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A B S T R A C T   

With the perspective of static aeroelasticity, steady-state influences of fluid-structure interaction (FSI) on wind 
loads and responses of rectangular-planed air-supported membrane structure (ASMS) are investigated in this 
study. Steady-state FSI simulations are performed by coupling Reynolds-averaged computational fluid dynamics 
solving wind loads and static finite element analysis solving structural deformations. The feasibility of these 
simulations is validated with wind tunnel tests concerning time-averaged results. In contrast to analysis without 
static aeroelasticity, significant variations in wind pressure distributions and amplifications on structural wind 
responses due to steady-state FSI effects are observed. Subsequently, influencing factors and mechanisms of 
steady-state FSI effects are analyzed. These time-averaged effects are more significant with the increasing 
magnitude of structural wind actions, lower internal pressures and less membrane tensile stiffness. Though 
unlikely to induce irreversible effects as shell structures, the buckling of ASMS can make steady-state FSI more 
pronounced because of the coupling between stronger flow separation and larger membrane deformations. 
Accompanied with steady-state FSI, such buckling effect usually contributes to varying locations of the structural 
maximum responses and noticeable increases in response amplification factors, which deserves attentions in 
practice. Practically, it is realizable to evaluate these steady-state FSI effects above with simulations because of 
the much lower computational cost and reliable accuracy.   

1. Introduction 

As a special type of large-span structure, the air-supported mem
brane structure (ASMS) features itself by its unique way of spanning an 
enclosed space. The membrane, and usually reinforced with the cable 
net in engineering practice, is tensioned with the help of pressure dif
ferences. Such differences are usually maintained as several hundred 
pascals between indoors and outdoors by high-power air supply systems. 
ASMS originates from the early 20th century [1], and gradually gains its 
popularity because of its multiple advantages including less cost, rapid 
construction and lower carbon footprints. In recent years, ASMS has 
become an increasingly desirable option for large-span space structure 
constructions with a variety of purposes. For instance, public sports and 
exhibitions require a large-span enclosed space unaffected by harsh 

weathers, and some massive industrial facilities also need an enclosed 
zone to prevent air pollutions and other possible negative influences on 
environment. Hence, constructions of ASMS develop rapidly, and 
structural dimensions have successfully exceeded 100 m in recent en
gineering practices [2,3]. 

However, since the membrane acts as both load-bearing and clad
ding components, ASMS exhibits its noticeable sensitivity to extra loads, 
especially to wind actions. Wind-induced fluid-structure interaction 
(FSI) persists due to the lightweight and flexible nature within mem
brane. Usually referred as aeroelasticity, FSI is featured by the in
teractions among inertial forces, aerodynamic forces and elastic forces 
[4]. In detail, some phenomena involve all these three force compo
nents, such as buffeting, flutter and dynamic stability, and these are 
referred as dynamic aeroelasticity. On the contrary, other phenomena 
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only entail interactions between elastic forces and aerodynamic forces. 
These are defined as static aeroelasticity, including divergence and 
variations in load distribution. A schematic illustration of static and 
dynamic aeroelasticity is depicted in Fig. 1, with some of elements 
selected from the aeroelastic triangle of forces in the references [4,5]. 

Dynamic aeroelasticity has drawn major interests among a wide 
variety of research communities. For example, analytical approaches 
have been utilized to solve aerodynamic forces on airfoils, hence eval
uating aerodynamic stability [4]. Analytical models are used to study 
the random vibration and coupling effect between different vibration 
modes of membrane structures [6,7]. Similar concepts have also been 
successfully applied by wind engineering, as the flutter derivatives ob
tained with forced-vibration experiments can be utilized to study aero
dynamic stability of bridge decks [8]. The forced-vibration approach has 
also been adopted within aeroelastic studies concerning flow past bluff 
bodies, including circular cylinders [9–11] or square prisms [12–14]. 
Meanwhile, many aspects of FSI mechanisms related to dynamic aero
elasticity, such as vortex-induced vibrations, fluttering and galloping, 
have been explored on a variety of structures including large-span 
bridges [15,16], high-rise buildings [17–19] and cables [20,21]. Con
cerning membrane structures, a large number of researches concentrate 
on dynamic aeroelasticity [22–39]. These researches usually adopt the 
approach of analyzing the relations between structural modal motions 
and transient aerodynamic forces, which give rise to issues including 
aeroelastic instability and variations in structural modal parameters. 

In contrast, however, attentions on static aeroelasticity seems much 
less intensive. As a member of static aeroelasticity, the FSI effect on 
time-averaged wind load distributions is usually evaluated less deter
minative to structural safety compared with the dynamic counterpart, at 
least for rigid-body research objects. Nevertheless, this steady-state FSI 
effect on the ASMS deserves attentions due to the following two con
cerns. One is the coupling between structural time-averaged de
formations and wind pressures can be significant for the flexible 
membrane structures. For instance, Hincz et al. carried out wind tunnel 
tests to measure wind pressure distributions on two corresponding rigid 
models of a conical tensioned membrane structure [40]. Wind pressures 
are initially acquired with wind tunnel experiments on the first rigid 
model with the original geometry, and structural time-averaged 
wind-induced deformations are simulated with the obtained wind 
pressure distribution. Subsequently, the second rigid model with the 
deformed shape is subjected to the new wind pressure measurement test. 
Finally, remarkable differences of time-averaged wind load between the 
two rigid models have been observed. Besides, the FSI simulations on the 
saddle-shaped tensioned membrane structure performed by Sun and Gu 
have also discovered differences in mean wind pressure coefficients 
between the results with and without FSI, which is attributed to the 
altered surrounding flow distribution induced by structural de
formations [41]. Moreover, the FSI simulations by De Nayer et al. on a 

hemispherical ASMS have also discovered variations in time-averaged 
fluid pressure coefficient with increasing inflow velocities, which is 
found related to the structural wind-induced deformations [42]. Two, 
the noticeable ratio of time-averaged part within structural total wind 
responses has also underscored the importance of investigating 
steady-state FSI effects. Some experimental and numerical studies on 
ASMS have observed that the magnitudes of root-mean-square (RMS) 
values of structural buffeting responses are usually only around 10 % of 
the time-averaged counterpart [42–44]. In other words, the steady-state 
component may constitute the majority of structural total wind re
sponses for ASMS, thereby making the steady-state FSI effects 
non-neglectable when investigating the total wind-induced FSI in
fluences. Nevertheless, different from the frequently studied dynamic 
aeroelasticity, steady-state FSI influences on wind actions on ASMS have 
not been systematically investigated as yet. 

In contrast with featuring intricate mechanisms when studying dy
namic aeroelasticity, the direct way to figure out the steady-state FSI 
effect is to compare results of time-averaged wind loads and structural 
wind responses with and without FSI. Numerical simulations thus 
become a viable approach, as structural responses “without FSI” cannot 
be directly observed during aeroelastic experiments. With the develop
ment of algorithms and computational capabilities, methods simulating 
FSI effects of membrane structures have become feasible and efficient. 
Glück et al. proposed the coupling scheme to simulate FSI effects by 
combing the computational fluid dynamic (CFD) module in the fluid 
region and the finite element method (FEM) module for structural 
analysis, and information between these two modules are communi
cated with the coupling algorithm [45]. This coupling scheme has been 
further developed to enable detailed analysis on tensioned membrane 
structures subjected to wind actions [46–48]. Based on FSI simulations 
coupling isogeoemtric FEM analysis and large eddy simulation CFD with 
variational multiscale method, Zhu et al. carried out aeroelastic studies 
on low-roof structures [49]. Yang et al. performed fully-coupled FSI 
simulations on an enclosed planar tensioned membrane subjected to 
wind actions to study the mechanisms of energy transfer and aero
dynamic instability [50]. As for studies on ASMS, De Nayer et al. [42] 
implemented transient FSI simulations on a hemispherical model to 
analyze and complement the experimental findings of aeroelastic wind 
tunnel tests by Wood et al. [51], subsequently with simulations on ef
fects of gust winds on such structure [52,53]. 

These simulation methods introduced above are developed with 
motivations of simulating transient FSI effects. However, despite 
increasingly accurate solutions, implementing transient simulations on 
membrane structures with FSI effects require extremely high computa
tional effort. Still, compared with transient FSI analysis, performing 
steady-state FSI simulations is far less demanding and efficient if one 
only requires to investigate the time-averaged properties. For instance, 
Lund et al. proposed the application of the steady-state FSI simulation in 

Fig. 1. Some selected elements in the aeroelastic triangle of forces [4,5]. F: flutter; B: buffeting; Z: dynamic response; L: load distribution; D: divergence. The 
time-averaged component within part “L” (load distribution) is the research motivation of this study. 
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structural shape optimizations [54]. Yoon has developed topology 
optimization using a monolithic procedure with the stationary FSI 
scheme [55]. Maljaars et al. adopted the steady-state approach to 
develop FSI simulation methods for periodic problems [56]. López et al. 
investigated an elasto-flexible membrane blade in a non-rotating 
configuration with steady-state FSI simulations, and analyzing the dif
ferences of aerodynamic characteristics between the flexible blade and 
the rigid counterpart [57]. Using the steady-state FSI scheme, Silva et al. 
carried out topology optimization of binary structures with geometry 
trimming [58]. 

Motivated by the importance of static aeroelasticity and the feasi
bility of time-averaged FSI simulation for ASMS, this work aims to 
implement steady-state FSI simulations on ASMS subjected to wind ac
tions by coupling stationary CFD and static structural FEM analysis. 
Simulations are firstly validated by time-averaged results of wind tunnel 
tests on rigid and aeroelastic experiments. In addition, as multiple sta
tionary FSI simulations are realizable with respect to computational 
costs, a variety of simulations are carried out to study influencing factors 
and mechanisms of steady-state FSI. 

2. Simulation methods 

2.1. Structural geometry 

Rectangular-planed ASMS with length L, width B and height H are 
analyzed in this study as shown in Fig. 2. Different from the planar or 
saddle-shaped geometries, which have been frequently adopted in 
studies on tensioned membrane structures, shapes of rectangular-planed 
ASMS in this study cannot be expressed with simple analytical forms. 
Instead, structural geometries are obtained with the form-finding 
approach using FEM [59,60]. The form-finding procedures can be 
summarized as follows: (1) meshing the rectangular planar surface with 
the size of L× B; (2) transforming the planar surface into curved ge
ometry by applying upward pressures; (3) achieving the target height H 
by adjusting parameters including material properties and pressures to 
finalize the structural shape configuration. 

2.2. Setup of the CFD simulation 

Configurations of the CFD simulation are presented here, which is a 
key component within steady-state FSI simulations. The computational 
domain and mesh are shown in Fig. 3. The blocking ratios are less than 5 
% in the all numerical setup. Structured cells are generated in the 
computation domain using the software ICEM CFD 2020 R2. Three 
different types of mesh configurations are tested, and mesh sensitivity 
analysis results are presented in Table 1. Within the basic grids, the 
nondimensional wall distance y+ of the first layer mesh on the mem
brane surface is achieved around 1.0 to resolve turbulence fine scale at 
the near wall location. The coarse grids are generated by coarsen the 
basic mesh in all three dimensions. Simulation results with the coarse 

grid exhibit noticeable differences compared with the other two mesh 
configurations, and as presented in Section 3.1, results with the coarse 
grid also have obvious deviations from experimental observations. On 
the contrary, the fine grids are developed with refinements at the 
membrane surface of the basic grids along the x and y directions. Results 
of wind loads on the membrane surface suggest that simulation results 
generally remain unchanged after refining mesh based on the basic grid. 
Therefore, the basic grid configuration is adopted in this research 
because of its feasibility and efficiency. 

Since the present work focuses on time-averaged wind effects only, 
the approach employing the Reynolds-averaged Navier-Stokes (RANS) 
equations is adopted to simulate time-averaged properties of the 
incompressible air flow with turbulence [61]: 
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where ui and uí are time-averaged and fluctuating components of wind 
velocities respectively, p is the mean pressure, and the term − uʹluʹJ 
usually referred to as the Reynolds stress is solved by turbulence models. 
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where δij is the Kronecker delta function, k is turbulent kinetic energy, ε 
is turbulent dissipation rate, υt is turbulent eddy viscosity, Dk and Dε are 
dissipation terms for k and ε respectively, and Pk and Pε are production 
terms for k and ε respectively. Typical coefficients are: Cμ = 0.0845, 
σk = 0.72, σε = 0.72, Cε1 = 1.42, Cε2 = 1.68. 

CFD simulations are performed with the software ANSYS Fluent 
2020 R2 using the finite volume method (FVM), and the SIMPLE scheme 
is used for discretion of all transport equations with a second-order 
scheme. To model the atmospheric boundary layer, wind velocity and 
turbulence intensity profiles of the inlet boundary are adopted as follows 
with the type B terrain roughness in Chinese load code, which refers to 

Fig. 2. Geometry of the rectangular-planed ASMS.  
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fields and towns with sparse housing [62]. 
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Parameters for these formulas are given in Table 2. 
To satisfy profiles in Eqs. (7) and (8), turbulent kinetic energy k and 

turbulent dissipation rate ε of the inlet boundary are set as [63] 

k(z) = 1.5(Iu(z)U(z))2 (9)  

ε(z) = k(z)
3
2

l
(10) 

Here, l is the turbulence length scale. Pressure outlet condition are 
adopted at the outlet boundary. No-slip wall conditions and enhanced 
wall treatment are set for the membrane surface and ground, and sym
metrical boundary conditions are applied for the side and top bound
aries of the computational domain. 

To evaluate wind pressure distributions on the structure, the 
dimensionless wind pressure coefficient is determined as: 

Cp =
P − P0

0.5ρU2
r

(11)  

where P is wind pressure, P0 and Ur are pressure and wind velocity at 
reference height zr respectively, and ρ is density of the air. The reference 
height zr is adopted as 0.2 m. Meanwhile, dimensionless wind force 
coefficients are acquired as: 
⎧
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(12)  

where CFx, CFy, CFz are the wind force coefficients in the x, y, z directions 
respectively; Fi is the nodal wind force vector of tap i, which is derived 
from the pressure coefficient and the tributary area; and ̂ i, ̂j, k̂ are the 
unit vectors in x, y, z directions. 

Fig. 3. CFD computational setup (L× B× H= 1.2 m × 0.6 m × 0.2 m, 0◦ wind direction). (a) Top view of the computational domain; (b) Side view of the 
computational domain; (c) Top view of the mesh (basic grid). 

Table 1 
Mesh sensitivity analysis (L × B × H = 1.2 m × 0.6 m × 0.2 m, 0◦ wind direction).  

Mesh layout Coarse grid Basic grid Fine grid 

Total cell number (million) 0.85 1.92 4.31 
Grid layouts on the membrane surface 20 × 40 30 × 60 40 × 80 
Wind force coefficient along x-axis CFx 0.20 0.17 0.17 
Wind force coefficient along z-axis CFz 0.44 0.49 0.49 
Maximum wind pressure coefficient Cp,max 0.60 0.64 0.64 
Minimum wind pressure coefficient Cp,min − 1.19 − 1.27 − 1.28  

Table 2 
Constants of Eq. (7) and (8) for the scaled model and the prototype.  

Symbol Meaning Value (scaled 
model) 

Value 
(prototype) 

α Roughness index 0.15 0.15 
zg Gradient height (m) 3.5 350 
zb Truncation height (m) 0.1 10 
z10 Reference height for turbulence 

intensity (m) 
0.1 10 

U10 Wind velocity at zb (m/s) 10 30 
Iu,10 Turbulence intensity at zb 0.14 0.14  
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As this study focuses on steady-state wind actions only, Cp, CFx, CFy 
and CFz refer to time-averaged values when processing data from wind 
tunnel tests during experimental validations. Moreover, the reference 
wind velocity Ur is applied to describe variations in wind speeds in 
subsequent discussions. 

2.3. Setup of the structural analysis 

The FEM module for structural analysis is achieved by the Mechan
ical application within ANSYS Workbench 2020 R2. After importing the 
geometry, the structure is discretized into triangular membrane ele
ments, and the edge of each element is with the size around B/25. The 
fixed support boundary condition is applied on the edges of the curved 
membrane, and the internal pressure Pin is applied as the surface pres
sure on the membrane. The term “internal pressure” in this study means 
the pressure difference between the internal volume of the ASMS and the 
atmosphere. The Newton-Raphson method is applied to solve the nu
merical problem, and the geometric nonlinearity is considered within 
numerical iterations. 

2.4. Setup of the steady-state FSI simulation 

The software ANSYS Workbench 2020 R2 is used for simulating time- 
averaged FSI effects on ASMS, where information of the Mechanical 
module for structural analysis and the Fluent module for CFD is 
communicated by the System Coupling module. Within the Fluent 
module, the dynamic mesh in CFD simulation is required to achieve 
accordance between membrane movement from the FEM analysis and 
the moving boundary in the CFD computational domain. In the simu
lation, the computation mesh is updated by the diffusion-based 
smoothing method, where the mesh motion is governed by the diffu
sion equation [63]. Meanwhile, the dynamic mesh type of the mem
brane surface is set as System Coupling, and other settings of CFD 
simulations are the same as discussed in Section 2.2. Correspondingly, 
within the Mechanical module, the Fluid Solid Interface is set on the 
membrane to enable interactions with System Coupling. A brief sum
mary on FSI simulation settings is presented in Table 3. 

To illustrate the feasibility and importance of steady-state FSI sim
ulations, two computational strategies are performed and compared 
here. One strategy is the 2-way coupling simulation described above, 
which is mainly applied in this study. Another strategy is referred as the 
1-way simulation, in which wind pressures on the rigid model acquired 
by CFD are directly applied on FEM models of the membrane, without 
feedbacks of structural deformations on wind loads. The 1-way method 
is a common practice in the structural design of buildings, but as dis
cussed in the following sections, the 1-way strategy becomes inappli
cable when dealing with flexible structures subjected to noticeable 
stationary FSI effects, while the 2-way coupling strategy is still feasible. 

To determine the proper number of iteration steps between the FEM 
and CFD modules, simulation results of wind loads and structural re
sponses with different iteration numbers are presented in Fig. 4. Five FSI 
iteration steps are finally adopted, as results remain unchanged with 
further iterations. The computation is performed on the PC machine 
with AMD Ryzen 7 3700 × 8-cores CPU and 32 GB memory, and each 
case takes approximately 9.3 CPU hours, featuring its much less 
computation costs compared with transient simulations, whose time 
costs are usually at the level of 104 CPU hours [42,50]. Therefore, with 
the perspective of computational efficiency, the steady-state simulation 
is a viable option if one only requires to study the time-averaged part of 
FSI instead of the full transient results. 

Variations of the following parameters are included in the simula
tions and experimental validations: wind directions, structural geometry 
parameters L× B× H, wind velocities Ur, internal pressures Pin and 
membrane tensile stiffness Emh (Em is membrane elastic modulus and h is 
membrane thickness). The poisson ratio of the membrane is set as 0.3. 

2.5. Similarity analysis 

With the convenience in performing experimental validations, all 
steady-state FSI simulations in this study are carried out on scaled ASMS 
models. Therefore, the similarity analysis is required to evaluate the 
correspondence between models and prototypes. Several similarity pa
rameters are given with respect to tensioned membrane subjected to 
wind actions [23,64]. Since this study only concentrates on 
time-averaged properties, the following similarity rules are proposed:  

(1) Two basic similarity parameters are determined firstly: the length 
scale λB and the wind velocity scale λU with respect to the width B 
and the reference wind speed Ur. 

(2) The internal pressure scale λP: To describe the ratio between in
ternal pressure Pin and wind load, the dimensionless number 
Pin/

(
ρU2

r
)

is proposed, which should be the same for the proto
type and scaled model. Hence, the internal pressure scaling ratio 
is derived as λP = λ2

U.  
(3) The membrane tensile stiffness scale λEh is linked with the 

dimensionless number Emh/
(
ρU2

r B
)
, which describes combined 

effects of wind pressure and membrane elasticity. As such, the 
value λEh is equal to λ2

UλB. Moreover, the membrane thickness 
ratio λh = λB and the elastic modulus ratio λE = λ2

U can also be 
derived based on the dimensional harmony principle. 

Specific values of these scaling parameters above are presented in 
subsequent discussions. Within aeroelastic wind tunnel tests, not all 
similarity requirements can be fulfilled due to experimental availability 
and selected research objective. However, for all steady-state FSI sim
ulations, these scaling requirements can be all achieved by adopting 
proper parameters. 

3. Experimental validations 

3.1. Validating the CFD simulation: time-averaged wind loads on rigid 
models 

CFD simulations are verified with wind pressure distributions ac
quired by wind tunnel tests on the corresponding rigid model. Experi
ments are performed in the Joint Laboratory of Wind Tunnel and Wave 
Flume at Harbin Institute of Technology, and this closed-circuit 
boundary layer wind tunnel is with length of 25 m, width of 4 m and 
height of 3 m. The rigid model is with the size of L× B× H=1.2 m × 0.6 
m × 0.2 m, and wind profiles are as presented in Section 2.2. Wind 
pressures on the model with the 0◦ wind direction are investigated here, 
and pressure measurement taps are installed on the surface of the rigid 
model, which are connected to pressure scanning valves with sampling 

Table 3 
Computational settings of steady-state FSI simulation.  

Simulation 
part 

Configuration 

Fluid Solver: ANSYS Fluent 2020 R2 
Spatial discretion: Second-order for all transport equations 
Solving method: SIMPLE 
Boundary Condition (BC) for inlet: Velocity inlet 
BC for outlet: Pressure outlet 
BC for membrane surface and ground: non-slip wall 
BC for side and top: Symmetry 

Membrane Solver: Mechanical module in ANSYS Workbench 2020 R2 
Solving method: Newton-Raphson with geometric nonlinearity 
BC: Fixed at membrane edges 

Coupling Communication between fluid and membrane: System Coupling 
module in ANSYS Workbench 2020 R2 
CFD mesh adaption: Diffusion-based smoothing method in ANSYS 
Fluent 2020 R2  
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frequency of 625 Hz and sampling duration of 20 s. The standard error of 
the mean, defined as the standard deviation divided by the square root 
of the sample size, is calculated to evaluate uncertainties within 
measured time-averaged values. 

Fig. 5 presents comparisons of CFD simulation results and time- 
averaged wind pressures obtained from wind tunnel tests, and results 
with all the three mesh configurations in Table 1 are presented to sup
plement the mesh sensitivity analysis. Standard errors of time-averaged 
wind pressure coefficients on all measurement points are less than 5 ×
10− 3. Wind pressure distributions of both the basic and the fine mesh are 
close to the experimental results, while simulations with the coarse mesh 
are with obvious deviations, hence making available the basic configu
ration in subsequent simulations. In addition, results in Fig. 4 also ex
hibits characteristics of wind pressure distributions. Wind pressure 
forces are observed on the windward surface, and top locations of the 
model exhibit effects of obvious wind suction forces. Meanwhile, slight 
wind suction forces are also discovered on the leeward surface. As dis
cussed later, these characteristics can directly affect patterns of struc
tural wind responses. 

3.2. Validating the steady-state FSI simulation: aeroelastic wind tunnel 
tests 

The steady-state FSI simulations are verified with results of aero
elastic wind tunnel tests, with experimental methods similar to studies 
on spherical or capsule-shaped ASMS [65,66]. With the geometry of L×
B× H=1.2 m × 0.6 m × 0.2 m, the rectangular-planed ASMS aeroelastic 
model is made of PVC membrane with thickness h = 0.14 mm and elastic 
modulus Em = 16 MPa. Similarity analysis on the aeroelastic wind tunnel 

Fig. 4. Variations of wind load and structural response results with different iteration times of 2-way FSI coupling simulation. (L× B× H= 1.2 m × 0.6 m × 0.2 m, Pin 

= 100 Pa, Ur = 12 m/s, Emh = 4000 N/m). 

Fig. 5. Comparison of Cp values between wind tunnel tests and CFD simulations. (a) Cp along the x axis; (b) Cp along the y axis.  

Table 4 
Similarity parameters of the aeroelastic wind tunnel test.  

Property Theoretical 
scaling ratio 

Values 
(scaled 
model) 

Values 
(prototype) 

Actual 
scaling 
ratio 

Span B 1:100 0.6 m 60 m 1:100 
Wind velocity Ur 1:2 11 m/s 22 m/s 1:2 
Internal Pressure 

Pin 

1:4 100 Pa 400 Pa 1:4 

Membrane 
tensile 
stiffness Emh 

1:400 2240 N/m 106 N/m 1:446  
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test is provided in Table 4. The elastic modulus and thickness of the 
prototype are adopted as 1000 MPa and 1 mm respectively, which are 
realizable in practice [67]. Wind profiles of aeroelastic tests are the same 
as given in Eq. (7) and (8), with wind velocity Ur equals to 11 m/s. 

Wind induced displacements of the membrane surface are acquired 
by stereo digital image correlation (3D-DIC), which has also been 
applied in previous aeroelastic studies on ASMS [51]. Theoretical 
backgrounds of 3D-DIC have been illustrated within the reference [68]. 
The 3D-DIC system (Stereo-3D, MatchID) includes two cameras (Com
putar M2518-MPW2), an image acquisition system and the image pro
cessing software. To measure structural deformations, speckle patterns 
are drawn on aeroelastic models as in Fig. 6. Two cameras are placed at 
different angles to achieve 3D reconstruction of structural geometries 
from two planar pictures, and photos on a calibration plate have been 
utilized to acquire intrinsic and extrinsic parameters of the two cameras. 
During wind tunnel experiments, cameras are placed outside the wind 
tunnel to avoid influences of wind fluctuations on measurements. Thus, 
to acquire the deformation of all the membrane surface, measurements 
have been performed with two different configurations of camera lo
cations, and results of different locations are integrated during post
processing to obtain the full-field time-averaged deformation results. A 
single image sampling process is with the duration of 10 s and the fre
quency of 30 Hz. Each measure produces 300 pairs of photographs with 
resolution of 2592×2048. The total deformation of a single point on 
membrane surface is s =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2 + w2

√
, where u, v, w are deformations 

in the three orthogonal directions, and the time-averaged value of 
experimental results is adopted for the validations. 

Fig. 7 gives the comparisons of time-averaged structural de
formations among the aeroelastic wind tunnel test, the 1-way simulation 
and the 2-way coupling FSI simulation. Standard errors for all time- 
averaged values of measured s/B in experiments are within 1.3 ×
10− 4. Due to wind load characteristics, distribution patterns of struc
tural wind responses are similar in all three cases. The largest wind re
sponses are found on top locations due to wind suction, and obvious 
windward deformations induced by wind pressure forces. Despite some 
slight deviations, results of the 2-way coupling steady-state FSI simu
lation are close to the wind tunnel experiments, hence proving the 
feasibility of such simulation method. In contrast, noticeable difference 
persists between 2-way coupling and 1-way simulation results, high
lighting the influences of time-averaged structural deformations on 
steady-state wind loads of the ASMS with the FSI scheme. 

4. Discussions on factors influencing steady-state FSI 

After validating the feasibility of the steady-state FSI simulation 
method for analyzing wind actions on ASMS, influences of multiple 

factors on time-averaged FSI effects are investigated next, encompassing 
variations in wind direction, structural geometry, wind pressure, inter
nal pressure and membrane tensile stiffness. 

4.1. Effects of wind directions 

For simplicity, wind and structural parameters are set as the values 
given in Table 5 when discussing influences of varying wind directions 
on the steady-state FSI effect. Meanwhile, definitions of wind directions 
are shown as in Fig. 2. 

Table 6 presents variations in some of wind load parameters with 
different wind angles. Simulation results of both with and without FSI 
suggest that effects of wind action get milder as the azimuth varies from 
0◦ to 90◦ Obvious influences of FSI on the minimum Cp values are 
observed, while FSI-induced differences with respect to wind force co
efficients CFx, CFy, CFz and the maximum Cp values are relatively mod
erate. In this way, it can be presumed that the steady-state FSI effect may 
contribute to variations in wind pressure distribution patterns. 

Fig. 8 gives examples of the Cp distributions at wind angles of 0◦, 45◦

and 90◦, respectively. Differences between the 2-way coupling FSI 
simulation and the CFD-only calculation are most noticeable with 
0◦ wind angle, where the wind suction zone becomes more concentrated 
and intensive with increasing wind suction forces influences by FSI ef
fects. Despite relatively less magnitudes, the steady-state FSI effects also 
deserve attentions for the other wind directions, as the 2-way coupling 
simulations can still lead to differences from the results without FSI. 

With the FSI scheme, variations in wind pressure distributions are 
usually accompanied with changes in structural wind-induced dis
placements. As magnitudes of wind loads and structural stiffness to resist 
wind actions along the 0◦ direction are noticeably lower than those 
along the 90◦ direction for the geometry investigated here, structural 
deformations gradually get reduced as the wind angle shifts from 0◦ to 
90◦ as depicted in Fig. 9. Moreover, since larger deformations usually 
result in more noticeable FSI influences, Fig. 9 also reveals variations in 
differences of structural deformations induced by FSI effects with wind 
directions, and locations of structural maximum displacements gener
ally correspond to zones where wind pressures vary significantly as 
depicted in Fig. 8. 

Membrane strain is also an important aspect of structural responses, 
as it is directly linked to structural safety. Supposing the membrane with 
linear elasticity, the strain distribution can also provide structural stress 
information. Fig. 10 gives results of structural total strain with and 
without FSI effects, and FSI-induced strain variations are clearly 
observed at 0◦ to 45◦ on the top locations. Structural strain varies only 
slightly with the 90◦ wind direction, possibly because structural total 
stress primarily constitutes of prestress with internal pressures, while 

Fig. 6. Photos of speckled ASMS models from two cameras during aeroelastic experiments.  
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effects of the wind-induced stress are insignificant with this wind angle. 
To evaluate steady-state FSI effects on structural responses, the 

amplification factors for structural maximum wind-induced displace
ments and maximum principal strain, βs and βε are proposed as: 

βs =
smax, FSI

smax,ref
(13)  

βε =
εmax, FSI

εmax,ref
(14)  

where smax, FSI and smax,ref are structural maximum wind-induced 
displacement values with 2-way coupling and 1-way simulations 
respectively, and εmax, FSI and εmax,ref are membrane maximum principal 

Fig. 7. Comparisons of structural wind induced displacements obtained from the aeroelastic wind tunnel test, the 1-way simulation and the 2-way coupling FSI 
simulation. (a) s/B (wind tunnel tests); (b) s/B (1-way simulation); (c) s/B (2-way coupling FSI); (d) s/B along the x axis; (e) s/B along the y axis. 

Table 5 
Parameters in discussions with varying wind directions.  

Parameter Value 

Geometry L × B × H (m) 1.2 × 0.6 × 0.2 
Wind velocity Ur (m/s) 12 
Internal pressure Pin (Pa) 100 
Membrane tensile stiffness Emh (N/m) 4000 
Membrane thickness h (m) 10− 5 

Membrane elastic modulus Em (MPa) 400  

Table 6 
Steady-state FSI effects on wind load characteristics with varying wind directions.  

Wind direction CFx CFy CFz Maximum Cp Minimum Cp 

FSI CFD FSI CFD FSI CFD FSI CFD FSI CFD 

0◦ 0.21 0.17 0.00 0.00 0.49 0.49 0.64 0.64 − 1.59 − 1.29 
15◦ 0.21 0.17 0.19 0.15 0.48 0.49 0.63 0.62 − 1.57 − 1.28 
30◦ 0.18 0.15 0.29 0.23 0.47 0.46 0.61 0.61 − 1.50 − 1.21 
45◦ 0.13 0.11 0.24 0.19 0.40 0.39 0.57 0.56 − 1.47 − 1.28 
60◦ 0.11 0.10 0.18 0.16 0.30 0.30 0.60 0.59 − 1.30 − 1.14 
75◦ 0.08 0.07 0.10 0.14 0.24 0.23 0.65 0.63 − 0.93 − 0.82 
90◦ 0.06 0.06 0.00 0.00 0.21 0.20 0.66 0.64 − 0.46 − 0.40  
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strain values with 2-way coupling and 1-way simulations respectively. 
Obviously, these two factors should be identical if structures exhibit 
linear responses to extra loads. However, βs and βε are usually different 
when investigating ASMS as in this study because of noticeable geo
metric nonlinearity within membrane structures. Table 7 shows values 
of βs and βε with different wind angles. The strain amplification factor βε 
is maximum with the 0◦ wind direction, at which the steady-state FSI 
effect can increase the maximum principal strain by about 8 %. Varia
tions of βs values with wind directions are rather complex, but signifi
cant FSI-induced quantity rises in wind-induced displacements are 
observed at all wind angles with the increase of up to 21 %. Moreover, βs 
values are usually larger than βε, suggesting strain redistributions within 
ASMS due to large deformations, thereby result in reduced strain in
crements and more pronounced displacements induced by the steady- 
state FSI effect. 

These results above indicate the importance of accounting the 
steady-state FSI effect with all wind angles, especially when wind di
rection aligns with the direction at which the structure has the lowest 
stiffness. In the following sections, only cases with 0◦ direction are 
investigated because of its most noticeable FSI effects. 

4.2. Effects of structural geometry 

When discussing influences of structural geometry, parameters are 
kept same as Table 5 except the L × B × H configuration. Table 8 lists all 
analyzed geometries, including a reference configuration, three layouts 

with varying aspect ratios and three layouts with different span ratios, 
accompanied with comparisons of acquired wind loads between the 2- 
way coupling FSI and the CFD-only simulation. Differences in the CFx 
values and the minimum Cp values induced by steady-state FSI effects 
are noticeable in cases with the higher L/B values and all cases of 
varying H/B values, indicating FSI effects on structural wind pressure 
distributions. Meanwhile, FSI effects on the CFz values and the maximum 
Cp values are fairly slight for these varying geometries. 

Since structural wind loads and responses are usually maximum and 
symmetric along the x axis with the wind direction, properties only 
along the x axis are analyzed here. Cp values along the x axis with 
varying geometries are presented in Fig. 11. With variations in the 
aspect ratio, structural wind suction coefficients increase as the L/B rises 
from 1:1 to 2:1, while remain nearly unchanged when the aspect ratio 
further increases from 2:1 to 2.5:1. As for the FSI effect, differences 
between structural wind responses with and without FSI are insignifi
cant with the lowest aspect ratio 1:1. In such case, magnitudes of 
structural stiffness to resist extra loads are the same along the two 
orthogonal directions, result in the synergistic effect on enhancing 
structural stiffness. Structural deformation gets lower in this way, and 
the FSI effect also become less pronounced. By contrast, the steady-state 
FSI effect become more pronounced as L/B rises, which can be attribute 
to increasing differences of structural stiffness along the two orthogonal 
directions. It can be presumed that structural wind pressure distribu
tions may approximate results of the two-dimensional case when L/B 
increases to infinity. Depicted in Fig. 11(b), increases in structural wind 

Fig. 8. Steady-state FSI effects on wind pressure distributions with different wind directions. (a) 0◦, CFD only; (b) 45◦, CFD only; (c) 90◦, CFD only; (d) 0◦, 2-way 
coupling FSI; (e) 45◦, 2-way coupling FSI; (f) 90◦, 2-way coupling FSI. 
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pressures at windward and top locations are noticeable with rising span 
ratios, as structural geometries become blunter with higher H /B values, 
hence resulting in more intensive flow separations. Correspondingly, 
within all the four cases of varying H/B, variations in wind loads 
induced by steady-state FSI effects are also remarkable at these locations 
with noticeable wind pressures. 

Table 9 gives structural response amplification factors βs and βε with 
varying geometries, and Fig. 12 depicts wind-induced displacements 
and structural principal strain along the x axis of different geometries 
with and without FSI. The βε values obviously increase with cases of 
higher aspect ratios, which is similar with variation patterns of wind 
pressure coefficients. Nevertheless, variations of the βε values with L /B 
are rather complex due to different distribution patterns of structural 
wind responses. With aspect ratios of 1:1, 1.5:1 and 2:1, the maximum 
principal strain appears at the top center of the membrane, and higher 
FSI-induced amplification factors of structural strain are discovered. 
However, the maximum strain value is observed at the windward edge 
when the L/B is equal to 2.5:1, and the strain amplification effect dis
appears within such case. The βs value decreases with higher span ratios, 
but structural maximum wind-induced displacements have still 
increased by more than 14 % within all cases of varying H /B. Variations 
of βε values are also related to the distribution patterns of structural 
principal strain, and higher amplification of structural strain is observed 
when εmax appears at top locations. As in the following discussions, 

locations of maximum structural wind responses can play a crucial role 
in variation patterns of βs and βε values. 

4.3. Effects of wind pressures, internal pressures and membrane tensile 
stiffness 

For ASMS, membrane is tensioned by the pressure difference to resist 
wind actions. Therefore, the combined effects of wind pressure, internal 
pressure and membrane elasticity are significant for structural wind- 
resistant performances. In following discussions, 210 cases with 
different wind velocities, internal pressures and membrane tensile 
stiffness are implemented to investigate the combined influence of the 
steady-state FSI effect. Table 10 presents the simulation parameters and 
corresponding similarity analysis. Values for the span B, the wind ve
locity Ur and the internal pressure Pin are realizable for the full-scale 
structures. The lower limit of membrane elastic modulus Em for the 
prototype is less than values in practice (usually around 1000 MPa), and 
adopting this lower limit is intended to observe the more pronounced 
FSI effect. The upper limit of Em values for the prototype is much higher 
than values of the membrane in the prototype scale. However, with the 
equal-stiffness principle, a higher Em value can represent effects of cable 
reinforcements on ASMS. 

Fig. 9. Steady-state FSI effects on structural wind-induced displacements with different wind directions. (a) 0◦, 1-way simulation; (b) 45◦, 1-way simulation; (c) 90◦, 
1-way simulation; (d) 0◦, 2-way coupling FSI; (e) 45◦, 2-way coupling FSI; (f) 90◦, 2-way coupling FSI. 
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4.3.1. Influences on wind actions 
Fig. 13 presents wind load characteristics with different wind pres

sures, internal pressures and membrane tensile stiffness. Two dimen
sionless numbers, Pin/

(
ρU2

r
)

and Emh/
(
ρU2

r B
)
, are applied to describe 

combined influences of the Ur, Pin and Emh parameters. Wind load 
characteristics vary smoothly with Pin/

(
ρU2

r
)

and Emh/
(
ρU2

r B
)
, and 

hence indicating that high wind velocities, less internal pressures and 
increasing membrane flexibility can contribute to more intensive FSI 
effects. Larger magnitudes of horizontal wind force coefficients CFx and 
wind suction force coefficients are observed with lower Pin/

(
ρU2

r
)

and 
Emh/

(
ρU2

r B
)
, while variations of CFz and maximum Cp values are rela

tively milder. 
Fig. 14 presents some examples of wind pressure distribution and 

wind velocity in the xOz plane (y = 0) obtained by steady-state FSI 

Fig. 10. Steady-state FSI effects on structural strain distribution with different wind directions. (a) 0◦, CFD 1-way simulation; (b) 45◦, CFD 1-way simulation; (c) 90◦, 
CFD 1-way simulation; (d) 0◦, 2-way coupling FSI; (e) 45◦, 2-way coupling FSI; (f) 90◦, 2-way coupling FSI. 

Table 7 
Steady-state FSI effects on wind responses with varying wind directions.  

Wind direction smax/B (×10− 3) βs εmax (×10− 3) βε 

FSI without FSI FSI without FSI 

0◦ 21.6 18.6 1.16 14.3 13.2 1.08 
15◦ 21.0 17.9 1.18 14.7 13.7 1.07 
30◦ 19.7 16.2 1.21 14.4 13.3 1.07 
45◦ 15.5 12.8 1.21 13.0 12.3 1.06 
60◦ 9.9 8.5 1.16 11.5 11.4 1.01 
75◦ 4.8 4.4 1.08 10.5 10.5 1.00 
90◦ 5.2 4.8 1.08 9.8 9.7 1.01  

Table 8 
Steady-state FSI effects on wind load characteristics with varying geometries.  

Configurations L (m) B (m) H (m) CFx CFz Maximum Cp Minimum Cp 

FSI CFD FSI CFD FSI CFD FSI CFD 

Reference geometry 1.2 0.6 0.2 0.21 0.17 0.49 0.49 0.64 0.64 − 1.59 − 1.29 
Varying aspect ratio L/B 0.6 0.6 0.2 0.13 0.13 0.40 0.40 0.71 0.71 − 0.90 − 0.87  

0.9   0.17 0.15 0.45 0.45 0.65 0.64 − 1.34 − 1.18  
1.5   0.25 0.20 0.51 0.52 0.64 0.63 − 1.65 − 1.33 

Varying span ratio H/B 1.2 0.6 0.1 0.12 0.10 0.29 0.27 0.50 0.48 − 0.99 − 0.78    
0.15 0.16 0.13 0.39 0.39 0.58 0.57 − 1.31 − 1.08    
0.25 0.26 0.20 0.57 0.60 0.70 0.69 − 1.78 − 1.48  

K. Yan et al.                                                                                                                                                                                                                                     



Thin-Walled Structures 202 (2024) 112124

12

simulations. Results of the CFD-only simulation are also presented to 
serve reference, as depicted in Fig. 14(a). Fig. 14(b) is the case with both 
higher internal pressure and membrane tensile stiffness, in which slight 
FSI effects are observed compared with the rigid model. However, as the 
internal pressure decreases and the wind velocity gets higher as Fig. 14 
(c), noticeable deformations with buckling at the windward surface and 
lifting at the top locations appear on the structure, and wind suctions at 
top center are with higher magnitudes due to more intensive flow sep
arations. In this way, these effects can result in increasing wind force 
coefficients CFx and lower values of the minimum Cp values. When 
further lowering the membrane tensile stiffness as in Fig. 14(d), more 
pronounced FSI effects are observed compared with Fig. 14(c) as a result 
of larger structural deformations. 

4.3.2. Influences on wind responses 
Compared with relatively monotonic changes in wind load distri

butions, steady-state FSI influences on structural wind responses are 
more complex due to noticeable geometric nonlinearity within ASMS. 
Fig. 15(a) and (b) present results of response amplification factors βs and 
βε with varying Pin/

(
ρU2

r
)

and Emh/
(
ρU2

r B
)
. Steady-state FSI effects can 

contribute to the increases of structural maximum wind-induced dis
placements and principal strain by up to 64 % and 17 %, respectively. It 
deserves attention that compared with wind load parameters, the βs and 
βε values do not change with the two dimensionless numbers mono
tonically, which can be explained by varying locations of structural 
maximum responses. 

Figs. 16 and 17 give two examples with different locations of 

structural maximum wind responses. For Fig. 16, the internal pressure is 
sufficient to maintain the original structural geometry when subjected to 
wind actions. Despite obvious displacements in the windward zone, the 
maximum wind-induced displacement occurs at the top center. Mean
while, the principal strain distribution is relatively uniform for the 
example in Fig. 16, where the εmax appears at the windward edge. With 
respect to the steady-state FSI effect, the structural maximum wind- 
induced displacement increases by 12 % when considering FSI, and 
the maximum principal strain remains nearly unchanged. 

However, structures with lower internal pressures exhibit quite 
different wind response characteristics due to varying locations of 
structural maximum responses. Within the case displayed in Fig. 17, the 
internal pressure is obviously lower than the wind pressure. Hence, the 
structure experiences significant deformations at windward locations, 
contributing to noticeable FSI effects. Similar to the case depicted in 
Fig. 14(c), the ‘caving’ of windward surface and the lifting top zone can 
remarkably modify the wind pressure distribution, and the structural 
maximum wind-induced displacement has increased by 50 % when 
considering FSI. Moreover, the principal strain distribution also be
comes uneven with lower internal pressures. εmax appears at the top 
center location, and the steady-state FSI effect has contributed to the 
increase of structural strain by up to 15 % compared with results of the 
1-way simulation. 

As further illustrations, Fig. 18 displays the locations where struc
tural maximum deformation or strain occurs within all cases of Fig. 15, 
which are expressed with the x-coordinate. Distinct straight-line 
boundaries are observed in Fig. 18, separating datapoints into 

Fig. 11. Cp values along the x axis with varying geometries acquired by 2-way coupling FSI and CFD-only simulations. (a) Varying L/B; (b) Varying H /B.  

Table 9 
Steady-state FSI effects on wind responses with varying geometries.  

Configurations L (m) B (m) H (m) smax/B (×10− 3) βs εmax (×10− 3) βε 

FSI without FSI FSI without FSI 

Reference geometry 1.2 0.6 0.2 21.6 18.6 1.16 14.3 13.2 1.08 
Varying aspect ratio L/B 0.6 0.6 0.2 7.1 6.7 1.05 10.6 10.3 1.02  

0.9   14.7 13.0 1.13 15.7 14.4 1.09  
1.5   23.9 20.7 1.16 14.4 14.4 1.00 

Varying span ratio H/B 1.2 0.6 0.1 11.9 9.7 1.23 17.5 16.9 1.03    
0.15 16.2 13.8 1.18 14.6 14.4 1.02    
0.25 27.5 24.2 1.14 17.6 16.2 1.09  
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subgroups in which the maximum response occurs at windward or top 
locations. The boundary line can be obtained by regressions using sig
moid functions: 

f̂
(

Pin

ρU2
r
,

Emh
ρU2

r B

)

=
1

1 + exp
[

a0 + a1ln
(

Pin
ρU2

r

)

+ a2ln
(

Emh
ρU2

r B

)] (15) 

The fitting function f̂
(

Pin
ρU2

r
, Emh

ρU2
r B

)

is expected to approximate the in

dicator function f
(

Pin
ρU2

r
, Emh

ρU2
r B

)

. Referring to Fig. 18, f is empirically set as 

0 where xmax/B is less than − 0.25, and as 1 for other data points. The 
parameter set (a0, a1, a2) can thus be obtained by fitting f̂ to f using the 
minimum least square approach, and the boundary line is obtained as 

a0 + a1ln
(

Pin
ρU2

r

)

+ a2ln
(

Emh
ρU2

r B

)

= 0, with expressions in both subfigures of 

Fig. 18. This boundary line can also provide insights into the complex 

Fig. 12. Wind induced deformation and structural strain along the x axis with varying geometries acquired by 2-way coupling FSI and 1-way simulations. (a) Wind- 
induced deformation (varying L/B); (b) Structural strain (varying L/B); (c) Wind-induced deformation (varying H/B); (d) Structural strain (varying H /B). 

Table 10 
Parameters and similarity analysis on simulations with varying wind velocities, 
internal pressures and membrane tensile stiffness.  

Property Scaling 
ratio 

Values (scaled 
model) 

Values (prototype) 

Geometry L × B × H 1:100 1.2 m × 0.6 m ×
0.2m 

120 m × 60 m × 20 
m 

Wind velocity Ur 1:2 6~18 m/s 12~36 m/s 
Internal pressure Pin 1:4 50~300 Pa 200~1200 Pa 
Membrane tensile 

stiffness Emh 
1:400 (0.1~6.4) × 104 

N/m 
(0.4~25.6) × 106 

N/m 
Membrane thickness h 1:100 10− 5 m 10− 3 m 
Membrane elastic 

modulus E 
1:4 100~6400 MPa 400~25,600 MPa  
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variation patterns of βs and βε shown in Fig. 15. Compared with the 
uneven patterns of all the dataset, βs and βε values vary relatively 
smoothly with the Pin/

(
ρU2

r
)

and Emh/
(
ρU2

r B
)

values at each side of these 
boundaries. Moreover, boundary within the two subfigures are different, 
and a noticeable finding is that the case of 0◦ wind direction presented in 
Figs. 9 and 10 (i.e., Pin/

(
ρU2

r
)
= 0.57, Emh/

(
ρU2

r B
)
= 37.8) is an inter

mediate scenario between results in Figs. 16 and 17, where the location 
belong to the maximum displacement is in Zone II, while the point 
corresponding to the max strain occurs in Zone I. 

These discussions on variations in wind pressures, internal pressures 
and membrane tensile stiffness presented above involve two aspects of 
the steady-state FSI effects on ASMS: (1) structural deformations 
induced by the difference between the wind pressure and internal 
pressure, for example, the ‘caving’ at windward locations; (2) structural 
expansion when the membrane tensile stiffness value becomes 
extremely low. Though theoretically instructive, the latter part seems 
less significant in engineering practice, as the membrane of the full-scale 
structure is normally with high tensile stiffness. However, effects of the 
first part deserve attentions in the wind-resistant design. The disparate 
wind response patterns above are similar to the buckling of shell 
structures, as structural load-displacement relation varies significantly 

when extra load exceed certain values. The buckling has also been 
observed some studies on ASMS, as the windward surface caves in as 
wind pressures get higher than internal pressures [1,69]. Buckling 
usually leads to irreversible deformations and even structural failure 
when referring to shell structures. In contrast, it seems that the buckling 
in ASMS is unlikely to result in irreversible effects, as the air supply 
system and membrane geometric nonlinearity enable the real-time 
adjustment of structural stiffness in response to extra loads. Neverthe
less, as depicted in Fig. 14, structural deformations lead to increased air 
separation and stronger wind actions when buckling occurs. Thus, 
steady-state FSI can still contribute to more pronounced amplifications 
of structural wind responses and uneven distributions of structural strain 
or stress. With the perspective of engineering application, even 
high-power air-supplying systems of ASMS can increase structural wind 
resistance by applying higher internal pressures, wind pressures can still 
eventually exceed the capacity of these facilities if an extremely harsh 
weather occurs. The buckling thus appears, and attentions should be 
paid to the amplification of time-averaged wind responses due to FSI. It 
should be remarked that the computational costs of carrying out 
steady-state FSI simulations are much less than the transient counter
parts, enabling easy applications of these simulations in practice if one 

Fig. 13. Effects of Pin/
(
ρU2

r
)

and Emh/
(
ρU2

r B
)

on wind loads acquired by steady-state 2-way FSI simulations. (a) Wind force coefficient along x-axis CFx; (b) Wind 
force coefficient along z-axis CFz; (c) Max wind pressure coefficient Cp,max; (d) Min wind pressure coefficient Cp,min.
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concerns the time-averaged response only. 
Before concluding this study, some discussions are required on the 

applicability of the steady-state FSI simulation method. Based on pre
vious aeroelastic wind tunnel studies [25,43,44], both aeroelastic 
instability and buffeting patterns of wind responses have been observed 
on ASMS. When aeroelastic instability appears, significant dynamic 
aeroelasticity effects might result in extra modifications on 
time-averaged wind actions, and the steady-state FSI simulation seems 
inapplicable because of its time-averaged approach. However, by 
referring material properties of ASMS in practice, air-supported mem
brane structures in engineering applications are usually with much 
higher stiffness. Hence, combining aeroelastic experiment results and 
similarity analysis, aeroelastic instability is unlikely to occur for ASMS 
at the prototype scale. In this way, ASMS exhibits the buffeting pattern, 

and the coupling between time-averaged and fluctuating components of 
wind actions becomes much less significant. Thus, the steady-state FSI 
simulation is still reliable for ASMS structures in practice. 

5. Concluding remarks 

With the perspective of static aeroelasticity and motivated to 
investigate the time-averaged part of wind-induced FSI effects on the 
air-supported membrane structure (ASMS), this work carries out steady- 
state FSI simulations to obtain wind loads and responses with the case of 
rectangular-planed configuration. Coupling the steady-state CFD and 
FEM modules, the computational inexpensive steady-state FSI simula
tions have been performed and successfully validated with aeroelastic 
wind tunnel experiments. Results have underscored the necessity of 

Fig. 14. Time-averaged Cp distributions and wind velocities in the xOz section obtained with CFD or steady-state 2-way FSI simulations. (a) The rigid model without 
FSI effects; (b) Pin/

(
ρU2

r
)
= 1.42, Emh/

(
ρU2

r B
)
= 151.2; (c) Pin/

(
ρU2

r
)
= 0.13, Emh/

(
ρU2

r B
)
= 67.2; (d) Pin/

(
ρU2

r
)
= 0.13, Emh/

(
ρU2

r B
)
= 4.2. 
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Fig. 15. Influences of Pin/
(
ρU2

r
)

and Emh/
(
ρU2

r B
)

on FSI-induced wind response amplification factors. (a) Displacement amplification factor βs; (b) Strain ampli
fication factor βε.

Fig. 16. Structural wind response distributions with Pin/
(
ρU2

r
)
= 0.63, Emh/

(
ρU2

r B
)
= 16.8 (βs = 1.12, βε = 0.98). (a) Wind-induced displacements (without FSI); (b) 

Principal strain (without FSI); (c) Wind-induced displacements (with FSI); (d) Principal strain (with FSI). 
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Fig. 17. Structural wind response distributions with Pin/
(
ρU2

r
)
= 0.13, Emh/

(
ρU2

r B
)
= 67.2 (βs = 1.50, βε = 1.15). (a) Wind-induced displacements (without FSI); (b) 

Principal strain (without FSI); (c) Wind-induced displacements (with FSI); (d) Principal strain (with FSI). 

Fig. 18. Effects of Pin/
(
ρU2

r
)

and Emh/
(
ρU2

r B
)

on locations of structural max wind responses. (a) x coordinate of the smax location; (b) x coordinate of the 
εmax location. 
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accounting the steady-state FSI influences on wind action, as amplifi
cations of structural wind pressure, wind-induced displacement and 
principal strain are observed when comparing with 1-way simulation 
results. 

After validating the feasibility and necessity of performing steady- 
state FSI simulations, factors influencing steady-state FSI effects are 
investigated. Amplification effects of FSI on steady-state wind loads and 
structural responses are more noticeable when structural stiffness to 
resist wind actions gets lower, as discovered on cases with the 0◦ wind 
direction, lower aspect ratios, larger span ratios, less internal pressures 
and reduced membrane tensile stiffness. Moreover, as ASMS is charac
terized by combined influences of wind pressures, internal pressures and 
membrane tensile stiffness, effects of two nondimensional numbers, Pin 

/
(
ρU2

r
)

and Emh/
(
ρU2

r B
)
, are investigated. Wind load characteristics 

vary smoothly with these two numbers, while variations of FSI-induced 
wind response amplification factors are rather complex. Steady-state 
FSI-induced amplification effects on structural wind responses are 
more pronounced when the buckling at windward surface occurs, usu
ally observed on cases with insufficient internal pressures. 

The contribution of this study is to highlight the importance of 
steady-state FSI for ASMS subjected to wind actions. On the one hand, 
amplifications on structural time-averaged wind responses induced by 
static aeroelasticity should be considered in practice, especially during 
harsh conditions where wind pressures are comparable or even larger 
than internal pressures. On the other hand, these amplification effects 
can be easily solved using steady-state FSI simulations with realizable 
computational efforts, while preserving reliable accuracy with respect to 
time-averaged component of wind actions. 
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