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Abstract

:

The wind-induced responses of tall buildings are stochastic processes, and the peak factor is an important parameter to evaluate the extreme value of the wind-induced response in wind-resistant design. The existing research on the peak factor mainly focuses on the wind pressure on the building surface, but rarely concerns the wind-induced response peak factor of the structures. In view of this, the peak factor of the wind-induced response of super-high-rise buildings was studied in this paper. Firstly, a series of wind tunnel tests of the multi-degree-of-freedom aero-elastic models (MDOF) were carried out, wherein the along-wind and cross-wind responses were measured. Thereafter, the peak factor of wind-induced response was calculated using the peak factor method, classical extreme value theory, and the improved peak factor method. It was found that the peak factor calculated by the improved peak factor method is in good agreement with classical extreme value theory, which indicates that the improved peak factor method is applicable to calculate the peak factor of the wind-induced response of high-rise buildings. The results calculated using the improved peak factor method show that the peak factor of cross-wind response varies significantly with the wind speed, varying from about 2.5 to 5.5. The peak factor of cross-wind response first increases and then decreases with the increase in the wind speed, reaches the minimum near the critical wind speed of vortex-induced vibration (VIV), and increases again when the wind speed is larger than the VIV wind speed. Finally, an empirical formula for the cross-wind response peak factor was proposed as a function of the reduced wind speed, aspect ratio, and damping ratio of the structure.
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1. Introduction


As is well known, the wind pressure and wind-induced responses of tall buildings are stochastic processes, and the peak factor is an important parameter to evaluate the extreme wind load and wind-induced response in wind-resistant design. Therefore, it is of great engineering significance to study the peak factor of these stochastic processes. Many researchers have studied the peak factor of wind pressure. As early as the 1960s, Davenport [1] established the peak factor method based on the Gaussian hypothesis, which has attracted wide attention. Thereafter, many research works indicated that the wind pressure in some areas of the building surface presents obvious non-Gaussian characteristics, and the peak factor of wind pressure calculated by the Gaussian hypothesis will be much smaller than the actual result [2,3,4,5,6], which led to the proposal of calculation methods to evaluate the non-Gaussian fluctuating wind pressure. Kareem et al. [6] established the corresponding relationship between non-Gaussian random variables and Gaussian random variables using the moment-based Hermite transformation model and proposed an improved peak factor method. Kwon and Kareem [7] compared the peak factors calculated by the Davenport method and the non-Gaussian Hermite method and found that the Hermite method is more accurate to calculate the peak factor of non-Gaussian wind pressure of low-rise buildings. Winterstein et al. [8] proposed a method to convert non-Gaussian processes into Gaussian processes by Hermite series approximations. Tognarelli et al. [9] and Winterstein et al. [10] proposed an improved Hermite series method based on the Hermite series method. Peng et al. [11] proposed an analytical formula to express the correlation relationship between Gaussian and non-Gaussian processes on the basis of the Hermite polynomial model. Huang et al. [12,13] proposed the translated-peak-process method, suitable for all non-Gaussian processes. Sadek et al. [14] put forward the extreme value calculation method of the non-Gaussian process based on the zero crossing theory. Quan et al. [15] put forward a calculation method of wind pressure peak factor that is suitable for short time history on the basis of generalized extreme value theory. Huang et al. [16] proposed an empirical method of wind pressure peak factor based on Hermite polynomials.



At present, the peak factor of wind-induced response under different wind speeds is usually regarded as a constant in the wind-resistant design of real tall buildings. However, many wind tunnel tests and full-scale measurements found that the peak factor of wind-induced response varies greatly under different wind speeds. According to the research results on the wind response of flexible structures [17,18,19,20,21], the peak factor of cross-wind response is significantly different under different reduced wind speeds, and usually reaches the minimum value near the critical wind speed of VIV.



Unfortunately, the existing research on the peak factor mainly focuses on the wind pressure on the building surface, but rarely concerns the wind-induced response peak factor of the structures. Therefore, whether the calculation method of the wind pressure peak factor is applicable to the calculation of the wind-induced response peak factor is worth studying, as is how to choose the value of wind-induced response peak factor in wind-resistant design. In view of this, this study carried out a series of multi-degree-of-freedom aero-elastic model wind tunnel tests to preliminarily study the peak factor of the wind-induced response of super high-rise buildings. Firstly, wind tunnel tests of multi-degree-of-freedom aero-elastic models (MDOF) were carried out, wherein the along-wind and cross-wind responses of the MDOF model were measured. Thereafter, the peak factor of wind-induced response was calculated using the peak factor method, classical extreme value theory, and the improved peak factor method. Finally, an empirical formula for the cross-wind response peak factor was proposed as a function of the reduced wind speed, aspect ratio, and damping ratio of the structure.




2. Wind Tunnel Test of Aero-Elastic Model


2.1. Design of MDOF Model Skeleton


Three types of MDOF aero-elastic models were installed in the wind tunnel, having a square prism section with aspect ratios of 10, 13, and 16, respectively. The aero-elastic models were fabricated as six-lumped-mass systems to simulate super-high-rise buildings of 600 m, 780 m, and 900 m, respectively. The skeleton of the MDOF models consisted of aluminum columns and rigid plates. Striking a balance between blockage ratio requirements and easy operation, a length scale of 1:600 was adopted for the three models (Table 1).



The MDOF model skeleton is composed of six rigid plates and five elastic columns. The thick central column is a standard square column (Figure 1a,e), and four thin specially shaped columns at each side can be moved horizontally to adjust the mode shape and stiffness (Figure 1b,g). In this way, the sway frequency and torsion frequency—including the sway mass and moment of inertia, as well as the sway stiffness and rotational stiffness—can be adjusted easily to meet the requirements of a similar ratio at the same time. The skeleton is made of aluminum alloy-6061. The rigid plate is a specially shaped plate with a thickness of 10 mm (see Figure 1c,f). In order to control the moving accuracy of the thin columns, several positioning convex blocks were fitted into the rigid plate; after that, fixtures made of organic glass were used to connect the columns and rigid plates. In addition, these convex blocks can fit snugly into the holes of four thin columns. Several vertical and horizontal screw holes on the rigid plates can be used to fix the additional mass of blocks and the outer-skin plate, respectively. The bottom plate is shown in Figure 1d. There are five square holes in the bottom plate. The intermediate thick column and the surrounding thin column can be inserted into these holes snugly, and bolts can then fasten the columns and the bottom plate together. The segmented outer-skin plate can then be placed on the model skeleton to simulate the body shape of the structure after the model skeleton is completed (see Figure 1h).



The damping ratio of the model made by the above method is usually less than 1% and the minimum damping ratio is about 0.5%. The model damping can be increased by adding energy dissipation materials at the four corners of the model. The energy dissipation materials are light and flexible foam strips. As shown in Figure 1g, the rigid plate of each floor is square with chamfering angles, and there are six grooves on each foam strip. The strips were connected to rigid plates by chamfering angles and grooves. The damping can be simulated by changing the geometric size of the foam strips. The foam strip is so light and flexible that it does not affect the stiffness and mode shape of the MDOF model. After the MDOF model was completed, the natural frequency and damping ratio can be identified by free vibration tests and Fourier transform. More details about damping adjustment as well as the identification of natural frequency and mode shape can be referred to in the related study of the authors [22,23], which are not presented again here. The dynamic properties of each MDOF model are presented in Table 2. The Reynolds number of each case in Table 2 is about 2.0 × 104~1.3 × 105.


  M =      ∫ 0 H   m ( z )  ϕ 2  ( z )  d z          ∫ 0 H    ϕ 2  ( z )  d z        



(1)






  S c =   2 M  ξ s     ρ a   D 2     



(2)




where m(z) and ϕ(z) are the mass per unit length and the mode shape of the model, respectively; H is the height of the models; and ξs, ρa, and D are the structural damping ratio, the air density, and the width of the model, respectively.




2.2. Wind Tunnel Test


The wind tunnel test was conducted in the boundary layer wind tunnel of Wuhan University, China. The cross section of the wind tunnel is 3.2 m wide × 2.1 m high. The wind speed in this wind tunnel can be continuously adjusted in the range of 0~30 m/s. The ground roughness was simulated using a set of spires and roughness elements upwind of the building model. The aerodynamic contour and simulated turbulent wind field of the wind tunnel are shown in Figure 2. The mean velocity profiles and turbulence intensity of the MDOF model are illustrated in Figure 3, where the power-law of 0.3 means the city center terrain category (terrain category D according to China’s Code 2012 [24]).



For all of the test cases of this study, the displacement response at the top of the models was measured by a laser displacement meter (see Figure 4); the sampling frequency was 500 Hz. Two laser displacement meters were used to measure the along-wind and cross-wind responses, respectively; the sampling time of test case 0 was about 2000 s for each test wind speed; and the sampling time of test case 1~16 was about 100 s for each test wind speed. The test wind speed at the top of the aero-elastic model is about 4~16 m/s for every test case.





3. Wind-Induced Response of the Aero-Elastic Model


The root-mean-square (RMS) cross-wind responses of the aero-elastic model are shown in Figure 5. The reduced wind velocity Vr in Figure 5 is defined as follows:


   V r  =  V   n 1  D    



(3)




where V, n1, and D denote mean wind speed, system vibration frequency of the first mode, and width of the model’s windward side, respectively.



Vortex-induced vibration has been found to be sensitive to the aspect ratio, mass density, and damping ratio of the structure. As seen from Figure 5, the wind-induced response of this study is consistent with the existing results. Figure 5 shows that the max displacement responses in both uniform smooth flow and shear turbulent flow occur at approximately the same reduced wind speed of VIV. Furthermore, the peak in uniform smooth flow is much sharper than that in turbulent flow. The smaller the Scruton number, the greater the VIV responses will be.



Taking the model with an aspect ratio of 10 in city center terrain as an example, Figure 6 shows the time history of cross-wind displacement at some wind speeds. As seen from Figure 6, the fluctuation characteristics of cross-wind response are quite different under different wind speeds. For example, the amplitude of the cross-wind response fluctuates significantly under small wind speed (Vr = 5.0), while the cross-wind response is relatively stable and presents harmonic characteristics to some extent when the incoming wind speed is close to the VIV wind speed (Vr = 10.76). Obviously, the above different fluctuation characteristics of response time history will lead to different peak factors, which will be studied below.




4. Calculation Method of the Peak Factor


4.1. Overview of the Calculation Method


In this paper, the classical extreme value theory and the improved peak factor method are used to calculate the peak factor of wind-induced response. These two methods are briefly introduced as follows.



	(1)

	
Peak factor method







Peak factor method was established by Davenport based on the Gaussian hypothesis. According to this method, the extreme value can be expressed as follows:


   X  max   =  m x  + g  σ x   



(4)




where mx and σx are the mean and standard deviation of a random sample, respectively, and g is the peak factor; its calculation formula is as follows:


  g = 2 ln v T +  γ    ( 2 ln v T )  2     



(5)




where γ = 0.5772 is Euler’s constant, T is the observation time interval, and v is the crossing rate of zero value.



	(2)

	
Improved peak factor method







Kareem et al. [6,7] expressed non-Gaussian random variables as Hermite polynomials of Gaussian variables and proposed a method for calculating the peak factors of non-Gaussian distribution.



According to the research result of Kareem, when the kurtosis coefficient is greater than 3, the calculation formula of peak factor g is as follows:


  g = k  [   g G  +  h 3  (  g G    2  − 1 ) +  h 4  (  g G    3  − 3  g G  )  ]   



(6)




When the kurtosis coefficient is smaller than 3, the calculation formula of peak factor g is as follows:


  g = −  1 3   a 2  + 2    p 3    sinh (  1 3    sinh   − 1   C )  



(7)




where    g G    is the gauss peak factor and k, h3, h4, a2, P, and C in Equations (6) and (7) are the calculation coefficients dependent on skewness, kurtosis, and Hermite moment of the non-Gauss process. The meanings of these parameters can be found in the corresponding references for details [6,7].



	(3)

	
Classical extreme value theory and method







According to the classical extreme value theory, as long as there are enough independent extreme value samples, these samples must obey the extreme value distribution (including extreme values I, II, and III), no matter how the original random samples are distributed. According to this theory, the calculation steps of the peak factor are as follows: (1) obtaining the maximum or minimum value from original random samples to form the extreme value series; (2) fitting the extreme value series and establishing a corresponding probability distribution model; and (3) determining the extreme value with a certain guarantee probability, and calculating the peak factor according to the obtained extreme value.



The disadvantage of this method is that it requires too many data samples, which results in a very long test time in the wind tunnel. The expression of extreme value type I distribution probability density is as follows:


  F (  x e  ) = exp [ − exp ( − y ) ]  



(8)




where y is a simplified variable, and its expression is as follows:


  y = a (  x e  − u )  



(9)




where the parameter u is the modulus, a is divergence, and xe is the expected value. y is usually written as follows:


  y = − ln  {  − ln ( F (  x e  ) )  }   



(10)






   x e  = u +  1 a  y  



(11)







Thereby obtaining the expected value xe and standard deviation σe of the extreme value as follows:


   x e  =  γ a  + u  



(12)






   σ e  =  π   6    ⋅  1 a   



(13)








4.2. Comparison of the Calculation Results of the Two Methods


In order to verify the applicability of the improved peak factor method, it is necessary to compare the calculation results of the improved peak factor method and the classical extreme value theory. According to the classical extreme value theory, if the number of samples is large enough, the peak factor calculated by the classical extreme value theory is close to the real value. In this paper, the sampling time of each wind speed in each test case 0 is 2000 s, which is equivalent to an actual time of about 56 h. Its purpose is to obtain enough samples and then calculate the peak factor of each wind speed with the classical extreme value theory.



According to the classical extreme value theory, it is necessary to first verify whether the observed extreme value satisfies the extreme value distribution. Figure 7 shows the relationship between the observed extreme values and simplified variables of the test data, and Figure 8 shows the comparison between the probability density of extreme value type I and the probability density of displacement extreme value in the wind tunnel test. As seen from Figure 7 and Figure 8, the extreme value of wind-induced response is very consistent with the extreme value type I distribution. Therefore, the peak factor calculated by classical extreme value theory can be used to verify the applicability of other calculation methods.



Figure 9 shows the peak factors obtained by the above three calculation methods. It can be seen from Figure 9 that the cross-wind peak factor calculated by the peak factor method is much smaller than that calculated by classical extreme value theory, because the time history of wind-induced response is a non-Gaussian process, while the result of the improved peak factor method is close to that obtained by the classical extreme value theory.



Based on the above analysis, the improved peak factor method can be used to calculate the peak factor of the wind-induced response of tall buildings. The advantage of the improved method is that it does not need too long experiment time history, which greatly saves the experiment time in wind tunnel. This conclusion is helpful for the selection of the peak factor calculation method of wind-induced response.





5. Peak Factor Analysis of the Wind-Induced Response


5.1. Preliminary Analysis


In this chapter, the peak factor of each test case was calculated by the improved peak factor method, the calculated results are shown in Figure 10.



It can be seen from Figure 10 that the along-wind peak factor varies little with the wind speed. This is because the along-wind vibration is mainly determined by the random characteristics of the incoming flow. As the random characteristics of the incoming flow at different wind speeds are the same, the along-wind response peak factor is approximately a constant under the different wind speeds.



Figure 11 shows the peak factors of the cross-wind response calculated by the improved peak factor method. As seen from Figure 11, the peak factor of the cross-wind response changes significantly with the reduced wind speed, varying from about 2.5 to 5.5. The cross-wind peak factor shows a ‘V’-shaped change trend with the increase in the reduced wind speed, reaching the minimum value around the reduced wind speed of 10.5. The reason for this phenomenon is that the cross-wind vibration is significantly affected by the aero-elastic effect. The randomness of the response time history is significant when the wind speed is far from the VIV wind speed (see Figure 6a), which makes the peak factor at these wind speeds relatively large, and the wind-induced response shows some simple harmonic vibration characteristics when the wind speed is close to the VIV wind speed (see Figure 6b), which makes the peak factor in this wind speed range relatively small.



It is worth noting that, if a harmonic resonance occurs at the VIV wind speed, the peak factor must be close to 1.414. However, from the results of Figure 6 above, when the incoming wind speed is close to the VIV wind speed, the vibration time history is far from the harmonic curve, so it is an inevitable result that the peak factor at this time is significantly greater than 1.414. This non-ideal resonance phenomenon has been preliminarily studied in the related reference [20,25].




5.2. Empirical Formula


In Figure 12a, the structural parameters are the same for the three test cases, except for the structural damping ratio, so the difference in peak factors in these three test cases can be attributed to the influence of the damping ratio. It can be seen from Figure 12a that the peak factor of cross-wind response increases with the increase in the damping ratio. For example, when the damping ratio is 3.6% (test case 4), the peak factor is larger than the damping ratio of 0.75% (case 1) and 1.8% (case 3). In Figure 12b, the structural parameters are approximately the same, except for the aspect ratio of the structure, so the difference in peak factors in these test cases can be attributed to the influence of the aspect ratio. From the results of Figure 12b, when the aspect ratio is small, the peak factor of cross-wind response is relatively large.



Based on the above analysis, this paper puts forward an approximate empirical formula for the peak factor of cross-wind response considering the reduced wind speed, aspect ratio, and damping ratio of the structure, as follows:


  g =    a 1  V  r 3  +  a 2  V  r 2  +  a 3  V r +  a 4    V  r 2  +  b 1  V r +  b 2    ×    ξ   K 1        ( 1 + 0.1 λ )    K 2       



(14)




or written as follows:


   g r  = g ×     ( 1 + 0.1 λ )    K 2       ξ   K 1      =    a 1  V  r 3  +  a 2  V  r 2  +  a 3  V r +  a 4    V  r 2  +  b 1  V r +  b 2     



(15)







In Formula (14), λ is the aspect ratio; ξ is the structural damping ratio; and K1, K2, a1, a2, a3, a4, b1, and b2 are used to control the shape of the curve and are the parameters to be fitted. In Formula (15), gr means the reduced peak factor, which is only a function of the reduced wind speed, because it already considers the influence of the aspect ratio and damping ratio of the structure. According to the regression analysis, a1, a2, a3, a4, b1, b2, K1, and K2 are 0.16, 7.2, −155, 760, −16.5, 72.2, 0.20, and 0.67, respectively. From the fitting result of Figure 13, the result obtained by Formula (14) is approximately in agreement with the experimental data.



It should be point out that the empirical formula in this paper is not precise enough, thus more follow-up wind tunnel test and studies are necessary; the test date and the empirical formula of this study can provide a reference for the follow-up research in the future.





6. Conclusions


Based on the wind tunnel test of the MDOF aero-elastic model, the calculation method and variation characteristics of peak factors of the wind-induced response of super-high-rise buildings were studied in this paper. The main conclusions are as follows:




	(1)

	
For the wind-induced response of super-high-rise buildings, the peak factor calculated by the improved peak factor method is consistent with that calculated by the classical extreme value theory, and the difference between the two calculation methods is approximately within 15%, indicating that the improved peak factor method is applicable to calculate the peak factor of the wind-induced response of high-rise buildings.




	(2)

	
The peak factor of the along-wind response of super-high-rise buildings changes little with the reduced wind speed; therefore, the along-wind response peak factor at different wind speeds can be approximately taken as a constant in the wind-resistant design of actual tall buildings.




	(3)

	
The peak factor of the cross-wind response of super-high-rise buildings varies greatly with wind speeds, varying from 2.5 to 5.5, and reaches the minimum near the critical wind speed of VIV. In the wind-resistant design of actual super tall buildings, the cross-wind peak factor should be taken as a relatively large value when the wind speed is far from the VIV wind speed, and as a relatively small value when the wind speed is close to the VIV wind speed.




	(4)

	
The empirical formula proposed in this paper takes into account the effects of aspect ratio, structural damping, and reduced wind speed on the peak factor, which is an improvement of existing research work. The empirical formula can approximately reflect the variation characteristic of the cross-wind response peak factor. Although the accuracy of the formula is not good enough, it can provide a reference for the evaluation of the peak factor of the wind-induced response of super-high-rise buildings without wind tunnel test data, and the test data of this study can provide a reference for further research.
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Figure 1. Design and photos of the MDOF skeleton (unit: mm). 
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Figure 2. The photos of the wind tunnel. 
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Figure 3. Mean wind velocity and turbulence intensity profiles. 
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Figure 4. Photos of the laser displacement meter. (a) signal acquisition instrument, (b) laser transmitter. 
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Figure 5. Cross-wind displacement of each MDOF model. 
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Figure 6. Cross-wind displacement time history (case 3). 
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Figure 7. Relationship between simplified variables and the observed extreme value. 
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Figure 8. Probability distribution of extreme value type I. 
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Figure 9. Comparison of peak factor calculation methods (test case 0). 
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Figure 10. Peak factor of the along-wind response (city center terrain). 
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Figure 11. Peak factors of cross-wind response under different wind fields. 
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Figure 12. Peak factor of cross-wind response of some test cases (city center terrain). 






Figure 12. Peak factor of cross-wind response of some test cases (city center terrain).



[image: Atmosphere 14 00379 g012]







[image: Atmosphere 14 00379 g013 550] 





Figure 13. Fitting results of the empirical formula. 
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Table 1. Scale ratio of model parameters.






Table 1. Scale ratio of model parameters.





	Property
	Model Parameters
	Scale Ratio





	Length
	lm/lp
	1:600



	Time and frequency
	nm/np
	100:1



	Velocity
	Vm/Vp
	1:6



	Density
	ρm/ρp
	1:1







Note: The subscripts m and p denote the model and prototype building, respectively.
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Table 2. Dynamic parameters of the MDOF aero-elastic models.
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	Test Case
	Geometric Size
	Aspect Ratio (λ)
	1st Natural Frequency (n1)
	Equivalent Mass (m)
	Damping Ratio (ζ)
	Scruton Number (Sc)





	0
	1.0 × 0.1 m
	10
	7.00 Hz
	3.07 kg/m
	4.20%
	20.64



	1
	1.0 × 0.1 m
	10
	9.89 Hz
	2.27 kg/m
	0.75%
	2.5



	2
	1.0 × 0.1 m
	10
	10.18 Hz
	1.85 kg/m
	1.10%
	3.25



	3
	1.0 × 0.1 m
	10
	9.64 Hz
	2.27 kg/m
	1.80%
	6.34



	4
	1.0 × 0.1 m
	10
	9.27 Hz
	2.27 kg/m
	3.60%
	13.05



	5
	1.0 × 0.1 m
	10
	9.40 Hz
	2.50 kg/m
	3.60%
	14.4



	6
	1.0 × 0.1 m
	10
	7.01 Hz
	3.07 kg/m
	4.20%
	20.65



	7
	1.3 × 0.1 m
	13
	10.83 Hz
	1.31 kg/m
	1.02%
	2.14



	8
	1.3 × 0.1 m
	13
	9.02 Hz
	1.31 kg/m
	2.89%
	6.05



	9
	1.3 × 0.1 m
	13
	10.6 Hz
	1.31 kg/m
	1.43%
	2.99



	10
	1.3 × 0.1 m
	13
	8.70 Hz
	2.17 kg/m
	3.72%
	12.91



	11
	1.3 × 0.1 m
	13
	7.17 Hz
	2.38 kg/m
	4.50%
	17.06



	12
	1.6 × 0.1 m
	16
	7.14 Hz
	1.25 kg/m
	0.82%
	1.64



	13
	1.6 × 0.1 m
	16
	5.98 Hz
	1.81 kg/m
	0.82%
	2.38



	14
	1.6 × 0.1 m
	16
	7.02 Hz
	1.25 kg/m
	1.33%
	2.6



	15
	1.6 × 0.1 m
	16
	5.19 Hz
	2.38 kg/m
	1.11%
	4.25



	16
	1.6 × 0.1 m
	16
	5.68 Hz
	2.38 kg/m
	1.71%
	6.31







Note: The equivalent mass (M) and Scruton number (Sc) can be expressed by Equations (1) and (2), respectively.
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