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Abstract. With the maturity of various technologies and the vigorous development of advanced
materials, the design and construction of suspension bridges require larger spans and lighter
structures, but at the same time, the problems arising from the dynamic and static responses of
the system under wind loads have become more and more prominent. The phenomenon of wind-
induced static response occurring before the emotional response has been found in wind tunnel
tests at home and abroad. Static instability is also a vital issue in the wind-resistant design of
large-span suspension bridges, so studying the static behavior and instability law of large-span
suspension bridges under strong winds is of high practical value for the construction of large-
span bridges in the future. In this paper, relevant research results of previous researchers based
on static wind stability of suspension bridges are sorted out and summarized. Their
corresponding fundamental theories are introduced in detail. In addition, the related analysis
program is prepared by using the APDL language of ANSYS.

Keywords: Long-span suspension bridge, Nonlinearity, Three-component force coefficient,
Aerostatic stability.

1. Introduction

Bridges have been playing a pivotal role in transportation for an extended period. Since the 21st century,
with the development of new materials and construction technology, many countries have planned to
build super-span bridges. However, the larger the spans of bridges are, the softer the stability problem
caused by wind load will be severe [1]. The earliest case of instability of a bridge under wind load
appeared in 1879 when a 3.2 km single-track railway bridge (Tay Bridge) on the River Tay in Scotland
suddenly failed under wind load. In this accident, a 7-car train fell into the river with the middle part of
the bridge, resulting in 75 deaths. In 1967, Hirai found the phenomenon of static instability in the wind
tunnel test of the whole bridge aeroelastic model [2]. In 1997, Tongji University also found the above
phenomenon when doing the entire bridge aeroelastic model wind tunnel test on the Shantou Haiwan
Second Bridge. The occurrence of this phenomenon sends a warning signal to the aerostatic stability of
future super-large-span cable-loaded bridge structural systems [3]. Frangopol considered the effect of
structural geometric nonlinearities on the strength of large-span suspension bridges and evaluated the
stability of large-span suspension bridges in Japan [4]. Liang conducted a static wind stability analysis
of suspension bridges [5], and Chen focused on the stability theory and its calculation method with the
background of large-span cable-stayed bridges and considered the effects of the initial wind angle of
attack, the presence or absence of a center-buckled wind-resistant cable-stayed structure, and other
factors [6]. All these scholars used deterministic analysis methods to analyze the static wind stability of
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bridges [7][8]. The existing software used to calculate the static wind instability of large-span suspension
bridges is more complicated to operate, the popularity of the software is not high, and the period analysis
method is not perfect. It is necessary to summarize and compile a set of analysis procedures that can be
applied to the existing general finite element calculation software, simplify the parameter input of which
the calculation is in the design, and quickly be used and promoted in the bridge design.

This paper summarizes previous research results based on static wind stability of suspension bridges,
and the corresponding fundamental theories are introduced in detail. The related analysis program is
prepared using the ANSYS APDL language.

2. Static wind instability analysis theory of long-span suspension bridge

2.1. Static wind loads

The long-span suspension bridge mainly comprises the main beam, bridge tower, cable, and derrick. In
the general calculation, the wind load on the central building, main line, and boom only considers the
action of resistance [9]. The static wind action of the main beam is decomposed into three components,
namely, drag force, lift force, and lifting moment, which are derived from the hydrodynamics of aircraft
wings [10]. In the research, the natural wind is generally divided into the average air volume that does
not change with time and the pulsating air volume that changes with time. The superposition of the effect
of these two parts is the turbulent flow that considers the pulsating development of natural wind. The
force of the wind on the structure that does not change with time is called the static force, and the
parameter describing the static wind effect is called the static three-component force coefficient of the
main beam. The static tripartite force is established in the wind coordinate system, as shown in Figure
1. The static three-component force coefficientas shown in Eq.1; Eq.2 and Eq.3.
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Figure 1. Static tripartite force in wind axis coordinates
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Fp, F1, and M. are the force force under the condition of unit length, and Fp is the bridge resistance
(N). Fy is section lift (N); M7 is the torque of the bridge section (N'm); p is the density of air (kg/m3);
D is the height of the bridge section (m); B is the width of the bridge section (m); U is the incoming
wind speed (m/s).

2.2. Stability Analysis Theory

As a classical problem in structural mechanics, it can be concluded from many engineering accidents
that studies based on stability problems need to be emphasized. In bridge engineering, the stability
problem also exists. Suspension bridges have light structure and low stiffness, so the stability problem
is most apparent [10]. When the external load applied to the network increases to a specific value, the
system will transition from equilibrium to non-equilibrium. If its interference causes external complex
factors, the degree of structural deformation will be rapidly deepened, ultimately resulting in a
substantial reduction in the structural load-bearing capacity of the structure; this phenomenon is also
known as the structural instability phenomenon. The stability of the bridge structure is essential and
needs to be maintained in all directions at all times. Usually, experts use stability theory to analyze its
strength. Stability theory can be divided into branch point instability and extreme point instability
according to the specific state of structural flux.

2.2.1. Type I stability issues. Type I stability issues are the eigenvalue problem: when the structure is
subjected to a certain degree of external load, there are two equilibrium states, where the critical value
of the two equilibrium states is the compression curvature load, and then this kind of instability
phenomenon is also called branch point instability. Therefore, when using the finite element analysis
method to deal with it, it can be converted into a generalized eigenvalue solution [10]. As Eq.4.

|([Ko] + A[KsD|=0 (4)

Where [K,] is the geometric stiffness matrix under reference load; [ K, ] is the linear elastic stiffness
matrix. The eigenequation theoretically has n eigenvalues A4, 1,....,4,,. For many engineering stability
problems, the minimum eigenvalue is of real engineering significance, generally called the stability
coefficient. Therefore, when solving the type I stability issue, it is usually necessary to convert it into
the minimum eigenvalue of the solution equation.

Type I stability issues are often based on the ideal state. However, in the large-span bridge structure,
the members' force and the system's stress state are usually more complex than the theoretical situation.
In addition, many complex nonlinear factors in the project will interfere with the stability analysis of the
structure to a certain extent, while the type I stability issue is not considered. The style I stability issue
is theoretically assumed to have sufficient bearing capacity before component instability; however, in
practice, the application of structural loads is inconsistent. Also, if the actual structural behavior has a
significant difference, then the type I stability issue has certain limitations. Therefore, most engineering
structural stability problems are generally type II stability issues.

2.2.2. Type Il stability issues. Type I stability is the pole-point instability problem, where the structure
is subjected to an applied load and always remains in an equilibrium state. However, the shipment
applied to the system reaches a certain level. In that case, even if the load is stopped, the structure will
be deformed rapidly, the deformation will continue to increase, and the system will eventually be
damaged. However, if the load applied to the network reaches a certain level, the structure will rapidly
deform even if the bag is unused. The deformation will continue to increase, and eventually, the system
will be damaged. In addition, the corresponding critical load is the ultimate load of the structure, and
this kind of structural instability is also called extreme point instability.

Many stability issues that arise in practical engineering are essentially Type II stability issues. The
concept of ultimate load derived from this type of stability issue has led to the birth of the maximum
load state design method. The idea of ultimate loads derived from such stability problems led to the birth
of the top load state design method, which utilizes the structural strength reserve of the traditional design
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method to the fullest. This method makes full use of the structural strength reserve of the conventional
design method.

In solving finite element ultimate loads, it is often necessary to carry out an entire process analysis
[11]. In addition, when using elastic-plastic finite displacement theory, it is essential to focus on the
material and geometric nonlinear influences and approximate the ultimate load through the equilibrium
equations. As shown in Eq.5.

[K{6D]- {6} = {P} 5)

Where [K({6})] is the global stiffness of the structure;{d }is the displacement vector; {P}is the
external load of the system.

3. Static wind nonlinear stability analysis method for a long-span suspension bridge

3.1. Static wind instability principle

Bridge static wind instability refers to the torsional instability of a bridge structure under continuous
static wind loading, where the main girder is subjected to static wind loading, followed by deformation,
and the structural stiffness is reduced. In addition, the structure will also undergo further twisting
deformation with the continuous change of wind load size. If the increment of wind load is much larger
than the increment of resistance due to structural deformation, then static wind instability will occur. In
the early stage, in the process of its analysis, often with the help of linear methods, specifically, the first
assumption of structural instability pattern, and then build a familiar solution formula to calculate the
static wind instability wind speed. However, these linear methods often ignore the influence of nonlinear
factors such as geometry, static wind loads, and materials in the calculation and are the first type of
stability problems. In addition, the ultimate structural strength does not directly affect the occurrence of
the static wind instability phenomenon. Still, the structure's aerodynamic development is the direct
influence on the static wind instability.

In general, the process of static wind destabilization of a structure can be described by the relationship
between wind load and structural resistance. As shown in Fig.2 , K(h,p,a) is the structural stiffness
corresponding to the moment of structural deformation (h,p,a); Wy is the linear wind load without
considering the structural attitude change; Wi is the nonlinear wind load curve after considering the
structural attitude change; Ry is the linear stiffness curve, which is assumed to be a constant; Rt is the
stiffness curve after considering the geometrical nonlinearities and material nonlinearities. The structure
is stressed under tension at low wind speeds, stiffness K increases slightly, and the structural resistance
curve Rnt decreases with increasing wind speed.

K(h,p,a)

Uer Uit Uo  U(mi/s)

Figure 2. Static wind instability principle

As shown in Fig. 2, the wind load curve Wy rises gradually with the wind speed increase, while the
structural stiffness curve Rni decreases. The intersection of these two curves is the critical wind speed
for static wind instability U, and the existing static wind load theory described by W fails to show the
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nonlinear factor of static wind load caused by the change of effective wind angle of attack and the change
curve of static wind load is slow in comparison with Wxr. Meanwhile, the resistance curve Ry is kept
straight without considering the structural resistance with wind speed and structural deformation.
Meanwhile, the resistance curve Ry is kept linear without considering the variation of structural
resistance with wind speed and structural deformation. By analyzing the data in the figure, it can be
concluded that the critical wind speed calculated by the linear theory is high, significantly
overestimating the structure's static wind stability. To obtain a more accurate solution, a nonlinear
method is required.

3.2. Dealing with nonlinear problems

3.2.1. Geometric nonlinearity. Most elastic structures undergo elastic deformation due to changes in
internal or external actions. After elastic deformation, the system is placed in a new position, creating a
new equilibrium state. Therefore, it is necessary to establish the equilibrium equations based on the new
part of the structure. Equilibrium equations are based on the unique position of the system [12]. The
core idea of the nonlinear problem is that the equilibrium equations should be developed based on the
deformed structure [13].

Suspension bridges are mainly composed of main girders, bridge towers, and main cables, so when
constructing their finite element models, it is necessary to combine the two units of cables and girders
to complete them. The geometric nonlinear problems of suspension bridges are mainly reflected in the
following three aspects: (1) the relaxation of main cables, (2) the coupling effect of axial force and
bending moment on main girders and main cables, and (3) large displacement.

At this stage, the equivalent modulus method is most commonly used to calculate central cable
relaxation. Its tangential modulus of elasticity can be expressed by the following Eq.6.

E
(Loy)?
1+ 1203 E

Where E., is the tangent modulus of elasticity;£ is Young's modulus of the primary cable material;L,
is the horizontal projection length;y is the tolerance of the leading cable; o is the tensile stress of the
main line.

(6)

Eeq =

3.2.2. Static Wind Load Nonlinearity. Large-span suspension bridge structures are characterized by
lightness and flexibility; however, because of this characteristic, the system will be deformed to a certain
extent when subjected to static wind loads. A certain degree of deformation will occur under the
continuous action of static wind load. When the structure is in hydrostatic wind equilibrium, its position
will change significantly, so the effective angle of attack will also vary accordingly. When the system
is in static wind equilibrium, its status will be substantially changed, so the effective angle of attack will
be changed, and the coefficient of static three-part force will also be changed accordingly. In addition,
the static force coefficient will also change. In this way, the static wind load will be nonlinearly altered
by the increase of wind speed and the change of the three-part force coefficient. The static wind load
will not only be changed by the rise in wind speed but also by the evolution of the coefficient of the
third force [14]. At the same time, because the deformation of the bridge deck will have particular
differences due to different locations, it will make the bridge deck and the airflow form a non-linear
change. The effective angle of attack created by the bridge deck and the airflow changes significantly,
so the aerostatic force does not act uniformly on the bridge deck. The aerostatic staff does not work
uniformly on the bridge deck, that is, the nonlinear factor of static wind load. Therefore, a reasonable
and adequate analysis method needs to be developed. A good and effective way of analysis requires that
the aerostatic force on the main girder be considered a function of the effective angle of attack.

This method focuses on the relationship between the variation of the three-part force coefficient and
the effective angle of attack. It essentially treats the static wind load as a function of structural
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deformation. The method has the following characteristics. This method has the following features: (1)
When the wind speed is constant, the static wind load acts on the structure, causing it to deform to a
certain extent, and the three-part force coefficient will be changed due to the change of the effective
wind angle of attack. When the wind speed is constant, the static wind load acts on the structure and
makes it deformed to a certain extent, and the three-part force coefficient will be changed accordingly
due to the change of the effective wind angle of attack. The static wind load will change accordingly,
which further indicates the fact that there is movement in the static wind load; (2) When the wind speed
continues to change, the change of wind load parameters will cause the evolution of the static wind load,
so it has a more significant nonlinear change characteristic; (3) The angle of attack is a function of the
longitudinal coordinates of the bridge, so the static wind load usually changes along the direction of the
bridge length, which further indicates its spatial distribution characteristics.

Further, it exhibits its spatial distribution characteristics [7]. This type of method takes wind load
parameters into account and is therefore. This type of method can accurately describe the static wind
loads, and thus it is an effective nonlinear description method.

3.3. Analysis method of nonlinear static wind stability

Based on considering the geometric nonlinearity of the structure and the nonlinearity of the static wind
load, the second type of stabilization problem of the spatial stabilization theory of bridge structures is
generalized, and the nonlinear static wind stabilization theory can be reduced to solving the following
equilibrium Eq.7.

[Ke(w) + K§*W W)U = FFy (@), Fy (), Fy ()] ()

Where K. is the linear elastic stiffness matrix of the structure, K is the geometric stiffness matrix of
the system. a is the effective Angle of attack; Fu(a); Fi(a); Fu(a) is the drag force; lift force and lifting
moment downwind of the body axis. F'is a factor of the function; G and W are dead load and wind force,
respectively.

3.4. Internal and external nonlinear iterative programming

Based on ANSYS finite element software, the analysis program is designed using APDL language, and
the whole calculation and analysis process is carried out for the suspension bridge's three-dimensional
nonlinear static wind stability. The main principles are as follows: when the wind speed is at zero value,
the structural equations of equilibrium are calculated to obtain the initial displacement, then the initial
wind angle of attack is determined, and based on the wind load, the structural equilibrium equations of
equilibrium are calculated for the second time and the structural displacement is obtained by solving the
equilibrium equations, and then based on the torsional displacement, the wind angle of attack and the
wind load is re-assigned to solve for the structural removal again. Force coefficients used in the two
adjacent calculations are sufficiently small in terms of the Euclidean.

To maximize the accuracy of the calculation, the wind load is often required to be applied in a form
consistent with the slope load; the use of ANSYS to establish a TABLE array to interpolate the
relationship between the effective angle of attack and the three-part force coefficient, the use of a high
degree of curve fitting not only has the problem of poor accuracy but also causes the displacement-wind
speed curve is too smooth, which has a particular impact on the judgment of the critical wind speed;
therefore, it is not adopted; when no instability occurs in the bridge, regardless of the increase in wind
speed the deformation and internal force under the wind speed is unique, which can be used to test the
accuracy of the calculation procedure. When the bridge is not destabilized, the deformation and internal
force of the bridge under the wind speed are unique regardless of the increase in wind speed, and the
accuracy of the calculation procedure can be checked accordingly. The process is as follows:

(1) Establish the finite element model of the suspension bridge under the equilibrium state of the
bridge, carry out the linear solution under zero wind speed to obtain the structural stiffness matrix, and
determine whether the displacement of the bridge meets the accuracy requirements. The structural
stiffness matrix determines whether the removal of the bridge meets the accuracy requirements; if not,
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carry out the adjustment of the rope force and continue to carry out this. If not, the cable adjustment is
carried out, and the calculation is continued in the same step;

(2) Extract the central beam torsion angle and determine the effective initial angle of attack based on
the initial rise of attack;

(3) Define the initial wind speed U and the wind speed increment AU.

(4) The three-part force coefficient is set concerning the initialized value of the effective angle of
attack in the program, and the pre-set wind speed and the height of each structure in the bridge are taken
into account in the calculation process. The wind speed and the size of each design in the bridge should
be fully considered in the calculation process, and the above factors should also be considered when
applying static wind loads.

(5) Solve the problem using ANSY'S, if the result is non-convergent, then halve the wind speed step
and go to step 4. If the calculated results are in the converged state, then update the value of the three-
part force coefficient and obtain the torsion angle, calculate the Euclidean parameter of the three-part
force coefficients twice, and determine whether the result is less than the allowable error. The expression
of the parameter is shown in Eq.8[15].

1
Sk (@) = Cley-0)]*) < eps, @)
S [Ce(ag-r)]’ -

N is the number of nodes to which the static wind load is applied; C; is the three-part force
coefficient;epsy is the allowable error. If the results obtained are better than the eps; is smaller than epsy,
then the development of this calculation is considered to be converged, and the wind speed can be
increased according to the preset step size. Otherwise, the wind speed can be increased according to the
preset step size. If not, then halve the wind speed step and return to steps 4 and 5, if the number of
iterations exceeds the specified value, then increase the wind speed according to the preset step size. If
the number of iterations exceeds the fixed value, the calculation result is not converged, and the result
is output.

Check if the calculation of the preset wind speed is completed; if so, terminate the calculation process;
otherwise, continue to repeat steps 4 and 5. If the analysis is conducted, the process will be removed;
otherwise, repeat steps 4 and 5 until the calculation is completed.

3.5. Analysis of the whole process of static wind stability of Fuyuan Avenue Bridge

Fuyuan Avenue Bridge is the object of study. The main bridge adopts a double-surface self-anchored
concrete suspension bridge. The anchor cable span is divided into the main and side spans, a total length
of 1305m a standard width of 26m. Two main cables are parabolic, with a main spanning ratio of 1/12.75;
the upper end of the main cable is connected to the upper cable clamps, and the following is anchored
to the boom beams. The main bridge adopts a tower-beam-pier consolidation system. Finite element
simulation of the Fuyuan Avenue Bridge is carried out by using finite element software MIDAS. The
three-dimensional right-angle coordinate system is established, and the finite element model of the
bridge formation state is shown in Figure 3:
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Figure 3. The drawing of the bridge is a finite element calculation model of the bridge state

Run the simulation program to simulate the impact of different wind speeds on the bridge structure
in real scenarios, set the wind speed to 40m/s in the initial state, the wind angle of attack is +1°, and
gradually increase the wind speed in the experimental process, each time to increase the wind speed of
Sm/s, in the process of the experiment on the discovery that when the wind speed of 108m/s, the bridge
structure caused a more significant impact, this time, the system appeared to be a phenomenon of
nonlinear static wind instability. Table 1 below shows the values of the central girder span center
position with the change in wind speed.

Table 1. The numerical value of displacement at mid-span position

Wind Speed Tr'ansversal V;rtical Tgrsion
Displacement Displacement Displacement
40 0.140 -0.046 0.014
45 0.199 -0.055 0.018
50 0.273 -0.071 0.023
55 0.363 -0.083 0.030
60 0.472 -0.098 0.037
65 0.600 -0.106 0.041
70 0.749 -0.111 0.048
75 0.921 -0.116 0.057
80 1.118 -0.120 0.069
85 1.341 -0.116 0.096
90 1.592 -0.102 0.126
95 1.872 -0.051 0.170
100 2.183 -0.011 0.235

The following figure shows the variation of mid-span displacement with wind speed for the main
beam, and the mechanical behavior of the whole process is shown in Figures 4, 5, 6, below:
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Figure 4. The process of transverse displacement change in the span
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Figure 5. Vertical displacement change process in the span
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Figure 6. The process of torsional displacement change in the span

The critical wind speed for nonlinear instability of the whole bridge under +1° initial angle of attack
is 95 m/s. It can be seen from Fig:
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(1) When the wind speed is low, the displacement in each direction shows a linear trend. When the
wind speed is gradually increased, the spatial deformation of the structure is intensified, which shows
explicitly a nonlinear geometric relationship. The reason is that when the wind speed is at a lower value,
the torsional deformation of the main beam tends to be at a lower level, which makes the non-linear
relationship between the torsion angle of the main shaft and the three-part force coefficient not entirely
highlighted. Therefore it can be assumed that the two are in a linear relationship.

(2) If the wind speed is low, the main beam shows apparent downward deflection in the span. The
deflection increases with the wind speed and reaches the maximum at the wind speed of 80m/s, and then
the main beam continues to deflect upward, and the trend is getting bigger and bigger. When the structure
is at +1° angle of attack, if the lift coefficient of the main girder is less than zero value, then the main
beam will show a downward deflection pattern at the beginning, and when the wind speed is increased
to increase the torsion angle of the main girder, which increases the deflection with the wind speed.

When the wind speed is increased, the torsion angle of the main beam is increased, which further
leads to the lift coefficient changing from negative to positive, and the wind load is changed from
downward to upward. At the same time, the degree of non-linearity is increased, which finally makes
the main beam show an upward deflection pattern.

(3) When the wind speed gradually increases up to 95m/s, the displacement of the nodes in the span
will increase instantaneously, and the increased removal mainly includes vertical and torsion
displacement, which will lead to the coupling instability of the bridge in this case.

4. Conclusion
In this paper, the incremental and internal and external two-fold iteration method is selected in the
research process, which is the current mainstream calculation method. This method can quickly calculate
the data of various influencing factors, and the calculation results are more reliable, which can better
solve the main influencing factors of static wind instability and avoid the disadvantages of inaccurate
results in the traditional linear calculation method. This paper combed and summarized the
corresponding fundamental theories of the predecessors for a detailed introduction, so the lack of
practice generated data support.

Bridges are generally constructed in a natural wind field. The turbulence in the wind field affects the
three-part force coefficient of the main girder, which is an essential factor affecting the stability of
hydrostatic winds. The turbulence can be studied in depth in future research work.
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