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Keywords: Full-scale @boratory @sts 6f €pmposite @flal Grbine Bjades @Pllow §andards Glapted Pom Be @sting 6 Guch J
Tidal €ergy longer @ind @rbine BJades. Que @ Ge Guch Bigher Gensity 6f Spawater, @hen Cpmpared @ Gr, Ge Gameter g
Composite flades of &h Buivalent-power Barine GHal §ream @rbine § Gpproximately g @nes GssBan Gat 6f @ind Grbine. g

Mechanical #sting
Load iG}roduction

In Ghis Gaper, Glevant Guidelines Ggarding Gad Gtroduction Goints @r @sting Gf Gdal Glades Gre Essessed)
for @he Gst Gne, Epecifically, Ghe Gmensions Gf Ghe Gxclusion Gones Eurrounding Chese @ading @oints, Chat g
are Grdinarily €xcluded Gom €fructural @nalysis. Ohe Gmensions 6f Ghese gpnes Gre Getermined s g @inction J
of €he @lade Ghord @ngth Gt the Gading Eaddle Gcations, @nd Che Elevant Gtandards §uggest@n gxclusion g
length @f Gp & Gne Ghord @ngth @t Goth Edes Gf the Gad Gtroduction Goints Glong Ghe Blade Gngth. Jhis g
study Gppraises @jese Bpundaries @a @ @ll-scale Gpmposite GHal Bade §jructural @st & He BastBlade Gcility, J
using €hddle-hydraulic ftuator §stem. train Geasurements@hd Digital Ghage Jorrelation @IC) &e Ged@ J
quantify @e @cal §rain Epntributions Gom Epddle @ Bade Famping, Guring Bpth Efatic Ghd Gtigue @ading. g
We fropose g Gpduction 6F Ge Exclusion gpbne Boundary @ngth Gom U & G45 Gnes Ge Chord @ngth, Based g
on e Ekperimental Epmparison 6f vo Eamping Bjethods: @ Bhanual Grque-wrench Gjethod ghd @ Blydraulic-
pressure Bjethod. The §hddle Gaterial Gas fso Bssessedly Epmparing Ge Gructural Gerformance 6f YDF ghd J
plywood @ring @ese Bade @sts, @ith Gywood §howing Better Characteristics Gr Pgh Bade Gesign Gads. Gur g
analyses€puld B Gsed @ Gpdate Gurrent fandards @ Better Gign @ith Ge CGhique Characteristics §f Epmposite g
tidal @rbine BJades, @ Effectively Gjinimise Ge Gumber 6F §ructural @sts Gquired @r Bade Cpriification.

1. Ontroduction Currently, €here gre Ghultiple gompanies @orking gn garious gon-

cepts @r ddal @irbines, gut they gre gtill gt @w @chnology gadinessg

1.1. gidal gnergy

Tidal gnergy gas glways @een gn @ttractive Gustainable ource @f g
energy @s @ @ Gnore @redictable @nd @nhore Geliable Ghan @ind @nd g
solar gnergy 0. Gourke 6t gl., g010). Jhe Gtal @otential @dal gnergy g
available @ the gK @ gstimated @ ge §0 TWh_yr gnd €presents g8 ~
of Ghe Mtal Gsources@vailable @ Burope @Burrows €t g., g009), @hich g
could gnable g gontribution af gp @ U6~ of the gK's @tal glectricity g
consumption.

The @nergy @otential @f gdal Qurbines @h @articular @ gignificant, g
with @he @rorld's @ceans@ontaining Gast @mounts @f Ginetic @nergy, g
estimated @o Ge @:3TW @Ferrari, @009), Ghat Gan Be Garnesseddor g
electricity @eneration. Tidal Grbines, daptations 6f gind @rbines, €an g
be gsedf9r Gis purpose. The fiyst Hal Grbine @emonstration Y Ge OK g
was @ Qoch ginnhe, Geotland @ 1994 (rhake, g005), gnd Gonsisted 6f g
a 0 kW gvo-bladed @irbine @ith g diameter ¢f 5m.
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levels grRL) @Bleiti, g017). Fhe Gick Gf g Ghdustry-wide @ccepted @dal g
turbine @oncept ginders @rogressh the 8&D @f gther gnportant gom-
ponents @f these @evices. his @sue Gas @ Goticeable gnpact @n the g
current Qevelised @Gost @f @nergy @LCoE) dor Gidal @nergy, @vhich G g
¢178/MWh Basedon the Ghost Bcent Contract ©r difference CID) Bids g
awarded @ @ur grojects § the gK @ @022 @ORE Gatapult, g022). This g
cost § ggnificantly Bigher than the gxpected g116/MWh (hadjusted @r g
inflation) @stimated @h g @011 gtudy QAllan @t gl., g011). ¢h act, the 0
current JCoE® §3 ~ Gigher than the Projected Gost B gO11.

The @erformance of g @dal @rbine device dependstrongly gn the g
design gf @s Olades @nd the @roperties @nd Gehaviour Of the Ghaterials g
used @ Ghake them. Jhe Olades of g Gdal @irbine @re Gxposed® Barsh g
underwater gonditions, Gcluding @igh Gelocity @ows, @irbulence, gnd g
marine growth, @mongst 6thers. s gjich, the Gesign @nd @sting of Gdal g
turbine @lades @hould @nsure @tructural @htegrity, @ptimal @fficiency, g

FUHDWLYHFRPPRQV RUJ OLF


https://www.elsevier.com/locate/oceaneng
https://www.elsevier.com/locate/oceaneng
https://orcid.org/0000-0003-3804-7587
https://orcid.org/0000-0003-0663-607X
https://orcid.org/0009-0009-2040-5025
https://orcid.org/0000-0001-9122-9369
https://orcid.org/0000-0002-8048-4222
mailto:parvez.alam@ed.ac.uk
https://doi.org/10.1016/j.oceaneng.2025.120722
https://doi.org/10.1016/j.oceaneng.2025.120722
http://creativecommons.org/licenses/by/4.0/

M.A. Qaldivia-Camacho€} §.

and gafe @peration. Glade @Gesting Gh @irn ombines goth @xperimental g
and ¢pmputational @chniques @/asters € §., g015; Garper ghd Hallett, g
2015; Qachtane 6t gl., g020), ecaled @sting B Gater Ginks Or @st dgs, J
and Qld @sting.

1.2. ¢lethods@r the Bptroduction Of @ads gn Dlades

Full-scale Ghboratory @psting @ @ gost-effective glternative @ @eld g
testing gnd @ull geployment. @Vater ganks (Clarke @t gl., goo7; ¢lilne g
et @l., @015; Gphi @t Gl., Q016; Glurray @t Gil., @018; arber @t Gl., g
2017; gorter gt gl., g020) gre gommonly gsed @ gid ¢ @sting @lade g
performance, gr thdeed, the @ntire @dal Qirbine Gtructure. Fhis gften g
involves §caled-down gnhodels (g.g. @r @ind @urbine @ladesQin gt gl., g
2023) of Ghe Wrrbine gubjected @ §mulated Gdal Epnditions. This Gater g
tank @sting €an provide ghluable Gformation &oout e Performance 6f g
the Bydrodynamic @esign of @bjade, @hich § ¢pmmonly ghlidated @ith g
computational Tuid @ynamics @CFD) @Badoe€} &., g022), iyt €puld gso g
be Qoupled @ith @nite glement ghodelling QViotley gnd Barber, §014; g
Nachtane 6t @l., g017). gowever, the §tructural design of the Dlades§ g
often @eglected @ these Gpes Of gxperiments. Jevertheless, there gre g
several gjudies (.opez Qubon € &., B024; Ge 1g Torre € §., BP18; Bagan g
et @l., g020; ginnegan 6t gl., g021; Glennon 6t @l., g022; Qavies 6t §l., g
2022; ginnegan @t @l., g022) @here @st @gs Guch gs those gsed B the g
wind @nergy Ghdustry gre gmployed @ @st the Gtructural Ghtegrity @f g
the Blades.

For Ghese Gaboratory @est Chcilities, Geveral ¢pad ghtroduction @on-
figurations @ave @een gmployed, @rimarily @n @ind @lades gMalhotra g
et gl., go012; @lelcher @t gl., g020; geniceli, g014; gang @t gl., go13; g
Grex@t gl., g022; Gastro gt @l., g024). Gimilar gystems@an ge Geentp g
aircraft @ing @sts QRoyler @t gl., go09; Ghim gnd @hn, go14; geida g
and @lwang, g014; Gunder, 017, Ger'eznov @t gl., g020; gang €t gl., g
2020), gnd ®ng @ole Gtructures QPolyzois gt @l., 999; Ghakiba gt gl., g
2023). @Vinches @Ser'eznov @t @l., @020; Jang @t @l., @012), @hiffle g
trees JABG, @005), traps gsunder, g017), @nd fJeeves(Polyzois 6t @, g
1999) gave geen gsed @ Gansfer the @ad Gom @allast Geights gVial-
hotra @t gl., g012; geBlanc gt gl., g013), Granes ¢Shakiba @t @l., g023; g
Yang 6t 6., g012; ghen &t gl., g014; Ghang 6t g., g019) @nd Bydraulic g
actuators J.opez Qubon 6t @l., g024; e @ Jorre &t ., G018; Ginnegan J
et @l., @022; Yalhotra @t @l., @012; Royler @t @l., @009; Gbhim @Gnd g
Ahn, g014; gleida gnd Giwang, §o14; @olyzois @t @l., §999; Ghakiba g
et gl., g023; gahuerta @t gl., @018; Gvilliams gnd @ Gradaigh, g021) g
to Ghese @antilever @tructures. Fhese @ystems@re @ften gttached @ g g
load @fstributor ©® @duce §ress€pncentrations. The Gost ommon Bad g
distributor © the Saddle §lystem, But gdhesive gads Bave @so Been Gsed g
in §ome @ind @lade gnd gircraft @ing @sts JABG, g005). Jhe gse gf g
rubber @ads Ghcreasesthe gomplexity @f the Gading ehethodology, gs g
multiple @earings ¢hust @e gsed @h gonjunction @ith @hiffle Gees@® g
reduce @econd-order ghoments. Rubber @ads @re @lso Grore Grone @ J
slipping @hen they @re Got Honded @ the Blade Gurface §-opez Qubon g
et @l., g024).

Although @here gas geen gonsiderable gsearch onducted @gn gali-
dating @sts, the @rimary @cus @as Been gn gnhancing the Gccuracy of g
the @distribution of @rces glong the Blade. Gs g Gsult, developers Bave g
often Qverlooked ®ad Bytroduction @Ghethods, Gnd Gnalysesdf the Greasg
of Ghe BJade urrounding Gad Ptroduction Ppints. This Gversight § §Jg-
nificant Becauseblade Guilures Gan Gecur Precisely Beneath the Saddlesg
because@f @tress@oncentrations @t these @ontact @oints @Joergenseng
et gl., g004), Mdicating The Bnportance @ Goroughly Gxamining Ghese g
regions. Qhe Only §tudy hat cused On Ghese Epntact Gegions Gas Gone g
by glaenfoth @t gl. 023), gowever, the Gubject Yas g @ind Girbine g
blade @nd Ghe Gesults @Gre Gased @ntirely @n Gumerical Gimulations. g
Their @esults @onfirm @hat Ghe Gressure @pplied G Ghe Blade G Got g
evenly distributed, ¢hus €equiring @ Gt Ghore Gesearch@® @lentify gll g
the @ariables Bivolved B Ghis Ghteraction.

Regardless@f @he (pad @ntroduction @nethod Gsed @Lopez GPubon g
et gl., g024) Or the Qumber gf @ad Gitroduction @oints Q-opez Qubon J
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Table @

Relevant @sting §andards @r @Il Eale Gal Grbine BJades.

Gtandard Description g
ONVGL-ST-0164 Main §fandard @r @Hial @rbines g
QEC Os 6p600 2 Design @quirements g
O=C Os 6p600 3 Measurement 6f BJechanical Jads g
@EC Os 6p600 202 Pre-prototype E}ale §sting g
@s 6y60, Bart § Failure @Jodes, Effects, Bhd Eliticality Ghalysis J
ONV-0S-C501 Composite€pmponents g
ONVGL-ST-0376 Rotor fJades @r @ind @rbines g
QEC 61400 23 Load @troduction g

et gl., g024), gtandards gse the @lade ghord Gngth gs g @:ference @ J
identify @he Gisturbed grea gt ach gide @f the @ad Gitroduction @oint g
where the @erformance gf the @glade @annot @e gvaluated EC, goo1, g
2022). @\s the @hord-to-span @atio @5 Gelatively Gigh ¢h Gdal Glades
compared @ @ind @lades, Gespecting the ghord @ength @riterion gf @ g
often gramatically @hcreases@he gumber @f @ests Gequired @ @nalyse g
the ghole Gurface @long the Dlade.

1.3. Gtandards@r gdal flade Gsting

The @est @rocedures @t gny @ull-scale Gaboratory @lade @esting ¢h-
cility @llow @hternational @tandards hat @rant gperating Qertification g
for @lade gesigns @efore ghoving @n @ Ghass-scalefhanufacture. Jheseg
testing Gtandards @re @ased @n @xtreme @esign (pad Gases@pr Gtatic g
testing, @hereas the @lade @fe @xpectancy @ @roven @y Chtigue Cest-
ing. QNthough @here Gre Geveral Gtandards Gind @uidelines dor @idal g
energy gevelopments, @NVGL-ST-0164¢ the ghost gsed gtandard ¢r g
tidal @irbines ONV GL, G015), @hich @efers @ Geveral gther gervice g
specifications @gnd @tandards @r ¢he @tructure's ull Ghanufacture, @s-
sembly, Gind @eployment. @Relevant @esting Gtandards @ften geferred g
to ¢h Ghe WNVGL-ST-0164@ocument @re Ghown ¢h Jable gg @llow-
ing G @escription @f Gheir Gontent @f Ghterest. @nly Ghe Grst Ghree g
standards gre @pecifically Gnilored @r Gharine gnergy gevices. Guide-
lines @pr Gcaled-prototype Gtages@re @nly @onsidered ¢h the gECJSQ
62600-202 gtandard QEC, g022), Gowever, @ Gcuses@rimarily gn the g
entire @rbine, @nd Ghus Blade @sting § got Gentioned Groughout the g
document.

The ONVGL-ST-01646tandard €efers @ GEC §1400-23 EC, g001) g
amongst 6thers @hen ghalysing Ghe @ad @fstribution @ gbjade Grough g
full-scale @boratory @sting. Gection @8.2 Of the ONVGL-ST-01646tan-
dard gpecifically @iscussesflade @sting @rocedures gnd @ighlights the g
main fructural @roperties Ghat @ @st Should Gheasure: Gass@nd Centre g
of Qravity, @fiffness gistribution, @atural @equency, Qitimate Gtrength, g
and atigue §trength PNV GL, g015).

For @tatic @ests, @xtreme @pad GasesGhould Ge Gonsidered, Ghus g
performing §eparate@sts@r fhp-wise ghd glge-wisel@ad Chsesd Bpth g
directions, pressure@nd guction @r the Bap-wise Bad, ghd Gailing ghd g
leading @r he gdge-wise Bad.

In Ghe Cpsedf Gtigue @sting, Gis Procedure § only §frictly Gequired g
once Ghe @rototype Gtage Bas Geen gompleted @nd he @lade @esign g
is @eady @r @ull-scale @roduction. @he @lade that Yill Ge Gested Gor g
fatigue ghould glready gave geen @ested @tatically. Fhe @equirements g
that @he PNVGL-ST-0164@ontains gegarding @ull-scale Blade Gesting g
come @om €he ¢EC §1400-23 gtandard, @hich @ @xplicitly gedicated g
to @ind @irbine @lades. §ince g gtandard dedicated ¢ @ll-scale @dal g
turbine Plades B gfill gnavailable gnd the GEC §2600-3 § €}ill got Gsed g
for @lade @ertification, @nhost @esign @pecifications ¢pr Cest Getups@re g
derived @lom @he @EC §1400-23 gandard.

Ideally, the @pad @ould ge gpplied gontinuously Gom the got ¢ J
the G@p Of the Dlade; Bowever, Becausedf Bhechanical st Practicalities, g
design @ads gre gpplied glong the gpan gt g gduced Gumber @f gon-
centrated goints. { Ghere @re Particular Geasof Diterest Hr @sting, the g
load @htroduction @oints €hust @e gt g distance Gom Chese, gince the g
areas@round €he gctuators @ill @e disturbed gnd gan ¢hus go Gnger g
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Fig. § @omparison Bptween fal €pndition Gads, Qactuator @sts, Bhd G}actuator @Gsts: @) Bending Goment Gong Ge Blade, {) Ghear fJrce ong Ye Blade. Gactuator Gsts Bfe §

likely € Bhve Glerlapping Ekclusion Epnes.

be gdequately @ested, gs Ghown ¢h Gig. gO@f Ghe Gtandards ¢h Jable g
1, the EC @S @2600-3 gnd the OEC §1400-23 gre the @nly gtandards g
that Ghention Quidelines @r Bad Gitroduction Qoints, Basedgn g Ghord g
length @ariable @ Jhis @isturbed grea gan gxtend gp @ Chree-quarters g
of gchord igngth (Pection §.8.2 6f G-C, 8022) ¢F Gp © Ohe chord @ngth g
(Section @.2 @f g=C, g001) @n @ither gide @f €he Pxture. Mo Gurther g
specifications @egarding the @ading @tructure @r Gommon @ractices @ J
mitigate @ndesired @ffects Quring @sting @re given.

For the Geasons@hentioned, the Gesearch Question of this Paper 3 @ J
understand gnd gonsequently @hinimise ¢he Ghduced gffects gf @ad Oh-
troduction gpints i@ ll-scale Gpmposite tHal Bjade @sts. The Pllowing g
are fhe gpbjectives Of Ghe @search: o Gnalyse the Performance Between g
different @train @heasurement@evices; @ gompare Gvo different Gre-
tension @hethods; @ Gtudy the 6tructural @erformance gf @vo Qifferent g
materials @r the gaddles;@nd @ @lentify ¢he Ghaximum geformation g
contribution @om Ghe @re-tension §tage.

A @w Gtudies gave gxplored Gboratory @sting @ith @ltiple @ad g
introduction @oints ¢r @ull-scale @dal @lade Gests @de G Jorre Gt gl., g
2018; Glennon @t gl., g022; Qavies gt @l., g022; ginnegan 6t ., g022; g
Lopez Qubon €} ., g024), but Bave Bcused On djfferent Gspectsof §st-
ing. gnly One §fudy @ddressesthese Biteraction gonesKlaenfoth &t 6., g
2023), fowever @ Gas Carried Qut Gumerically 6h g@ind irbine Blade g
and ggrees@ith Ghe Current §andards. Ghus, © Ge authors' Khowledge, J
no gjudies iBave et cused 6h Bhe Pteraction ghne Between Ye IGading g
saddles@nd Gomposite @dal flades. Phis udy @ddressesthe Groblems g
with @llowing @he tandards, @hich go got Gonsider the chort @ngths g
of gdal @lades @hen @stablishing the @xclusion gone ground pading g
points. Gonsequently, Bis galysis @amineste @Gduction @ Ge §ze of g
these gxclusion gones@nd Gheir Bnpact gn the Gdelity of the Gructural g
analyses@f the @lade. gess@onservative oundaries gould @ffectively g
optimise the @osition @f ¢he Goint Gads gnd Ghinimise Ghe Gumber af g
tests @zquired @br @ertification, @hile @till gccurately epresenting the g
real Ghoment @istribution @long Ghe Hlade.

2. (ethods
2.1. Gxperimental§etup

2.1.1. @ladegpecimen

The Bjade © B @sted, §Cpmponent 6f Be DeepGenly GHal groject, g
was @esigned @y Jidal Generation gimited grGL) @nd Ghanufactured g
by @viation @nterprises gimited. @echnical ghformation @n ¢he glade g
is @mited gs the design gompany go Gnger @gxists. Jhe @dal Qirbine, g
shown th Gig. ggYad @ Gapacity @f GO0 kW @nd @as @hstalled gt the g
European Blarine Bnergy gentre EMEC)® Qrkney @ §eptemberg010, g
being Giter @placed By § YMW Girbine B Ganuary g013.

The @lade & §:25 m ®ng gnd Geighs @589 kg @fter Geveral Ghodal g
tests, €he Gatural Gequency @as gefined gt gpproximately @8 Hz Jhe g

Fig. @ QeepGen® @dal @rbine Grior @ @st Geployment QHuxley-Reynard €t g., J

2008).

NACA @3-4XX @gerofoil geriesdefines the @lade @rofile, @hich gegins g
with @ @ircular @ot. @s @escribed th Gig. Ggthe Eot & hade gf Qastg
iron ® @iy Ghe Bolt Boles Bequired © Gk Ghe Blade © Ghe Bub. Jhe Pade g
also Gomprises @ 6kin, @bs, @vo Shear @ebs, @nd thick Gpar Gaps gt the g
pressure@nd §luction §fdes of Ghe Blade. Ohe Bhickness-to-chord Ghtio of g
the Blade @ecreasesfiom §5~ @t the Ghot @ g Ghinimum of §8~ @t the g
tip.

The chord @ngth gjves Ghe BJade g Gpered profile, & Skeni® Big. 99
and @ Bas Been Gheasured & Gffferent §ations Groughout Ghe Blade. §s g
blade ghanufacturers Geek @ertification, ¢he gtandard Quidelines @ould g
need @ @e Gllowed, @noring the grea @ c gway om Che Gaddle ¢pr g
analysis. @G\pplying Ghese Goundaries @ Gig. Go¥pr Ghis Gpecific Gdal g
turbine Bjade, § @ Pear Gat Only Ghe getuator €puld Be Gccommodated g
per @st, ggnificantly Gcreasing the Gumber of @sts gnd Gherefore the g
cost @f Ghe @ertification @rocess.@ @ @lso @vident ¢hat the Gending g
moment @istribution @ould Be gightly different gcrossthe Dlade.

The @lade gkin @ ghade @f gn § mm ghick @lass@ore U5 Y gnidi-
rectional @repreg. @he gpar, ¢pllowing ¢he gentre @ine glong the gpar g
in Gig. GgG Ghade @f garbon @bre gnidirectional @repreg, @0~ Gh the g
longitudinal @jrection gnd the Gst fjled @ith Prepreg B the Gansverse g
direction ghd g¢joss-ply goven fbric © provide gpnd ghrface @r Ghe g
shear @ebs. Jhe ghear @ebs Gomprise @ Gross-ply Garbon €pre @repreg g
and gre gonded @ €he gpars. ibs gre glso Gonded @erpendicularly & g
the @par, @rhich gre GO0 mm@part gnd gpread Ghroughout the Ghole g
blade. @ @llows gn Q1" channel gection, @ith the @eb gnd the @anges g
being §mmand 2 mmGpick, @spectively. Ghe fhnges gpread 26 mm ghd g
both gomponents ¢f Ghe dbs Gre Ghade of Gross-ply Glassfpre @repreg. g
Finally, @ @ross-ply @lass@bre @ar gpar @ gsed §oo ¢hm gway Gom g
the @ailing gdge @ @hinimise the @eel tressesgt the &kin @int Guring g
operation QHuxley-Reynard 6t @l., g008).
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Fig. § @AD fJodel &hd Erresponding Ehord Gngth @) Eong He Epan & He §25 m OeepGenl @ial PYrbine Glade. Bpsed Gh e €hord Gngth & Ge Ehddle Geation, Gsturbance §

limits Bpunding @e Efeas Gat Efe Gpt Gasible @r Ghalysis e Grawn.

2.1.2. Jesting§jte @nd Eetup

Experimental @ata §vas @athered @t GastBlade@The Qniversity @f J
Edinburgh, g000), g @search Ghcility gt Jhe QOniversity gf gdinburgh. g
FastBlade® Che @rst Gacility @h the @orld ¢ darry Qut Qull-scale, G-
generative gydraulic @sts@n @dal Qirbine @lades. Jhe @sting g Gas g
been gpecifically @esigned® @ssesdgrge @hd §lender §jructures Ginging g
from gmto 14 mig @ngth. Ghese§ructures ¢an e §hibjected § §tatic ¢ J
fatigue Igads, @hd Bis Gcility @nploys gapvel Digital Qisplacement §)s-
tem, @hich gombines @egenerative gumping gnd digital displacement g
hydraulics. @his @ystem @nables gccelerated Gesting gp @ @ Hz @hile g
applying @ads of Op @ @MN. @lore Getails gn Ghe Giboratory Gcilities g
and Qapabilities @re given B Qopez Qubon &t @l. (P024), opez Qubon ¢
et gl. (024).

The Sptup fr Gis xperiment €an Be Seen® Big. goGhere Ghe Pade g
previously @escribed ) Gection@.1.1 § Gxed @ Ghe @st fig. The Plade g
is @ixed @ith the @ressure §ide Gicing the ground gnd the Guction gide g
facing @pwards. Qhree gpddle §ystem gctuators gre Positioned & B27m, g
3:56 mand 458 mfjom Ge @ot, €ach goplying 96 kN @ e Bjade. Theseg
positions @nd @ad Ghagnitudes @ere Getermined @ Qopez Qubon &t @l. g
(2024) @ enaximise €he gccuracy @f the Gests @ith ¢he Gydrodynamic g
simulations. Qhree W24 gfeel @pds @t Gach jde Of Ghe Saddle Gere Gsed g
to @enerate ¢he @lamping Gprce @r Ghe Grst Ghethod Gsing @ Gorque g
wrench. Bor Bje §pcond@jethod @ith @lydraulic Bplt @nsioner, g¢§ngle g
M36 6teel ¢pd @t gach gide Of the Gaddle Gas Gnsioned. Jhe Gamping g
procedure @as @llowed by g§atic @st & PO ~ 6f Be design Fatic IGad. g
Each of Ghe Gree gctuators gxerted g Peak Gad of g5 kN gn the flade. g
Subsequently, @ Byclic §ad Fas Htroduced gt @5 Hz @r 80 Gycles Gith J
a Ghean @tressgf g0 kN gnd gn gmplitude @f @5kN, gchieving g @ure g
tension @-ratio @f §.23. Jable gggummarisesthe @st egimes ¢r this g
study. @Jest Qases@ gnd g gre gnalysed ¢r the @ghtening @hechanism g
comparison, gnd @est Jases@ gnd G gre gsed ¢pr the Gaddle Ghaterial g
comparison.

The gnalysesth this gtudy @ere g@entred ground the @rst gctuator, g

as (i Bad the Grgest Gurface @rea Gvailable @t goth §desaf the gaddle. g

Table g
Test @gimes. Gratic Bhd Gtigue Gads Ee Bpscribed Epr Eftuator.

(est Epse Tightening J Saddle §J Clamp @rget Static Jad

Fatigue @ad

mechanism  material
g Manual MDF 95kN 95kN 65 kN g
g Hydraulic MDF 160 bar 95kN 65kN g
(€] Hydraulic Plywood 160 bar 95kN 65kN g

Following ¢he @rocedure Gom ¢he ¢EC §1400-23 gtandard, ¢he ghord g
length @) om Gis Point Of Gad Ptroduction Gas Estimated @ Ghalyse g
the gurrounding Gurface @f he glade. With G300 mm Chis chord @ngth g
is gsed @s @ Gase pr the Qiscussion @f Gesults Ghown ¢h Gectiong. ¢ g
no @irther gnalysis @as Ghade, the Gast gonservative gf the Gtandards g
would @e @llowed @gnd Q:75¢ @r §75mm gt goth Gides df the gaddle g
would @e gxcluded. @his @ould Gave gnly galf gf ¢he gvailable grea g
for gnalysis Between the fiyst Saddle @nd Ghe Ghot Gonnection @nd Gsing g
three @ctuators gould @ot Be @asible.

2.1.3. Gaddlegyructure

Various @hethods @pr ghtroducing pads o gdal @lades Gave Geeng
assessedg@nd gxamined gpecifically ¢pr chis gdal @lade ¢-opez Qubon g
et @l., §024; gopez Mubon @t @l., g024), @vith ghany @f ghem Geing g
adapted fjlom @ind Blade @sting. Jhese @hethods Miclude gsing Granes, g
whiffletrees, @vinches, Gind Gictuators. GHowever, @ue @o Ghe Gmaller g
size @gf gdal @lades gompared ¢ @ind @lades, Yhile gtill geeding ¢ g
withstand Bjgh Bads, ptions glich g ¢fanes, Ghiffletrees, ghd ginches g
are Qpot deasible @lue o Gheir Garge-scale Gtructures. G\s Gi Gesult, Gi g
system @omprised gf g @ooden gaddle §upported @y Gteel Games @as g
chosen@ @ffectively @ransfer ¢pads Grom Ghe @ctuators @ he Gxed g
blade. §ledium-density @breboard QVUDF) gnd @lywood @re Gompared g
in @rms of @erformance @r Ghis Sudy, Gvo Gommonly gsed Goods @r g
saddlesh @ind Olade @st Gucilities gragan 6t gl., g017). §IDF § Often g
chosen@r @ Gghtweight @ature, Gatural ghock gbsorption @roperties, g
affordability, @nd @ase@f Qustomisation. §lywood, @n ¢he @ther gand, g
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Fig. @ @xperimental Eptup 6 EhstBlade @ith Gree Ehddles Gamped @ Ge Blade.

Table
Cradle fJaterial Gfoperties €om €pupon sting.

Material Compressive §rength Density Moisture €pntent §
g [MPa] [ kgm?] %

Qigh-quality §DF  6:36,0:27 59663, 4 :14 801,0:12 g
g’lywood 3163,3:41 60295 , 26 :93 716,0:15 g

is Gphter Ghan §IDF, Ghore Gesistant @ @ change @ s Properties Gue @ g
moisture, good @r Bearing Bads, Hut @ss @ffordable.

Saddles@ave gdjustable gesigns hat gan gccommodate @lades gf g
different gizes@nd @hapes,@nd @llowing €r gersatility ¢h @esting. @ J
saddle ¢pnfiguration ¢omprised Of g @ood-like Gaterial @ Epntact Gith g
the Bjade and g §feel fame Bps gways Been Gsed @ Gind Grbine Bade g
tests @ensen@t @l., g006, go08; Yang 6t 6., g012). Goth the GIDF gnd g
the @lywood @sed ¢pr this Gaddle gre thade gf Geveral heets@ligned g
in @he gut-of-plane @irection. Jheir Ghechanical Groperties, glong @ith g
their gensity gnd @hoisture gontent Gere gstimated Gith Goupon @sts, g
following @he @50 @3061 Gtandard. @he @ompressive @trength, glong g
with @ensity @nd @hoisture Gontent gre Shown B Jable gg

The @hechanical groperties Of the §teel flame @ere Passified By the g
manufacturer &s g BN10210-1 grade §355NH, gith gh gastic Godulus g
of @10 GPa@nd @ ®oisson's@atio @f @.30 @=urocode Gpplied, GO05). g
The @ame @as @ssembleddsing 00 him g g0 Ghm G-section Channels. g
Bending @as gbserved ) Ghese ffeel lames Guring Gamping, Gowever, g
no §jgns Of §ructural Gamage Gere Gpserved gfter Bhe @sts. This Saddle g
part i§ gamped @ith §feel @ds & Bpth enhds 6f Ge Pame ghd Bplted Pto g
the Bydraulic @ctuator, &sshown © Big. §0TOhe Gooden Gadle Supports g
the igade gnd @as @esigned® Gatch Be Shapeghd Epntour ¢f BYe foss-
section @rofile, @roviding @ gecure g@nd Gtable @esting @osition guring g
testing. g Ghin Byer of Gibber Gas Pserted Between Ghe Saddle ghd Ge g
blade @ Bicrease Ghe Aressuredistribution ¢ opez Qubon &t @l., g024).

2.1.4. @lampinggquipment

Two different @amping Ghechanisms @ave Been @sted @r Gompari-
son: §@rque Grench ghd Blydraulic Bolt Gnsioners. Ghe @rque @rench g
in Bg. 6gtad gGnge of ive evenly §haced§ieps, Ginging lom Z7:1Nm
to 814N m. Qnitially, @ @as Gsed Gn Gne gjde @ Gghten Ghe Giree §124 g

bolts @Fig. g pllowed @y Ghe Gghtening @f the gther Three golts th g
the @ther gide @f the gaddle Gefore Ghcreasing @ gtep @n the gpplied g
torque. @o @gccount @r the thduced golt had hss Gom Gensioning g g
bolt gdjacent @ @n diready @nsioned golt, @ll Dolts Gere @-tightened, g
effectively @educing Ghe ¢foss@ading thctor @CLF). Ghe Grder @ Ghich g
the Bplts Gere Gphtened Gas gmilar Between gl Gsts@ gehieve gmilar g
applied @rques.

For ¢he gubsequent@ghtening @hethod, ¢he golt Gnsioners §hown g
in Gig. @ @mployed Qvere GITS20 Y36 @nsioners Ghanufactured Gy g
Tension Bro (ptaffordshire, gK). j Bad &Gaximum pressure6f K600 bar g
a Gaximum Bad of G43kN, gBydraulic gressure@rea of 8954 mn?, gnd g
a Ghaximum ¢§froke of 05 mm Qne Y36 Sreel Bd Gn Gach §jde as Gsed g
in Gis Gethod @ Be gple § Gphhten Ghem i§ Earallel, & shown @ Bg. 607
with @ectangular @ashers@ @stribute the Bad @ the Spme@rea gs e g
previous @pethod. Qhe Bydraulic gressure@as @radually @creased jom g
Obarto 160 bar gchieving g7 kN 6f @nsion ger Bolt, Ghich Gatched the g
design @apwise ®ad goming Gom @he gctuator gsing gq. CB). & FOO ~
tensioning @rocedure @as gsed, Ghus Goth Golts @n the Gaddle Gvere g
tensioned §multaneously @ Ghinimise ¢ross @ad Gsses.

2.1.5. gmage@cquisition

DIC @nages @ere @ollected gnd @rocessedgsing the §latchiD goft-
ware @MatchID, Ghent, Belgium), ghd Be §ptup pnsisted 6f §x Camerasg
working ¢h @airs. §hese@ameras@gre GLIR Glackflly G @SB3 (BFS-U3-
88S6M-C), gith gharacteristics ghown @ Jable gg@he Grst @nd gecondgd
set @f gameras@ointed ¢ the Gegion Getween the Got @f the Glade g
and the @rst gaddle, amed Ol 1 @n gig. §). Fhe third Get Gointed J
to Ghe Gurface @rea Getween the @rst @nd econdGaddle, gefined gsg
ROI 2. @s gll getsPse @ Gtereo gonfiguration, @alibration @as @ritical g
to @orrelate @oth Gameras.d50 Gigh-resolution gnages @vere Gaken, g
targeting @ @alibration @late @ith @07 gots gvenly gpaced@y §0 mm g
Calibration @as @rocessed@hdividually @r gvery get gf Gameras,gnd g
the @verage grror @as 303 pixelsgcross@ll ets.g

After @alibration, ¢he @xposure @f the @ameras@nged ¢fom GOms
to 13ms Based@n Ghe (ghting Gonditions @roughout the @st. Gor the g
clamping @hase @f the @st, the QIC Gameras@aptured @nages gt §Hz g
This @as Gpcreased @ GO Hz @r the Gtatic Ghase gnd the Grtigue @Ghaseg
of the @st. Jhe Qlade @as Govered @ith Gmm Gpecklesh the @ressured
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M24 bolts

Wooden saddle

[ M24 bolt holes
("1 M36 bolt washer

Fig. @ @olt Geations @ Ge §stem: Goss-section@ew @pft) Bhd Gp Few Gr Ge Go Gfferent Glethods Gght).

Table g o side glong @ith @ducials @ Gefine @ fJame Of Gference during the DIC g
DIC €pmera Eharacteristics. processing.

Geature Value g

QResolution 4096 g @)60 J 2.1.6. Gensors

Grame Gate 32 9 Data @as lggged Broughout gl @stsfjom Igad ¢elis i§ Ye gtuators, g
g:ﬂ:ﬁ:e' %Zno 8 extensometers,gnd g0 Gets @f @train Gaugesgt @ve @ifferent Gositions g
Gensor Sony@1x267 (J acrossie gpan of the Blade. The bhear gnd Ghsette §frain Gauges@ype J
Gixel Gze 3.45 o] FRA-3-350-11,350 ) @ad §~ and 3~ @train Gimits, @espectively. @s g
@oc 12-bit g

shown @y gig. §gthe psette @train augesPere @laced §:8 m gpart, gt J
three @ifferent @-coordinate @cations @n the @ressure §ide gnd Gne gn g
the guction gfde. §ig. g3 6hows the gquivalent @istance Gom @he GFst g
saddle @ gach of the five §ations B @rms Of §chord @ngth Gitio. Jhe g
pressure§jde Of the Blade § Gepicted B Big. gO) Ghere Only Gne et of g
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Suction Side

Pressure Side

900 mm 800 mm 800 mm

(b)

800 mm

800 mm

Fig. € @egions 6f Gterest QROIs) @r Ghage Ekquisition Ehd @ssette Erain Ghuge Geations 6 @) Ge Eiction gde, @) BGe Bressure de 6f Be Bade. Cotal Gade Gngth: §25m

strain gauges@cated glong the Geutral g-axis § Ghstalled @ Ginimise g
the Oiterference @ith Ghe QIC Bnage Bcquisition.

2.2. @reload@rmulation

The @hain gurpose of § gamped saddle §ystem@ @ Provide gnough g
stability €hat ¢he @lade gr the Gooden Gaddle go Got Chil Gh Gearing g
compression @r Glip @uring G Gest. Jhe Yterature @oes Got Grovide g
information @egarding @alculation @f ¢he @lamping @rce Gequired @ J
fix the gaddles.Qurrent Practices fvolve @gstimating the Preload Basedg
on the Grget ®ad gt gach gaddle; thus, @ does got Gonsider the Plade g
geometry, Ghechanical @roperties, @ Bolt Gharacteristics.

However, g @w @ifferent @pproachesgan Be @dapted @ Ghe Saddle-
blade gystem gonsidering g golted @int design hethodology. Gor ¢he g
most §mplified Galculation, the gssumption § that the @reload ghould g
reach @ ghaximum @alue Before the Gamping @rce Gamages@ny of the g
components @ithin the gystem. th that gase,the hain @miting Ector g
is Ghe geld Grength Of the Bolt Gonnecting Both gdes Gf the Saddle, B8s g
Eq.d) &hows:g

FpL=LF A @

Where gF & @ Ghad Gactor Getween 9.7 @nd 0.9, g, & the gield g
strength of Ghe Bolt, gnd G, B Ghe @nsile Gress@rea of the Bolt, Ghich g
considers @he @rea Geduction Gaused@y Ghe Ghreads, Grhich ¢ @ften g
provided @y the @hanufacturer. @s Grque @renches gre the ¢host gsed g
tools @ @chieve @ @redetermined @reload, Gq. §2) @ Gften Gsed@ J
estimate Gje @rque Gquired © Geet Ge Preload Prce Chlculated @ Bag. J
(1) udynasd @, @o11): g .

d +f
m _tan S€C_ 40625, Fp, D @)

T, = 1
PL 2D  1*f tan sec

Here o, § Ghe @pplied @rque, @, & the Gverage of the Ghajor @nd g
minor @iameters, § § the Gominal Bolt Giameter, @ the Bad gngle 6f g
the Ghread, § § the Qpefficient Of Gread fiction, g & Ghe Ghread Gngle, g
and O, § tpe gpefficient Of Cpllar fiction. Jhe Grm Miside Ghe Brackets g
is Often @ferred @s he Qut Gictor g, Ghich Ypically Bas ggalue 6f 0.2 g
but garies gepending @n ¢he gpplication @Budynas @t gl., go11). Ghe g
existence of fijiction gnd chear Between e @int Parts gnd the Polt Can g
reduce @he gccuracy df this gpproach gy gs €huch gs §0% Q@stikvoort, g
2019).

The @nhost @Gcecurate @pproach @an e @chieved @y Gheasuring the g
elongation @f the @olt gs the @reload @ Ghtroduced. Glowever, @iven g
the gize gnd Gonditions gf this gxperiment, this Ghethod Gquires Gore g
robust gquipment §uch gs dltrasonic @isplacement gensors@r golt gn-
sioners. Golt @nsioners gre Gpecialised @ols Ghat Gan gchieve Grecise g
and gontrolled Bolt @nsion. Jheir Goeration Gvolves Bhe Goplication of J
hydraulic gressure® @xtend Ghe Bolt, @sulting § @ §pecific Preload. § g
pure @nsile IYad @movesfctors guch &ction, ghear, @hd Pbrication g
from Ghe QGncertainty Gariability. Bach @nsioner Ganufacturer grovides g
a @elationship @etween ¢he ptal Gydraulic @Gressure@pplied gnd he g
desired Bolt @reload, Such @sgq. B) OStikvoort, g019): g

_FpL ) D
Ph = A—h 1.01+ 6 (3)

Where B, § Ghe gorresponding Blydraulic gressurefdr g desired Bolt g
preload, 8, @ Ge Bydraulic gressuregea, ghd G g Ge Oplt Gip @ngth. g
The @rm @h @rackets @& Qalled ¢he pad Gansfer Gactor ¢-TF) gnd Gan g
be eeplaced @y g Gactor Ghich Ghust Ge Getermined gxperimentally Gr g
more gccurate @esults. §q. @) gnd gqg. g8 Gan ge golved @y Ghatching g
FpL @ith Ghe Gctuator design @ad PS5 KN), §Gommon Practice mongst g
the @dustry, @ hd e Gquired gpplied rque T @nd Ghe Bydraulic g
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pressure,. Jhe fnpact of different Preload Galues @as Got Studied Hr g
this @search@s @ ¢ould Gamage the @st guipment O the Blade Before g

experimentation.

2.3. @igital Gnageorrelation PIC)

2.3.1. Gignature@entification

DIC & gn @gptical @chnique that @rovides g gon-intrusive ghethod g
for gheasuring @eformation @n he guter Gurface gf g Gtructure. g gasg
shown gccurate @sults Gn Will-scale @ind Grbine BJades@-eBlancér &., g
2013) @nd B urrently gsed gs g @alidation ®ol O Gdal Blade §sts. o g
accurately ¢heasure @isplacement @gn g gpecimen’sgurface, the @inage g
is divided Ghto Gubsetsdf @ixels, gnd gum gf gquared gifference ¢ESD)g
criteria, guch @s the gero Ghean Gormalised Gum gf §quared gifferences g
(ZNSSD)¢Ehosentgr this §judy i Bq. §9, &e Gsed ® Gaximise the ¢fossg
correlation Of g gubsetBetween Ghages grong, go05): g

. 2
Cznssp f .Xi;yi/;g.x'i';y'i'//: : ::t qu.x,y/
13

Where §.x;y/=f;* fs, @.x;¥y/= g * ¢; 0.x;y/ @re Ghe Grey Galues g
of Ghe @ference ghage, gnd @x;;y;/ &e Be Pixel Galues ¢f Ge deformed g
image. @hen the Gorrelation @inction G § Gose @ Gne, the Gubsetfas g
been @entified G the eformed @nage. Onder @al Gonditions, @nages g
contain goise goming fom @arious Gources,gnd the GNSSDEunction g
has gn gdvantage gver @ther dorrelation @unctions gs @ & thsensitive g
to goth Gffset @nd gcale Ghangesdf the Gubsetitensity. Gowever, the g
correlation @inction @ill gever ge g @erfect ghatch, gnd Ghterpolation g
techniques Ghust Be gsed.

..o a
L 9X5y/l s
S

4)

2. y/ gf.x";y"/?1

2.3.2. Gtrain @eld Galculation
The @train @alculation @uring @IC gorrelation § gased@n the gefi-
nition @f the @eformation Gradient § B §q. go. @ gan fe Gxpressedlh g
matrix ©@rm ©@r Pane-stress€pnditions GChu €f §., §P85), & DIC Chnnot g
measure the @hrough-thickness omponent § )Z . g
L
)X u 1+ ))Vu 5
) )X ;7V 1+ ;% ®)
Where X @5 Ghe Gnaterial @oordinate @ystem, § @5 Ghe Gpatial go-
ordinate @ystem, @ ¢ Ghe @Hentity @ensor, @nd @ ¢ the displacement g
vector. @s he displacement @ectors @; v gre gery gusceptible @ @oise, g
the @ifferentials gsed @ golve the @eformation @radient @an ¢hagnify g
these @uctuations. Jhus, @ ¢pcal Golynomial Gtting & @ften Gsed @ g
determine Ghe displacement Gheasurements@nalytically, Such gs the bi-

linear @agrange @olynomials, @hich @urn &q. ¢b) thto Ghe Gllowing: g

5
Cu"'duxo
1+¢,+d,Xg

4
1+ bu + quO
by + Ay Yo ©)
The §Jrain @indow greviously @fscussedepnsiders @@fscrete Gumber g
of @isplacement gata Qoints that gan Ge gsed B the Fpatial Gomain G J
calculate the geformation @radient §. Gurthermore, ¢he gisplacement g
data @oints gre g @inction gf the Gubset@nd the Gtep Gize, Garameters g
that @hfluence @n Ghe Gnal Gesolution @nd Goise Gevel @f Ghe Gtrain g
field. @s @train ghagnitudes @re ot @xpected @ Ge Garger ¢han Jo~
for @l @he @naterials Ghvolved Gh Ghe @Gxperiment, Gny @f Ghe Gtrain g
formulations ill show §milar @sults. @/e Gerefore chooselhe Hencky g
strain rmulation, Qgsually Gferred gs Que §frain O @garithmic €§frain, g
from gq.09. 0

[V p—

F=

H=In.U/=In. FT F @

2FHRQJIJLQHHULQJ

Table

Strain gauge Bpise @vels Ghder Bp-load Epnditions @ On G~ .
Glade SG Dist. " " "y
Gide ID c mm™* mm™ mm™! g
Guction Al *1.05 5:27,0:42 556,0:45 096,0:48(Q
g B1 *0.43 549,0:57 1149,0:50 009,1:20 g
g C1 0.17 6:73,0:96 069,1:08 335,1:16 g
g D1 0.79 10:46,0 :87 1235,0:52 314,1:85 g
g’ressure A4 *1.05 1:71,0 44 148,0 :42 152,0:37 g
g B4 *0.43 2:62,4:11 1050, 1:46 271,1:08 g
g Cca 0.17 7:17,1:53 292,1:73 237,2:11 g
g E4 141 7:75,1:50 083,0:51 255,155 g

2.3.3. @IC gerformancegnalysis

To @rove he eliability @f @IC gn guch Garge @tructures, the @IC g
post-processing@lgorithm @escribed @) Ghe Previous ection Gequired § J
sensitivity gnalysis. This Belps @ Gefine Ghe Ghost Gptimised Parameters g
to @orrelate @train alues om ghe PIC Wvith Ghe Geal Galues @t Ghe g
surface @f the @lade. @he Gtep gize, Qubset@ize, §hape Gunction, gnd g
strain @indow @ere garied @ Getermine the goise threshold Gom @he g
image @cquisition. Jhe @train @alues @alculated @rom Ghese different g
parameters @ere grouped Gaseddn their Gubset§ize. §ig. §dighlights g
three of Ghe Ghost Gptimised Gubset§zes®r Hoth GOIs.

The @est @arameters @ Gnhatch Ghe Gtrain alues fom Ghe Gtrain g
gauges@ere gchieved @ith gigh YSG@gizes. @8 Opterpolation ghows g J
very gparse@ptimisation, Gaused@y @n gverfit @ehaviour @here goise g
gets @ttenuated @y €he gifferentiation. Jhus, P8 Gas ot ghosen@pr g
further @nalysis @s the @tandard @eviation @ould @e gigh gnough @ g
mistake Ghe §frain gistribution @crossthe Surface s Goise. Phus, GYSGQY
of @83 @ixels @ith he Gllowing @arameters Gas geen ghosen @pr the g
cameras Gargeting @Ol @: @ gubsetgize gf g1, g gtep gizedf g, gnd g g
strain gindow of @9. 8s ®r BOI g, the YSGF hade Gf P95 Pixels @ith g
a ubsetg§jze Of g7, g Step §ze of U2, gnd @ §rain gindow Gf @5.

Such@nlidation ¢an Be Observed @ Big. 00k, Ghere gl Ghree phasesg
of Bje Plywood ghddle @st &e @lated. The OIC ghlues Gere @ptained By J
averaging the @ata goints Surrounding e Bcation of Ghe §frain Gauge. g
Different gadius @r @his gurrounding @rea Gere Gonsidered, of Ghich §0
radius @f g00 pixels@as the Ghost Gptimised.

3. GResults § discussion
3.1. gorque@rench@s Bydraulic GressurefJamping@ethodgomparison

Due @ 6afety Goncerns gssociated@ith e @rque-wrench @hethod, g
conducting @ Gatigue @est @vith @ersonnel Gh Glose Groximity G Ghe g
blade gas Geemed gnfeasible. Gonsequently, the @ata Epllected Br s g
particular @st §plely fertains @ he gamping @nd §fatic phase @nd Gas g
obtained @om gensors@nd DIC Onages.

Data ®gging gegan @ith the gaddlesglready Glamped @ the glade g
from @revious Gatic gnd Gitigue @sts. Gubsequently, folts Gere Gradu-
ally @osenedantil g @mm gap Gecame Gsible Getween Ghe Gaddle @nd g
the @lade. @ata Gas @ollected @t this gtage Yhen The Glade gnd the g
clamp gystem gre got ¢h Gontact. Fhis gata Gas gsed @ Galculate the g
strain @auge gGoise @vels, gffectively @efining g Boundary @r Gegligible g
readings @r Be Bllowing gfagescf Ge @st. The @pise igvels 6f Ghe Gost g
relevant §train gauges@re @resented & Jable §9

Bolts @ere then @-tightened @ Ghe Ghaximum @ermissible Galue By g
the @rque @rench, ghich @ Bis €asedas L:4 N m. Gg. g0a) Qustrates g
that, Quring €his @osening @rocess, the Gtrain @n the @ressure gide gf g
the @lade gecreased,@sulting @h g Gtrain ¢duction gf @15 microstrain
(mm™) gt gdistance of & :43c@om Ge gaddle. Jhe game Gehaviour g
can Be Observed gn the Other §jde Of Ghe Shddle § Big. gOb), Bowever, g
at g @sser@gxtent gs the Ghaximum @train gbserved Gy Gtrain Gauge §1 g
of @0 m @~ ! @ Gonsiderably Bw gnd Gose @ e @train Gauge Goise g
threshold. @his @iscrepancy Quggests@ @ariation ¢h ¢he @isturbance, g
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Fig. QL. Gtrain GJeasurements @} @ :43c Gom @e Ehddle Gr Geation: @) B4, B) €L Gr Ge @rque @rench Gethod. Gt Bin G Ge Gst Bpit § Gosened Ghtil Gin O, Ghen Ge J

saddle Qoses @)l @e Elessure 6h He BJade. Bolts Gfe Gen @-tightened & GJin B.

thus @ifferent Galues @plated @ the chord @ngth Gould ge gsed @s gafe g
boundaries @r gach gjde of the Olade Ghdependently.

When ¢pnsidering @Je @verall ghalysis@r e @rque-wrench Gethod g
presentedi@ Bg. 00 if Becomesyident Bat Ge hal grain Gadings o g
not glign @ith the Gpitial Galanced §train. Jhis Ghconsistency Gould Ge g
attributed @ @ Geduction B Ghe Gamping Grce Gver gme. s g Gystemg

composed®f Qultiple ¢pmponents, Bis Gecrease€puld B Gue © Gctors g
such @s §mbedment, g ¢eep gffect On the BIDF Or the Steel Jame, Or §9
combination ¢f Ghese Gictors.

When gxamining Ghe §}rains &t g distance of g :05cljom Ghe Saddle g
(locations 82 @nd @4), the Mifluence Of the Saddle Becomes@ven Ghore g
diminished. @he @haximum @ngitudinal @train @alues gre Gheasured gt g
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Fig. . Gtrain Ghlues Gh e Epntreline €h Be Elessure §de 6f Ge Blade @ring: €amping @ed), §atic Gst ©§ GpkN Fellow), Bhd Tpo-cycle Gtigue @st @Green). @) §rain Ghuge

B4 & @ :43c@pm @e Ehddle Bhd @) Srain Ghuge G4 & GJ17c Bom Ge Ehddle.

.6:50,0:56/ m @~ ! @r the @ressure@ide gnd :30,0:38/ m G~ !
for the Guction gide. Jhese @alues Gan @e €:garded gs gegligible ginced
they @re githin Geir goise Pnits Pom Table §@Nd gso gccount Br @ssg
than @~ of the Gtrain @alues gbtained gt those Bcations guring Gtatic g
and Gitigue @sts.

By @ferring ® Bag. g and gssuming § pmmonly gsed gut fhctor of g
0.2, @n €stimation €an Be Gade Gat €achioplt g Shibjected @ g¢amping J
force 6f pproximately §6:96 kN. §otably, @b §Jgns ¢f lip Gere Gpserved g
during Ghe Garlier @sts @hen @ gmilar gamping @rce Gas gpplied. 8n g
estimated @lamping @prce @f OL75kN @ @gcting @n the gystem. Jhis g
force gorresponds @ @.07 @mes the Gesign @pad Gr the @rst gctuator g
during @ tatic @st, Gowever, g Ghore @recise Gut Gictor Gould Gqualise g
both @rces.

As @pr the gydraulic ghethod, ¢he golt Gensioners Gere @ositioned g
on @oth gidesdf the @p Gteel Game, gnd ¢he Gydraulic @ressure@as g
controlled @h @arallel. ghe gydraulic @ressuredould @each @50 bar¢pr g
the @amping 6tage, gquivalent @ g4 kN, gstimated gsing §qg. ). Jhis g
clamping phase@as @llowed By g 95 kN §jatic @ad gnd g short Gitigue g
test gonducted gt g Gequency gf Q:5Hz gnd g geak Gpad gf GSkN, gsg
shown @ 8ig. 09

The ghaximum @train @alue gecorded guring @ Gtatic @est gecurred g
at Gocation @4, @:17 c Gway From Ghe Gaddle, @eaching G Galue @f g
.2667:43,3:01/ m @' 9 Hg. Oga. By Gpmparing Bis © Be Gaximum g
value @bserved @uring Ghe @lamping @hase, vhich @ @pproximately g
337 m @~ 1, § § gvident that Uhe pPreload GpresentsGnly G3~ of Ghe g
total @ad. Burthermore © Big. O%b, @r Ghe @ngitudinal §frain gt G4 o g
*0:43 ¢ Ohe Gontribution Gom The Gamping Ghase Bcreases® G7~.

After @bserving @ata @ertaining @ Ghe Ghdividual @Glamp Ghecha-
nisms, Both Ghethods Gere @so pmpared @ Grms Of displacement ghd g
strain @issipation @s @ @unction @f gistance fom Ghe Gaddle. Gig. G g
shows the ghean @isplacement gnd @ngitudinal §frain Of Ghe Blade gkin g
at gifferent gistances gway @om ¢he gaddle. Jhe @gure & divided ¢h g
two gones, the gkin gone gnd €he Gpar @one. Jhis Qistinction @ ehade g
as e gliffness Of these @vo gones@re Gifferent gnderneath the Surface. g
The §par gone Gan Ge gs Ghuch s PO @mes Ghicker han the &kin gone. g
The @vo gonesehow Eimilar @isplacement @ehaviour @hen Gomparing g
both gamping Gethods § Big. O8a. Ohe Ghanual Giethod §hows @ Bhore g
sparsedistribution @owards the goot @f Ghe Glade, Giith Bigh Falues g
closer @ the epddle @r Both gones.This Gan Be @ttributed By the Grossg
loading factor Pduced fom Gphtening Ghe Bplt & &Gme, Ghich Causesg
pressure @ @e @st gn @reviously dghtened @olts. @n the @ther Gand, g
the @ydraulic ¢hethod ghows @ Gss @parsedistribution gs @hng gs@ll g
bolts gre @nsioned § Parallel, Gith @isplacements @oproaching gero @t g
a gistance of ¢ :45 c Gnwards.

Longitudinal @trains @how @Ghe Game @verall @rend @f Gparsity @Gs g
displacements, Bowever gonesBehave differently @s g @sult of the Gif-
ference i gliffness. The Gse ¢f Be Grque Grench & g¢amp Gechanism g
results @h @parse@trains Ghat @re Gighly dependent @n Ghe Grder @f g
bolt Gghtening. The §frain Gheasurements@t Heation G4 Gl Fithin Te g
range gf galues Gheasured gsing goth golt dghtening @chniques om g
the DIC, But @re Ghore Gosely gligned @ the Gghter Ginge Of Bydraulic g
bolt-tensioning @ sults. he gbserved gormalised Gtrains Ghdicate that g

the @tructure @f Ghe Blade Gas @ Greater gnpact Ghan Ghe @lamping g
force @hen €pnsidering gh €xclusion gone Greshold galue. Therefore, §9

single Greshold ghlue §r gl GHal Grbine BJades Cannot Bk Established. g
Instead, Gichieving G @onsistent @ressure @istribution Ghould Ge Ghe g
priority. Qverall, Bplt @nsioners ghow g@Gore €pnsistent amp gressure g
through different @erations, gnd @ should Be ¢onsidered gs the desired g
method @ ¢Jamp g thick Gomposite Blade @ the @ad Ghechanism @ @n g
laboratory @sting Ghcility.

The @hfluence @f Ghe Glade's Gomponents @n Ghe @istribution @f g
clamping @ressure @ @urther @lustrated ghrough @ull-field @IC Ghaps.d
Fig. g¢g ghowcasesthe gut-of-plane gisplacement Gomponent, genoted g
as @/, Subsequent® Ghe gpplication Of Ghe Grget PressureOn Both HI36 g
bolts. @he @egion @ituated Getween ¢he Gvo Ghear Gebs @xperienced g
buckling, @ading © g¢milar Behaviour Between Ge shear@eb ghd the g
trailing §par. This €puld igad @ €prly gkin-spar @ebonding ¢husing gjade g
failure @ithin @he gxclusion gones.Jhe @resencedf g @b, Ghdicated Gy g
the @orizontal gashed@ne G gig. UG, gxacerbatesthis Gehaviour gs@ g
constrains the @isplacement decay.

During G Gatigue @est Ghown Gh FFig. gG(a), Ghe Goughs Ghowed g
longitudinal §jrains 6f @440 m @~ ! and 45156 m @' g ¢ :05cand
*0 :43 ¢ @espectively. Jhe gtrain gxperienced @h @hose Geations Guring g
clamping Epntributed @ g3~ and 20:3~ Of Ghe Ginimum §frain Galues g
in @ Gatigue @est, Gespectively. The enost Gelevant @train gomparisons g
between Ghe Tiree phasesof g @st gre displayed @ Table §JdOhe gffects g
on @he gamping Gan Ge Geendn gach gf the gides @f the @lade Gy Gig. g
15, Gighlighting Ghe Gct that Gheir Ggions @vailable @r @nalysis Ghight g
differ. g

The @train Geeded @ Greate the Grst Grack By the Gomposite Ghatrix g
can Qe Osed gs @ Geference Galue @ getermine Grhether Ghe Glade's g
stiffness @ @ltered @efore @ Gest @ @un. Gased@n Garrett gnd Gailey g
(1977) and gply Ghickness of gmm, Ghe Gitial Cracking §rain § G49~. g
The @train @alues guring ¢he glamping @hase @an ¢hen ge Gormalised g
to Ghis @train galue gnd gre §hown th Gig. dg Gor Goth gides @f Ghe g
blade. § €an Be opserved Bat Be pressure§jde Of Bhe BJade Ekperiencesg
higher @trains @loser @ the gaddle gut ghatch ¢he Guction gide galues g
at @pproximately @75c @his gbservation ggrees@ith @he Gonservative g
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Tabl

LGgeitugdinal §jrain Epmparison Bptween @ Gree Ehases6f B @st Gring Ge Bydraulic J
method €hd €h YDF Ehddle @ On G 1. Grain Ghuge 04 Bpt Bailable B Bpt Ehough J
data @as Epllected pm Bis Epnsor.

Blade SG  Dist. Clamp Static Fatigue@tin)

gide ID c "xx " - " -

guction Al *1.05 0:9,0:40 *694.7 0.7% *118.6 0.8% g
g B1 *0.43 156,0:07 *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
Qressure A4 *105 *0:4,0:02 6138  0.4% 944  0.4% (
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 @iven @y Ghe @tandards @o @onsider Ghree @uarters @f Ghe g
chord Gength @r the Ghole Gtructure. ¢ @ goted Chat Che Galues Gpr g

the @ressure gide gre gtill gery §mall, @ith Galues gt G:5 ¢ geing Gelow g
the Bitial Cracking §frain galue. Beaching this Gference galue @oes dot g
strictly €prrelate © Gilure, 8@ @ill gso depend on Ge Py Oientation.

3.2. @omparinggpddlehaterials

MDF ghd glywood @ere @sted ghd ¢pmpared @ &sesdYe §fructural g
performance of the Spddle. § blydraulic Ghechanism @as @sed @ Gghten g
the @olts, @pllowed @y @ Gtatic Gest Yith @ Peak Ghad @f Q5kN. Pnly g
three @lamping @ests @vere @erformed @n Ghe GIDF Gnd Gix @n Ghe g
plywood gpddle, Gue ©® The Bigh Gosts @ssociated@ith These Grge-scaleg
experiments. gig. §d displays the geformation gehaviour gbserved gt g
ROI @, @aptured @y The third get @f Gameras@pr Goth the YIDF gnd g
the glywood @xperiments. Qhis @gion § Gffected By the Gecond gaddle g
coming @hto @ontact §ith €he Glade, Gesulting ¢h he @verlapping @f g
clamping @prces fom @oth @xtures. Gowever, Ghe Gresence@f @ gb J
positioned getween he @vo gaddles@gffectively €estricts the @xtent gf g
the @isturbed grea generated @y €he Gitroduction @f ¢he Bad gt hese g
points. @ ghaximum @isplacement gf @:83, 0 :02/ mm gpreads@om Ghe g
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Fig. §p. @lamping @ngitudinal §rain Eprmalised Eong Pe Bputral Yaxis § Ye Gade.

MDF shddle, ghd @:48,0 :15/mm{@r Ghe glywood Spddle Bst. Blue gnd g
darker greas@how @isplacements @f @ssghan 0:15 mmghat gre glose g
to he @oise @vels. Gaseddn these gbservations, the Gissipation gf the g
clamping gtage @reloads ¢r Ol @ & Gignificantly @aster than ¢hat gf g
ROI @. Greload gffects gettled Between 25 cto 0:36 c@r BOI Q.

The @train @eld gomputation @as gone gsing the @IC Garameters g
obtained @om @he @erformance gnalysis, § @4 @hterpolation, gnd ¢he g
Hencky gjrain rmulation fiom Bg. g, @mploying g@gindow ®lerance g
of G0~. Oh Gig. dg, Ghe Wngitudinal @Gtrain Gbserved Gfter 60 bar@ J
applied @ the gaddle golts @r gach af the gaddle Gonfigurations, IDF g
and @lywood. @s the glade § gery §tiff, the €ange df Gtrain Galues @h g
this €egion & gery @w gnd glear gifferences @etween ¢he Gvo Gaddle g
materials Gannot Be @entified. Jhe PIDF Gonfiguration §hows @n Gver-
age §jrain galue of §:07,3:96/ m @~ 1, Ghereas Ghe plywood ghows g g
slightly grger @verage6f 36:99,27:21/ m @~ 1. However, foth galues g
are @ithin @oise @vels flom the QIC Processing @lgorithm.

A @imilar @rocedure @as Gllowed @r the Ol @, Ghere €he gtrain g
field @etter @grees@ith Ghe Gheasurements@btained Gom Ghe Gtrain g
gauges, s @epicted © Big. 09 The Bighest grain Muctuations gre ¢Joser g
to e gpddle &5 Ekpectedr Bpth Epmpression ghd @nsion Pngitudinal g
strains. Ghe gaximum gjrain ¢hlue Geasured@as F406,71:3/ m g~ 1
and e @inimum @as §452:4,114:4/ m @~ . Both peaks&e Geated g
no @irther ghan g45c@om @he gaddle. Qther Patterns gan e goserved g
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Fig. @. @verall §splacement €pmparison & GOI &) 6h Be Elessure §lde 6 He BJade Guring Gamping Gr Ge YDF Ehddle (bft) Ghd He Eywood Ehddle Gght), G Gm.

Fig. @8. Qongitudinal §rain Epmparison Gring Eamping Bptween Ge GDF Ehddle Gkft) Ehd Ge Flywood Ehddie Glght) 6h oI g G On 6.

at g45 cand goove, Bowever, e §frain galues @ Ghis Ggion e Githin J
noise @vels.

Table g@ummarisesg gomparison 6f Ghe greload §frain Eontribution g
towards @he Gtatic Gest Gpetween Ghe Gwo Gaddles. ptrain Gauges@n g
both ¢he @ressure@nd Guction @ides @f the @lade ghow @igher train g
values @hen the HDF gaddle ¢ gsed. @his thay @e due & The gon-
uniform gressuredjstribution CausedBy Gternal Bjade Gomponents ke g
shear @vebs @r @ibs, @vhich @reate (pcalised Gtress@oncentrations. h g
these greas, the BIDF @eforms Plastically, @distributing Pressuregcrossg
other gegions. Gh Gontrast, e Gigher @tiffness gf Plywood Beeps ftressg
concentrations €hore @calised. Jhe §IDF gaddle @as glso gbserved @ g
have @ritical @amage @fter @l @ests vere @omplete, Gendering Ghem g
unsuitable ¢r gny Giture gxperiments. Fhis @ritical @amage @hcluded g
onset @f Gelamination gs @ell @s ompression Giilure gn the Gee gdgesg
that @ere Gh Gontact @ith he Glade. Pn €he Gther Gand, the Glywood J
saddle fad @o Gsible gjgns Of delamination Gor rushing Gn @ny of the g
sheets.g

4. @onclusions

Current gtandards Gick Getailed gpecifications @nd @ractices @r the g
introduction @f @had ¢h @ull-scale gdal Qurbine @lades Gests. @s these g
standards @heed @o @e dollowed Gor Glade Gcereditation, @ne @f Ghe g
most @onstraining @uidelines @ @ssessedjere Gor Ghe Grst Gme, Gy g

Table @

Normalised €amping @ngitudinal Ejrain, Ekpressed@f @ Gercentage 6 Be Bpak flatic §

strain.
ocation SG @ Distance MDF Plywood g
@ressure A4 *1:05¢ Q06,0 :01~ 0:008,0:05~ g
g B4 *0:43c 393,0:12~ 2:16,0:09~ g
g C4 0:l7c 155,0:07~ 0:10,0:02~ g
Guction Al *1:05¢ Q13,0 :06~ 0:009,0:05~
g B1 *0:43c Q75,0:01~ 0:59,0:03~ g
g c1 0:17c¢ 107,0:02~ 0:93,0:04~

comparing @vo @lamping @hethods gnd Gvo gaddle ghaterials. or ¢his g
purpose, g @ull-scale @omposite g§dal @urbine @lade Gas gested Yhere g
strain gheasurements@nd @igital gnage Gorrelation @OIC) Jata Gere g
used ® Quantify Ghe §train Eontribution om Ghe Gamping Sfage ® e g
strain Gheasurements@uring tatic @nd Gitigue @sts.

The @vo gamping Gethods ¢pmpared Gere gGanual Grque Grench g
and g @ydraulic @olt @nsioner. §oth ¢hethods Gevealed the gnpact gf g
internal §fructures & he Blade On The §frain Gissipation. This Gompari-
son @lso §howed the @jfferent §fructural Gesponsebetween the Gressured
and @he guction §ide Of the Blade. Jhe Gross-loading Gictor Ghduced By g
the @hanual €hethod @hcreased the ffects gf the @reload, @hereas the g
hydraulic @nsioners &chieved @jssipation B85 mm@nay om e shddle. g
Observations rompt e @eduction @f Ghe @xclusion Gone Goundary g
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Fig. Op. Qongitudinal §rain & §OI §6h Ye Elessure de 6 Ye Glade Bfter Cp0 barEpplied § Ge Bpit QGnsioners.

from Q.75 @ Q.45 @mes €he ghord Gength. @lthough ¢his @roposition g
would @nly @pply @ this @pecific dal Glade, Ghis Gtudy @pens he g
opportunity @r gther @sting Gacilities @ @duce €he Gpacing Getween g
saddles @hethodically.

The ghaterial @sed @r ¢he Gaddle ras Gompared @sing YIDF @nd g
plywood. Jhe BIDF showed g Bigher gfrain Gontribution gnto the Hade g
surface, @s i the Gfstributes the Pressurehore Gvenly @nd Ghus Spreadsg
to @ss6riff Gomponents gf the Glade. Glywood Gad g Gigher Gliability g
under @igh @tatic ¢hads @nd @roves @ @e g Getter gption than §IDF, g
which @xhibited @igh @evels @f Gtructural @amage @t ¢he @nd @f the g
experiments. Gurther ghvestigations @re geeded ¢ Geduce the gncer-
tainties, @ @elp @stablish @ Gamework €r @etermining the Gequired g
clamping ®rce @nd the Gptimised Gumber Of @ad Gitroduction @oints.
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