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A B S T R A C T

A fiber-reinforced composite wind turbine blade (WTB) is exposed to numerous impact threats during its
service life causing damages that can be detrimental to its structural integrity. Currently, impact loads are
not considered during blade design, so high safety factors are introduced, which result in a conservative
design. However, as wind turbine blades become stiffer and lighter and health monitoring systems become
more sophisticated, the design process is shifting toward damage-tolerant approaches. The design philosophy
accepts damages to the structure, but it also requires that the damaged blade still meet structural and functional
requirements. This design procedure requires a comprehensive understanding of different impact threats and
their characteristics, which is currently unavailable in the public domain. This paper is a first attempt to
review the impact loads on composite wind turbine blades. The aim of the current paper is to (a) identify
different sources of impact threats on wind turbine blades during different stages of their service life, (b)
describe their qualitative (causes and vulnerable regions) as well as quantitative characteristics (size, mass,
and velocity of impactor), and to (c) provide modeling guidelines by comparing these impact threats using
five different criteria - (i) relative deformability of projectile and wind turbine blade, (ii) impact velocity, (iii)
kinetic energy of impact, (iv) repeatability of impacts and (v) nature of the impact. The review paper will
be of special interest to researchers working on wind turbine blades and will serve as a baseline report for
designing damage-tolerant blades. Recommendations are also provided for future research.
1. Introduction

1.1. Background

There is a great demand for utilizing renewable energy resources to
reduce the carbon content in the environment. A growing focus is being
placed on large-scale commercialization of sustainable energy sources
such as solar energy, wind energy and hydropower energy. [1]. Among
the different renewable resources, wind energy, due to its high potential
and increased technological advances, has witnessed a rapid surge in
its growth, both at onshore and offshore locations [2–4]. The current
trend in the wind turbine (WT) industry is increasing turbine size with
power ratings reaching in the order of 8–15 MW [5]. Large size turbines
are profitable to the industry as (1) the power produced from the
wind scales with the square of rotor diameter and cube of the wind
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speed, and (2) the power capacity of the wind farm is satisfied with
fewer turbines, which reduces installation, operation and maintenance
cost [6]. Fig. 1 shows the variation in the size and mass of rotor
blades as well as hub height of the turbines with increase in power
rating. A Senvion 5 MW wind turbine has a blade of length 61.5 m,
blade mass of 20.8 tons. Meanwhile, a Haliade X 12 MW turbine has a
blade length of around 107 m, and blade mass of 55 tons. Therefore, a
typical characteristics of turbines with large power ratings are longer
and heavier blades. Due to the increase in mass, wind turbine blade
design has become dominated by gravity and inertia loads as compared
to the aerodynamic loads [7–9]. These high gravity loads induce higher
stresses in the blade materials, increase fatigue, along with transference
of larger loads onto the rotor shaft and the turbine tower. It is therefore
vital to reduce the weight of the blade by improving the existing design
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Nomenclature

CAA Civil Aviation Authority
DSD Droplet Size Distribution
FAA Federal Aviation Administration
𝐹 (𝑡) Impact force at time 𝑡
𝑘1 Spring stiffness
𝑘2 Spring stiffness
KE Kinetic Energy
𝑚 Mass
𝑚1 Mass of projectile
𝑚2 Mass of target
NTSB National Transportation Safety Board
QRA Qualitative Risk Assessment
RPM Rotations Per Minute
SEM Scanning Electron Microscope
SiO2 Silica
SPH Smooth Particle Hydrodynamics
UAV Unmanned Aerial Vehicle
UK United Kingdom
US United States
USD United States Dollar
𝑉0 Projectile velocity
𝑉𝑖𝑚𝑝 Impact velocity
𝑉𝑡𝑔 Terminal velocity of particle
𝑉𝑡𝑖𝑝 Velocity of wind turbine blade tip
𝑉𝑤 Wind speed
WT Wind Turbine
WTB Wind Turbine Blade
𝑥1(𝑡) Displacement of a projectile at time 𝑡
𝑥2(𝑡) Displacement of a target at time 𝑡
𝜌𝑝 Projectile density
𝜎 Stress exerted by the projectile
𝜎𝑝 strength threshold of the projectile
𝜎𝑡 Strength threshold of the target

procedures [10,11]. A typical cross section of wind turbine blade and
different material composition is shown in Fig. 2.

The current design philosophy of wind turbine blades is based
on safe-life design concept [19–21] where a worst combination of in
service damages that is likely to get undetected during the service life
are considered. This design philosophy utilizes high safety knockdown
factors that take into account uncertainty in material, structural and
buckling failure strength of a wind turbine blade subjected to oper-
ational loads. In addition, these safety factors also take into account
those failure loads and mechanisms which are not explicitly considered
during the blade design. One such source of damage are those that arise
due to out of plane impact loads on blades [17].

There are several sources of impact loads that could damage the
wind turbine blade (Fig. 3) [17,22]. For example, bird and atmospheric
particles collision strikes (e.g., hailstone and rain droplet impacts)
during operation as well as impact with surrounding structures dur-
ing transportation and installation [23,24]. Wind turbine blades are
made of composite materials as well as sandwich sections (Fig. 2)
that are weak in through the thickness direction, thus impact loads
on blades can be detrimental to their structural integrity [8,25]. In
addition, complex failure modes are obtained under impact loads that
simultaneously interact and are sometimes visually undetectable [26].
For example, delamination of plies is barely visible but involves local
separation of different lamina into sublaminates [27], thereby reducing
2

the critical buckling loads and strength and stiffness of the structure.
In addition, the impact threats due to rain droplets, hail impacts and
sand collision can change the leading edge profile [28–30], which is
detrimental to aerodynamic performance and causes significant loss in
power production.

Currently, due to lack of understanding of all the possible impact
threats, collision scenarios and their influence on blade’s structural
integrity, the blade design tends to become very conservative. Given
that the blade industry aims to develop optimized wind turbine blades,
this has led to a huge interest to transition from safe-life design phi-
losophy to a damage-tolerant design philosophy [19,31,32]. The term
damage tolerance refers to a structure’s ability to sustain anticipated
loads (e.g., limit loads) despite fatigue, corrosion, or accidental damage
until the damage is detected and repaired [33]. In relation to damage
tolerance analysis methodology, two terms are often used: fail-safe
design and damage tolerant design [34,35]. Fail-safe designs ensure
that damaged structures can continue to withstand design loads with
reduced margins of safety. A damage-tolerant design on the other
hand extends the concept of fail-safe to encompass damage growth
and residual strength analysis necessary to allow continued system
operation [36]. The damage tolerance analysis can be used throughout
most phases of the structure life cycle, with early design life predictions
during the design phase, a major update after manufacturing to take
into account defects and flaws, and periodic updates during operation
phases to take into account damage growth and identification using
health monitoring system. Overall, rapid advancement in inspection
and monitoring techniques in wind turbine blades have further boosted
this transition from safe-life design philosophy to a damage-tolerant
design philosophy. In this review, we explicitly focus on impact loads
and impact damage-tolerant design. According to [37,38], the different
steps involved in the development of an impact damage-tolerant design
criteria of a typical composite structure include (1) an accurate charac-
terization of sources of impact threats and identify critical locations of
interests for the structure (2) modeling techniques for analyzing impact
damages (3) adequate inspection systems/devices so the damage can
be detected, and (4) post impact residual strength assessment. This
research focuses on first aspect and discusses different sources of impact
threats during different stages of blade service life as well as compare
their characteristics. In addition, different vulnerable regions of wind
turbine blades subjected to such impact threats are identified. The
scope, target readers and novelty of the current review research are
further elaborated below.

1.2. Scope, novelty and target readers of the review paper

It is crucial to understand that not all impact loads acting on the
wind turbine blades are caused by accidents. Collision with impact
threats such as rain, hail, sand and insect particles can be categorized
as normal impact during service life. While a collection of accident
events for different wind turbine components can be found in many
online websites including recent review papers [39,40]. However, there
is no systematic literature available that deals specifically with impact
loads and damages of wind turbine blades during their service life.
Other literature review on wind turbine blades deals with fatigue
failure [41], failure due to extreme operational loads [42], failure due
to erosion [43,44], damage detection and mitigation techniques [45–
47]. This review paper is a first attempt to review different sources of
impact threats on wind turbine blades and the structure of the paper is
shown in Fig. 4. The main aim of the current paper is (a) identifying
different sources of impact threats during different stages of blade’s
service life (b) describe their qualitative (causes and vulnerable blade
regions) as well as quantitative characteristics (size, mass and velocity
of impactor), and (c) provide modeling guidelines by comparing these
impact threats using five different criteria - (i) relative deformability
of projectile and wind turbine blade, (ii) impact velocity, (iii) kinetic
energy of impact (iv) repeatability of impacts and (v) nature of impact.

This work will be of special interest to researchers working on wind
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Fig. 1. Variation in the size and mass of rotor blade.
Source: Data taken from [12–16].
Fig. 2. A typical cross section of a wind turbine blade.

Source: Adapted from [17].
turbines, blades, thin walled composite structures, design and structural
safety. The paper will also serve as a benchmark paper to industrial
practitioners to refer to different aspects – sources and characteristics
of impact threats, vulnerable impact region, factors that causes such
collision etc – that will help them to design damage-tolerant blades.

1.3. Assumptions and limitation of the current review

The focus of this review is specifically on mechanical impact loads
on wind turbine blades. Other causes of wind turbine blade damage and
faults, such as gust loads and lighting effects, have not been considered.
In addition, the findings, comparisons, and conclusions are drawn from
peer-reviewed published papers, each with its own limitations and
assumptions. In addition, this review only analyzes what impact threats
exist for wind turbine blades, how they can be classified and their
comparison. This work does not explicitly discuss different numerical
modeling strategies, their results, and types of failure modes in the
blades associated with each of these impact threats. Instead, this review
would provide essential modeling guidelines to engineers and scientists.
As an example, this can include choosing the appropriate collision
scenario, utilizing the right impactor properties such as mass, stiffness,
diameter, among others, and selecting the right blade vulnerable region
for investigation. All these efforts would contribute significantly to
design future damage-tolerant wind blades.
3

2. Classification of impact threats on wind turbine blades

Wind turbine blades can suffer impact threats majorly during four
stages of their service life, that includes (a) transportation stage (b)
installation stage (c) operation stage and (d) maintenance and inspec-
tion stage (Fig. 5). A thorough literature review has been performed
and different sources of impact threats are identified under each of the
stages and described in Fig. 5. Note that for some of the impact threats
as highlighted in Fig. 5, a quantitative description (e.g., mass, size and
velocity of impactor) is not possible, given that these are associated
with random accidental events with immense impact energy. Therefore,
for such impact threats, only a qualitative description is provided that
deals with factors which causes such accidents and vulnerable blade
regions are indicated. A detailed discussion about different sources of
impact threats during different stages of blade service life is elaborated
below.

2.1. Impact during transportation stage

Increasing size and dimensions of wind turbine blades pose chal-
lenges during transportation, both for onshore and offshore wind indus-
try [50]. For sites that are located onshore, wind turbine blades have
to be transported either through roads, rail or a combination [50,51]
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Fig. 3. Different examples of impact threats.
Source: Adapted from [18].

Fig. 4. Overview of structure of this paper.
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Fig. 5. Impact threats during different stages of blade service life.
Fig. 6. (a) Onshore transportation of blade (permission taken from Elsevier [48]) (b) Blade damage during offshore transportation (permission taken from Skuld [49]).
(Fig. 6(a)). Wind turbine blades have to be maneuvered through narrow
passages, around sharp turns as well as overhead obstructions over
long distances that pose impact threats from surrounding traffic and
obstacles, requiring extensive planning [52]. Several reports of mild to
severe damages to wind turbine blades from surrounding traffic and
obstacles have been reported in news articles [39,53]. The damage can
occur at any region of the blade especially at the region exposed to
traffic (e.g., leading edges). On the other hand, offshore transportation
of blades is equally challenging due to sensitivity of the vessel to
dynamic excitation from wave loads along with high wind loads that
can act on the blade cargo [54]. A number of blade damage cases have
been reported due to collision with the vessel deck [55]. These are
mainly caused due to (a) poor stowage plan of the blade cargo on the
vessel (b) poor welding of stoppers, (c) handling errors during loading
due to high winds (d) human error and (e) inappropriate securing of
blade cargoes. Fig. 6(b) presents a situation where blade cargo has
fallen overboard due to poor securing and bad weather, thus damaging
the wind turbine blades. Note that offshore wind farms require several
blades and premature blade damage during sea voyage can cause severe
delay to the project as spare blades are generally not available. Further,
since the traffic and vessel deck collisions are random accidental events
and the blades cannot be designed against such loads, a quantitative
5

description of impact threat (size, mass, or velocity of the impactor) is
not provided.

2.2. Impact during installation stage

Here, the discussion is mostly focused on installation of offshore
wind turbine blades where specialized crane vessels such as jack-up
crane vessels or floating crane vessels [17] are used. These vessels
are extremely sensitive to dynamic wave loads such as wave height,
wave period and wind speed. Excessive crane tip motions can cause
impact loads on wind turbine blades. Therefore, a quantitative estimate
of impact velocity requires global motion response analysis of the
installation system [56]. Analysis performed in [18] showed that blade
can impact the surrounding structures with low velocity in the range of
1–2 m/s; nevertheless, impact energy during the collision of the blade
is very high since a blade of a typical MW-sized WT can weigh several
tons. Note that for collision scenario during installation, the blade itself
can be considered a projectile as it collides with surrounding structures
such as the turbine tower that are relatively stationary and stiff. It is
also important to understand that wind turbine blades are installed
in three distinct phases and each phase present different vulnerable
blade region. The first stage is the lift-off phase where blade is close
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Fig. 7. Qualitative risk assessment chart during the installation phase.
Source: Adapted from [59].
to vessel deck, the second stage is the lifted phase where the blade is
hoisted from the deck towards the hub height, and the last stage mating
phase [57] where the blade root is docked in the hub. A qualitative risk
assessment (QRA) was performed in [58] to identify and rank collision
threats during these three stages and vulnerable blade regions were
identified, see Fig. 7. During the lift-off phase, the blade leading edge
can impact the surrounding structure, however, this stage is ranked
the lowest on the risk assessment chart as such events have medium
occurrence rate, and have low consequences. The lifted phase is ranked
second as it has a low occurrence rate since structures are relatively
spaced apart during controlled installations. However, due to large
blade pendulum motions, the blade leading edge could hit the tower
and can cause localized damages at the adhesive joints. Finally, during
the mating phase sensitive blade root connections can get damaged.
The impact during blade mating phase is ranked highest given that
such events have high occurrence rate and are associated with high
consequences.

2.3. Impact during operation stage

One of the important differences compared to the previous discus-
sions, is that the blade during operation stage is rotating. Consequently,
major part of kinetic energy of impact comes from blade rotational
speed. Fig. 8(a) shows the angular speed of the blade for a typical
10-MW turbine. As seen from the figure, there are three important
regimes—cut-in, rated and cut-off wind speed. The blade is in parked
condition at wind speed below cut-in and above cut-off speed. The
blade is at its highest angular speed between rated and cut-off wind
speed. The angular speed can be translated to the linear speed of a
blade section, the largest being at the tip. Fig. 8(b) shows the range
of nominal tip speed for existing and future wind turbine blades, i.e
between 60–110 m/s. Hence, a impactor itself with a low speed can be
detrimental to the blade during the operational phase. A description of
the different impact threats during the operational phase is discussed
below.

2.3.1. Wildlife collisions
There are several reports that cite rotating wind turbine blade

collisions with wildlife that mainly include flying birds and bats [22,
6

Fig. 8. (a) A typical RPM-wind speed curve for a turbine (adapted from [60]) (b) trend
in the tip speed of wind turbine blades (adapted from [61]).

63–69]. Given the growth of the wind energy market, it is expected
that wildlife fatalities due to collision with wind turbine blades will
increase [62,70–75]. A comprehensive analysis based on 133 and 101
papers was performed by [76], where birds and bats collision rate with
wind farms were analyzed. It is found in the paper that: (1) collision
rates are higher for bats compared to the birds, (2) bird collision rate
mainly depends on their migratory behavior, their spreading distance
and habitat associations, (3) bat collision rate mainly depends on their
dispersal distance, and (4) bird species accipitriformes (e.g., hawks,
eagles, vultures, and kite) had the highest collision rates with wind
turbines.



Renewable and Sustainable Energy Reviews 178 (2023) 113261A.S. Verma et al.
Fig. 9. Correlation between (a) number of collisions per turbine (b) number of collisions per MW and blade length.
Source: Adapted and data taken from [62].
Fig. 10. (a) Bird flight velocity (b) Bat flight velocity and their dependence on their body mass.
Several collision models [70,72,73,77] have been developed to
predict collision probability of birds with wind turbine blades. Also
the effect of size of the wind turbine and the blade length on wildlife
collision rates has been investigated in [62]. For birds and bats, larger
power ratings of wind turbines increased the collision rates; however,
deploying fewer, but larger turbines, can reduce bird collisions com-
pared to having several smaller wind turbines. Further, number of
collisions per turbine increased linearly with increasing blade length
(Fig. 9(a)), although the collision rate per megawatt decreased as an
hyperbolic function (Fig. 9(b)). It is therefore important to consider bat
and bird impact loads on wind turbine blades. The bird and bat impacts
often occur on the leading edge of wind turbine blades. The mass, and
flight speed of birds and bats are important modeling parameters while
analyzing their collision with blades. The mass of birds that are relevant
for wind turbine blade collision is mainly distributed between 0.01 kg
and 10 kg whereas the mass of bats is between 0.001 kg, and 1 kg.
Further, flight speed of the birds and bats is related to their own mass,
which can be expressed by functions as shown in Fig. 10(a)(b). It can
be seen that the flight speed of birds and bats can range between 9
to 22 m/s and flight velocity of bat can range between 2 to 9 m/s. A
comparison of impact energy will provided in Section 3.

2.3.2. Hydrometeors collisions
Wind turbine blades can suffer collision with rain droplets and

hailstones during rotation and are individually discussed below.
7

Rain droplet impact involves repetitive liquid particle impingement
on the leading edges of wind turbine blades [24,79–82]. The droplet
impact causes local pitting, progressive material loss and increases the
local surface roughness of the leading edge, consequentially decreasing
the overall aerodynamic efficiency [83–87]. The damage due to rain
droplet impact can be found at several locations in blades, however
most is found at the leading edge of the blade [60,78,88].

A typical rainfall has a site specific characteristics and their nature
varies for onshore and offshore conditions [89–91]. The modeling
parameters that are critical to analyze rain droplet impact are rainfall
intensity, rain droplet size and number of droplets in a rainfall. The
droplet size distribution (DSD) describes the range of droplet size at
a given site and is dependent on the given rainfall intensity [92,93].
Depending on the rainfall intensity, the droplet diameters can vary in
the range of 0.1 to 6 mm (Fig. 11). Further, the fraction of larger rain
droplet sizes increases with increasing rainfall intensity and there are
relatively larger droplet sizes at onshore location compared to offshore
locations (Fig. 11(a)(b)). Further, the terminal falling velocity of rain-
drop can range up to 8 m/s depending on the droplet size (Fig. 12(a)).
Based on Fig. 12(b), offshore rainfall produces more liquid droplets per
volume of rainfall than onshore rainfall for the same rainfall intensity.

Hailstones, unlike rain droplets, are relatively larger, heavier and
harder and can cause delamination, permanent indentations, surface
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Fig. 11. (a) Onshore DSD (b) Offshore DSD.
Source: Permission taken from [24].
Fig. 12. (a) Terminal velocity of rainfall (b) Number of raindrops in a volume of rainfall.
Source: Data taken and adapted from [78].
cracking and in worst cases can also penetrate the composite laminate
of wind turbine blades [42,97,98]. The damage from hailstones mostly
occurs on the leading edge of wind turbine blades [61,99,100]. Hail-
stones in nature are not monolithic ice balls. Instead hailstones consist
of a spherically layered structure owing to their complex formation [95,
96,101]. As a result, hailstones have a large variation in their density.
Hail with a diameter greater than 5 mm has a density range between
810 and 915 kg/m3, whereas graupel has a density range between 50
and 700 kg/m3.

In order to analyze wind turbine blade collisions, hail size, shape,
and terminal falling velocity are important modeling parameters [94,
102–104]. These parameters can vary according to the site. According
to data collected from the United Kingdom (UK) from 1949 to 2013,
Fig. 13(a) counts the number of incidents of hail classified based on the
size [94]. As shown in the figure, Graupel, also called ice pellets, was
observed the most, followed by hailstones with diameter between 5 mm
and 9 mm. A variation in hail shape has also been observed [105].
Hails are oblate spheroids rather than perfect spheres with mean axis
ratios ranging from 0.5 to 0.95. As hail size increases, the axis ratio
decreases [105]. As an example, axis ratios decrease from 0.95 for hail
diameter of 5 mm to 0.6 for hail diameter of 50 mm, raising questions
about the validity of using spherical ice spheres for representing larger
hail. Consequently, the mass of hail does not follow a relation based on
volume of an ideal ice sphere, rather it deviates following a power curve
as seen from Fig. 13(b). Hailstones typically weigh between 0–200 g,
8

except for a few extreme events where there are hailstones measured
over 870 g in mass.

A hailstone’s terminal velocity is also a key model parameter, and
depends on the hailstone’s density, the air’s density, the Reynolds
number, the atmospheric environment, and the drag coefficient [95,96,
101]. Fig. 14(a) shows terminal velocity for different hail sizes based
on hail sizes 0–10 cm and drag coefficients 0.45–0.8. As can be seen
from the figure, the terminal velocity can reach 45 m/s. The drag
coefficient is also affected by the size and roughness of the hailstone. A
drag coefficient of 0.6 is most commonly used in the literature. Recent
observations have shown that the drag coefficient can vary from 0.4 to
0.8–1 for large non-spherical hailstones. The terminal velocity is also
affected by air density, which varies with temperature, humidity, and
pressure [106,107]. As altitude increases, air density decreases, and
higher terminal velocity is associated with lower air density, according
to Fig. 14(b).

2.3.3. Airborne particle collisions
Wind turbine blades are vulnerable to impact from two types of

airborne particles: sand particles and insects. There is one common
feature of airborne particle collisions: the particles have little or no
velocity of their own, and their velocity depends mainly on wind speed.
These are individually discussed below.

Sand frequently impinges with wind turbine blades in deserts and
arid climates, especially during sandstorms [108–111]. The impact of
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Fig. 13. (a) Types of hail sizes (b) Hail mass.
Source: Data taken and adapted from [94].
sand particles on wind turbine blades can cause erosion and mate-
rial abrasion. The leading edge of the blade is the most vulnerable
region subjected to sand impact [112,113]. The important modeling
parameters for sand collision are particle size, density, impact angle,
and shape of sand particles [114–116]. ISO 14688 standard categorizes
sand particles into three sizes based on their diameters [117]: coarse
(0.63 mm – 2 mm), medium (0.2 mm – 0.63 mm), and fine (0.063 mm
– 0.2 mm). Al-Sanad et al. [118] analyze the chemical composition of
sand collected from four desert sites in Kuwait. The results showed that
the composition consists mainly of silica (SiO2). There were different
sizes of sand particles collected from these sites, and the average value
obtained was 297 μm (Fig. 15). A micrograph by scanning electron
microscope (SEM) of the sand particles showed that the particles have
mostly angular shape. Salik et al. [119] found that sharp-shaped sand
particles cause a greater erosive shock than rounded particles, with an
order of magnitude difference. Finally, in one of the studies in [110],
the density of sand particle has been taken as 2200 kg/m3.

Insects collision with wind turbine blades is one of the important
reasons that causes contamination of leading edge resulting in power
loss [121]. A collision between an insect and the blade surface can
negatively affect the aerodynamic boundary layer, resulting in local
flow separation if the residual debris thickness is equal to the boundary
layer critical height [121–123]. Insect contamination was hypothesized
to cause power losses up to 25% with two or more different power lev-
els obtained for same wind speed [120] (Fig. 16(a)). This phenomenon
9

is termed as double stalling. Flow visualization techniques were used
to confirm the hypothesis [120]. The insects generally fly in low
wind condition and stick to the leading edge and this contamination
causes power losses at high wind speed. In addition, rainfall or manual
maintenance cleans the leading edges, which further brings power to
its maximum design values (Fig. 16(b)). There has also been evidence
that insects are affected by the color of a wind turbine [124]. Turbine
colors such as ‘pure white’ (RAL 9010) and ‘light grey’ (RAL 7035)
were found to attract significantly more insects. Currently, the insect
species most vulnerable to collision with wind turbines is a subject
of ongoing concern [125]. According to some reports, mostly hill-
topping, swarming, and migrating insects interact with wind turbines.
Further, collision rates are highest during migration in the summer and
autumn [125].

The important modeling parameter for insect collision with wind
turbine blades include: insect body mass (Fig. 17(a)), their shape de-
fined in terms of ‘sphericity’ (Fig. 17(b)) as well as rupture velocity. As
shown in Fig. 17(a), the body mass varies greatly between four different
species of insects and can range between 0.5 mg to 50 mg [123].
Fig. 17(b) shows variations in the sphericity, which determines whether
or not the insects can be assumed spherical [123]. The shape of insects
such as Coleoptera and Diptera is more spherical than that of other
insect species such as Hymenoptera and Lepidoptera. An additional
modeling parameter, rupture velocity, is defined as the minimum im-
pact velocity at which an insect strike creates an excrescence. If the



Renewable and Sustainable Energy Reviews 178 (2023) 113261A.S. Verma et al.
Fig. 14. (a) hailstone diameter and drag coefficient (b) air density and hailstone
diameter.
Source: Adapted from [95,96].

impact is below the rupture velocity, there will be no excrescence
and the insect will slide off after the collision. The rupture velocity is
dependent on the type of insect and is taken as 12 m/s for houseflies
and 14 m/s for fruit flies for collision with wind turbine blades [121].
More research is required to understand the interaction between the
wind turbines and insects [125].

2.3.4. Aviation aircraft collisions
The risk of aircraft collision with wind turbine blades has first been

mentioned in [126]. At the time of the writing of this review, there
have been report of four cases where aircraft has collided with wind
turbine blades causing loss of life, severe damage to the aircraft as
well as blades. The risk of collision of wind turbine is more severe for
small aircraft, planes that are involved in low level flying such as those
used for agricultural purposes (e.g. spreading pesticides in the farm,
providing medical air services) or those involved in aerial logistics for
offshore wind energy parks [127]. According to [128], wind turbines
are also of concern for those aircraft that arrives at airports situated
in close vicinity of wind farms, especially due to disturbance caused
by wakes and turbulence from wind farms (Fig. 18(b)). According
to [128], around 40% of the wind turbines in the United States are
placed within 10 km of a small airport and around 5% are placed in
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the range of 5 km of a small airport (Fig. 18(a)). The effect of wake
from wind turbines on aircraft flight path, and flight trajectory is a
subject of ongoing concerns [129,130]. Serious roll hazard exists to the
aircrafts due to turbine wakes generated by the wind turbine [131,132].
Other than rolling hazards, yaw and pitching moments can also be of
serious concern. Note that there are no clear recommendations from
the Federal Aviation Administration (FAA) of the United States and
the Civil Aviation Authority (CAA) of the United Kingdom on wind-
turbine-induced roll hazards for aircraft. This poses serious concerns
over interaction between aircraft and wind turbines making aircraft
collisions with a blade a major source of impact threat. Fig. 18(c) shows
a schematic of damage of the wind turbine blade caused due to collision
of PIPER PA 32R-300 with wind turbine blades in 2014 in South
Dakota. The incident also led to 4 fatalities. According to the national
transportation safety board (NTSB) report [133], the main reason that
contributed to the collision was low level flying due to bad weather and
poor visibility including the turbine was not marked on the sectional
charts and the lights on the wind turbine was not operational. The
damage due to aircraft collision, depends on where the aircraft collides
and is thus not specific for a certain blade location (random) and could
even be complete turbine collapse. It is not feasible to design blades
that can withstand such high impact loads caused by such accidents,
however, efficient mitigation measures must be implemented to prevent
them.

2.4. Impact during maintenance and inspection stage

Wind turbines require several maintenance activities, including in-
spections and repairs. In contrast to the operation stage, the wind
turbine is generally parked and not rotating. Therefore, the impact
velocity is solely contributed from the impactor speed. This section
discusses the impact threats on wind turbine blades during this stage.

2.4.1. Helicopter collision
There is a rapid increase in demand for the use of helicopters for op-

eration and maintenance activities. According to [136,137], helicopter
fleet demand for the offshore wind market (Fig. 19) will increase by at
least 100 aircraft valued at 1 billion United States dollar (USD) between
now and 2030 [134]. Use of helicopters aids in quick maintenance
and repair work as well as efficient transfer of technicians compared
to ships. In addition, it has been mentioned that helicopter operations
can be available for about 90 percent of the time in a year, compared
to boats or ships which has availability 50 percent of the time in
year [138]. However, helicopter operations are challenging for offshore
structures due to poor visibility, bad weather, high dynamic motion
of the structures, and therefore several accidents have been reported
in the field. For instance, helicopter accidents have been reported
during technician transfer on semi-submersible floating platforms in
offshore oil and gas sector [138]. Additionally, helicopter operations
are recommended to be used for search and rescue operations for
offshore wind turbines [139]. In addition, offshore wind farms presents
unique challenges such as generation of wakes and turbulence and its
effect on helicopter navigation and control [140]. Report from [136]
cites issues of blade collision with helicopter during search and rescue
operations and recognizes three suitable blade configurations during
parked conditions to avoid collisions: (a) Retreating blade horizon-
tal (b) bunney ear configuration and (c) Advancing blade horizontal
(Fig. 20). Aside from that, the blades and nacelle should be positioned,
braked, and/or locked to stop wind-induced or rotor-induced move-
ment. During this process, the anemometers and yaw motors in the
nacelle will also be overridden/disabled. Similar to aviation aircraft
collisions, the damage region of helicopter collision is random and
suitable mitigation measures need to be in place to avoid collision with
blades.
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Fig. 15. Distribution of grain size in sand.
Source: Data taken and adapted from [109].

Fig. 16. (a) Production of multiple power levels at the same wind speed (b) Insect collision as an explanation for multiple power levels.
Source: Data taken and adapted from [120].

Fig. 17. (a) Insect body mass (b) Insect sphericity.
Source: Data taken and adapted from [123].
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Fig. 18. (a) Map showing airports located in close vicinity of wind turbines in US [128] (b) Example of an airplane flying near wind turbine (c) wind turbine blade damage due
to aircraft collision.
Source: Adapted from [133].
Fig. 19. Demand of helicopters for offshore WTs.
Source: Data taken and adapted from [134].

2.4.2. UAV/drones collisions
Unmanned aerial vehicles (UAVs) or drones can perform wind

turbine inspections more efficiently and effectively than rope-based
inspections, which are costly, infrequent and unsafe [141–143]. Re-
search has shown that replacing rope access inspection with drones
reduces costs by 70% and revenue lost due to downtime by 90% [143].
12
For offshore wind turbine inspections, drones are remotely operated
from a boat or helicopter and are transported to the turbine asset by
boat or helicopter [141–144]. The drone can hover near the blades of
the wind turbine and capture high-quality images at different points
and locations. After post-processing the images, the criticality of the
defect is determined and maintenance strategies are designed accord-
ingly [142]. Furthermore, drones are capable of carrying payloads such
as thermal sensors, infrared sensors, and high-resolution cameras, near
infrared sensors and hyperspectral sensors, depending on the target
of the mission. As well as performing internal and external blade
inspections, drones can also visually inspect turbine towers, nacelles,
metmasts, and substations. There are three wide categories of drones
that can be used for blade inspections: (a) multirotor (b) fixed wing
and (c) hybrid system (Fig. 21). Multirotor or rotory wings drones are
mostly widely used for industrial purposes given that these drones can
hover at one location, less footprint required while operating as well
as pilot skills required to fly these drones are less [141]. However,
the payload capacity for these drones are small, have smaller flight
times and are less stable in wind. Rotory wing drones can have one
rotor (helicopter), three rotors (tricoptors), four rotors (quadcoptors),
six rotors (hexacoptors) or eight rotors (octocoptors). Among all the
rotory wing drones, the quadcopters are the most applied drones as
these drones provide the best balance of lift, control, manoeuvrability,
and cost. On the other hand, fixed wing aircrafts have longer range of
flying, high endurance, and are stable in wind. However, the fixed wing
aircrafts require large footprint area and cannot hover at one location in
addition to requirements of specialized training. Nevertheless, drones
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Fig. 20. Recommended configurations for helicopter landing on wind turbines during search and rescue operations.
Source: Adapted from [135].
Fig. 21. Three wide categories of drones: (a) Multirotor, (b) fixed-wing, and (c) single-rotor drones [145].
Fig. 22. Qualitative risk assessment for drone collision with wind turbine blade.
Source: Adapted from [146].
are still in the early stages of commercialization, and their reliability
remains an issue.

The collision of drones with aerospace structures such as aircraft
nose and windshields have been a question of ongoing concern [144,
146–152]. Collision analysis of drone with wind turbine blades have
not been investigated so far in the literature but risk of their collision
has been reported. For instance, the feasibility of the use of drone
systems for ultrasound inspection of blades for delamination prediction
was performed in [146]. A risk assessment was performed and two
specific collision scenario were identified. (a) Scenario 1 involved drone
collision with blade due to uncontrolled motion or error in navigation
of UAV causing damages to drones as well as wind turbine blade. On the
other hand, (b) Scenario 2 involved drone collision with blade due to
unpredictable gust loads where the wind can cause drone to drift out of
13
course causing collision and inducing significant damages to the blades.
Both these scenarios were associated with a high risk as shown by red
color in the qualitative risk matrix developed by [146](see Fig. 22) In
addition, internal blade inspection using drones can cause collision with
the blade due to wind-induced blade vibrations. There are many other
reasons that can cause collisions of drone with blades e.g. high wind
speeds, gusts, platform motions, and wake effects from turbines in a
farm that can complicate the navigation of UAV systems at turbine sites.
Therefore, the leading edge and spar both can be damaged by drones
collision. A collision task force applied to the aviation industry [153]
was established where risk assessment was performed for all the drones
available in the market which has a mass of less than 25 kg and was
termed as, ‘open category’, and the drones were categorized into large
(greater than 3.5 kg), medium (between 1.5 kg and 3.5 kg), small
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Fig. 23. The fishbone diagram of impact loads and impact-susceptible regions in wind turbine blade.
Table 1
Summary of impact threats for wind turbine blades.

Impact threat Stage of occurrence Blade region Accidental Normal Single Repetitive

Traffic Transportation Leading, trailing edge ✓ ✓

Vessel deck Transportation Random ✓ ✓

Lifting Installation Leading edge, spar ✓ ✓

Mating Installation Blade root ✓ ✓

Bird Operation Leading edge, tip ✓ ✓

Bat Operation Leading edge, tip ✓ ✓

Hail Operation Leading edge, tip ✓ ✓

Rain drop Operation Leading edge, tip ✓ ✓

Insect Operation Leading edge, tip ✓ ✓

Sand Operation Leading edge, tip ✓ ✓

Aviation aircraft Operation Random ✓ ✓

Drone Inspection Leading edge, spar, tip ✓ ✓

Helicopter Inspection Random ✓ ✓
(between 0.25 kg and 1.5 kg) and harmless (less than 0.25 kg). A similar
classification for wind turbine blade inspection does not exist at present
and will require further effort in the future. In addition, the horizontal
flying speed of drones can be in the range of 20–25 m/s.

Summary of impact threats, stage of occurrence and vulnerable blade regions

Table 1 summarizes the impact threats, associated stage of occur-
rence as well as vulnerable blade regions for impact loads on wind
turbine blades. In addition a fishbone diagram of impact loads and
impact-susceptible regions in turbine blade is shown in Fig. 23.

3. Comparison of impact threats on wind turbine blades

In this section, the impact threats are compared based on the
following five criteria: (a) relative deformability of projectile and wind
turbine blades (b) impact velocity (c) kinetic energy of impact (d)
repeatability of impacts, and (e) nature of the impact.

3.1. Relative deformability of projectile and wind turbine blades

The relative deformability of projectiles and wind turbine blades is
determined by soft and hard impacts. The damage to turbine blades can
vary depending on whether the impact is soft or hard. In addition to
guiding the design of wind turbine blades, a classification of soft versus
hard impacts will guide the modeling principles for collision analyses.

There are several qualitative definitions for soft and hard im-
pacts [154–156]. Soft impacts are generally described as an inelas-
tic shock of projectile without rebound, characterized by projectile’s
substantial displacement and deformation as compared to the target
structure. In contrast, a hard impact involves a projectile that remains
undamaged during impact, can rebound and exhibits low deformation
compared to the target. Methods have been proposed in the aerospace
industry to differentiate quantitatively between soft and hard impacts
applied to aircraft collision analysis. Eibl et al. [157] proposed a
method based on a mass–spring model (Fig. 24(a)) where relative
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displacements of target and projectile was considered as a key point
for classifying an impact as hard or soft. Suppose there is a projectile
of 𝑚1 and a target of 𝑚2, with spring stiffness 𝑘1 and 𝑘2, and 𝑥1(𝑡) and
𝑥2(𝑡) denoting the displacement of the projectile and target, respectively
(Fig. 24(a)). The equation of motion is obtained as:

𝑚1�̈�1(𝑡) + 𝑘1[𝑥1(𝑡) − 𝑥2(𝑡)] = 0 (1)

𝑚1�̈�2(𝑡) − 𝑘1[𝑥1(𝑡) − 𝑥2(𝑡)] + 𝑘2𝑥2(𝑡) = 0 (2)

When the target displacement 𝑥2(𝑡) is much smaller than the projec-
tile displacement 𝑥1(𝑡), that is, 𝑥2(𝑡) ≪ 𝑥1(𝑡), the above equation can be
decoupled as:

𝑚1�̈�1(𝑡) + 𝑘1𝑥1(𝑡) = 0 (3)

𝑚1�̈�2(𝑡) + 𝑘2𝑥2(𝑡) = 𝐹 (𝑡) (4)

where 𝐹 (𝑡) = 𝑘1𝑥1(𝑡). This situation is defined as a soft impact as the
equation can be solved in an uncoupled manner. Thus, first displace-
ment of projectile (𝑥1(𝑡)) can be obtained separately, and can be used
further to obtain 𝐹 (𝑡). The output of this equation can then be used
in the second equation to obtain the response of the target structure.
On the contrary, when the equations cannot be decoupled, it is called
a hard impact. However, this method has a limitation that it only
considers relative displacement between projectile and the target as
the key point, do not take into account the material strength of target
and projectile, and can be applied only after observing the collision
behavior.

Further, Pierre et al. [158] distinguished between soft and hard
impact according to the material characteristics and projectile speed,
and proposed to divide hard and soft impacts according to whether the
projectile penetrates the target. The stress 𝜎 exerted by the projectile
is compared to the strength threshold 𝜎𝑡 of the target. If the projectile
is crushed then it is referred to as soft impact whereas if the projectile



Renewable and Sustainable Energy Reviews 178 (2023) 113261A.S. Verma et al.
Fig. 24. (a) Spring mass model for projectile and target impact (b) Distinction between soft and hard impact based on material characteristics and projectile speed.
Source: Permission taken from Elsevier [158].
Fig. 25. Comparison of impact threats as hard and soft impact.

penetrates the target, it is a hard impact. Within these limits, a region
of rebound and no rebound of projectile were also discussed and it was
mentioned the exact area of impact with rebound is difficult to obtain.
The total stress 𝜎 consists of two parts: the material strength threshold
𝜎𝑝 of the projectile itself, and the inertial impact stress generated by
the mass and velocity:

𝜎 = 𝜎𝑝 + 𝜌𝑝𝑉
2
0 (5)

where 𝜌𝑝 is the projectile density (mass per unit volume) and 𝑉0 is the
projectile velocity. Substituting 𝜎𝑡 for 𝜎, the limit for distinguishing soft
and hard impacts can be defined as (and this is shown graphically in
Fig. 24(b)):

𝜎𝑝
𝜎𝑡

+
𝜌𝑝𝑉 2

0
𝜎𝑡

= 1 (6)

This paper uses the second method and substitutes blade and projec-
tile material properties as well as projectile speed for different impact
threats to classify them as hard or soft. It should be noted that this is
only a first attempt to classify such impacts for wind turbine blades and
15
that further research is needed to distinguish them clearly. It can be
seen from Fig. 25 that lifting collision, mating collision, transportation
collision and aviation collision are obtained as hard impacts where the
relative deformation in the wind turbine blade will be greatest. In con-
trast, soft impacts include hail, rain, bird/bat impacts, insect impacts,
and impacts caused by drones. In this case, the relative deformation
of a projectile will be greater than that of a wind turbine blade. It is
advantageous to have a good understanding of these principles as they
will influence the modeling strategy for analyzing blade collisions. The
impactor can, for instance, be assumed as rigid for a hard body impact
while, for a soft impact, modeling methods such as smooth particle
hydrodynamics (SPH) can be used to represent the large deformation
of the impactor.

3.2. Impact velocity

In this section, impact threats for wind turbine blades are compared
according to their impact velocity. The impact can be classified [159]
as low velocity impact (𝑉𝑖𝑚𝑝 < 30 m∕s); high velocity impact (30 m∕s <
𝑉𝑖𝑚𝑝 < 200 m∕s); ballistic impact (𝑉𝑖𝑚𝑝 > 200 m∕s) and hyper-velocity
impact (𝑉𝑖𝑚𝑝 > 15 000 m∕s). For wind turbine blades, only low velocity
impact and high velocity impact are relevant. Table 2 compares impact
threats according to low and high velocity impact. It can be seen from
the table that all impact threats during transportation, installation and
inspection stages of blade corresponds to low velocity impact. One
common characteristic of wind turbine blade during these stages is that
blade is not rotating. On the other hand, the impact threats occurring
during the operation stage corresponds to high velocity impact. This is
mainly due to the fact that the wind turbine blade during operation is
rotating and the blade linear speed during rated conditions can reach
up to 90–120 m/s. A more comprehensive discussion is provided below
for describing impact velocity for collision during operation stages.

The impact velocity during operation stage will consists of com-
bined contribution from the projectile velocity, the WT velocity (e.g.
blade rotation speed) as well as the wind speed. Additionally, the size
and mass of the projectile will have an effect on the projectile speed and
the overall impact speed. The rotation speed of the blades, however,
largely determines the impact speed. A blade’s linear speed is also
related to its position along its span, i.e., the blade’s tip has the highest
velocity compared to the blade’s root. Since the impact velocity is the
result of the superposition of multiple velocity vectors, the impact speed
for the case of rain and hail collisions is given by:

𝑉𝑖𝑚𝑝 =
√

(𝑉𝑡𝑖𝑝 + 𝑉𝑡𝑔)2 + 𝑉 2
𝑤 (7)

where 𝑉𝑖𝑚𝑝 is the impact velocity, 𝑉𝑡𝑖𝑝 is the velocity of WT blade tip,
𝑉 is the terminal velocity of rain and hail particles, 𝑉 is the wind
𝑡𝑔 𝑤
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Table 2
Comparison of impact threats for wind turbine blades based on hard impact, soft impact, impact velocity and impact energy.

Impact threat Stage of occurrence Hard impact Soft impact Low velocity High velocity Low KE High KE
(<30 m/s) (>30 m/s) (<100 J) (>100 J)

Traffic Transportation ✓ ✓ ✓

Lifting Installation ✓ ✓ ✓

Mating Installation ✓ ✓ ✓

Bird Operation ✓ ✓ ✓

Bat Operation ✓ ✓ ✓

Hail Operation ✓ ✓ ✓

Rain drop Operation ✓ ✓ ✓

Insect Operation ✓ ✓ ✓

Sand Operation ✓ ✓ ✓

Drone Inspection ✓ ✓ ✓

Helicopter Inspection ✓ ✓ ✓
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speed. Note that here effects of different blade azimuth angles are not
considered and the impact velocity is assumed to be the maximum.

For the bird and bat impacts, the collisions usually takes place
horizontally, so the impact speed can be defined as:

𝑉𝑖𝑚𝑝 =
√

𝑉 2
𝑡𝑖𝑝 + (𝑉𝑤 + 𝑉𝑡𝑔)2 (8)

𝑉𝑡𝑔 is the flight speed of bird and bats which is dependent on their
masses. For sand and insect impact, the particles are mainly suspended
in the air, and the impact velocity is mainly affected by the speed of
the WT blade and the wind speed. So the impact speed can be defined
as:

𝑉𝑖𝑚𝑝 =
√

𝑉 2
𝑡𝑖𝑝 + 𝑉 2

𝑤 (9)

Fig. 26(a)–(f) compare the blade impact speed for rain, hail, sand,
nsect, bird and bat respectively corresponding to four different blade
ip speeds. It can be clearly seen that for rain, hail, and bird the
lade impact speed has a significant influence due to the projectile
haracteristics. For instance, the impact speed between hail and wind
urbine blade can reach upto 160 m/s corresponding to a blade tip
peed of 120 m/s and hail size of 80 mm. On the other hand, the
rojectile characteristics for sand, insect and bat do not have major
ignificance on the overall impact speed. For instance, for a given tip
peed of 120 m/s, the maximum value of impact speed can reach
21.49 m/s for bat, 120.60 m/s for sand, and 120.60 m/s for insect
mpingement with wind turbine blades.

.3. Kinetic energy of impact

The kinetic energy of impact is influenced by the mass of the
mpactor as well as the corresponding impact velocity and is given by:

𝐸 = 1
2
𝑚𝑉 2

𝑖𝑚𝑝 (10)

here 𝐾𝐸 is the kinetic energy, 𝑚 is the mass of impact particle,
𝑖𝑚𝑝 is the impact velocity. The impact can be considered as a low KE
mpact if impact energy is less than 100 J, otherwise it is considered as
igh KE impact. Using the mass and velocity of each impact described
reviously, the kinetic energy of the impact threats for wind turbine
lades are categorized as low and high in Table 2. It can be seen
rom the table that collision during transportation and installation
re associated with high KE impact, even though these collisions are
ssociated with low velocity of impact. A wind turbine blade in such
ases can be considered a projectile, and the excessive weight of the
lade contributes significantly to impact energy. Further, impact energy
or collisions during operations are shown in Fig. 27. The maximum
mpact kinetic energy of rain impact is 2.27 J, hail impact is 2.83e3
, sand collision is 2.23e−4 J, insect collision is 0.65 J, bird collision
s 7.76e4 J, and bat collision is 7.38e3 J. Overall, bird collisions have
he highest kinetic energy, followed by bat collisions. Consequently,
mpacts with birds, bats, and hail are associated with high KE impacts.
mpact of wind turbine blades with raindrops, insects, and sand are
16

btained as low KE impacts.
.4. Repeatability of impacts

We compare impact threats according to whether they collide with
lades once or repeatedly. The impact energy of one impact particle
ay be very small, but repeated impact can significantly damage the
ind turbine blades. In Table 1, repetitive impacts include birds, bats,
ail, rain drops, insects, and sand. Similarly, impacts during transporta-
ion, lifting, mating, aircraft impacts, drone collisions, and helicopter
ollisions are considered single impacts.

.5. Nature of impact

In essence, wind turbines experience a variety of different impacts,
nd not every one will be affected in the same way. There are some
mpacts that are accidental and some that are normal. According to
able 1, accidental impacts include collision with traffic and vessel
ecks during transportation, collision during lifting, birds, bats, avia-
ion aircraft, and drones impact during blade rotation. On the other
and, normal impacts include collision of blade root with hub during
he root mating process, impact with hailstorms, raindrops, insects, and
and during operations.

iscussion on repeatability and nature of impact on damage tolerance design

Repeatability and nature of impact together play a critical role
n damage tolerance design. For instance, if an impact event has a
igh frequency and is associated with normal operational impacts that
annot be ignored or avoided, then it must be explicitly considered in
he design of wind turbine blades. Table 1 explicitly lists such collision
hreats as ‘Normal’ as well as ‘Repetitive’. The most common examples
re collisions between wind turbine blades and hydrometeors such as
ain, hail, insects, and sand. Threats of this nature are highly frequent
nd cannot be avoided. Due to this, wind turbine blades are coated
ith specialized damage-tolerant coatings to minimize damage caused
y such impact events.

On the other hand, for collision threats that have a relatively low
requency and are accidental in nature, historical data can be used
o statistically determine the impact frequency and associated design
inetic energy for damage tolerance calculations. As demonstrated in
able 1, impacts with birds and bats are both repetitive and accidental.
onsequently, a blade can be designed for a particular impact threat,

f it is associated with a specific impact frequency and severity. In
ddition, mitigation measures must be implemented to reduce the col-
ision probability and hence the risk involved. For instance, mitigation
easures such as coloring blades with black paints [75], as well as

at deterrent techniques such as based on acoustics [160–162] and
lectromagnetic fields [163] are being developed. The repeatability of
mpacts can be determined by several scientific approaches, including
ield observations [39,40] and collision models that predict impact
requency. The data in field observations can be used to examine
he frequency, location, and severity of impact events in the past.



Renewable and Sustainable Energy Reviews 178 (2023) 113261A.S. Verma et al.
Fig. 26. Dependence of impact velocity on blade tip speed and impactor characteristics during operation stage.
Analyzing maintenance records over a long period of time will aid
in determining how often the blade has been repaired or replaced
due to impact damage. Data on environmental conditions, such as
wind speed and direction, can also be collected to determine if any
patterns correlate with impact events. These field observations are
however rare and mostly confidential with wind turbine manufacturers
and wind farm owners. However, several collision models [164–167]
have been developed to calculate impact frequency using the collision
model. Ultimately, the most effective approach for determining the
repeatability of impacts will depend on the specific blade design, man-
ufacturers, location as well as the available resources. By combining
field observations, and numerical models, it is possible to develop a
17
comprehensive understanding of the impact environment and design a
blade that can withstand the expected range of impact events.

There are other impacts that are accidental and can occur once
in a lifetime (marked as ‘single’ in the table). For instance, blade
collisions during transportation and assembly are accidental in nature
and can occur once during their service life. However, for such cases,
it has already been discussed that the kinetic energy of impact can
be very high. Therefore, a sound mitigation measure is of paramount
importance and plays a crucial role in reducing the collision risk.
For instance, proper stowage of blades during transportation must be
arranged. In addition, automated tugger line control systems [168,169]
and tuned mass damper systems have been developed to reduce blade
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Fig. 27. Dependence of impact energy on blade tip speed and impactor characteristics during operation stage.
root motion during mating process. Similar approaches need to be
implemented.

4. Recommendations for future work

Below is a list of recommendations for future research:

• Identify the insect species that are most frequently subjected to
wind turbine blade collision: Insects are known to be particularly
vulnerable to wind turbine blades, and a better understanding of
which species are most frequently affected by collisions would
help inform efforts to mitigate the impacts of wind turbines on
local ecosystems. This research could involve a combination of
field observations and lab studies to determine which species are
18
most at risk, as well as investigations into the flight patterns and
behaviors of different insect populations.

• Further investigate wake effects on airplane navigation caused by
wind turbines: The wake generated by wind turbines can disrupt
the flight paths of nearby aircraft, creating potential hazards for
pilots and passengers. Future research could explore the effects
of wind turbines on airplane navigation in greater detail, using
simulations and real-world measurements to better understand
how wind turbine wakes interact with planes and how best to
mitigate the risks associated with these interactions.

• Establish a collision task force to specifically address drone colli-
sion with wind turbine blades: Drones are becoming increasingly
common near wind turbines, and collisions between drones and
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turbine blades can be dangerous and costly. To address this issue,
a task force could be established to coordinate efforts among
researchers, industry professionals, and regulatory agencies to
better understand the risks associated with drone-turbine colli-
sions and develop effective mitigation strategies. This could in-
volve research into the types of drones most likely to collide with
turbine blades, as well as investigations into technologies like
sense and avoid systems that could help prevent such collisions.

• Develop a comprehensive classification system for differentiating
between hard and soft impact: Currently, there is no widely
accepted classification system for differentiating between hard
and soft impacts on wind turbine blades. A better understanding
of these impact types could help inform efforts to design more
durable turbine blades and develop more effective mitigation
strategies. Future research in this area could involve laboratory
testing to identify the different characteristics of hard and soft
impacts, as well as field studies to observe the effects of various
types of impacts on turbine blades in real-world settings.

• Encourage more field observations of wind turbine blade col-
lisions and share data publicly: Despite the importance of un-
derstanding the impacts of wind turbine collisions, there is still
relatively little data available on the subject. Encouraging more
field observations and sharing this data publicly could help re-
searchers better understand the frequency and severity of wind
turbine collisions, as well as inform efforts to mitigate their
impacts. This could involve collaborations between wind farm
operators and researchers to collect data on blade impacts and
make this data available to the wider research community.

• Conduct drone collision analysis to study the extent of hard or
soft impact on the blades: As mentioned earlier, drone-turbine
collisions can be particularly costly and dangerous. Conducting
detailed analyses of these collisions could help researchers better
understand the characteristics of hard and soft impacts on wind
turbine blades, as well as inform efforts to design more durable
blades and develop more effective mitigation strategies.

• Investigate new modeling strategies for analyzing wind turbine
blade collisions: Modeling wind turbine blade collisions is a com-
plex task that requires accurate representations of both the blades
and the objects they might collide with. Investigating new mod-
eling strategies could help researchers better understand the dy-
namics of these collisions and develop more effective mitiga-
tion strategies. This could involve developing new computational
models that can simulate the behavior of wind turbine blades
under various types of impact, as well as incorporating data from
real-world collisions to refine these models.

• Explore additional mitigation measures to reduce the likelihood
and severity of accidental impact loads: Finally, future research
could explore additional mitigation measures to reduce the like-
lihood and severity of wind turbine blade collisions. This could
involve developing new sensor technologies to detect objects in
the path of turbine blades and adjust their speed or direction
accordingly, as well as investigating the use of damage tolerant
materials that are more resistant to impact damage. Other poten-
tial strategies could include modifying the design of wind turbine
blades to reduce their risk of collision, as well as exploring new
approaches to site selection and wind farm layout to minimize the
risk of collisions.

. Conclusions

This paper is the first attempt to provide a comprehensive review of
arious impact threats on wind turbine blades during their service life.
he impact threats are categorized based on the four stages of blade
ervice life: transportation, installation, operation, and inspection. Dif-
erent impact sources are elaborated in each stage, along with their
19

uantitative and qualitative characteristics. In addition, five criteria are
used to compare impact threats: relative deformability of impactors and
turbine blades, kinetic energy, impact velocity, repeatability of impacts,
and nature of impacts. The following are some interesting concluding
remarks:

• As WTB sizes and dimensions increase, collisions between traffic
and vessel decks are more likely during transportation, both for
onshore and offshore wind farms. In spite of the unpredictability
of these collisions, precautions can be taken to prevent them.

• WTB installation involves three phases: lift-off phase, lifted phase,
and mating phase and each phase involves different scenarios
for wind turbine blade collision. Based on qualitative risk assess-
ments, lift-off, lifted, and mating phases are ranked from low to
high risk.

• During the operation phase, WTBs are subject to wildlife colli-
sions (e.g., bird and bat impacts), hydrometeor collisions (e.g.,
raindrops and hail impacts), and airborne particle collisions (e.g.,
sand and insects impacts), and aviation aircraft collisions.

• Helicopter and drone collisions are two of the most common
impacts on WTBs during inspection and maintenance.

• There are two types of impacts: soft and hard, based on the
relative deformability of WTBs and the impactor. According to
this paper’s analysis of soft and hard impacts, sand impact, colli-
sion during installation and transportation as well as helicopter
collision during maintenance are obtained as hard impacts. In
contrast, hail impact, rain impact, bird and bat impact, and drone
impact are obtained as soft impacts.

• Impact threats were also compared based on impact velocity and
impact energy. During operation, impact threats are associated
with high velocity impacts, whereas during transportation, instal-
lation, and maintenance, impact threats are associated with low
velocity impacts. Additionally, some scenarios such as installation
impacts have high kinetic energy despite low velocity. A blade
in such cases can be considered a projectile, and the excessive
weight of the blade contributes significantly to impact energy.

The review paper will be of special interest to researchers working
on wind turbine blades and will serve as a baseline report for designing
damage-tolerant blades. This study makes three specific contributions:

• First attempt to identify different sources of impact threats and
describe their qualitative (causes, vulnerable blade regions) and
quantitative characteristics (mass, size, velocity etc.) during dif-
ferent stages of blade’s service life;

• Quantify the regions of blade that are vulnerable to impact
threats;

• Provide modeling guidelines by comparing the impact threats
using the five different criteria.
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