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Abstract

The share of high-rise structures in China is growing as a response to the
ordinary human wishes of today, such as high-rise accommodations and
high-altitude enjoyment facilities. Because of the different traits of high-rise
buildings, it is critical to find out about the load response and mechanical
traits of high-rise buildings. In this paper, first of all, from the aerody-
namic modeling experimental methods on the basis of three-dimensional
wind-induced vibration of high-rise structures, high-rise buildings, the side-
strain combination of the proposed simple and calculation formula, the basic
characteristics of three-dimensional wind-induced vibration of a systematic
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study. The modal pushover evaluation technique is then used to analyze the
elasticity and plasticity of the high-rise structure, and it is counseled that
the higher-order vibration sample has a vital effect on the seismic resistance
of the structure. Finally, a calculation principle of the mechanical response
of high-rise construction subjected to transverse wind load thinking about
the second-order vibration mode is given, and the outcomes exhibit that the
Contribution of the second-order vibration mode to the dynamic displacement
in the winding course of high-rise construction is inside 2%. However, the
most Contribution to the acceleration response can attain 18%.

Keywords: Mechanical characteristics, high-rise buildings, second-order
vibration patterns, three-dimensional wind vibration response.

1 Introduction

With the improvement of the economic system and the growth of science
and technology, a massive variety of main engineering buildings have been
constructed at domestic and overseas in the previous two decades [1]. In the
Lujiazui place of Shanghai alone, there are four constructions of over four
hundred meters and greater than ten buildings of over 200 meters that have
been constructed and are proposed to be built. Developed international loca-
tions have even proposed the idea of “sky cities” of the order of 1,000 meters
in height. The wind load and response of the shape underneath robust wind
is one of the controlling hundreds for the security and serviceability of the
shape.

Since 2005, China has defined residential buildings exceeding 10 floors
and other civil buildings exceeding 24 meters in height as high-rise buildings.
In 1972, the International Conference on Tall Buildings divided high-rise
buildings into four categories: the first category is 9 to 16 floors (up to 50
meters), the second category is 17 to 25 floors (up to 75 meters), the third
category is 26 to 40 floors (up to 100 meters), and the fourth category is more
than 40 floors (higher than 100 meters).

In learning about the wind resistance of high-rise structures, the wind-
induced masses are generally divided into downwind loads, crosswind
masses, and torsional loads [2, 3]. The downwind load is often composed
of the standard wind stress triggered with the aid of the common wind
pace and the pulsating wind stress prompted by the incoming pulsation.
Since the formation mechanism of downwind wind load is quite simple,
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and the equal static wind load generated is incredibly large, it has been
paid interest to earlier, and considering that 1960s, Davenport has devel-
oped and perfected the calculation technique of downwind wind load and
wind response of the structure. The gust wind element approach has been
developed [4].

The mechanism of the cross-wind load is very complicated, and it is
commonly divided into three types: wake excitation, incoming turbulence
excitation, and structural cross-wind action excitation. So far, an entire the-
oretical technique for the calculation of cross-wind load and its response
has no longer been developed. The take a look at outcomes exhibit that
beneath identical conditions, the cross-wind pulsation load and its response
are generally large than those in the downwind direction, and cross-wind
vibration is one of the manipulated elements for the alleviation plan of high-
rise buildings [5, 6]. Especially in latest decades, the taller the construction is
built, the extra bendy it is, the improved the dynamic response is, and the
relief trouble is turning into extra and greater prominent, so the find out
about of cross-wind wind load and its response turns into more significant
and greater essential.

The torsional wind load is due to the asymmetry of wind stress dis-
tribution on the windward side, leeward aspect, and lateral side, which is
associated with the turbulence of wind and the vortex in the tail drift of the
building. In fact, the human physique is greater touchy to torsional movement
than lateral motion, and the torsional response at the area of the construction
is especially significant. In general, torsional and lateral vibrations are inter-
related and mutually decide the dynamic response of high-rise buildings, and
my lateral horizontal vibration is now insufficient to consider the remedy
of high-rise buildings, which regularly underestimates the genuine response
measurement [7, 8].

The methods of wind resistance research are (1) theoretical analysis
method based on random vibration theory; (2) field measurement; (3) exper-
imental study in boundary layer wind tunnel; (4) numerical calculation
method based on fluid dynamics – computational wind engineering. In terms
of wind resistance research of high-rise buildings, computational wind engi-
neering cannot provide meaningful results yet, while on-site measurements
are time-consuming and costly, not very controllable, and not many effective
results are available. Therefore, the wind impact lookup of high-rise con-
structions is typically primarily based on theoretical evaluation strategies and
boundary layer wind tunnel experiments.
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2 Research on Wind Vibration of Bending and Torsion
Coupling of High-rise Buildings

2.1 Several Structural Systems

Several structural systems involved in the paper are explained in advance.
Figure 1 shows the non-eccentric high-rise structure, and Figure 2 shows the
eccentric high-rise structure; the difference between them only lies in the
location of the center of rigidity (referred to as the rigid center), and the center
of mass (referred to as the center of mass), other structural parameters are
exactly the same [9, 10]. By using a certain order of vibration type Ψxj ,
Ψyj , and Ψθj) of the non-eccentric structure, the degrees of freedom of the
eccentric high-level structure can be reduced [11].

Figure 1 Schematic diagram of an eccentric-free high-level structure.
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Figure 2 Schematic diagram of the high-level eccentric structure.

2.2 High-rise Eccentric Structure

In this paper, first of all, from the aerodynamic modeling experimental meth-
ods on the basis of three-dimensional wind-induced vibration of high-rise
structures, high-rise buildings, the side-strain combination of the proposed
simple and calculation formula, the basic characteristics of three-dimensional
wind-induced vibration of a systematic study.

Without loss of generality, the middle of mass and inflexible core axis of
the bending-torsion coupled high-rise constructing are taken to be deviated
from the main axis (shape-center axis) at the identical time. The stiffness
and mass of the contributors coalesced towards the fundamental axis. The
got stiffness matrix and mass matrix are non-diagonal array. The undamped
equation of movement of the N-story high-rise construction is (damping
will be regarded in the shape of modal damping ratio in the wind vibration



318 Xin Zuo et al.

response calculation).

[M]{d̈}+ [K]{d} = {F} (1)

Where M is the overall mass matrix.

M =

 M̂x 0 M̂θx

0 M̂y M̂θy

M̂τ
xθ M̂r

yθ M̂θ

 (2)

The diagonal terms of the mass matrix are:

M̂x = M̂y = M̂ =


m1

m2

. . .
mN

, M̂θ = M̂×Diag(γ2)

(3)

The cross terms of the mass matrix are generated due to the deviation of
the center of mass:

M̂xθ = M̂θx = −M̂×Diag(yM), M̂yθ = M̂θy = M̂×Diag(xṀ)

(4)

Where Diag() is a diagonal square operator, the result of which is a square
matrix with the number of dimensions equal to the number of elements of
the vector in the brackets, the diagonal factors of the rectangular matrix are
equal to the vector factors, and the non-diagonal elements are 0; γ is the
radius of gyration vector, defined as the sum of the products of the masses
of the masses in the layer and the squared distances from the masses to the
vertical axis, and the ratio of the total masses of the layer with an open root,
γ = [γ1 γ2 · · · γN ].

K is the overall stiffness matrix, and its submatrix is expressed as follows:

K̂ss =



ks1 + ks2 −ks2 0 · · · 0
−ks2 ks2 + ks3 −ks3 0 · · · 0
0

...
0 ksN


, s = x, y, θ

(5)
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Where ksi denotes the stiffness in the s-direction of the ith layer, the cross
terms K̂θx, K̂xθ and K̂θy, K̂yθ of the overall stiffness matrix are generated
due to the deviation of the stiff center from the form center axis, and the non-
zero elements in the matrix are related to the stiff center coordinates xRi and
yRi (i = 1,2,. . . ,N).

d denotes the displacement response vector for the longitudinal principal
axis position [12, 13].

d = [u v θ]
T (6)

Where u is the displacement response vector in the x-direction, u =

[u1 u2 · · · uN ]
T ; v is the displacement response vector in the y-direction,

v = [v1 v2 · · · vN ]
T , and θ is the displacement response vector in the

torsion direction, θ = [θ1 θ2 · · · θN ]
T .

The above therapy of mass and stiffness simplifies the equations of
motion of the eccentric structure so that the equations can be rewritten as: M̂ 0 −M̂yM

0 M̂ M̂xM

−M̂T yM M̂TxM M̂γ2



ü

v̈

θ̈


+


K̂x 0 −K̂xyR

0 K̂y K̂yxR

−K̂T
x yR K̂T

y xR K̂θ



u

v

θ

 =


Fx

Fy

Fθ

 (7)

Equation (7) represents the form of the structure shown in Figure 2. In this
case, the center of mass coordinates xM , yM , the radius of gyration γ, and
rigid center coordinates xR, yR do not vary with height. This paper mainly
focuses on this structural system.

2.3 Relationship Between Eccentric High-rise Structure and
Single-story Eccentric Structure

2.3.1 Relationship of the basic parameters of the equations of
motion

Comparing Equations (1) and (2), the basic parameters of the single-story
structure can be determined.

(1) The mass of the single-layer structure is 1, and the radius of gyra-
tion is γ.
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(2) The stiffness of the single-layer structure in the three major axis
directions: k̃xj = ω2

xjm̃, k̃yj = ω2
yjm̃, k̃θj = ω2

θjm̃γ2.
(3) Coordinates of the stiffness center of the single-layer structure: −ỹRj =

ΨT
θjK̂

T
xΨxjyR

ω2
xjm̃

, x̃Rj =
ΨT

yjKyψθjxR

ω2
yjm̃

;

(4) The center-of-mass coordinates of the monolayer structure: −ỹMj =
ΨT

θjM̂
TΨxjyM
m̃ , x̃Mj =

ψT
yjM̂ψθjxM

m̃

(5) Loads acting on single-story structures: F ∗sj = ΨT
sjFs(s = x, y, θ)

2.3.2 Relationship between vibration mode and frequency
When the primary parameters meet the relationship given in areas (1) and (2),
a single-layer shape is equal to the condensed form of a high-rise eccentric
structure. It is apparent that the vibration frequency at this time is equal to the
frequency of the high-rise eccentric shape [14].

ωnj = ω̃nj (8)

The vibration mode has the following relationship:

φnj =

αxnjΨxj

αynjΨyj

αθnjψθj

 (9)

Among them, ω̃nj is the nth order frequency of the jth single-layer
structure, n = 1, 2, 3; ωnj is the frequency of eccentric high-rise structures;
φnj is the vibration mode of eccentric high-rise structures; αsnj (s = x, y, θ).
The nth-order vibration mode of a single-layer structure can be calculated as
follows: 

αxnj

αθnj
=

ω2
xj ỹRj − ω̃2

nj ỹMj

ω2
xj − ω2

nj

αynj

αθnj
= −

ω2
yj x̃Rj − ω̃2

nj x̃Mj

ω2
yj − ω2

nj

n = 1, 2, 3 (10)

Among ωxj and ωyj, the j-th order natural frequencies in the x and y
directions of high-rise non eccentric structures are determined [15].

2.3.3 Relationship between displacement response
According to the vibration mode relationship given in part 2.3.2, it is effort-
less to attain the displacement response calculation components for eccentric
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high-rise structures:u
v
θ

 =

N∑
j=1

3∑
n=1

Ψjqnj =

N∑
j=1

3∑
n=1

Ψjαnj rnj (t) (11)

Among them, αnj =

αxnj
αynj
αθnj

 is the nth order eigenvector of a single-

layer structure; rnj (t) is the nth order generalized coordinate of a single-
layer design; qnj = αnj rnj (t) is the nth order displacement response of a
single-layer structure [16].

3 Static Elastic-plastic Analysis Considering the Influence
of Higher-order Vibration Modes

The cutting-edge approach for calculating the seismic motion of construct-
ing constructions is the response spectrum technique primarily based on
mode decomposition. The use of this algorithm requires the calculation of
a couple of herbal vibration intervals and their corresponding modes of the
structure, which requires a giant quantity of computation when calculat-
ing excessive modes and their corresponding periods, making it tough to
manually calculate [17, 18]. Therefore, when conducting structural seismic
analysis, the proper response of the shape beneath earthquake motion is regu-
larly approximated through the traits of the shape underneath the fundamental
mode of vibration. When the peak of the construction is now not greater
than 40 m, the shape is dominated with the aid of shear deformation, and
the stiffness and mass are evenly disbursed alongside the height; its seismic
motion can be calculated via the backside shear method. This capability is
that in seismic design, the above buildings do now not want to think about
the impact of excessive modes of vibration and expect that the first mode of
vibration is a straight line. This technique is a highly easy approximate calcu-
lation method. However, due to the long-standing addiction to examining the
seismic response of buildings with the use of the first mode of vibration, it is
hard for human beings to precisely replicate the real scenario of the structure
in the layout notion of high-rise constructions with the growing wide variety
of high-rise and awesome high-rise buildings [19]. Therefore, it is vital to
support the evaluation of the impact of excessive mode of vibration on the
seismic motion of the shape.
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3.1 Modal Pushover Analysis

Pushover is based on the vibrational-type decomposition reaction spec-
troscopy method, which first disperses the structure into multi-induced
systems of multiple particles, and then decomposes the vibrational type
of the structure by equating each coefficient of the vibrational type to the
corresponding carbonaceous star cluster one-word induced system. Later
fiber plasticity analysis method for each equivalent bullet calcination only
obtains the free system analysis pushover curve pushover curve into a bilinear
equivalence put away, is according to the general equivalence principle of the
degrees of freedom system is converted to the base jianli top displacement
relationship and the curve should be more district decoupling reaction equa-
tion structural force, finally, with SRSS law under each step vibrational type
of the structural responses are combined to obtain the response of the whole
structure.

3.1.1 Basic assumptions for modal pushover analysis
The basic idea of the modal pushover analysis method is derived from the
modal Chemical decomposition spectrum analysis method of the elastic sys-
tems. Like ordinary pushover, it still keeps the lateral force or displacement
distribution unchanged, but it has better accuracy due to considering multiple
modes. The basic assumptions of the modal pushover method are: (1) ignor-
ing the coupling between the various modal coordinates after yielding of the
structure; (2) The total seismic demand value of the structure is obtained
by combining the sum of squares and square root of each modal response
(SRSS).

3.2 Principle of Modal Pushover Analysis

The dynamic equation of a multi diploma of freedom elastic-plastic shape
beneath earthquake floor action is:

Mı̈+ Cü+ fs(U, signl̇) = −ΛLüg(t) (12)

M, C represents the system mass and characteristic damping, respectively;
L is the Unit vector; fs = fs(U,signU̇) restoring force model related to the
displacement time history of the structure.

The standard way to solve this coupled equation is through precise
RHA [22]. Although modal analysis is unreliable for elastic-plastic systems,
we believe that when the amplitude is small, the stiffness of the elastic
machine and the preliminary stiffness of the elastic-plastic gadget are the
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same, and the two structures have the equal mass and impedance ratio, the
vibration traits of the elastic-plastic structural gadget are equal to linear
elastic structures with the identical herbal vibration length and mode. The
assumption of linear elasticity still applies. The displacement equation of the
elastic-plastic system is obtained by extending the displacement equation of
the linear elastic system corresponding to the natural vibration mode:

q̈n + 2ζ̇nωnq̇n +
Fs′

Mn
= −Γnı̈g(t) (13)

Where Fsν = Fs′′(q, signq̇) = ΦTnfs(U, signl̇), which shows that the
lateral forces and the qn(t) of each order of vibration are related.

Neglecting the coupling effect of each order of vibration, this approximate
treatment is one of the foundations of the Chopra modal pushover analysis
method. Although all the modes have an influence on the solution of the
equation, the Contribution of the nth-order mode is dominant since qn(t) = 0
for all modes in the linear regime, and the coupling between the modes of
each order can be ignored [23].

The distribution of the inertial and effective seismic forces for the nth-
order vibration pattern is:

Sn = ΓnMIΦn (14)

Petfn(t) = −Snüg(t) (15)

Here Φn corresponds to the vibration type of the linear system, which can
be deduced from the equation for the effective seismic force Petfn(t) for the
nonlinear system as follows.

Mü+ Cü+ fs(U, signU̇) = −snüg(t) (16)

The solution of the dynamic Equation (16) for the elastoplastic system can
no longer be described by the equation Un(t) = Φnqn(t) since all vibration
modes have an influence on the solution of the equation, but the Contribution
of the nth order vibration mode to the structural response is still dominant
when analyzing the nth order vibration mode [24]. Accordingly, we can make
the following approximation and consider that the approximate response of
the structure under the action of the effective seismic force Petfn(t) can be
determined by the equation Un(t) = ΓnΦnDn(t), where Dn(t) is determined
by the following equation [25].

D̈n +
←
2′′nωnḊn +

Fs′

Ln
= −üg(t) (17)
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Among them,

Fsν = Fsν(Dn, signḊn) = ϕTnfs(Dn, signḊn) (18)

Equation (17) can be interpreted as the dynamic equation for an elasto-
plastic single-degree-of-freedom system corresponding to the nth-order
vibration mode, and the single-degree-of-freedom system has the following
properties: (1) small-amplitude vibration characteristics – self-oscillation
frequency ωn and damping ratio ηn – corresponding to the nth-order vibration
mode of the linear multi-degree-of-freedom system; (2) the Fsν/Ln − Dn

relationship between the resistance Fsν/Ln and the vibration mode Dn is
determined by Equation (18) is determined.

This gives the reaction force of the structure under the action of the total
excitation Petfn(t) as:

U(t) =
N∑
n=1

Un(t) =
N∑
n=1

ΓnΦnDn(t) (19)

r(t) =

N∑
n=1

rn(t) =

N∑
n=1

rstn An(t) (20)

4 Simplified Calculation of Wind Vibration Response of
Tall Buildings Considering Second-order Vibration
Patterns

Wind-induced response includes windward, crosswind, and torsional
response, and can be calculated separately for high-rise buildings with sym-
metrical and regular structural arrangements. For crosswind and torsional
steering, the aerodynamic and wind induced response of the structure are
related to the cross-sectional form of the structure [26]. Based on the wind
tunnel test methods of aeroelastic model, rigid model pressure measurement,
and high-frequency force balance, a calculation method for the transverse
and torsional wind-induced response of rectangular cross-section high-rise
buildings was established. The structural downwind aerodynamic force is
mainly caused by downwind turbulence, and its downwind aerodynamic
force is related to wind characteristics and the width of the windward surface
of the structure, but not to the form of the structural section. Based on
the quasi-steady theory, simplified calculation methods for the windward
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vibration response of structures are provided in the current building load
codes of various countries [27, 28]. Due to differences in the application
of national regulations in geomorphic characteristics and wind speed spec-
tra, the calculated wind induced vibration responses of high-rise buildings
vary slightly. The proposal of these simplified methods effectively improves
the efficiency of structural wind resistance design. However, most of the
evaluation methods for wind induced response currently established only
consider the contribution of the first order vibration mode, while neglecting
the influence of the higher-order vibration mode. As the height of a building
increases, its natural frequency decreases accordingly. The contribution of the
second-order mode to the wind induced vibration response of the structure
cannot be ignored. A simplified calculation method that only considers
the contribution of the first-order mode can lead to unsafe results [29].
Zou Yao et al. utilized the crosswind load spectrum of rectangular high-rise
buildings and analyzed the contribution of second-order vibration modes to
the crosswind response of rectangular high-rise buildings using the frequency
domain method. Based on this, a simplified calculation method for the cross-
wind response of rectangular high-rise buildings considering second-order
vibration modes was derived. Compared to the crosswind load spectrum of
typical rectangular cross-section high-rise buildings, the frequency band of
the crosswind load spectrum is wider, and the contribution of the second-
order vibration mode to the windward vibration response of the structure
should be highly valued [30].

4.1 Theory of Downwind Wind Response of High-rise Buildings

4.1.1 Calculation method of downwind wind vibration response
of high-rise buildings

According to the quasi-constant theory, the normalized downwind general-
ized load mutual spectrum density function of the i-th order vibration type
and the j-th order vibration type mass can be expressed as:

SFFi (f) =

∫ H

0
m(z1)ϕ

2
i (z1)dz1

∫ H

0
m(z2)ϕ

2
j (z2)dz2 (21)

Where: B and H are the width and height of the building, respectively; f is
the frequency; z1 and z2 are the coordinates of any two points in the direction
of the width and height of the building, respectively; m(z1) and m(z2) are
the mass per unit height at heights z1 and z2 respectively.
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Neglecting the effect of the cross term, the displacement response spectral
density function is obtained from the random vibration theory, i.e.

Sy(f, z) =
n∑
i=1

ϕ2
i (z)|Hi(f)|2SFi(f) (22)

Where Sy(f) is the generalized load density function of the ith order
vibration, ignoring the cross term, Hi(f) is the frequency response function
of the ith order vibration, and ϕ2

i (z) is the function of the ith order vibration
of the structure at height z.

The root mean square response of the displacement at height z of a high-
rise building of equal section is calculated by the following equation:

σy(z) =

[∫ ∞
0

Sy(f, z)df

]0.5
=

[∫ ∞
0

n∑
i=1

(ϕ2
i (z)|Hi(f)|2SFi(f)df

]0.5

(23)

And the root mean square response of the acceleration at height z of a
rectangular tall building is calculated by the following equation:

σy(z) =

[∫ ∞
0

Sy(f, z)df

]0.5

=

[∫ ∞
0

n∑
i=1

(2πf)4ϕ2
i (z)|Hi(f)|2SFi(f)df

]0.5

(24)

Where Sy(f, z) is the acceleration spectral density function.

4.1.2 Contribution of the second-order vibration pattern to the
downwind wind vibration response

For the analysis, the first-order vibration pattern was obtained by fitting the
measured and calculated data for the 20 buildings with the expression.

ϕ1(z) = sin

[
π

2

( z

H

)1.8
]

(25)

For the second-order oscillation, the binomial is obtained by fitting the
expression.

ϕ2(z) = 5
( z

H

)2
− 4

( z

H

)
(26)
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Table 1 Main parameters of the model
Model Number H B D f1 ξ1 = ξ2 ρb w0 Landforms
Model 1 120 60 30 0.556 0.02 240 0.5 A, C
Model 2 160 40 20 0.506 0.02 240 0.5 A, C
Model 3 216 60 20 0.346 0.02 240 0.5 A, C
Model 4 240 60 40 0.222 0.02 240 0.5 B, D
Model 5 280 50 50 0.189 0.02 240 0.5 B, D
Model 6 300 60 50 0.150 0.02 240 0.5 B, D

According to Equations (23) and (24), the Davenport spectra specified
in GB50009-2012 “Code for Structural Loads on Buildings” were used to
calculate the response of the top part of the structure for different landforms,
different self-oscillation frequency ratios f2/f1 (f1 and f2 are the first-
and second-order frequencies in the downwind direction respectively) and
different geometries (Table 1), considering only the first-order vibration mode
and the first two orders of vibration mode at the same time [31, 32]. The root-
mean-square (RMS) response of wind displacement and acceleration in the
downwind direction was calculated for the first and second-order vibration
modes. The Contribution of the second-order vibration mode to the down-
wind wind displacement and acceleration response was analyzed, where δ1
is the root mean square response of the top of the building when only the
first-order vibration mode is considered, and δ2 is the root mean square
response of the top of the building when the first two orders are considered.
The calculation results are shown in Figures 3 and 4.

From Figures 3 and 4, it can be seen that:

(1) the Contribution of the second-order mode to the downwind wind
response of tall buildings decreases as the downwind self-oscillation
frequency ratio f2/f1 increases.

(2) The Contribution of the second-order mode to the wind response of
tall buildings is mainly related to the height of the building, with
the Contribution of the second-order mode increasing as the height
increases.

(3) The Contribution of the second-order vibration pattern to the root mean
square of the downwind displacement of a tall building is generally
less than 2%, and the Contribution to the root mean square of the
downwind acceleration of a tall building is generally greater than 10%.
The maximum Contribution of 18% can be achieved when the structure
has a downwind self-oscillation frequency ratio of f2f1 = 2.
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Figure 3 Contribution of second-order vibrational displacement response under different
landforms.

Figure 4 Contribution of second-order vibration to acceleration response under different
landforms.
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(4) The flatter the terrain, the greater the Contribution of the second-order
mode to the root-mean-square response of the building.

4.2 Windward, Crosswind, and Torsional Wind Vibration
Displacement Response

The displacement response of a shape in the downwind route is typically giant
beneath the motion of pulsating winds, whilst for tall and bendy buildings, the
crosswind displacement response is additionally very obvious and, from time
to time, even turns into the fundamental influencing factor. The impact of
torsional wind displacement response is rather small for high-rise buildings;
however, for complicated high-rise structures and adjoining structures with
interference, the torsional wind response is different [33, 34]. In this section,
the three-d wind vibration displacement response of high-rise constructions
is investigated. As the wind load advection-torsion correlation of uncoupled
constructions has much less an effect on the displacement response and an
extra apparent impact on the acceleration response, this effect is no longer
regarded in the following displacement response evaluation.

4.2.1 Influence of structural parameters
Figures 5 and 6 show the variation of displacement response with first-order
frequency and damping ratio, respectively (only the first-order vibration type
is considered); the torsional displacement of the corner point in the figure is
the line displacement generated by the torsion at the corner point B. Point
B is shown in Figure 3. The damping ratio increases from 0.01 to 0.04, and
the displacement response decreases from 0.09 m to 0.05 m, a reduction of
nearly 1/2. This is because the modal force spectrum has greater energy in the
low-frequency region, which also indicates that the factor that has a greater
influence on the wind vibration response of the building structure is the first-
order self-oscillation frequency. In addition, it can be seen that the cross-wind
displacement response is greater than the downwind response.

Since the self-oscillation frequency of a structure is a physical quantity
related to the stiffness and mass of the structure, in order to be able to gain
insight into the influence of the above parameters on the wind vibration
response, the first-order self-oscillation period approximation formula given
in the literature [12] is used here, as follows.

T1 =
H
√

ρ
P

1
R
δ
H

C × 1.11
(27)
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Figure 5 Variation of displacement response with first-order self-oscillation frequency.

Figure 6 Variation of displacement response with first-order damping ratio.

Where: H is the building height, ρ is the building density, P is the average
equivalent wind load, R is the building height-to-width ratio, δ is the standard
value of the building top floor excursion, C is the stiffness variation factor
along the height, the steel structure is taken as 1.4, the above formula takes
into account the density, shape ratio and stiffness of the building, which
is more reasonable and convenient in application [35]. Figure 7(a) is the
displacement response with the change of building mass density when the
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Figure 7 Variation of displacement response with building density.

Table 2 Displacement response in each direction at different lateral shifts
Angular Horizontal to Torsion to

Transverse Point Total Total Total
Windward Wind Torsional Displacement Response Response

δ Displacement Displacement Displacement Response Ratio Ratio

H/300 0.045 0.071 0.028 0.088 63.5% 31.5%
H/400 0.036 0.048 0.024 0.065 54.5% 36.9%
H/500 0.031 0.035 0.022 0.052 45.3% 42.3%
H/700 0.017 0.019 0.016 0.031 37.6% 51.6%
H/900 0.012 0.012 0.014 0.022 29.7% 63.6%

first order self-oscillation frequency is 0.3 Hz, Figure 7(b) is the displacement
response with the change of building mass density when the top floor offset
8 = H/500, it can be seen that the displacement response in Figure 7(a) is
inversely proportional to the mass density, from the formula (23) know that
when the structure self-oscillation frequency is constant, with the increase of
structure mass The offset 8 of the top layer of the structure decreases, which
increases the lateral stiffness of the structure and the wind vibration displace-
ment response decreases. On the other hand, the increase in mass also reduces
the self-oscillation frequency, and the reduction in self-oscillation frequency
leads to an increase in response (for the same reason as in Figure 5). As the
square of the modal mass is inversely proportional to the modal force, the
total displacement response in Figure 7(b) shows a decrease with increasing
mass, ranging from 0.061 m to 0.045 m.

Combined with Table 2, it can be seen that the crosswind effect con-
tributes 63.5% to the total displacement response at δ = H/300 and
nearly 30% at δ = H/900, a drop of over 30%. The table shows that the
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torsional displacement response at corner points does not vary much with
stiffness, but relatively speaking, the torsional response contributes more
significantly for buildings with greater stiffness, increasing from 31.5% of
the total displacement response at δ = H/300 for the lateral shift to 63.6%
at δ = H/900.

4.2.2 Influence of Higher-order Modes
In the above analysis, only the first-order mode is considered in each direc-
tion, but the higher-order mode also contributes to the total response when
the frequencies of the modes are close [38]. The following analysis of the
effect of the higher order vibration on the response, for the convenience
of the analysis of each direction to take the same higher-order vibration,
each direction of the higher order damping ratio of 0.01, the direction of
the second and third-order self-oscillation frequency and the first-order self-
oscillation frequency in accordance with the ratio of 2.5 to get, the torsion of
the higher order to take 2.25 ratio to get, most of the uncoupled high-rise
building high-order vibration in line with the law of change. As the fre-
quencies are relatively decentralized, the “square and square” method (SQSS
method) can be used to consider the effect of the higher-order vibration
pattern on the total response [36, 37]. Figures 8 and 9 show the displacement

Figure 8 Ratio of second-order response to first-order response.
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Figure 9 Ratio of third-order response to first-order response.

response of the second and third-order vibration modes at different first-order
self-oscillation frequencies compared to the first-order response, with the
vertical axis being the percentage of displacement response of the second and
third-order vibration modes compared to the first-order response. Figure 8
shows that the second-order displacement response also plays a larger role
than the first-order displacement response. The second-order displacement
response in the downwind and crosswind directions does not vary much
with frequency, accounting for a maximum of about 9% of the first-order
response, while the second-order response in the torsion direction is larger,
accounting for 18% of the first-order response when the first-order self-
oscillation frequency is 0.2 Hz, and decreases to about 9% with the increase
of the first-order frequency [39]. The third-order displacement response is
relatively small; in different first-order frequencies downwind and crosswind
direction, the third-order response accounts for about 2% of the first order,
while the maximum torsional third-order response is 4.5%, thus seeing that
when considering the effect of higher order vibration on the displacement
response, the first two order effects need to be considered for downwind,
crosswind and torsional direction, while the third order effect on the response
in each direction is smaller in comparison, in order to analyze the torsional
displacement response more accurately, the third torsional order response
needs to be considered.
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5 Conclusion

In this paper, with the intention of organizing an easy and realistic technique
for calculating the wind vibration response of high-rise constructing struc-
tures, we utilized the random response pushover modal evaluation technique
and the time route technique to habits a particular learn about on the static
and dynamic wind hundreds as nicely as the wind vibration response of high-
rise constructions of complicated physique types, and got here up with some
beneficial conclusions, which are typically summarized as follows:

1. Firstly, the motion equation of a torsion coupled high-rise building is
given, and the Rayleigh Ritz method is used to simplify the high-rise
eccentric structural system into a single-layer structure. Based on this,
the influence of stiffness or centroid deviation on the modal of the
coupled structure is studied. A calculation method for bending torsional
coupled wind induced vibration was derived based on the mode superpo-
sition method, and the location of the maximum response at the diagonal
point was discussed.

2. This chapter discusses the influence of higher-order vibration modes
on the elastoplastic analysis structure of high-rise buildings and also
details the modal pushover analysis method based on the vibration
mode decomposition response spectrum method, on which some
improvements are made. In order to prove the correctness and feasi-
bility of the improvement process, the modal loading function of the
commercial software SAP2000 is used to make an example. The results
of the example show that the analysis results are very close to the time
course analysis when considering the higher order vibration mode on the
elastic-plastic phase of the high-rise structure, and the analysis results
for the elastic phase of the low-rise and high-rise structures are not
yet satisfactory. However, the modal pushover analysis method is still
practical for retrofitting and designing seismic-resistant structures.

3. The Contribution of the second-order vibration mode to the downwind
wind displacement of the high-rise building is small, but the Contri-
bution to the downwind wind acceleration is large; when the ratio of
the second-order to the first-order self-oscillation frequency is 2, the
maximum can reach 18%, so when designing the downwind wind accel-
eration, the Contribution of the second-order vibration mode should
be considered. The acceleration response calculated by the integration
method considering the second-order vibration mode is greater than the
response calculated by the standard method, and only considering the
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acceleration response of the first-order vibration mode in the design
may not necessarily meet the comfort requirements. Therefore, when
designing high-rise buildings, the contribution of second-order vibration
modes should be considered.
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