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WIND-INDUCED RESPONSE ANALYSIS OF THE
UNDER-CONSTRUCTION TOWER-POLE COUPLING SYSTEM
EXPOSED TO DOWNBURSTS

XIAOFAN LIU*, ZHIWEI LIU, AND JIAO ZHU

ABSTRACT. The eastern coastal area of Jiangsu Province is a high occurrence
area of strong convective weather, in which the downburst is a typical disaster
of severe convective weather, and its sudden, localized and highly destructive
nature poses a serious threat to the transmission tower line system. In this paper,
taking one under-construction J1 transmission tower as an example, the wind-
induce responses of the tower-pole coupling system suffering from downburst
was simulated using ABAQUS software. The results show that wind-induced
responses of the tower-pole coupling system are most significant during the time
period of 145s to 165s. The fluctuation displacement appeared at the middle of
the pole is obviously larger than those occurred at two ends. The tensioned cable
experiences cyclic variations in stress, leading to potential failure of its ground
anchor. For the pole body with a height of 21m in this study, two waist rings
presented in Case II could exhibit an excellent displacement control, which can
extremely meet the limitation required by the standard. Above findings could
provide some references for the response assessment of the tower-pole coupling
system under downbursts.

1. INTRODUCTION

Transmission towers are characterized by their properties of lightweight, highly
flexibility and small damping, belonging to a kind of wind sensitive structures. The
strong convective weathers, such as thunderstorms, tornadoes and downbursts, be-
come the main environmental factors causing structural damage and even collapse
of these transmission towers [1,13,15,22]. Over the past 50 years, meteorological ob-
servations in China have shown that the severe convective weathers occur frequently
in the season of summer and that the downbursts associated with thunderstorms
become the major events appeared in the strong winds [5,10,17,25]. A downburst
is a short-term destructive high intensity wind generated in the near ground area
by a strong sinking airflow generated by thunderstorm weather [9], which violently
impacts the ground. It has the characteristics of suddenness, locality, short pe-
riod, and high outflow intensity [5,7]. In recent decades, the safety of transmission
tower-line system under the action of downburst has received widespread attention
all over the world, and numerical simulation methods have been popularly utilized
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to investigate the downburst wind loads, wind-induced vibration response, and in-
stability collapse of the system [14,19].

In terms of the downburst wind loads acting on the transmission tower-line sys-
tem, an OBV model, which represented the wind speed profile model, was proposed
and improved by Oseguera and Bowles [16], and Vicroy [20]. Damatty and Elawady
[10] proposed three typical scenarios under downburst conditions and explored the
load distributions on six different types of transmission towers. Zhang and Xie [23]
conducted a failure analysis of a damaged transmission line caused by a typhoon
and exhibited a limit load investigation on the transmission tower. For the issues
on the vibration of tower-line system induced by downbursts, Fang et al. [8] carried
out a nonlinear dynamic analysis of a single transmission tower and a tower-line sys-
tem to reveal their vibration responses induced by downburst wind and pointed out
that the resonance response of the tower-line system decreased due to the existence
of the lines. Ahmed and Damatty[3] studied the wind-induced vibration response
of a tower-line system under downburst and the outcomes derived from numeri-
cal simulations indicated that the speed of downburst movement had a relatively
small impact on the wind-induced vibration response of the system. In addition,
several research works have been conducted on the instability and even collapse of
the tower-line system suffering from the action of downbursts. The findings pro-
posed by Zhang and Xie [23] indicated that the buckling of the diagonal bracing
under the influence of the typhoon was the main cause of instability of the trans-
mission tower. Tian et al. [18] completed a full-scale experimental investigation
on a steel pipe truss transmission tower and concluded that the buckling failure
of the tower leg components was the main cause of the tower collapse. Zheng and
Fan [24] simulated the progressive collapse patterns of a transmission tower-line
system under downburst loading and verified that the movement path of downburst
center significantly affected the collapse of the system. These above studies can
provide valuable references for understanding the stress characteristics, vibration
responses, and collapse mechanisms of the transmission tower-line system under
downbursts. However, a unified design method for wind resistance of transmis-
sion towers against downbursts has not yet been established, and there is a lack of
research on the wind-induced vibration response and failure mechanism of the in-
complete under-construction transmission tower. Therefore, further attentions are
needed to be paid on these areas.

In view of this, the present study focuses on the wind-induced vibration of an
under-construction tower in the Yilu-Xuwei 500 kV transmission line (abbreviated
as ‘Yixu Line’) in Jiangsu Province, China. In response to the strong wind environ-
ment caused by downburst, the wind-induced vibration response of the tower-pole
coupling system in an under-construction tower (see Figure 1) was analyzed using a
dynamic finite element analysis method. By applying quasi-static equivalent wind
loads, the weak positions of this tower-pole coupling system were identified under
the condition of downburst. Accordingly, the whole safety of the under-construction
tower was assessed during different construction phases. The work presented here
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can provide some useful references for the safety evaluation of under-construction
transmission towers subjected to downbursts.

Hauling cable

(c) FE model

FIGURE 1. Transmission tower-pole coupling system under construction.

2. ESTABLISHMENT OF FE MODEL FOR TOWER-POLE COUPLING SYSTEM

The ‘Yixu Line’ mainly adopts four types of transmission tower, 500-KM21D-J1
(hereinafter referred to as J1), 500-KM21D-J3, 500-KM21D-Z1 and 500-KM21D-
72, and all of them utilize the construction method of tower-pole coupling system.
Here, the J1 tower is primarily discussed in this study. The tower body is mainly
made of angle steel elements, with strength grades of Q235, Q345, and Q420. The
main element in the pole is the steel pipe with a strength grade of Q345. The pole
is composed of a 28m long steel pipe grid structure with a diameter of 550mm, in
which the chord members are steel pipes with a diameter of 32 mm and a thickness
of 2.5mm, and the diagonal and horizontal bars are steel pipes with a diameter of 50
mm and a thickness of 3mm. The internal supporting ropes and external tensioned
cables of the pole are made of 22 mm and 16 mm steel strands, respectively.

Using the ABAQUES finite element (FE) software, numerical calculations are con-
ducted on the wind resistance performance of the tower-pole coupling system during
construction. In the FE model indicated in Fig.1(c), both the angle steel in the tower
body and the steel pipe used in the pole are modeled using T3D2 truss elements.
The constitutive model for them is an ideal elastic-plastic model with an elastic
modulus of 2.1 x 105M Pa and a Poisson’s ratio of 0.3. To simulate the tensioned
state in the cables and supporting ropes, a ‘cooling method’ is used to induce pre-
stressing force in the cables and ropes, which can simulate the tensioned state of
steel strands. The tower foot is rigidly connected, and both ends of tensioned cables
are hinged. PIN coupling connection is configured at two ends of the supporting
rope, which allows for free rotation at the hinge point. The nonlinear implicit
dynamic method is utilized in the calculation, which can accurately simulate the
dynamic characteristics of the established model.

3. WIND FIELD SIMULATION OF DOWNBURST

The boundary layer wind of strong convective weather is usually composed of
a mean wind with a duration exceeding 10 minutes and a fluctuating wind with
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a duration of only a few seconds to tens of seconds [6]. Among them, the period
of mean wind is generally much greater than the natural vibration period of the
tower structure. Therefore, the action caused by mean wind can be simplified as a
static behavior. While, the intensity of fluctuating wind exhibits great randomness
over time, which can easily cause significant dynamic responses in tower structures.
Therefore, according to the above definition of the boundary layer wind, the wind
speed of downburst at different heights could consist of a mean wind speed and a
fluctuating wind speed [6], as given in Eq.(3.1).

(3.1) U(z,t)=U(z,t) +u(zt)

where, U(z,t) is the instantaneous wind speed of downburst at any height z and
time t; U (2,t) and U (z,t) are the corresponding mean wind speed and fluctuating
wind speed, respectively.

3.1. Mean wind speed of downburst. Chen and Letchford [20] proposed a
mixed stochastic model that considered the pulsation characteristics of downburst,
in which the average wind speeds at different heights were assumed to simultane-
ously reach their maximum values. In accordance with this assumption, the mean
wind speed of downburst can be determined by the product of a space function of
wind speed and a time function, as:

(3.2) U(z,t) =V (2,t)d(t)

where, V(z) is the space function of the maximum mean wind speed and d(t) is a
time function with a maximum value of 1. In terms of the space function V'(z), some
researchers, such as Oseguera and Bowles [16] and Vicroy [20] (OBV model), Wood
et al. [21] (Wood model), Holmes and Oliver [11] (Holmes model) have proposed
their respective model to evaluate the mean wind speed profile of downburst through
experimental investigations and numerical simulations. In this study, the Vicroy
model [20] is utilized for calculation as its simulation results usually show a better
fitting effect. Accordingly, the vertical profile of the maximum mean wind speed
in downburst V(z) can be described as Eq.(3.3). Figure 2(a) depicts the typical
variation curves of V' (z) as the vertical height increases up to 400m.

(3.3) V (2) = 1.22 % |e(7015%/2maz) _ o(=321752/2maz) | yy7

where, z is the vertical height; V4, is the maximum horizontal wind speed on the
vertical wind profile of the downburst; 2,4, is the height corresponding to Vi,uq-

The time function d(t) can describe the time-varying characteristic of mean wind
speed at a specific location during the development of a downburst, which can be
expressed with Eq.(3.4) using the wind speed vector V.(t).

[Ve(t)]
maz[Vo(t)]
Holmes and Oliver [11] proposed that the wind speed vector V,(t) at any observation
point in the downburst wind field could be obtained by vector addition of the
radial wind speed V;.(t)and the downburst center moving speed V), that is V.(t) =

V. (t) + Vi. Due to the fact that the mean wind speed of downburst is much greater
than its moving speed, the change in the direction of mean wind speed caused by

(3.4) d(t) =
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the movement of downburst can be usually ignored [2,3,8]. Accordingly, the impact
of downburst movement on V,(¢) could not be considered here. Then the size of
vectorV,.(t) could be expressed by Eq.(3.5) and [11]. Figure 2(b) shows the typical
variation curves of V,(¢) as the radial distance increases up to 3000m.

(3.5) Vi(t) = Vimaz (T/Tmaz)-eooveeennnn 0 < r < Tmaz

2
Ve lrrmes/Be) s

where, V; 4z is the maximum value of the radial wind speed profile; 7,4, is the
radius from the wind center to the location of V}.,,4,; 1 is a radial distance; R, is a
radial length scale and its usual value is 1/2r,4,.
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FIGURE 2. Mean wind speed profiles of downburst.

3.2. Fluctuating wind speed of downburst. The downburst fluctuating wind
speed has obvious non-stationary characteristics, which can be expressed by utilizing
a modulation function [6]. Then, the fluctuating wind speed u(z, t) can be described
by a product of a time-dependent modulation function a(z, t) and a stationary
Gaussian random process k(z, t)[16,20], given as:

(3.6) u(z,t) = a(z,t).k(z,t).

In Eq.(3.6), the modulation function a(z,t) can be approximately expressed with
(0.08 —0.11). The Gaussian random process k(z,t) with zero mean and variance of
1 can be expressed by Eq.(3.7) with a given spectrum.

+z
(3.7) k(z,t) :/ erdZ(Z,w).

—X
where, Z(z,w) is an orthogonal increment process with height z and natural fre-
quency w and it can be described by Eq.(3.8); in which, F(.) is the mathematical
expectation and ¢(z,w) is a power spectral density function, which can be normal-
ized into a scalar using Eq.(3.9).

(3.8) E {|dZ(z,w)|2} = ¢(z,w)dw,
+x

(3.9) d(z,w)dw = 1.

—T
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Here, the Kaimal spectrum [24] was adopted to calculate ¢(z,w), making it obey
the standard normal distribution. The corresponding process can be calculated by
Eq.(3.10).

(3.10) ew)= 2202 !

= ——uc—
221 Vi [1+ 5055 5/8

1
6u2
where, u, is the radial shear velocity of wind; w is in the range of [—m,7].

3.3. Wind field simulation of downburst. For a typical downburst, assuming
that zpe; = 65m, Ve = 60m/s (see Figure 2(a)), and rpee = 1000m, Vi mas =
45m/s (see Figure 2(b)), and ux = 1.76m/s [6], V; = 8m/s, the wind speed-time
histories at any height can be calculated using Eqgs. (3.1)-(3.10) and the outcomes
at heights of 10m and 38m are displayed in Figure 3.

80

——Mean wind speed

Fluctuating wind speed
60 Instantaneous wind speed|

40 |
J\M

wm‘v'\p.‘mewﬂ.‘\WNM

60

Wind speed (m/s)
Wind speed (m/s)

o

o
S
I
»
S

0 100 200 300 400 500 0 100 200 300 400 500
Times (s) Times (s)

(a) z=10m (b) z=38m

FIGURE 3. Simulated wind speed-time history curve of downburst.

3.4. Determination of wind loads of downburst. For one under-construction
transmission tower, the peak reaction induced by wind loads is typically achieved
when the tower is located at the center of downburst. Consequently, the loading
sections of wind loads in the tower-pole coupling system can be displayed in Figure
4(a). In accordance with the guidelines for electrical transmission line structural
loading [4], the downburst wind load acting on each loading section can be deter-
mined with Eq. (3.11).

(3.11) F, = 0.5pU(z,t)? cos® aC, S,
F, = 0.5pU (z,t)*sin* aCy S,

where, p is the density of air with p = 1.29kg/m3; « is the wind direction angle
corresponding to x direction; C, and C, are the resistance coefficients in z and y
directions, respectively; S, and S, are the effective windshield areas in x and y
directions of the transmission tower.

As indicated by the ABAQUS model in Figure 4(a), the wind loading points are
arranged every 5 meters on the main elements of the tower-pole coupling system.
The uniformly distributed load of the simulated downburst wind is simplified as a
concentrated force acting at the loading point in the y-direction. Finally, for the
J1 under-construction tower with a working height of 35m determined at the pole’s
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bottom, as shown in Figure 4(a), there are 14 loading points placed on the tower and
6 loading points acted on the pole. Besides, for an under-construction transmission
tower under downbursts, numerical calculation using ABAQUS can take account
of the geometric nonlinearity, and the explicit dynamics algorithm method can be
utilized for the transient dynamic analysis.
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F1GURE 4. ABAQUS model of the tower-pole coupling system of J1
tower under downburst.

4. RESULTS AND DISCUSSIONS

By using the above established ABAQUS model and wind field in Figure 3
(Vinaz = 60m/s), the displacement developments and stress changes of the tower-
pole coupling system under different construction conditions can be obtained within
the period of calculation time, as shown in Figuref 4(b). A comparison among the
calculation results indicate that the wind-induced response of the tower-pole cou-
pling system are most significant during the time period of 145s to 165s, which is
consistent with the time interval during which the maximum wind speed of down-
burst is reached (see Figure 3). Therefore, the following results and discussions will
focus on the outcomes simulated within this time interval.

4.1. Displacement responses at two ends of the pole. Figure 5 indicates the
displacement variations at the top end (hinged to the tensioned cable) and bottom
end (hinged to the supporting rope) of the pole. It can be observed from Figure 5
that under a maximum wind speed of 60m/s, the displacements measured at the
top and bottom ends of the pole present varying degrees of fluctuations. At bottom
end of the pole, the displacement varies within a small range of —0.5mm ~ 2.5mm.
While, a large displacement fluctuation still occurs at top end of the pole, despite
it is constrained by four tensioned cables. The maximum displacement in the y-
direction can reach 31.6mm. By comparison, it can be concluded that the wind-
induced displacement response at the top of the pole is relatively significant, which
should become a position that needs to be carefully monitored and controlled.
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FiGURE 5. Displacement response at top and bottom ends of the
pole under downburst.

4.2. Stress responses in tensioned cables and supporting ropes. The stress
changes in the tensioned cable and supporting rope are depicted in Figure 6(a) and
(b), respectively. Similar to the displacement response in Figure 5, Figure 6 also
exhibits a fluctuation process of the stresses in tensioned cables and supporting
rope. Specifically, the tensioned cable experiences cyclic variations in stress, as
shown by the oscillatory pattern in Figure 6(a). This behavior is primarily driven
by the dynamic wind loads characteristic of downbursts, which subject the cable
to alternating compressive and tensile forces. In contrast, the supporting rope,
depicted in Figure 6(b), shows a more irregular force distribution. The variations
are less periodic and suggest a complex interaction between the dynamic loading
conditions and the inherent flexibility of the rope.
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FIGURE 6. Stress responses in the tensioned cable and supporting
rope under downburst.

Although the downburst-induced stresses in the tensioned cable and supporting
rope exhibit distinct temporal and magnitude characteristics, it can be believed
that these stresses in the cable and rope are safe for the steel strands adopted in
J1 tower. In addition, due to the cyclic stress variations in the tensioned cable, it
should pay more attentions to the safety of its ground anchor during downburst.
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4.3. Wind-induced responses of the tower-pole system under various con-
ditions. When the wind speed v, in downburst increase from 40m/s to 60m/s,
the variations in the displacement and stress responses in the tower-pole coupling
system at working height of 35m are displayed in Table 1, which provides a com-
prehensive overview of the maximum stresses experienced by the tower elements,
tensioned cables, and supporting ropes, as well as the maximum displacement ap-
peared in the pole under varying wind speeds of downburst. Increasing V4, from
40m/s to 60m/s, a clear trend of rising the displacement of the pole is evident,
reflecting the increasing structural demands imposed by higher wind loads. For
instance, at a wind speed of 60m/s, the maximum displacement in the pole reaches
826.4mm, while the tensioned cable and supporting rope experience stresses of
12.06 M Pa and 13.75M Pa, respectively. This indicates the displacement occurred
at the near middle of pole plays a critical role in maintaining stability and safety
under extreme wind conditions.

TABLE 1. Comparison of displacement and stress in J1 tower under
different Vnaz-

Table 1 Comparison of displacement and stress in J1 tower under different V.
s Maximum displacement in the pole YAnmum s (M1
(m/s) (mm) Tower Tensioned Supporting
cable pole
40 659.2 319 9.63 12.54
45 688.6 33 9.82 12.76
50 720.3 344 10.98 13.08
55 766.8 352 11.23 13.45
60 826.4 37.6 12.06 1375

During the construction period of transmission tower, the pole will be raised grad-
ually to meet the construction requirements. Table 2 compares the wind-induced
responses of the pole at different working heights of 30 ~ 45m (determined at bot-
tom of pole) when V4, is 60m/s. As indicated in Table 2, the stress and displace-
ment of the pole increase gradually with increasing its working height, especially
the displacement measured near the middle of height.

These above results present the significant wind-induced displacement response
of the pole under the different wind speed and construction phase and emphasize
the need for careful design considerations to mitigate the potential risks posed by
downbursts. Besides, except the huge displacement, the swing phenomenon of the
pole is also evident during the action of downburst. A typical swing process of the
pole in a short period of 153s to 1558 atyme: = 60m/s is depicted in Figure 7.
Therefore, controlling the displacement response of the pole induced by downburst
seems to be important to ensure the safety of tower-pole coupling system during
construction.



1674 X. LIU, Z. LIU, AND J. ZHU

TABLE 2. Comparison of displacement and stress in pole at different
working height.

Table 2 Comparison of displacement and stress in pole at different working height
Working Displacement (mm)
height Maximum stress (MPa
. ) Near middle At top At bottom
(m)
45 50.3 876.7 36.1 4.7
40 46.6 828.3 33.8 4.1
35 424 792.3 30.2 3.6
30 38.9 743.5 27.6 3.4
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FIGURE 7. Swing characteristic of the pole during a short period.

4.4. Displacement response control of the pole with reinforcement mea-
sures. In terms of the pole, the largest downburst-induced displacement usually
occurs at its middle zone, which can reach to 826.4mm under wind speed of 60m/s,
as shown in Figure 8. According to the Chinese standard of GB 50135 — 2019 [9],
the horizontal displacement at any point of a tall structure should not exceed 1/100
of its height from the ground. In this study, the total height of the pole is 21 meters
and its one percent is 210mm. It is evident that the horizontal displacement of
the pole significantly exceeds the limitation specified by the above standard. If the
wind speed continues to rise, the stability of the tower-pole coupling system may
be jeopardized, potentially leading to the failure of whole structure. In order to
mitigate the swing amplitude of the pole under downburst and minimize the risk of
collision with other elements in the under-construction tower, the waist ring is com-
monly utilized as one kind of reinforcement measures to control the displacement
of the pole.

In this study, the reinforcement effect of configuring waist rings on the pole’s
displacement will be assessed by considering three following cases: 1) Case I: one
waist ring set at 1/2 height of the pole; 2) Case II: two waist rings placed at nearly
1/5 and 2/3 height, and 3) Case III: three waist rings fixed at nearly 1/5, 2/4 and
2/3 height. It should be noted that the selection of these positions for installing
the waist rings depends on the location of the cross-beam in tower. Besides, in
the ABAQUS FE model, the waist rings are modeled using TRUSS elements, with
material properties consistent with those of the rope. After simulations under the
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same downburst with wind speed of 60m/s, the displacements of the pole with
various waist rings are illustrated in Figure 8.

It can be observed from Figure 8 that the maximum horizontal displacement of the
pole decreases significantly with the increase in the number of waist rings from Case
I to Case III. Taking three observation nodes shown in Figure 4 into account, the
impact of waist rings on diminishing the displacement of the pole is compared and
the corresponding outcome is plotted in Figure 9. The findings indicated in Figure 9
demonstrate that the addition of waist rings is a useful way to control the horizontal
displacement of the pole under downburst. For a pole with a height of 21m in
this study, both Case II and Case III reinforcement schemes demonstrate excellent
displacement control of the pole. According to the construction convenience and
economy, the two waist rings presented in Case II can meet the limitations of the
standard requirements extremely well. According to the research results, this paper
proposes the most economical and effective reinforcement suggestions for the poles
of long steel pipe grid structure. When the poles encounter downburst, a waist
ring is installed every 7 ~ 8m in the middle of the poles to control the lateral
displacement.

rigin (b) Case I (c) Case I (d) Case IIT

FIGURE 9. Variations of maximum displacement in the pole with
waist rings.
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5. CONCLUSIONS

This study presents a comprehensive analysis of the wind-induced responses of
a tower-pole coupling system under downbursts. The following conclusions can be
drawn:

1) An ABAQUS FE model is proposed to simulate the vibration response of an
under-construction tower-pole coupling system under the action of downburst. In
the model, the wind field of downburst consists of a mean wind and a fluctuating
wind and the corresponding wind loads are simplified as concentrated forces acting
on the system.

2) For the tower-pole coupling system under downburst, the displacement fluc-
tuation response at the top of the pole is significant and accordingly its tensioned
cables experience cyclic variations in stress, which will induce potential failure of
their ground anchors during downburst.

3) Due to the high flexibility of pole body, a large downburst-induced displace-
ment would occur at its near half of the height, which greatly exceeds the limitation
of horizontal displacement. The addition of waist rings around the pole can effec-
tively reduce its displacement. It is recommended to install a waist ring at every
7 ~ 8 meters along the pole, which can provide valuable guidance for controlling
the pole’s displacement during a downburst.
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