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main causes of transmission towers’ damage and collapse accidents in coastal ar-
eas [4,16,18,23,26]. In addition, during the construction period of these transmission
towers, they may also experience varying degrees of strong convective and windy
weather. Considering the imperfect structural characteristics and tower assembly
process during construction, it is also of great significance to conduct construc-
tion safety assessments of transmission towers suffering from strong convective and
windy loads. Under strong convective and extreme windy conditions, the dynamic
response and safety assessments of transmission towers and tower-line systems have
received widespread attention from scholars all over the world. Wang et al. [25] pro-
posed a nonlinear analytical model to predict the quasi-static vibration responses
of a multi-span transmission line-insulator system under moving downbursts. Fang
et al. [9] carried out nonlinear dynamic analysis with an ANSYS model to study
the wind-induced responses of a transmission tower and its tower-line system under
downburst and found that the storm moving speed had little effect on the system
response induced by wind loads. The numerical simulation results got from Zheng
and Fan [28] indicated that the fully coupled dynamic analysis could effectively
capture the nonlinear behaviors of towers under downburst wind loads and the pro-
gressive collapse of a tower-line system was significantly affected by the wind speed
and movement path of downbursts. Ahmed and Damatty [1] conducted nonlinear
dynamic analysis utilizing a computational fluid dynamics (CFD) model to iden-
tify the thunderstorm-related cascade failure of the transmission tower lines under
downburst wind loads. In the study conducted by Zhang and Xie [26], the static and
dynamic analyses were utilized to estimate the wind load capacity of a transmission
tower based on the field investigations. They proposed that the dynamic analysis
should be incorporated in the wind-induced failure analysis of transmission towers.
Similarly, Zhu et al. [29] adopted the static nonlinear analysis and dynamic analysis
to determine the threshold and maximum displacements of a transmission tower
under strong wind respectively and then assessed the wind-induced failure proba-
bility of the tower considering the wind attack angles. Tian et al. [23] completed
the full-scale tests and numerical simulations to explore the failure mechanism of a
latticed steel tubular transmission tower exposed to extreme wind loads and found
that the tower collapse under strong wind condition would mainly be attributed to
the buckling failures occurred in leg members. Shehata and Damatty [22] analyzed
the cascade failure of the transmission tower-line system under strong winds induced
by downbursts using a numerical model. Based on the catenary approach, they also
analyzed the failure of the transmission line’s conductors under downbursts [21].
Considering the combined effect of wind speed and direction, Bi et al. [4] evalu-
ated the wind-induced failure probability of a transmission tower-line system and
proposed that the joint probability distribution should be incorporated to obtain a
reliable failure assessment. Similar investigations on the fragility and failure evalu-
ation of transmission tower or tower-line system have also completed in recent years
considering the actions of extreme winds or downbursts [20,27,30]. All above studies
could provide valuable references for strong wind-induced vibration response and
failure analysis of transmission towers. However, few research has been conducted to
evaluate the safety and reliability of under-construction transmission towers when
they suffer from severe winds. Therefore, more attention should be paid to this
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overlooked issue. In this paper, the downburst was selected as a typical example
to exhibit extreme wind fields to an under-construction transmission tower. The
instantaneous wind speed and wind load induced by downbursts were simulated.
Considering the characteristics of random variations in wind speed, material, and
geometric dimension, the probability distribution models and the displacement re-
lated failure probability models were established using reliability theory. Finally,
the failure probabilities under three different performance levels were discussed on
an under-construction transmission tower-pole system suffering from the action of
downbursts. Analytical results could provide useful references for effectively evalu-
ating the ability to resist the strong windy weather and reducing the failure risk of
these under-construction transmission towers.

2. Wind load simulation under downbursts

Among the severe convective and windy conditions, downbursts accompanied
by thunderstorms have become the typical strong wind weather and caused huge
damage to the transmission tower-line systems [1, 22, 28]. The downburst induced
winds are usually characterized by local effect, short term, and destructive high
intensity [8]. In this study, the extreme wind appeared in downbursts was introduced
and the corresponding loads acting on the under-construction transmission tower
were simulated and calculated.

2.1. Wind field of downbursts. According to the definition of winds in down-
bursts, its instantaneous wind speed U(z, t) at height z and time t could be described
as Eq. (2.1) [7, 28].

(2.1) U(z, t) = V (z)f(t) + u(z, t)

where, V(z) is the vertical profile of maximum mean wind speed in downburst; f(t)
is a time related function with a value in the range of 0 ∼ 1 and u(z, t) is the
downburst fluctuating wind speed. The calculation expression shown in Eq. (2.2) is
utilized here to determine V (z) [24] and its variations with increasing height z under
the determined conditions of zmax = 50 m and Vmax = 30 ∼ 50 m/s are depicted in
Figure 1. For u(z, t), it can be expressed with a product of an amplitude modulation
function and a random process [4, 19], as shown in Eq.(3.3).
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where, Vmax is the maximum wind speed at the profile of V (z) and zmax is the height
to achieve Vmax.

(2.3) u(z, t) = a(z, t)k(z, t)

where, a(z, t) is an amplitude modulation function, which can be approximately
assumed to be (0.08 − 0.11)V (z)f(t) [7]; k(z, t) is a stationary Gaussian random
process with a zero mean and a variance of 1, which can be calculated by the
Kaimal spectrum [7,28]. Using the power spectral density curve, Figure 2 presents
the relation between Kaimal spectrum and power spectral of this Gaussian random
process calculated at the centroid position of the transmission tower at a height
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of 30 m. By comparison, it is evident that the Kaimal spectrum can effectively
simulate the fluctuating wind speed of downburst.

Figure 1. Vertical
wind speed profiles of
downbursts.

Figure 2. Comparison
of simulated spectrum
with Kaimal Spectrum.

Considering a downburst with a radial distance of 1000 m and a maximum radial
wind speed of 45 m/s, the time histories of mean wind speed with Vmax = 40m/s
and zmax = 50m, fluctuating wind speed and instantaneous wind speed can be
achieved at any height using Eqs. (2.1)–(2.3). The demonstration wind speed-time
histories at a height of 38 m are presented in Figure 3.

Figure 3. Downburst wind speed-time histories at a height of 38
m.

2.2. Wind load of downbursts. According to the guidelines suggested by CSA [5]
and ASCE [3], the downburst wind forces acting at two loading panels in the X- and
Y-direction, Fx and Fy, can be calculated by Eq. (2.4) and Eq. (2.5), respectively.

(2.4) Fx =
1

2
ρU2 cos2 αCrxAx,

(2.5) Fy =
1

2
ρU2 sin2 αCryAy

where, ρ is the air density with ρ = 1.29kg/m3; U is the downburst wind speed
determined by Eq. (2.1); α is the direction angle of wind speed corresponding
to X-direction; Crx and Cry are the resistance coefficients in X- and Y-direction,
respectively; Ax and Ay are the windshield areas of the transmission tower in X-
and Y-direction, respectively.
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3. Reliability analysis of under-construction tower-pole system
under downbursts

3.1. Probability distributions.

3.1.1. Wind speed of downbursts. As shown in Figure 3, the wind speed appeared
in downbursts presents significant uncertainty. Therefore, wind speed should be
treated as a random variable in the reliability analysis for the transmission tower
suffering from strong winds [4]. Using the simulation method for wind speeds, the
wind speed-time histories of a downburst were computed over a period of 500 seconds
for various values of Vmax utilizing MATLAB. The typical results are statistically
analyzed for frequency distribution within a wind speed range of 0-70 m/s, as shown
in Figure 4, and the non-linear curve fittings are performed on the statistical results.
Three commonly utilized wind speed variable probability models, including Weibull,
Gumbel and Fréchet distributions [4], are employed to try to fit the probability
density of wind speed, as illustrated in Figure 4. Comparing with the fitting results
of above three distributions, it can be observed that the Fréchet distribution exhibits
a closer alignment with the frequency distribution histogram, indicating that the
Fréchet distribution could present a better model to describe the probability density
of downburst wind speed. Taking Vmax = 50m/s for an example, the corresponding
expressions of three probability density functions can be constructed according to
the formulas presented in Table 1. Finally, the probability density function of
downburst wind speed can be approximately expressed using Fréchet distribution
as Eq. (3.1).

(3.1) f(v) =
2.48

8.98

( v

8.98

)(2.48−1)
· e−(

v
8.98)

2.48

, v > 0.

Figure 4. Probability distribution of downburst wind speed.

3.1.2. Material and geometric dimension. For a transmission tower under construc-
tion, the main materials utilized in the tower-pole system are the angle steel and
steel pipe elements with a strength grade of Q345. The China Standard of GB 50068-
2018 [11] suggests that the probability distribution of material strength should adopt
normal distribution or logarithmic normal distribution, and the standard value of
material strength should be determined by the 0.05th percentile of its probability
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Table 1. Fitting results of probability distribution at Vmax =
50m/s.

distribution. Accordingly, the relations between the standard value fk and the mean
value µf can be described by Eq. (3.2) or Eq. (3.3) when the probability distribution
of material strength follows normal distribution or logarithmic normal distribution,
respectively. In addition, the probability distribution of geometric dimension, such
as the limb thickness and width of angle steel, and the thickness of steel pipe, can
be usually assumed to comply with normal distribution. According to the previous
studies [4,13,17], the statistical parameters of material and geometric dimension of
angle steel and steel pipe are summarized in Table 2.

(3.2) fk = µf − 1.645σf ,

(3.3) fk = µf exp(−1.645δf ),

where, σf and δf are standard deviation and coefficient of variation (COV) of a
random variable, respectively.

Table 2. Statistical parameters of material and geometric dimen-
sions.

3.2. Probabilistic model of wind-induced displacement. For an under-
construction tower-pole system suffering from extreme wind loads, the displacement
failure in the pole is usually more significant than the strength failure appeared in
the tower. Therefore, the maximum displacement angle occurred in the pole can
be utilized as a quantitative index to judge the damage and failure degrees of the
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transmission tower-pole system. The maximum displacement angle (MDA) of the
pole can be expressed as:

(3.4) MDA =
∆max

h

where, ∆max is the maximum displacement in the pole; and h is the vertical length of
the pole. As mentioned above, the parameters affecting the displacement response
of tower and pole elements under wind loads, mainly including wind speed and
direction, material’s physical and mechanical properties, and geometric dimensions
of steel elements, exhibit uncertainty or random nature. Using the probability
density functions of these random variables displayed in Table 1 and Table 2, the
cumulative distribution function (CDF) of the maximum displacement ∆max can be
described as:

(3.5) Fδ(∆max) = Pr{δ ≤ ∆max} =

∫
δ≤∆max

f(X̄) dX̄

where, X̄ = (X1, X2, . . . , Xn)
T is the random variable vector; and f(X̄) is the joint

probability density function of the vector X̄.

3.3. Functional function and failure probability. In order to quantify the fail-
ure risk of wind-induced displacement on the overall incomplete tower-pole sys-
tem, the functional functions which can express the serviceability limit state in
terms of displacement should be established according to failure determination of
both tower and pole. Based on previous disaster examples and research results
on the failure patterns of transmission towers [6, 10], the damage degree of under-
construction tower-pole system can be qualitatively described as three successive
states, as listed in Table 3. The corresponding performance levels (PL) can be ex-
pressed as 0.8[DA] ≤ MDA < [DA], [DA] ≤ MDA < 1.3[DA] and MDA ≥ 1.3[DA],
respectively. Thus, three limit states (LS) and their related functional functions
can be formulated as follows:

(3.6) g(X̄) =


g1(X̄) = 0.8[DA]−MDA(X1, X2, . . . , Xn),

g2(X̄) = 1.0[DA]−MDA(X1, X2, . . . , Xn),

g3(X̄) = 1.3[DA]−MDA(X1, X2, . . . , Xn)

where, [DA] is the limited displacement angle, which can be assumed to be 1/75 in
accordance with Chinese standard of GB 50135-2019 [28]; MDA(X1, X2, . . . , Xn) is
the maximum displacement angle occurred in the pole under practical wind loads.

Table 3. Qualitative description of damage state.
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According to the reliability theory, the failure probability in terms of pole dis-
placement can be calculated by Eq. (3.7). Several techniques and methods can be
utilized for probability assessment. However, it is considered that in this case the
non-linear nature of limit state function indicates that analysis through a Monte
Carlo technique is likely to be the most efficient approach.

(3.7) pfi = Pr{gi(X̄) < 0} =

∫
gi(X̄)<0

f(X̄) dX̄, (i = 1, 2, 3).

4. Case study

4.1. Finite element model of transmission tower-pole system. In this study,
a transmission tower under construction in the Yixu 500 kV transmission line lo-
cated at southeastern coastal region of Jiangsu Province is employed as the example
to demonstrate the reliability analysis under extreme wind conditions induced by
downbursts. A tower-pole system is utilized to construct the transmission tower,
as shown in Figure 5 (a), and its total height is 50.8 m. It can be observed from
Figure 5 (a) that the pole is supported by ropes at the bottom and tensioned by
the cables at the top. The main materials and elements used in the tower body and
the pole with a vertical length of 28 m are listed in Table 4.

Table 4. Material and dimension parameters.

Considering the working height of the tower-pole system and the height zmax

corresponding to maximum wind speed Vmax in downbursts simultaneously, the
construction condition with a working height of 30 m defined at the bottom of the
pole is chosen as a typical case. Accordingly, a finite element (FE) model of this
tower-pole system is established using ABAQUS software and illustrated in Figure
5 (b). In this FE model, the angle steel elements adopted in the tower body and the
steel pipe elements used in the pole are built with the T3D2 truss elements. Their
constitutive model in axial loading is the ideal elastic-plastic model with an elastic
modulus of 2.1× 105MPa and a Poisson’s ratio of 0.3. To achieve the tensioning
state in the supporting ropes and cables, a ‘cooling method’ is utilized to generate
prestressing forces in them. The foot of tower body is set with rigid connections
and the both ends of tensioned cables are set as hinge joints. Besides, the both ends
of supporting ropes are configured with PIN coupling connections, allowing for the
free rotation at hinge joints.



DYNAMIC RELIABILITY ANALYSIS 2007

At a 90◦ direction angle, the wind induced loads are simply treated as concen-
trated forces acting on the main elements of the tower-pole system with an interval
of 5 m [9, 28], as depicted in Figure 5 (b). A nonlinear implicit dynamic method
is applied in the calculation using ABAQUS software, which can accurately simu-
late the dynamic characteristics of the established model. By applying quasi-static
equivalent wind loads, the displacement responses of this tower-pole system were
identified under the condition of extreme wind caused by downbursts. Accordingly,
the whole failure state of the tower-pole system was assessed during different con-
struction phases under various variable parameters.

Figure 5. Transmission tower-pole system under construction.

4.2. Results and discussion. During calculation, the Latin Hypercube Sampling
(LHS) method is employed to sample the random variables utilized here, allowing
for a more efficient and accurate estimation of the failure probability [4, 6, 29]. To
address this issue in this study, a total of 300 wind speed samples are constructed
using this method, and each sample is analyzed individually. Besides, the effects
of working height, dimension, and sectional area of the pole on the displacement
related failure are particularly considered and illustrated in this work. The typ-
ical displacement failure states of the pole are illustrated in Figure 6. Besides,
the wind-induced responses of the tower-pole system will constantly change as the
tower construction progresses. Table 5 shows the maximum stress and displacement
results of the system with increasing the working height of pole from 15 m to 32
m. It can be observed that under downbursts the displacement responses in the
tower-pole system are more remarkable than the stress responses, especially for the
suspension pole.

4.2.1. Effect of pole working height on failure probability. As tower construction
progresses, the working height of the pole will gradually enhance. Here, three
working heights of the pole at 10 m, 20 m and 30 m are selected to explore the
effect of pole working height on system failure. With the maximum wind speed
of Vmax increasing from 25 m/s to 55 m/s, Figure 7 and Figure 8 present the
variations of failure probabilities for the tower and the pole, respectively. For the
tower, as displayed in Figure 7, its failure probability remains low level (less than
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Figure 6. Typical failure modes of the tower-pole system.

Table 5. Finite element analysis results of wind-induced responses
at different working heights.

6% for LS1) as the wind speed increases up to 40 m/s. At the extreme wind speed
of 55 m/s, the failure probability of the tower suffering from serious harm (LS2)
approaches only 10%, indicating that the tower can maintain integral stability even
under the action of strong winds. This outcome might be attributed to the excellent
resistance to extreme wind loads designed for the transmission tower.

Figure 7. Variation of failure probability for the tower at working
height of 30 m.

Different from the tower, the pole presents significantly higher failure probabilities
under conditions of LS1 and LS2 as Vmax gradually increases from 25 m/s to 55 m/s,
and the working height has minimal influence on the failure probability of the pole,
as shown in Figure 8(a) and (b). Specifically, the maximum failure probability of
LS1 (see Figure 8(a)) reaches higher than 40% at Vmax = 50m/s and then the
failure probability begins to decline. This phenomenon could be attributed to the
fact that, at higher wind speeds, some instances of minor harm are converted into
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Figure 8. Variation of failure probability of the pole under different
wind speed.

serious harm, resulting in a significant increase in the failure probability of LS2
(see Figure 8(b)). At a working height of 20 m, the maximum failure probability
of serious harm exceeds 33%, indicating that the pole can be considered to own
sustained serious harm. For the complete harm in LS3 (see Figure 8(c)), however,
the probability of failure is the lowest among the three harm levels and its maximum
failure probability does not exceed 5% at Vmax = 55m/s, indicating that the pole
investigated here would not be seriously damaged in downbursts. Of course, this
outcome is in accordance with the definition of LS3 given in Eq. (3.6) and Table 3.
As the displacement angle calculated at failure in LS3 is largest, which is 1.3 times
[DA], it is hardest to reach the failure of complete harm in the pole. Therefore, the
risk of failure in LS3 would be the lowest among the three harm levels.

Generally, Figure 8 reveals that downburst wind loads have a significant impact
on the failure probability of the tower-pole system, particularly when Vmax exceeds
45 m/s. As expected, the progression from minor harm (LS1) to complete harm
(LS3) also highlights an increasing severity of failure risk under downburst wind
loads. Besides, taking the serious harm condition (LS2) and the control failure
probability of 15% into account [14, 17], it can be derived from Figure 8(b) that
the investigated tower-pole system can resist the wind loads with Vmax less than
40 m/s in downbursts. On the contrary, the downburst with Vmax larger than
45 m/s would become a wind condition with significant risk of failure. Therefore,
Vmax = 45m/s will be utilized to further analyze the system reliability when the
vertical length and cross-section dimenions of the pole are changed.

4.2.2. Effect of vertical length of pole on failure probability. Considering the effects
of different pole dimensions on the tower-pole system stability, this section modifies
the vertical length of the pole (20 m, 24 m, 28 m and 32 m) to perform a fail-
ure probability comparison on the system under downbursts with Vmax = 45m/s.
When the working height of the pole is maintained at 30 m, Figure 9 shows the
comparative results in failure probability for four vertical lengths of the pole un-
der conditions of LS1, LS2 and LS3. The outcomes presented in Figure 9 indicate
that the failure probabilities of four investigated poles under three limit states are
relatively similar, with shorter poles exhibiting only a marginal decrease in failure
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probability compared to their longer counterparts. This phenomenon can be at-
tributed to two main factors. Firstly, the maximum displacement required to reach
the limit state enlarges with increasing the vertical length of pole. Secondly, an
increase in vertical length of pole results in a corresponding increase in the self-
weight of the pole, which would enhance its wind resistance. Consequently, keeping
the cross-section dimension unchanged, the failure probabilities of the pole with
various vertical lengths are closely aligned under the condition of downburst with
Vmax = 45m/s. By comparison, it is recommended to select the shorter poles within
the permissible limit of practical engineering, which may provide a slight enhance-
ment in the wind resistance.
In some cases, the length of the pole cannot be changed during the construction pro-
cess. Under this condition, the middle displacement of the pole can be controlled by
adding the waist ring. Figure 10 shows the comparisons of maximum displacement
and failure probabilities of the 28 m pole under the original case and the addition
of a waist ring at middle height. It can be observed from Figure 10(a) that the
maximum displacement of the pole is significantly reduced after using the waist
ring constraint, which is only 1/3 of the original case. Therefore, adding the waist
ring is an effective solution to combat downburst. As indicated in Figure 10(b),
the failure probability of the pole would decrease obviously when the waist ring is
added at 1/2 height of the pole. It can be proved that the effect of this constraint
is better than that of shortening the pole length, and it is also more convenient to
be utilized in the construction project.

Figure 9. Failure probabilities of the pole with different vertical
lengths.

4.2.3. Effect of sectional area of pole element on failure probability. To investigate
the impact of the pole cross-sectional dimensions on the failure probability of the
tower-pole system in downburst, the main components utilized in the 28 m pole are
assumed to be changed from ϕ45× 2.5 to ϕ65× 4. Under the conditions of Vmax =
45m/s and the pole working height of 30 m, the effect of the element cross-sectional
areas on the failure probability of the pole is analyzed and the corresponding results
under three limit states are illustrated in Figure 11.

From Figure 11, it can be observed that when the component cross-sectional
area in the pole is relatively small, its resistance to extreme wind loads is inferior,
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Figure 10. Comparisons of displacement and failure probabilities
of the pole with or without waist ring.

Figure 11. Failure probabilities of the pole with different element
cross-sectional areas.

resulting in a higher failure probability across all limit states. Therefore, increasing
the cross-sectional area of the pole can effectively enhance its wind resistance. On
the other hand, it is important to note that an increase in cross-sectional sizes
will lead to a further increase in the overall weight of the pole, thereby raising
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construction costs and complicating installation procedures. A comparison of above
results indicates that the investigated pole with the main elements of ϕ50× 3 steel
pipes would be an appropriate pole to resist the downburst wind loads with Vmax =
45m/s.

5. Conclusions

Using the reliability theory, this study investigated the displacement failure prob-
abilities of an under-construction transmission tower-pole system subjected to the
extreme windy condition of downbursts. The main conclusions can be drawn as
follows:

1) Downbursts would cause strong wind weather and their instantaneous wind
speed can be calculated by a combination of mean wind speed and fluctuat-
ing wind speed. For the given values of Vmax and zmax, the downburst wind
speed-time histories were introduced and compared. Through the analysis
in wind speed frequency distribution, it is proposed to utilize the Fréchet
distribution to describe the probability density function of downburst wind
speed.

2) Based on the displacement control requirements, three successive limit states
have been proposed to describe the damage degrees or performance levels of
the tower-pole system exposed to downbursts. The maximum displacement
angle (MDA) was utilized to evaluate the failure probability of the system.

3) A finite element model of this tower-pole system was established using
ABAQUS software and its wind-induced responses were identified by ap-
plying quasi-static equivalent downburst wind loads. Latin Hypercube Sam-
pling (LHS) method was employed to sample the random variables including
downburst wind speed, geometric dimensions, and physical properties of el-
ements, and accordingly the displacement related failure probabilities of the
tower-pole system were calculated on three proposed limit states.

4) At a 90◦ direction angle of downburst winds, a case study indicates that
the displacement responses in the tower-pole system are more remarkable
than the stress responses, especially for the suspension pole. For three LSs,
the failure probabilities occurred in the pole present different growth levels
as the maximum wind speed of Vmax increases from 25 m/s to 55 m/s.
By comparison, it can be concluded that a high failure probability (higher
than 15%) would occur in the pole under the conditions of LS1 and LS2.
The current pole configuration with a vertical length of 28 m and the main
elements of ϕ50× 3 steel pipes would be an appropriate pole to resist the
downburst wind loads with Vmax = 45m/s.

5) The research results derived from this study not only provide a method
of wind vibration response analysis and safety assessment for the under-
construction transmission towers, but also provide a reference for the safety
design of similar high-rise structures against severe wind loads. Considering
the suddenness and strong destructive nature of extreme wind environments
such as downbursts, however, the findings given in this study could not accu-
rately represent the wind-induced responses and the failure risk of all types



DYNAMIC RELIABILITY ANALYSIS 2013

of transmission towers under construction. Therefore, for a special under-
construction transmission tower located in a certain area, further refined
researches would also be required under downburst wind loads.
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