect on the overall wind behavior around the hypars, as shown in
Figure 10, which compares the velocity field along the domain for the different wind directions of the enclosed hypar with SP=0.35
evaluated for both rigid and flexible models. Flow separation occurs at the same locations for both methodologies and
discrepancies exist only in the leeward zone due to membrane deformations with minimal alterations in the turbulent bubble.
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Figure 7: Pressure coefficients distribution on upper face of open hypar (canopy).
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Figure 10: Comparison of velocity map on enclosed hypar with SP=0.35 at 10s simulation time.
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Figure 11: Comparison of wind velocity on open hypar with SP=0.27 at 90°.

Nevertheless, the velocity field changes for the open structure. The alternating pressure coefficients (see Figure 9)
are due to the alternating flow as shown in Figure 11, where the SP=0.27 with a wind direction of 90° presents a
fluctuating wind wake of between 1 and 3m/s compared to the unaltered flow when the rigid model is taken into account.
In addition to an alternating effect in velocity and pressure coefficients, the deformations in the structure show a
flattening of the curvature, so that the flow separation occurs smoothly and in a posterior zone of the membrane,
contrary to when the rigid model is taken into account, which causes an initial suction zone. This flattening also produces

a flow damping, so the wind velocities are lower for the flexible model.
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Figure 12: Comparison of average pressure coefficients for enclosed hypar.
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The comparison of the different methods for obtaining tensile-structure Cps is shown in Figures 12 and 13, where
the mean values obtained by CFD on rigid structures are compared to the mean Cps obtained by FSI. Mean Cps were
evaluated from a generalized deformation stabilization (from 5s onwards). The mean pressures of the two main
normalized axes are presented: from low corner to low corner (L-L) and from high corner to high corner (H-H) according
to their position according to the wind direction, namely longitudinal or transverse.

As shown in Figures 12 and 13, the general trend of the curves calculated with FSI presents higher absolute values
than those calculated on rigid membranes (CFD) and the maximum differences were found in the transverse axis of the
canopy with 29.8% variation for SP=0.09 and 27.52% for SP=0.35 to 135° (Figure 13b), as well as 22.27% for the transverse
axis from SP=0.35 to 45°. In addition, the increase in curvature implies an increase in Cp values. This statement does not
apply for the canopy SP = 0.35 at 135° where the flow shedding dampens the increase in Cps, and the highest values are
found for SP = 0.27 in both principal axes (Figure 13b).
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Figure 13: Comparison of mean net pressure coefficients for canopy.

3.2 Hypar deformations due to FSI

The maximum deformations in the membrane are presented in Table 1 for the enclosed and canopy configuration.
In canopy configuration, the deformations at 45° are like those at 135°, in the opposite direction. It is observed that the
maximum deformations occur at low curvatures, which indicates that the double curvature configuration helps in the
decrease of deformations due to wind forces, even though Cps behave in the opposite way, by increasing the magnitude
of the pressure or suction as the curvature increases.

If the simulation time grows, the deformed structure stabilizes after 5 seconds without presenting important changes
in its geometry, except for the tensile structures that present dynamic phenomena such as alternating vortices (for SP =
0.35 at 45° and 135° as for SP = 0.18 and SP = 0.27 at 90°) that produce an alternating change on the Cps (see Figure 9).

Figure 14 shows the displacements of the different tensile structures at the end of the simulation (10s), where the
importance of the curvature in the stabilization of displacements is highlighted, damping the displacements as the
curvature increases. The enclosed configuration (Figura 14a) presents deformations mainly upwards, since the
obstructions of the walls cause a generalized suction in the membrane which, for the 45° direction, bifurcates as the
curvature increases and a bulge appears between the sunken corridors for the larger curvatures. For the tensile structure
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closed at 90°, the inflated zone corresponds to the high windward corner and, to a lesser extent, the opposite high corner.
The membranes closed at 135° showed lifting in stripes in the central zone.

Table 1 Maximum hypar deformations due to FSI

Maximum deformation (m)

Shape parameter (SP) Wind direction
Enclosed structure Canopy
0.00 45° 0.41 0.26
90° 0.42 0.24
135° 0.41 0.26
0.09 45° 0.22 0.22
90° 0.27 0.07
135° 0.35 0.22
0.18 45° 0.14 0.19
90° 0.17 0.05
135° 0.20 0.18
0.27 45° 0.14 0.11
90° 0.13 0.05
135° 0.14 0.12
0.35 45° 0.14 0.09
90° 0.11 0.05
135° 0.10 0.08
SP=0.00 SP=0.09 SP=0.18 SP=0.27 SP=0.35
Displacement
[m]
0.20

0.18
oo 0.16
0.14
0.12
0.10
a)

0.08
SP=0.00 SP=0.09 SP=0.18 5P=0.27 SP=0.35

0.06
0.04
0.02
Displacement
[m]
0.10
0.09
@ n . . 0‘08
. 0404
0.03
0.02
0.01
135° 0.00
b)

0.00
0.07
Figure 14: Hypar displacements at 10s simulation time: a) Enclosed hypar. b) Canopy.

45°

20° 0.06

0.05

On the other hand, the canopy (Figure 14b) shows both uplift and subsidence zones of lesser magnitude than the
enclosed configuration. For the 45° wind direction, the membrane rises upwind, but then stabilizes until it passes the
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central zone where there is subsidence; for the 135° direction, the opposite occurs as the wind initially impacts the
membrane in a low corner. The 90° tensile-structures present a mixed effect, where upwind there is subsidence for the
low corner and uplift for the high corner. As the curvature increases, there is an alternating flow from the central zone
of the 90° open membranes as shown in Figure 9 caused by the geometry deriving a mixed flow routing.

4 CONCLUSION

The aerodynamic pressure coefficient of various configurations of full-scale hyperbolic paraboloids were determined
through numerical simulations considering a constant wind velocity of 15m/s at the inlet and varying wind directions (45°, 90°,
and 135°) and shape parameters (SP). These simulations were conducted using CFD and FSI methodologies.

The FSl analysis was executed using a two-way partitioned method. The pressure coefficients derived from both the
CFD and FSI models exhibited similar trends. However, notable differences were observed with the FSI methodology
consistently indicating higher absolute pressure values for both the open and enclosed configurations.

In addition to calculating Cps, the FSI analysis allowed the computation of membrane deformations. The analysis revealed
that the most significant deformations occurred with the smallest shape parameter (SP = 0.00). Interestingly, it was observed
that as the curvature increased, the deformations induced by wind flow decreased. However, Cp distribution exhibited an
inverse relationship with the increasing curvature. As the curvature heightened, the area exposed to the incident wind
expanded, consequently resulting in higher mean Cp values. The incident wind direction at 45° generates the highest Cps,
particularly inducing significant suction values in the structure directly upwind, where the high corner interfaces with the wind.
Conversely, in the valley region across the middle of the membrane, the highest-pressure values were observed.

In the FSI simulations, distinctive alternating vortices were observed, specifically noticeable due to the structure
geometry in open tensile configurations. These vortices manifested for SP = 0.35 at 45° and 135°, as well as for SP = 0.27
at 90°. This dynamic behavior, unique to flexible structures, stands in contrast to methodologies focusing on rigid
structures. Understanding these dynamic phenomena through FSI simulations holds significant potential in guiding the
design and development of flexible structures, thereby contributing valuable insights for the refinement of standards
and codes in this domain. The results obtained in this research on hyperbolic paraboloids are a second step towards a
better understanding of Cp behavior in this type of structures in which taking into account deformability could be used
to refine tensile membrane structures codes and standards that recommend pressure coefficient variations for hypars
with different shape parameters. For pressure coefficient distributions of hypar tensile structures with rigid models, it is
recommended to increase the Cp’s distribution values by 30% according to the differences found between rigid and
flexible methodologies to account for dynamic effects if no FSI study is available or in case a code or standard only
considers static effects. And, finally, as the results for open structures at 90° show alternating flow, fatigue testing and
maintenance of prestressed elements of connection and support elements must be present in the design of tensile-
structures, especially when dealing with open structures with the possibility of flapping due to alternating wind effects.
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