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in wind turbine blades: A review
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Abstract
Wind blades are major structural elements of wind turbines, but they are prone to damage like any other composite component. Blade 
damage can cause sudden structural failure and the associated costs to repair them are high. Therefore, it is important to identify the 
causation of damage to prevent defects during the manufacturing phase, transportation, and in operation. Generally, damage in wind 
blades can arise due to manufacturing defects, precipitation and debris, water ingress, variable loading due to wind, operational errors, 
lightning strikes, and fire. Early detection and mitigation techniques are required to avoid or reduce damage in costly wind turbine 
blades. This article provides an extensive review of viable solutions and approaches for damage mitigation in wind turbine blades.
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Introduction

The development of clean energy sources is a critical need, as serious human health and environmental health issues are 
on the rise. Wind energy is one of the most promising renewable energy sources that emits little to no environmental pol-
lution. Wind turbines harness kinetic energy from the wind and convert it into electrical power. Unlike traditional power 
plants, wind turbines emit no greenhouse gases or air pollutants.

The US Department of Energy (DOE) reported in April 2015 that more than 4.5% of the nation’s electricity is supplied 
by wind energy (US Department of Energy, 2015). The goal of the US DOE is to generate 20% of the nation’s electricity 
from wind energy in 2030 (Lindenberg, 2009). Using the National Renewable Energy Laboratory’s WinDS model, Short 
et al. (2003) demonstrated that wind energy could account for 25% of US electricity by 2050. The United States has a 
greater potential for wind power production, approximately 23 times larger than current electricity consumption (Lu et al., 
2009). The country has over 8000 GW of available land-based wind resources that are economically viable for electricity 
generation (Black & Veatch, 2007). Currently, China is the world’s largest wind power producing country with around 
115 GW, followed by the United States as the second largest, with around 66 GW of electricity (as of 2014) (Global Wind 
Energy Council, 2014).

The electricity generated from wind energy can significantly contribute to the reduction of greenhouse gas (GHG) 
emissions, air pollution, and water consumption. The US power sector consumes more water than any other sector, includ-
ing agriculture. Every year, about 22–62 trillion gallons (83–235 trillion liters (L)) of water are consumed by thermal 
power plants (coal, natural gas, nuclear) for cooling purposes (American Wind Energy Association, 2013). By generating 
140 million megawatt-hours (MWh) of electricity, wind energy not only avoided CO2 emissions and pollutants, but also 
avoided the consumption of more than 30 billion gallons of water in the United States in 2012 (American Wind Energy 
Association, 2013).
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Advances in wind energy technology, yielding higher efficiency, less maintenance, and lower costs, are required for 
this energy source to remain competitive. Additionally, wind turbines must be able to withstand extreme environments for 
20 or more years in service (Harper and Hallett, 2015; Nilsson and Bertling, 2007).

The most common type of structural damage found in wind turbines is blade damage and tower damage (Caithness 
Windfarm Information Forum, 2005; Ciang et al., 2008). It is reported that the wind blade had the highest number of 
reported damage occurrences among all other components (Figure 1) in the United States in 2012. The term “damage” 
can be specified as changes to the constituent material and/or geometric properties of a structure, including alterations 
to the boundary conditions and structural connectivity, which can negatively affect structural performance (Dongsheng 
et al., 2015; Farrar and Worden, 2007). Unlike aircraft or ships, wind turbines can be removed from service relatively 
rapidly. As a result, wind turbines are considered less safety-critical than aircraft or ships, and losses due to blade failures 
are primarily economic ones. Due to the number of manufacturers and processes involved in producing wind blades, 
there are many production-related defect types. In addition, continuous in-service inspection is quite difficult or limited 
because the wind blade is mostly inaccessible after installation. Thus, the safe-life design approach is recommended 
where the worst combination of production defects and the worst in-service damage will be considered (Hayman, 2007). 
Here, the safe-life design approach is used to design a structure that is able to withstand the repeated loads expected in 
service with consideration for turbine performance and manufacturing cost.

The cost of three blades can account for 15%–20% of the total turbine cost. As such, special attention should be 
given to the structural health of blades (Ciang et al., 2008; Larsen and Sorensen, 2003). The most expensive type of 
damage in wind turbines in terms of repair cost is the blade damage. Also the longest time is required to repair the blade 
damage (Larsen and Sorensen, 2003). The rotor is the highest contributor to turbine unavailability as shown in Figure 
2 (Ireland, 2011). As such, appropriate damage mitigation systems are required to prevent damages in every phase of 
the life cycle of turbine blades starting from manufacturing steps to the operation phase. A thorough review work on 
damage detection methods and structural health monitoring (SHM) systems may be found in Ciang et al. (2008) and 
Dongsheng et al. (2015).

The major components of a wind turbine blade are illustrated in Figures 3 and 4. The constituent materials for wind 
turbine blades are resins, fibers, adhesives and balsa wood or rigid foam (isocyanate mixed with polyol) for the shear 
web. The most commonly used matrix material for the composite wind blades is epoxy resin while other resin systems 
such as unsaturated polyester, polyurethane, vinyl ester are also used as matrix materials. E-glass is the widely used 
reinforcement fiber for the current largest-sized wind blade production due to its lower cost with good mechanical 
performance. On the other hand, carbon fiber is a promising candidate with a stiffness five times greater than glass 
fiber, which reduces the tip deflection of the wind blade. The use of carbon fiber allows for the manufacture of longer 
blades while maintaining a comparable weight to glass fiber blades. Finally, the two shells are glued together with an 
adhesive which is usually epoxy.

Over the years of operation, wind turbine blades undergo severe fatigue-induced deterioration due to tremendous cyclic 
loads. Thus, cracks may initiate in the blades and propagate to the failure point upon certain unusual environmental fac-
tors. Among seven types of wind blade damage, delamination and adhesive joint failure are most frequent. Delaminations 
are the most critical and commonly studied failure mode in laminated composite materials (Abdussalam, 2000; Bolotin, 
1996; Davidson et al., 2000; Elisa, 2011; Pagano and Schoeppner, 2000; Tay, 2003).

Figure 1. Most frequently reported component damage (based on number of 2012 US reported claims) (GCube Insurance 
Services Inc., 2012). Reprinted with permission from GCube Insurance Services Inc.
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There are many reasons for blade damage starting from the manufacturing floor to field operation. Usually, manufac-
turing-induced defects, precipitation and debris, water ingress, variable loading due to wind, operational errors, lightning 
strikes, and fire or even collisions with birds are accountable for the cracking and damage of wind turbine blades. Wind is 
the driving force of the turbine blade but wind gusts or heavy storms may damage or completely destroy the wind turbine. 
Wind blade failures and wind turbine accidents are compiled in Portal Energia (2014).

Figure 2. Wind turbine component unavailability from failure (Ireland, 2011). Reprinted with permission from EC&M.

Figure 3. The main elements of a wind turbine blade (Sørensen et al., 2004).

Figure 4. Nomenclature of the different blade construction elements (Sørensen et al., 2004).
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This review article attempts to compile the major causes of wind blade damage and their available mitigation tech-
niques to date. Typical damage types in composite blades with their occurring locations are discussed.

Damage types in composite wind blade

Types of damage

Damage to a wind turbine blade can occur in several ways. Sørensen et al. (2004) classified seven different types of dam-
ages in their full-scale tests and post analysis of a 25-m wind turbine blade. Typical damage in turbine blades is listed in 
Table 1 and described pictorially in Figure 5.

Table 1. Typical damage of wind turbine blades (Ciang et al., 2008; Sørensen et al., 2004; Sundaresan et al., 2002).

Type 1 Damage formation and growth in the adhesive layer joining skin and main spar flanges (skin/adhesive debonding and/
or main spar/adhesive layer debonding)

Type 2 Damage formation and growth in the adhesive layer joining the up and downwind skins along leading and/or trailing 
edges (adhesive joint failure between skins)

Type 3 Damage formation and growth at the interface between face and core in sandwich panels in skins and main spar web 
(sandwich panel face/core debonding)

Type 4 Internal damage formation and growth in laminates in skin and/or main spar flanges, under a tensile or compression 
load (delamination driven by a tensional or a buckling load)

Type 5 Splitting and fracture of separate fibers in laminates of the skin and main spar (fiber failure in tension; laminate failure 
in compression)

Type 6 Buckling of the skin due to damage formation and growth in the bond between skin and main spar under compressive 
load (skin/adhesive debonding induced by buckling, a specific type 1 case)

Type 7 Formation and growth of cracks in the gelcoat; debonding of the gelcoat from the skin (gelcoat cracking and gelcoat/
skin debonding)

Figure 5. Different types of wind blade damages (Sørensen et al., 2004).

The post failure damage caused to the leading edge of the wind blade in laboratory experiments by Sørensen et al. 
(2004) is shown in Figure 6(a). Type 2 damage occurs at the leading edge. On the other hand, Figure 6(b) shows compres-
sive load damage caused to the downwind skin at the leading edge resulting in Type 5 damage and Type 7 damage.

Damage prone regions

Ciang et al. (2008) compiled typical damage prone areas of blades: (1) 30%–35% and 70% in chord length from the blade 
root, (2) root section of the blade, (3) maximum chord, and (4) upper spar cap/flange of the spar. Both simulation and 
experimental research indicate (Ciang et al., 2008; Shokrieh and Rafiee, 2006; Sundaresan et al., 2002) that the regions 
along the axial locations of 30%–35% and 70% of blade length from the root section are prone to more damage. A sche-
matic diagram showing the damage prone regions can be found in Ciang et al. (2008).
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Damage initiation and propagation mechanism

Over the past two decades, fracture mechanics has been widely used by researchers to characterize the onset and growth 
of these delaminations (O’Brien, 1982, 1998; Martin, 1998). Delamination may be attributed to incomplete curing and to 
interlaminar stresses created by impact (Johannesson and Blikstad, 1984). Garg (1988) showed that delamination causes 
localized buckling and high interlaminar shear stresses at the edges of the buckled region under compressive loading des-
ignated as instability-related delamination growth.

The growth of delamination depends upon the strain energy release rates GI, GII, and GIII at the crack tip. The delamination 
growth will occur if the total strain energy release rate, GT, exceeds the critical value (Abdussalam, 2000), that is

GT I II III CG G G G= + + =  (1)

Figure 7 shows a graph of the interlaminar fracture toughness, GC, versus the mixed-mode ratio, GII/GT, plotted to 
obtain the mixed-mode fracture criterion. The fracture toughness data are generated experimentally using pure mode I 
(GII/GT = 0) Double cantilever beam (DCB), pure mode II (GII/GT = 1) four-point bend end-notched flexure (4ENF), and 
mixed-mode bending (MMB) tests for a carbon/epoxy material (Hansen and Martin, 1999). A simple mathematical rela-
tionship between GC and GII/GT was suggested by Benzeggah and Kenane (1996) as follows
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In equation (2), GIC and GIIC are the experimentally determined fracture toughness data for mode I and II as shown in 
Figure 7. The factor η was determined by a curve fit using the Levenberg–Marquardt algorithm.

Figure 6. (a) Type 2 damage (adhesive joint failure between skins) at the leading edge (Sørensen et al., 2004) and (b) Type 5 
damage (laminate failure in compression) and Type 7 damage (gelcoat cracking) at the bottom of the leading edge (Sørensen et al., 
2004).

Figure 7. Mixed-mode fracture criterion for a toughened carbon/epoxy (Krueger, 2006).
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The entire failure surface GC = GC (GI, GII, GIII) is required in order to predict delamination initiation or growth for 
three-dimensional composite structures (Krueger, 2006). The failure criterion for delamination in laminated composites 
is greatly dependent on the mixed-mode ratio and the propagation occurs in the laminate plane (Krueger, 2004; Rybicki 
and Kanninen, 1977). The most commonly used method for computing the delamination growth in composite materials 
and structures is called the virtual crack closure technique (VCCT) (Krueger, 2004; Rybicki and Kanninen, 1977) because 
fracture mode separation is determined explicitly. The VCCT calculates the fracture energy at the crack tip by calculating 
the energy required to virtually close the crack. The work required to close all cracks are used to calculate strain energy 
release rates (Nelson et al., 2012). Interface elements are used to simulate crack growth (Camanho et al., 2003; Jiang et al., 
2007). The growth of cracks along the interfaces between plies is found at ply drops under both static and fatigue loads 
(Harper and Hallett, 2015). Ply drops are common in modern large wind blades as the thickness is tapered from root to tip 
(Harper and Hallett, 2015).

Causes of wind blade damage

Manufacturing-induced defects

Early blade failures may occur due to manufacturing defects. The manufacturing defects may occur at random with 
respect to type, size, and location, and several of them are listed in the following (Cairns et al., 2011):

•• Ply waviness;
•• Porosity;
•• Fiber misalignment;
•• Delaminations;
•• Debonding;
•• Improper fiber/matrix distribution;

•• Bonding defects;
•• Foreign inclusions;
•• Incompletely cured matrix;
•• Matrix cracking;
•• Improper fiber/resin ratio;
•• Wrinkle.

These manufacturing defects contribute significantly to the reduction of the mechanical properties. Three composite 
material flaw types considered critical to blade function are in-plane (IP) and out-of-plane (OP) waviness, and porosity/
voids (Nelson et al., 2011). Schematic diagrams of these flaw types can be found in Nelson et al. (2011). A survey con-
ducted by Riddle et al. (2011) among wind turbine blade manufacturers, repair companies, wind farm operators, and third-
party investigators shows that these are the most commonly found flaws in wind turbine blades. The static compressive 
strength and stiffness of laminates decrease due to the OP fiber waviness (Bogetti et al., 1994). Adams and Bell (1995) 
found that the compressive strength had decreased approximately 35% when investigating OP waves in a thermoplastic 
laminate. The static tensile strength decreases due to the presence of in-plane waves in composites, decreasing further as 
wave severity increases (Nelson et al., 2011). A 6%–16% strength decrease and a 2%–18% reduction in the strain at failure 
were found by Nelson et al. (2011) in a laminate containing 1.8% porosity. Along with above factors, others such as large 
resin-rich areas and resin cure variations through the thickness are more likely in larger blades (Griffin and Ashwill, 2003).

Alternatively, manufacturing defects including missing adhesive or deficient bonding may influence other parts 
of the wind blade such as the trailing edge. The geometrical shape of the blade and current manufacturing technique 
make the trailing edge of the wind turbine blade more sensitive to damage (Ataya and Ahmed, 2013). Different studies 
show that typical trailing edge failure is the local debonding of the adhesive joint (Eder and Bitsche, 2015; Eder et al., 
2014). The main cause of trailing edge failure is missing adhesive or deficient bonding (Jüngert, 2008). The cause of 
this failure is complicated, with insufficient data regarding different forms of damage and failure in the trailing edge 
(Ataya and Ahmed, 2013; Eder and Bitsche, 2015). It is possible that other causes such as variable loading and fatigue 
due to operation will contribute to trailing edge failure.

Two blade lengths 9.5 m (100 kW) and 14.2 m (300 kW) were extensively analyzed to determine the type, size, and 
location of different forms of damage (Figures 8 and 9) (Ataya and Ahmed, 2013). Trailing edge damage is divided into 
following three major groups (Ataya and Ahmed, 2013):

1. Longitudinal cracks along the trailing edge through the bonding materials;
2. Transverse cracks;
3. Edge cuts or crushing.

As the inspected wind turbines are of different types (100 and 300 kW), Table 2 depicts the number of each type of 
damage.
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Precipitation and debris

Leading edge erosion. Leading edge erosion is caused by rain, hail, salt spray, and other debris (3M™, 2015). Liquid drop-
let impingement can cause significant blade erosion that reduces aerodynamic efficiency and hence, energy capture (Slot 

Figure 8. Examples of longitudinal cracks that found in the trailing edge of 100 kW (a) and 300 kW (b) wind turbine blades (Ataya 
and Ahmed, 2013). Reprinted from Ataya and Ahmed (2013). Copyright (2013), with permission from Elsevier.

Figure 9. Examples of the simple and round transverse cracks found in the 300 and 100 kW wind turbine blades. (a) Simple TC at 
0.64 of the rotor radius of a 100 kW turbine, (b) round TC at 0.82 of a 300 kW rotor radius, and (c) other side of the round TC in 
(b) (Ataya and Ahmed, 2013). Reprinted from Ataya and Ahmed (2013). Copyright © 2013, with permission from Elsevier.

Table 2. Number of trailing edge damage sites in the inspected wind turbine rotor blades (Ataya and Ahmed, 2013).

Discontinuities 300 kW blades 100 kW blades Total

Longitudinal cracks 79 57 136
Transverse cracks 14 59 73
Edge cuts 43 40 83
Total 136 156 292
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et al., 2015). Also, in the desert, wind containing sand causes leading edge erosion. This erosion can produce significant 
airfoil performance degradation resulting in an undesirable lift coefficient especially at the higher angles of attack (Sareen 
et al., 2014). Sareen et al. (2014) showed that drag could increase from 6% to 500% depending on the degree of leading 
edge erosion. Thus, it is predicted that annual energy production could be reduced by approximately 5% when drag 
increases by 80%. Figure 10(a) shows a blade with pits and gouges near the leading edge, whereas Figure 10(b) shows a 
much older blade with delamination over the entire leading edge (Sareen et al., 2014).

Uneven ice accretion. Ice build-up on the shell of wind blades leads to safety and operation concerns for wind farms located 
in cold regions. The blade exerts a heavy centrifugal force due to its high-speed rotation (tip speed could be 180 mile/h or 
more). The speed is quite sufficient to displace and throw accumulated ice away from the blades. Nonetheless, unequal ice 
accumulation on the three blades may cause unbalanced rotation that can stress the hub needlessly. In certain conditions, 
localization (one blade vibrates with larger amplitude than others) occurs resulting in catastrophic failure (Dongsheng et al., 
2015). A 2-in-thick ice build-up on a blade surface and its consecutive projection from a blade are shown in Figure 11.

Insect contamination. Insect impact to the blade is a main source of contamination for wind turbine blades (Soltani et al., 
2011). Generally, insects fly in low wind, high humidity, and temperatures above about 10°C (Corten and Veldkamp, 2001a, 
2001b). At low wind speeds, the area near the stagnation line is contaminated by insects but the power is not affected 
because the flow near the stagnation point is very slow and also very stable and insensitive to contamination (Soltani et al., 
2011). On the contrary, at higher wind speeds, the power drop is noted, although insects rarely fly in that condition. The 
reason behind this interesting phenomenon is the large angle of attack along the blade during high wind speeds resulting in 

Figure 10. Photographs of wind turbine blades affected by leading edge erosion with (a) pits and gouges and (b) leading edge 
delamination (courtesy of 3M) (Sareen et al., 2014). From Sareen et al. (2014). Copyright © 2013, John Wiley and Sons. Reprinted 
by permission of John Wiley and Sons.

Figure 11. Ice accumulation and falling off on a wind turbine at Wachusett Wind Power (WindAction, 2012).
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suction peak shifts to the contaminated area (Corten and Veldkamp, 2001b; Soltani et al., 2011). Thus, the power output of 
turbine reduces significantly. The designed power level at higher wind speeds can be achieved after cleaning the blades  
or keeping the turbine operating during rains. As such, the power curve appears in different levels during operation at 
higher winds after operating at every low wind speeds (when insects fly) (Figure 12). This phenomenon is called multiple-
power-level hypotheses (Corten and Veldkamp, 2001b).

Water ingress

Wind blades commonly experience water ingress or the permeation of moisture into the interior of the blade which can 
be detrimental to the performance and integrity of the wind turbine. Water enters the blades through pre-existing cracks, 
surface defects due to erosion, or bolted joints in the foam structure (Kithil, 2008; Nijssen and Brøndsted, 2013). Water 
can cause significant property degradation to the constituent components of the blade such as the resin and core materi-
als (foam, balsa wood). The weight of the composite increases as the resin absorbs moisture. For example, composite 
samples from wind turbine blades were immersed into water for 90 days and a 1.66% weight increase in the composite 
due to the water absorption was observed (Fox, 2016). Boisseau et al. (2012) performed a study that showed a significant 
weight gain of glass fiber–epoxy composites when undergoing a sea water aging process at four different temperatures. 
The absorption of moisture affects the resin and the fiber–resin interface leading to gradual reduction of mechanical prop-
erties (Cormier and Joncas, 2010; Gurit, 2016). For a long sea water aging period, a large quasi-static strength decrease 
of 56% of the composite materials was observed by performing static tests (Boisseau et al., 2012). Both polyester and 
vinyl ester resins are more likely to degrade in water than epoxy resin due to the existence of hydrolyzable ester groups in 
their molecular structures (Gurit, 2016). Both weight gain and mechanical property degradation are significant at higher 
temperatures (>40°C) because at these temperatures, the polyester and vinyl ester based resins exhibit increasing levels 
of hydrolysis of the ester linkages (Hogg, 2012). Figure 13 shows the interlaminar shear strength degradation of polyester 
and epoxy resin thin laminates over time after immersion in water at 100°C. The results display that the polyester laminate 
can retain only 65% of its interlaminar shear strength, whereas an epoxy laminate immersed for the same period can retain 
around 90% (Gurit, 2016).

One important issue of operating wind turbines in the winter season is the durability of composite blades when used in 
freeze–thaw situations. The absorbed water can expand during the freeze part of the cycle and initiate microcracks in the 
matrix, debonding of the fiber–matrix interface, or interlaminar debonding (Hasson and Hamm, 1992). Microcracks in the 
matrix and fiber–matrix interface can grow and propagate under low temperature thermal cycling which eventually causes 
failure of the composite (Lord and Dutta, 1988; Ray, 2005). The composite can fail with multiple delaminations under the 
freeze–thaw conditions (Hasson and Hamm, 1992).

Variable loading due to wind

Wind turbine blades are frequently subjected to fatigue damage due to their exposure to complex systems of variable loads 
(Ragheb, 2009) and repetitive loads. Repetitive loads are exerted on the blades due to the continuous rotation. The weight 
of a blade depends on its constituent materials and length and could be 15 ton or more. With rotation, cyclical edgewise 
fatigue loads are exerted on the blades due to the weight of the blade itself. Wind turbine rotor blades exert varying loads 

Figure 12. Illustration of the insect hypothesis proposed to explain multiple power levels (Corten and Veldkamp, 2001a). Adapted 
by permission from Macmillan Publishers Ltd: [NATURE] (Corten and Veldkamp, 2001a), copyright (2001).
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from high wind loads (heavy storms) to lower loads especially offshore wind turbine blades. Thus, cyclic flapwise loads 
may induce fatigue damage evolution resulting in stable crack growth. The stable crack may become unstable crack over 
time potentially leading to structural failure of the rotor blade (McGugan et al., 2015). Blade failure due to fatigue loading is 
a very frequent problem (Mahri and Rouabah, 2002). Factors responsible for fatigue loading of wind turbine blades are (1) 
long and flexible structures, (2) vibrations during resonant mode, and (3) randomness in the load spectra due to the nature 
of wind (Spera, 1994). It has been widely reported that relatively low frequency, but high amplitude wind thrust forces, sig-
nificantly contributes to fatigue damage (Ragheb, 2009). In addition, a wind gust with a sudden direction change can lead to 
large aerodynamic loads causing fatigue, automatic shut-downs, or even damage to some turbine components. The fatigue 
life of a wind blade is highly influenced by the cyclic loads that varies in the vertical direction (Manwell et al., 2010).

Operational errors

Rotor imbalances of a wind turbine can cause severe damage of the turbine components. There are two main types of 
rotor imbalances: mass imbalance and aerodynamic imbalances (Niebsch, 2011; Niebsch et al., 2010). The first one arises 
from inhomogeneous mass distributions which are caused by manufacturing errors or water inclusions in the blades’ 
texture (Niebsch et al., 2010; Ramlau and Niebsch, 2009). The causes of manufacturing-induced errors are described in 
section “Manufacturing-induced defects.” On the other hand, aerodynamic imbalances are mainly caused by pitch angle 
deviations or profile changes of the blades (Niebsch, 2011; Niebsch et al., 2010), that is, operational errors. Smaller aero-
dynamic imbalances due to tower shadow are not operational errors, but still contribute to noise and fatigue. The load 
from the aerodynamic imbalance creates vibrations and affects the drive train and might cause damage or early fatigue on 
other components. As a result of this imbalance, the wind attacks each blade with different force and moments. Thus, it 
creates vibrations and displacements on the blades primarily in axial and torsional directions with some degree of radial 
vibrations (Niebsch, 2011).

Lightning strike and fire

Lightning is one of the major causes of wind turbine blade damage. It can produce very short but extraordinarily high 
temperatures, often more than 30,000°C, by a large amount of electric current which is enough to burn the composite 
surface. 90% of lightning strikes to a wind turbine connect with the blade, specifically the blade tip. Repair costs could 
be very high, up to $30,000, and can take a couple of days to complete. The repair costs might be even larger in offshore 
wind blade lighting strike failure (Eritech, 2012).

Wind turbines have the following features from the viewpoint of lightning performance (Yokoyama, 2013):

1. Long turbine blades, that is, modern blades, are longer than 60 m.
2. Wind blades are made of insulated materials such as glass fiber–reinforced plastics (GFRPs) and a lightning strike 

can completely burn those materials.

Figure 13. Effect of periods of water soak at 100°C on resin interlaminar shear strength (Gurit, 2016). Reproduced with 
permission from Gurit (2016).
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3. Blades are rotating during power generation and this rotation may have a great impact on the number of strikes to 
the blades as these may be triggering their own lightning (Rachidi et al., 2008).

Lightning strikes on unprotected wind turbine blades generate a devastating internal shock wave from moisture or air 
expansion, or both. The high temperatures generated from lightning can force interior moisture to transit into an expansive 
state (steam). As a result, the excessive pressure overstresses the blade to catastrophic failure (Dongsheng et al., 2015). 
The lightning protection systems are discussed in section “Lightning protection methods.”

Furthermore, fire is considered the second leading cause of accidents in wind turbines after blade failure (Smith, 2014). 
It can also completely destroy a wind turbine. The causes of fire ignition in wind turbines are mainly from lightning strikes 
(Andrawus et al., 2006; Starr, 2010; Uadiale et al., 2014), electrical malfunction, mechanical failure, and errors with 
maintenance (Smith, 2014; Starr, 2010). Braking systems in wind turbines also pose a high fire risk (Starr, 2010). Highly 
flammable materials (Smith, 2014; Uadiale et al., 2014) such as hydraulic oil and plastics are used in wind turbines which 
are normally in close vicinity to machinery and electrical wires. Overheating in these machinery or faulty electrical wires 
can ignite fire (Smith, 2014).

Damage mitigation techniques

Detection methods of manufacturing-induced defects

Larger structures like wind blades have a greater probability of a critical flaw than smaller structures (Cairns et al., 2011; 
Hertzberg, 1989). Analytical models can be used to predict the damage progression whereas different SHM techniques 
are used to identify the defects in service. In addition, a wide range of materials database can be used for the prediction 
of blade lifetime.

Progressive damage modeling. A thorough flaw characterization was performed by Riddle et al. (2011) to provide quantita-
tive flaw data for numerical modeling programs. Elsewhere, Nelson et al. (2012) focused on the development of models 
that can predict the damage progression and structural implications of common defects found in composite wind turbine 
blades. To characterize common manufacturing defects, two distinct analytical models were investigated in Nelson et al. 
(2012). First, the continuum damage modeling (CDM) works under the assumption that the material is continuous and fills 
an entire region of space. The entire structure is broken into small elements that are called representative volume elements 
(RVE). The integration of the constitutive equations for RVE with respect to volume results in the total displacement, u, 
that reflects the equilibrium damage (equation (3)) (Nelson et al., 2012). Thus, the model indirectly displays the damage 
occurrence by updating the constitutive properties

u C dV= [ ]∫
1

2
ε ε  (3)

where [ ] ( )C C= ε , C is the constitutive matrix, V is the volume, and ε is the strain. The CDM requires the homogeniza-
tion of the material properties of the investigated structure. This homogenization is not always applicable when studying 
composites (Wang, 2001), resulting in the inability to model the exact damage. In addition, for the two different materi-
als, damage accumulation cannot be accurately measured in some cases because it occurs independently in one of the 
constituents. However, to evaluate the damage accumulation in the fiber and matrix separately, simple CDMs are used 
in finite element analysis (Nelson et al., 2012). Progressive damage models are presented in many research publications 
(Chang and Chang, 1987; Chang and Lessard, 1991; Tay et al., 2005) by utilizing the material property degradation model. 
Second, discrete damage modeling (DDM) physically models the damage as it truly occurs in the structure. The DDM is 
more consistent with the physical damage characterization of thermosetting polymer-reinforced composites. Nonetheless, 
they are computationally more expensive and more dependent on mesh than CDM. In addition, prior knowledge of the 
damage location is helpful for model formulation (Nelson et al., 2012). A form of DDM is the VCCT, which is discussed 
in section “Damage initiation and propagation mechanism.” Coupons representing progressive damage modeling of blade 
for IP wave have been tested and inspected by digital image correlation (DIC). The result from the DIC shows the same 
behavior with analytical modeling (Nelson et al., 2012).

Physical characterization approaches: SHM. Damage inspection and monitoring systems are necessary to prevent disastrous 
failure of wind turbine blades. SHM is used to detect damage before structural failure of wind turbine blades occurs. Some 
conventional SHM methods for wind turbine blades are the following: (1) visual inspection, (2) tap test, (3) X-ray 
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radioscopy, (4) ultrasonic scanning, (5) infrared thermography, (6) acoustic emission (AE), (7) optical fiber–based 
approach, (8) electro-mechanical impedance–based method, and (9) piezoelectric transducers (Song et al., 2013). Niez-
recki et al. (2014) performed fatigue tests on a 9-m CX-100 wind turbine blade and embedded wave defects in the spar 
cap laminates. Several state-of-the-art SHM approaches such as DIC, shearography, acoustic emission, fiber optic strain 
sensors, thermal imaging, and lead zirconate titanate (PZT) sensors were used to detect and measure the growth of flaws. 
Among these sensing techniques, DIC, shearography, and thermal imaging were able to clearly identify the embedded 
defects location and subsequent cracking (Niezrecki et al., 2014).

Composite materials fatigue database. A large Composite Materials Fatigue Database consisting over 4500 coupons for 
over 130 material systems was developed by the Montana State University Composites Group (MSUCG) that can be use-
ful because most of the material systems and defect types tested are generally found in composite blades. The database 
contains a detailed analysis of the static and fatigue properties of a wide range of materials that was tested under a variety 
of loading conditions (Mandell et al., 2002; Mandell and Samborsky, 1997).

Trailing edge failure prevention methods

Surface treatment. The adhesive joint’s behavior relies on coupled parameters such as geometry, hygrothermal behavior, 
mechanical properties, and type of singularity (Eder et al., 2014). The trailing edge laminates are glued with adhesives at an 
acute angle, which causes stress singularities. Perhaps, these stress singularities are responsible for initiating bond failure of the 
adhesive trailing edge joint. The effects of surface preparation, adhesive properties, joint configuration, and environmental 
factors on the adhesively bonded joints of FRP composite structures are described in Banea and Da Silva (2009). The surfaces 
play an important role in governing the quality of adhesive joints and the mechanical strength of the joint can be increased by 
surface treating the adherends prior to the application of adhesive. Surface treatment can increase surface tension and surface 
roughness, change surface chemistry, and thus increase bond strength and durability (Banea and Da Silva, 2009).

Appropriate materials selection. Careful selection of adhesive for trailing edge can reduce the failure in joints. Epoxy is 
generally used as an adhesive bond material by most of the commercial wind turbine blade manufacturers (Canales, 2008). 
Epoxy offers better mechanical properties, especially tensile and flexural strength, for longer blades. Polyurethane is also 
used to adhesively join wind turbine blades. Advantages over epoxy are faster curing (even at room temperature), low 
exothermal release, and excellent wetting bonding paste with a high flexibility in controlling reaction time.

Fracture toughness enhancement. The fracture strength of adhesive joints in a composite depends on the following factors: 
adhesive type, cure cycle, bondline thickness, adherend type, and so on (Banea and Da Silva, 2009). A team consisting of 
Bayer MaterialScience, the US DOE, and Molded Fiber Glass Companies invented a new reinforcement technology for 
polyurethane composites. By utilizing this innovative technology, the fracture toughness of polyurethane composites has 
been improved by 48%, which is two times that of epoxy (NetComposites, 2011). Delamination resistance of composite 
laminates depends on the fracture toughness of the resin matrix (Jacob et al., 2009). The fracture toughness of epoxy resin 
can be improved using toughening agents (Jacob et al., 2009) such as liquid rubbers (Sultan and McGarry, 1973), car-
boxyl-terminated butadiene nitrile rubbers (CTBN) (Pearson and Yee, 1986), core–shell particles (Lin and Shieh, 1998; 
Sue et al., 1994), and glass bead filling (Lee and Yee, 2000, 2001). Also, the fracture energy of epoxy resin increases 
significantly when pre-reacted urethane microspheres are incorporated (Okamatsu and Ochi, 2002).

Eder and Bitsche (2015) performed fracture analysis of adhesive joints in wind turbine blades. The adhesive used in 
a wind blade is brittle in nature, and the fracture process in trailing edges is extremely intricate. They performed experi-
ments on adhesively bonded small-scale subcomponents and the results from those experiments were utilized to develop 
a numerical failure prediction of large-scale models. One of their findings is that buckling-driven debonding of adhesive 
trailing edge joints led to unstable crack propagation. They suggested to use interface layups which act as fiber bridging 
resulting in increased fracture toughness.

Predictive methodologies. Different predictive methodologies can be used to determine stresses and strains under a given 
loading, and to predict the probable points of failure, resulting in more efficient use of composites and adhesives. Three 
techniques, namely, the continuum mechanics approach (stress based), fracture mechanics, and damage mechanics 
approach, are used presently to predict strength of adhesively bonded joints. Nonetheless, a precise strength prediction 
method is required to reduce the number of costly tests at the design phase (Banea and Da Silva, 2009).

In addition, the state-of-art sensor technology can be used to predict the bond failure of the adhesive joint in wind 
blades. Shohag et al. (2016) proposed a novel sensing system called the in-situ triboluminescent optical fiber (ITOF) 
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sensor for monitoring the initiation and propagation of disbonds in composite adhesive joints. It was shown in their work 
that ITOF sensor can detect real-time damage in adhesive joints which might otherwise be hidden.

Protection from precipitation and debris

Leading edge erosion prevention systems. The two most common techniques to creating an effective surface coating are in-
mold application and post-mold application. In the first approach, a surface coating layer of material similar to the matrix 
material is added to the surface of the blade as part of the molding process. On the other hand, in post-mold application, 
surface coatings are applied after the molding process through spraying or painting with more ductile/elastic material 
components such as polyurethanes (Haag, 2013). In industry, these surface coatings are called “gelcoats” irrespective of 
material choice or application method (Keegan et al., 2013). In addition to the gelcoat, manufacturers may apply a com-
mercially available elastomeric coating or leading edge tape product to improve the resistance of the surface to erosion 
(Dalili et al., 2009; Giguère and Selig, 1999; Keegan et al., 2013). Coating life is a function of the rain intensity, the 
droplet diameter, the fatigue properties of the coating, and the severity of the conditions (Slot et al., 2015). Springer (1976) 
constructed a relationship between surface fatigue properties of coatings and the incubation lifetime for liquid impinge-
ment erosion where three stages are illustrated. The first stage is the incubation period where the surface remains unaf-
fected, the second stage is the steady-state erosive wear stage in which surface wears at a higher rate, and the final stage 
is the erosion stage with strongly reduced wear rate due to higher surface roughness. Figure 14 depicts the first two stages 
based on the erosion depth as a function of time.

The rain erosion incubation period is considered as an estimate for the coating life that can be calculated from the fol-
lowing equation (Slot et al., 2015)
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where A f d c C I dd d coating r d= ⋅ =( , , ( ) ), ( / )υ ρ 1 12 , Ir is the rain intensity, dd is the water drop diameter, m is the mate-
rial parameter, h is the erosion depth, Smax is the local maximum stress level, υd  is the water drop impact velocity, and 
( )ρ ⋅c coating  is the material acoustic properties of the coating.

The polyurethane and fluorocarbon coatings were extensively studied in Schmitt (1968, 1973) for protection of aircraft 
radomes and composite surfaces. Some other brittle polymeric coatings such as epoxies, polyesters, silicones, and acrylics 
fail by brittle rupture of the coating very rapidly upon impact (Schmitt, 1973). Jilbert and Field (2000) showed that the 
combined effect of sand and rain erosion severely affect coating life. Further study on this combined effect for the zinc 
sulfide window material was conducted by Kelly et al. (1997).

3M commercialized two-component polyurethane coating (Powell, 2011) for wind blade protection from leading edge 
erosion. It provides excellent erosion protection.

Ice accretion prevention. Ice accumulation on wind turbine blades is detrimental to turbine performance, safety, and dura-
bility (Dalili et al., 2009). Predictive models can provide sufficient data on the ice growth rate and then suitable icing miti-
gation systems will be applied to remove the ice.

Figure 14. Schematic representation of impingement wear showing the incubation period and the stage with a constant erosion 
rate (Slot et al., 2015). Reprinted from Slot et al. (2015). Copyright © 2015, with permission from Elsevier.
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Ice accumulation prediction models. Physical mesoscale models such as Mesoscale Model 5 (MM5), Mesoscale Com-
pressible Community (MC2), and others can be used to forecast icing events, although generally they are used in regional 
weather prediction. Empirical or statistical models which consider additional parameters such as temperature, wind direc-
tion, wind speed, cloud height are able to provide information about the amount and rate of icing (Laakso et al., 2003). 
The most widely used model for ice accumulation is Makkonen’s (2000) algorithm

dM

dt
w A=α α α υ1 2 3  (5)

where dM/dt is the maximum growth rate of icing per unit projection area of the object, α1 is the collision efficiency, α2 is the 
sticking efficiency, α3 is the accretion efficiency, w is the mass concentration, υ is the particle velocity relative to the object, 
and A is the cross-sectional area relative to the particle velocity. The limitation of the model is that it is based on a cylinder. 
To convert the ice load to a geometrically complex structure such as a wind blade from an ideal cylinder is computation-
ally expensive. Pallarol et al. (2014) suggested that one needs to break down the structure into small elements to model ice 
accretion on wind blades and should consider shadowing effects from other elements and ice growing elements together to 
form a single element. Again, the model requires the values of the liquid water content (LWC) of the air, the cloud droplet 
density, and the median volume droplet size (MVD) in the air but the problem is that there is no satisfactory method to 
measure these parameters nor are they routinely measured (Pallarol et al., 2014).

Icing mitigation systems. Icing mitigation systems are divided into two main categories: anti-icing and de-icing systems 
(ADIS). Anti-icing prevents ice from accumulating on the blade surface while de-icing removes the ice layer from the 
blade surface (Parent and Ilinca, 2011). Both mitigation approaches are divided into two methods: passive and active. 
Active methods require an energy supply and use external systems such as thermal, chemical or pneumatic, while passive 
methods have the advantage of utilizing the physical properties of the blade surface to eliminate or prevent ice (Dalili 
et al., 2009). The various icing mitigation systems with their advantages and disadvantages are listed in Tables 3 and 4.

Kimura et al. (2003) suggested a combination of coatings and active ADIS for preventing ice accretion. Currently, the 
available method is the passive method of special coating with active heating elements that have been tested for more than 
20 years. It is simple and shows higher efficiency around 100% because it involves direct warming of the blades (Parent 
and Ilinca, 2011).

Insect contamination removal
Multiple-power-level hypotheses. Insect contamination in leading edge of wind blade can cause a significant power loss 

(Wilcox and White, 2015). To experimentally validate the multiple-power-level hypotheses, two types of blades were consid-
ered: (1) leading edge cleaned and (2) leading edge artificial roughened by a zigzag tape of maximum thickness of 1.15 mm 
(Corten, 2001; Corten and Veldkamp, 2001b). At low wind speeds, power output was equal in both rough and clean turbines, 
but at higher winds power output was higher from the clean blades. In Corten (2001), stall flagging was used to compare 
airflow over clean blades with blades having artificial roughness on their leading edges. The stall-flag signals were recorded 
by a 25 Hz digital video camera. The images from the camera indicate that flow separation on the roughened blades was 
significantly increased at higher wind speeds (Corten, 2001; Corten and Veldkamp, 2001a). In addition, a time series study 
shows that the power at high wind speeds decreased significantly after every period of low wind speed while higher power 
was obtained again after the blades were cleaned either manually or by rain, as expected (Corten and Veldkamp, 2001a).

Insect removal techniques. The most common and easy solution for removing insect contamination is to wait for rainfall to 
wash the blades (Dalili et al., 2009). There are some cleaning machines that can be used for cleaning and polishing the blades 
like a car wash tunnel. The demerit of using this system is that it requires the complete stoppage of the wind turbine operation 
resulting in power loss (Dalili et al., 2009). Another solution for removing insect contamination is to wash blades by pumping 
water up through the tower and spraying it into the wind and through the blade tip. The advantage of this technique is that it 
can be used while the turbine is in operation. It was however suggested that applying non-stick coatings on the blade surface 
may be the most appropriate means of insect adhesion prevention (Dalili et al., 2009). The recent study in Wilcox and White 
(2015) presents a computer simulation for predicting the impingement pattern for a variety of turbine operating conditions.

Water ingress prevention

In order to prevent water ingress inside the composite blades, a protective surface coating is usually used on the outer surface 
of the blades. The protective surface coating is referred to as a “gelcoat” and consists of a layer of material such as polyester 
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and polyurethane. Some manufacturers use leading edge tapes for additional protection as discussed in section “Leading edge 
erosion prevention systems.” In addition, research is ongoing to develop a superhydrophobic coating made of nanoparticles 
embedded in resin. Karmouch and Ross (2010) developed a process of embedding silica nanoparticles in a commercial epoxy 
paint to act as a water-repellant surface on wind turbine blades, forcing water to run off. Peng et al. (2012) proposed a supe-
rhydrophobic polyvinylidene fluoride (PVDF) coating on a wind turbine blade that showed excellent anti-icing capability.

Alternatively, a new blade manufacturing technology could prevent the possibility of water ingress into the blades. For 
instance, Siemens AG’s IntegralBlade has no adhesive bonded joints and is fabricated as a seamless single-piece, thus 
preventing critical damage modes and water ingress (Grande, 2008). Bonded joints are typically weak points in a regular 
composite blade because they expose the structure to cracking, water ingress, and lightning (Grande, 2008).

Fatigue loading damage avoidance

Blade damage due to the fatigue loading is a very frequent problem. If the fatigue life of a rotating turbine blade is known, 
then this damage can be avoided by taking necessary action before the end of its life cycle. The fatigue estimation requires the 
calculation of mode shapes and frequencies and the computation of displacements and stresses acting on the blades (Mahri and 
Rouabah, 2002). The mode shape and frequency calculation methods are described in Mahri and Rouabah (2002), while the 
displacements and stresses can be calculated by solving the coupled equation (bending–torsion). Once the stresses are deter-
mined, the fatigue is estimated using Miner’s (1945) rule. The Palmgren–Miner linear damage rule, that is, Miner’s rule, is the 
accepted standard (International Electrotechnical Commission (IEC), 2004) for the fatigue analysis of wind turbines as follows

D
n

N

n

N

n

N

n

N

n

N
k

k

i

ii

k

= + + + + =∑1

1

2

2

3

3


 (6)

Table 3. Icing mitigation systems: passive anti-icing and de-icing systems (ADIS).

ADIS Methods Description Advantages Disadvantages

Passive anti-
icing system

Special 
coating

Ice-phobic coatings prevent 
ice from sticking to the surface 
because of their anti-adherent 
property (Seifert, 2003)
Super-hydrophobic coatings 
disallow water to remain on 
the surface because of repulsive 
features (Seifert, 2003)
Nanocomposite coating creates 
high contact angles with water 
(Dalili et al., 2009)

Low cost, easy blade maintenance, 
and a protection of the whole 
surface (Seifert, 2003)

Coating becomes porous after a 
short time and loses its ability to 
repel ice (Tammelin et al., 2000)
Found no coating to be truly ice-
phobic (Anderson and Reich, 1997)

 Black paint Allows blade heating during 
daylight and is used with an 
ice-phobic coating (Parent and 
Ilinca, 2011)

Quick and significant improvement 
in performance (Maissan, 2002)
Works well in areas with high 
winter solar intensity (Laakso 
et al., 2003)
Does not overheat in the summer 
(Weis and Maissan, 2003)

 

 Chemicals Lower the water’s freezing 
temperature (Patreau et al., 
1998)

Mainly used during aircraft take-off 
(Parent and Ilinca, 2011)

Pollutant; requires special 
application and higher maintenance 
(Patreau et al., 1998)
Incapable of remaining on the 
blade surface for a long period 
(Tammelin et al., 2000)

Passive de-
icing system

Flexible 
blades

Blade flexing helps to shed the 
ice (Dalili et al., 2009)

Little published information (Dalili 
et al., 2009)

 Active 
pitching

Orient iced blades into the sun Work in light icing environments 
(Dalili et al., 2009)

Not scientifically verified and may 
damage wind turbines (Parent and 
Ilinca, 2011)
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where the total damage D is sustained by a structure that undergoes n1 stress cycles at stress level σ1, n2 stress cycles at 
stress level σ2, n3 stress cycles at stress level σ3, and so on, for all stress levels through the final level of k. Ni, the number of 
cycles to failure at stress level σi, is a measure of the material’s ability to endure stress cycles. The assumption of Miner’s 
rule is that the structure will fail when damage D = 1 (Sutherland, 1999).

Table 4. Icing mitigation systems: active anti-icing and de-icing systems (ADIS).

ADIS Methods Description Advantages Disadvantages

Active anti-icing 
system (prevent 
icing)

Thermal Resistance heating and warm 
air used to prevent icing

No ice accumulation
Blade can be kept at −5°C 
and thus, save 33% of power 
(Mayer, 2007)

Higher energy requirement
Operating temperature should 
be less than 50°C (Laakso and 
Peltola, 2005)

 Air layer Pushed through small holes 
near the blades’ leading and 
trailing edges in order to 
generate a layer of air around 
the blade surface (Dalili et al., 
2009)

Deflect the majority of water 
droplets in the air and melt 
few droplets that managed to 
hit the surface (Dalili et al., 
2009)

 

 Microwave Generates heat with 
microwaves to prevent ice 
formation on blade surface 
(Mayer, 2007)
Cover blade surface with 
a material that reflects 
microwaves (Mayer, 2007)

Tested LM19.1 blade with a 
6 kW power and an emitted 
power less than 0.01 W/m2 
(Mansson, 2004)

Not successfully implemented 
yet

Active de-icing 
system (remove 
ice)

Resistance 
heating

Electrical heating element 
creates a water film between 
ice and blade surface and 
centrifugal forces throw the 
ice away (Battisti et al., 2006)
Finnish blade heating system 
uses carbon fiber elements 
(Jasinski et al., 1998)

Requires quite small heating 
energy during rime accretion 
(Tammelin and Säntti, 1994)
Higher thermal efficiency, 
close to 100% because of 
direct heating (Battisti et al., 
2005)

Technology still at the 
prototype level (Laakso et al., 
2005)
Arise major imbalance on the 
whole system if one heater 
fails (Maissan, 2002)
Extreme icing cases, blade 
heating power found 
insufficient (Peltola et al., 2003)
Required more energy to de-
ice the tip’s leading edge than 
the hub’s (Mayer et al., 2007)

 Warm air and 
radiator

Blow warm air into the rotor 
blade with special tubes to 
keep the blade free of ice 
(Laakso and Peltola, 2005; 
Seifert, 2003)
Blowers located in the root of 
each blade or inside the hub
Develop a water film between 
the ice and the surface and 
then centrifugal force throws 
the ice away (Battisti et al., 
2006)

Require lower temperatures 
of the warm air than anti-icing 
system (Battisti and Fedrizzi, 
2007)
No negative effect on the 
lightning protection system or 
aerodynamics (Seifert, 2003)
Works well in milder climates 
(Laakso et al., 2005)

Low thermal efficiency approx. 
30% (Battisti et al., 2005)
Consumes high amount of 
power at high wind speed and 
low temperature

 Flexible 
pneumatic 
boots

Inflate with compressed air to 
break ice (Botura and Fisher, 
2003)

Works well at −10°C (Botura 
and Fisher, 2003)
Consumes low energy (Mayer, 
2007)

Affects aerodynamics by 
increasing drag, and cause 
more noise (Seifert, 2003)
Requires intensive 
maintenance (Seifert, 2003)

 Electro 
impulsive/
expulsive

Electromagnetically induced 
vibration pulses flex a metal 
abrasion shield and crack the 
ice (Dalili et al., 2009)
Magnetic field created when 
current is applied to the spiral 
coil (Mayer, 2007)

Efficient, environmentally 
friendly and consumes low 
energy (Mayer, 2007)

Not yet been tested on wind 
turbines (Mayer, 2007)
Ice expulsion is a potential 
problem (Mayer, 2007)
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The fatigue behavior of the blade material is typically presented as a Goodman diagram in which the cycles-to-failure 
are plotted as a function of mean stress and range along lines of constant R-values (Sutherland, 1999). The R-value for a 
fatigue cycle is

R min

max

=
σ
σ  (7)

where σmin is the minimum stress and σmax is the maximum stress in a fatigue stress cycle. A comprehensive study has been 
done in Sutherland and Mandell (2004) by constructing a detailed Goodman diagram for characterizing the behavior of 
typical fiberglass composites used in wind blades. The diagram indicates that the effect of mean stress on the prediction 
of damage is important and discussed in detail in Sutherland and Mandell (2004). A typical plot between the stress and the 
number of cycles to failure (S-N curve) is shown in Figure 15.

Freebury and Musial (2000) proposed a simplified load spectrum method using Palmgren–Miner’s linear damage prin-
ciples to determine equivalent-damage test loads without any specific knowledge of the test blade structure or geometry. 
The method does not require any conversion of load to stresses, but rather to moment, so there will be an M-N curve 
(applied moment vs allowable cycles to failure (Freebury and Musial, 2000)) instead of an S-N curve following the rela-
tionship below

M M Na u
m= ×

−







1
 (8)

where Ma is the amplitude moment in one load cycle, Mu is the ultimate moment of the blade, N is the allowable cycles to 
failure, and m is the slope of the curve.

Rotor imbalance prevention

Many defects of a turbine are related to vibrations caused by rotor imbalances. Early detection of these imbalances is 
required to prevent turbine damage and ensure longer life. Several algorithms and mathematical models have been devel-
oped by researchers to mitigate this problem.

Mathematical models and algorithm. Niebsch (2011) has developed a mathematical model based on blade element momen-
tum (BEM) theory to determine imbalances from vibration measurements. In later work (Niebsch et al., 2010), Niebsch 
with others proposed a model that allows for a reconstruction of both mass imbalances and aerodynamic imbalance caused 
by deviations in pitch angles at the same time.

Furthermore, Kusnick et al. (2015) proposed an algorithm for detecting rotor imbalance and locating the problematic 
blades during operation. In Eric and Bayrak (2015), another algorithm was developed that can reconstruct both mass 

Figure 15. S-N curve for a typical wind turbine blade unidirectional material (Gurit, 2014). Reproduced with permission from 
Gurit (2014).
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imbalances and aerodynamic imbalances. The mathematical approach based on BEM method and vibration equations has 
been used to determine both imbalances and finally developed a reconstruction method that is implemented into a condi-
tion monitoring system.

Rotor imbalance eradication approaches. The following is the most commonly used method to detect and measure the rotor 
imbalances. An expert team first tries to detect aerodynamic imbalances by measuring vibrations in the radial, axial and 
torsional directions (Niebsch, 2011) and then uses optical methods to detect pitch angle deviation (Niebsch, 2011; Niebsch 
et al., 2010). After removing aerodynamic imbalances, again the remaining vibrations are measured that represent mass 
imbalances. The mass imbalance and its position are calculated by taking repeated measurements with placing a test mass 
on a distinguished blade (Niebsch, 2011). The amount of aerodynamic imbalance varies with rotor speed and wind veloc-
ity. Therefore, unlike mass imbalance, aerodynamic imbalance elimination is not possible by adding counterweights (Eric 
and Bayrak, 2015). Some requirements of the process are as follows: (1) expensive manpower and (2) lot of time (Nieb-
sch, 2011; Niebsch et al., 2010).

Alternatively, to detect mass and aerodynamic imbalances, Caselitz and Giebhardt (2005) used signal processing meth-
ods as well as trend analysis to generate an alarm system. Some requirements of these methods are as follows: (1) perform-
ing learning step under faultless condition of the rotor (Ramlau and Niebsch, 2009) and (2) adaptation of the algorithms 
for new generations of wind energy converters (Caselitz and Giebhardt, 2005).

Lightning strike protection systems

Mathematical models. Madsen et al. (2012) observed through numerical modeling that the tip of the wind blade is more 
prone to lightning strikes than elsewhere on the blade. More than 90% and 99% of all lightning strikes will occur at the 
outermost 1 and 2 m of the blade, respectively. The following mathematical expression is described as the probability of 
attachment (Pblade) with the distance from the blade tip (d) with blades lengths of 40–80 m

P dblade = ⋅ − ⋅( )0 4 0 4. exp .  (9)

Madsen et al. (2012) proposed a lightning protection model called new zoning concept which is designed based on 
the data that the blade tips experience average to high amplitude direct lightning strikes. The model divides a wind blade 
into four zones (Figure 16): Zone 0A1 (tip end to 1 m inboard, <200 kA), Zone 0A2 (1 m inboard to 5 m inboard, <100 
kA), Zone 0A3 (5 m inboard to 20 m inboard, <50 kA), and Zone 0B (20 m inboard to root end, no direct attachments). 
The Zone 0A1 must be designed in such a way that it can withstand the impact from the impulse current with the highest 
amplitude (200 kA). It is expected that this concept will reduce the cost of the total lightning protection system by install-
ing devices in the lightning prone regions.

Lightning protection methods. The various types of lightning protection equipped in wind turbines blades are listed as fol-
lows (IEC, 2002; Peesapati et al., 2011):

Figure 16. New zoning concept based on the expected peak current amplitudes. The distances are measured from the blade tip 
(Madsen et al., 2012).
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1. Air termination systems on the blade surfaces;
2. Down conductors embedded inside the blade;
3. High resistive tapes and diverters;
4. Conducting materials incorporated into the blade surface.

The most widely used lightning protection system is the down conductor embedded along the blade length for carry-
ing the lightning current. The receptors at the blade tip (Figure 17) act as air terminations and penetrate the blade surface 
(Peesapati et al., 2011). The receptors are generally made with highly conductive materials such as aluminum and copper 
and connected to the down conductors. As such, when lightning strikes the tip of a blade, the receptor quickly transmits 
the lightning current to the down conductor and then the down conductor transmits all the way to the ground. Some wind 
blade manufacturers have installed various types of metallic coating (aluminum or copper). But metallic coatings suffer 
corrosion failure because of exposure to chlorine in the marine environment. Aluminum coatings suffer pitting corrosion 
in chlorine-rich environment. ERICO has successfully installed a metallic lightning protection device in more than 25,000 
blades globally. It developed smooth weave conductor to prevent “skin effect” (Eritech, 2012).

Radičević et al. (2012) developed a reduced-size wind turbine model where a lightning protection system in the form 
of receptors on the tips of the blades was experimented. They recommended that damaging effects may be reduced during 
bad weather accompanied by lightning and increased wind speeds by not decreasing the rotational speed of wind turbine 
blades (up to the critical speed). The reason behind this phenomenon is the decrease of the number of direct strikes in the 
zone of the air termination system on the blades with the increase of rotational speed of blades.

Sometimes, winter lightning has tremendous energy, perhaps 100 times larger than ordinary summer lightning in some 
cold regions. Strong winter lightning strikes are common in Japan. To protect blades from winter lightning strikes, an 
isolated lightning tower a little apart from the rotor hub can be used. Another suggestion is to use a long lightning rod on 
the nacelle to capture lightning (Naka et al., 2006).

The majority of the strikes (80%) to modern turbines are expected to be upward lightning (occurs when there is 
a nearby positive cloud-to-ground flash). Using carbon-reinforced plastics (CRP) for lightning strike protection in 
the wind blades introduces a new problem. Lightning-protection researchers and engineers should carefully consider 
whether CRP components are able to conduct lightning current without being damaged and the influence of the high 
static fields under thunderclouds on the moving carbon fiber parts. The presence of eddy currents in CRP laminates 
causes important energy dissipation, which might result in mechanical stresses. In order to reduce such effects, it is 
desirable to have two lightning down conductors (instead of one), allowing a reduction of the magnetic field inside 
the blade (Rachidi et al., 2008).

Further research has been done by incorporating carbon nanofibers into composite panel. By paper making process, 
the porous, flexible, non-woven carbon nanofiber papers (CNFP) and nickel nanostrands are prepared and then incorpo-
rated on to the surface of carbon fiber–reinforced polymer composites through resin transfer molding (RTM) process.  

Figure 17. Lightning protection methods for rotor blades (Peesapati et al., 2011). Reprinted with permission from the Institution 
of Engineering and Technology.
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The higher the electrical conductivity of the composite panel surface, the better the lightning protection. Lightning strike 
tests show that CNFP-1 has maximum damaged areas while CNFP-3 has the lowest approximately 1% only (Figure 18). 
Nickel nanostrands are being used to increase the surface conductivity of the paper but further research is needed to put 
the nickel nanostrands in proper alignment (Gou et al., 2010). As the incorporation of nano-materials into composites is 
still in the research phase, the cost data or the cost comparison with traditional protection systems (non-nano) for an entire 
blade is not available. Rather roughly, the cost could be higher.

Fire prevention and control

The two methods for fire protection are passive and active. The passive methods include installing comprehensive 
lightning protection systems using non-combustible hydraulic and lubricant oils in wind turbine to prevent lightning 
strike-induced fire. It is highly recommended to use heat insulators to protect combustible materials (Smith, 2014). On 

Figure 18. Surface damages of composite panels: (a) CP-CNFP-1, (b) CP-CNFP-2, and (c) CP-CNFP-3 (Gou et al., 2010). 
Reprinted from Gou et al. (2010). Copyright © 2010, with permission from Elsevier.
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the other hand, active fire protection systems include smoke alarm systems inside the turbine to alarm the fire safety 
authorities. Researchers also suggest suppression systems that quickly douse the flames in water or foam (Smith, 2014; 
Starr, 2010). Another active approach called total flooding gaseous systems can be used to protect wind turbine from 
fire (Starr, 2010).

Concluding remarks

Wind blades function in extreme environments and are therefore susceptible to many different damage inducing phe-
nomena. There are seven types of wind blade damage where delamination and adhesive joint failure are most frequent. 
The primary causes of blade damage are manufacturing defects, precipitation and debris, water ingress, variable load-
ing due to wind, operational errors, and lightning strike which are responsible for the mechanical properties reduction, 
debonding in adhesives, surface erosion and aerodynamic change, fatigue failure, or burning of the blade. Several miti-
gation techniques have been developed to prevent damage to wind blades. In general, mitigation techniques consist of 
predictive models, active and passive protection systems, and inspection methods. Accurate models can be very useful 
to the wind industry because damage can be predicted before failure occurs so that the costs associated with repairing 
the wind blades can be avoided.

Preventing wave defects during manufacturing phase is difficult because of using the large number of fiber layups for 
multi-megawatt turbine blades. Such kind of defects is the cause for the significant degradation of blade performance and 
the decrease of economic competitiveness of wind turbines. Appropriate damage modeling can predict damage progres-
sion while physical characterization techniques can quickly detect defects resulting in preventing mechanical properties 
reduction of the blades.

Adhesive joints in the trailing edge are prone to failure due to the stress singularities in trailing edge. Although epoxy 
is used by most of the blade manufacturers, polyurethane shows improved fracture toughness while incorporating a new 
reinforcement technology developed by a team consisting of Bayer MaterialScience, the US DOE, and Molded Fiber 
Glass Companies. To increase the fracture toughness of epoxy resin, liquid rubbers, CTBN, core–shell particles, glass 
bead filled or thermoplastic-modified epoxies can be used as toughened agents. Further research is required to invent high 
toughness adhesive with no compromise of mechanical and thermal properties as well as an accurate strength prediction 
approach of adhesively bonded joints.

Generally, gelcoats, elastomeric coating, or leading edge tape product are used to increase the resistivity of the surface 
to erosion. In cold regions, ice accretion on the blade surface is a big problem and detrimental to turbine performance, 
safety, and durability. Icing mitigation systems called ADIS can be applied to solve this problem. Advancement in coating 
technology is necessary to prevent blades from becoming damaged by precipitation and debris or water ingress.

Higher productivity, lower maintenance costs, and increased safety can be achieved by reducing the impact of damage 
inducing phenomena on the functionality of the wind blade. While several damage mitigation techniques have already 
been developed to address current issues, further investigation to improve damage mitigation for wind blades should be 
undertaken. Improvements in this area will help to ensure that wind energy will continue to be a viable source of green 
energy in the future.
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