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Analysis of wind vibration response
of suspended derrick under downburst
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Abstract: The vibration response of a suspended derrick was
analyzed using the finite element method to accurately estimate
its safety performance in a transmission structure under a
downburst. Based on the deterministic-random hybrid model,
the entire process wind speed of the moving downburst is
simulated by a modified stochastic wave-based spectral
representation method. Meanwhile, the vibration response of
the suspended derrick under a downburst was obtained. The
results show that the suspended derrick swings considerably
under a moving downburst, and the main structure bends with
a displacement amplitude of approximately 1.388 m.
Moreover, the maximum tension experienced by the outer tie
line and supporting rope are 45.11 and 47.06 kN,
respectively. The maximum displacement and tensile force
values are observed when the center of the downburst is
approximately 1 100 m away from the suspended derrick. This
indicates that the suspended derrick is prone to produce a large
wind vibration response under the downburst,
adversely affect the construction safety of the transmission
Therefore, performing relevant reinforcement and
vibration reduction control measures is essential.
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errick is an important lifting equipment for trans-
D mission tower setup and is mainly divided into two
categories: seat ground and suspended derricks'"'. The
suspended derrick has been widely used in mountainous
areas and other complex construction sites because of its
advantages, such as strong adaptability and ease of trans-
port. However, the suspended derrick is only restrained
by the tie lines at both ends, making it a typical wind-
sensitive structure with a large slenderness ratio, low
damping, and poor wind stability”™'. With the deteriora-
tion of the global climate in recent years, an increase in
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exceptional wind hazards like typhoons, tornados, and
downbursts will pose a severe threat to the suspended der-
rick. As one of the typical exceptional wind disasters, a
downburst is characterized by strong suddenness, high
wind speed, and great destructive power”’™ . Therefore,
analyzing the vibration response of a suspended derrick
under a downburst is critical.

To this end, some research has been conducted on the
wind-induced vibration response characteristics of trans-
mission tower structures. For example, Hua et al. B3
mated the effect of different turbulence integration scales

esti-

on the wind vibration response of transmission towers.
They proposed theoretical values for the wind-induced vi-
bration coefficients by conducting wind tunnel tests using
the air-elastic model. Wang et al. ' proposed a frequency
domain theoretical analysis method for estimating the
nonstationary fluctuating response of transmission towers
under downbursts based on the stochastic vibration theo-
ry. Zhao et al.'” studied the wind-induced vibration re-
sponse law of transmission towers with different heights
and summarized the wind effect on various types of trans-
mission towers under downbursts. Hamada et al. ' deter-
mined the maximum wind speed that a derrick can with-
stand safely by analyzing the coupling system with a seat-
ground double rocker derrick and tower. Deng et al. "
clarified several factors affecting the wind-resistant per-
formance of suspended derricks under working and non-
working conditions. Huang et al. ' investigated the vi-
bration response characteristics of a derrick-tower coupled
system and fatigue damage law of component vortex vi-
bration by performing wind tunnel tests and finite element
analysis. In April 2019, our research team recorded a
downburst attack using the anemometer of the Sutong
Bridge and analyzed the vibration response of the cable
under this downburst''"'. However, most of the existing
research has only focused on transmission towers and was
limited to investigating the effect of conventional wind
environment conditions on towers. Additionally, less at-
tention has been devoted to studying wind effects on a
suspended derrick under a downburst.

In this paper, a suspended derrick, which is estab-
lished on a transmission structure under construction in
the Yilu-Xuwei 500 kV line, is taken as the back-
ground. A finite element model of the suspended derrick
is established using the ANSYS software. Additionally,
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in order to clarify the dynamic characteristics of the
structure, the modal analysis of the model is also con-
ducted. Meanwhile, based on the deterministic-stochas-
tic hybrid model, a moving downburst field is simulated
using the harmonic superposition method. Finally, the
vibration response of the suspended derrick under the
downburst is calculated and analyzed. The findings of
this study can provide a reference for addressing the
wind resistance problem of transmission structures under
construction.

1 Finite Element Model of Suspended Derrick
1.1 Model parameters

The geometric parameters of the finite element model
used in this work are established according to the GNB28-
55 type suspended derrick. The two ends of the suspen-
ded derrick are rectangular cross-sections with dimensions
of 250 mm x 250 mm, and its central standard section has
a dimension of 550 mm x 550 mm. The specific geomet-
ric parameters of the suspended derrick are shown in Fig.
1. Furthermore, the suspended derrick is mainly made of

$»50 mm x3 mm and ¢32 mm x3 mm round steel tubes.
The connecting parts between each section are welded
with £ 63 mm x6 mm angle steel to form flange joints.
The outer tie line and supporting rope are made of steel
strands with a diameter of 15 mm. To calculate the vibra-
tion response of the suspended derrick under the down-
burst, the main structure and tie line are simulated using
Beam188 and Link10 units, respectively. Additionally,
Q345 steel is chosen as the material for derrick compo-
nent and has a modulus of elasticity of 210 GPa and a
density of 7. 85 g/cm’. Fig. 2 shows the finite element
model of the suspended derrick. According to the site
tower formation (see Fig. 3), the bottom of the suspen-
ded derrick is bound to the transmission tower using the
supporting rope, while its top section is connected to the
ground anchor via the outer tie line. Therefore, the an-
chorage end of the outer tie line and supporting rope in
this analysis is fully restrained. The other end is articula-
ted with the top/bottom corners of the derrick. Addition-
ally, a 20 kN pre-tensioning force is set for each line sep-
arately by applying the initial strain.
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Fig.1 Geometry of the GNB28-55 suspended derrick (unit: mm)
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Fig.2 FEM of the suspended derrick

1.2 Modal analysis

In the analysis, the Block Lancoz method is used to
obtain the first 20 orders of modes of the suspended der-
rick. The results are verified using the ABAQUS soft-
ware. A part of the modal vibration patterns is shown in
Fig. 4. Table 1 presents the first five orders of modal fre-
quencies from two software used to validate the finite ele-
ment model.

Fig. 4 and Table 1 show that the vibration shapes ob-

Fig.3 Construction site of the suspended derrick

tained using the two software calculations are the same,
and the frequency error is small. Therefore, the model
has a certain degree of rationality. The first five orders of
vibration modes include orthogonal side swing, horizontal
torsion, and first-order bending. The structure has a low
natural frequency of approximately 0. 113 Hz. Since the
outer tie line and supporting rope are articulated with the
derrick through snap, their constraints on the structure are
limited. Therefore, the suspended derrick is very prone to
lateral swaying in the air. Additionally, the higher-order
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(b)

Fig.4 Partial vibration modes of the suspended derrick. (a) First-order modes; (b) Sixth-order modes; (c) Ninth-order modes

Table 1 First five orders of intrinsic frequency and vibration
pattern of the suspended derrick

Frequency Frequency Relative

Vibrati
Orders of ANSYS/ of ABAQUS/ error/ foration
mode
Hz Hz %
1 0.113 0.110 2.67 Transversal swing
2 0.113 0.110 2.67 Vertical swing
3 0.906 0.900 0.66 Horizontal torsion
Transversal ~ first-
4 2.440 2.413 1.22 .
order bending
Vertical first-
5 2.440 2.413 1.gp  Vertical first-order
bending
Trans I s -
6 7.891 7.833 0.67  Transversal second
order bending
Vertical d-
7 7.891 7.833 0.67 oAl secom
order bending
Horizontal d-
8 13.177 13.025 113 onwontan secon
order torsion
Transversal  third-
9 16.092 16.028 0.47 .
order bending
Vertical third-order
10 16.092 16.028 0.47

bending

Note: Transversal and vertical are the direction of the angular bisector
of the angle of the outer tie line.

modes of suspended derrick are dominated by the bending
vibration pattern because of the existence of pre-pressure
from the tension line.

2 Wind Field of Moving Downburst

The wind field of the downburst is random, nonstation-
ary, and hard to obtain using traditional methods, such as
measured data and wind tunnel tests'””'. Therefore, here-
in, the method used for estimating wind field is based on
a numerical simulation approach that combines a deter-

! with a modified sto-

ministic-stochastic hybrid model""
chastic wave-based spectral representation method'"*! to
simulate the wind speed time history course of a moving
downburst. The wind speed U(z, t) at any location in the
wind field can be decomposed into time-varying mean
wind speed U(z, t) and fluctuating wind speed u(z, ) be-
cause the moving downburst has vertical and radial wind

profiles.
2.1 Time-varying mean wind field model

A time-varying mean wind field can be assumed,
where the mean wind speeds at different heights in a
downburst reach their maximum values simultaneously at

a certain moment. To this end, the deterministic-stochas-
tic hybrid model proposed by Chen and Letchford' is
used to generate a downburst averaged wind speed time
history. The time-varying average wind speed U(z, t) can
be expressed as the product of the vertical wind speed
profile and the time function:

Uz, 1) =V(2)f(1) (1)

where V(z) denotes the maximum mean wind speed pro-
file and f(¢) denotes the function of time. Few analytical
models like the O&B'”', Vicroy“ﬁ] , and Wood models""”
can find V(z). In this work, the Vicroy empirical analyt-
ical model is selected because its wind velocity profile is
closer to the existing measured results:

V(z) =1.22 x ("= )

3.217 52/Z
- e ) Umax

where Z . is the height corresponding to the maximum

horizontal wind speed of the downburst; U, denotes the
maximum horizontal wind speed in the vertical profile.

The time function f(t) is defined as the ratio of the
mean wind speed \ V.(1) \ to the maximum mean value
max \ V.(1) \ at any instant in time, where V_(f) can be
expressed as the vector sum of the radial wind speed
V,.(t) and the velocity of the center of the downburst V,.
The radial wind speed of the downburst is modeled using
the radial wind speed profile model based on time decay
proposed by Holmes et al. '"*" with the following expres-
sion:

O<r<r,,

% efr/T(L)
Vy( t) = e rmux (3)

V

r, max

r=r

max

€

where r denotes the distance of the derrick point from the

center of the downburst at moment ¢; V represents the

maximum radial jet velocity; r__ denotes the radial dis-
tance to reach maximum radial jet velocity; R, denotes
the characteristic radius, and 7 denotes the duration of the
downburst.

This paper uses the wind speed data measured at
Andersen Air Force Base published by Fujita'®'. It is as-
sumed that the downburst flow passes through the suspen-
ded derrick along the X-axis, and the movement path is
shown in Fig. 5. The center of the downburst at the initial
moment is 3 500 m away from the suspended derrick, and
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the relevant parameters are V, =8 m/s, V,_ . =47 m/s,
Toax =1 000 m, R, =700 m, and T =1 024 s. The time-
varying mean wind speed at any height of the derrick can
be obtained by calculating the vertical wind profile of the
downdraft wind field (see Fig.6) according to Eqs. (1)-

(3).

.
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Fig.5 Downburst movement path
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Fig. 6 Downburst vertical wind profile

2.2 Fluctuating wind field model

To simulate the strong nonstationarity of fluctuating
wind of the downburst, it can be expressed as the product
of a time-varying modulation function and a stationary
Gaussian stochastic process with a given power spec-

20
trum"™”';

u(z, t) =alz, ) k(z, 1) (4)

where a(z, ) denotes the modulation function that takes
the value of 0. 25 times the time-varying mean wind
speed according to Chen and Letchford"™; k(z, t) de-
notes the stationary Gaussian stochastic processes that fol-
low the standard normal distribution. k(z, ) can be gen-
erated through simulation using the harmonic superposi-
tion method, and its self-power spectral density function

. . 14
uses the normalized Kaimal spectrum''*':

S,(n) =u’, —=2

(1 +50n v

where u, denotes the friction velocity; f = nz/v, denotes
the Monin coordinate; n denotes the natural frequency; v,
denotes the average wind speed at height z. The correla-
tion function proposed by Davenport is used in this analy-
sis to consider the spatial correlation between different

simulation points ( SP). The fluctuating wind speeds at
nine SPs from different heights of suspended derrick ( see
Fig.7) are simulated with a sampling frequency of ap-
proximately 4 Hz. Fig.8 shows the wind speed time his-
tory of the entire process downburst at SP5.

SP9: H=70m Section 9~
SP8: H=68 m —_—
Section 8
SP7: H=64 m
Section 7
SP6: H=60 m
Section 6
SP5: H=56 m
Section 5
SP4: H=52m
Section 4
SP3: H=48 m
Section 3
SP2: H=44 .
m Section 2
SPZ: H=42 m - -
Section 1)
Fig.7 Simulation point heights in the derrick
100 —— Wind speed
801 - - - Fluctuating wind speed
~ 60
T oaol
E
= 20+
=
> N
0 ¥y
20k
-40

600 800 1000
tls

0 200 400

Fig.8 Wind speed of SP5

The validity of the simulated wind speed is examined
through the power spectral density and correlation func-
tion. As shown in Figs. 9 and 10, the power spectrum
of the simulated wind field is consistent with the Kaimal
spectrum. Additionally, the theoretical value of the corre-
lation function overlaps well with the target value. These
results show that the simulated wind speed of the down-
burst is valid and can be used for the dynamic time-range
analysis of the structure.

10 . .
—— Simulation
---------- Kaimal
103+
o 102
)
o
10"+
0 1 1 1 1
]OIO’3 102 10! 10° 10!
n/Hz

Fig.9 Comparison between simulated and Kaimal spectra
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3 Wind Vibration Response of Suspended Der-
rick under Moving Downburst

3.1 Wind load modeling for moving downburst

According to the simulated wind speed of the moving
downburst, the along- and cross-wind loads can be calcu-
lated based on the quasistationary assumption. The specif-
ic expressions are as follows:

F,(1) =0.5p[U(z, ) +u,(z,01’B(z)C,(z) (6)
F,() =0.5p[u,(z,)1°B(2) C,(2) (7)

where p denotes the air density, which takes the value of
1.29 kg/ m’; U(z,t) denotes the mean wind speed, and
u,(z,t) and u(z,t) denote the along- and cross-fluctua-
ting wind speeds, respectively. B(z) denotes the projec-
ted area of the section in the vertical wind direction.
Here, C,(2) (i =u, w) denotes the shape factor of wind
load and is set at 1.95 according to the load code for the

overhead transmission line design ( DL/T 5551—2018).
Subsequently, the obtained wind loads are applied to nine
simulation points,
sponse of the suspended derrick is calculated using the
transient analysis method. The damping of the suspended
derrick is determined using the Rayleigh damping formula
and is set as 0. 004 and 0. 038 for mass and stiffness
damping, respectively.

and the entire process dynamic re-

3.2 Vibration response analysis of the main structure

Based on the calculation result of vibration response,
the time history of downwind displacements at the top
(SP9), middle (SP5), and bottom (SP1) of the suspen-
ded derrick during the downburst attack is shown in Fig.
11. As mentioned earlier, the moving downburst reaches
the location of the suspended derrick at approximately ¢ =
437.5 s and continues to move away from the transmis-
sion tower construction site. Therefore, Fig. 11 shows
that when the downburst moves toward the suspended der-
rick, its downwind displacement first increases and then
decreases. Notably, the maximum displacement occurs
around 7 =300 s (the center of the downburst is 1 100 m
away from the suspended derrick). Comparing the dis-
placement amplitude of the suspended derrick at each sim-
ulation point under downburst, the value of the middle
section is the largest, which is 1.388 m. Additionally,
the bottom and top values are 0. 028 and 0.210 m, which
are much smaller than the middle section. Therefore, the
deformation of the derrick is mainly bending when the
wind speed of the downburst is maximum. Additionally,
a large swing occurs, which is consistent with the dynam-
ic characteristics analysis in Section 1.

0.03

Displacement/m
=
o f=
=t e}
T T
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= 0.06F =
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Fig.11 Time course of along wind displacement ( X-direction) at some nodes of the suspended derrick. (a) Top section; (b) Middle

section; (c) Bottom section

After the center of the moving downburst passes
through the suspended derrick, the direction of the wind
field changes from the incoming flow to the outgoing
flow. Therefore, the displacement response of the derrick
is negative. The absolute value of the displacement also
increases and then decreases, reaching a second peak at
approximately r =550 s. However, the displacement am-
plitude caused by the outgoing flow is much smaller than
that of the incoming flow. The value is approximately

7% to 15% of the first peak. After the downburst
through the suspended derrick, the wind speed acting on
the structure is relatively small compared to the incoming
flow because the radial wind and moving wind speeds are
in opposite directions. This is mainly because the re-
sponse of the structure is much smaller than that of the in-
coming flow acting. Furthermore, the PSD of response is
analyzed to investigate the dominant frequency of the sus-
pended derrick under downburst. The results show that
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the dominant frequency is 1. 032 Hz, which is close to
the third-order mode of the suspended derrick. Therefore,
it is necessary to focus on the structural response before
the center of the downburst reaches the suspended der-
rick.

3.3 Vibration response analysis of tension lines

According to the number of the tension lines in Fig. 2,
the vibration response of the outer tie lines W-1 and W4
and the supporting ropes C-1 and C4 are selected for
analysis, and their tension time history curves are shown
in Figs. 12 and 13.
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Fig.12 The tensile force of outer tie lines
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Fig.13 The tensile force of inner ropes

As shown in Figs. 12 and 13, when the center of the
downburst is close to the suspended derrick, the outer tie
lines W-1 and W-2 and the inner ropes C-1 and C-2 are
pulled taut because of the horizontal displacement of the
top and bottom of the derrick. Additionally, their tensile
force increases with increasing displacement. The maxi-
mum tensile forces experienced by the outer tie lines and
supporting ropes are 45. 11 and 47. 06 kN, respectively.
Here, the outer tie lines W-3 and W-4 are in a slack
state, and their tension is 0. Meanwhile, the supporting
ropes C-3 and C4 only need to bear the self-weight of the
derrick, and their tension does not change considerably
with wind speed or derrick displacement.

When the horizontal displacement direction of the der-
rick changes from positive to negative, the states of the
outer tie line and supporting rope also vary. The outer tie
lines W-3 and W4 are pulled taut, and the tension gradu-
ally increases from 0 to 6. 43 kN and then gradually de-
creases until the displacement is positive, at which point

its tension becomes zero again. The tension of the sup-
porting ropes C-3 and C4 gradually increases from 5. 87
kN to a maximum value of 12. 71 kN. Consequently,
when a downburst hits the derrick, the ground anchor of
the outer tie line, the connection joint at the two ends of
the derrick, and the main rod in the transmission towers
connected to the supporting rope need to be reinforced to
ensure that they can withstand more than 50 kN of ten-
sion. Ensuring that the steel strand used for making the
outer tie line and supporting rope has sufficiently high
tensile strength is necessary to confirm the safety of
equipment and personnel at the construction site when en-
countered by a downburst.

4 Conclusions

1) The three types of the first five-order modal vibra-
tion patterns of the suspended derrick are lateral sway,
horizontal torsion, and first-order bending. The natural
frequency of the structure is only 0. 113 Hz, indicating
that the suspended derrick is a wind load-sensitive struc-
ture.

2) When the moving downburst is 1 100 m away from
the suspended derrick, it swings considerably and exhibits
obvious bending deformation, reaching a displacement
amplitude of 1. 388 m. The effect of the downburst is
substantially reduced when the wind center moves away
from the structure. Further, the displacement amplitude
reduces to 7% -15% of the first peak.

3) The pulling forces of the outer tie line and support-
ing rope on the incoming flow side increase and then de-
crease with wind speed. The maximum values of pulling
forces observed for the outer tie line and supporting rope
are 45. 11 and 47. 06 kN, respectively. Therefore, the
suspended derrick is prone to produce a large wind vibra-
tion response under a downburst, adversely affecting the
construction safety of the transmission tower.
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