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Abstract

With increasing human dependence on electricity and increasing energy demand, electrical infrastructure has
emerged to be one of the most critical services. On the other hand, climate-change driven extreme events progressively
increase in frequency and intensity. This is one of the main reasons for making the power grid more resilient to
extreme events during which uninterrupted power supply is crucial in keeping the consequences of the extreme event
limited. The first step towards making the power grid more resilient is to evaluate the probabilities of failure for
all assets at risk from the extreme events. Thus, this paper presents the a methodology to calibrate fragility curves.
The strength of the proposed approach is its ability to calibrate the fragility curves utilizing limited data, which
is the most common constraint in carrying out such analyses. This paper describes the calibration of transmission
tower fragility curves for Puerto Rico utilizing only damage reports for hurricane Maria. That, combined with Puerto
Rico’s wind modeling & geographic information system, this study also calibrates fragility curves for transmission
towers made with four different construction materials.
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I. INTRODUCTION

Designing a resilient power system has become imperative in the face of increasing intensity and frequency of
the extreme events. Every element of the power system, such as transmission and distribution support structures,
transmission and distribution conductors, substation equipment, centralized and distributed generators, and even
loads are vulnerable to a variety of hazards. To increase the overall resilience of the entire grid, it is important to:
first identify these vulnerabilities; second evaluate the probability of failures (fragility) over a range of excitation
measures stemming from the type of extreme event and; third mitigate asset fragility making relevant system
assets robust thus reducing their probability of failure (hardening the assets). The fundamentals of asset fragility,
vulnerability and risk is described in detail by Keith Porter in [1].

A summary presented in [2] lists the different high impact low probability (HILP) hazards threatening the power
system are Seismic, Hurricane, Tornado, Geomagnetic storm, High-altitude electromagnetic pulse, ice storms, cyber-
attack, physical attack, etc. While planning and preparing for such HILP events, the most cost-effective strategy
is to upgrade/retrofit the assets which are most vulnerable as well as most consequential when lost/damaged [3].
Fragility curves are used to assess these most vulnerable assets and also to compare the effectiveness of different
retrofitting strategies for these assets. For a single asset experiencing a single hazard there can be multiple causes
of failure and thus multiple fragility curves. For different causes of failure the restoration time for that asset can
be significantly different. Thus, fragility curves can also inform the restoration time calculation to facilitate the
evaluation of overall consequences to the power grid. The studies evaluating power system consequences (such as
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the loss of load, energy not served, etc.) for different HILP events: 1) Augment power system models (or use more
detailed node-breaker version of the models), so that asset fragilities can be translated to power system contingencies
[4], and 2) Utilize asset fragility curves that are either developed by modeling structural integrity of assets using
tools like Structural Analysis Program (SAP2000) [3], or developed using real world data based academic models
such as log-normal functions [5]. However, the availability of real world data for infrastructure damage and fragility
is often very limited for such HILP extreme events.

The fragility curves for a hurricane hazard for different types of generation given the hazard’s peak gust wind
speed are presented and utilized in [6] and for transmission electrical conductors relative to: a) sustained wind speed,
b) relation to the conductor type, and c) the distance of support structures is presented in [7]. To that end, this paper
presents the methodology to calibrate fragility curves. The strength of the proposed approach is its ability to calibrate
the fragility curves utilizing limited data, which is the most common constraint in carrying out such analyses. This
paper describes the calibration of transmission tower fragility curves for Puerto Rico utilizing only damage reports
for hurricane Maria. That combined with the Puerto Rico’s wind modeling & geographic information system, this
study also calibrates four transmission tower fragility curves based on their construction material. The remainder of
this paper is organized as follows: Section II presents the overview of tower fragility curves for wind. Section III
describes how the maximum wind speed for every tower from historical hurricane events is estimated. Section IV
presents the proposed calibration of fragility curves. Section V describes the resulting calibrated transmission towers
fragility curves. Section VI provides concluding remarks on the proposed calibration of transmission tower fragility
curves for gust wind speed.

II. TRANSMISSION TOWER FRAGILITY CURVE

There are two main hazards for power systems in hurricane events are wind and flood. Different wind speed
measurements are used for different elements/assets. The fragility of conductors of the transmission line is commonly
not utilized as stated by the authors that have developed fragility curves of conductor [7]. Reference [8] states that
due to design requirements (i.e., civil engineering design requirements) the fragility of the transmission line under
wind loading is mainly determined by the failures of support structures (i.e., towers). Flood hazard for power
systems refers to the inundation — defined as the depth of water above local land elevation. Other parameters
associated with flood are rainfall, speed of the water (i.e., increase in water speed on rivers), and debris on the
water but those are commonly utilized for bridges and other structures. The combined utilization of wind and
flooding for transmission and distribution lines is presented in [9]. However, the combination of hazards is not
commonly utilized. In summary, substations are mainly subject to inundation depth and transmission towers to
wind speed. There are four approaches for obtaining the fragility curves [10].

1) Judgmental method — It is not limited by data or models, being a fast method to implement. Utilizing expert
knowledge to determine the fragility. Thus, it is difficult to validate and is based on the biases or past
experience of the experts.

2) Empirical method — It utilizes statistical data from controlled experiments or from actual extreme events.
It is useful and flexible if data is available. The availability of data can be scarce and experiments can be
expensive.

3) Analytical method — It is based on physical models that can be validated and verified, enhancing transparency.
It is easier to extrapolate results to new situations. It facilitates a distinction between aleatory and epistemic
uncertainty and is based on simplifications and assumptions. Require the availability of data for the models.

4) Hybrid method — It is utilized to overcome the limitations of any individual approach but have the same
disadvantages of the combination of approaches. A common combination is the Empirical and Analytical
methods, thus, the analytical model is fitted based on data to overcome the differences from the model to
actual events.

The designs of transmission lines have a well-founded desire to exercise some control over the sequence of failure
for the different line components [11]. Fig. 1 presents the different line components. The cables are especially
important under extreme events given that failure puts critical demands on the failure containing capabilities of the
support structures. The isolators have a larger mechanical loading than the cables. Foundation of towers have the
tower as the mechanical loading. By design, the transmission towers are expected to fail before the other elements.
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Fig. 1. Mechanical loading transmission lines civil engineering designed. Failure containment. Image adapted from [12].

This paper considers the fragility of towers as independent as in [13]. This assumption is supported by [14] where
the reliability of the elements of transmission lines were evaluated in the field. A transmission line was equipped
with multiple sensors to evaluate mechanical stresses. The stresses were created using explosive charges on the
cables and towers and the stresses on the nearby towers were evaluated. The evaluation supports the independent
consideration of tower failures.

The failure probability of transmission towers is associated with the 3-second averaged wind speed commonly
referred to as wind gust [6], [15]-[17]. The failure rate model for towers was developed with the data from ten years
of named storms that reached the Texas coast, and is presented in [16]. Fig. 2 describes the failure rate of existing
towers that have a wind load requirement of 105 mph in accordance with the National Electrical Safety Code
(NESC) before 2008. Fig. 3 illustrates the failure rate of the towers after 2008. After 2008, NESC incorporated the
American Society of Civil Engineers 7-98 standards — “Minimum Design Loads for Buildings and Other Structures”
[18], which has “extreme” wind and ice loading requirements. Thus, the towers designed with the updated standards
have wind load requirement of 130 mph. The equation describing the failure rate (\) in relation to the wind gust
(w) from Fig. 2 and 3 is,

Mw) = e, (1

where, a and ¢ are the curve fitting parameters. These parameters for the curve fitting are presented in Table I.

Reference [6] converted the failure rate from [16] to failure probability utilizing the Poisson random sampling.
The authors sample a Poisson distribution with the failure rate to obtain the probability of damage. To avoid using
a random sample, the probability of the Poisson distribution is calculated,
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Fig. 2. Failure rate of towers designed with a wind loading of 105 mph (i.e., existing towers). Image extracted from [16].
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Fig. 3. Failure rate of towers designed with a wind loading of 130 mph (i.e., hardened tower). Image extracted from [16].

TABLE 1
FAILURE RATE CURVE FITTING COEFFICIENTS FOR EXISTING AND HARDENED TOWERS.
Tower wind loading requirement (mph) @ 0
105 2x 1077 | 0.0834
130 2x107® | 0.0834

The failures with one or more occurrences are of interest. Thus, the Poisson probabilities of interest are all P(k)
except for k = 0. Since k is non-negative integer numbers, the Poisson probabilities of interest are calculated,
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The tower failure rate from [16] are converted to failure probability using (3). Fig. 4 presents the fragility curve
for both existing & hardened transmission towers for wind gust speed in mph & m/s. Note that the towers designed
with a wind loading requirement of 105 mph and are more likely to fail at lower wind speeds than the tower designed
for the wind loading of 130 mph. This is expected given that the updated considerations of transmission tower
standards require the structures to be able to withstand stronger winds. Which in turn increases the survivability of
the towers to the physical stresses of hurricane winds.
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Fig. 4. The fragility curve for the towers designed with 105 mph, and 130 mph from the Fig. 2 and Fig. 3 respective tower failure rate.

III. HURRICANE WIND MODELING

The wind speed intensity can be estimated utilizing historical hurricane data. Historical hurricane wind information
is available from the National Hurricane Center [19]. Fig. 5 presents the Hurricane Maria path and wind intensity
at each location. Geographic information system (GIS) is used to map the wind speed data to tower locations.
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Fig. 5. GIS map of hurricane Maria’s trajectory and its wind speeds.

To map the wind speed data to tower locations is necessary to interpolate values from the available wind data
to the extent of the study area. The wind swaths represent the footprint in which wind speeds of a certain bin are
expected to occur, for example 64 knots, 50 knots, and 30 knots. Fig. 6 illustrates the wind swaths for Hurricane
Maria over Puerto Rico. It is assumed that wind speed intensity within each swath is at least equal to or lesser than
the wind speed intensity for that swath. Second and third order equations, depending on the number of coincident
swaths - were used to develop linear interpolation between center point measurement of wind speed, and the outer
edge of each wind swath. An interpolation is used to generate 1 X 1 meter resolution wind data.



Fig. 6. Hurricane Maria wind swaths over Puerto Rico.

The interpolated wind speed is averaged over one minute. To convert the wind speed from one minute average
to three second average wind speed (i.e., wind gust) is not trivial but can be approximated. This conversion of
wind speed to wind gust was done using the area terrain roughness, which is dependent on the surrounding terrain
difference and the elevation around every tower. Using GIS information of the terrain around every tower, the wind
gust factor was computed as presented in [16].

IV. CALIBRATING FRAGILITY CURVES

The calibration of transmission tower fragility curves could be performed with different approaches. For example,
using the tower design standards, and historical damage reports. The objective of calibrating fragility curves is to
better represent the system under study. As presented in Section I, the fragility curves are the starting point for
multiple studies of HILP events. The accurate representation of the element’s ability to survive HILP events will
impact resilience planning and thus in the end affect the actual system status and response capabilities. Independent
of the type of study: 1) Monte-Carlo simulation to evaluate the power system resilience, 2) Cost-benefit evaluation
of upgrades, 3) Planning for an HILP event, etc. all studies use fragility curves [20].

Reference [16] utilized the empirical method with detailed damage reports from multiple events over the course
the ten years. Their study had complete knowledge of the tower population, towers that failed, and their wind design
rating also considering the changes that naturally happen through time. Such abundance of data is not common
given the challenging and/or dire circumstances the HILP events impose on the region. Given such challenges, the
approach presented in this paper does not create a completely new fragility curve, but it calibrates an existing one
by using one detailed damage report.

If the fragility curve is known, the intensity of weather parameter for every asset is associated with their respective
failure probability. Historical data from events like hurricane Maria, which had numerous element failures, can be
utilized to calibrate fragility curves. The event is required to have cause failures of the elements being calibrated
in order to be utilized. With the combination of the intensity of weather parameter for every asset and with the
associated damage report the calibration of one fragility curve parameter ¥ can be performed. The three-step
interactive procedure describes the calibration of fragility curves, is presented below:



1) With the intensity of weather parameter for every asset compute the individual failure probability.
2) Having the failure probability for every asset compute the number of expected asset failure.
3) Compare the number of asset expected to fail with the known number of asset that actually failed.

a) If the comparison in Step 3 is above the tolerance, the fragility curve coefficient ¥ is updated and
returned to Step 1. The coefficient VU is increased or decreased depending on the previous curve having
overestimated or underestimated the number of asset failures.

b) If the comparison in Step 3 is below the tolerance, the asset fragility curve coefficient U has already
been calibrated and the interactive procedure has concluded.

The interactive procedure for calibrating one parameter of the fragility curves utilizing damage report results in a
calibrated empirical fragility curve.

V. RESULTS

The calibration of transmission tower fragility curve is performed with damage report for hurricane Maria. The
intensity of the event resulted in numerous transmission towers that failed (not considering smaller damages that
did not lead to tower failure). From the damage report it was evident that the tower construction material (i.e.,
wood, steel, aluminium, and concrete) had a significant impact on probability of failure of the tower. To that end,
the transmission tower fragility curves are calibrated for all different tower material.

Considering that the § coefficient for tower failure rate (1) is a constant. The « coefficient can be calibrated as in
Section IV. In order to calibrate the transmission tower wind gust fragility curve, the maximum wind gust for every
tower must be known. The maximum wind gust is extracted from a historical event as described in Section III.
The calibration procedure from Section IV is performed for every tower material. The resulting calibrated tower
fragility curve are presented in Fig. 7.

The failure rate coefficients for existing towers is presented in Table II. The wind loading for towers with different
materials is estimated based on the known design standards used for constructing the towers. The failure rate of
the existing and hardened towers at their respective loading requirement is 0.00127 and 0.00102, respectively. The
estimated wind loading of towers is an integer value chosen with the range of possible wind values that result in
a failure rate between 0.00127 and 0.00102. Computing the wind loading with the knowledge of the failure rate is
performed using (4).

4

TABLE I
CALIBRATED FAILURE RATE COEFFICIENTS FOR TRANSMISSION TOWERS OF DIFFERENT MATERIALS.

. Tower estimated wind
Material o )
loading requirement (mph)
Wood 80 1.39 x 107% | 0.0834
Steel 104 1.83 x 107 | 0.0834
Aluminium 105 1.73 x 1077 | 0.0834
Concrete 112 9.44 x 1078 | 0.0834

VI. CONCLUSION

The presented methodology for calibration of fragility curves using limited real-world data is capable of tuning
generic fragility curves to a specific region with their own characteristics. The proposed approach requires the
modeling of the intensity of the weather parameter in the fragility curve for an HILP event, and the knowledge of
the number of elements that failed from the damage report. The presented method is utilized for the calibration of
transmission towers based on their material, however, the calibration can be based on other characteristics of failure
(e.g., structure design standards) depending on the available data. The calibration was performed considering the
main island of Puerto Rico and tested on the towers that failed in each area.
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Fig. 7. Calibrated fragility curves for the towers made with different materials. Wind loading for towers with different materials is calculated
based on the known design standards used for constructing the towers.
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