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Short summary

Short summary in English

The main objective of the CORTIR Phase 2 project has been to address the increasing
risk of critical failure modes in the blade’s transition zone mainly due to torsional
loads in large wind turbine blades. During the project a retrofit solution, the Bladena
patented RTZ Solution™, has been developed and demonstrated.

To validate the failure modes and its root cause, a multi-scale level test program was
performed. The test results proven that under simulated field conditions the applied
torsional load components lead to significant out-of-plane deformation and its direct
effect can be a critical failure mode such as aft shear web disbond or/and
delamination on the panels in the root transition zone.

To mitigate the investigated root cause, the RTZ Solution™ has been developed. The
solution connects the two blade panels thereby, decreasing out-of-plane
deformation. A testing campaign has proven the feasibility of the solution and its
positive effects on the blade’s performance.

Several themes and Work Packages focused on risk mitigation. Cost and Risk tool and
the NIFIS developed to give educated guidelines during the decision-making progress
regarding planning the correct maintenance strategy. In the NIFIS guidelines, a new
Damage Categorization scheme has been developed with awareness about specific
blade “hotspots” (prone to damage regions) as well as focus on the implementation
of the Damage Tolerance Approach when it comes to maintenance strategy planning.
Whereas WP11 dived into the topic of standards and regulations regarding testing
campaigns with a special attention put on the appropriate application of torsional
load components during large- and full-scale tests. Besides that, a validation process
was developed in which suggestions were given on using appropriate testing methods
with applied torsional load components and the use of results for more accurate
blade lifetime predictions.

Additionally, the minimal viable version of the CAR Tool from a preceding EUDP
CORTIR project has been improved, became more holistic and concerns more failure
modes such as aft shear web disbonding in the case of large (60m+) blades.

The WTO Blade Network has been maintained and grown significantly, by now the
network consists of 55 members. The conferences were held with great participation
with a large part of the network being represented at the meetings.
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Kort resume pa dansk

Det primaere mal med CORTIR Il projektet har varet at handtere den stigende risiko
for kritiske failure modes i vinges transition zone, hovedsageligt pa grund af torsional
loads i store vindmgllevinger. | lgbet af projektet er en retrofit-lasning, den Bladena
patenterede RTZ Solution™, blevet udviklet og demonstreret.

For at validere ’failure modes’ og deres ’root cause’ blev et testprogram pa flere
skalaer udfaert. Testresultaterne beviste, at under simulerede feltsituationer forer,
de paferte torsional load komponent, til betydelig deformation ud af plan, og dens
direkte effekt kan vaere en kritisk failure mode, sasom aft shear web disbond eller/og
delaminering pa panelerne i root/transition zone.

For at mitigere den undersggte root cause er RTZ Solution™ blevet udviklet.
Lasningen forbinder de to vingepaneler (Suction Side og Pressure Side), hvilket
derved reducerer deformationen ud af plan. En testkampagne har bevist lasningens
gennemfarlighed og dens positive effekter pa vingens ydeevne.

| projektet, flere temaer og arbejdspakker fokuserede pa risikoreduktion. Cost and
Risk Tool samt NIFIS er udviklet for at give velinformerede retningslinjer i
beslutningstagningsprocessen  vedrgrende planlaegning af den  korrekte
vedligeholdelsesstrategi. I NIFIS-retningslinjerne er et nyt
skadeskategoriseringssystem (Damage categorization) blevet udviklet med
bevidsthed om specifikke vinge "hotspots" (omrader tilbgjelige til skade) samt fokus
pa implementeringen af Damage Tolerance Approach, nar det kommer til
planlaagning af vedligeholdelsesstrategi. Derimod dykkede WP11 ned i emnet
standarder og regulativer angaende testkampagner med sarlig opmaerksomhed
rettet mod den passende anvendelse af torsional load komponent under store- og
fuldskalatests. Derudover blev en valideringsproces udviklet, hvor der blev givet
forslag til brug af passende testmetoder med pafarte torsional load komponent og
brugen af resultater til mere ngjagtige forudsigelser af vingens levetid.

Derudover er den minimale ’viable’ version af CAR-tool fra et tidligere EUDP CORTIR-
projekt blevet forbedret, er blevet mere holistisk og bekymrer sig om flere failure
modes, sasom aft shear web debonding i tilfaeldet med store (60m+) vinger.

WTO Blade-netveaerket er blevet vedligeholdt og er vokset betydeligt, netvaerket
bestar nu af 55 medlemmer. Konferencerne blev afholdt med stor deltagelse, med
en stor del af netvaerket reprasenteret ved maderne.
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Executive summary

The wind industry is continuously growing and so are the wind turbines. With
increasing blade lengths structural failures of the blades become a significantly
bigger technical risk as well as financial risk, resulting in increased cost for repair
and loss of Annual Energy Production (AEP). Some of the most critical structural issues
of large +60m wind turbine blades such as debonding of the shear web from the load-
carrying spar caps and delamination on the unsupported panels occur in the root-
transition zone as an impact of torsional loads. These failure modes are today
occurring more frequently due to significantly increased deformation of the
unsupported blade panels. As the above-mentioned failure modes can fast lead to
critical blade failures, and as of yet no repair solution has proven more than
temporary, these failure modes have become a significant risk for the industry,
especially for large offshore wind turbines, where limited access may result in the
necessity for significant extended periods of downtime and consequently AEP losses.

For the WTOs there should be a clear focus to have more reliable blades. In the
meantime, the goal is to minimize risk, especially for unplanned repairs and costly,
unscheduled maintenance of blades. One way of lowering risk is to take preventive
actions before blade fails. The RTZ Solution™ is such an option. Another way of
mitigating risk is to become more knowledgeable about the likelihood for blade
failures of various types to occur and to focus maintenance frequency, focus areas
and methods to discover critical failures while the risk is low. Under NIFIS a guideline
has been developed to guide WTOs and ISPs in deciding on the right maintenance
strategy. In many cases, blade failures can be avoided and have a more accurate
lifetime prediction by following the appropriate validation loop with relevant test
campaigns using realistic load scenarios.

Shear web disbonding failure mode is a high risk

The main structural pain addressed in this project is the aft shear web disbond from
the blade panels in the fish mouth region.

Many modern, large blade designs feature an aft shear web fish mouth located in the
root-transition zone region. Figure 1 shows the position of the aft shear web on a
typical large 60+m blade.

Stronger blades, More energy Page 7 of 177

Bladena
Banestrgget 13, 1
DK-2630 Taastrup



http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

Main Webs

Unsupported Panels

Figure 1: Large blade from root to max chord region seen in profile with the aft web fishmouth located in the
transition zone.

The aft shear web failure starts as a debonding between the aft web and the blade
and delaminations in the area of the fish mouth foot, see Figure 2.

Shear web

Spar cap

Cebondings
Delamination

Figure 2: LEFT: Photo of a disbond of the aft web and the blade panels. RIGHT: illustration of the shear web
disbond.

When the disbond of the shear web from the blade panels are initiated, it will in
most cases continue to grow and in time the blade will lose the structural integrity
in the area resulting in a very critical failure mode and risk of blade collapse.

The failure is prominent on large offshore blades and are seen more often in the
fields during the most recent years. In general increase blade length increases the
risk of structural damages. No permanent repair solution has been offered so far.

Overview of theme A, theme B and theme C

Theme A: The implementation of the Cost and Risk Tool for business analysis to assist
the WTOs in their O&M decision making.
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Theme B: Research focused on the shear web disbond failure mode, including field
measurements, large-scale sub-structural and smaller-scale sub-component testing,
cohesive fracture analysis, as well as the development of the new retrofit RTZ-
Solution™.

Theme C: Creation of New Innovative Field Inspection Strategy (NIFIS) including the
demonstration of new monitoring techniques.

Figure 3: Project overview and interconnection between the three themes. The outer ring is the first part of
the project and the inner ring is the second part with project finalization in the middle. With green is Theme
A. The CAR Tool will be implemented and used to analyze maintenance strategies from the project start, where
also added capabilities, such as more failure modes and advanced loading will be implemented in the tool. In
the second part of the project, the CAR Tool will provide valuable data to NIFIS about the cost and risk of
applying different maintenance strategies. Theme B has got the color green. This is the development of the RTZ
Solution. The test and demonstration activities start in the lab and later moves out in the field. Lastly with blue
is Theme C. This is the development of NIFIS, which is supported by the other two themes.

Theme A summary: CAR Tool

The main objective of Theme A is to cover from a holistic perspective relevant aspect
that allow to perform a risk assessment as part of a O&M strategy simulation, so it is
actually a theme that inherits knowledge from the other Themes, as well as the WP11
regarding standards on O&M.

The ultimate application of the knowledge obtained will be the development of the
CAR Tool, transforming it from the current Minimum Viable Product (MVP) to an
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actual practical software that can provide an assessment to WTOs in their O&M
strategies.

User inputs Qutput

Figure 4: General scheme of the CAR Tool. On the left, the users introduce a set of variables creating a
maintenance strategy that is analyzed by the CAR Tool solver (center), which calculates the risk and other
economical parameters helping in the decision making for a WTO.

On one side, risk-based maintenance strategies have been investigated in more
detail, both from a theoretical statistical approach and from a practical perspective.
AAU has heavily contributed to this work by the analysis of reliability models and
statistical approach for risk calculations. Part of this job has been gathered in the
publication of a paper named “Optimization of novel heuristic strategies for
inspection and maintenance”.

The main functionality of the CAR Tool is to carry out a risk analysis of specific 0&M
analysis. Consequently, it is required to be updated about the current common
practices that Wind Turbine Owners and Independent Service implement during their
inspection and repair campaign. Bladena has been in continuous contact with WTOs
and ISPs in order to gather the relevant information that needs to be considered in a
O&M strategy.

Regarding the development of the tool “CAR Tool”, with the intention of obtaining a
holistic tool representative of the reality experienced in field conditions, the
following failure modes have been analysed:

1. Leading edge erosion: a risk model has been created and fully implemented
into the tool.

2. Lightning: the risk model has not been fully completed due to the complexity
of the topic, but it has been studied a methodology to complete a lightning
site assessment considering the risk of suffering damages from direct lightning
impact through an analysis of the lightning protection system.

Stronger blades, More energy Page 10 of 177

Bladena
Banestrgget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

3. Shear web disbonding: Bladena is aware that this structural issue is suffered
especially on large new wind turbine blades. A fracture mechanic model after
testing in DTU has been established. In addition, other approaches have been
considered in detail, such as the established S-N curves method, widely used

in other industries.

CORTIR phase I -
CAR Tool as Minimum \
\iable Product N, e

CORTIR phase II - Holistic CAR Tool

Y
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() |
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Figure 5: During the CORTIR Il project the CAR Tool became more holistic with 3 additional failure modes
implemented: shear web disbond, leading edge damages and lightning.

Theme B summary: RTZ Solution™

Aft Shear web dis-bonding and delamination are commonly occurring failure modes
in the transition zone, especially in the newer longer (60m+) blade designs. Critical
failures in long, modern blades can be translated in massive operation and
maintenance (O&M) cost, especially for an offshore asset. In Theme B, the main focus
is to verify and validate this failure modes utilizing numerical and experimental
analysis and develop a retrofit solution to mitigate the problem.

The first step of investigation focused on performing state-of-the-art sub-component
test techniques and large-scale testing with different levels of load complexity,
utilizing the testing facilities in DTU Construct lab. The testing process has followed
the building block approach (multi scale level approach) starting from fundamental
coupon testing, manufactured by Global Wind Service, and leading to the large-scale
testing. Two 15-meter-long SSP34 blade specimens were used in large-scale testing,
with an aft shear web retrofitted as an evaluation area.

Complementing the lab testing investigations, the validation of the global Finite
Element Model (FEM) was used to conduct a numerical study to identify how the
global and panel out-of-plane deformations change for different blade types and
different amount of shear webs. The obtained numerical model has determined the
boundary conditions for the three levels of testing. The testing campaign included
large-scale sub-structural blade section testing, smaller-scale sub-component
testing, and material and fracture mechanical characterization testing.
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The obtained knowledge of the two previous steps was used as a benchmark for the
performance of the newly developed solution which aims to mitigate the out-of-plane
deformations in the root-transition zone of longer blades. The RTZ Solution™ is a
device that is designed to be installed internally and is glued on the inner skin of the
blade, without drilling through it, preventing the deformation of the panels by
connecting them during operation.

The RTZ Solution™ development went through different stages of design. The final
selection was optimized to address every issue that was acknowledged in the early
stages of development. The solution was evaluated in different levels of testing,
starting from individual component testing, both ultimate and fatigue, and finishing
with testing of the entire solution.

A number of technologies were used to validate the failure mode in large-scale
testing and evaluate the performance of the RTZ Solution™. Measurement sensors
were installed close to the retrofitted shear web and the post-processed data were
used to perform a comparison study to evaluate the performance of the RTZ
Solution™. The methods used as measurements included wire potentiometers, strain
gauges, and digital image correlation (DIC) cameras.

Furthermore, monitoring methods were evaluated during large-scale testing. The
Sensoria system developed by MISTRAS-SENSORIA was installed on the SSP34 blade
cut-outs. The acoustic emission sensors were used as a way to monitor crack initiation
and propagation on the retrofitted shear web.

Theme C summary: NIFIS

During the first couple of months of the project the focus of the theme was to develop
a NIFIS mobile application. After the early phase of development and the NIFIS
workshop with the CORTIR partners in November 2022, the decision was made that
in order to create value, the goal of the theme had to be shifted. Instead of
developing a mobile application, Bladena started working on a new and improved
Damage Categorization Scheme considering blade specific “hotspots” (damage prone
regions/areas) and on the Damage Tolerance Approach to implement into pro-active
maintenance strategies.

Besides that, different techniques were studied and their function as monitoring
methods was investigated. As part of the validation process of acoustic emission
sensors, Sensoria (by Mistras-Sensoria) system was used during the large-scale testing
of Theme B. The use of different sensors and measurement systems were also being
investigated as inspection tools in order to have more efficient inspections with
identified “hotspots” of the blades matched with specific inspection methods.
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Regulations and standardizations (WP11), summary

Operational risk of wind turbine rotor blades can be significantly mitigated by
performing sufficient tests during their testing campaign. Regarding full-scale
testing, the current IEC 61400-23 standards by IEC only suggest but do not require
the application of torsional loads (see in ref. [11.]). Scaling studies have proven that
in the case of long (60m+) blades the torsional loads during operation are significant
and can lead to severe structural damages, such as the aft shear web disbonding
which was investigated in other themes of this project.

The importance of torsional loads has been highlighted in previous projects headed
by Bladena, funded by the EUDP. Under the framework of Work Package 11, Bladena
has performed a FEM study in which the torsional loads are investigated and
quantified for long modern blades, to determine the scaling of the torsional loads
with respect to length. Three blades have been analyzed with different lengths, 65m,
80m and 120m. This scaling study has been used as a key finding for the importance
of torsional loads.

Besides that, Bladena in close collaboration with Aalborg University investigated the
standards/guidelines related to the operation and maintenance (O&M) phase. In this
project potential improvements/suggestions were developed to minimize risk in
operation. Standardizations and procedures carried out in other industries (civil
engineering, naval architecture, aircraft) will be used to determine relevant
suggestions to the existing guidelines, where the damage tolerance approach is
adopted.

Furthermore, suggestions on improving the reliability and risk in operation are also
discussed in this work package. An extensive study has been carried out to investigate
which approaches are described and used in the standards (e.g., semi-probabilistic,
reliability-based design, etc.). On the other hand, a standardized reliability
framework has been suggested for the common five-step damage categorization
scheme that is used in the industry, so that it is ensured that sufficient reliability is
fulfilled during the entire operational life of the blade. The gathered knowledge has
been documented and a Risk-based maintenance roadmap for WTOs has been
developed for the upcoming two years.

Finally, a design and validation process has been developed to estimate the lifetime
more accurately utilizing sub-component testing and FEM calibration of the blade
model, focusing on structurally critical measurements. This is a cost-effective way
to capture any critical result before expensive prototype testing, as it mostly requires
sub-component testing and FEM-modeling.
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Project Objectives

Main project objectives

The project ran for 2 years and had 11 Work Packages, the main focus of the project
was to develop and demonstrate a new innovative retrofit reinforcement for shear
web disbonding in the root-transition zone of large (60m+) wind turbine rotor blades.
The development of the solution included a test campaign dedicated to verifying the
failure mode and its root cause.

Besides that, the project concerned risk mitigation by developing tools assisting
WTOs to plan more efficient pro-active maintenance strategies. Regarding risk
mitigation the project also covered the area of standardization/regulations and
currently used testing requirements.

Objectives of Theme A: CAR Tool

Holistic risk analysis, identifying and studying the main considerations for the
simulation of a realistic O&M strategy, including assessment on risk and reliability
models, O&M general practices understanding, and technical analysis on specific
failure modes. A great proportion of all this knowledge obtained, aims to be
implemented in the Cost and Risk Tool for business analysis to assist the WTOs in
their O&M decision making.

Objectives of Theme B: RTZ Solution™

Research focused on the shear web disbond failure mode, including field
measurements, large-scale sub-structural and smaller-scale sub-component testing,
cohesive fracture analysis, as well as the development of the new retrofit RTZ-
Solution™.
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Figure 6: Panel breathing (deformation) in the transition zone generates high peeling stresses at the secondary
shear web. The effect and impact of the RTZ Solution will be analysed numerically on different blade concepts.

Objectives of Theme C: NIFIS

Creation of New Innovative Field Inspection Strategy (NIFIS) including the
demonstration of new monitoring techniques. The main objective of Theme C was to
deliver a valuable tool for the WTOs, ISPs, and assessment companies which help
them to create optimal inspection/maintenance strategies. By creating the right
strategy, the maintenance strategy could be delivered more efficiently which would
eventually lead to less downtime and higher AEP.

Objectives of WP11: Regulations and standardizations

The main objective of WP11 was to raise awareness about the use of relevant testing
methods (large-scale or/and full-scale test with applied torsional load components)
and validation (see in detail in ref. [1.]). Within the work package, a deep dive was
taken into the area of required tests, the lack of precise torsional loading
requirements and potential improvements of standards in order to minimize
operation risk for wind turbine rotor blades.
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Milestones

Technical and commercial milestones were defined prior to the start of the project.
The purpose was to keep track of the project.

Technical Milestones

TM1:  Reconstruct blade sections by creating manhole to enter rear box and
install new shear web

TM2:  Final RTZ Solution™ development

TM3:  Validation of FEM models against test results

TM4:  Development of NIFIS guidelines

TM5:  CAR TOOL ready to be utilized by WTOs as an assessment tool

Commercial Milestones

CM1: Release of Technology Roadmap of the product development of the
RTZ Solution™

CM2:  The delivery of "Technical Blade course fitted for ISP needs”

CM3: Bladena has hosted an international conference presenting the
RTZ Solution™ and NIFIS

Overall, the project was on track during the whole time period allocated to it. Due
to unpredictable failures (issues with the test rig; damaged specimen) regarding the
test campaign TM2: Final RTZ Solution™ development and TM3: Validation of FEM
models against test results tasks and deadlines had to be adjusted but the milestones
have been met before the end of the project.

Besides the above mentioned, after the NIFIS seminar and workshop held in May 2022
the scope of Theme C concerning NIFIS has been shifted from creating an app to the
development of a new damage categorization scheme and the implementation of
Damage Tolerance Approach. This meant that TM4: Development of NIFIS guidelines
was not relevant anymore, despite of that NIFIS is as a guideline with the mentioned
focus points has been finalized by the end of the project.
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Project implementation

Project progress

Overall, the project has followed the initially predicted timeline. The tasks described
in the work packages and in the project’s Gantt chart have been completed in time,
in a few cases some insignificant delays were experienced but they did not have a
negative effect on the time flow of the project.

Risk in the project

The initially determined risks concerned different levels of the testing campaign of
the project. First of all, a concern was raised regarding specimens for sub-component
level testing. With the correct resource management, the project managed to
manufacture sufficient amount of new shear web specimens which are identical to
the one which were retrofitted inside the 15m blade cut out. The specimens were
manufactured by Global Wind Service based on Bladena’s design with DTU Construct
input.

On the other hand, the risk regarding large-scale and full-scale demonstration had
an impact on the project. Firstly, within the resources there were only two SSP34m
blade sections available. The project faced delays due to the fact that one of the
specimens had damage which was only found once it was installed on the test rig and
the test was started. This caused some downtime as the section had to be taken off
the rig with disassembling of the measurement/monitoring systems. Once the second
specimen was on the test rig, unexpectedly DTU Construct was faced with issues with
the testing equipment. The rig had broken parts which had to be fixed in order to
progress with the testing, this caused delays in the testing campaign and unplanned
actions had to be taken. The necessary actions were taken effectively, leaving the
project with sufficient test results to conclude.

Project results
All main objectives of the project have been reached.

The RTZ Solution has been developed and benchmarked against the same conditions
without the solution being installed. A test campaign was performed successfully.

The CAR Tool has been developed to a more holistic tool taking into account
transverse cracks, shear web disbonds, and leading edge erosion.

As planned the CAR Tool has given input to NIFIS. NIFIS as a guideline for more
efficient maintenance strategy development.
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Results for theme A: CAR Tool

Cost and reliability (WP4)

The CAR tool developed in CORTIR Phase 1 (Ref to final report) relies on a simulation-
based approach for assessing the risk associated with heuristic strategies with
equidistant inspections and a threshold for when to make repairs (ref.[2.]). In CORTIR
Phase II, methodological developments have been made to explore the benefit of
including more advanced strategies. Firstly, for damage tolerant systems, where
small defects do not have to be repaired immediately, it may be preferable to use a
smaller inspection interval when defects get closer to the size requiring a repair.
Secondly, information from inspections may be used to reduce uncertainties in
models. Within the field of inspection and maintenance planning, advanced methods
have been developed recently based on e.g. partially observable Markov processes
(POMDP) or deep reinforcement learning (DRL). However, the strategies coming out
of these methods lack transparency, and they are consequently not easy to
understand for practitioners. Therefore, the developments in this project have
focused on advanced heuristic strategies. A novel Bayesian network approach was
developed, where age-based inspections can be included, by including a count-down
node for the time to the next inspection. This allows for including strategies, where
the time for the next inspection depends on the outcome of the latest inspection in
terms of the size of the defect. Due to the computational efficiency, it is possible to
consider a large number of different strategies, and thereby do the optimization for
specific degradation mechanisms. Further, a module for updating the model based
on inspections has been developed, allowing to adapt strategies when more
information becomes available.

Statistical analysis after shear web disbonding testing (WP6)

Design and assessment of wind turbine blades assisted by tests are important in
verifying structural integrity of large wind turbine blades. In CORTIR Il tests are
performed for assessment of shear web disbanding and the RTZ Solution™ in Theme
B. Tests of composites and wind turbine blades / critical details as the shear web are
generally performed at an increasing level of detail illustrated by the test pyramid
with many tests performed at characterization level and fewer and fewer tests
performed for subcomponents with increasing size and complexity and finally only a
few tests at large scale or full-scale level. In verifying structural integrity of critical
details, the uncertainties related to these different levels have to be included. The
uncertainties include physical uncertainty, model uncertainty, statistical uncertainty
and measurement uncertainty. Physical uncertainties are generally quantified at
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characterization level where the statistical uncertainty is very small due to the large
number of tests being performed. At subcomponent and large-scale test level
numerical models using e.g. cohesive elements for fatigue verification are
introduced. In validation of the numerical models the tests are an important tool. In
this project an approach for a systematic modelling and quantification of the
uncertainties is developed. Using test results the model and statistical uncertainties
due to a (very) limited number of tests can be quantified with statistical uncertainty
becoming more and more important at increasing subcomponent level. The
uncertainty modelling related to tests and associated numerical models are
developed such that they can be used to verify the structural reliability and for
optimal planning of operation & maintenance in CAR Tool. The statistical modelling
of test results also includes tests performed at subcomponent with reinforcement the
RTZ solution included. The tests results obtained at DTU Construct are used to
quantify the above uncertainties. The statistical analysis for shear web disbanding
tests is described in the paper ‘Stochastic modelling of wind turbine blade tests for
reliability analysis and O&M planning’.

Based on the stochastic and statistical modelling of the test results and included in
the numerical models, reliability verification can be performed using partial safety
factors or reliability-based approaches. Further, the stochastic models for fatigue
can be used as important input for cost-optimal planning of operation & maintenance
including planning of inspections and monitoring in CAR Tool.

Leading edge erosion implementation (WP3)

Leading edge erosion (LEE) has been included in the CAR Tool, meaning that now
users can establish O&M strategies involving LEE and its consequent risk in the overall
risk calculation for decision making.

A methodology has been established as well as a numerical model for risk calculation
exclusively due to LEE. The methodology is presented below.
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Methodology description

1. User inputs

WT Characteristics 2. Formula for LEE risk I Low LEE Risk

Risk LEE : Med?um-low L!EE Risk
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e | Risk calculation at the
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Figure 7: User scenario and workflow of the CAR Tool

The idea is that the users will provide information to the CAR Tool about wind turbine
(WT) characteristics, leading-edge protection (LEP) solutions, and site weather
conditions. The software will use this input to define the risk LEE category, which
has been associated with a specific rate of propagation, meaning that e.g., high
damage categories will be reached earlier for a high LEE risk than for a low or
medium-low LEE risk.

Once the software is aware of the expected erosion propagation, a simulation will be
run considering a list of relevant O&M parameters also defined by the users, including
some such as inspection interval, inspection method, repair criteria, or decision rule.

A consequent risk, associated with each simulated O&M strategy, will be calculated
following a reliability and risk model developed together with AAU. The final risk due
to leading-edge erosion will be shown to the users individually, but also it will be
combined with the other sources of risk that the CAR Tool aims to analyse to become
in a holistic tool.
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Numerical model for LEE risk calculation description

During the last years, Bladena has been updated about the last state of the art on
leading edge erosion, by reading new publications on the topic, and attending
conferences and international symposiums. Relevant knowledge has been gathered
as a result, which has allowed the establishment of a numerical model as part of this
Theme A.

The model is based mainly on three group of variables:

1. Wind turbine characteristics:

Tip speed is the main variable that should be considered.

It has been studied the relationship between tip speed and blade length for
several commercial blades, concluding that in case that the user does not
have access to the maximum tip speed then the blade length could be used
instead. By using commercial documentation, there is sufficient data to
estimate expected tip speeds for specific blade lengths.
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Figure 8: Analysis of relationship between maximum tip speed and diameter of different commercial wind
turbines.

2. Leading Edge Protection (LEP) systems:

LEPs are a relevant aspect to consider for the risk evaluation. Specific LEPs
can be suitable for a specific wind turbine in a specific site with some weather
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conditions, but it might not be the ideal solution for a same or another wind
turbine in different locations.

Therefore, understanding the main characteristics of an LEP is essential to
make a sensible choice to protect against leading edge erosion and several
aspects should be considered for the evaluation of a LEP, e.g., possible
aerodynamic issues due to addition of extra thickness in the airfoil profile,
loss of adhesion during operation, energy impact dampening capacity,
resistance to each relevant environmental factor, debonding risk due to
stiffness mismatch, weather window during application, and possible noise
emission for onshore locations.

For the numerical model, the analysis has focused on:

e Material of LEP
o Type of LEP: shell, tape, liquid solution
e Location of the LEP in the blade

3. Weather characteristics:

The sources that influence on the risk (probability of an event to happen
multiplied by the consequence of this event) in terms of developing
environmental factors, have been divided in the following site conditions:

¢ Rain: most recognized source of risk of LEE. It is energy driven meaning
that some variables like “erosivity” can be taken as a reference
(include reference here)

e Hail: also, energy driven. There are available hail index maps of
different areas of the world that allow to get an estimation of the
possible hail events.

e Wind: the Weibull distribution of a specific site will be used as a
reference

e UV: ultraviolet light irradiation has proved to influence on the
degradation of some mechanical properties especially for LEPs made
of polyurethane.

¢ Sand: sand particles travel at high speeds that erode the leading edge
during sandstorms.

Due to the lack of reliable knowledge on how each of the previous parameters
influence on LEE, it has been decided to follow a simple approach in which all
parameters are combined in a linear function, in which weighting factors are given
to each of the analysed parameters.

So, the following formula has been considered:
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CT‘ltlcallty = f(WTS, LEP, Site) = WWTXWT + WLEPXLEP + WsiteXsite

Where:

¢ W = weighting factor. From [0,1]. The sum of the weighting factors will never
exceed 1.

e X = punctuation of the parameter. From [0,1]
Analysis of Wy,r and Xyr:

It refers to the variables that will be considered for the analysis of the wind turbine
characteristics. As mentioned previously, the single variable will be tip speed, as a
higher tip speed will lead to a higher relative velocity between the blade and
whatever particle is impacting against its surface.

A specific Wy, has been selected, that will be multiplied by the corresponding X,
according to an internal criterion that will depend on the value of maximum tip
speed.

Analysis of Wygp andX;gp:

Quantifying how the LEP influences in the final level of erosion is currently a
challenge for which the wind energy industry does not have enough expertise
nowadays. In addition, LEP by itself is not a source of LEE, but on the contrary, it is
a parameter that will modify how the other two parameters (tip speed, and site
conditions) will influence on the LEE.

Analysis of Wi, and Xg;¢e
5 variables will be considered: wind, hail, UV, Sand, Rain.

Xsite = [(851,52,53,54,S5) = Ws1Xs1 + W X5 + W3 Xg3 + Wy Xy + Wis X5

Where:
e S;:wind
e S,: hail
o S3: UV
e S,:sand
e Sc:rain

o X, will oscillate depending on the value of the meteorological value, and W;
will depend on the specific weight of that weather factor.

Stronger blades, More energy Page 23 of 177

Bladena
Banestrgget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

Final risk categorization:

The final 5 LEE risk categories, considering the value of Risk (see formula of Risk
above) will be:

e Low LEE risk: for Risk < 0.30

e Medium-low LEE risk: Risk € (0.30,0.40]
e Medium LEE risk: Risk € (0.40,0.60]

e Medium-high LEE risk: Risk € (0.60,0.75]
e High LEE risk: Risk > 0.75

Damage propagation in time:

In order to simulate the risk on a specific O&M strategy, it is necessary to have an
estimated propagation of LEE in time, for the five different LEE risk categories
commonly recognized in the industry.

Bladena has analysed different inspection reports for different wind farms. A risk
analysis has been performed considering mainly the site conditions, and the wind
turbine tip speeds, categorizing the risk from Low to High. As an example of a possible
leading edge erosion propagation that could be shown as an output of the CAR Tool,
see figure below:

LEE damage evalution

ategory
w

Damage ¢

a lyear Zyears 3years dyears Syears Gyears Tyears Byears Syears 10years 11lyears 13 years 19 years 1dyesrs 15 years 16 years 17 yesn 18 years 19 years
Time [year]

Figure 9: Damage category vs Time. Example of possible leading edge erosion propagation for different risk
levels without repairs

Stronger blades, More energy Page 24 of 177

Bladena
Banestrgget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

Shear web disbonding

Shear web disbonding is a structural failure mode that has been studied in this
project. A set of different tests have been performed in DTU facilities (see section
8.2.) and a fracture mechanic model has been established consequently (see ref.

[3.D.

In order to understand better the influence of shear web disbonding on the lifetime
of a blade and impact on O&M strategies, this failure mode has also been studied
from the perspective of S-N curves, obtaining relevant conclusions.

The fracture mechanic approach is understood as the method that will lead to highest
uncertainty reduction; however, this method is not always possible to be applied due
to lack of resources or even time to perform the analysis explained in Theme B.

S-N curves are lifetime curves that define the number of cycles (N) that are necessary
to be experienced so that a material fails at a specific given stress range (S) in a
fatigue analysis. S-N curves are extensively used in the industry, and they help to
estimate the lifetime of a material exposed to fatigue conditions.

For the statistical analysis, it has been assumed that an S-N curve has the following
linear shape:

log(N) = log(4) —m - log (S)
Where:

e N: number of cycles
e A: it would represent the point where the line would interesect with the “y” axis
o S:stressrange (Fnux — Fmin)

S-N curves combined with FEM analysis for estimation of lifetime reduction:

S-N curves can be a powerful tool if they are combined with a detailed FEM analysis on
specific failure modes. FEM can provide results for stress and strain levels, which can work
as a reference for a possible damage initiation and propagation as used in risk based
planning of O&M strategies.

If this information is postprocessed, the identified stress values could be used in an S-N
curve in order to determine the possible number of cycles that are required until failure is
reached.
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The number of cycles can later be converted into expected number of years by making use
of variables such as tip speed ratio, providing valuable informatio for the establishment of
O&M strategies from a risk perspective.

In addition, if field information is available about when a specific damage has appeared,
the combination of FEM and S-N curves could help to estimate when it may appear again
for another blade with a similar blade geometry. This is technically possible by performing
a scaling study between the two blades. However, it must be understood at this point,
that uncertainty will always have to be considered for any analysis of this nature.

Example 1:

Based on the field data of a Blade 1, it is known that a damage appeared at a lifetime
of X1 years of operation. By using FEM analysis, it could be determined the strain
level under operational conditions that potentially could lead to the generation of
that specific damage in Blade 1.

As stress and strain are proportional units, due to the following equation, a similar
proportionality can be assumed for the stress levels.

o=¢cx*xF

By doing so, the stress for Blade 1 can be determined. Given the same proportionality
between the two units, the stress level for the Blade 2 can also be calculated by
following the approach illustrated in the figure below:
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Figure 910: Impact of stress levels on an S-N curve

This method gives a good initial look of how the increased stress levels will influence
the state of the Blade 2 seen from different failure modes, and how much the lifetime
may be reduced from Blade 1 to Blade 2.

In a similar way, and now in direct relationship with shear web disbonding, the
combination of S-N curves and FEM analysis could help to study the possible root
cause of initiating this failure mode at an early stage of the lifetime of a blade. This
again, could be very valuable information for a consequent risk-based O&M strategy.

Example 2:

Imagine a blade that has experienced the initiation of a field damage due to shear
web disbonding after X years of operations. If it is assumed that torsional loads are
the root cause of shear web disbonding, and this is confirmed from a technical
perspective, consequent preventive actions could be established.

By following a similar analysis than in Example 1, FEM could study the strain levels in
the shear web spar cap connection of a specific Blade 1 under operational loads. This
analysis could be implemented both with and without the application of torsional
loads.
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Thanks to the correlation between strain and stress previously mentioned, S-N curves
could help to understand the possible lifetime reduction because of torsional loads.
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Figure 10: S-N curve showing possible life reduction due to torsional loads, which could help to establish a
preventive risk-based O&M strategy

0&M information

The O&M cost contributes a significant share of the total OPEX of a wind turbine.
Wood Mackenzie reported in 2019, that the global onshore wind O&M cost will reach
nearly $15 billion in 2019 already, 57% of that number is allocated for unplanned
repairs (ref. [12.]). Based on our experiences and knowledge this number for large
offshore turbines can be even higher. Thus, to reduce the OPEX cost, it is crucial that
the right choice of maintenance strategies for wind turbine blades is applied
optimally. In 2023 the concern of increasing OPEX is a significantly relevant topic as
DNV in a whitepaper (ref. [9.]) and GCube in an article (ref. [13.]) are also addressing
the worrisome increasing costs and that with the scaling in size would increase the
costs even more.

Currently, the Wind industry adapts two primary strategies: Proactive or Corrective.
Corrective strategy is when an asset is run to failure and consequently performed
repair, whereas proactive strategy is being proactive and utilizing various means to
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arrest the damage in the early phase, for example utilizing monitoring techniques,
frequent inspections etc. The CAR Tool aims to help in the decision making of this
type of proactive strategies, especially for large offshore wind turbines.

As it will be explained in more detailed in Theme C, condition monitoring is an
additional approach for blades for a preventive strategy that has started to be used
in the industry. Condition monitoring aims at detecting any changes from the normal
behaviour and indicates developing damage or a damage initiation.

Condition monitoring is realized using Monitoring methods (such as acoustic emission,
accelerometers etc.), and frequent inspections. Corrective maintenance has the
advantage of fully utilizing the blades lifetime however with corrective maintenance
the risk of developing secondary damage and catastrophic failure is high. Thus,
Bladena suggests using preventive maintenance for critical hotspot regions of the
blade, such as shear web disbonding shown in Table 1.

Failure mode Region Criticality | Damage Action
level stability
Shear web debonding | Transition | Very High | N/A Repair
zone/Max immediately.
chord

Table 1: Potential approach to shear web disbonding. The table is not reflecting the likelihood of the failure
mode, it only shows the action and the “consequence” (criticality level) if the damage occurs.

The criticality level shown in Table 1 is also an essential variable for the
establishment of a risk-based O&M strategy.

Typically, damages are classified using a five-point scale which defines different
levels of damage. Assigning a category to a particular damage can be uncertain as
the same damage in the load-carrying region and in the aerodynamic region may not
have the same category. Additionally, categorizing a damage or defect depends on
various factors such as whether it has grown over time or if it has stopped. In this
project, Bladena has utilized the five levels to determine the criticality level of
shear-web disbonding and the rest of failure modes included in the CAR Tool. See

Table 2.

Category Definition

Very High Is assigned to a damage which is considered to cause a total loss of
the structure.

High Damage that has potential to cause catastrophic failure if keeps
growing.

Medium Damages that are stable but in the structural region of the blade.

High

Medium Stable damage in the aerodynamic region.

Low Mostly cosmetic damages or minor damages requiring minor repairs.

Table 2: Definition of criticality level categories utilized in the report.
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Results for theme B: Shear Web Dis-bonding and New Innovative Retrofit
Solution (RTZ Solution™)

The main objective of Theme B is to investigate the failure mode of shear web
disbonding and the development of a solution to eliminate the root cause of this
failure. The shear web disbonding is a failure mode that is mostly relevant for
modern, long blades (longer than 60 meters), designed with an aft shear web. Shear
web disbonding is considered as a critical failure mode and as the length of installed
wind turbine blades is increasing to cover the electricity needs, it will be observed
more frequently in field inspections.

Shear web disbonding is a failure mode that occurs due to the panel out-of-plane
deformations during operation in the root-transition zone of a blade. These localized
deformations increase the peeling stresses of the bondlines on the fishmouth region
of the aft shear web, especially on the pressure side where the panel is curved, and
it thus deforms significantly more than the suction side panel.

The current status in repair actions on shear web disbonding issues only include
temporary solutions, such as overlamination of the fishmouth region, where the crack
initiates. This lack of a permanent solution raised the need for the development of
RTZ Solution™. The RTZ Solution™ is a device installed internally in the root-transition
zone and its purpose is to prevent the outwards out-of-plane panel deformation.

The following section is dedicated to the investigation of the failure mode. The
different levels of testing will be showcased, from coupon testing to small sub-
component testing and finally to large-scale testing. The configuration of each test
will be discussed followed by presenting the findings of each step. Additionally, the
development stages of the RTZ Solution™ will be presented, along with the evaluation
of the final design.

Shear web disbonding investigation

The shear web disbonding investigation was executed in collaboration with DTU
Construct at their testing laboratory (Structural Lab) in Lyngby. The testing was
carried out in different levels following the Building Block Approach, adopted from
the aircraft industry, thereby several experiments were done on Level 3, 4 and 5
investigating material characteristics (see in ref. [3.]) whereas on Level 2 (large-
scale testing) (see in ref. [4.]) only 2 tests were executed as the allocated resources
provided 2 large blade cut-outs for the project. The building block approach for the
testing with the different levels are presented on the figure below.
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Figure 11: The followed building block approach for the testing campaign

The adoption of the Building Block Approach for wind turbine blade testing can
significantly contribute to the blades’ validation process (see more in the findings of
Work Package 11). The test pyramid involves a series of physical and virtual fracture
tests and models of increasing complexity which ensures that with increasing
complexity in geometry and loading the damage mechanisms are properly captured,
understood and presented in the predictive damage models. Different scale-levels
are addressed sequentially starting from characterization testing, over sub-
component testing, large-scale testing of a wind turbine blade section, and in-field
full-scale testing. Following the pyramid from bottom levels towards the top in
combination with the on-going adjustments of the numerical models with the test
results, can result in significant decrease of risk once the full-scale test is performed
with realistic, operational load scenarios which directly leads to a more trustworthy
lifetime expectancy prediction for the blade.

The detailed findings of Level 3, 4 and 5 are presented in DTU Construct’s
publications which can be found as separate papers attached to the report [Appendix
C: PAPER H: Cohesive zone modelling to predict crack growth under fatigue loading
(A. Gomez; C. Berggreen)].

The purpose of the large-scale testing is to verify the findings of the initial FEM
simulations which showed that due to out-of-plane deformation caused by combined
loading in the root-transition zone bondline failure can occur at the aft shear web’s
fish mouth geometry in cases of large blades (60m+) (see in ref. [8.]). The result of
the FEM scaling study is presented on the figure below.
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Figure 12: Scaling study on the peeling stresses in the aft shear web bondline in FEM simulation (see in ref. [8])

It was observed from the FEM studies, that the loads acting on the blade during
normal operational conditions generates oscillatory transverse panel deformations or
in popular terms named “breathing”, which generates peeling stresses in the
cohesive bondline between the inner sandwich panel face sheet and the shear-web.
Exposed to continued fatigue loading, the impact of this deformation mechanism is
a cohesive damage in the bondline, leading to a disbonding of the adhesive bondlines
in the shear web. In order to verify this an artificial aft shear web were retrofitted
in both available SSP34m blades designed by Bladena and installed by Global Wind
Service. During the experiment, normal field conditions were simulated to
investigate the peeling stresses in the area and their effects on the installed aft shear
web. The installed shear web and the SSP34m blade cut-out on the test rig are
presented on the figure below.

Figure 13: The installed artificial aft shear web (on the Ieft) the SS4m blae cut-out insalled on the test rig
at DTU Construct’s Structural Lab (on the right)

For the large-scale testing campaign besides the measurement systems, Digital Image
Correlation (DIC) camera, strain gauges and potentiometer wire, also the SENSORIA
acoustic emission sensors by MISTRAS-SENSORIA was used as a monitoring system. For
more details about the full-scale test setup, equipment and in-detail results, see in
Appendix D [Large-scale fatigue testing of a retrofitted 3rd shear web in a 34m wind
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turbine blade section (J.P. Waldbjorn; C. Berggreen, S. Ahmed, T. Nagy]. The
position of the internal measurements is presented on Figure 14.
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Figure 14: Internal measurement system labelling, in-plane DIC (top), out-of-plane DIC (bottom left_),_and strain
gauges (bottom right). Source: ref. [4.].

The first SSP34 blade section with the retrofit installed aft shear web was tested
under 100kN of edgewise load capacity along with a corresponding 100kNm torsional
moment. These torsional load components are approximately 50% higher than those
that a 34m long blade would meet in field. A failure mode different than the main
investigated one occurred after approx. 280.000 cycles. The applied torsional loads
introduced root bending moment which have led to a major crack in the blade’s
transition zone region. Further testing on the same blade section would have led to
a blade collapse due to significant sudden decrease in edgewise stiffness (see Figure
15). This damage was a direct result of the applied torsional fatigue loads, causing
large-scale damage on the blade shell in the root transition zone due to delamination
from the out-of-plane deformation. The damage is shown on Figure 15. Such damage
is considered critical, as it would require an immediate action if it happened during
operation; failure to do so could potentially lead to further structural damage to the
blade or other areas of the wind turbine. as if no actions were taken it could
potentially lead to further structural damages on the blade or on other areas of the
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wind turbine. Delamination in this region is a failure mode which, based on Bladena’s
knowledge and FEM models, is a common damage due to the applied torsional loads.

062 — = T = T T T T T a7
i a1 i i

=
g

4700

=
=
T

4680

A

L e

i & 4 f B L 12 14 if

=
n
b

L]

Edgewise stiffness [kN/mm]

Torssonal st [fhcss [kNmvrad)

=
in
)

{464

a6
15
cyeles [-] 10!
Figure 15 - Critical damage on the blade's transition zone observed after 300 000 fatigue test cycles. From
outside (on the left) and from inside the blad (on the right). Plot presenting the change in edgewise and torsional
stiffness (on the bottom).

The first test is considered successful for several reasons. Firstly, it has proven that
high enough torsion load can be introduced to the blade section to damage the blade
without damaging the cargo insertion point. Secondly, even though the damage is
not in the shear web bondline, it occurred in the transition zone of the blade which
shows that the introduction of torsional loads significantly impacts the load carrying
transition zone. The measurements of the strain gauges installed on the aft shear
web shows that the strain levels were stable with the amplitude of 7ug, see Figure
15. Even though the damage happened further towards the root, it can be concluded
that a severe damage can occur under lower strain levels around the aft shear web
bondlines when the torsional load components are applied.
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Figure 16: Strain at each corner of the shear-web including a) pos. 1, b) pos. 2, c) pos. 3 and d) pos. 4. Source:
ref. [4.].

The second test specimen suffered a significant leading edge damage (approx. 3m
long longitudinal crack along the bondline) only after a few cycles performed under
the same fatigue conditions as in the first test. In order to continue the full-scale
test the damage had to be repaired. After investigating the damage, the decision
was made to remove the damaged area completely and then reinforce it with
fiberglass lamination. The repair was performed by Global Wind Service. Besides the
repair, the bondline of the aft shear web was cut (5cm in length) on both pressure
side and suction side in order to initiate the shear web disbonding failure mode. The
repaired blade and the initiated cut are presented on the figure below.
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Figure 17: Repaired blade section (on the left) and initiated crack

Due to time and resource limitations, the test without the RTZ Solution™ being
installed only ran for approximately 12000 cycles. Within the 12000 cycles from the
measurements of the wire potentiometer installed 20cm in front of the aft shear
web, significant increase of out-of-plane deformation was observed. As it can be seen
on Figure 18, at the beginning of the test the out-of-plane deformation was
approximately 10mm whereas after 12000 cycles this value reached 13mm. In
comparison, during the test of the other blade the deformation was stable 7mm
throughout the entire test (see in ref.[4.]). The plot of the measured deformation
can be seen on the figure below.
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Figure 18: Out-of-plane deformation measurements plot obtained with wire potentiometer (LVDT).

The sudden increase in out-of-plane deformation could be the indication of a failure
mode, therefore the blade was inspected internally. During the inspection it was
observed that the manually initiated cracks in the aft shear web bondlines have
significantly propagated. On the Pressure Side (PS) the crack propagation was above
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2cm whereas on the Suction Side (SS) this value was approximately 1cm. The cracks
damaged bondlines are presented on the figure below.

Figure 19: Damaged aft shear web bondline on the Pressure Side (left) and damaged bondline on the Suction
Side (right).

In summary, increased "breathing” was observed when torsional load components
were applied on the cut outs of the SSP34m blade, leading to a severe damage during
large-scale testing. This outcome was noted in two separate experimental analyses,
each revealing the extent of the damage caused by these loads. These tests led to
the conclusion: the impact of torsional loads is not confined to only longer blades but
also substantially affects shorter ones. Even a blade with a relatively short length of
34m demonstrated vulnerability to torsional loads.

RTZ Solution™ development

As a reflection of the test results a solution was developed in order to mitigate the
peeling stresses and thereby eliminate bondline failures in the aft shear web’s
adhesive bondline. The development of the RTZ Solution™ followed a carefully
developed design funnel in which from a reason for the need of the product led to
the launch of the solution. The funnel is presented on the figure below.
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Research - Testing to verify failure mode, FEM

Product ideas - Brainstorming, modeling of concepts

Screening - Selection of the most viable concept

Concept testing - Testing the selected concept’s viability through its functions

Final design - Finalized version, produced in final materials

- Testing & validation - bonding of interfaces, tensile strength, fatigue
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Figure 20: Des%gn furihel for the RTZ Solution™

Following the funnel ensures that every stage of the development is done in the
correct order, thereby resulting in a final solution which was built on solid
groundwork with precisely defined purposes and goals.

Product testing

The FEM analysis investigated by Bladena, showed that the peeling stresses in the
area in question can be significantly reduced by connecting the two shells (pressure
side and suction side) of the blade together. Therefore, the main function of the RTZ
Solution™ is to connect the blade panels and eliminate the oscillatory transverse
panel deformations (“breathing”).

During the product testing campaign, the aim was to verify the capabilities of the
solution to connect the panels and eliminate the out-of-plane deformations without
creating any possible causes for failure in the panels’ sandwich construction. The
experiments followed the similar building block approach as the shear web
disbonding investigation.

On Level 4 (sub-component level) the solution was tested under both static and
fatigue conditions in tension. The 1:1 prototype were installed on blade panel cut-
outs and tensional loads were applied in order to find the ultimate strength/load
carrying capability of the solution. Due to time limitations, the sub-component test
campaign is being executed ongoingly with the time of the end of the project. During
static tensile tests the weak points of the solution will be found. The tested
specimens are prototypes made out of PC-ABS and manufactured by 3D printing.
Therefore, the obtained values do not represent the actual strength of the solutions
but it gives a clear understanding of the strengths of the solution. The test setup is
presented below.
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Figure 21: RTZ Solutior.11M sub-component level test setup (left). Specimen after the test (right).

The executed tests showed that the bolts and nuts are the weakest points of the
solution. Therefore, gluing the brackets together is necessary.

On Level 3 (large-scale level) the solution was installed onto the previously tested
SSP34m blade cut-out. The test under the same conditions was performed on the
specimens in order to benchmark the results of the tests against the results achieved
without the solution being installed. Due to time limitations the test campaign could
not be fully executed within the timeframe of the project. The RTZ Solution™ is
installed inside the 15m blade section after the crack on the aft shear web bondlines
propagated but due to a technical issue in the mounting box girder of the blade
section the test cannot be executed until a repair is done in the damaged area.

The installation of the solution is relatively easy, and the only time-consuming part
of it is the curing time of the adhesive. The experience of installing the solution
allows us to adjust the product for even more easier installation. For future
prototypes, the bolts will be shortened as at the moment they are unnecessarily long.
Besides that the PC-ABS 3D printed material is not strong enough therefore in future
works glass filled ABS will be used. The installed RTZ Solution™ inside the test blade
is presented on the figure below.
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Figure 22: The RTZ Solution™ installed inside the 15m blade cutout of the SSP34m blade.

Final Prototype - RTZ Solution™

The final version of the product is relying on a carefully designed looping system. The
solution is four component design with the top part, bottom part and fixing part is
made of glass fibre filled plastic material and the system is connected through the
loops with a Vectran rope from Marlow Ropes. For simplicity during the prototyping
and testing PC-ABS material was used. The figure below illustrates the solution.

Figure 23: Concept illustrations of the RTZ Solution™, patented by Bladena

The solution must be installed inside the blade in front of the aft shear web’s fish
mouth geometry. The installation does not require drilling on the panels but instead
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it must be adhered onto the panels with SikaForce-800 Red(or similar). Depending on
the blade size more devices can be installed, the necessary number of devices will
be discussed and recommended by Bladena after the assessment of the specific blade

type.

Results for theme C: New Innovative Field Inspection Strategy

Based on different schemes around the industry, the NGIR project and Bladena’s
damage interpretation, a combined damage categorization scheme has been created.
In contrast with other damage categorization scheme, the new version focuses on
the position and its effects on the blade’s structure rather than only on the damage
type and its size. This updated scheme is applying the Damage Tolerance Approach
based on the structural severity of different damages in different blade regions. The
scheme is presented on the tables below.
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Figure 24: Updated Damage Categorization scheme with applied Damage Tolerance Approach with damage
criticality depending on its position and structural importance of the blade.

The damage categorization scheme will be updated with illustrations for the
different damages.

Results regarding inspection and monitoring techniques will be added once the large-
scale test in Theme B is performed and a conclusion will be made by MISTRAS-
Sensoria.
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Pro-active/preventive maintenance strategy

The current maintenance approach is to repair the blades if necessary. Implementing
the use of the Damage Tolerance Approach by monitoring the “hotspots” of the blade
would allow the owner to prevent severe failure modes and thereby planning a more
optimal maintenance strategy. Condition monitoring of blades have started to be
used but there is still limited experience. Bladena has positive experience with
Acoustic Emission, in full-scale test environment, as an effective monitoring
technique that can detect damage at early stages if the sensors are placed close to
the determined hotspot, see Figure 12. Within the frame of Theme B the Sensoria™
acoustic emission system by MISTRAS-Sensoria was used to validate the reliability of
this NDT monitoring technique. Figure 12 shows an illustration of the Acoustic
Emission (AE) sensor installed at the hotspot.

Figure 25: An illustration of an acoustic sensor placed close to the hotspot.

Moreover, to detect potential unwanted vibrations, such as flutter and Edgewise
vibrations, Bladena suggests the installation of accelerometers to avoid catastrophic
failures due to edgewise vibrations. The accelerometers measure the dynamic
response of the blade. It is probably not relevant to install Accelerometer on all
blades, maybe only on the prototype turbine if Flutter occurs, it is likely that it will
be detected. Figure 13 shows an illustration for the potential installation location of
an accelerometer.
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Figure 26: Accelerometer mounted on the mid-span i'egioh of the blade.

The table below provides general advantages and disadvantages of using corrective
(currently used within the industry) or preventive/pro-active strategy. Various
factors must be considered when choosing a relevant strategy, such as position,
damage stability, region (aerodynamic or structural), etcetera. However, for the
purpose of the analysis, it is assumed that the failure modes are located in the
structural region.

Preventive
Pros Cons
Continuous monitoring. Can be costly in short-term.

Repair actions are taken before a

s ualified personnel to evaluate the data.
damage reaches a critical stage. Q P

Schedulable inspections. Limitations of monitoring systems.

Lower repair costs.

Low risk of long downtime periods.
Lower wating times for repairs (less
dependency on weather windows).

Corrective
Pros Cons
Adequate for low criticality damages. |[Long downtimes.
Less costly (short-term). Risk of secondary damages.

Unforeseeable costs potentially out of the
planned budget.

Risk of catastrophic failure.

Figure 27: Table listing the advantages and disadvantages of preventive and corrective maintenance strategies.

The table presents general pros and cons for the Preventive and Corrective strategies and each Pros and Cons
must be read independently.
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Results: Regulations and standardizations

The information presented in this report empathises the importance of paying
attention to shear web disbonding damages and especially to the torsional load
components in a blade, as torsion is considered to be a relevant factor that influences
on the formation of this failure mode.

The report presents both experimental analysis, and numerical models which both
point in the same direction.

As a result, the wind energy industry is recommended to act accordingly being aware
of the high risk it is exposed to for large blades, and consequently re-assess both
blade designs and O&M strategies during operation in order to reduce the probability
of failure of shear web disbonding and to minimize the possible failure modes derived
from torsional loads.

In this relation, regulations and standardizations are a key element to promote the
implementation of specific actions or steps.

One of these steps, as it will be developed more in detail in subsection 8.4.1. Figure
22, of the whole validation process.

The current section takes into account the main findings in the CORTIR Phase Il
project, to identity some areas which could potentially help to mitigate the risk of
suffering damages from some of the structural damages related to torsional loads.
The following recommendations are presented below, and they are to be considered
by the wind energy industry. It is believed that a joint-venture project concerning
the topic would be beneficial for the whole industry.

Full-scale static test with torsional loads

The full-scale testing program following IEC-61400-23 standard requires both flapwise
and edgewise loads but in separated load cases. The static pull is close to the shear
centre, hence almost no torsional loads are applied.

The importance of both torsional loads, and a combined load case is recognised in
different sections of the certification, but nowhere it is imposed an application:

e Example 1: Section 7.2. Test program: “the flap and lead-lag sequence of
testing may be performed on two separate blades. However, if an area of the
blade is critical due to the combination of flap and lead-lag, then the entire
test sequence shall be performed on one blade”. The consideration of
whether an area of the blade is critical or not due to the combination of loads
is open to interpretation, meaning that freedom is given to applying or not a
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combined loading full scale test. As a clarification, in this context the term
lead-lag is used in a similar way as the term edgewise in the current report.

o Example 2: Annex E.6. Torsion loads: “if torsion loads are significant in the
structural design of the blade they should be included in the test”. Again
here, it is subjective the establishment of whether torsion loads are critical
or not. And even if they are considered as significant, the word “should”
indicates a recommendation, not an obligation.

e Example 3: Section 9. Test loading and test evaluation: “sufficient
information shall be provided to allow the test load to be accurately assessed
against the target load. In principle, the six load components should be given,
including phase and frequency information required to generate combined
load cases. In reality, the load components lead-lag and flapwise moments
are the far most important components”. Again, the IEC standard highlights a
combined loading scenario, but the word “should” does not force any action
in this regard.

e Example 4: Section E.4. Flapwise and lead-lag combinations: “In static and
fatigue tests, the results are most representative when combinations of
flapwise and lead-lag loads are applied. By applying only the flapwise bending
moments or only the lead lag moment, the resulting stresses and strains
and/or damage rates may be lower in some areas than the target values”. As
a fourth time, importance is recognised, but no action is taken. The content
of this example 4 is actually in alignment with the study of the impact of
torsional loads on large blades that Bladena and partners present in a separate
paper (see ref. [1.]). Some of the main results from this paper are also
presented in section 8.4.5.

As a result of all this, it is recommended that as part of the certification and
standards, the combination of flapwise and edgewise loads that generate torsion are
applied at the same time. The following sketch is proposed (see Figure 24)
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Figure 28: Recommended large scale static test setup. By having the blade tilted with 30° (LTT) when mounted
on the rig, and the loading point is offset with a given distance, a certain root torsional moment (RTM) is applied.

If the combination of loads were applied, with an offset (estimated offset of around
2 meters for a large 120m blade as shown in figure above), the local deformations
and distortion effects (CSSD and breathing) will be representative. To incorporate
the combined flap- and edgewise loads, the blade is also recommended to be tilted
(30 degrees for this case) in the direction of the leading edge toward trailing edge
during the full-scale test.

The proposed full-scale test is considered to be fast, with a low cost, and easy to
implement. Timewise it can be done before the certification fatigue test program is
initiated helping to validate FEM models which at the same time are used to establish
the boundary conditions for the following sub-component fatigue programs.

Summing up, a full-scale test including torsional loads during the testing phase adds
a high value from a structural perspective and it is therefore highly recommended.

Additional measurements

At the time that the full-scale test with applied torsional loads is being carried out,
additional valuable information can be extracted if specific measurements are
performed.

As an example, during the current CORTIR Phase Il, shear-web disbonding has been
identified as a critical failure mode that increases the probability of failure on large
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offshore blades. Shear-web disbonding, in some areas like the aft-shear web fish
mouth in the transition zone, is related to both breathing of the panels and cross-
sectional shear distortion.

Therefore, understanding in detail the relationship between breathing, CSSD and the
failure mode shear-web disbanding is key in order to:

e Gather relevant information to understand the root cause of shear-web
disbonding.

e During the operational phase, prevent the damage formation by setting an alarm
system that indicates when both breathing and CSSD exceed specific values that
have previously been linked to the formation/initiation/propagation of shear-web
disbonding.

e Validate FEM models: 3D-FEM models are a valuable source of information when
it comes to variables such as peeling stresses or bending strains. FEM models can
be calibrated with real field/test data that confirms that the numerical result
from the FEM analytical analysis matches with the real operational/testing
values.

All the previous could be obtained if additional measurements were implemented
during a full-scale testing campaign. Specific areas or hotspots, prone to develop
specific failure modes, could be addressed.

Deformation sensors and back-to-back stain gauges are suggested as potential
measurement systems.

Figure 29. Wire potentiometer measuring relative out-of-plane deformation of the pressure side trailing edge
panel
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Scaling of torsional load components

Scaling of wind turbine blades is a key topic in the wind energy industry due to the
fast pace at increasing the blade’s lengths in the last years. Understanding how some
variables are related to the length, might be a relevant matter to highlight possible
risk sources in case it is concluded that some specific variables are actually highly
sensitive to scaling.

Because of this, Bladena has studied three variables as a function of the blade length:
flapwise root bending moment (RBM), edgewise RBM, and torsional root torsional
moment (RTM). These three variables are considered to have a significant impact on
some failure modes such as the shear-web disbonding analyzed in this project.

Table 3. below shows that the three variables get influenced in an exponential way
with blade length, experimenting an increase that oscillates between the power of
2.8 for the flapwise RBM, and the power of 4, for the case of torsional RTM.

Load direction Exponent
Flapwise RBM 2.8
Edgewise RBM 3.4
Torsional RTM 4.0

Table 3. Exponent increase for as a function of blade length for flapwise RBM, edgewise RBM and torsional
RTM.

It can be concluded, that increasing blade size may lead to further energy
production, but at the same time, triggers some bending and torsional moments
which are highly related to structural damages, increasing the probability of suffering
from higher OpEx as a result of the initiation of blade structural damages during
operation.

If the wind energy industry aims to continues in the current direction of continuous
blade growth, certification and standards should definitely be aware of the possible
associated risks, and guarantee a healthy environment where the failure rate does
not force to extreme high unexpected OpEx that risks the economic viability of the
wind energy sector.

Torsional loads

From Bladena’s perspective, with the knowledge which has been established in the
last 6-8 years e.g., together with DTU, torsional loads are of key importance,
especially in large (60m+) blades. The torsional loads are occurring on a blade from
two components during operation. As the blade is rotating and is exposed to flapwise
and edgewise loads, it is deflecting in both directions. If each of these deflections
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are investigated independently, the two components leading to torsional loads can
be easily explained.

On long (60m+) blades, the torsional loads are the main component for localized
deformations, e.g., leading to increased peeling stresses and interlaminar stresses.
Considering that the torsional loads are not sufficiently addressed in the design and
testing, they are linked to a number of potential failure modes such as aft shear web
disbonding in the root-transition zone.

Figure 15 presents a list of potential failure modes and the impact of torsional loads
on them. Failure modes which are dependent on panel deformation (e.g., breathing
and CSSD) are heavily impacted by the inclusion of torsional loads, whereas damages
in the root (T-bolts, root inserts) are not impacted.

Failure Mode IEC 61400- IEC 61400- DNV-5T- Used in Uncertainty of Impact of
5:2020 23:2014 0376:2021 industry tools torsional
loads
Bondlines
{Peeling test) (2} (1} (3)
Skin debonding
from core (Test) (2) (1) (3) (NO) MEDIUM HIGH

(YES) MEDIUM HIGH

Interlaminar
failure (Bending

test) (2) (1) (2) (NO) Low HIGH
Global strain

{failure criteria) (5} (5) (5) YES LowW LOW
Shear web

disbonding (2 (1) (3) (YES) MEDIUM HIGH

g o oo ow e

Figure 30: Updated table from CORTIR-Handbook p. 46 (1 means there is no reference in the standard and 5
means it is required in standards). The table has been ”adjusted”, so it does not take vibration issues into
account. An additional column with the impact of torsional loads has been included.

The correct application of torsional loads during full-scale test would significantly
mitigate operational risk of severe failure modes during the lifetime of the blade. In
order to achieve that testing under torsional loading must be included in the
requirements specified within the wind turbine rotor blade testing standards.

The impact of torsional loads has been studied in detail in a separate paper done by
Bladena, AAU, DTU, and Shell (see ref. [1.]). Some of the main results from this paper
are presented in this final report to strengthen the argument that it is highly
recommended that certifications and current standards consider torsion as one of
the main drivers of some of the latest and more and more common structural
damages on blades.
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Extra tip torsional loads due to tip deflection:

The current design basis considers the loads associated with displacements in the
edgewise and flapwise independently and not their combined three-dimensional
effect equivalent to what is found under actual operating conditions.

This simplification implies a significant underestimation of the actual movements of
the blades and thus of the forces/stresses that the blades are exposed to in real life.

A large offshore blade with a blade size of 120m has been investigated in Bladena 3D
non-linear FEM models. An analysis of the global tip deflection has been established,
comparing the deflection of a scenario with only edgewise loads versus another one
in which operational field loads are simulated, meaning the combined loading with
both flapwise and edgewise loads. The flapwise loads are a result of the aerodynamic
impact of the incoming wind flow, and the edgewise loads come after the torque and
gravity effect.

Results are shown in Table 4, below.

120m wind turbine blade Edge tip deflection [m]
Only edge TTL 6.6
Operational loads 9.2
Table 4: Edgewise deflection for both operational loads, and only edge load component. 120m wind turbine

blade.

Regarding the edgewise direction, blades are significantly stiffer, but the deflection
values increase from 6.6m to 9.2m when actual operating conditions are added. The
increased edgewise deflections are equivalent to a loss of stiffness compared to the
design basis; an effect that will not only influence the tip deflection, but also the
stresses in the max chord area and in the transition zone.

Impact of torsion on shear-web disbonding

Shear-web disbonding is the main failure mode studied in the current project. It is a
more and more common failure mode characterized by disbands in the aft shear web
bondlines. Special attention has been aimed at blades which have an aft shear web
with a fishmouth shape, as well as traces of delamination in the area of the fishmouth
foot.

Consequently, peeling stresses is the main parameter to focus on in the 3D-solid FEM
analysis in order to understand the possible initiation of this failure mode.

A comparative analysis has been established between a 80m blade and a 120m. In
addition, operational loads have been studied against pure or only edgewise loads,
as imposed by the current standards. By implementing this analysis, it is possible to
get an idea of the:
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o Impact of blade size on the peeling stresses in the transition zone bondlines
close to the aft shear web

¢ Impact of the torsional loads (combined loading scenario considering both flap
and edgewise loads) on the peeling stresses in the transition zone bondlines
close to the aft shear web

Results can be seen in Table 4 below:

Blade Peeling stresses. Peeling stresses acc.  Increase due to
Operational 90-degree to current standards torsional loads
azimuthal position [MPa]

[MPa]
80m 1.4 1 +40%
120m 1.6 1.3 +23%
Comparison +14% +30%

Table 5. Comparative table for shear web disbonding. Max values of peeling stresses.

Results show that peeling stresses increases with both blade size and addition of
operational loads in percentages that oscillate between 14% and 40%. For a detailed
analysis see ref. [1.].

The experimental analysis on the second blade section of a 34m blade also verified
the impacts of torsional loads on the aft shear web bondlines. By applying 50% higher
torsional load components than a 1.5MW turbine would meet in field, significant
crack propagation was observed on the aft shear web bondlines both on Pressure
Side (200mm growth) and Suction Side (100mm growth). The test setup and results
in details are described in this report within the “Shear web disbonding
investigation” in section in Theme B (pg.34-38).

Validation loop process - Design Process

This Optimal Design and Validation Process for Large Blades is in Bladena's opinion
to ensure reliable blade design. Following the process step by step, adding the
realistic operational loads, testing critical joints, and using measurements to validate
the process will lower the risk of critical damages in the field. Estimated associated
cost of the different steps is also presented in the illustrated validation process, see
on Figure 23.

This will be able to provide information that can assist with the decision-making on
critical areas such as operational loads, repair strategy, etc. It, therefore, has the
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potential to be used as a prognostic health management system, which will change
the maintenance strategies from fixed schedules and intervals towards predictive
maintenance.

The validation loop for the design phase of the blade focusing on optimizing the
design process with a strong emphasis on recommending the use of correct testing
methods. In Theme B of this project a testing pyramid (see on Figure 11), an
adaptation of the Building Block Approach from the aircraft industry is also reflected
in the validation loop. By following the presented approach the risk of insufficiently
tested blades being installed in-field would be significantly decreased. The test
results along with the calibrated FEM numerical models can give an accurate
presentation of the blade’s behaviour in realistic, operational conditions which
supports the lifetime prediction of the blade.

OPTIMAL DESIGN AND VALIDATION PROCESS FOR LARGE BLADES
[ | | | I | =
STEP1 STEP 2 STEP 3 STEP 4 STEPS STEP 6
FEM rurneerical Sub-companent Measuremnents of FEM model The calibrated \alidate the
model with test-program critical structural \alidation, FEM mode is results through
torsiond loads initiated to test phenomena cafibration used 10 extract the protatype
hotspots during static full based on the NEW Stress wrbine where
scale test with MEasurements levels to re- the CSSD and
torsional loads regardng CSSD evaluate fetime breathing
and breathing predictions using measurements
the SN curwe are captured
5
/
o I
1 ] :
1 ] ]
1 I |
R ASTRRRESSRRRRI ISR e
[ 1
(B} 1
| v
Yy
Sub-component tests are Increased number of tests Critical resuits can be captured
designed to test hotspots an will decreaze uncertainties, before prototype (expensive)
the bade in order to decide therefore the rigk will also be turbine testing.
lifetime strength. decreased.
S » Cost covering additional input, nat
required by standards

Figure 31: Validation process before commissioning of the blade developed by Bladena.
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Validation loop process - Blades in Operation

Once the blade is installed in-field on a turbine, most of the steps from the previously
discussed validation loop become irrelevant. After commissioning, sub-component
and large component level tests are irrelevant as most likely the tested specimens
would not represent operational conditions. In many cases, even after installing the
turbine the owners or asset managers still do not have access to geometrical data or
layup data of the blade in operation. Using historical data, and details made available
by the OEM, combined with the right measurement campaign gives the possibility of
establishing a reliable FEM numerical model of the blade, for instance, bending
strains could be related with actual damage growth, and test or field out-of-plane
deformations or CSSD.

FEM cannot predict damage failure but based on the accurately calibrated numerical
model a more efficient, optimal, risk-based maintenance strategy can be created
which helps in condition maintenance which results in decrease of risk and that can
directly impact the lifetime of the blade.

Commercial results

Commercial results for the RTZ Solution™

The commercial objective for the patented RTZ Solution™ was to reach TRL 7
(Technology Readiness Level) from TRL 4 by the end of the project. By developing a
final concept and its positive effects validated on a large-scale test, the solution can
be assessed as it reached TRL 7. As it was presented in an above section the RTZ
Solution™ successfully demonstrated its function in a simulated operational
environment. As a result of the project the solution is part of Bladena’s product
portfolio with a specified installation manual ready to be introduced in the market
or to be installed on a turbine in operation.

Commercial results for NIFIS

As a direct consequence of the development of NIFIS guidelines Bladena and Mistras-
Sensoria has started a commercial collaboration. SENSORIA acoustic emission system
by Mistras-Sensoria can detect, to some degree, damages progressing under working
condition for the blade. They are experts to recognize specific sounds and patterns
indication certain types of damages. Together with Bladena’s unique knowledge of
blade hotspots and Bladena’s damage categorization scheme, Bladena and Mistras-
Sensoria can work on a monitoring setup that finds critical blade failures.
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Structural Blade Course for ISPs

During the period of the CORTIR Il project, Bladena has developed its blade course
to be more relevant for also ISPs to attend. The modules of the course are designed
and streamlined in a way that the participants get a better understanding of wind
turbine blades from a structural perspective. The findings of CORTIR Il are significant
part of the course along with the knowledge Bladena has acquired during the last 12
years.

Target groups

WTOs

The WTOs are dealing with the high costs of O&M on a daily basis and the feedback
is that WTOs suffer from structural damages on blades which have a direct impact on
the cost for repairs and loss of production due to downtime. By increasing the
knowledge and awareness on shear web disbonding, supporting the development of
the RTZ-Solution, giving input to the CAR Tool, and allowing the creation of the NIFIS
guidelines, they are leading their way into a more reliable and efficient maintenance
strategy with its corresponding reduction of O&M OpEx costs.

The RTZ Solution must be installed in blades to work as a permanent repair. For that
reason, the WTOs are target users. The WTO carries a lot of risk on their blade,
especially for blades after End of Warranty (EoW). As the RTZ Solution prevents the
aft shear web failure mode, it makes sense to use the RTZ Solution to minimize the
risk and extend the lifetime significantly.

ISPs

The ISPs are the next target. The ISPs offer their services of inspection and repair to
the WTOs. After having participated in this project, ISPs has been educated in a
broader understanding of blade issues and root curses. They now possess more
knowledge and can give the WTOs a more risk-based plan for their blade maintenance
and repair solutions.

ISPs can improve their position in the wind energy industry by gaining independency
from OEMs and taking decisions with a long-term perspective based not only on the
cost, but mainly on the value that they provide.

In this sense, the NIFIS guidelines and structural awareness created in this project
can be perceived as an opportunity for ISPs to collaborate in creating valuable
knowledge which will aim to educate themselves in maintenance strategies,
inspection and repair procedures, and possible solutions to some specific damages
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like the shear-web disbonding. In addition, it will get them in close contact with their
WTOs customers.

As a result of all this, the collection of knowledge will be considered as a success
from the moment that it will allow them to perform according to their own educated
decisions resulting in a more competitive position in the market. This project can
initiate this transformation towards real independent ISPs.

OEMs

OEMs continuously wish to produce larger blades with a minimum cost (CAPEX). The
increasing loads (e.g. in the shear web bondlines) will occur more frequently when
blades get larger. By installing RTZ Solution™ in new blades or incorporating the
Bladena product in the initial blade design, this failure mode can be removed.

In a market where WTOs are becoming more aware of blades failing which might have
been prevented, more pressure has been imposed to the OEMs to address the critical
failures. Therefore, OEMs should choose to upgrade their blade design and offer their
customers a better and more reliable product. If the RTZ Solution™ is inserted as a
part of the initial blade design, the OEMs will be able to find a business case in cost-
out, where less material in the blade panels at root-transition zone panels are
necessary. With more reliable blades than their competitors this will also be an
advantage.

A way into the OEMs “headlight” will be for Bladena to have a close commercial
collaboration with selected ISPs which already have OEMs as clients.

Dissemination of project results

As for all previous EUDP funded projects headed by Bladena, dissemination of project
results, education on fundamental principles and shared knowledge between, and
specifically to, partners have been top prioritized. To make the knowledge and
results gathered in throughout this project reach as many interested parties as
possible Bladena has taken care to communicate in different levels and with many
different methods, see Table 5.

Level 1: Easy overview of blade knowledge The Blade Handbook

Level 2: Understanding main concepts Movies and Posters + Virtual reality

Level 3: Diving into the “How” and the work
done

Level 4: Theoretic explanations of complex
topics

Table 6: The project dissemination plan communicates on four levels; from very easy and fast accessible to a
high level of academic complexity.

Short papers

Extended papers
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In this way of dividing communication into four defined levels it should be easy for
each partner to both have an overview of all main concepts treated in the last two
years and the opportunity to dive deeper into specific topics of interest and to gain
from the expert knowledge and conclusions formulated during this project.

Meetings, Workshops and Seminars + an International Conference

During the project the time current results and project status have been presented
to and discussed by all partners at meetings and seminars. To ensure progress
founded in expert knowledge from relevant partners several technical workshops
have been executed. A broader discussion across WTO, ISP, OEM and insurance
companies have been possible during the bigger meetings, seminars and the
international conference hosted by the project, see Table 7.

Date Meeting / Seminar / Workshop ‘
22-23 September 2021 Kick-off meeting

9 December 2021 NIFIS Workshop

21 December 2022 Technical workshop

o FEM approach and Impact of torsion on large blades
¢ Measurements and testing of wind turbine blades

17 January 2022 Damage mechanics in operation

21 January 2022 Composite material and failures

11-12 May 2022 NIFIS, Seminar and Workshops

19 May 2022 Fracture Mechanic, Uncertainty, Standards Workshop
14 July 2022 Risk Mitigation Workshop

31 August 2022 Loads and Stress, Workshop

21 September 2022 Midterm seminar

22 September 2022 International conference

- WTG blade risk mitigation & monitoring

28-29 June 2023 Final seminar

Table 7: Seminars, workshops, and main meetings.
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International conference

The international conference gathered WTQOs, OEMs and ISPs and was one of the
commercial milestones in this project. 37 companies (14 WTOs) attended the event
to discuss risk, risk mitigation and monitoring of wind turbine blades. Representatives
from Bladena and the universities AAU, DTU Construct and DTU Wind presented
amongst other topics the “Next step Roadmap for Risk Mitigation”.

# July 2023
I WTO roadmap: 3 phases
CORTIR b
s i Phase I: Specific blade and damage understanding
# Before July 2023 ® pe g g
= Labistudy of main structural Phase II: Combination of monitoring technigues and
damages [ ]

numerical models
= First numerical models

* First software tools establishment

RELIFE

O
# Before July 2023

[ ] Phase Iz Validation process and DTA establishment

£

|
|
I
|
[
[
1
[
|
T
i . i 9, 4 2025 0 ;022020 © ;as2024 O ras 202
. I-.faalure medF_nlﬂPPIng_ : + Hotspot < Beldintorriation « O&M Full cost 2 years vision
. _hrsf .rr.loru.tcrmg techniques lab i identification i Braok of ek E— full Roadmanp for
:nvestlgatiqn y i v Nty stk el + Risk analysis = Damage RBM for WTOs
g Z::;;gsde':ng of blades with : failure mode . through FMEA on categorifa.ﬁon using a DTA
| expected behavior these tachnigues scheme {\isual + approach
WTOs ! i | MNDT methods)
O O O O O On O ol »>
: | #a3 2023 #Q1 2024 #Q32024 #Q12025
# Today: September 2022 I + Damage *  Monitaring, + Validation *  Risk software tools
| propagation Inspection and process + Establishment ofa
understanding measurement » Criticality DTA approach
* Composite material studly (lab) analysis + Tailored-made RBM
properties = Data gathering for + Trend and
characterization numerical models scaling analysis
o [3) 5] /]

Figure 32: Roadmap: Risk mitigation for assets.

The above illustrated WTO-centric roadmap was presented with a timeline for the
implementation of risk-based maintenance with a damage-tolerance approach. In
Figure 12, the roadmap can be seen and provides an overview of what steps must be
taken, to fast forward the use of the knowledge available, into the decision-making
when prioritizing how to spend the OPEX budget in a data driven manner. Combining
monitoring data, with validated FEM models reducing uncertainty and thus risk in the
O&M of the fleet of blades installed. This roadmap was received positively by the
audience and agreed that the steps are necessary for effective risk mitigation.

One way of mitigating risk is the use of “state-of-the-art” monitoring techniques. A
guest speaker from Sensoria™ by MISTRAS Group elaborated on monitoring critical
failure modes while representatives from Shell, SR Energy and @rsted attended a
panel discussion on risk-based maintenance and the impact of monitoring.
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Figure 33: Group photd of the attends of the International Conferen

» ——
ce, 22nd of September 2022

In September, DTU Wind is hosting a symposium during which Find Mglholt Jensen
will present, as a keynote speaker, the relevant findings of the CORTIR Il project
regarding the impact of torsional loads on large wind turbine blades, ref. [1.]. The
presented paper is accessible as Appendix A of this final report. During the same
symposium Christian Berggreen, Jacob Paamand Waldbjgrn and Arturo Gomez from
DTU Construct and John Dalsgaard Serensen, and Jannie Senderkaer Nielsen from AAU
will also present their CORTIR Il framework findings ref. [2.,3.,4.,5.], these
presented papers can be found in Appendix B, C, D, E.

Newsletters

Every quarter Bladena publish a newsletter with the current development in the
project described in text, figures, and photos. Each theme A, B and C presents its
findings and makes it easy for partners to follow their specific topic of interest with
a minimum of time invested.

LinkedIn and press releases

After each event Bladena publish a press release with a description of the activities
at the meeting/seminar and acknowledging the EUDP fund. These press releases were
shared on Bladena’s own LinkedIn page as well as published on Bladena’s website.
The press releases can be obtained from www.bladena.com.
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The EUDP Blade Handbook

The first version of the EUDP Blade Handbook was published in 2017 as a part of the
EUDP LEX project. Even then the book received very positive feedback as the Blade
Handbook was the first (and still only) of its kind and much needed in the wind
industry to further blade education, understanding and communication between
different companies and positions in the wind industry. Since the first version of the
Blade Handbook, Bladena, Kirt x Thomsen and partners have continued to improve
and add to the book. The Blade Handbook experiences an immense success across
the whole value chain because of its short and precise explanations coupled with
excellent illustration of different blade topics.

——
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Figure 34: Blade Handbook cover and its rewarded awards.

During this project, the Blade Handbook was heavily updated with new chapters,
complementing the existing content, covering more aspects relevant to the wind
industry. Firstly, a new chapter in monitoring and measurements presents how these
technologies can be used for risk mitigation purposes. Furthermore, leading edge
erosion and lightning are illustrated, along with their respective protection systems.
Additionally, a new chapter on risk and its implementation on operation and
maintenance strategies is presented. Finally, a new chapter on digital twin shows
how structural knowledge can optimize such technologies.
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The EUDP Blade Handbook in pdf format can be acquired from Bladena’s webpage:

https://www.bladena.com/all-downloads.html

Or hard copies of the Blade Handbook can be obtained by contacting Bladena:

info@bladena.com

Professional high-quality Movies, posters and Virtual reality

Having Kirt x Thomsen as a partner for professional visual communication as part of
the CORTIR 2 team has greatly added to the cohesion of the project and the many
partners form different wind backgrounds. A high priority has been given to general
communication and education of project results and knowledge giving the premises
for the project.

During the project several movies has been made in a collaboration between Bladena
and Kirt x Thomsen:

e Torsion movie: Explaining the impact of torsional loads on the blades.

The torsion movie is an excellent example of technical knowledge communicated in
a way that can resonate with everybody. As such, the movie become an argument for
the ground premiss of the project: Torsional forces in large blades creates out-of-
plane deformation in the root-transition area and brings the need for the permanent
repair solution, the RTZ Solution™.

The movies developed in this project can be seen here:
The torsion movie will be uploaded to Bladena’s webpage soon.

Another way of communicating knowledge between partners and indeed to all in the
industry, has been through the development of XX posters:

e Torsion on blades poster 1.

e Torsion on blades poster 2.

e Cost and Risk Tool poster

e Shear web disbonding and new innovative solution poster
¢ New Innovative Field Strategies

The poster collection can be downloaded here:

https://www.bladena.com/uploads/8/7/3/7/87379536/poster_collection_formatte
d.pdf
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An advantage of being part of an EUDP project is that it gives the partners room to
investigate and try out something new. In this project KirtxThomsen has developed
3D models in different sizes from 35m, 70m and 125m. The blades could be
experienced at the International Conference, September 2022, though virtual reality.

Figure 35: Scaling of blades presented in Virtual Reality. In the VR setup the user can compare the average
human size to the size of different wind turbine blades.

This gave people the opportunity to get up close and personal with a large blade and
experience there through size, when compared to our own small human self. The
event drew much curiosity and positive feedback.

Short Papers and Extended papers published on important topics

Regarding the CORTIR Il project 7 papers have been made, 4 of papers (1.-4.) which
are going to be published as journal papers after being presented at the DTU Wind
symposium in September 2023. These 4 papers are in the review phase, so minor

Stronger blades, More energy Page 62 of 177

Bladena
Banestrgget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

changes can be made on them until the official journal paper release. The list of the
published papers is the following:

1. Jensen F.M., Arconada J.0., Werk M., Berggreen C., Serensen J.D., Zhong G.,
Haans W., (2023),”Torsional impact on wind turbine blades and impact on field
damages”, Bladena, DTU, AAU, and Shell; see in Appendix A. This paper has been
submitted to the Material Symposium held by DTU Wind in Risg. The paper will be
presented as an invited keynote speaker during the symposium.

2. Gomez A., Berggreen C., (2023),”Cohesive Zone Modelling to predict crack growth
under fatigue loading”, DTU Department of Civil and Mechanical Engineering; see in
Appendix B. This paper has been submitted to the Material Symposium held by DTU
Wind in Risg.

3. Waldbjern J.P., Berggreen C., Ahmed S., Nagy T., (2023),”Large-scale fatigue
testing of a retrofitted 3" shear web in a SSP34M wind turbine blade”, DTU and
Bladena; see in Appendix C. This paper has been submitted to the Material
Symposium held by DTU Wind in Risg.

4. Waldbjgrn J.P., Berggreen C., Jensen F.M., Ley O., (2023),” Large-scale fatigue
testing of a wind turbine root end section”, DTU Department of Civil and Mechanical
Engineering, Bladena, Mistras see abstract in Appendix D. This paper will be
published later in 2023.

5. Nielsen J.S., Serensen J.D., (2023),”Optimization of novel heuristic strategies for
inspection and maintenance”, AAU Department of The Built Environment; see in
Appendix E. The approach described in this journal paper was presented at the Wind
Energy Science Conference, Glasgow May 2023 - Utilizing digitalization through
heuristic risk-based blade maintenance for leading edge erosion.

6. Serensen J.D., Abeendarnath A., Nielsen J.S., Gomez A., (2023), “Stochastic
modelling of wind turbine blade tests for reliability analysis and O&M planning”, AAU
Department of The Built Environment and DTU Department of Civil and Mechanical
Engineering; see the draft version in Appendix F.

7. Bladena, (2022), “Structural weaknesses of blades in operation”, Bladena
whitepaper. The whitepaper is available wunder the following link:
https://www.bladena.com/uploads/8/7/3/7/87379536/whitepaper_1_structural_u
nderstanding_bladena_13.04.2022_compressed. pdf

8. Bladena, (2022), “Risk considerations on upscaling wind turbine blades”, Bladena
whitepaper. The whitepaper is available under the following link:
https://www.bladena.com/uploads/8/7/3/7/87379536/white_paper_scaling_and_r
isk_bladena.pdf
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The WTO Blade Network

The WTO Blade Network is a growing group of WTOs who are meeting and discussion
shared topics of relevance. Bladena was asked in 2014 to be the coordinator of the
topic “Structural blade design and testing” and has since invited WTOs to many
seminars on the subject. The CORTIR Project offers an opportunity to keep creating
relevant seminars and gathering WTOs for discussions and knowledge sharing.

The WTO Blade Group Network has received several new members during the time
span of the CORTIR Project.

Now we have officially reached 55 all registered on the member list at www.wto-
network.com with company description and logo. Inquiries regarding joining the
network occur often and a few companies have indicated their intention to be part
of it but yet to deliver information to share on the webpage.

During the CORTIR Phase 2 project the WTO Blade Network showed great interest in
the organized conferences and seminars. The turn out on these events were higher
than expected allowing us to discuss the relevant topics with a wide range of wind
turbine owners.

Utilization of project results

For the future utilization of commercial results, the RTZ Solution™ will be on the
market and accessible as a permanent repair solution for failure modes in the blade’s
transition zone.

To strengthen the commercial incentive to choose the RTZ Solution™ as a damage
preventive maintenance option, the NIFIS guidelines and the CAR Tool both provides
arguments creating a business case for the RTZ Solution™.

The technical results of the project are used to build understanding and
argumentation for the input to NIFIS.

Turnover..... Private investors... Additional employees...

Bladena has gained a closer collaboration with the partner ISPs during this project
getting insight into their business, but also having the possibility to work with a
business model with advantages to both ISPs and Bladena. A structural blade course
was developed specifically focusing on the needs of ISPs. Several ISPs from all over
the world showed interest in participating one of the courses and many of them
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decided to join, three structural courses were held during the span of this CORTIR
project (November 2022, January 2023, March 2023) meeting the demands of ISPs.

Another very positive outcome has been the relationship and collaboration with
Mistras-Sensoria. The unique and very advanced method of monitoring goes hand in
hand with Bladenas wish to create a better knowledge foundation of the actual
structural failures in wind turbine blades under operation.

The development of a permanent solution addressing aft shear web disbond also
raised interest within the industry. Several WTOs are interested in the test results of
the solution and considering installing it on their own fleet.

Competition

For Bladena’s patented structural enhancement products (the RTZ Solution™),
currently, the competition should not be seen as other products directly competing
with the developed solutions. Competition is considered repairs in the aftermarket,
or the worst-case scenario replacement of the blades when they fail. However, repair
should be considered carefully, as the industry has adopted new methods and
improved the possibilities of repairs quite significantly in the latest years. Most of
the ISPs offer prefabricated service deals at different levels depending on the
customer’s needs, but there is an urgent need for the WTOs to be self-serving as their
WTG fleets growth.

There is no competitive retrofit solution for the shear web disbond failure mode in
the root-transition zone of large turbines. The repair solutions offered has to be
repeated and often do not show to be sufficiently strong, whereas the RTZ-Solution
are designed to last for 20-25 years on large blades. The competition is based on the
OEM design criteria and expectations to their known patch solutions or the industry's
standard by continuing to repair reoccurring damages. In only seldom cases the root
causes are removed, as the RTZ Solution™ will do.

As mentioned above, repairs are the current way to deal with the blade damages.
Since shear web disbond can lead to the critical failure mode of cracks in the trailing
edge root-transition zone and eventually blade collapses. Field experience have
shown that repairs in this zone does not last if the root is not removed.

Thus, one possible solution for OEMs would be to remove the root cause through
improved design of new blades of the root-transition zone on large blades. They could
refrain from having shear webs end in the region. Contrarily, they could also
implement Bladena*s RTZ Solution™.
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Sales barriers / Market barriers

The Wind industry is still a young industry and the knowledge about the importance
of the torsional loads are still not sufficiently acknowledged. The wind industry
players are used to recognizing a problem in the same way and applying the same
solutions as last year. But the industry faces strong competition from other green
energy providers and to increase AEP and reduce LCoE a new way of thinking must
be nurtured in the industry. The gained focus on non-fossil fuels within Power-to-X
technologies emphasizes the importance of the wind industry to be cost efficient and
reliable.

Bladena’s patented innovative structural RTZ Solution™ is still not chosen as a
solution, perhaps because the industry is not well-aware of it yet. In order to fully
understand the benefits of the RTZ Solution™, sufficiently high level of structural
knowledge is required, e.g. impact of torsional loads. To mitigate this, Bladena is
continuously trying to heighten the shared discussion and understanding level in the
industry. During EUDP projects Bladena has come a long way to move project partners
in how they look at and understand the structural issues of blades more in-depth.
The tools applied has been focused on superb communication and a solid knowledge
sharing flow coupled with blade courses and seminars held by Bladena to lift the
knowledge level for the participants. An example is the Blade Handbook™, which
manages to communicate essential and complicated blade knowledge in a simple
way. In this project, an updated version have been published and shared globally to
the entire value chain.

To introduce Bladenas new innovative RTZ Solution™ to the damages in the root-
transition zone, the industry must be guided, where they are willing to see the
advantages of using a new solution to a known and sadly recurring problem. To
achieve this, the RTZ Solution™ will be backed up by appropriate documentation and
results. To ensure costumers about the validity of product specification and capacity,
the test program carried out during and after the development phase must live up to
all relevant market standards and regulations.

Just as important is the overall communication and mutual understanding in the
industry. It might also be necessary to shake the old structures of dependencies
within industry players. It is the aim that both WTOs and OEMs should consider their
alternatives when it comes to business models and inspection, repair and
maintenance strategies. The ISPs will then be able to offer a broader spectrum of
blade services and solutions, coupled with knowledge on blades and future
consequences of the choices made. OEMs may have to look outside internal R&D and
engineering groups to find solutions beneficial for the OEMs and the full supply chain.
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Time will be another mitigating effect. As blade lengths increase, the shear web
disbond failure mode will happen with a higher frequency and a more severe degree.
This will push the need for an innovative solution which does not require the turbines
to be stopped for repair every time the failure reappears. WTOs will be more and
more likely to the new innovative solution instead of old failed ones.

Project contribution to realizing the energy policy objectives

Stronger blades with longer operational time and less downtime has a higher AEP.
For that reason, and since the whole project is within the green continues energy,
this project works to give Wind Energy a larger competitive edge in the race to
produce the cheapest, and hopefully, greenest power.

1. With better maintenance planning and with more reliable blades, the
operational team of the turbines will be more steady securing energy supply.

2. With a more stable supply of wind energy, knowing the cost and risk and how
to mitigate the problems, independence from fossil fuels is reduced.

3. With the lower O&M costs and higher uptime, the LCoE will be reduced. This
will strengthen the wind energy industry in the competition against fossil fuels
and have a positive environmental impact as a consequence.

4. Especially for offshore turbines there is a higher risk bound to blade failures
due to the often-challenging environments to operate, inspect and repair in.
This will affect the LCoE if risk is not handled correctly and minimized where
possible.

5. The developed RTZ-Solution™ will cause more uptime of wind turbines due to
reduction of structural repairs and the better planning and service actions on
blades which means the annual energy production (AEP) will increase, which
is a direct increase in the energy efficiency of wind turbines.

6. With the implementation of suggested test campaigns and the use of the
Validation Loop Process can ensure that the blades are tested sufficiently
before they are installed in-field and would give a more accurate lifetime
prediction for the blades.

Project conclusion and perspective

During the timespan of the CORTIR Il project, a huge emphasis was placed on
investigating the impact of torsional loads on wind turbine blades. On several levels
it has been demonstrated that the appropriately applied torsional load components
can lead to critical damages especially on large (60m+) offshore wind turbine blades.
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By scaling up rapidly in size the torsional loads in operation significantly increase too.
This increase may lead to severe damages and blade failures. The project is focused
on decreasing the risk of these damages from several perspectives.

In different stages of the blade’s lifetime, suggestions were given in CORTIR Phase Il
with the objective of mitigating the risk of critical failure modes due to torsional
loads. In the design phase (before commission), a Validation Process has been
developed supported by a test pyramid (Building Block Approach adopted from the
aircraft industry) which aims to ensure that the blade has been sufficiently tested
under operational conditions and a credible numerical model is created supporting
blade lifetime prediction and determining “hotspots” (damage prone areas) on the
blade.

This established knowledge, together with the CAR Tool, will help to create a blade
specific risk-based maintenance strategy. The accurate prediction of failure modes
is not possible yet to our knowledge but by optimizing the maintenance strategy, the
occurrence of damages can be minimized, and the planning of
inspections/maintenance can be optimized with less downtime as its main direct
result.

As the testing campaign executed has demonstrated, operational torsional loads can
lead to critical damages. The bi-axial full-scale test resulted in serious damages
which can potentially lead to blade collapses. The applied torsional load components
resulted in significant out-of-plane deformation of the unsupported panels in the
transition zone of the blade which is the root cause of several failure modes such as
aft shear web disbonding and delamination of the skin on the blade panels on the
first tested blade. Whereas during the test of the second blade where small, 5cm
long cracks were introduced to the aft shear web and only after 12000 fatigue test
cycles significant crack propagation was observed due to the increasing out-of-plane
panel deformations. DTU Construct has successfully built the new test rig which
allowed the project to use the test setup with applied torsional load components.

Through FEM numerical models, it was discovered that with operational loads the
edgewise deflection increases, as a result of the fact that the large flapwise
deflection, makes the blade lose stiffness in the edgewise direction. The softer
blades will result in increasing torsional loads which increase e.g., breathing and
cross-sectional shear distortion in the max chord and transition zone.

In order to decrease the out-of-plane deformation, the Bladena patented, RTZ
Solution™ was developed. By connecting the pressure and suction side, the localized
deformation is minimized thereby the root cause of severe failure modes is removed.
FEM numerical models and the experimental test setup validated that by connecting
the unsupported panels, the out-of-plane deformation can be significantly mitigated.
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The out-of-plane deformation introduced by the applied torsional load components
can be the direct cause of aft-shear web debonding and skin delamination in the
blade panel’s sandwich structure. These failure modes are severe and can lead to
serious repair work or even blade collapses. By installing the RTZ Solution™ the risk
of these damages can be minimized which results in a more reliable blade with
possibly extended lifetime without necessary unplanned repair campaigns for the
transition zone of the blade.

The RTZ Solution™ has been developed with the focus on easy installation without
modifying the blade’s structural integrity. The installation must be performed inside
the blade without drilling into the panels, the mounting of the solution is performed
with a certified adhesive. Based on the size of the blade, the number of installed
RTZ Solution™ can differ, as larger blades have increased torsional loads acting on
them which results in higher out-of-plane deformation.

The next step in the RTZ Solution’s development is to install the solution in-field
during which it will be demonstrated that the solution works efficiently not only in
test environment but also in operation. Within the CORTIR Il framework, different
monitoring methods for different blade “hotspots” and failure modes were
investigated. The installation of monitoring systems can indicate failure modes in
time which would significantly support the WTOs and ISPs to act on them accordingly.

In order to achieve a better, common understanding of structural damages a new
Damage Categorization Scheme was developed. The new scheme implements the
Damage Tolerance Approach and focuses not only the size of the damages but also
on their position and how much impact they can have on the blade’s structural
integrity. Once the damage is found by using the scheme and input from Bladena, in
many cases the turbine can be kept in operation, but the use of a suggested
monitoring technique is needed to ensure that the damage is stable and not growing.

The implementation of the findings of the project in the wind industry would
significantly impact energy production and heavily support the lifetime expectancy
of wind turbine blades. The first step of implementing several suggestions of the
project will be to acknowledge the impact of torsional loads.

The industry is in a process of maturing and in 2023 the topic is getting more and
more relevant, as DNV (standardisation and certification body) already acknowledged
the lack of torsional loads during test campaigns in one of their recent whitepapers
(ref. [9.]). Therefore, delivering the message of the CORTIR Phase Il project will
further assist the industry to become more mature by raising awareness of the impact
of torsional loads. In Bladena’s paper about the impact of torsional loads on large
wind turbine blades (ref. [1.]), three suggestions are given for the wind industry to
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consider about mitigating the risks associated with torsional loads. Some of these
suggestions, are also highlighted in section 8.4.

The first suggestion is regarding the full-scale testing of the blade, which
recommends using a static test with combined (edgewise, flapwise, torsional) load
components applied. The cost of this is low, and the value of it is high, as it can
support giving a more accurate lifetime prediction of the blade. The second
recommendation is the use of additional measurements during the full-scale test of
a blade. This again would have low cost and give a clearer understanding of strains
and deformations on the blade under realistic conditions. The third suggestion is the
application of torsional loads in non-linear 3D FEM analysis. That would also have low
costs but significantly increase the accuracy of the lifetime prediction of the blade.

Taken the findings and suggestions into consideration, a validation process roadmap
was developed. The validation process suggests certain steps with the
implementation of the testing pyramid (similar to the building block approach from
aircraft industry). By following the steps of the loop, lifetime estimations would be
more qualified, as a result, among other reasons, of calibrated numerical 3D-FEM
models under realistic operational conditions.

A validation roadmap was developed for blades in operation, supporting WTOs to plan
an efficient risk-based maintenance strategy.
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Abstract.

The purpose of this paper is to present the importance of torsional loads when understanding the
significant increase in structural damages on large wind turbine blades. By comparing the stress state
of two blades of different length, it is shown that torsional loads grow with an exponent of four (4).
Thereby, a function of the length of the blades leading to a new range of challenges that are not met by
the current process for design, testing and certification.
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The paper presents the study of these new challenges in detail, based upon:

- An experimental perspective, with results from large-scale cyclic loading tests on two blade cut-outs
conducted under controlled laboratory conditions in. Both blades were tested to failure.

- A numerical perspective, non-linear geometrical 3D FEM simulations has been performed to study
the impact of torsional loads on relevant current structural failure modes on large wind turbine blades.

The conclusion is that the larger torsional loads may explain shear-web disbond, as well as sandwich
skin debonding in both the transition zone and in the max chord area of wind turbine blades. In view
of the findings, the paper includes proposals for remedies that are expected to mitigate some of the
significant failures currently seen in the field.

Abbreviations
Leading edge LE
Trailing edge TE
Pressure side PS
Suction side SS
Cross-Sectional Shear Distortion CSSD
Root torsional moment RTM
Root bending moment RBM
Number of cycles to failure for given cyclic S-N curves
stress of specific material
Trailing edge Towards Leading edge TTL

Table 8. List of abbreviations
Introduction

Background

Publications in recent years have highlighted an increase in structural blade failures (ref.[2.], [5.],
[11.]), a fact that has been recognized not only by wind turbine owners, but also by manufacturers and
certification bodies (ref.[2.]).

Published articles, see ref. [1.-14.], report reoccurring blade issues on several platforms with large blades
on SMW to 8MW turbines. In some of the reported blade collapses, the operators have shown concern that
the critical damage is not a one-off event (ref.[5.]).. Therefore studies have been conducted of whole fleets
such as in 2021 at a Norwegian wind farm, see ref.[2] and in 2020 at a wind farm in the USA, see ref.[3].
Furthermore, DNV has recently published a whitepaper acknowledging the relevance of the topic, see ref.[2].

The trend that structural related failures occur early at the large blade’s lifetime, suggests that the
methodologies used in the development and testing phase of blades need improvements, see ref.[4]. In some
instances when similar blade failure happens on the same platform on different wind farms, it can be a clear
sign of insufficient testing of the specific blade type, see ref.[5].

The importance of torsional loading is becoming an increasingly significant topic, as found in the studies
performed for different blade sizes and presented in this paper. These studies have clearly demonstrated that
increasing the length of the blades only adds to the severity of the challenges.

A comprehensive analysis of the importance of the torsional loads for large blades is presented in this
paper. According to the current testing standards (ref.[19.]), both edgewise and flapwise load cases are
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required, but not the operational load case. For large blades, edgewise loading is often the most critical and is
therefore used for comparison in this paper. However, neither the edgewise or the flapwise test load cases
include significant torsional loads.

The reason why this topic has been addressed is the rising concerns that out-of-plane panel deformations
is a major root cause of critical stresses in adhesive bondlines as well as between the composite layers
(interlaminar stresses), especially, the interface between sandwich skin and sandwich core materials. The term
sandwich skin is used in this context to refer to the face sheets, thus the outer- or inner-most layers of sandwich
panels.

Torsional Load Overview

The current design basis considers the loads associated with displacements in the edgewise and
flapwise independently and not their combined three-dimensional effect equivalent to what is found
under actual operating conditions.

Figure 1 shows the three-dimensional tip deflection in both directions when the blade is in operation. This
deflection is a consequence of the combination of flapwise loads due to the aerodynamic impact of the
incoming wind, and edgewise loads, due to gravity forces and blade dynamics during rotation. These
movements cause forces to act not exactly at the blade’s shear centre, thereby creating an arm that generates
a Root Torsional Moment (RTM). The direction of this RTM depends on the magnitude of the applied loads
and the stiffness of the blade. As blades increase in length, the tip deflection also increases significantly,
leading to notable rise in the RTM. This will be further discussed in the subsequent section of the paper.

Root bending
moments ——

Figure 36. Flapwise and edgewise load components and tip deflection generate Root Torsional Moments (RTM).

The torsional load components cause localized panel deformations in the transition zone and in the max
chord area of the blade (ref.[13.]). As a result of out-of-plane deformation, bending strains in the panels are
generated. This occurs mainly in the transition zone and in the max chord area. The deformations also cause
peeling stresses in the bondlines of blade designs with an aft shear web.

Stronger blades, More energy Page 74 of 177

Bladena
Banestrgget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

Itain wabs

Fishmputh geamatny——3

Unsupported Panels

Debondings

Delamination

Figure 37. Transition zone of blade with 2 main shear webs and one aft shear web with unsupported panels, the red
ellipse illustrating the area where the unsupported panels are located (left). Connection between the aft shear web
fishmouth and the spar cap. Highlighted, initiation of delamination and debonding (right).

Localized bending of the sandwich panels in the transition zone (see Figure 3 for further information about
the transition zone),often results in peeling in the bondlines of blade designs with an aft shear web. This occurs
more frequently due to the peeling stresses caused by the out-of-plane deformation of the unsupported panels,
which are carried by the bondlines of the aft shear web. In blades without an aft shear web, the peeling stresses
are carried by the bondlines in the trailing edge and at the main shear web.

<

Cencave surface

Figure 38. Transition zone of a large blade where the complex geometry can be appreciated, moving from a convex to concave
shape, and changing in tapering in 3 directions. On the right, localized bending of the panels is represented, the solid lines
represent the un-deformed positions and the dashed lines present the deformed positions.

Furthermore, the torsional loads cause additional cross-sectional shear distortion (CSSD), which results in
additional peeling stresses (ref. [13.]) being transferred to the bondlines, see Figure 4. This phenomenon is in
many cases driving structural related failures early in the lifetime of large wind turbine blades, see ref. [1]. In
a previous study conducted by Bladena, it was concluded that both cross sectional shear distortion, and
especially out-of-plane deformation of the panels in the transition zone, are the two main root causes of shear-
web disbonding in the transition zone, see ref.[9].
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Figure 39. Blade cross-section. On the left, the solid lines represents the un-deformed position wand the dashed lines show the
deformed position. On the right, bondlines highlighted in red circles on a blade cross section..

The significance of the torsional loads and the associated deformations is tied to the fact that they increase
with a power of 4 in relation with the length of the blades. Hence, what was considered an acceptable risk for
a certain size of blade may become out of control as the blades increase in length, even leading to failures
shortly after the blades have entered into operation.

The paper presents results of non-linear geometric 3D-solid FEM simulations to quantify these
phenomena.

Experimental analysis: Large-scale testing applying torsional fatigue loads

Background and experimental methods

A large-scale test campaign was performed by utilizing the strong-floor test facilities. The purpose of the test
campaign was to demonstrate the impact of torsional loads on a blade’s transition zone region. A detailed
description of the test program is presented in ref.[6]. Based on the 3D FEM analysis - as a direct impact of
torsional loading - significant out-of-plane panel deformation occurs in the blade sandwich shells on both
pressure and suction side. This oscillatory out-of-plane panel deformation is generating peeling stresses in the
adhesive bondline connecting the aft shear web to the shells.

The blade type used for this test campaign was a 34m blade manufactured by SSP Technology using a
prepreg manufacturing process (pre-impregnated fiber mats without autoclave) (ref. [17.]). High resin content
was selected for the laminates close to the PVC foam core and mold to ensure adequate resin quantity
According to the manufacturer a modification of the Ampreg 22 epoxy laminating system was used (ref. [18.]).
Although, this blade type is considerably smaller than the blades typically discussed when addressing failure
in the transition zone and newer blade designs are more likely to use balsa wood or PET foam for the core
material. Despite, it is still sufficient to develop the test method and to demonstrate the effect of torsional
loads with the use of right setup. A 15m root end section cut-out of the SSP34m blade was utilized with a
retrofitted aft shear web in the transition zone. Since the blade originally has a box spar design, a retrofit aft
shear web was necessary (ref. [15]). This web was installed 4m from the root towards the tip section,
positioned midway between the load carrying box girder and the trailing edge. The position was determined
based on previously conducted test results which indicated the highest out-of-plane deformation in this area,
see ref. [1.]). The main body of the aft shear web is a sandwich structure consisting a 10mm core material
(PVC foam) and four layers of bi-axial glass fiber. The strong-floor setup and the retrofitted aft shear web are
presented on the Figure 5.
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Figure 40. Large-scale strong-floor based test setup, the root section is mounted on a vertical strong-floor and the tip end is
mounted onto the load train, the load introduction is explained on Figure 6 (left). Retrofitted aft shear installed in the 2 blade cut-
outs (middle). The position of the retrofitted aft shear web illustrated (right).

Since the large-scale test was performed on the inner 15m section containing the transition zone, it is noted
that the large-scale test will not be able to address one of the main conclusions explained below in subsection
4.2. Here the deflection of the tip of a large blade gets significantly amplified when both edgewise and
flapwise loads are acting simultaneously, creating a large torsional arm that will lead to a high torsion on the
structural regions of the blade.

In order to account for this limitation, and to avoid a testing campaign that could last for multiple years
using conventional full-scale blade test methodologies, an accelerated fatigue test was carried out using the
large-scale test setup and section test configuration. Thus, the loads applied are higher than the tested blade
would ever experience in field conditions. Also, the layout and geometrical characteristics of the tested blade
differs from current large blade types. Nonetheless, results from the test are illustrative of the field scenario
for larger blades.

The torsional cyclic loads which have been applied in the large-scale tests are 50% higher than those that
a 1.5SMW old blade will meet in the field. The reason is that the objective is to demonstrate the importance of
torsional loads on a larger blade. Ideally, a large modern blade should have been tested, but that has not been
possible within the framework and budget of this research project.

The loading arrangement consists of two structural actuators which are capable of applying loads at the
free end of the root section compromising two degree-of-freedoms: edgewise load along with torsional
moment around the longitudinal axis of the blade. The maximum loading used during this fatigue test was
100kN edgewise load component (Fy) and 100kNm as torsional moment (Mz) respectively and with a
frequency of 0.1Hz. Figure 6 below shows the test setup actuator configuration of the loading at the 15m
reinforced cross-section. More details about the test setup can be found in ref. [7]. Figure 6 illustrates the test
setup and the actuator specifications with the related coordinate system. During the test campaign various
instruments were used, including a Digital Image Correlation (DIC) system, 4 strain gauges mounted on the
retrofitted aft shear web, acoustic emission sensors and a wire potentiometer, more details about the
instrumentation (e.g. instrument specification, positioning, etc.) see in ref. [7.]. The illustration shows the
mounted position of the blade on the test rig and visualizes the applied load components.
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acluator spec,
model: 244 515
stroke: | 250mm
capacity: £250kN

load cell spec.
madel: 651.220-1
capacity: $4250kN

Figure 41. Active coordinate system and notation of the load train. Source: ref. [7]

Experimental results

The test resulted in a critical damage in the transition zone area on the pressure side panel in the trailing edge
region of the blade in approx. 280.000 load cycles. More info about the damage and the test can be found in
ref. [7.]. Further testing on the same blade section would have led to a blade collapse due to significant sudden
decrease in edgewise stiffness (see Figure 7). This damage was a direct result of the applied torsional fatigue
loads, causing large-scale damage on the blade shell in the root transition zone due to delamination from the
out-of-plane deformation. The damage is shown on Figure 7. Such damage is considered critical, as it would
require an immediate action if it happened during operation; failure to do so could potentially lead to further
structural damage to the blade or other areas of the wind turbine. as if no actions were taken it could potentially
lead to further structural damages on the blade or on other areas of the wind turbine.
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Figure 42. Picture presents the critical damage occurred on the 15m blade section of a 34m blade after 280.000 cycles in fatigue
testing, where torsional loads are applied. The external condition of the blade (on the left), the crack observed internally (on the
right). Plot presenting the change in edgewise and torsional stiffness (on the bottom).

Even though the measurements in the large-scale test focused on the bondlines of the retrofitted aft shear
web, limited data is available for the position of the initial damage location (approximately 1-1.5m from the
root towards the tip section). However, the initiated damage is highly relevant, as the results show that the
application of torsional load components lead to critical damage in the root transition zone on the unsupported
panels.

The potentiometer installed 200mm from the front of the aft shear web towards the root (approximately
3.8m from the root has captured out-of-plane deformations in the transition zone. Since the damage occurred
further towards the root, the panel deformation is likely significantly higher where the panels are unsupported.
At the position where the measurements were made, the aft shear web supported the blade shells which
indicates that the out-of-plane deformation of the panels are likely lower in this area. The mounted wire
potentiometer is presented in Figure 8 below.

Figure 43. The mounted wire potentiometer measured out-of-plane deformation of the blade panels. The potentiometer was installed
3.8m from the root and 200mm from the retrofitted aft shear web.

The findings suggest that in case the aft shear web is helping to reduce out-of-plane deformation where it
is installed, increased “breathing” will occur on the blade further towards the root section which leads to skin
delamination and that result in a catastrophic failure mode.

Additionally, a second 15m blade section of a SSP34m blade was tested with a S5cm crack introduced
manually into the bondlines on both sides of the retrofitted aft shear web. The test was executed under the
same conditions as the first fatigue test (100kN edgewise load component (Fy) and 100kNm torsional
moment (Mz) with the frequency of 0.1Hz). However, the test was halted after approximately 12000 cycles
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due to technical issues with the mounting box girder installed onto the tip section of the blade which mounts
the blade onto the test rig. During the 12000 cycles significant increase in out-of-plane deformation was
observed, from the initial 10mm deformation, it increased to 13mm. as represented on Figure 9, below.
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Figure 44. The measurements obtained from the wire potentiometer regarding out-of-plane deformation during the second
test.

In Figure 9, a plot is presented of the magnitude of out-of-plane deformations and the nr. of cycles. A
sudden drop (a drop in the plot shows an increase in the out-of-plane deformations) is observed on the plot at
around 8000 cycles, show that damage is growing faster, hence is unstable. Upon inspecting the aft shear webs
bondline, a clear crack propagation of over 10mm was observed on both bondlines of the aft shear web, see
Figure 10.

Figure 45. Approximately 10mm crack propagation on the Suction Side (on the left). Approximately 20m crack propagation on the
Pressure Side (on the right).

Figure 10 shows the results of inspection. A 10mm crack and a 20mm crack was observed on the SS and
PS, respectively causing a halt to the testing.
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In summary, increased "breathing" was observed when torsional load components were applied to the 15m
blade cut-outs, leading to a severe damage during large-scale testing. This outcome was encountered during
two separate experimental analyses, each revealing the extent of the damage caused by these loads. These
tests led to the finding: the impact of torsional loads is not confined to only longer blades but also substantially
affects shorter ones. Even a blade with a relatively short length of 34m demonstrated vulnerability to torsional
loads. This conclusion emphasizes the importance of considering torsional loads in the design and testing
phases of wind turbine blades, regardless of their size.

FEM Analysis
Three different analyses have been conducted. Firstly, simulations were performed comparing the additional
tip deflection and consequent torsional loads representing actual operational conditions to a scenario with only
edgewise loads. This scenario is expressed in several tables below as “Only edge TTL”, meaning that the loads
are exclusively considered in the edgewise direction, from trailing edge to leading edge. Secondly, torsional
moments have been quantified for different blade sizes, obtaining scaling factors for RTM and edgewise and
flapwise RBM. Thirdly, 3D FEM analysis have been applied to determine the influence of torsional loads on
peeling stresses and bending strains on three hotspots (damage prone regions) of the blade:

1. Max chord area, unsupported panels

2. Transition zone, fishmouth of the aft shear web

3. Transition zone, unsupported panels
Two failure modes are covered for these hotspots: shear web disbonding, and skin debonding.

These hotspots were selected based on the author’s in-field experience regarding damage occurrence
during operation.

Each hotspot is analysed for the blade position where the highest values were found. Two operational load
positions, 90-degree azimuthal position and 270-degree azimuthal position have been used. To clarify this,
the azimuthal degree indicates the position of the blade during rotation. As an example, 0-degree represents a
blade in a vertical position with the tip pointing up, and 180-degree azimuthal position the blade is also vertical
with the tip facing down. For further details, see Figure 11.

The two blade FEM models have been established using state-of-the-art structural and FEM numerical
knowledge.

The FEM blades are modelled using HEX8 elements and 3D layered solids which are modelled with
composite properties (e.g. layers of glass fibres — biax, triax and unidirectional - are built up in specified
directions and with a core in the panels). This modelling approach is very effective at capturing out-of-plane
deformations as well as strains and stresses in the lamina. This feature is used to extract strains from the outer
and inner layer of panels and calculate bending strains.

The loads applied are calculated by adapting operational loads for specific blades familiar to the author,
to fit the 80m blade and the 120m blade.

Operational loads cause extra Tip Deflection leading to additional Torsional Loads
The current design basis considers the loads associated with displacements in the edgewise and flapwise
independently and not their combined three-dimensional effect equivalent to what is found under actual
operating conditions.

This simplification implies a significant underestimation of the actual movements of the blades and thus
of the forces/stresses that the blades are exposed to in real life. For the 120m blade the global edge tip
deflections are presented in Table 2.
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120m wind | Edge tip
turbine deflection
blade [m]

Only edge
TTL
Operational
loads, 90-
degree 9.2
azimuthal
position
Table 9. Edgewise deflection for both operational loads, and only edge load component. 120m wind turbine blade.

6.6

Regarding the edgewise direction, blades are significantly stiffer than in the flapwise direction, but the
deflection values increase from 6.6m to 9.2m when actual operating conditions are added. The increased
edgewise deflections are equivalent to a loss of stiffness compared to the design basis. This effect will not
only influence the tip deflection, but also the stresses in the max chord area and in the transition zone.

Quantification of Torsional moments

The load contributions that introduce a root torsional moment on the blade arise from the aerodynamic forces
and gravity working on the already deformed blade under operation. The aerodynamic forces can be divided
in a purely flapwise component as well as a tangential component in relation to the rotor plane, acting as an
edgewise load, in relation to the aerodynamic profile of the blade. Additionally, gravitational loads are also
acting in the edgewise direction, see Figure 11.

Tangential force (caused by
# the aerodynamic forces)

¥ Gravity force

Figure 46. Investigated blade in 90-degree azimuthal position as the blade rotates. The arrows next to the forces indicate direction
only, the gravity forces act at the center of gravity of the blade whereas the tangential forces act along the blade..

When the blade is loaded and deflected, torsional loads are generated. The edgewise acrodynamic loads
working on a flapwise deformed blade twist the blade in a clockwise direction if the blade is seen from the tip
towards the root. At the same time aerodynamic flapwise loads work on the edgewise deflected blade and the
twist direction generated by this depends on the direction of the edgewise deflection. While the tangential
aerodynamic loads (if the aerodynamic loads are split into two, based on directions, we can define normal
direction and tangential direction) are always working towards LE, the gravitational load switch direction
relative to the blade between the two horizontal positions. Figure 9 shows 90-degree azimuthal position where
the aerodynamic tangential forces and gravity works in the same direction. For this position the flapwise loads
generate a counter-clockwise twist to the blade when seen from tip towards the root. Figure 10 illustrates the
resulting torsional moments due to the operational loads.

Stronger blades, More energy Page 82 of

Bladena
Banestrgget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

Figure 47. Left: RTM when gravity and tangential forces are in the same direction. Right: Root Torsional Moment induced by
flapwise forces. Moment is acting in a different direction than the ones from the edgewise loads. On the figures “t” indicates
tangential force and “M” indicates torsional moment.

A scaling study was carried out using two generic blade FEM-models, i.e., a typical 80m blade
(corresponding to 7-9MW) and a typical 120m blade (corresponding to 15-18MW).

In the scaling study of the two blades, an 80m blade and a 120m blade, the blade characteristics can be
compared. Both blades which are considered large (60m+), share a flatback design with two main shear webs
and an aft shear web starting in the transition zone. They also both have carbon in the caps. Despite its large
size, the 120m blade is very slender and lacks a clearly defined max chord, instead featuring a max chord
region. This means that even though one blade is much larger, they have the same “max chord” profile length
of approximately Sm. The sandwich panels are built up with layers of glass fibers (biax, triax, unidirectional).

The three torsional moment contributions and the total moment are listed in Table 3. It is seen that the total
root torsional moment is 4 times higher in the 120m blade compared to the 80 m blade.

Torsional Generic Generic
load 80m 120m
contribution blade blade
Gravitational 200 1600
contribution kNm kNm
Tangential 160 700
contribution kNm kNm
Flapwise -160 -1500
contribution kNm kNm
200 800
Total kNm kNm

Table 10. The torsional moment contributions for 80m and 120m blades for 90-degree azimuthal position. A positive moment is
defined as the moment that twists the blade clockwise if the blade is seen from the tip towards the root.

Table 4 below shows the result of a study conducted to understand how the RBM and RTM change
for different blade sizes. The exponents shown below correspond to a curve fitting performed with the
values from this study in which in the x-axis the blade length was presented, and the RBM or RTM in
the y-axis. So RBM and RTM are represented as a power function with an exponent x.

f(x) = ab*

Where:
e f(x):RTM or RBM
e q:value differentto 0
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Table 11. Exponent increase for as a function of blade length for flapwise RBM, edgewise RBM and torsional RTM.

In all cases, magnitudes increase as a function of the blade length, especially in the case of torsional RTM.
The mathematical relationship between the three studied variables (Flapwise RBM, edgewise RBM, and
torsional RTM) and its dependency on blade length (exponent shown in Table 4) shows a scaling exponential
behaviour up to the power of 4 for the torsional RTM.

Finally, Table 5 presents a list of potential failure modes and the impact on them from of torsional loads.
Failure modes which are dependent on panel deformation e.g., breathing and CSSD are heavily impacted by
the inclusion of torsional loads, whereas damages in the root (T-bolts, root inserts) are not impacted.

IEC IEC DNV-ST- | Used in Uncertainty of | Impact of
Failure mode | 61400- 61400- 0376:2021 | industry tools torsional
5:2020 23:2014 loads
Bondlines
1 YE MEDIUM HIGH
(Peeling test) ) ) (3) (YES) v G
Skin
?re;’lz“c‘(l:;g ) (1) 3) (NO) MEDIUM HIGH
(Test)
Interlaminar
failure ) (1) 2) (NO) LOW HIGH
(Bending test)
Global strain
(Failure %) (5) ®)] YES LOW LOW
criteria)
Shear web 2) (1) 3) (YES) MEDIUM HIGH
disbonding
Root failures (5) ) (5) YES LOW NO

Table 12. Table regarding potential failure modes and the impact of torsional loads on them, ref. [16] p. 46 (1 means there is no
reference in the standard and 5 means it is required in standards). The table does not take vibration issues into account. An
additional column with the impact of torsional loads has been included. Regarding this column, it must be said that the impact
depends on the section of the blade where this is analysed.
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4.3 Impact of Torsional Loads on Selected Failure Modes
This sub-section addresses the impact of applying torsional loads in non-linear geometric 3D-solid FEM
models for different failure modes.

The objective is to quantify the influence of torsional loads on variables such as peeling stresses, and
bending strains, which have a direct relationship with some of the most common structural field damages seen
during operational conditions.

The root transition zone of the blade has a complex geometry and contains tapering shell panels in 2
directions double curved in addition to the concave-convex double curved geometry. In addition, depending
on the blade model, these panels in the TE box often have a large unsupported panel area in some sections of
the blade, since the aft shear web usually starts around the max chord area or at the very end of the root
transition zone.

Shear web disbonding

As explained in the introduction, shear web disbonding is a frequently occurring failure mode seen for a
variety of larger blades. This failure mode is characterised by disbonds in the aft shear web bondlines,
initiating from the spar cap fishmouth region. Thus, special attention has been aimed at blades which have an
aft shear web with a fishmouth shape, as well as traces of delamination in the area of the fishmouth foot, see
Figure 2.

Consequently, peeling stresses is the main parameter to focus on in the 3D-solid FEM analysis in order to
understand the possible initiation of this failure mode.

In the following, results from two different studies will be presented on this topic for two different blade
sizes, namely 80m and 120m. The fishmouth region of the aft shear web is located between the trailing edge
and the trailing edge shear web, and situated at a distance of 3.5m towards the root for the 80m and 9,8m for
the 120m blade. These are the positions where the aft shear web starts for the two blades with different length.

1. 80m wind turbine blade
Operational loads have been compared against only edgewise loads.

Results are presented in terms of maximum values. Maximum values show the highest stress or strain
calculated by FEM in the selected hotspots. They are considered as being the most likely locations for
initiation of damages.

Table 6 below shows the maximum peeling stresses in the transition zone. An increase of 40% can be
observed due to the impact of torsional loads.

Peeling stresses. Peeling stresses acc.
Transition zone Operational 90-degree to current standards
azimuthal position [MPa] | [MPa]

Increase due to
torsional loads

80m 1.4 1.0 +40%

Table 13. Maximum values for peeling stresses comparison for an 80m blade in the shear-web disbonding transition zone. The two
load cases analysed is an operational 90-degree azimuthal position and a pure edgewise loading.

It cannot be stated whether this increase in stresses is critical or not, and no literature has been found for
reference. Such an evaluation will vary from blade design to blade design. In addition, standard methodologies
representing fatigue analysis such as SN curves are not considered to be accurate enough for the analysis of
interlaminar strength (ref [21] and [22]). A correlation with field damage would be required in order to
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estimate peeling stress values that may lead to the initiation of the damage, particularly in the form of shear
web disbonding.

However, it must be considered at this point that the transition zone is the main load carrying area of the
blade. Thus, damages in this area can influence the structural integrity of the entire blade. Bondlines in this
area may suffer from high peeling stresses caused by localised deformations, probably due to the breathing of
the panels and the cross-sectional shear distortion of the structure, composed by the spar caps and the shear
webs. Increases, like the 40% shown in this paper, may be enough to exceed the stress limit that can be carried
by the bondlines.

Figure 13 below shows an example of where the peeling stresses are extracted from the 3D-solid FEM
analysis.

Figure 48. An example of the location where peeling stresses are extracted. The cross section is of a root-transition zone area and
the peeling stresses are extracted at the aft shear web fish mouth foot as highlighted in red circle. The illustration is an indication of
the increased peeling stresses in the investigated area.

2._120m wind turbine blade

Again, a comparison between operational loads and edge loads as they are assessed in the current industry
design basis has been established.

Results are presented in Table 7 below, in which an increase of 23% is deducted from the application of
torsional loads.

Peeling stresses. Peeling stresses acc
Operational 90-degree g * | Increase due to
To current standards

azimuthal position. torsional loads

Transition zone

120m 1.6 1.3 +23%

Table 14. Max values for peeling stresses comparison for a 120m blade in the shear-web disbonding transition zone.

When comparing results from both the 80m blade and the 120m, see Table 8, it can be observed that, on
one side, the values for the 120m blade are between 14% and 30% higher than for the 80m. This result is
expected from a theoretical point of view, as the larger torsional arm created in the case of 120m blade, should
generate a higher RTM and consequently higher peeling stresses in sensitive structural areas. It may be noted,
that for the generation of torque, there must be a force component applied in the perpendicular direction to the
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line of action of this force from the point around which it is calculated. In other words, if the torsional arm
increases, the twisting of the structure will be higher, which will lead to deformation of the blade cross section.
As a result, increase in peeling stresses due to both cross section shear distortion and local bending of the
unsupported panels between the trailing edge and the aft shear web in the transition zone will be present.

On the other hand, by analysing the percentage increase due to torsion, it can be seen how the impact of
torsional loads is increasing faster in the 80m blade than in the 120m blade. The reason for the smaller increase
is most likely due to the position of the aft shear web, which is very sensitive.

The most important observation is that for all blade types there is a significant increase in the peeling
stresses when torsional loads are applied.

Blade Peeling stresses. Peeling stresses acc. | Increase due to
Operational 90-degree To current torsional loads
azimuthal position standards [Mpa]

[Mpa]
80m 1.4 1 +40%
120m 1.6 1.3 +23%
Comparison +14% +30%

Table 15. Comparative table for shear web disbonding. Max values

When comparing the max values for operational load 90-degree azimuthal position between the 80m blade
and the 120m, an increase of 14% is found. For the case of pure edgewise load case, the value reaches a +30%.
In this case, results are aligned with expectations, showing that peeling stresses increase with the blade size.

Consequently, the reason for the high number of failures due to shear web disbonding in the transition zone
is probably due to torsional loads in large wind turbine blades. Only with field data will it be possible to fully
validate the results herein. For this purpose, a validation process would be required, in which field and test
measurement campaigns would be carried out in specific critical hotspots, measuring the physical response of
the blade, and obtaining essential knowledge to validate the FEM models and numerical results obtained. A
validation process is considered a key element to reduce risk in large blades. For further information, see ref.

[10].

Skin (face sheet) Debonding from Sandwich Core in the Root Transition Zone
This failure mode is also more commonly seen in large blades in operation based on the author’s in-field
experience. Breathing of the panels due to out-of-plane deformations will potentially initiate skin debonding
between the thin skins and the balsa or foam core of the sandwich shell panels. When sandwich panels are
subjected to bending there is a risk that the interlaminar strength is not sufficient, causing skin debonding to
initiate. If this occurs the bending stiffness of the sandwich panel will decrease significantly, and further crack
propagation might develops rapidly. As a result of this, measuring bending strains through FEM will provide
an indication of the behavior and possible breathing and bending of the panels which is understood as a
possible root cause of this failure mode. Bending strains are calculated as the absolute difference between the
outer strain and the inner strain of the panel.

The performed FEM analysis allows for comparison of the bending strains due to only edgewise loads with
the operational loads. Results are presented for both the 80m and for the 120m wind turbine blades. For the
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80m blade, the bending strains have been measured at 3m from the root and 0.7m from the TE. For the 120m
blade, the measured area is around 8m from the root and 1.2m from the TE in the chordwise direction.

The strain value is taken in the surface plane direction transverse of the blade profile (as opposed to
longitudinal strains). This direction is best at capturing out-of-plane panel deformation. The complex
geometry of the area changing from concave to convex and tapering in two directions is the main explanation
for that the out-of-plane deformations are highest in this region, see figure 3.

Results for bending strains will in some cases give negative values, while in others they will be positive.
A negative strain is defined as whenever the bending is experienced inwards in relation to the blade cross
section, and a positive value indicates that the bending is outwards. Whether positive or negative is not
important; the importance is the magnitude, as the focus is on the amount of bending, regardless of whether
the bending is inwards or outwards.

1. 80m wind turbine blade
Transition zone. Max values. Results are shown in the table below.

Transition zone Bending strains. Bending strains acc. | Increase due to
Operational 270-degree To current standards | torsional loads
azimuthal position [pe] [nel

80m -450 69 +550%

Table 16. Max values. Bending strains for skin debonding in transition zone. Operational 270-degree azimuthal position vs Only
edgewise loads. 80m wind turbine blade. The deviation in percentages is for the absolute values, since the magnitude and not the
direction of bending is what matters.

Bending strains increase due to the increased level of bending and breathing of the panels. The transition
zone is the main area of the blade carrying the loads, meaning that even small modifications in the load
distribution may have an impact in this structurally critical area.

It can be seen how bending strains are increased 550% under the impact of torsional load. It can also be
observed that the direction of strains changes from positive to negative. This sign is not important for the
interlaminar stresses between the layers.

One reason that could explain this finding could be that when operational loads are included in the analysis,
the panels may suffer an increased bending due to the loss of stiffness in the edgewise direction, as seen in
Table 2 whenever the tip deflection was compared with and without applied torsional loads. This loss of
stiffness has been studied only in a 120m blade; however, it is expected that the 80m blade also experiences a
softer edgewise deflection that could explain the big percentual difference in the impact of torsional loads in
the transverse direction versus the longitudinal one.

Max chord area. Max values. Results are shown in the table below.

Max chord. Bending strains. Bending strains acc. To | Increase due to
Operational 90-degree current standards [pg] | torsional loads
azimuthal position [pe]

80m -360 -280 +29%

Table 17. Max values. Bending strains for skin debonding in max chord area. Operational loads vs pure edgewise loads. 80m wind
turbine blade.
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80m blade: Max chord bending strain
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Figure 49. Bending strain compari: al loads 90-degree azimuthal position vs
Only Edgewise loads.

For the max chord area Table 10 shows that bending strains increase around 30% whenever torsional loads
are included.

It is also important to highlight that values for operational conditions are lower in the max chord area
(360pe) than in the transition zone (450ue) which strengthens the hypothesis that the transition zone is the
most critical and sensitive area from a structural point of view.

2..120m wind turbine blade

Transition zone. Max values:

The evaluation focuses on the transition zone region, specifically between 8m and 9m along the blade length.
The increase in the bending strains due to torsional loads are 120%, as can be seen in Table 11.

Transition zone Bending strains. Bending strains acc. | Increase due to
Operational 270-degree | To current torsional loads
azimuthal position [pe] standards [ue]

120m (transverse) 630 430 +46%

Table 18. Max values. Bending strains for skin debonding in transition zone. Operational load 270-degree azimuthal position vs
Pure edgewise load, 120m wind turbine blade.
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80m blade: Operational load
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Figure 50. Bending strain comparison for 120m blade in the transition zone PS, operational load 270-degree azimuthal position
max values vs Pure edgewise load max values.

Table 11 also indicates that bending of the panels is more severe in a 120m than in the 80m blade, shown in
table 9. The difference in bending strains with operational loads reaches a +40% (630pe vs 450u¢).

Consequently, it may be concluded that bending strains in the transition zone could increase linearly to the
size of the blade.

Max chord area. Max values:

Max chord. Bending strains. Bending strains acc. To | Increase due to
Operational 90-degree current standards [pg] | torsional loads
azimuthal position [pe]

120m -1090 -740 +47%

Table 19. Max values. Bending strains for skin debonding in max chord area. Operational loads, 90-degree azimuthal position vs
pure edgewise loads, 120m wind turbine blade.

Regarding the max chord area, the increase in the bending strain due to torsional loads is of around +47%.
Summary table for skin debonding with max values is shown in Table 13.
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Summary. Bending
strains

Operational [pe]

Bending strains acc.
To current standards

[pe]

Increase due to
torsional loads

80m TZ -450 69 +550%
80m Max chord -360 -280 +29%
120m TZ 630 430 +46%
120m Max chord -1090 -740 +47%

Table 20. Comparative table for skin debonding with max values.

Two main observations and results from the analyses can be highlighted:

e 80m blade vs 120m blade: the bending strains of the larger blade are significantly higher than for the
smaller one, which emphasizes the thought that large blades have a much smaller structural
reliability than medium or small blades. When values are compared between the 80m blade and the
120m applying operational loads:

o Max chord area, transverse bending strains: +200% (from -360ue to -1090p€)
o Transition zone panels, transverse bending strain: +40% (from -450ue to 630ue)

e Transition zone vs Max chord area: the transition zone does not always experience higher bending
strains than the max chord area.
o 80m, transverse direction bending strains: +25% (from -360ue to -450u¢)
o 120m, transverse direction bending strains: -71% (from -1090pe to 630p€)

Impact of torsional loads on lifetime — Discussion of results

The information presented in this paper emphasizes the importance of the torsional load components in order
to correctly assess the durability of a given blade. Publicly available information on field damages,
experimental analysis, and numerical models all points in the same direction: the larger turbine blades
necessitate high maintenance costs (ref.[20.]).

As a result, it seems logical that the wind industry would adapt to the ongoing changes and challenges.
This would mean reassessment of the design principles and O&M (Operation and Maintenance) strategies of
large modern blades. Moreover, predicting the lifetime of these blades is a complex task, particularly because
the traditional S-N curve method may not be accurate enough when it comes to analysing interlaminar strength
(ref[21] and [22]). It is a well-established understanding among composite material experts that the S-N curve
approach cannot be used to predict the lifetime of bondlines within these materials. Instead, these experts,
including the authors of this paper, propose using a fracture mechanics approach. This method offers increased
accuracy and allows for the implementation of a damage tolerance approach. The damage tolerance approach
is about predicting when damage will occur and understanding how the structure will behave once a damage
is present. Our main research project, see ref. [10], over the past two years, has been focused on these aspects.
The majority of our research projects’ participants and partners are Wind Turbine Owners whose goals are to
minimize operating expenses (OPEX) and maximize the annual energy production (AEP). They are not
typically involved in the design process, and therefore have not adopted the classical damage tolerance
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approach. However, in our views, the traditional methods are viewed from a perspective that is relevant not
only to wind turbine owners but, hopefully, to manufacturers and companies involved in service and
management. Doing this aims to bring a fresh understanding and approach that benefits all parties involved.

Conclusions

The current design and validation testing of large wind turbine blades omit substantial loads on the blades and
that these omissions may very well explain the high level of unwanted maintenance costs that are currently
found in the industry on large blades; an effect which increases exponentially with increasing blade lengths.

The paper presents non-linear 3D-solid FEM comparisons between different load scenarios as they come
out of the current design practice and stresses as they come out when the more realistic 3D non-linear
behaviour of the blades is accounted for.

Numerical analysis using non-linear geometric 3D-solid FEM, for the study of shear web disbonding and
skin debonding, can conclude that peeling stresses and bending strains are found significant for large blades
due to the high torsional loads generated when the blade is in operation.

The results may be summarized as follows:

e The torsional loads that are found under actual operating conditions cause additional and
critical out-of-plane deformation of the unsupported panels and also distortion effects such as
CSSD and breathing. The localized deformations cause peeling in the bondlines, interlaminar
stresses between the composite layers, and in between the sandwich skin and the core
material. Layered composite structures and adhesive bondlines do not have a high load
carrying capacity for those failure modes.

e The edgewise tip deflection increases by 40% for a 120m blade when the non-linear 3D
behavior is accounted for. Amongst others, the larger deflection implies a loss of stiffness
which in turn leads to significant increase in bending stresses and peeling stresses.

o Scaling factors have been quantified concluding that RTM’s increase with a power of 4 with
blade length.

e Experimental testing using large-scale section testing has demonstrated that critical damage in
the root transition zone appears when torsional fatigue loads are applied.

e On the second blade shear web disbanding occur and showed an unstable crack development

It should be noted that even though the authors are confident that the results from the FEM models used
for the study are valid, it should also be considered that the operational loads used for the analysis may differ
from reality, as field measurements for large blades were not available thereby it is not sufficiently covered in
this study. Also, layup and geometry are not accurate from any specific blades in the field and therefore, results
must be perceived as a trend rather than accurate values.

However, despite any uncertainty of the results, the value of the FEM analysis results, and their conclusions
are considered to be significant because the results demonstrate that critical loads are not accounted for in the
current industry practice.

Recommendations

Taking all this into consideration, some areas have been identified which could potentially help to mitigate
the risk of suffering damages from some of the structural damages related to torsional loads. The following
recommendations are areas recommended to the wind energy industry to consider. We believe that a joint-
venture project concerning the topic would be beneficial for the whole industry.

Suggestion 1. Application of torsional loads during the static blade full scale testing program
The full-scale testing program following IEC-61400-23 standard requires both flapwise and edgewise loads
but in separated load cases (ref.[19.]). The static pull is close to the shear centre, hence almost no torsional
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loads are applied. The importance of both torsional loads, and a combined load case is recognised, but no
obligation is imposed.

As an example, the IEC-61400-23 states that “the flap and lead-lag sequence of testing may be performed
on two separate blades. However, if an area of the blade is critical due to the combination of flap and lead-
lag, then the entire test sequence shall be performed on one blade” (ref.[19.]). The consideration of whether
an area of the blade is critical or not due to the combination of loads is open to interpretation, meaning that
freedom is given to applying or not a combined loading full scale test.

Another example that emphasizes that torsion is understood as a relevant matter, but not forced to be
considered, is the following quote from Annex E in the same IEC-61400-23: “if torsion loads are significant
in the structural design of the blade they should be included in the test” (ref.[19.]). Again here, it is subjective
the establishment of whether torsion loads are critical or not. And even if they are considered as significant,
the word “should” indicate a recommendation, not an obligation.

Therefore, the application of the torsional load components is suggested, as more realistic scenario, but
nothing is imposed. As stated also in DNV’s whitepaper, see in ref. [2], with the increasing size, the torsional
loads and displacement of the shear centre are significant contributors to loading.

If the combination of loads were applied, with an offset, shown on the sketch in Fig. 18, the local
deformations and distortion effects (CSSD and breathing) will be representative. To incorporate the combined
flap- and edgewise loads, the blade was tilted 30 degrees in the direction of the leading edge toward trailing
edge during the full-scale test performed in an earlier executed full-scale blade test study, see ref. [1]. At this
full-scale test, the purpose was also to test the buckling capacity of the trailing edge. In this paper the focus is
on the structural strength of the max chord region and the root transition zone and therefore the sketch show
another load direction, in the positions where the torsional loads are highest.

RTM = F * Offset = 2m offset => F % 2
==Nooffset==F__ %0

: N
'
[
P |
Original loading paint .
| New loading point

== center of the clamping !
E w => 2m offset from the center

is tilted

The Blade is tilted
300 (LTTY

Hew loading point
=2 2m offset from the center

Figure 51: Sketch of a full-scale static test setup with applied torsional load components (left). Photo to the right show a full-scale
test of a LM58,7m blade with combined statis loads performed at a commercial test center in collaboration with LM-Windpower and
Bladena, see ref. [1] EUDP RATZ project.
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This full-scale static test campaign is fast and easy to perform, and the costs are low. Furthermore, the
additional load case can be done before the certification fatigue test program is started, and this is important
since the measurement, is needed as early, as possible in order to validate FEM-models. When the FEM model
is validated the boundaries for of the performed fatigue test sub-component program, can be updated.

More details regarding the needed measurement and the validation program can be found in the following
two suggestions. Fig. 18 includes a photo from a full-scale test, Bladena and LM WindPower performed
together in a commercial test centre. The static full-scale test with combined load was successfully performed,
but at that time the test was performed, the knowledge about size of the torsional loads was known and
furthermore the blade was only 58,7m, so the torsional arm offset should not have been as large as illustrated
on the sketch.

The calculated torsional arm offset for a 120m blade has been calculated to be approximate 2m offset from
the shear centre. 8 load clamps have been estimated, but of course this has been analysed for the actual blade
and it can also be considered not to have the same offset for all load clamps, as long the sufficient torsional
loads are applied it is not so important how it done.

Suggestion 2. Additional measurements
During a full-scale test campaign, additional measurements, are recommended to be implemented to identify
localized deformation in the critical inner third of the blade e.g., cross-sectional shear distortion and breathing.
This can be considered as a relevant step prevent from some of the failure modes here studied, as an example,
the phenomenon “breathing” of sandwich panels in the trailing edge region, can influence both the formation
of transverse cracks due to skin debonding followed by skin fatigue cracks, and the opening of the trailing
edge due to high peeling stresses in the adhesive bondlines close to the trailing edge.

The additional measurements would also help to validate the FEM-simulations, so the boundaries for the
fatigue sub-component test program for a lifetime estimation can be updated.

Moreover, back-to-back strain gauges on the unsupported panels in the transition zone is highly
recommended. By measuring back-to-back strains, the localized bending causing potential critical
interlaminar stresses can be determined.

Suggestion 3. Torsional loads during the 3D FEM modelling
Modern aero-elastic load simulations include the torsional loads in the analysis. However, according to the
author’s knowledge, these loads are not always included in the following non-linear 3D FEM analysis. This
will also result in insufficient loading applied to the sub-component fatigue test program.

If the above three suggestions are implemented, potential issues can be found, and design improvements
can be performed before the turbine is in operation.
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Cohesive zone modelling to predict crack growth under
fatigue loading

A, Gomez, C. Berggreen
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark

cagmei@dtu.dk

Abstract. This draft manuscript presents the development of numerical models based on
Cohesive Zone Modelling, to analyse quasi-static and fatigue crack propagation in the adhesive
interface between fibre laminates and structural epoxy adhesive in a wind turbine blade 3rd
shear-web connection te the trailing edge panels. Fracture characterization experiments using
the Double Cantilever Beam with Unequal Bending Moments (DCE-UEM) specimen are
performed. and results are used to determine different modelling parameters. such as the
mixed-mode cohesive laws and fatigue damage parameters for cohesive crack propagation. The
developed numerical model is compared and validated against sub-component testing on two
different scale levels, using a Modified Tear Test (MTT) specimen geometry with simplified
geometry and loading, and a more complex geometry sub-component specimen with a
simplified Shear Web Disbond Test (SBDT). also retrofitted mto a 34 m long wind turbine
blade section at a higher scale-level, see Figure 1. The work is carried out as part of the
CORTIR-II project, funded by the Danish Mimistry of Energy.

1. Introduction

A wind turbing's blade comprises an outer acrodynamic shell, and shear webs that join the upwind
and downwind sections of that shell. These webs are bonded to one another at the leading and trailing
edges. Typically. a blade has two shear webs that run almost the entire length of the blade from the
transition zone (denoted by the shear web fish mouth).

Due to the increasing global demand for clean and sustainable energy, wind turbines have become
more prevalent over the past few decades. This surge in interest has driven manufacturers to develop
larger wind turbines that are more efficient and cost-effective than their smaller counterparts.
However. the continuous increase in size has resulted in higher loads, which require additional
strengthening. This challenge is addressed by adding a third shear web to the blades. Unfortunately,
this leads to a failure phenomenon known as shear web disbonding, where cracks in the adhesive
interface between the shear web footing and spar cap propagate due to large deflections in the
acrodynamic skins near the third shear web, If the crack grows too large this could compromise the
integrity of the blade, eventually causing the wind turbine to collapse.
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Downwind/suction side

Shear web footing Spar cap Acrodynamic
shell

Mini spar

Trailing edge Leading edge

Adhesive

1# and 2™ shear web

Upwind/Pressure side

Figure. Example of a wind turbine blade section

To address this issue, Bladena has partnered with wind turbine owners and operators, The
Technical University of Denmark (DTU) and Aalborg University, to initiate the CORTIR-II project,
which aims to investigate shear web disbonding in large wind turbine blades. The project is divided
into four stages to investigate the issue in detail. It starts with characterisation and moves on to sub-
component testing with more detail, before finally conducting large-scale testing.

CORTIR-II

Testing
Number of tests performed at
cach stage of the project

Muodel

Numerical FEM models are
developed based on the obtained
experimental results

Few tests 5-10 Large scale Large scale testing of a blade
» _'__,_,_‘-f""'_'___:) with added 3™ shear web

Fewer tests 10-15 Sub-Component II Sub-component with added
geometric detailing

Many tests =20 Simple model to validate

Numerical FEM model

Many tests =30 Input parameters

Figure. Building block approach for Cortir IT project

This work presents the current state of part of this project which is focused on developing
numerical models based on Cohesive Zone Modelling to analyze quasi-static and fatiguc crack
propagation in the adhesive interface between fibre laminates and structural epoxy adhesive. The
modelling parameters are determined from results obtained in an experimental campaign using the
Double Cantilever Beam under Uneven Bending Moments (DCB-UBM) testing, which is a novel test
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method for mixed-mode fracture characterization. The developed numerical modelling will be
validated using the Modified Tear Test (MTT), and sub-component testing method.

2. Cohesive zone modelling

The fibre bridging phenomenon occurs when the fibres in neighbouring laminate plies bridge the
debonding plane, serving as crack arrestors. As a result, the debonding resistance and inter-laminar
fracture toughness are enhanced. Non-linear fracture mechanics such as the computation of the J
integral is often necessary to study problems that involve extensive bridging. However since no
analytical solution is available it is necessary to determine a bridging/cohesive law from experimental
testing (Serensen, 2022)

Cohesive Zone Modeling (CZM) is a useful tool for predicting and modelling crack initiation and
propagation in sifuations where Linear Elastic Fracture Mechanics (LEFM) cannot be assumed and
over the last 20 years, researchers have increasingly shown interest in CZM applied in finite element

modelling.

CZM incorporates nonlinear behaviour into the material's constitutive response. making it capable
of predicting failure in ductile crack problems with significant process zones. The length of the
process zone 1s critical in the fracture process as it can indicate if the fracture is ductile or brittle. If the
process zone is much smaller than other characteristic lengths of the specimen such as crack length,
specimen length, width, ete., brittle fracture occurs. CZM has previously been applied to the study of
various failures in concrete, metals, composites, bi-material interfaces, and adhesive joints.

In the CZM the fracture process zone (FPZ) is substituted with a cohesive region, where the
exchange of stress between the two artificial crack surfaces is defined using a relationship between the
traction and separation of the FPZ.

2.1. Traction separation law

In practical FEA analysis, the cohesive zone model 1s commonly applied by a single layer of cohesive
elements, which are placed along the expected path of crack propagation. Each element follows a
constitutive response which uses a strength-based criterion to predict the onset of damage and the

degradation of the material stiffness.

Commercial FEA soﬁwnre packages such as Abaqus required a set of parameters that govern the
traction-separation law:

Ky, the stiffness of the cohesive element in the linear elastic regime
Traction £f (or separation &7 ) for damage onset

Gy, fracture energy release rate

Damage evelution law

. o & @

There are multiple traction-separation laws used in literature. Some of the most common bi-linear,
exponential, and trapezoidal behaviors although non-standard (tabulated) laws computed directly from
experimental tests are also employed.
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Figure 1. Different traction-separation fiinctions evaduated in the current project

CZM also allows studying the fracture process when mode-mixity is present usging the power law
fracture criterion based on the energy required to propagate a crack under pure mode conditions.

traction

() + () + () -

e _ normal
shear | S, T~ - . &S separation
separation o

= G.AN
Tt

Figure 2. Mixed mode traction-separation and criteria jor damage onset and failure

Ttis generally agreed that the key parameters of traction-separation law should be obtained from direct
experimental testing although some other studies have used calibration methods based on trial-and-
error search or a combination of both.

One of the aims of the present study is to obtain traction-separation law directly from an
experimental fracture test following the methodology proposed by [1] which involves the computation
of the J integral and the measurement of the crack tip separation in a quasi-static DCB-UBM test. In
this method, the traction-separation law is obtained by the partial differentiation of the fracture
resistance f, and the crack tip separation. In pure mode I (opening) for example, the traction-
separation law can be obtained by:

6UR (6711 6!:))
&(8n)

8Ur(8n 8:))
8(8:)

tn(ani 6t) =
While for model IT (shear):
(8. 6) =

2.2. Modelling fatigue with cohesive zone models
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A novel approach to consider the deterioration of materials caused by fatigue loading is to degrade
the traction-separation response as the number of cyeles increases. In this approach the cohesive
strength and eritical fracture energy decrease following a fatigue damage evolution law of the
following form [2]:

AD,

,ﬂ__f\: = a(gmax T Eth)ﬁ
where AD; is the damage accumulated over AN cyeles while a, p and £, are material parameters
which must be calibrated against experimental results.

Emax 18 the maximum owverall strain defined in terms of the nommal and shear strains in the cohesive
element:

e =3+ [3) + ()

In the beginning, the damage parameter D; for each element within the cohesive zone is set to zero and
damage acecumulation in the load cyele only oceurs if the maximum overall strain is larger than the
threshold value £,;. The damage parameter which ranges between 0 and 1 can be computed after each
load eycle (or set of load eycles) and update the effective traction and energy release rate used to
estimate the erack propagation.
ti — Dito
Gei=Dibeo

Where i denotes the current time step, and £, and G is the initial cohesive strength and fracture
energy respectively.

Ty Dp=0

ﬁ, !

Figure 5. BEvalution afthe traction-separation law due to fatigue cycles
3. DCB-UBM tests (Level -0)

Three different experimental tests are carried out to study the quasi-static and fatigue debonding
phenomena. An initial characterization test campaign with the Double Cantilever Beam under Uneven
Bending Moments (DCB-UBM) test method, which aims to assess the ecritical fracture parameters
such as energy release rates and cohesive damage law under various mixed-mode loading conditions.

For validation purp oses, two additional tests are proposed: First, a new test approach, referred to as
the Modified Tear Test (MTT), derived from the Sandwich Tear Test (STT), is specifically designed
for Sub-component level 1 testing. And second a setup for a simplified shear web geometry (Sub-
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component I1 testing) which considers the knowledge acquired from conducting the aforementioned
tests and includes external load conditions closer to those encountered in a full-scale blade scenario.

3.1. DCB-UBM test set-up

The DCB-UBM test, as introduced by [1], involves the application of uneven bending moments to
the crack flanks' tips in the specimen. By adjusting the ratio of these applied moments, crack
propagation can occur under different fracture modes, ranging from pure mode I to pure mode I1. This
characteristic of DCB-UBM tests eliminates the requirement for three separate characterization tests,
making it an appealing and efficient method for fracture characterization in general. Since the load
applied to the specimen solely originates from bending moments, both the energy release rate and the
mode-mixity angle remain unaffected by the crack length. Another advantage of employing pure
bending moments for loading, particularly in cases mvolving large process zones, is that the applied
load remains constant throughout the entire process zone.

The tests were performed in a DCB-UBM servo-hydraulic testing machine developed in-house at
DTU. Pure moments on the edges of the specimen are applied by two separate servo-hydraulic
torsional actuators. To maintain pure moment loading, it is required to minimize any in-plane and out-
of-plane forces so the carriage plates are mounted on raceway shafts, utilizing track rollers.

The DCB-UBM specimens have overall dimensions of 450 mm x 30 mm x 18.2 mm and are made
trom two GFRP laminates bonded on top of cach other (Figure 4). The specimens were manufactured
by Global Wind Services by hand layup, manufacturing the laminates separately and then bonding
them together by secondary bonding and vacuum bag consolidation. A 50 mm pre-crack is made by
inserting a Teflon film during the consolidation process. The top laminate is made from a
triaxial/biaxial fabric with the following stacking sequence 8[45/0/-45/ +45] and an average cured
thickness of 10 mm. The bottom laminate is made from biaxial fabric with a stacking sequence of
10[+43] and an average cured thickness of 6.8 mm.

The specimen configuration was determined through preliminary studies, utilizing CSDE analysis
to calculate mode mixity angles and energy release rates. Due to the significant tip rotations, potential
laminate failure and limited fixation options, two 6 mm thick steel reinforcement plates (doublers)
were bonded to the top and bottom surfaces of the specimen using an epoxy structural adhesive.
Additionally, a clamp was installed to prevent crack initiation between the specimen and plates,
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Frgure 4. DOB-UBM test zel-up and specimen

The moments and rotations of the loading arms are directly obtained from the sensors of the test
machine through the MTS data acquisition system. Additional data such as crack length and separation
of the crack tip is collected using the iMetrum Non-Contact Video Measurement live-tracking
software. The displacements of the tracked crack flanks, which are utilized to determine the phase
angle, should be closely monitored near the crack tip and adjacent to the crack flank surface. To
ensure precise tracking of crack propagation, it was crucial to accurately define the crack path and
initial crack length. Additionally, to enhance the image correlation results, all specimens' surfaces
were meticulously sanded and painted white, and speckle patterns were applied to the steel plates.

Quasi-static and fatigue tests were conducted to establish the key parameters of the cohesive laws.
The moment ratios (MR = M2/M1) were determined to obtain phase angles of 0° (MR=-1.2), 15° (MR
=-0.714), 30° (MR = -0.4). Phase angles larger than 30° (including Mode II) were not considered due
to limitations in the load capacity of the testing machine. At least three specimens were tested for each
phase angle.

The crack propagation rate in fatigue is assessed under various load levels equivalent to 60%, 70%,
and 8% of the critical energy release rate at the same moment ratios studied in the quasi-static test.
Due to the presence of a time delay, the actual moment ratio between arms 1 and 2 underestimates the
moment on arm 2. Thus, the input moment ratio used for fatigue analysis needs to be slightly
calibrated from the desired value. Additionally due to the longitudinal movement of the specimens and
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the openingfclosing of the crack flanks the live-tracking features are unfit for this test. Consequently,
the crack length 15 manually measured from the wideo frames.

32 DCBE-TEBM tests results

It was discovered that the interface failure was primanly controlled by extensive fibre bridging on a
large scale, both during testing under quasi-static and fatigue loading. Fibre bridging was observed
across all tested modes, with its greatest impact occurring in the prozimity of mode T

The presence of voids within the adhesive, as well as vartations in the thickness of the bondline,
and internal preload cavsed by imbalanced composite face-sheets, result in variations 1n the fracture
resistance of each specimen. In some instances, the crack deviated towards the opposite interface from
the location of the pre-crack, forming a kink Besides this, most expenments were successfully
performed.

o TE e T TP S
L2 LTI T 5o S e,

Figure 5. Photograms showing crack propagelion in a quasi-static DUB-UBM test (M2ALI=-12) Fdly
develaped fibre bridgi g is visible in the last photogram

The obtained data was postprocessed in MATL AR to obtain the fracture resistance E-curve by
computing the Jantegral at each instant taking as input the applied moments (1 and 23, crack
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extension (Aa) and tip-end separation (6, , 6; ). The J-integral formulation presented by [3] was
modified to account for the asymmetry due to the difference in the thickness and matenial properties of
the top and bottom laminates. The close-form solution is deseribed in detail in Appendix A:

An example of the post-processed data is shown in Figure 6.

M1 & M2 vs time W1/M2 ratio
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The fracture resistance for crack initiation (J,) and steady-state crack growth (Js;) are compared at
different phase angles. Results show that /., is larger than /, for all studied phase angles which shows
the relevance of the fibre-bridging toughening effect. particularly at low phase angles.

To obtain the cohesive traction-separation laws it is convenient to graph the fracture resistance for
cach test as a function of the normal crack end opening and the tangential crack end opening. Due to
the high data scattering surface polynomial fitting is utilized, yiclding a parametric function that
enables the estimation of the traction-separation cohesive laws.
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Figure 7. Cohesive traction sepcgation law obtained cnedytically from quasi-stegic DCB-UBM tests. @ Mode I,
b Mode IT

Fatigue crack propagalion rates were assessed at different moment ratios and the parameters of the
material-specific Paris' law equation were determined through curve fitting,.
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3.3. FEA models of DCB-UBM tests.

Two independent FEA models were created in Abaqus 2021 to replicate the experimental DCB-
UBM test explained in the previous subsection. However, each model was generated with a different
purpose,
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The first model is based on Linear Elastic Fracture Mechanics (LEFM) particularly the method of
Crack Surface Displacement Extrapolation {CSDE) method. The purpose of this model is to initially
determine the geometric configurations of the test specimens, based on different criteria such as
expected energy release rate and phase angle, DCB-UBM machine loading range, and yielding of the
doubler plates. Additionally, results from this FEA model are used to find the ratio of arm moments
M2/M1 to be used in the DCB-UBM experimental test to obtain a desired phase angle V.

Om the other hand, the second FEA model uses a cohesive zone model to predict damage initiation
and crack propagation both in quasi-static and fatigue loading. For this purpose, cohesive elements
COH2D4 are used together with element delefion to track crack propagation in two alternative ways:
when damage initiates (damage variable D>0) and complete failure occurs (D=1).

In the case of fatigue loading the fatigue damage criteria are described in section 2.2. was
implemented in a VUSDFLD Fortran subroutine. Since modelling fatigue loading cycle-by-cycle is
computationally non-practical a different strategy is implemented in which bundles of multiple load
cycles are represented into a single period.

M1 T
Mz [
Crack tip ~ Adhesive region Encastre boundary codition =

P T
geeed T T
EIS' 2 ‘ AR e

176201
2041001

DCB-UBM model

‘ohesive zoné
MTT model

Figure 8. FEA modelusing cohesive zone model a) DUB-UBM test, b) MTT test. Source: [4]
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To construct the geometry the laminates and adhesive layer are modelled as separate geometric
bodies joined at the interface using a tie constraint. The laminates are medelled as orthotropic
materials while the adhesive material and the material for the doubler stiffeners an isotropic materials.
Material properties for the laminates were obtained by coupon testing during Cortir I project and are
summarized in Table 1. The models are mesh using 21D CPESR. quadratic plane strain elements with
reduced integration. In the case of the CSDE model. the crack tip has a very fine mesh to capture with
accuracy the flank displacements for the CSDE extrapolation. While in the case of the cohesive zone
FEA model the mesh size in the bondline is less fine but it is kept constant to ensure continuity in the
element size as the crack propagates.

Property  Units yynimiie aminate
E; MPa 20159 10067
Ea MPa 10126 9507
Gz MPa 8705 8962
G MPa 9365 9229
Xty MPa 262 119
Xt MPa 90 102
Sia MPa 75 203
S MPa 129 206
iz : 0.44 0.54
var . 0.03 0.56

Table 1. Laminate material properties

Two concentrated moments (M; and M;) are applied over reference points located on the lefi side
of the specimen which are coupled to the specimen’s external surface by a rigid body constraint. The
specimen is restrained on the opposite side simulating the rollers

3.4. FEA model results of DCB-UBM test

The CSDE model provides an approximate prediction of the fracture energy release rate (G) and
phase angle () for a given moment ratio (M1/M2). This estimation 15 used to determine the
maximum possible phase angle within the DCB-UBM machine loading capability. From this analysis,
it is also clear that the difference in thickness and material between the top and bottom laminates
creates an asymmetry in the fracture behaviour. As a result pure mode T don’t not oceur at MI/M2 = 1,
but instead, it 1s expected to occur at M1/M2 = -1.16.
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Figure 9. CSDE prediction of energy release rate (a) and phase angle (b) for different moment ratios. Values of
(G ave estimated assuming a limit moment arm (M1 = 120 N.m), due to DCB-UBM machine load cell admisible
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Figure 10, CSDE predictions of G as a fimetion of moment arm M1 for a given moment ratio. Information used
for test preparation.

The quasi-static cohesive FEA model is primarily used to calibrate and validate the cohesive law
estimated analytically from the experimental test results. Due to the large data scattering in the
experimental results, the calibration procedure requires a clear measure of the error between
experimental and FEA results. Since the primary objective of a cohesive law approach is to be able to
predict both crack initiation and crack growth rate, both measurements are used to define a combined
mean squared error of the following form:

), S da 5 B da P #
MEES — ME " a6,  —dM,
MfXF da EAF
dM,

=100

Eeomb (%) i (

Where M, and dd?a arc the moment in arm 1 and crack growth rate at crack initiation onsct and the
1

superscripts FEA and EXP mean FEA results and experimental results respectively.
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Figure 11. Comparison between FEA and experimental results for a quasi-static DCB-UBM test

SPACE INTENTIONALLY LEFT IN BLACK (COHESIVE LAW CALIBRATION USING
RELATIVE ERROR)

Similarly, the fatigue cohesive FEA model is used to calibrate the fatigue damage parameters o, p.
&;p, trying to fit the FEA results to the experimental DCB-UBM test data.

SPACE INTENTIONALLY LEFT IN BLACK (PARAMETERS CALIBRATION)

4. MTT tests (Level — 1)

The objective of conducting sub-component level I tests is to replicate the real-life occurrence of
shear web disbonding using simple test setups and specimens. While it is commonly assumed that
shear web dishonding occurs under mode T condition, the presence of mode mixes can ocecur due to
membrane forces in acrodynamic shells or the torsional shear induced by global loading on wind
turbine blades. To explore how these factors might influence the problem, it was necessary to devise a
test method in which mode mixity varies during crack propagation. Additionally, this test enables the
validation of the cohesive law parameters across different mode mixity angles that are estimated in
level-0 of the building block approach.

The Modified Tear Test (MTT) is derived from the Sandwich Tear Test (STT) method. which is
utilized to examine interface failure between the adhesive and laminates while considering different
mixed mode conditions. In this test, the upper laminate is pulled upwards, so the in-plane membrane
forces escalate significantly as the test proceeds. This escalation leads to an increase in the mode-
mixity angle, transitioning from an initial pure mode 1 opening condition to mixed fracture modes
{(opening and shear). A new test set-up was developed and produced, incorporating some components
from a previous STT sctup while redesigning and manufacturing the majority of them specifically for
this test.
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Figure 12, MTT test setup. Sonrce: |4]

The specimen materials, layup and manufacturing method are the same as for the DCB-UBM test.
However, the specimen length is 600 mm while the width is 50 mm. Additionally, the MTT specimen
pre-crack is located in the mid-section and has a length of 150 mm. For conducting the tests, a four-
column MTS 810 test machine is ufilized with a load cell of 100 kN. Quasi-static tests are initially
performed to measure the compliance of the structure as well as the load for erack initiation. This test
is carried out under displacement control since it promotes stable crack propagation by allowing the
energy release rate to increase with the extension of the crack length. Fatigue tests were carried out
under load control at three different maximum loads. These values we selected above the critical load
for crack initiation obtained in the quasi-static test while the minimum load was set to 20%-30% of the
maximum load. The crack extension in the quasi-static tests wag measured by the iMetrum fracking
software while for the fatigue tests crack opening/closing presented a challenge for this method and
visual measurements from the video frames were taken instead.

4.1, MTT tests results
During MTT testing, the fatigue crack propagation exhibited a predominantly stable behaviour,

even under high loads. As a result, the MTT produced highly predictable and consistent results across
all fatigue tests. The impact of the experimental setup on the test results seems minimal.
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4.2. TEA models of MTT test

Two different FEA models were prepared to validate the MTT test. The first is a 2D model like the
one described for DCB-UBM but with the corresponding boundary conditions for MTT test (Figure 8)
while the second model is a simplified quarter symmetry 31> FEA model. For both models symmetry
boundary conditions are applied in the midsection. The end fixture 18 modelled by restraining all
degrees of freedom in the top and bottom surfaces of the left side. The same boundary condition is
applied to the bottom surface over the central section to model the clamps in the centre fixture.

codogooon
geshuEming
SR S AR 0 4 o

Figure 15. 30 FEA model for MTT test. a) boundary conditions, b) example of crack growth extension and
damage variable

SPACE INTENTIONALLY LEFT IN BLACK (FEA MODEL VALIDATION RESULTS)

4.3. Subcomponent Level 1T test — Shear Web Disbond Test (SWDT)

The purpose of the subcomponent level II test is to study the simplified geometry and loading
conditions of a real shear web installed in a wind turbine blade paying particular attention to the
bonded interface between the shear web flange and the blade outer shell. The test specimens are a
representative simplified version of only half the shear web and a portion of the outer shell to which it
1s bonded with a 50 mm long pre-crack inserted in the bondline. Four specimens were manufactured
by Global Wind Services, manufacturing the shear webs and laminates separately by hand layup and
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vacuum bag consolidation and then joining them by secondary bonding. The top laminate and shear
web flange have the same composite layup as those used in level-T and level-TT tests.

minspar
laminate

54 mm x 50 mm teflon insert
(pre-crack)

betwsaen minispar

and adhesive

teflon insert
adhesive

shear web
flange

The complexity of the test required the design and manufacturing of a whole load transfer assembly
which is briefly described below:

A foree is applied to the upper shell laminate simulating a distortion of the blade cross-section
while the bottom of the half-shear web is clamped to the test bed. A link with rod end bearings on
both sides transfers the load from the clevis to the grip assembly and avoids the transfer of moments
into the specimens due to the translation/rotation of the pinpoint. Since torsional coupling is expected
due to the asymmetry of the shear web section, it was necessary to design a mechanism to adjust the
lateral location of the pinpoint for load application (Figure 16).

clevis fork

Sheur web
cndd rod

ball bearing
L (fomale)

Locd grip
assembly  ——

lood grip
bollom block) -

N
A aftachomeont
Ssupport

Figure 16. SWD test sel-up and load transfer assembly
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Figure 17. SWDT specimens and load transfer assembly

For conducting the tests, a four-column MTS 810 test machine is utilized with a 10 kN load cell
which is placed directly in the linkage connecting the elevis and the grip assembly.

Initially, one specimen is tested under quasi-static load with displacement control to measure the
compliance of the structure as well as the load for crack initiation. The location of the load transfer
pinpoint is carefully selected to avoid excessive rotation of the top laminate and try to reproduce the
strain levels encountered in a full-scale blade. For this purpose. it is decided to install strain gauges in
the corners of the specimen (over the straight side). Additionally, the rotation of the top laminate is
measured through a camera located in front of the specimen. Crack propagation is measured visually
by placing a camera to the side and undemeath the specimen and using a metric tape attached to the
specimen. The specimen is painted in white fo increase contrast with the crack tip and direct light is
applied to ensure no shadows will compromise the measurements.

Similarly, three specimens were tested in fatigue under load control with fluctuating loads with a
load ratio R=0.2. The same maximum load was applied in all cases and its magnitude was selected
above the eritical load for crack initiation obtained in the quasi-static test (still to choose a percentage
60%, 70% or 80% depending on the crack growth rate)

SPACE INTENTIONALLY LEFT IN BLACK FOR FUTURE UPDATES

4.4. FEA model of the SWDT test

A fully detailed 3D FEA model was implemented in Abaqus to study the behaviour of the shear
web specimen and the fracture behaviour at the bondline in both quasi-static and fatigue loading
conditions. A detailed 31 CAD model was initially prepared in SolidWorks which includes the most
important geometrical features of the specimens (e.g. shear web flange, local reinforcements, core-
laminate transition, laminate drop-offs, insert holes). Each part was imported independently in Abaqus
as a 3D solid and modelled with 8-node linear brick elements with reduced integration (C3DER).
Contact interactions and tie constraints were applied between interacting bodies as required. The
bondline is modelled using cohesive elements using the same traction separation in the same way as in
the previous scale levels (levels 0 and 1). The external force is applied as a point load over a reference
point and transmitted to a region of the top laminate using rigid-body constraint. The same techmque
is used to react the structure to the inserts located in the root.
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A

Figure 18, Detailed 31 FEA model of the SWD test. a) [sometric view, b) Lefi view

This FEA model was initially used to predict the elastic response of the specimen under the
expected load levels. Preliminary results suggest that torsional coupling occurs due to the asymmetry
of the shear web tlange and could generate an asymmetric crack onset in the bondline. This
information was used in the design of the test set-up. Future research tasks with this FEA model
include the validation of quasi-static and fatigue tests.

SPACE INTENTIONALLY LEFT IN BLACK (FEA MODEL RESULTS)

Conclusions

At the moment of writing the current report, most of the research activities are either completed or
near complete. However, due to unforeseen time and logistical delays. some research activities are still
ongoing. Therefore this section presents only partial conclusions to day results.

A building block methodology has been implemented to study crack initiation and propagation in
bonded joints of glass fibre laminates and epoxy adhesives, typically encountered in shear webs in
wind turbine blades. The phenomena have been studied from an experimental and numerical
perspective at three difTerent levels of complexity starting from fracture DCB-UBM characterization
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tests followed by two subcomponent validation fracture tests, MTT test and SWDT (Shear Web
Disbond Test).

Experimental study:

Quasi-static DCB-UBM tests show that the crack propagation behaviour is dominated by a large
fibre bridging zone in the bondline which acts as a toughening mechanism, particularly at small mode
mixites phase angles (mode L and opening-dominated fracture). Measurements of the fracture
resistance (R) through the T integral show a large increase from the crack onset (J,) to steady-state
propagation with fully developed bridging (Jis). The measurements of the fracture energy release rate
were highly scattered probably due to differences in the bondline thickness, void content and curvature
(due to the asymmetry of top and bottom laminates). Since the manufacturing method. materials and
sizes used in the specimen fabrication are representative of those employed in the wind industry for
gimilar applications similar deviations in the fracture resistance could be expected in operating wind
turbine blades. Tt was also possible to determine the traction-separation law directly from the
experiments for a range of phase angles by measuring crack tip displacements and applying the data
reduction proposed by Sorensen together with nonlinear surface extrapolation. However, due to
limitations in the test machine, it was not possible to test phase angles near mode Il and therefore the
validity of the predicted fracture behaviour in this region is still unknown.

Fatigue DCB-UBM tests were found to be challenging due to large machine vibrations, and
difficulties to set the PDI controller, for this reason, a limited amount of tests were performed. Besides
this, it was possible to measure the crack growth rate at different loading conditions and results
suggest that the crack growth rate (da/dN) follows a power law function which depends on the mode
mixity. Due to the large data scattering it was not possible to estimate this dependency quantitatively
with enough reliability so additional tests are carried out at this moment to reduce the statistical
uncertainty of the curve fitting estimation.

For the subcomponent level-1 (MTT) test a new experimental set-up was successfully designed.
manufactured and implemented. Results were highly repeatable with some data scattering due to
minor variations in the tested specimens. However. the force required to trigger crack growth showed
some variability which could be related to the large scattering in the fracture resistance for erack onset
(1) observed in DCB-UBM tests. Quasi-static MTT test allowed us to observe the crack growth
transition between pure mode I (opening) towards higher mixed modes (combined opening and shear).
Tt was observed that at small crack lengths where mode I is dominant, fibre bridging is present and the
bondline fracture resistance is large, however as the crack extends fibre bridging is less dominant and
shear tearing starts plaving a larger role, This shear tearing is associated with a higher crack growth
rate (in terms of applied force) which in turn seems to be associated with the lower fracture resistance
observed in the DCB-UBM experiments for mixed-mode fracture.

The fatigue MTT test shows that the crack growth rate is highly dependent on the load range. As
expected tests performed at higher maximum cyclic loads show larger crack growth rates. It was also
observed that the crack growth rate is not constant but decreases as the crack extends, something that
occurs since the tests were load controlled and therefore the effective crack tip forces are lower as the
crack grows.

For the subcomponent level-2 test (SWDT) a new experimental set-up was successfully designed.
manufactured and implemented to study a simplified geometry and loading conditions of a real shear
web installed in a wind turbine blade paying particular attention to the bonded interface between the
shear web flange and the blade outer shell. Quasi-static and fatigue testing are currently ongoing.
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Numerical study:

Multiple FEA models have been developed in parallel to the experimental tests at all scale levels of
the testing pyramid. These FEA models are used to predict the fracture behaviour of the bondline
under the corresponding levels of complexity validating FEA results against experimental ones. Since
the fracture phenomena are dominated by fibre bridging the main focus of this work is the cohesive
zone modelling method although linear elastic fracture mechanics (LEFM) have been used on a few
occasions for preliminary analysis to support the design of experiments.

For characterization (DCB-UBM) tests, 2D finite element analysis (FEA) models have been developed
to calibrate the cohesive traction-separation laws obtained in experimental tests. Different traction
separation laws have been tested and compared including bi-linear, exponential, and tabulated (based
on traction separation curves obtained in experiments). For mode, I tabulated cohesive-law can capture
with accuracy crack onset and crack propagation behaviour. However, minor calibrations were
required for some cohesive law parameters using trial-and-error search methods.

A novel approach to model fatigue crack growth in the bondline was successfully implemented
through a material user subroutine in which a fatigue damage law is coupled with the cycle jump
technique. The same 2D FEA model was used to calibrate the fatigue damage law parameters using
trial-and-error scarch methods. Preliminary results suggest that the proposed approach can capture
with some accuracy the crack growth rate. However further improvements could be achieved by
extending the formulation of the fatigue damage law to account for mix mode dependency and
applying more advanced calibration methods.

Validation of the proposed quasi-static and fatigue cohesive damage models was carried out initially
through the subcomponent MTT tests. Both 2D and 3D FEA models were developed under the same
test set-up conditions. Correlation between FEA results and experimental data shows that stiffness,
crack growth initiation, and early erack growth are well captured by the quasi-static FEA models.
However, critical failure is overpredicted, probably due to inadequate estimates of the mixed mode
fracture behaviour, yielding much more conservative estimates than in real life. MTT fatigue models
have also been successfully developed and the validation against experimental data is still ongoing.

For the SWDT test a detailed 3D FEA model was implemented to study the behaviour of the tested
shear web specimen under a more complex load and geometrical details. This model has been
successtully used to design the experimental test set-up by predicting the structural response of the
shear web specimen. Preliminary results indicate that torsional coupling due to the asymmetry of the
shear web profile could induce non-homogencous pecling forces over the bondline leading to an
asymmetric crack onset. No direct comparison has been made yet between FEA results and
experimental results since the last ones are still not available.
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Appendix A. Modified J-integral calculation for an asymmetric DCB Sandwich Debond
Specimen Loaded by Moments.

This appendix shows the modifications to the close analytical solution proposed in [3] to account
for a DCB specimen with different laminate thickness and material properties. The methodology to
obtain the J integral as well as the mathematical notation are kept the same. However, minor changes
in the stiffness coefficients were required to account for the difference in material stiffness.

Coupling and bending stiffhess (A, B, D) for the debonded and substrate beam sections

For the debonded beam:

Yo 0 — (H./2)
yi = he = (H./2)
Yo = he + hy — (H1/2)
Ag = E(1 — yo) + Ec(y2 — 1)

1
By =E(Eu (v2® =39 + E(2* — 1)

1
Dy =§(Eu ® = ¥) + E 057 — )
B
Ay

For the substrate beam:

Yo=0—(H:/2)

Y1 = he — (H2/2)

= h + b fl — (H:/2)

he + i fl + he — (H./2)

2

y: =

Ay = EQn — yo) + B — y) + Ec(vs — y2)
By == (E: (2" — yo°) + Eq(3® — y2®) + Ec(ys® — ¥27))

Lol N S

D =§ (Er (J":l3 - J/og) + Eﬂ(yZB - }'13) + ECO’33 - }’23))
e, = B/A;

Eana = (Erhe) + (Bpuhpy)

Eghe = (Eche) + (Epthy) + (Eche)

V1, V2 and V3 parameters

1
Y =3 (Ec he + Epihg + Eche)
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EC hC 2 2 2 2
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Modified V3 term:

Vi = E [(=he/2) (hy + he) + eche] — Epy [(Rey/2) (he — R) — eg ] + B [(he/2) (R,
+ hﬂ) + (=9 hr]

8 = Hi/2 + ey
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Hy = Dg — (Ba_j/Art)
H, = D, — (Bs*/A)

Factors used to obtain G
a1 = (Li/(Eqna™)) + Vaf(Esns™)) + (Vald:*)/(HD) + (Va(dy )/ (Esps * H))
a, = (Laof/(Hg?)) + (Vo/(Hs™)

as = ((=2V24,)/(H*)) = Ls/Eanalla) — Vs/EsnsHs)

Base beam:
Yo = —H3/2
Y1 =yo + h
Y2 = Y1+ hy
¥ =Y + h
Ya = Y3 + hu
}’5 = }’4 + hr

Ap = B, 01— ¥o) + By (2 — ¥) + Ec(¥3 — ¥3) + Eu (s — ¥3) + Ec (¥s — ¥a)
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1
By =5 (Ee (v’ —¥0°) + Ep (302" —¥:°) + Ec (va> = y2°) + Ey " —¥3°) + Ec (s’
2
=)

1
Dy =3 (Be 32 — ¥°) + En (02 — 3% + B (35 — 32°) + B (0® — %) + E.(95°
3
= ¥a))

¢2 and ¢3 parameters defined for asymmetric beam.

e = (B (2% — 32)) + E (055 — D))/ Dy — Bp*/Ap))

1 5 1, 1l
ez = (Ey (53’4 _53’3 + (Vs —ys)(—ys — 2)) + E; (EJ"s _EJM + (vs — ¥a)(¥s

BZ
—e)) /Dy _A_Z)

J-integral calculation:

Md =M, — c3M;
P = —cM;y
}= ﬂj_PZ 4 aszz = a3PMd
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Appendix C Waldbjorn J.P., Berggreen C., Ahmed S., Nagy T.,
(2023), “Large-scale fatigue testing of a retrofitted 3rd shear
web in a SSP34M wind turbine blade”, DTU Department of Civil
and Mechanical Engineering and Bladena

Large-scale fatigue testing of a retrofitted 3" shear
web in a 34m wind turbine blade section

J. P. Waldbjern!, C. Berggreen!, S. Ahmed? and T. Nagy’

!Technical University of Denmark, Department of Civil and Mechanical Engineering,
Koppels All¢, Building 404, 2800 Kongens Lyngby, Denmark
’Bladena ApS, Banestreget 13, 2630 Taastrup, Denmark

Email: jpwa@dtu.dk

Abstract. Utilizing a fatigue-rated multi-axial strong-floor based test rig, the effect
of a retro-fitted fish-mouth third shear-web geometry detail located within the
double-curved trailing edge sandwich panels are evaluated in an inner 15m root
section from a 34m wind turbine blade manufactured by SSP Technology. From
previous research, a load configuration is identified, capable of triggering the
breathing/pumping deformations in the trailing edge panels within the root and
transition zone, which will drive the propagation on the shear-web disbonding
mechanism. Investigation and evaluation of the shear web disbonding and associated
mitigation are acquired through strain gauges, wire potentiometer and digital image
correlation (DIC) measurements inside the root section.

1. Introduction

Wind turbines are progressively used as a substitute to fossil fuel energy resources, enhancing the demand for
larger and more efficient wind turbine blades [1]. With an increasing size of wind turbine blades a growing
need is emerging to address structural challenges due to higher utilization of the structural capacity — especially
within the root, transition zone and max. chord region [2]. Among one of the increasingly encountered in-field
damages found in wind turbine blades, regardless of blade make and model, is transverse cracks within the
transition zone and max chord region [3]. This hypothesis is from an operational perspective, supported by the
wind turbine owners (WTOs), who are reporting a gradually increasing amount of transverse cracks. Believed
to be the root cause of these transverse cracks are, among others, the out-of-plane deformations in the large
double curved trailing edge aecrodynamic sandwich panels on the pressure side within the max-chord region
and towards the root — referred to here as breathing [4]. These deformations, often referred to as 3D longitudinal
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out-of-plane bending, leads to critical bending stresses in the area, where the trailing edge panels are
connected/kinked into the stiff cylindrical root section. To mitigate these critical bending stresses in the trailing
edge panels, a retro-fitted fish-mouth third shear-web geometry detail is installed in the inner 15m section of
a 34m wind turbine blade designed and built by SSP Technology — referred to here as the root section,
connecting the inner skin of the trailing edge pressure side (PS) and suction side (SS) sandwich panels through
an adhesive bond line.

The scope of this paper is to investigate and evaluate the overall structural integrity of the retro-fitted third
shear-web along with the mitigation associated with the shear web disbonding mechanism triggered by
breathing of the trailing edge panels. This breathing is primary triggered by 1) the edgewise dominated loading
governed by gravity which have to be carried by the large curved sandwich panels combined with ii) a torsional
moment around the longitudinal axis of the wind turbine blade, generated by the flap-wise deformation, which
acts as an in-plane eccentricity to the edgewise load [5]. Utilizing a fatigue rated multi-axial test rig, this dual
degree-of-freedom (dof) load configuration is applied to the free end of the root section through a servo-
hydraulic loading arrangement. Magnitude and phase shift of the dual dof load configuration capable of
triggering the maximum breathing deformations in the trailing edge panels within the root and transition zone,
which will drive the propagation on the shear-web disbonding mechanism, are identified in accordance to [6].
Investigation and evaluation of the shear web disbonding and associated mitigation are acquired through
internally mounted strain gauges, wire potentiometer and digital image correlation (DIC) measurements.

2. Test specimen and installed third shear-web
The 34m wind turbine blade used in this application was used on a 1.SMW wind turbine. General blade
dimensions and properties are outlined in table 1.

Table 1: Overall blade dimensions

Type SSP34

Blade net weight 4500 [kg]

Weight of the truncated blade 2800 [kg]
Original length of blade 34 [m]
Length of the truncated blade 15 [m]
Diameter at the root 1.8 [m]
Max chord position from blade root 7.0 [m]
Chord position from blade root 2.7 [m]

Structural configuration Box bar construction
Sandwich panel locations Leading edge (LE) and trailing edge (TE)

The blade is produced using a high quality production method including pre-impregnated fibre mats without
autoclave [7]. To ensure adequate resin quantity towards the core and mold a high resin content (HRC) is
selected for the laminates next to those regions. The resin system used is unknown to the authors, but according
to SSP Technology a modification of the Ampreg 22 epoxy laminating system [8] was used. At a distance of
4m from the root (z = 4m) a retrofitted fish-mouth third shear-web is installed connecting the inner skin trailing
edge PS and SS sandwich panels through a single lap adhesive bond line according to figure 1. The main body
of the shear-web consists of a sandwich structure with 10mm core material covered by 4 layers of bi-axial
(£45°) glass fibre on both sides (equivalent to a skin thickness of approximately 2mm).
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Aft. shear web
500mm length

TWTIP

1008 ML

Starting point of
aft. shear web

Figure 1: Retro-fitted 3™ shear-web including: a) overall position and b) photographic illustration of installation

3. Experimental test setup

A fatigue rated multi-axial test rig for structural assessment of the root section has been established on the
strong floor [6]. A 3D illustration of the test setup including the loading arrangement and clamped support is
presented in figure 2.
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See figure 3a

La

Figure 2: Test setup inclding: a) the multi-axial loading arrang and b hotographic illustration of PS
bondline monitored by DIC and c) photographic illustration of aft - mounted wire potentiometer

The fatigue rated clamped support of the root section is achieved using a mobile strong wall consisting of
1) two strong floor mounted concrete towers and ii) steel plate attached to the concrete towers. The root section
is center mounted on the steel plate. All connections are established using pretensioned threaded bars.
Pretensioning levels of critical connections are monitored with “donut” load cells of the type: K-181/N550-
G31 by Lorenz Messtechnik GmbH.

The complete loading arrangement — consisting of two structural actuators — is capable of applying discrete
loads at the free end of the root section comprising two dofs including: edgewise load (Fy) along with a
torsional moment (M) around the longitudinal axis of the blade. Actuator specifications are provided in figure
3b. A servo hydraulic control system is operated in load control through a Proportional Integral Derivative
(PID) controller of the type MTS FlexTest using the MTS 793 software suite. The coupling between the control
point, located in the center of the load carrying box girder and the corresponding force of each actuator, are
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defined through the MTS 793.15 Degree of Freedom Control software following the assumption of rigid body
motion. Related coordinate system and notation is presented in figure 3b.

bulkhead
» moment lever

. Control point
[Fy;M:]

actuator spec,
model: 244,315
stroke: | 250mm
capacity; £250kN

load cell spec.
maodel: 661.220-01

capacity; +250kN

Figure 3: Load train including: a) detailed 3D illustration of multi-axial loading arrangement and b) active coordinate
system and notation

The load is transferred to the free end of the root section through a steel bulkhead, which is extending
750mm into the free end of the load carrying box girder, and fixed to the inner surface of both spar caps using
glue and threaded bars. To avoid critical peeling stresses in the adhesive bondline connecting the trailing edge
(TE) and leading edge (LE) panels with the spar caps, the free end of the root section is fully constraint against
in-plane distortion by closing the cross section with plates of over laminated plywood. The tip end region —
covering approximately 2m towards the root — is over laminated using GFRP fabrics. This over-lamination is
solely added to avoid structural damages generated by the localized loading induces trough the steel box girder.
The zone of interest — referred to here as the gauge zone — is located around the trailing edge panels at the
transition zone. According to a numerical study further described in [6], no influence on the breathing response
were detected within the gauge zone. The loading arrangement and clamped support presented in figure 2a
constitutes a fatigue rated structural test setup with an edgewise load capacity of 100kN and moment capacity
of 100kNm around the longitudinal axis.

Investigation and evaluation of the retrofitted fish-mouth third shear-web disbonding and associated
mitigation is monitored through strain gauges, wire potentiometer and DIC. Strain gauge rosettes are applied
on all four corners of the shear-web to monitor the overall transfer of shear loads from the connected trailing
edge panels. These strain gauge rosettes are applied at the surface towards the trailing edge of the shear-web
and labelled according to figure 4a. The breathing of the large double curved trailing edge aerodynamic
sandwich panels are monitored through a wire potentiometer located 200mm aft of the shear-web according
to figure 2¢. The out-of-plane and in-plane deformation of the PS single lap adhesive bonde-line relative to
the adjacent trailing edge sandwich panel (see figure 4b) is monitored through full-field 3D DIC system of
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the type: ARAMIS 12M supplied by Gesellschaft fiir Optische Messtechnik GmbH (GOM GmbH). The

camera setup and performance are presented in table 2.

Table 2: Setup and performance of the 3D-DIC system

Technique 3D DIC system

used 32x32px

Subset 6px (81% overlap)

Shift

Camera Dalsa Falcon2 FA-
80-12M1H with an
12-bit,

Field of View 4096x3072pixel

Measurement CMOS (6.00pum

points pitch) censor and
24mm lens
380x305mm
(4050x2882px)
9531

Displacement

Spatial 1.62mm, 17px

resolution

Resolution 0.045mm, 0.48px

In plane 0.090mm, 0.96px

Out of plane

By tracking the out-of-plane (z-direction) and in-plane (xy-direction) deformation of the three points
located at the PS single lap adhesive bonde-line (named: shear-web) and adjacent pressure side trailing edge
panel (named: ps panel) through DIC, the relative peak/valley deformation is derived.
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shear-web (z = 4.44m)

shesr-web x = 4.10m)

I i . 7
panel (z = 4.44m) - - - # panel (z = 4.25m) ¥ | panel (z =4.10m)
' PS pl;bnl | ‘

b

shear_web

¥
PS panel
£

X

1004 ML
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Figure 4: Labelling of internal measuremens including a) in-plane DIC measurements, b) out-of-plane DIC
measurements and c) strain gauges

4. Results and discussions

The root section is loaded in a fatigue test campaign comprising approximately 280.000 load cycles with a
combined load configuration of two dofs including Fy and M,. With a sinusoidal waveform, execution
frequency of 0.1Hz and phase shift of 90 degrees — Fy and M, is applied a max load of 100kN and 100kNm
respectively both with R=-1 according to figure 5. This load configuration is according to [6] found to generate
the highest magnitude of breathing of the large double curved trailing edge aecrodynamic sandwich panels. As
the retrofitted 3™ shear web is installed to mitigate these deformations, that load configuration is established
with the highest possible load magnitude to redice the number of cycles required for design validation process
— even though the shear forces are different and higher than the in-service loads of the full-scale blade. A stable
phase shift error of 0.7 sec between Fy and M, were detected throughout the entire testing campaign. This
phase shift error could not be lowered further with the available compensators.
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Figure 5: Fatigue loading of root section including a) timed loading sequence, b) peak/valley edgewise load and c)
peak/valley torsional load

The wire potentiometer, monitoring the breathing of the PS and SS trailing edge sandwich panels, are stable
throughout the entire test campaign with an amplitude of approximately 7mm.
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Figure 6: Principle strain at each corner of the shear-web including a) Ros. 1, b) Ros. 2, c) Ros. 3 and d) Ros. 4

From the max- and min principle strain provided in figure 6, no significant and consistent variation of the
magnitude is detected throughout the fatigue test campaign indicating that the peak/valley strain field
throughout the third shear-web is unchanged during the fatigue test campaign. Furthermore, no rotation of the
principal axis is detected during the fatigue test campaign.
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Figure 7: Relative deformation of PS single lap adhesive bonde-line and adjacent trailing edge panel including a) in-
plane and b) out-of-plane
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From the DIC measurements of the peak/valley in-plane (resulting deformation in the xy-plane) and out-
of-plane (deformation in the z-direction) deformation of the PS single lap adhesive bonde-line and adjacent
trailing edge panel is stable throughout the entire fatigue test campaign. From all the above measurements on
the third shear web and visual inspection of both the shear-web and SS and PS bondline, it is concluded that
the adhesive connection between the trailing edge sandwich panels and single lap bondline is undamaged.

5. Conclusion and further work

To investigate and evaluate the overall structural integrity of the retro-fitted third shear-web along with the
mitigation associated with the shear web disbonding mechanism triggered by breathing of the trailing edge
panels, a fatigue test campaign was conducted covering 280.000 load cycles. Monitored by strain gauges, a
wire potentiometer and DIC, the structural behavior of the third shear-web was evaluated. Here it was found
that the shear-web and single lap bondline connecting the shear web with the trailing edge was undamaged at
this point. To accelerate the process, it is intended to initiate a damage/crack in the bondline between the third
shear-web and adjacent trailing edge sandwich panels.
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Appendix D Waldbjern J.P., Berggreen C., Jensen F.M., Ley O.,
(2023),” Large-scale fatigue testing of a wind turbine root end
section”, DTU Department of Civil and Mechanical Engineering,
Bladena, Mistras - Abstract

As the wind turbines are progressively growing in size, blade durability has become a
significant challenge within the wind turbine industry. Wind turbine blades are usually made
from composite materials including glass and carbon fibre reinforced plastics along with
lightweight cores such as e.g. honeycomb, foam, etc. Hence, the ambition to improve the
structural and operational performance within the industry of wind turbines has resulted in
extensive research within large composite structures. In these efforts, testing has primarily
been focusing on two length scales including laminate and structural scale testing.
Structural scale testing provides valuable knowledge concerning structural behavior but is
time consuming and expensive to perform. Here, the structure is typically tested in a simple
load configuration which is a significant simplification compared to the actual forces acting
on the blade during service. To investigate the material characteristics of the individual
materials in the composite structure, coupon testing on laminate scale is conducted. Such
tests are performed on specially designed specimens, resulting in idealized stress and strain
states. Consequently, they do not account for the complex stress states and interactions,
which often occur within structural scale testing leading to advanced failure modes among
this mixed mode de-lamination, laminate failure, etc. Such failures often initiate from
joints, bearings and other critical details, thereby weakening the structure locally and
change the structural response. To ensure a proper and efficient design process of a wind
turbine blade, experimental testing across length scales from micro through structural scale
testing is required. This fact is supported by similar industries like aviation and maritime.
This paper presents and demonstrates a fatigue rated multi-axial test rig and methodology,
in which the inner 15m section of a 34m wind turbine blade manufactured by SSP
technology, is installed. This substructural test setup enables structural assessment of the
root, transition zone and max chord region, which have become increasingly critical due to
the higher loads, governed by the demand for larger and more effective wind turbine blades.
Loaded in the tip end by up to three hydraulic actuators, the blade can be handled in 3
degrees-of-freedom including edge- and flap wise loading and torsional moment around the
longitudinal axis of the blade. The free end of the root section is fully constrained against
in-plane distortion to avoid critical peeling stresses. Overall structural health including both
specimen and test rig is successfully monitored using acoustic emission. Additionally, pre
tensioning of critical bolted connections are monitored using donut load cells. The test rig
is demonstrated through a couple of test campaigns related to the installation of 2 different
retrofitted reinforcement solutions capable of supporting the large double curved trailing
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edge panels located in the transition zone from max. chord to the stiff root region towards
out-of-plane deformation - referred to here as breathing. The rig has successfully reached
more than 1e6 loading cycles.

Appendix E Nielsen J.S., Serensen J.D., (2023),”Optimization of
novel heuristic strategies for inspection and maintenance”, AAU
Department of The Built Environment - Draft

Optimization of novel heuristic strategies for inspection and

maintenance
Jannie Senderker Nielsen™

*Depariment of the Built Environment, Aalborg University, Aalborg, Demmark,
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Optimization of novel heuristic strategies for inspection and

maintenance

The decision problem for inspection and maintenance planning for structures is
complicated, and generally an exact solution cannot be found. Numerous
methods have been developed based on heuristic strategies, partially observable
Markov decision processes (POMDP), and deep learning approaches. While the
heuristic strategies are often preferred by the industry due to the simplicity and
transparency, the more use advanced approaches can ofien lead to lower costs.
This paper presents a novel heuristic approach, which is able to include
inspection intervals which depends on the most recent inspection interval, and in
an numerical example it is shown that this leads to 8-10 % cost reductions
compared to the use of equidistant inspections. Further, it is shown that the use of
adaptive strategies, where the optimization is rerun using a model updated with
inspection information from the first 10 years of operation, may also lead to cost

reductions, if equidistant inspection intervals are used.
Keywords: inspection and maintenance; decision theory; Bayesian networks

1 Introduction

The importance of optimal planning of inspections and maintenance for
structures has been recognised for years, and so has fact that it is a challenging problem.
Inspection and maintenance optimization involves solving a sequential decision
problem, where decisions are made under uncertainty (Faber, 2002). Based on the
Bayesian statistical decision theory. the optimal decisions are chose maximizing the
expected utility. or equivalently, minimizing the expected lifecycle costs (Raiffa &
Schlaifer, 1961). Once the system defined, there exist in principle one or more optimal
solutions. However, for most problems it becomes computationally intractable to solve
the problem by simply evaluating all branches in the associated decision tree (Straub &
Faber, 2006). This has motivated a search for approximate methods for solving

ingpection and maintenance decision problems, to make the Bayesian decision theory
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applicable for application such as offshore structures (Moan, 2005), bridges (Robelin &
Madanat, 2007), wind turbines support structures (P G Morato, Mai, Rigo. & Nielsen,
2018), or wind turbine blades (Jannie S. Nielsen, Tcherniak, & Ulriksen, 2020).

Early attempts/traditional RBI approaches were based on reducing the decision
tree to a single branch, and having a single decision parameter to schedule inspections
(Faber, Serensen, Tychsen, & Straub, 2003) (Lotsberg, Sigurdsson, Fjeldstad. & Moan,
2016). The introduction of dynamic Bayesian networks for deterioration modelling
(Straub, 2009) lead to new possibilities within 1&M planning. For example, limited
memory influence diagrams (LIMIDS) was used by (Friis-Hansen, 2000) and (J. J.
Nielsen & Serensen, 2011) optimize 1&M decisions. However, these only took into
consideration the most recent inspection outcome, and the ofien used single policy
updating (SPU) algorithm for optimization would often fail to reach the optimum, if
multiple decision types were included. However, when using the LIMIDS in an
adaptive way (i.e. update the strategies every time an inspected was made) (J. J. Nielsen
& Soerensen, 2011) showed that it would provide much better results than using the
initial strategies.

Another approach was to use heuristics, i.e. define strategies based on a few
parameters defining the decision rules for when to inspect and when to repair. The use
of Bayesian network for optimization of simple time based inspections and repair
decision rules based on observations could be performed efficiently using exact
inference algorithms (Jannie Sonderkeer Nielsen & Sorensen, 2018). The simple
decision rules were not ideal in all cases, for example when information from
monitoring were available. Here, strategies where inspections are scheduled based on
the failure probability could be applied instead to exploit the additional information.

Here, Bayesian networks proved useful in a different way (Jannie Senderkeer Nielsen &
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Serensen, 2018). For simulated lifetimes of observations, a Bayesian network was
updated with all observations, and was thereby used to calculate an updated failure
probability, to be used for inspection scheduling. While the updating of the network was
performed efficiently using exact inference algorithms, time consuming simulations
were necessary to estimate the life cyele costs for a given strategy, and therefor also for
the optimization of strategies. The use of the failure probability for the scheduling of
inspections were especially beneficial when information from monitoring was available,
but it also gave a benefit in other cases, because it led to age-based inspections instead
of time based.

Bayesian network also proved useful tor system reliability modelling (Tien &
Der Kiureghian, 2017) and updating (Luque & Straub, 2016). Further, (Luque, Straub,
Bismut ) developed heuristic strategies for systems, taking into consideration the system
effects using Bayesian networks. and (Bismut & Straub. 2021) showed that the use of
adaptive strategies where strategies were updated through the life provided more
optimal planning.

An alternative approach to sequential decision problems are the modelling as
POMDPs (Papakonstantinou & Shinozuka, 2014) (Corotis, Ellis. & Jiang, 2003). For
Markov decision processes, the optimal decision only depends on the current state, and
when fully observed, this can be exploited for decision optimization. However,
generally the state is not fully observed, and in POMDPs the optimal decision only
depends in the current (updated) distribution for current state. Point based solvers
exploiting the POMDP properties has proved fast and efficient, (e.g. SARSOP
(Kurniawati, Hsu, & Sun Lee, 2008)) whereas grid based approaches were only efficient

for simple models with only few states (Jannie Sonderkaer Nielsen & Serensen, 2015).
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POMDP papers generally considered deterioration processes which were
Markovian, whereas the focus in heuristic papers were often on processes which
included time-invariant parameters. However, (Pablo G. Morato, Papakonstantinou,
Andriotis, Nielsen, & Rigo, 2020) showed that state augmentation could successfully be
applied to convert the BN model to a Markov process, thus enabling the use of point-
based POMDP solvers. Deep learning approaches has also shown promising capabilities
to handle larger systems (Andriotis & Papakonstantinou, 2019) (Andriotis &
Papakonstantinou, 2021).

In addition to the approximation regarding the decision optimization, the system
definition also imply an approximation, where the model may not capture all aspects
correctly. Optimization is performed wrt. the prior model, but it may not be correct. The
used of adaptive or flexible POMDP strategies may make up for this, but generally the
conditional probability distributions and model structure are not updated. For example,
for new SHM methods, the value can be estimated prior to the installation, but the
assessment depends on the probabilistic modelling of SHM. Measurement campaigns
can give an indication, but may not be representative. (Jannie S. Nielsen, 2022) showed
that the modelling of temporally correlated observations as uncorrelated, may lead to
bad decisions. leading to much larger costs than expected. The modelling of inspections
and SHM has been done in different ways in different branches of research using
probability of detection (PoD)) and receiver operating characteristic (RoC) curves, and
Bismut showed that a more detailed modelling provided better decisions (Bismut &
Straub, 2022).

While the advanced methods show great potential in providing more optimal
strategies, a challenge lies in the boundary between the human decision makers and the

technology, requiring a balance between optimality and simplicity. The need for simple
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understandable strategies favours the heuristic strategies. which are easier to understand
and apply for practitioners. However, heuristic approaches which require simulations
for optimization are time consuming to optimize, and large computation time is needed.
Strategies which can be included directly in a Bayesian network can be evaluated very
fast, but this has been limited to simple strategies, with equidistant inspections, or
decisions for a current action depending directly on an observed variable in the current
or previous time step. In the present paper, a novel heuristic approach is presented,
where inspection times depends on the most recent inspeetion outcome. The method is
an extension of previous Bayesian network approaches. and the paper is structured as
follows. The method is described in Section 2. and a numerical example is presented in

Section 3. Conclusions are given in Section 4.

2 Methodology

The section presents a novel heuristic approach for optimal scheduling of inspections
and repairs for a deteriorating component. The deterioration model, inspection model
and repair model are described by probabilistic models and are modelled using
Bayesian networks. For the deterioration model, both time variant- and time-invariant
uncertainties are included. A cost model describes the costs associated with inspections,

repairs, and failures.

The aim is to find the strategy S, which minimize the expected lifetime costs,
The strategy S defines decision rules for the timing of inspections and repairs based on
inspection outcomes. When an inspection has been made, the next inspection is
scheduled based on the outcome, and repairs can be performed following an inspection.

In order to estimate the expected lifetime costs for strategies in an efficient way,

a discrete Bayesian network model is developed where the decision rules are modelled
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directly by conditional probability tables. This makes is possible to estimate the
probability of inspection, repair and failure for each time step using efficient exact
inference algorithms. The main novelty of the present work is that the strategies include
the possibility to differentiate the time to the next inspection based on the most recent
inspection outcome.

Further, the methodology includes the use of adaptive strategies. The initially
optimal strategy depends on the probabilistic model and the cost model, and assumes
that this strategy is used throughout the litetime. However, if the deterioration is
progressing unusually fast or slow compared to the prior model. it might be beneficial to
change strategy. After inspections are made, the observations can be used to update the
deterioration model using Bayesian updating. For this updated model, the optimization
can be re-run to find the optimal strategy. In this way the strategy can be adapted to the
new knowledge. Every time the strategy is changed, the expected benefit of changing

the strategy can be evaluated.

2.1 Bayesian network model

The core in the methodology is a discrete dynamic Bayesian network with the structure
shown in Figure 1. The network consists of identical time slices, one for each time step
in the model. Each time slice consists of the following five nodes, which are all

modelled as discrete nodes, although they may represent continuous variables:

e M;: time-invariant parameter in deterioration model. The node has one state for
each interval for the parameter.
e D;: damage state. The node has one state for each deterioration state; the last

state is fault.
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e [;: inspection outcome. The node includes the dummy outcome “no inspection’,
one state for each inspection outcome, and the last state “fault”.

e R;:repair decision. The node has two states “no repair” and ‘repair’.

e TI;: time to next inspection. The node models the timing of inspections. After
cach inspection, it sets the time to the next inspection according to the strategy,
and between inspections, it works as a countdown node. The node has a state for

each integer from one to the largest inspection interval used in the strategies.

Figure 1. Bayesian network structure.

Deterioration is modelled by the conditional distribution P(D;|D;_y, M;). the prior
distribution for the model parameter P(M,). and the prior distribution for the initial
damage state P(D,). The distribution P(M;|M;_4) is the identity matrix as A/ is time-
invariant. The nodes D and M also have the repair node as a parent, as repairs atfect the
damage state and possibly the time-invariant model parameter. If both D and M are
affected by the repair such that the distributions after a repair are P(Dy) and P(M,), the

conditional distributions for D and M are:

o P(Di|Di_1, My Ri_4)
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o P(Dy|Dy_q, My, Ry_y =' no repair’) = P(Dy| D;_y, M;)
o P(Dy|Dj_q, My, R;_y =" repair’) = P(Dy)

e P(M;|M;_1,Ri_1)
o P(M;|M;_y,R;_; = 'norepair’) = P(M;|M;_,)

o P(M;IM;_y,R;_y = "repair’) = P(M,)

If the model parameter is not affected by a repair, the distribution for R;_; = "repair’ is
instead:
(M;|M;_y, Ri—y = "repair’) = P(M;|M;_,)
The inspection node is defined by the distribution P(I;|T1;, D;). If the value of T1 is one,
an inspection is made. and the inspection model P({;| ;) deseribes the outcome:
P(li|TT; = 1,D;) = P();|Dy)
If the value of TT is larger than one. no inspection is made, and the inspection node will

always have the state ‘ho inspection’
P(I; = 'mo inspection’|T1; > 1,0;) =1

An exception is when there is a fault, as faults are assumed to be self-announcing, thus
the inspection outcome is “fault’ when the damage size is “fault’, regardless of whether
an inspection is made (regardless of the value of T1;):

P(l; =' fault'|T}], D; = fault) = 1

2.2  Strategy
The strategy is modelled by the probability distributions for R and TL: (R;|1,), P(T1;).

P(T1i|l;_1,Tli_1). These distributions are defined depending on the following decision

parameters:

e [, inspection threshold for repair (one value)
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e [ time to next inspection dependent on the inspection outcome (one value for

each inspection outcome except for ‘no inspection”).

All potentially feasible preventive strategies are generated as vectors consisting of

values: [Iey, Ting 15 fine2s oo Fine1]. For a strategy to be potentially feasible it is required:

e The initial inspection interval I, 1 is used afier repairs and failures: thus /;,,; ; =
Iingq for j = Iey
e The inspection interval for more severe damages will be smaller or equal to the

interval for the milder damage.

The potentially feasible strategies can be generated based on the considered inspection
intervals, and the number of strategies depends on the number of inspection outcomes,
and the number of considered inspection intervals. Based on the strategies, the

probability tables are generated:

s P(R;|l;): Implements the repair decision which is decided by the decision
parameter Iy, - the inspection outcome resulting in repair.
o P(R; ="repair' |l; 2 i) =1
o P(R; =" norepair' |l; < I) =1
e P(T!,): Implements the decision on the time of the first inspection, i.e. the
probability of being in the state corresponding to the initial inspections interval
is one.
o P(Ti;|li—q, TI;—q): Implements the decision on the time to the next inspection.
based on the inspection outcome. When no inspection is made (I;_, =
'no inspection’ and T1;_; > 1). Tl acts as a countdown node, always subtracting

one from the previous value, thus the probability distribution has ones just above
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the diagonal for TI;_; > 1. When an inspection is made

(Ii_y #' no inspection’ and T1;_y = 1) or a failure occurs (l;_y =" fault"), TI
is set to the value I;,;; given by the strategy. i.e. the probability of being in the
state corresponding to the inspections interval given by the strategy for the given

inspection outcome is one.

2.3 Bayesian network inference algorithm

When the Bayesian network is specified through the probability distributions, the
probability of inspection, repair, and failure can be estimated using inference
algorithms. For the specific Bayesian network model, an inference algorithm based on
variable elimination was developed, inspired by the forward operation by Straub
(Straub, 2009) and by the forward operation of the frontier algorithm and interface
algorithm by Murphy (Murphy, 2002). Since the three nodes TI, M, D are connected to
the previous time step, the algorithm should calculate the joint distribution of these
variables, based on the conditional distributions and the joint distribution for the
previous time slice. The algorithm can be written as follows:

P(TH, M;, ;)

= D0 POUD M Res) Y. PMIME Rin) D PRiallin) D Pl Tl )P (s IThy, Dy )PCTE 1, My

Ry Dy M by Thy

The largest of the probability tables generated in these operations will dominate the
computation time. The order of variable elimination has been chosen to minimize
computation time. In practice, it was implemented in five lines as follows:

P(Tli_y, My_1, Dy, [i_1) = P(Li_q|Tli—q, Dy )P(THi_q, My_1, Dy 1)

P(M;_1,D;_1,1i-4,Th) = Z P(TIi|li_y, TLi_)P(TIi_q, Mi_4, Di_4, I;i_4)

Ty

P(M;_1,D;_4, TI;,Ry) = Z P(Ri_q1i—) P(Mi_y, Di_q, 1524, T1)
fi—g
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P(D¢_y, Tl Ry My) = Z P(M;|My_1,Ry_1) P(M;_q, Dy_1, T1i, Ry)
Mi—q

P(Ti;, M;, D) = Z z P(D;|Dj_q, Mj, R;_1)P(Di_4, Tl;, Ry, M;)
Ri_y Dj—

The algorithm is used recursively to find the distribution for all time steps.

2.4 Adaption of strategy

With the adaptive strategies, the decision maker can at any point in time decide to use
past observations to obtain the updated current joint distribution P(T[;, M;, D;), and then
re-run the optimization for future time steps, The algorithms used here are basically the
same as described in section 2.3, but for past time steps, distributions are instantiated

with the observations/decisions for the nodes I and R.

3 Numerical example

This section presents a numerical example, where the novel approach with flexible
inspection intervals and adaptive strategies are demonstrated. Generic models for
deterioration and ingpections are used to study the influence of model parameters on the
optimal strategies. This knowledge can be used as a basis for investigations on specific
models. The applied generic deterioration model is a continuous linear deterioration
model with damage initiation which is representative for deterioration processes such as
erosion, corrosion, and some fatigue problems. Inspections are modelled assuming a
measurement method is applied, where the damage size is measured with some

uncertainty, and the damage category is determined based on this.
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3.1 Models

3.1.1  Deterioration model

The generic deterioration model includes uncertainties related to the initiation time, the
overall damage rate. and the damage increment for individual time steps. Often, damage
initiation does not happen totally random (as a Poisson process), but instead due to
some fatigue process in the material. In order to model the damage initiation process
properly, damage initiation is modeled using a fictive negative damage size. While the
damage size is below zero, damage is not detectable. Detectable damage is between 0
and 1, and exceedance of 1 result in failure. The deterioration model is defined through
the following parameters:

e Dp: Initial damage size (models damage initiation)

e M= j—i: Model parameter (models time-invariant uncertainties on

material parameters, environmental conditions and the model)
e AN: Equivalent number of exposures/cycles/impatcs in time step (models
time-variant uncertainties related to the exposure)

The damage increment in each time step is calculated as:

dD
4Dy = —- AN = M- AN,

The damage size can then be calculated based on the damage size in the
previous time step:
Dy = Dij_q + ADj4
For the baseline model, the distribution type and parameters are shown in Table 1, and
Figure 2 shows 100 simulated histories of damage sizes. The length of the time step is

one month.

Variable Distribution Mean COV Discretization
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Dy Normal -0.5 0.3 -1:0.01:1
M, Lognormal 1.3 025 0.4:0.1:2.4
AN, Lognormal 0.01 1 -

Table 1. Degradation model distribution types and parameters.

Datrage size

o 5

100

Tirme {rmarnths]

Figure 2. 100 simulated histories of damage sizes. Damage sizes below zero are non-

initiated (non-detectable) damage.

Based on this model, a Bayesian network model is made. The discretization for the

nodes Dy and M, is shown in Table 1 and the discretization scheme for Dy is also used

for the damage size for the other time steps. The variable AN, is not included as a node

in the DBN, but is used to generate the conditional probability table P(D;|D;_, M;).

The nodes for Dy and My are represented by the prior distributions P(Dy) and P(Mj).

The discrete probability tables are found directly by discretization of the continuous

distributions. The nodes D; are defined by the conditional probability distribution

P(Dy|Dy_q, M;). The discrete probability table is generated using the midpoint values in

10 subintervals for D;_; and M;, and for each subinterval, using 100 random values of

AN;. Using this procedure, and the discretization given in Table 1, good agreement was
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found between the Bayesian network model and the continuous model, as shown in

Figure 3.

; DEN Tims to rstiston
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Figure 3. Comparison of CDF for time to damage initiation and time to failure
calculated using the discrete DBN model and using 10000 Monte Carlo simulations

from the continuous model.

3.1.2  Inspection model

Based on the continuous damage size. the damage is classified in damage categories,
and the category determines the action, i.e. the time of the next inspection, and whether
to make a repair. The classification is performed based on exceedance of thresholds of
the measured damage size. The measurement s modelling the outcome of the inspection
is given by:
s=D+e¢

Where £ is a normal distributed error with mean zero and standard deviation
o, = 0.1. The damage categories CAT2, CAT3. CAT4. CATS are defined by
exceedance of the thresholds 0.2, 0.4, 0.6, 0.8, and CAT 5 1s assumed to be a self-
announcing failure. If no threshold is exceeded, it is referred to as CAT1. The

probability of the inspection categorizing a damage in each category is shown in Figure
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Figure 4. Probability of each inspection outcome as function of damage size.

E

Cost model

The cost model defines the total costs of inspection, repair, and tailure. The costs are

formulated as relative costs, as the absolute value does not affect the relative

performance of strategies. The repair costs may depend on the damage category.
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Action Inspection Repair Repair Repair Repair Repair Repair
CATI1 CAT2 CAT3 CATS4 CATS Fault

Fixed 1 50 50 30 50 50 500

preventive

repair costs

Variable 1 20 20 50 100 200 500

preventive

repair costs

Table 2. Cost model.

3.1.4 Strategies

The model has been run for equidistant inspections intervals from 6 to 36 months (in 6
month jumps), and repair thresholds CAT2 to CAT3. Further, a strategy with only
corrective repairs (following failure) has been run. This results in 25 strategies.
Additionally, the model has been run for all potentially feasible strategies, where the
time to the next inspection may depend on the inspection outcome, but will never
increase for more severe defects. Using the same possible intervals as for the equidistant
strategies, this results in a total of 210 strategies. In all strategies, corrective repairs are

performed following a failure.

3.2 Results

The model has been run for a lifetime of 20 vears for both the case where a repair
affects the model parameter M, and the case where it is assumed not to be affected by
repairs. Two cost models have been considered: the fixed and variable, and two types of
strategies have been considered: equidistant inspections, and variable inspection
intervals. In Figure 3, the expected number of inspections and repairs of each type is
shown for each equidistant strategy. when the model parameter is affected by repairs.
The strategies are ordered with increasing repair threshold and increasing inspection

interval (6, 12, 18, 24, 30, 36 months) within each block of six strategies with same
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repair threshold (CAT2, CAT3, CAT4. CATS). The last strategy include none
inspections, and repairs are only made in case of failure. It is seen that the expected
number of repairs decrease with increasing repair threshold and inspection interval,

whereas the category of the repairs increases.

Humber
Fmibe
>

Strateity e

(@) (b)

Figure 5. Expected mumber of inspections and repairs of each tvpe (a), and expected number of each repair nipe (b)
Jor each equidistant strategy. M is assumed affected by repairs.

Figure 6 shows the expected costs for all strategies for the cost model with fixed (a) and
variable (b) repair costs. Using variable repair costs reduces the costs for strategies with
low thresholds and increase the costs for strategies with high thresholds. With fixed
repair costs, the optimal strategy is no. 11 and for variable repair costs no. 4.

Costs

@) (b)

Figure 6. Expected costs for each sirategy for the vost model with fixed repair costs {a), and the cost model with
variable repair costs (b). M is assumed affected by repairs.
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The optimal strategy and associated costs for each combination is shown in Table 3. For
the cost model with fixed repair costs, the use of variable inspection interval strategies
1s seen to result in lower expected costs than the equidistant strategies (8-10% cost
reduction). The inspection intervals are gradually reduced for larger defects, and repairs
are made for larger defects than when equidistant inspections are used. For the cost
model with variable repair costs, it is optimal to use equidistant inspections, and no
savings are possible. Generally, it leads to 5-7% larger costs, when the model parameter

is not affected by repairs. but the optimal strategies are mostly the same.

M Costs [nspection Repair Inspection intervals Expected | Savings

affected interval threshold | CATI-5, Fault costs using

by repair variable
inspeclion
interval

Yes Fixed Equidistant CAT3 | 30 8817

Yes Fixed Variable CATS5 | 36,18.12.6.36.36 | 79.18 10.2%

Yes Variable | Equidistant CAT2 | 24 73.41

Yes Variable Variable CAT2 | 24,24, 24, 24.24. 24 | 75.41 0%

No Fixed Equidistant CAT3 | 30 92.32

No Fixed Variable CAT4 | 36,24 12,36, 36, 36 | B4.50 8.5%

No Variable | Bquidistant CAT2 | 24 7731

No Variable | Variable CAT2 | 24,24, 24,24, 24,24 | 77.31 0%

Table 3. Expected costs, repair threshold, and inspection intervals for the optimal strategy for each of the considered
t‘r”ﬂf’]"”u”l’]ﬂ&

Figure 7 shows a comparison between the optimal equidistant and variable strategy,
when M is affected by repairs. and the fixed cost model is used. Figure 7(a)-(b) show
the probability of inspection and repair of each category in each time step, Figure 7(c)-
(d) show the distribution of costs over time, and Figure 7(e)-(f) show the probability of
each defect category as function of time. Is it seen that in the strategy with variable
inspection intervals, the inspections are being spread more over time, and only the first

time of inspection, they are all inspected.

Stronger blades, More energy Page 155 of 177

Bladena
Banestroget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

Frab, Ikspecton

| . L L Ll

' W wn ] m [T ® mp

NI

= =

T |t

(a) (b)

|

o |  {E | | |

[} £ 100 5 am

108 120 am
Thme [murie} Tirne ot
(© (d)

] £ [l =0 am
Tirme [years|

(€ ®

Figure 7, Distribution over fime of expected mumber of inspections und repairs of each fype (w)-(b), expected costs
(el=(dl, and the probability distribution of the defect category (e)-(f). Subfiguresial ic) (el wee for the best equidistani
strategy, and (b}, (d),(f) are for the best variable strategy. M is assumed affected by repairs, and ihe fixed cosi model
is tsed .
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3.2.1 Adaptive strategy

The expected costs shown in Table 3 assumed that the same strategy is used throughout
the lifetime. However, after having followed the initial strategy for some vears,
information from inspections is available for updating the model. As an example, it is
assumed that the strategy is updated after 10 years of operation, and that the inspections
performed according to the originally optimal strategy does not lead to detection of
damage, i.e. the inspection outcome is CATI1. For the variable inspection interval, this
means that three inspections are made within the first 10 years, after 3, 6, and 9 years
respectively. For the equidistant inspection interval, the initial interval is 30 months, and
thus four inspections are made after 2.5, 5, 7.5, and 10 years respectively. Table 4
shows the expected costs for the initially optimal strategy and the adapted optimal
strategy for both the equidistant and variable inspection intervals and when M is or is
not affected by repair. All results are shown for the fixed cost model. In Table 4, results
from equidistant and variable inspection intervals should not be compared, as the
history of observations is different due to different initial strategies. It is seen that when
equidistant inspections are used, savings of around 44% can be obtained by changing
strategy after 10 years, with the given history of inspections. The changed strategies use
larger repair thresholds and slightly smaller inspection intervals. For the strategies with
variable inspection intervals, only smaller changes of the strategies are seen, and the
savings are much smaller, as the original strategy is already more flexible. When M is

not affected by repairs the savings are 3%, and when M is affected, they are only 0.7%.
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M Inspection | Strategy | Expected | Repair Inspection intervals Savings from
affected | mterval costs threshold | CAT1-5, Fault adapting
by repair stralegy
Ves Equidistant Tnitial 43.93 | CAT3 30

Yes Equidistant | Adapted 2438 | CATS 24 44 5%
No Equidistant [nitial 4342 | CAT3 30

No Equidistant |  Adapted 2437 | CATS 24 43 9%
Yes Variable Initial 50.26 | CATS 36, 18,12, 6,36 36

Yes Variable | Adapted 49.91 | CATS 36,30, 12, 6,36 .36 0.7%
N Variable Initial 51.07 | CAT4 36, 24. 12, 36, 36, 36

No Variable | Adapted 40,47 | CATS 36, 30, 12, 6. 36 36 3.1%

Table 4. Expected costs in remaining life, repair threshold, and inspection intervals for the initial and adapred
optimal sirategy. The fived cost model is used.

4 Conclusions

The paper presented a novel heuristic approach to include age-based inspections and
variable inspection intervals based on the most recent inspection outcome, and to update
the strategies in an adaptive way. The approach is developed to provide near optimal
strategies, without compromising transparency. For the inspection and maintenance
professionals, the decision rules are presented as simple if-then rules. Further, the
strategies can be updated in any point in time, and thereby adapted to the data from the

specific inspection history.

The results of the study show that the use of variable inspection intervals may be
feasible if the repair costs do not increase with damage category. In the numerical
example it led to 8-10 % reduction of the expected costs. In the example, where the
repair costs were inereasing with defect category, it was optimal 1o use equidistant
inspection. The difference can be explained by it being preferable to repair as late as
possible, but still prior to failure, when the costs are fixed, whereas it may be preferable
to early as possible, when repair costs increase with category. It was shown that the use
of adaptive strategies could be very beneficial, when equidistant inspection intervals
were used, whereas the potential for savings were much less, when variables inspection

intervals were used.
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Stochastic modelling of wind turbine blade tests for reliability analysis and
O&M planning
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Sgnderkzer Nielsen®

1) Department of the Built Environment, Aalborg University, Denmark; 2) Department of Civil and
Mechanical Engineering, Technical University Denmark, Denmark
Abstract

Design and assessment of wind turbine blades assisted by tests are important in verifying
the structural integrity of large wind turbine blades. Tests of compaosites and wind turbine
blades are performed at an increasing level of detail illustrated by a test pyramid with
many tests performed at the characterization level and fewer and fewer tests performed
for subcomponents with increasing size and complexity and finally only a few tests at large
scale or full-scale level. In verifying the structural integrity of critical details, the
uncertainties related to these different levels have to be included. The uncertainties
include physical uncertainty, model uncertainty, statistical uncertainty, and measurement
uncertainty. Physical uncertainties are generally quantified at the characterization level
where the statistical uncertainty is very small due to the large number of tests being
performed. At subcomponent and large-scale test level, numerical models using e.g.
cohesive elements for fatigue verification are introduced. In validation of the numerical
models the tests are an important tool. In this task, an approach for systematic modelling
and quantification of the uncertainties is described. Using test results, the model and
statistical uncertainties due to a (very) limited number of tests can be guantified with
statistical uncertainty becoming more and more important at increasing subcomponent
level. The uncertainty modelling related to tests and associated numerical models is
developed such that the models can be used to verify the structural reliability. The
statistical modelling of test results also includes tests performed at subcomponents with
reinforcement components included,e.g. the RTZ solution by Bladena [lensen et al. 2023].
The test results are used to quantify the above uncertainties.

By combining the stochastic and statistical modelling of the test results and with
numerical models, reliability verification can be performed using partial safety factors or
reliability-based approaches. Further, the stochastic models for fatigue can be used as an
important input for cost-optimal planning of operation & maintenance including planning
of inspections and monitoring.

1. Introduction

Wind turbine blades contribute with a significant part of the costs for operation & maintenance of
wind turbines, especially offshore wind turbines and farms. Cost-efficient planning of inspections,
monitoring, maintenance, strengthening, repair, and potential exchange of blades requires a reliability
modelling of fatigue and damage development with time. Fatigue of blades made of composites and
glued parts is a complicated process. Traditionally, design based on standards use SN-curves together
with linear damage accumulation by Miners rule. Methods based on fracture mechanics are able to
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model much better the damage / crack evolution, but they also are much more complicated. However,
for cost-optimal planning of inspections etc. a fracture mechanics approach is needed.

Fracture mechanics models are subject to different uncertainties which need to be accounted for in a
reliability analysis. The uncertainties include physical uncertainties related to material properties and
the fatigue load. Generally, these uncertainties cannot be reduced. Other so-called epistemic
uncertainties which may be reduced are model uncertainties connected to the models being used, i.e.
the fracture mechanics models and the fatigue load models; statistical uncertainty connected to a
limited number of tests used to calibrate models and to determine the statistical parameters; and
measurement uncertainties connected to the test equipment.

Large scale

‘[a-,_::_----"'

Sub-Component II

¥

Sub-Component I

=
L ———— ]

Characterization

—

Figure 1. Test pyramid from [Jensen et al., 2023].

Tests performed to model and assess the structural capacity of wind turbine blades are generally done
on different levels of size and complexity illustrated by a test pyramid, see Figure 1. At the blade
development stage, a large number of tests are performed to determine the basic material properties
{classification tests); many tests are performed at small subcomponents; and a decreasing number of
tests are performed when the size and complexity of subcomponents are increased; and finally only
one or a few tests are performed at the full-scale blade. In addition, tests may be performed at
operating blades when the series production of blades has started. This paper describes the stochastic
modelling of the various uncertainties in the test pyramid associated with the development of fracture
mechanics based models for fatigue damage. Further, it is described how the stochastic models can be
applied for reliability analysis in relation to cost-optimal planning of inspections, monitoring, and
operation & maintenance.

Section 2 describes a model for estimating the crack growth. In section 3 a probabilistic model is
formulated introducing physical, model and statistical uncertainties and it is described how the
reliability can be determined. Section 4 describes how the stochastic modelling can be used in
reliability analysis. In section 5 illustrative examples are presented.
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2. Crack growth modelling

Crack propagation in adhseive joins involving composites of glass fiber and polymeric matrix have
found to be dominated by fiber bridging. The fiber bridging phenomenon occurs when the fibers in
neighboring laminate plies bridge the debonding plane, serving as crack arrestors. As a result, the
debonding resistance and inter-laminar fracture toughness are enhanced. Non-linear fracture
mechanics such as the computation of the J integral is often necessary to study problems that involve
extensive bridging. However since no analytical solution is available it is necessary to determine a
bridging/cohesive law from experimental testing [Sgrensen, 2010].

Bridging/cohesive laws can be obtained from a DCB-UBM test, as introduced by [Sgrensen 2010].
Which involves the application of uneven bending moments to the crack flanks” tips in the specimen.
By adjusting the ratio of these applied moments, the crack propagation can occur under different
fracture modes, ranging from pure mode | to pure mode Il. This characteristic of DCB-UBM tests
eliminates the requirement for three separate characterization tests, making it an appealing and
efficient methaod for fracture characterization in general.

2.1 Cohesive zone model

In the cohesive zone model the fracture process zone (FPZ) is substituted with a cohesive region, where
the exchange of stress between the two artificial crack surfaces is defined using a relationship between
the traction and separation of the FPZ. The material follows a constitutive response which uses a
strength-based criterion to predict onset of damage and the degradation of the material stiffness. For
a simplified bilinear traction-separation law, see Figure 2, the following parameters govern the
traction-separation law:

e K, the stiffness of the cohesive element in the linear elastic regime
e Traction t2 (or separation 82 ) for damage onset

e (y, fracture energy release rate

» Damage evolution law

The fracture energy release rate required for crack initiation can be related to the area under the T vs
& curve for the first linear elastic segment. Similarly the critical energy release rate required for steady
state propagation corresponds to the total area. Since both values can be obtained directly from DCB-
UBM tests by computing the | integral (Kardomateas et al., 2013}, they receive the notation [, and /..
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Figure 2. Cohesive law [Rasmussen, 2022].

The basic cohesive law parameters: J integral for crack initiation J, J integral for steady crack growth
J<s, and the cohesive law traction T are determined by tests for different moment ratios and for the
three fatigue modes I, Il and Il1.

A novel approach to consider the deterioration of materials caused by fatigue loading, is to degrade
the traction-separation response as the number of cycles increases. In this approach the cohesive
strength and critical fracture energy decrease following a fatigue damage evolution law (Khoramishad
etal.,, 2010). The damage accumulation D; as a function of number of cycles N in each cohesive element

is given by:
Al {a(fmax == Eth)ﬁ + Emax = Ern (1)
AN 0, nax < &

where AD,; is the damage accumulated over AN cycles while &, p and &, are material parameters which
must be calibrated from FEA trial and error results against experimental DCB-UBM fatigue
characterization tests using a cyclic load S with constant amplitude. Due to the data scattering, the
calibration process is carried out by a curve fitting analysis for a single fracture mode, so in this
formulation a, B and &, can be considered as mode dependent. For this reason, a collection of FEA
analysis results is required to handle different test results. However in practical application, mode |
parameters could produce acceptable results. The maximum overall strain is given in terms of opening
&, and shear strains &; during the a fatigue load cycle by:

max = 2+ (2) +(2) )

At the beginning, the damage parameter D; is set to zero and damage accumulation in the load cycle
only occurs if the maximum overall strain is larger than the threshold value g;;,. The damage parameter
which ranges between 0 and 1 can be computed after each load cycle (or set of load cycles) and is used
to update the effective traction and energy release rate used to estimate the crack propagation as

follows:
t; = Dity (3)
Gc,f = Digc,n (4)

where i denotes the current time step, and &, and G 4 is the initial cohesive strength and fracture
energy respectively.
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Figure 3. Cohesive model development during damage increase [Rasmussen, 2022].

It is noted that all three fatigue modes are considered simultaneously and the fatigue mode
dominating the crack growth may change when the crack grows. The strains &, and g, are dependent
on the fatigue load S which directly related to the load range in a fatigue load cycle.

The basic material parameters are subject to physical and statistical uncertainty which can be
quantified based on characterization tests, see below.

Subcomponent tests with increasing level of size and complexity can be performed next and a FEM
model prepared using the basic material parameters from the characterization tests.

The cohesive law based model thus models the crack size development and can be formulated by a
Crack Propagation Rate (CPR):

j_:,= CPRN”M Ut}u’ssa Tf}a a»ﬁr Erpd, S) {Sj
2.2 Simplified engineering model

A simplified, engineering model for the increase over time of the crack size a can be developed based
on Paris law and the numerical modelling, and can be used for reliability analysis and planning of
operation & maintenance:

da m
= c(AG(a,S)) = CPRM(C,m,a,S) (6)

where C and m are material / component specific parameters determined by tests, and A& is the
energy release rate. CPR is the Crack Propagation Rate.

5
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Figure 3 and Table 1 show a test matrix consisting of 6 levels indicating the typical number of tests
performed and the complexicity of the model. These parameters are important for establishing
stochastic models. Physical, model and statistical uncertainties can be modelled using the tets at level
3, 4, 5 and 6 as described in the following. It is noted that gross / human errors are not included in
these stochastic models and have to be handled by quality control procedures.

)

il

Figure 3. Test matrix with number of tests at each level {Jensen et al., 2023].

Level Test model Statistical uncertainty Model uncertainty
Typical number of tests Complexicity of model
1 Very complex
2 Very few Very complex
e T Proof loading
3 Very small number: 3-5 Complex subcomponent
4 Small number: 4-8 Complex section
5 o Many: 5-15 Simple
3
6 Large number: > 30

Table 1. typical number of tests and complexicity of model.

This section describes a general approach for statistical analysis and stochastic modelling of the tests

at level 6, 5, ..,,1. The tests may be used in different ways:
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- Infull-scale tests the tests are performed to a certain load level and the test is successful if no
failure occur. The tests can thus be considered as a proof-load tests. The tests at level 1 and 2
are also used to verify the overall behaviour as modelled by the aeroelastic model.

- At level 3, 4 and 5, the tests can be used to estimate directly the load bearing capacity /
resistance of the sub-component (large components, sections, panels) if the test is conducted
to failure and a representative load is applied. Based on the tests chaacteristic and design
resistances can be obtained.

- Alternatively at level 3, 4 and 5, a numerical model of the resistance can be validated and the
model uncertainty related to the model can be modelled, see below. Additionally statistical
uncertainty has to be included due to a limited number of tests, see below.

- At level 6, the characterization tests can be used to model the physical uncertainties related
to parameters used in the numerical models investigated at level 2, 4 and 5. At level 6 the
statistical uncertainty can often be neglected due to a large number of tests.

The parameters obtained by the characterization tests Jp, f¢s, Tg and @, 8, £, are denoted X,, X3, ... in
the following. Similarly for the simple ‘engineering’ model the material parameters are denoted
X1,X2, wea

3.1 Tests at level 6: characterization tests with ‘real’ specimens incl. manufacturing
defects

Tests at level 6, see Figure 3, are characterized by: The number of tests N is very large; the crack size
d y . . p

et and ﬁ = CPR as a function of a can be measured in each test; The test matrix contains a number

of combinations of (S, d) where d models the geometry; Model uncertainty can be assumed negligible,

since the tests are permed with a very basic structural model; Statistical uncertainty is negligible
because a large number of tests are assumed to be performed.

The materiel parameters X;, X5, ... are modelled by stochastic variables in order to include the effect
of manufacturing defects. They are assumed Normal distributed with mean values, py ,uy, = and
coefficients of variation (COV), Vy , Vx, . which are estimated e.g. by the Maximum Likelihood Method.
In addition statistical / parameter uncertainty can be included for these statistical parameters.
Alternatively, a Lognormal distribution may be used. It is also assumed that the test specimens are
manufactured fulfilling the requirements to tolerances ans have passed the quality control
requirements.

3.2 Tests at level 5: simple subcomponent tests with ‘perfect’ material properties

It is here assumed that the material parameters have small uncertainty obtained by controlled / perfect
manufacturing. The objective of these test is to validate 1) complex numerical model using cohesive
elements and of 2) simplified ‘engineering” model based on Paris law. The tests can be characterized

by: the number of tests N is not very large; the crack size a and 3_: = CPR as a function of a are

measured in each test; the test matrix consists of a number of combinations of (X;, X5, ..., 5, d) where
X, X3, ... are values from the characterization tests assumed to be known with negligible uncertainty,
i.e. the materiel used is almost without manufacturing defects allowing the tests to be used to quantify
the model uncertainty.

Two CPR functions are considered:

Stronger blades, More energy Page 168 of 177

Bladena
Banestroget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

e Acomplex numerical model using cohesive elements: CPRYYM (X, X,, ..., 5,d, )
® An ‘engineering’ model based on Paris law and to be used in planning of operation &
maintenance: CPR{*M(X,, X,,, ..., 5,d, a)

Model uncertainties X“* and X% are introduced such that

da

== XM CPRY™ (X, X5, ..., 5,d,a) (7)

when the numerical model is used and

% = XM CPRO®M (X, Xy s Sy di1) (8)

when the simplified Paris law model is used. The model uncertainty: X,{‘,’

LogNormal distributed with mean values (bias) i, Hyosm and coefficients of variations
5 5

UM and XM are assumed

Vxﬁ”‘“.vx{;&“- Statistical uncertainty is to be included.
5 5

”Xﬂ?”'”xﬁi‘” and fo,g“,"’x,?,i“ are estimated e.g. by the Maximum Likelihood Method which also

makes it possible to estimate the statistical uncertainty related to these parameters if the number of
tests is larger than approximately 25.

The statistical parameters (mean values and standard deviations) to be estimated are denoted
(ay, @3, ..., ). In general the parameters (ay, ay, ..., @) are determined using a limited number data
and are therefore subject to statistical uncertainty. The parameters are estimated by the Maximum
Likelihood Method and they become asymptotically Normally distributed stochastic variables with
expected values equal to the Maximum Likelihood estimators and covariance matrix equal to, see e.g.

[Lindley 1976]:
0—{%1_ Py its oy Tury
sz]_..o'z.....am = [_Hl_l - 2 H {9

Paya: Ta Tay T,

where H is the Hessian matrix with second order derivatives of the log-Likelihood function. The
statistical uncertainty can easily be included in a reliability analysis using FORM (First Order Reliability
Method), see below.

Statistical uncertainty may also be estimated by bootstrapping or by Bayesian inference through
the Markov Chain Monte Carlo (MCMC) method which also makes it possible to include prior
knowledge.

The model uncertainties are basically determined in connection with the validation of the two CPR
functions, i.e. by assessing the discrepancy between the test results and estimates obtained using the
two CPR functions, following the approach in [IEC 61400-1, 2019], Annex K and [ISO 2394, 2015]. A
two-level approach can be used to estimate the model uncertainty of the ‘engineering’, simple CPR
function, CPR*M (X, X,,, ..., S,d, a). First the model uncertainty related to the numerical complex
CPR function, CPRYV™(X,,X,, ..., 5.d, a) is estimated; next additional test results are generated by
simulation using CPRY"™ (X,,X,, ...,S,d, a) and the associated model uncertainty. These additional
test results are combined with the real experimental tests and used to estimate the model uncertainty
of the simple CPR function, CPRZE™ (X1, X5, , .., 5, d, a).

Stronger blades, More energy Page 169 of 177

Bladena
Banestroget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

3.3 Tests at level 4: complex subcomponent tests with ‘perfect’ manufactured specimens

At test level 4 larger and more complex subcomponents are being tested. The procedure for
uncertainty modelling is in principle the same as for tests at level 5. Fewer tests are performed and
both the model uncertainties and statistical uncertainties can be expected to be larger compared to
level 5.

3.4 Tests at level 3: large scale subcomponents with ‘perfect’ manufactured specimens:

Similar to tests at level 4 the same approach is used to model and quantify model uncertainties.
Statistical uncertainties require more refined methods due to the very limited number of tests, and
therefore e.g. MCMC methods may be applied.

3.5 Tests with reinforcement components

If a component is introduced to strength the blade the subcomponent tests can be performed as
described abaove.

In addition tests have to be performed to be used to verify that both the reinforcement components
and the clamping of the reinforcement component to the blade have sufficient reliability both for
extreme loads and for fatigue loads.

4. Reliability analysis
4.1 Reliability verification of structural blade detail

In previous sections, a stochastic model is established for the crack growth including aleatory and
epistemic uncertainties. In order to estimate the reliability / probability of failure a limit state equation
dependent on time t is formulated if the ‘engineering’ CPR function is used:

g(8) = ag — a (XEE, X1, Xy, ooes Xi Xscr S, ) (10)

here a,, is the critical crack size defining failure, a(t) is the crack size at time t with the number of
fatigue load cycles determined as v £ where v is the number of fatigue load cycles per year. X, and
Xsorp are model uncertainties related to the fatigue load and estimation of the stresses at the
considered detail, see e.g. IEC 6100-1, Annex K and [Sd@rensen & Toft, 2014].

The following parameters are modelled as stochastic variables:

X model uncertainty fatigue load. This uncertainty depends on the degree that the fatigue
load is driven by turbulence (large uncertainty) and by gravity (small uncertainty)

Xer model uncertainty estimation of the stresses

X Xs uncertainty (aleatory) of material parameters with mean values py , lix,, .. , standard
deviations oy, 0x,, ... and correlation coefficients px x,, ..

Kx,s Mxyr e+ Ox,, O, . May be (correlated) stochastic variables modelling statistical / parameter
uncertainty
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ngf” model uncertainty CPR function with mean value Hypeni and coefficient of variation
* 5

V. oust
xgs

Hygsi, ng&m may be (correlated) stochastic variables modelling statistical / parameter uncertainty
5 5

Using the limit state equation the accumulated and annual probability of failure are estimated by
Py ) =P(gt) =0) (11)
an{t) =P(gt)<0)—Plglt—1y) <0) {12)

or alternatively the annual probability of failure conditional on survival up to year & — 1y

_ Plg(t)=0)-Pig(t-1y)=0)
AR (1) = 1-P(g(t-1y)=0)

(13)

If an inspection is performed at time T; with no detection of a crack and with an inspection technigue
with Probability Of Detection (POD) curve then an updated accumulated probability can be estimated
by

P}" (t) = P(g(t) < 0l|h(t) > 0) (14)

where h(t) = a; — a (XG5, X,, X, ... Xy Xscr S, d, t) with the distribution function of a; equal to
POD(a). Similarly the updated annual probability can be estimated.

If monitoring is performed the model uncertainties X, and Xsqr typically decrease depending on the
type of monitoring.

These probability of failure can be estimated by simulation or by FORM/SORM methods [Madsen,
Krenk & Lind, 1986].

4.2 Reliability verification of reinforcement component

If reinfarcement components are added, the reliability of these is to be verified using test results
preformed as described in section 3. The following reliability verifications are preformed:

® The structural detail reinforced should be verified as described in section 4.1 but using the test
results with reinforcement component included in the subcomponent tests.

# The structural reinforcement component should be verified having sufficient reliability with
respect to extreme loads and fatigue loads.

e The location in the blade where the reinforcement component is attached should be verified
having sufficient reliability with respect to extreme loads and fatigue loads since the blade my
be weakened by the attachment.

4.3 Reliability requirement

Sufficient reliability to be verified in section 4.1 and 4.2 for structural details critical for the blade
structural integrity can be done by using partial safety factors following e.g. [DNV-ST-0376, 2021},
[IEC 61400-1, 2019] and [IEC 61400-5, 2020] or by a reliability based approach following [IEC 61400-
1, 2019], Annex K. The target reliability level to be verified is corresponding to an annual probability
of failure equal to 5 - 10~* = 10~*.

10

Stronger blades, More energy Page 171 of 177

Bladena
Banestroget 13, 1
DK-2630 Taastrup


http://www.bladena.com/

Bladena

BLADE ENABLER

5. Results

Taastrup, June 28, 2023

This section shows preliminary test results from DTU Construct (CORTIR |l report 2023). Figure 4, 5
and 6 show test results for the cohesive law parameters 10, 1SS and tn for ‘P = 0°, 15° and 30°.
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Figure 4. Test results level 6: J0 as a function of ‘P’
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Figure 5. Test results level 6: JSS as a function of .
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Figure 6. Test results level 6: tn as a function of ‘P

Bladena

BLADE ENABLER

Taastrup, June 28, 2023

30 35

From the test results mean values and coefficient of variation (COV) are determined, se Table 2 and 3.
It is seen that the COVs vary between 0,04 and 0,45 idicating that for some of the parameters very
large uncertainties need to be accounted for in determining design values and in reliability calculations.
The number of tests for ¥ =152 and 302 is quite low and therefore the values for these two cases

should be carefully.

¥ (9 0 15 30
Number of tests 5 2 3

10 (mJ/mm?2) 0,24 0,38 0,28
JSS {mJ/mm?2) 0,94 0,80 0,56
tn 6,70 10,0 6,99

Table 2. Mean values and number of tests.

(Y 0 15 30
JO (mJ/mm2) 0,45 0,07 0,39
1SS {mJ/mm?2) 0,10 0,06 0,12
tn 0,22 0,04 0,38

Table 3: Coefficient of variation.

Correlation coefficients for P=0° are estimated to:

e corr J0,J55:-0,28
e corr J0,tn: 0,00
e corr IS§,tn: 0.60
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and the corresponding test results are shown in the Figure 7-9.
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Figure 7. Test results for J0 and JSS for ¥=0.
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Figure 8. Test results for JO and tn for W=0.
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Figure 9. Test results for JSS and tn for ¥=0.

When more test data from characterization tests are available on «, 3, &, statistical analyses are to
be performed.
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Figure 10. Crack length as function of number of cycles.

Figure 10 shows the crack length as a function of number of cycles. It is seen that the crack growth is
almost linear as function of time which is partly due to change in fatigue mode. This is important for
planning of O&M planning allowing to increase time intervals between inspections significantly
compared to cases where the fatigue growth is exponential wrt time.
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Test results from subcomponent tests at level 4 and 5 to be included here — and statistical analyses
performed...

6. Conclusions

A framework for stochastic modelling of tests for design and assessment of wind turbine blades is
presented. The stochastic modelling is based on a crack growth model using a cohesive law approach.
The tests can be described by a test pyramid where very few full-scale tests are perfomed, more sub-
component tests and may characterization tests. Six levels are used in this paper and an approach to
modelling physical, model and statistical uncertainties is presented. Human / gross errors are not
included in the modelling. The stochastic modelling is linked to a numerical model to estimate the
crack growth using a cohesive law and to a more simple model based on Paris law.

lllustrative tests results form the CORTIR |l project are presented. More tests results to be included
when the tests are finalized.

The stochastic models obtained by the tests together with numerical models for modelling the crack
growth can be used to estimate the reliability of blades for selected failure modes and further be used
for cost-optimal planning of operation & maintenance.
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