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Abstract—Tidal stream turbines play a pivotal role in
harnessing marine energy, yet their reliability remains a
critical challenge, impeding the cost-effectiveness of tidal
energy. Deviations in blade performance can significantly
impact turbine efficiency, potentially leading to unbalanced
loads and consequential damage to the turbine and ad-
jacent blades. Experience of blade failure, attributed to
factors including material fatigue, manufacturing defects,
environmental conditions, and operational stresses, under-
scores the urgency for comprehensive investigation and
development of mitigation strategies. This study addresses
these challenges by subjecting a composite tidal blade to a
series of incremental static and fatigue tests, culminating in
controlled failure experiments conducted at the FastBlade
structural fatigue testing facility. The facility’s advanced
capabilities include a regenerative digital displacement hy-
draulic pump system yielding substantial energy savings;
an advanced multi-camera digital image correlation system;
and an acoustic emission crack detection system. Using
these we systematically explore the factors contributing to
blade failure. The failure modes examined in this study
include: metal-composite bond failure; crack propagation
in thick-section composites; and adhesive failure of the
hydrodynamic outer skin. Our findings have significant
implications for the structural engineering, composite ma-
terial, and tidal energy development communities. Notably,
our study offers valuable insights into the mechanisms
underlying both blade failure under extreme loads and the
accumulation of damage in large, thick composite struc-
tures. This research represents an important step towards
enhancing the reliability and efficiency of tidal turbine
blades, thus advancing the viability of tidal stream energy
as a sustainable power source.

Index Terms—Composites, Failure Analysis, Tidal energy,
Tidal turbine Destructive Testing.
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I. INTRODUCTION

THE tidal industry has been slowly growing over
the past decades with the first tidal stream tur-

bine, a 300 kW device developed by Marine Current
Turbines Ltd (MCT), being deployed in the ocean in
May 2003 in north Devon, UK [1]. More recently, there
has been much focus on scaling up and optimising the
design of the turbines to reduce the levelised cost of
energy in tide-generated currents. These new turbine
designs include floating or seabed mounted units, with
power ratings ranging from 2 kW up to 2 MW or
higher. In 2023, the UK supported the tidal industry
with Contracts for Difference (CfD) to install 50 MW
of generating capacity, expecting new turbines online
from 2027 [2]. The rise in both interest and funding
for tidal turbine projects is pushing the need for de-
velopment of the turbines themselves. Much of the
powertrain technology can be transferred from wind
power as they use similar generator technology [3].
The key parts that need to be developed to withstand
the harsh marine environment are the turbine blades,
foundations and mounting structures.

The FastBlade facility aims to address the develop-
ment of the tidal turbine blades, offering static and
fatigue testing to enable developers to refine their
models, validate their designs and certify their blades.
This serves to remove much of the uncertainty on how
the blades respond to the extreme loads and fatigue
cycling they will experience when deployed in the
ocean.

Multiple tidal blades have been tested at facilities
around the world such as the National Renewable
Energy Laboratory (NREL) [4], the University of Gall-
way (UoG) [5], the University of Edinburgh (FastBlade)
[6], the French Institute for Ocean Science (IFREMER)
and the Technical University of Denmark (BLAEST)
[7]. However, there are currently no published results
detailing the structural failure of a full-scale compos-
ite tidal turbine blade and how the design choices,
which have been made for the blade, may affect failure
modes. At FastBlade, testing of a 5.2 m tidal blade,
from a 500 kW turbine developed by Tidal Generation
Limited (TGL), was carried out. The details of the test
design and the results of the static and fatigue loading
are presented in previous publications [6], [8]Testing
at FastBlade was able to push the blade significantly
beyond its design loads and achieve blade failure. The
initial failure analysis is presented here with further
analysis of the extensive data collected to be presented
in future publications.



280 INTERNATIONAL MARINE ENERGY JOURNAL, VOL. 8, NO. 3, SEPTEMBER 2025

Fig. 1. DeepGen III Tidal turbine after being removed from the Fall
of Warness site, showing the tidal blades, one of which was tested
at FastBlade [9].

A. Abbreviations and acronyms
CfD – Contacts for Difference
CFRP – Carbon Fibre Reinforced Polymer
DIC – Digital Image Correlation
EMEC – European Marine Energy Centre
GFRP – Glass Fibre Reinforced Polymer
NREL – National Renewable Energy Laboratory
TGL – Tidal Generation Limited
MCT – Marine Current Turbines Ltd

II. LIFE OF THE BLADE
A. Manufacture

The tidal turbine blade tested in this project was sup-
plied by the European Marine Energy Centre (EMEC).
The blade was originally manufactured in November
2008 by Aviation Enterprises Ltd. The general structure
of the blade featured a carbon fibre spar box, running
from the root to near the tip of the blade. This was
connected to a steel root connection by both bonding
and clamping between the steel root connection disc
and a central plug bolted within. The hydrodynamic
shape was achieved by bonding glass fibre skins onto
the carbon fibre spar using Spabond structural ad-
hesive. The skins were also bonded together at both
the leading and trailing edges, and along a series of
stiffening ribs that act to link the skin to the carbon
spar.

B. Installation at EMEC and storage in Orkney
The blade was installed on the 500 kW DeepGen III

tidal turbine, deployed at EMEC in Orkney by TGL
in September 2010; the full turbine can be seen in
Fig 1. The turbine was grid-connected at the Fall of
Warness test site in Eday. By March 2012 the turbine
had generated over 200 MWh of electricity for the grid
[10].

Following the successful deployment at EMEC, the
turbine was later upgraded to 1 MW in January 2013
[11], this resulted in the blades from the 500 kW version
lying in storage in Orkney as seen in Fig 2. The blades
were stored uncovered, outdoors, for 8 years before
being delivered to FastBlade in 2021 for testing. In

Fig. 2. 500 kW TGL Turbine blade stored outdoors in Orkney.

2016 Alstrom was acquired by GE and decided to
suspend tidal turbine development. This has made it
difficult to find accurate design and manufacturing
documentation for the blade to aid in test design.

The aim of the testing at FastBlade was to perform
a blade test programme meeting the ISO 62600-3 [12]
standard to verify the blade could survive its design
loads. In addition, hydrodynamic simulations of the
turbine were carried out by Oxford University to pro-
vide updated loading distributions based on metocean
data gathered at the Fall of Warness site at EMEC, as
part of the ReDAPT Project, using two acoustic doppler
current profilers [13], [14], [15], mounted to the new 1
MW turbine, after the 500 kW DeepGen III turbine was
removed from the ocean. The simulations considered
the ebb and flood tide vertical shear profiles observed
across a range flow speeds during the tidal cycle. The
updated hydrodynamic loadings provided by Oxford
University were generated through simulations with
their Actuator Line Model [16], and are used to gen-
erate a fatigue loading dataset, which would represent
operating through 20 years of tidal cycles on the blade.
The initial project focused on applying the design and
simulated loads; however, after gathering all required
data to meet the ISO 62600-3 standard, the test loads
were increased until blade failure occurred.

III. STRUCTURAL TESTING

A. Test Facility Description
Testing was performed on the FastBlade main re-

action frame shown in Fig 3, with multiple different
loading setups, between April 2022 and April 2024. Full
descriptions of the tests and loading setups used before
failure can be found in [6], [8], [17], [18] The setup
being discussed here, when blade failure occurred,
featured three loading saddles, with angled actuators
pushing in the XBB direction of the blade [6] as shown
in Fig 3 and Fig 4.
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Fig. 3. TGL Blade undergoing testing at FastBlade.

Fig. 4. Blade Axis System referenced during testing at FastBlade [6].

B. Test Definition

Although multiple different actuator setups were
used at different times throughout the testing, the root
bending moment for the blade was always the target
for the load cases.

Static loading was based on the extreme case spec-
ified in the design documents from the simulations
carried out by TGL in 2008. This load case was based
on a 50 year tidal current peak velocity of 4.1 m/s and a
50 year wave peak height of 11.2 m. The target bending
moment for static loading was 974.7 kN.m, achieved
with 3 actuators acting in the XBB direction, targeting
94.4 kN at distances of 2.27 m, 3.57 m, and 4.47 m
from the blade root. Fatigue loading was based on the
simulations carried out by Oxford University at the
mean flow speed of the test site (2.8 m/s). The target
bending moment for this load case was 670 kN.m.
With the same actuator positions as above the target
peak actuator load was 65 kN. Fatigue loading was
then carried out at the static extreme load case of 974.7
kN.m. When no failure was detected at this level, static
loading was increased until the first failure occurred at
the blade root.

Fig. 5. Installation of Strain gauges around hole and notches in the
blade.

The aim of the above configuration was to direct
failure to occur in the main composite body of the
blade, rather than continuing to push the debonding of
the skin at the root of the blade. In order to achieve this,
a structural defect was introduced into the blade to act
as a stress concentration to force failure to occur within
the composite. A 25 mm diameter hole was drilled into
the composite in line with the centre of the blade root,
in the direction of the XBB axis at 100 mm past the end
of the steel insert (approximately 1.2 m from the root
of the blade). This location was chosen as it was close
enough to the root that large bending moments being
transferred through the area should result in significant
stress concentration with the influence of the steel root
connection minimised. A series of linear strain gauges
were placed around the hole to monitor strain levels
at the stress concentration. The gauges were orientated
in line with the longitudinal (ZBB) axis of the blade of
the blade and at 90° spacings around the hole. Four
static tests were carried out, reaching a peak load of
94.43 kN on each of the three actuators, resulting in a
root bending moment of 974.4 kN.m.

When the strain level around the hole was noted
to be 0.156 % and no failure around the hole was
observed, notches were cut into the blade using the
hole as the centre point with 100 mm notches extending
towards the leading and trailing edges of the blade at
90° to the longitudinal axis of the blade. Strain gauge
rosettes were applied approximately 50 mm from the
tip of the notch; the gauge setup can be seen in Fig
5. This was to enable DIC speckle to be applied all
around the tip of the notch, so that a full strain field
could be determined, rather than just localised strain
measurements from the gauges.

Static and fatigue testing were once again carried
out, finishing with a cyclic fatigue test featuring peak
loads of 774 kN.m, and a peak strain was measured
50 mm from the notch at 0.95 % strain without failure,
while avoiding overloading the root. Thus, to further
promote failure, the notches were extended to +/- 200
mm from the hole, cutting entirely through one side of
the carbon fibre spar. New strain gauges were applied
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Fig. 6. Image of failed blade root showing crack from delamination
extending around the circumference of root connection.

at 10 mm from the tip to obtain a real-time readout
of accurate strain near the tip. These notches resulted
in a new load path to the root of the blade where
the majority of the bending moment was transferred
via the skin near the leading and trailing edges of
the blade. Blade failure occurred during fatigue cycling
with a peak root bending moment of 774.16 kN.m after
2500 cycles with a load ratio of R = 0.26. The high strain
levels where the strain gauges were installed caused
them to fail, so reliable strain gauge readings at this
location are not available.

IV. BLADE FAILURE

A. Root Failure
described in the timeline of blade testing above, the

first detectable failure occurred at the root of the blade.
The failure initially appeared as a debond between the
glass fibre skin of the blade and the steel root connec-
tion, as shown in Fig 7. The failure occurred during
a static test, targeting an actuator load of 220 kN at a
loading rate of 1.467 kN/s; during the ramping, failure
in the root occurred at 200.3 kN, with an average load
drop of 5 kN on each of the 3 actuators. Nevertheless,
the test was continued, as the load appeared to recover
and stabilise after the initial failure; however, after a
further failure at 206.2 kN, it was decided to stop the
test for inspections. A graph showing the initial load
drop for a single actuator can be seen in Fig 6. After
the inspections identified the delamination root failure,
the test was repeated, and the load of 220 kN was
achieved and held for 150 seconds with no further
failures detected. After this test, the decision was made
to attempt to initiate a crack failure in the blade, as
the first failure mode had been identified, and it was
believed that pushing further would have resulted in
further failures at the root with little extra information
gathered about other areas of the blade.

B. Stress Concentration Hole
After the hole was drilled in the blade, a series of

static ramps were performed, investigating the strain

Fig. 7. Graph showing 5 kN load drop during root failure, followed
by further cracking and subsequent test halt.

level around the hole, without approaching the load
level, which might have caused further root failure.
After further investigation, no failure was detected,
and the strain level was too low at the edges of the
hole to cause failure in a reasonable timeframe.

C. Stress Concentration Notches
After the series of static tests and small fatigue tests,

no failure or crack propagation from the edge of the
100 mm notches was detectable with imaging or DIC
results. Although the strain level measured at one of
the notches in the 0° direction (longitudinally down
the blade) was measured to be 0.95 %, the other notch
showed a strain of 0.5 %; thus, the decision was made
to extend the notches to further accelerate failure. A
graph showing the strain rise throughout a static test
reaching a peak strain of 0.95 % can be seen in Fig 8.

D. Stress Concentration Notch Extensions
With the large 200 mm notches in the blade skin

and spar, at the time of testing, it was not completely
clear whether the spar had been fully cut due to the
difficulty of inspecting the 80+ mm thick composite,
however, the strain gauges placed near the notch tips
indicated high levels of strain, and during a fatigue
test, the cyclic loading resulted in strain gauge fail-
ure due to fatigue. Gauges had to be reinstalled fur-
ther from the notch, and the DIC imaging was used
for strain analysis. With the large notches, composite
cracking occurred in the surface of the composite,
which was detected in the DIC images.

E. Ultimate failure at seam
The final failure of the blade occurred during fatigue

testing, where the aim was to further progress the
cracks that had been detected at the notch tips. The
bonded seam between the top and bottom skins of
the blade, along the leading edge, suffered catastrophic
debonding, with approximately 1 m of seam bursting
open in less than 0.1 seconds. This seam then continued
to open until the clamping force of the loading saddle
restricted its further propagation along the leading
edge. The seam burst on the cycle before the test was
stopped, meaning the reduction in stiffness of the blade
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Fig. 8. Strain at notch closest to blade trailing edge in the 0°
(longitudinal) direction reaching a peak of 0.95 % strain.

Fig. 9. Graph showing load during blade seam failure, failure
happened before peak load is reached causing control system to
ramp up to compensate for failure, resulting in the measured peak
load of 90.26 kN.

resulted in the control system increasing the oil flow
required to deliver the additional displacement of the
actuators. This resulted in an overshoot of the target
load as seen in Fig. 9, with the test system reaching a
limit state and shutting down. The seam failure near
the leading edge of the blade is shown in Fig 10.

F. Residual strength test
After the blade seam failure had been analysed and

imaged, further testing was carried out to investigate
the residual strength of the blade. A static test with
a ramp rate of 6.5 kN/min aimed to reach 65 kN per
actuator (matching the designed fatigue strength of the
blade), however, at 58 kN further failure was detected
as the split in the skin seam continued extending,
past the section of the blade which was clamped by
the saddle. The tip deflection at this load was 343.3
mm, a 255 % increase in deflection compared to a tip
deflection of 96.8 mm before any detectable damage
had occurred at the same load.

G. Reduction in Natural frequency
After all the tests and analyses of the blade had been

completed, the loading saddles and actuators could be
taken down. The removal of all the connections made
it possible to carry out a natural frequency test to de-
termine to what extent the damage had compromised
the structure of the blade and caused a reduction in

Fig. 10. Image showing blade seam failure at the overlap where the
top and bottom skins of the material were bonded.

stiffness. The natural frequency of the blade when it
was received at FastBlade was 18.03 Hz and after all
the testing and damage, the frequency was reduced to
14.62 Hz.

V. FAILURE ANALYSIS AND DISCUSSION

A. Delamination of root composite/steel plug

The delamination that occurred between the steel
root plug and the composite skin was the first failure
mode that was detectable in the turbine blade, without
artificial influence from stress holes/notching. How-
ever, this failure may have been influenced by the ser-
vice and storage conditions of the blade; as can be seen
in Fig 2, the root section of the blade was coated with
rust after years of storage. This rust may have extended
into the bonded area between the skin and the steel,
resulting in reduced bond strength and the resulting
failure. Rusting can be a major concern while a blade
is deployed in the ocean, but regular inspection, with
rust prevention techniques and coatings, may have
prevented extensive rusting of this blade. After the root
debond failure occurred, the blade was still capable
of withstanding the design fatigue and ultimate load
cases, so it is not expected that this failure would have
been catastrophic for a blade in service, and it may
have been repairable.

B. Crack propagation at notch tips

The crack propagation within the blade skin at the
tip of the notches is a result of the extremely high strain
levels detected, due to the stress concentration intro-
duced during the testing. The failure in the composite
surface is visible in Fig 11. It is possible that this sort of
failure could propagate from areas on the blade, which
already have defects such as manufacturing faults or
impact damage during service. Failure, in this blade
by this mechanism, however, appears to be unlikely
due to the extreme nature of the notching that was
required to initiate this failure. An entirely different
load path through the skins was required, rather than
through the carbon fibre spar, to achieve strain levels
high enough to cause this failure.
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Fig. 11. Visible cracking in composite surface running at 45° from
the tip of the notch. Ruler and notch at image right orientated in
chordwise direction.

C. O. Split at skin bond line

The most significant failure, relevant to the blade in
service, is the debonding of the adhesive at the bond
line along the leading edge of the blade. In the test-
ing at FastBlade, however, this failure likely occurred
due to the machined notch weakening the blade and
altering the load path to the root as no significant
strain was noted along the leading edge before the
notches were cut in the blade. Manufacturing issues
or debonding of the adhesive between the spar and
skins could easily result in this load path through the
skin being a likely failure mode for the blade. If this
blade failed in this way during service, it is unlikely
that any repair would be possible due to the difficulty
in re-establishing a good bond between the skins and
the inability to inspect or repair any bonding issues
anywhere else in the blade.

D. Contributing factors to blade failures

After the testing and visual inspection of the blade
had been completed, various panels were cut out of the
blade skin and spar to allow inspection and analysis of
the internal structure of the blade. Based on the avail-
able data, several key factors may have contributed to
the performance of the blade during testing.

1) Thick adhesive layers: Thick adhesive layers, bond-
ing the skin to ribs and spar, measured at more than
20 mm in some places and averaging over 10 mm.
These layers were thicker than expected according to
all the manufacturing documentation available. This
may have resulted in different stiffness and perfor-
mance compared to the expected GFRP and CFRP
components. An image of the Spabond adhesive can
be seen in Fig 12.

2) Inadequate bonding between the Spabond adhesive and
the skin: As the panels of the blade were cut out for
inspection, there appeared to be a very weak bond to
the skin, with only a slight lever action with a pry
bar causing the entire skin panel to release from the
adhesive, inspecting the underside of the panel, it was
clear that only about 10 % of the skin was adequately
bonded to the internal structure. This can be seen in

Fig. 12. Thick adhesive layers (green) averaging 10 mm thickness,
showing debonding from the GFRP blade skin.

Fig. 13. Cut away blade skin showing inadequate bonding between
the blade skin and core structure.

Fig 13 where large areas of the GFRP skin panels do
not show any indication of adhesive bonding.

3) Incorrect bond areas: 3) Along the skin bond at the
leading edge, the manufacturing drawings indicated a
full structural bond throughout the entire overlapped
area, however, when inspecting the failed edge, it was
found that only approximately 50 % of the overlap
was bonded, the rest appeared to be a non-structural
filler. This was likely required due to issues encoun-
tered when attempting to assemble the blade but will
have reduced the strength along the leading-edge bond
significantly. A cutaway section of the blade from the
leading edge bond to the carbon spar can be seen in
Fig 14.

4) Adhesive voids: Where the adhesive is used in the
blade, there are large voids where the adhesive has
not fully spread to cover the area under the skin. Fig
15 shows this, where it appears that the adhesive was
applied in lines, expecting the compression of the skin
to spread the adhesive correctly. This likely resulted in
reduced bond strength and stress concentration along
the numerous additional bond edge voids.

5) Layup variations: The laminate layup measured in
the blade does not match that of the available manu-
facturing drawings. Variations up to 500 % increase in
laminate thickness in places were noted. This may have
contributed to the blade outperforming its ultimate
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Fig. 14. Image showing a section of blade with the outer skin
removed. From bottom to top: leading edge of blade, pink coloured
filler at overlap seam, green Spabond adhesive, black carbon spar.

Fig. 15. Section through blade skin showing voids in between adhe-
sive bond lines. Adhesive thickness at this location is approximately
15 mm.

load cases by such a large amount and may have offset
some of the other manufacturing issues mentioned
above.

VI. CONCLUSIONS

This work has demonstrated the first failure mode
a tidal turbine blade with this design may encounter
under similar load conditions to its design load cases.
Which is a debond between the metallic and composite
components. This was followed by several induced
failures as part of the study at FastBlade. In addition,
the following points can be noted regarding the design
and manufacture of the blade used during this study.
The blade appears to be overbuilt with a conservative
design, withstanding more than double its most ex-
treme static design load case and more than 3 times the
rated load case, and still resisting a large proportion
of its fatigue load case even after multiple failures
and weaknesses in the blade were introduced. The
deviations from the manufacturing documentation are
a huge challenge for modelling and understanding
the blade behaviour. A clear understanding of the
test specimen is required to properly design structural
tests and understand the outcomes of the testing, as
it was not possible to predict failure modes based

on the preliminary modelling of the turbine blade.
Although the study presented here is specific to this
turbine blade, the issues relating to root connection
failure, delamination, achieving desired adhesive bond
strength and the failure of adhesive bonds throughout
a blade will be relevant to almost all tidal turbine blade
designs.
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