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Abstract

:

The complex and diverse structural forms make it impossible to define universal shape coefficients for large-span roof structures, which usually need to be obtained by wind tunnel tests. However, the number of test measurement points is limited, which leads to obvious limitations in the study of wind loads on large-span roof structures. Taking a large-span folded-plate roof as an example, based on the wind tunnel pressure test results of the rigid model, the proper orthogonal decomposition (POD) method is used to reconstruct the wind pressure field of the roof using the first several eigenmodes. The wind pressure of several typical characteristic points is predicted based on four different interpolations methods, and the accuracy and feasibility of POD method in reconstruction and prediction of wind pressure field of large-span roof are analyzed and studied from multiple perspectives. The results show that the order of the selected structural eigenmodes has an impact on the reconstruction accuracy of the wind pressure field. The more orders are selected, the closer the wind pressure field reconstruction is to the true value. The reconstruction effect of the wind pressure field based on the POD method is related to the spatial position of the predicted point, and the reconstruction effect of the wind field based on the fluctuating wind pressure is obviously better than the that based on the mean wind pressure. When the POD method is used to predict the wind pressure of an unknown point, different interpolation methods can achieve ideal results. Among them, the bilinear interpolation method has the highest prediction accuracy, and the adjacent point interpolation method and Griddata V4 interpolation method only have certain errors in the low frequency region.
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1. Introduction


The large-span roof structure has many advantages such as various external forms and large internal space capacity. It can well meet the requirements of major cities for public buildings, resulting in its wide application and often as a local landmark building. It is also the practice of this type of architecture that promotes the innovation and development of spatial structures. The large-span roof structure has the characteristics of light weight, large flexibility, small damping, low natural vibration frequency, and dense mode shapes, and its main mode shapes are not concentrated in the first few orders like high-rise buildings, which makes it more sensitive to the effect of wind. Cases of wind-induced disasters caused by excessive wind force are not uncommon [1,2,3,4]. Therefore, it is of great significance to reasonably and effectively predict the wind load of the large-span roof structure to improve its wind resistance performance.



Due to the large spatial span of the large-span roof structure, there are often more effects such as vortex shedding and reattachment, the quasi-steady theory is no longer applicable, and the wind load is very complex [5,6,7]. Furthermore, due to its complex and diverse structural forms, neither the norm nor the design guideline can provide universal wind load calculation parameters such as body shape coefficient, which often need to be obtained through means like field measurement, numerical simulation, and wind tunnel test [8,9,10,11,12]. However, field measurement is rarely used because it has significant limitations such as being time-consuming and labor-consuming and having expensive and harsh conditions. Although numerical simulation has the advantages of low cost, short period, and few restrictions, the current method still has obvious difficulties in grid division, turbulence modeling, and computational efficiency, and the accuracy cannot be guaranteed, so it is not widely used. As an irreplaceable method in aerodynamic research, the wind tunnel test is the most common and effective method to obtain parameters such as body shape coefficient of large-span roof structure. Unfortunately, due to the limitations of the model and test conditions, the number of wind pressure measurement points in the test is very limited, and it is far from being able to accurately evaluate and predict the wind load of large-span roof structures. Therefore, it is very important to obtain the wind pressure information in the area without pressure measuring points more accurately and conveniently. At present, there are two conventional methods: one is to use the test results at the nearest measuring point as the wind load time history in the unknown area; the other is to increase the density of test results on the measuring points by spatial interpolation to obtain wind load time history data in the unknown areas. The former is obviously unreasonable. For the latter one, based on the limited wind tunnel test pressure measurement data, how to select a reasonable and effective processing method to improve the test data utilization rate and the wind load evaluation accuracy of large-span roof structures has become an urgent problem.



As a mathematical tool to analyze the statistical characteristics of complex random fields, the method of proper orthogonal decomposition (i.e., POD, also known as the Karhunen–Loève expansion) has been widely used in many fields [13,14,15,16,17]. In the field of stochastic wind field, the stochastic phenomenon is simplified by adopting the space-time separation technique in a new coordinate space, and the wind pressure field is decomposed into a series expansion of principal coordinates only related to time and eigenmodes only related to space. The eigenmodes at the points to be evaluated are predicted using a spatial interpolation method. Then combine them with the principal coordinates, and the wind pressure field can be approximately described with finite terms to simplify the distribution of the wind pressure field for simplified analysis. This method can obviously compress the data storage and accurately describe the essential characteristics of the wind pressure field with fewer items [18,19,20,21].



As early as 1967, Lumley introduced the POD method to the study of turbulence. Then the following year, Armitt [22] took the lead in introducing the POD method to the field of wind engineering. After that, many scholars in the field adopted this method to describe the fluctuating wind pressure field of the architectural structure. Holmes [23] pointed out that because the shape of eigenvectors is restricted by the requirement of orthogonality, the interpretation of its physical meaning may be distorted. However, he also pointed out that the fluctuating wind pressure field can be simplified into several modes for analysis by POD method. Davenport [24] applied the POD method to the research of wind speed field and wind pressure field and proposed a method that can simplify the description of wind load. Bienkiewicz et al. [25,26] reconstructed the fluctuating wind field of a flat roof. Tamura [27] uses the POD method to describe the characteristics of wind pressure field in low-rise buildings. Chen [28] adopted a database strategy and used POD technology to predict the wind pressure field in the far distance by interpolation based on the wind pressure field in the corner of the roof and compared the interpolation results with the measured data in terms of statistical characteristics and power spectral density. In recent years, Li et al. and many other scholars [29,30,31,32] have expounded the application of POD technology in the reconstruction of wind pressure fields such as curved roofs and double-slope roofs. Since then, POD has gained more attention and application as an effective tool that can accurately and simplify the description of the wind pressure field [18,19,33].



However, there has been no research on the reconstruction of wind pressure field for folded-plate large-span roof structures based on POD technology. Therefore, it is necessary to further explore the applicability and accuracy of the POD method and different spatial interpolation methods in the reconstruction and prediction of the wind pressure field of the folded-plate large-span roof structure. The structures with this type often have typical roof surfaces such as windward and leeward folded plates, side folded plates, and roof planes, which are representative to a certain extent. With this type of structure, the wind loads in different wind-receiving areas of large-span roof structures can be systematically analyzed. This paper will take a high-speed railway station with a folded-plate large-span roof as the engineering background. First, the rigid model pressure measurement of the structure is carried out through the wind tunnel test to obtain the wind pressure time series of the measuring points on the roof surface, and the parameters such as the mean wind pressure coefficient and the body shape coefficient are analyzed. Then, based on the POD method, the wind pressure field of the roof is reconstructed by using the first several eigenmodes of the structure, and it is compared with the wind tunnel test results in terms of statistical characteristics, power spectrum, coherence function, etc., to study the applicability and effectiveness of the POD method in the reconstruction of the random wind pressure field of the folded-plate roof. Finally, the POD method is used to predict the wind pressure of some unknown measuring points of the structure based on various interpolation methods, and the accuracy and difference of different interpolation methods in the wind pressure prediction of the large-span roof structure are compared and analyzed.




2. Proper Orthogonal Decomposition Theory


2.1. Spatial Projection Extremum Principle [34]


The fluctuating wind pressure of the point   ( x , y )   at time  t  is   P ( x , y , t )  , the proper orthogonal decomposition is performed on it, and the eigenmode   φ ( x , y )   is found to maximize the projection of   P ( x , y )   on it. At this time, the function   φ ( x , y )   is most related to the wind pressure field, and


    ∫    ∫  P ( x , y , t ) φ ( x , y )    d x d y = max     



(1)







Since the positive and negative of   P ( x , y , t )   is uncertain, the mean square method is used to regularize the above equation:


        ∫    ∫  P ( x , y , t ) φ ( x , y )    d x d y      ∫    ∫  P (  x ′  ,  y ′  ,  t ′  ) φ (  x ′  ,  y ′  )    d  x ′  d  y ′      ¯      ∫    ∫   φ 2  ( x , y )    d x d y      =     ∫    ∫  c ( x , y ,  x ′  ,  y ′  ) φ (  x ′  ,  y ′  )    d  x ′  d  y ′       φ ( x , y )   = max = λ  



(2)




where   c ( x , y ,  x ′  ,  y ′  )   is the covariance of any two points in the wind pressure field.



Because the data obtained from the wind tunnel test is a sequence of wind pressure time sequences of a series of discretely distributed measuring points, the above equation can be rewritten into discrete form:


    ∑  i = 1  N   c ( x , y ,  x ′  ,  y ′  ) φ (  x ′  ,  y ′  ) Δ  A i    = λ φ ( x , y )  



(3)




where  N  is the number of measuring points of the pressure test;   Δ  A i    is the calculated area corresponding to the i-th measuring point.




2.2. Rayleigh Quotient Derivation [35]


Assuming that    P i  ( t ) =  P i  (  x i  ,  y i  , t )   is the fluctuating wind pressure of point   (  x i  ,  y i  )   at time  t , and     P ( t )   =      P 1  ( t ) ,  P 2  ( t ) ,  P 3  ( t ) , … ,  P N  ( t )    T    is the time history of fluctuating wind pressure on the surface of the structure, its maximum projection is:


   a n  ( t ) =     P ( t )    T     φ   n  =    φ   n T    P ( t )   ,   n = 1 , 2 , 3 , … , N  



(4)




where      φ   n    is a set of basis vectors in the orthogonal coordinate system.



Since the positive and negative of   P ( t )   is uncertain, the mean square method is used to regularize the above equation:


     a n 2  ( t )  ¯  =      φ   n T      P ( t )       P ( t )    T   ¯     φ   n       φ   n T     φ   n    =      φ   n T  [ c ]    φ   n       φ   n T     φ   n    =  λ n   



(5)




where   [ c ]   is the covariance matrix, and    c  i j   =    P i  ( t )  P j  ( t )  ¯   .



According to the property of Rayleigh quotient, the above Equation (5) obtains the standing value only when      φ   n    is the eigenvector of   [ c ]  , and the standing value is equal to the eigenvalue    λ n   :


  [ c ]    φ   n  =  λ n     φ   n  ,       n = 1 , 2 , 3 ,   …   , N  



(6)







Assuming that      φ   n    is orthogonal, the eigenvector and principal coordinate matrix are   [ Φ ] =      φ   1  ,    φ   2  , … ,    φ   n      and     a ( t )   =    a 1  ( t ) ,  a 2  ( t ) , … ,  a n  ( t )    , respectively, then the projection    a n  ( t )   can be rewritten as:


    a ( t )   =   [ Φ ]  T    P ( t )    



(7)







Since   [ Φ ]   is an orthogonal matrix, then:


    P ( t )   =       [ Φ ]  T      − 1     a ( t )   = [ Φ ]   a ( t )   =   ∑  n = 1  N    a n  ( t )    φ   n     



(8)







The above equation is the series expansion of expressing the fluctuating wind pressure as the principal coordinate    a n  ( t )   related only to time and the eigenmode      φ   n    related only to space, which is an analysis method that separates time and space.




2.3. Reconstruction of Wind Pressure Field


Based on Equations (5) and (8), the mean square value of the fluctuating pressure can be obtained, which shows that the eigenvalue    λ n    can describe the contribution of the eigenmode      φ   n    to the mean square value of the fluctuating wind pressure:


   σ h 2  ( y ) =    ∫ 0  + ∞     S h  ( y ,  k 1  ) d  k 1      



(9)






    ∑  i = 1  N      P 2  (  x i  ,  y i  , t )  ¯    =   ∑  n = 1  N     ∑  m = 1  N      a n  ( t )  a m  ( t )  ¯     φ   n T     φ   m      =   ∑  n = 1  N    λ n     



(10)







That is, the sum of the mean square values of the fluctuating wind pressure is equal to the sum of the eigenvalues. The numerical value of each eigenvalue reflects the amount of energy contained in the corresponding mode. Therefore, the cumulative contribution of energy of different order modes can be considered as a basis for selecting the number of modes and evaluating their accuracy. The energy proportion    E i    of each order eigenmode and the total energy proportion    E  1 ~ i     of the first i order eigenmodes are:


   E i  =    λ i      ∑  n = 1  N    λ n      ,        E  1 ~ i   =    ∑   λ i        ∑  n = 1  N    λ n       



(11)







If the first M order energy ratios can meet the accuracy requirements when   i = M  , the first M eigenmodes can be used to reconstruct the wind pressure field:


  P ( x , y , t ) =   ∑  n = 1  M    a n  ( t )  φ n  ( x , y )    



(12)







According to the above-mentioned reconstruction of wind pressure field based on POD technology and through the idea of energy ratio of Equation (11), the wind pressure field can be well described by selecting a few order eigenmodes, which simplifies the analysis of fluctuating wind pressure. After the wind pressure field is reconstructed, the unknown point is interpolated by using the eigenmodes of the known position, and the wind pressure time histories of the unknown points can be predicted by Equation (12) [36,37,38].





3. Rigid Model Pressure Measurement Test


3.1. Test Equipment


The rigid model pressure measurement test was carried out in the XNJD-3 wind tunnel of Southwest Jiaotong University. The wind tunnel is the largest boundary layer wind tunnel in the field of wind engineering in the world. The size of the test section is 36 m (length) × 22.5 m (width) × 4.5 m (height). The huge test section size enables pressure testing of the large-scale large-span roof models. The wind speed of the wind tunnel in the vacant state can be adjusted from 1.0 to 16.5 m/s, and the turbulent intensity of the incoming flow is less than 1%, and the average airflow deflection angles in both the longitudinal and vertical directions are less than 1° [39,40,41].



The turbulent wind field characteristics were collected using the TFI Cobra three-dimensional fluctuating anemometer (Figure 1a). Its measuring linear frequency range is 0~2000 Hz, the measurable wind speed range is 2~100 m/s, and the allowable error of measuring wind speed is ±0.1 m/s. Wind pressure measurement adopted Scanivalve DSM4000 electronic pressure scanning valve system (Figure 1b). The system converts pressure signals into electrical signals, which are amplified and sent back to the pressure acquisition system, and then the pressure values of each circuit are collected and stored by the computer. The system can realize the synchronous acquisition of dynamic pressure signals of several measuring points, the measuring range is 0~±2000 Pa, and the measuring accuracy is ±0.08% of the full scale [42,43].




3.2. Turbulence Field Simulation and Model Production


In the wind tunnel, an atmospheric boundary layer passive simulation device composed of minarets, baffles, and floor roughness elements was used to simulate the turbulent fluctuating characteristics. The length of the device on the wind tunnel floor was approximately 25 m, which ensures the generation of reasonably accurate turbulence fields. According to the Code for Loads of Building Structures [44] and combined with the location of the structure, the simulated ground roughness coefficient in the test was taken as   α = 0.15  .



The large-span roof structure is 304 m long, 208 m wide, and 40 m high. Considering the size of the wind tunnel test section and the actual size of the building, the scale ratio was set to 1:100. The blocking rate of the model in the wind tunnel was less than 5%, which meets the test requirements.



The pressure measurement model was made of composite materials and plexiglass, and the pseudo-model and the characteristic buildings around the structure are simulated with foam plastic. The test photos are shown in Figure 2.




3.3. Measuring Point Layout and Test Conditions


The large-span roof structure is divided into the first phase and the second phase, and the two parts of the building are centrally symmetrical (the pressure measurement model and the pseudo model in Figure 2. Therefore, only half of the structure was selected for the measuring point arrangement and data processing in the test. Because the roof is large and complicated in form, in order to facilitate the measurement, the pressure test was carried out after the roof was zoned. A total of 2010 measuring points were arranged on the structure, of which 1402 measuring points were arranged in the roof part. The layout of the roof surface zoning and measuring points is shown in Figure 3.



According to the layout of the wind pressure measuring points, the drill tool was used to drill the corresponding points. One end of the extremely tough rubber tubes was glued to the model, and tools such as blades were used to flatten the surface of the model. The other end of the rubber tubes was connected to the pressure measuring line of the scan valve. Finally, each scanning valve was connected to the corresponding channel on the collecting box.



Before the formal test, the wind pressure collection data under no wind were checked to ensure that the collection equipment is in normal working condition. A total of 24 working conditions were selected for the test wind direction angle. A test wind direction angle was set every 15° from 0° to 345°, i.e.,   Δ α = 15 °  . The incoming flow direction directly in front of the railway station square was defined as   β = 0 °  , as shown in Figure 4. The test reference point was taken at the height of the roof top surface (about 43 cm). According to the basic wind speed of the city and region where the structure is located, the wind speed was 8 m/s. Comprehensively taking into account the frequency setting of the acquisition equipment and the effectiveness of data processing, the sampling frequency was 200 Hz, and the sampling time was 60 s.



In the test, the Scanivalve DSM4000 electronic pressure scanning valve system was used to collect the pressure synchronously at the wind pressure measuring points on the roof surface. Data were checked after repeating the measurement twice for each test condition to avoid failed data acquisitions. In addition, before the test of each group of working conditions was carried out, there will be a few minutes of waiting before the collection to make the flow field reach a stable state and reduce the measurement error.




3.4. Data Processing Method


The wind pressure field is usually analyzed by using the wind pressure coefficient. Its advantage is that the coefficient is dimensionless, and the wind pressure coefficient of the corresponding point on the actual structure and the test model is the same, which brings convenience to the analysis. The research of this paper aims to analyze the effectiveness and accuracy of POD technology in the reconstruction of wind pressure field of large-span folded-plate roof. The wind pressure coefficient is used as a very effective tool parameter. According to the pressure time history of each measuring point obtained by the test, the mean wind pressure coefficient of the corresponding measuring point can be obtained:


   C     P i   ¯    =      P i   ¯  −    P ∞   ¯       P 0   ¯  −    P ∞   ¯     



(13)




where    C     P i   ¯      is the mean wind pressure coefficient of the i-th measuring point;      P i   ¯    is the mean pressure value of the i-th measuring point;      P 0   ¯    and      P ∞   ¯    are the mean total pressure and static pressure at the reference height at infinity, respectively.




3.5. Test Results and Analysis


The mean wind pressure coefficient of each measuring point on the roof can be calculated by Equation (13), and the contour map of the coefficients on the roof can be drawn, which can reflect the overall wind pressure distribution and law on the roof surface. Due to the large number of test conditions and the huge amount of data, only the results under 6 characteristic wind direction angles are selected for display, as shown in Figure 5.



According to Figure 5, it can be found that: (1) The flow separation phenomenon will occur at the edge of the roof, and the negative inclination angle delays the reattachment phenomenon, so that under the action of any wind direction angle, the mean wind pressure coefficients of the roof are mainly negative. The mean wind pressure coefficients of the folded plate surface with a negative inclination angle are all negative in the downwind, while the coefficients of the folded plate surface with a positive inclination angle have positive values in some areas, but the positive pressure value is very small, that is, the roof is mainly subjected to upward lift under different wind direction angles. (2) The leading edge of the roof in the direction of the incoming flow and the position where the structural form changes abruptly will greatly disturb the incoming flow, causing the flow direction to change abruptly, resulting in a clear distinction of the intensity of the contour map. The mean wind pressure coefficients around the openings on both sides of the roof and at the edge of the roof varies greatly. (3) The structural forms which the incoming flow run through are inconsistent, which makes the mean wind pressure coefficients at any point change greatly under different wind direction angles. In addition, due to the existence of characteristic buildings around the station and the inconsistency of the heights of platforms and canopies on both sides of the station, the wind pressure results under the conditions of symmetrical wind direction angles do not show strict axis symmetry.



For the structural wind pressure measurement test and results in this section, we need to make the following descriptions. Firstly, each group of measurements was performed twice, and the next test was only continued after ensuring that the data were correct. Secondly, in the research of this paper, a number of typical measuring points in different zones were selected to conduct a systematic study, which effectively avoided the occasionality of analysis. Even so, there were inevitably some errors in the results due to the influence of experimental techniques and other factors. In order to make the evaluation of the wind pressure field on the roof surface more precise, more measuring points were often selected in the test. Unfortunately, due to the limited measurement channels on current pressure acquisition devices, multiple acquisitions had to be performed. This made the wind pressure of each measuring point on the roof unable to be collected synchronously, which brought certain errors to the wind pressure field evaluation and reconstruction analysis. In addition, due to the large size of the structure and model, the pressure measuring pipeline was long in the test. Many studies showed that the long pressure measuring pipeline causes a little loss of the actual fluctuating wind pressure on the roof surface and causes errors. In view of the above problems, on the basis of limited equipment conditions, it is necessary to further analyze the importance of each error influencing factor and weigh and select a more reasonable test plan.





4. Reconstruction of Wind Pressure Field on Roof Surface


In view of the large span of the roof, there are many measuring points, and the wind pressure coefficients vary widely. For the convenience of analysis, the wind pressure field of the roof was reconstructed according to the measuring zone of the wind tunnel test. Due to the large amount of data, this paper takes the wind direction angle of 0° as an example and selects four typical zones, zone C (windward folded plate), zone E (side folded plate), zone F (leeward folded plate), zone K (roof flat plate), and analyzes the wind pressure field reconstruction based on the POD method for each area, respectively.



4.1. Energy Ratio Analysis


In order to analyze and show the influence of the mean value of wind pressure on the results in the reconstruction analysis of the wind pressure field on the roof surface using the POD method, based on the mean wind pressure (including the mean value of wind pressure on the roof surface) and the fluctuating wind pressure (excluding the mean value of wind pressure on the roof surface), the correlation matrix of wind pressure coefficients in each zone was analyzed through POD method. From the perspective of energy ratio of Equation (11), the cumulative energy ratio of each eigenmode is shown in Figure 6.



It can be seen from the figure that the modal energy ratio of the reconstruction based on the fluctuating wind pressure in each zone is smaller than that of the reconstruction based on the mean wind pressure in the first order, but the former quickly approaches 1 and is close to the full energy. However, in the wind field reconstruction based on the mean wind pressure, the convergence rate of the cumulative modal energy to the true energy is much slower. In addition, the convergence rate of the windward folded plate (zone C), the leeward folded plate (zone F), and the roof flat plate (zone K) is relatively fast, and the rate of the side folded plate (zone E) is relatively slow. Despite the above phenomena, the energy ratios of the first few orders in each zone in the two reconstruction results are very large. The cumulative energy ratios of the first five orders can basically reach more than 90%, and that of the first 20 orders can reach more than 95%, which can realize the restoration of the real wind pressure field energy with high precision.




4.2. Statistical Value Analysis


Based on Equation (12), different eigenmode orders were selected to decompose the wind pressure field. Four feature points (named C1, E1, F1, and K1) were selected from the four zones C, E, F, and K, respectively, and analyzed by the root mean square (RMS) value. The results are shown in Table 1 and Table 2.



It can be seen from the tables that with the increase of the selected eigenmode order, the wind pressure field reconstruction result is closer to the true value, and when 20 eigenmode orders are selected, a good approximation to the actual wind field can be achieved in terms of statistical value. On the other hand, the reconstruction results based on fluctuating wind pressure converge much faster than those based on mean wind pressure, and a good approximation of the wind field can be achieved in the 10th order, which is consistent with the energy ratio analysis in the previous section. In addition, combined with the analysis of the cumulative energy ratio of each zone, it is found that the reconstruction effect of the wind pressure field based on the POD method is related to the spatial position of the predicted point, and the overall performance is that the wind field reconstruction effect on the windward folded plate (zone C), the leeward folded plate (zone F), and the roof flat plate (zone K) is obviously better than that on the side folded plate (zone E).




4.3. Power Spectrum Analysis


The power spectrum represents the variation of signal power with frequency, that is, the distribution of signal power in the frequency domain. Based on the aforementioned analysis of energy ratio and statistical values, the aforementioned four feature points were still used for analysis, and the reconstruction results of the first 20 eigenmodes were selected to show the power spectrum situation. In the analysis of the first two sections, when the 20 eigenmode orders were selected for wind field reconstruction, the reconstruction based on mean wind pressure and fluctuating wind pressure both could achieve high-precision simulation of wind pressure field, and the error was extremely small. Therefore, only the reconstruction results based on the mean wind pressure are shown in this section, as shown in Figure 7.



It can be seen from Figure 7 that the reconstructed wind pressure power spectral densities of the typical measuring points in the four zones are in good agreement with the test results. The power spectrum analysis results show that the effect is very good when the first 20 eigenmodes are used to reconstruct the wind pressure field.




4.4. Correlation Analysis


Correlation is a very important statistical parameter in the field of research, which characterizes the degree of correlation between the measuring values of the same measuring point at different times or different measuring points at the same time. In this section, the coherence function is used to describe the correlation between the test and the reconstructed wind pressure field, as shown in Figure 8.



As can be seen from the figure, the coherence function value is close to 1 except that it is near 0.97 in the high frequency part in zone F. It shows that when the 20 eigenmodes were used to reconstruct the wind pressure field, the wind pressure coefficient correlation between the time history of the test and the reconstructed wind field is extremely high, and the reconstruction result of the wind pressure field is very accurate.





5. Wind Pressure Field Prediction


Based on the above Equation (12), the POD method can be used to predict the wind pressure of the points that are not arranged in the test. That is, by predicting the eigenmode of the point and taking the principal coordinates used in the prediction, the prediction of the wind pressure at this point can be realized. The specific scheme is as follows: since the eigenmode is only related to the spatial position of the measuring point and has nothing to do with other variables, the eigenmode of the point can be interpolated according to the spatial position relationship between the predicted point and the surrounding known measuring points, and then, combined with the main coordinates, the wind pressure time history of the predicted point can be obtained according to Equation (12). In this paper, C2, E2, F2, and K2 were selected as unknown points. A variety of existing commonly used interpolation methods were used: adjacent point interpolation method, bilinear interpolation method, bicubic interpolation method, and Griddata V4 interpolation method, respectively, predicted the eigenmodes and wind pressure of unknown points. Finally, the results were compared with the test values.



5.1. Statistical Value Analysis


According to the wind field reconstruction results based on the mean wind pressure in the previous section, the 20 eigenmodes were used to predict the wind pressure at the unknown points, and the eigenmodes of predicted points were calculated by different interpolation methods, and then, the time histories of the wind pressure coefficients at the predicted points were obtained. The mean value and the RMS value were compared with the time history of the test wind pressure coefficient, and the results are shown in Table 3, Table 4, Table 5 and Table 6.



According to the above tables, it can be seen that for the measuring points in zone K, the most ideal prediction effect is from the adjacent point interpolation method and the bilinear interpolation method. For the measuring points in zones C, E, and F, the bilinear method, the bicubic method and the Griddata V4 method are all ideal. The reason may be that the zone K belongs to the plane zone; the zones C, E, F belong to the three-dimensional zone; and the adjacent point interpolation has a better effect on the two-dimensional space, the last three methods have higher accuracy for the three-dimensional space interpolation. It can be seen that, based on the analysis of statistical values, the bilinear interpolation method has relatively better adaptability.




5.2. Power Spectrum Analysis


The measuring points in typical zones were selected, and the wind pressure power spectral densities of predicted points obtained by different interpolation methods were compared with the test results, as shown in Figure 9.



As shown in Figure 9, from the perspective of the wind pressure power spectral density at the predicted points, within a certain error range, the surface wind pressure of the large-span roof structure is predicted with good accuracy based on the above four different interpolation methods. The overall error of the windward folded plate (C2) is the smallest, followed by the leeward folded plate (F2), and the side folded plate (E2) and the roof flat plate (K2) have larger errors than the former two. Among the four interpolation methods, the bilinear method and the bicubic method have the highest accuracy, and both have very small errors with the test results in different zones. Except for zone C, the prediction results of the adjacent point method and the Griddata V4 method have certain differences with the test results in the low-frequency region. The prediction results of the former are generally smaller than the test results, especially in zone E of the side folded plate; the latter has a large error in zone K of the roof flat plate, and the predicted results are significantly larger than the test results.




5.3. Correlation Analysis


It should be noted that the wind pressure coherence functions of predicted points obtained based on different interpolation methods are all close to 1 in the low-frequency region and have large discreteness in the high-frequency region, the difference in prediction accuracy based on different interpolation methods is difficult to reflect. Therefore, the correlation coefficient is used in this section to describe the correlation between the wind pressure time history predicted based on different interpolation methods and the test results. The results are shown in Table 7.



As can be seen from the above table, from the perspective of correlation, the bilinear method and the bicubic method have relatively higher accuracy, and they are still reliable interpolation methods. In the four selected zones, the accuracy results are similar to the analysis results of the previous two sections. The overall error of the windward folded plate (C2) is the smallest, and the correlation coefficients are all above 0.9; the relative error of the side folded plate (E2) is relatively large.





6. Conclusions


Taking a large-span roof with folded plate type as the background, this paper selected the first several eigenmodes of the structure and reconstructed the wind pressure field on the roof surface through the POD method. The statistical characteristics of the reconstructed wind pressure field were compared with the test measurement results, and the following main conclusions were drawn:




	(1)

	
With the increase of the selected order of structural eigenmodes, the wind pressure field reconstruction results are closer to the true value. The actual wind field can be reconstructed with basically more than 90% accuracy when 5 eigenmode orders are selected, and the reconstruction can reach more than 95% accuracy when 20 eigenmode orders are selected.




	(2)

	
The wind pressure field reconstruction effect based on the POD method is related to the spatial position of the predicted point. In general, the wind field reconstruction effect on the windward folded plate is better than that on the leeward folded plate, which is better than that on the roof flat plate and side folded plate. In addition, the effect of wind field reconstruction based on fluctuating wind pressure is better than that based on mean wind pressure.




	(3)

	
By performing spatial interpolation of eigenmodes on the unknown points, the wind pressure time history of an unknown point of the structure can be effectively predicted based on the POD method. Different interpolation methods all can achieve relatively ideal results. Among them, the bilinear interpolation method has the highest accuracy, and the adjacent point interpolation method and Griddata V4 interpolation method only have certain errors in the low-frequency region.









In general, for the large-span roof structure with folded plate type, selecting reasonable structural eigenmode orders, the wind pressure field of the structure can be better reconstructed and predicted based on POD technology, which can provide effective technical support for the research and analysis of wind load on this type of large-span roof structures.
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Figure 1. Test data acquisition device: (a) TFI Cobra three-dimensional fluctuating anemometer; (b) Scanivalve DSM4000 electronic pressure scanning valve system. 
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Figure 2. Wind tunnel test for rigid model pressure measurement: (a) front view; (b) side view. 
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Figure 3. Layout of zoning and wind pressure measuring points on roof surface. 
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Figure 4. Schematic diagram of the test wind direction angle. 
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Figure 5. The contour map of the mean wind pressure on the roof under the characteristic wind direction angle: (a) 0° wind direction angle; (b) 45° wind direction angle; (c) 90° wind direction angle; (d) 135° wind direction angle; (e) 180° wind direction angle; (f) 270° wind direction angle. 
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Figure 6. Cumulative energy ratio of eigenmodes in each zone: (a) zone C; (b) zone E; (c) zone F; (d) zone K. 
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Figure 7. Wind pressure power spectral density of reconstructed wind field: (a) feature point C1; (b) feature point E1; (c) feature point F1; (d) feature point K1. 
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Figure 8. Coherence function between test and reconstructed wind pressure coefficients: (a) feature point C1; (b) feature point E1; (c) feature point F1; (d) feature point K1. 
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Figure 9. Wind pressure power spectral density of predicted points: (a) predicted point C2; (b) predicted point E2; (c) predicted point F2; (d) predicted point K2. 
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Table 1. RMS value of wind pressure at each measuring point in the reconstructed wind field (based on mean wind pressure).
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Measuring Point

	
Test Value

	
5 Eigenmode

Orders

	
10 Eigenmode

Orders

	
20 Eigenmode

Orders




	
Reconstructed Value

	
Error

	
Reconstructed Value

	
Error

	
Reconstructed Value

	
Error






	
C1

	
0.453

	
0.427

	
5.6%

	
0.440

	
2.9%

	
0.448

	
1.1%




	
E1

	
0.218

	
0.188

	
13.7%

	
0.199

	
8.7%

	
0.210

	
3.7%




	
F1

	
0.525

	
0.483

	
7.9%

	
0.496

	
5.5%

	
0.511

	
2.1%




	
K1

	
0.258

	
0.251

	
2.7%

	
0.253

	
2.0%

	
0.256

	
0.3%
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Table 2. RMS value of wind pressure at each measuring point in the reconstructed wind field (based on fluctuating wind pressure).
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Measuring Point

	
Tested Value

	
5 Eigenmode

Orders

	
10 Eigenmode

Orders

	
20 Eigenmode

Orders




	
Reconstructed Value

	
Error

	
Reconstructed Value

	
Error

	
Reconstructed Value

	
Error






	
C1

	
808.5

	
789.7

	
2.3%

	
801.8

	
0.08%

	
808.5

	
0.0%




	
E1

	
428.0

	
391.4

	
8.6%

	
417.6

	
2.4%

	
427.2

	
0.02%




	
F1

	
276.5

	
265.3

	
4.0%

	
272.5

	
1.4%

	
276.5

	
0.007%




	
K1

	
286.7

	
273.2

	
4.7%

	
280.5

	
2.1%

	
286.6

	
0.04%
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Table 3. Statistical value and error of wind pressure coefficient at predicted point C2.
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	Tested Value
	Adjacent Point Method
	Bilinear Method
	Bicubic Method
	Griddata V4 Method





	Mean value
	−0.245
	−0.231
	−0.234
	−0.238
	−0.237



	Error of mean value
	
	−5.7%
	−4.5%
	−2.8%
	−3.2%



	RMS value
	0.315
	0.283
	0.322
	0.300
	0.339



	Error of RMS value
	
	−10.2%
	2.2%
	−4.8%
	7.6%
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Table 4. Statistical value and error of wind pressure coefficient at predicted point E2.
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	Tested Value
	Adjacent Point Method
	Bilinear Method
	Bicubic Method
	Griddata V4 Method





	Mean value
	−0.429
	−0.285
	−0.394
	−0.323
	−0.366



	Error of mean value
	
	−33.6%
	−8.1%
	24.7%
	14.7%



	RMS value
	0.242
	0.301
	0.226
	0.240
	0.254



	Error of RMS value
	
	24.4%
	−6.6%
	−0.7%
	5.0%
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Table 5. Statistical value and error of wind pressure coefficient at predicted point F2.
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	Tested Value
	Adjacent Point Method
	Bilinear Method
	Bicubic Method
	Griddata V4 Method





	Mean value
	−0.416
	−0.368
	−0.378
	−0.380
	−0.393



	Error of mean value
	
	−11.5%
	−9.0%
	−8.6%
	−5.4%



	RMS value
	0.269
	0.209
	0.255
	0.246
	0.251



	Error of RMS value
	
	−22.4%
	−5.2%
	−8.6%
	−6.8%
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Table 6. Statistical value and error of wind pressure coefficient at predicted point K2.
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	Tested Value
	Adjacent Point Method
	Bilinear Method
	Bicubic Method
	Griddata V4 Method





	Mean value
	−0.207
	−0.216
	−0.215
	−0.218
	−0.270



	Error of mean value
	
	4.3%
	3.9%
	5.6%
	30.8%



	RMS value
	0.244
	0.235
	0.240
	0.272
	0.337



	Error of RMS value
	
	−3.8%
	−1.6%
	11.4%
	38.3%
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Table 7. Correlation coefficients between the wind pressure coefficients predicted based on different interpolation methods and the test values at predicted points.
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	Adjacent Point Method
	Bilinear Method
	Bicubic

Method
	Griddata V4 Method





	Predicted point C2
	0.903
	0.939
	0.933
	0.902



	Predicted point E2
	0.799
	0.846
	0.841
	0.814



	Predicted point F2
	0.831
	0.887
	0.882
	0.839



	Predicted point K2
	0.809
	0.864
	0.854
	0.821
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