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Temas aktualitate

Koksnes produktu eksports iepem nozimigu lomu Latvija razotas produkcijas eksporta
struktura (pec Latvijas bankas datiem ~ 15 %). Relativi liela meZu platiba un attistita tranzita
infrastruktiira rada kokriipniecibu veicinoSus apstaklus. Diemzél lielaka dala eksportéta
materiala ir neapstradata koksne (izejmaterials) un produkcija ar zemu pievienoto vértibu,
pieméram, orient&to skaidu plaksnes un skaidu plaksnes mébelem. Nakotnes attistiba koksnes
apstrades rapniecibas konkurétsp&jai bus cieSi saistita ar augstas pievienotas vértibas
produktiem, kas atbilst sabiedribas vajadzibam nacionala, regionala (Eiropas Savienibas) un
globala méroga.

Viens no potencialajiem koksnes materialu pétniecibas virzieniem ir vieglu sendvi¢panelu
veidoSana, apvienojot vairakas materialu grupas. Stipribas zina tie pielidzinami tradicionalajam
saplaksnim, tac¢u ipatngjais stingums un stipriba ir ievérojami efektivaka. Papildus tam
sendvi¢panelu razoSanas procesa ir iesp&ams integrét multifunkcionalas 1pasibas:
siltumizolaciju, vibraciju, skanu un triecienu slap&josas Tpasibas. Ipasi bitiski tas ir
norobezojoso konstrukciju veidiem, kam nepiecieSama bieza transportéSana un pretestiba
dazadiem argjas vides apstakliem.

Videi draudzigi kompozitmateriali paslaik ir viens no aktualakajiem virzieniem ilgtsp&jigas
koksnes pétnieciba, tai skaita — Latvija, un to apliecina Eiropas Savienibas ietvarprogrammas
projekti WOOD-NET, BIOCOBSEPT, TREES4FUTURE un dalgji art MAPICC 3D. Pé&tijumi
parada, ka koksnes materialu razo$anai nepiecieSams vismazakais energijas patérins (salidzinot
ar metalu un dzelzsbetonu). Tas savukart samazina negativo iectekmi uz gaisa un tidens kvalitati
gan razosanas, gan ekspluatacijas un ari parstrades posma. Turklat zema blivuma panela serde
butiski samazina koksnes materialu patérinu.

Darba meérkis un uzdevumi

Multifunkcionalo ipasibu (Siltuma, vibraciju izolacijas, trieciena absorbcijas) integrésana,
augsta Tpatngja stinguma saplakspa sendvica tipa paneliem un metodologijas izstrade kopgja
ieguvuma palielinasanai, kas balstita uz skaitlisko modelésanu, eksperimentalo validaciju un
optimizaciju.

Merka sasniegSanai izvirziti $adi uzdevumi.

1. Noteikt atsevisku saplaksna sendvi¢panelu komponensu raksturlielumus (mehaniskos
un termiskos), 1pasi pemot véra atseviski vienvirziena orientétu finiera slanu
mehaniskas 1pasibas atkariba no tehnologiskas apstrades veida.

2. lIzstradat aprékina metodi ekvivalenta stinguma saplakspa sendvica tipa panelu (ar
ribotu un vilnotu viduskartu) atrasanai, ka references punktu izmantojot tradicionala
saplaksna mehaniskas 1paSibas. Veikt $§is metodikas prognozéSanas spgjas
eksperimentalu verifikaciju.

3. Izstradat metodiku saplaksnu sendvica tipa panelu optimalu Sk&rsgriezuma parametru
noteikSanai vairaku atbildes reakciju gadijuma, kas balstitsa uz Pareto optimalitates
frontes izmantoSanu starp relativa stinguma, masas (blivuma) un relativo
siltumvaditsp&jas koeficientu.



4. Prototipét  sendviCpanelus ar saplakSpa virsmam un  termoplastiskas
stiklaskiedras/polipropiléna serdi, izmantojot viena piegajiena razosanas metodi, ka
arl noteikt So panelu mehaniskas ipaSibas, izmantojot gan nesagraujosas, gan
tradicionalas Cetru punktu lieces parbaudes.

5. Novértét un klasificét saplakspa sendvicpanelu biezuma, virsmu un serdes tipa
ietekmi uz kopgjo siltumvaditsp&jas koeficientu, vibraciju un trieciena absorbcijas
Ipasibam.

AizstaveéSanai izvirzits

1. Aprékina metodika un tads ecksperimentala validacija ekvivalenta stinguma
sendviCpanelu atrasanai, izmantojot skaitlisko modeléSanu un parametrisku
optimizaciju ar virsmas atbildes (metamodelé$anas) metodi.

2. Metodika panelu efektivitates novertéSanai vairaku atbildes reakciju gadijuma,
izmantojot Pareto optimuma frontes liknes un metamodel&sanas tehniku.

3. Pirmoreiz izgatavotu jauna tipa sendvi¢panelu ar vilnota termoplastiska kompozita serdi
un saplaksna ribu ar putu serdes pildijuma fizikalo, mehanisko un trieciena 1pasibu
salidzinajumu, ka arT vibraciju slap€Sanas un triecienizturibas novertgjums.

Darba zinatniska novitate

Balstoties uz metamodelésanas metodiku un parametrisko optimizaciju, izstradata metode
kopgja ieguvuma novérteésanai, kas matematiski balstita uz Pareto optimuma frontes principiem
gadijuma, ja ir janoverte vairakas atbildes reakcijas.

Metode ir aprob&ta nakamas paaudzes sendvicpanelu izstradei. Kombingjot koksnes un
termoplastiska stikla Skiedru kompozitmaterialu, pirmo reizi izgatavots inovativs saplaksna
sendviépanela prototips ar vilpotu serdi. Papildus validétas vadlinijas So panelu kvalitates
kontrolei, izmantojot nesagraujosas kvalitates novertéSanas metodi. Noteikta dazadas
konfiguracijas sendvi€panelu trieciena izturiba.

Praktiskais nozimigums

Darba iegitie rezultati lauj projektét vieglas un multifunkcionalas saplaksna sendvica tipa
konstrukciju platnes, kas ir vairakos fizikalos parametros efektivaka alternativa tradicionalam
viendabigam koksnes materialam un liela biezuma saplaksna platném.

Verificéta skaitliska aprékina metodika lauj precizi prognozet relativas deformacijas un
spriegumus katra saplaksnpa slani, izmantojot vienvirziena Skiedru mehaniskas 1pasibas.

Izstradatais stalazu klaja prototips apstiprina atrasto kompromisu starp optimalu panela
masu, stingumu un triecienizturibu. Metodes aprobacijai veikta panela platnes prototipgSana un
pilna méroga izrauSanas tests Renault smagas masinas sédekla platnei.



Petijuma metodika

Saplakspa daudzslanu konstrukciju aprékins un parametriska optimizacija balstita uz
komerciali pieejamo galigo elementu metodes datorprogrammu ANSYS. Eksperimentu plana
izveidei izmantota EDAOPT programmatiira, un eksperimentu plani publiski pieejami:
http://213.175.94.108/designDB/search.php. Atbildes reakciju aproksimacijai ar nepilnas
pakapes polinomiskam funkcijam, taja skaita ABFC (Adaptive Basis Function Construction)
metodi, kas integréta VARIREG datorprogramma. Mechaniskas parbaudes stiepes un lieces
slogojuma gadijumiem Veiktas, izmantojot servohidraulisko INSTRON 8802 test€sanas iekartu.
Papildus datu iegtisanai vienlaikus tika izmantoti ari HBM lineari mainigas pretestibas
deformaciju méritaji un pielim&jami tenzorezistori. Siltumvaditsp&jas koeficienta noteikSanai
tika izmantota LINSEIS HFM 200 iekarta. PaSsvarstibu frekvenc¢u, svarstibu formas un
svarstibu dziSanas koeficienta noteikSanai tika izmantots POLYTECH PSV400 dinamiskas
lazerskengsanas aprikojums (frekvencu diapazons 0-20 kHz). Trieciena testi tika veikti ar
iekartu INSTRON DYNATUP 9250HV, darbibas diapazons 0-1600 J.

Datu apstradei izmatota dazada programmatiira: MS OFFICE, SIGMA PLOT, MATLAB,
CATMAN EASY, INSTRON BLUEHILL, IMETRUM VIDEO GAUGE, PYTHON GUI.
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Darba saturs

Pirmaja nodala ir publicéts literatiiras apskats komerciali pieejamiem saplaks$na materialiem
un sendvi¢paneliem, ka arT jauniem daudzslanu koksnes materialiem, kas Sobrid vél atrodas
izpetes stadija. Otraja nodala veikta mehanisko un termisko 1pasibu noteikSana atseviskam
panelu komponenteém. TreSaja nodala apskatita optimizacijas metodika augsta Ipatn&ja
stinguma saplaksna panelu optimizacijai, kas balstas uz skaitliski ieglitiem mehaniskas darbibas
robezstavoklu raditajiem un aproksimaciju metamodeliem. Ceturtaja nodala apskatita jauna
sendvi¢panela ar saplakSna virsmam un vilpotu termoplastiska kompozitmateriala serdi
prototipésana, skaitliska modelesana un eksperimentalas lieces parbaudes. Piektaja nodala ir
pétitas  bezkontakta deformaciju meriSanas priekSrocibas, ka paraugu izmantojot
sendvi¢panelus ar Stinveida koksnes serdi. Sestaja nodala doti aprékina pamatprincipi vieglu un
vienlaikus siltumefektivu saplaksna panelu projektésanai. Septitaja nodala ir veikta salidzinosa
analize, eksperimentali nosakot svarstibu dzi$anas koeficienti paneliem ar dazadiem serdes
tipiem. Astotaja nodala ir apskatita saplaks$na panelu un references platnu triecienizturiba.



Pirma nodala

Literattiras parskata tika apkopota informacija par saplakspa un sendvi¢panelu ar koksnes
komponentém fizikalajam, mehaniskajam, siltumizol&josam, vibraciju un trieciena absorbcijas
Ipasibam.

Ka zinams, saplakspa razoSana ir viens no ekonomiskakajiem koksnes apstrades veidiem,
nemot veéra nelielo materialu zudumu. Atskirigu sugu koksne var tikt izmantota ka izejmaterials
saplaks$na razoSanai, tau ziemelu regiona augosais sudraba bérzs (Betula Pendula) nodrosina
augstakos mehanisko 1pasibu radijumus, salidzinot ar citiem komerciali pieejamiem
saplakspiem [1].

Ir neskaitami dokument@ti pétijumi saplakSpa ipasibu uzlaboSanai, biitiski nemainot
tradicionalo saplaksna struktiru. Pieméram, atSevisku saplak$pa kartu sapreséSsana pirms
liméSanas samazina limes patérinu, ka arT palielina saplak$pa blivumu un lidz ar to uzlabo
mehaniskas Tpasibas [2, 3]. Termiski apstradajot saplaksni ir iesp&ams butiski palielinat §a
materiala biologisko, termisko izturibu un dimensiju stabilitati, taja pasa laika vajinot
mehaniskas ipasibas [4]. Limes kimiska sastava maina spgj samazinat fenola-formaldehida
kaitigos izgarojumus vai ari novérst tos vispar, tacu §is solis vienlaikus palielina limvielas
izmaksas [5]. Savukart koksnes sendvi¢panelu pétnieciba zinatniskaja literattira ir salidzinosi
maz dokumentéta. Industrialie p&tijumi jaunu sendvi¢panelu radiSanai, izmantojot koksnes
produktus, galvenokart ir vérsti uz koksnes parstrades atlikumu (skaidu, zaru, mizas) efektivu
izmantoSanu [7] parsegumu platnu montazas atruma pilnveidosanai [8], ka ari fasazu panelu ar
zema blivuma koksnes skiedru serdi izstradei [9, 10].

Komerciali pieejamie sendvicpaneli galvenokart ir paredzeti zemas mehaniskas veiktspgjas
lietojumiem interjera un starpsienu izveidé [11], atseviski risinajumi ir paredzéti ari lielu
laidumu parsegsanai ar viegliem paneliem [12].

Pétijumi sendvi¢panelu multifunkcionalo 1pasibu integréSanai galvenokart koncentr&jas uz
stinguma un siltumizolacijas ipaSibu optimizésanu [13, 14], ka arT metozu izstradi panelu
siltumvaditsp&jas Tpasibu prognozesanai [15]. Vairaku materialu apvienojums dot labvéligu
ietekmi, apskatot vibraciju slapésanu salidzinajuma ar homogénu materialu [16]. Trieciena
izturiba sendviCpanelu gadijuma parasti ir vajaka neka tada paSa biezuma viena veida
materialam, tau padevigas serdes dél dala no trieciena energijas tiek absorbéta [17].

Nemot véra daudzu mainigo lielumu ietekmi uz sendvi¢panelu veiktsp&ju un to plaSo
veélamas funkcionalitates spektru, optimizacija, izmantojot analitisko vai skaitlisko modeli, ir
atzita par vienu no efektivakajiem veidiem maksimalas/sabalansétas veiktsp&jas sasniegSanai.
Pastav vairakas pieejas, ka novertét kop&jo ieguvumu vairaku atbildes reakciju gadijuma, tacu
par vienu no uzskatamakajam ir atzita tieSi Pareto optimuma fronte [18].

Otra nodala

Lai sekmigi projektétu sendvica tipa panelus no vairakiem materialu veidiem, ir svarigi zinat
katra atseviska materiala mehaniskas un fizikalas pasibas. Sie dati nodrogina ievaddatu
palavigumu aprékina modelim dazadas industriali lietotas galigo elementu programmas. Nemot
véra specifisko finiera ieglisanas procesu, ka rezultata koksnes skiedras tiek sapres€tas un
piesticinatas ar limi, viena slana mehaniskas ipaSibas bis at$kirigas no zagmateriala paraugu
IpaSibam. Stiepes testi paraugiem, kas veidoti no viena un vairakiem viena virziena salim&tiem
finiera slaniem, tika veikti analogiski Skiedru kompozitmaterialu testa standartam, izmantojot
300 mm garus taisnstiirveida paraugus ar pielimétam galu uzlikam. legiitas elastibas modula un
stipribas vértibas tika ievietotas kaula formas aprékina modeli, kas vélak tika koreléts ar
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eksperimentaliem stiepes testiem. levietojot minimalas un maksimalas iegtitas vértibas, ir
iespgjams novertét potencialo ietekmi uz parauga stingumu materialu 1pasibu izkliedes
rezultata. Kopuma skaitliski aprékinatie rezultati parklaj eksperimentali iegtito izkliedi, ka tas
paradits 1. attela.
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1. attels. Kaula formas stiepes paraugs un galigo elementu validacijas modelis.
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2. attels. Viena slana mehanisko 1pasibu validacija.

Mehaniskas ipasibas termoplastiska tekstila kompozitam tika noteiktas atbilstosi EN 527-4
standartam. Papildus ekstenzometram relativo deformaciju iegtiSanai tika izmantots arl
bezkontakta videoekstenzometrs IMETRUM. Ar So iekartu tika noméritas relativas
deformacijas un papildus aprékinats Puasona koeficients.

Poliuretana putu mehaniskas ipaSibas tika noteiktas dazada blivuma cilindriskiem
paraugiem, slogojot lidz sakompaktéSanas robezai ( >80 % no sakotn€ja garuma). Lineara
sakariba starp mehaniskajam ipasibam un putu blivumu tika noteikta, ka paradits 3. attela.
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3. attéls. Sakariba starp putu blivumu, elastibas moduli un siltumvaditsp&jas koeficientu.

Termiskas 1pasibas putu un saplakspa plaksném tika noteiktas, izmantojot LINSEIS HFM
300. Ar $aja gadijuma siltumvaditsp&jas koeficientam ir lineara korelacija atkariba no putu
blivuma un stinguma.

Tresa nodala

Saja nodala ir veikts sendviépanelu ar ribotu un vilnotu serdi skaitliskais aprékins, modela
eksperimentala validacija un Skérsgriezuma parametru optimizacija.

Sakotngji saplakSna panelu skaitliskais modelis ir buvéts ANSYS komerciali pieejama
programmu paketg, izmantojot ¢etru mezglu SHELL 181 tipa Caulas elementus. Saplaksnis tika
modeléts ka slanaina struktiira ar perpendikulari izvietotam finiera kartam. Mehaniskas 1pasibas
finierim tika pienemtas no eksperimentali parbauditajiem stiepes paraugiem. Saplaksna
sendvicpanelis modeléts atbilstosi EN 789 (4. attels) slogoSanas standartam. Balsti ir izvietoti
panela galos, simul&jot brivi balstitu siju. Lineara slodze ir pielikta panela vidusdala, apvienojot
parvietojumus punktiem, kas atrodas uz vienas linijas perpendikulari panela garenasij.
Optimalais tikla solis tika uzstadits — 10 mm. Ar&jiem saplaksna slaniem tika samazinats
biezums (vid&ji par 30 %), lai ievertetu vera slipeSanas ietekmi.

¢ UTION

4. attels. skaitlisks aprékina modelis un eksperimentala validacija.
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Pirmie panelu prototipi ar ribotu vilpotu serdes tipu tika izmantoti izstradato skaitlisko
modelu validacijai. Veicot saplaksna sendvi¢panelu testus ¢etru punktu liec€ (atbilstosi EN
789), ir noteikta panelu izliece un virsgjo Skiedru relativais pagarinajums. Izmantojot iegiitos
rezultatus, tika aprékinats panelu lieces elastibas modulis un lieces stingums. Salidzinot
eksperimentali un skaitliski iegiitos rezultatus var redzet, ka aprékina modelis korele ar
iegiitajam izliecém. Tas savukart ir uzskatams par parliecinosu indikatoru, ka skaitliskais
modelis var tikt izmantots turpmakai optimizacijai.

Sakotn€ja panelu optimizacija tika veikta ar mérki uzlabot pirmo prototipu veiktsp&ju, ka ari
identific€t panelus ar ekvivalentu stingumu salidzinajuma ar tradicionalam saplak$na plaksném.
Papildus skaitliskais saplak$pa modelis tika izmantots, lai novértétu sendvi¢panelu relativo
veiktsp&ju atkariba no masas indikatora. Iegtita optimizacijas rezultata validacijai tika veikta,
izgatavojot stinguma zina ekvivalentus panelu 30, 40 un 50 mm biezam saplaksnim un veicot
laboratorijas lieces testus gan saplaksSniem, gan ekvivalentiem sendvi¢paneliem (5. attéls).
legiitie rezultati apstiprina, ka, izmantojot $adu optimizacijas metodi, iesp&jams sasniegt
references saplaksna plaksnes stingumu, taja pasa laika samazinot panela svaru par vismaz 45
%.
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Displacement at midspan, mm

5. attels. Slodzes deformacijas liknes 40 mm biezam saplaksnim un ekvivalenta stinguma
saplaksnim.

Rezultatu uzskatamibai relativa sendvi¢panelu masa un stingums tika apkopoti viena Pareto
optimalitates problémas formul&juma, kas redzams 6. attgla.
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6. attels. Relativais stingums un masa sendvi¢paneliem ar ribotu un vilpotu saplaksna serdi.

No augstakminéta att€la var noprast, ka sendvi¢paneli ar ribotu serdi nodroSina lielaku
stingumu garenvirziena neka tada pasa biezuma panelis ar vilpotu saplaksnpa serdi.

Ribota panela praktiskai aprobacijai tika uzprojektéts 3 m gar$ panelis (analogiski Plettac
SL70 [14]) ar noluku parbaudit ta atbilstibu izmanto$anai parvietojamu stalazu klaja.
Noslogojot klaju ar vienmérigi izkliedétu Gdens slodzi atbilstosi EN 12811, tika noteikts, ka
paneli apmierina 3. slodzes klases nestspgjas kritérijiem. Jaatzimé, ka izgatavoto panelu masa
ir ieveérojami zemaka neka metala un koka stalazu klajiem, tomer ir vienada liment ar tirg
pieejamiem aluminija klajiem.

Ceturta nodala

Lai vel batiskak uzlabotu stinguma/masas attiecibu paneliem ar saplak$pa virsmam,
pétijuma tiek piedavats saplakSna serdi aizstat ar stikla Skiedras kompozita vilnotu loksni.
Tehnologijas izm&ginasanas noltka un skaitliska modela validacijai sakotngjie prototipi tika
izveidoti vienkarSota tehnika , serdi pielim&jot pie virsmam atsevis$kos izgatavoSanas SOlos
(7. attels).

7. attels. Sakotngjie prototipi — vilnota stiklaSkiedras un epoksida matricas serde.

Pirmie rezultati uzradija labakas mehaniskas stinguma ipasibas neka paneliem ar saplaksna

ribotu serdi. Lidziga tendence paradas, arT salidzinot Pareto optimuma fronti paneliem ar stikla
Skiedras kompozita un saplaksna serdi (8. attéls).
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8. attels. Relativais stingums un masa sendvi¢paneliem — Pareto optimalitates datu kopas
plakne.

Likumsakarigs turpinajums panelu ar vilpotas loksnes serdi pétfjjumam ir razoSanas
tehnologijas pilnveidoSana, aizstajot tradicionalu termoreaktivu stikla skiedras serdi (epoksidu
matrica) ar stikla Skiedras/polipropiléna termoplastiska kompozitmateriala vilnotu serdi. Darba
tika aprobéts, ka ir iesp&jams izgatavot sendvicpanelus no atskirigiem materialu veidiem viena
razoSanas soli, kas sakrita ar EK ietvarprogrammas projekta MAPICC 3D mérkiem.
Sakotng&jais termoplastiskas serdes prototips redzams 9. attéla.

9. attéls. Divu sekciju sendvi¢panelis ar vilpotu termoplastiska kompozitmateriala serdi.
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Piekta nodala

Saja nodala apskatita ARAMIS un IMETRUM bezkontakta virsmas deformacijas mérisanas
sisttmu prieksrocibas skaitlisko modelu validacijai ar meérki validét skaitlisko aprékinu
rezultatus. Sim noliikam galvenokart tika izmantoti sendviépaneli ar §iinveida koksnes serdi.
Lieces testa uzstadijums un ieglistamais rezultats, izmantojot bezkontakta mériSanas sistému, ir
paradits 10. attéla. Papildus slodzes un deformaciju liknei iesp€jams iegiit ari deformaciju
vertibas visa plakng, ka arT relativo deformaciju vertibas nelielas pikselu apakskopas. legttie
parvietojumu grafiskie att€lojumi uz virsmas palidz ne tikai skaitliska modela validacijai, bet
arT dod priekSstatu par struktiiras viendabigumu un parauga kvalitati. Pieméram, 11. attéla ir
redzams, ka atseviskas Stnu sekcijas sak neatkarigi parvietoties isi pirms kritiskas slodzes
sasniegSanas. Nodala ir salidzinati arT ¢aulas un tilpuma kermenu aprékina modeli nelielu sijas
un lielaka méroga panelu lieces slogojuma simuléSanai.
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10. attels. Vertikalo parvietojumu spektrs uz sendvi¢panela malas, ka art ARAMIS sist€émas
uzstadijums.
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11. attels. Vertikalo parvietojumu spektrs uz spiedes parauga sanu skaldnes.

Sesta nodala

Saja nodala apkopota informacija par saplaksna sendvi¢panelu termiskas darbibas analizi,
integréjot siltumizolacijas slani. legltie rezultati galvenokart atspogulo valsts pétijumu
programma IMATEH paveikto.
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Termisko 1pasibu uzlaboSanai saplakSpa panelos ar vertikalu ribu serdi tika iepildits
poliuretana putu maisijums, kas dal€ji veidots no parstradato, atjaunojamo dabas resursu
komponentém. Siltumizolacijas iepildisana panelos nodro$ina vairakas priek$rocibas. Pirmkart,
tiek nodroSinats gaisa nekustigums slégto poru sisteéma, kas sekmé siltumizolacijas 1pasibas.
Otrkart, putas kalpo ar ka lielisks adh&zijas slanis ribu pielim&Sanai pie virsmam, Iidz ar to
Sada veida ir iesp€jams paatrinat panelu raZzoSanas kapacitati. Treskart, putas uzlabo panelu
mehaniskas 1pasibas, it ipasi — bides stipribu.

Pirmie panelu prototipi ar putu serdi tika izveidoti, par pamatu nemot paneli ar vertikalam
ribam garenvirziena. Vairak komponentu kimisko vielu sajaukSanas un infiizijas iekarta
(Koksnes kimijas institiita) tika pielagota $im uzdevumam, pagarinot maisijuma padoSanas
diapazonu. Svarigakais izaicinajums iepildisanas procesa ir nodro$inat virsmu nekustigumu,
putam izpleSoties kimiskas reakcijas rezultata. Iegtitie prototipeSanas rezultati parada, ka putas
var tikt efektivi izmantotas ka adh&zijas lidzeklis ribu pieliméSanai, tomér turpmak putu
viendabigums ir jauzlabo, lai samazinatu poru skaitu (12. attels).

12. attels. Ribots saplaksna panelis ar un bez putu komponentes.

Termisko ipasibu model&Sanai tika izveidots vienkarSots Skersgriezuma plaknes galigo
elementu modelis, izmantojot datorprogramma ANSYS pieejamos cetru mezglu platnes
elementus (PLANE 55). Temperatiiras gradients tika piesaistits apaksgjai un augsgjai virsmai,
lidzigi ka parbaudes procediira atbilstosi EN-12667 standartam. Siltumvaditsp&jas koeficients
tika noteikts tikai termiska lidzsvara gadijuma. Pateicoties linearai sakaribai starp putu blivumu,
elastibas moduli un siltumvaditsp&jas koeficientu, ir iesp&ja izmantot §is vértibas ka
nepartrauktus lielumus parametriskaja optimizacija.

Izmantojot izveidoto termisko aprékina modeli un sekvencialo Latinu hiperkuba
eksperimentu planu, tika noteikts sendvi¢panelu efektivais siltumvaditsp&jas koeficients un
masa. Tas pats eksperimentu plans tika izmantots art lieces skaitliskajam modelim, lai noteiktu
arT panelu stinguma raksturlielumus. Izdevigako risindjumu atraSanai starp vairakam atbildes
funkcijam tika izveidots Pareto optimuma problémas formul&jums. Iegitie saplaksna panelu
relativie lielumi (siltumvaditsp&jas koeficients, stingums, masa) tika proporcionali salidzinati
ar tradicionala saplaksna aprékina vértibam (13. attels).
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13. attels. Pareto frontes grafisks att€lojums starp vairakam atbildes reakcijam.

Salidzinajuma noliikos Pareto optimuma fronte tika izveidota arT paneliem ar putu serdi bez
ribam. Abu veidu serdes konfiguracijam ir lidziga veiktspgja, ja salidzina relativo masu un

stingumu, tacu paneliem bez ribam ir ievérojami zemaka siltumvaditspéja.

Septita nodala

Vibraciju slap€joso 1paSibu noteikSanai sendvi¢paneliem ar atSkirigu serdes un virsmu
konfiguraciju tika izmantota modalas analizes metode un POLYTECH PSV 400 virsmas
lazerskenéSanas aprikojums (14. attéls). Paraugs tika iekarts un iesvarstits ar skalruni plasa
frekvencu diapazona, lai noteiktu atbildes reakciju uz katru no passvarstibu frekvencém.
Passvarstibu formas tika noskenétas visa frekvencu diapazona. Datu apstrades programmatiiras

aprikojums lauj izveidot frekvencu/atbildes liknes un vizuali att€lot svarstibu formas.
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Paraugs

Datu apstrades
aprikojums

POLYTECH PSV 400
lazer-skanésSanas galva

14. attels. Modalas analizes testa uzstadijums.

Sis pats aprikojums tika izmantots ari, lai noteiktu svarstibu dziSanas koeficientu
sendvi¢paneliem un references saplaks$na platném. Zinot pirmo lieces un bides svarstibu formu,
ir iesp&jams noteikt arT panela elastigas mehaniskas 1pasibas — elastibas moduli un bides
moduli atbilstosi ASTM E1876 standartam, §is dinamiskas stinguma vértibas tika verificétas ar
sagraujoSos testos iegltajiem rezultatiem. Tipisks piemérs frekvencu/atbildes spektram ir
paradits 15. attgla, test&jot panelus ar vilnotu termoplastiska kompozitmateriala serdi. Cetriem
no testétajiem paneliem ir Saméra neliela rezultatu izkliede, kur pirma passvarstibu frekvence
ir 180,5 Hz un otra 296,5 Hz. Salidzinasanas noliikos ir pievienots viens braké&ts paraugs, kas
uzrada nobiditus amplitiidas ekstrémus visa frekvencu skala.
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15. attels. Frekvencu/atbildes liknes un passvarstibu formas paneliem ar 170 mm platumu.

Izmantojot modalas analizes rezultatus, tika aprékinats energijas zuduma faktors, kas
raksturo materiala svarstibu slap&josas ipasibas. Jo lielaks ir zuduma faktors, jo vairak energijas
tiek noslapéts. Matematiski Sis raksturlielums tiek aprékinats ka laukums zem katra no
passvarstibu frekven¢u maksimumiem ar nosacijumu, ka ekstréma augstums atbilst ASTM E756
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standarta prasibam. Rezultatu apkopojums paneliem ar dazadiem serdes tipiem pirmajai
passvarstibu frekvencei ir dots 16. attela.
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16. attels. Svarstibu zuduma koeficients saplak$niem un sendvi¢paneliem pirmajai
passvarstibu frekvencei.

Analizgjot iegiitos rezultatus, var redzet, ka reference saplaksna un sendvic¢panelu vibraciju
slapgjosas TpasSibas ir saméra lidzigas. Vilpota stiklaskiedras/PP serdes gadijuma zuduma
koeficients ir par 22 % lielaks neka 48 mm references saplaksni. Ribotam panelim tas ir par
29 % lielaks neka saplaksnim. Putu klatbiitne panela serde palielina panela stingumu un
samazina zuduma koeficientu 1idz tradicionala saplaksna limenim.

Astota nodala

Pedgja darba nodala tiek apskatita saplaksna panelu trieciena izturiba, izmantojot trieciena
torna INSTRON Dynatup uzstadijumu, kas paradits 17. att€la. Testa procediira atbilstosi NF
B51-327 standartam paredz parauga plaisaSanas un penetracijas energijas noteiksanu,
izmantojot kritoS$u svaru ar 25 mm diametra uzgali. Paraugs ar malu garumu 315x315 mm tiek
ievietots nostiprinasanas rami un novietots ta, lai trieciens trapitu tiesi parauga centra.
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17. attels. INSTRON Dynatup 9250HV trieciena tornis.

Testa rezultata, izdarot atkartotus triecienus paraugam, tiek iegiita potenciala energija Ry,
kas raksturo energijas limeni, kas nepieciesams, lai parauga apaksgja dala izveidotu plaisu, un
R2 — energija, kas nepiecieSama, lai izveidotu parauga virsma 12,5 mm iedzilinajumu.
Izmantojot So metodi, tika testeti tris veidu paraugi: tradicionalais saplaksnis un viendabigas
uzbiives koksnes platnu materiali; saplaksnis ar planu korka vai polimérmateriala vidusslani;
sendvi¢paneli ar vilpotu stiklaskiedras polipropiléna serdi un vertikalam saplakspa ribam.
Rezultatu apkopojuma turpmakajos attélos iegiita plaisasanas un penetracijas energija ir dalita
ar paraugu biezumu &rtakai datu salidzinasanai.

Iegiitie rezultati (18. attéls) parada, ka bérza saplaksna references paneliem ir butiski lielaka
plaisaSanas un penetracijas energija, salidzinot ar papeles saplaksni vai orientéto skaidu plaksni,
ka arT un mébelu razosana plasi izmantoto neorientéto skaidu plaksni.
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18. attéls. Trieciena energija saplaksnim un viendabigiem koksnes materialiem.

21



Plana (2-3 mm) vidusslana integracija saplakSna serdé neatstaj batisku ietekmi uz
plaisasanas izturibu ar Ri. Taja pasa laika plans un elastigs vidusslanis lauj sasniegt vismaz
divkar$u penetracijas energijas raditaju uzlabosanos.

Liela biezuma (> 50 mm) saplaksna sendvi¢paneliem nav novérojama aizmugurgjas virsmas
plaisasana, attiecigi trieciena energija R1 nav nosakama. Savukart to penetracijas energija Rz,
kas attelota 19. attéla, ir ievérojami zemaka neka viendabigam references saplaksnim —
galvenokart neliela biezuma virsmu dél. Zimigi, ka penetracijas energija sendvi¢panelim ir tiesi
atkariga no trieciena lokacijas. Trieciens virs ribas (apziméts ar a) lauj uznemt biitiski lielaku
energiju neka trieciens starp ribam (b). Putu klatbttne panela iek$pus€ uzlabo trieciena izturibu
un nelauj virsmam trausli atdalities, 1idz ar to ir vérojams gandriz divkarss uzlabojums trieciena
pretestibai starp ribam.

Saplaksna panelim ar termoplastiska kompozitmateriala serdi un 60 mm biezumu ir lidziga
trieciena izturiba ka ribotam panelim ar poliuretana putu pildijumu un 65 mm biezumu. Lidz ar
to var apgalvot, ka vilpotai termoplastiska kompozitmateriala serdei ir biitiskas prieksrocibas,
salidzinot ar citiem serdes tipiem.
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19. attels. Penetracijas energija sendvi¢paneliem ar dazadiem serdes tipiem.

Tipisks bojajuma rakstura attélojums vilpotas serdes gadijuma ir paradits 20. attéla.
Trieciens starp vilniem augSdala ir atstajis pamanamu stikla Skiedras parravumu, kas liecina, ka
kompozitmateriala delaminacija notikusi tikai loti Saura apgabala. Savukart trieciens uz vilpa
augSdalas atstajis mazak izteiktu deformaciju.

20. attels. Trieciena bojajums panelim ar vilnotu termoplastiska kompozita serdi — iekSskats.
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Secinajumi

Promocijas darba eksperimentali un skaitliski tika izpétitas saplakSna sendvicpanelu
multifunkcionalas ipasibas (siltuma, vibraciju izolacijas, trieciena absorbcijas), ka ar1 paradits,
ka tas iesp€jams prognozet, izmantojot darba izstradatas projekteSanas metodes. Pamatojoties
uz skaitlisko aprékinu rezultatiem, parametrisko optimizaciju un eksperimentu validacijas,
iegti $adi secinajumi.

1. Apstiprinats, ka, neskatoties uz koksnes materialu ipasibu izkliedi apstrades, spiediena
un limvielas ietekmé€, iegiitas finiera ipasibas ir izmantojamas preciziem saplakspa
mehaniskiem aprékiniem diapazona no 3 lidz 35 slaniem, Kas atbilst pilnam saplaksna
biezumu sortimentam.

2. lIzstradata metodologija saplak$pa panelu projektéSanai ar mérki atrast pilnajam
saplakspa loksném ekvivalenta stinguma sendvica alternativu. Metode balstas uz
augstas detalizacijas galigo elementu modela izveidi, optimizaciju un eksperimentalu
validaciju. Praktiska aprobacija veikta, projektéjot un eksperimentali validgjot
industriali izgatavotus (AS «Latvijas Finieris») ribotus panelus ar 3 m laidumu atbilstosi
stalazu klaju ekspluatacijas prasibam.

3. Metode, kas balstas uz Pareto optimuma fronti, var tikt izmantota, lai atrastu
optimalakos sendvi¢panelu risinajumus starp vairakam atbildes reakcijam, pieméram,
stingumu, masu un siltumvaditspg&ju. Metode dod iesp&ju salidzinat dazadu serdes veidu
ietekmi uz Siem parametriem plasa rezultatu apgabala. Verifikacija apstiprina, ka sadi
iesp€jams panakt vienmeérigi nospriegotu konstrukcijas darbibu lidz pat pilnigam
parauga sabrukumam.

4. Darba pirmo reizi izveidots inovativs saplak$na panelis ar termoplastiska kompozita
vilpotu serdi, ka arT nodemonstréts, ka $adu produktu ir izsp&jams izgatavot viena
razoSanas panémiena. [zgatavotajiem panelu prototipiem noteiktas mehaniskas 1pasibas
un trieciena pretestiba. legutie rezultati liecina, ka, apvienojot saplakSpa un
termoplastiska kompozita komponentes, iesp&jams iegiit augstaku panelu stingumu
neka viena materiala gadijuma. Piem&ram, vienada biezuma un mehaniska stinguma
(attieciba pret saplaksni) sendvic¢panelis var sasniegt vismaz 20 % masas samazinajumu.

5. Eksperimentali salidzinot triju veidu serdes, tika novértéta to ietekme uz saplakspa
sendvic¢panel]u multifunkcionalam ipasibam:

I) putu serdes integréSana Samazina siltumvaditsp&as koeficientu no
0,12 W/(m-K) 1idz 0,05 - 0.07 W/(m-K);

i) saplakspa paneliem ir potencials palielinat vibraciju absorbgjosas ipaSibas.
Zema stinguma de] saplakSna paneliem ar ribotu serdi ir par 30 % lielaks
svarstibu zuduma koeficients, salidzinot ar tradicionalo saplaksni;

iii) sendvi¢panelu noteikta penetracijas energija ir tiesi atkariga no virsmas biezuma
un trieciena lokacijas. Putu vidusslanis, ka ari ar termoplastisko
kompozitmaterialu pastiprinatas virsmas, par 40-50 % uzlabo panelu
triecienizturibu, salidzinot ar vienkars$u ribotu paneli.

23



Summary of the Doctoral Thesis

Introduction — Topicality of Research

Forestry product export plays a significant role in the Latvian export structure (according to
the data estimate by the Bank of Latvia ~ 15 %). Vast territories of growing timber and
proximity to transit networks allow developing the lumber processing factories and wood-based
plate manufactories for plywood, chipboard and oriented strand board (OSB). One should also
bear in mind historical wood product research traditions in Latvia, which make a good
background for the development of innovative wood-based products. The production of timber
building materials requires less energy compared to metal, reinforced concrete or plastics. This
reduces the negative impact on air and water quality; both in the production process,
exploitation and recycling process.

One of most promising areas for new product research and development (R&D) may be
considered lightweight sandwich structures with reduced structural weight and upgraded load
bearing capacities close to conventional wood-based panels. Such a solution offers structure
with improved specific strength — strength/ density ratio compared to solid wood plate.
Plywood sandwich panels consisting of all-plywood surfaces and light material core may
become a disruptive alternative for thick conventional plywood boards in fields such as surface
and maritime transport demanding reduced weight and appropriate load bearing capacity.
Moreover, a considerable environment gain could be achieved by saving raw materials.
However, a considerable scientific effort is required to further develop a functional product
with optimal cross-section parameters. Main effort is dedicated to optimise design and to
implement functionality not originally associated in conventional designs.

Birch plywood is considered an outstanding natural laminate material mainly taking into
account its high stiffness and strength properties in planar direction. Therefore, it is further
considered for the current study to be most appropriate face material for lightweight sandwich
panels. Advantages from different core materials were also studied in order to elaborate strength
and weaknesses of each material considering application/manufacturing aspects. The
preliminary analysis of combined sandwich materials may give some understanding of the
general behaviour of the structure. However, to assess the maximum capacity of the structure,
optimisation of the cross-section parameters is required.

Environmentally friendly composite/sandwich materials are among those promising
research topics currently funded by the European Commission’s Framework Programme for
innovation. Some results obtained within projects, such as WOOD-NET, BIOCOBSEPT,
TREES4FUTURE and mainly MAPICC 3D, are summarised and integrated in the present
Doctoral Thesis.

The Aim of the Research

The aim of the research is to integrate multifunctional properties (such as heat and vibration
insulation and impact absorption) in plywood sandwich panels and to develop the design
methodology in order to increase overall performance of the panels. The proposed methodology
is based on the Pareto optimality detailed numerical modelling, prototyping and experimental
validation.
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The following tasks are set to reach the aim of the research:

1. To characterise properties of individual sandwich components, birch veneer, PU foam
and thermoplastic composite.

2. To develop a numerical method in order to find plywood sandwich-type panels (with
straight stiffeners or corrugated core) with improved or equivalent mechanical
performance of conventional plywood panels.

3. To develop methodology based on Pareto optimality between plywood sandwich and
conventional panels considering simultaneous optimisation of several response
properties.

4. To prototype a novel plywood sandwich-type panel with plywood outer surfaces and
thermoplastic glass fibre/polypropylene core by one-step manufacturing approach. To
characterise realised mechanical properties by a non-destructive evaluation and
subcomponent level flexural tests.

5. Toassess and classify the influence of design parameters such as thickness, surface and
core type on heat conduction, vibration as well as impact absorption properties.

Thesis Statements to Be Defended

1. Validated design methodology of equivalent mechanical performance of plywood
sandwich panels assuming solid plywood boards as stiffness reference.

2. The methodology for assessment of panel efficiency in order to simultaneously improve
several response criteria by Pareto optimality and meta-modelling technique.

3. Evaluation of physical, mechanical, impact resistance and vibration damping properties
of novel sandwich panel with plywood surfaces and corrugated thermoplastic composite
core made by one-step manufacturing process.

Scientific Novelty of the Research

Method based on Pareto optimality approach is developed to assess the efficiency of the
panel in case of several responses and various core types. It is based on numerical modelling,
meta-modelling technique and parametric optimisation. Efficiency of the method is confirmed
by extensive validation trials.

Novel plywood sandwich panels with plywood surfaces and thermoplastic glass
fibre/polypropylene core were made by a one-step manufacturing/prototyping approach.
Guidelines for quality control are established for a non-destructive evaluation testing method.
Impact resistance for different types of sandwich panel cores has been evaluated.

Practical Importance of the Research Results

The outcome of the present research enables to design light and multi-functional plywood
sandwich-type panels, which are an effective alternative to traditional plywood and wood-based
sheet boards. The described numerical methodology supports the strain and stress distribution
assessment in each layer of plywood. This allows emerging disruptive tailored designs with
improved stiffness (quasi-isotropic or gradual transversal isotropic) properties. The validated
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prototype of scaffolding deck complies with a set of industrial requirements and additional
safety factors gained by the improved technology process.

The Research Methodology

The numerical analysis of multi-layer plywood structures and parametrical optimisation
were based on commercially available finite element software ANSYS. In-house software
EDAOPT was employed for computer design of experiments, while in-house software
VARIREG provided both parametrical and non-parametrical response approximation functions
by the ABFC method. All mechanical tests of sub-component scale specimens for bending load
were done using servo-hydraulic testing equipment INSTRON 8802. Both HBM linear
alternating resistance deformation measurements and strain gauges were added for auxiliary
measurements. Furthermore, IMETRUM digital image correlation system was applied for non-
contact strain measurements. In order to obtain the heat conduction coefficient the equipment
LINSEIS HFM 200 was used. For non-destructive evaluation, the dynamic laser-scanning
equipment POLYTECH PSV400 was employed to obtain natural frequencies, and mode shapes
as well as coefficient of damping. For specimen excitation, the loudspeaker with frequency
range of 0-20 kHz was utilised. The impact tests were conducted on INSTRON Dynatup 9250
HV with a working range between 0-1600 J. The following software was used for data
processing — MS-Office, Sigma Plot, Matlab, Catman Easy, Instron Bluehill, Imetrum Video
Gauge, ANSYS and PYTHON GUI.
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Overview of the Doctoral Thesis

The first chapter provides literature review for the definition of a scope and tasks of the
current research. The second chapter gives more insight into coupon scale tests in order to
acquire material properties for further design of sandwich components. Methodology for
optimisation of lightweight plywood sandwich panels (based on numerical modelling and
experimental validation) is described in the third chapter. The fourth chapter provides a detailed
description on technological development of novel sandwich panel type with corrugated
thermoplastic composite core and plywood surfaces. Advantages of non-contact measurement
system in evaluation and validation of wood-based sandwich panels are explained in the fifth
chapter. The next chapter focuses on optimal design of lightweight sandwich panels with
integrated heat insulation properties. It is followed by Pareto optimality analysis for assessment
of impact of the natural PU foam on stiffness and thermal conductivity. In additional, a
comparison of vibration damping properties such as loss factor and damping ratio for panels
with various core types is outlined in the seventh chapter. The final chapter deals with impact
resistance characterisation of reference wood-based sheet specimens and sandwich panels with
stiffener and corrugated core. Overall conclusions and a list of references conclude the present
Doctoral Thesis.

Chapter 1

The present chapter provides literature review on physical, mechanical, heat insulation,
vibration and impact damping properties of plywood and wood-based sandwich panels.

It is generally known that plywood manufacturing is one of the most efficient ways of wood
processing with small amount of surplus and relatively low energy consumption. Various wood
species could be utilized in plywood production. However, silver birch (Betula Pendula),
growing in the northern regions of the globe, provides one of the highest mechanical
performance characteristics [1].

Some scientific efforts are made toward improving plywood characteristics without
changing a traditional structure. Pre-pressure of every plywood layer provides better
densification and consequently improved mechanical properties and lower adhesive intake [2],
[3]. Thermal treatment of the plywood significantly improves biological resistance at the same
time lowering its strength [4]. Altering chemical content of traditionally employed phenol-
phormaldehyde adhesive it is possible to avoid dangerous fumes, unfortunately increasing the
price of bounding adhesive [5].

There have been a relatively sparse number of publications on wood-based sandwich panels.
Research and development of new sandwich panels (with all-wood components) are mainly
focused on effective consumption of wood processing surplus, such as branches and strands
[7], rapid assembly of housing units [8], design of facade panels with low density wood fibre
core [9], [10].

Commercially available wood-based sandwich panels mainly dominate in low performance
applications in furniture and movable partition walls [11]; however, some products are designed
for covering long spans with lightweight sandwich panels [12].

Research on multifunctionality of the sandwich panels in general ponders focuses on the
optimisation of stiffness and heat insulation performance [13], [14]. At present, the methods of
calculating thermal conductivity of the sandwich panels are under development. Assembling of
several material types in sandwich structures provides a better effect on vibration damping
compared to single material [16]. Impact resistance in sandwich panel case is usually lower
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than solid material with the same thickness; however, low density core could improve blast
absorption [16].

Taking into account a large number of variables influencing sandwich panels behaviour,
optimisation is generally accepted as one of the most reliable methods of reaching desired
performance indicators. It has been proved that within various approaches of sandwich panel
design in particular cases with several response criteria, a Pareto optimality frontier is one of
the most representative methods [17].

Chapter 2

Reliable input data are a crucial requirement for further numerical modelling of sandwich
panels. In the present research, it was especially important to estimate reliable mechanical
properties of a single plywood veneer. Due to veneer processing under the pressure and
bounding adhesive influence, mechanical properties of veneer are significantly different from
the same properties of solid wood specimens. Tension tests of strand properties are performed
by analogy of fibre-reinforced with 300 mm long specimens with end-tabs according to EN
527-4 (Figure 1). For validation purposes, the acquired values have been employed in simplified
bone-shaped plywood tension specimen. By varying between minimum and maximum values
in a numerical model, the scatter of perspective results was evaluated as displayed in Figure 2.
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Figure 1. Bone-shaped plywood specimen and FEM model.
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Figure 2. Estimation (upper/lower bounds) of veneer mechanical properties.
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Mechanical properties of the thermoplastic composite specimens are acquired according to
EN 527-4 standard. In addition to clip-on extensometer, non-contact video-gauge system
IMETRUM was applied to measure transverse strain and Poisson’s ratio.

Polyurethane foam mechanical properties were evaluated by cylindrical specimens until 80
% of compression ratio. Thermal conductivity for various foam densities were measured by
LINSEIS HFM 300 test equipment. In both cases, modulus of elasticity and thermal
conductivity have linear correlation with foam density as shown in Figure 3.
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Figure 3. Relation between density, E-modulus, thermal conductivity for PU foam.

Chapter 3

Summary of numerical analysis, experimental validation and parametrical optimisation are
given in the present chapter for sandwich panels with rib-stiffened and corrugated core.

The optimisation conducted in the present research is based on the approximation of
mechanical response values acquired numerically from ANSYS commercial computer code.
Initial geometry of the parametrical model is evaluated employing 4-node SHELL181 elements.
Geometrical tolerance and virtual loading conditions are kept as close as possible to the original
test environment at the same time making some assumptions for the computer analysis. For this
reason, curved sandwich panel core shape was simplified to straight elements. It significantly
reduced calculation time without noticeable effect on the output results. Panel skins and core
walls were made out of layered material taking into account stiffness effect due to material
orientation in the layer of every single ply in cross-section. Optimal mesh step of 10 mm was
set and thickness of outer layers was reduced to take into account plywood surface grinding (on
average 30 %).
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Figure 4. Numerical model and experimental validation of the panel.

As an output of numerical analysis, the deflection at the panel mid-span, strains at various
locations on outer skins and the total volume of the structure were extracted.

Initial prototypes with rib stiffened and corrugated core were made with the aim of model
validation by experimental tests in 4-point bending according to EN-789. Deflections in the
mid-span and corresponding strains were compared with a numerical model. Good engineering
correlation between experimental and numerical results was acquired, confirming that a
numerical model could be successfully employed in further optimisation tasks.

Certain optimisation steps were done to improve the initial design of sandwich panel
prototypes and to identify the sandwich panel design with equivalent performance as several
conventional plywood boards. Acquired optimisation output was validated by prototyping
sandwich panels with equivalent performance as 30, 40 and 50 mm solid plywood. Acquired
results showed that the proposed methodology was suitable for design of weight efficient
sandwich panels with equivalent bending behaviour as traditional plywood at the same time it
was at least 45 % lighter. Example of bending tests for 40 mm plywood and akin performance
of sandwich panels is given in Figure 5.
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Figure 5. Load deflection curves for 40 mm plywood and equivalent sandwich panels.
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The overall efficiency of plywood sandwich panels was demonstrated by formulating Pareto
optimisation problem where maximisation of relative stiffness 4S5 was done simultaneously by
minimising the relative volume AV of the panel. Relative stiffness was acquired numerically by
subdividing conventional plywood board and sandwich panel deflection, under the same
loading and boundary conditions. Relative volume was acquired by dividing sandwich panel
and plywood panel total volume. Between two types of core design panels the vertical stiffeners
showed higher relative stiffness values compared to corrugated core thermoplastic sandwich
panels as shown in Figure 6.
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Figure 6. Pareto set for sandwich panels with vertical stiffener (i-core) and corrugated core
(v-core).

In order to validate the suitability of rib-stiffened sandwich panels for application in load
bearing decking structures, a set of all-plywood sandwich panels was designed and prototyped.
Dimensions of the panel corresponded to one section of the scaffolding decking structure of the
commonly used Plettac SL70 system (14). Standard 3m long panels were produced and tested
with uniformly distributed load. It was confirmed that sandwich panels corresponded to
stiffness requirements stated in EN 12811. Obtained weight of the scaffold panel was
significantly lower than wood or aluminium decks.

Chapter 4

For further improvement of load/weight ratio of all-plywood sandwich panels, it was
proposed to introduce corrugated glass-fibre based composite core. Initial trials involved
sandwich core made of glass fibre thermoset composite (in Figure 7) made in several
manufacturing steps.

Figure 7. Initial panels with thermoset glass fibre core.
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Numerical and experimental results showed that composite material core could provide
superior results compared to previous panel types. Pareto optimality plot in Figure 8 shows that
it is possible to reach the plywood stiffness with equivalent thickness sandwich panel by saving
of at least 20 % of the weight.
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Figure 8. Pareto optimality between relative stiffness and mass.

In succeeding research stage technological processes of prototyping sandwich panels with
thermoplastic glass fibre composite core were developed. One shot-manufacturing approach as
required by MAPICC 3D project was realised. Example of sandwich panel with thermoplastic
composite core is given in Figure 9.

Figure 9. Initial double-section thermoplastic/plywood sandwich panel.
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Chapter 5

Validation of numerical model performance is one of the crucial tasks to achieve a reliable
tool for further design and optimisation of sandwich structures. Usually macro scale mechanical
behaviour is determined by attaching strain-gauges or LVDT based displacement measurement
devices. However, it is limited to a full field picture of displacements and strains on specimen
structure. Much broader information about displacement and strain fields on the specimen outer
surface could be achieved by non-contact measurement systems such as ARAMIS or
IMETRUM. In the present chapter, potentials of non-contact displacement and strain
measurements are demonstrated on the example of sandwich panel sophisticated configuration
cellular wood core as shown in Figures 10 and 11.
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Figure 10. Displacement plots for a sandwich specimen with longitudinal core orientation and
ARAMIS test set-up.
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Figure 11. Displacement plots for compression specimens.

Chapter 6

Investigation on thermal behaviour of the sandwich panels with additional PU foam filler is
summarised in Chapter 6. Acquired results mostly represent achievements in the IMATEH
project. PU foam (made of partially renewable components) was filled in the sandwich panel
with vertical stiffeners in order to improve heat insulation properties. It provides several
benefits: air movement is trapped inside pores providing advantages for heat insulation
properties; secondly, foam serves as bounding adhesive, thus making the manufacturing process
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faster. Finally, foam filler improves mechanical properties of the whole sandwich panel —
especially the shear strength and rigidity.

Foam mixing and filling tasks were made on dedicated equipment in cooperation with the
Latvian State Institute of Wood Chemistry. The main challenge was to provide sufficient
flatwise pressure in order to prevent face movement during chemical reaction of the foam.
Achieved results showed that foam could be successfully applied as a binder for faces and
stiffeners as shown in Figure 12.

Figure 12. Cross-section of rib-stiffened sandwich panel with and without foam core.

In addition, 2D thermal model was created applying ANSYS software and PLANES5
elements. Steady state analysis was employed where loads were applied as the temperature
gradient on lower and upper. As a result of the thermal simulation — the sum of heat flow
magnitudes from the base nodes was extracted and thermal conductivity was calculated by
Fourier’s law. Considering a linear relation between thermal conductivity, density and Young’s
elasticity it is possible to use these properties as continuous variables in optimisation tasks.

In the present research, a sequential space filling design of numerical experiments based on
Latin Hypercube with Means Square error criterion was evaluated by in-house EdaOpt
software. All responses were approximated employing Adaptive Basis Function Construction
(ABFC) approach. Further it was used to determine combinations of variables providing the
same mechanical performance as plywood boards.

The overall efficiency of plywood sandwich panels was demonstrated by formulating 3D
Pareto optimisation problem where maximisation of relative stiffness AS was done
simultaneously by minimising the relative mass AM and relative thermal conductivity AK of
the panel in Figure 13.
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Figure 13. Graphic representation of Pareto optimality between each of two responses.

From graphs shown in Figure 13, it is seen that both core types have a similar stiffness/mass
ratio. Most of the marked points (points on the Pareto front) in Figure 13.b have matching
positions. However, sandwich panels with foam core have better relative thermal conductivity
and stiffness and the mass ratio (Figure 13.b, 13.c). Pareto front of sandwich panels without
stiffeners is significantly closer to an optimality point.

Chapter 7

The main approach to investigate the sandwich panel vibration damping properties under the
dynamic load conditions is to extract the eigenfrequencies of the specimens with different core
types. Mainly POLYTECH PSV400 equipment was employed for this purpose. A test set-up
for a modal analysis is shown in Figure 14. Specimen is attached to a rigid frame with
lightweight wires to achieve free-free boundary conditions. Motion excitation was induced by
non-contact loudspeaker behind the panel. Sound waves with increasing frequency were
generated by a modal amplifier. Full-field mobile scanning head made non-contact acceleration
measurements on specimen surface at all frequencies. Data processor and software tools
summarised measurement from a grid of measurement points and produced plots of frequency
response graphs and visual plots of the mode shapes.
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Figure 14. Modal analysis test set-up.

Typical frequency response graph for sandwich panels with 170 mm width and 5-layer
surface and 1 mm core wall is shown in Figure 15. Four initial eigenfrequencies and magnitudes
of response are shown for the verification of a set of samples. For comparison, one panel with
a significant consolidation failure was added to the graph and had a clearly distinctive false
response pattern. Compared to other panels, response values were several times lower and
shifted to the right side for failed specimen. Mode shapes for successfully consolidated
specimens had a symmetrical pattern; therefore, a reference for quality control could be

evaluated.
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Figure 15. Frequency response curves and mode shapes for sandwich panels of 170 mm width.
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Apart from quality control, one advantage of modal analysis set up is the determination of
modal damping factor (loss factor) according to ASTM E756 [4]. General trend in Figure 16
shows only a small increase in a loss factor comparing plywood boards and sandwich panels
especially for the N1 graph. However, a more significant tendency is the decrease in a loss
factor for sandwich panels with foam filler, comparing panels with and without foam core. Most
obvious reason for this trend is increased stiffness added by foams. Acquired results also
possess high scatter of experimental values which could be reduced by increasing number of
tested panels.
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Figure 16. Loss factor for natural-frequency N;.

Chapter 8

In order to evaluate dynamic load resistance of plywood sandwich panels with different core
types was tested to drop test tower INSTRON Dynatup 9250HV. The test setup is outlined in
Figure 17. The equipment is applicable for impact damage tests of plastics, composites and
various other materials, with the possibility to investigate material energy absorption and
damage propagation characteristics. The system allows changing drop weight and height
reaching impact speed up to 20 m/s. Max impact energy is 1600 Joules.
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Figure 17. INSTRON Dynatup 9250HV drop tower.

Test procedure and specimen dimensions were taken from standard NF B51-327 - Plywood
Dynamic Punching Test. The resistance to cracking and penetration should be determined by
measuring the height of mass falling on square shaped specimen. Required specimen
dimensions were 315x315 mm and punch head diameter was 25 mm. Specimen was placed
inside rigid steel frame to achieve simple support on all four edges.

Cracking high corresponds to the height of mass which causes cracking of the specimen —
generally on the opposite side. Perforation height corresponds to penetration of punch more
than 12.5 mm inside the test piece.

Three types of test specimens were investigated: 1) solid plywood and particle boards plates,
2) plywood specimens with thin/elastic middle layer of cork or polymers, 3) high thickness
sandwich panels (> 50 mm) with various core configuration. For comparative reason, cracking
and penetration energy is divided by thickness.

Observing data in Figure 18, one can notice a gradual increase in cracking and penetration
resistance. Cracking resistance for poplar plywood and OSB board is similar; however,
penetration energy is significantly higher for poplar plywood. Particle board applied in furniture
industry shows the weakest impact performance.
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Figure 18. Impact energy of plywood, OSB and particle board specimens.

Specimens with cork core generally have about 20 % higher cracking resistance compared
to other core types. Cracking resistance for all specimens is close to analogue values of similar
thickness plywood; however, penetration energy is significantly higher (at least 2-fold)
compared to plywood boards. Obtained results suggest that a thin-elastic middle layer reduces
the stiffness of the specimen and part of the energy is absorbed due elastic bending of the
specimen.

In contrast to all previous impact tests, high-thickness sandwich panels do not have cracking
resistance values. Specimens reach perforation energy limit before back side fracture occurs.
Impact resistance of specimen is heavily dependent on impact position. Much less energy is
needed to perforate specimen skin between stiffeners compared to impact directly on stiffener.
Thus, both cases were tested. The impact between stiffeners is marked with (a) and a direct hit
of the stiffener with (b).

Normalised impact energy for various core types is displayed as a bar chart in Figure 19. It
is clearly noticeable that difference between the impact on stiffener and between stiffeners
varies at least twice. Another trend is doubled penetration energy between stiffeners for rib-
stiffened sandwich-specimens with core foam filler. Panels with corrugated core have similar
performance as rib-stiffened panels with foam filler. It should be pointed out that corrugated
core has several advantages over all-plywood panels. Firstly, overall density is significantly
lower due to 5-layer surfaces and thin core wall. The average density of panels with the
corrugated core is 230 kg/m® compared to 325 kg/m? for vertical stiffeners and foam. Secondly,
corrugated core has a wider contact area with specimen surface (20 mm to 9 mm) and chance
to hit stiffener is higher than in the case of vertical stiffeners.
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Figure 19. Penetration resistance for various thickness plywood and sandwich panels.

Impact damage for sandwich panels with corrugated GF/PP core is shown in Figure 20.
Specimen was subjected to impact damage from both sides. In all cases, surface is completely
penetrated by impact head. Inside view of the panel with the corrugated core shows that the
largest residual damage is visible after impact between stiffeners. On the both surfaces rupture
of the thermoplastic composite layer is clearly visible. It is additional evidence of the strong
bond between wood fibres and composite.

Figure 20. Inside view of the corrugated core sandwich panel.
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Conclusions

Within the present Doctoral Thesis, it has been confirmed that plywood sandwich panels
have enhanced multifunctional properties (such as heat and vibration insulation and impact
absorption) compared to conventional plywood. In addition, these properties could be tailored
with the developed design methodology. Based on the statistically credible number of
performed experimental tests, numerical modelling and optimisation, a set of conclusions have
been drawn:

1.

Although mechanical properties of the wood veneer show significant scatter due to
processing factors, the acquired properties are still applicable for accurate mechanical
simulation of plywood in the range from 3 to 35 plies (full spectre of conventional
plywood thicknesses).

The method for design of equivalent stiffness lightweight sandwich panels has been
developed taking industrial plywood boards as a reference. The method is based on high
fidelity numerical model, experimental validation and parametrical optimisation.
Practical approbation has been done by implementing optimisation results in industrial
production trials by JSC “Latvijas Finieris” where sandwich panel with vertical stiffeners
has been produced to meet the requirements of scaffolding deck with 3 m length.

The method based on the Pareto optimality approach could be applied for evaluating the
potentially most efficient sandwich panel designs from the perspective of relative
stiffness, mass and thermal conductivity. It is also a valuable tool to compare core
topologies. Verification confirms that the method allows designing fully stressed
structures up to a failure state.

Novel sandwich panels with plywood faces and corrugated thermoplastic core have been
prototyped for the first time in one-shot manufacturing technology. Characterisation of
mechanical properties and impact resistance has been performed. Results of optimisation
and experimental tests suggest that new sandwich panels have significantly better
mechanical performance/weight ratio compared to single material panels with stiffener
or corrugated core. It is possible to substitute solid plywood with the same thickness
sandwich panels and achieve 20 % weight saving in bending load cases alone.

Influence of three different core types on multifunctional properties of the sandwich
panels has been outlined:

i) Foam core filler reduces thermal conductivity to 0.05-0.07 W/(m-K) compared
to 0.12 W/(m-K) for conventional plywood.

i) Plywood sandwich panels have a potential to improve vibration damping. Due to
lower stiffness of rib stiffened panels loss factor is increased by 30 % compared
to conventional plywood.

iii) Impact resistance of sandwich panels depends on punch location and skin
thickness. Foam core filler or skin reinforced with the layer of thermoplastic
composite improves penetration energy by 40-50 % compared to plain rib-
stiffened sandwich panel.
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