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Abstract: The size of wind turbine blades is increasing rapidly, and they are being installed in remote
offshore locations. Consequently, it is essential to focus on improving the design and maintenance
procedures in the blade industry to meet the growing demand. Of particular concern is the long-term
operational performance of the wind turbine blade trailing edge. In this paper, we discuss the
application of durability and damage tolerance analysis (DADTA) approaches to trailing edge service
life prediction. DADTA is mandated in the aerospace sector to support airworthiness certification and
to provide an updated life prediction of the structure based on the different stages of their service life.
The DADTA framework has two main parts: durability and damage tolerance analysis. The durability
part uses a structural fatigue approach based on a damage accumulation method during the initial
design phase to predict the lifespan of a structure without defects. On the other hand, the damage
tolerance analysis part uses a fracture mechanics approach and a damage growth method to update
the lifespan prediction of a structure during the operation stages. This is achieved by utilizing sensors
and inspection data as inputs while the structure is in service. Both these methods are comprehensive
and have merits; however, their broad adoption in the wind turbine blade industry is still lacking. The
current paper provides an extensive review of these methods and shows how these can be applied to
the wind turbine blade industry, specifically for predicting the structural design life of the trailing
edge of composite wind turbine blades. The review includes (a) defining wind turbine trailing edge
failure modes, (b) trailing edge design procedures, and (c) a detailed discussion of the application of
durability and damage tolerance analysis for trailing edge life prediction. Overall, this review paper
would be of special interest to blade designers and would guide researchers and engineers interested
in life prediction methodologies based on DADTA approaches for wind turbine blades.

Keywords: durability and damage tolerance analysis; fatigue; wind turbine trailing edge; design life;
life prediction; remaining useful life

1. Introduction
1.1. Background

The use of wind energy as a renewable resource for power generation is continuously
growing. Specifically, the industry is growing rapidly in offshore locations where the wind
is stronger and more consistent. This trend is driving the need for technological advance-
ments, such as developing larger turbines with high power ratings with blade lengths
exceeding hundreds of meters. While these upscaled systems provide the advantage of
increased power production, they simultaneously introduce complexity in design, man-
ufacturing, and installation. One general disadvantage associated with these larger and
more complex systems is the potential for increased failures in their components, leading
to decreased reliability [1–3]. Notably, a review of wind turbine damage reveals that blade
failures account for approximately 12–19% of reported cases [4–6]. Consequently, focusing
on improving the reliability of wind turbine blades is logical and necessary. In addition,
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as blade length increases, both aerodynamic and gravitational design loads also increase.
Despite the growth in blade size, the wind turbine’s overall design life requirement of
20 years remains unchanged for wind turbine blades. This necessitates a more vigorous
approach during design, operation and maintenance to mitigate the effects of fatigue and
associated structural failures.

The International Electrotechnical Commission (IEC) requires structural design cal-
culations to use “appropriate methods” [7] based on International Organization for Stan-
dardization (ISO) 2394 [8] or be substituted with physical testing. These methods could
include a range of possibilities such as digital twins, material optimization, etc. and al-
low wind turbine blade manufacturers flexibility in satisfying the design requirements.
However, an integrated approach that covers wind turbine blades’ design, operation, and
maintenance stages that allow continuous updates to their life prediction while improving
their reliability is lacking. Considering this, the durability and damage tolerance analysis
(DADTA) approach, which is mandated in the aerospace sector, could be a great candidate
methodology that can be applied to wind turbine blades that enable updated life prediction
based on the different stages of their service life. The DADTA framework has two main
parts: durability and damage tolerance analysis. The durability part uses a structural
fatigue approach based on a damage accumulation method during the initial design phase
to predict the lifespan of a structure without defects. On the other hand, the damage
tolerance analysis part uses a fracture mechanics approach and a damage growth method
to update the lifespan prediction of a structure during the operation stages. This is achieved
by utilizing sensors and inspection data as inputs while the structure is in service. The use
of DADTA has allowed the US Air Force A-10 aircraft [9] to exceed its original design life of
25 years demonstrating the opportunity to not only attain the system design life but offer
the potential to improve reliability and extend the useful life of wind turbine blades. Given
that aerospace structures and wind turbine blades have distinct sets of design processes,
maintenance cycles, and logistic requirements, the current paper provides an extensive
review of methods used as a part of DADTA and discusses how these methods can be
applied to the wind turbine blade industry. The paper specifically focuses on applying
these methods to predict the structural design life of the trailing edge of composite wind
turbine blades, which have been found to be one of the critical areas of interest due to their
high failure rates. The following subsection defines the scope of the review paper and
elaborates on the concepts embodied in DADTA.

1.2. Scope of the Review Paper

For many years, the United States civil [10] and military aerospace communities
[11,12] have relied on DADTA as part of the aircraft structural requirements. This dates
back to the 1950s [13], and while most of the analysis experience is with metallic structures,
great progress has been made with composite structures [14]. For instance, the US Air
Force A-10 aircraft is a case study [9,15] that illustrates the effectiveness of DADTA in life
prediction updates during different stages of service life. During the initial design phase,
the durability analysis predicted that the wing structure of the aircraft would not meet the
required service life. As a result, certain design changes were made in order to comply with
the requirements. However, after 15 years of service, an updated damage tolerance analysis
revealed that cracks on the wing structure were imminent. The predicted cracks started
to appear, causing a reduction in the aircraft’s remaining useful life. Therefore, a service
life extension effort was initiated to improve the critical components of the structure. An
updated DADTA life prediction was conducted which extended the airframe’s service life
to 2028, which is 50 years after it first entered service. Lin’s [16] technical review identifies
examples of various civilian and military aircraft (e.g., 737, KC-135) structural issues related
to DADTA.

There are distinct differences in terms of design requirements for wind turbine blades
compared to aircraft structures. For durability analysis of a wind turbine blade, the key
methodology is fatigue analysis against deterministic (e.g., gravitational) and stochastic
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(aerodynamic) loading, whereas on the other hand, damage tolerance analysis deals with
allowable damage growth considering failures due to several reasons such as bondline
cracks, blade erosion, lightning strikes, etc., among others. A key distinction between
durability and damage tolerance approaches lies in their consideration of initial rogue
flaws. Specifically, durability analysis assumes the absence of initial flaws, while damage
tolerance includes them in its analysis. Both these approaches can be utilized in design life
prediction, though they employ different methods and are applied at different stages of the
asset service life. The durability analysis generally uses a damage accumulation method
and can be applied during the design process, while damage tolerance analysis typically
employs either a fracture mechanics or reliability-based method and can be applied after
the asset has been manufactured as well as after they are put into service. It is to be
noted that the portions of the DADTA have been included in the wind turbine standards
and certification requirements. The IEC includes durability analysis as part of the wind
turbine fatigue design requirements but does not address damage tolerance analysis [7].
On the other hand, the Det Norske Veritas (DNV) rotor blades design requirements from
2015 require durability analysis using fatigue concepts and allow for an optional damage
tolerance analysis using fracture mechanics concepts [17]. While not mandated, the DNV
inclusion of fracture mechanics is a step forward to full application and benefits of DADTA.

This paper provides an in-depth technical review of the DADTA approach and how
it can be applied to the wind turbine industry, focusing specifically on its application to
predict the lifespan of the trailing edge of composite wind turbine blades. The trailing edge
was chosen since it is more susceptible to operational cyclic loading than the leading edge
and spar cap adhesive joints [18], and there is a corresponding research gap in the literature.
The review paper includes: (a) defining failure modes for the wind turbine trailing edge;
(b) discussing design methods for the trailing edges; and (c) a detailed discussion on the
application of DADTA for predicting the life of the trailing edge. Figure 1 illustrates how
DADTA may fit within the overall life cycle of a wind turbine blade with durability analysis
applied during the design phase and, for the most benefit, damage tolerance applied
during the manufacturing and operations phases. Completion of the design activities and
durability analysis results in the initial life prediction. Following the first blade fabrication
and inspection, a damage tolerance analysis results in an updated life prediction. Once
in operation, an updated damage tolerance analysis based on existing manufacturing
defects and new damage discovered during inspections results in the remaining useful
life prediction.

Preliminary
Design

Detailed
Design

Manufacturing
& Certification

Operations &
Maintenance

DADTA
 

and 
 

LIFE PREDICTION

Durability 
Analysis

Damage Tolerance
 Analysis

Updated Damage 
Tolerance Analysis

Initial Design Life Updated Design Life Remaining Useful Life

WIND TURBINE
BLADE LIFE CYCLE

Figure 1. Flow chart for use of durability and damage tolerance analysis for wind turbine blade
design life prediction.

1.3. Structure of the Review Paper and Some Useful Definitions

Figure 2 shows the overall structure of this review paper. The review starts with
Section 2, describing the trailing edge failures, and continues with Section 3, discussing
the key design processes for the trailing edge. Section 4 reviews all aspects of durability
analysis with emphasis on the “As designed” state of the wind turbine blade. Section 5
defines the processes involved in damage tolerance analysis with emphasis on the “As
Built” state and “As Operated” state of the wind turbine blade. A definition is provided
below for some terms specific to DADTA that will aid understanding of the discussion.
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1. Durability : Harris et al. [14] defines durability as "the ability of the structure to retain
adequate properties (strength, stiffness, and environmental resistance) throughout
its service life to the extent that any deterioration can be controlled and repaired,
if there is a need, by economically acceptable maintenance practices. Structural
durability affects the frequency and cost of inspection, replacement, repair, or other
maintenance”. Another term often used in conjunction with durability is safe-life,
when a fatigue analysis has demonstrated the structure can withstand all design
loads during the design life [19]. The safe-life approach is the most commonly used
methodology for wind turbine blade design [20].

2. “As Designed” State: The “As designed” state refers to the state of a wind turbine
blade design which is achieved after the completion of the detailed design phase. The
process commences with the preliminary design, followed by a durability analysis,
and an initial design life prediction. Once these steps are completed, the design moves
forward with detailed designing, and eventually, the design is ready for manufacturing.

3. Damage Tolerance: Padmaja et al. [21] define damage tolerance as “the ability of
an aircraft structure to sustain anticipated loads (e.g., limit load) in the presence
of fatigue, corrosion, or accidental damage until such damage is detected through
inspections (or malfunctions) and repaired”. Two terms are often associated with the
damage tolerance analysis methodology: fail-safe design and damage-tolerant design.
A fail-safe design ensures a damaged structure can continue to withstand the design
loads but with reduced margins of safety [19]. A damage-tolerant design extends
the concept of fail-safe to encompass damage growth and residual strength analysis
necessary to allow continued system operation [20]. Damage tolerance analysis can
be applied during all phases of the system life cycle. During initial design, damage
tolerance analysis can use assumed initial flaw sizes to support an initial life prediction.
After the manufacturing phase, the damage tolerance analysis is updated to account
for actual defects and flaws with a revised life prediction. During wind turbine
operations, a periodic damage tolerance analysis update accounts for damage growth
and identification of new damage resulting in a remaining useful life prediction.

4. “As Built” State: The term “As built” refers to the state of a wind turbine blade,
which is determined by inspecting its quality assurance results and documenting
any manufacturing defects according to their location, type, and size. The process
begins with the manufacturing of the first wind turbine blade and continues through a
damage tolerance analysis that incorporates these defects in calculations and updates
the design life prediction until the blade is tested and certified.

5. “As Operated” State: The term “As operated” refers to the state of a wind turbine
blade that incorporates all known manufacturing defects and any additional damage
discovered during scheduled periodic maintenance or through online structural health
monitoring. The process starts during wind turbine operations with periodic or online
remote maintenance inspections to provide feedback and inform the damage tolerance
analysis update that determines the remaining useful life prediction.

Section 2 – Trailing Edge Failures

• Ultimate Load Failure Modes

• Fatigue Load Failure Modes

Section 3 – Trailing Edge Design Process

• Design Loads and Testing

• Material Properties

• Adhesive Joint Design

• Design Modeling 

• Design Testing

Section 4 – Durability Analysis
“As Designed”

• Material Characterization

• Design Process

• Damage Characterization

Section 5 – Damage Tolerance Analysis
“As Built” and “As Operated”

• Material Characterization

• Design Process

• Damage Characterization

Figure 2. Overview of the structure of this paper.
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1.4. Assumption and Limitations of the Current Review

The focus of this review is specifically on wind turbine trailing edge life prediction
using durability and damage tolerance analysis (DADTA). Other aspects or components
of the wind turbine blade (e.g., leading edge, spar caps) can also benefit from DADTA
but have not been considered in this paper. The findings and conclusions are drawn
from peer-reviewed published papers, each with its own limitations and assumptions. In
addition, this work summarizes the application of DADTA throughout a wind turbine
blade trailing edge service life and serves as a guide to researchers and engineers interested
in life prediction methodologies but does not explicitly examine every step necessary
(e.g., rainflow counting) in sufficient detail such that the focus of the review can remain
on the critical concepts. Wherever applicable, suitable references have been identified
for additional literature. Additionally, while alternate concepts or methodologies such as
reliability-based life prediction (see Sections 5.1.4 and 5.2.6) and remote structural health
monitoring (see Section 5.2.4) are mentioned, they are not discussed in detail, as other
subject reviews are available in the literature.

2. Problem Definition—Trailing Edge Failure

Trailing edge failures have been observed in wind turbine blades during both opera-
tional and testing phases. These failures are a result of structural overload due to either
one-time extreme load or fatigue loads [22]. Both the IEC [7] and DNV [17] requirements
specify a range of design loads that cover operations during normal and extreme wind
profiles and required analyses for operational limit load, ultimate limit load, and fatigue
load. As such, certification agencies require full-scale ultimate load and fatigue load test-
ing to demonstrate compliance with the design requirements [23]. Generally, due to the
proprietary data, blade manufacturers do not publish detailed reports of the certification
tests, but some blades have been tested in the government and academic environment with
published results [2,24–27].

Figure 3 shows a typical trailing edge adhesive joint. Trailing edge adhesive joint
structural failures have been identified during blade testing along with the leading edge
and spar cap failures [28,29]. More specifically, the failures include trailing edge adhesive
joint debonding and cracking and local and global buckling (see Figure 4). Trailing edge
failures have also been reported by Zhou et al. [25] as one of seven key damage areas, by
Lusty and Cairns [20] as a common damage mode, and by Nielsen and Sørensen [30] as
a common failure mode. Haselbach et al. [31]’s review of trailing edge damage found
trailing edge failure due to both linear (e.g., linear elastic fracture) and nonlinear (e.g., local
and global buckling) causes. The specific type of failure can be attributed to the loading
condition, whether ultimate load or fatigue load. More specifically, Wu et al. [32] confirmed
trailing edge buckling and joint debonding occur under compression due to either ultimate
and fatigue-loading conditions.

Figure 3. Typical trailing edge adhesive joint showing suction side and pressure side shells bonded
by an adhesive reproduced from [33].
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(a)

(b)

Figure 4. Trailing edge failures: (a) buckling and (b) debond and cracking.

2.1. Ultimate Load Failure Modes

Trailing edge failure is one of the key failure modes during ultimate load blade
testing [25]. As the driving design requirement for overall blade strength, ultimate load
tests are more prevalent in literature and have been conducted at full-scale, subcomponent,
and coupon levels. The certification requirements [23] only dictate a full-scale single-axis
bending test in the flapwise and edgewise directions, while real-world operational loading
is often a combination of the two. For instance, full-scale ultimate load tests have been
conducted on different length blades with the loads applied using a variety of approaches.
Full-scale testing performed by Haselbach et al. [24] concluded that the trailing edge
suffered a mixed-mode buckling failure that can begin at approximately 75% of the ultimate
load level. Also, Haselbach et al. [2,3,31] specifically studied the full-scale multiaxial
loading condition leading to the nonlinear trailing edge buckling wave and trailing edge
adhesive joint failure, and confirmed the results with a numerical model. Branner et al. [34]
tested a trailing edge panel subcomponent to assess the compressive strength of the trailing
edge with similar buckling results. Reducing the testing scale further, Ghasemnejad
et al. [35] tested coupons of wind turbine blade trailing edge composite material to failure
to examine the structural response post-buckling and examined methods to arrest crack
growth and improve fracture resistance.

2.2. Fatigue Load Failure Modes

Trailing edge failure is being reported on operational blades due to fatigue loads. Ataya
and Ahmed [22] inspected 99 operational blades with various service lives (65–110 million
cycles) and two lengths (9.5 m and 14.2 m) and found longitudinal and transverse cracks in
numerous locations along the trailing edge of every blade and attributed the damage to
fatigue loading. While trailing edge cracks have been found in operational systems, few
full-scale trailing edge fatigue test results have been reported. Blade fatigue certification
testing is generally performed using only single-axis load application, as required by the
IEC [7]. To better represent operational load conditions, the IEC does allow biaxial or
multiaxial fatigue testing to reduce issues associated with single-axis load application but
still does not address the representation of gravitational fatigue loads during testing [18].
Zhou et al. [25] reviewed the full-scale fatigue testing of blades and reported that trailing
edge cracks near the maximum chord are prevalent. Chen [36] conducted a full-scale fatigue
test of a 47 m blade, and while only minor trailing edge damage was noted, the blade
did suffer a degradation in stiffness. During a fatigue certification test of an 81.6 m blade,
Rosemeir et al. [37] reported trailing edge transverse and longitudinal cracks initiation at
both the inner and outer adhesive edges.



Energies 2023, 16, 7934 7 of 33

2.3. Other Failure Observations and Concerns

Blade fatigue testing does not adequately represent the dynamic gravitational fatigue
loads observed in real operations. Rosemeier et al. [38] studied crack initiation in trailing
edge bondlines and discussed the greater impact on fatigue from gravitational loads
rather than aerodynamic loads. Kazacoks and Jamieson [39] discussed the need to isolate
aerodynamic and gravitational loads to understand better the contribution of each to wind
turbine fatigue loads. Burton et al. [18] discussed the effect of blade scaling and state the
trailing edge become the critical fatigue design driver instead of the spar caps as the blade
length and gravitational loads increase. As wind turbine blades increase in size to harness
offshore wind resources, basic scaling laws indicate that blade mass (gravitational load)
increases at a faster rate than power [40]. Typically, mass scales as a cubic function of length
while power scales as a squared function, highlighting the significant impact of mass on
blade length [41]. However, through blade design optimization (such as using carbon fiber
instead of glass fiber), the mass scaling factor can be reduced, bringing it down from a
factor of 3 to a range of 2.1–2.9 [28,42,43]. Even with this reduction, the increase in mass
still outpaces the increase in power production.

From the above discussion, it is clear that the trailing edge can experience a critical
failure under ultimate and fatigue loading. Therefore, the DADTA methodology can be
applied for lifetime prediction. With the common trailing edge failure modes known,
engineers can focus future design work to address these issues. Careful consideration must
be paid to the blade trailing edge from the start of the design and throughout the blade
life cycle.

3. Trailing Edge Design Process

As discussed in Figure 1, one of the first steps for DADTA is defining the initial
trailing edge design considering the appropriate load cases and material characterization
leading to engineering design activities such as design optimization, modeling and testing.
The present work will not review all design steps in detail but will discuss key concepts
shown in Figure 2 directly impacting the trailing edge design and its relevance to the
DADTA approach.

3.1. Design Loads and Testing Requirements

Both the IEC and DNV provide design loads to consider for wind turbine systems.
DNV specifies 4 broad wind turbine blade design loads: (1) extreme load envelopes, (2) fa-
tigue loads, (3) serviceability limit state load envelopes, and (4) tower clearance load
cases [17]. The IEC has outlined the necessary design load cases (DLCs) specified for
different operational states and applied to the entire wind turbine system [7]. Each DLC
requires either an ultimate load or fatigue load analysis to ensure compliance. Additionally,
the analyses specify the appropriate partial safety factors for load, material, and conse-
quence of failure. The ultimate load analysis defines the structural response in both normal
and extreme wind conditions (e.g., normal turbulence model (NTM) or extreme operating
gust (EOG)). The fatigue analysis uses a damage accumulation methodology such that the
summation of all of the incremental damage caused by the fluctuating loads must be less
than or equal to one [7]. As an example, Bak et al. [41] describes how the IEC DLCs were
applied during the design of the DTU 10 MW reference wind turbine. Additionally, the IEC
specifies the static load and fatigue test requirements in IEC 61400 Wind turbines—Part 23:
Full-scale structural testing of rotor blades [23]. These full-scale tests are used to certify the
blade meets the design requirements.

3.2. Materials and Properties

Wind turbine blades are designed using a variety of materials. The most common
materials are composites with epoxy or polyester resin material reinforced with glass
fibers and balsa wood used as a sandwich core. The fiber orientation in the composite
layup varies to achieve specific effects such as flapwise bending resistance in the spar and
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buckling resistance along the trailing edge. Additionally, the pressure side and suction side
aerodynamic shells are bonded together using epoxy-based structural adhesives. Figure 5
shows a detail image of a typical trailing edge and its constituents, including the balsa core,
composite skins, and adhesive.

(a) (b) (c)

Figure 5. Trailing edge components: (a) balsa cores; (b) composite skins; (c) adhesive.

While some material properties are openly reported, design-specific material prop-
erties are process-dependent and must be determined for each intended application [44].
Material properties needed for design can be grouped into four categories: (a) elastic
properties, (b) strength properties, (c) fatigue properties, and (d) fracture mechanics prop-
erties [45]. Determination of the material properties should follow established procedures
established by the American Society for Testing and Materials (ASTM) or International
Organization for Standardization (ISO). The specific test methods needed to determine
material characteristic strengths values are beyond the scope of this effort. However, it
is vitally important to understand the statistical basis for the values reported as mean
values (50% survival probability) or some other tolerance, such as 95% survival probability
with 95% confidence level. The statistical basis directly affects the required partial safety
factors used in the design process [7]. Rolond and Echtermeyer [46,47], identified a simpli-
fied method of determining tolerance bounds from various-sized data sets of composite
materials’ fatigue properties.

Wind turbine blades are designed to last at least 20 years, resulting in load cycles
between 107 and 109 [45,48], making the blade very susceptible to fatigue. As such, the
most common composite materials have been tested for fatigue properties and are reported
in the Department of Energy/Montana State University (DOE/MSU) [49] and OptiDat [50]
databases. The OptiDat database was developed under a European Union project and
absorbed a previous, smaller database called FACT [51], and contains ∼3500 data points
for glass–epoxy composite. The DOE/MSU database was developed under a United States
project and contains ∼12,000 data points for ∼250 material systems including including
glass–epoxy and carbon–epoxy composites. Mandell and Samborksy [49] provided guid-
ance and cautions regarding direct use of the database for wind turbine blade design since
the database results exhibit large variation in cycles to failure from 106 to 108 at the lower
stress levels. Additionally, the two databases do not correlate well for similar materials [52].
Besides composite material properties, Zarouchasa and Nijssen [53] conducted material
characterization tests of an epoxy adhesive with good correlation to numerical results.

3.3. Trailing Edge Adhesive Joint Design

The trailing edge joint is comprised of the pressure side and suction side aerodynamic
shells bonded together by an adhesive [54]. During the bonding process, it is difficult to
maintain close tolerances for bondline thickness, width (or length), and flow front shape.
Additionally, variations in manufacturing techniques (e.g., postcure temperatures) can also
affect joint strength [55]. Figure 6 shows three types of trailing edge bondlines depending
on the aerodynamic shell cross section. All three types still have the same basic concept
of two composite shells held together with an adhesive. The most common type is Type
A [48]. The DNV design standard requires all bonded joints including the trailing edge to
be analyzed for both the extreme and fatigue load cases with all failure modes evaluated
including adhesive, adherent and interface failures [17]. The American Society for Testing
and Materials (ASTM) [56] identifies six test failure modes for any composite adhesive joint,
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including adhesive, cohesive, thin-layer cohesive, fiber-reinforced, fiber-tear, light-fiber-tear,
and stock-break failures.

(a)

(b)

(c)

(d)

Figure 6. Three types of tailing edge bonding: (a) profile of blade sections; (b) type A: blind bonding;
(c) type B: prefabricated filler; (d) type C: prefabricated flange, adapted from [48].

Due to either ultimate or fatigue loading, Jørgensen [28] identified 10 potential failure
modes for wind turbine blade trailing edge, leading edge, and web adhesive joints, includ-
ing the primary modes of cohesive failure in the adhesive, debond crack at the interface,
and delamination in the laminate and crack modes, including transverse and oblique cracks
due to Mode I, Mode II, or a mixed mode. During ultimate loading, Haselbach et al. [31]
also identified trailing edge Mode III cracks due to local and global buckling. In additional
research, Haselbach et al. [57] examined methods to improve trailing edge design using
foam inserts, resulting in increased buckling resistance. During fatigue-loading failures,
the trailing edge can experience cracking. The various cracks can initiate and grow by
tunneling through the trailing edge joint until final failure when the adhesive joint can no
longer withstand the design loads [38,58,59]. Cracks due to laminate adherent failure have
been studied and correlated to failure theories, including Tsai–Hill or Hashin criteria that
can be used in joint design [45]. The DNV design standard states that the adhesive joint
Mode I failure dominates and will result in a conservative design [17]. For the trailing edge,
Mode I failure is caused by the opening of the trailing edge panels.

Cyclic compression loads are known to cause fatigue damage on the trailing edge.
However, there is another loading condition that can lead to joint fracture. Certain orienta-
tions of the blade loading, such as edgewise gravitational load or blade torsional load, can
cause the trailing edge panels to open. This is referred to as “breathing”. Figure 7 highlights
the breathing effect and associated trailing edge joint failures. Breathing eigenmodes have
been identified in experimental modal analysis, but they have not been accurately predicted
by numerical models [60,61]. Eder et al. [62] concluded that the breathing of the trailing
edge joint is Mode I-dominated and a critical design concern primarily governed by its
cross-sectional geometry. The curved trailing edge panels are susceptible to breathing due
to a torsional load caused by the Brazier effect [63]. While most damage due to breathing
results from fatigue of the adhesive joint are caused to cyclic opening, it should be noted
that the breathing effect can also result in the closing of the trailing edge panel, which can
affect the design of the panel due to possible internal contact [64,65].
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(b)
(a)

Figure 7. Trailing edge components: (a) breathing effect of trailing edge panels and (b) cohesive
failure in the adhesive and debond crack at the interface.

The trailing edge adhesive joint has a few key design variables such as bondline
thickness, bondline width (or length), and flow front shape, shown in Figure 8. The DNV
standard [17] states that any bondline thickness should not exceed 10 mm. Investiga-
tion into bondline thickness effects demonstrated that fracture toughness decreases with
thickness [27]. Sayer et al. [66] conducted spar cap adhesive joint subcomponent tests
using a bondline thickness of 10 mm to correlate numerical and experimental data with
good results. Verma et al. [67] tested leading edge joint coupons to simulate damage to
a leading edge adhesive joint and results showed decreased failure loads with increased
bondline thickness. Tomblin et al. [68] tested different adhesives with varying thicknesses
and reported decreased shear strength with thicker bondlines. Other studies on thickness
reported mixed results or no discernable effect [69]. The literature contains sparse results
for the effect of bondline width. Rafiee and Hashemi-Tahero [6] conducted a finite element
analysis on the trailing edge joint with various bondline widths and reported a change in
failure mode from cohesive for short bondline widths to adherent delamination in large
bondline widths.

Figure 8. Trailing edge bondline: (a) design variables, including bondline thickness, bondline width,
and flow front and (b) flow front shape variations.

Besides bondline thickness and bondline width, the shape of the flow front also plays
a crucial role in determining the specific mode of joint failure [48,70]. Certain geometries
can lead to specific failure modes, such as cohesive failure versus adhesive failure at
the interface. To delay crack onset, flow front designs should encourage crack initiation
at the interface since cohesive failures require lower energy release rates to initiate a
crack. Encouraging crack initiation at the interface of the adhesive and laminate has the
potential to increase the overall fracture toughness of the joint due to the possibility of
fiber bridging [71]. However, the phenomenon of fiber bridging is complex and difficult to
predict since it can significantly improve fracture toughness but is challenging to model [45].
Sørensen et al. [72] developed a model to predict mixed-mode bridging laws and noted that
bridging’s toughening effect was much higher in Mode II than pure Mode I. Additional
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research by Sørensen et al. [73] compared experimentally derived bridging laws with
analytical and numerical results, showing good correlation.

3.4. Trailing Edge Design Modeling

Finite element analysis is a useful tool for modeling the structural design of the trailing
edge. There are several commercially available products such as Abaqus [74], ANSYS [75],
and NuMAD [76] that provide highly accurate results. However, these tools often require
extensive computational run times, which can be affected by various modeling assumptions,
including the choice of element type. To achieve computational efficiency, full wind turbine
blade models often use only shell elements. However, in cross section, a combination of
shell elements for the blade panels and solid elements for the trailing edge adhesive is
recommended based on comparison to experimental results, as noted by Haselbach [77]. In
addition, other techniques such as shell-to-solid coupling or submodeling techniques have
also been utilized. Other researchers have conducted modeling methodology comparisons
or used a combination of shell and solid elements with similar results [37,78–82].

Another key aspect of computational efficiency is the model geometric size, whether
to model the entire wind turbine blade, a given cross-section submodel, or a specific
subcomponent, such as the trialing edge. Rafiee and Hashemi-Taheri [6] modeled the full
blade to identify critical global regions, leading to a comprehensive trailing edge submodel.
A tool developed at the Technical University of Denmark (DTU) [83], called BEam Cross
section Analysis Software (BECAS) v2.0 [84], involves extracting a 2D cross section from an
Abaqus 3D full blade model that can be used for detailed analysis. However, Haselbach [77]
recommended a 3D full blade model, since a 2D cross-section analysis is insufficient for
a detailed ultimate limit analysis needed to capture the nonlinear buckling failure of the
trailing edge. A subcomponent model may be extracted from the full blade model for a
region of interest, or may be as simple as a single panel or coupon. These small models
are useful in the design process for parametric studies before running computationally
expensive full blade model analyses [78].

For fatigue modeling, Shokrieh and Rafiee [85] used a full blade model to determine
maximum stress for a given loading condition and used postprocessing tools to perform
the damage accumulation analysis. Castro et al. [86] compared two fatigue modeling
tools, called ALbert Blade Simulation (ALBdeS) and BECAS+Fatigue, both based on blade
cross sections with similar analysis methodologies, but yielding significant fatigue life
prediction differences.

3.5. Trailing Edge Design Testing

Static tests are most often used to determine characteristic material properties. Sayer
et al. [87] reviewed testing of adhesive joints in the wind industry and reported a lack of
fatigue testing and suggests a combination of static and cyclic testing to fully characterize
any adhesive joint. In additional research, Sayer et al. [88] developed a new methodology
to test and evaluate wind turbine adhesive bonds for both static and cyclic loading using
a cantilever beam in a modified three-point flexural test apparatus. Beyond material
characterization, a range of full-scale, subcomponent, and coupon testing can be used
during the design process for both ultimate and fatigue-loading conditions to validate
various aspects of the trailing edge design. As discussed in Section 2.1, ultimate load testing
to determine failure modes has been conducted for all size ranges.

Chen et al. [26] conducted a fatigue test on a full 14.3 m blade with trailing edge
adhesive joint artificial defects (e.g., debonds) to assess the trailing edge design, and more
specifically, to investigate trailing edge damage growth. Freebury and Musial [89] created
a methodology to convert design loads into an equivalent damage constant amplitude
load condition that would simplify fatigue testing and verified the approach with full-scale
fatigue tests using single-axis and two-axis loading conditions. Rosemeier et al. [37] used
results from a full-scale blade fatigue certification test to validate a crack initiation model
that can be used during trailing edge design. From a design perspective, the full-scale



Energies 2023, 16, 7934 12 of 33

single-axis blade certification tests might be insufficient to validate a trailing edge design
due to a lack of multiaxis loading conditions [31,62]. Rosemeier et al. [90] discussed the
benefits of static and fatigue subcomponent scales versus full-scale testing to validate
trailing edge bondline designs. Such benefits include a broader range and more realistic
load conditions than can be achieved during full-scale tests.

Lahuerta et al. [91] conducted a static test of a trailing edge panel subcomponent ex-
tracted from a full-scale blade to assess the trailing edge buckling failure. Lahuerta et al. [91]
also conducted a fatigue test of a trailing edge subcomponent using the same load orienta-
tion but at a reduced magnitude of the ultimate load test. Similarly, Chen et al. [64] used
subcomponent testing to examine trailing edge buckling failure modes under an ultimate
load condition. In additional research, Chen et al. [65] examined the internal contact that
the trailing edge panels exhibited during testing, and using numerical models, they for-
mulated possible design improvements to increase the buckling resistance of the trailing
edge.

Before full-scale certification testing, design standards require coupon tests to verify
the material fatigue damage model used to determine equivalent certification test loading
conditions [17]. Additionally, coupon scale tests are used for material characterization.
Rosemeier et al. [37] used coupon static and fatigue tests to determine trailing edge adhe-
sive characteristic material properties.

4. DADTA: Durability Analysis

Durability analysis examines the structural fatigue and the associated induced damage
in a wind turbine blade. As wind turbines are subjected to both deterministic and stochastic
loads, the analysis must evaluate the damage caused by each type of load cycle. The Miner’s
rule damage accumulation method is used to calculate the incremental damage from the
load cycles and compare it to an established damage limit. The durability analysis process
is extensively described in the literature, including the IEC [7] and other authors [18,92–94].
Generally, the durability analysis process can be simplified and divided into three broad
steps, as shown in Figure 9.

Material Characterization 

• Elastic Properties

• Strength Properties

• Fatigue Properties

Design Process

• Design Load Cases

• Safety Factors

• Design Stresses

Damage Characterization

• Stress Cycle Incremental Damage

• Damage Summation & Damage Limit

• Life Prediction

Figure 9. Durability analysis process.

There are three key steps in durability analysis: (a) materials characterization; (b) de-
sign process; and (c) damage characterization. The first step of the durability analysis
process is materials characterization. Each material used in the design must be fully charac-
terized, including elastic properties such as Young’s modulus (E), shear modulus (G), and
Poisson’s ratio (ν); strength properties in tension, compression, and shear such as ultimate
strengths (σu) and yield strengths (σy); and fatigue properties for various stress ratios such
as S-N curves and Goodman diagrams. The next step is the design process. The design load
cases must be identified and appropriate safety factors must be applied to calculate design
stresses. In some cases, it may be necessary to adjust the design stresses using Goodman or
constant life diagrams to a known fatigue property due to differences in stress ratios. The
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last step is damage characterization. The design stresses and material fatigue properties are
used to determine incremental damage caused by each stress cycle. Summing all the stress
cycle incremental damages yields the total accumulated damage that can be compared
to an acceptable damage limit and used to predict the design life. These three steps are
discussed in detail below.

4.1. Materials Characterization

As discussed in Section 3.2, elastic and strength properties of the design materials
are determined using accepted ASTM and ISO procedures. For fatigue properties, it is
important to understand the fatigue cycle shown in Figure 10. The figure identifies the key
terms used in the fatigue cycle, including the maximum stress, σmax; minimum stress, σmin;
alternating stress, σa; and mean stress, σm.

𝜎𝑎

𝜎𝑚

𝜎𝑚𝑎𝑥

𝜎𝑚𝑖𝑛St
re

ss
, 𝜎 Time

0

Figure 10. The fatigue cycle, including maximum stress, σmax, minimum stress, σmin, alternating
stress, σa, and mean stress, σm.

As a structure undergoes repeated stress cycles due to fatigue, the material’s fatigue
strength decreases in proportion to the number of cycles. Tests of a material to failure at a
given stress amplitude result in a plot of fatigue strength (S) versus the number of stress
cycles (N), which is known as an S-N curve. While metallic materials have a fatigue strength
limit, sn, composite materials do not, and their strength will continue to degrade with
increased stress cycles [95]. To ensure the durability of adhesive joints, Curley et al. [96]
recommended that the fatigue strength limit should be 30% of the static ultimate load
strength. Accurately characterizing material fatigue properties requires extensive and
time-consuming testing [92], but databases for wind turbine composite material fatigue
properties do exist, though they should be used with caution [49,50].

4.2. Design Process

As part of the design process, the design stresses are determined from the design load
cases, including wind condition with appropriate safety factors.

4.2.1. Design Load Cases

The IEC requires fatigue analyses for the design load cases (DLCs) shown in Table 1.
The DLCs define the appropriate wind condition as well as the operational state of the wind
turbine (power production, parked, shut down, etc.). The wind condition is the primary
input to a structural stress analysis. Each design situation will contribute to the overall
fatigue of a blade and needs to be accounted in the fatigue analysis using the appropriate
wind condition and safety factors.
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Table 1. IEC required fatigue design load cases [7].

Design Situation Wind Condition Design
Load Case

Power production Normal turbulence model (NTM) 1.2

Power production plus occurrence of fault Normal turbulence model (NTM) 2.4

Start Up Normal wind profile (NWP) model 3.1

Normal shut down Normal wind profile (NWP) model 4.1

Parked Normal turbulence model (NTM) 6.4

4.2.2. Wind Loading Condition

Since the wind condition is a stochastic load, a methodology must be employed to
discretize the wind profile into usable elements or bins for fatigue analysis. Two common
approaches for discretization are the load range-mean method and the rainflow cycle
counting method, which use local maximum and minimum load cycles [7,17].

Sutherland [93] provides a comprehensive overview of the rainflow counting algo-
rithm. In a nutshell, this algorithm converts time series data into bins of a cycle count
matrix based on local minima/maxima cycles. The cycle count matrix can then be used in
the fatigue analysis to determine the incremental damage caused by each bin range. On the
other hand, Nijssen [95] discusses different counting methods and concludes that rainflow
counting is generally more conservative in life prediction than range-mean counting since it
does not preserve the cycle order. Hu et al. [97] used the range-mean method to characterize
the variable wind condition and determine fatigue life, but warned that multiaxis fatigue
stress analysis is needed to avoid overestimating fatigue life using single-axis analysis.
With the wind condition determined and using counting methods to discretize the load,
the appropriate safety factors need to be applied.

4.2.3. Safety Factors

The IEC [7] defines three partial safety factors for fatigue analysis, including load,
material, and consequences. The partial safety factor for loads, γ f , shall be 1.0 for all
design situations and is multiplied by the characteristic load. The partial safety factor
of consequences, γn, is dependent on the component class 1, 2, or 3, and can range from
0.9 to 1.3. The partial safety factor for material, γm, is based on the fatigue material
property given survival probability and level of confidence, and can range from 1.2 to 1.7.
The characteristic material property value is divided by both the partial safety factor for
consequence and material.

The DNV [17] fatigue analysis safety factors are similar with a load factor, γ f , mul-
tiplied by the characteristic load and the characteristic material design value divided by
the material reduction factor, γm. The material reduction factor is the product of the base
factor, γm0 = 1.2, with six other partial reduction factors ranging from 1.0 to 1.4 to account
for various design, manufacturing, and operational concerns.

Providing similar results to the IEC and DNV, Ronold et al. [98] conducted a proba-
bilistic reliability analysis of wind turbine fatigue to determine appropriate partial safety
factors and concluded γ f γm = 1.2. The product of the partial safety factor for loads, γ f ,
and the partial safety factor for material, γm, should be 1.2 and are site- and turbine-specific.
McGugan et al. [99], Sayer et al. [87], and Holmes et al. [100] also applied a reliability
methodology to determine appropriate partial safety factors.

4.2.4. Design Stresses

Once the loads and safety factors of a design are determined, the design stress can be
calculated. The blade design can be quite complex, so numerical modeling is commonly
used in stress calculations. However, this approach does have its challenges, such as
choosing the appropriate element types and time-consuming computations. It is crucial
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to perform stress analysis for each bin specified in the wind condition cycle count. While
the specifics of stress analysis are beyond the scope of this review, the focus is on how to
process the stress results.

The stress results are used to determine the corresponding number of cycles to failure
using material S-N curves or Goodman diagrams. In both cases, for each stress analysis,
the maximum stress, σmax; minimum stress, σmin; alternating stress, σa; and mean stress, σm
are identified, along with the corresponding stress ratio, R = σmin

σmax
. If an S-N curve exists

for the specific stress ratio, then the number of cycles to failure can be directly determined.
If not, Goodman diagrams can be used.

As with S-N curves, Goodman diagrams are developed from fatigue testing. Figure 11
is a simplified linear Goodman diagram. The simplified Goodman diagram plots three
points: (1) characteristic material ultimate tensile strength, σut, (2) characteristic material
ultimate compressive strength, σuc, and (3) the material fatigue strength, sn. The first two
serve as anchor points on the diagram along the positive and negative x-axis, respectively.
The third point for fatigue strength is determined during a fully reversed stress (stress ratio
R = −1) material fatigue test. These three points are joined to form a failure envelope for a
given number of stress cycles to failure, N. A variation of the Goodman diagram to account
for varying stress ratios is the constant life diagram (CLD) [95,97,101,102].

𝜎𝑚

𝑠𝑛

𝜎𝑢𝑡𝜎𝑢𝑐 0

𝜎𝑎

Figure 11. Simplified linear Goodman diagram.

Figure 12 is a piecewise linear CLD. The CLD includes additional data points for fatigue
test results at different stress ratios along with piecewise linear plots for different cycles to
failure, N. With the stress results from the ith bin, the number of stress cycles to failure, Ni,
can be determined from the CLD and used in the incremental damage calculation.

4.3. Damage Characterization

With the stress cycles to failure, Ni, for each bin, the incremental damage can be
calculated using the Miner’s rule of damage accumulation.

4.3.1. Miner’s Rule

Miner’s rule is the penultimate step before conducting a life prediction. Miner’s rule
is expressed as:

Dc =
k

∑
n=1

ni
Ni

(1)

where Dc is the cumulative damage for k bins, ni is the number of cycles in the ith bin, and
Ni is the number of cycles to failure for the ith bin stress range, as determined from the
appropriate material S-N curve or CLD. Failure is predicted when Dc ≥ 1.
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Figure 12. Piecewise linear constant life diagram.

It has been cautioned by Echtermeyer et al. [92] that the Miner’s accumulated damage
value of 1.0 may need to be lowered to as low as 0.1, and is an important consideration for
fatigue analysis. The analysis of the DOE/MSU database by Mandell and his team [103]
supports Echtermeyer’s concerns when certain material combinations fail, even when the
Miner’s sum is as low as 0.1, compared to 1.0. Nijssen [95] has also raised this concern
and states that the accumulated damage limit should not be automatically accepted as 1.0;
rather, it should be determined empirically.

4.3.2. Life Prediction

Life prediction is the follow-on step to the Miner’s summation. If the incremental
damage from the ith bin is converted to a damage rate (∆Dti ) for the stress cycle time
period, ti, Miner’s rule can determine an overall cumulative damage rate (∆DT) for the
total time period, T. The reciprocal of the cumulative damage rate is the design life.

Design Li f e = 1/∆DT (2)

Marin et al. [104] used this life prediction approach to compare results to fatigue
failure in operational blades with reasonable results. Beyond predicting the design life of a
trailing edge, fatigue analysis life prediction can be fully integrated into the overall blade
design process to achieve an optimum design [105]. Tawade et al. [106] used fatigue life
prediction in a design optimization effort, and concluded that blade life is (1) inversely
proportional to length, (2) directly proportional to twist angle, and (3) directly proportional
to chord length.

Trailing edge life predictions can be made for the adhesive joint, as well as its two
constituents: the epoxy adhesive and the composite adherent. By conducting a joint life
prediction using the fatigue properties of the trailing edge joint obtained through testing,
the expected lifespan can be determined. Additionally, lifespan predictions of the adhesive
and adherent can be determined separately. It is important to note that the trailing edge
design life prediction is the smallest of the three predictions.

4.3.3. Alternate Methodology, Tools, and Issues

Durability analysis primary methodology uses Miner’s rule damage accumulation.
However, other methods exist and use a reliability based approach [107], Spera’s empiri-
cal formula [101,108], a progressive damage model [109–111], or a residual stiffness and
strength model [95,103,112]. Additionally, various tools have been created for fatigue analy-
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sis and life prediction. Tools for creating the load spectrum include WInd turbine reference
SPEctRa (WISPER) [95] and PRObabilistic DEsign TOol (PRODETO) [95]. Tools for fatigue
analysis and life prediction include GENOA [113], LIFE2 [93], ASYM [93], Fatigue And
Reliability Of Wind turbines (FAROW) [107], ALbert Blade Simulation (ALBdeS) [86], and
BEam Cross section Analysis Software + Fatigue (BECAS+F) [86]. Noda and Flay also
created a simulation tool to automate the fatigue analysis and predict design life [114].
The various models and methodologies employed in the tools create differences in results
that impact overall life predictions [86]. Additionally, the literature identifies other issues
such as geometric nonlinearities in the trailing edge bondline stresses [82,115] and envi-
ronmental extremes such as humidity that adversely impact the fatigue strength and life
prediction [93,116].

5. DADTA: Damage Tolerance Analysis

Damage tolerance analysis examines the ability of the structure to sustain structural
loading with damage and is primarily conducted using fracture mechanics. Fracture
mechanics can be applied to determine the damage life cycle from initiation, through
propagation until reaching an established limit that constitutes final structural failure.
Experience from the aerospace industry has provided a wealth of knowledge regarding
metallic structures; however, composite structures are becoming more common but remain
a difficult challenge [117,118].

Damage tolerance analysis can be applied during most phases of the system life cycle
with early design life prediction estimates in the design phases, resulting in the as-designed
configuration, a major update after the manufacturing phase to account for identified
defects and flaws resulting in the ’as built’ configuration, and periodic updates during
operations phases to account for damage growth and identification of new damage in
the ‘as operated’ configuration. The focus of this section is the later two estimates for the
‘as-built’ and ‘as operated’ life predictions since they will yield the most benefit from a
damage tolerance analysis.

Like durability analysis, the damage tolerance analysis can also be subdivided into
three broad steps, as shown in Figure 13. The first step is material characterization, where
material properties used in the design must be fully characterized, including elastic prop-
erties and strength properties, with a special focus on fracture properties, such as critical
strain energy release rate (SERR), crack resistance, and fracture toughness. The next step is
the design process, where design load cases are identified with appropriate safety factors
together with an additional understanding of how each material reacts and behaves with
damage, including linear and nonlinear material response and stable or unstable crack
growth. The last step is damage characterization, which includes damage evolution that
starts with initiation, progresses with damage growth, and concludes when either the dam-
age reaches a prescribed limit state or structural failure occurs. The damage growth rate can
be used for direct life prediction. However, monitoring an operational wind turbine blade
for damage growth rate is challenging, requiring recurring inspection or remote health
monitoring. Below are brief discussions of each step as a part of damage tolerance analysis,
first for wind turbine blades in their ’as built’ state, and then for wind turbine blades in
their ’as operated’ state.

5.1. As-Built Life Prediction

Before full-rate blade production begins, initial manufacturing processes will be ex-
amined during the final blade design process. Blade prototypes will be built to conduct
initial quality assurance inspections of the prototype blades and identify any flaws and
defects introduced during the manufacturing process. For instance, some manufacturing
flaws in the trailing edge adhesive joint may include thickness variability, voids, bubbles,
debonding, delamination, fiber misalignment, wrinkles, waviness, resin-rich or dry regions,
and inclusions [29,70,119]. If the flaws and defects cannot be eliminated from the processes,
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then they must be reviewed as part of the final design damage tolerance analysis for impacts
on the ’as built’ life prediction [120].

Material Characterization

• Elastic Properties

• Strength Properties

• Fracture Properties

Design Process 

• Design Load Cases

• Safety Factors

• Material Behavior

Damage Characterization

• Damage Evolution

• Crack Growth Rate

• Life Prediction

Figure 13. Damage tolerance analysis process.

5.1.1. Material Characterization

As discussed in Section 3.2, elastic and strength properties of the design materials are
determined using accepted ASTM and ISO procedures. ASTM and ISO also have standards
to determine material fracture properties such as critical strain energy release rate (SERR),
crack resistance and fracture toughness. The critical strain energy release rate, Gc or Jc,
is the energy available for crack growth and is balanced by crack resistance, R, or the
energy required for crack growth. Fracture toughness can be represented by the stress
intensity factor, K, and is the strength of the stress singularity at the tip of a crack within
the fracture process zone [20]. In general, a crack will develop in one of three modes: Mode
I—opening (e.g., tension), Mode II—in-plane shear, and Mode III—out-of-plane shear [121].
Figure 14 shows the three fracture modes. Material properties for each mode are needed
to evaluate the trailing edge joint design and can be determined using ASTM standards.
However, Sørensen et al. [122] developed a novel method for determining critical strain
energy release rate and crack resistance properties using a unique test fixture, including
in situ observation by a scanning electron microscope for a double-cantilever specimen
loaded with pure bending moments. The in situ observation greatly enhanced the ability to
examine both crack initiation and growth.

Mode I Mode II Mode III

Figure 14. Fracture modes: Mode I—opening, Mode II—in-plane shear, and Mode III—out-of-
plane shear.

5.1.2. Design Process

When carrying out a damage tolerance analysis, the DLCs and safety factors remain
unchanged. However, the analysis considers the material fracture properties to assess the
behavior of the structure and materials of the as-built configuration. Trailing edge adhesive
joint fracture is a complicated issue that can lead to failure in Modes I, II, and III under
various loading conditions [70]. For edgewise gravitational and torsional loading, which
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causes the trailing edge to open, Mode I is usually dominant, as observed by Jørgensen
et al. [123] and Eder et al. [62]. Design standards [17] confirm that Mode I generally
prevails over Mode II. Mode II was found to be dominant for the blade spar cap joint
but not the trailing edge under flapwise loading [113,124,125]. For edgewise loading of
the trailing edge, fracture modes were studied, and in some flapwise locations, Mode III
was dominant [126]. Eder et al. [80] reported that for flapwise shear and torsion loading
conditions of the tailing edge, Mode III was dominant. Adhesive joint fracture is complex,
and the fracture mode varies or is at least a mixed mode failure due to different loading
conditions along the trailing edge. There are numerous adhesive joint mixed-mode fracture
studies reported in the literature [127–131]. In addition to adhesive joints, damage tolerance
has also been applied to fractures (e.g., matrix cracking or delamination) within composite
materials for any location in the wind turbine blade. Determining trailing edge material
behavior using damage tolerance is the first step to improving designs to mitigate the effect
of damage resulting from operational loads or from the as built manufacturing process.

5.1.3. Damage Characterization

Fracture mechanics provides the theoretical framework for the behaviour of cracks
within a structure. The basic premise is that crack initiation will occur when the energy
release rate reaches a determined minimum critical value and the crack will exhibit stable
growth until the energy release rate reaches the fracture toughness of the material consti-
tuting a material failure [30]. There are both linear and nonlinear models that examine
and quantify this process. If the crack growth rate can be predicted or measured, then the
material design life or remaining useful life can be computed.

Using linear elastic fracture mechanics (LEFM) for Mode I, the stress intensity factor
(SIF), KI , is found using

KI = σ
√

πa (3)

where σ is the stress and a is the crack length. The failure envelope, defined by the critical
fracture stress, σf , is a function of crack size, a, and the critical stress intensity factor, KIC ,
and is found using [21]:

σf =
KIC√

πa
(4)

Therefore, any combination of stress intensity factor and crack length that yields a frac-
ture stress greater than the critical value is beyond the failure envelope and demonstrates
failure. Similar relationships can be derived for the two shear crack modes. Hua et al. [125]
were successful in using a contour or J-integral method for determining the stress intensity
factors for the three fracture modes (KI ,KI I ,KI I I) and a cohesive traction separation law to
determine crack initiation. For wind turbine blade adhesive joints, Rosemeier et al. [37]
achieved a strong correlation between numerical and experimental methods for material
characterization needed to predict crack initiation and proved useful during bondline
structural design.

For larger fracture process zones, a nonlinear method is required using other parame-
ters such as the cohesive law or traction-separation law [132], J-Integral [133], the virtual
crack closure technique (VCCT) [80], and crack tip opening displacement [13]. Researchers
have used these fracture mechanics approaches for examining various adhesive joints [124],
including wind turbine leading edge, spar cap, and trailing edge joints to examine the
various Mode I, II, and III or mixed-mode failures [17,129].

A cohesive law relates the cohesive traction of the material to the local opening, δ.
Upon reaching a critical opening value, the cohesive stress dissipates [132]. Sørensen [134]
conducted in-depth research on cohesive laws and cohesive zone modeling (CZM) for
engineering use, including the wind turbine blade industry. CZM has been proposed
as a method to simulate delamination in composites under both quasi-static and fatigue
DLCs [118]. However, Budhe et al. [69] stated that applying CZM remains a difficult chal-
lenge for composite adhesive joints. Sørensen and Jacobsen [135] developed a methodology
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to develop mixed-mode cohesive laws based on the determination of the J-integral. The
J-integral is a path-independent method to estimate strain energy release rate around a
crack [70,121]. Baharvand [121] determined the J-integral worked well to derive cohesive
laws and provided a detailed comparison of the advantages of CZM versus VCCT. In the
simplest terms, VCCT states that the energy required to close a crack is the same as the
energy released when a crack propagates [117]. Krueger [136] provides an extensive review
of VCCT, from initial history to current usage. Eder and Bitsche [70] used methodology
based on VCCT to predict crack growth in the trailing edge. VCCT has proven useful, espe-
cially with finite element analysis, and Eder et al. [80] believe VCCT has some advantages
over J-integral. In numerical modeling tools such as ANSYS and Abaqus, these various
fracture mechanics methods can be used, including the virtual crack closure technique
(VCCT) [70,80], strain energy release rate [62,137], contour J-integral [125], and cohesive
elements [138,139].

Once crack initiation has occurred in either static load or cyclic load conditions, it
is important to determine the crack propagation or growth rate, da

dN . Huang et al. [140]
concluded the crack growth rate is higher for cyclic loading versus static loading. Sam-
borsky et al. [129] examined the crack growth rate in three wind turbine adhesives and
concluded the following: (1) material under tension–compression cyclic loads had faster
crack growth than tension–tension cyclic loads, and (2) the adhesives followed similar
trends but demonstrated a wide range of critical strain energy release rates, GIC . Addition-
ally, the specific stress ratio has been found to affect the crack growth rate in typical blade
adhesives in both linear and nonlinear fracture approaches [141]. Jørgensen et al. [142] was
able to correlate experimental and finite element modeling efforts of stable crack growth
rates in blade adhesive joints. Crack growth rate can also be affected by the phenomenon
of fiber bridging. Fiber bridging occurs when composite fibers bridge across the developed
crack and thereby increase the potential crack resistance, R. The increased resistance due
to fiber bridging affects the material resistance curve or R-Curve and decreases the crack
growth rate [140,143]. Sørensen and Jacobsen [71] found that the effect of fiber bridging is
independent of the specimen geometry and can therefore be considered a material property.
The use of the J-integral has been found to be particularly useful in situations involving
fiber bridging [134,144]. The number of cycles to failure can be calculated from the crack
growth rate using an initial flaw size (a0) and a known critical crack length (aN) [94]. The
allowable number for load cycles can be simply converted to design life prediction.

If the crack growth rate is not specifically known, the structural design life can be
determined using the Paris equation. Figure 15 shows the log–log plot of crack growth rate
versus SIF. Region I depicts crack initiation starting once the threshold SIF, Kth, is reached;
Region II depicts a crack growth area; and Region III depicts failure once the critical SIF, Kc,
is reached.
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Figure 15. Crack growth rate ( da
dN ) versus stress intensity factor (∆K).
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The Paris equation represents the linear relationship between crack growth rate and
SIF in Region II as a power function, and can be stated as:

da
dN

= C(∆K)m (5)

where C and m are empirically determined constants. Using Figure 15, one approach
determines C as the intercept and m as the slope of the line in Region II. Substituting
in the KIC from Equation (4) and solving for the number of cycles as a function of crack
length yields

N =
1

C(σf
√

π)m

∫ aN

a0

a−m/2da (6)

For an assumed trailing edge initial flaw size (a0) and a known critical crack length
(aN), the safe number of cycles, N, can be determined. The safe number of cycles is
easily converted to the trailing edge design life prediction and serves as a foundation
for establishing structural inspection intervals during scheduled maintenance. Intervals
should be established to ensure at least two inspections are performed during a trailing
edge structural life.

Equation (5) is for LEFM, but similar formulations can be made for nonlinear methods
based on critical SERR, GC [30,94]. Curley et al. [96] used the Paris equation based on
Gmax for the service life prediction of adhesive joints and demonstrated good correlation
to experimental results. Modifications to the Paris equation have been made to address
initial assumptions, such as the Walker equation incorporation of stress ratio [145]. A more
general formulation for crack growth rate is the NASGRO equation that includes all three
regions from Figure 15, as well as stress ratio, R, and Newman crack closure function,
f [146].

5.1.4. Alternate Methodology and Tools

Another damage tolerance life prediction method is the reliability-based approach
using a probabilistic framework to (1) predict damage initiation, (2) predict damage growth
from one damage state to another, and (3) predict design life. To predict the damage initia-
tion requires in-depth knowledge of the material variables and relationships to possible
failure modes along with probability of occurrence [37]. In lieu of predicting damage
initiation, specific initial damage and damage occurrence rates can be determined from
postproduction quality assurance inspections [147] of wind turbine blades. To predict
damage growth, one possible method implements a progressive failure finite element
analysis model [148]. To predict design life, this approach considers the design life as a
random variable within either a stochastic or statistical design life model with a probability
density function [30,149].

Several software tools have been adapted or created to assist in crack growth and life
prediction analysis. Liu et al. [150] used ANSYS to confirm stress intensity factors for a vari-
ety of structural shapes and conditions. Early NASA space vehicle structural efforts created
NASGRO [151], with later FAA efforts incorporating civilian aircraft requirements [152]. In
1994, the US Air Force’s Wright Laboratory created a variant called MODGRO [153], which
in turn was improved, and later became AFGROW [152,154]. The US Air Force continues
to improve its analysis tools, and currently uses both AFGROW and Cracks2000 [151].

5.2. As Operated Remaining Useful Life (RUL) Prediction

Damage tolerance analysis should not end with the deployment and operation of the
wind turbine. Periodic updates of the damage tolerance analysis during operations based
on inspection results can account for new damage identified and the growth of existing
damage in the as operated configuration. The usefulness of the analysis updates lies in the
ability to predict the remaining useful life of the blade, or more specifically, the trailing edge.
McGugan et al. [99] developed a methodology that specifically combines damage tolerance
and condition monitoring for life cycle management of offshore wind turbine blades.
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The damage tolerance analysis process steps Material Characterization (see Section 5.1.1)
and Design Process (see Section 5.1.2) do not change for the as-operated configuration,
but the Damage Characterization step adds discussion of how damage is considered
during operations.

5.2.1. Damage Characterization

Fracture mechanics remains the foundation for damage characterization during op-
erations, and shifts from attempting to predict damage to focusing on the growth of
pre-existing damage and new damage identification.

5.2.2. Damage Identification

To properly identify and characterize trailing edge blade damage, four basic infor-
mation elements must be known. First, some indication that the damage exists is needed.
This indication could be from previous postproduction inspections, from new inspections
during scheduled maintenance or from a condition monitoring system. Second, the general
location must be known to inform a technician to conduct further investigation. Third, once
located, the damage needs to be identified by type (composite delamination, transverse or
longitudinal adhesive debond or crack, etc). Fourth, the severity of the damage needs to be
quantified. Nielsen and Sørensen [30] proposed six categories of severity based on crack
length, from cosmetic to critical damage. According to Katnam et al. [155], once damage has
reached a critical state, in situ repair of wind turbine blades is a very challenging endeavor.
To avoid costly repairs, Shohag et al. [156] reviewed a wide range of damage mitigation
techniques for wind turbine blades, including better damage modeling to optimize the as
designed configuration, enhanced manufacturing techniques to reduce flaws and defects in
the as built configuration, and damage monitoring of the as-operated configuration.

5.2.3. Scheduled Maintenance Inspections

Based on design life predictions, scheduled maintenance inspections of critical wind
turbine blade structural components, including the trailing edge, should occur at least
twice during the predicted life. Installed blade inspection can be quite challenging, and
techniques used for postproduction, such as ultrasonic or x-ray nondestructive inspec-
tion (NDI), are difficult to use in the field [147,157]. The literature contains numerous
discussions of in-service blade inspection methods, including visual inspection via rope
access or crane, and now more commonly via cameras mounted on work platforms or
drones [119,158]. These visual systems can accomplish the first two elements of damage
identification: existence and location. The initial results provide locations for follow-up
detailed inspections by a technician to assess the last two elements: damage type and sever-
ity [99]. Once damage is identified, characterized, and documented, it can be monitored
for growth during subsequent scheduled maintenance events. Besides aiding in repair
decisions, the damage growth rate from one inspection to another can be used to determine
the structural remaining useful life.

5.2.4. Remote Structural Health Monitoring

While not yet widely used in operational systems due to low technology readiness
levels (TRLs) [159], the use of embedded sensors for monitoring the condition of the
blade structure is being investigated and used in blade research and testing environments.
Such systems are called condition monitoring (CM) [160,161] or remote structural health
monitoring (SHM) [162]. Embedding sensors during manufacturing increases the overall
blade cost, but will provide remote access to a blade’s structural condition, allowing
for the possibility to reduce scheduled maintenance events and costs, particularly for
offshore systems, over the operational lifetime [45,119,163]. Groves [147] has defined
five levels of SHM: (0) postproduction damage assessment, (1) remote load monitoring,
(2) damage detection and localization, (3) damage type and size quantification, and (4) RUL
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prediction. These five levels encapsulate the essence of using a damage tolerance approach
during operations.

In the literature, there is a wide range of sensors being proposed and investigated for wind
turbine blade remote SHM, including strain gauges [162,164], accelerometers [162,165,166],
acoustic emission (AE) [26,119,133,147,156,162,167], fiber optic sensors
(FOS) [162,164,168,169], fiber optic strain sensors (FOSS) [147,156,170], fiber Bragg grat-
ing (FBG) [119,171–173], optical backscatter reflectometers (OBR) [164], ultrasonic guided
waves (UGW) [158,174], and in situ triboluminescent optical fiber (ITOF) sensors [175].
Sørensen et al. [162] conducted a detailed wind turbine blade test and cost analysis of
three sensor types: AE, FOS, and accelerometers, with satisfactory results, and determined
that fiber optics were the best sensor for trailing edge adhesive joint damage detection.
However, a single sensor may not accomplish all four elements of damage identification
but may require a combination of sensors [162], making appropriate sensor choice difficult
but vitally important [176].

5.2.5. Remaining Useful Life Prediction

The trailing edge RUL can be predicted from either the observed damage growth rate
or using the observed damage size and the Paris equation. The observed crack growth
rate can be determined from periodic inspection or remote SHM of the damaged area to
determine growth over time. Pereira et al. [160,171] used multiple FBGs in a remote SHM
system and successfully modeled and experimentally measured the damage growth rate
in a composite adhesive joint. The trailing edge remaining allowable load cycles can be
calculated from the crack growth rate using the current observed flaw size and a known
critical crack length. If the crack growth rate is unknown, the trailing edge RUL can be
determined using the Paris equation (see Equation (5)). If new damage is identified, the
current observed flaw size and the known critical crack length are used in the Paris equation
to calculate the safe number of trailing edge remaining cycles. In both cases, the allowable
number of trailing edge load cycles can be simply converted to the trailing edge RUL.

The literature has examples of the usefulness of remote SHM for RUL. Beganovic
and Söffker [158] developed a concept to use the remote SHM data as input into a prog-
nostic RUL model to extend the blade lifetime beyond the original design life. Griffith
et al. [177,178] developed a numerical SHM simulation for a trailing edge debond to exam-
ine damage mitigation methodologies, and found that derating the wind turbine power by
5% reduced the fatigue loading and damage growth while extending the trailing edge RUL
by 300%. Also, examining trailing edge damage and damage growth rates of as-operated
wind turbine blades will allow the trailing edge remaining useful life to be determined by
the current damage state, with a possible life extension beyond the original trailing edge
design life for healthy blades that do not possess significant damage [99].

5.2.6. Alternate Methodology

A reliability-based approach can also be used on the as-operated blade configuration.
The reliability-based approach uses a probabilistic framework to (1) predict damage initi-
ation, (2) predict damage detection and inspection reliability, (3) predict damage growth
from one damage state to another, and (4) predict remaining useful life [30]. In general,
probabilities for each step in the approach can be developed based on data analysis of
scheduled inspections or remote SHM results or determined by similarity to other opera-
tional wind turbine blades. For the United States wind turbine fleet, the Sandia National
Laboratory maintains a blade reliability database [1]. In one example, damage initiation is
determined with a combination of remote SHM as an indicator of possible damage along
with the probability of damage constituting the first two steps of damage identification
(existence and location) and can be used to notify the operator for the need to assess the
last two steps of damage identification (type and severity) [158]. As with damage initiation,
the probability of damage detection can be developed similarly. Myrent et al. [163] discuss
the use of a stochastic versus a deterministic strategy to derive probabilities of detection.
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Valeti and Pakzad [149] examined both damage growth and RUL predictions by defining
damage growth probabilities from one state to another based on a nonlinear state equation
and RUL probabilities based on initial crack lengths. Using damage state probabilities,
one straightforward method to estimate trailing edge RUL is determining the cumulative
time a particular damage takes to transition from the current damage state to the critical
damage state [30]. Eleftheroglou et al. [179]’s probabilistic approach used stochastic mod-
eling combined with SHM strain data for RUL prognosis with good correlation to actual
RUL values.

6. Conclusions

The aerospace community has used durability and damage tolerance analysis for more
than 50 years, but it is not widely used in the wind turbine blade industry. This paper
provided an in-depth review of the application of durability and damage tolerance analysis
for life prediction of a wind turbine blade trailing edge to address the gap in the research
and literature regarding the trailing edge operational performance and service life. Based
on the literature review, concluding remarks include the following:

• Trailing edge failure is common in both operational and test wind turbine blades,
and occurs due to both structural overload and fatigue. Inspection of a limited set of
operational blades indicates a variety of trailing edge cracks associated with fatigue.
Various laboratory tests have confirmed trailing edge cracking and buckling failure
due to ultimate and fatigue-loading conditions.

• Blade fatigue testing does not properly represent cyclic gravitational loads. Design
standards only require single-axis fatigue testing to address flapwise loading. With
dual-axis fatigue testing, edgewise loads attempt to include cyclic gravitational loads
but fail to address the full impact of the breathing effect on the trailing edge.

• Gravitational loads cause trailing edge panel breathing. Wind turbine blade breathing
eigenmodes have been reported in modal testing but have not correlated well to
numerical simulations. Additionally, opening or breathing of trailing edge panels has
clearly been reported and attributed to gravitational and torsional loading in various
full-scale and subcomponent tests.

• Gravitational loads increase faster than aerodynamic loads with larger blade lengths,
possibly leading to higher trailing edge failure rates. Basic scaling laws indicate
that gravitational loads increase proportionally with the cube of the blade length,
while aerodynamic loads increase with the square of the blade length. While the
impact of gravitational loads can be reduced by optimizing the blade design to include
carbon fiber in place of glass fiber, gravitational loads still increase more rapidly than
aerodynamic loads and thereby will contribute to more trailing edge failures.

• Composite material properties are process-specific and must be determined for each
intended design application. There are two major databases reporting composite
fatigue material properties, but the results show differences. Design-specific material
properties are dependent on the manufacturing process and sensitive to items such as
postcure temperature.

• Three-dimensional modeling of full wind turbine blades is necessary to capture trailing
edge buckling but two-dimensional cross-sectional modeling may be sufficient for
trailing edge DADTA life prediction. Research has shown that the buckling of the
trailing edge due to edgewise compressive loads can only be predicted using a 3D
blade model but can be computationally expensive. A 2D subcomponent model can be
used to properly represent the trailing edge constituents and obtain realistic responses,
including the breathing effect. Therefore, the 2D model can examine the cyclic loading
of the trailing edge joint and the resulting peel stresses necessary for a life prediction
using DADTA.

• Durability analysis of Miner’s cumulative damage summation to unity should be used
with caution for composite structures. Miner’s summation traditionally uses 1.0 as
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the cumulative damage limit, but research shows variance between composite blade
materials that may lead to overly optimistic life predictions.

• The IEC wind turbine design standard relies on durability analysis life prediction and
does not address the use of damage tolerance life prediction. While also including
durability analysis, the DNV blade design standard additionally discusses, but does
not mandate, use of damage tolerance analysis for life prediction.

• Damage tolerance analysis numerical modeling of composite structures using linear
and nonlinear fracture mechanics is challenging due to complexities in composite
material structures. The aerospace community has a long history of using damage
tolerance analysis and has developed a deep understanding of metallic structures, but
composite materials are more complex, with additional concerns at both the micro-
and macrostructural levels.

In summary, proper representation of all design loads, including gravitational loads in
a thorough DADTA, holds the promise to improve life prediction methodologies and the
potential to ensure that wind turbine blade trailing edges meet or even exceed the required
design life.

7. Future Work

While the literature contains significant research in both breadth and depth for vari-
ous aspects of composite materials, wind turbine blades, and, more specifically, trailing
edges, more work is needed. Most literature focuses on flapwise extreme loading as the
design driver for the wind turbine blade trailing edge, with little specific discussion on the
contribution of the edgewise cyclic gravitational fatigue loading to design life prediction.
Specific recommendations for future work include:

• Conducting a case study of DATDA effectiveness for an operational wind turbine
blade. While case studies exist for the application of DADTA in the aerospace commu-
nity, the literature does not include any DADTA case studies involving an operational
wind turbine blade. Such a case study of an operational wind turbine blade will
require participation from a wind turbine blade manufacturer and a wind turbine
operator.

• Investigating the variance within the use of Miner’s accumulated damage value. The
generally accepted use of a Miner’s accumulated damage value of 1.0 needs to be
examined for wind turbine blade materials. An analysis of coupon tests has shown
that using the value of 1.0 may be overly optimistic for some blade materials but
not for others. Additional research is needed to examine the inconsistencies between
materials and recommend appropriate accumulated damage values for use in the
wind turbine blade industry.

• Increasing basic knowledge of fracture mechanics properties for wind turbine blade
materials. The use of damage tolerance analysis for wind turbine blades is still consid-
ered a novel approach and requires additional foundational material characterization.
Early investigations have focused on possible numerical approaches such as cohesive
zone modeling and virtual crack closing techniques to predict properties but addi-
tional experimental research is needed for fracture mechanics material characterization
of all blade materials to increase basic knowledge of properties such as SERR, crack
resistance, and fracture toughness for a range of blade loading conditions, including
various stress ratios.

• Improving the overall technology readiness level of CM and remote SHM systems.
Research has been conducted for a wide range of possible sensors and has been
investigated in the laboratory environment, achieving TRL 4. While successful for the
initial two steps of determining the existence and location of the damage, most sensors
cannot reliably conduct the last two steps to quantify the damage by type and severity
fully. Therefore, the choice of sensors is difficult but can be tailored for different blade
components, such as trailing edge joints and spar caps. Additional research is required
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to demonstrate CM and SHM concepts in the operational environment (TRL 7) with
the goal of developing and qualifying commercial CM and SHM systems (TRL 8).

• Investigating the manufacturing and operational impact of embedded sensor systems
for trailing edge adhesive joint damage identification and quantification. While CM
and SHM concepts are promising to reduce overall wind turbine blade operations and
maintenance costs, specific impacts to blade manufacturing processes and operational
procedures have not been addressed. Additional research is needed to quantify and
qualify the manufacturing and operational impact of embedded blade sensors.

• Reporting operational blade damage to inform research plans. Due to proprietary
concerns, most operational wind turbine blade damage is not openly reported by
manufacturers and system operators. This lack of reporting directly hinders the
ability of the scientific community to address potential blade industry research needs
adequately. Researchers must encourage wind turbine manufacturers and operators
to publish blade damage inspection results.

• Modeling, predicting, and validating the breathing effect on the wind turbine blade
trailing edge during design loading conditions (DLCs), including power production,
start-up, shutdown, and parked (idling) operations. To date, wind turbine blade modal
test results have not correlated well with numerical analysis. Additional research is
needed to investigate this discrepancy using numerical analysis and experimental
testing to validate the breathing effect on the trailing edge.

• Investigating the wind turbine blade trailing edge breathing effect on durability and
damage tolerance life prediction. Current wind turbine blade fatigue testing does
not account for dynamic cyclic gravitational loads, and therefore provides a possibly
overly optimistic life prediction. Existing durability analysis has included gravitational
loads but only in combined load cases. While some efforts have been made to examine
damage tolerance remaining useful life prediction, more work is needed. Additional
research is needed to isolate the breathing effect on the trailing edge durability and
damage tolerance life prediction due to gravitational versus aerodynamic loads.

• Investigating mitigation techniques to minimize adverse impacts of the wind turbine
trailing edge breathing effect. Research has been conducted to examine design im-
provements to mitigate trailing edge cyclic compressive load failures, but has not
included trailing edge breathing due to cyclic gravitational loads. Additional research
is needed to examine structural failures due to the breathing effect and to determine
possible trailing edge design mitigation techniques.
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