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Abstract: The membrane structure or membrane roofing system is lightweight and flexible, with 

wind being the primary cause of structural and membrane material failure. To evaluate the disaster 

prevention and mitigation capacity of the membrane roofing system and enhance the wind disaster 

risk management capabilities, this paper studies the exceedance probability evaluation method for 

different wind resistance requirements of membrane roofs. Taking Hangzhou in China as an exam-

ple, the design wind speed risk curve fi�ed by polynomial is obtained by referring to the PEER 

performance-based seismic design method and considering the randomness of the wind field. A 

polynomial fi�ing method is employed to obtain the design wind speed hazard curve. Considering 

the nonlinear characteristics of the membrane roof structure, the relationship between the roof’s 

wind resistance requirements (vertical displacement limits) and wind speed spectrum values is ap-

proximated using a power function. An annual average exceedance probability expression is de-

rived for different normal deformation demand values of the membrane roofs under wind load. 

Based on this, a wind resistance probability evaluation method for membrane roofs considering 

aerodynamic stability is proposed, along with specific steps and related analytical formulas. The 

results indicate that polynomial fi�ing provides an effective simplification for deriving the annual 

average exceedance probability expression for the wind resistance demand of membrane roofs. The 

performance-based wind resistance probability evaluation method allows for obtaining exceedance 

probability values for different displacement requirements with minimal structural analysis, which 

enriches the wind resistance design theory of membrane roofs and further ensures the structural 

safety of tension membrane roofs under wind load. 

Keywords: membrane roofing system; probabilistic evaluation; wind-resistant design; wind speed 

spectrum hazard curve; aerodynamic stability 

 

1. Introduction 

In the field of architecture engineering, membrane structures are aesthetically pleas-

ing, highly translucent, environmentally friendly, and energy-efficient. So they are widely 

used in large public facilities such as sports stadiums, parking lots, and exhibition halls. 

Membrane structures or membrane roofing systems are lightweight and flexible. “Light-

weight” refers to the low mass of the membrane material, making it susceptible to vibra-

tion when subjected to external disturbances, with wind loads typically being the primary 

controlling load. “Flexible” indicates that the stiffness of the membrane material is low, 

and the stiffness of the membrane surface is derived from the initial tension, which leads 

to the large vibration deformation of the membrane structure under wind load. The seis-

mic effects on membrane structures can generally be neglected due to their lightweight, 

while wind loads typically play a controlling role. Therefore, the study of the dynamic 

response characteristics of membrane structures cannot ignore the effects of wind load, as 

wind is a main cause of the damage of structures and membrane materials [1–4]. In recent 
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decades, there have been many damage examples of membrane structures under wind 

load. In 2003, the membrane roof of Guangzhou Yihe Villa was torn in a summer typhoon 

rainstorm. In 2004, the membrane roof of the stadium stands at Wenzhou University was 

completely destroyed by a typhoon. In 2012, the membrane roof of the Pinghu Gymna-

sium in Jiaxing, Zhejiang province, was torn up in Typhoon Haikui. On 10 November 

2013, the famous landmark building in Sanya, Hainan, China—”The Beauty Crown”—

was topped by a strong typhoon. On 18 February 2022, a storm hit the Isle of Wight in the 

United Kingdom, leading to the tearing of the membrane roof of the O2 Arena in London 

(formerly known as the Millennium Dome). The structural damage to these buildings re-

sulted in huge economic losses. Numerous post-disaster investigations [5–9] have shown 

that strong wind can cause serious damage to the roof systems of structures and even lead 

to the collapse of the main structure. With the frequent occurrence of typhoons, the wind 

damage loss of membrane structure in coastal areas of China is bound to increase further. 

Of course, many scholars pay a�ention to the research of the main structure (including 

materials), which makes the structure more stable and high-performance in various envi-

ronments [10,11]. 

In order to provide the basis and reference for disaster prevention and mitigation 

capacity evaluation of membrane structures and post-disaster government emergency re-

sponse work, so as to improve the ability of wind disaster risk prevention and control, it 

is necessary to carry out in-depth research on their wind resistance performance evalua-

tion. Performance-based structural design methods are derived from research on struc-

tural seismic methods in the 1990s [12]. In 1996, Collins, K.R. [13] proposed a performance-

based structural design method, defining the “performance objective” as the probability 

of exceeding a given performance level. The Pacific Earthquake Engineering Research 

Center (PEER) in the United States evaluated seismic design based on structural perfor-

mance objectives, expressing structural performance objectives through the annual mean 

probability of exceeding a limit state. This method includes seismic hazard analysis, struc-

tural hazard analysis, and structural loss analysis, incorporating four corresponding pa-

rameters: intensity measure (IM) of ground motion, engineering demand parameter 

(EDP), damage measure (DM), and decision variable (DV) [14]. In 2003, F. Jalayer [15] 

applied the total probability theory and regression analysis method to derive the simpli-

fied calculation formula of the average annual exceedance probability corresponding to 

each limit state by simplifying the model. 

Besides earthquake action, the wind load endured by structures also exhibits stochas-

tic characteristics. For super high-rise buildings, flexible long-span roofs, and membrane 

structures, where the structural stiffness is relatively low and exhibits significant flexibil-

ity, wind load becomes the controlling load. Under wind loads, the response of the struc-

ture needs to be controlled within a certain range to meet the different functional require-

ments, such as vibration acceleration control to meet the comfort requirements or vibra-

tion displacement control to meet the structural safety. The wind field consists of mean 

wind and fluctuating wind, with the fluctuating component having obvious stochastic 

characteristics. Therefore, the study of wind-induced dynamic responses of membrane 

structures mainly used stochastic vibration and dynamic reliability theory [16]. In 2006, 

Zhang Linlin et al. [17] used numerical simulation techniques combined with the proba-

bility density evolution method to obtain the probability density function of structural 

fluctuating wind vibration displacement response and conducted wind resistance relia-

bility analysis. In 2013, Liu Xiaoting proposed a fuzzy reliability design method applicable 

to different comfort requirements for high-rise structures [18]. In 2017, Feng Yuan im-

proved the evaluation standard of wind resistance comfort of high-rise buildings through 

numerical simulation, wind tunnel tests, and field measurements and conducted wind 

resistance reliability analysis for such structures [19]. In 2018, Yang Chun et al. took a 

wind-sensitive high-rise structure as the research object to assess the reliability of wind-

induced comfort based on the peak acceleration response of the structure’s top under 

wind loads of different recurrence periods [20]. In 2024, Tan Chunyuan et al. analyzed the 



Buildings 2024, 14, 3725 3 of 26 
 

stochastic dynamic response of the transmission tower-line system considering aeroelastic 

effects using the probability density evolution theory. Finally, they applied the concept of 

equivalent extreme value to establish the failure criterion of the transmission tower-line 

system under wind load and performed a refined wind resistance reliability analysis [21]. 

Comparatively, the theory of performance-based structural wind-resistant design is 

still in the initial development stage. In 2004, Paulo�o et al. proposed the concept of per-

formance-based wind engineering [22]. In 2006, Augusti et al. proposed the performance-

based wind-resistant design method (PBWE) by referring to PEER performance-based 

seismic design method and used this method to design the wind resistance of a pedestrian 

bridge [23,24]. In 2008, Petrini et al. applied the PBWE method to the wind-resistant design 

of hangers in suspension bridges [25]. In 2009, John et al. conducted performance-based 

wind-resistant design for wood frame structures [26]. Petrini et al. established a probabil-

istic analysis framework for performance-based wind-resistant design [27]. Zhou Yun et 

al. established the theoretical framework of performance-based wind resistance design 

according to the characteristics of wind pressure distribution in mainland China and ob-

tained the multi-level design wind pressure value and multi-level wind resistance perfor-

mance level target suitable for China;[28]. In 2013, He Minjuan et al. applied the PBWE 

method to performance-based wind-resistant design for tall structures [29]. In 2014, 

Huang Guoqing et al. proposed a probabilistic evaluation method for wind damage to 

roof coverings based on wind tunnel test data [30]. In 2016, studies were conducted on the 

damage evaluation of wind-induced roof coverings both with and without consideration 

of wind speed variability [31]. Subsequent studies in 2018 examined the wind-induced 

vulnerability of roofs considering wind load correlation based on Copula functions [32]. 

In 2022, Li Zhengliang et al. carried out a vulnerability analysis of standing seam roof 

systems based on multiple performance levels, effectively predicting damage states, fail-

ure probability, and wind resistance capacity of these systems [33]. In 2023, Zhang Hao et 

al. researched the impact of door and window system failures on roof failures in low-rise 

cold-formed thin-walled steel structures under wind loads [34]. In 2024, Wu Fengbo et al. 

proposed a comprehensive wind-induced vulnerability analysis method of light steel 

structures to systematically consider wind-induced losses of both the main structure and 

the envelope system [35]. 

Based on the performance-based seismic design method, a probabilistic assessment 

method for wind-resistant design of membrane roofs considering aerodynamic stability 

is established in this paper. The rational design parameters obtained from the study of the 

membrane roof model are used to take the values of geometric parameters and pre-ten-

sions to prevent the occurrence of aeroelastic instability. The stochastic characteristics of 

wind speed at a specific site are considered, with the mean wind speed assumed to follow 

the Gumbel distribution and the fluctuating wind speed modeled as a zero-mean station-

ary Gaussian random process. The derivation method for the closed-form expression of 

the mean annual exceedance probability for structural seismic limit states by F. Jalayer is 

referenced, and appropriate assumptions are made to obtain the calculation expression 

for the mean annual exceedance probability of wind resistance for membrane roofs. Based 

on this, a probabilistic wind resistance evaluation method for membrane roofs consider-

ing aerodynamic stability is proposed, and specific steps and relevant analytical formulas 

for this evaluation method are provided so as to further ensure the structural safety of 

membrane roofs under wind load. 

2. Wind Hazard Analysis 

2.1. Uncertainty Factors 

In the study of probabilistic wind-resistant design, it is essential to identify the un-

certainty factors present in structural wind engineering. Petrini categorized the uncertain-

ties in structural wind engineering into two types: wind uncertainties and exchange re-

gion uncertainties [27,36]. Wind uncertainties, denoted by parameter α, are independent 
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of the structure and pertain to the randomness in the wind field, including the stochastic 

nature of mean wind, fluctuating wind, and site-specific uncertainties. Exchange region 

uncertainties, represented by the independent parameter γ, involve the randomness in the 

physical parameters of the structure affected by non-wind-related environmental factors. 

Additionally, the uncertainties arising from the interaction between the wind field and the 

structure are represented by the derived parameter β. Consequently, the function of un-

certainty parameters in structural wind engineering can be expressed as ( , , )   . To 

simplify the derivation process, this study focuses solely on the influence of stochastic 

wind field parameters, excluding random structures, so the conditional probability rela-

tionship among the three parameters is as follows: 

( ) ( )

( , , ) ( ) ( )

P P

P P P

  

     



 
 

2.2. The Probabilistic Model of Wind Fields 

For wind-resistant design, it is essential that the design extreme wind speeds for dif-

ferent recurrence periods at the site are reasonably provided, as this forms the basis and 

prerequisite for accurate design [37]. Since extreme wind speeds involve probabilistic cal-

culations, their statistical probability density function and distribution function must be 

obtained. For the probabilistic modeling of annual extreme wind speeds, three types of 

distributions are typically considered: the Gumbel distribution, the Frechet distribution, 

and the Weibull distribution. Initially, annual extreme wind speeds were believed to fol-

low the Frechet distribution. However, increasing research has demonstrated that annual 

extreme wind speeds align more closely with the Gumbel distribution. Currently, the cal-

culation of design wind speeds generally involves fi�ing annual maximum wind speeds 

with the Gumbel distribution, after which a design wind speed suitable for engineering 

use is provided under a certain reliability level [38]. 

The “Unified Standard for Reliability Design of Building Structures” (GB15112-

10384) [39] in China adopts this method for analyzing the wind load of the site. In this 

approach, long-term statistical samples of local wind speeds are required, with at least 30 

years of wind speed observation records typically considered necessary. It is also assumed 

that the annual maximum wind speeds are independent, stationary, and conform to the 

Gumbel distribution [39]. Therefore, the annual mean maximum wind speed at the site is 

fi�ed using the Gumbel distribution in this paper, with its probability distribution func-

tion expressed as, 

( ) exp( exp( ( ) / ))F x x     

 

(1)

where   and   are scale parameters and position parameters, respectively, and the re-

lationship with the mean   and variance 
2  of the Gumbel distribution is calculated 

as follows: 

2 2
2
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where, 0.57722   is the Euler constant. 

Then, 
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x
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The estimated values ̂   and ̂   of parameters    and    can be obtained from 

Equations (2) and (3) as follows: 

2.4495
ˆ =

ˆ 0.45005

x

x

S

X S








  
 

(4)

Currently, the annual maximum wind speed V10 at a height of 10 m is used as the 

statistical sample for wind speed across various regions in China [40]. The probability 

distribution function is wri�en as follows: 

10 10( ) exp( exp( ( ) / ))F V V     
 (5)

Substituting Equation (4) into Equation (5), yields the following: 

10
10

( 0.45005 )
( ) exp( exp( ))

2.4495
x

x

V X S
F V

S


   
 


 

(6)

The design maximum wind speed Vm for a design return period T0 is as follows: 

 0

2.4495
0.5772 ln lnm xV X S P


      

 
(7)

where
0

0

1
1 1P

T
   

 and   represent the mean annual exceedance probability, and

0

1

T
 

. 

The mean annual exceedance probability corresponding to the design maximum 

wind speed mV  is as follows: 

 
( 0.45005 )

1 exp exp
2.4495

m x
m

x

V X S
V

S





  
     

    
   

    

(8)

For engineering structures, wind speed is generally represented by wind pressure. 

The “Load Code for the Design of Building Structures” GB50009-2012 [40] lists wind pres-

sure values w  for different regions in China, corresponding to return periods of 10, 50, 

and 100 years. Then, the design maximum wind speed mV  can be derived. For instance, 

in Hangzhou, the basic wind pressure for a 10-year return period is 0.25 kN/m2, for a 50-

year return period is 0.40 kN/m2, and for a 100-year return period is 0.45 kN/m2. Using 

Bernoulli’s equation yields the following: 

21

2
aw V mv C 

 
(9)

where aw V
 is the static pressure energy. Dividing both sides of Equation (9) by V yields 

the following: 

2
1

1

2
aw v C 

 

The wind pressure per unit area provided by the wind speed of a free airflow can be 

expressed as follows: 
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2 21 1

2 2
w v v

g


 

 

where 

w is the wind pressure; 

ρ is the air density; 

v is the wind speed. 

The above equation is the commonly used relationship between wind speed and 

wind pressure. In Chinese regulations, the coefficient is taken as 1/1600. Thus, we obtain 

the following: 

1600V w  (10)

From Equation (10), the maximum design wind speeds for Hangzhou, China, with 

return periods of 10 years, 50 years, and 100 years can be calculated as 
(10) 20.00m/smV 

, 

(50) 25.30m/smV 
, and 

(100) 26.83m/smV 
, respectively. By substituting these wind 

speed values into Equation (5), the mean value =14.591m/sX  and standard deviation 

=4.115m/sxS   of 10V
  for Hangzhou can be determined. These calculated mean and 

standard deviation values can then be substituted into Equation (6) to obtain the mean 

annual exceedance probability curve for the corresponding design maximum wind speed, 

which is the maximum design wind speed hazard curve: 

 
( 12.74)

1 exp exp
3.21

m
m

V
V

    
    

    
(11)

Applying the least squares method, the curve drawn from Equation (11) is approxi-

mated using a fifth-degree polynomial. The resulting fi�ing function, as shown in Figure 

1, is calculated as follows: 

  2 3 4 5
0 1 2 3 4 5x c c x c x c x c x c x      

 
(12)

where 

0 1 2 3 4

6
5

1.52, 0.4042, 0.0486, 0.003117, 0.0001027,

1.357 10

c c c c c

c 

      

  
 

 

The fi�ing model is analyzed by variance, and the sum of squares R2 is used to eval-

uate the fi�ing effect of the fi�ing function. R2 value closer to 1 indicates a be�er fit [41]. 

The analysis yielded an R2 value of 0.99617 for the fifth-order polynomial fi�ing, which is 

very close to 1, demonstrating an excellent fi�ing performance. 
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Figure 1. Annual average wind speed hazard curve. 

2.3. Stochastic Characteristics of Wind Speed 

Based on extensive wind speed measurement records and time series analysis, it has 

been found that, if the severe non-stationary segments near the initial stage are discarded, 

the wind can be approximated as a nearly stationary random process. Therefore, fluctuat-

ing wind is often considered a zero-mean Gaussian stationary random process with er-

godic properties. Its statistical characteristics can be described by several methods, such 

as the power spectral density function. In structural wind resistance, the Davenport spec-

trum is commonly used to represent the self-power spectrum of longitudinal horizontal 

fluctuating wind speed [42]. According to more than 90 strong wind records measured at 

different places and heights around the world, and assuming that the turbulence integral 

scale L is a constant value of 1200 m, Davenport established the empirical formula of the 

pulsating wind speed spectrum as follows [43]: 

 
2

2
102 4/3

4

(1 )
v

Kf
S V

f





  

(13)

where 10

1200
f

V




 and   are the frequency of the fluctuating wind; K is the surface 

roughness coefficient that varies with different terrain conditions. Davenport, based on 

field measurements, summarized the K values for various sites, as shown in Table 1 [44]. 

Table 1. Summary of measured site K values of Davenport. 

Surface Type River Bay Open Land 
Low Trees at 10 m 

Height 
Town Bustling City 

K 0.003 0.005 0.015 0.030 0.050 

Unfortunately, the values provided in Table 1 have limited practicality. The paper 

“Calculation Formula for the Coefficient K in the Davenport Spectrum and Its Engineering 

Application” derived the calculation formula for the wind speed spectrum based on ran-

dom vibration theory and China’s load code. It established a relationship between the 

surface roughness coefficient and the ground roughness index  , as follows: 

3.6( 0.16)

2

1
3.5

6 8.8
K   

  
(14)



Buildings 2024, 14, 3725 8 of 26 
 

According to the “Code for Design of Building Structures Load” (GB50009-2012), the 

K values corresponding to the four types of terrain in China are shown in Table 2. 

Table 2. K values of four geomorphologic types in China. 

Geomorphologic Types A B C D 

  0.12 0.15 0.22 0.30 

K 0.00129 0.00206 0.0046 0.0129 

Since the crosswind and vertical fluctuating wind speed spectra are much smaller 

than the longitudinal wind speed spectrum [45], the influence of vertical and crosswind 

fluctuating wind speeds is not considered in this study in order to simplify the calcula-

tions. 

Commonly used methods to simulate the time history of fluctuating wind speed in-

clude the AR method and the WAWS method [46]. Both methods can simulate multiple 

related wind speed time histories. The AR method is widely used due to its advantages, 

such as high computational efficiency [47,48]. Therefore, this paper adopts the AR method 

for wind speed time series simulation. The AR model converts a random white noise series 

with a mean of 0 into a stationary random process with specified spectral characteristics 

through linear filtering. 

The system gain is defined as G, and the system function H(z) is calculated as follows: 

1

( )

1
p

i
i

i

G
H z

a z






 

(15)

Assuming that the output x(n) is excited by white noise w(n), the time-domain ex-

pression of the model can be wri�en as follows: 

1

( ) ( ) ( )
p

i
i

x n a x n i Gw n


  
 

(16)

The recursive relationship for the AR (Autoregressive) model is as follows: 

1

2

1

( ), 1, 2, ,

( )

( ) , 0

p

i x
i

x p

i x
i

a R m i m p

R m

a R i G m






  


 
   








 

(17)

Under the premise of meeting engineering accuracy requirements, the following as-

sumptions are made for the wind speed time series [43,49]: 

The mean wind speed at any point is independent of time. 

The fluctuating wind speed time series is a zero-mean stationary random process. 

The wind speed time series exhibits spatial correlation. 

These assumptions simplify the analysis and simulation of wind speed data, making 

it more manageable while still capturing the essential features of the wind environment 

relevant to engineering design. 

The AR model for the spatially correlated fluctuating wind speed time series at mul-

tiple points, represented as a column vector ( , , , )V x y z t  is as follows [50]: 

1

( , , , ) ( , , , ) ( )
p

k
k

V x y z t V x y z t kVt N t


    (18)

where 1 2[ , , , ]T
Mx x x L x

 , 1 2[ , , , ]T
My y y L y

 , 1 2[ , , , ]T
Mz z z L z

 , and 
( , , )i i ix y z

 are 

the spatial coordinates of the i-th point, p, is the order of the AR model; Δt is the time step 
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for simulating the wind speed time series; and ψK is the autoregressive coefficient matrix 

at lag k, where k = 1, 2 ,…, p, N(t) is the vector of independent random processes at time t, 

representing the white noise input. 

( ) ( )N t L n t   (19)

where 
 1( ) ( ), ( ) , ( )

T

M in t n t n t n t 
 represents a random process with a mean of 0 and 

variance of 1. 

N

P

R
R

O


 
   

   

(20)

 1, ,
T

PI   
 

(21)

 0
1

p

N k
k

R R R kVt


   (22)

where   is a ( 1)M Mp   -dimensional matrix and I is an M-dimensional identity ma-

trix, where all diagonal elements are 1 and off-diagonal elements are 0; pO
 is a pM×M-

dimensional matrix, with all elements equal to 0; and R is a (p + 1)M × (p + 1)M-dimensional 

autocorrelation matrix, specifically a Toepli� matrix. The matrix R can be expressed as 

follows: 

11 12 13 1( 1)

21 22 23 2( 1)

31 32 33 3( 1)

( 1)1 ( 1)2 ( 1)3 ( 1)( 1) ( 1) (

(0) ( ) (2 ) ( )

( ) (0) ( ) [( 1) ]

(2 ) ( ) (0) [( 2) ]

( ) [( 1) ] [( 2) ] (0)

p

p

p

p p p p p p M p

R R Vt R Vt R pVt

R Vt R R Vt R p Vt

R Vt R Vt R R p VtR

R pVt R p Vt R p Vt R







      

 
  
 
 
 
   







    


1)M

 

 

Where 
( )ijR mVt

 is a M×M-dimensional matrix. 

The relationship between the power spectral density (PSD) and the autocorrelation 

function is as follows: 

 
0

( ) ( ) cos 2 , , 1, ,ij ijR S f f df i k M  


   
 

(23)

where f is the frequency of the fluctuating wind speed. When i = j, 
( )ijS f

 represents the 

autocorrelation spectral density function of the fluctuating wind speed; when i j  , 

( )ijS f
 represents the cross-spectral density function of the fluctuating wind speed, which 

can be determined from the autocorrelation spectral density function 
( )iiS f

 and the co-

herence function 
( )ijr f

. 

( ) ( ) ( ) ( )ij ii jj ijS S f S f r f  
 

(24)

2 2 2 2 2 22 ( ) ( ) ( )
( ) exp

( ) ( )

x y z

ij

n C x x C y y C z z
r f

v z v z

        
 

 
   

(25)
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( ) (10)
10

z
v z v


 

  
   

(26)

where (10)v  can be calculated based on the local basic wind pressure values provided 

in the “Building Structural Load Code” (GB50009-2012). The procedure is as follows: 

10 102 /v g 
  

(27)

Davenport spectrum is adopted for power spectra 
( )ijS f

 and 
( )iiS f

 in Equation 

(27), Cx, Cy, and Cz are a�enuation coefficients, and Borri. C. suggests Cx = 6, Cy = 16, Cz = 

10. 

By solving the linear equations given in (22), the regression coefficient matrix   can 

be obtained. 

Performing Cholesky decomposition on the matrix NR
, determined from Equation 

(23), yields the following: 

T
NR L L 

 
(28)

It can be obtained from Equation (18), as follows: 

1 1 1

1

( ) [( ) ] ( )
0, ,

,

( ) ]( ) ] ( )

p

k
kM M M

v j t v j k t N j t
j t T

k j
v j t v j k t N j t




     
      

                      


  

 
  

  

  (29)

In the calculation, it is assumed that the wind speed before the initial moment is 0, 

i.e., 0V   at 0t  . The final wind speed time series is given by the following: 

( ) ( ) ( )V t v z v t   (30)

The fluctuating wind characterized by the wind speed power spectral density func-

tion in the frequency domain is transformed into the wind speed time series in the time 

domain. Taking a flat membrane roof model as an example, the total wind speed time 

series at various wind speed simulation points on the roof is calculated when the roof is 

fully enclosed with a wind direction angle of 0°. 

The dimensions of the roof are 20 m × 20 m. The roof is divided into 12 regions, and 

the wind speed time series is simulated at the central location of each region. The corre-

sponding point numbers of the simulation locations are shown in Figure 2. The basic wind 

pressure is 0.25 kN/m2, and the ground roughness category is Class D. The cutoff fre-

quency is 20 Hz, and the initial frequency is 0.001 Hz. The sampling time interval ∆t is 

required to be no smaller than 0.1 s, so ∆t = 0.1 s is chosen. The autoregressive order is 

determined to be p = 4, and the number of time steps is N = 1024. The wind pressure dis-

tribution coefficients used in the wind load simulation are referenced from the wind pres-

sure distribution coefficients for flat roofs in [51], as shown in Figure 2. 
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Figure 2. Position diagram of wind speed simulation point. 

Taking point 7 in Figure 2 as an example, considering the temporal and spatial corre-

lation, the wind speed time history curve is randomly generated by MATLAB R2021b [52], 

as shown in Figure 3a. By comparing the power spectral density curve of the simulated 

wind speed at the node with the target power spectral density curve, as shown in Figure 

3b, it can be demonstrated that the power spectral density of the wind speed obtained 

from the simulation matches well with the target power spectral density across a wide 

range of frequencies. This indicates that the simulation method used in this paper can 

effectively capture the statistical characteristics of wind speed fluctuations. 

  
(a) (b) 

Figure 3. Simulated wind speed time history curve and simulated wind speed power spectral den-

sity curve. (a) Simulated wind speed time history curve at point 7; (b) Simulated wind speed power 

spectral density curve at point 7. 

3. Response Time History Analysis Considering Additional Air Quality of Membrane 

Roofing 

The wind-induced vibration response of the membrane roof is solved using a nonlin-

ear time-domain analysis method. The Newmark−β method is the most commonly used 

in the nonlinear dynamic calculation of the membrane roof system, and it is the method 

selected in this study. 

The nonlinear dynamic differential equation of the membrane structure under the 

action of fluctuating wind is as follows: 

        [ ] [ ]M U C U K U P   
 

(31)
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where the mass matrix  M
 is the lumped mass matrix, the damping matrix [ ]C  adopts 

Rayleigh damping, [ ]K  is the stiffness matrix, and 
 P

 is the wind load vector on each 

node of the structure. 

The wind load acting on the position of node i can be expressed as follows: 

1 2( ) ( ) ( )i i iP t P t P t 
 

(32)

Considering the effects of average wind and pulsating wind, the wind load is as fol-

lows: 

2
1

1
( ) ( ( ))

2
i pP t C A V v t 

 
(33)

where pC
 is the wind pressure distribution coefficient for the membrane roof, which is 

determined based on the pressure distribution coefficient for flat roofs as referenced in 

[51];   is the air density, with a value of 
31.226kg/m  ; A  is the area correspond-

ing to the node; V  is the average wind speed; and ( )v t is the fluctuating wind speed. 

In Equation (32), the inertial load generated by the additional air quality on the inner 

side of the membrane roof can be expressed as follows: 

2

2 2
( )i a

U
P t m

t


 

  

(34)

In Equation (34), ma is the additional air mass. For a flat membrane roof, the analyt-

ical expression for the additional air mass is as follows [53]: 

 

   
0 0

2

20 0

, ,

, , , ,

b a

a
b a

w x y t
p dxdy

tm
w x y t w x y t

dxdy
t t





 


 

 

 
 

(35)

where ma represents the additional mass per unit area, P is the aerodynamic pressure on 

the membrane during the vibration process, and w(x, y, t) is the displacement function of 

the roof during the vibration process. 

In calculating the additional air mass ma, for convenience, the first-order vibration 

mode is considered. The wind speed is taken as the design wind speed for the recurrence 

period, and the specific membrane material parameters are substituted to solve for the 

additional air mass. Taking the basic wind pressure of 0.25 kN/m2 for the 10-year recur-

rence period in the Hangzhou area as an example, it is converted into a design maximum 

wind speed of 20 m/s, with an initial pre-tension of 3 kN and a membrane size of a = b = 

20 m. Using the ma calculation formula and process, the result is ma = 1.27 ms, where ms 

is the material density. Therefore, Equation (34) can be wri�en as follows: 

2

2 2
( ) 1.27i

U
P t

t


 

  
(36)

When calculating the stiffness matrix, the additional air mass is converted into the 

membrane material density. This is equivalent to an increase in the membrane material 

density due to the presence of the additional mass. In the example above, due to the ad-

ditional mass, the membrane material density changes from ms to 2.27× ms. 

The dynamic equilibrium equation of the structure at time t can be expressed as fol-

lows: 

           [ ] [ ] ( , )
t t t

M u C u u K u u P u t t       
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The dynamic equilibrium equation of the structure at time t t   can be expressed 

as follows: 

         [ ] [ ] ( , )
t t t t t t

M u C u K u P u t t t t
  

         

The velocity and displacement of the structure at time t t   can be expressed in 

the following expanded form: 

       

          2

[(1 ) ]

1
[( ) ]

2

t t t t t t

t t t t t t t

u u u u t

u u u t u u t

 

 

 

 

    

        

   

  
 

By introducing the initial condition      
0 0 0

, ,u u u  , the displacement value at time

t t   can be obtained from the following equilibrium relation: 

   t tt t t t
K u F
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The velocity and acceleration at time A and B can be obtained from above equations. 

Therefore, the velocity and acceleration at moments t and t t   are wri�en as fol-

lows: 

          

       

2

1 1 1
1

2

(1 )

t t t t t t

t t t t t t

u u u u u
t t

u u t u t u

  

 

 

 

 
          

       

  

  

 

4. Analysis of Annual Average Exceeding Probability of Wind Resistance Demand of 

Membrane Roofs 

4.1. Analytical Steps 

① Wind hazard analysis. Define the wind field intensity measure IM in a specific 

area and obtain the annual average exceeding probability ( )IM   of IM, which is ex-

pressed by the annual average exceeding probability 
( )mV

  of the design maximum 

wind speed, that is, the design wind speed hazard curve. 

② Structural analysis: Structural response analysis is performed to obtain the re-

sponse values of the membrane roof under different wind field intensities IM, that is, the 

exceedance probability 
( ) ( )G EDP IM P EDP d IM 

 of the engineering demand pa-

rameter (EDP). Based on this, the annual average exceedance probability ( )EDP  of the 

EDP is determined. For the membrane roof, the maximum vertical deformation of the 

structure is selected as the EDP. 

③ Exceedance probability analysis: The limit state (DM) that meets the performance 

level of membrane roofs is defined. In this paper, the maximum deformation limit of mem-

brane roofs in “Technical Specification for Membrane Structures” (CECS158:2015) [54] is 
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taken as the evaluation standard of wind resistance performance. On this basis, 

( )G DM EDP
 is calculated and ( )DM  is obtained. 

Based on the above analysis, the wind resistance evaluation for the membrane roof 

can be carried out. The derivation process in this study does not consider the random 

characteristics of DM, that is, ( ) ( )DM EDP  . Therefore, the equation of the average 

annual exceedance probability of the wind resistance demand for membrane roofs is as 

follows: 

( ) ( ) ( ) ( )DM EDP G EDP IM d IM      
(37)

4.2. Theoretical Derivation 

The annual mean exceedance probability for wind resistance requirements of mem-

brane roofs can be determined using probabilistic statistical methods (such as the Monte 

Carlo method and the subspace simulation method). However, these methods are based 

on large sample data. For more complex and large-scale membrane structures, the com-

putational effort is considerable, and the efficiency is low. In this paper, the method of 

deriving the closed-form expression for the annual mean exceedance probability of struc-

tural seismic limit states by F. Jalayer [15] is referenced. Under appropriate assumptions, 

a simplified calculation expression for the annual mean exceedance probability of wind 

resistance requirements is obtained, facilitating probabilistic assessment for wind-re-

sistant design of large-span membrane roofs. The following assumptions are made: 

① The maximum design wind speed hazard curve is used to describe wind field 

intensity and is fi�ed using a quintic polynomial: 

  2 3 4 5
0 1 2 3 4 5x c c x c x c x c x c x      

 

② Considering the nonlinear vibration characteristics of a membrane roof, according 

to the frequency domain analysis process, the root mean square of the structural displace-

ment response is the square root of the integral of the power spectrum over the frequency 

domain, which is related to the wind speed spectrum value. Previous experimental results 

have also shown that there is a power series relationship between the mean structural 

response and the wind speed spectrum value. Therefore, the structural wind-resistant dis-

placement demand can be approximately expressed as a power function of the wind speed 

value, that is 
 

b

EDP a V 
. 

③ Considering the fluctuating wind speed as a zero-mean Gaussian stationary ran-

dom process, it is assumed that under specific site conditions, the wind resistance demand 

(EDP) of the structure follows a log-normal distribution, that is 
 2,EDP EDPEDP LN  

. 

Where EDP
  and EDP

  represent the mean and standard deviation of the structural 

wind resistance demand (EDP). It is further assumed that EDP
 remains constant for dif-

ferent wind speeds at the same site and does not change with variations in wind speed, as 

shown in Figure 4. 
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Figure 4. Design wind speed hazard curve and roof wind resistant demand curve. 

According to Equation (37), the annual average exceedance probability of structural 

wind resistance demand D > d is as follows: 
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(39)

where 
  

 is the standard normal distribution function. 

Then, 

     

  

ln / ln /
1

ln lnln ln

D D
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b
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(40)

Equation (40) can be rearranged as follows: 

    ln ln
b

D D

d a VdP D d V b

dV V 

    
  
   

(41)

Substituting Equation (41) into Equation (38) yields the following: 
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Based on the above analysis, the following can be obtained: 
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Le�ing
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ln ln
b
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d
V i

a b

b






  
             

  
 
 
 
    , then D

b
d dV

V





 . Substituting this 

into Equation (44) yields the following: 
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(45)

The expression for the annual mean exceedance probability of the structural wind 

resistance demand D > d is as follows: 
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(46) 

where ic  is the fi�ing coefficient of the wind speed spectrum hazard curve, d  is the 

maximum allowable vertical deformation of the membrane roof, a and b are the fi�ing 

curve parameters for the mean structural response D , and D  is the standard deviation 

of the membrane roof’s response. 

4.3. Example Analysis 

Taking the membrane roof as an example, the membrane elastic modulus E1 = 1400 

MPa, E2 = 900 MPa, = 1.226 kg/m3, and the membrane thickness h = 0.001 m. The length 

and width of the roof structure are A and B, respectively. The initial pre-tension was 3 kN. 

The natural frequency of the roof structure is 0.28 Hz. Due to the significant flexibility 

exhibited by the membrane roof, Section 5.3.4 of the “Technical Specification for Mem-

brane Structures” (CECS158:2015) stipulates [54]: 

When designing for the normal serviceability limit state, the deformation of the mem-

brane structure must not exceed the specified limit values. For fully tensioned and cable-

supported membrane structures, the maximum displacement under the first load effect 

combination should not exceed 1/250 of the span or 1/125 of the cantilever length; under 

the second load effect combination, it should not exceed 1/200 of the span or 1/100 of the 

cantilever length. As the membrane roof is a fully tensioned type, considering wind load-

ing as the second load effect combination, the maximum deformation mU
 of the mem-

brane surface is taken as the engineering demand parameter (EDP) when performing the 

wind resistance probability assessment for the membrane roof. 

① Wind hazard analysis 

In the wind hazard analysis, the average annual exceedance probability of the maxi-

mum design wind speed is used in this paper. The average annual exceedance probability 

curve for the design wind speed in the Hangzhou area is shown in Figure 3. A polynomial 

fi�ing is applied to simplify the curve, and the coefficients of the fi�ed polynomial are 

calculated as follows: 

0 1 2 31.52, 0.4042, 0.0486, 0.003117c c c c     
 

6
4 50.0001027, 1.357 10c c    

 

② Structural Analysis 

To calculate the membrane structure response under different wind intensities, the 

Newmark-β method is used in this paper for time-domain analysis of the membrane roof. 

Three calculation conditions corresponding to design return periods of 10 years, 50 years, 

and 100 years in the Hangzhou area are considered for the analysis. The wind direction is 

along the x-axis, with a wind angle of 0°. The wind pressure time histories at each point 

are converted into wind load time histories, and the Newmark-β method is applied for 

wind-induced vibration time history analysis of the membrane roof. The peak displace-

ment responses of the membrane surface under the design return periods of 10 years, 50 

years, and 100 years are obtained. The analysis results are shown in Table 3. 
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Table 3. Peak response of membrane roof. 

Working Condition 10 Years 50 Years 100 Years 

1 0.1449 0.2311 0.2806 

2 0.1668 0.2343 0.3082 

3 0.1580 0.2539 0.2618 

4 0.1500 0.2515 0.2925 

5 0.1586 0.2172 0.3189 

6 0.1730 0.2461 0.2926 

7 0.1535 0.2231 0.2038 

8 0.1625 0.2710 0.2746 

9 0.1469 0.2429 0.2891 

10 0.1539 0.2517 0.3120 

Mean 0.1574 0.2342 0.2705 

Standard deviation 0.0082 0.0135 0.0314 

The statistical data from the table can be used to obtain a fi�ed curve for the peak 

displacement response mean value of the membrane roof. The parameters of the fi�ed 

curve are shown in the table below: 

The statistical data from the table can be used to obtain a fi�ed curve for the peak 

displacement response mean value of the membrane roof 
 

b

EDP a V 
, The parameters 

of the fi�ed curve are shown in Table 4. 

Table 4. Mean fi�ing curve parameters for displacement peak response of membrane roofs. 

Basic Wind Pressure 
Wind Speed 

Value 

Maximum Response 

Mean Value 
a b 

0.25 20.00 0.1574 

6.476 × 10−4 1.83 0.4 25.30 0.2342 

0.45 26.83 0.2705 

Substituting the parameters into Equation (46), the closed-form expression for the 

annual mean exceedance probability of the peak displacement response of the membrane 

roof can be obtained as follows: 
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Through these calculations, the annual mean exceedance probabilities corresponding 

to different membrane roof displacement requirements can be obtained. The results are 

shown in Table 5. 

  



Buildings 2024, 14, 3725 19 of 26 
 

Table 5. Probabilistic evaluation of displacement requirements for the membrane roof. 

Displacement Demand L/300 L/250 L/200 L/150 L/125 

Annual Mean Exceed-

ance Probability 
51.68% 29.19% 16.12% 6.78% 3.20% 

Response Return Period 

(years) 
1.93 3.43 6.20 14.75 31.25 

Note: L is taken as the length of the long side of the membrane roof. 

The annual average exceedance probability curve of the peak displacement response 

of the membrane roof (the displacement demand hazard curve) is shown in Figure 5. 

 

Figure 5. Displacement demand hazard curve. 

Using the closed-form expressions derived in this paper, the annual average exceed-

ance probability and the maximum response recurrence period for the membrane roof 

under different deformation requirements can be obtained with minimal computation. 

The method proposed in this paper provides a theoretical foundation for solving the ex-

ceedance probability for different internal force requirements, acceleration requirements, 

and other indicators for subsequent membrane roof structures. This allows for a probabil-

istic performance evaluation of the wind resistance design of membrane roofs. 

5. Probabilistic Wind Resistance Evaluation Process for Membrane Roofs Based on 

Aerodynamic Stability 

5.1. Current Wind Resistance Design Process for Membrane Structures 

The traditional wind resistance design process for membrane structures is shown in 

Figure 6a. 

(1) Basic information such as initial shape, geometric material parameters, and pre-ten-

sion of the structure is given in advance. 

(2) The wind load information obtained from the pressure test of the rigid model is 

loaded on the finite element nodes of the structure, and the wind-induced vibration 

response analysis is carried out to obtain the response information concerned by the 

wind resistance design of the structure. When the structural response is greater than 

or equal to the design limit, the pre-tension or geometric material parameters of the 

structure need to be adjusted, and the wind-induced vibration response analysis 

should be carried out again. When the extreme response is less than the design limit, 

it is considered that the membrane structure meets the design requirements. 
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The wind-resistant design method of tensile membrane structure to prevent aeroe-

lastic instability was first proposed by Dr. Chen Zhaoqing of Harbin Institute of Technol-

ogy in 2015 [55]. The flow chart is shown in Figure 6b: 

Basic information such as the initial shape, geometric material parameters, and pre-

tension of the structure is given in advance. 

Determine the critical wind speed Vcr of aeroelastic instability of the structure. If the 

critical wind speed Vcr is less than or equal to the local design wind speed Vd, adjust-

ments to the structure’s initial shape, geometric dimensions, and prestress are necessary, 

followed by revalidation until the critical wind speed Vcr exceeds the design wind speed. 

Determine the additional aerodynamic forces on the membrane structure, including 

the additional air mass and aerodynamic damping. 

Using the simplified aeroelastic model test method, the fluid-structure coupling be-

tween membrane structure and air is considered by adjusting the mass and damping ma-

trix of the structure. Wind load data obtained from pressure measurements on a rigid 

model in wind tunnel tests are then applied to the finite element nodes of the structure for 

wind vibration response analysis. If the extreme response is greater than or equal to the 

design requirements, adjustments to the structure’s prestress or material parameters are 

made, and the wind vibration response analysis is rerun until the response is within the 

design limits. 

After Dr. Zhao-Qing Chen proposed the wind resistance design method for tensile 

membrane structures to prevent aeroelastic instability, subsequent studies on membrane 

structure wind resistance design have largely focused on optimizing the wind vibration 

response analysis process or studying wind pressure distribution pa�erns. Due to the ran-

domness of wind fields, this randomness manifests in the fact that the interference curves 

measured at the same basic wind speed vary over time. Therefore, based on the optimiza-

tion of wind resistance design to prevent aeroelastic instability, this paper proposes a 

probabilistic evaluation method for wind resistance design of membrane roofs that takes 

aerodynamic stability into account. This approach aims to provide a probabilistic perspec-

tive for evaluating and assisting with design. 

 

 
(a) (b) 



Buildings 2024, 14, 3725 21 of 26 
 

Figure 6. Wind resistant design flow chart of membrane structure. (a) The traditional wind-resistant 

design process; (b) The anti-wind design process to prevent gas projectile instability. 

5.2. Probabilistic Wind Resistance Evaluation Process for Membrane Roofs Considering Aerody-

namic Stability 

Research has shown that reasonable design principles for preventing aeroelastic in-

stability in membrane roofs include the relationship between the membrane material’s 

warp and weft directions and the wind direction, proper control of prestress, and the con-

trol of the span ratio in the crosswind direction [56–59]. Due to the constraints imposed 

by the overall structural plan, the span ratio in the crosswind direction is generally a de-

terministic parameter, with the only variable being the determination of prestress. There-

fore, in the probabilistic evaluation method for wind resistance design of membrane roofs 

considering aerodynamic stability, the first step is to determine the minimum prestress 

level required to prevent membrane aeroelastic instability, based on the pre-given reason-

able layout of the structural geometric and material parameters. The flowchart for the 

Probabilistic wind resistance evaluation method for membrane roofs considering aerody-

namic stability is depicted in Figure 7. 

 

Figure 7. Wind resistance reliability of membrane roof considering aerodynamic stability. 

The specific process is as follows: 

① The reasonable initial shape, geometric size, and basic wind pressure of the mem-

brane roof are given in advance. 

② Through the expression for critical instability wind speed, the design’s critical in-

stability wind speed must be less than or equal to the local maximum design wind speed. 

Therefore, based on this analytical expression, the minimum range of prestress can be 

determined, and a reasonable prestress level is selected. 

③ Back-calculate the design maximum wind speed using the basic wind pressure 

within the site recurrence period, obtain the corresponding annual average exceedance 

probability curve for the design maximum wind speed, and fit it using a polynomial. 
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④ According to the additional air quality calculation formula, substitute the corre-

sponding geometric material parameters and the corresponding design wind speed to ob-

tain the additional air quality corresponding to the recurrence period. 

⑤ For different local design recurrence periods, take at least 10 simulated data sam-

ples of the fluctuating wind speed for each recurrence period scenario and perform a non-

linear time history analysis of the roof. During the time history analysis, consider the im-

pact of the added mass to account for the coupling effect between the membrane roof and 

the fluid. Load the wind load information obtained from rigid model pressure tests or 

numerical wind tunnel simulations onto the structural finite element nodes and obtain the 

displacement response of the membrane roof. 

⑥ Statistically analyze the peak response of the membrane roof to obtain the mean 

value and standard deviation. Furthermore, derive the fi�ing curve for the hazard of the 

design wind speed and the fi�ing curve coefficients for the corresponding average peak 

displacement response of the membrane roof. 

⑦ Using the displacement demand fff as the performance level point, determine the 

annual average exceedance probability of the wind resistance demand and the response 

recurrence period. 

5.3. Determination of Reasonable Prestress for Membrane Roofs 

The critical wind speed expressions of aeroelastic instability of closed membrane 

roofs and open membrane roofs are given in reference [49]. 

Closed membrane roofs are calculated as follows: 
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Open membrane roofs are calculated as follows: 
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(48)

The research approach for the reasonable arrangement of parameters for membrane 

roofs in a specific site involves ensuring that, after rational arrangement, the roof does not 

experience divergent instability within the design recurrence period. Therefore, the initial 

prestress and geometric parameters of the membrane roof should meet the following con-

dition: the local design maximum wind speed must be less than or equal to the critical 

instability wind speed. 

crV V
 

(49)

According to the above principle, determine the parameters for the minimum pre-

stress and span ratio of the membrane roof. 

Substituting Equation (46) into Equation (48) yields the following: 

   2 2 2 2 2 2 2 2 2
0 0 0 1

0 3

4 3 4

8

x ym b N n a N f a b ab
V

b m

      

  

  
  (50)

where V is the local design wind speed. For Equation (49), the prerequisite for the inequal-

ity to always hold is that the minimum value of the term on the right side must be greater 

than the design wind speed, calculated as follows: 
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(51)

Rearranging and simplifying the above equation yields the following: 
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   (52)

Equation (52) represents the minimum prestress standard for ensuring aerodynamic 

stability in closed membrane roofs. Once the span ratio in the crosswind direction is de-

termined, the minimum prestress value can be obtained. Similarly, the condition for the 

minimum prestress value that ensures aerodynamic stability in open membrane roofs is 

calculated as follows: 
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     (53)

The values of a and b are determined based on the structural layout, and by substi-

tuting them into Equations (52) and (53), the minimum prestress value can be obtained. 

6. Conclusions 

In this paper, a probabilistic assessment method for wind-resistant design of mem-

brane roofs, considering aerodynamic stability for a specific wind field probability model, 

is established through theoretical analysis. The wind resistance performance of the mem-

brane roof is evaluated using the average annual exceedance probability. The closed-form 

expression for the annual average exceedance probability of the wind resistance demand 

for membrane roofs has been obtained. Based on this, the wind resistance probability eval-

uation method for membrane roofs considering aerodynamic stability has been proposed, 

along with specific steps and relevant analytical formulas for this method. The specific 

conclusions are as follows: 

(1) In the analysis, we employed the Type I extreme value distribution to characterize 

the site wind, assuming that the turbulent wind speed can be modeled as a zero-

mean stationary stochastic process. This approach enables us to simplify the deriva-

tion of the closed-form expression for the annual average exceedance probability of 

the wind resistance demands for membrane roofs by fi�ing the annual average ex-

ceedance probability curve corresponding to the design wind speed with a fifth-or-

der polynomial. 

(2) The methodology in our paper enables the calculation of exceedance probabilities for 

various deformation demands of the membrane roof. Additionally, it can be applied 

to assess the exceedance probabilities for different internal force and acceleration re-

quirements, among other response requirements. This significantly reduces the com-

putational effort required for the analysis. 

(3) Building on these findings, we have formulated a wind resistance probability evalu-

ation method for membrane roofs that incorporates aerodynamic stability. We have 

detailed the specific steps and relevant analytical formulas for this method, thereby 

enriching the theoretical framework for wind-resistant design of membrane roofs. 

This contribution addresses a gap in the theoretical research on probabilistic assess-

ment for the wind-resistant design of tensile membrane structures. 

(4) Based on these findings, we have formulated a wind resistance probability assess-

ment method for membrane roofs that incorporates aerodynamic stability. We have 

provided a detailed explanation of the specific steps and relevant analytical formulas 

associated with this method, thereby enriching the theoretical framework for the 
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wind-resistant design of membrane roofs. This contribution fills a gap in the theoret-

ical research on probabilistic assessment for the wind-resistant design of tensile 

membrane structures. 

(5) The proposed method further ensures the structural safety of tensile membrane roofs 

under wind loads. It provides a comprehensive approach to evaluating the wind re-

sistance of membrane roofs, taking into account the complex interactions between 

wind forces and the roof’s aerodynamic properties. This advancement in the field is 

crucial for the development of more reliable and safe membrane roof designs that 

can withstand the challenges posed by wind loads under various environmental con-

ditions. 
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