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ABSTRACT 
Large-span steel structures are prone to wind vibration under wind loads, which affects the safety and 
performance of the structure, and wind vibration control is the key to its design. This paper takes the 
large-span steel structure as the research object, firstly introduces the theory and method related to 
wind vibration control analysis, constructs the topology-optimized inertial capacitance damper-
controlled wind vibration response dynamic equation of super high-rise building to analyze the 
influence law of wind speed and wind direction on the dynamic characteristics of the structure, and 
then further strengthens the vibration control ability of the structure through reasonable arrangement 
and parameter adjustment. The deformation of ETABS model in y-direction is larger than that in x-
direction under 50-year wind load, and the maximum displacements in y- and x-directions are 18.72 
mm and 11.65 mm, respectively. The y-direction interstory displacement angle meets the code 
requirement limit (2.65×10-4). The amplitude of the acceleration time-range curve of its top floor 
structure is between ±0.08, which meets the requirements for comfort. The optimization of the 
reinforcement layer using continuum topology optimization is better than the optimization of the 
optimal location arrangement according to finite element software. The results of node displacements 
and inter-story displacement angles of each story of the modified structural model under wind load 
meet the limits of top story displacement and inter-story displacement angle, and the performances 
are similar to those of the extended-arm truss structural model. 

Keywords: inertial capacitive damper, dynamic equation of wind vibration response, topology 
optimization, wind vibration control, long-span steel structure 
 

1. Introduction  

The so-called large-span steel structure refers to the structure that has a three-dimensional shape that 
is not suitable for decomposition into a planar structural system, has three-dimensional stress 
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performance and can span a large space, and works in space under the action of loads [1]. Among them, 
space structure can be divided into three basic types: solid structure, lattice structure, and tension 
structure. Solid structure class has thin shell structure and folded plate structure, they are generally 
reinforced concrete solid structure; grid structure class consists of net frame structure and net shell 
structure, generally by the rod according to a certain law of the composition of the grid of high-order 
superstatic space rod system structure; tension structure class consists of suspension structure and 
ϐilm structure, generally through the pre-tension applied to the cable or membrane after the formation 
of the structural system [2-5]. In addition to the above three basic types, the structure that 
concentrates the advantages of the above two or several structures is called hybrid structure or hybrid 
structure, and this kind of structure has become one of the hot spots of research in recent years. 

With the development of steel structure, the span of large-span steel structure gradually increases, 
the structure becomes more and more complex, the application of high-strength steel is widely used, 
and the design requirements are improved [6]. In addition, its dynamic structure is also gradually 
revealed, for example, a large-span structure is a stadium, gymnasium, but also to take into account 
the role of exhibition halls and multi-function halls, the use of more convenient [7]. The rapid 
development of large-span steel structure is mainly due to its beautiful spatial form, reasonable force 
and low steel consumption, and its reasonable shape itself can resist part of the external loads and 
achieve mechanical balance [8-10]. Because of this, the large-span steel structure has more and more 
inϐluence on the modern building structure, and has become one of the important symbols to measure 
the scientiϐic and technological level of a country. The stability and reliability of large-span steel 
structures is a very important design consideration to avoid serious accidents such as collapse of the 
structure during stressing [11]. Wind is one of the main factors leading to the stresses on building 
structures, which is mainly manifested in three aspects: wind pressure, wind vibration, and wind load, 
especially in large-span structures such as high-rise buildings and bridges [12-13]. 

The aim of this paper is to carry out a theoretical study on the improved design of the dynamic 
characteristics of the wind performance of a large-span steel structure through the coordinated action 
of topology optimization and inertial capacitance damper TMDI. In the study, the mechanism of the 
inϐluence of wind speed and direction changes on the dynamic response of the structure is deeply 
analyzed. Then the topology optimization technique is used to optimize the shape and layout of the 
structure to reduce the wind response of the structure. In addition, combined with the characteristics 
of the inertial capacitance damper TMDI, a strategy to optimize its arrangement and parameters is 
proposed to further improve the wind vibration control effect of the structure. Through theoretical 
analysis and numerical simulation, the effectiveness of the proposed theoretical method is veriϐied, 
and new ideas and methods are provided for the wind-resistant design of large-span steel structures. 

2. Overview 

Large-span steel structures are also affected by external factors, resulting in internal and surface force 
deformation, such as literature [14] analyzed the thermal performance of large-span steel structures 
under solar radiation through numerical simulation methods, showing that the effect of solar radiation 
on the structure is less than the seasonal temperature difference, and its internal force is released 
through the deformation of the grid structure. For large-span steel structures more common and 
numerical must be bridges, and wind, as a natural phenomenon, is unavoidable, so many scholars have 
studied large-span structures under wind. Literature [15] analyzed the stability of lightweight steel 
structures of super high-rise buildings under the inϐluence of wind, including the internal stress 
analysis of lightweight steel structures in strong winds using stress model-based calculations, the 
analysis of building node data by over-ϐiltering calculations, and the stiffness equations for the 
resistance reliability analysis of lightweight steel structures under internal pressure and wind 
pressure. Literature [16] constructed a fatigue reliability evaluation framework for large-span steel 
bridges under random trafϐic and wind loads using stress analysis, which showed that trafϐic and wind 
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loads have an effect on their fatigue reliability, especially on the upper and lower chords at the quarter-
span of the main truss of the bridge. Literature [17] analyzed wind vibration data from long-term 
monitoring of large-span bridges by cluster analysis, and the unsteady wind speed signiϐicantly 
affected the vortex-excited vibration modes along the span direction. Literature [18] used Monte Carlo 
technique to analyze the ϐlutter reliability of large-span suspension bridges under tropical cyclone 
wind conditions and predicted the probability of ϐlutter failure by wind duration, bridge surface 
roughness and length, and ϐlutter analysis model combination. Literature [19] analyzed the 
acceleration response calculated by multimodal chattering theory, vibration characteristics and wind 
characteristics from long-term monitoring data, and wind spectra derived under design rules using 
chattering response analysis, and comparisons revealed that this analysis was lower than the 
measured response for chattering measurements. These studies, the reliability, stability, and bridge 
shaking vibration under wind were evaluated and analyzed by stress analysis, cluster analysis, and 
shaking vibration response analysis for large block are bridges. This is far from enough for the design 
of wind-resistant structures with large-span steel structures and lacks the study under wind dynamic 
conditions. 

3. Improved design method for dynamic characterization of wind resistance of 
long-span steel structures 

3.1. Theories and methods related to wind vibration control analysis 

3.1.1. Structural wind design theory. In engineering calculation and design, the wind pressure is 
used to express the magnitude of the action of wind load [20], combined with the relevant knowledge 
of ϐluid mechanics, the low-speed movement of air is regarded as an incompressible ϐluid, and when 
the ϐluid mass point is in the same horizontal line for stable movement, its energy expression is: 

 21

2aw V mv C   (1) 

Where, aw V  for the static pressure energy ( )kN m , 21

2
mv  for the kinetic energy ( )kN m , C  is 

a constant, aw   for the static pressure per unit area  2/kN m  , V   for the volume of the air mass 
 3m , m  for the mass of the moving ϐluid mass ( )t , v  for the wind speed ( / )m s . 

The Bernoulli equation can be derived by dividing both sides of the above equation by V  from 
,m V  , which is the density of the air mass  3/t m : 

 2
1

1

2aw v C   (2) 

Then the wind pressure per unit area of free airϐlow: 

 2
1

1

2aw C w v    (3) 

When the structure is subjected to pulsating wind load for dynamic calculation, after obtaining the 
time course sample data, can be processed through the peak factor method to meet the calculation of 
the required guarantee rate of the peak of the dynamic response, the following formula (4) to obtain 
the peak data for the structure of the dynamic response of the performance indexes of the calculation 
or analysis and comparison. 

 max YY Y gR   (4) 

Where, maxY  represents the peak value of the effect during wind vibration of the structure, which 
can be various time-range response parameters such as displacement, velocity, acceleration, etc., Y  
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and YR  represent the mean and standard deviation of the time-range sample data, respectively, and 
g  represents the peak factor. 

3.1.2. Analytical model for structural wind vibration control. Under the wind load ( )P t  , the 
extension arm damping control model [21] is shown in Fig. 1 and the TMD control model is shown in 
Fig. 2. It consists of a frame-core model with dampers arranged in the reinforcement layer of the reach 
arm. The number of extensible arm dampers are arranged. Usually, the TMD system is set up in the 
ϐloor near the top of the structure, and the mass of the TMD is Tm , the damping is Tc , and the stiffness 
is Tk  . The structure produces a displacement ( )u t   and the TMD produces a displacement ( )w t  
under wind loading. 
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Fig. 1. The arm damping control model 
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Fig. 2. TMD control model 

For a super high-rise structure with dampers, the governing equations of the structure during wind 
loading can be expressed as the following equation: 
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 ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
T T
T

T T T T

Mu t Cu t Ku t P t H C w t K w t

M w t C w t K w t M H u t

     


   

  

  
 (5) 

( )w t  is the displacement vector generated by the damper, ( )w t  and ( )u t  corresponding to the 
ϐirst-order derivative is the velocity vector, the second-order derivative is the acceleration vector; M , 
C , K , TM , TC , TK  are the mass, damping, and stiffness matrices of the main structure and the 
damper, respectively; H  is the position matrix of the damper, which is used to represent the ϐloor 
where the damper is located; 1[0, ,0,1,0, ,0]T

NH    , where 1 is the position vector, and 1 in the k

th column represents that the damper is set at the kth ϐloor of the structure. 
For the super high-rise structure with TMD, by substituting the speciϐic parameters Tm , Tc , Tk  of 

TMD into the above equation and setting the TMD system set at the j th ϐloor and the position vector 
as jH , equation (5) can be rewritten as: 

 
 ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

T
j T T

T
T T T T j

Mu t Cu t Ku t P t H m w t m H u t

m w t c w t k w t m H u t

     


   

   

  
 (6) 

That is the control equation of the TMD system. According to the principle of energy balance, 
multiplying both ends of Eq. (5) by the relative displacement vector ( )Tdu t  and integrating, it can be 
obtained: 

 
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

T T T

T T T
r r

u t Mu t dt u t Cu t dt u t Ku t dt

u t P t dt u t HC v t dt u t HK w t dt

 

  

  
  

    

   
 (7) 

Relative energy equations are obtained to represent the structural energy at any moment in time: 

 in k c e tranE E E E E     (8) 

 tran c eE E E     (9) 

Among them: 

 ( ) ( )T
inE u t P t dt    (10) 

 ( ) ( )T
kE tuu t M t d    (11) 

 ( ) ( )T
eE tuu t C t d    (12) 

 ( ) ( )T
eE u t Ku t dt    (13) 

 ( ) ( )T
c TE u t HC w t dt      (14) 

 ( ) ( )T
e rE u t HK w t dt     (15) 

That is, at any moment, the total energy input into the structure by wind load inE  is converted into 
structural kinetic energy kE , potential energy eE , the structure's own damping energy dissipation 

cE , and the energy converted by the damper tranE , of which tranE  consists of the damping part of the 
damping system energy dissipation cE    and potential energy eE   . kE  , eE   and *

eE   can only 
convert the energy of the main structure, but cannot dissipate the energy, so the energy dissipation of 
the structure mainly relies on the damping of the main structure itself and the damping in the damper 
system. 
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However, in the structural wind vibration calculation, it is usually assumed that the structure is 
always in the elastic phase, when cE  only accounts for a small part of the total energy of the wind 
vibration, and the structure mainly relies on the dampers for energy dissipation, i.e.: 

 ( ) ( )T
in c TE E u t HC w t dt       (16) 

In this paper, the ϐinite element software ETABS is used for modeling and calculation to carry out 
the subsequent analysis and optimization of the wind vibration control scheme. 

When ETABS is used to establish a three-dimensional ϐinite element model for analysis, i.e., a 
computational model consisting of a spring k and damping c in series, the nonlinear force-deformation 
relationship is: 

 d k cf kd cd    (17) 

 k cd d d   (18) 

where d   is the total deformation between points i   and j  , k   is the spring stiffness, kd   is the 
spring deformation, c  is the damping coefϐicient, and cd  is the damper deformation. When k  is 
large enough and kd  is small enough, then cd d , then d cf cd  , where c  is the damping of the 
damper C . Using this principle, the effect of a viscous damper can be simulated by setting the spring 
stiffness to a larger value (usually 2 410 ~ 10  times) in the software. 

TMD optimal parameter design method for undamped single-degree-of-freedom structures: 

 
1 3

,
1 8(1 )opt

 
 

 
 

 (19) 

where 1 1/    is the frequency ratio, 1  is the TMD frequency, 1  is the ϐirst stage frequency of 
the main structure,   is the mass ratio; opt  is the optimal damping ratio of the TMD. 

The undamped structure under the action of white noise excitation, the parameter value formula of 
TMD can be rewritten as: 

 
(1 / 2) (1 / 4)

,
1 4(1 )(1 / 2)opt

   
  

 
 

  
 (20) 

Optimal TMD parameter formulation for damped structures: 

 
1

1 ,
1 1 1 1

p
p opt

   
   
 

         
 (21) 

Optimal parameter theory is chosen to optimize the values. 

3.1.3. Theory of structural topology optimization. For the extended-arm truss structure in the 
reinforced ϐloor of a super high-rise building, one of the bays of the frame with extended-arm members 
is taken, and the local arrangement of the truss can be optimized by the principle of continuum 
topology optimization [22-23]. The example of continuum algorithm is shown in Fig. 3, let a continuum 
side length is B, the upper end is free, acting two centralized forces P, and the bottom two points are 
ϐixed support, the continuum is topology optimized, and after stress analysis, the part with the smallest 
value of stress will be controlled by the rejection rate and deleted, and the cycle is continuous to reach 
the objective function. The topology optimization solution process is shown in Fig. 4. An optimized 
topological shape can be obtained, which reaches the fullness of the stress in each block of the member 
under a certain external force, and is able to exert the mechanical properties of the material as much 
as possible. 
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Fig. 3. Continuous example 
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Fig. 4. Topology optimization process 

The topology optimization solution is shown in Fig. 5, where the material distribution inside this 
continuum is optimized to four rods, which is the most stress-full arrangement in the local structure. 
The arrangement form of the extended arm truss and its damper can be optimized. 
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Fig. 5. Topology optimization solution 

3.2. Topology optimized dynamic equations for wind vibration response of high-rise buildings 

The suspension mounting of the inertial capacity damper TMDI is shown in Fig. 6. A suspension 
damping device is suspended from the t st ϐloor slab of the super high-rise building structure with a 
damping coefϐicient denoted by c  and a stiffness of the suspension structure denoted by k , and an 
accessory mass of mass m  is attached below it. The attached mass is connected to the t p th ϐloor 
slab of the structure by means of a number of inertia packages connected in parallel. The system is 
subjected to wind loads with a concentrated force of ( 1,2,3, , )iF i n   distributed at the points of the 
concentrated mass. 
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Fig. 6. Tmdi-superhigh-rise building coupling linear centralized mass model 

Based on D'Alembert's principle, the linear structural equations of motion for this system can be 
expressed as: 

 ( ) ( ) ( ) ( )Mu t Cu t Ku t p t     (22) 

In the above equation, ( )u t  , ( )u t   and ( )u t   denote the acceleration vector, velocity vector and 
displacement vector of each degree of freedom of the structure at the moment of t , and ( )p t  denotes 
the aerodynamic force vector acting on each degree of freedom of the structure at the moment of t . 
When the upper part of the inertial volume damper TMDI is suspended from the t th ϐloor slab and 
the lower part is connected to the t p  th ϐloor slab by the inertial volume device, the number of 
topological layers of this TMDI is deϐined as “ p ”. Now M , C , K  in the above equation can be 
speciϐied as: 

 

   
 
 

1
1 1 1 1 1

1
1 1 1 1 1 1 1 1 1

1
1 1 1 1 1 1 1 1

1 1 1 1 1

1 1 11 1 1

1 1 11 1 11

n T T T T
s t n n p t p n t p n t p

n T T T T
s n n n n

n T T T T
s c n n n n

M M m b I b I b I

C C c I I

K K k I


       


   


   

        

     

     

 (23) 

In Eqs. 1n
sM  , 1n

sC
 , and 1 ( 1)( 1)n n n

sK R    above, a square matrix of order 1n   is formed by adding 
a row and column of zeros to the last row and column of the matrix, respectively, based on the mass, 
damping, and stiffness matrices  *, , , N

s sM C K R   of the initial structure without TMDI. The 
elements of the localization vector ( 1)41 n

i R   in Eq. 6 are all zeros, except for the i th element, which 
is 1. The transpose symbol is the superscript T in Eq. 
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The damping matrix of the structure becomes a non-orthogonal damping matrix because of the 
TMDI installed in the building, so the system of second-order linear differential equations has to be 
solved in the state space by using the method of complex modal superposition with the following 
equation: 

 ( ) ( ) ( )Az t Bz t f t   (24) 

Among them: 

 .

( )0 ( )
, , ( ) , ( )

0 0 0 ( )

u tC M K p t
A B f t z t

M M u t

      
                   

 (25) 

From the above equations, it can be known that when the excitation is applied at the q st degree of 
freedom of the super tall building structure, the displacement response frequency response function 
and the acceleration response frequency response function of the p  nd degree of freedom of the 
structure are expressed: 

 
   

   

* *

* *
1

2 2 * *

* *
1

( )

( )

N
pk qk pk qkM

D
k k k k k

N
pk qk pk qkM

A
k k k k k

H j
a j s a j s

H j
a j s a j s

   


 

     


 





 
  
   
  
  
   




 (26) 

where the value corresponding to the p nd degree of freedom in the k st order complex vibration 
mode of the super tall building structure is denoted by pk  , the value corresponding to the q  th 
degree of freedom is denoted by qk , *

pk  and *
qk  are the corresponding conjugate values, ks  and 

*
ks  are the k th order eigenroot and the corresponding conjugate value of the structure, and ka  and 
*
ka  can be calculated by the following equation: 

  * *
1

T
l kkA diag a L a a L a    (27) 

where the eigenmatrix consisting of eigenvectors i  is denoted by  . 
On the basis of the complex modal superposition method, the structural response timescale ( )z t  

expression in the state space is as follows: 

 
   *

2 2

1

*1
*

*0 0
1

( ) ( )

( ) ( ) ( ) ii

n

i i
i

n t rtfi i
i i

i i i

t r f t

z t q t

z t F e d F e d
a a



    












 
  

 



  
 (28) 

where the i st order complex mode shapes of the structure are denoted by i  and the corresponding 
conjugate values are denoted by i  . The expression for the i  th order generalized force and the 
corresponding expression for the conjugate value are shown below: 

 
* *

( ) ( )

( ) ( )

T
i i

T
i i

F t f t

F t f t








 (29) 

After the wind-induced displacement response and acceleration response timescales of the super 
high-rise building structure are obtained by calculation, the equivalent static wind load of the 
structure can be calculated by using the displacement magnitude factor method with the following 
expression: 

 1( ) ( ) ( )cswF z G z P z  (30) 
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In the above equation, the average aerodynamic force is denoted by ( )P z , and this value can be 
obtained from wind tunnel tests and ϐield measurements. The displacement amplitude factor at 
different heights is denoted by ( )G z , and the value can be obtained by the expected extreme and mean 
values of the displacement response of the super high-rise construction structure, which is expressed 
as: 

 
ˆ ( )

( )
( )

D z
G z

D z
  (31) 

In the formula, the average value of the displacement response of the super high-rise building 
structure at height mz   is expressed by ( )D z  , and the corresponding expected extreme value is 
expressed by ˆ ( )D z . The expected extreme value of structural displacement response is estimated by 
ˆ ( ) dis disD z g   , and the expected extreme value of structural acceleration response is estimated by 
ˆ ( )acc accD z g . 

The reliability analysis theory of wind vibration response of super high-rise building under wind 
load is as follows: the wind direction frequency function ( )f   and the corresponding distribution 
function parameters are ϐitted by harmonic function, whose expression is: 
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In the above three equations, the frequency of any wind angle is expressed by ( )f  ; ( )a  , ( )b   
are the parameters in the distribution function; c , md , me  are the parameters inside the harmonic 
function; fn , an , bn  are the corresponding orders of the harmonic function. 

The structural function function is constructed to carry out the reliability analysis of wind vibration 
response of super high-rise building structure: 

 [ ]a sZ a a   (35) 

Among them, the acceleration limit value required by the speciϐication is expressed in [ ]a  . 
According to the speciϐication ISO10137, when the structural self-oscillation frequency is 0.175Hz, the 
50-year reproduction period for the top of the structure of the building acceleration response extreme 
value is not greater than 20.09 /m s , for the top of the structure of the ofϐice structure acceleration 
response extreme value is not greater than 20.13 /m s , and the top of the structure of the ultra-high-
rise building peak acceleration is expressed in sa . 

It is assumed that the probability of exceeding the limit value under this wind angle at this time is 
equal to the probability of wind speed greater than the wind speed occurring under this wind angle in 
the joint distribution function of wind speed and wind direction for the corresponding reproduction 
period, that is: 
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Then consider the total probability that the joint distribution of wind speed and direction exceeds 
the limit on a conditional probability basis fP , which is expressed as: 
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The reliability of the super tall building structure under the 50-year return period considering the 
joint distribution of wind speed and direction is under the condition of meeting the comfort 
requirements: 

 
10

10 1a fZ P     (38) 

The extreme value of displacement response of the top ϐloor of the super tall building structure at 
50-year return period is obtained by calculation, which facilitates the construction of the structural 
function function to carry out the reliability analysis of the wind vibration response of the super tall 
building structure: 

 [ ]d sZ d d   (39) 

Among them, the speciϐication of the ultra-high-rise structure of the inter-story displacement angle 
limit value expressed in [ ]d , according to the current national standard high-rise building concrete 
structure technical regulations of the height of not less than 250m of high-rise building ϐloor layer 
maximum displacement and the ratio of the height of the layer should not be greater than 1/500, sd  
is the ultra-high-rise structure of the structure of the top layer of the maximum inter-story 
displacement and the ratio of the height of the layer. 

If 0dZ  , then judge that the wind angle under the wind response is reliable; if 0dZ  , you can 
judge that the wind angle under the limit, assuming that the probability of exceeding the limit at this 
time: 
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Where n  is the number of ϐloors where the inter-story displacement angle exceeds the limit at that 
wind angle. The total probability of exceeding the limit value calculated on the basis of conditional 
probability fP  i.e: 
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The reliability of the super high-rise building structure under a 50-year return period considering 
the joint distribution of wind speed and direction is: 
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The reliability of the super high-rise building structure under 100-year return period considering 
the joint distribution of wind speed and direction is: 

 
100

100 1 d
d iZ P     (43) 

3.3. Construction of Finite Element Model for Large-Span Steel Structures 

3.3.1. Finite Element Modeling of Large-Span Steel Structures. This paper takes the trestle bridge as 
an example to improve the design 
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1) Engineering overview. This paper studies a ϐive-span steel trestle bridge, with spans of 28m, 48.5m, 
48.5m, 33.8m and 50m respectively, and hereafter narrated in this paper, all of which are expressed in 
terms of the ϐirst to the ϐifth spans to express their speciϐic positions. The basic information of each 
span is shown in Table 1. According to the use of the central part of the trestle to set up a tape machine, 
and set up on both sides of the maintenance aisle, ϐive spans of trestle width are 5.2 m. Steel structure 
trestle one end of the articulated support, one end of the sliding support. 

Table 1. The basic information of each cross pier 

Position Span (m) Star vector height (m) Angle (°) Height of climb (m) 

First cross 28 4 13 5.85 

Second cross 48.5 4 13 10.2 

Third span 48.5 4 13 10.2 

Fourth cross 33.8 4 13 6.55 

Fifth cross 50 4 3 1.93 

(1) Design parameters: the basic wind pressure of this project is 20.5 /kN m , and the roughness of 
the ground is B class; 

(2) Design load: ϐloor live load 23.5 /kN m , roof live load 20.5 /kN m ; 
(3) Structural material: steel truss, steel member, node plate are all made of Q235B steel. The 

principal relationship of Q235B steel adopts ideal linear elasticity model, which is isotropic material, 
i.e.: EX EY EZ  . 

The structural arrangement of the trestle is shown in Fig. 7. 

 

Fig. 7. Structure layout of the trestle 

2) Model parameters. Unit cross-section type and parameters: the ϐinal detailed cross-section 
parameters of each major rod are shown in Table 2. 
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Table 2. Section characteristic 

Model 
Unit 

number 
Unit type A (mm2) Ix (mm4) Iy (mm4) 

First cross 

Fourth 

cross 

1 2L140x12 5410 1.02909E7 2.10824E7 

2 2L125x10 4810 7234997 1.4895E7 

3 2L110x10 4210 4854058 1.06632E7 

4 HW250x250x9x14 9228 1.08E8 3.65E7 

5 L100x8 1573.8 1482410 1482410 

6 Work 16 2623.1 1.13E7 931010 

7 2L125x8 3882 5923278 1.18783E7 

8 HM300x200x8x12 7313 1.14E8 1.6E7 

Second 

cross 

Third span 

Fifth cross 

9 2L180x16 11018 3.41284E7 7.10406E7 

10 2L110x10 4210 4854058 1.06632E7 

11 2L125x10 4810 7234997 1.4895E7 

12 2L160x14 8578 2.10149E7 4.43345E7 

13 2L180x16 11018 3.41284E7 7.10406E7 

14 HW300x300x10x15 12050 2.05E8 6.76E7 

15 L100x10 1936.1 1795110 1795110 

16 Work 16 2623.1 1.13E7 931010 

17 L100x8 1573.8 1482410 1482410 

18 L125x12 2901.2 4231610 4231610 

19 HM300x200x8x12 7313 1.14E8 1.6E7 

20 HW150x150x7x10 3975 1.62E7 5630010 

3) Modeling. There are frame unit, shell unit, connection unit and solid unit in the ϐinite element 
analysis software Sap2000, which are combined together and after a series of assumptions, can 
simulate the force of the complex real structure. The trestle structure mainly uses frame units, which 
are used to simulate beams, column supports and trusses in the structure. The frame unit uses the 
classical 3D beam-column formulation, and Sap2000 can simulate a variety of mechanical forms, 
including the effects of axial edge, torsion, biaxial bending and biaxial shear deformation. In order to 
try to ensure that the model ϐits the actual structure, according to the structural characteristics of the 
trestle bridge, with reference to the actual construction drawings and combined with the relevant 
speciϐications and design manuals, the following linking methods are used for each component in the 
model building process: 

(1) End portal frame column foot node degrees of freedom are released in accordance with the 
structural design, the articulated end releases the moment degrees of freedom in three directions, and 
the sliding end releases the X-direction shear force without taking into account the friction force of the 
sliding support in this paper. 

(2) The steel structure tower is completely rigidly connected with the foundation. 
(3) The truss bridge body part, web rods, upper and lower horizontal supports are articulated 

according to the design. 

3.3.2. Determination of the damping term. The research model in this paper uses the Rayleigh 
damping model [24] for the damping setting. The Rayleigh damping model, also known as 
proportional damping, is a simpler form of modeling commonly used today, and its accuracy is 
sufϐicient for practical engineering, with the mathematical expression shown below: 

 [ ] [ ] [ ]C M K    (44) 
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Where: [ ]M  is the mass matrix; 
[ ]K  is the stiffness matrix; 
[ ]C  is the structural damping matrix; 
i , j , is the damping ratio; 
i , j  are the angular frequencies; 

 ,   are the mass matrix coefϐicients and stiffness matrix coefϐicients. 
According to the determination of Rayleigh damping coefϐicient there are four methods of 

determining, and through simulation and comparison, the calculation results of Rayleigh damping 
coefϐicient of the four methods are similar, the structural response does not appear oscillation 
phenomenon, the ϐitting effect is better. 

It is assumed that: the contribution of mass matrix and stiffness matrix to the Rayleigh damping is 
equal. Then there are: 

 1 1, /       (46) 

From the modal analysis to ϐind the ϐirst formation cycle is 1 2.079T  , so the circular frequency 
1 12 / 3.021T    , and the structure of the damping ratio of 0.04   , substituting into the above 

equation, get: 

 0.121, 0.0132    (47) 

4. Analysis of the results of the dynamic characterization of the wind resistance 
of the improved long-span steel structure 

4.1. Finite Element Analysis of Wind Vibration for Example of High-Rise Assembled Structure Project 

4.1.1. Structural modal analysis. Structural practical engineering, the structure was modeled and the 
ϐirst 10 orders of vibration modes of the structure were calculated using ETABS. 
1) Self-oscillation period and frequency analysis of the structure. This paper mainly extracts the ϐirst 
10 orders of self-oscillation period and frequency of ETABS model. The ϐirst 10 orders of self-
oscillation frequency and period of the assembled structure are shown in Fig. 8. It can be found that 
with the increase of the number of layers, each cycle gradually increases, but there is a tendency to 
decrease at T1p/T1c. For the convenience of practical engineering design, the average value of the 
three is taken, i.e., the cycle enhancement coefϐicient of the assembled structure compared with the 
cast-in-place structure is 1.182. 
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Fig. 8. The ϐirst 10 order vibration frequency and period of the assembly structure 

The design results structural period with ETABS calculation are shown in Fig. 9. The ϐirst three 
orders of the period of the assembled structure are T1=2.1017s, T2=1.6255, and T3=1.2726.From the 
ϐigure, it can be found that the design results obtained the self-oscillating period which is smaller than 
that calculated by ETABS. 

  

Fig. 9. Design results structure cycle and ETABS calculation results 

2) Comparison of cycles of cast-in-place and assembled structures. 10-span and 22-span cast-in-place 
and assembled self-oscillation cycle shown in Table 3, the comparison of cast-in-place structure and 
assembled structure can be found: their vibration pattern is dominated by the ϐirst vibration type of 
advection, but there are some differences between the two T1, T2 and Tt, and the cycle of assembled 
structure is slightly larger. 

Table 3. 10 span and 22 span current and assembly type self-oscillation cycle 
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Structural type T1 Tt T2 Tt/T1 

10 span 0.5573 0.4345 0.4458 1.0201 

22 span 0.6486 0.4924 0.5181 0.9658 

10 span 1.9609 1.2371 1.447 0.6992 

22 span 2.1687 1.3416 1.6965 0.6804 

The period of 5-span, 10-span and 21-span structures are shown in Table 4. From the table, it can 
be seen that the ϐirst vibration pattern of the assembled structure belongs to the advection along the 
y-direction, and the period is obviously larger than that along the x-direction in the second vibration 
pattern, and it is learned that there are certain differences in the stiffness of the structure in the x- and 
y-directions, and the x-direction is obviously larger than that in the y-direction. The second vibration 
pattern belongs to the x-direction slightly torsion of the advection, the third vibration pattern belongs 
to the torsion vibration, the fourth vibration pattern belongs to the bending vibration, from the fourth 
vibration pattern onwards are ϐlat and torsion coupling vibration. 

Table 4. The cycle ratio of the 5&10&21 layer structure 

Layer number T1p T1c T1p/T1c 

5 0.3319 0.3621 1.0910 

10 0.7026 0.6783 0.9654 

21 2.2227 2.0819 0.9367 

4.1.2. Calculation of wind vibration response: 
1) Comparison of simulation results and design results. Comparison of design results and ETABS 
structural displacements under wind load is shown in Fig. 10, with (a) and (b) showing the 
displacements in x-direction and y-direction, respectively. From the ϐigure, it can be seen that the 
maximum displacement of the ETABS model in the y-direction under a 50-year wind load is 18.72 mm, 
and the maximum displacement in the x-direction is 11.65 mm. The displacement curves in the x- and 
y-directions in the deformation and displacement diagrams show that the deformation of the structure 
in the y-direction under the wind load is larger than that in the x-direction. 

  

(a)x direction                                      (b) y direction 

Fig. 10. Design results and ETABS structure displacement contrast 

The design results and ETABS inter-span displacement angles under wind load are shown in Fig. 11, 
with (a) and (b) referring to the y-direction and x-direction, respectively. From the ϐigure, it can be 
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seen that the inter-span displacement angle in the y-direction is 2.65 × 10-4, which satisϐies the 1 × 
10-4 limit required by the code. 

 

(a)y direction 

 

(b)x direction 

Fig. 11. The displacement Angle between the wind load action and the ETABS layer 

The results of the comparison between the design results under wind load and the acceleration of 
the ETABS structure are shown in Table 5. Comparison of design results under wind load and ETABS 
structural x and y acceleration found that the x-direction acceleration is smaller than the y-direction, 
and the x- and y-direction accelerations in the ETABS calculation results meet the comfort 
requirements. Comparison between the two found that the ratio of ETABS calculated wind vibration 
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response to the design results is 1.182, so in the wind design, it is recommended that the structural 
wind vibration calculation should be multiplied by an increase factor of 1.182. 

Table 5. The design results were compared with the ETABS structure acceleration 

Calculation method Yjk design results ETABS calculation results 

Downwind X direction 0.200 0.038 

Acceleration m/s² Y direction 0.261 0.109 

2) Wind vibration parameter analysis. The wind vibration response was analyzed above for the 
selected engineering examples and cast-in-place structures respectively, and the applied loads were 
pulsating wind loads in the case of one in 50 years. In order to further investigate the wind vibration 
response of high span assembled structures, the wind vibration response of assembled structures is 
investigated by varying the change in wind speed to which the structure is subjected. The basic wind 
pressure w0=0.5kN/m2 and the corresponding basic wind speed v=27.5m/s for the one-in-50-year 
wind speed are shown in Fig.12. (a) is the acceleration at the top of the structure for the one-in-50-
year wind speed, and (b) is the peak displacement at the top of the structure for the one-in-50-year 
wind speed. When subjected to a wind speed of one in 50 years, the amplitude of the acceleration time 
curve of the top structure is between ±0.08, which meets the comfort requirements of the high code. 
If the top ϐloor meets the requirements, the overall comfort level also meets the requirements. 
Generally within the gradient wind height, the wind vibration response of the bridge increases with 
height, mainly because the higher the height the higher the wind speed. However, in the case of high 
spans, if the top span structure meets the speciϐication requirements, the overall comfort level meets 
the requirements. Moreover, as the wind speed parameter changes, the acceleration response at the 
top of the structure increases with the wind speed. 

 

    (a)Top acceleration of wind speed structure           (b)Peak displacement of wind speed structure 

Fig. 12. The results of the wind wind structure at the top of 50 years 

4.2. Dynamic characterization of wind performance of long-span steel structures 

The results of the comparison of the displacements of each layer under mean wind action after 
optimization of the reinforcement layer are shown in Fig. 13. It shows the comparison of the 
displacements of each layer under the average wind action after optimizing the reinforcement layer 
according to Method I (stepwise approximation method) and Method II (continuum topology 
optimization). From the ϐigure, it can be seen that the displacements of each layer of the structure 
under average wind action after arranging the reinforcement layer according to Method 2 are not much 
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different from those of Method 1, and the corresponding displacements of the top layer of Methods 1 
and 2 are 0.1685 m and 0.1749 m, respectively, which are less than 0.2 m and satisfy the minimum 
stiffness requirement of the structure. This indicates that both methods have achieved the expected 
effect of increasing the overall stiffness of the structure. 

 

Fig. 13. The contrast results of the average wind effect of the layer are optimized 

The displacement of each layer of downwind action after optimization of the reinforced layer is 
shown in Fig. 14. The acceleration of each layer under downwind action after optimization of 
reinforced layer is shown in Fig. 15. The peak displacements and accelerations of each layer are 
compared with the peak values of each layer under the downwind action after the optimization of the 
reinforced layer. As can be seen from the ϐigure, after arranging the reinforcement layer according to 
the two methods, the peak values of displacement and acceleration of each layer of the structure 
arranged according to method 1 are slightly smaller than those arranged according to method 2 under 
downwind action. This indicates that the contribution of the reinforcing layers to the overall stiffness 
of the structure arranged by Method 1 is better than that of Method 2. The peak displacements of the 
top storey under downwind action corresponding to Methods I and II are 0.5005m and 0.5245m, 
respectively, which are both larger than 0.4m, and do not meet the structural design stiffness 
requirements. The peak acceleration of the top layer corresponding to the downwind action of Method 
I and Method II are 0.2286m/s² and 0.2386m/s², respectively, which are both greater than 0.15m/s², 
and do not satisfy the requirement of structural design comfort. 
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Fig. 14. The strengthening layer is optimized and the wind is displaced by the wind 

 

Fig. 15. Optimization of the various layer acceleration after the wind 

The comparison of the displacement of the top layer of the structure under downwind is shown in 
Fig. 16; the comparison of the acceleration of the top layer of the structure under downwind is shown 
in Fig. 17. As can be seen from the ϐigure, after continuing to arrange the reinforcement layer damping 
system in the optimal position according to Methods 1 and 2, the peak values of the displacement and 
acceleration of each layer of the structure under the action of downwind are still not much different, 
which indicates that the optimized arrangement of the reinforcement layer damping system with the 
corner amplitude of each layer of the core cylinder as the objective function can achieve the same good 
effect as the optimization of the continuum topology. There are two main reasons: Method 1 has a 
better effect on the overall stiffness of the structure than Method 2, and the overall stiffness of the 
structure leads to a reduction of deformation, which affects the control effect of the damper on the 
wind vibration; Method 2 takes the corner amplitude of each layer of the structural core as the 
objective function, while Method 1 takes the peak displacement and acceleration of the top layer of the 
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structure and the weight of the peak value of the acceleration as the objective function, which makes 
the optimized result of Method 2 better than Method 1 in terms of the reduction of acceleration. This 
also makes the optimization result of method II better than method I in terms of acceleration reduction. 

 

Fig. 16. Contrast of the displacement interval of the low-wind structure 

 

Fig. 17. Contrast of the high level acceleration of the lower wind structure 

Fig. 18 shows the comparison results of the total input energy of wind vibration; Fig. 19 shows the 
comparison results of the total absorbed energy of the main structure; and Fig. 20 shows the 
comparison results of the additional damping dissipation energy. As can be seen from the ϐigures, the 
total input energy of wind vibration of the structure after the optimised arrangement of the two 
methods is almost equal, the total absorbed energy of the main structure after the optimised 
arrangement of Method 2 is slightly lower than that of Method 1, and the additional damping 
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dissipation energy of Method 2 is slightly higher than that of Method 1. This indicates that the 
optimised arrangement according to Method 2 can make the dampers give fuller play to the energy 
dissipation and vibration reduction. From the energy point of view, the optimised arrangement of 
Method 2 is better than that of Method 1. 

 

Fig. 18. The results of the total input can be compared 

 

Fig. 19. The total absorption of the main structure is compared to the result 
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Fig. 20. The additional damping dissipated time range comparison results 

4.3. Modification of the optimised structural model and checking analysis 

4.3.1. Self-weight load analysis and modal calculation. In this paper, based on the principle of 
symmetrical distribution of diagonal braces as much as possible, the optimized structural model is 
modiϐied, i.e., the placement of diagonal braces is ϐine-tuned to redistribute them. A small amount of 
diagonal strut members are added to obtain the modiϐied structure (hereinafter referred to as 
“modiϐied structure”). Modal analysis is performed to obtain the ϐirst six orders of the modiϐied 
structure model, and the ϐirst six orders of the modiϐied structure model are shown in Table 6. It can 
be seen that the ϐixed frequencies of each order of the modiϐied structure are higher than the ϐixed 
frequencies of each order of the extended-arm damping and lower than the ϐixed frequencies of each 
order of the extended-arm truss structure. 

Table 6. Correct the ϐirst six order of the structure model 

Frequency Numerical value 

First-order frequency 0.6854 

Second-order frequency 0.7023 

Tristage frequency 0.9941 

Quaternary frequency 1.5847 

Pentapoquinary frequency 21362 

Hexadinian frequency 2.7497 

4.3.2. Structural response under wind loading. Through the calculation and analysis, the node 
displacements of each ϐloor of the modiϐied structure model are extracted, and the node displacements 
of each ϐloor of the modiϐied structure model are shown in Fig. 21, with (a) and (b) being the X-
direction and Y-direction, respectively. It can be seen that the node displacement of the top ϐloor is 
0.0098m after the wind load in X direction is applied to the model, and 0.0165m after the wind load in 
Y direction is applied to the model, which are much smaller than the requirement of 1/500 of the limit 
value of horizontal displacement of the top ϐloor of the frame structure. 
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(a) X direction 

 

(b) Y direction 

Fig. 21. Modify the displacement of each ϐloor of the structural model 

After analyzing and calculating, the inter-story displacement angle of the modiϐied structural model 
is obtained as shown in Fig. 22, (a) and (b) are the X direction and Y direction respectively. It can be 
seen that the maximum inter-story displacement angle in the X direction occurs in the 1st ϐloor, and 
the maximum inter-story displacement angle in the Y direction occurs in the 5th ϐloor, with the values 
of 0.00042 and 0.00097 respectively, which satisfy the requirement of less than the limit value of the 
inter-story displacement angle of frame structure of 1/420. And the calculation results are close to 
those of full diagonal bracing, which proves that the design of the modiϐied structural mode is 
reasonable and effective. 
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(a) X direction 

 

(b) Y direction 

Fig. 22. Modiϐied structural model of interlayer displacement Angle 

5. Conclusion 

Based on the topology optimization theory and combined with the wind vibration control principle, 
this paper carries out an in-depth research on the design theory for improving the dynamic 
characteristics of wind-resistant performance of large-span steel structures. The research results 
provide theoretical support and reference design for the wind-resistant design of large-span steel 
structures. 
1) In this paper, a reasonable ETABS ϐinite element model is established to simulate the high-rise 
assembled structure in combination with the actual project, and the wind load simulation results are 
applied to the model and modal analysis and wind vibration response analysis are carried out, and 
compared with the design results, and the cast-in-place structure and the assembled structure are 
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compared by changing the wind speed parameter, so as to verify the rationality of the assembled 
structure. 
2) According to the wind vibration response of the structure, the effect of using continuum topology 
optimization to optimize the reinforcement layer is better than the effect of optimizing the optimal 
position arrangement according to ϐinite element software. It is feasible and effective to optimize the 
damping system of the reinforcement layer with the corner value of each layer of the core as the 
objective function. The reinforcement layer arrangement only needs to meet the minimum stiffness of 
the structure to give full play to the wind vibration damping effect of the reinforcement layer damping 
system. The continuum topology optimization can be combined with the value of the objective function 
to fully consider the functional requirements of the building, so that engineers and technicians can get 
a more reasonable layout in the preliminary design stage. 
3) The displacement and interstory displacement angles of each layer of the structure under wind load 
are calculated, and after ϐinding that the interstory displacement angle does not meet the design 
requirements of less than 1/420, the optimization model is modiϐied, and the displacement and 
interstory displacement angles of each layer node under the wind load of the modiϐied structural 
model are checked, and the results meet the top displacement limit and the interstory displacement 
angle limit, and the performance is similar to that of the outrigger truss structure model. 
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