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Failure of a transmission line system due to extreme weather conditions such as derechos, hurricanes, and other
extreme wind events has caused major widely spread outages. While determining the probability of failure for
transmission line components due to such wind events is an important first step for assessing the risk associated
with system failure and system resilience, development of fragility functions can be a tedious task because of
uncertainties associated with structure, line span, and loading. This paper presents a novel moment-matching
technique for handling such uncertainties and estimating the structural fragility of a transmission tower sys-
tem. Limit states are identified by carrying out nonlinear buckling analysis. Wind-load models are capable of
accounting for coherence along the horizontal and vertical directions, after which fragility analysis for the
transmission tower system can be carried out by considering variability in structural parameters and wind loads.
Realistic drag coefficients were employed for analysis based on wind-tunnel tests carried out for the case-study
tower system. The effects of adjacent towers was also considered to account for more realistic boundary con-
ditions. Fragility curves for different wind directions are presented for two states of a system that includes a
transmission line system with balanced loads (i.e., intact) and one with unbalanced forces (i.e., with broken

conductors).

1. Introduction

Electrical transmission systems, integral parts of the electric power
network, are highly susceptible to threats from natural or human-made
hazards. Possible failures of transmission towers and lines and associ-
ated massive area blackouts could pose severe threats to power system
security, a great challenge for the stakeholders, decision-makers, and
communities they serve. In the Americas and Australia, approximately
80% of transmission-tower failures are associated with strong wind
loadings from tornados, hurricanes, or thunderstorms [1-5]. For
example, more than five million people in the U.S. west coast lost power
on December 22, 1982, after high winds knocked over a 500-kV trans-
mission tower that then fell into a parallel 500-kV line tower. The failure
mechanically cascaded and caused three additional towers to fail on
each line [3]. The June 2012 Derecho in the District of Columbia and
Canada resulted in 4.2 million people losing power, while outages in 11
Midwest and Mid-Atlantic states and the District of Columbia were also
related to strong winds and associated with tree-falling and
wire-breakage under extreme weather conditions [6]. More recently, the
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August 2020 Midwest derecho caused an estimated 1.4 million simul-
taneous outages. To avoid future transmission tower system failures and
achieve quick recovery in susceptible areas from future extreme wind
events, understanding the structural capacity and the characteristics of
interactions between transmission tower systems and strong winds are
essential for system safety and reliability.

Various applications of probabilistic methods in engineering that
incorporate reliability and fragility analysis offer a methodical approach
to studying the probability of failure of various structures, while
considering the uncertainties associated with all the variables involved
in the performance of those structures. During the last decades, many
organizations such as the International Electrical Commission (IEC), the
Institute of Electrical and Electronic Engineers (IEEE) [7,8], and the
American Society of Civil Engineers (ASCE) introduced and employed
reliability-based design methods to transmission-line design. As a result,
many reliability-based design ideas and concepts, such as the
North-American Standard ASCE 74 [9], the European Standard EN
50341 [10], CEI/IEC 60826 [11], and CAN/CSA-C22.3 [12] were
developed. Since then, structural system reliability analysis of
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transmission lines has become an essential method used in designing
new lines and in evaluating or upgrading existing lines [13-17].

In these codes or design manuals, an orthogonal approach is used to
model transmission-tower wind loads as loads in the transverse and
longitudinal directions. However, with a significant difference in wind
drag forces in different wind directions, wind loads could significantly
differ from those defined in the codes [18]. Most such codes [9-12] use a
global approach to estimate the loads on lattice towers. This method is
based on the solidity ratio of the lattice structure, the ratio of the pro-
jected area to the total area, a measure of the obstruction and flow
momentum loss caused by the lattice structure. Primary sources in wind
engineering, including [19] and few design codes (e.g., IEC), provide
equations that are adopted from earlier tests that relate the solidity ratio
to the tower orientation angle (e.g., [20-22]). However, because of the
irregular shapes of these towers, using one solidity ratio for the whole
tower introduces a great extent of uncertainty or inaccuracy. The
method ends up using the same drag coefficient for the truss of a certain
solidity ratio regardless of different wind directions it may experience.
Furthermore, the drag coefficients for two truss segments that look
different but have the same solidity ratio are taken to be the same. This
procedure does not adequately demonstrate the wind-structure in-
teractions for different structural geometries and it tends to lead to
erroneous results for the structural behavior of the system. In addition,
due to the broad geographic spread of transmission line systems as well
as interaction between the tower and the conductors, the localized
characteristics of wind environments, wind profiles, and time histories
could be different for different sites with different meteorological data.
A review of the literature shows that the aerodynamic coefficients for
different configurations of transmission towers are rarely available [23].
A few researchers have attempted to develop local approaches with the
wind forces evaluated under straight-line conditions on each truss
member separately, then summed up to assess the total wind forces
exerted on the structure [24,25]. The method, although promising, has
been shown to render infeasible results foor a variety of transmission
towers with hundreds of truss members with different orientations and
alignments. This underscores the need for a more accurate estimation of
the loads across the lattice structure of transmission towers.

To assess the risk posed to the transmission power system, including
the transmission towers and the conductors, it is essential to evaluate the
structural performance in multiple limit states for different failure
modes. A practical methodology would be to include the associated
uncertainties from the structure and the surrounding environment and
build fragility functions for the structural system for risk analysis. Fu
et al. [26] developed fragility curves for transmission towers subject to
wind loading while considering the uncertainty of the wind only. Park
et al. [27] calculated seismic fragility curves of high-voltage trans-
mission towers using a deterministic structural model. Yang and Hong
[28] assessed the capacity curve of a tower-line system considering the
interactions of turbulent winds and tower wires, with results that
showed that turbulent winds introduced variability in the capacity
curve. Fu and Li [29] presented an uncertainty analysis method for
tower structures subject to wind loading that involved uncertainties of
material properties and geometric dimensions. More recently, work
done by Tian et al. [30] also focused on the collapse mechanism and
fragility analyses of a typical long-span transmission tower-line system
under wind loads. A new index, the Global Damage Index (GDI), was
proposed for estimating the collapse of the system, and it was further
used to generate fragility curves for a transmission tower system sub-
jected to different wind directions. These studies considered either
variability in the wind loading along the height of the structure or
variability of material characteristics, while horizontal variation in wind
loading across the span of the transmission line was not accounted for. A
few recent studies have also focused on the implications on system level
reliability of fragility curves for transmission tower systems under hur-
ricanes or strong wind events, and have also highlighted the need in
estimating system reliability for accounting for interactions among
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different transmission tower systems components [31-35]. Another
common practice for those considering the probabilistic nature of the
wind was use of computationally-intensive Monte Carlo Simulation
(MCS) techniques, significantly increasing the number of simulations
required and resulting in studying only a limited number of cases.
Another daunting task in developing fragility functions for transmission
line systems is the inherent, implicit nature of limit-state functions for
each structural component comprising the system. This condition makes
it challenging to implement gradient-based reliability analysis methods
[36,37] that require estimation of the gradient of the performance
function. Simulation-based methods [38,39] would also be unfeasible
and challenging to perform given the time and computational effort
needed for repeated evaluations using complex and detailed
finite-element models. There is thus a need to efficiently present limit
states for a tower line system that considers different failure modes of
the system and can be readily used to assessing system performance.

This paper presents a probabilistic framework for fragility analysis of
electric transmission-tower systems subjected to dynamic wind loads. It
addresses the identified gaps in modeling of the effect of adjacent spans
on the tower of interest, the wind loading along the tower, the wind
variation along the tower and across spans, and the variability intro-
duced by material properties. For this purpose, an equivalent system has
been developed to represent the effects of neighboring spans on the
performance of a target tower. Limit states are developed based on
nonlinear buckling analysis for the tower-isolator-conductor system
considered. Stochastic wind loading is generated for the tower-
conductor system, including both mean and the fluctuating compo-
nents not only along the vertical direction (tower height) but also in the
horizontal direction (span length of the transmission network). These
wind loadings are realistic in nature and help in representing actual
behavior of a transmission network under straight-line winds. For
calculation of accurate drag loads on the tower cable system, the results
from a recent wind tunnel test on the lattice structure [40] and on the
conductor [41] were used. The paper is organized into four main sec-
tions. In the first section, the structural model is presented and validated
with full-scale test-to-failure data. In the second section, nonlinear
pushover analysis is carried out for the different configurations to assess
the effect of additional spans on the behavior of a tower of interest. In
the third section, structural-parameter uncertainty is discussed and
nonlinear buckling analysis for the equivalent transmission
tower-conductor is carried out to identify the limit states. In the fourth
section, stochastic wind fields are generated based on realistic aero-
dynamic coefficients extracted from a recent experimental study and
applied to the equivalent transmission tower system. Nonlinear
time-history analysis is then carried out and results presented for the
transmission tower system. Finally, fragility curves are obtained for
different orientations of the transmission tower network for probabi-
listic capacity assessment and future integration into a system-level
reliability analysis.

2. Finite-element modeling of a transmission tower

The lattice transmission tower in this study is modeled after a 500 kV
transmission tower commonly deployed by the Bonneville Power asso-
ciation (BPA) for which test-to-failure data was available to validate the
structural model. The finite-element model was built by commercial
software ANSYS using 3D beam elements (Beam 188) and truss elements
(Link 180) with a total of 3421 elements and 2845 nodes. The four nodes
at the ground level are fixed. The leg members of the tower were treated
as beam members, and the primary bracing members of the tower were
treated as truss members. The lattice structure consists of angle mem-
bers. Various models can be adopted for constructing the tower geom-
etry that includes the truss, beam, and beam-truss elements. In this
study, a beam-truss model is adopted in which the legs and the primary
bracings of the tower act as beam and truss members, respectively. The
beam elements are based on Timoshenko beam theory. Since each beam
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element can translate and rotate in the X, Y, and Z directions, it expe-

riences axial, shear and moment deformations. With respect to the truss Panel 9
element, since it only has translations along the X, Y and Z directions
with no rotational degrees of freedom, it is subjected only to axial Panel 8
loading and can deform in the axial direction. By adopting this beam-
truss model one can avoid planar joints in the case of a truss model
and a higher stiffness model in the case of a beam model. Previous Panel7
studies have highlighted the effects of joint rigidity in the performance
of transmission towers [42]. This paper uses semi rigid joints for
modeling the joints, as shown to perform satisfactorily following Lee & Panel 6
McClure [43]. Material non-linearity and the geometric non-linearity
are included by using bilinear elastoplastic material properties and by Panel 5
implementing large deformation analysis, respectively.

After defining the material properties and cross sections for all the Panel 4
members, modal analysis was carried out for the tower determine the
natural frequencies of the tower and the associated mode shapes. Fig. 1
shows the first three mode shapes along with the corresponding natural Panel 3
frequencies. Based on the modal analysis, the first, second, and third
mode are longitudinal, transverse, and torsional and have frequencies of Panel 2
vibration 1.46, 1.50, and 2.93 Hz, respectively. Fig. 1 also presents the
overall design of the tower along with the tower dimensions. The Panel 1

transmission tower is divided into panels as shown in Fig. 2. For each of
the panels, the different member sections along with their distributions
along the longitudinal and transverse directions are also shown in Ta- Fig. 2. Panel distribution of transmission tower.
bles 1 and 2 respectively.

The conductors and insulators were modeled with Link 180 elements
that are ideal truss members and can only take tension or compression
loads. The cables attached on the side of the tower are based on the

Table 1
Nominal section properties.

catenary equation that consider span length, gravitational effects, and Member type Dimensions (in) Key
pretension in the cables. These cables or conductors are suspended Chords and horizontals 3.5 x 3.5 x 1/4 a
through an insulator string present on each side of the top part of the 2x2x1/8 b
transmission tower. The length of the insulator string is 2.3 m with a 2x2x3/16 c
mass of 8 kg. Table 3 summarizes the properties for the tower and gigi;; ‘116 :
Table 4 summarizes the results for the conductors and insulators. Both Diagonals and legs 55 x 3/8 A
these tables depict the material and geometric properties for the tower 5% 5% 5/16 B
and cables that comprise the transmission tower system. 4x4x1/4 C
In practice, although a finite-element model with three towers and 4x4x3/8 D
four span lines is normally used to accurately simulate the boundary
conditions for the tower of interest in the center [44], this approach
leads to poor computational efficiency in the instance of fragility
A
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Fig. 1. Modal analysis of the transmission tower (a) longitudinal mode (f = 1.46 Hz); (b) transverse mode (f = 1.50 Hz); (c) torsional mode (f = 2.93 Hz).
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Table 2
Structural steel distribution by panel.

Panel = Members resisting in longitudinal Members resisting in transverse

direction direction
1 AB,a,c A, B, ac
2 A,B,c,d A,B,a,c
3 AB,d,e A,B,c,d
4 A,B,a,d AB,ac
5 AB,c,d ABae
6 ABja,c AB,a,e
7 C,D,d,e A,B,a,c
8 C,D,d,e CD,e
9 C,D,d,e C,D,e
Table 3
Material and geometric properties for the transmission tower.
Component Tower
Material A36 structural steel
Dimensions Cross sections assigned based on the structural drawing
Young’s Modulus 200 GPa
Yield Stress 250 MPa

Table 4
Material and geometric properties for conductors and insulators.
Component Cable Insulator
Dimensions 0.025 m (outside diameter) 0.34 m (outside diameter)
Young’s Modulus 65 GPa 100 GPa
Length 300 m 2.3m
Density 2.67 kg/m 206.75 kg/m

analysis where a significant number of simulations are required. Also, if
only a single tower (tower of interest) is considered, it is imperative
during dynamic wind analysis that the adjacent transmission lines also
be considered. This results in significantly complex boundary conditions
of the cross arm due to the time-varying mechanical properties of the
transmission line. Some simplified methods for simulating transmission
lines have been proposed to reduce the number of elements, e.g., by
simplifying the line as a rigid link or a spring [45]. However, since these
methods cannot accurately simulate the boundary conditions of the
cross-arm, a simplified model consisting of a transmission line with one
tower and two span lines consisting of springs at boundary conditions is
adopted herein, based on the work done by [44] that solves the issue of
accurately modeling the boundary conditions at the cross-arm location.
The springs are meant to mimic the mechanical behavior of the complex
system in a simplified model. A preliminary study was first conducted to
study the importance of the towers and conductors present on adjacent
sides of the tower of interest. The simplified boundary condition adopted
for the transmission line is shown in Fig. 3. The conductor is suspended
by a cross arm through an insulator string on the tower. The upper node
of the insulator string is constrained by the cross-arm and can be
regarded as a pinned connection. The parameters kicy and kiy, calcu-
lated through finite element analysis of the complex system, represent
the stiffnesses of the cross-arms in the two horizontal directions,
respectively. In the simplified method, since the adjacent conductors
have been eliminated, a horizontal spring with a stiffness of k. is added
at the lower node of the insulator string. To accurately model the
boundary conditions and analyze the effects of adjacent spans on the
stiffness of the tower of interest, three different finite-element models
representing 3, 5, and 7 tower-conductor systems were created, and
nonlinear static pushover analysis was carried out for the three systems
in the longitudinal and transverse directions. Once the curves had been
obtained, each of the individual systems were reduced to their corre-
sponding equivalent models. Each consisting of a single tower of interest
with conductor spans present on both sides and equivalent springs
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Fig. 3. Simplified boundary conditions.

C

added at the boundaries to simulate the effect of additional spans pre-
sent in the original system. Fig. 4 shows the different finite-element
configurations tested. The stiffness k. added at the boundary condi-
tions for each of the configurations have an analytical form of the
stiffness for the conductors due to (Veletsos and Darbre 1983):

1 AE T, .
k. = —— —cos’0 + —Zsin’0 1
1+p L. L
1 AE L (¢,L\*
_1AEL/q, 2
’ 12sinL€<T,,) 2

where A and E are the cross-sectional area and the elastic modulus of the
transmission conductor, respectively; 6 is the inclination of conductor;
T, is the conductor tension; L, is the effective conductor length equal to
Lx[1+8x (sagging/L)Z]; L is the distance between the two suspension
points of the transmission conductor; and gy is the intensity of normal
load per unit of conductor length.

Fig. 4 shows the tower with a dotted circle representing the tower of
interest and adjacent towers replaced with elastic springs representing
the elastic stiffness of the tower of interest obtained from the pushover
curve for the original configurations. The conductors are replaced by
springs representing the conductor stiffnesses obtained from Eq. (1).
Fig. 4 shows the results obtained for the pushover analysis in the
transverse direction for the tower of interest for both a full model of
adjacent towers and equivalent model of adjacent towers.

Based on the results in Fig. 4, it can be seen that by adding springs
that simulate the stiffness of additional spans, including the conductors
and towers, a good approximation for the structural behavior of the
tower of interest was achieved with simulation of 5 and 7-tower systems.
Therefore, the equivalent model with five towers was considered for its
computational efficiency.

3. Uncertainties, failure modes, and limit states
3.1. Treating the uncertainty in structural parameters

When considering uncertainty in structural parameters, since a
deterministic finite-element model cannot be used to conduct an un-
certainty analysis for the transmission tower system, it is important to
establish uncertain finite-element models. The uncertainty analysis
procedure adopted for this study is shown in Fig. 5. The primary task of
uncertainty analysis is to select the uncertainty variables and determine
their corresponding probability distributions. For a transmission tower,
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Fig. 4. Different transmission system configurations to consider the effects of adjacent span boundary conditions and comparison of nonlinear pushover analysis: (a)

3 towers; (b) 5 towers; (c) 7 towers.

there are a number of random variables, and it is important to consider
them properly in the analysis.

A number of uncertainty structural parameters exist in any structure,
including geometric dimensions, material properties, and boundary
conditions. Variability in any of these parameters can lead to uncer-
tainty in the structural resistance. In this study, the boundary conditions
are clearly defined for the simplified transmission tower. The legs of the
tower of interest are fixed supports and the end of the conductors on
either side of the tower have springs present to account for stiffness from
additional spans, so the material properties and geometric dimensions
are selected as the random variables to generate the random samples for
establishing the uncertainty finite-element models for the transmission
tower. Most of the tower materials are constructed from steel whose
main properties are density, elastic modulus, Poisson’s ratio, and yield
strength. Table 5 lists the probability distributions of the material var-
iables considered [46].

Once the underlying probability distributions for the material

properties are determined, it is important to select samples from these
distributions that can be used for establishing uncertain finite-element
models. Traditionally, random samples are generated based on the
technique of Latin Hypercube Sampling (LHS) [47], a selective sampling
technique by which, for a desirable accuracy level, the sample size is
significantly smaller than for direct Monte Carlo simulation [48]. To
generate the uncertain finite-element models, the approach still requires
multiple numbers of samples from each underlying distribution for the
material properties. For example, the work done by Fu and Li [29],
found that a sample size of 100 offered an adequate accuracy level. Since
the present study aims to characterize the dynamic interaction and re-
quires conducting dynamic wind analysis for each uncertain
finite-element model, a very high number of dynamic simulations would
be needed to capture structural uncertainty and randomness of wind
loading, so in order to reduce the number of analysis steps required to
produce reliable results for the fragility analysis, the efficient statistical
method of moment matching (MM) was introduced. MM is a method of
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Table 5
Probability distribution of material characteristics (adopted from [46]).

Uncertainty source Average value cov Distribution type
Elastic modulus 200 GPa 0.03 Lognormal
Density 7800 kg/m?> - Deterministic
Yield Strength 250 MPa 0.07 Lognormal

representing a large population with a substantially smaller sample size
while preserving statistical moments (e.g., mean, variance, skewness,
kurtosis, etc.). MM’s sample size is an order of magnitude smaller than
that of other random sampling methods such as Monte Carlo Simulation
and the Mean and Sigma method. The methodology is used in the
seismic risk assessment but is not explored for wind-risk assessment. For
example, a study by Cho and Porter [49] on large-scale earthquake-risk
assessment examined the difference between the moments of the sample
and surveyed population (i.e., error) using the MM and Mean and Sigma
methods. The results showed that in the Mean and Sigma method the
error in calculating the first moment of the sample E[x] was 1.62%, and
for the higher moments up to E [xs], the error increased to as much as
28%. However, for the MM method, the maximum error for E[x°] was
found to be 0.005% for the same variable. This indicates that the MM
method error is reliable only for calculating mean value for a symmetric
and regular form of data and performs poorly in estimation of
higher-order moments for each predictor/variable. In this study, each of
the selected uncertain material variables have an underlying probability
distribution function (PDF). Using the MM technique, the next step is to
generate a discrete probability function that can statistically represent a
continuous PDF for each of the selected variables in the study. This
discrete probability can be considered as a probability mass function
(PMF) consisting of positions and their associated weights for each
variable. In this study, as recommended in Cho and Porter [49], to avoid
computational complications, the PMF for each variable consists of three
positions and their associated weights. The weights and positions of the
PMF are chosen such that first five moments (mean, variance, skewness,
etc.) of both the discrete PMF and the original PDF are identical [50].
Detailed procedures outlining how the three positions and their weights
for each studied variable are calculated such that the resulted PMF
exactly match the first five moments of variable’s distribution are given
in the work done by Cho and Porter [49]. The next step combines all
PMFs and develops a junction distribution of all the variables’ PMF. This
results in 2n + 1 index values, where n is the number of selected

variables considering material uncertainty in this study. In this study,
there are two key variables representing material uncertainty: Young’s
modulus and yield stress. This results in five index positions or five sets
of the two selected material parameters, i.e., each position corresponds
to a set having a given Young’s modulus and yield stress value. Also,
each of those index values have their own associated weights. Consid-
ering each material variable as an axis with three positions and their
associated weights, combining 2 axes would result in a 2-dimensional
junction distribution. Since all these axes share one of their three posi-
tions to make the centroid of the 2-dimensional junction distribution,
the final number of positions in the 2-dimensional junction distribution
would be 2 multiplied by 2 plus 1, which results in 5 index material
parameter values. These five index material parameter values can be
used to set up five uncertain finite-element models, each having its own
weight. The weight for the center of these axis w; can be obtained using
Eq. (3) shown below:

2n+-1

w,-:lfzw,- 3
2

where n is the number of variables and w; is the associated weight of
each index finite-element model

For variables with a predefined underlying probability distribution,
it is a trivial task to select samples and assign weights (importance
factors) to each of the selected samples. For variables where the un-
derlying distribution is not clear, a numerical moment-matching method
(NMM) can be employed. Table 6 lists the selected sample values and
weights for each of the uncertain material variables. Once the sample
values and associated weights for each of the uncertain variables are
determined, combinations of the resultant samples are generated with
their associated weights that are then used to establish the uncertain
finite-element models. It can be seen that only five uncertain finite-
element models need to be established to account for uncertainty in
structural parameters. Based on work done by Fu et al. [44], it was found
that to include material uncertainty based just on yield strength, the
number of selected samples or uncertain finite-element models based on
LHS were 20. If another variable representing material uncertainty was
added, the number of required samples would have increased by 202 a
significantly higher number than the number of samples generated using
the MM technique as in this study, hence enhancing the computational
efficiency of the proposed method. Table 7 shows the list of uncertain
finite-element models along with their associated material properties.
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Table 6
Selected samples for uncertain finite element models from MM.
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Uncertainty source Sample 1 (S;) Weight for S; Sample 2 (Sy) Weight for S, Sample 3 (S3) Weight for S3
Elastic modulus (GPa) 189.79 200.00 210.56

0.16 0.67 0.16
Yield strength (MPa) 220.94 250.00 281.49

0.16 0.67 0.16

Table 7
Number of uncertain finite element models with MM.
Index value/uncertainty source Elastic modulus Yield strength Weight
1 200 GPa 250 MPa 0.36
2 189.79 GPa 250 MPa 0.16
3 210.56 GPa 250 MPa 0.16
4 200 GPa 220.94 MPa 0.16
5 200 GPa 281.49 MPa 0.16

3.2. Failure modes and limit states for transmission tower, conductors and
insulators

An explicit form of the limit states is not available for a complex
system such as the tower-cable system. Many different techniques have
been used to determine empirical forms of the performance functions
(limit state curves) that can assist in assessing the vulnerability of the
transmission tower in response to wind loads. [51] used statistical
learning theory and machine-learning algorithms to predict the failure
surfaces for the transmission towers. Sandage [52] used regression
analysis based on numerous numerical simulations for a finite-element
model of a transmission tower to generate empirical forms of the per-
formance functions for transmission towers subjected to wind loads and
unbalanced ice loads. Fu, Li, & Li [26] used the critical-collapse curve
concept for transmission towers subjected to wind and rain loads by
gathering the collapse equivalent basic wind speed and generating sets
of the most unfavorable combinations of wind and rain loads.

For the transmission tower, the immediate cause of tower collapse is
not a loss of material strength but rather member buckling due to the
presence of initial eccentricity [26] that is inevitable during the struc-
tural construction process. The initial uniform mode method that as-
sumes that the distribution of initial eccentricity is consistent with the
lowest buckling mode, has been widely accepted in evaluating the in-
fluence of initial eccentricity on structural stability. In this study, the
initial uniform mode method was employed to conduct the nonlinear
static analysis of a transmission tower. The relatively complex under-
lying buckling analysis involves evaluation of a previous static solution
while including pre-stress effects. The flowchart of Fig. 6 represents the
ANSYS process of non-linear buckling analysis subjected to a wind load.
It is of utmost importance to notice that only the lowest buckling mode is
used to update the geometry of the FEM. Euler elastic buckling analysis
is carried out in ANSYS to obtain the lowest buckling mode used to
introduce initial imperfection/eccentricity into the structure. A
nonlinear static analysis is then carried out for the structure where static
wind loads considering material and geometric nonlinearities are
applied. The buckling point is identified as a point where the structure
begins exhibiting large deformations with incremental increases in wind
loads. Fig. 7 shows the buckling analysis results when the wind loads are
applied along the longitudinal direction of the transmission tower. In a
similar fashion, for each of the uncertain finite-element models, buck-
ling analysis was carried out for wind loads while also considering
different wind directions. This resulted in limit states for buckling for
each of the uncertain finite-element models for all the considered wind
directions. The results obtained for the tip displacement for different
directions are shown in Table 8.

Another limit state that can be identified for the transmission tower
is yielding of the material used in tower construction. The post buckling

behavior of the transmission tower was studied after establishing the
buckling point. It can be seen in Fig. 7 that, once the buckling point was
established, the steel material that was used for constructing the tower
members had not yet yielded. For understanding the post buckling ef-
fect, with an increase in static wind loads, it can be seen that at a
displacement of 2.2 m, the tower material used for constructing began to
yield, so it can be seen that transmission tower buckling is the dominant
failure mode because it occurs before the actual yielding of the material
sets in. This infers that, with the application of static wind loads after the
buckling point, the tower continued to deform until the material also
yielded. In a similar fashion, for each of the uncertain finite element
models, post-buckling behavior was studied for wind loads while also
considering different wind directions. This resulted in limit states for
yielding for each of the uncertain finite-element models for all the
considered wind directions. The results obtained for one of the uncertain
finite element models are depicted in Fig. 8, showing the different stages
observed during the complete analysis of determining the buckling point
and yielding point for the tower when the wind loads are acting in the
longitudinal direction.

Since the insulators and conductors presented in the study were the
simple truss members defined in Section 2.1, the only failure mode that
could be identified was axial stress of the truss members comprising the
conductor or the insulator exceeding the defined yield stress of the
material used for modeling the conductors and insulators, respectively.

4. Wind load

Wind speed and direction vary both spatially and temporally. Due to
the inherent dynamic nature of wind, the wind load is a key design load
for structures, especially for transmission tower systems. Generally,
wind tunnel tests, field measurements, or numerical simulations deter-
mine design wind loads, and currently, numerical simulation of wind is
widely-used and trusted in civil engineering. One important aspect
introduced in this paper is the coherence function for the wind loads,
which is not only considered in the vertical direction along the height of
the tower but also along the horizontal direction, and including the
conductors connected to the tower. Variations in both vertical and
horizontal directions provide a realistic behavior of the tower-cable
system and help in developing accurate fragility curves. The approach
utilized in this paper for the vertical variation of the wind loads involves
using a Kaimal fluctuating wind-power spectrum and a harmonic su-
perposition method to simulate the stationary stochastic processes [53].
For simulating the variation of the wind loads along the horizontal di-
rection, including the cable, the frequency wave spectrum method
proposed by Benowitz & Deodatis, [54] has been adopted.

4.1. Wind conditions

The total wind velocity in any point of a structure is the sum of the
mean wind velocity and the turbulent wind velocity:

v(z, 1) = V(2) + vi(z,1) @

where v(z, t) is the total wind velocity acting on the structure, ¥(z) is the
mean wind velocity, and v;(z, t) is the turbulent wind velocity.

The mean wind component of the total velocity is often expressed by
a logarithmic or exponential function associated with the height; this is
known as the log law of the variation of wind velocity with height:
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Fig. 6. Flowchart for performing buckling analysis for wind loads.
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Fig. 7. Buckling analysis for uncertain finite element model (Index 1).

Table 8
Resultant tip displacement for nonlinear buckling analysis.

Wind direction (degrees) Resultant tip displacement (m)

0 1.72
15 1.64
30 1.58
45 1.84
60 1.67
75 1.86
90 2.14
_ 1 b4
v(z) ku*ln - 5)

where k is the Karman constant equal to 0.4, ¥(z) is the mean wind speed
of 2, z is the standard height, z, is the ground roughness length (m), and
u- is friction velocity.

The fluctuating wind can be visualized as a 3D turbulent flow made
up of three components: along-wind, across wind, and vertical-wind,
and the power spectrum in all the three directions can be used to
describe the fluctuating behavior in the three directions. According to
the characteristics of a transmission tower-line system, only the along-
wind dynamic response is considered in this study, and the along-
wind Kaimal fluctuating wind power spectrum is given by Eq. (6).
nS(f) 200x

_ 6
w2 (1+50x)% ©

where x is the nz/V(z) is the dimensionless coordinate, z is the height of
the simulation point, f is the frequency of fluctuating wind, and u- is the
friction velocity.

4.2. Wave superposition method

The harmonic superposition method is a discrete numerical method
for simulating a steady random process. This method is useful because
the signal can be considered to consist of a sum of a series of sinusoidal
waves with different frequencies and amplitudes that can be extracted
using the Fourier transform. The turbulent part of the wind, essentially a
random process, can be described by its power spectrum. When N - oo,
using the theory presented by Shinozuka & Jan [55], the fluctuating
wind velocity time series u;(t) is satisfied by Eq. (7).

i N
u;(t) = Z Z|H,-,(a)k)\x/2Aa1kcos[wkt— Ou(wr) +@li = 1,2,..m  (7)

=1 k=1

where N represents the division numbers of fluctuating wind frequency,
i refers to the calculation point numbers, Hj; is obtained from Cholesky
decomposition of the wind cross-spectral density matrix, 6;(w) is the
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Fig. 8. Buckling analysis for the transmission tower model along longitudinal direction.

argument of H(w), ¢; denotes the uniformly-distributed random
numbers in [0, 2r], and w, is the upper limit circle frequencies of fluc-
tuating wind as follows:

Wy

/S(a))d{u =(1-¢) /S(a))d{u ®

0

where (o) is the autopower spectrum density function, much smaller
than 1, Awy is a frequency increment, and Ao = (0, — w;)/N. To in-
crease the period of the simulated sample, Shinozuka and Deodatis [53]
suggested that:

N-—1 1
Wy = kA(,l)k - TAU)k = (k— I)Aa)k +1T/A(Uk (9)

Positive integer N should be defined as sufficiently large to avoid the
result of distortion in Eq. (4); the number of samples in the simulated
time series should be more than 2 N, and the time increment should be
small enough (At < =n/w,). Therefore, the time increment must be
considered as follows:

Ty 2z _2N>‘< T

A= T MAe M w,

(10)

where M is an integer and M > 2 N. Based on the aforementioned
technique, the wind time histories with the fluctuating component can
be generated.

4.3. Frequency-wavenumber spectrum method

For simulation of the wind time histories along the horizontal span of
the cable, the methodology suggested by Deoditas [56] was utilized. In
this approach, a virtually infinite number of spatial points can be
simulated precisely by treating wind velocities as a continuous ‘wave’ in
space-time rather than a discrete vector in space and continuous only in
time. Sample generation is eased by using the Fast Fourier Transform
(FFT) to achieve efficiency and reduce computation time. A frequency
wave number spectrum number continuous in both time and space is
suggested to enable modeling of an infinite number of wind velocities
along the span of the cable. The relationship between the cross-spectral
density matrix or auto spectrum and the coherence function can be
converted into the frequency wavenumber spectrum using the following
approach. It is shown below that:

S(a),K):i / S(@)y (&, w)e™dE an

where S(w) is the auto-spectrum, y(&,) is the coherence model, ¢ is the
spatial separation distance, w is the angular frequency, and « is the
wavenumber

The Kaimal spectrum has again been used in the formulation. Dav-
enport’s coherence function is adopted as the coherence function given
by:

]/(f, w) — e—/.‘wg/ZnU(:) (12)

where ) is a decay parameter, often chosen to be between 7 and 10.

Combining the above two equations, by using the Kaimal spectrum
and the Davenport coherence function, the frequency-wavenumber
spectrum can be shown to be:

o

/ e—Awi/ZﬂU(:)eixfdé (13)

—oo

1200 , z 1 1

S(w, k) = 3 Eu‘% { ]5/5 7

145052

27U(z)

The Fourier integral in the above equation has an analytical solution
given by Haberman [57] that changes the above expression to:

1200 , z 1 2]
S(w, k) = = ——u*—— : as
) * B 2
2 2r U(Z) {1 + SOL] K2 + ( Ao )

27U(z) 2rU(z)

Eq. (14) can be considered as a generalized closed form solution for
generating wind velocities with spatial and temporal variations as a
stochastic wave.

A variation of the spectral representation method (SRM) is used to
generate sample realizations for a stochastic wave, as discussed in Sec-
tion 4.2. The variation introduced in the expression is shown below:

N No
u(x,t) = \/EZ Z Z 28/ (1o @y, K1) AW AK €OS I, @t + Kpx + d),’;;’l]
=1 m=1 I,=+1

(15)

The horizontal coherence functions are also shown for some of the
locations in Fig. 9 to emphasize the importance of considering coherence
along both the tower height and cable spans.

Once the time histories for the wind velocities are generated, the
forces acting on the transmission tower system can be calculated.

4.4. Applying wind loads to individual components

The wind loads/drag forces acting on each of the individual com-
ponents including the tower, conductors and insulators are calculated
using a variation of the standard formula for drag force calculation as
shown below:

F(z,1) = 0.5pCpv(z,1)*A (16)

where, A is the projected area perpendicular to wind direction flow, Cp
is the drag coefficient for each of the components, i.e., the tower, in-
sulators, and conductors, p is the air density and v(z,t) are the time
history of velocities that are generated for the tower, conductors and
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Fig. 9. Horizontal coherence function for 4 different locations along cable span.

insulators respectively as a function of time and height.

ASCE [9] utilizes the solidity ratio approach to calculate the drag
coefficients acting on the transmission tower. This approach is conser-
vative in nature and leads to overestimation of drag forces as mentioned
in work done by Alipour et al. [40]. Thus, in order to generate realistic
drag forces for the tower for different orientations, wind tunnel tests
were carried out to obtain the drag coefficients for the tower by dividing
the tower into three segments: the bottom part (legs), the middle part,
and the top part. More information about how the drag coefficients were
calculated for different tower orientations can be found in the work done
by Alipour et al. [40].

The drag coefficients for the conductors based on ASCE [9] recom-
mended using a value of 1 for calculation of drag forces. This value could
again be conservative and unrealistic in nature. Thus, realistic drag
coefficients for conductors based on work done by Jafari & Sarkar [41]
for different wind directions were utilized for calculation of drag forces
acting on the conductors. For the insulators, not much information was
available. Thus, a recommended value of 1.2 based on IEC [11] was

Velocity profiles
across cable span

V4
I
Y X

Cartesian
coordinate
system

utilized as the drag coefficient for the insulators. Once the drag co-
efficients for each of the components were determined, the wind loads
were calculated at centroid locations for the components. For example,
since the tower was divided into three sections, three separate centroid
locations corresponding to the individual parts (top, middle and bottom)
of the tower were used to apply the wind loads. Similarly, the conductors
were divided into 100 segments and the wind loads were calculated for
each of the centroid locations for each of the segments composing the
conductor. The insulator string consisted of a single element and the
wind load was calculated at the centroid of this segment.

Fig. 10 is a schematic of the loading pattern applied to the trans-
mission tower system considering the tower along with the cables.
Fig. 11 depicts the procedure for calculating the dynamic wind loads
acting on each of the components of the transmission tower system
including vertical coherence along the height of the tower and hori-
zontal coherence along the span of the conductors.

Velocity profiles
~< across cable span

- X
e s
Velocity profiles H
ann?g height of.tower P S v
for each section :
q“‘é
v
Top view
(tower
orientation)

Fig. 10. Schematic for loading pattern for the transmission tower system considering the loads on the tower and the cables.
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Fig. 11. Flowchart for calculating dynamic wind loads for different components of the transmission tower system.

4.5. Dynamic wind analysis

A dynamic wind analysis of the tower system was carried out, with
mean wind speeds ranging from 0 to 100 m/s (intervals of 5m/s) ata 10
m height applied to the model. The transient wind loading was applied
for a total of one hour. The wind load was applied along different di-
rections of the tower cable system to seek understanding of the impact of
wind direction on the fragility analysis. Time histories for the tip
displacement in all the three directions for the tower along with the axial
stresses in the cable and insulator elements were recorded at each of
these speeds. Failure of the system was considered to occur under three
possible conditions:

1 the axial stresses in the cable elements exceeding their yield stress,
leading to the failure of the cables, resulting in loss of utility of the
transmission system

2 the axial stresses in the insulator elements exceeding their yield
stress, leading to the failure of the insulator, resulting in loss of
connection between the tower and the conductors

3 the tip displacement of the tower exceeding limit states established
during the nonlinear pushover analysis, leading to failure of the
tower in the transmission system.

Thus, failure for the complete transmission tower system was
declared when any combination of the aforementioned conditions were
met.

The simulation was carried out 100 times for each wind speed to
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consider the probabilistic nature of the wind velocity fields. This
allowed for consideration of inherent variability in failure for an intact
tower cable system and a system with broken conductors. This process
was repeated for each of the established uncertain models. The final
failure probability was established using Eq. (17).

5
i=1

where Py is the final failure probability for the transmission tower, W; is
the calculated weight for each uncertain finite element model i, and p; is
the associated probability of failure for the i™ uncertain model

Fig. 12-a and 12-b show the results for one of the realizations of tip
displacement for a 15 m/s and a 70 m/s wind speed. Fig. 12-a shows that
for a wind speed of 5 m/s, the resultant tip displacement (vector com-
bination of displacements along the X, Y and Z directions) does not
exceed the established limit state, while for a wind speed of 70 m/s
(Fig. 12-b), it is exceeded due to buckling. Similarly, for each wind
speed, the tip displacement for the tower and the axial stresses for the
cable were recorded. Fig. 12-c also shows the axial stress in the middle
cable element for a wind speed of 70 m/s. It can be seen that since the
axial stress is greater than the yield stress of the material used, the cable
element can be considered yielded, leading to a mode of failure in the
conductor. These data have been used to generate the fragility functions
used in the next stage.

Once the final failure probabilities were established for the range of
tested wind speeds for each of the wind directions, a maximum likeli-
hood (MLE) approach was utilized to fit obtained failure probability
values to the existing form of the fragility curves in the literature that
follow a lognormal distribution [44,32,35]. The procedure is described
by Egs. (18), (19), and (20). The fragility of the transmission tower is
approximated as a lognormal distribution of form:
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P(F|WS=x) = ¢< ’”ﬁ ”) (18)
number of failures when WS = x;
P(F|WS =x = : 19
(7] Y )"”“m’” Number of simulations a9
P(z; failures in n; wind simulations) = (Z’ )pj‘? (1—p)"7 (20)
J

where P(F/WS) is the probability of failure/collapse for a given wind
speed WS, described as a standard normal cumulative distribution ¢ of
the natural log of x over ;¢ (median IM that causes failure) all over g
(dispersion of IM) and z; is the number of failures observed out of n;
simulations

Using the maximum likelihood approach, estimators 7 and § were
used to approximate the actual parameters of the lognormal distribution
in Eq. (18) by maximizing the likelihood of producing the observed data
from the conducted dynamic analysis of the system. The function is
shown in Egs. (21) and (22).

Likelihood = H ('Z’]/ > (1= )" o
J=1

o U A
NG

where m is the number of simulated wind speeds
5. Fragility analysis of tower system
5.1. Fragility curves for buckling

Dynamic analysis for the complete transmission tower system was
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Fig. 12. (a) Tip displacement for wind speed of 15 m/s; (b) tip displacement for wind speed of 70 m/s; (c) axial force in conductor for wind speed of 70 m/s; (d) axial

force in insulator for wind speed of 70 m/s.
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carried out, with the tip displacement along the Cartesian coordinate
system recorded for each of the simulations. Fig. 12-a shows the tip
displacement results for 15 m/s and 70 m/s wind speeds. From Fig. 12-a,
it can be seen that for a wind speed of 15 m/s, the resultant tip
displacement (vector combination of displacements along the X, Y and Z
directions) does not exceed the limit state established, while for a wind
speed of 70 m/s, it can be seen that the resultant tip displacement ex-
ceeds the established limit state, reflecting a failure of inelastic buckling
in the tower system. The established fragility curves for the failure mode
of buckling for different wind speeds are shown in Fig. 13.

There is a narrow band of wind speeds where actual failure proba-
bilities are observed. It can be seen that with increase in wind speed, the
probability of failure of transmission tower system increases. At lower
wind speeds (0 m/s to 45 m/s), for the majority of the simulations it can
be seen that the tower remains intact, so the probability of failure is very
low (close to zero). A noticeable aspect about the failure pattern that can
be seen at medium range wind speeds (45 m/s to 75 m/s) is that in the
majority of the simulations, the tower begins to buckle and is crossing
the established limit state. Toward the higher end of the medium wind
speed range, the tower begins to fail in a majority of simulations.

The process of obtaining fragility curves using the methodology
established in the previous sections was repeated for wind loads applied
to the transmission tower system at different angles or tower rotations.
The wind loads are broken down into appropriate components along the
transverse and longitudinal direction and applied to the tower cable
system. Since the tower-line system has biaxial symmetry in both the x-
and y-directions, only seven wind angles of attack with increments of
15° were considered. These were used to generate a set of seven fragility
curves for the intact system. The generated fragility curves for different
wind angles of attack for the intact transmission tower are also shown in
Fig. 13. Alarge gap is visible between fragility curves for different angles
of attack; with an increase in the angle of attack, the curve shifts to the
right. At a 60° angle of attack, the curves shift to the left. Also, for each
angle of attack, there is an associated limit state for buckling. This leads
to the pattern observed in the fragility curves.

5.2. Fragility curves for yielding

Dynamic analysis was carried out for the complete transmission
tower system, and the established fragility curves for the failure mode of
yielding for different wind speeds are shown in Fig. 14.

Again, a similar pattern is observed in the obtained fragility curves as
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in the fragility curves of Fig. 13. One noticeable aspect is that the curves
for different wind angles of attack have shifted to the right. This
behavior is expected because the limit state for yielding of the trans-
mission tower is higher than that of buckling. There is a narrow band of
wind speeds where actual failure probabilities are observed. It can be
seen that, with increases in wind speed, the probability of transmission
tower system failure increases. At lower wind speeds (0 m/s to 55 m/s),
for the majority of the simulations, it can be seen that the tower remains
intact, i.e., the probability of failure is very low (close to zero). A
noticeable aspect about the failure pattern that can be seen at medium-
range wind speeds 55 m/s to 80 m/s) is that in majority of the simula-
tions, the tower begins yielding and crossing the established limit state.
Towards the higher end of the medium wind speed range, the tower
starts failing for a majority of simulations.

Fragility curves for the transmission tower were re-established for
different angles of attack for the limit state of yielding. It can be seen
from Figs. 13 and 14 that the wind attack angle has a major influence on
the failure probability of the tower cable system, with a large gap visible
between fragility curves for different angles of attack. With an increase
in the angle of attack, the curve shifts to the right, and at an angle of
attack of 60°, the curves shift to the left. A possible underlying reason for
this curve behavior seen is related to the components of wind loads
acting in the transverse and lateral directions, i.e., as the angle of attack
increases, the transverse component decreases and the longitudinal
component increases. Also, for each angle of attack, there is an associ-
ated limit state for buckling and yielding. This leads to the patterns
observed in the fragility curves.

Another noticeable aspect observed for the fragility curves due to
yielding is that the dominant failure mode for the transmission tower is
due to buckling of the tower members, leading to instability in the
transmission tower. The fragility curves observed for the same wind
speeds and wind directions due to yielding are shifted to the right in
comparison to the ones due to buckling. This is because the actual limit
states for yielding are higher than that of buckling. The tower members
buckle before actual material yielding in the members. Thus, of the two
different failure modes, the fragility curves established for buckling are
the more critical.

5.3. Fragility curves for conductors and insulators

As discussed in Section 3.2, the failure of the conductors and in-
sulators is assumed when the axial stresses in the members exceeds the
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Fig. 13. Fragility curves for the intact transmission tower (failure mode buckling).
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Fig. 14. Fragility curves for the intact transmission tower (failure mode yielding).

yield stress of the material used for constructing the components.
Figs. 12-c and 12-d show the axial stresses in conductors and insulators
for a wind speed of 70 m/s. It can be seen that the stresses exceed the
yield stress of the material. The established fragility curves for the
conductors and insulators for different wind speeds and wind angles of
attack are shown in Figs. 15 and 16 respectively. The established
fragility curves for both the components have a narrow band as well in
which actual failures occur in these components. Based on work done by
Jafari and Sarkar [41], the observed variation in fragility curves for
different angles of attack for conductors and insulators is due to the
difference in drag coefficients for conductors in different directions.
Also, in the case of insulators, the difference in fragilities for different
angles of attack is due to the difference in the projected area experienced
by the insulators at different angles.

5.4. Fragility curves for intact and damaged system

Based on the fragility curves established for each of the individual
components associated with the transmission tower system, the fragility

curves for the intact system can be obtained based on the failure criteria
setin Section 4.5. The generated fragility curves for the intact system are
presented in Fig. 17. Another state for the transmission tower system
that includes damaged conductors was also established. This system
state was created by extracting the force-time histories at the tower-
insulator-conductor connection joint and applying them as additional
time histories on the intact transmission tower using the element birth/
death approach in ANSYS explicit analysis. The ANSYS explicit analysis
deletes the conductor element present at the tower conductor joint
location and records the axial stresses occurring in the adjacent
conductor elements. The time histories of additional axial stresses are
then applied to the intact system, making the transmission tower more
susceptible to failure due to this addition of the forces, and shifting the
fragility curves to the lift, indicating that the system now fails at lower
wind speeds. Also, from Fig. 17 it can be seen that the systems with
broken conductor/cables have higher probabilities of failure compared
with the one with the intact system. This can be attributed to the fact
that the system with the broken conductors has unbalanced loads that
are not being transferred to the tower through the pin connection joints.

1 I I ———?
-7
o9 || — a=0 —-a=15 /‘1/’:47
. y 45 (//
- -a=30 a=45 A7/
0.8 T
0.7 mmme (=60 eereeee a=75 //”/ '/
o O /B
S - = Y A
T 0.6 a=90 1
e Vi /
Y .o
© 05 TR
)
‘= e
E 0.4 7 I:;v ,'
S 03 y NN A
o % .r’.//t
0.2 ol ’.
Py
o P v
"_4‘5/ .il’
P o -
J e—— - -
0 20 40 60 80 100

Wind Speed (m/s)

Fig. 15. Fragility curves for the intact conductors.
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Thus, at a given wind speed, with the added wind loads, the tower cable
system fails earlier than the intact system.

5.5. Comparison of fragility curves employing MM and LHS

It is to be noted that the fragility curves generated in all the pre-
ceding sections employ the MM technique to significantly reduce the
computational time required. To understand the implications of this
approach compared to the conventional LHS approach, fragility curves
were generated for a given tower orientation using the LHS approach.
The results obtained are shown in Fig. 18. It can be seen that the ob-
tained fragility curves using the MM approach are very similar to the
ones obtained from LHS approach. This reiterates the strong impact of
MM versus LHS in which the computational time is drastically reduced
with a reduction in the number of required samples using MM while
maintaining the accuracy of results observed using a conventional LHS

15

approach.
6. Conclusions

A probabilistic approach has been presented for assessing the
vulnerability of transmission tower systems to dynamic wind loadings.
The proposed framework properly addresses uncertainties originating
from applied wind loads and uncertainties arising from material prop-
erties. However, numerous simplifications were made when deriving the
fragility curves.

For example, joints are semirigid in reality, while ideal rigid or pin
joints are adopted in the finite-element model presented in this study. It
is also assumed that the tower legs are constrained rigidly by the
foundation, so that the effects of soil —structure interactions can be
neglected. These issues are of practical importance and should be
addressed in future studies. To ensure that the fragility analysis could be
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performed within an acceptable computational time, a simplified model
with one tower and two span lines was presented and validated via a
comparison with a complete tower-line system under both static con-
ditions. A real operational transmission line was employed in this study.
The wind speed and direction are not independent; they exhibit a
coupling effect, so this paper separately discusses the influence of wind
direction on a fragility curve and does not consider the joint influence of
wind speed and wind direction. In the future, a joint probability distri-
bution model of wind speed and direction can be fitted via measured
meteorological data to further assess the probability of failure and the
wind-resistance performance of transmission towers under wind loads.
While most transmission towers collapse during nonstationary typhoons
or hurricanes, the characteristics of nonstationary winds and the
induced structural responses are different from those of stationary
winds, so in the future a nonstationary wind can be considered in
fragility analysis.

Capacity curves for the transmission tower were established to
compensate for the lack of explicit forms of the performance functions
for the tower. Limit states were established based on the capacity curves.
Nonlinear dynamic analysis was carried out for the tower cable system
to assess the effects of dynamic wind loads. Uncertain finite-element
models considering material variability were established. A moment-
matching method was utilized to select the samples used for establish-
ing these uncertain finite element models. With the established uncer-
tain finite-element models, dynamic analysis was carried out for each of
these models to consider uncertainty in wind loadings.

Variations of wind load both in the space domain (vertical and
horizontal) and the time domain were considered. Fragility curves were
established for the tower cable system for two particular conditions, i.e.,
an intact tower cable system and a tower system with broken conduc-
tors. These fragility curves help in understanding the probabilistic na-
ture of failure of these tower cable systems in response to wind loadings.
This can lead to better design of such tower cable systems which are
reliable in nature and less susceptible to failure due to wind loads. The
presented fragility framework can be used to develop performance-
based design guidelines for transmission towers in high-wind regions
as well as to provide information on structural safety and expected
structural or economic loss assessments [58]. The proposed fragility
analysis also offers a way to estimate the probability of failure under
different wind speeds. Accordingly, either the probability of failure or
the reliability index can be easily calculated using meteorological data
recorded nearby [29].
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