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Abstract: Downburst is one of the high-intensity winds that cause transmission tower failures. The
regulations of transmission tower-line systems under downburst wind loads cannot meet the design
requirements at present. In this paper, the calculation formulas of the background and resonant
components of transmission tower under downburst wind loads are obtained, based on the modal
analysis theory of non-stationary wind for the single-degree-of-freedom system in the frequency
domain. The effects of structural dynamic characteristics, damping ratio, and mean wind speed
vertical profile on dynamic effect on structural response are discussed. Then the equivalent static
wind load (ESWL) is obtained according to the maximum response and compared with the finite
element method (FEM) in the time domain. Applications of these formulas are addressed to the cases
from the empirical model of Holmes and field record of a rear flank downdraft (RFD). The results
show that the maximum responses obtained by the current formulas match well with those from the
modal decomposition method and dynamic analysis with FEM. The internal forces of tower members
calculated by ESWL based on maximum response are closer to the results from FEM than those
calculated by downburst loads recommended in ASCE guidelines. The presented framework can be
used to assist the wind-resistant design of transmission towers considering downburst wind load.

Keywords: downburst; frequency domain analysis; transmission tower; wind-induced response;
equivalent static wind load

1. Introduction

Electricity is transported from the source of power generation to end customers
by transmission lines (TLs). Transmission towers are an important part of TLs and are
very sensitive to wind loads. In the past few decades, high-intensity winds (HIW), such
as downbursts and tornados, caused a large number of failures to transmission towers
around the world [1–3]. A downburst is a strong downdraft that induces an outward
burst of damaging winds on or near the ground, and its maximum wind speed can exceed
60 m/s [4]. The characteristics of downbursts, including the vertical profile of mean velocity
and other statistical characteristics, are very different from the atmospheric boundary
layer (ABL). The maximum velocity of downburst outflow occurs near ground level and
decreases with further increase in height, while the ABL profile increases monotonically
with height and is commonly modeled with either a power or logarithmic law equation.
In addition, downburst outflow is highly non-stationary and may cause very different
responses of structures. At present, the main loads considered in the design of transmission
tower-line structures are based on the ABL wind loads. This design principle may result in
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transmission towers being not able to resist HIW, such as downbursts. Although downburst
is one of the main reasons for a large number of failure incidents to transmission towers,
the research on the wind-induced vibration response of the transmission tower under
downburst wind loading cannot meet the design requirements at present.

The time-domain method is widely used to study the wind-induced vibration of
structures under the downburst due to its non-stationary characteristics. Field measure-
ment is the most direct and reliable way to obtain wind data of downburst outflow [5–8].
However, due to the short duration and small size of the downburst, it is very difficult
for the on-site measurements to give the available data needed for structural analysis [9].
The wind tunnel test is also an important way to study the characteristics of downburst
wind field [10–13], but the scale of the wind tunnel test is usually small. Hence, there are
two main ways to obtain the wind speed time history of downbursts in the time-domain
analysis: the analytical model and computational fluid dynamics (CFD). These numerical
simulations are also validated by experimental data or full-scale field measurement records.
Based on the empirical model proposed by Holmes and Oliver [14], Savory et al. [15]
analyzed the failures of transmission towers due to (HIW). There are many simplifica-
tions for aerodynamic wind load and corresponding tower structure in their analysis. The
downburst is modeled as a quasi-steady event without the fluctuation component. Chen
and Letchford [16] presented a deterministic-stochastic hybrid model of downbursts. The
generated stochastic fluctuation is used to investigate the dynamic responses of a can-
tilevered structure. This model was widely used in the dynamic studies of transmission
towers subjected to downbursts [17–19]. Kim and Hangan [20] used an unsteady Reynolds-
averaged Navier–Stokes (RANS) CFD model to simulate the spatial and time variations
of the wind field associated with downbursts, based on the transient impinging circular
jet approach. The simulations provide time series which compared well with the RFD
full-scale data. Shehata et al. [21,22] and Shehata and El Damatty [23] obtained the time
history of the downburst wind data through the CFD model of Kim and Hangan [20] and
then analyzed the structural performance of a transmission tower. The coupling effect
of the tower-line system was also considered. They found that the internal forces of the
transmission tower members were related to the location of the downburst, nozzle diame-
ter, and other parameters. With the numerical technique illustrated by Shehata et al. [21],
researchers carried out a large number of studies on transmission towers under downburst
wind loading [23–29]. These studies on transmission towers with the wind loads from the
CFD model are in favor of neglecting the dynamic effects. This is due to some defects in the
simulation of fluctuating wind speed by the turbulence model based on RANS. Because
the time-averaging operation on the momentum equations discards all details concerning
the state of the flow contained in the instantaneous fluctuations, Boussinesq visibility mod-
els (BVM) are used to simulate turbulence [30]. When RANS methodologies are applied
to transient flows, the fluctuation component of velocity cannot be well simulated. In
contrast to this, direct numerical simulation (DNS) and large eddy simulation (LES) are
known to be viable approaches to simulate unsteady turbulent flows [31]. However, these
simulations involve very high computational costs mostly for the large Reynolds number
cases of downburst investigation [20]. In addition, two physical models for simulation
of the downburst outflow—radial and plane wall jet —are particularly challenging cases
for numerical turbulence models [32,33]. Although hybrid numerical approaches, such
as detached eddy simulation (DES) [34,35] and scale adaptive simulation (SAS) [36], can
improve the calculation efficiency with good accuracy, the time cost still cannot meet the
requirements of the structural design. Therefore, the analytical model developed by Chen
and Letchford [16] is used to obtain the wind speed time histories of a downburst in the
present study.

There is little research on the frequency domain analysis of transmission towers under
downburst wind loading due to the non-stationary characteristics. It is considered that
there are many difficulties in analyzing the dynamic response under downburst in the
frequency domain, and analysis in the time domain is the only option [37] However,
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Chen [38] proposed a framework to analyze the alongwind response of high-rise buildings
to transient nonstationary winds in the frequency domain based on modal analysis. The
nonstationary aerodynamic characteristics are expressed by aerodynamic admittance and
joint acceptance function. This framework makes it possible to analyze transmission
towers under downburst in the frequency domain. So far, this method has only been
applied in the study of high-rise buildings [39–41] and has not been used in transmission
towers. In addition, when the modal analysis method is used to calculate the structural
dynamic response, the influence of cross-coupling cannot be ignored. At the same time,
the natural frequency of most structures is greater than the forcing frequencies from wind
loading, especially for the transmission tower. This leads to low efficiency of the modal
analysis method. To overcome this problem, the dynamic response of the structure can be
decomposed into the background and resonant components, respectively. This method
is more effective and widely used in structural analysis under synoptic stationary winds.
However, the method of separating background and resonant components has not been
applied in the non-synoptic and non-stationary wind, such as downbursts.

Previous studies mostly focused on the wind-induced vibration response charac-
teristics of transmission tower-line systems under downburst wind loading, and only a
few studies investigated the methods for structural design. Although wind engineering
researchers have proposed that downburst should be taken into account in structural
design [42,43], only a few codes, such as the American Society of Civil Engineers [44]
and Australian/New Zealand Standard [45], require that the effect of this strong wind
loading should be considered in the structural design of transmission towers [46,47]. The
wind loads standard issued by International Organization for Standardization [48] also
includes the downburst wind loads and recommends the wind speed profile. Mara and
Hong [49] used the nonlinear static pushover analysis to obtain the capacity curve of a
self-support tower with the wind loads specified in CAN/CSA C22.3 No. 60826-10. The
shape of the velocity profile they selected is rectangular (uniform), which is quite different
from downbursts. Yang and Zhang [50] studied the wind loads of transmission towers
under downburst wind loads according to ASCE guidelines and analyzed the bearing
performance of members. They found that downburst is more destructive in inland areas
with lower design winds. Zhao et al. [51] analyzed the dynamic response of a transmission
tower under moving downbursts by FEM and put forward the formula of equivalent static
wind load according to the inertia force method. Generally, there is still a considerable gap
between the existing research works on downburst and the systematic guidance for the
structural design.

Although researchers have made efforts to study the effect of transmission towers
subjected to downburst, most published studies are in the time domain and conducted
in a quasi-static manner. The research on the downburst wind loads for structural design
is rare. This study aimed to (1) derive the calculation formulas of structural background
and resonant response under downburst wind loading, based on the non-stationary modal
analysis method, and (2) discuss the dynamic effect and design wind loads of downburst
on the transmission tower. Following Section 1, Section 2 introduces the generation of non-
stationary wind time-histories using the deterministic–stochastic hybrid model. In Section 3,
a framework for calculating the background and resonant response of transmission towers
under downburst wind loading is presented. Applications of this framework are addressed
to transmission towers with different time functions. The effects of damping ratio, structural
dynamic characteristics time-varying mean, and mean wind speed vertical profile are
discussed. Section 4 derives the formulas of the equivalent static wind load corresponding
to the maximum response under downburst wind loads. Then the static analyses of a
transmission tower are carried out by using these formulas and the loads from ASCE [44],
respectively. Section 5 summarizes the main findings of this study.
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2. Downburst Loading on Lattice Towers

Generally, the wind speed of downburst at any height can be decomposed into a
deterministic time-varying mean component and fluctuating component as follows [16,52]:

V(z, t) = V(z, t) + v(z, t) (1)

where V(z, t) is the wind speed at time t and height z, V(z, t) is a deterministic time-
varying mean component, and v(z, t) is a stochastic fluctuating component. The field
observations show that downbursts are non-stationary processes, and most of them are
traveling events [53,54]. Xhelaj et al. [55] proposed a novel analytical model to simulate the
horizontal mean wind velocity at a fixed height above the ground for a traveling downburst.
However, the model is only two-dimensional and cannot incorporate the variation of the
wind speed with the height AGL. Therefore, it is not suitable for structural analysis. Canepa
et al. [56] found that the strength of the downburst outflow suppresses the effects of the
background wind based on the field measurement data. So, the effect of environmental
wind is not considered in the current study. Assuming that the maximum time-varying
mean wind speed at different heights is reached at the same time, the time-varying mean
wind speed can be expressed as the product of a vertical mean wind profile and the time
function as follows:

V(z, t) = U(z)× g(t) (2)

where U(z) is the vertical profile of the maximum mean wind speed and g(t) is a time
function with a maximum value of 1. Oseguera and Bowles [57], Vicroy [58] and Wood
et al. [13] proposed three empirical models of the vertical profile for downbursts. By
choosing the parameters summarized in Table 1. Figure 1 shows the comparison between
the wind profiles of three downburst models and that of the ABL. The wind profile of
the ABL adopts the power law. In Table 1, r is the radial coordinate from the center of
the downburst; R is the characteristic radius of the downburst ‘shaft’; z* is a characteristic
height out of the boundary layer; ε is a characteristic height in the boundary layer; λ is a
scaling factor; and δ is the vertical position where the wind speed is half of the maximum
wind speed. The surface roughness coefficient α is 0.16, and the mean wind speed at 10 m
height, U10, is 30 m/s for ABL. The nominal height of the atmospheric boundary layer Zg
is 350 m for Exposure B [59].

Table 1. Parameters for the vertical profile models in Figure 1.

Parameters r (m) R (m) z* (m) ε (m) λ (1/s) Zmax (m) δ (m) α

Oseguera and
Bowles [57] 1121 1000 200 30 0.414 65 * - -

Vicroy [58] - - - - - 67 - -
Wood [13] - - - - - - 400 -

Power law of
ABL [59] - - - - - - - 0.16

* These values are calculated from other independent parameters. - There is no value in the corresponding model.

It is generally accepted that the impinging jet is the logical similarity model of the
downburst [60]. The length scale δ and velocity scale Umax are usually used to achieve
self-similarity for the mean flow of impinging jet [61]. Compared with the model from
Oseguera and Bowles [57], the model from Wood et al. [13] requires fewer parameters and
uses the length scale δ. In the present study, the Wood model is used for analysis and
calculation, and the expression is as follows:

U(z) = 1.55
( z

δ

)1/6[
1− er f

(
0.7

z
δ

)]
Umax (3)

where erf is the error function. Umax is the maximum horizontal mean speed.
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In the current study, two cases are considered. The time function of case 1 is an
empirical model proposed by Holmes and Oliver [14] according to a full-scale field record
at Andrew Air Force Base. In this model, the wind speed time histories of moving down-
burst are obtained as the vector sum of radial wind speed and translational speed. The
time function of case 2 is obtained directly from the time history record of the real-flank
downburst (RFD) by the wavelet method, as shown in Figure 2.

Figure 1. Comparison among three vertical profile models and conventional ABL profile.

Figure 2. Time functions of the time-varying mean wind speeds, (a) Case 1. (b) Case 2.

Because of the non-stationary characteristics of downbursts, Chen and Letchford [16]
obtained the evolution spectrum spectral density (EPSD) of the fluctuation component by
multiplying an amplitude modulation function based on time-varying average wind speed
by a stationary Gaussian random process. The EPSD can be written as

Sv(t, z, ω) = |a(z, t)|2 × S(z, ω) (4)

where S(z, ω) is the power spectral density of the Gaussian random process κ(z, t) and
a(z, t) is the modulation function, a(z, t) = 0.11V(z, t) [62]. Therefore, the fluctuation can
be obtained as follows:

v(z, t) = a(z, t)κ(z, t) (5)

The EPSD of the two cases are shown in Figure 3.
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Figure 3. EPSD estimation of time modulation functions. (a) Modulation function 1. (b) Modulation
function 2.

In the current study, the von Karman spectrum was used as the stationary stochastic
process [63]. After obtaining the EPSD of non-stationary stochastic processes, the spectral
representation method (SRM) [64] can be utilized to generate the time histories of the
downburst. The vertical wind profile of Wood et al. [13] is used in the present study. The
maximum mean wind speed is determined as 70 m/s, and the simulation time is 512 s. The
half-height of downburst is chosen as 400 m in the simulation. When the time function
of case 1 is used, the simulated time history and fluctuation at a height of 75 m is shown
in Figure 4. In addition, the comparison between the power spectrum density (PSD) of
the stationary process κ(z, t) and the target spectrum is shown in Figure 5, which shows
good agreement.

Figure 4. Simulated downburst wind speed time history.



Buildings 2022, 12, 148 7 of 20

Figure 5. PSD of generation versus corresponding targets for stationary components κ (z, t).

3. Response of Transmission Tower Subjected to Downburst
3.1. Theoretical Approaches of Frequency Domain Analysis

The response of structures under wind load can also be divided into the average
response and fluctuating response. As a dynamic load, the fluctuating wind will make
the structure resonate at its natural frequencies. This part of the response is called the
resonant component, while the response at the non-resonance frequency of the structure is
the background component. The resonant response only occurs at each natural frequency
of the structure, which is related to the dynamic characteristics, such as mass, stiffness,
damping, and so on. The background response occurs at almost all frequencies of the
structure, which mainly reflects the frequency distribution characteristics of the wind load
and belongs to the quasi-static response. Compared with the high-rise building with regular
shape, the transmission tower has greater flexibility, a smaller damping ratio, and smaller
mass per unit height, which leads to greater aerodynamic damping. The fundamental
modal shape of the transmission tower is more nonlinear than high-rise building. For
non-stationary random excitation, a more effective method is to separately compute the
mean and background components.

Based on the theoretical method described in Holmes [65] and the above consider-
ations, the main calculation equations of the three kinds of response for tower can be
obtained. Therefore, the average wind load acting on the unit height of transmission tower
at a height of z and time t is as follows:

d
_
F(z, t) = 0.5ρaV2

(z, t)CD(z)φ(z)w(z)dz (6)

where ρa is the air density, φ(z) is the solid ratio, CD(z) is the wind force coefficient, and
w(z) is the width of each section of the transmission tower. The fluctuating wind load
acting on a small cross-section of the transmission tower can be expressed as follows:

d
∼
F(z, t) = ρa

_
V(z, t)ν(z, t)CD(z)φ(z)w(z)dz (7)

(a) Mean response

Through the influence function, the mean response of the tower can be obtained:

_
r(z0, t) =

∫ H

0

1
2

ρaV2
(z, t)CD(z)φ(z)w(z)i(z0, z)dz (8)
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where i(z0, z) is the influence function of the tower.

(b) Background response

The background component, which is independent of frequency, represents the quasi-
static response caused by gusts below the natural frequency of the structure, and can be
calculated by the following formula:

∼2
rB(z0, t) = ρa

2
∫ H

0

∫ H
0 CD(z1)CD(z2)φ(z1)φ(z2)×

V(z1, t)V(z2, t)σν1σν2R(νz1, νz2)i(z0, z1)i(z0, z2)w(z1)w(z2)dz1dz2
(9)

where R(νz1, νz2) is the cross-correlation coefficient between v at the two heights z1 and z2,
and can be expressed by

R(νz1, νz2) =
ν(z1, t)ν(z2, t)

σν1σν2
∼= e−(∆z/z Lν) (10)

where ∆z = |z1 − z2|.
(c) Resonant response

To calculate the resonant component, the EPSD of the generalized force can be obtained
by the following formula [40]:

SQj(z, ωj, t) = 4Q2
RSν(z, ω, t)χ2(ω)g2(t)|Jz(ω)|2/U2

max (11)

where χ2(ω) is the aerodynamic admittance function, Sν(z, ω, t) is the EPSD of non-
stationary wind, and QR =

∫ H
0 0.5ρaCD(z)U2(z)w(z)φ(z)dz. The joint acceptance function

|Jz(ω)|2 is given as

|Jz(ω)|2 =
1

H2

∫ H

0

∫ H

0

( z1

H

)β( z2

H

)β U(z1)

Umax
× U(z2)

Umax
Coh(z1, z2, ω)dz1dz2 (12)

where Coh(z1, z2, ω) is a coherence function and follows an exponential function as

Coh(z1, z2, ω) = exp
(

kzω|z1 − z2|
2πUmax

)
(13)

According to the theory of random vibration, the variance of the resonant component
can be taken to be

σ2
R,j(t) =

1
K2

j
SQj(ωj, t)

∫ ∞

0
|Hi(ω)|2dω (14)

The integral
∫ ∞

0

∣∣Hj(ω)
∣∣2dω is equal to ωj/8ξ [65,66]. Then the resonant component

in mode j can be written as

σ2
R,j(t) ≈

ωj

8ξ

1
K2

j
SQj(ωj, t) (15)

where ξ is the modal damping ratio, including the structural damping ratio and aerody-
namic damping ratio. The actual resonant response is the response in modal coordinates
multiplied by the response participation factor

r̃R,j(z0, t) = σR,j(t)
∫ H

0
m(z)ω2

j µj(z)i(z0, z)dz (16)
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where ωj is the natural frequency corresponding to mode j. Therefore, the expression of
resonant response is as follows

r̃R,j(z0, t) =

√
ωjSQj(ωj, t)

8ξ

∫ H
0 m(z)µj(z)i(z0, z)dz∫ H

0 m(z)µ2
j (z)dz

(17)

The total fluctuating response of the transmission tower can be taken to be

r̃(z0, t) =
√

r̃2
B(z0, t) + ∑

j
r̃2

Rj(z0, t) (18)

After obtaining all response components, the total response of the transmission tower
under downburst can be calculated as

r̂(z0, t) = r(z0, t) + gs r̃(z0, t) (19)

where gs is the peak factor.

3.2. Applying the Approaches on a Transmission Tower
3.2.1. Model Parameters

The self-supported transmission tower ZC27102 is chosen in this study. This type
of transmission tower has three heights, which are 48.8, 66.8, and 84.8 m, as shown in
Figure 6. Those towers are constructed by angle steel with the steel material of Q420. The
cantilevered cross arm at the top of the tower has a height of 6.8 m and a width of 37 m. The
design wind loads are determined only in consideration of ABL wind loads with a speed of
30 m/s at the height of 10 m above the ground. However, this design is ineffective when
the tower encounters HIW, such as a downburst. Tower A is divided into 17 representative
sections, referred to as panels, and the configuration of the transmission tower is presented
in Figure 6.

Figure 6. Details of transmission towers.

Before the wind-induced vibration analysis under downburst wind loads, the finite
element method is used to analyze the dynamic characteristics of these towers in ANSYS.
The angle members are modeled using the three-dimensional thin-walled beam element
BEAM188. BEAM188 is suitable for analyzing slender to moderately stubby/thick beam
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structures. The element is based on Timoshenko beam theory, which includes shear-
deformation effects. This element is a linear, quadratic, or cubic two-node beam element in
3D [67] and provides options for unrestrained warping and restrained warping of cross-
sections. The model of tower A consists of 686 elements and 235 nodes, as shown in
Figure 7. A modal analysis was carried out on three models of the transmission tower,
which showed that the first and second modes of vibration correspond to the transverse
direction the longitudinal direction. The third mode of vibration is torsion. The first three
natural frequencies of transmission towers are given in Table 2, and the first three modes of
tower A are shown in Figure 7.

Figure 7. FEM diagram of transmission tower A: (a) isometric view, (b) plan views, (c) first mode,
(d) second mode, (e) third mode.
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Table 2. First three natural frequencies of selected towers (unit: Hz).

1st-Order 2nd-Order 3rd-Order

Tower A 1.257 1.289 1.927
Tower B 1.430 1.484 1.915
Tower C 1.727 1.838 2.006

The dynamic response of the transmission tower is dominated by the damping ratio,
which includes structural damping and aerodynamic damping. Typical values of structural
damping extracted from the Chinese load code [59] and ASCE guidelines [44] are given
in Table 3. The damping ratio value recommended by [59] is used in the current analysis
by FEM.

Table 3. Approximate dynamic properties from codes.

Type of Structure Fundamental Frequency, f 1 (Hz) Damping Ratio, ξs

Latticed Tower [44] 2.0–4.0 0.04
H-Frame [44] 1.0–2.0 0.02

Pole [44] 0.5–1.0 0.02
Steel structure [59] (0.007–0.013) H 0.01

H is the structural height. The aerodynamic damping for the towers can be estimated
as [68]

ζ1 =

(
ρa

4π f1

)∫ H
0 V(z)CD(z)w(z)ϕ2

1(z)dz∫ H
0 m(z)ϕ2

1(z)dz
(20)

where m(z) is the mass per unit length along with the structure. ϕ1(z) is the first mode
shape. For transmission towers, only the first-order vibration mode is usually considered,
and the influence of the higher-order vibration mode can be ignored [69]. The first-order
vibration mode of the transmission tower can usually be expressed as

ϕ1(z) = (z/H)β (21)

where β is the coefficient of mode shape [70].

3.2.2. Frequency Domain Analysis

Two cases of downburst in Section 2 are used to calculate the mean and fluctuation
response of the tip displacement of transmission towers. The vertical profile of mean wind
speed still uses Wood’s model [13]. The value of Um is 70 m/s and the half-height δ is
400 m. The frequency domain calculation formula (hereafter referred to as BR) derived in
Section 3.1 is used to calculate the response of tower A with two time functions. At the same
time, two other methods are used for comparison. The first method is the modal analysis
(hereafter referred to as MOD) for nonstationary wind proposed by Chen (2008). With the
MOD method, the root means square (RMS) of the structural response can be obtained by
using the pseudo-excitation method (PEM) [71]. The second one is the pseudo-stationary
method (hereafter referred to as PS). Su et al. [40] indicated that if the time-varying mean
wind speed evolves with time very slowly, the response of the building can be directly
evaluated by the quasi-static analysis. The mean and fluctuation RMS responses of the tip
displacement calculated by the three methods are shown in Figure 8.

In case 1, the time of reaching the maximum response calculated by MOD and PS
is almost the same, and there is no phenomenon, as mentioned in Chen [38], that the
maximum value of non-stationary response in high-rise buildings ‘lags’ the quasi-static
analysis. This is due to the larger natural frequency and aerodynamic damping of the
transmission tower than those of high-rise buildings. It makes the values of “build up”
time e−2ξ1ω1t close to zero. For the region before reaching the maximum response, the
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MOD results are also very close to that from the PS method. Then the time-varying wind
of the downburst begins to decrease, and the PS results are gradually smaller than the
MOD results. In case 2, the MOD results are nearly consistent with the PS results, and only
slightly smaller near the maximum.

Figure 8. Mean and RMS responses of the tower tip displacement. (a) Case 1. (b) Case 2.

In case 1, the results obtained by the BS method are very consistent with those obtained
by the PS method, which is only slightly larger near the maximum value. In case 2, the
maximum response from the BR method is close to that from the MOD method. There are
some differences between the results from the BR method and those from the other two
methods. This is because there is some uncertainty in the decoupling of non-stationary
full-scale data and the estimation of EPSD by using the wavelet analysis method. Therefore,
a more effective method for processing the full-scale data of downburst needs to be further
studied [40].

3.2.3. Time-Domain Analysis

Based on the wind speed time history of downbursts obtained in Section 2, the trans-
mission tower A, which was modeled in ANSYS, is used to analyze the dynamic response
in the time domain. The wind loads can be calculated by dividing the tower into 17 rep-
resentative panels. Those loads are evenly distributed to the nodes of each panel, and
concentrated loads are applied to transmission tower A for transient dynamic analysis.
The time history of the tower tip displacement in the transverse direction under the down-
burst wind loads calculated by FEM is shown in Figure 9. It can be seen that the peak
displacement under downburst wind loads is about 0.45 m, which is much larger than
that of transmission towers under conventional ABL wind loads [72]. The moving average
method is used to obtain the mean response and fluctuating response of the tower. The
fluctuating response of the transmission tower still has non-stationary characteristics. The
traditional −5/3 law may not be applicable to distinguish the resonant component from
the background response. Therefore, the method proposed by Elawady et al. [73] is used to
separate the background response and resonance response in the time domain, as shown in
Figure 10. To compare with the results of the frequency domain formula (BR) in the current
study, the moving average method is used to obtain the time-varying RMS of background
and resonant components every 4 s, as shown in Figure 11. The results from frequency
domain analysis are very consistent with those from the time-domain analysis, and there is
a slight lag in the maximum resonant component in the time-domain analysis.
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Figure 9. Time history of tip displacement.

Figure 10. Time history of background and resonant components.

Figure 11. Comparison of predicted RMS response from time domain and frequency domain analysis.
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3.2.4. Dynamic Effect

The fluctuating wind loads will amplify the dynamic response of the transmission
towers. Because the structural response under the downburst changes with time, the
amplification effect on the dynamic response of structures is not considered in most codes
around the world. The amplification effect is usually investigated by the ratio of peak
response to mean response at the time of maximum response [17,37]. This ratio is defined
as the dynamic amplification factor (DAF):

DAF =
r̂(H, tmax)

r(H, tmax)
(22)

To investigate the effects of structural dynamic characteristics, damping, and wind
field characteristics on the dynamic response, the BR method is used to calculate the DAFs
of three towers in Figure 6, with different structural damping ratios and the half-height
of the downburst. The effects of ratio H/δ and structural frequency on DAF are shown
in Figure 12a, with the structural damping ratio being 0.01, where H is the height of the
transmission tower. The corresponding values of half-height can be obtained by dividing
the tower heights by the scale factor. Figure 12b shows the effects of structural damping
and ratio H/δ on the DAF of tower A.

Figure 12. The influence of different parameters on DAF, (a) effect of half-height of downburst and
structural frequency, (b) effect of half-height of downburst and damping ratio.

When the ratio of H/δ is small, the effect of the structural frequency on DAF can
be ignored. However, the effect of structural damping on DAF is larger than that of the
structural frequency, and DAF decreases with the increase in the structural damping ratio.
For example, when the damping ratio increases from 0.01 to 0.04, the DAF decreases from
1.39 to 1.32, with a value of H/δ = 0.2. The half-height of the vertical profile has a great
influence on DAF. When the ratio of H/δ increases from 0.05 to 1, DAF decreases firstly
and then increases. The minimum value of DAF appears at H/δ = 0.25. In addition, the
effect of H/δ can be very small, within the range of 0.15–0.25. Previous studies have shown
that the half-height of downbursts is usually about 400 m [13], and the height of most
transmission towers is less than 100 m. Then, it can be concluded that the value of H/δ
for most transmission towers is less than 0.25, and thus the influence of the half-height
on the DAF for most transmission towers is very small. Some special super-high steel
tube transmission towers with large values of H/δ, in which the steel tubes are filled with
concrete [74,75], are not within the scope of the current study.

To consider the influence of the dynamic response in the structural design with synop-
tic wind field, the gust load factor (GLF) is defined as the ratio of the peak displacement
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response and the mean displacement response of the structure in the National building
code of Canada [76]. In the present study, the GLF of the transmission tower is calculated
by the frequency domain analysis and compared with the above DAFs. The methodology
proposed by Loredo-Souza and Davenport [68] is used to calculate the GLF of tower A
for synoptic wind loading. The mean wind profile and the PSD of fluctuation velocity for
ABL adopt the power law in exposure categories B [59] and the von Karman spectrum,
respectively. The comparison of the DAF of downburst and the GLF of ABL with three
values of H/δ is shown in Figure 13. It can be seen that the DAF of tower A subjected to
downbursts decreases with the increase in elevation, while the GLF in synoptic winds
increases with the increase in elevation. In the upper part of the structure, when H/δ is
small, the DAF defined in this paper is smaller than the GLF. In the lower part of the
structure, when H/δ > 0.75, the DAF is much larger than the GLF.

Figure 13. Comparison of DAF and GLF.

4. Discussion on Design Wind Loading

From the above time domain and frequency domain analysis, it can be found that there
are some differences and commonalities between the wind-induced vibration response of
transmission towers with downburst wind loads and that with synoptic wind loads. Based
on the BR method in Section 3.1 and the theory of equivalent static wind load (ESWL)
proposed by Holmes [65], the equivalent static wind load F̃max(z) corresponding to the
maximum fluctuating response can be expressed as

F̃max(z) = WBFB,max(z) + WRFR,max(z) (23)

where FB,max(z) and FR,max(z) are the maximum equivalent load distributions of the back-
ground and resonant component, respectively, and can be given as

FB,max(z) = gBρ(z)σBmax(z) (24)

FR,max(z) = gRm(z)(2πn1)
2φ1(z)σR,max (25)

where gB and gR are the peak factors of the background and resonant component, respec-
tively, which can be taken according to the peak factor for non-stationary wind proposed
by Chen [77], and ρ(z) is the correlation coefficient of the load response and can be given as

ρ(z) =

∫ H
0 F(z1, t)F(z, t) · i(zr, z1) · dz1

σBmax · σp(z)
(26)
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where σp is the RMS of fluctuating wind loads. Therefore, Equation (24) can be rewritten as

FB,max(z) = gB

∫ H
0 F(z1, t)F(z, t) · i(zr, z1) · dz1

σBmax
(27)

where Wb and Wr are weight factors, which can be expressed as

WB =
gBσr,Bmax(

g2
Bσ2

r,Bmax + g2
Rσ2

r,Rmax

)1/2 (28)

WR =
gRσr,Rmax(

g2
Bσ2

r,Bmax + g2
Rσ2

r,Rmax

)1/2 (29)

Therefore, the formula for maximum ESWL of downburst can be expressed as

F(z) = F(z) + F̃max(z) (30)

The American Society of Civil Engineers [44] and Australia/New Zealand [45] have
respectively made relevant provisions on the design of transmission lines under the HIW.
ASCE guidelines [44] only consider loads of the transmission tower, while AS/NZS stan-
dard suggests that wind loads on the tower, conductor and ground wire should be consid-
ered at the same time. In the present study, only ASCE guidelines are used for comparison.
ASCE guidelines [44] suggest that the calculation formula of wind load for towers under
HIW is as follows:

F = QKzKzt(VRP)
2GCf A (31)

where Q is a numerical constant with the value of 0.613. Kz is the velocity pressure exposure
coefficient. Kzt is the topographic factor. G is the gust response factor for transmission
towers. V is the three-second gust design wind velocity, in meter per second. Cf is the drag
force coefficient, and the value of Cf recommended by [78] is adopted in the current study.
A is the area of all members normal to the wind direction.

Taking the transmission tower A introduced in Section 3 as the calculation object, the
static calculation is carried out, respectively, based on the above EWSL method and ASCE
guidelines, and the axial forces of main members of the tower body for each panel, which
is illustrated in Figure 6, are obtained, as shown in Figure 14. The results are also compared
with the maximum results from the time-domain analysis in Section 3.2. It can be seen that
the calculation results using ASCE guidelines are larger than the time domain results along
with the whole tower. Especially in the range of 0–65 m, the results from the ASCE method
are about 200 kN larger than that of the time domain. Although the current ESWL method
gives larger results than both the ASCE method and the time domain under 30 m, the axial
forces from the current ESWL method are very close to the time-domain results above
30 m. The difference between the results from the current ESWL and the time domain is
only about 50 kN. The axial force from the current ESWL mothed at Panel 2 is 19 percent
larger than the time-domain result. In addition, the deviations among the three methods
are almost insignificant at 80 m.
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Figure 14. Comparison of axial forces from ESWL, FEM and ASCE guidelines.

5. Conclusions

In this paper, the calculation formulas of background and resonant components for
transmission towers under downburst loads are presented. The equivalent static wind load
is obtained based on the maximum response. The effectiveness of the calculation formulas
is verified by comparing them with the time-domain analysis results. Moreover, the effects
of structural parameters and the shape of the wind speed profile on the dynamic response
of transmission towers are discussed. The following concluding remarks are drawn.

The fluctuating response of the transmission towers obtained by the current BR method
is very close to the results obtained by the modal decomposition method, and the “lag”
phenomenon is not obvious. Compared with the time-varying background and resonant
response using the BR formulas in the current study, the results are in good agreement
with the results from FEM, which further verifies the reliability of the frequency domain
calculation formulas.

The effect of downburst fluctuating wind loads on the dynamic response of transmis-
sion towers cannot be ignored. The shape of the vertical wind speed profile has a great
influence on the DAF. However, when the value of H/δ is located in the range of 0.15–0.25,
the effect of H/δ on DAF is very small. When H/δ > 0.75, the DAF under downburst wind
loads will be much greater than the GLF under the synoptic wind loads with the same
maximum mean wind speed.

Through the comparison of calculation results of three methods, it can be concluded
that it is conservative and uneconomical to use ASCE guidelines for the design of trans-
mission towers under downburst, and it is reliable and economical to use the above ESWL
method. The axial forces calculated with the current ESWL method are close to those
from the FEM above 30 m, while the results obtained by ASCE guidelines are larger than
those from FEM. Therefore, the BR formula and the ESWL method corresponding to the
maximum response proposed in the current study are more economical and reliable and
can provide a reference for the engineering design considering downburst wind loads.
Although the method proposed in this paper can accurately calculate the wind-induced
response of self-supported transmission towers subject to downburst in the frequency
domain, the loading from transmission line is not included. Future research should fo-
cus on the calculation method of transmission tower-line coupling system for downburst
wind loading.
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