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Abstract: To investigate the variation law of the wind-resistant performance of transmission towers
during their operation, this paper proposes an evaluation method for the wind resistance of the
transmission tower considering corrosion, and a 220-kV transmission tower is analyzed as an ex-
ample. Considering the uncertainty of the material and geometric parameters, the wind-induced
collapse of the transmission tower was analyzed, and the collapse wind speeds were obtained via
pushover and incremental dynamic analyses. In addition, the sensitivity of the transmission tower to
various parameters was analyzed. Based on the existing meteorological and corrosion data, corrosion
prediction models were established using a back-propagation (BP) artificial neural network, and
the mean relative error between the predicted and measured values of the test samples was 8.91%.
On this basis, the corrosion depth of the tower members in the four regions was predicted, and the
fragility of the transmission tower was analyzed considering the effects of corrosion and strong winds.
The results show that the collapse wind speed of the transmission tower is most significantly affected
by the thickness of the angle steel, followed by the elastic modulus and yield strength, and is less
affected by the width of the angle steel. When the exposure time was 25 years, the wind-resistant
performance of transmission towers in regions with severe acid rain and coastal industrial regions
decreased by 10% to 20%. With an increase in exposure time, the failure mode of the transmission
tower tended to be brittle failure.
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1. Introduction

A transmission tower is a tall and flexible structure, and it is significantly affected by
wind load; therefore, wind load is very important in the structural design of transmission
towers [1]. Wind tunnel tests and numerical simulation methods are often used in the
research on the wind-resistant performance of transmission towers. Deng et al. [2] studied
the dynamic characteristics and wind-induced vibration response of a tower-line system
using wind-tunnel tests. Huang et al. [3] performed a numerical simulation and wind
tunnel test of a transmission tower and compared the results of the test and simulation
using the gust loading factors and gust response factors. The response and failure modes of
transmission towers can be effectively predicted using nonlinear finite element analysis [4,5].
Zhang and Xie [6] used nonlinear buckling and dynamic analyses to evaluate the ultimate
bearing capacity and vulnerable parts of a transmission tower. In the finite element analysis
of transmission towers, more accurate results can be obtained by considering the coupling
effects of the transmission tower and lines. Yasui et al. [7] simplified a transmission line as
a truss element and studied the wind-induced vibration responses of different transmission
towers. Battista et al. [8] calculated the response and stability of a transmission tower
through time-domain and frequency-domain analyses.

Transmission towers are often affected by uncertain factors during their operation;
therefore, it is more meaningful to evaluate the carrying capacity of transmission towers
using probability analysis. The fragility analysis method is widely used to study the seismic
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performance of structures. Yazdani et al. [9,10] evaluated the seismic performance of plain
concrete arch bridges under near-field and far-field earthquakes using an incremental
dynamic analysis method. Chen et al. [11] revealed the potential failure modes of concrete
gravity dams through incremental dynamic analysis. However, these studies only consid-
ered the randomness of seismic waves in their fragility analysis. So, Dolsek [12] conducted
incremental dynamic analyses on four-story reinforced concrete frame models considering
the uncertainty of the material properties. In recent studies, the probability analysis method
has been applied to evaluate the wind resistance performance of transmission towers.
Tian et al. [13] conducted fragility analysis of a transmission tower-line system considering
the uncertainty of the wind load. Pan et al. [14] analyzed the sensitivity of transmission
towers to earthquakes using the stripe analysis method. Fu et al. [15-18] conducted ex-
tensive research on the fragility analysis of transmission towers, proposed an uncertainty
analysis method, and observed that deterministic analysis overestimated the wind-resistant
performance of transmission towers; moreover, they confirmed that uncertainty analysis is
effective in predicting the failure mode of the structure and performed fragility analysis of
a transmission tower subjected to wind and rain loads. Based on the above research, we
think it is necessary to consider the uncertainty of structure parameters and wind loads
when conducting the fragility analysis of a transmission tower.

Research on the wind resistance of transmission towers has been conducted in-depth,
but most analyses of transmission towers do not consider the effect of corrosion. As trans-
mission towers are always in an outdoor atmospheric environment, they are vulnerable
to atmospheric corrosion [19]. Corrosion causes mass loss and weakens the mechanical
properties of steel [20,21], resulting in a decrease in the stability of the transmission tower.
Therefore, the effect of corrosion should be considered when analyzing the bearing capacity
of transmission towers. The degree of atmospheric corrosion of steel has a quantitative
relationship with environmental factors and the chemical composition of steel [22-24].
Therefore, the corrosion rate of steel can be predicted according to the measured data.
Zhi et al. [25] combined the nonlinear grey Bernoulli model with a genetic algorithm to
predict the atmospheric corrosion rate of carbon steels; however, in the field of corrosion
prediction, artificial neural network has broad application prospects. Song et al. [26] con-
structed four models to predict the corrosion rate of carbon steel in a dynamic atmospheric
corrosion environment. Mohammed et al. [27] predicted the corrosion rate of medium
carbon steel using an artificial neural network. In addition to the above research, the
artificial intelligence algorithm can also be applied to the sensitivity analysis of steel corro-
sion. Li et al. [28] combined the mean impact value algorithm and back-propagation (BP)
artificial neural network to evaluate the factors affecting the soil corrosion rate of Q235 steel.
Cai et al. [29] conducted a sensitivity analysis of steel under atmospheric corrosion using an
artificial neural network. Halama et al. [30] evaluated the effect of the SO, concentration on
the atmospheric corrosion rate of carbon steel using an artificial neural network. Therefore,
we think that the corrosion of steel can be accurately predicted if appropriate influencing
factors can be selected.

Generally, strong winds are the main reason for the collapse of transmission towers,
and steel corrosion is a hidden danger that affects their stability. However, the existing
research did not give enough consideration to corrosion. Therefore, it is necessary to analyze
the wind-resistant performance of transmission towers considering corrosion. In this paper,
a method for evaluating the wind resistance of a transmission tower based on corrosion
prediction and fragility analysis is proposed for the first time, and an uncertainty analysis
of the collapse of a 220 kV transmission tower under the coupling effect of corrosion and
strong wind is performed, which provides a valuable reference for the wind-resistant
design of high-voltage transmission towers.

2. Probabilistic Evaluation Method for Wind Resistance of a Transmission Tower

The effect of corrosion on the wind resistance of transmission towers has not been
considered in most studies. Therefore, in this paper, a method is proposed to evaluate the
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wind performance of a transmission tower by considering the effect of corrosion. As shown
in Figure 1, the method is based on probability analysis and considers the uncertainty
of the structural parameters of the transmission tower. The evaluation method includes
three parts. First, after determining the probability distribution of parameters, a sensitivity
analysis of the transmission tower is performed to obtain the collapse wind speed range
of the structure and evaluate the impact of various parameters on the wind-resistant
performance of the transmission tower. Subsequently, the Latin hypercube sampling
method is used to sample each parameter, and the uncertainty models of the transmission
tower are established. The fragility curves of the collapse wind speed and tower top
displacement are obtained using pushover and incremental dynamic analyses, and the
distribution of initial failure members in the transmission tower is obtained using nonlinear
buckling analysis, which provides a comprehensive probabilistic assessment of the wind
resistance performance of the transmission tower in the initial state.

Establish the finite element model
Simulate and calculate wind loads
Determine the probability distribution of the parameters

Latin hypercube sampling l l

Establish the transmission tower

: Establish the lower-limit-value,
uncertainty model

standard-value and upper-limit-
value models

Pushover analysis
Incremental dynamic analysis

Nonlinear buckling analysis BP artificial neural network
A4
Identify the failure members Predict the corrosion depth Count the collapse wind y

and modes of transmission of steel in the transmission speed and top
tower models tower displacement results Sensitivity analysis results

Establish corroded
transmission tower models

|
! !

Reveal the variation in Plot the fragility surface of
transmission tower collapse wind speed and
failure modes tower top displacement

Evaluate the effect of corrosion

on the wind resistance of the
transmission tower

Stripe analysis

Figure 1. Proposed procedure of the wind resistance evaluation method for the transmission tower.

Based on the existing measured steel corrosion data, the corrosion depth prediction
models of steel are obtained using a BP artificial neural network, and corroded trans-
mission tower models are established. Combined with the above analysis methods, the
corresponding fragility surfaces are obtained, and the variation rules for the failure modes
and members of the transmission tower are identified. Based on the analysis results, the im-
pact of corrosion on the wind-resistant performance of the transmission tower is evaluated.

3. Sensitivity Analysis of the Tower-Line System under Wind Loads
3.1. Finite Element Model

A latticed 220 kV transmission tower was investigated in this study. The nominal
height was 30 m. The parameters of the conductor and the ground wire are listed in Table 1.
The horizontal span was 410 m. The tower members were composed of Q235 and Q345
angle steels. The segmentation of the tower and parameters of the main leg members are
shown in Figure 2.
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Table 1. Material parameters of the conductor and ground wire.

Parameters 2 x LG]J-400/35 JLB20A-150
Diameter (mm) 26.82 15.75
Elastic modulus (GPa) 65 147.2
Cross-sectional area (mm?) 425.24 148.07
Weight (per unit length) (kg/km) 1349 989.4
Tensile breaking force (N) 103900 178570
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Figure 2. Segmentation of the tower and parameters of main leg members.

The finite element models of the transmission tower and tower line system were
established using the Abaqus 2020 software. The B31 element was used to simulate the
tower members, and the T3D2 element was used to simulate both the transmission line
and the insulator. Fixed constraints were applied to the bottom of the transmission tower.
Hinge restraints were used at the ends of the transmission line and at the connection of the
insulator to the transmission tower and conductor. A bilinear isotropic hardening plasticity
model was used to simulate the constitutive model of the steel material, as shown in Figure 3.
The finite element model of the structure is shown in Figure 4. The modal analysis results of
the transmission tower were as follows: the first-order natural frequencies of lateral bending
(the direction perpendicular to the transmission line), longitudinal bending (the direction
parallel to the transmission line), and torsion were 2.095, 2.107, and 4.856 Hz, respectively.

450 T T T T T T

100 Q345 ]
50 b --Q235
0.00 0.01 002 003 004 005 006 007

Strain

Figure 3. The stress—strain relationship for angles in the FEM models.
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Figure 4. Finite element model of the structure.

3.2. Uncertainty of Material and Geometric Parameters

Transmission tower members are inevitably affected by external factors during their
production and transportation, resulting in random variations in their parameters, which
also affects the wind-resistant performance of transmission towers. Therefore, in this study,
the uncertainty of the six parameters in the structure was considered based on existing
research [15]. The material property parameters included the yield strength of Q235 steel,
yield strength of Q345 steel, elastic modulus, and Poisson’s ratio. The geometric parameters
included the width and thickness of the angle steel. The probability distributions of different
parameters are listed in Table 2. According to the unified standard for the reliability design
of building structures [31], the standard values of the elastic modulus and Poisson’s ratio
took the 0.5 quantile value of the probability distribution, and the standard values of
material strength took the 0.05 quantile value of the probability distribution. Therefore, the
mean value of each material-property parameter was obtained. The mean values of the
geometric parameters were obtained from the statistical results of relevant research [32]. In
addition, the mean value of the geometric parameters in Table 2 was equal to that of the
measured results divided by the standard value.

Table 2. Probability distributions of material and geometric parameters.

Parameter Variable Mean Value Coefficient of Variation Distribution Type
Elastic modulus (GPa) Es 206 0.03 Lognormal
Poisson ratio v 0.3 0.03 Lognormal
Yield strength of Q235 steel (MPa) fy_0235 263.7 0.07 Lognormal
Yield strength of Q345 steel (MPa) fy_0345 387.1 0.07 Lognormal
Width of the angle steel b 1.001 0.008 Normal
Thickness of the angle steel t 0.985 0.032 Normal

Considering that the calculation cost of the fragility analysis for multiple groups of
transmission tower models with different corrosion degrees was relatively large, the sample
size in this paper was determined to be 20 based on relevant research [13], and the accuracy
of analysis can be evaluated as follows [33]:

—In(1-K)

N > Pf

)

where K is the confidence level, Py is the failure probability, and N is the sample size. By
calculation, the accuracy of probability analysis in this paper is close to 90%.
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The above parameters were sampled using the Latin hypercube sampling (LHS)
method, which has an advantage over Monte Carlo sampling in that the sampling effect is
good even when the sample size is low. LHS is a stratified sampling method, that is, the
research object is divided into multiple parts with equal probability, and then the sample
proportion is determined according to the sample size, and each part is sampled according
to this proportion [34]. The sampling results are shown in Figure 5. Uncertainty models of
the transmission tower were established based on the sampling results.

7 T T T T T 7 T T T T T
| | Histogram | | Histogram
61 PDF I 6r ——PDF "
‘s \ ;. / \
gy / = N 1
s \ g \
%] 4 B / -1 175) 4 - -
S S
S S
23t - 23t .
L/
521 \ T 52 \ T
1 s 1 /
[ N L b
0 0
190 195 200 205 210 215 220 325 345 365 385 405 425 445
Elastic modulus (GPa) Yield strength of Q345 steel (MPa)
(a) (b)
Figure 5. Sample distributions of uncertainty parameters. (a) Sampling result of elastic modulus.
(b) Sampling result of yield strength of Q345 steel.
3.3. Simulation of Wind Load
The simulation of the wind load on a structure is the basis of nonlinear dynamic anal-
ysis. The transmission tower was divided into seven panels vertically, and the transmission
line was divided into ten parts longitudinally. The simplified wind load points of the
tower-line system are shown in Figure 6.
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Figure 6. Schematic diagram of simplified wind load points.
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Atmospheric boundary-layer wind consists of static and fluctuating winds. The static
wind speed was calculated according to the exponential law, and the fluctuating wind
speed with the Davenport spectrum was simulated using the harmonic superposition
method. The harmonic synthesis method uses spectral decomposition and trigonometric
series superposition to realize the numerical simulation of random process samples [17].
The total time of the wind speed time series was 300 s. The time interval was 0.125 s, and
the cutoff frequency was 4 Hz. Taking a basic wind speed of 25 m/s as an example, the
wind speed at the top of the tower is shown in Figure 7a. In addition, Figure 7b shows
that the simulation spectrum was consistent with the target spectrum, indicating that the
simulated wind speed can be used for nonlinear dynamic analysis.
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(a) (b)

Figure 7. Simulated wind speed results. (a) Wind speed at the top of the tower. (b) Comparison of
the simulated and target spectrum.

3.4. Sensitivity Analysis

Different material and geometric parameters have different degrees of impact on
transmission towers. Using the basic collapse wind speed of the transmission tower as the
criterion, the lower-limit-value, standard-value, and upper-limit-value models of the tower-
line system were established. The strip analysis method is widely used in the sensitivity
analysis of structures under earthquake [14], so in this paper, we studied the sensitivity of
the transmission tower under wind load using this method.

The lower and upper limit values of each parameter were taken as the 0.05 and
0.95 quantiles of its probability distribution, respectively. To better reflect the impact of
each parameter on the transmission tower, according to the control variable method [34],
we changed only one parameter of the structure, and the other parameters still had their
standard values when the model was established. The most unfavorable wind incidence
angle for this tower was 90° (the direction perpendicular to the transmission line); therefore,
the response of the transmission tower at this wind incidence was selected for research.

Multiple basic collapse wind speeds can be obtained by an extensive dynamic analysis
of the models, and the log mean and log-standard deviation of the collapsed wind speeds for
each group of models can be calculated using the maximum likelihood estimation method:

{ =4 Ly InX;
AD —

2 )
—1lyn, (1n X;—1 z;ﬂ:llnxi)

where i and & are the maximum likelihood estimators of the parameters in the lognormal
distribution. The results of stripe analysis for the standard-value model are shown in
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Figure 8. The log mean and log-standard deviation of the basic collapse wind speeds for
the standard-value model were 3.412 and 0.0397, respectively.
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Figure 8. Stripe analysis results.

The log mean interval of the basic collapse wind speed corresponding to each pa-
rameter is shown in Figure 9a. The vertical dotted line represents the log-mean value of
the collapsed wind speed of the standard value model, the end of each bar represents the
analysis result of the lower- or upper-limit-value model, and the length of the bar reflects
the impact level of its corresponding parameter on the basic collapse wind speed of the
transmission tower. The bar length of the angle steel thickness was the largest, as shown in
Figure 9a, indicating that the angle steel thickness had the greatest impact on the collapsed
wind speed when the tower was in operation. The yield strength of Q345 steel and elastic
modulus also had a significant effect on the collapse of the transmission tower. The width
of the angle steel had a slight effect on the wind-resistant performance of the tower because
the measured values of the angle steel width were close to the standard value according to
the statistical results of the relevant research [32]. The bar length of the yield strength of
Q235 steel was the minimum, which was due to the stress and deformation of the diagonal
members of the transmission tower in this paper were relatively small. However, the results
will be different for transmission towers with large stress on diagonal members.

a % '
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‘ ) . fyﬁQ235 r 1
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Figure 9. Tornado chart of collapse wind speeds. (a) Log mean of basic collapse wind speeds. (b) Log-standard

deviation of basic collapse wind speeds.
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The log-standard deviation reflects the dispersion degree of the collapsed wind speed
results. Figure 9b shows that the change in geometric parameters reduced the log-standard
deviation of the collapsed basic wind speeds, which meant that the collapsed basic wind
speed of the transmission tower became more concentrated. The variations in the elastic
modulus and Poisson’s ratio made the basic collapse wind speed results more dispersed;
however, the strength of the steel did not significantly affect the dispersion of the basic
collapse wind speed results.

4. Fragility Analysis of Transmission Tower Considering Structural Uncertainty

Based on the established uncertainty models, pushover analysis for the transmission
tower and incremental dynamic analysis for the tower-line system were performed. The
calculation results of the two analysis methods were compared to study the collapse
resistance of the transmission tower, and the calculation accuracy of the pushover analysis
was evaluated using probability analysis.

4.1. Pushover Analysis

The simplified wind load points of the transmission tower are the same as those in
the previous section, and the wind incidence angle was still determined to be 90° when
calculating the equivalent static loads. The equivalent static wind loads of the structure were
calculated according to the load code for the design of overhead transmission lines [35]. The
wind load on the transmission tower panels can be calculated using the following equation:

Pr=Wy-uz-pus-Bz-As 3)

where W) is the standard value of the reference wind pressure (kN/ m?); z is the coefficient
of wind pressure variation with height; yg is the shape coefficient of the tower; Ag is the
calculated value of the projected area; and Bz is the wind vibration coefficient, calculated
as follows [35]:

Bzi=1+2g-¢e - Iio-Bzi- V1+ R 4)
migh; \/Z?—l Vi1 (HsiuzirlziAf) ( Sj/VZjlfplj/TZj/Aj/)COhZ(erzj/>
L | ©
Y usifiziAi Y ijD%j
2
7T X
RR= LM ©)
1/3
601 (1+ x%)
30
= I )
o Wo

where g is the peak factor equal to 2.5; ¢; is the reduction coefficient of the wind load
fluctuation; Iy is the nominal turbulence intensity at a 10 m height, which is 0.14 for class
B ground roughness; By; is the background factor; R? is the resonance factor; ¢ is the
first-order mode coefficient of the structure; cohyz(z ir zj,> is the vertical coherence function;
(1 is the first-order damping ratio of the structure; and f; is the first-order natural frequency

of the structure.
The wind load on the transmission line can be calculated using the following equation:

Pp= Bcar-Wo-pz-psc-d-Lp 8)

where B¢ is the gust coefficient of the conductor and ground wire; «, is the span reduction
factor; ygc is the shape coefficient of the transmission line, which is 1.0 when the diameter
is greater than 17 mm and otherwise equal to 1.1; d is the diameter of the transmission line;
and Lp is the horizontal span.
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The wind load of the insulator string can be calculated using the following equation:

Pi=n-Ay-Wo-puz - ps1- Ay

)

where 7 is the number of insulator strings perpendicular to the wind direction; A; is
the shielding reduction factor of the wind load on the insulator string; ygs; is the shape
coefficient of the insulator, equal to 1.0; and A; is the calculated value of the wind-pressure
bearing area of the insulator string.

The calculated results for the wind load on the structure are shown in Tables 3 and 4.

Table 3. Wind load of each panel (basic wind speed at 25 m/s, wind incidence angle at 90°).

Wind Pressure

Standard Value

A Wind . Standard Design
Panel Heightabove  Height of He.lg.ht Vibration Sha'p.e Projected of Reference Value of Value of
Variation .. Coefficient Area Wind ! !
Number Ground (m) Panel (m) L, Coefficient 2 Wind Load Wind Load
Coefficient B s As (m?) Pressure (KN) (KN)
#z i Wy (kN/m?)
1 37.0 2.3 1.481 5.860 2.217 0.528 0.391 3.432 4.805
2 33.1 59 1.430 1.537 2.217 2.154 0.391 4.100 5.740
3 294 1.8 1.380 2.642 2.217 1.596 0.391 3.441 4.817
4 249 6.3 1.308 1.316 2.356 3.635 0.391 5.758 8.061
5 18.0 7.5 1.190 1.116 2.356 6.018 0.391 7.352 10.293
6 10.8 6.9 1.021 1.059 2.356 7.120 0.391 7.083 9.156
7 3.6 7.5 1.000 1.012 2.356 9.467 0.391 8.818 12.345

Table 4. Wind load of conductor, ground line, and insulator.

Wind Load Design

Wind Load Design

Wind Load Design

Wind Load Design

Wind Load Design

. Value of Middle Value of Side X Value of Middle Value of Side
Wind Speed (m/s) Conductor Conductor Value Ofpcl;‘l)\;nd Wire Insulator Insulator

Pp; (N) Ppy, Pp3 (N) B Pjp; (N) P2, Pip3 (N)

15 4567 4344 1497 314 297

20 8118 7720 2662 558 528

25 12,679 12,056 4158 871 826

26 13,712 13,039 4497 942 893

27 14,786 14,059 4850 1016 963

28 15,900 15,118 5216 1093 1036

30 18,249 17,351 5987 1255 1189

The calculated wind loads were applied to the corresponding nodes on the transmission
tower in the form of concentrated forces. The weights of the conductor, ground wire, and in-
sulator were also simplified as a concentrated force and applied at the corresponding position
of the transmission tower. A pushover analysis was performed on the uncertainty models. By
increasing the basic wind speed continuously to cause the collapse of the transmission tower
models, the pushover curves of the uncertainty models were obtained (Figure 10).
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Figure 10. Pushover curves for transmission tower models.
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We observed that the displacement response of the deterministic model lay between
those of the uncertainty models. The basic collapse wind speed of the deterministic model
was 30.4 m/s, and the collapsed-tower top displacement was 0.391 m. According to the
analysis results of the uncertainty models, multiple collapse wind speeds and tower-
top displacements were obtained. The fragility curve of the uncertainty analysis for the
transmission tower was obtained by fitting the collapse data to the cumulative function of
the lognormal distribution.

The fragility curves of the basic collapse wind speed and tower top displacement are
shown in Figure 11. The value corresponding to a 10% probability in the fragility curve
is frequently used as the critical collapse datum; thus, the collapse wind speed calculated
by the uncertainty analysis was 28.68 m/s and the ultimate displacement at the top of the
tower was 0.368 m. Compared with the results of the deterministic analysis, the collapse
wind speed and ultimate tower top displacement of the uncertainty analysis were 5.66%
and 5.88% lower, respectively, which indicated that the results of the deterministic analysis
overestimated the bearing capacity of the structure.
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(a) (b)

Figure 11. Fragility curve for transmission towers. (a) Fragility curve of the basic collapse wind
speed. (b) Fragility curve of collapsed-tower top displacement.

4.2. Incremental Dynamic Analysis

The collapsed tower top displacement of each sample was determined using the
nonlinear static analysis results. These displacements were taken as the critical values of
the transmission tower models for incremental dynamic analysis.

When calculating the response of the tower-line system under different wind speeds,
multiple wind speed time histories were generated by the harmonic superposition method
to consider the uncertainties in the wind load. In total, 20 groups of wind speeds were
gradually increased from 20 m/s, and the increment in the basic wind speed was 0.2 m/s,
when calculating the response of the tower-line system under different wind speeds. By
capturing the maximum top displacement of the transmission tower at each basic wind
speed, the variation curve could be obtained, as shown in Figure 12. The red line in
Figure 12a is the collapsed tower top displacement of the transmission tower model. Only
part of the data are shown in Figure 12b to avoid overlapping curves, and each curve
represents the result of the incremental dynamic analysis.

In the incremental dynamic analysis of the tower-line system, we considered that the
basic wind speed corresponding to the tower top displacement that exceeded the critical
displacement value for the first time was the basic collapse wind speed. The collapse wind
speed for each sample was obtained and compared with that calculated using pushover
analysis. As shown in Figure 13a, the collapse wind speed values obtained using the
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two methods were similar, with a maximum relative error of 5.7% and a mean relative
error of 3.18%, indicating that the mass and coherence functions were considered when
calculating the equivalent wind load according to the load code for the design of the
overhead transmission line [35]; therefore, accurate response results can be obtained using

pushover analysis.

(a) (b)

Figure 13. Comparison of pushover analysis and IDA results. (a) Comparison results of the basic

collapse wind speeds. (b) Comparison results of the basic collapse wind speed fragility curves.

Based on the collapse wind speed of each sample, the fragility curve corresponding
to the incremental dynamic analysis was fitted. The comparison results of the collapse
wind speed fragility curves obtained using the two methods are shown in Figure 13b. We
observed that the end position of the fragility curve corresponding to the incremental
dynamic analysis was farther from the starting position, which was due to the uncertainty
of the wind load being considered in the incremental dynamic analysis. The curve of the
pushover analysis was on the left side of the curve of the incremental dynamic analysis, and
the starting positions of the two curves were close. In the fragility curve corresponding to
the incremental dynamic analysis, the basic collapse wind speed corresponding to the 10%
probability was 28.96 m/s, which is only 0.97% different from the result of the pushover
analysis, which further indicated that the collapse wind speed obtained using the pushover

analysis was accurate.
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5. Prediction of Corrosion Depth Based on the BP Artificial Neural Network

The BP artificial neural network is a widely used network model. Its construction
concept is as follows: first, a part of the measured data is input into the neural network
as the training set, the weights in the network are adjusted through the back-propagation
algorithm until the error meets the requirement, and then the test set is calculated using
the generated model to evaluate the prediction accuracy of the artificial neural network.

5.1. Generation of the Artificial Neural Network Model

In this study, a three-layer neural network was constructed based on the corrosion
data from the National Materials Corrosion and Protection Data Center [36]. As shown
in Figure 14, the connections between adjacent layers of the neural network were fully
connected. The data selection for the neural network prediction model is shown in Table 5.
There were 15 steel materials involved in the model construction, and the steel types
were carbon steel and low-alloy steel. Meteorological data and atmospheric corrosion data
during model training were obtained from the test stations in six regions. The meteorological
data are presented in Table 6. The exposure times of the specimens were 1, 2, 4, 8, and
16 years. The input factors of the neural network model included material parameters,
meteorological factors, and exposure time. The number of nodes in the input layer was 15,
and the parameter in the output layer was the corrosion rate of steel.

Error Back-Propagation
5
Fommmm——— e ————

Desired
Output

Annual average
temperature

Annual average relative
humidity

Input Layer

Figure 14. Schematic diagram of the BP artificial neural network.

The transfer function of the network was a sigmoid function with a learning rate of
0.05. The interval of the optimal number of hidden layer nodes was determined using
existing research [37]. After testing, the number of hidden layer nodes was nine, and a
neural network prediction model was obtained through training.
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Table 5. Data selection for the artificial neural network model.
Network Parameter Data Selection
Carbon steel: 3C, 20, 15MnMoVN, 14MnMoNbB, 09MnNb(S),

08Al, 12CrMnCu, Q235;
Low-alloy steel: 16MnQ, 10CrMoAl, 10CrCuSiV, 09CuPTiRE,
09CuPCrNi, 09CuPCrNiA, Q345

Steel material

Region Beijing, Qingdao, Jiangjin, Guangzhou, Wuhan, Qionghai

Material parameters: Content of carbon, manganese, sulfur,
phosphorus, silicon, and copper

Meteorological factors: annual average temperature, annual
average relative humidity, annual sunshine hours, annual
precipitation, SO, concentration, C1~ concentration, NO;
concentration, pH value of rainwaterExposure time

Input factor

Table 6. Meteorological data of each region.

Annual Annual Annual Annual SO - NO,
Region Average Average Sunshine Precipitation Concentiation Concentration Concentration pH Value of
8 Temperature Relative Hours (nl*)lm) (me/em?) (mg/em®) (mg/100 Rainwater
(o) Humidity (%) (h) 8 cm?/d)
Beijing 12.8 55 2368.6 578.7 0.06 0.85 011 6.52
Qingdao 128 70 2199.9 582.6 0.05 0.11 0.08 542
Jiangjin 19.8 77 1369.3 998 0.22 0.00 0.08 5.44
Guangzhou 215 81 1582.9 2095.4 0.06 0.03 0.08 6.68
Wuhan 17.1 77 2092.5 1434.2 0.08 0.02 0.14 6.81
Qionghai 246 82 1743.1 2506.1 0.02 0.05 0.01 6.38
5.2. Corrosion Depth Prediction Results

Test samples were calculated using the generated model to evaluate the prediction

accuracy of the artificial neural network. As shown in Figure 15a, the predicted results

of the test samples were close to the measured values. The error analysis results for the

test set are shown in Figure 15b to reflect the prediction accuracy of the model more

intuitively. We observed that the relative error of almost all predicted values was less than

20%, the mean relative error between the predicted and measured values was 8.91%, and

the correlation coefficient was 0.9849, which indicated that the prediction accuracy of the
corrosion prediction model established by the BP artificial neural network was high.

' i i i 0. 1 0 T T T T
80 | —O— Measured value |

—%— Predicted value

Mean relative error: 8.91%

e ~~
§ = Absolute error § 0.08 | Correlation coefficient: R2= 0.9849 1
E ] 2
= & f
Q \_/006 B -
E 2 0%
=1 i § Oo
2 2004t ]
8 5 g
5 2
S 2 002 a
T = U. F 0o, 4
‘ K A~ (]
0 Sm ..".!-.l-l.l-llg '--..-l! T T 0.00 L L L L
0 10 20 30 40 0.00 0.02 0.04 0.06 0.08 0.10

Sample number Measured value (mm/year)

(a) (b)

Figure 15. Evaluation results of the test set. (a) Comparison between measured values and predicted
values. (b) Error analysis results of the test set.



Buildings 2022, 12, 1500

15 of 23

Corrosion rate (Um/year)

IS
=

v
S

IS}
S

>

=)

I
S

|- - - - Predicted results|
Mean value

5 10 15

Exposure time (years)

(a) Beijing

Owing to the randomness of the prediction model generated by the BP neural network,
20 prediction models were generated in this study, and the average of the 20 prediction
results was considered the final result. The transmission tower contained Q235 and Q345
steels; therefore, the corrosion rates of Q235 and Q345 steels in Beijing, Qingdao, Jiangjin,
and Guangzhou were predicted in this study.

Through multiple attempts, we observed that the change trends of the prediction
curves within 25 years were the same, and the results were relatively dense. However,
when the exposure time exceeded 25 years, the dispersion of the predicted results was larger;
therefore, the maximum exposure time was determined to be 25 years. Figures 16 and 17
show the corrosion rate prediction results for Q235 and Q345 steels, respectively, in the
four regions.
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Figure 16. Predicted results of the Q235 steel corrosion rate.
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Figure 17. Predicted results of the Q345 steel corrosion rate.

Based on the predicted corrosion rate, the corresponding variation law of the corrosion
depth was obtained using integration, that is, the corrosion depth in the ¢ year is the sum of
the corrosion rates in the previous t years. The fitting function of the mean curve of the
corrosion depth can be expressed as follows:

D = At" (10)
where D is the corrosion depth in t years, A is the corrosion depth in the first year, and n
reflects the changing trend of the curve. The fitting results for the corrosion depth are listed
in Table 7. The R-squared value represents the correlation between the power function and
the predicted value. The R-squared value of each fitting result was close to 1, indicating that
the effect of fitting the corrosion depth by the power function was good. The fitting curves
for the corrosion depths are shown in Figure 18. We observed that the corrosion depth
in Beijing was smaller, and the corrosion depths in Qingdao and Jiangjin were larger. By
comparing the meteorological factors in different regions, we can consider that the relative
humidity and SO, concentration have a significant impact on the corrosion rate of steel.
In addition, the corrosion depth of Q235 steel is greater than that of Q345 steel in a short
exposure time, but with an increase in exposure time, the corrosion depth of Q345 steel
exceeds that of Q235 steel. However, Q345 angle steel is used as the main leg member in
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the transmission tower; therefore, the section dimensions of Q345 angle steel are relatively
large. Therefore, although the corrosion depth of Q345 steel is larger, its mass loss ratio is
generally smaller than that of Q235 steel, indicating that the mass loss ratios of the diagonal
members are greater during the operation of the transmission tower.

Table 7. Fitting results of corrosion depth prediction values.

Steel Material Region A n R?
Q235 Beijing 34.03 0.5951 0.9953
Q235 Qingdao 65.37 0.6581 0.9988
Q235 Jiangjin 66.78 0.6592 0.9887
Q235 Guangzhou 51.89 0.6675 0.9886
Q345 Beijing 32.94 0.6444 0.9944
Q345 Qingdao 63.42 0.7219 0.9985
Q345 Jiangjin 65.20 0.6817 0.9877
Q345 Guangzhou 51.81 0.7044 0.9894
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Figure 18. Fitting curves of corrosion depth.

6. Uncertainty Analysis of Transmission Tower Considering Corrosion and Strong
Wind Effects

6.1. Results of Wind Resistance Degradation

According to statistics [38], the steel protective layer of the transmission tower in
regions with severe acid rain and coastal regions will become invalid within a few years,
and the transmission tower will be completely corroded. The material properties and
geometric parameters of the steel also decrease noticeably because of corrosion. Therefore,
in this paper, we converted the corrosion depth into the mass loss ratio of steel and
analyzed the wind-resistant performance of corroded transmission towers. The mechanical
properties of Q235 and Q345 steels before and after corrosion were compared in relevant
research [20,21], and the variation law of the mechanical properties of Q235 and Q345 steels
with the mass loss ratio was revealed based on the statistical results. The formula for the
mechanical property degradation of the Q235 and Q345 steel is as follows:
(11)

1—cny
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where p and p/ are the mechanical property of the steel before and after corrosion. # is the
mass loss ratio. c is the value of the reduction coefficient of mechanical properties as shown
in Table 8.

Table 8. Value of the reduction coefficient of mechanical properties.

Steel Type Yield Strength Ultimate Strength Elastic Modulus
Q235 0.875 0.894 0.88
Q345 0.96 0.99 0.98

The uncertainty of geometric parameters will affect the calculation results of the mass
loss ratio, and further, it will affect the decline of material parameters. Therefore, it is
necessary to consider the uncertainty of its structural parameters when analyzing the
wind-resistant performance of corroded transmission towers. According to the obtained
corrosion depth prediction results, the mass loss ratios of angle steel with different section
dimensions in each uncertainty model were calculated, and the material properties of each
angle steel after corrosion were calculated using the degradation formula. Considering
the degradation of the mechanical properties and geometric parameters, an uncertainty
analysis of the wind-induced collapse of the transmission tower was performed.

Figures 19 and 20 show the relationship between the collapse probability of the
transmission tower and the basic wind speed and the relationship between the collapse
probability and tower top displacement in Beijing, Qingdao, Jiangjin, and Guangzhou
at different exposure times, respectively. Tables 9 and 10 show the basic wind speeds
and tower top displacements corresponding to a 10% probability of the collapse fragility
surface for different exposure times. The collapse wind speed and tower top displacement
decreased significantly with the intensification of corrosion. Beijing and Jiangjin are both
inland regions, but the collapse wind speed of the transmission tower in Jiangjin decreased
faster than that in Beijing, which was due to severe acid rain caused by the high SO,
concentration in the atmosphere of Jiangjin. The decline in wind speeds in Qingdao and
Guangzhou, which are coastal regions, was also greater than that in ordinary inland regions.
In addition, the decline in tower top displacements in regions with severe acid rain and
coastal regions was also greater than that in ordinary inland industrial regions.

To reflect the declining trend in the collapse wind speed and tower top displacement
of the transmission tower with exposure time more intuitively, Figure 21 shows the decay
curves of the wind-resistant performance of the transmission tower. The decrease ratio in
Figure 21 was calculated as the reduction value of the collapse wind speed or collapsed
tower top displacement divided by its initial value. We observed that the decay curves
of the collapse wind speed and tower top displacement in the same region were almost
coincident, indicating that the decrease ratios of the collapse wind speed and tower top
displacement were synchronized. When the exposure time was less than 5 years, the
wind resistance performance of the transmission tower decreased rapidly. With increasing
exposure time, the decay rate gradually slows. When the exposure time was 25 years, the
wind resistance performance of the transmission tower in the Beijing region could still be
maintained at more than 90%. However, the wind resistance performance of transmission
towers in regions with severe acid rain and coastal industrial regions decreased by 10%
to 20%. In addition, the decrease ratios of the collapsed wind speeds of the transmission
towers in Qingdao, Jiangjin, and Guangzhou were all greater than 10% when the exposure
time was 10-15 years.
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Figure 19. Fragility surface of the collapsed basic wind speed in each region.

(d) Guangzhou

(c) Jiangjin

Figure 20. Fragility surface of the collapsed-tower top displacement in each region.
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Table 9. Collapsed basic wind speed statistics at different exposure times in each region.
Exposure Time (Years) Vpy (m/s) Vop (m/s) Vi (m/s) Vgz (m/s)
0 28.68 28.68 28.68 28.68
5 27.96 27.00 26.79 27.31
10 27.47 26.09 25.82 26.45
15 27.12 25.23 25.16 25.78
20 27.06 24.22 24.75 25.35
25 26.67 23.45 24.19 24.96

VBy, Vop, Vjj, and V7 are the critical basic collapse wind speeds of the transmission towers in Beijing, Qingdao,
Jiangjin, and Guangzhou, respectively.

Table 10. Collapsed-tower top displacement statistics at different exposure times in each region.

Exposure Time (Years) Upj (m) Ugp (m) Uj; (m) Ugz (m)
0 0.368 0.368 0.368 0.368
5 0.359 0.346 0.346 0.349
10 0.353 0.336 0.332 0.340
15 0.350 0.326 0.323 0.330
20 0.350 0.310 0.318 0.326
25 0.342 0.301 0.313 0.321

Upj, Ugp, Uy;, and Ugyz are the critical collapse tower top displacements of the transmission towers in Beijing,
Qingdao, Jiangjin, and Guangzhou, respectively.

100

95

90

Decrease ratio (%)
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80 1 1 1
0 5 10 15 20 25

Exposure time (years)

Figure 21. Decay curves of the wind-resistant performance of the transmission tower.

6.2. Variation in Transmission Tower Failure Modes

When tower members are corroded, in addition to the smaller collapse wind speed
and tower top displacement, the failure mode of the tower also changes. Therefore, in this
study, the failure members and modes of the transmission tower models with different
exposure times were analyzed to study the impact of corrosion on the transmission tower
more comprehensively.

The failure mode of the tower was observed through the nonlinear buckling analysis
of the finite element model of the transmission tower. Firstly, the equivalent loads of the
transmission tower and lines were applied to the corresponding nodes, and the eigenvalue
buckling analysis was performed on the transmission tower model. Secondly, the vibration
mode result of buckling analysis was applied to the tower as an initial defect. Finally, the
nonlinear buckling analysis was carried out on the tower after updating the model. The
results showed that vulnerable members in the studied tower complied with buckling fail-
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ure. Additionally, the possible failure members of the transmission tower can be obtained
through uncertainty analysis. As shown in Figure 22a, the possible failure members of the
tower are the main leg members in the 5th and 6th panels and the failure mode of tower is
shown in Figure 22b.

No.502

No.601
- S
Dl N
>
(a) Initial failure members (b) Failure mode

Figure 22. Initial failure members and failure mode of tower.

The changes in the failure members and modes of transmission towers in different
regions with the exposure time are listed in Table 11. Without considering the effect of
corrosion, when the transmission tower collapses, there was a 70% probability that the
failure member was No. 502, and a 30% probability that the failure member was No. 601.
The failure mode of the transmission tower is plastic instability, that is, the transmission
tower undergoes plastic deformation before collapsing. However, with an increase in
the exposure time, the failure mode of the structure changes, and the transmission tower
is prone to elastic instability, which indicates that the failure mode of the transmission
tower tends to be brittle failure. In addition, the failure probability of each member in the
transmission tower also changes with increasing corrosion of the tower members. The
failure probability of member No. 502 decreased, and the failure probability of member
No. 601 increased. From the failure modes of transmission towers in different regions, we
observed that in the Beijing region, elastic instability would not occur in the transmission
tower until the exposure time is 25 years; however, the transmission towers in the Qingdao,
Jiangjin, and Guangzhou regions may experience elastic instability when the exposure time
is 10 years, which indicates that in ordinary inland industrial regions, the failure modes of
transmission towers are less affected by corrosion. However, in regions with severe acid
rain and coastal industrial regions, the collapse failure modes of transmission towers will
change significantly with the increase in the exposure time.
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Table 11. Collapse failure probability of the transmission tower in each region.

. i . . e (o Probability of Plastic Probability of Elastic
Exposure Time Initial Failure Member Failure Probability (%) Instability (%) Instability (%)
Initial No. 502 70 70 0
nitial state No. 601 30 30 0
5 to 20 years in Beijing No. 502 70 70 0
5 years in Qingdao
5 years in Jiangjin No. 601 30 30 0
5 years in Guangzhou
25 years in Beijing No. 502 70 65 5
10 to 15 years in Qingdao
10 to 15 years in Jiangjin No. 601 30 30 0
10 to 20 years in Guangzhou
20 years in Jiangjin No. 502 70 55 15
25 years in Guangzhou No. 601 30 25 5
20 years in Qingdao No. 502 65 45 20
25 years in Jiangjin No. 601 35 30 5
A No. 502 65 45 20
25 years in Qingdao No. 601 35 20 15

7. Conclusions

In this paper, a wind resistance evaluation method for a transmission tower is proposed

and taking a 220 kV transmission tower as an example, the sensitivity of the transmission
tower to various uncertain parameters was studied. The fragility curves for the transmission
tower were obtained by pushover and incremental dynamic analyses, respectively. The
variation curves of the steel corrosion depth in the transmission tower with exposure time
were obtained based on a BP artificial neural network, and by taking the collapse wind
speed and tower top displacement as the evaluation indicators, the decline trend of the
wind-resistant performance of the transmission tower with the increase in corrosion was
evaluated. The conclusions drawn from this study are summarized as follows:

@)

@)

®)

@)

The sensitivity analysis of the transmission tower shows that the angle steel thickness
has the greatest impact on the wind-resistant performance of the transmission tower
when the tower is in operation, and the yield strength of Q345 steel and the elastic
modulus also have a significant impact on the collapse wind speed. The change in
geometric parameters reduces the log-standard deviation of the basic collapse wind
speeds, and the variations in the elastic modulus and Poisson ratio can make the basic
collapse wind speed results more dispersed. Therefore, more attention should be paid
to the thickness of steel when designing and manufacturing transmission towers.
The collapse wind speed results obtained using the pushover analysis based on the
load code for the design of the overhead transmission line [35] were close to those
obtained by the incremental dynamic analysis. The maximum relative error was 5.7%
and the mean relative error was 3.18%. The starting positions of the fragility curves
obtained by the two methods were almost coincident, and the basic collapse wind
speed results corresponding to a 10% probability differed by only 0.97%. Therefore,
probability analysis method can improve the accuracy of the results.

The accuracy of predicting the steel corrosion rate using a BP artificial neural network
was high. The mean relative error between the predicted and measured values was
8.91% and the correlation coefficient was 0.9849. The mass loss ratios of the diagonal
members were greater than those of the main leg members during the operation of the
transmission tower, so in engineering design, it is feasible to use the artificial neural
network method for corrosion prediction.

The corrosion of tower members will reduce the basic collapse wind speed of the
tower and collapsed-tower top displacement, particularly in regions with severe acid
rain and coastal industrial regions, and will result in variations in the failure mode
and members of the transmission tower. With the increase in the exposure time,
the possibility of brittle failure of the transmission tower increases; therefore, the
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transmission tower should be maintained in time according to the corrosion degree of
the tower members in different regions.

This study evaluated, for the first time, the wind-induced collapse of a transmission
tower with different corrosion degrees using the fragility analysis method, but we did not
consider the texture characteristics of the steel surface after corrosion. In future research,
more measured data and artificial intelligence methods should be combined to study the
corrosion of transmission towers.
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