
��������	
��������
����

���������������	
��������
����

������������	
�	���
��	������
	��
	�
��

������������
��
�����������������
��������

�
�������������
��
���������� ������
����
����

���������������	
��������
���������������!!"#$#�

%��������&�'���
���%������

��������
%
�����
�(
)
�
�*�+�*� ���,���'��*���*�(��
���*�-������� 
���.!$!#/�(�
)���0��
�
)���������
����1��
������
�����'����'�
����������
��
�������������
��2� 0�������0*�3!4��5!$4!!��6��7��
$$!819$59�


�������������0�5$�5$5:�;����
���0�!$!#�5!$4!!

	�
���
�
���
����������������'������������
�����)������
��(��
� ����(�))����<����'������.((�=>/�����������
�����������

���	���������������'���*���)�?*��	�
�*�
���'����������� 
��	���*��������))����
���*�
�����0�
��������������
��

��
���������
�����0��
��	�����+���������)
�����
���� 
����������)������
����������
�����

����������
������))������0�����������


��������
6���������������������������
�������������
��
�����������' �����'��
�
�����@��
	*����
�������������'��
�)
����0���������	
��������
�������������0��
���� �����
 ���������
����
����
���������
��	��
��
	
����A������

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.oceaneng.2025.120722
https://eprints.whiterose.ac.uk/id/eprint/224505/
https://eprints.whiterose.ac.uk/


�g

Contents�glists�gavailable�gat�gScienceDirect

Ocean�gEngineering

journal �ghomepage: �gwww.elsevier.com/locate/oceaneng �g

Research�gpaper

Clamping�gparameters�gin �gfull-scale�gtidal �gturbine �gblade�gtests:�gA�gcase�gstudy

Miguel �gA.�gValdivia-Camacho a ,�gSergio�gLopez�gDubon a ,�gFergus�gCuthill a,�gMarek�gJ.�gMunko a ,�g
Edward�gD.�gMcCarthy a,�gParvez�gAlam a ,<,�gConchúr�gM.�gÓ�gBrádaigh b

a School�gof�gEngineering,�gThe�gUniversity�gof�gEdinburgh, Sanderson�gBuilding,�gRobert�gStevenson�gRoad,�gThe�gKing's�gBuildings, Edinburgh, EH9�g3FB, UK
b Faculty�gof�gEngineering,�gUniversity�gof�gSheffield, Sir�gFrederick�gMappin�gBuilding,�gMappin�gStreet, Sheffield, S1�g3JD, UK

A�gR�gT�gI�gC�gL�gE�g �gI�gN�gF�gO

Keywords:
Tidal�genergy
Composite�gblades
Mechanical�gtesting
Load�gintroduction
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Full-scale�glaboratory �gtests�gof�gcomposite�gtidal �gturbine �gblades�gfollow �gstandards�gadapted�gfrom �gthe�gtesting�gof�gmuch�g
longer�gwind �gturbine �gblades.�gDue�gto�gthe�gmuch�ghigher�gdensity�gof�gseawater,�gwhen�gcompared�gto�gair,�gthe�gdiameter�g
of�gan�gequivalent-power �gmarine�gtidal �gstream�gturbine �gis�gapproximately �g4�gtimes�gless�gthan�gthat�gof�ga�gwind �gturbine. �g
In�gthis�gpaper,�grelevant�gguidelines�gregarding�gload�gintroduction �gpoints�gfor�gtesting�gof�gtidal �gblades�gare�gassessed�g
for�gthe�gfirst �gtime,�gspecifically, �gthe�gdimensions�gof�gthe�gexclusion�gzones�gsurrounding �gthese�gloading�gpoints,�gthat�g
are�gordinarily �gexcluded�gfrom �gstructural �ganalysis.�gThe�gdimensions�gof�gthese�gzones�gare�gdetermined�gas�ga�gfunction �g
of�gthe�gblade�gchord�glength�gat�gthe�gloading�gsaddle�glocations,�gand�gthe�grelevant�gstandards�gsuggest�gan�gexclusion�g
length�gof�gup�gto�gone�gchord�glength�gat�gboth�gsides�gof�gthe�gload�gintroduction �gpoints�galong�gthe�gblade�glength.�gThis�g
study�gappraises�gthese�gboundaries�gvia�ga�gfull-scale�gcomposite�gtidal �gblade�gstructural �gtest�gat�gthe�gFastBlade�gfacility, �g
using�ga�gsaddle-hydraulic�gactuator�gsystem.�gStrain�gmeasurements�gand�gDigital �gImage�gCorrelation �g(DIC)�gare�gused�gto�g
quantify �gthe�glocal�gstrain�gcontributions �gfrom �gsaddle�gto�gblade�gclamping,�gduring �gboth�gstatic�gand�gfatigue�gloading.�g
We�gpropose�ga�greduction �gof�gthe�gexclusion�gzone�gboundary�glength�gfrom �g1�gto�g0.45�gtimes�gthe�gchord�glength,�gbased�g
on�gthe�gexperimental�gcomparison�gof�gtwo �gclamping�gmethods:�ga�gmanual�gtorque-wrench�gmethod�gand�ga�ghydraulic-
pressure�gmethod.�gThe�gsaddle�gmaterial �gwas�galso�gassessed�gby�gcomparing�gthe�gstructural �gperformance�gof�gMDF�gand�g
plywood �gduring �gthese�gblade�gtests,�gwith �gplywood �gshowing�gbetter�gcharacteristics�gfor�ghigh�gblade�gdesign�gloads.�gOur�g
analyses�gcould�gbe�gused�gto�gupdate�gcurrent�gstandards�gto�gbetter�galign�gwith �gthe�gunique�gcharacteristics�gof�gcomposite�g
tidal �gturbine �gblades,�gto�geffectively �gminimise �gthe�gnumber�gof�gstructural �gtests�grequired�gfor�gblade�gcertification.

1.�gIntroduction

1.1.�gTidal�genergy

Tidal �genergy�ghas�galways�gbeen�gan�gattractive �gsustainable�gsource�gof�g
energy�gas�git �gis�gmore�gpredictable�gand�gmore�greliable �gthan�gwind �gand�g
solar�genergy�g(O.�gRourke�get�gal.,�g2010).�gThe�gtotal �gpotential �gtidal �genergy�g
available�gin�gthe�gUK�gis�gestimated�gto�gbe�g50 TWh_yr�gand�grepresents�g48 ~
of�gthe�gtotal �gresources�gavailable�gin�gEurope�g(Burrows�get�gal.,�g2009),�gwhich �g
could�genable�ga�gcontribution �gof�gup�gto�g16 ~�gof�gthe�gUK's�gtotal �gelectricity �g
consumption.

The�genergy�gpotential �gof�gtidal �gturbines�gin�gparticular �gis�gsignificant, �g
with �gthe�gworld's �goceans�gcontaining �gvast�gamounts�gof�gkinetic �genergy,�g
estimated�gto�gbe�g2:3 TW�g(Ferrari,�g2009),�gthat �gcan�gbe�gharnessed�gfor �g
electricity �ggeneration.�gTidal �gturbines,�gadaptations�gof�gwind �gturbines,�gcan�g
be�gused�gfor �gthis�gpurpose.�gThe�gfirst �gtidal �gturbine �gdemonstration�gin�gthe�gUK�g
was�gin�gLoch�gLinnhe,�gScotland�gin�g1994�g(Thake,�g2005),�gand�gconsisted�gof�g
a�g10 kW�gtwo-bladed�gturbine �gwith �ga�gdiameter�gof�g3:5 m.

< Corresponding�gauthor.
E-mail�gaddress:�gparvez.alam@ed.ac.uk�g(P.�gAlam).

Currently, �gthere�gare�gmultiple �gcompanies�gworking �gon�gvarious�gcon-
cepts�gfor �gtidal �gturbines,�gbut�gthey�gare�gstill �gat�glow �gtechnology�greadiness�g
levels�g(TRL)�g(Sleiti ,�g2017).�gThe�glack�gof�ga�gindustry-wide �gaccepted�gtidal �g
turbine �gconcept�ghinders�gprogress�gin�gthe�gR&D�gof�gother�gimportant �gcom-
ponents�gof�gthese�gdevices.�gThis�gissue�ghas�ga�gnoticeable�gimpact�gon�gthe�g
current �glevelised�gcost�gof�genergy�g(LCoE)�gfor �gtidal �genergy,�gwhich �gis�g
¿178/MWh �gbased�gon�gthe�gmost�grecent�gcontract�gfor �gdifference�g(CfD)�gbids�g
awarded�gto�gfour �gprojects�gin�gthe�gUK�gin�g2022�g(ORE�gCatapult,�g2022).�gThis�g
cost�gis�gsignificantly �ghigher�gthan�gthe�gexpected�g¿116/MWh �g(adjusted�gfor �g
inflation) �gestimated�gin�ga�g2011�gstudy�g(Allan �get�gal.,�g2011).�gIn�gfact,�gthe�g
current �gLCoE�gis�g53 ~�ghigher�gthan�gthe�gprojected�gcost�gin�g2011.

The�gperformance�gof�ga�gtidal �gturbine �gdevice�gdepends�gstrongly�gon�gthe�g
design�gof�gits�gblades�gand�gthe�gproperties�gand�gbehaviour�gof�gthe�gmaterials�g
used�gto�gmake�gthem.�gThe�gblades�gof�ga�gtidal �gturbine �gare�gexposed�gto�gharsh�g
underwater�gconditions, �gincluding �ghigh�gvelocity �gflows,�gturbulence,�gand�g
marine�ggrowth, �gamongst�gothers.�gAs�gsuch,�gthe�gdesign�gand�gtesting�gof�gtidal �g
turbine �gblades�gshould�gensure�gstructural �gintegrity, �goptimal �gefficiency, �g
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and�gsafe�goperation.�gBlade�gtesting�gin�gturn �gcombines�gboth�gexperimental�g
and�gcomputational �gtechniques�g(Masters�get�gal.,�g2015;�gHarper�gand�gHallett ,�g
2015;�gNachtane�get�gal.,�g2020),�gscaled�gtesting�gin�gwater�gtanks�gor�gtest�grigs,�g
and�gfield �gtesting.

1.2.�gMethods�gfor�gthe�gintroduction�gof�gloads�gon�gblades

Full-scale�glaboratory �gtesting�gis�ga�gcost-effective�galternative �gto�gfield �g
testing�gand�gfull �gdeployment.�gWater�gtanks�g(Clarke�get�gal.,�g2007;�gMilne �g
et�gal.,�g2015;�gShi�get�gal.,�g2016;�gMurray �get�gal.,�g2018;�gBarber�get�gal.,�g
2017;�gPorter�get�gal.,�g2020)�gare�gcommonly�gused�gto�gaid�gin�gtesting�gblade�g
performance,�gor�gindeed,�gthe�gentire�gtidal �gturbine �gstructure.�gThis�goften�g
involves�gscaled-down�gmodels�g(e.g.�gfor �gwind �gturbine �gblades�gLin�get�gal.,�g
2023)�gof�gthe�gturbine �gsubjected�gto�gsimulated�gtidal �gconditions. �gThis�gwater�g
tank�gtesting�gcan�gprovide �gvaluable�ginformation �gabout�gthe�gperformance�gof�g
the�ghydrodynamic �gdesign�gof�ga�gblade,�gwhich �gis�gcommonly�gvalidated �gwith �g
computational �gfluid �gdynamics�g(CFD)�g(Badoe�get�gal.,�g2022),�gbut�gcould�galso�g
be�gcoupled�gwith �gfinite �gelement�gmodelling �g(Motley �gand�gBarber,�g2014;�g
Nachtane�get�gal.,�g2017).�gHowever,�gthe�gstructural �gdesign�gof�gthe�gblades�gis�g
often�gneglected�gin�gthese�gtypes�gof�gexperiments.�gNevertheless,�gthere�gare�g
several�gstudies�g(Lopez�gDubon�get�gal.,�g2024;�gde�gla�gTorre�get�gal.,�g2018;�gFagan�g
et�gal.,�g2020;�gFinnegan�get�gal.,�g2021;�gGlennon�get�gal.,�g2022;�gDavies�get�gal.,�g
2022;�gFinnegan�get�gal.,�g2022)�gwhere�gtest�grigs�gsuch�gas�gthose�gused�gin�gthe�g
wind �genergy�gindustry �gare�gemployed�gto�gtest�gthe�gstructural �gintegrity �gof�g
the�gblades.

For�gthese�glaboratory �gtest�gfacilities, �gseveral�gload�gintroduction �gcon-
figurations �ghave�gbeen�gemployed,�gprimarily �gon�gwind �gblades�g(Malhotra �g
et�gal.,�g2012;�gMelcher�get�gal.,�g2020;�gYeniceli,�g2014;�gYang�get�gal.,�g2013;�g
Gre±�get�gal.,�g2022;�gCastro�get�gal.,�g2024).�gSimilar �gsystems�gcan�gbe�gseen�gin�g
aircraft �gwing �gtests�g(Röÿler �get�gal.,�g2009;�gShim�gand�gAhn,�g2014;�gHeida�g
and�gHwang,�g2014;�gSunder,�g2017;�gSer'eznov�get�gal.,�g2020;�gYang�get�gal.,�g
2020),�gand�glong�gpole�gstructures�g(Polyzois�get�gal.,�g1999;�gShakiba�get�gal.,�g
2023).�gWinches�g(Ser'eznov�get�gal.,�g2020;�gYang�get�gal.,�g2012),�gwhiffle �g
trees�g(IABG,�g2005),�gstraps�g(Sunder,�g2017),�gand�gsleeves�g(Polyzois�get�gal.,�g
1999)�ghave�gbeen�gused�gto�gtransfer�gthe�gload�gfrom �gballast�gweights�g(Mal-
hotra�get�gal.,�g2012;�gLeBlanc�get�gal.,�g2013),�gcranes�g(Shakiba�get�gal.,�g2023;�g
Yang�get�gal.,�g2012;�gChen�get�gal.,�g2014;�gZhang�get�gal.,�g2019)�gand�ghydraulic �g
actuators�g(Lopez�gDubon�get�gal.,�g2024;�gde�gla�gTorre�get�gal.,�g2018;�gFinnegan�g
et�gal.,�g2022;�gMalhotra �get�gal.,�g2012;�gRöÿler �get�gal.,�g2009;�gShim�gand�g
Ahn,�g2014;�gHeida�gand�gHwang,�g2014;�gPolyzois�get�gal.,�g1999;�gShakiba�g
et�gal.,�g2023;�gLahuerta�get�gal.,�g2018;�gWilliams �gand�gÓ�gBrádaigh,�g2021)�g
to�gthese�gcantilever �gstructures.�gThese�gsystems�gare�goften�gattached�gto�ga�g
load�gdistributor �gto�greduce�gstress�gconcentrations.�gThe�gmost�gcommon�gload�g
distributor �gis�gthe�gsaddle�gsystem,�gbut�gadhesive�gpads�ghave�galso�gbeen�gused�g
in�gsome�gwind �gblade�gand�gaircraft �gwing �gtests�g(IABG,�g2005).�gThe�guse�gof�g
rubber�gpads�gincreases�gthe�gcomplexity �gof�gthe�gloading�gmethodology,�gas�g
multiple �gbearings�gmust�gbe�gused�gin�gconjunction �gwith �gwhiffle �gtrees�gto�g
reduce�gsecond-order�gmoments.�gRubber�gpads�gare�galso�gmore�gprone�gto�g
slipping �gwhen�gthey�gare�gnot�gbonded�gto�gthe�gblade�gsurface�g(Lopez�gDubon�g
et�gal.,�g2024).

Although �gthere�ghas�gbeen�gconsiderable�gresearch�gconducted�gon�gvali-
dating�gtests,�gthe�gprimary �gfocus�ghas�gbeen�gon�genhancing�gthe�gaccuracy�gof�g
the�gdistribution �gof�gforces�galong�gthe�gblade.�gAs�ga�gresult,�gdevelopers�ghave�g
often�goverlooked�gload�gintroduction �gmethods,�gand�ganalyses�gof�gthe�gareas�g
of�gthe�gblade�gsurrounding �gload�gintroduction �gpoints.�gThis�goversight�gis�gsig-
nificant �gbecause�gblade�gfailures�gcan�goccur�gprecisely�gbeneath�gthe�gsaddles�g
because�gof�gstress�gconcentrations�gat�gthese�gcontact�gpoints�g(Joergensen�g
et�gal.,�g2004),�gindicating �gthe�gimportance�gin�gthoroughly �gexamining�gthese�g
regions.�gThe�gonly �gstudy�gthat �gfocused�gon�gthese�gcontact�gregions�gwas�gdone�g
by�gKlaenfoth�get�gal.�g(2023),�ghowever,�gthe�gsubject�gwas�ga�gwind �gturbine �g
blade�gand�gthe�gresults�gare�gbased�gentirely �gon�gnumerical �gsimulations.�g
Their�gresults�gconfirm �gthat �gthe�gpressure�gapplied�gto�gthe�gblade�gis�gnot�g
evenly�gdistributed, �gthus�grequiring �ga�glot �gmore�gresearch�gto�gidentify �gall �g
the�gvariables�ginvolved �gin�gthis�ginteraction.

Regardless�gof�gthe�gload�gintroduction �gmethod�gused�g(Lopez�gDubon�g
et�gal.,�g2024)�gor�gthe�gnumber�gof�gload�gintroduction �gpoints�g(Lopez�gDubon�g

Table �g1
Relevant�gtesting�gstandards�gfor�gfull �gscale�gtidal �gturbine �gblades.

�gStandard Description �g
�gDNVGL-ST-0164 Main�gstandard�gfor�gtidal �gturbines �g
�gIEC�gTS�g62600�2 Design �grequirements �g
�gIEC�gTS�g62600�3 Measurement �gof�gmechanical�gloads �g
�gIEC�gTS�g62600�202 Pre-prototype �gscale�gtesting �g
�gDS�g5760,�gPart�g5 Failure�gmodes,�geffects,�gand�gcriticality �ganalysis�g
�gDNV-OS-C501 Composite�gcomponents �g
�gDNVGL-ST-0376 Rotor�gblades�gfor�gwind �gturbines �g
�gIEC�g61400�23 Load �gintroduction �g

et�gal.,�g2024),�gstandards�guse�gthe�gblade�gchord�glength�gas�ga�greference�gto�g
identify �gthe�gdisturbed�garea�gat�geach�gside�gof�gthe�gload�gintroduction �gpoint �g
where�gthe�gperformance�gof�gthe�gblade�gcannot�gbe�gevaluated�g(IEC,�g2001,�g
2022).�gAs�gthe�gchord-to-span�gratio �gis�grelatively �ghigh�gin�gtidal �gblades�g
compared�gto�gwind �gblades,�grespecting�gthe�gchord�glength�gcriterion �gof�g1�g
often�gdramatically �gincreases�gthe�gnumber�gof�gtests�grequired�gto�ganalyse�g
the�gwhole�gsurface�galong�gthe�gblade.

1.3.�gStandards�gfor�gtidal�gblade�gtesting

The�gtest�gprocedures�gat�gany�gfull-scale�glaboratory �gblade�gtesting�gfa-
cility �gfollow �ginternational �gstandards�gthat �ggrant�goperating�gcertification �g
for �gblade�gdesigns�gbefore�gmoving �gon�gto�gmass-scale�gmanufacture.�gThese�g
testing�gstandards�gare�gbased�gon�gextreme�gdesign�gload�gcases�gfor �gstatic�g
testing,�gwhereas�gthe�gblade�glife �gexpectancy�gis�gproven�gby�gfatigue�gtest-
ing.�gAlthough �gthere�gare�gseveral�gstandards�gand�gguidelines�gfor �gtidal �g
energy�gdevelopments,�gDNVGL-ST-0164�gis�gthe�gmost�gused�gstandard�gfor �g
tidal �gturbines�g(DNV�gGL,�g2015),�gwhich �grefers�gto�gseveral�gother�gservice�g
specifications�gand�gstandards�gfor �gthe�gstructure's�gfull �gmanufacture,�gas-
sembly,�gand�gdeployment.�gRelevant�gtesting�gstandards�goften�greferred�g
to�gin�gthe�gDNVGL-ST-0164�gdocument�gare�gshown�gin�gTable�g�g1,�gfollow-
ing�ga�gdescription�gof�gtheir �gcontent�gof�ginterest.�gOnly�gthe�gfirst �gthree�g
standards�gare�gspecifically �gtailored �gfor �gmarine�genergy�gdevices.�gGuide-
lines�gfor �gscaled-prototype�gstages�gare�gonly �gconsidered�gin�gthe�gIEC�gTS�g
62600-202�gstandard�g(IEC,�g2022),�ghowever,�git �gfocuses�gprimarily �gon�gthe�g
entire�gturbine, �gand�gthus�gblade�gtesting�gis�gnot�gmentioned�gthroughout �gthe�g
document.

The�gDNVGL-ST-0164�gstandard�grefers�gto�gIEC�g61400-23�g(IEC,�g2001)�g
amongst�gothers�gwhen�ganalysing�gthe�gload�gdistribution �gin�ga�gblade�gthrough �g
full-scale�glaboratory �gtesting.�gSection�g18.2�gof�gthe�gDNVGL-ST-0164�gstan-
dard�gspecifically �gdiscusses�gblade�gtesting�gprocedures�gand�ghighlights �gthe�g
main�gstructural �gproperties�gthat �ga�gtest�gshould�gmeasure:�gmass�gand�gcentre�g
of�ggravity, �gstiffness�gdistribution, �gnatural �gfrequency,�gultimate �gstrength,�g
and�gfatigue�gstrength�g(DNV�gGL,�g2015).

For�gstatic�gtests,�gextreme�gload�gcases�gshould�gbe�gconsidered,�gthus�g
performing �gseparate�gtests�gfor �gflap-wise�gand�gedge-wise�gload�gcases�gin�gboth�g
directions,�gpressure�gand�gsuction�gfor �gthe�gflap-wise�gload,�gand�gtrailing �gand�g
leading�gfor �gthe�gedge-wise�gload.

In�gthe�gcase�gof�gfatigue�gtesting,�gthis�gprocedure�gis�gonly �gstrictly �grequired�g
once�gthe�gprototype �gstage�ghas�gbeen�gcompleted�gand�gthe�gblade�gdesign�g
is�gready�gfor �gfull-scale�gproduction. �gThe�gblade�gthat �gwill �gbe�gtested�gfor �g
fatigue�gshould�galready�ghave�gbeen�gtested�gstatically. �gThe�grequirements�g
that �gthe�gDNVGL-ST-0164�gcontains�gregarding�gfull-scale�gblade�gtesting�g
come�gfrom �gthe�gIEC�g61400-23�gstandard,�gwhich �gis�gexplicitly �gdedicated�g
to�gwind �gturbine �gblades.�gSince�ga�gstandard�gdedicated�gto�gfull-scale�gtidal �g
turbine �gblades�gis�gstill �gunavailable�gand�gthe�gIEC�g62600-3�gis�gstill �gnot�gused�g
for �gblade�gcertification, �gmost�gdesign�gspecifications�gfor �gtest�gsetups�gare�g
derived�gfrom �gthe�gIEC�g61400-23�gstandard.

Ideally, �gthe�gload�gwould �gbe�gapplied�gcontinuously �gfrom �gthe�groot �gto�g
the�gtip �gof�gthe�gblade;�ghowever,�gbecause�gof�gmechanical�gtest�gpracticalities, �g
design�gloads�gare�gapplied�galong�gthe�gspan�gat�ga�greduced�gnumber�gof�gcon-
centrated�gpoints.�gIf �gthere�gare�gparticular �gareas�gof�ginterest�gfor �gtesting,�gthe�g
load�gintroduction �gpoints�gmust�gbe�gat�ga�gdistance�gfrom �gthese,�gsince�gthe�g
areas�garound�gthe�gactuators�gwill �gbe�gdisturbed�gand�gcan�gthus�gno�glonger�g
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Fig.�g1.�gComparison�gbetween�greal�gcondition �gloads,�g1-actuator�gtests,�gand�g3-actuator�gtests:�g(a)�gBending�gmoment�galong�gthe�gblade,�g(b)�gShear�gforce�galong�gthe�gblade.�g3-actuator�gtests�gare�g
likely �gto�ghave�goverlapping�gexclusion�gzones.

be�gadequately�gtested,�gas�gshown�gin�gFig.�g�g1.�gOf�gthe�gstandards�gin�gTable�g
1,�gthe�gIEC�gTS�g62600-3�gand�gthe�gIEC�g61400-23�gare�gthe�gonly �gstandards�g
that �gmention �gguidelines�gfor �gload�gintroduction �gpoints,�gbased�gon�ga�gchord�g
length�gvariable�gc.�gThis�gdisturbed�garea�gcan�gextend�gup�gto�gthree-quarters�g
of�ga�gchord�glength�g(Section�gA.8.2�gof�gIEC,�g2022)�gor�gup�gto�gone�gchord�glength�g
(Section�g7.2�gof�gIEC,�g2001)�gon�geither�gside�gof�gthe�gfixture. �gNo�gfurther �g
specifications�gregarding�gthe�gloading�gstructure�gor�gcommon�gpractices�gto�g
mitigate �gundesired�geffects�gduring �gtesting�gare�ggiven.

For�gthe�greasons�gmentioned,�gthe�gresearch�gquestion�gof�gthis�gpaper�gis�gto�g
understand�gand�gconsequently�gminimise �gthe�ginduced�geffects�gof�gload�gin-
troduction �gpoints�gin�gfull-scale�gcomposite�gtidal �gblade�gtests.�gThe�gfollowing �g
are�gthe�gobjectives�gof�gthe�gresearch:�gTo�ganalyse�gthe�gperformance�gbetween�g
different �gstrain�gmeasurement�gdevices;�gto�gcompare�gtwo �gdifferent �gpre-
tension�gmethods;�gto�gstudy�gthe�gstructural �gperformance�gof�gtwo �gdifferent �g
materials�gfor �gthe�gsaddles;�gand�gto�gidentify �gthe�gmaximum �gdeformation �g
contribution �gfrom �gthe�gpre-tension�gstage.

A�gfew�gstudies�ghave�gexplored�glaboratory �gtesting�gwith �gmultiple �gload�g
introduction �gpoints�gfor �gfull-scale�gtidal �gblade�gtests�g(de�gla�gTorre�get�gal.,�g
2018;�gGlennon�get�gal.,�g2022;�gDavies�get�gal.,�g2022;�gFinnegan�get�gal.,�g2022;�g
Lopez�gDubon�get�gal.,�g2024),�gbut�ghave�gfocused�gon�gdifferent �gaspects�gof�gtest-
ing.�gOnly�gone�gstudy�gaddresses�gthese�ginteraction �gzones�g(Klaenfoth�get�gal.,�g
2023),�ghowever�git �gwas�gcarried�gout�gnumerically �gon�ga�gwind �gturbine �gblade�g
and�gagrees�gwith �gthe�gcurrent �gstandards.�gThus,�gto�gthe�gauthors'�gknowledge,�g
no�gstudies�ghave�gyet�gfocused�gon�gthe�ginteraction �gzone�gbetween�gthe�gloading�g
saddles�gand�gcomposite�gtidal �gblades.�gThis�gstudy�gaddresses�gthe�gproblems�g
with �gfollowing �gthe�gstandards,�gwhich �gdo�gnot�gconsider�gthe�gshort�glengths�g
of�gtidal �gblades�gwhen�gestablishing�gthe�gexclusion�gzone�garound�gloading�g
points.�gConsequently,�gthis�ganalysis�gexamines�gthe�greduction �gin�gthe�gsize�gof�g
these�gexclusion�gzones�gand�gtheir �gimpact�gon�gthe�gfidelity �gof�gthe�gstructural �g
analyses�gof�gthe�gblade.�gLess�gconservative�gboundaries�gcould�geffectively �g
optimise�gthe�gposition �gof�gthe�gpoint �gloads�gand�gminimise �gthe�gnumber�gof�g
tests�grequired�gfor �gcertification, �gwhile �gstill �gaccurately�grepresenting�gthe�g
real�gmoment�gdistribution �galong�gthe�gblade.

2.�gMethods

2.1.�gExperimental�gsetup

2.1.1.�gBlade�gspecimen
The�gblade�gto�gbe�gtested,�ga�gcomponent�gof�gthe�gDeepGen�gIV�gtidal �gproject,�g

was�gdesigned�gby�gTidal �gGeneration�gLimited �g(TGL)�gand�gmanufactured�g
by�gAviation �gEnterprises�gLimited. �gTechnical�ginformation �gon�gthe�gblade�g
is�glimited �gas�gthe�gdesign�gcompany�gno�glonger�gexists.�gThe�gtidal �gturbine, �g
shown�gin�gFig.�g�g2,�ghad�ga�gcapacity�gof�g500 kW�gand�gwas�ginstalled �gat�gthe�g
European�gMarine�gEnergy�gCentre�g(EMEC)�gin�gOrkney�gin�gSeptember�g2010,�g
being�glater�greplaced�gby�ga�g1 MW�gturbine �gin�gJanuary�g2013.

The�gblade�gis�g5:25 m�glong�gand�gweighs�g1589 kg.�gAfter �gseveral�gmodal�g
tests,�gthe�gnatural �gfrequency�gwas�gdefined�gat�gapproximately �g18 Hz.�gThe�g

Fig.�g2.�gDeepGen�gIV�gtidal �gturbine �gprior �gto�gfirst �gdeployment�g(Huxley-Reynard�get�gal.,�g
2008).

NACA�g63-4XX�gaerofoil �gseries�gdefines�gthe�gblade�gprofile, �gwhich �gbegins�g
with �ga�gcircular �groot. �gAs�gdescribed�gin�gFig.�g�g3,�gthe�groot �gis�gmade�gof�gcast�g
iron �gto�gfit �gthe�gbolt �gholes�grequired�gto�gfix �gthe�gblade�gto�gthe�ghub.�gThe�gblade�g
also�gcomprises�ga�gskin,�gribs,�gtwo �gshear�gwebs,�gand�gthick �gspar�gcaps�gat�gthe�g
pressure�gand�gsuction�gsides�gof�gthe�gblade.�gThe�gthickness-to-chord�gratio �gof�g
the�gblade�gdecreases�gfrom �g55 ~�gat�gthe�groot �gto�ga�gminimum �gof�g18 ~�gat�gthe�g
tip.

The�gchord�glength�ggives�gthe�gblade�ga�gtapered�gprofile, �gas�gseen�gin�gFig.�g�g3,�g
and�git �ghas�gbeen�gmeasured�gat�gdifferent �gstations�gthroughout �gthe�gblade.�gAs�g
blade�gmanufacturers�gseek�gcertification, �gthe�gstandard�gguidelines�gwould �g
need�gto�gbe�gfollowed, �gignoring �gthe�garea�g1 c�gaway�gfrom �gthe�gsaddle�gfor �g
analysis.�gApplying �gthese�gboundaries�gto�gFig.�g�g3�gfor �gthis�gspecific�gtidal �g
turbine �gblade,�git �gis�gclear�gthat �gonly �gone�gactuator�gcould�gbe�gaccommodated�g
per�gtest,�gsignificantly �gincreasing�gthe�gnumber�gof�gtests�gand�gtherefore�gthe�g
cost�gof�gthe�gcertification �gprocess.�gIt �gis�galso�gevident�gthat �gthe�gbending�g
moment�gdistribution �gwould �gbe�gslightly �gdifferent �gacross�gthe�gblade.

The�gblade�gskin�gis�gmade�gof�gan�g8 mm�gthick �gglass�gfibre �g,45 ý�gunidi-
rectional �gprepreg.�gThe�gspar,�gfollowing �gthe�gcentre�gline �galong�gthe�gspar�g
in�gFig.�g�g3,�gis�gmade�gof�gcarbon�gfibre �gunidirectional �gprepreg,�g80 ~�gin�gthe�g
longitudinal �gdirection �gand�gthe�grest�gfilled �gwith �gprepreg�gin�gthe�gtransverse�g
direction �gand�ga�gcross-ply�gwoven�gfabric �gto�gprovide �ga�gbond�gsurface�gfor �gthe�g
shear�gwebs.�gThe�gshear�gwebs�gcomprise�ga�gcross-ply�gcarbon�gfibre �gprepreg�g
and�gare�gbonded�gto�gthe�gspars.�gRibs�gare�galso�gbonded�gperpendicularly �gto�g
the�gspar,�gwhich �gare�g300 mm�gapart�gand�gspread�gthroughout �gthe�gwhole�g
blade.�gIt �gfollows �gan�g̀̀I''�gchannel�gsection,�gwith �gthe�gweb�gand�gthe�gflanges�g
being�g3 mmand 2 mm�gthick, �grespectively.�gThe�gflanges�gspread�g25 mm,�gand�g
both�gcomponents�gof�gthe�gribs�gare�gmade�gof�gcross-ply�gglass�gfibre �gprepreg.�g
Finally, �ga�gcross-ply�gglass�gfibre �grear�gspar�gis�gused�g100�gmm�gaway�gfrom �g
the�gtrailing �gedge�gto�gminimise �gthe�gpeel�gstresses�gat�gthe�gskin�gjoint �gduring �g
operation�g(Huxley-Reynard�get�gal.,�g2008).
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Fig.�g3.�gCAD�gmodel�gand�gcorresponding�gchord�glength�g(c)�galong�gthe�gspan�gof�gthe�g5:25 m�gDeepGen�gIV�gtidal �gturbine �gblade.�gBased�gon�gthe�gchord�glength�gat�gthe�gsaddle�glocation, �gdisturbance�g
limits �gbounding�gthe�gareas�gthat�gare�gnot�gfeasible�gfor�ganalysis�gare�gdrawn.

2.1.2.�gTesting�gsite�gand�gsetup
Experimental�gdata�gwas�ggathered�gat�gFastBlade�g(The�gUniversity �gof�g

Edinburgh,�g0000),�ga�gresearch�gfacility �gat�gThe�gUniversity �gof�gEdinburgh.�g
FastBlade�gis�gthe�gfirst �gfacility �gin�gthe�gworld �gto�gcarry�gout�gfull-scale,�gre-
generative�ghydraulic �gtests�gon�gtidal �gturbine �gblades.�gThe�gtesting�grig �ghas�g
been�gspecifically �gdesigned�gto�gassess�glarge�gand�gslender�gstructures�granging�g
from �g2 m to 14 m�gin�glength.�gThese�gstructures�gcan�gbe�gsubjected�gto�gstatic�gor�g
fatigue�gloads,�gand�gthis�gfacility �gemploys�ga�gnovel�gDigital �gDisplacement�gsys-
tem,�gwhich �gcombines�gregenerative�gpumping �gand�gdigital �gdisplacement�g
hydraulics. �gThis�gsystem�genables�gaccelerated�gtesting�gup�gto�g2 Hz�gwhile �g
applying �gloads�gof�gup�gto�g1 MN.�gMore�gdetails�gon�gthe�glaboratory �gfacilities �g
and�gcapabilities�gare�ggiven�gin�gLopez�gDubon�get�gal.�g(2024),�gLopez�gDubon�g
et�gal.�g(2024).

The�gsetup�gfor �gthis�gexperiment�gcan�gbe�gseen�gin�gFig.�g�g4,�gwhere�gthe�gblade�g
previously �gdescribed�gin�gSection�g2.1.1�gis�gfixed�gto�gthe�gtest�grig. �gThe�gblade�g
is�gfixed�gwith �gthe�gpressure�gside�gfacing�gthe�gground�gand�gthe�gsuction�gside�g
facing�gupwards.�gThree�gsaddle�gsystem�gactuators�gare�gpositioned�gat�g2:27 m,�g
3:56 mand 4:58 m�gfrom �gthe�groot, �geach�gapplying �g95 kN�gto�gthe�gblade.�gThese�g
positions�gand�gload�gmagnitudes�gwere�gdetermined�gin�gLopez�gDubon�get�gal.�g
(2024)�gto�gmaximise�gthe�gaccuracy�gof�gthe�gtests�gwith �gthe�ghydrodynamic �g
simulations.�gThree�gM24�gsteel�grods�gat�geach�gside�gof�gthe�gsaddle�gwere�gused�g
to�ggenerate�gthe�gclamping�gforce�gfor �gthe�gfirst �gmethod�gusing�ga�gtorque�g
wrench.�gFor�gthe�gsecond�gmethod�gwith �ga�ghydraulic �gbolt �gtensioner,�ga�gsingle�g
M36�gsteel�grod�gat�geach�gside�gof�gthe�gsaddle�gwas�gtensioned.�gThe�gclamping�g
procedure�gwas�gfollowed �gby�ga�gstatic�gtest�gat�g100 ~�gof�gthe�gdesign�gstatic�gload.�g
Each�gof�gthe�gthree�gactuators�gexerted�ga�gpeak�gload�gof�g95 kN�gon�gthe�gblade.�g
Subsequently,�ga�gcyclic�gload�gwas�gintroduced �gat�g0:5 Hz�gfor �g30�gcycles�gwith �g
a�gmean�gstress�gof�g40 kN�gand�gan�gamplitude �gof�g25 kN,�gachieving�ga�gpure�g
tension�gR-ratio�gof�g0.23.�gTable�g�g2�gsummarises�gthe�gtest�gregimes�gfor �gthis�g
study.�gTest�gcases�g1�gand�g2�gare�ganalysed�gfor �gthe�gtightening �gmechanism�g
comparison,�gand�gtest�gcases�g2�gand�g3�gare�gused�gfor �gthe�gsaddle�gmaterial �g
comparison.

The�ganalyses�gin�gthis�gstudy�gwere�gcentred�garound�gthe�gfirst �gactuator,�g
as�git �ghad�gthe�glargest�gsurface�garea�gavailable�gat�gboth�gsides�gof�gthe�gsaddle.�g

Table �g2
Test�gregimes.�gStatic�gand�gfatigue�gloads�gare�gdescribed�gper�gactuator.

�gTest�gcase Tightening�g
mechanism

Saddle�g
material

Clamp�gtarget Static�gload Fatigue�gload �g

�g1 Manual MDF 95 kN 95 kN 65 kN �g
�g2 Hydraulic MDF 160 bar 95 kN 65 kN �g
�g3 Hydraulic Plywood 160 bar 95 kN 65 kN �g

Following �gthe�gprocedure�gfrom �gthe�gIEC�g61400-23�gstandard,�gthe�gchord�g
length�g(c)�gfrom �gthis�gpoint �gof�gload�gintroduction �gwas�gestimated�gto�ganalyse�g
the�gsurrounding �gsurface�gof�gthe�gblade.�gWith �g1300 mm,�gthis�gchord�glength�g
is�gused�gas�ga�gbase�gfor �gthe�gdiscussion�gof�gresults�gshown�gin�gSection�g4.�gIf �g
no�gfurther �ganalysis�gwas�gmade,�gthe�gleast�gconservative�gof�gthe�gstandards�g
would �gbe�gfollowed �gand�g0:75 c,�gor�g975 mm,�gat�gboth�gsides�gof�gthe�gsaddle�g
would �gbe�gexcluded.�gThis�gwould �gleave�gonly �ghalf �gof�gthe�gavailable�garea�g
for �ganalysis�gbetween�gthe�gfirst �gsaddle�gand�gthe�groot �gconnection�gand�gusing�g
three�gactuators�gwould �gnot�gbe�gfeasible.

2.1.3.�gSaddle�gstructure
Various�gmethods�gfor �gintroducing �gloads�gto�gtidal �gblades�ghave�gbeen�g

assessed�gand�gexamined�gspecifically �gfor �gthis�gtidal �gblade�g(Lopez�gDubon�g
et�gal.,�g2024;�gLopez�gDubon�get�gal.,�g2024),�gwith �gmany�gof�gthem�gbeing�g
adapted�gfrom �gwind �gblade�gtesting.�gThese�gmethods�ginclude�gusing�gcranes,�g
whiffletrees, �gwinches,�gand�gactuators.�gHowever,�gdue�gto�gthe�gsmaller�g
size�gof�gtidal �gblades�gcompared�gto�gwind �gblades,�gwhile �gstill �gneeding�gto�g
withstand �ghigh�gloads,�goptions�gsuch�gas�gcranes,�gwhiffletrees, �gand�gwinches�g
are�gnot�gfeasible�gdue�gto�gtheir �glarge-scale�gstructures.�gAs�ga�gresult,�ga�g
system�gcomprised�gof�ga�gwooden�gsaddle�gsupported�gby�gsteel�gframes�gwas�g
chosen�gto�geffectively �gtransfer�gloads�gfrom �gthe�gactuators�gto�gthe�gfixed�g
blade.�gMedium-density �gfibreboard �g(MDF)�gand�gplywood �gare�gcompared�g
in�gterms�gof�gperformance�gfor �gthis�gstudy,�gtwo �gcommonly�gused�gwoods�gfor �g
saddles�gin�gwind �gblade�gtest�gfacilities �g(Fagan�get�gal.,�g2017).�gMDF�gis�goften�g
chosen�gfor �gits�glightweight �gnature,�gnatural �gshock�gabsorption�gproperties,�g
affordability, �gand�gease�gof�gcustomisation.�gPlywood,�gon�gthe�gother�ghand,�g
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Fig.�g4.�gExperimental�gsetup�gat�gFastBlade�gwith �gthree�gsaddles�gclamped�gto�gthe�gblade.

Table �g3
Cradle�gmaterial �gproperties�gfrom�gcoupon�gtesting.

�gMaterial Compressive�gstrength Density Moisture�gcontent�g
�g [MPa] [ kg m*3 ] % �g
�gHigh-quality �gMDF 6:36 , 0 :27 596:63 , 4 :14 8:01 , 0 :12 �g
�gPlywood 31:63 , 3 :41 602:95 , 26 :93 7:16 , 0 :15 �g

is�glighter �gthan�gMDF,�gmore�gresistant�gto�ga�gchange�gin�gits�gproperties�gdue�gto�g
moisture,�ggood�gfor �gbearing�gloads,�gbut�gless�gaffordable.

Saddles�ghave�gadjustable�gdesigns�gthat �gcan�gaccommodate�gblades�gof�g
different �gsizes�gand�gshapes,�gand�gallowing �gfor �gversatility �gin�gtesting.�gA�g
saddle�gconfiguration �gcomprised�gof�ga�gwood-like �gmaterial �gin�gcontact�gwith �g
the�gblade�gand�ga�gsteel�gframe�ghas�galways�gbeen�gused�gin�gwind �gturbine �gblade�g
tests�g(Jensen�get�gal.,�g2006,�g2008;�gYang�get�gal.,�g2012).�gBoth�gthe�gMDF�gand�g
the�gplywood �gused�gfor �gthis�gsaddle�gare�gmade�gof�gseveral�gsheets�galigned�g
in�gthe�gout-of-plane�gdirection. �gTheir�gmechanical�gproperties,�galong�gwith �g
their �gdensity�gand�gmoisture�gcontent�gwere�gestimated�gwith �gcoupon�gtests,�g
following �gthe�gISO�g13061�gstandard.�gThe�gcompressive�gstrength,�galong�g
with �gdensity�gand�gmoisture�gcontent�gare�gshown�gin�gTable�g�g3.

The�gmechanical�gproperties�gof�gthe�gsteel�gframe�gwere�gclassified�gby�gthe�g
manufacturer�gas�gan�gEN10210-1�ggrade�gS355NH,�gwith �gan�gelastic�gmodulus�g
of�g210 GPa�gand�ga�gPoisson's�gratio �gof�g0.30�g(Eurocode�gApplied,�g2005).�g
The�gframe�gwas�gassembled�gusing�g300�gmm�gx�g90�gmm�gC-section�gchannels.�g
Bending�gwas�gobserved�gin�gthese�gsteel�gframes�gduring �gclamping,�ghowever,�g
no�gsigns�gof�gstructural �gdamage�gwere�gobserved�gafter�gthe�gtests.�gThis�gsaddle�g
part�gis�gclamped�gwith �gsteel�grods�gat�gboth�gends�gof�gthe�gframe�gand�gbolted�ginto �g
the�ghydraulic �gactuator,�gas�gshown�gin�gFig.�g�g5.�gThe�gwooden�gcradle�gsupports�g
the�gblade�gand�gwas�gdesigned�gto�gmatch�gthe�gshape�gand�gcontour�gof�gthe�gcross-
section�gprofile, �gproviding �ga�gsecure�gand�gstable�gresting�gposition �gduring �g
testing.�gA�gthin �glayer�gof�grubber�gwas�ginserted�gbetween�gthe�gsaddle�gand�gthe�g
blade�gto�gincrease�gthe�gpressure�gdistribution �g(Lopez�gDubon�get�gal.,�g2024).

2.1.4.�gClamping�gequipment
Two�gdifferent �gclamping�gmechanisms�ghave�gbeen�gtested�gfor �gcompari-

son:�ga�gtorque�gwrench�gand�ghydraulic �gbolt �gtensioners.�gThe�gtorque�gwrench�g
in�gFig.�g�g6a�ghad�ga�grange�gof�gfive�gevenly�gspaced�gsteps,�granging�gfrom �g27:1 N m
to 81:4 N m.�gInitially, �git �gwas�gused�gon�gone�gside�gto�gtighten �gthe�gthree�gM24�g

bolts�g(Fig.�g�g7),�gfollowed �gby�gthe�gtightening �gof�gthe�gother�gthree�gbolts�gin�g
the�gother�gside�gof�gthe�gsaddle�gbefore�gincreasing�ga�gstep�gon�gthe�gapplied�g
torque.�gTo�gaccount�gfor �gthe�ginduced�gbolt �gload�gloss�gfrom �gtensioning�ga�g
bolt �gadjacent�gto�gan�galready�gtensioned�gbolt, �gall �gbolts�gwere�gre-tightened,�g
effectively �greducing�gthe�gcross�gloading�gfactor�g(CLF).�gThe�gorder�gin�gwhich �g
the�gbolts�gwere�gtightened�gwas�gsimilar �gbetween�gall �gtests�gto�gachieve�gsimilar �g
applied�gtorques.

For�gthe�gsubsequent�gtightening �gmethod,�gthe�gbolt �gtensioners�gshown�g
in�gFig.�g�g6b�gemployed�gwere�gHTS20�gM36�gtensioners�gmanufactured�gby�g
Tension�gPro�g(Staffordshire,�gUK).�gIt �ghad�ga�gmaximum �gpressure�gof�g1500 bar,�g
a�gmaximum �gload�gof�g443 kN,�ga�ghydraulic �gpressure�garea�gof�g2954 mm2,�gand�g
a�gmaximum �gstroke�gof�g15 mm.�gOne�gM36�gsteel�grod�gon�geach�gside�gwas�gused�g
in�gthis�gmethod�gto�gbe�gable�gto�gtighten �gthem�gin�gparallel, �gas�gshown�gin�gFig.�g�g6,�g
with �grectangular�gwashers�gto�gdistribute �gthe�gload�gto�gthe�gsame�garea�gas�gthe�g
previous�gmethod.�gThe�ghydraulic �gpressure�gwas�ggradually �gincreased�gfrom �g
0 bar to 160 bar,�gachieving�g47 kN�gof�gtension�gper�gbolt, �gwhich �gmatched�gthe�g
design�gflapwise�gload�gcoming�gfrom �gthe�gactuator�gusing�gEq.�g(3).�gA�g100 ~
tensioning�gprocedure�gwas�gused,�gthus�gboth�gbolts�gon�gthe�gsaddle�gwere�g
tensioned�gsimultaneously�gto�gminimise �gcross�gload�glosses.

2.1.5.�gImage�gacquisition
DIC�gimages�gwere�gcollected�gand�gprocessed�gusing�gthe�gMatchID�gsoft-

ware�g(MatchID, �gGhent,�gBelgium),�gand�gthe�gsetup�gconsisted�gof�gsix�gcameras�g
working �gin�gpairs.�gThese�gcameras�gare�gFLIR�gBlackfly �gS�gUSB3�g(BFS-U3-
88S6M-C),�gwith �gcharacteristics�gshown�gin�gTable�g�g4.�gThe�gfirst �gand�gsecond�g
set�gof�gcameras�gpointed�gto�gthe�gregion�gbetween�gthe�groot �gof�gthe�gblade�g
and�gthe�gfirst �gsaddle,�gnamed�gROI 1�gon�gFig.�g�g8(b).�gThe�gthird �gset�gpointed�g
to�gthe�gsurface�garea�gbetween�gthe�gfirst �gand�gsecond�gsaddle,�gdefined�gas�g
ROI 2.�gAs�gall �gsets�guse�ga�gstereo�gconfiguration, �gcalibration �gwas�gcritical �g
to�gcorrelate�gboth�gcameras.�g150�ghigh-resolution �gimages�gwere�gtaken,�g
targeting �ga�gcalibration �gplate�gwith �g107�gdots�gevenly�gspaced�gby�g50 mm.�g
Calibration �gwas�gprocessed�gindividually �gfor �gevery�gset�gof�gcameras,�gand�g
the�gaverage�gerror �gwas�g0:03 pixels�gacross�gall �gsets.�g

After �gcalibration, �gthe�gexposure�gof�gthe�gcameras�granged�gfrom �g10 ms
to 13 ms,�gbased�gon�gthe�glighting �gconditions �gthroughout �gthe�gtest.�gFor�gthe�g
clamping�gphase�gof�gthe�gtest,�gthe�gDIC�gcameras�gcaptured�gimages�gat�g5 Hz.�g
This�gwas�gincreased�gto�g10 Hz�gfor �gthe�gstatic�gphase�gand�gthe�gfatigue�gphase�g
of�gthe�gtest.�gThe�gblade�gwas�gcovered�gwith �g6 mm�gspeckles�gin�gthe�gpressure�g
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Fig.�g5.�gSimplified �gblade-saddle�gsystem.�gSteel�gframe�gcut�gfor�gvisual�gpurposes.

Fig.�g6.�gEquipment�gused�gfor�gclamping:�g(a)�gmanual�gtorque�gwrench,�g(b)�gbolt �gtensioners�gfor�gM24�gand�gM36�gbolts,�g(c)�gpressure�gpump�gwith �gparallel �gconnections.

Fig.�g7.�gBolt�glocations�gin�gthe�gsystem:�gcross-section�gview�g(left) �gand�gtop�gview�gfor�gthe�gtwo�gdifferent �gmethods�g(right).

Table �g4
DIC�gcamera�gcharacteristics.

�gFeature Value �g
�gResolution 4096�g• �g2160 �g
�gFrame�gRate 32 �g
�gMegapixel 8.9 �g
�gChroma Mono �g
�gSensor Sony�gIMX267�g
�gPixel�gSize 3.45 �g
�gADC 12-bit �g

side�galong�gwith �gfiducials �gto�gdefine�ga�gframe�gof�greference�gduring �gthe�gDIC�g
processing.

2.1.6.�gSensors
Data�gwas�glogged�gthroughout �gall �gtests�gfrom �gload�gcells�gin�gthe�gactuators,�g

extensometers,�gand�g20�gsets�gof�gstrain�ggauges�gat�gfive�gdifferent �gpositions�g
across�gthe�gspan�gof�gthe�gblade.�gThe�glinear �gand�grosette�gstrain�ggauges�g(type�g
FRA-3-350-11,�g350 
 )�ghad�g5 ~ and 3 ~ �gstrain�glimits, �grespectively.�gAs�g
shown�gin�gFig.�g�g8,�gthe�grosette�gstrain�ggauges�gwere�gplaced�g0:8 m�gapart,�gat�g
three�gdifferent �gy-coordinate�glocations�gon�gthe�gpressure�gside�gand�gone�gon�g
the�gsuction�gside.�gFig.�g�g8(a)�gshows�gthe�gequivalent�gdistance�gfrom �gthe�gfirst �g
saddle�gto�geach�gof�gthe�gfive�gstations�gin�gterms�gof�ga�gchord�glength�gratio. �gThe�g
pressure�gside�gof�gthe�gblade�gis�gdepicted�gin�gFig.�g�g8(b)�gwhere�gonly �gone�gset�gof�g
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Fig.�g8.�gRegions�gof�ginterest�g(ROIs)�gfor�gimage�gacquisition �gand�grossette�gstrain�ggauge�glocations�gat�g(a)�gthe�gsuction�gside,�g(b)�gthe�gpressure�gside�gof�gthe�gblade.�gTotal�gblade�glength:�g5:25 m.

strain�ggauges�glocated�galong�gthe�gneutral �gx-axis�gis�ginstalled �gto�gminimise �g
the�ginterference�gwith �gthe�gDIC�gimage�gacquisition.

2.2.�gPreload�gformulation

The�gmain�gpurpose�gof�ga�gclamped�gsaddle�gsystem�gis�gto�gprovide �genough�g
stability �gthat �gthe�gblade�gor�gthe�gwooden�gsaddle�gdo�gnot�gfail �gin�gbearing�g
compression�gor�gslip�gduring �ga�gtest.�gThe�gliterature �gdoes�gnot�gprovide �g
information �gregarding�gcalculation �gof�gthe�gclamping�gforce�grequired�gto�g
fix �gthe�gsaddles.�gCurrent�gpractices�ginvolve �gestimating�gthe�gpreload�gbased�g
on�gthe�gtarget�gload�gat�geach�gsaddle;�gthus,�git �gdoes�gnot�gconsider�gthe�gblade�g
geometry,�gmechanical�gproperties,�gor�gbolt �gcharacteristics.

However,�ga�gfew�gdifferent �gapproaches�gcan�gbe�gadapted�gto�gthe�gsaddle-
blade�gsystem�gconsidering�ga�gbolted�gjoint �gdesign�gmethodology.�gFor�gthe�g
most�gsimplified �gcalculation, �gthe�gassumption�gis�gthat �gthe�gpreload�gshould�g
reach�ga�gmaximum �gvalue�gbefore�gthe�gclamping�gforce�gdamages�gany�gof�gthe�g
components�gwithin �gthe�gsystem.�gIn�gthat �gcase,�gthe�gmain�glimiting �gfactor�g
is�gthe�gyield �gstrength�gof�gthe�gbolt �gconnecting�gboth�gsides�gof�gthe�gsaddle,�gas�g
Eq.�g(1)�gshows:�g

FP L = LF � � y � At (1)

Where�gLF �gis�ga�gload�gfactor�gbetween�g0.7�gand�g0.9,�g� y�gis�gthe�gyield �g
strength�gof�gthe�gbolt, �gand�gAt�gis�gthe�gtensile�gstress�garea�gof�gthe�gbolt, �gwhich �g
considers�gthe�garea�greduction �gcaused�gby�gthe�gthreads,�gwhich �gis�goften�g
provided �gby�gthe�gmanufacturer.�gAs�gtorque�gwrenches�gare�gthe�gmost�gused�g
tools�gto�gachieve�ga�gpredetermined�gpreload,�gEq.�g(2)�gis�goften�gused�gto�g
estimate�gthe�gtorque�grequired�gto�gmeet�gthe�gpreload�gforce�gcalculated�gin�gEq.�g
(1)�g(Budynas�get�gal.,�g2011):�g

TP L =
40

dm

2D

1 0
tan� + f � sec�

1 * f � tan� � sec�

1
+ 0:625f c

5
� FP L � D (2)

Here�gTP L �gis�gthe�gapplied�gtorque,�gdm�gis�gthe�gaverage�gof�gthe�gmajor�gand�g
minor �gdiameters,�gD�gis�gthe�gnominal �gbolt �gdiameter,�g� �gis�gthe�glead�gangle�gof�g
the�gthread,�gf �gis�gthe�gcoefficient �gof�gthread�gfriction, �g� �gis�gthe�gthread�gangle,�g
and�gf c�gis�gthe�gcoefficient �gof�gcollar �gfriction. �gThe�gterm�ginside�gthe�gbrackets�g
is�goften�greferred�gas�gthe�gnut�gfactor�gKn�gwhich �gtypically �ghas�ga�gvalue�gof�g0.2�g
but�gvaries�gdepending�gon�gthe�gapplication �g(Budynas�get�gal.,�g2011).�gThe�g
existence�gof�gfriction �gand�gshear�gbetween�gthe�gjoint �gparts�gand�gthe�gbolt �gcan�g
reduce�gthe�gaccuracy�gof�gthis�gapproach�gby�gas�gmuch�gas�g50%�g(Stikvoort ,�g
2019).

The�gmost�gaccurate�gapproach�gcan�gbe�gachieved�gby�gmeasuring�gthe�g
elongation�gof�gthe�gbolt �gas�gthe�gpreload�gis�gintroduced. �gHowever,�ggiven�g
the�gsize�gand�gconditions�gof�gthis�gexperiment,�gthis�gmethod�grequires�gmore�g
robust�gequipment�gsuch�gas�gultrasonic �gdisplacement�gsensors�gor�gbolt �gten-
sioners.�gBolt�gtensioners�gare�gspecialised�gtools�gthat �gcan�gachieve�gprecise�g
and�gcontrolled �gbolt �gtension.�gTheir�goperation�ginvolves�gthe�gapplication �gof�g
hydraulic �gpressure�gto�gextend�gthe�gbolt, �gresulting �gin�ga�gspecific�gpreload.�gA�g
pure�gtensile�gload�gremoves�gfactors�gsuch�gas�gfriction, �gshear,�gand�glubrication �g
from �gthe�guncertainty �gvariability. �gEach�gtensioner�gmanufacturer�gprovides�g
a�grelationship �gbetween�gthe�gtotal �ghydraulic �gpressure�gapplied�gand�gthe�g
desired�gbolt �gpreload,�gsuch�gas�gEq.�g(3)�g(Stikvoort ,�g2019):�g

Ph =
FP L

Ah
�
�

1:01 +
D
G

�
(3)

Where�gPh�gis�gthe�gcorresponding�ghydraulic �gpressure�gfor �ga�gdesired�gbolt �g
preload,�gAh�gis�gthe�ghydraulic �gpressure�garea,�gand�gG�gis�gthe�gbolt �ggrip �glength.�g
The�gterm�gin�gbrackets�gis�gcalled�gthe�gload�gtransfer�gfactor�g(LTF)�gand�gcan�g
be�greplaced�gby�ga�gfactor�gwhich �gmust�gbe�gdetermined�gexperimentally �gfor �g
more�gaccurate�gresults.�gEq.�g(2)�gand�gEq.�g�g(3)�gcan�gbe�gsolved�gby�gmatching�g
FP L �gwith �gthe�gactuator�gdesign�gload�g(95 kN),�ga�gcommon�gpractice�gamongst�g
the�gindustry, �gto�gfind �gthe�grequired�gapplied�gtorque�gTP L �gand�gthe�ghydraulic �g
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pressure�gPh.�gThe�gimpact�gof�gdifferent �gpreload�gvalues�gwas�gnot�gstudied�gfor �g
this�gresearch�gas�git �gcould�gdamage�gthe�gtest�gequipment�gor�gthe�gblade�gbefore�g
experimentation.

2.3.�gDigital�gimage�gcorrelation�g(DIC)

2.3.1.�gSignature�gidentification

DIC�gis�gan�goptical �gtechnique�gthat �gprovides�ga�gnon-intrusive �gmethod�g
for �gmeasuring�gdeformation �gon�gthe�gouter�gsurface�gof�ga�gstructure.�gIt �ghas�g
shown�gaccurate�gresults�gon�gfull-scale�gwind �gturbine �gblades�g(LeBlanc�get�gal.,�g
2013)�gand�gis�gcurrently �gused�gas�ga�gvalidation �gtool �gin�gtidal �gblade�gtests.�gTo�g
accurately�gmeasure�gdisplacement�gon�ga�gspecimen's�gsurface,�gthe�gimage�g
is�gdivided �ginto �gsubsets�gof�gpixels,�gand�gsum�gof�gsquared�gdifference�g(SSD)�g
criteria, �gsuch�gas�gthe�gzero�gmean�gnormalised�gsum�gof�gsquared�gdifferences�g
(ZNSSD)�gchosen�gfor �gthis�gstudy�gin�gEq.�g�g(4),�gare�gused�gto�gmaximise�gthe�gcross�g
correlation �gof�ga�gsubset�gbetween�gimages�g(Tong,�g2005):�g
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Where�g„f i .x; y/ = f i * „f ,�g„gi .x
¨; y¨/ = gi * „g;�gf .x; y/�gare�gthe�ggrey�gvalues�g

of�gthe�greference�gimage,�gand�gg.x¨
i ; y¨

i /�gare�gthe�gpixel �gvalues�gof�gthe�gdeformed�g
image.�gWhen�gthe�gcorrelation �gfunction �gC�gis�gclose�gto�gone,�gthe�gsubset�ghas�g
been�gidentified �gin�gthe�gdeformed�gimage.�gUnder�greal�gconditions, �gimages�g
contain�gnoise�gcoming�gfrom �gvarious�gsources,�gand�gthe�gZNSSD�gfunction �g
has�gan�gadvantage�gover�gother�gcorrelation �gfunctions�gas�git �gis�ginsensitive�g
to�gboth�goffset�gand�gscale�gchanges�gof�gthe�gsubset�gintensity. �gHowever,�gthe�g
correlation �gfunction �gwill �gnever�gbe�ga�gperfect�gmatch,�gand�ginterpolation �g
techniques�gmust�gbe�gused.

2.3.2.�gStrain�gfield�gcalculation

The�gstrain�gcalculation �gduring �gDIC�gcorrelation �gis�gbased�gon�gthe�gdefi-
nition �gof�gthe�gdeformation �ggradient�gF�gin�gEq.�g�g(5).�gIt �gcan�gbe�gexpressed�gin�g
matrix �gform �gfor �gplane-stress�gconditions �g(Chu�get�gal.,�g1985),�gas�gDIC�gcannot�g
measure�gthe�gthrough-thickness�gcomponent�g) _)Z .�g
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Where�gX�gis�gthe�gmaterial �gcoordinate�gsystem,�gx�gis�gthe�gspatial�gco-
ordinate �gsystem,�gI�gis�gthe�gidentity �gtensor,�gand�gu�gis�gthe�gdisplacement�g
vector.�gAs�gthe�gdisplacement�gvectors�gu; v�gare�gvery�gsusceptible�gto�gnoise,�g
the�gdifferentials �gused�gto�gsolve�gthe�gdeformation �ggradient�gcan�gmagnify �g
these�gfluctuations. �gThus,�ga�glocal�gpolynomial �gfitting �gis�goften�gused�gto�g
determine�gthe�gdisplacement�gmeasurements�ganalytically, �gsuch�gas�gthe�gbi-
linear �gLagrange�gpolynomials, �gwhich �gturn �gEq.�g(5)�ginto �gthe�gfollowing: �g

F =
4
1 + bu + duY0 cu + duX 0

bv + dvY0 1 + cv + dvX 0

5
(6)

The�gstrain�gwindow �gpreviously �gdiscussed�gconsiders�ga�gdiscrete�gnumber�g
of�gdisplacement�gdata�gpoints�gthat �gcan�gbe�gused�gin�gthe�gspatial�gdomain�gto�g
calculate�gthe�gdeformation �ggradient�gF.�gFurthermore,�gthe�gdisplacement�g
data�gpoints�gare�ga�gfunction �gof�gthe�gsubset�gand�gthe�gstep�gsize,�gparameters�g
that �ginfluence�gon�gthe�gfinal �gresolution �gand�gnoise�glevel�gof�gthe�gstrain�g
field. �gAs�gstrain�gmagnitudes�gare�gnot�gexpected�gto�gbe�glarger�gthan�g10 ~
for �gall �gthe�gmaterials�ginvolved �gin�gthe�gexperiment,�gany�gof�gthe�gstrain�g
formulations �gwill �gshow�gsimilar �gresults.�gWe�gtherefore�gchoose�gthe�gHencky�g
strain�gformulation, �gusually�greferred�gas�gtrue�gstrain�gor�glogarithmic �gstrain,�g
from �gEq.�g�g(7).�g

H = ln . U/ = ln .
ù

FT � F/ (7)

Table �g5
Strain�ggauge�gnoise�glevels�gunder�gno-load�gconditions�gin�g� m �gm= 1.

�gBlade SG Dist. " xx " yy " xy �g
�gSide ID c �m m *1 �m m *1 �m m *1 �g
�gSuction A1 * 1.05 5:27 , 0 :42 5:56 , 0 :45 0:96 , 0 :48�g
�g B1 * 0.43 5:49 , 0 :57 11:49 , 0 :50 0:09 , 1 :20�g
�g C1 0.17 6:73 , 0 :96 0:69 , 1 :08 3:35 , 1 :16�g
�g D1 0.79 10:46 , 0 :87 12:35 , 0 :52 3:14 , 1 :85�g
�gPressure A4 * 1.05 1:71 , 0 :44 1:48 , 0 :42 1:52 , 0 :37�g
�g B4 * 0.43 2:62 , 4 :11 10:50 , 1 :46 2:71 , 1 :08�g
�g C4 0.17 7:17 , 1 :53 2:92 , 1 :73 2:37 , 2 :11�g
�g E4 1.41 7:75 , 1 :50 0:83 , 0 :51 2:55 , 1 :55�g

2.3.3.�gDIC�gperformance�ganalysis
To�gprove�gthe�greliability �gof�gDIC�gon�gsuch�glarge�gstructures,�gthe�gDIC�g

post-processing�galgorithm �gdescribed�gin�gthe�gprevious�gsection�grequired�ga�g
sensitivity �ganalysis.�gThis�ghelps�gto�gdefine�gthe�gmost�goptimised�gparameters�g
to�gcorrelate�gstrain�gvalues�gfrom �gthe�gDIC�gwith �gthe�greal�gvalues�gat�gthe�g
surface�gof�gthe�gblade.�gThe�gstep�gsize,�gsubset�gsize,�gshape�gfunction, �gand�g
strain�gwindow �gwere�gvaried�gto�gdetermine�gthe�gnoise�gthreshold�gfrom �gthe�g
image�gacquisition. �gThe�gstrain�gvalues�gcalculated�gfrom �gthese�gdifferent �g
parameters�gwere�ggrouped�gbased�gon�gtheir �gsubset�gsize.�gFig.�g�g9�ghighlights �g
three�gof�gthe�gmost�goptimised�gsubset�gsizes�gfor �gboth�gROIs.

The�gbest�gparameters�gto�gmatch�gthe�gstrain�gvalues�gfrom �gthe�gstrain�g
gauges�gwere�gachieved�gwith �ghigh�gVSG�gsizes.�gQ8�ginterpolation �gshows�ga�g
very�gsparse�goptimisation, �gcaused�gby�gan�goverfit �gbehaviour�gwhere�gnoise�g
gets�gattenuated�gby�gthe�gdifferentiation. �gThus,�gQ8�gwas�gnot�gchosen�gfor �g
further �ganalysis�gas�gthe�gstandard�gdeviation �gwould �gbe�ghigh�genough�gto�g
mistake�gthe�gstrain�gdistribution �gacross�gthe�gsurface�gas�gnoise.�gThus,�ga�gVSG�g
of�g183�gpixels�gwith �gthe�gfollowing �gparameters�ghas�gbeen�gchosen�gfor �gthe�g
cameras�gtargeting �gROI�g1:�ga�gsubset�gsize�gof�g21,�ga�gstep�gsize�gof�g9,�gand�ga�g
strain�gwindow �gof�g19.�gAs�gfor �gROI�g2,�gthe�gVSG�gis�gmade�gof�g195�gpixels�gwith �g
a�gsubset�gsize�gof�g27,�ga�gstep�gsize�gof�g12,�gand�ga�gstrain�gwindow �gof�g15.

Such�gvalidation �gcan�gbe�gobserved�gin�gFig.�g�g10a,�gwhere�gall �gthree�gphases�g
of�gthe�gplywood �gsaddle�gtest�gare�grelated.�gThe�gDIC�gvalues�gwere�gobtained�gby�g
averaging�gthe�gdata�gpoints�gsurrounding �gthe�glocation �gof�gthe�gstrain�ggauge.�g
Different �gradius�gfor �gthis�gsurrounding �garea�gwere�gconsidered,�gof�gwhich �ga�g
radius�gof�g200 pixels�gwas�gthe�gmost�goptimised.

3.�gResults �g&�gdiscussion

3.1.�gTorque�gwrench�gvs�ghydraulic�gpressure�gclamping�gmethod�gcomparison

Due�gto�gsafety�gconcerns�gassociated�gwith �gthe�gtorque-wrench�gmethod,�g
conducting�ga�gfatigue�gtest�gwith �gpersonnel�gin�gclose�gproximity �gto�gthe�g
blade�gwas�gdeemed�gunfeasible.�gConsequently,�gthe�gdata�gcollected�gfor �gthis�g
particular �gtest�gsolely�gpertains�gto�gthe�gclamping�gand�gstatic�gphase�gand�gwas�g
obtained�gfrom �gsensors�gand�gDIC�gimages.

Data�glogging�gbegan�gwith �gthe�gsaddles�galready�gclamped�gto�gthe�gblade�g
from �gprevious�gstatic�gand�gfatigue�gtests.�gSubsequently,�gbolts�gwere�ggradu-
ally �gloosened�guntil �ga�g1 mm�ggap�gbecame�gvisible �gbetween�gthe�gsaddle�gand�g
the�gblade.�gData�gwas�gcollected�gat�gthis�gstage�gwhen�gthe�gblade�gand�gthe�g
clamp�gsystem�gare�gnot�gin�gcontact.�gThis�gdata�gwas�gused�gto�gcalculate�gthe�g
strain�ggauge�gnoise�glevels,�geffectively �gdefining �ga�gboundary�gfor �gnegligible �g
readings�gfor �gthe�gfollowing �gstages�gof�gthe�gtest.�gThe�gnoise�glevels�gof�gthe�gmost�g
relevant�gstrain�ggauges�gare�gpresented�gin�gTable�g�g5.

Bolts�gwere�gthen�gre-tightened�gto�gthe�gmaximum �gpermissible�gvalue�gby�g
the�gtorque�gwrench,�gwhich �gin�gthis�gcase�gwas�g81:4 N m.�gFig.�g�g11(a)�gillustrates �g
that, �gduring �gthis�gloosening�gprocess,�gthe�gstrain�gon�gthe�gpressure�gside�gof�g
the�gblade�gdecreased,�gresulting �gin�ga�gstrain�greduction �gof�g115 microstrain
(�m m *1 )�gat�ga�gdistance�gof�g*0 :43 c�gfrom �gthe�gsaddle.�gThe�gsame�gbehaviour�g
can�gbe�gobserved�gon�gthe�gother�gside�gof�gthe�gsaddle�gin�gFig.�g�g11(b),�ghowever,�g
at�ga�glesser�gextent�gas�gthe�gmaximum �gstrain�gobserved�gin�gstrain�ggauge�gB1�g
of�g10 � m �gm= 1�gis�gconsiderably�glow �gand�gclose�gto�gthe�gstrain�ggauge�gnoise�g
threshold.�gThis�gdiscrepancy�gsuggests�ga�gvariation �gin�gthe�gdisturbance,�g
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Fig.�g9.�gDIC�gstrain�gsensitivity �gfor�gdifferent �gsubset�gsizes�gat:�g(a)�gROI1,�g(b)�gROI2.�gGrey�gvalues�gare�gsuboptimal�gsubset�gsize�gcandidates.

Fig.�g10.�gLongitudinal �gstrain�gcorrelation �gbetween�gDIC�gand�gstrain�ggauge�gB4�glocated�gat�g*0 :43 c�gfrom�gthe�gsaddle:�g(a)�gFull�gstatic�gand�gfatigue�gtest�g(Test�gCase�g3),�g(b)�glast�g10�gcycles�gof�ga�g
fatigue�gtest�g(Test�gCase�g2).

Fig.�g11.�gStrain�gmeasurements�gat�g*0 :43 c�gfrom�gthe�gsaddle�gfor�glocation: �g(a)�gB4,�g(b)�gB1,�gfor�gthe�gtorque�gwrench�gmethod.�gAt�gmin�g7,�gthe�gfirst �gbolt �gis�gloosened�guntil �gmin�g17,�gwhen�gthe�g
saddle�glooses�gall�gthe�gpressure�gon�gthe�gblade.�gBolts�gare�gthen�gre-tightened�gat�gmin�g23.

thus�gdifferent �gvalues�grelated�gto�gthe�gchord�glength�gcould�gbe�gused�gas�gsafe�g
boundaries�gfor �geach�gside�gof�gthe�gblade�gindependently.

When�gconsidering�gthe�goverall �ganalysis�gfor �gthe�gtorque-wrench�gmethod�g
presented�gin�gFig.�g�g11,�git �gbecomes�gevident�gthat �gthe�gfinal �gstrain�greadings�gdo�g
not�galign�gwith �gthe�ginitial �gbalanced�gstrain.�gThis�ginconsistency�gcould�gbe�g
attributed �gto�ga�greduction �gin�gthe�gclamping�gforce�gover�gtime. �gAs�ga�gsystem�g

composed�gof�gmultiple �gcomponents,�gthis�gdecrease�gcould�gbe�gdue�gto�gfactors�g
such�gas�gembedment,�ga�gcreep�geffect�gon�gthe�gMDF�gor�gthe�gsteel�gframe,�gor�ga�g
combination �gof�gthese�gfactors.

When�gexamining�gthe�gstrains�gat�ga�gdistance�gof�g*1 :05 c�gfrom �gthe�gsaddle�g
(locations�gA2�gand�gA4),�gthe�ginfluence�gof�gthe�gsaddle�gbecomes�geven�gmore�g
diminished. �gThe�gmaximum �glongitudinal �gstrain�gvalues�gare�gmeasured�gat�g
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Fig.�g12.�gStrain�gvalues�gon�gthe�gcentreline�gon�gthe�gpressure�gside�gof�gthe�gblade�gduring: �gclamping�g(red),�gstatic�gtest�gto�g95 kN�g(yellow), �gand�g100-cycle�gfatigue�gtest�g(green).�g(a)�gstrain�ggauge�g
B4�gat�g*0 :43 c�gfrom�gthe�gsaddle�gand�g(b)�gstrain�ggauge�gC4�gat�g0:17 c�gfrom�gthe�gsaddle.

.6:50 , 0 :56/ � m �gm= 1�gfor �gthe�gpressure�gside�gand�g.5:30 , 0 :38/ � m �gm= 1

for �gthe�gsuction�gside.�gThese�gvalues�gcan�gbe�gregarded�gas�gnegligible �gsince�g
they�gare�gwithin �gtheir �gnoise�glimits �gfrom �gTable�g�g5�gand�galso�gaccount�gfor �gless�g
than�g1 ~ �gof�gthe�gstrain�gvalues�gobtained�gat�gthose�glocations�gduring �gstatic�g
and�gfatigue�gtests.

By�greferring �gto�gEq.�g�g(2)�gand�gassuming�ga�gcommonly�gused�gnut�gfactor�gof�g
0.2,�gan�gestimation�gcan�gbe�gmade�gthat �geach�gbolt �gis�gsubjected�gto�ga�gclamping�g
force�gof�gapproximately �g16:96 kN.�gNotably, �gno�gsigns�gof�gslip�gwere�gobserved�g
during �gthe�gearlier�gtests�gwhen�ga�gsimilar �gclamping�gforce�gwas�gapplied.�gAn�g
estimated�gclamping�gforce�gof�g101:75 kN�gis�gacting�gon�gthe�gsystem.�gThis�g
force�gcorresponds�gto�g1.07�gtimes�gthe�gdesign�gload�gfor �gthe�gfirst �gactuator�g
during �ga�gstatic�gtest,�ghowever,�ga�gmore�gprecise�gnut�gfactor�gcould�gequalise�g
both�gforces.

As�gfor �gthe�ghydraulic �gmethod,�gthe�gbolt �gtensioners�gwere�gpositioned�g
on�gboth�gsides�gof�gthe�gtop�gsteel�gframe,�gand�gthe�ghydraulic �gpressure�gwas�g
controlled �gin�gparallel. �gThe�ghydraulic �gpressure�gcould�greach�g150 bar�gfor �g
the�gclamping�gstage,�gequivalent�gto�g84 kN,�gestimated�gusing�gEq.�g(3).�gThis�g
clamping�gphase�gwas�gfollowed �gby�ga�g95 kN�gstatic�gload�gand�ga�gshort�gfatigue�g
test�gconducted�gat�ga�gfrequency�gof�g0:5 Hz�gand�ga�gpeak�gload�gof�g75 kN,�gas�g
shown�gin�gFig.�g�g12.

The�gmaximum �gstrain�gvalue�grecorded�gduring �ga�gstatic�gtest�goccurred�g
at�glocation �gC4,�g0:17 c�gaway�gfrom �gthe�gsaddle,�greaching�ga�gvalue�gof�g
.2667:43,3 :01/ � m �gm= 1�gin�gFig.�g�g12a.�gBy�gcomparing�gthis�gto�gthe�gmaximum �g
value�gobserved�gduring �gthe�gclamping�gphase,�gwhich �gis�gapproximately �g
33:7 � m �gm= 1,�git �gis�gevident�gthat �gthe�gpreload�grepresents�gonly �g1:3 ~ �gof�gthe�g
total �gload.�gFurthermore�gin�gFig.�g�g12b,�gfor �gthe�glongitudinal �gstrain�gat�gB4�gor�g
*0 :43 c,�gthe�gcontribution �gfrom �gthe�gclamping�gphase�gincreases�gto�g3:7 ~.

After �gobserving�gdata�gpertaining �gto�gthe�gindividual �gclamp�gmecha-
nisms,�gboth�gmethods�gwere�galso�gcompared�gin�gterms�gof�gdisplacement�gand�g
strain�gdissipation�gas�ga�gfunction �gof�gdistance�gfrom �gthe�gsaddle.�gFig.�g�g13�g
shows�gthe�gmean�gdisplacement�gand�glongitudinal �gstrain�gof�gthe�gblade�gskin�g
at�gdifferent �gdistances�gaway�gfrom �gthe�gsaddle.�gThe�gfigure �gis�gdivided �gin�g
two �gzones,�gthe�gskin�gzone�gand�gthe�gspar�gzone.�gThis�gdistinction �gis�gmade�g
as�gthe�gstiffness�gof�gthese�gtwo �gzones�gare�gdifferent �gunderneath�gthe�gsurface.�g
The�gspar�gzone�gcan�gbe�gas�gmuch�gas�g10�gtimes�gthicker �gthan�gthe�gskin�gzone.�g
The�gtwo �gzones�gshow�gsimilar �gdisplacement�gbehaviour�gwhen�gcomparing�g
both�gclamping�gmethods�gin�gFig.�g�g13a.�gThe�gmanual�gmethod�gshows�ga�gmore�g
sparse�gdistribution �gtowards�gthe�groot �gof�gthe�gblade,�gwith �ghigh�gvalues�g
closer�gto�gthe�gsaddle�gfor �gboth�gzones.�gThis�gcan�gbe�gattributed �gby�gthe�gcross�g
loading�gfactor�ginduced�gfrom �gtightening �gone�gbolt �gat�ga�gtime, �gwhich �gcauses�g
pressure�gto�gbe�glost�gon�gpreviously �gtightened�gbolts.�gOn�gthe�gother�ghand,�g
the�ghydraulic �gmethod�gshows�ga�gless�gsparse�gdistribution �gas�glong�gas�gall �g
bolts�gare�gtensioned�gin�gparallel, �gwith �gdisplacements�gapproaching�gzero�gat�g
a�gdistance�gof�g*0 :45 c�gonwards.

Longitudinal �gstrains�gshow�gthe�gsame�goverall �gtrend�gof�gsparsity�gas�g
displacements,�ghowever�gzones�gbehave�gdifferently �gas�ga�gresult�gof�gthe�gdif-
ference�gin�gstiffness.�gThe�guse�gof�gthe�gtorque�gwrench�gas�ga�gclamp�gmechanism�g
results�gin�gsparse�gstrains�gthat �gare�ghighly �gdependent�gon�gthe�gorder�gof�g
bolt �gtightening. �gThe�gstrain�gmeasurements�gat�glocation �gB4�gfall �gwithin �gthe�g
range�gof�gvalues�gmeasured�gusing�gboth�gbolt �gtightening �gtechniques�gfrom �g
the�gDIC,�gbut�gare�gmore�gclosely�galigned�gto�gthe�gtighter �grange�gof�ghydraulic �g
bolt-tensioning �gresults.�gThe�gobserved�gnormalised�gstrains�gindicate �gthat �g
the�gstructure�gof�gthe�gblade�ghas�ga�ggreater�gimpact�gthan�gthe�gclamping�g
force�gwhen�gconsidering�gan�gexclusion�gzone�gthreshold�gvalue.�gTherefore,�ga�g
single�gthreshold�gvalue�gfor �gall �gtidal �gturbine �gblades�gcannot�gbe�gestablished.�g
Instead,�gachieving�ga�gconsistent�gpressure�gdistribution �gshould�gbe�gthe�g
priority. �gOverall,�gbolt �gtensioners�gshow�ga�gmore�gconsistent�gclamp�gpressure�g
through �gdifferent �giterations, �gand�git �gshould�gbe�gconsidered�gas�gthe�gdesired�g
method�gto�gclamp�ga�gthick �gcomposite�gblade�gto�gthe�gload�gmechanism�gin�gan�g
laboratory �gtesting�gfacility.

The�ginfluence�gof�gthe�gblade's�gcomponents�gon�gthe�gdistribution �gof�g
clamping�gpressure�gis�gfurther �gillustrated �gthrough �gfull-field �gDIC�gmaps.�g
Fig.�g�g14�gshowcases�gthe�gout-of-plane�gdisplacement�gcomponent,�gdenoted�g
as�gW,�gsubsequent�gto�gthe�gapplication �gof�gthe�gtarget�gpressure�gon�gboth�gM36�g
bolts.�gThe�gregion�gsituated�gbetween�gthe�gtwo �gshear�gwebs�gexperienced�g
buckling, �gleading�gto�ga�gsimilar �gbehaviour�gbetween�gthe�gshear�gweb�gand�gthe�g
trailing �gspar.�gThis�gcould�glead�gto�gearly�gskin-spar�gdebonding�gcausing�gblade�g
failure �gwithin �gthe�gexclusion�gzones.�gThe�gpresence�gof�ga�grib, �gindicated �gby�g
the�ghorizontal �gdashed�gline �gin�gFig.�g�g14,�gexacerbates�gthis�gbehaviour�gas�git �g
constrains�gthe�gdisplacement�gdecay.

During �ga�gfatigue�gtest�gshown�gin�gFig.�g�g15(a),�gthe�gtroughs�gshowed�g
longitudinal �gstrains�gof�g94:40 � m �gm= 1 and 451:56 � m �gm= 1�gat�g*1 :05 cand
*0 :43 c,�grespectively.�gThe�gstrain�gexperienced�gin�gthose�glocations�gduring �g
clamping�gcontributed �gto�g2:3 ~ and 20:3 ~ �gof�gthe�gminimum �gstrain�gvalues�g
in�ga�gfatigue�gtest,�grespectively.�gThe�gmost�grelevant�gstrain�gcomparisons�g
between�gthe�gthree�gphases�gof�ga�gtest�gare�gdisplayed�gin�gTable�g�g6.�gThe�geffects�g
on�gthe�gclamping�gcan�gbe�gseen�gon�geach�gof�gthe�gsides�gof�gthe�gblade�gin�gFig.�g
15,�ghighlighting �gthe�gfact�gthat �gtheir �gregions�gavailable�gfor �ganalysis�gmight �g
differ. �g

The�gstrain�gneeded�gto�gcreate�gthe�gfirst �gcrack�gin�gthe�gcomposite�gmatrix �g
can�gbe�gused�gas�ga�greference�gvalue�gto�gdetermine�gwhether�gthe�gblade's�g
stiffness�gis�galtered�gbefore�ga�gtest�gis�grun.�gBased�gon�gGarrett�gand�gBailey�g
(1977)�gand�ga�gply �gthickness�gof�g1 mm,�gthe�ginitial �gcracking�gstrain�gis�g0:49 ~.�g
The�gstrain�gvalues�gduring �gthe�gclamping�gphase�gcan�gthen�gbe�gnormalised�g
to�gthis�gstrain�gvalue�gand�gare�gshown�gin�gFig.�g�g16�gfor �gboth�gsides�gof�gthe�g
blade.�gIt �gcan�gbe�gobserved�gthat �gthe�gpressure�gside�gof�gthe�gblade�gexperiences�g
higher�gstrains�gcloser�gto�gthe�gsaddle�gbut�gmatch�gthe�gsuction�gside�gvalues�g
at�gapproximately �g0:75 c.�gThis�gobservation�gagrees�gwith �gthe�gconservative�g

�2�F�H�D�Q���(�Q�J�L�Q�H�H�U�L�Q�J�������� ���������������������������� ��

���� ��



M.A.�gValdivia-Camacho�get�gal.

Fig.�g13.�gClamping�gmethod�gcomparison�gat�gROI1�g(pressure�gside�gof�gthe�gblade)�gfor:�g(a)�gdisplacement�gmagnitude�g(top�gfigures)�gand�g(b)�glongitudinal �gstrain�g(bottom �gfigures).

Table �g6
Longitudinal �gstrain�gcomparison�gbetween�gall�gthree�gphases�gof�ga�gtest�gusing�gthe�ghydraulic �g
method�gand�gan�gMDF�gsaddle�gin�g� m �gm= 1.�gStrain�ggauge�gD4�gnot�gavailable�gas�gnot�genough�g
data�gwas�gcollected�gfrom�gthis�gsensor.

�gBlade SG Dist. Clamp Static Fatigue�g(Min)

�gSide ID c "xx " xx ~ " xx ~

�gSuction A1 * 1.05 0:9 , 0 :40 * 694.7 0.7% * 118.6 0.8% �g
�g B1 * 0.43 15:6 , 0 :07 * 2093.2 0.5% * 313.1 4.8% �g
�g C1 0.17 24:9 , 0 :02 * 2332.1 0.7% * 333.2 7.0% �g
�g D1 0.79 1:7 , 0 :44 * 2309.4 0.4% * 328.0 0.5% �g
�gPressure A4 * 1.05 *0 :4 , 0 :02 613.8 0.4% 94.4 0.4% �g
�g B4 * 0.43 96:3 , 2 :90 2453.2 3.7% 451.6 21.3%�g
�g C4 0.17 41:3 , 1 :97 2667.4 1.3% 434.6 9.5% �g
�g E4 1.41 2:3 , 0 :57 1941.7 0.1% 260.0 0.9% �g

approach�ggiven�gby�gthe�gstandards�gto�gconsider�gthree�gquarters�gof�gthe�g
chord�glength�gfor �gthe�gwhole�gstructure.�gIt �gis�gnoted�gthat �gthe�gvalues�gfor �g

the�gpressure�gside�gare�gstill �gvery�gsmall,�gwith �gvalues�gat�g0:5 c�gbeing�gbelow�g
the�ginitial �gcracking�gstrain�gvalue.�gReaching�gthis�greference�gvalue�gdoes�gnot�g
strictly �gcorrelate�gto�gfailure, �gas�git �gwill �galso�gdepend�gon�gthe�gply �gorientation.

3.2.�gComparing�gsaddle�gmaterials

MDF�gand�gplywood �gwere�gtested�gand�gcompared�gto�gassess�gthe�gstructural �g
performance�gof�gthe�gsaddle.�gA�ghydraulic �gmechanism�gwas�gused�gto�gtighten �g
the�gbolts,�gfollowed �gby�ga�gstatic�gtest�gwith �ga�gpeak�gload�gof�g95 kN.�gOnly�g
three�gclamping�gtests�gwere�gperformed�gon�gthe�gMDF�gand�gsix�gon�gthe�g
plywood �gsaddle,�gdue�gto�gthe�ghigh�gcosts�gassociated�gwith �gthese�glarge-scale�g
experiments.�gFig.�g�g17�gdisplays�gthe�gdeformation �gbehaviour�gobserved�gat�g
ROI�g2,�gcaptured�gby�gthe�gthird �gset�gof�gcameras�gfor �gboth�gthe�gMDF�gand�g
the�gplywood �gexperiments.�gThis�gregion�gis�gaffected�gby�gthe�gsecond�gsaddle�g
coming�ginto �gcontact�gwith �gthe�gblade,�gresulting �gin�gthe�goverlapping �gof�g
clamping�gforces�gfrom �gboth�gfixtures. �gHowever,�gthe�gpresence�gof�ga�grib �g
positioned�gbetween�gthe�gtwo �gsaddles�geffectively �grestricts�gthe�gextent�gof�g
the�gdisturbed�garea�ggenerated�gby�gthe�gintroduction �gof�gthe�gload�gat�gthese�g
points.�gA�gmaximum �gdisplacement�gof�g.0:83 , 0 :02/ mm�gspreads�gfrom �gthe�g
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Fig.�g14.�gOut-of-plane�gdisplacement�gcomponent�gin�gROI�g1�g(pressure�gside)�gafter�ga�ghydraulic �gpressure�gof�g150 bar�gis�gapplied�gto�gthe�gbolt �gtensioners,�gin�gmm.

Fig.�g15.�gLongitudinal �gstrains�gat�gthe�gneutral�gz-axis�gduring �ga�gfull �gtest�gcampaign:�gclamping�g(I), �gfull �gstatic�gtest�gto�g95 kN�g(II), �g100-cycle�gfatigue�gtest�g(III).

Fig.�g16.�gClamping�glongitudinal �gstrain�gnormalised�galong�gthe�gneutral�gz-axis�gof�gthe�gblade.

MDF�gsaddle,�gand�g.0:48 , 0 :15/ mm�gfor �gthe�gplywood �gsaddle�gtest.�gBlue�gand�g
darker�gareas�gshow�gdisplacements�gof�gless�gthan�g0:15 mm�gthat �gare�gclose�g
to�gthe�gnoise�glevels.�gBased�gon�gthese�gobservations,�gthe�gdissipation�gof�gthe�g
clamping�gstage�gpreloads�gfor �gROI�g2�gis�gsignificantly �gfaster�gthan�gthat �gof�g
ROI�g1.�gPreload�geffects�gsettled�gbetween�g0:25 c to 0:36 c�gfor �gROI�g2.

The�gstrain�gfield �gcomputation �gwas�gdone�gusing�gthe�gDIC�gparameters�g
obtained�gfrom �gthe�gperformance�ganalysis,�ga�gQ4�ginterpolation, �gand�gthe�g
Hencky�gstrain�gformulation �gfrom �gEq.�g�g(7),�gemploying �ga�gwindow �gtolerance�g
of�g50 ~.�gIn�gFig.�g�g18,�gthe�glongitudinal �gstrain�gobserved�gafter�g160 bar�gis�g
applied�gto�gthe�gsaddle�gbolts�gfor �geach�gof�gthe�gsaddle�gconfigurations, �gMDF�g
and�gplywood. �gAs�gthe�gblade�gis�gvery�gstiff, �gthe�grange�gof�gstrain�gvalues�gin�g
this�gregion�gis�gvery�glow �gand�gclear�gdifferences�gbetween�gthe�gtwo �gsaddle�g
materials�gcannot�gbe�gidentified. �gThe�gMDF�gconfiguration �gshows�gan�gaver-
age�gstrain�gvalue�gof�g.5:07 ,3 :96/ � m �gm= 1,�gwhereas�gthe�gplywood �gshows�ga�g
slightly �glarger�gaverage�gof�g.16:99,27 :21/ � m �gm= 1.�gHowever,�gboth�gvalues�g
are�gwithin �gnoise�glevels�gfrom �gthe�gDIC�gprocessing�galgorithm.

A�gsimilar �gprocedure�gwas�gfollowed �gfor �gthe�gROI�g1,�gwhere�gthe�gstrain�g
field �gbetter�gagrees�gwith �gthe�gmeasurements�gobtained�gfrom �gthe�gstrain�g
gauges,�gas�gdepicted�gin�gFig.�g�g19.�gThe�ghighest�gstrain�gfluctuations �gare�gcloser�g
to�gthe�gsaddle�gas�gexpected�gfor �gboth�gcompression�gand�gtension�glongitudinal �g
strains.�gThe�gmaximum �gstrain�gvalue�gmeasured�gwas�g.540:6,71 :3/ � m �gm= 1

and�gthe�gminimum �gwas�g.*452 :4,114 :4/ � m �gm= 1.�gBoth�gpeaks�gare�glocated�g
no�gfurther �gthan�g0:45 c�gfrom �gthe�gsaddle.�gOther�gpatterns�gcan�gbe�gobserved�g
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Fig.�g17.�gOverall�gdisplacement�gcomparison�gat�gROI�g2�gon�gthe�gpressure�gside�gof�gthe�gblade�gduring �gclamping�gfor�gthe�gMDF�gsaddle�g(left) �gand�gthe�gplywood �gsaddle�g(right), �gin�gmm.

Fig.�g18.�gLongitudinal �gstrain�gcomparison�gduring �gclamping�gbetween�gthe�gMDF�gsaddle�g(left) �gand�gthe�gplywood �gsaddle�g(right) �gon�gROI�g2,�gin�g� m �gm= 1.

at�g0:45 c�gand�gabove,�ghowever,�gthe�gstrain�gvalues�gin�gthis�gregion�gare�gwithin �g
noise�glevels.

Table�g�g7�gsummarises�ga�gcomparison�gof�gthe�gpreload�gstrain�gcontribution �g
towards�gthe�gstatic�gtest�gbetween�gthe�gtwo �gsaddles.�gStrain�ggauges�gon�g
both�gthe�gpressure�gand�gsuction�gsides�gof�gthe�gblade�gshow�ghigher�gstrain�g
values�gwhen�gthe�gMDF�gsaddle�gis�gused.�gThis�gmay�gbe�gdue�gto�gthe�gnon-
uniform �gpressure�gdistribution �gcaused�gby�ginternal �gblade�gcomponents�glike �g
shear�gwebs�gor�gribs,�gwhich �gcreate�glocalised�gstress�gconcentrations.�gIn�g
these�gareas,�gthe�gMDF�gdeforms�gplastically, �gredistributing �gpressure�gacross�g
other�gregions.�gIn�gcontrast,�gthe�ghigher�gstiffness�gof�gplywood �gkeeps�gstress�g
concentrations�gmore�glocalised.�gThe�gMDF�gsaddle�gwas�galso�gobserved�gto�g
have�gcritical �gdamage�gafter�gall �gtests�gwere�gcomplete,�grendering�gthem�g
unsuitable�gfor �gany�gfuture �gexperiments.�gThis�gcritical �gdamage�gincluded �g
onset�gof�gdelamination �gas�gwell �gas�gcompression�gfailure �gon�gthe�gfree�gedges�g
that �gwere�gin�gcontact�gwith �gthe�gblade.�gOn�gthe�gother�ghand,�gthe�gplywood �g
saddle�ghad�gno�gvisible �gsigns�gof�gdelamination �gnor�gcrushing�gon�gany�gof�gthe�g
sheets.�g

4.�gConclusions

Current�gstandards�glack�gdetailed�gspecifications�gand�gpractices�gfor �gthe�g
introduction �gof�gload�gin�gfull-scale�gtidal �gturbine �gblades�gtests.�gAs�gthese�g
standards�gneed�gto�gbe�gfollowed �gfor �gblade�gaccreditation, �gone�gof�gthe�g
most�gconstraining�gguidelines�gis�gassessed�ghere�gfor �gthe�gfirst �gtime, �gby�g

Table �g7
Normalised�gclamping�glongitudinal �gstrain,�gexpressed�gas�ga�gpercentage�gof�gthe�gpeak�gstatic�g
strain.

�gLocation SG�gID Distance MDF Plywood �g
�gPressure A4 *1 :05 c 0:06 , 0 :01~ 0:008 , 0 :05~�g
�g B4 *0 :43 c 3:93 , 0 :12~ 2:16 , 0 :09~ �g
�g C4 0:17 c 1:55 , 0 :07~ 0:10 , 0 :02~ �g
�gSuction A1 *1 :05 c 0:13 , 0 :06~ 0:009 , 0 :05~�g
�g B1 *0 :43 c 0:75 , 0 :01~ 0:59 , 0 :03~ �g
�g C1 0:17 c 1:07 , 0 :02~ 0:93 , 0 :04~ �g

comparing�gtwo �gclamping�gmethods�gand�gtwo �gsaddle�gmaterials.�gFor�gthis�g
purpose,�ga�gfull-scale�gcomposite�gtidal �gturbine �gblade�gwas�gtested�gwhere�g
strain�gmeasurements�gand�gDigital �gImage�gCorrelation �g(DIC)�gdata�gwere�g
used�gto�gquantify �gthe�gstrain�gcontribution �gfrom �gthe�gclamping�gstage�gto�gthe�g
strain�gmeasurements�gduring �gstatic�gand�gfatigue�gtests.

The�gtwo �gclamping�gmethods�gcompared�gwere�ga�gmanual�gtorque�gwrench�g
and�ga�ghydraulic �gbolt �gtensioner.�gBoth�gmethods�grevealed�gthe�gimpact�gof�g
internal �gstructures�gin�gthe�gblade�gon�gthe�gstrain�gdissipation.�gThis�gcompari-
son�galso�gshowed�gthe�gdifferent �gstructural �gresponse�gbetween�gthe�gpressure�g
and�gthe�gsuction�gside�gof�gthe�gblade.�gThe�gcross-loading�gfactor�ginduced�gby�g
the�gmanual�gmethod�gincreased�gthe�geffects�gof�gthe�gpreload,�gwhereas�gthe�g
hydraulic �gtensioners�gachieved�gdissipation�g585 mm�gaway�gfrom �gthe�gsaddle.�g
Observations�gprompt �gthe�greduction �gof�gthe�gexclusion�gzone�gboundary�g
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Fig.�g19.�gLongitudinal �gstrain�gat�gROI�g1�gon�gthe�gpressure�gside�gof�gthe�gblade�gafter�g150 bar�gapplied�gto�gthe�gbolt �gtensioners.

from �g0.75�gto�g0.45�gtimes�gthe�gchord�glength.�gAlthough �gthis�gproposition �g
would �gonly �gapply�gto�gthis�gspecific�gtidal �gblade,�gthis�gstudy�gopens�gthe�g
opportunity �gfor �gother�gtesting�gfacilities �gto�greduce�gthe�gspacing�gbetween�g
saddles�gmethodically.

The�gmaterial �gused�gfor �gthe�gsaddle�gwas�gcompared�gusing�gMDF�gand�g
plywood. �gThe�gMDF�gshowed�ga�ghigher�gstrain�gcontribution �gonto�gthe�gblade�g
surface,�gas�git �gthe�gdistributes �gthe�gpressure�gmore�gevenly�gand�gthus�gspreads�g
to�gless�gstiff �gcomponents�gof�gthe�gblade.�gPlywood�ghad�ga�ghigher�greliability �g
under�ghigh�gstatic�gloads�gand�gproves�gto�gbe�ga�gbetter�goption �gthan�gMDF,�g
which �gexhibited �ghigh�glevels�gof�gstructural �gdamage�gat�gthe�gend�gof�gthe�g
experiments.�gFurther�ginvestigations�gare�gneeded�gto�greduce�gthe�guncer-
tainties,�gto�ghelp�gestablish�ga�gframework �gfor �gdetermining �gthe�grequired�g
clamping�gforce�gand�gthe�goptimised�gnumber�gof�gload�gintroduction �gpoints.
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