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ABSTRACT Over the years, power systems have been severely affected by extreme events. This situation
has worsened given that climate change has proven to exacerbate their frequency and magnitude. In this
context, resilience assessments have proved crucial to prevent and tackle the effects of these events on power
systems. Some resilience studies have taken advantage of the so-called fragility curves (FCs) to evaluate the
vulnerability of the system components against these natural hazards. Conceptually, FCs provide the failure
probability of a particular grid asset according to the intensity of an extreme event, which can be determined
based on the hazard intensity inherently dictated by the nature of the event. The probability of failure can be
obtained following diverse methodologies and criteria. Thus, the resilience assessment of the event may vary
significantly depending on how the probability of failure was determined. This paper provides, for the first
time, a comprehensive review of the FCs used to model the vulnerability of the power system components,
classifying them according to the physical magnitude and the system element subject to each type of event.
Furthermore, a comparison of results obtained applying different FCs is developed to show the relevance of
their modelling. The content of this paper can be used as a hands-on guide for researchers and power systems
engineers to perform resilience studies.

INDEX TERMS Resilience, fragility curves (FCs), distribution networks (DNs), transmission networks
(TNs), natural hazards, resilience assessments.

I. INTRODUCTION
In recent years, extreme weather-related events have notably
risen and, unfortunately, become more frequent as an after-
math of climate change [1], [2], [3]. According to [4], natural
hazards can be classified according to the following six
categories: geophysical, hydrological, meteorological, cli-
matological, biological, and extra-terrestrial. This research
focuses on events belonging to the four first categories, dis-
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missing those included in the last two. Geophysical hazards
are inextricably linked to earthquakes and volcanic activity.
Hydrological hazards are closely related to water movement
and entail floods, landslides, andwave action.Meteorological
events include storms, extreme temperatures, and fog. In the
last instance, climatological events with greenhouse effects,
including droughts and wildfires.

Power systems have been harshly affected by such natural
hazards, where the security of supply is ultimately the major
concern [5]. For instance, if windstorms are considered, sev-
eral events have been reported to be severely damaging and
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causing significant disruptions worldwide, as indicated by the
comprehensive report in [4]. For example, recent windstorms
named Dudley, Eunice and Franklin hit the UK between
2021 and 2022, causing an estimated economic loss of
£497 million, leaving 1.4 million households without power
[6]. Similarly, hurricanes Harvey and Irma caused an esti-
mated total economic loss of around $202 billion in the US
[7]. Another example is the winter storm Uri, which hit Texas
in February 2021. This storm led to large-scale generator out-
ages and a load shedding of up to 25GW (equating to 33% of
the total load), leaving 4.5 million customers without power
during the most severe period (February 15th ∼ 16th) [8].
Tropical countries have recently reported a sudden increase

in these extreme events, wherein strong wind gusts and severe
flooding were recorded [9]. However, it is important to note
that, in some cases, due to the accumulated precipitation,
mudslides and ground movements can also occur along with
strong wind gusts. On the other hand, helpful information
regarding the severity of earthquakes can be found in [10].
The economic losses caused by this type of natural disas-
ter are estimated to cost roughly $502 billion yearly [11].
As an example, an earthquake of 8.8 on the Richter scale
hit the south-central area of Chile on February 27th, 2010,
at 03:34 AM. The blackout due to the earthquake affected
4.5 million customers. The supply of eighty per cent of
the customers located close to the epicentre was recovered
approximately one week after the event. However, 0.4%
of customers remained without supply two weeks after the
event.

Wildfires also deserve special attention since they may
pose a massive threat to power systems, as stems from [12].
From July 2017 to July 2018, a series of extreme wildfires
devastated California, becoming the worst forest fire season
in the history of California (USA). Fires have had overwhelm-
ing consequences, and it is estimated that they have caused
about US$ 50 billion of economic loss, the bankruptcy of the
local utility PG&E, and the destruction of 28,000 structures.
The continuity of supply was also heavily affected, reaching
350,000 customers without supply in October 2017.

The significant impact of natural hazards on power sys-
tems is explained because the latter have been traditionally
designed and operated under reliability criteria, meaning that
power systems are able to work under normal or reason-
able abnormal conditions but not to deal successfully with
extreme events. Thus, it is necessary to include resilience
criteria to improve the system response. The latest report
carried out by the IEEE Task force on resilience defined the
term resilience as ‘‘The ability to limit the extent, system
impact, and duration of degradation to sustain critical ser-
vices following an extraordinary event. Key enablers for a
resilient response include the capacity to anticipate, absorb,
rapidly recover from, adapt to, and learn from such an event.
Extraordinary events for the power system may be caused
by natural threats, accidents, equipment failures, and delib-
erate physical or cyber-attacks’’ [13]. As observed from the
previous summary of reports, assessing resilience becomes

FIGURE 1. Generic shape of two different FCs.

crucial to prevent and minimise their impact on power system
performance [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33],
[34], [35], [36], [37], [38], [39], [40], [41].

To grapple with seismic events, the following studies have
been published [26], [52], [53]. On the other hand, however,
[15], [16], and [34], [36] are resilience-oriented approaches
for extreme weather events, including windstorms, hurri-
canes, and typhoons. In [24], a comprehensive analysis has
been conducted to cope with the effects of flooding in sub-
stations. Finally, the research in [40] and [41] delved into the
impact of ice storms on electrical power systems.

It is vital to underscore, though, that regardless of the type
of event analysed in each of the previously cited resilience-
oriented articles, the use of fragility curves (FCs) is the
guiding principle among them. According to Schulz et al.
[43], from a conceptual point of view, FCs are functions
that describe the probability of failure, conditioned on the
load, over the full range of loads to which a system might be
exposed. For example, the Federal Emergency Management
Agency (FEMA) has taken advantage of real observations to
develop FCs of critical infrastructure during natural hazards
[42]. Further on, the types of curves encompassed in this
reference are perused.

In this regard, FCs are indeed a handy tool to predict the
vulnerability of the electrical grids against weather events.
For instance, each weather-related event mentioned above
implies a sudden rise of the associated inherent variables
(e.g., high wind gusts during windstorms). Therefore, given
this input as a variable, the probability of failure of an asset
can be obtained, as can be seen in Fig. 1. It is worth stressing
that not only one variable can be out of range during one
of the previously cited events, as the electrical grid can be
occasionally affected in several ways throughout the same
event (e.g., high wind gusts combined with flooding). Given
the need to enhance the resilience of the electrical grid, the
authors believe that scrutinising how these FCs are obtained
and how they impact the modelling of the vulnerability of
system components can be highly beneficial to improve the
accuracy of the resilience-oriented assessments and provide
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a hands-on guide for grid planners and researchers. More-
over, the present paper is particularly of interest as any other
research article has been previously published, where the FCs
are reviewed and compared through numerical analysis.

The contributions of this paper are listed as follows:

• A comprehensive review of the existing FCs designed to
model the vulnerability of power system components.

• A classification of FCs according to each type of natural
hazard highlighting the main differences between FCs.

• Analysis of the most cited works to date and those that
have not been yet cited, as are potential resources for
future resilience-oriented assessments.

• Performing numerical simulations to underscore the
impact on resilience assessments when relying on
fragility curves.

The rest of this paper is structured as follows; Section II
recalls the main types of resilience assessments. Section III
elaborates on how the FCs are defined and obtained. The type
of events for which the FCs have been designed are analysed
in Section IV. A comparison between some curves is included
in SectionV. The analytical equations required to quantify the
effects of the vulnerabilitymodels for wind events are perused
in Section VI. Section VII discusses the influential factors of
the FCs. Finally, Section VIII highlights the main advantages
and challenges of the existing FCs.

II. TYPES OF RESILIENCE ASSESSMENTS
This Section recalls the main types of resilience assessments
used in power systems where the FCs are commonly used as
the main input.

Overall, the resilience assessments for power systems can
be divided according to the timeline of the event (i.e., before,
during and after the event), as discussed in the extensive
report recently published in [13]. Several resilience reviews
have also been published wherein different categorisations
and definitions are illustrated [5], [44], [45], [46], [47], [48],
[49], [50]. Nonetheless, this paper refers to the distinction
provided by [13], where planning and operational assess-
ments are defined.

A. PLANNING ASSESSMENTS
The resilience assessments focusing on the action before the
event occurrence fall within the planning category, which,
in turn, are further subdivided into the long-term and short-
term (i.e., also known as preventive measures) [15], [16],
[21], [27], [36], [37], [39], [40], [51].
Firstly, from a long-term planning standpoint, the

assessments can be distinguished as hardening-based and
software-based. Concretely, the hardening-based approaches
essentially entail investing in new assets to make the grid
bigger and, therefore, more robust (e.g., the rollout of new
lines, substation equipment replacement and upgrade, trim-
ming vegetation, promoting DERs engagement, etc.). On the
contrary, software-based algorithms cover all aspects of
automation and control. As an example, a mid-term approach

was carried out by Souto et al. in [34] for flooding, whereas
[52], [53] et al. proposed a long-term power systems harden-
ing strategy for earthquakes. The authors in [30] explored the
feasibility of a software-based algorithm using grid automa-
tion and DERs to weather extreme events.

Secondly, within the short-term, the approaches consider-
ing a timeframe between a day and a few hours before the
event are widely known as preventive and preparative [18],
[21], [27], [36], [39], [40], [54], [55], [56]. For instance,
[21], [36], and [56] have proposed day-ahead assessments to
commit generation units and re-structure the grid considering
extreme weather events. In line with these three studies,
in [55], Lei et al. proposed to

B. OPERATIONAL ASSESSMENTS
As introduced earlier, evaluations designed to tackle the
effects of an event that has already begun are known as opera-
tional resilience assessments. According to the categorisation
in [13], these studies include early detection and emergency
response plans as well as recovery strategies. When it comes
to real-time detection, several studies have been published
[14], [22], [38], [57], [58], [59], [60], [61], [62], [63], [64],
[65]. In [2], the authors proposed a methodology to identify
wildfires early and take further actions to avoid amajor black-
out. Liu et al. in [22] proposed a resilience-oriented approach
wherein the fault location, fault isolation and restoration
are jointly used along with distributed resources. Similarly,
a proactive operation strategy to enhance system resilience
during an ongoing extreme event is detailed in [35]. Finally,
[58], [59], [60], [61], and [62] drilled down into the effects of
cascading. It is worth noting that the common bottleneck of
these techniques lies in implementing islanding operations to
avert the cascading effects proactively.

III. ASPECTS OF THE FRAGILITY CURVES
As introduced in Section I, fragility curves are used to relate
the failure probabilities of a component given the inten-
sity of the physical magnitude during an event, expressed
by means of its physical magnitude [43] (i.e., the physi-
cal magnitude used in the FCs). These curves are used to
pinpoint the vulnerable assets of the grid (i.e., lines, substa-
tions, etc.), which constitute the first aspect in the majority
of resilience assessments. Therefore, they can significantly
influence the outcomes of such assessments. The following
subsections describe the features of these curves, how they
can be obtained, and the physical magnitudes used thus far in
resilience assessments.

A. FRAGILITY CURVES: THE CONCEPT
The shape of a fragility curve describes the uncertainty in
the capacity of the system to withstand specific events or
loads. If there is little uncertainty in capacity or demand, the
fragility curve will take the form of a step function, then
having only two stages (i.e., 0 and 1 for non-faulted and
faulted, respectively). On the contrary, as seen in many recent
fragility studies [68], it is assumed that the FCs follow a
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lognormal distribution and can be described by the cumula-
tive distribution function as in (1)

f (x) =
l

σ
√
2π

e
−

1
2

(
x−µ
σ

)2
(1)

where x is a normally distributed variable and is represented
by the hazard intensity used in each type of FC (e.g., wind
speed in windstorms), µ and σ are the mean and variance,
respectively. The FCs also stem from the reliability indices
expressed through the conditional failure probability. Hence,
depending on µ and σ , the slope of the FC will vary and,
consequently, the probability of failure. To illustrate the dif-
ferences between FCs, two curves with different parameters
are displayed in Fig. 1.

B. TECHNIQUES TO OBTAIN THE FRAGILITY CURVES
According to the distinction in [43], the methodology used
to derive the FCs can be divided according to four main
typologies: (i) judgmental, (ii) empirical, (iii) analytical, and
ultimately, (iv) hybrid.

Judgmental methods build FCs based on experience, which
is not limited by the quantity and quality of available data
but may be subject to bias caused by personal experience.
For example, the FCs obtained using expert criteria are used
in [67] and were obtained from studies carried out by the
Mazandaran power distribution company in Iran.

Empirical methods are based on field and/or lab mea-
surements to model the performance of the components.
However, those observations may be systematically obtained
through controlled experiments or collected opportunisti-
cally, which adds uncertainty to the model. An advantage
of using these techniques is that interactions between the
structure of the element object of study and the environment
can be deemed [68], [69], [70].

FCs obtained through analytical methods have been widely
used in recent years as they can be performed by taking
advantage of purely analytical or numerical techniques [71],
[72], [73], [74]. Moreover, within the previously mentioned
numerical techniques, the stochastic approaches have played
a pivotal role in accounting for uncertainty [75]. An emerging
trend to design FCs combining both judgmental and analyti-
cal techniques using machine learning is gaining momentum
[68]. In the last instance, combining two or more of the meth-
ods described above leads to the so-called hybrid methods.
For example, these hybrid methods for FCs can be imple-
mented by using an empirical approach over a certain range
of values of the hazard intensity, whilst an analytical one is
used for the rest of the values [72].
Additionally, it is worth saying that the main difference

between empirical and analytical is that empirical-based FCs
are, to a certain extent, limited to the asset object of study
and its environment, being difficult to be extrapolated and
consider additional factors. On the contrary, however, ana-
lytical curves can consider additional factors and/or explore
the interaction between the asset and other factors.

FIGURE 2. Main types of magnitudes and components considered in the
FCs for resilience assessments. ∗1 Substation as a sole component;
∗2 Protective devices within a substation.

IV. FRAGILITY CURVES ACCORDING TO EACH NATURAL
HAZARD
Fig. 2 illustrates the relationship between the typical physical
magnitudes used in modelling FCs and the grid components
affected. It is worth mentioning that although a large part
of studies has only considered one input variable to develop
the FCs (e.g., those in [74]), some others have included
several magnitudes, resulting in multi-dimensional plots (see,
for example, [75]). The electrical grid components whose
vulnerability is subject to FCs are included in the blue square.

A. WIND-BASED FRAGILITY CURVES
This subsection covers the FCs designed for components
exposed to wind hazards, such as towers and lines. Given the
fact that transmission and distribution systems are composed
of elements with different materials and structures, the FCs
have been divided according to that distinction.

1) FRAGILITY CURVES FOR TRANSMISSION SYSTEMS
The focal point of [68], [69], [70], [75], [76], [77], [78],
[79], and [80] lies in developing FCs curves for transmission
lines against wind hazards. In [68], the authors delved into
a spatiotemporal approach to ascribe likely failures during
severe windstorms. To generate empirical FCs for electrical
overhead lines, a dataset of over 12,000 electrical failures
was correlated to a windstorm model based on the European
reanalysis meteorological agency. Similarly, studies [69],
[70] use field measurements to develop the FCs, thus being
empirical-based approaches. These two works provided FCs
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for 132 kV and 220 kV transmission lines based on observa-
tions obtained in the transmission systems in Scotland (UK).

A probabilistic analysis framework for achieving a lifetime
multi-hazard fragility model has been deemed by C. Li et al.
in [75]. This method provides the FCs of a multi-hazard
where the simultaneous occurrence of peak-ground accelera-
tion and wind is considered. On the other hand, the authors in
[76] explored the feasibility of FCs for transmission towers
by conducting static non-linear buckling analysis where both
the wind speed and angle attack are considered. The analysis
in [76] also points out the influence of uncertainties regarding
material properties and Section dimensions when developing
FCs. The authors in [77] have investigated the vulnerability
of transmission towers exposed to heavy rain and wind gusts
simultaneously. The equivalent basic wind speed is used to
model the vulnerability of the transmission towers. To date,
this approach is the first to shed some light on the effects
of multi-hazards on both hurricanes and typhoons. A novel
concept, however, is defined in a recent study conducted by
Hou et al. [78], where the behaviour of fallen trees in power
lines was first introduced. To that end, the finite element mod-
elling of the trees subjected to wind loads is performed based
on the fragility curves of several typical urban tree species.
Besides the probability of failure, this study also provides the
analytical equations to calculate the critical distance to avert
the crash of fallen trees into overhead power lines.

The outcomes of the research study in [79] underscore
the importance of neglecting the relationship line-tower in
fragility studies, which is an assumption made by the previ-
ously cited studies. This paper has used an explicit integration
method to analyse the dynamic response of the transmission
tower-line system under intensive wind loads. A comparison
between models with and without considering such a depen-
dency is perused in this paper.

Eventually, unlike the previous works, the authors in [80]
have strived to model the vulnerability of the conductors in
transmission lines. Crucially, a sensitivity analysis account-
ing for various types of wires and span lengths is used as a
proof-of-concept for some FCs. It is worth saying, though,
that the curves developed in [80] could be used in conjunction
with any of the above-cited articles designed for transmission

2) FRAGILITY CURVES FOR DISTRIBUTION SYSTEMS
The authors in [72] propose a Bayesian network to quan-
tify the time-dependent nature of power distribution systems
against hurricanes. To capture the failure probabilities of
the poles within the power distribution system, fragility
curves for the poles were generated through physics-based
fragility analysis, incorporating properties of the pole-wire
components and the pole-wire system topology. In [73] and
[74], several FCs are obtained considering different classes
of wood poles, including deterioration. In this direction,
Vitaly et al. in [73] provided the analytical expressions and
their associated parameters to compute the fragility curves
based on each class type, the age of the pole, pole height,
wind direction and conductor area.

S. Lee et al. have taken a step further in [81], where the
FCs have been obtained for leaned wood poles. To analyse
the moment behaviour of leaning poles, a new probabilis-
tic framework for computing three types of loads by wind
pressure has been suggested where the overturning force and
conductor tension are also deemed. Thus, a set of FCs for
utility poles with given ages and leaning angles are presented
to assess the impact of leaning on the probability of failure.
The vulnerability of steel-made poles has been explored in
[82], where the framework includes a life-cycle cost analysis.
To validate the dependability of the proposed methodol-
ogy, field measurements have also been used. In [83], the
resilience of the pole-wire system was analysed after estab-
lishing a system analysis framework to enhance the structural
reliability by using hardening/inspection priority analysis
based on Monte Carlo simulations. This study considers
class three and class five poles with a height of 14 m and
a span length of 61 m. Based on the discussion included
in [83], the obtained set of FCs can provide the failure
rate only for a single pole or a small pole group, but it
cannot provide an overall pole failure rate for mixed poles
and spans.

Hitherto, the previously described articles in this
subsection considered only the fragility of the poles, disre-
garding the effects that one pole can cause on the adjacent
ones. According to recent observations in the UK, this
casuistry has also been neglected in transmission networks,
but it may have sense, as it has proven to be a very rare
and unusual event with large spans [28]. Nonetheless, this
may not be the case in distribution networks, as the spans
between poles could be much smaller than those in trans-
mission networks. Thereby, [84] examined the effects of this
factor on the reliability of power distribution lines against
hurricanes. The couplings in the wind performance of adja-
cent spans are properly incorporated through an equivalent
boundary model. Furthermore, the findings in [82] prove
that the common assumption of independent failure events
in poles used in distribution lines represents the worst-case
scenario.

B. FRAGILITY CURVES FOR SEISMIC EVENTS
The intensity indicators used to measure the impact of
these events include peak ground acceleration (PGA), peak
ground velocity (PGV), peak ground displacement (PGD),
and spectral acceleration at the fundamental frequency of
the concerned structure (Sa). Although most FCs are given
according to the PGA or the Sa, some earthquake stud-
ies further classified the threat according to near-field
and far-field, respectively [86]. The components of the
electrical power systems subject to earthquakes are the
following:

1. Towers (either distribution or transmission) [85], [87],
[88]

2. Generation units [85], [86], [89], [90]
3. Transformers [85], [91], [92], [93]
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4. Substations [85], [94]
5. Protective devices [92], [94], [95]
The vulnerability of distribution poles due to earthquakes

is the object of study of [85]. It must be noted that the vulner-
ability is computed with respect to the total amount of lines in
the feeder instead of pinning down each line or Section of the
grid. In this sense, four damage states have been comprised
(i.e., slight, moderate, extensive and complete), where the
percentage of failure with respect to the total number of lines
is 4%, 12%, 50% and 80%, respectively. In [87], some FCs
have been developed for concrete-made poles in power distri-
bution networks. To fulfil that purpose, the H-type reinforced
model of the concrete pole was developed and verified using
past experimental studies as well as the observed damage in
previous earthquakes. Since this technique has combined real
observations with numerical simulation studies, it can be con-
sidered a hybrid approach. Nevertheless, the researchers in
[84] focused on the effects of earthquakes on the transmission
towers. If the outcomes of both studies are assessed, relevant
differences are observed. In addition to these two studies, a set
of FCs are obtained for distribution systems, including poles
and wires, wherein both overhead and underground types and
in-line equipment are included [85]. In [85], the FCs provide
a certain percentage of unavailability with respect to the total
number of lines in a feeder instead of locally assessing each
asset.

The second typology listed in the previous categorisation
is power generation units. It covers a wide range of cases
according to each main energy source, leading to different
casuistries. In [85], [87], and [88], a distinction was made
between small and large power plants, where 100 MW is
the threshold for that case. The provided FCs rely on the
degree of damage experienced by the power station, where
four statuses are deemed; slight, moderate, extensive and
complete. Hence, all types of power plants are encompassed
within this category regardless of the designed infrastructure
and nature of their prime source. Despite being a helpful
guide, a more detailed approach would perhaps be required
if the resilience assessment addresses a particular type of
generation unit. For example, Zhao et al. in [86] investigated
the effects of earthquakes in nuclear power plants where a
set of FCs are obtained. Specifically, [86] designed FCs for
auxiliary and shield-building equipment.

In addition, a detailed vulnerability model of a diesel gen-
erator during earthquakes has been undertaken in [89]. In it,
the FCs of the internal pieces are combined to obtain a final
FC for the generator itself. D. Ngo et al. have dug into the
seismic structural response of wind turbines and proposed a
novel solution [90]. The need to investigate the vulnerability
of power transformers has been gaining increased promi-
nence recently, given the fact that they are a key element in
power systems. The power transformer was included as a part
of the substation in [85], but there are no specific FCs for
it. On the contrary, the vulnerability of transformers against
earthquakes has been investigated in [91], where several FCs
are obtained. This technique used the dynamic characteristics

of the analytical model. Differently, the main pillar of the
research conducted in [93] provided features to obtain FCs yet
is purely supported by field measurements. In such a study,
a large database extracted from events recorded in the USA
was included to obtain such FCs.

At the time of writing, the fragility of electrical substations
has been addressed from two different pathways. The first
considers the substation as one sole element and establishes
four stages of damage, where each one is associated with
a failure percentage of the disconnect switches and circuit
breakers in the substation [85]. This model, nonetheless, does
not stand for the fragility modelling of each element within
the substation. To that end, the authors in [94] first introduced
the vulnerability of each element embedded in the substation,
such as disconnection switches, circuit breakers, current and
potential transformers and lightning arresters. The exten-
sive report included in [94], provides failure rates based on
real measurements where the elements in substations are
classified according to the voltage level. The last research
assessment can be likened to the one in [92] as it individually
pinpoints each element within a substation. The approach
in [92] has slightly broadened that topic as it provided the
required parameters to construct the FCs and intertwined
such features with the seismic activity of the earth. In this
case, only 110 kV substations were taken into consideration.
In addition to the FCs for protective devices provided in [94]
and [92], Paolacci et al. in [96] assessed the fragility mod-
elling of vertical high-voltage disconnectors. It must be said
that the model included in [92] was achieved by combining
the standard reliability methods for time-invariant problems
with the response surface technique. The proposed technique
permits the development of FCs using a very limited number
of numerical simulations.

C. ICE LOAD AND WIND FRAGILITY MODELS
This Section examines the works carried out to model the
effects of ice storms on the electrical systems infrastructure.
This type of event is understood to cause high precipitation
along with strong winds. Since the collapse of an electrical
tower can be determined by themechanical stress as indicated
in [97], the ice accretion seems to be a reliable indicator for
vulnerability analysis in resilience studies see, for example,
[41], [98], and [99]. A thorough dissertation regarding the
techniques used to calculate ice accretion is provided in [100].
In this direction, Yang et al. exhibited successful results
in predicting the freezing fraction and collision coefficient
parameters of the ice accretion [101]. In [102], the effects of
wind and ice loads on transmission towers are presented. The
reliability calculation is based on a Monte-Carlo technique
where each scenario represents a certain weather situation.
The model considers the speed of the storm as the main input
to obtain the distance to the electrical conductors, where the
radius of the storm is the critical parameter. Since the fragility
of transmission lines depends on the accumulated weight,
the risk of failure, in turn, depends on both the weight and
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duration of the ice storm. Similarly, the authors in [102] pro-
vided a 2-D approach where wind and ice thickness represent
the axis and, resultingly, four regions can be identified. Each
region stands for a different level of risk. Subsequently, the
vulnerability of towers can be obtained, whether it is because
of high winds, low ice thickness, or a combination of both.
On the other hand, given that the ice thickness is a reliable
magnitude to estimate the load on towers, the resilience
assessment in [41] relied on a piece-wise function where a
synthetic ice-wind load is the input variable.

The research outcomes published in [103] underline the
robustness of concrete poles and metal towers for combined
wind and ice loads. The time-dependent performance pro-
cesses of system elements are presented in terms of their
random safety margin sequences. The survival probability of
poles and towers as auto-systems representing their multi-
criteria failure mode is discussed. The analytical equations
and parameters to compute the FCs are provided for both
wind and ice loads.

D. FLOOD-DEPTH-BASED FRAGILITY CURVES
The percentage of damage to power generation stations and
substations has been developed in [42], with flood depth as
the main input. The FCs using the flood depth that occurred in
natural hazards are discussed in this subsection. However, it is
worth pointing out that thismodel considers power generation
plants and substations as one element, neglecting the effect
of flooding in each included component. In addition to it,
all types of generation plants are included in this model,
disregarding the particularities of each typology.

Contrarily, the authors in [104] focused on elaborating
curves for the secondary distribution centres, where the orig-
inal curves proposed in [85] have been honed with real
occurred events in the cities of Barcelona and Bristol. This
approach took advantage of a spatiotemporal representation
of the low-voltage distribution centres in those two cities.
Even though it has not focused entirely on the electrical
facilities, the study in [105] has certainly derived a family
of FCs. This model includes a single-storey structure made
of timber, masonry and concrete with five stages of damage.
This research also presents a method to retrieve the mean
damage curves from other FCs obtained in the literature,
using cost coefficients associated with each of the four dam-
age states.

E. FRAGILITY CURVES USED FOR WILDFIRES
According to [106], the most noticeable indicator regarding
the impact of wildfires on electrical lines typically lies in the
thermal stress experienced by the electrical wires. In such
circumstances, the capacity of the conductor can be indirectly
influenced by the heat and smoke, even if there is no severe
damage to the utility towers. Therefore, instead of a fragility
curve as such, the authors in [107] provided the analytical
expressions required to calculate the acceptable safety dis-
tance between the fire and the target line. In this model, the

flame is considered a geometrical body that emits radiative
heat uniformly throughout its entire surface area, and the
wind speed is omitted. Choobineh et al. expanded the previ-
ous model and incorporated the wind speed in [108] by using
the solid flame model to predict fire advance in a detailed
geometrical representation. The model developed in [108]
was previously used in [109], [110], [111], and [112] to lessen
the effects of wildfires and enhance resilience. A significant
contribution towards an early warning against wildfires has
been carried out in [2], where the proposed model simulates a
spatiotemporal representation of the wildfire via a geography
cellular automata model, which is able to predict when and
where the wildfires are likely to reach the transmission line.
Additionally, both a line outage model and a FC are proposed
based on the wildfire prediction and breakdown mechanisms.
The two-dimensional FC gives the probability of failure given
the temperature of the conductors and smoke density as input
variables.

F. FRAGILITY CURVES BASED ON LIGHTNING DURATION
The focal point of this subsection is the analysis of the FCs
and vulnerability models developed for the electrical power
system elements during lightning storms. To measure the
effects of lightning on the electrical towers, the authors in
[113] coined a new definition that includes the location, the
current of the strike, and the number of times the lightning
movement track crosses a particular transmission line. Fur-
ther on, the same authors proposed in [17] a few FCs to
compute the failure probabilities of each line, where the input
variable is the duration of the storm. The implemented light-
ning location system proved quite successful for real-time
lightning vulnerability prediction.

Murray has studied a different approach where light-
ning storms have been retrieved from real measurements in
Scotland [17]. In addition to the previously mentioned works,
as part of the PhD in [114], the convective available potential
energy has been put forward as a novel indicator, yet any FC
has been derived.

G. SUMMARY OF THE EVALUATED FCs
A general classification is provided in this Section to give the
reader a clear understanding of the types of FCs and the main
typologies. In a nutshell, Fig. 3(a) displays the total number of
articles where the FCs are the object of study. From that chart,
it seems clear that wind-based FCs are the most explored
ones. In contrast, the vulnerability of the grid against flooding
and ice storms is still a matter of future research.

On the other hand, Fig. 3(b) shows the trend regarding
FCs, where the increase in recent years is quite noticeable,
showing the relevance of this concept for resilience assess-
ments. In addition to the previous distinction, Fig. 4 illustrates
how those FCs are intertwined with resilience assessments.
Finally, Table 1 provides a summary of the FCs according to
the type of natural hazard. The present study shows that the
most used FCs for wind in transmission networks are the ones
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FIGURE 3. Trend of the published articles with FCs.

in [76], whereas those obtained from [74] are the most used
for distribution networks.

Regarding earthquakes, it has been found that the most
used curves are those implemented by FEMA [85]. For flood-
ing events, the vast majority of resilience assessments chose
the FC included in [42]. In addition, this research shows
that the majority of studies use the radiative heat model
proposed in [107] to determine the vulnerability of lines due
to excessive heat transfer.

V. COMPARISON BETWEEN FRAGILITY CURVES
This Section provides a detailed comparison between the
FCs used for a given test system component and physical
magnitude so as to lay the ground for the numerical examples
included in Section VI. Note that such a comparison can only
be fulfilled for windstorms, as are those categories where
several FCs are available for the same asset.

A. COMPARISON BETWEEN WIND-BASED FCs
Since the vulnerability of the system components is slightly
different between transmission and distribution, as indicated
in [115], this Section has divided the discussion into twomain
parts.

1) FRAGILITY CURVES FOR TRANSMISSION SYSTEMS
The fragility curves developed by means of either empirical
or analytical tools to model the vulnerability of transmission
systems are briefly compared in this Section.

Firstly, the performance of two sets of analytically obtained
FCs are compared in Fig. 5. The study carried out by Xing.
F et al. modelled a steel-made 500 kV-type transmission
tower with a height of 99 m. The technical detail of the
procedure to design such infrastructure can be found in [116].
In [76], a bilinear isotropic hardening plasticity model was
simulated for steel towers. However, that article did not
consider the interaction between the towers and the wires.
Contrarily, the authors of [79] advocated investigating such
a dependence. It must be stressed that although the height of
the tower explored in [79] is 32 m and is above the one in
[76], it is assumed that the 10-m wind value obtained from
measurements has been scaled up to such a height in both
studies and consequently a comparison can be safely bemade.
As can be drawn from the curves plotted in Fig. 5, the failure
probability of the curves for each wind attack angle coincides
in order of magnitude between references, but the tower-line
interaction implies differences in the shape of the FCs. For
example, there is a difference of 0.26 in the probability of
failure between those curves for a given wind speed of 35 m/s
impacting the transmission tower with an angle of 45 degrees.
On the other hand, it is seen that for some points of operation,
both curves offer the same level of robustness (e.g., 27 m/s,
30 m/s, 35 m/s for incidence angles of 90 deg., 60 deg. And
45 deg., respectively).

Secondly, the empirical FCs used to obtain the probabilities
of failure of transmission lines in [70] and originally retrieved
from [69] are scrutinised here. A distinction was made
between lines operating at 132 kV and 220 kV, and 400 kV,
accounting for different types of towers and mechanical
features. The experimentally obtained failure rates retrieved
from [70] are shown in Fig.6. It is worth noting that the failure
probabilities displayed in Fig. 6 are based on either a 132kV
or 275 kV-type line for every 100 km, where the 400 kV
lines have been included in the 275 kV-type curve as their
performance have been regarded to be fairly similar based on
the field experience in the UK.

The empirical FCs used in [28], [59], [62], [63], [64],
[65], and [117] have been retrieved from [118] as part of
the RESNET project. These FCs are plotted in Fig. 7 and
classified according to three degrees of vulnerability (i.e.,
base and +/− 20 % of robustness). The main difference
between the empirical curves in [59] and [70] is that those
in [70] output the vulnerability of towers and conductors
separately, whereas the line is considered as a sole element
in [59]. A discussion regarding the implications of assuming
the previous criterion is detailed in Section III.

2) FRAGILITY CURVES FOR DISTRIBUTION SYSTEMS
Even though the types of distribution systems slightly differ
depending on the country and voltage level, in this paper,
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FIGURE 4. Graphical representation of the FCs and their associated references covered in Section V.

FIGURE 5. Comparison between the FCs in references [76] and [79].

any test system component operating below 132 kV has been
regarded as distribution. Primarily, poles and wires are the
most affected assets of the grid under wind load. A variety of
classes and raw materials are commonly employed in DNs,
see each type and their main features in [82]. For comparison
purposes, the curves developed in [73], [74], and [81] for

FIGURE 6. Empirical FCs obtained from [70].

Class five wood poles considering both new and 50-year-
old ones are analysed in this subsection. The FCs of these
references can be compared as the features in terms of pole
height, pole class, material, and conductors’ area (i.e., the
number of conductors, cross-section and span length) are
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TABLE 1. Types of fragility curves according to each natural hazard.

FIGURE 7. FCs provided in [59].

relatively similar. The performance of new and aged poles for
each reference is shown in Fig. 8. The pole height and span
length weremodelledwith themean and standard deviation in
[74], being 11.4/1.0 m and 43.9/11.2 for both the height and
span length, respectively. Darestani et al. provided the ana-
lytical equations of the FCs given a range of parameters and
uncertainty [73]. In this paper, exactly the same parameters
included in [74] have been considered with the equations in
[73]. Similarly, an 11-m height Class 5 wood-type pole with
an average span of 63.2 m was considered in [81].
It is worth underscoring that in [81], for the first time,

the FCs modelled the deterioration of the pole in terms of
bending. As an example to illustrate the differences between

FIGURE 8. Comparison between the FCs in references [73], [74], [81].

curves, given those in Fig. 8 and considering a 3-s wind gust
of 100 mph, the values obtained are 0.02, 0.08, and 0.12, for
[73], [74], and [81], respectively. On the other hand, when
it comes to old poles, given the same wind speed gust and
references used above, the probabilities of failure are 0.1, 0.2,
and 0.9, respectively. Please note that subscripts NP and OP
stand for new and old poles, respectively.

VI. EFFECTS OF THE VULNERABILITY MODELLING ON
RESILIENCE ASSESSMENTS
This Section delves into the effects of the previously com-
pared FCs on the resilience assessments separately for each
type of event and affected test system component.
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A. RESILIENCE ASSESSMENTS FOR WIND EVENTS
1) ANALYTICAL EQUATIONS TO COMPUTE THE
PROBABILITIES OF FAILURE
The failure of a line occurs due to either a tower collapse or
wire breakage and is computed through equation (2). Hence,
if the interaction between consecutive towers is neglected, the
probability of failure of the ij line at each time t is as follows

PLij,t = PPij,t + PBij,t − PPij,tP
B
ij,t , ∀(ij) ∈ �L∀t ∈ T (2)

where PPij,t and P
B
ij,t are the probability of failure of the ijth

line because of the pole and wire breakage, respectively.
Moreover, �L and T stand for the set of lines in the test
system under investigation and the timeframe of the assess-
ment, respectively. The probability that a line trips because of
a tower collapse is given by (3) if all poles are exposed to the
same conditions and therefore, the same FC suffices to model
the vulnerability.

PPij,t = 1 −

NPoles
ij∏
k=0

(1 − Pk,ij,t ), ∀(ij) ∈ �L ∀t ∈ T (3)

where Pk,ij,t is the probability of failure of the kth pole in
each ij line obtained from the FCs and NPoles

ij is the number
of poles in each ij line. On the other hand, if a line is composed
of electrical towers in several areas, the wind attack angle and
speed may vary, and so may the probability of failure. In such
a case, the probabilities are computed as in (4)

PPij,t = 1 −

N S
ij∏

s=0

(1 − Ps,ij,t ), ∀(ij) ∈ �L ∀t ∈ T (4)

where Pij,t is the failure probability of the ijth line at time
tand Ps,ij,t the failure probability of each portion of the line in
the sth region (i.e., the portion of each line crossing an area),
which is obtained through (5)

PPs,ij,t = 1 −

N S
ij∏

k=0

(1 − Pk,s,ij,t ),

∀(k) ∈ �s,ij ∀(ij) ∈ �L ∀t ∈ T (5)

where PPk,s,ij,t is the probability of failure of the towers in
the ijth line within the sth area at time t . This probability of
failure applies for each gridded area, which may imply using
different FCs because if the line disposition changes, so do
the wind attack angle and speed.

2) TRANSMISSION SYSTEMS
The vulnerability of transmission lines against events involv-
ing strong winds is inextricably linked with the type of curve,
as pointed out in Section V. Thereby, this Section aims to
provide a quantitative analysis of these differences between
models and their impact on the resilience assessments in
terms of vulnerable lines.
Having said all the above, a high-resolution spatial model

has been implemented by dividing the UK map into gridded

FIGURE 9. Reduced version of the GB Transmission system used in
Section A-VI.2.

areas of 0.5 by 0.5 degrees of longitude and latitude, resulting
in 288 areas. After that, the reduced 62-line 28-bus GB test
system is mapped into the spatial model, as can be seen in
Fig. 9. The GB model was obtained from [119]. Given that
transmission lines may cross different areas, consequently
subject to different wind speeds and attack angles, it was
assumed that no significant wind speed and angle variations
occur within each area, which is in line with the assumption
made in [28]. The wind profiles have been randomly gener-
ated between 20 m/s and 40 m/s and are displayed for each
area in Fig. 10, which is a realistic approach in windstorms.
It is worth pointing out that the longitudes and latitudes of the
buses have been retrieved manually, but the towers have been
placed along a line, which implies that all poles are equally
affected by the same wind attack angle within a gridded area.
Although the length span may affect the vulnerability of the
models, as seen in [80], a fixed span of 0.3 km has been used
in this study.

a: RESULTS DISCUSSION
A sensitivity analysis has been conducted using the model
described in the previous Section and considering the FCs of
several articles, leading to seven case studies. The first two
consider the FCs obtained from [79] (i.e., a base case and
+/− 20 %), in which the tower-line interaction is considered
in the first case study and dismissed in the second one, follow-
ing the values in Figs. 7(a) and 7(b) of [79]. In a similar way,
case 3 has taken advantage of the FCs for transmission towers
suggested in [76]. Afterwards, the curves shown in Fig. 5 are
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FIGURE 10. Wind-speed values in each area across the GB.

TABLE 2. Data of section VI-A2 for transmission systems.

used to generate three cases, that is, cases 4 through 6, where
each one stands for a different level of robustness. It must
be said that the FCs used in cases 1 through 3 included both
wind speed and angle, whereas cases 4 through 6 are agnostic
of the angle. Finally, the empirical curves retrieved from [70]
are considered in case 7. The values plotted in Fig. 6 are the
failure rate for a given line length, so an exponential distri-
bution has been assumed to obtain probabilities of failure.
By utilising the equations in Section VI-A1 and according to
the procedure followed in some resilience assessments [25],
[28], [34], [54], [59], [63], [120], a threshold value needs
to be set to obtain the vulnerable lines. How to establish
this threshold is certainly a tradeoff between a conservative
scenario with a low value causing a large number of affected
lines and large values leading to a fewer number of damaged
lines [59]. Thence, five different values have been considered
to obtain a variety of scenarios. The results of the sensitivity
analysis are summarised in Table 2.
As one can expect, the lower the threshold, the larger the

number of lines considered vulnerable. Nevertheless, several
differences are observed in Table 2. In particular, the FCs
used in cases 1 and 2 belong to the same paper and solely

TABLE 3. Data of section VI-A3 for distribution systems.

differ from one another with the interaction between the wires
and towers, resulting in a more robust scenario for Case 2.
By observing the values in the third column, however, it is
seen that such a model provides a similar behaviour for the
lowest threshold setting but shows a different performance
for the rest of the settings. The narrow differences observed
between the curves depicted in Fig. 5 can now be expressed
in terms of the number of vulnerable lines.

Therefore, the impact that the FCs have on the resilience
assessments can be measured from the results in Table 2.
Henceforth, given a threshold of 0.05 p.u., 82 per cent of
lines are vulnerable in Case 1, whereas Case 3, with a similar
model, gives 43 per cent of vulnerable lines. As observed in
Fig. 5, the larger the percentage of robustness, the lower the
probability of failure. Additionally, the results of Case 1 are
fairly close to those in Case 4, even though the wind attack
angle is not considered in the latest one.

3) DISTRIBUTION SYSTEMS
To quantify the impact of the vulnerability model on
resilience assessments during windstorms for distribution
networks, three case studies were considered using the IEEE
33-bus system. A total length of 2 km has been considered in
each line with a span of 100 m between poles, giving a total
number of 640 poles. To accurately capture the effects of such
deterioration over time, the authors opted for implementing a
lognormal distribution with µ and σ of 3.44 and 0.3, respec-
tively. Since the FCs in Section II-A are based on a particular
age, the obtained values have been regroupedwith sets of ages
(i.e., 10/20/40/60/80- years-old and 0/20/40/60 years old, for
wood and steel, respectively). The poles have been normally
distributed around the age of 30.The FCs used for straight
wood poles can be found in [73], the curves used for steel
poles are retrieved from [81], whilst the class five bent poles
are from [51], respectively. A summary of the features of
the third case is included in Table 3. The first case system
is uniquely composed of class three wood poles. Secondly,
class five wood poles have been added to the previous case.

Thirdly, steel poles are included in the third case in con-
junction with wood classes three and five, leading to a
casuistry wherein three types of poles are deemed. The wind
values used as input to compute the failure probabilities are
shown in Fig. 11. This wind profile was recorded in the UK
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FIGURE 11. 24-hour wind-speed profile retrieved and scaled.

on the 27th of February 2022 during storm EUNICE and has
been retrieved from ECMWF [121]. This averaged profile
does not exactly match the 3-s wind gust recorded by the
UKMet office, as it has been averaged hourly. Consequently,
these values have been scaled to match those values with a
multiplying factor of 1.75.

a: RESULTS DISCUSSION
This Section aims to compare differences between the num-
ber of vulnerable lines obtained between the three cases
exposed in Section A.3.

The outcomes of these simulations are displayed in Figs. 12
(a)-(c) over a 24-h period for cases 1 through 3, respectively.
Please note that lines are considered out-of-service for the
whole assessment since the moment Pth is above the estab-
lished thresholds. It is seen that for low thresholds, the result
between cases is the same. Contrarily, slight differences are
observed for thresholds larger than 0.05, for instance, there
is a difference of four lines between Cases 1 and 3 if the
threshold is set to 0.1. Since class 3 wood poles have a higher
degree of robustness w.r.t. to those of class five, the number
of vulnerable lines is higher after adding the class five wood
poles to the configuration of case 1. Moreover, regardless of
the vulnerability threshold, comparing Fig. 12 (a) with Fig. 12
(b), differences in many lines can be seen. It is expected that
t = 13 is the most unfavourable as the wind profile reaches
its peak, yet results vary between the three cases. The largest
difference between cases is identified in line 16, where the
probabilities of failure are 0.21, 0.77 and 0.56. This notable
variation between cases 1 and 3 is attributable to the grid
composition, as the number of poles and ages remains the
same.

B. RESILIENCE ASSESSMENTS FOR EARTHQUAKES
In this Section, the effects of earthquakes on the distribution
poles are scrutinised with different types of FCs. The rest of
the distribution network elements, such as substations and
protection devices, have been omitted, as no comparison is
possible if only one FCs is available. Despite that [85] and
[87] use different physical magnitudes as input variables (i.e.,

PGA and SA), those approaches are comparable as have been
widely used in resilience assessments. Although there is a
slight difference between those two variables in [87], this
paper uses the same value for comparison purposes. The
approach detailed in [85] considered that a certain value of
PGA can cause a certain percentage of unavailability w.r.t the
total of lines in the system, irrespective of which element is
subject to the largest value. On the other hand, the approach in
[87] can be specifically applied to pinpoint a particular line
of the grid. Considering the previous description and using
the 33-bus test system defined in Section A.2.1, a comparison
is performed, assuming that lines 2-23/23-24 and 24-25 of
that system are subject to a peak ground acceleration of
0.4 g. Fig. 13 illustrates the following case study. According
to the curves obtained from [85] and displayed in Fig. 14,
given a PGA of 0.4 g, the probabilities of having a slight and
moderate disruption are 0.81 and 0.5, respectively. These two
categories of affectation imply four and twelve per cent of
affected lines, respectively. If a threshold of 0.05 is consid-
ered instead, the moderate damage implies that four lines are
vulnerable, but does not conclude which ones.

VII. FACTORS INFLUENCING THE FCs
As can be drawn from the previous sections, the use of FCs
leads to different results as the shape of these curves varies
upon the nature of the element and event. Purposefully, this
Section puts the emphasis on examining the main reasons
behind these variations, thus highlighting the influential fac-
tors of each typology covered in Section III.

The curves designed for transmission systems against wind
events that stem from real observations, such as those in [8],
offer high fidelity yet leave the following questions unan-
swered

• What was the age of the damaged tower?
• When performing the database of events to obtain the
FCs, was that fault permanent and, therefore, the tower
totally collapsed, or was it a temporary fault instead?

• Did any other factor, such as ice and snow, affect the
structure in conjunction with the wind gust?

• What was the angle of the wind in that region?
• Since values are averaged, what was the wind gust value
associated with that event?

Secondly, the wind-based FCs obtained from analytical
techniques such as the ones in [41] and [42] for transmission
systems and [11], [12], and [13] for distribution systems
provide answers to some of the previously raised questions
but still pose the following concerns

• The external factors, such as objects affecting the line,
are very difficult to model and need further exploration.

• The fatigue due to previous events of the same nature
has not yet been considered.

• The available FCs for transmission towers against wind
events have not considered deterioration over time.
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FIGURE 12. Results of the case studies in Section VI-A2 for wind events in distribution networks.

FIGURE 13. Test system used in Section VI-B for earthquakes.

FIGURE 14. FCs retrieved from [85].

• FCs developed for distribution poles dismissed the
angle of the wind, which can largely affect the robust-
ness, as seen for the transmission case.

VIII. CONCLUSION AND FUTURE RESEARCH
This paper has reviewed the main typologies of FCs used
in the resilience assessments for electrical power systems.
The FCs have been divided according to the input variable,
which is the physical magnitude associated with each hazard.
As a main conclusion, it has been found that some cate-
gories, such as wind-based FCs have gained much attention
in recent years, and therefore, a large number of curves are
available for both transmission and distribution networks.
On the contrary, very little has been done regarding cate-
gories like flooding and lightning, leaving room for future
research.

This paper has also established a relationship between
some resilience assessments and the FCs used in each one,
thus identifying the most and least used curves in each field.
The results provided in Section IV give a clear picture of
the number of available research articles for each type of
FC and the evolution of the trend over the last 20 years.
If each typology of FC is analysed separately, nonetheless,
it is clear that despite the huge efforts towards modelling the
effects of wildfires, ice storms and lightning on the network
components, research is still required. Based on the previous
reasoning, the following research lines are suggested for the
least developed types of FCs

• Improve the current FCs designed for flooding and
expand those curves to different system components and
features (e.g., sheltered substations, outdoor equipment
in outdoor HV substations, GIS substations, etc.)

• Develop FCs for wildfires with considering reliable
physical magnitudes to facilitate the assessment of those
events.

• Carry out extensive simulation studies to enhance the
performance of FCs for ice storms to achieve a 3-D
plot with two main input variables e.g., wind speed and
accumulated ice accretion.
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This article provides a comprehensive sensitivity analysis in
Section VI, which quantifies the impact of different FCs on
resilience assessments.

Finally, it is worth highlighting that this research can be
a useful tool for power systems engineers and researchers to
perform future resilience studies according to each particular
type of natural hazard.
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