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Abstract. As a localized high-intensity downdraft disaster, downbursts are a significant cause of
wind-rain-induced damage to transmission lines. Their unique wind field characteristics make it
difficult for existing design methods to comprehensively evaluate the resistance capacity of
transmission lines. Current collapse analyses of transmission lines often fail to adequately consider
the wind-rain field conditions during downbursts. Therefore, this study investigates the dynamic
response and collapse mechanisms of transmission lines under downburst wind-rain conditions.
First, a numerical simulation model is established to explore the distribution characteristics of
wind and rain. A full-scale three-dimensional computational domain model is employed to
simulate the wind-rain field, which is subsequently modified. The wind-rain velocity ratio is
analyzed, and a fitting formula is proposed. Subsequently, combined distributed loads are applied
to the transmission line to conduct parametric analyses of the dynamic response and investigate
the collapse mechanisms. The results demonstrate that the computational domain model for
simulating the wind-rain field is validated using relevant models, and the Vicroy model is
modified for generating wind-rain loads. The horizontal velocity of raindrops does not
synchronize with wind speed variations, and the proposed fitting formula for the wind-rain
velocity ratio exhibits high accuracy. Downbursts significantly influence the dynamic response of
the transmission tower-line system, with the most unfavorable wind attack angles, heights, rainfall
intensities, and combined conditions identified. The collapse failure mode of the transmission line
is characterized by initial damage and failure of diagonal members, leading to extensive structural
collapse. The critical segments vary under different wind attack angles and reference heights,
while rainfall has a minor impact on the collapse process. This study provides important technical
insights for the wind-resistant design and safe operation of transmission lines.

Keywords: downburst wind-rain field, wind-rain velocity ratio analysis, transmission tower-line
system, study on wind-induced vibration response, parametric analysis, study on collapse
mechanism.

1. Introduction

A downburst is a natural disaster characterized by localized high-intensity combined wind and
rain loads. It features a powerful downdraft that descends from the base of a thunderstorm cloud
and spreads radially outward upon impacting the ground [1-3]. Downburst disasters have become
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one of the significant causes of wind-rain-induced damage to transmission lines worldwide.
Particularly in non-cyclonic regions, the extreme wind loads they generate pose a serious threat to
the structural safety of transmission lines [4-8]. Unlike atmospheric boundary layer winds,
downbursts exhibit distinct wind field characteristics, rendering existing design methods
insufficient for comprehensively evaluating the ability of transmission line systems to resist
downburst effects [9-10]. Therefore, systematic research on the dynamic response and collapse
analysis of transmission lines under combined downburst loads is of great significance for
ensuring the safe and stable operation of transmission lines.

As a localized high-intensity downdraft triggered by severe convective weather, a downburst
forms a radial outflow after ground impact. Compared to traditional atmospheric boundary layer
wind fields, downbursts possess unique wind field characteristics, with the maximum wind speed
potentially occurring at heights close to the ground [11-15]. Research on downburst wind-rain
fields primarily employs two analytical methods: impinging jet experiments and numerical
simulation analyses [16-20]. Sengupta et al. [21] combined impinging jet experiments with CFD
simulations, utilizing hot-wire anemometry, pressure rakes, and PIV technology to establish an
empirical formula for a universal radial wind speed profile. Their results showed good agreement
with CFD simulations, demonstrating the feasibility of the method and the reasonableness of the
formula. Romanic et al. [22] proposed a novel scaling method for downbursts based on adjusting
parameters such as jet diameter and considering ground roughness. Their results indicated that
modeling according to the scaling principles and measuring wind speeds could validate the
accuracy of this method. Fang et al. [23] simulated steady-state and moving downbursts for
comparison, verified the accuracy of the moving model, and found that the vector superposition
principle could be used to calculate wind speed, albeit within a limited applicable range. Pan et al.
[24], based on the SST turbulence model, conducted a detailed analysis of the evolution of the
mean wind speed in downbursts. They proposed a horizontal time-varying wind speed model and
derived a new wind profile formula by integrating a generalized wind profile model with their
findings. Dang et al. [25] simulated a full-scale downburst wind field using the RSM model.
Comparisons revealed that empirical formulas underestimated the horizontal wind speed, leading
them to propose a new empirical formula considering near-wall effects to accurately describe the
vertical wind profile.

Transmission lines are highly susceptible to collapse under the intense combined wind and
rain loads of downbursts, which can result in large-scale power outages [26-31]. Research on
structural collapse mechanisms can accurately predict the collapse modes and ultimate bearing
capacity of transmission lines, holding significant importance for enabling structures to effectively
withstand downburst disasters. Vettoretto et al. [32] investigated the collapse of high-voltage
transmission towers under strong winds. By extracting buckling modes and introducing geometric
imperfections in simulations, they identified critical members influencing collapse and provided
recommendations for wind resistance safety factors. Asgarian et al. [33] studied a 400kV
transmission tower, modeling and adjusting the force distribution pattern during wind-induced
collapse. Their research found that the internal force transmission path within the tower
continuously changes during the collapse process, which positively mitigates progressive collapse.
Mohammadi et al. [34] addressed the inherent structural uncertainties of transmission towers by
proposing a modeling method. Analysis and verification confirmed that this method effectively
captures behaviors such as member buckling and is suitable for collapse analysis under extreme
wind loads. Tian et al. [35] investigated wind-rain loads on transmission towers in wind fields,
calculated raindrop velocities, and conducted nonlinear dynamic time-history analyses. Their
results indicated that under heavy rainfall, the combined action of wind and rain makes
transmission towers more prone to collapse. Previous studies typically isolate downburst wind
loads or limit wind-rain coupling investigations to standard atmospheric boundary layer (ABL)
flows. However, unlike ABL flows, a downburst features a unique jet-like vertical profile. This
distinct outflow causes a lag in the horizontal acceleration of raindrops due to inertial effects,
resulting in a highly localized and non-uniform wind-rain velocity ratio. Therefore, conventional
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ABL wind-rain models are physically inadequate for capturing the true coupled effects of heavy
rainfall during a downburst event.

Addressing the aforementioned issues, this paper conducts research on the dynamic response
and collapse mechanisms of transmission lines under downburst wind-rain fields, based on
methods for simulating downburst wind-rain fields and analyzing the collapse of the tower-line
system. By integrating the specific kinematics of the downburst wind-rain field (CFD) with a
nonlinear hysteresis damage model (FEA), this research demonstrates how the spatiotemporal
non-stationarity uniquely drives the dynamic shifting of structural vulnerable segments. First, a
numerical simulation model for the downburst wind-rain field is established to investigate the
distribution characteristics of wind and rain within it. Subsequently, combined wind-rain loads
obtained from the downburst wind field simulation are applied to the transmission tower-line
system, followed by an analysis of the dynamic response and collapse mechanisms of the
transmission line. The research findings summarize the failure patterns of the tower-line system
in downburst wind-rain fields, providing an important technical basis for the wind disaster design
and safe operation and maintenance of transmission lines.

2. Characteristics of downburst wind-rain field
2.1. Downburst wind field simulation

To investigate the dynamic response and collapse mechanism of transmission lines under a
downburst wind-rain field, this study employs a transient simulation method for the numerical
simulation of the downburst wind field. First, a full-scale three-dimensional computational domain
is established, with an initial outflow diameter Dj,; = 600 m, initial outflow velocity
Vier = 40 m/s, and outflow height H;,r = 2Dje,. To ensure full development of turbulence, the
spatial dimensions of the computational domain are set to 10x10D;,;. Considering the symmetry
of the downburst wind field, a quarter of the computational domain is used for the simulation. The
computational domain for the simulated wind field, along with the boundary conditions and grid,
are shown in Fig. 1. Structured grids are applied to the entire flow field, with grid refinement in
the localized region where the downburst occurs. To meet the requirements of the standard wall
function, the height of the first layer of grids near the ground is set to 0.002 m, achieving
vy, = 50. The computational domain is divided into a total of 5.2 million grids. In the simulated
wind field, the domain inlet is set as a velocity inlet, the surrounding sides are set as slip walls
with zero specified shear stress, the bottom surface of the domain is set as a no-slip wall, and the
top surface and sides not directly connected to the velocity inlet are set as pressure outlets.

Table 1. Calculational boundary condition setting

Boundary type Boundary condition settings

Velocity inlet | Turbulence intensity = 1%, Hydraulic diameter = D;,;
Pressure outlet | Turbulence intensity = 1%, Hydraulic diameter = Dj,

Sliding wall Zero shear stress

Symmetry plane Symmetry
Roughness height K = 0.002

Roughness constant C; = 0.5

Ground

The RNG k-¢ model was selected for turbulence calculation, and the SIMPLE algorithm was
adopted for pressure-velocity coupling. The second-order upwind scheme was employed for
discretizing momentum, pressure, turbulent kinetic energy, and turbulent dissipation rate. The
computational boundary conditions are presented in Table 1. To ensure the robustness of
numerical results and minimize cognitive uncertainty, the computational setup was rigorously
established. Firstly, the RNG k-¢ turbulence model was deliberately selected from multiple
options due to its superior performance in handling high strain rates and the inherent streamline
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curvature of downwash flows. Secondly, a preliminary grid independence study was conducted
prior to the full-scale simulations. Three different mesh densities (coarse, medium, and fine) were
evaluated. The medium mesh strategy adopted in this study provided a discrepancy of less than
3 % in peak wind pressure compared to the fine mesh, thereby achieving an optimal balance
between computational efficiency and result robustness.

Pressure Outlet

Ground

¥ \
100,

i

S
[

Symmetry Plane 2Dje;

a) Schematic diagram of computational domain and boundary conditions

b) Front view of mesh c¢) Top view of mesh
Fig. 1. Computational domain, boundary conditions and grids

In this study, the Osequera and Bowles model [36], the Vicroy model [37], and the Wood
model [16] were employed to construct a theoretical downburst wind field for validating the
rationality of the simulated wind field. The vertical wind profile at a location 1.5D;,; from the
storm center and at a flow development time of 160 s was compared with empirical models. Due
to differences in flow field parameter settings, both height and wind speed were normalized. The
normalization method was as follows: the horizontal coordinate represents the ratio of the
horizontal wind speed V to the maximum horizontal wind speed V;,,, and the vertical coordinate
represents the ratio of the height z to the height z,, at which the maximum horizontal wind speed
V;,, occurs, as shown in Fig. 2. As height z increases, within the interval of 0 < z/z,, < 1, the wind
speed growth in the Osequera and Bowles model and the Vicroy model is significantly faster than
that in the Wood model. The simulation results lie between the Vicroy model and the Wood model,
showing closer agreement with the Vicroy model. When z/z,, > 1, as height increases, the wind
speed in the Osequera and Bowles model decreases rapidly. The simulation results are close to the
Wood model when z/z,, <2, and intersect with the Vicroy model at higher altitudes. The height
Zn 1s defined as the reference height for subsequent research. Considering the variation of wind-
rain loads near the ground and the overall closer agreement with the Vicroy model, the Vicroy
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model — which was modified using measured data — was selected for generating the subsequent
wind-rain loads. The Vicroy model is expressed by the following Eq. (1):

V(Z) =1.22 %X (e—0.152/zm _ 8—0.321752/zm) X Vm- (1)

The specific coefficients in Eq. (1) were derived through non-linear curve fitting based on
measured meteorological data of downburst vertical wind profiles. This empirical calibration
ensures that the maximum simulated wind speed perfectly aligns with the designated reference
height (z,,), providing a mathematically transparent and physically realistic boundary condition
for the subsequent simulations.

4.0

3.5
3.0
25 Osequera and Bowles model
- —— Vicroy model
Ny 20
}l Wood model
1.5} —e— Present simulation
1.0
0.5
0077575 0.2 0.4 0.6 0.8 1.0
ViV

Fig. 2. Verification of wind profile
2.2. Wind-rain velocity ratio in downbursts

In a downburst, raindrops descend under the influence of the downdraft, impacting the ground,
while also being driven horizontally by the radial outflow, forming a large-scale wind-rain field.
This inevitably imposes rain loads on structures within the affected area, making it crucial to
consider the velocity characteristics of raindrops in downbursts. During their descent, the inertia
of raindrops causes their horizontal velocity change to lag behind variations in wind speed,
meaning they decelerate more slowly than the wind. Consequently, the horizontal velocity of
raindrops generally exceeds the local wind speed at the same position. Therefore, it is inaccurate
to simply equate raindrop horizontal velocity to wind speed when calculating combined wind-rain
loads; instead, a specific velocity ratio relationship must be considered. Given the complexity of
the vertical wind profile in downbursts, the velocity of raindrops within the wind field is analyzed
to derive the wind-rain velocity ratio for subsequent load calculations.

By treating raindrop velocities in different horizontal directions collectively, the motion of a
raindrop can be regarded as two-dimensional (with x, representing the horizontal direction and z,
the vertical direction). The equations of motion for the raindrop are given as follows:

d?xy  3Cgpa dx, dxo\* dzg\> (
=axrafy 90 " 0 2)
dt? 8rp,, (V dt ) (V dt ) + (W dt ) ’

dzzozww_%) (V_%)2+(W_%>Z_g<1_9_a), 3)
dt? 8rp,, dt dt dt Pw

where, p, represents the air density, taken as 1.235 kg/m?; p,, represents the raindrop density,
taken as 1000 kg/m?; r is the raindrop radius; C,, is the horizontal drag coefficient, taken as 0.47;
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C,4, 1s the vertical drag coefficient. These governing equations (Eq. (2) and Eq. (3)) constitute the
theoretical first-principles foundation of the raindrop kinematics. Furthermore, to ensure the
physical reliability of this foundation, the critical aerodynamic parameters, particularly C,,, are
rigorously assigned based on independent, classic experimental measurements by Gunn and
Kinzer [38], rather than arbitrary assumptions. V is the horizontal wind speed; W is the vertical
wind speed. Based on these physically validated differential equations, the velocity of raindrops
of different diameters at any moment in the wind field can be solved.

The wind-rain velocity ratio y(H, D) in a downburst is defined as the ratio of the raindrop
horizontal velocity V,; to the corresponding horizontal wind speed V;, expressed as:

Vv
y(H,D) = V—Z (4)

where, D represents the raindrop diameter, and H denotes the normalized height. Given the
uncertainty in the height at which the maximum wind speed occurs in a downburst, the falling
height of raindrops is normalized. This is defined as the ratio of the raindrop height z; to the height
Zy, at which the maximum horizontal wind speed V},, occurs, expressed as:

The maximum wind speed V,, was set to 25 m/s, 50 m/s, 75 m/s, and 100 m/s; raindrop
diameters were assigned according to Table 2; z,,, was set to 50 m; the raindrop generation height
was defined as 10 z,,; and the initial raindrop velocity was set to 0 m/s. Fig. 3 presents the
wind-rain velocity ratio curves under various conditions. The results indicate that, for a given
raindrop diameter, variations in the maximum wind speed V},, have no influence on the velocity
ratio. When the normalized height H > 1, the velocity ratios for all raindrop diameters are similar
but consistently less than 1. This occurs because, as the height decreases toward z,,, the horizontal
wind speed increases. However, due to inertial effects, the rate of increase in the horizontal
raindrop velocity is slower than that of the wind speed. Simultaneously, the wind profile exhibits
relatively gradual changes, resulting in minimal disparity between the horizontal raindrop velocity
and the horizontal wind speed, which leads to a velocity ratio close to but still below 1. When the
normalized height H < 1, the raindrops have descended past z,,, and the horizontal wind speed
decreases with further reduction in height. The rate of decrease in the horizontal raindrop velocity
is slower than that of the wind speed, causing the velocity ratio to transition from below 1 to above
1 in this region. Moreover, due to the significant gradient in the wind profile during this phase,
the wind speed decreases rapidly. Consequently, the velocity ratio increases sharply as the height
approaches zero.

Table 2. Regulation of raindrop size

Raindrop size (mm) | Diameter control range (mm)

0.25 0-0.50

0.75 0.50-1.00
1.25 1.00-1.50
1.75 1.50-2.00
2.50 2.00-3.00
3.50 3.00-4.00
4.50 4.00-5.00
5.50 5.00-6.00

Fig. 4 presents a comparison of the wind-rain velocity ratio curves for raindrops of different
diameters. The results indicate that as the raindrop diameter increases, the velocity ratio rises in
the region where H < 1, while it decreases in the region where H > 1. This behavior occurs
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because larger raindrop diameters lead to increased mass and greater inertia, which reduces their
responsiveness to the driving force of the horizontal wind speed. As a result, the change in
horizontal raindrop velocity becomes less pronounced relative to the change in horizontal wind

speed.

5
— V=25 m/s — V,25m/s
a4 V,=soms | 4| e V=50 m/s
""""" V=75 m/s V=15 m/s
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=
2
1 L
910 L5 2.0 2.5 3.0 1.0 L5 2.0 2.5 3.0
Speed Ratio Speed Ratio
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=
2
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Fig. 3. Wind-rain velocity ratio
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Fig. 4. Wind-rain velocity ratio of raindrops with different diameters

Ideally, the functional form of the velocity ratio y (H, D) would be derived analytically directly
from the first-principles Eq. (2) and Eq. (3). However, because the aerodynamic drag forces are
non-linearly dependent on the relative velocity, and the driving downburst wind profile (the
modified Vicroy model) follows a complex double-exponential decay, a closed-form analytical
solution for the trajectory is mathematically intractable. Therefore, a semi-empirical approach —
numerical integration followed by parameter fitting based on dimensional analysis — is
necessitated.

Based on the analysis of the derived velocity ratio trends, it is concluded that the velocity ratio
is approximately inversely proportional to height, while its relationship with raindrop diameter is
more complex. Consequently, a fitting formula is derived by fitting the aforementioned curve data.
To ensure dimensional consistency in accordance with the principles of dimensional analysis, the
variables in the empirical formulation must be dimensionless. While the height H is already
normalized (H = zd/zm), the dimensional raindrop diameter D must also be non-
dimensionalized. By introducing a reference droplet diameter D,..; = 1 mm, a dimensionless
diameter parameter is defined as D* = D/D,.r. Consequently, the dimensionally consistent
functional form is fitted as follows:

y(H,D %) 6

= 0.0319H 10146 n*0-386% _ ( 0063 ~1069 0. 003(H + 2)D* *%3"% + 0.9594, ©)
where, H represents the normalized height of the falling raindrop, and D* denotes the non-
dimensional raindrop diameter.

To evaluate the fitting performance, a raindrop diameter of 2.50 mm was selected, and the
simulation data were compared with the results calculated using the fitting formula, as shown in
Fig. 5. The two curves exhibit close agreement, indicating the high accuracy of the fitting formula.
To further quantitatively assess the degree of fit, the Root Mean Square Error (RMSE) was
adopted as an indicator to evaluate the fitting performance of the wind-rain velocity ratio across
different raindrop diameters. The results are presented in Table 3. By applying the fitting formula,
the horizontal velocity of raindrops can be directly determined in subsequent calculations, thereby
enabling the derivation of the rain load acting on the structure.

It should be noted that the fundamental aerodynamic characteristics and fluid-structure
interactions of transmission line components under wind-rain conditions have been
experimentally validated through physical wind tunnel tests [39]. Based on this validated
aerodynamic foundation, the present study utilizes numerical frameworks to overcome the
physical scaling limitations of multi-phase flows in conventional wind tunnels, extending the
investigation to the dynamic analysis of TTLS under downbursts.
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Fig. 5. Comparison of simulation results and fitting formula

Table 3. Evaluation of fitting results

Raindrop diameter D (mm) | RMSE
0.25 0.0048
0.75 0.0104
1.25 0.0130
1.75 0.0147
2.50 0.0181
3.50 0.0216
4.50 0.0246
5.50 0.0281

3. Collapse mechanism of transmission tower-line system
3.1. Finite element model
3.1.1. Model establishment

This paper selects a long-span transmission line project as the research object. The total length
of the transmission line is 2390 m, with a span distribution of 575 m, 1430 m, 385 m. The two
suspension towers share the same structural design, both featuring a cat-head configuration. The
main members utilize Q420 steel tubes, while the bracing members employ Q355 steel tubes. The
constitutive parameters of Q420 and Q355 steel pipes were rigorously calibrated using the Tian-
Ma-Qu constitutive model [40]. Fig. 6. illustrates the planar design and segment description of the
transmission tower. Each span of the transmission line is divided into four layers: the top layer
consists of ground wires, and the lower three layers are conductors. The entire line uses
JLHA1/G4A-500/230 extra-high-strength aluminum alloy conductor steel-reinforced (AACSR)
for the conductors, and a 72-core OPGW-300 optical fiber composite overhead ground wire.
Detailed parameters of the conductors and ground wires are provided in Table 4.

Based on the actual engineering context, a suspension tower from the simulated transmission
line is selected as the research subject. A three-dimensional finite element model of a single tower
and the corresponding single-circuit tower-line system is established. The direction perpendicular
to the tower line is defined as the X-direction, the direction along the tower line as the Y-direction,
and the vertical direction as the Z-direction. The suspension tower connected to the 575 m span
tension section is designated as T1, and the other as T2, as shown in Fig. 7. The modeling approach
is as follows: the elastic modulus of the tower steel is set to 2.06x103 MPa, the mass density to
7850 kg/m?, and Poisson’s ratio to 0.3. Tower members are simulated using B31 beam elements,
while insulators and transmission conductors are modeled using T3D?2 truss elements.
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Table 4. Parameters and specifications of conductor and ground wire

Type Conductor Ground Wire
Conductor type JLHA1/G4A-500/230 | OPGW-300
Elastic modulus (GPa) 97.0 170.1
Cross-sectional area (mm?) 727.93 295.40
Outer diameter (mm) 35.13 22.90
Calculated mass (kg/km) 3173.5 2166.0
Coefficient of expansion (1/°C) 16.0x10°¢ 13.0x10°¢
Rated breaking force (kN) 535.8 464.5
Maximum working stress (N/mm?) 233.09 393.11
_% D406x8 D219x5
= | osoxisF F
<13 ®159x4
D610 l}) )r
D660x15 .
o711 XISir PL80x3
-
O813x18| P325x7
=| 8| ®scaxis ¢‘3le1
2| B oseux 192" 377 ~
— 014 % - O X
®I14 20)\_ B
tD%szu:‘_ D377x8
D965x 22 ¥
F 0a20x8
®1016x24 *
®356x7

Main Member Diagonal Bracing

) 38080 |

Fig. 6. Planar design illustration of the transmission tower (unit: mm)

T1

7
.

X

Conductor

I

1430m

Ground Wire

||

Fig. 7. Three-dimensional finite element model of transmission tower-line system

Dynamic characteristic analyses were conducted for both the single tower and the tower-line
system. The mode shapes of the single tower are shown in Fig. 8, where the first and second modes
correspond to overall bending in the X and Y directions of the tower, respectively, and the third
mode is a torsional mode. The global mode shapes of the tower-line system are presented in Fig. 9,
and its natural vibration characteristics are summarized in Table 5. Due to the influence of the
mass and stiffness of the transmission conductors, the natural frequencies of the tower-line system
in its global modes are lower than those of the single tower.

10
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Fig. 8. Vibration mode of the transmission tower

b) Second-order mode shape
Fig. 9. Vibration mode of transmission tower-line system

Table S. The natural frequency and period of transmission tower and transmission tower-line system

Type Mode | Frequency (Hz) | Period (s)
1 0.826 1.211
Transmission tower 2 0.929 1.076
3 1.102 0.907
Tower-line coupling system L 0.774 1.292
2 0.887 1.127

To formally validate the macroscopic structural model, the extracted dynamic characteristics
were compared against established empirical evaluations for transmission towers. According to
standard structural engineering practices, the fundamental period T; of a transmission tower can
be estimated using the empirical formula:

T, = (0.007~0.013)H, @)

11
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where H is the total height of the tower. For the transmission tower analyzed in this study
(H = 169 m), the theoretical fundamental period should range from 1.183 s to 2.197 s. As shown
in Table 5, the computed fundamental period of the single transmission tower is 1.211 s, which
falls perfectly within this empirical range. This excellent agreement robustly validates the
accuracy of the mass and stiffness distribution in the established finite element model.

3.1.2. Simulation of downburst wind-rain loads

The entire surface of the tower-line system structure is discretized to simulate the wind and
rain loads considering spatiotemporal variability. For the calculation of these loads, the
transmission tower is divided into eight segments, with the windward areas of each segment
provided in Table 6. The simulated wind speed at each segment is taken as the overall
representative wind speed for that corresponding segment, as illustrated in Fig. 10. Concurrently,
the conductor is divided into elements with a length of 10 m. The time history of wind and rain
load is simulated based on the position of the center of each element, and the equivalent wind and
rain loads are applied at the nodes.

14m_ 8 B
18.5m 7
22.5m 6

21m_ 5 B

16m: 4 :

21lm 3

21m 2

35m 1

Fig. 10. Segmentation of wind load simulation and intersegment

Table 6. The height of wind speed simulation point and windward area of each internode

Section number Simul.ation point Windward area Windward area
height (m) in X-direction (m?) | in Y-direction (m?)
1 24 141.94 141.94
2 46 79.30 79.30
3 67 72.43 72.43
4 86 51.03 51.03
5 100 59.58 59.58
6 1243 64.53 85.51
7 145.5 38.23 50.24
8 159 33.60 156.38

This study investigates the impact of variations in the movement direction of the downburst
storm center on the transmission line. Based on the horizontal wind speed at the center of the line,
the wind attack angle along the X-direction (perpendicular to the tower-line direction) is defined
as 0°, and the wind attack angle along the Y-direction (parallel to the tower-line direction) is
defined as 90°, as illustrated in Fig. 11. According to the wind-rain time history simulation method
summarized in Section 2.5, the wind speed time history for the studied tower-line system is
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simulated. The relevant parameters of the downburst wind field are listed in Table 7. With
V;n = 60 m/s and z,,, = 80 m, a simulation time history of 600 s is adopted. The storm center moves
along the 90° wind attack angle in the positive Y-direction toward transmission tower Ty, with its
initial position located 3500 m from the center of the transmission line.

Ground Wire

Conductor

_—
Along Tower-
Line Direction Y

Wind Direction \ Perpendicular to
o S = T(.)wer.—Line
= Direction X
Fig. 11. Definition of wind attack angle

Table 7. Simulation parameters of time-varying wind time history
Vimax (0/s) | Ve (/s) | Tinayx (M) | Ry (m)
47 10 1000 700

Fig. 12. presents the wind speed time histories at the simulated points of segments 8 of

transmission tower T; under the downburst, along with a comparison between the target wind
spectrum and the simulated spectrum at these points. As shown in the Fig. 12, the trend of the
wind speed time history aligns with the storm movement pattern, and the simulated fluctuating
wind spectrum exhibits good overall agreement with the target spectrum. This validates the
effectiveness of the wind speed time history simulation, confirming its suitability for subsequent

analysis.
6 10°
l 02 """" Target spec(l’um
50 memm T —Simulated spectrum
] -
40 10
é’ 30 100
g 20 107
2
210 10
E o0
£ 10°
-10 -4
20 9507 102 10" 10”
0 100 200 300 400 500 600 Frequency (Hz)

Time (s)
b) Comparison between target spectrum
and simulated spectrum

Fig. 12. Wind speed time history simulation and rationality verification

a) Downburst wind speed time history
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3.2. Dynamic response analysis tower-line system
3.2.1. Parametric analysis of dynamic response

The maximum wind speed (V,,;,) and its corresponding height (z,,) are selected to characterize
the downburst's wall-jet profile. Based on meteorological records, V;, is evaluated from 25 to
100 m/s; lower speeds cause no plastic damage, while higher speeds are redundant post-collapse.
To capture localized shear on the 169 m tower, z,, ranges from 40 to 200 m. Heights below 40 m
(distorted by ground friction) and above 200 m (bypassing the structure) are excluded to strictly
focus on downburst-specific failure mechanisms. Additionally, the wind attack angle is selected
because it directly dictates the frontal projection area and aerodynamic coefficients, governing the
load transfer from the long-span conductors to the tower. Finally, rainfall intensity is included as
it critically alters the multiphase impact forces and the near-ground wind-rain velocity ratio.

30° wind attack angle (Fig. 14): At low wind speeds, the tower behaves elastically with
minimal ISDR increase, and lower segments show smaller ISDR values. At 45 m/s, the ISDR of
Segment 4 (86 m) of T; suddenly exceeds the limit, while the ISDR of T, increases steadily, with
the maximum value occurring in Segment 7. The vulnerable segments are Segment 4 for T; and
Segment 7 for T,, with Segment 7 exhibiting relatively large ISDR values and Segment 4 of T;
showing a sudden jump. At 45 m/s, the maximum ISDR of T; is 0.0226, leading to collapse in the
middle section of the tower, while that of T, is 0.0190, 15.9 % lower than T;, with no collapse
despite a sudden change at the tower top. 45° wind attack angle (Fig. 15): At low wind speeds, the
tower remains elastic with minimal ISDR increase, and lower segments exhibit smaller ISDR
values. At 50 m/s, the ISDR of Segment 4 (86 m) of T1 suddenly exceeds the limit, while the
ISDR of T, increases steadily, with the maximum value in Segment 7. The vulnerable segments
are Segment 4 for T; and Segment 7 for T,, with Segment 7 showing relatively large ISDR values.
At 50 m/s, the maximum ISDR of T; is 0.0238, causing collapse in the middle section of the tower,
while that of T, is 0.0152, 36.9 % lower than T1, with no collapse occurring. 90° wind attack
angle (Fig. 16.): At the same wind speed, the tower remains elastic, with uniform ISDR variations
and small differences between segments. At 85 m/s, the ISDR of Segment 4 (86 m) of both towers
exceeds the limit, while Segment 7 shows no significant difference compared to adjacent
segments. The vulnerable location for both towers is Segment 4. At 85 m/s, the maximum ISDR
of T, is 0.0215, while that of T, is 0.0175.

160 —o— 25m/s 160 —o— 25m/s
—¥— 30m/s —¥— 30m/s
140 —— 35m/s 140 —&— 35m/s
40 m/s 40 m/s
120 —*— 45 m/s 120 —*— 45m/s
= ~
= 100 g 100
] 5
Q .—
T 80 = 80
S
3 5 Wy
g 60 % 60
=
40 40
20 20
0 0
000 001 002 003 004 000 001 002 003 004
ISDR ISDR
a) Transmission tower T; b) Transmission tower T,

Fig. 13. ISDR under 0° wind attack angle
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Fig. 15. ISDR under 45° wind attack angle

As shown in Fig. 13-16, except for the 0° wind attack angle, the peak ISDR values of
transmission tower T, under other wind attack angles are significantly lower than those of T;. This
is because the initial position of the downburst center is closer to T;. As the storm center moves,
T, is subjected to the extreme wind-rain load earlier. Over time, the average wind speed in the
field gradually decays, resulting in a lower extreme wind-rain load on T, compared to T;, which
ultimately leads to a smaller structural response in T,. Therefore, in subsequent analyses,
transmission tower Ty, which exhibits larger ISDR values, is selected as the study subject. Under
the 0°, 30°, 45°, and 90° wind attack angles, collapse occurs when 1}, increases to 45 m/s, 45 m/s,
50 m/s, and 85 m/s, respectively. The tower-line system under the 0° and 30° wind attack angles
collapses earliest as the wind speed increases. The maximum ISDR under the 0° wind attack angle
is 0.0212, while under the 30° wind attack angle, it is 0.0226. This indicates that the 30° wind
attack angle is the most critical for the collapse of the tower-line system and should be given
particular attention.

For different reference height z,, conditions, considering the domestic extreme rainfall

JOURNAL OF VIBROENGINEERING 1 5



DYNAMIC RESPONSE AND COLLAPSE MECHANISMS OF TRANSMISSION LINES UNDER DOWNBURST-INDUCED WIND—RAIN LOADS.
GUODONG SHAO, CHONGYANG ZHANG, YUANCHAO JIA, MINGXUAN ZHU, SYED HASSAN FAROOQ, ORYNGOZHIN YERNAZ, ET AL.

intensity record of 709.2 mm/h and the most critical wind attack angle of 30°, a simulation duration
of 600 s is adopted. The wind speed V,, is gradually increased in 5 m/s increments, and wind-rain
loads are applied to the tower-line system to conduct nonlinear dynamic time-history analyses.
The dynamic responses of the tower-line system under different 1}, values are obtained, and the
vulnerable locations are identified through ISDR analysis. The studied transmission tower has a
height of 169 m. In this study, z,, values of 40 m, 80 m, 120 m, 160 m, and 200 m are selected for
comparative analysis.

160 —e— 65m/s 160 —— 65m/s
—— 70m/s —¥— 70m/s
140 —&— 75m/s 140 —&— 75m/s
80 m/s 80 m/s
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= 100 T 100
en Q
2 T
T 80 5 80
) z
z &
(o}
o6 60
40 / 40
208" 20
0 0
0.00 001 002 003 004 000 001 002 003 004
ISDR ISDR
a) Transmission tower T; b) Transmission tower T,

Fig. 16. ISDR under 90° wind attack angle

Fig. 17. shows the variation of ISDR for different segments of transmission tower T1 under
different z,,, values. The results indicate that when z,,, does not exceed 80 m, the ISDR at the tower
leg is generally larger than that at the tower top. When z,, exceeds 80 m, the ISDR at the tower
leg is generally smaller than that at the tower top. This demonstrates that z,, has a significant
influence on the dynamic response of segments near its height. When z,, = 120 m, the ISDR
suddenly increases at Segment 7 (145.5 m), leading to collapse. Under other z,, conditions, the
ISDR suddenly increases at Segment 4 (86 m), resulting in collapse. This is consistent with the
previous findings, indicating that Segment 4 and Segment 7 are the vulnerable locations under this
wind attack angle.

Clearly, under z,, =40 m, 80 m, 120 m, 160 m, and 200 m, collapse occurs when V},, increases
to 60 m/s, 45 m/s, 45 m/s, 50 m/s, and 55 m/s, respectively. The transmission tower is least prone
to collapse when z,, = 40 m, while z,, = 80 m and 120 m are critical heights for collapse. The
collapse wind speed of the tower-line system first decreases and then increases as z,, increases.
The maximum ISDR at z,, = 120 m is 0.0226, while at z,,, = 80 m, it is 0.0208, representing an
8.0 % decrease. This indicates that the most critical z,, for the collapse of the tower-line system
is 120 m, which should be given particular attention.

Regarding the influence of rainfall intensity, the most critical wind attack angle of 30° and
reference height z,, = 120 m were selected, with a simulation duration of 600 s. Rainfall intensities
of 0 mm/h, 2.5 mm/h, 16 mm/h, 100 mm/h, 200 mm/h, and 709.2 mm/h were chosen as different
working conditions. Dynamic time-history analysis of the wind-rain-induced vibration response
of the tower-line system was conducted based on a wind speed V},, = 45 m/s. Fig. 18 shows the
variation of the inter-story drift ratio (ISDR) of transmission tower T; under different rainfall
intensities. The results indicate that as the rainfall intensity increases, the ISDR of the transmission
tower gradually increases.
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Fig. 17. ISDR under different z,,
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When the rainfall intensity increases from 0 mm/h to 2.5 mm/h, the ISDR shows a sudden
change at Segment 5 (100 m). When the rainfall intensity exceeds 2.5 mm/h, the location of the
sudden ISDR change shifts, occurring at Segment 4 (86 m). This demonstrates that rainfall
intensity significantly affects the failure location of the transmission tower segments, with
increased rainfall intensity causing the sudden change location to move downward. This is because
the reduction in height leads to an increase in the wind-rain velocity ratio, resulting in a much
greater increase in rain load on the lower part of the tower compared to the upper part, thereby
increasing the likelihood of failure in the lower segments. When the rainfall intensity does not
exceed 2.5 mm/h, the maximum ISDR of the transmission tower remains almost unchanged as the
rainfall intensity increases, indicating that rain loads are minimal and negligible under light
rainfall conditions. However, when the rainfall intensity exceeds 2.5 mm/h, the maximum ISDR
of the transmission tower changes more significantly with increasing rainfall intensity. Under
downburst wind action alone, the maximum ISDR is 0.0175, while under a rainfall intensity of
709.2 mm/h, the maximum ISDR reaches 0.0226, an increase of 29.1 %. This indicates that the
excitation from rain load cannot be ignored and plays a critical role in assessing the wind resistance
capacity of the tower-line system.
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\ —*— 709.2 mm/h
100

80
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40

20

0
0.00 0.01 0.02 0.03 0.04

ISDR
Fig. 18. ISDR under different rainfall intensity

Considering the significant influence of variations in wind attack angle and reference height
on the dynamic response of the tower-line system under downburst wind-rain conditions, these
two parameters were combined for analysis to further investigate the impact of coupled wind-rain
field parameters on the structural response of the transmission line. With 1;, set at 45 m/s and
rainfall intensity at 709.2 mm/h, four wind attack angles and five z,, conditions were combined,
resulting in 20 coupled working conditions of wind attack angle and z,,. Nonlinear dynamic
time-history analyses of the tower-line system were conducted for these conditions, and the peak
ISDR values extracted from each case are shown in Fig. 19. The results indicate that the maximum
ISDR of 0.0226 occurs under the working condition of 30° wind attack angle and z,,, = 120 m,
identifying this as the most critical condition for the collapse of the tower-line system under
combined downburst wind and rain loads. When the wind attack angle is relatively small, the peak
ISDR varies considerably with increasing z,,. As the wind attack angle increases, the variation
amplitude of the peak ISDR with increasing z,, decreases, and under the 90° wind attack angle,
the peak ISDR remains almost constant. Overall, except for the 90° wind attack angle condition,
the peak ISDR exhibits a similar trend across other angles, initially increasing and then decreasing
with the increase of z,,.
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3.2.2. Study on collapse mechanism

To further investigate the disaster-induced failure mechanisms of the transmission tower-line
structure under downburst wind-rain conditions, a study on the collapse failure mechanism of the
tower-line structure is conducted. To further analyze the cumulative damage effect of the
transmission tower-line system and clarify the process of its progressive collapse, this section
quantitatively evaluates the degradation of the structural members. Within the finite element
framework, a solution-dependent state variable (SDV4) is defined strictly as a macroscopic
damage parameter (D) to track the material's degradation status [41]. The value of this SDV4
parameter increases progressively with the equivalent plastic strain in a monotonic and irreversible
manner. A value of SDV4 = 0 indicates an intact member, whereas SDV4 = 1 signifies that the
member has completely fractured and is subsequently removed from the analysis. For full
mathematical transparency, the fundamental damage evolution dictating the accumulation of this
SDV4 parameter is governed by the ductile damage formulation:

dépl
=l ®)

where d&P! is the increment of equivalent plastic strain, and & is the critical fracture strain of the
specific steel grade (Q420 and Q355). By adopting this phenomenological damage parameter, the
non-linear degradation mechanism is rigorously captured.

Based on the parametric analysis of dynamic response working conditions, Fig. 20 shows the
damage nephograms under different wind attack angles. The failure mode of the transmission
tower-line system is as follows: first, the increasing wind-rain load causes the accumulation of
internal member forces and deformations, with a small number of bracing members initially
entering plastic damage. Some of these bracing members reach a damage value of 1 and are
eliminated, triggering internal force redistribution. The stress in surrounding members increases,
leading them to enter plasticity, resulting in the failure of a large number of members (including
main members) and ultimately the collapse of the tower structure. 0° wind attack angle
(Fig. 20(a)): Att = 232.9 s, bracing members in Segment 7 of T; incurred damage; Att =237.0 s,
these bracing members failed; At t = 245.7 s, a large number of members in Segments 6-7 of T
failed, the cross-arm was damaged, and the upper tower structure collapsed. T, exhibited similar
damage locations but to a lesser degree, with no collapse occurring. 30° wind attack angle
(Fig. 20(b)): At t =209.5 s, bracing members in Segments 1-2 of T; incurred damage; At
t =222.1 s, these bracing members failed; At t =2354 s, a large number of members in
Segments 1-5 of T; failed, with Segment 4 experiencing the most severe deformation, leading to
the collapse of the middle tower section. T, sustained minor damage with no collapse. 45° wind
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attack angle (Fig. 20(c)): At t = 197.2 s, bracing members in Segment 2 of T; incurred damage;
At t =201.7 s, bracing members in Segment 3 failed, with multiple surrounding members
damaged; Att = 207.7 s, a large number of members in Segments 1-5 of T; failed, with Segment 4
experiencing the most severe deformation, causing the middle tower section to collapse. T,
sustained minor damage without collapse. 90° wind attack angle (Fig. 20(d)): At t =161.2 s,
bracing members in Segment 2 of T; incurred damage; At t =167.1 s, bracing members in
Segments 2-4 failed; At t = 176.6 s, a large number of members in Segments 1-5 of T; failed,
with Segment 4 experiencing the most severe deformation, resulting in the collapse of the middle
tower section. T, sustained relatively minor damage without causing collapse. Under the 0° wind
attack angle, the tower collapsed due to large deformations in Segment 6, while under other wind
attack angles, severe damage occurred in Segment 4. The damage range in upper segments was
small (concentrated in Segments 6-7), while the damage range in middle and lower segments was
large (with member failures occurring in Segments 1-5).

The aforementioned collapse processes reveal a fundamental theoretical insight: unlike
synoptic atmospheric boundary layer winds, which typically induce static and predictable failure
locations, the non-stationary spatiotemporal nature of a downburst dictates a dynamic transfer of
critical vulnerable segments.

According to the conclusions in Section 3.2.1, the failure patterns under other z,, conditions
are similar to that of z,, = 120 m, while the critical segment is Segment 7 when z,,, = 160 m.
Therefore, Fig. 21 only presents the damage nephogram of the transmission tower-line system
under downburst wind-rain excitation for the z,,, = 160 m condition discussed in Section 3.4.2 for
analysis. It can be observed that at t = 194.9 s, bracing members in Segment 7 of transmission
tower T; incurred damage; at t = 197.9 s, the damage value of the bracing members in Segment 7
reached 1, and they were eliminated from the simulation; at t = 220.1 s, a large number of
members in Segments 1 to § of transmission tower T; failed, with the most severe deformation
occurring in Segment 7, ultimately leading to the collapse of the upper tower section as it could
no longer bear the load. Transmission tower T, sustained relatively minor damage and did not
collapse. Compared to the z,,, = 120 m condition, the range of member failures is larger, indicating
a more significant impact of the load on the upper tower structure.
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Fig. 20. Damage cloud diagram of TTLS under different wind attack angles
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To investigate the influence of rainfall on the collapse process of the tower-line system,
Fig. 22. shows the damage nephogram of the system under downburst wind-rain excitation for a
rainfall intensity of 0 mm/h. It can be observed that at t = 205.8 s, bracing members in Segments 1
and 2 of transmission tower T; incurred damage; at t = 213.0 s, the damage value of the bracing
members in Segment 2 reached 1, and they were eliminated from the simulation; att = 232.9s,a
large number of members in Segments 1 to 5 of transmission tower T; failed, with the most severe
deformation occurring in Segment 5, ultimately leading to the collapse of the middle tower section
as it could no longer bear the load. Transmission tower T, sustained relatively minor damage and
did not collapse. Compared to the condition with rainfall intensity of 0 mm/h, the range of member
failures is similar, and the failure process and redistribution of internal forces are consistent.
Therefore, while rainfall significantly amplifies the displacement magnitude, it exerts only a minor
influence on the structural failure sequence and internal force redistribution pathways of the
tower-line system.

iz::: = -90,0000, (1-fraction = 0,000000, 2-fraction = -1.000000)

(F49: 75%)
+1.000e400

t=194.9s t=197.9 5 t=220.1s
Fig. 21. Damage cloud diagram of TTLS when z,,, =160 m

Sov4

Angle = -90.0000, (1-fraction = 0.000000, 2-fraction = -1.000000)

(F89: 75%) S
+1.000e+00

9.1 -0 i

+1.667e-01
+8.333e-02
+0.000e+00

1=205.8 =213.0s t=2329
Fig. 22. Damage cloud diagram of TTLS when rainfall intensity is 0 mm/h
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4. Conclusions

Addressing the limitations of previous studies that either isolated downburst wind loads or
restricted wind-rain coupling to standard boundary layer flows, this study established a full-scale
three-dimensional computational domain model to simulate the physically distinct downburst
wind-rain field, which was further refined using theoretical empirical formulas and measured data.
The wind-rain velocity ratio under the downburst wind-rain field was investigated, and a
corresponding fitting formula was proposed. Based on an actual engineering project, a parametric
analysis of the dynamic response and a study on the collapse mechanism of a transmission
tower-line system under a downburst wind-rain field were conducted. The specific conclusions
are as follows:

A computational domain model for simulating the wind-rain field was established, and its
validity was verified using the Osequera and Bowles model, the Vicroy model, and the Wood
model. Considering the variation of wind-rain loads near the ground, the Vicroy model was
modified for generating downburst wind-rain loads.

In a downburst, the horizontal velocity of raindrops does not synchronize with changes in wind
speed. By constructing two-dimensional raindrop motion equations and setting parameters to
calculate the wind-rain velocity ratio under different conditions, it was found that the ratio varies
specifically with normalized height and is influenced by raindrop diameter. A fitted wind-rain
velocity ratio formula was derived, and its high accuracy was confirmed through comparison with
simulated data and evaluation using the root mean square error.

The downburst significantly affects the dynamic response of the tower-line system: Regarding
the wind attack angle, T1 responds to extreme load values earlier, making 30° the most critical
wind attack angle (collapse at 45 m/s, maximum ISDR 0.0226). A height of 120 m is the most
critical, with the collapse wind speed first decreasing and then increasing with height. When the
rainfall intensity exceeds 2.5 mm/h, the ISDR increases and the location of sudden change shifts
downward. At 709.2 mm/h, the ISDR increases by 29.1 % compared to the no-rain condition.
Combined analysis shows that the 30° wind attack angle and 120 m reference height represent the
most critical condition (ISDR 0.0226), with Segments 4 and 7 being the most vulnerable sections
of the tower.

The collapse failure mode of the transmission line is as follows: Increasing wind-rain loads
cause initial damage and failure of bracing members, leading to redistribution of internal forces in
the tower and subsequent failure of a large number of members, resulting in collapse. In terms of
wind attack angle, T; collapses at Segment 6 under 0°, but at Segment 4 under other wind attack
angles. The damage range is smaller in the upper segments and larger in the middle and lower
segments. At a reference height of 160 m, the vulnerable segment of T; is Segment 7, and the
failure range is larger than under the 120 m condition. Regarding rainfall effects, extreme rainfall
significantly amplifies the magnitude of the structural dynamic response (increasing the peak
ISDR by 29.1 %). However, it exerts a minor influence on the macroscopic topological sequence
of the progressive collapse, as the fundamental failure path and internal force redistribution remain
consistent with the no-rain scenario.

Finally, the findings of this study offer direct and critical guidance for engineering practice.
The identification of 30° as the most unfavorable wind attack angle and 120 m as the critical
downburst jet height provides a solid theoretical basis for refining current wind resistance design
specifications for power transmission lines. Furthermore, revealing that the structural vulnerable
points dynamically shift, specifically highlighting Segments 4 and 7 as the most critical sections
under coupled wind-rain conditions, offers a highly targeted framework for the vulnerability
assessment and structural retrofitting of existing lines. In practical applications, pinpointing these
specific vulnerable segments can directly guide and optimize the sensor layout for Structural
Health Monitoring (SHM) systems, ensuring that limited monitoring resources are precisely
deployed at the true initiation points of progressive collapse.
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