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Abstract

:

This paper investigated the aerodynamic response features of an asymmetric cable-stayed bridge. The wind resistance design parameters for judging the response were first determined, afterwards the bridge dynamic characteristics were analyzed for subsequent aerodynamic analysis. The vortex-induced vibrations (VIV) and flutter response at various wind fairing angles were then examined by using a 1:50 sectional model in the wind tunnel test. Finally, a 1:150 full bridge aeroelastic model was employed to explore the aerodynamic stability and characteristics of the whole asymmetric bridge under different wind attack angles in various flow fields. The results show that the sharp wind fairings could reduce the VIV amplitude of the steel box girder cable-stayed bridge to some extent, and the example bridge has examined to have enough flutter stability through sectional and full bridge aeroelastic model wind tunnel tests. Unlike symmetric bridges, the bridge’s maximum displacement of first torsion mode shape is at the closure rather than the mid-span, which is the essential reason to lead this unique vibration feature. The results from the present study could highlight the important effect of structural asymmetry and fairing shape to the wind-induced bridge vibration and hence may facilitate more appropriate wind design of asymmetric cable-stayed bridges.
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1. Introduction


The cable-stayed bridge with flexible steel girder is more vulnerable to wind loads. More specifically, various wind-induced vibration may occur in a long-span cable-stayed bridge, such as the vortex-induced vibration at low-speed wind [1,2,3,4,5], the buffeting response induced by the turbulence inherent in natural wind at strong wind [6], and the flutter instability due to the self-excited forces resulting from wind-bridge interaction. In spite of their vulnerability, the cable-stayed bridge continues to be built by virtue of their larger span and beautiful appearance. Therefore, it is necessary to investigate the wind-induced effects in the design stage. Although numerous researchers have presented analysis theories and prediction methods for VIV [7,8,9,10,11], buffeting [12,13], and flutter [14,15,16,17], the wind tunnel test would still be the most important and indispensable approach for evaluating the wind-resistant performance and exploring the countermeasures of final alternatives of long-span bridges [6,18,19].



To adapt to the asymmetry of terrain, landform, and other conditions, asymmetric structural forms are usually employed. The long-span asymmetric cable-stayed bridge with respect to vertical plane presents unique features of structural dynamics (in terms of modal properties) that may significantly affected its wind-induced vibration behavior. Hence, it is important to carefully examine wind effects of long-span asymmetric cable-stayed bridges. At present, there are few studies on the wind resistance of asymmetric cable-stayed bridges. He et al. [20] investigated the wind resistance of the Wuhu Yangtze River Bridge, conducted sectional and full bridge aeroelastic wind tunnel tests, and analyzed the wind-induced response at construction and service stage; however, they did not focus on the characteristics of asymmetric structures. Song et al. [21] investigated the Jingyue Yangtze River Highway Bridge’s wind resistance performance, measuring the displacement response of the mid span and quarter points in full bridge aeroelastic model wind tunnel test, while the closure displacement was not measured to study the asymmetric characteristics. Wang et al. [22] studied the VIV and vibration mitigating measures of Huangyi Changjiang River Bridge; however, owing only the sectional model test being adopted, the wind resistance characteristics of the asymmetric structure of the whole bridge cannot be considered.



Aerodynamic measures are often used to improve the wind-induced vibration performance for bridges. The wind tunnel experimental test is widely applied for investigating the performance of different aerodynamic measures. The section model test with large scale ratio is normally employed to measure the aerodynamic coefficients as well as VIV analyses and the investigation of two-degree-of-freedom-coupled flutter. Larsen et al. [23] discovered that lowering the bottom plate/side panel angle of the deck to less than 15° significantly eliminates VIV. Wang et al. [24] studied the impacts of affiliated facilities such as solid ratio of handrails, rail position, and wind fairing guide vanes on the bridge’s aerodynamic performance using a series of sectional model tests. Through the sectional models tests of Xiangshangang Bridge and Jiaojiang Bridge, MENG et al. [25] discovered that the variation of wind fairing angles of the deck affects the VIV of fully enclosed steel box girder cable-stayed bridges and semi-enclosed separated double box girder cable-stayed bridges. The full-bridge aeroelastic model test can simulate the bridge’s multi-order modalities, which can more accurately depict the bridge structure’s aerodynamic stability and wind-induced vibration response in the actual atmospheric boundary layer. Using the full bridge aeroelastic model test of the Third Nanjing Bridge across Yangtze River, Zhu et al. [6] proved that the bridge has enough aerodynamic stability and that the most unfavorable buffeting responses generally occur in yaw wind cases with a yaw angle between 5° and 30°. Diana et al. [26] used four aeroelastic models representing three different construction states and a service state of the bridge to verify the aerodynamic stability and buffeting response of the Izmit Bay Bridge in Turkey under various flow fields. Using sectional and full bridge aeroelastic model tests of the Stonecutters Bridge, Sham et al. [27] confirmed that aeroelastic damping controls the vertical and torsional response of the buffeting vibration.



Among them, wind fairing is a common measure to improve the flutter and VIV of cable-stayed bridges with steel box girders. In addition to the above Meng’s research, Tang et al. [28] indicate that a reasonable type of wind fairings could improve the flutter stability by weakening the vortex which drives the bridge to torsional vibration. Li et al. [29] tested three different wind fairings that were added to the original section. The results showed that after the wind fairings were placed, the deck’s VIV response was mitigated, and the wind fairings angle were reduced, the optimization effect was more significant. Larsen et al. [23] found that vortex shedding excitation could be mitigated if the angle between the bottom plate and lower side panel could be kept less than 15°.



In this study, an asymmetric cable-stayed bridge with span distribution as 2 × 66 m + 626 m + 3 × 60 m + 55 m (shown in Figure 1) is taken as the engineering background for detailing investigation. Figure 2 shows the deck configuration, which is a closed streamline cross-section of a single box girder with two wind-fairings. The cables are arranged in vertical planes at the edges of the deck fanning out from H-shaped towers with different heights and each tower is compounded of a major part of steel over the steel anchorage box and a concrete part below the steel anchorage box. The significant asymmetry is the unequal height tower, thus causing the unequal cable numbers. In order to identify the dynamic characteristics of asymmetric bridge which might reveal the essential mechanism of the wind-induced vibration phenomenal, the finite element model of the bridge is first developed for dynamic analysis. Then, a section model test is applied to identify the aerodynamic coefficients and examine the flutter and VIV response under different fairing angles. Afterwards, in order to evaluate the wind resistant stability of the bridge under different wind attack angles in uniform and turbulent wind fields, a 1:150 full bridge aeroelastic model is designed. The effects of VIV, flutter, and buffeting are all monitored and evaluated. Finally, the results from the present study could highlight the important effect of structural asymmetry and fairing shape to the wind-induced bridge vibration and hence may facilitate a more appropriate wind design of asymmetric cable-stayed bridges.




2. Wind-Resistant Design Parameters and Modal Analysis


2.1. Determination of Basic Design Parameters


The bridge is located about 40 km from the Pearl River estuary, in the western Pacific Ocean’s strong wind belt, with six typhoons impacting the region in 2018, which could have a substantial impact on the bridge’s construction and service states. The wind parameters required for wind resistance design are determined according to “wind-resistant design specification for highway bridges” (‘Chinese Specification’ for short). The yearly-maximum 10 min averaged mean wind speed at 10 m height corresponding to 100-year return period, defined as basic wind speed at the bridge site (U10), is 32.8 m/s, according to the general condition of the bridge and Chinese Specification. The exponent of mean wind profile at the bridge site is about α0 = 0.16. The wind speed was calculated using the exponential distribution along the height of the bridge deck, thus the design reference wind speed (Ud) at deck level, which is 25 m above normal water level, could be calculated using Equation (1). According to the Chinese Specification, the flutter checking wind speed was calculated by Equation (2).


    U  s 10   =  k c   U  10     ,      U d     U  s 10     =  k f     (   Z  10    )     α 0      



(1)






   U f  =  γ f   γ t   γ α   U d   



(2)




where kc is conversion coefficient of basic wind speed surface category, and is set to 1.0 here according to the Chinese Specification. kf is the wind resistance risk factor, according to the Specification, the service stage is set to 1.05, construction stage is set to 0.88. Uf is the flutter checking wind speed. γf is the partial coefficient of flutter stability, when the wind tunnel test method is used to obtain the flutter critical wind speed, it is taken as 1.15. γt is the partial coefficient of spatial influence of wind speed fluctuation, according to the main span of the bridge and surface type, 1.27 is taken according to the Chinese Specification. γα is the partial coefficient of attack angle effect, when the wind angle of attack α is +3°, 0°, −3°, the value is taken as 1.0. The wind speed design parameters are shown in Table 1.




2.2. Modal Analysis


The finite element model (FEM) made of beams elements can accurately predict the eigenmode shapes and eigenfrequencies of cable-stayed bridges that are highly flexible and lightly damped structures, and these frequencies were used to analyze the bridge’s response to wind action. The ratio between the torsional and vertical frequencies of homologues mode shapes is critical: The higher this ratio, the higher the flutter velocity, as previously stated. The purpose of the FEM dynamics analysis is:




	(1)

	
To gain further understanding of the inherent dynamic properties of bridge structures and to propose design solutions for improving wind resistance.




	(2)

	
Provide design frequencies and vibration modes for sectional model and full bridge aeroelastic model testing.




	(3)

	
Provide design parameters for calculating wind vibration response.









FEM was used to analyze the most unfavorable construction state and the service state of the bridge. The most unfavorable state was chosen as the longest single-cantilever construction state (‘construction state’ for short). Table 2 shows the basic frequencies of the two states. Figure 3 and Figure 4 shows the fundamental modes of construction and service state, respectively.



The lateral, vertical, and torsional mode shapes calculated by FEM are shown in Figure 5, respectively. Since the bridge is asymmetric, compared with those of symmetric bridges [6], the first vertical and lateral mode shapes are still symmetric about the mid-span, whereas the first-order torsional mode is no longer symmetrical, and the maximum displacement of positive symmetric torsional mode and 0 displacement of antisymmetric torsional mode appear at the closure rather than the mid-span, as seen in Figure 4a,b. It is assumed that the most unfavorable position of vertical and lateral is in the mid-span, while the most unfavorable position of torsion is in the closure, which will determine the arrangement of sensors in the full bridge aeroelastic model testing. Due to the asymmetry of the structure, the similarity of vertical and torsional modes of the deck is lower than that of the traditional symmetrical structure. Under the same conditions, such as vertical, torsional frequency and the ratio of them, the asymmetric structure is less prone to vertical torsional-coupled flutter.





3. Sectional Model Wind Tunnel Test


A linear scale of 1:50 was chosen for the sectional model and carried out in Chang’an University CA-1 boundary layer wind tunnel’s 3.0 × 2.5 m test section (shown in Figure 6). According to the flow physics involved, flutter phenomenon is often divided in two categories: one-degree-of-freedom flutter and two-degree-of-freedom-coupled flutter. The sectional model wind tunnel testing could demonstrate whether the bridge will be affected by them.



3.1. Aerodynamic Coefficient


Flutter instabilities are created by aerodynamic forces on the deck caused by motion (shown in Figure 7). One-degree-of-freedom flutter involves only one structural mode of the bridge, specifically the deck’s lowest torsion mode. The presence of a bluff windward edge on the deck, which permits significant leading-edge vortices to form, is a prerequisite for one-degree-of-freedom flutter. The aerodynamic force associated with motion increases as wind speed increases, bringing torsional and vertical frequencies of homologues mode shapes closer together, eventually forming a two-degree-of-freedom-coupled flutter instability.



The tests were performed on elastically suspended models, and aerodynamic coefficients were obtained for the construction and service states with a comparable profile to the actual bridge to investigate the effect of aerodynamic forces on the system. It can be seen that the aerodynamic coefficients change as a function of wind attack angle (α).



The aerodynamic coefficients are function of the wind angle of attack (α), as shown in Figure 8. The aerodynamic coefficients in wind axis are represented by the subscripts D and L, whereas in body axis are represented by the subscripts H and V, respectively. Because the slopes of the lift and moment coefficients of the deck at all test attack angles are positive, there is no one-degree-of-freedom instability. The enormous frontal windward area of the old Tacoma Bridge, as aforementioned, produces negative slope lift and moment aerodynamic coefficients, causing this instability and ultimately the bridge’s spectacular destruction.




3.2. Vortex-Induced Vibrations


Vortex forms in large volumes on non-streamlined bodies and decks, due to knuckle lines, wind screen, or other ancillary facilities. An elastically suspended model with correctly scaled mass and damping characteristics was used to measure the VIV. Table 3 lists the test conditions that were used to study the VIV in construction and service states. The vertical and torsional VIV limitations for construction and service states ruled by Chinese Specification are shown in Equation (3). The Chinese Specification specifies the VIV allowable magnitude of bridges with a span that is less than 200 m, but the VIV allowable magnitude of longer span bridges should be specially discussed. The vertical VIV allowable magnitude adopted by the Chinese Specification and Wind Resistant Design Manual for high-way Bridges in Japan [30] (“Japan Specification” for short) is presented in Equation (3). Because bridge VIV is generally symbolized by single-mode harmonic vibration, the displacement response of VIV can be approximately represented by a sine or cosine function. Then the corresponding allowable acceleration value Av can be taken as Equation (4). The first vertical mode frequency obtained by modal analysis is 0.2688 Hz. It is easy to calculate that the acceleration is 0.42 m/s2 by substituting into Equation (4). Compared with the specifications of various countries and the technical report of RWDI, when 0.25 Hz < fv < 1.0 Hz, the VIV allowable magnitude of RWDI UK is the most stringent [31], that is, when the wind speed is less than 20 m/s, the vertical acceleration amplitude of the deck does not exceed 0.4 m/s2, which is slightly different from the allowable acceleration value derived from the Chinese Specifications. ISO-2631-3-1985 lists the root mean square limit of human vibration acceleration that may lead to motion sickness, which is called severe discomfort boundary (SDB). The SDB is related to the time and frequency of vibration. It is divided into three classes according to the time of vibration, which are 30 min, 2 h, and 8 h, respectively. Considering that the time of vehicles passing through the bridges is often less than 30 min and the time of pedestrians passing through the bridges is basically less than 2 h, the “2 h motion sickness limit” can be conservatively adopted as the VIV limit of the bridge. When 0.1 Hz < fv < 0.315 Hz, the root mean square value of acceleration corresponding to “2 h motion sickness limit” is equal to 0.5 m/s2. Meantime, the results calculated by Chinese Specifications meet the requirements of ISO-2631-3-1985. Furthermore, the visual impact of the oscillations could distract motorists and possibly impede road safety, for the high-order modal VIV with three or more half waves, the VIV amplitude shall be limited to less than 0.35 m at least [31], and the vertical VIV allowable magnitude calculated by Chinese Specification is hv = 0.04/0.2688 = 0.1488 m < 0.35 m. Therefore, when the span exceeds 200 m, the VIV allowable magnitude specified in the Chinese Specification is overly strict and can still be used. The results are included in Table 3.
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(3)
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hv is the vertical VIV amplitude (m); fv is the first vertical mode frequency (Hz); γv is the VIV coefficient, which is set to 1.0 when taking wind tunnel test to obtain, θt is the torsional VIV amplitude (°); ft is the first torsional mode frequency (Hz).



As is shown in Figure 9a,b, there is no VIV phenomenon during the construction state. While in service state, the vertical and torsional amplitudes caused by VIV exceed the limit value defined by the Chinese Specification. Furthermore, both have two lock-in ranges, indicating that the bridge may appear hazardous vibrations at both low and high wind speeds. All these should be mitigated properly.



To mitigate VIV, there are three basic measures: aerodynamic countermeasure, mechanical countermeasure, and structural countermeasure [32]. It is widely used since the aerodynamic countermeasure such as changing the angle of wind fairings is a method that the added cost of installation and maintenance could be low. Specific aerodynamic measures can be determined by a mixture of computational fluid dynamics (CFD) and wind tunnel tests. It has been proved that appropriate reduction of the wind fairings angle can mitigate the VIV amplitude with no adverse effect on flutter stability [25]. The application of aerodynamic countermeasure, as depicted in Figure 10.



Through the CFD results, not only the aerodynamic forces of the air flow acting on the deck can be simulated, but also the distribution of the air flow outside the deck can be obtained, which provides intuitive information for qualitatively explaining the impact of the change of wind fairings angle on the aerodynamic characteristics of the deck. Due to the influence of auxiliary structure, the triangular unstructured mesh is adopted to facilitate mesh division. The mesh size near the deck gradually increases, the growth rate is not greater than 1.15, and the mesh quality is controlled above 0.46. After mesh independence verification, the number of meshes in the final calculation scheme is about 100,000. Fluent is used for simulation and the commonly used SST k-ω turbulence model is adopted.



Two larger-scale vortices are created near the deck, including a big one on the deck and one on the downwind knuckle lines with blunt wind fairings while there is just one vortex on the downwind knuckle lines with sharp wind fairings, as shown in Figure 11. Only by changing the wind fairing angle does the wind flow around the deck change significantly. The formed vortices with blunt wind fairings are not only low in frequency and high in energy but they are also easy to detach from deck and form von Karman vortex street. Only a smaller vortex forms with sharp wind fairings, which will modify the vortices’ action position and the aerodynamic forces on the deck. As a result, it can be concluded that sharping the wind fairings angle is useful in mitigating the VIV phenomenon by CFD.



In the sectional model wind tunnel test, the VIV was investigated with 40° wind fairings. The VIV suppression effect is compared in Figure 12 when the wind attack angles are 0°, +3°, and +5° in the service state.



The test shows that the vertical VIV disappears and the torsional VIV with two lock-in ranges is mitigated with sharp wind fairings. The VIV peak value is far less than the limit value. It can be concluded that sharpening the wind fairings could mitigate the VIV phenomenon caused by wind tunnel testing. The test results also verify the effectiveness of the above CFD analysis results.




3.3. Flutter Instability


The bridge is not prone to one-degree-of-freedom instability; hence, the elastically suspended section model wind tunnel test will be used to verify if the bridge will suffer two-degree-of-freedom-coupled instability. The test results are reported in Table 4, and it can be concluded that the bridge with sharp wind fairings is flutter stable since it does not have two-degree-of-freedom-coupled instability.





4. Full Bridge Aeroelastic Model


Owing to the fact that the sectional model wind tunnel test is not enough to fully reflect the aerodynamic response of asymmetric structures, in order to investigate wind stability further than the optimization measure scheme, the VIV and flutter performances of the bridge were investigated via a full bridge aeroelastic model test in both uniform and turbulent wind fields with various combinations of wind attack angles. Although the full bridge aeroelastic wind tunnel test has some drawbacks, such as not meeting all similar criteria at the same time and having a small scale, it can more realistically reflect the aerodynamic stability and wind-induced vibration response in the atmospheric boundary layer, as well as take into account three-dimensional spatial effects and multimodal coupling effects. As a result, a full bridge aeroelastic wind tunnel test for the bridge is necessary.



4.1. Modelling Parameters


The full bridge aeroelastic model test was carried out in the TJ-3 Wind Tunnel at Tongji University, China. A full bridge aeroelastic model at scale of 1:150 taking into account the actual parameters of the TJ-3 boundary layer wind tunnel were designed to be as close to the prototype as possible in terms of dominant structural features, mass properties, geometry, and wind loading. The model was designed using the Froude similarity so that it has the same shape, dynamic properties, and mass as the prototype structure. Other scaling property ratios were calculated using the geometrical scale ratio and the accompanying similarity criteria, which are listed in Table 5.




4.2. Model Design and Manufacture


Because some structural properties, such as axial stiffness of beams or bending stiffness of cables, have little impact on bridge response, it is usually impracticable or unnecessary to represent all structural properties precisely. As a result, the relevance of each property is given due consideration in the modeling of each element, and the modeling simplification is done accordingly.



The model’s deck was comprised of aluminum core beam (simulating the deck stiffness), high-dense foam coats (simulating the deck appearance), auxiliary equipment, and lead compensating weights. The aluminum core beam employed a “U” shaped skeleton to meet the identical requirements of lateral, vertical and torsional stiffness of the deck. To replicate the aerodynamic shape, the shape of the concrete deck was simulated with plexiglass, while the shape of the steel deck was simulated with light wood. Auxiliary facilities, such as the central separation belt, various railings, and the maintenance vehicle track and its deflector, were simulated. Lead compensating weights were pasted into the coat to adjust the deck’s mass and mass moment of inertia.



The stay cable was made up of constantan wire and spring to simulate its shape and tension. Steel core beams, light wood coats, and compensating weights made up the model’s towers and piers. The steel core beams were selected with rectangular sections and their parameters were established to fulfill identical stiffness requirements, and the towers and piers were generally simulated in longitudinal and transverse bending. Furthermore, all support conditions for the deck and towers or piers must be precisely simulated, with the appropriate restrictions and motion releases. This was accomplished by combining the use of leaf springs, wires, and rigid connections. After installation, the full bridge aeroelastic model placed in TJ-3 wind tunnel is shown in Figure 13.




4.3. Model Validation


To verify the accuracy of the bridge’s dynamic characteristics simulation, the model should be validated by checking the eigenmode frequencies, mode shapes, and damping values prior to testing.



The model’s first vertical and torsional frequencies and damping ratio are critical characteristics. The service state’s model frequencies and modal damping ratios were identified using the free-decay vibration approach, and are listed in Table 6. Except for the symmetric torsion, which is slightly greater than the limit, the discrepancy of modal frequency is within the allowed range. Considering that the deck is a steel-concrete composite beam, the damping ratio is also within a reasonable range according to the Specifications. All of this demonstrates that the test’s model design, manufacture, and installation were successful.




4.4. Simulation of Wind Field


An atmospheric boundary layer wind field (turbulent wind) with a scaling ratio of 1:150 was simulated in the TJ-3 wind tunnel of Tongji University using the roughness and spirelets, as indicated in Figure 14, for a Class B landform based on an investigation of the wind environment at the bridge location. The exponent of mean wind profile is set at 0.16, and the gradient wind height is set at 350 m. The mean wind speed profile measured in the wind tunnel at the bridge’s intended location is shown in Figure 15a. The targeted profile with a power law exponent of 0.16 is also presented on the same graph. This demonstrates that the provided mean wind profile is appropriate. Figure 15b compares the measured turbulence intensities to the target values, which were taken at the bridge’s intended location in the wind tunnel. Figure 16 shows the measured turbulence spectra at deck level, as well as several empirical spectra [33,34,35].




4.5. Measurement Point Arrangement


According to the dynamic analysis, the layout of measuring points is shown in Figure 17. The measured sections were 1-1 cross-section at the quarter span of the low tower side, 2-2 cross-section at the closure, 3-3 cross-section at the mid-span of the bridge, 4-4 cross-section at the quarter span of the high tower side, 5-5 cross-section at the top of the low tower, and 6-6 cross-section at the top of the high tower in order to study the wind vibration response of the asymmetric bridge. The vertical, lateral, and torsional displacement responses of the deck, as well as the longitudinal, transversal, and torsional displacement responses of the bridge tower, were measured using three sensors for each section. Two sensors measured the vertical motion on either side of the deck, from which the pure vertical and torsional components could be separated, while the third measured lateral motion.





5. Major Test Results and Findings


The full aeroelastic bridge model was tested in uniform flow for final verification of aeroelastic stability, as well as in turbulence for verification of the buffeting calculations. To investigate the aerodynamic stability under different wind attack angles, metal pads were placed at the bottom of the bridge piers and towers. The wind attack angles were adjusted to −3°, 0°, and +3° for the tests in this study.



5.1. Vortex-Induced Vibrations in Uniform Wind


The test curves of the vertical and torsional root mean square (RMS) were subject to different mean wind speeds (U) for the deck response at mid-span and closure of the service state, under uniform wind with most unfavorable wind attack angle, where the responses and wind speed were transferred to the prototype values, as shown in Figure 18a,b, respectively. The VIV with lock-in range was also measured in the full bridge aeroelastic model test, which is similar to the sectional model test. Furthermore, the vertical response of 2-2 cross-section(mid-span) is larger than that of 3-3 cross-section(closure), as shown in Figure 18a, while the torsional response of the closure section is greater than that of the mid-span section, as shown in Figure 18b. It is also demonstrated that an asymmetric structure’s torsional mode differs from that of a symmetric structure. In addition, it is found in Figure 18 that the sharp wind fairings can significantly mitigate the VIV, and the vertical or torsional VIV of the bridge with sharp wind fairings exceeds the deck’s permitted amplitude with a very small probability.




5.2. Flutter in Uniform Wind


Due to the presence of self-excited vibration, the response of the deck in uniform wind is not zero, as shown in Figure 19 a,b, respectively. The vertical and torsional RMS of deck responses at the mid-span and closure in the service state were not higher than 0.464 m and 0.040°, respectively, for all sections and wind directions concerned, up to a wind speed of 58.24 m/s (Flutter text wind speed). Furthermore, the aerodynamic instability phenomena did not occur up to a wind speed of 75 m/s, showing that the flutter critical wind speed of service state is much higher than flutter text wind speed, indicating that the bridge has sufficient flutter stability margin in uniform wind. Furthermore, the vertical response of each measure points is the largest when the wind attack angle is −3°, indicating that the bridge is more susceptible to negative wind attack angles. In addition, the response is largest in 3-3 cross-section, which corresponds to the vertical mode’s maximum value above. In terms of torsion, the bridge is more susceptible to positive attack angles, and the 2-2 cross-section’s response is largest when the attack angle is +3°, which corresponds to the maximum value of the torsion mode above. Therefore, it can be inferred that, because the maximum position of vertical and torsional response of asymmetric bridge is not in the same section, the vertical and torsion are not easy to couple, so as to improve the flutter critical wind speed.




5.3. Flutter in Simulated Turbulent Wind Field of Boundary Layer


The test curves of the vertical and torsional root mean square (RMS) subject to mean wind speed (U) for the deck response at each measure point at the service state, to turbulent wind with various wind attack angles, where the responses and wind speed were transferred to the prototype values, are shown in Figure 20a,b, respectively. According to Figure 20, the vertical and torsional RMS responses of the service state were not more than 0.690 m and 0.024°, respectively, for all sections and wind directions, up to a wind speed of 58.24 m/s. As a result, the bridge is aerodynamically stable enough in turbulent wind field. The largest vertical response can still be found in the 3-3 cross-section with a −3° wind attack angle, while the maximum torsional response can still be found in the 2-2 cross-section with a +3° wind attack angle. We can conclude that the previous conclusions in Section 5.2 remain valid.





6. Conclusions


The vibration test of the sectional model at two wind fairing angles—sharp and blunt—was used to evaluate the VIV performance of the box girder section with different wind fairing angles. Meanwhile, the VIV, flutter, and buffeting of the bridge, which is a typical asymmetric flat steel box girder cable-stayed bridge, were investigated using a full bridge aeroelastic model test. According to the results of the dynamics analysis and wind tunnel test, the following key conclusions may be drawn:




	
The modification of wind fairing angles will affect the VIV performance of the flat steel box girder cable-stayed bridge, according to the sectional model wind tunnel test. The vortex energy created by the sharper wind fairing under the influence of the incoming flow is smaller and has a higher frequency. The VIV can be efficiently mitigated by using sharper wind fairing. In this paper, however, just two distinct wind fairing angles are used to demonstrate how they affect VIV. It is necessary to do a more in-depth quantitative investigation of the law of VIV as they change with wind fairing angles.



	
The bridge’s mode shapes are different from symmetrical structure, according to numerical calculations and mode tests. The maximum displacement of the of first torsion mode shape is at the closure rather than the mid-span due to the asymmetric structure. This conclusion was also supported by the results of the full bridge aeroelastic model testing.



	
The bridge sectional model has a positive slope lift coefficient and moment coefficient, and the ratio of torsional and vertical frequency in the service state is larger than 2, indicating that it has stronger wind resistance stability. Furthermore, the flutter critical wind speed is substantially greater than the flutter checking wind speed under uniform and turbulent wind, according to the full bridge aeroelastic model testing. As a result, the bridge has enough aerodynamic stability in the service state.



	
Uniform wind causes minimal amplitude vertical and torsional VIV that are substantially below the limits, while there is no VIV in the turbulent wind. Consequently, the odds of vertical or torsional VIV exceeding the permissible amplitude in the service state are exceedingly remote.
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Abbreviations


Simple symbols shall be used as far as possible in this paper, and the precise description of each symbol shall be based on the description of the chapter in which the symbol is located. Scalars in this paper are in fine italic letters, and vectors are in thick italic letters.



	Symbol
	Description
	Symbol
	Description



	Us10
	design basic wind speed of bridge
	kc
	conversion coefficient of basic wind speed surface category



	U10
	basic wind speed
	Ud
	the design reference wind speed



	kf
	wind resistance risk factor
	Z
	base height of component



	α0
	exponent of mean wind profile
	Uf
	flutter checking wind speed



	γf
	partial coefficient of flutter stability
	γt
	partial coefficient of spatial influence of wind speed fluctuation



	γα
	partial coefficient of attack angle effect
	CH
	drag coefficient(body axis)



	CV
	lift coefficient(body axis)
	CM
	moment coefficient



	CD
	drag coefficient(wind axis)
	CL
	lift coefficient(wind axis)



	hv
	vertical VIV amplitude
	γv
	the VIV coefficient



	fv
	first vertical mode frequency
	θt
	torsional VIV amplitude



	ft
	first torsional mode frequency
	B
	section width
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Figure 1. Elevation of the bridge (unit, m). 
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Figure 2. Typical cross section of the bridge (unit, m). 
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Figure 3. Fundamental modes of construction state. (a) Lateral (0.1869 Hz); (b) vertical (0.2688 Hz). (c) torsional (0.6030 Hz). 
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Figure 4. Fundamental modes of service state. (a) Lateral (0.3613 Hz); (b) vertical (0.2809 Hz). (c) torsional (0.6268 Hz). 
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Figure 5. The lateral, vertical, and torsional modes. (a) Lateral; (b) vertical; (c) torsional. 
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Figure 6. Sectional model in CA-1 wind tunnel. (a) Construction; (b) service. 
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Figure 7. Aerodynamic forces acting on the deck. 
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Figure 8. Aerodynamic coefficients as function of the wind attack angle α. (a) Construction; (b) service. 
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Figure 9. Vertical and torsional response. (a) Vertical amplitude of construction; (b) torsional amplitude of construction; (c) vertical amplitude of service; (d) torsional amplitude of service. 
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Figure 10. Aerodynamic measures. 
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Figure 11. Winding flow pattern in the area near the deck with different wind fairing angles. (a) 62° wind fairing; (b) 40° wind fairing. 
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Figure 12. The effect of wind fairing angle on VIV in the service stage. (a) Vertical; (b) torsional. 
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Figure 13. Full bridge aeroelastic model in TJ-3 wind tunnel. 
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Figure 14. Atmospheric boundary layer turbulent wind field simulator. 
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Figure 15. Wind profiles measured in wind tunnel. (a) Mean wind speed profiles; (b) turbulence intensities profiles. 
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Figure 16. Spectrum of vertical turbulence at deck lever. (a) Component u; (b) component w. 
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Figure 17. Measurement point layout. 
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Figure 18. The root mean square (RMS) value of the displacement of mid-span and closure of the service state in uniform wind. (a) Vertical; (b) torsional. 
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Figure 19. The root mean square (RMS) value of the displacement of each measure point of the service state in uniform wind. (a) Vertical; (b) torsional. 
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Figure 20. The root mean square (RMS) value of the displacement of each measure point of the service state in turbulent wind. (a) Vertical; (b) torsional. 
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Table 1. Basic wind parameters.
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	States
	Design Reference

Wind Speed (m/s)
	flutter Checking Wind Speed (m/s)
	Static Wind Instability Test Wind Speed (m/s)





	construction
	32.21
	41.39
	45.34



	service
	39.88
	58.24
	63.81
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Table 2. Basic frequencies of construction and service state.
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Construction

	
Service




	
Mode Shape

	
Frequency (Hz)

	
Mode Shape

	
Frequency (Hz)






	
L1

	
0.1869

	
V2-S

	
0.2809




	
V2

	
0.2688

	
L3-S

	
0.3613




	
V4

	
0.4303

	
V5-A

	
0.4008




	
T5

	
0.6030

	
T8-S

	
0.6268




	
T14

	
1.4145

	
T11-A

	
0.9377








Note: V—vertical bending of deck; L—lateral bending of deck; T—torsional bending of deck; S—symmetric mode shape; A—asymmetric mode shape; number—mode order.
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Table 3. Test conditions and limit values.
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States

	
Wind Attack Angle

	
Flow Field

	
Wind Speed Ratio

	
Vortex Vibration Limit




	
Vertical (m)

	
Torsional (Deg)






	
construction

	
−5°, −3°, 0°,+3°, +5°

	
41.39

	
1:2.2

	
0.1488

	
0.1684




	
service

	
−5°, −3°, 0°,+3°, +5°

	
58.24

	
1:2.5

	
0.1424

	
0.1620
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Table 4. Flutter critical wind speed test results.
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Attack Angle

	
Construction

	
Service




	
Test Critical Wind Speed (m/s)

	
Real Bridge Critical Wind Speed (m/s)

	
Flutter Checking Wind Speed (m/s)

	
Test Critical Wind Speed (m/s)

	
Real Bridge Critical Wind Speed (m/s)

	
Flutter Checking Wind Speed (m/s)






	

	
>12

	
>55.20

	
41.39

	
>14

	
>74.20

	
58.24




	

	
>12

	
>55.20

	
>14

	
>74.20




	

	
>12

	
>55.20

	
>14

	
>74.20
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Table 5. Scaling parameters for Froude number similitude.
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	Property
	Name
	Scaling Factor
	Value
	Property
	Name
	Scaling Factor
	Value





	Length
	λL
	—
	1/150
	Frequency
	λf
	1/(λL/λV)
	1501/2/1



	Wind speed
	λV
	λL1/2
	1/1501/2
	Damping ratio
	λξ
	—
	1/1



	Density
	λρ
	—
	1/1
	Time
	λt
	—
	1/1501/2



	Mass per unit length
	λm
	λρ × λL2
	1/1502
	Mass moment of inertia per unit length
	λJ
	λρ × λL4
	1/1504



	Axial stiffness
	λEA
	λρ × λV2 × λL2
	1/1503
	Torsional stiffness
	λGJ
	λρ × λV2 × λL4
	1/1505



	Acceleration
	λa
	—
	1/1
	Bending stiffness
	λEI
	λρ × λV2 × λL4
	1/1505



	Length
	λL
	—
	1/150
	Frequency
	λf
	1/(λL/λV)
	1501/2/1
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Table 6. Scaling parameters for Froude number similitude.






Table 6. Scaling parameters for Froude number similitude.





	Modes
	Computed Frequency of Prototype
	Design Values
	Measured Values
	Discrepancy (%)
	Limit (%)
	Damping Ratio (%)





	1V-S
	0.2809
	3.440
	3.312
	3.73
	5.00
	0.75



	2L-S
	0.3613
	4.425
	4.396
	0.66
	5.00
	—



	3V-A
	0.4008
	4.909
	4.940
	−0.64
	5.00
	0.90



	4T-S
	0.6268
	7.677
	8.063
	−5.02
	5.00
	0.83



	5T-A
	0.9378
	11.486
	—
	—
	5.00
	—
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