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Abstract. The calculation process of time history analysis method is complicated and
time-consuming which is not convenient for wide application and promotion in engineering
design. Based on the idea of mode decomposition in structural seismic response analysis, the
fluctuating wind response spectrum and the mode decomposition response spectrum method for
wind-induced vibration analysis are derived in this paper. Taking a high-rise building structure as
an example, this paper uses the method proposed in this paper, the time history analysis method
and the method of my country's load code to compare the wind-induced vibration response
analysis. The results show that the method proposed in this paper is simple, effective and
convenient for engineering application.
Keywords: wind, vibration, response spectrum, mode-superposition response spectrum method.
1. Introduction
The time history analysis method to determine the wind vibration response of the structure
requires multiple input wind load time history at the same time, and in order to ensure that the
analysis result has a certain guarantee rate, a sufficient number of wind load input samples are
required .Therefore, the calculation process of this method is complicated, the calculation amount
is large, and it is not convenient for application and promotion in engineering design. For this
reason, based on the idea of modal decomposition in structural seismic response analysis [1], this
paper proposes and derives the modal decomposition response spectrum method for structural
wind-induced response analysis, and uses a calculation example to verify the effectiveness of the
method.
2. The relationship between the power spectrum of a random process and its extreme value
in the time domain
Let 𝑠 𝑡 denote the zero-mean stationary Gaussian process, 𝐺 𝜔 denote the unilateral power
spectrum probability density function of the process, and within the period τ, the maximum
𝑚𝑎𝑥 |𝑠 𝑡 |, 0 𝑡 𝜏.
absolute value 𝑆 of the random process 𝑠 𝑡 is defined as:𝑆
According to the derivation of Vanmarcke [2-4], the probability distribution function of 𝑆 is:

𝐹 𝑠

1−𝑒

exp −𝜈𝜏𝑒

1−𝑒

𝑞 𝑎

,

(1)

1−𝑒
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𝜈 is the average zero crossing rate, 𝜈
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𝑞=

1 − 𝜆 /𝜆 𝜆 ; 𝑏 is the empirical constant, which is generally set as 𝑏 = 0.2; 𝜆 is origin

moment of power spectrum, 𝜆 =
𝜔 𝐺 (𝜔)𝑑𝜔 (𝑚 = 0, 1, 2...), 𝜔 is the circular frequency.
Then the random variable 𝑆 is the expected maximum absolute value of the random process
as:
𝜇 =

𝑠𝑓 (𝑠) 𝑑𝑠,

(2)

where, 𝑓 (𝑠) is the probability density function of 𝑆 ,
standard deviation of 𝑆 is:
𝜎 =

( )

= 𝑓 (𝑠) . Correspondingly, the

(3)

(𝑠 − 𝜇 ) 𝑓 (𝑠)𝑑𝑠.

3. Response spectrum of a single degree of freedom system
For instantaneous wind speed 𝑈(𝑡), it can be decomposed into average wind speed 𝑈 and
fluctuating wind speed 𝑉(𝑡). According to the tentative assumption, the pulsating wind speed is
generally less than the average wind speed, so the smaller square term can be ignored, then:
𝑈 (𝑡) = 𝑈

+ 2𝑈 𝑉(𝑡).

(4)

Correspondingly, wind pressure and wind force are expressed as 𝑊(𝑡) = 𝑊 (1 + 2𝑉(𝑡)⁄𝑈 ),
𝑃(𝑡) = 𝑃 (1 + 2𝑉(𝑡)/𝑈 ), where 𝑊 = 𝑈 /1600, 𝑃 = 𝑊 𝐴, 𝐴 is the wind-receiving area. The
above formula shows that the wind force generated by the pulsating wind is 2𝑉(𝑡)/𝑈 times the
wind force generated by the average wind.
If it is assumed that the ratio of the load generated by the average wind to the mass m of the
single degree of freedom system is 1, and only the vibration caused by the pulsating wind is
considered, the motion equation of a single degree of freedom system under wind load 𝑃(𝑡) is:
𝑥 + 2𝜉𝜔 𝑥 + 𝜔 𝑥 =

2𝑉(𝑡)
.
𝑈

(5)

Carry out Fourier transform on both sides of Eq. (5), set the Fourier transform of 𝑥(𝑡) and
𝑉(𝑡) to 𝐹(𝜔) and 𝐹 (𝜔), and use ℱ(. ) to represent the Fourier transform, then ℱ(𝑥) = 𝑖𝜔 ⋅ 𝐹(𝜔),
ℱ(𝑥) = (𝑖𝜔) ⋅ 𝐹(𝜔), Φ(𝑣) = 𝐹 (𝜔). Putting the above equations into Eq. (5) to get:
𝐹(𝜔) −𝜔 + 2𝜉𝜔 (𝑖𝜔) + 𝜔

=

2
𝐹 (𝜔).
𝑈

(6)

Let 𝑆 (𝜔) be the power spectrum of the displacement response of the single degree of freedom
system, and 𝑆 (𝜔) be the power spectrum of the pulsating wind. According to the above Fourier
spectrum, the relationship of power spectrum can be obtained [5, 6]:
𝑆 (𝜔) ⋅ ‖−𝜔 + 2𝜉𝜔 (𝑖𝜔) + 𝜔 ‖ =
Let ‖𝐻(𝜔)‖ =
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(

)

4
𝑆 (𝜔).
𝑈
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freedom system, the relationship of the power spectrum is:
𝑆 (𝜔) = ‖𝐻(𝜔)‖ ⋅

4
⋅ 𝑆 (𝜔),
𝑈

(7)

the power spectrum of fluctuating wind adopts the Davenport spectrum
𝑆 (𝜔) = 4𝜔 𝑣∗ /𝜔(1 + 𝜔) / .
From Eq. (7), the power spectrum of the displacement response 𝑥(𝑡) of a single degree of
freedom system can be obtained, and then the maximum absolute value of displacement response
𝑥(𝑡), i.e., 𝑆 can be obtained by Eqs. (2) and (3). By changing the natural frequency of the single
degree of freedom system 𝜔 , the corresponding curve of 𝑆 Vs. 𝜔 can be obtained, which is the
displacement response spectrum corresponding to the fluctuating wind process. and other response
spectra can be obtained by the Fourier transform conversion mentioned above. Of course, the
response spectrum here is a standardized value assuming that the ratio of the load generated by
the average wind to the mass of the single-degree-of-freedom system is 1, which must be
multiplied by the value 𝑃 /𝑚 in practical applications.
4. Mode decomposition response spectrum method for wind-induced response analysis of
multi-degree-of-freedom (MDOF) systems
The motion equation of a MDOF system under wind load is:
𝐌 𝑥(𝑡) + 𝐂 𝑥(𝑡) + 𝐊 𝑥(𝑡) = 𝑃(𝑡) .

(8)

If only the influence of pulsating wind is considered:
𝑃(𝑡) = 𝑃 (𝑡) = 𝑊 𝐴

2𝑉 (𝑡)
𝑧
2𝑉 (𝑡)
= 𝑊 𝜇 ( ) 𝜇 ⋅𝐴 ⋅
,
10
𝑈
𝑈

𝑧
𝜇 ⋅𝐴 ,
10
2𝑉 (𝑡)
2𝑉 (𝑡)
𝑃 (𝑡) = 𝑊 𝐴
= 𝐶 ⋅
,
𝑈
𝑈

𝐶 =𝑊𝜇

(9)
(10)
(11)

where, 𝑊 is the basic wind pressure; 𝑈 is the average wind speed at the mass point; 𝜇 is the
body shape coefficient at the 𝑖-th mass point; 𝛼 is the ground roughness index; 𝜇 is the ground
roughness correction coefficient, for A~D ground roughness category taking 1.284, 1.000, 0.544
and 0.262 respectively; 𝐴 is the wind area.
For a MDOF system, the orthogonality of the stiffness matrix, damping matrix, and mass
matrix of the mode vector can be used to decouple the motion equations of the MDOF system and
convert it into the motion of a single-degree-of-freedom system to obtain the corresponding. After
that, the mode superposition is performed to obtain the response of the MDOF system. The
displacement of a MDOF system can be expressed by the corresponding mode shape, namely
𝑥(𝑡) = [𝜙]{𝑞(𝑡)}.
Substituting equation {𝑥(𝑡)} = [𝜙]{𝑞(𝑡)} into Eq. (8), and multiplying it by the transposition
{𝜙 } of the mode vector, a series of independent equations can be obtained from the orthogonality
of the mode shape. Each equation can be written as:
𝑞 (𝑡) + 2𝜉 𝜔 𝑞 (𝑡) + 𝜔 𝑞 (𝑡) = 𝐹 (𝑡),

(12)

where, 𝐹 (𝑡) = 𝑝 ∗ (𝑡)/𝑚∗ = ∑ 𝜙 𝑃 (𝑡) /𝑚∗ . Similar to the case of a single-degree-offreedom system, the Fourier transformed on both sides of Eq. (12) and converted into the
corresponding power spectrum relationship can be obtained:
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(𝜔) =

𝑆

𝑆 (𝜔) {𝜙}

{𝜙}

𝑚∗ ⋅ 𝑚∗

(13)

.

Eq. (12) is the equation of motion for a single degree of freedom system corresponding to the
generalized coordinates. Therefore, only the power spectrum required can be used to find the time
domain maximum value of the random process using the previous Eqs. (2) and (3). From
Eqs. (10-13), we can find:
{𝐶 } [𝐑]{𝐶𝒔 }

4
⋅ 𝑆 (𝜔),
𝑚 ⋅𝑚
𝑈
{𝐶 } [𝐑]{𝐶 }
{𝐶 } = 𝜙 ⋅ 𝐶 , 𝐶 =
,
𝑚∗ ⋅ 𝑚∗
4
𝑆 (𝜔) = 𝐶 ⋅ ‖𝐻(𝜔)‖ ⋅
⋅ 𝑆 (𝜔),
𝑈
(𝜔) =

𝑆

∗

∗

⋅ ‖𝐻(𝜔)‖ ⋅

(14)
(15)
(16)

where, [𝐑] is the correlation coefficient matrix corresponding to the multi-particle pulsating wind
spectrum, and 𝑅 (𝜔) = exp[−𝐶(𝜔 𝑧 − 𝑧 /2𝜋𝑈)] , among them, 𝑧 − 𝑧 is the distance
between the two points 𝑖 and 𝑗, 𝜔 is the circular frequency, 𝑈 is the average wind speed between
the two points 𝑖 and 𝑗, 𝐶 is the attenuation coefficient, usually taken 10-20, this article takes 10.
Accordingly:
𝑞 (𝑡)

=

𝐶 ⋅𝑆 𝜔

=

𝐶 ⋅𝑆 𝑇 .

(17)

For the 𝑗-th mode, the response of the MDOF system is:
{𝑥} = 𝜙

⋅ 𝑞 (𝑡)

= 𝜙

⋅ 𝐶 ⋅𝑆 𝑇 .

(18)

After finding the responses of all modes, use the “Sum of Squares Method” (SRSS) to find the
total response, i.e., {𝑥} = ∑

{𝑥} .

5. Example analysis
Taking a 32-story high-rise building as an example (Fig. 1(a)), under the same model and
conditions the response of the structure under the action of average divided wind and fluctuating
wind was calculated using the method of this paper, the time history analysis method and the
method specified in the load code. According to the design conditions, the basic wind pressure is
0.3 kN/m2 in the calculation, the ground roughness category is Class B, and the result of the time
history analysis is the average of the calculation results of 10 synthetic pulsating wind samples.
Fig. 1(b) and (c) show the floor displacement and wind vibration coefficient of each floor of
the structure calculated by three methods. It can be seen that the calculation results of the time
history analysis method and the method in this paper are very close, and the relative error can be
ignored; the calculation result of the standard method is too small. The maximum difference in
floor displacement is about 25 %, and the maximum difference in wind vibration coefficient is
about 0.6. It shows that for relatively high-flexible structures, in accordance with the requirements
of the load code, the wind vibration coefficient is used to consider the influence of fluctuating
wind, and the calculation results of the structure’s wind vibration response may be underestimated.
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a)
b)
c)
Fig. 1. Comparison of story displacement and dynamic response factor obtained
by using three methods for MDOF structure: a) tall building used as an example;
b) displacement response; c) wind vibration coefficient

6. Conclusions
1) Given the power spectrum of pulsating wind, the frequency response function of the single
degree of freedom system is used to obtain the power spectrum of the single degree of freedom
system response. From this, the time domain maximum value of the single degree of freedom
system response is derived. And then the relationship curve between the natural frequency and the
maximum response of a single degree of freedom system can be obtained, which is the pulsating
wind response spectrum.
2) Based on the idea of mode decomposition, the mode decomposition response spectrum
method for structural wind-induced response analysis is deduced, and a high-rise building example
is used to verify its effectiveness. The results show that the method in this paper is simple, effective
and convenient for engineering applications.
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