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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate un petijuma problémas nostadne

Pedgjos tris gadu desmitos koksnes patérins arvien pieaug, seviski tas attiecas tiesi uz
materialiem, kas izgatavoti uz koksnes bazes. Atjaunojamo dabas resursu, taja skaita — mezu,
racionalas izmantoSanas nozime arvien vairak pieaug, jo arT mezu resursi ir ierobezoti. Viens
no plasi izmantotiem koksnes materialiem ir saplaksnis. Tacu arT §im materialam piemit vairaki
trikumi un nepilnibas, piem&ram, pieaugot saplaksna biezumam, ta vidgjie slani lieces
gadfjuma netick pilniba izmantoti, kas tiek atrisinats, veidojot sendvictipa vai ribotas
konstrukcijas, kuram savukart ar7 ir trikumi (samazinats lieces un bides stingums un stipriba).
Sos tritkumus var novérst, izmantojot platnes ar §inu tipa dobam ribam, kuram ir paaugstinata
Tpatn&ja nestsp&ja (nestsp&ja uz masas vienibu) gan platnes garenvirziena, gan $kérsvirziena,
palielinati slodzu parneses celi un samazinatas mitruma izraisttas deformacijas. Ir zinami
vairaki slanaino materialu aprékinu panemieni, tacu trikst metodikas, kas adekvati un detalizeti
veiktu aprékinu, nemot véra ne tikai veidojoso elementu materialu Tpasibas, bet arT ribojuma
geometriskos parametrus, nelinearas limes Suves un izmantoto materialu sabrukuma kriterijus.
Sadas platnes dod iesp&ju veidot racionalu struktiiru, pielagojot to lietojuma mérkim un
uzdevumam, ievérojami samazinat materiala un energijas patérinu, ka ar izmaksas. Veidojot
racionalu struktiiru, janem veéra $adu platnu izgatavosanas tehnologiskas iespgjas (ITmé$anas
spiediens, strukttiras formas iegiiSanas panémieni u. c.).

Darba meérkis

Izstradat aprékinu metodiku lieces un Tpatngjas lieces nestsp&jas noteik$anai un
optimizéSanai platn€m ar Sinu tipa dobam ribam, ievert§jot apSuvumu un ribojuma
geometrisko formu un savstarpgjo savienojumu Iimes Suves ietekmi uz platnu stingumu un
stipribu, ka arl izstradat pamatprincipus $adu platnu izgatavoSanas tehnologijai un
rekomendacijas to projektésanai.

Darba uzdevumi

1. Izstradat aprékinu metodiku lieces nestsp&jas noteikSanai ribojuma garenvirziena un
Skersvirziena platném ar §tnu tipa dobam ribam, ievertgjot platnu veidojoso elementu
un nelinearo Itmes Suvju darbibu.

2. Skaitliski noteikt platnu ar Stinu tipa dobam ribam lieces nestsp&u un veikt platnu
eksperimentalas parbaudes liecé tipiskakajiem gadijumiem.

3. Izstradat aprekinu metodiku Tpatngjas lieces nestspéjas noteik$anai platném ar §tinu tipa
dobam ribam un, izmantojot So metodiku, veikt optimizaciju iepriek§ definétam
nestspgjas ITmenim.

4. Izstradat pamatprincipus platnu ar §tinu tipa dobam ribam izgatavoSanai.



5. Izstradat rekomendacijas platnu ar Stnu tipa dobam ribam racionalas struktiiras

geometrisko parametru projektésanai.

Pétijuma zinatniska novitate

Izstradata aprékina metodika galigo elementu programmas ANSYS APDL valoda, kas dod
iesp&ju noteikt platnes lieces nestsp&ju, ievertejot platnes veidojoso elementu (apSuvumu un
ribojuma) geometriju, materialu un Iimes Suves darbibu to savienojuma zonas. Eksperimentali
noteikta ribojuma un apSuvuma Itmes Suvju darbiba, un veiktas platnu eksperimentalas
parbaudes liecé. Ar eksperimentalas planoSanas pieeju izstradata metodika platnes Tpatngjas
nestsp&jas noteikSanai, un noteikti racionali geometriskie parametri atbilstosi defingtajai
slodzes kombinacijai un balstjuma veidam. Veikta konceptudla iegiito rezultatu
eksperimentala validacija, un paraditas izstradatas aprékinu metodikas izmantoSanas iesp&jas,
nosakot racionalu saplaksna ribojumu uzdotajai platnes nestsp&jai. Izstradati Stnu tipa doba
ribojuma un platnes izgatavoSanas un siltumizolacijas ievieto$anas tehnologiskie
pamatprincipi.

Promocijas darba praktiskais nozZzimigums

Izmantojot piedavatas metodikas, ir iesp&ams detalizeti aprekinat un noteikt
spriegumstavoklus platnes veidojoSajos elementos un to savienojuma zonas, nemot v&ra
materialu Tpasibas, t. sk. ITmes Suves darbibu, un platni veidojoSo elementu geometriju, ka arl
veikt to optimizaciju, harmonizgjot materiala pretestibas lauku un konstrukcijas piepilu
laukus. Sis platnes nodrosina samazinatas mitruma mainas izraisitas deformacijas, pec skaita
palielinatus slodzu parneses celus no apSuvuma uz ribojumu un palielinatu stingumu ribojuma
Skeérsvirziena, salidzinot ar iepriek§ zinamajiem ribojuma veidiem, piem&ram, taisnam ribam.
Atrisinats $tnu tipa dobo ribu formas iegiSanas panémiens, sniegti varianti siltumizolacijas
iestradei ribotajas platnes.

Pétisanas metodika

Darba izstradata aprekinu metodika lieces nestsp&jas noteikSanai ka specials ievades faila
kods ANSYS ADPL programmésanas valoda, kura parametriska veida definéta platnes
geometrija, robeznosacijumi un materialu mehanisko pasibu raksturlielumi. Komerciala
galigo elementu programma ANSYS, izmantojot $o kodu, uzgeneré galigo elementu aprékinu
modeli un izskaitlo platnes nestsp&ju un spriegumu-deformaciju lauku.

Saja darba par struktiiras projekté$anas pamatprincipiem tiek uzskatiti:

— metodika, ar kuras palidzibu iesp&jams noteikt platnes lieces nestsp&ju;

— metodika, ar kuras palidzibu iesp&jams noteikt platnu racionalos parametrus
definétajam lieces nestspgjas prasibam;
— platnu izgatavoSanas pamatprincipi.

Izmantojot So aprékinu metodiku, tiek noteikti attiecigas struktiras elementu geometriskie
parametri, tadgjadi platnes Sk€luma piepiilu lauks tiek harmoniz&ts ar platnes struktiiras
pretestibas lauku. Izstradata aprékinu metodika dod iesp&ju salidzinat dazadu ribojumu
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efektivitati definétas nestsp&jas nodroSinaSanai un noteikt Ipatngjo lieces nestsp&ju, kas
raksturo materiala pat€rinu atbilstoSajam ribojuma veidam. Balstoties uz iegitajiem
rezultatiem, izstradatas projektésanas rekomendacijas.

Apréekinu rezultati tika valid@ti, parbaudot samazinata izméra konstrukcijas elementa
modelus (prototipus), vadoties pec EN 789 standarta, ribota saplaksna konstrukcijas elementa
darbibu lieces gadijuma, ieveértgjot limes Suves nelinearo darbibu.

Saja darba noteikts, ka, platném darbojoties liecg, noteicosas piepiiles ir lieces moments un
Skeérsspeks, lidz ar to arT par platnes lieces nestsp&ju tiek uzskatita lieces momenta vai
Skersspeka vertiba, ko var uznemt platne, sasniedzot stipribas vai lietojamibas robezstavoklus
1slaicigas, statiskas slodzes iedarbibas rezultata.

Pétijuma teorétiska un metodologiska baze

Darba izmantotas $adas inzenierzinatnu sadalas:
— buvkonstrukcijas;
— kompozitmaterialu mehanika;
— bivmehanika;
— koksnes zinatne;
— konstrukciju optimizacija.

Pétijumu diapazons un iegiito rezultatu lietojuma robezas

Izstradatas platnes ir racionalas tikai aprékina izmantotajam slodzu kombinacijam un
balstjuma veidam. Piedavata aprékinu metodika ir speka gadijumos, kad maksimalie
spriegumi platnes elementos neparsniedz aprékina pretestibu vai parvietojumus, ko limite
lietojamibas robezstavoklis (SLS — ja nav noradits citadi, tad 1idz 1/200 no platnes laiduma).
Aprékini un eksperimenti veikti, izmantojot statiskas, Tslaicigas slodzes. Tiek pétitas platnes,
kuru biezums ir no 25 mm lidz 200 mm.

Aizstaveésanai izvirzitie darba rezultati

e Aprekinu metodika un tas eksperimentala validacija lieces nestsp&jas noteikSanai
platném ar Stnu tipa dobam ribam platnes ribojuma garenvirziena un skérsvirziena
atkariba no ap$uvumu un ribojuma elementu geometriskajiem parametriem, ievertgjot
ltmes Suves nelinearo darbibu.

e Aprekinu metodika Tpatngjas lieces nestsp&jas un racionalas struktiiras noteikSanai
platném ar §tinu tipa dobam ribam.

e Platnu ar $iinu tipa dobam ribam izgatavosSanas pan€miena pamatprincipi un iekarta.

e Rekomendacijas platnpu ar §tinu tipa dobam ribam projekteSanai un izgatavosSanai.

Promocijas darba iegiito rezultatu aprobacija

Promocijas darba rezultati zinoti un apspriesti 11 starptautiskas konferencgs. Galvenie
darba rezultati izklastiti 12 zinatniskas publikacijas. Septinas no tam ir indeks€tas Scopus
datubaze.
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nestspeju’”.

4. Darba aktualitati apliecina autora HirSa indekss 3,0 (Scopus).

Promocijas darba sastavs un apjoms

Promocijas darba apliikotas jauna veida platnes, kas sastav no apSuvumiem un $tnu tipa

doba ribojuma, kas izgatavots no saplaksna vai kada cita kompozitmateriala $tinu tipa dobam

ribam. Sadam platném ir samazinats materiala patérin§ un paaugstinita ipatngja lieces

nestsp&ja (nestsp&ja uz masas vienibu) un citas uzlabotas ipasibas, salidzinot ar citiem

tradicionali lietotiem materialiem. Salidzinot ar saplaksni, So platnu Ipatn&jo lieces nestsp&ju

iesp&jams paaugstinat 1idz 60 %.

Promocijas darba ir piecas nodalas.
1. nodala veikts literattiras apskats, kura apliikotas sendvictipa platnes, kas darbojas liecg,
to Kklasifikacija, esosas aprékinu un optimizacijas metodikas, ka arT izgatavosanas
tehnologijas.
2. nodala izstradata aprékinu metodika platnu ar §tinu tipa dobam ribam lieces nestsp&jas
noteik$anai, izvert&jot izmantoto materialu stipribas un deform&jamibas raksturlielumus,
t.sk. arT Itmes Suves ipasibas starp ribojumu un apSuvumiem, ka ari veiktas
eksperimentalas parbaudes liecg aprékinu metodikas validacijai.
3. nodala izstradata ipatngjas lieces nestsp&jas un racionalas struktliras parametru
noteik$anas metodika $adam platném definétai nestsp&jai, kas balstita uz eksperimentu
planosanas pieeju, ietverot 2. nodala izstradato aprékinu metodiku.
4. nodala izstradati pamatprincipi platnu ar Stnu tipa dobam ribam izgatavoSanai.
Nodalas pirmaja dala aprakstits panémiens $iinu tipa doba ribojuma izgatavoSanai no
saplaksna loksném un distancgjosam listeém, savukart nodalas otraja dala noteikts
optimals ITm&Sanas spiediens rezultatu izkliedes samazinasanai.
5. nodala izstradatas rekomendacijas platnu racionalas struktiiras geometrisko parametru
projektesanai vadliniju veida un dots priekSrocibu novert&jums (masas samazinajums, lai
nodro§inatu nestsp&jas vai siltumtehniskas prasibas) attieciba pret saplaksni vai
krusteniski [Tm&to koksni.

Promocijas darba ir 76 att€li, 16 tabulu un 165 literatiiras atsauces. Darba kopgjais apjoms —

103 lappuses un viens pielikums.
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DARBA SATURS

Koksnes kompozitmaterialu ribotas platnes

Kokripnieciba ir viena no nozimigakajam tautsaimniecibas nozarém Latvija — kopgja
pievienota vértiba no iek§zemes kopprodukta ir 3 %, savukart eksporta vertibas Ipatsvars no
eksporta kopvertibas sastada 14,3 % [26]. Kokrlpniecibas galvenais uzdevums ir
produktivitates palielinasana, jo produkcijas vértiba uz vienu nodarbinato Baltijas valstis ir
aptuveni piecas reizes mazaka neka Skandinavija [107,150]. Paterétaju orientéSanas uz videi
draudzigu materialu izmanto$anu un energijas taupiSanu rada priek$nosacijumus plasakai
koksnes izmantoSanai blivnieciba arT Latvija.

Promocijas darba 1. nodala ir veikts ieskats slanainu un ribotu konstrukciju klasifikacija,
noteikti esoSo konstrukciju tritkumi un iesp&jamie risinajumi So problému risinasana. Apliikots
ribotu platnu iedaltjums p&c vidgja slana struktiiras [133], kas tiek veidota atkariba no platném
definétajam prasibam un tehnologiskajam iespgjam attiecigi izmantotajiem materialiem.
Vidgjais slanis var tikt veidots, ka: A —homogeéns kodols [111,156] ; B — punktveida balstijumi
[30,89,119,122] C — regionals balstijums; D — vienvirziena balstijums [12,13,94]; E —
divvirzienu balstijums [63,80,110,115,162] (1. att.).

Sendvictipa konstrukcijas

Hovm ogens Strukturgts (nehomogens)
apSuvumu . —
- apSuvumu balstijums
balstijums
A B C D E
Homogens kodols | Punktveida Regionals Vienvirziena Divvirzienu

balstijumi balstijums balstijums balstijums

-

1. att. Sendvictipa konstrukciju klasifikacija p&c vidgja slana struktiiras [36].

Noskaidrots, ka platném ar Stinu tipa dobam ribam ir véra nemamas tpasibas ne tikai doba
ribojuma garenvirziena, bet arT ribojuma Skeérsvirziena, tade] $adas platnes p&c iepriek§ mingtas
klasifikacijas butu pieskaitamas gadijumam, kas atrodas starp D un E (1. att.). Platne ar Stinu
tipa dobam ribam (2. att.) tiek defin&ta ar aréjiem geometriskajiem izmériem garumu L platumu
B un biezumu T, ka arT apSuvumu (apaksgja tu un augsgja ta, bet darba apliukotas platnes ar
vienadiem apSuvumiem, tapéc turpmak izmantots apzim&jums t) un $tnu tipa doba ribojuma
izmériem. Sis ribojums sastav no savstarpgji salimétam ribam (atseviskas ribas platums — b),
kas sastav no ribas taisno dalu veidojosas sloksnes (tas biezums — S), divam ribas vilnoto dalu
veidojosam sloksném (katras biezums — W) ar noteiktu vilnu skaitu pa platnes garumu (nw) un
distancgjosam Iistém (to platums — d).
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2. att. Platnes ar Stnu tipa dobam ribam uzblive (augigjais apSuvums zZImgjuma nav paradits). Visa
darba, ja nav definéts atseviski, par standarta gadijumu pienemti platnes ribojuma geometriskie parametri: ribas
platums (b) 60 mm (parauga platums 300 mm), ¢etri vilni 300 mm (ly) garuma, platnes laidums Ly = 1100 (50 mm
parlaidums uz abam pusém). Apsuvumi (t = 4,0 mm) ar orientaciju platnes ribojuma garenvirziena. Ribas taisno
dalu veidojosas sloksnes biezums (S = 6,5 mm) ar ar¢jo slanu skiedru orientaciju platnes ribojuma garenvirziena,
ribas vilnoto dalu veidojosas sloksnes biezums (W = 4,0 mm) ar argjo slanu Skiedru orientaciju platnes biezuma
virziena un distancgjoso listu biezums 20,0 mm ar $kiedru orientaciju platnes biezuma virziena.

Noskaidrots, ka I1dzigas platnes uzrada augstas stipribas vai stinguma Tpasibas attieciba
pret platnes masu [139,140] ar iesp&ju regulét materiala Ipasibas atkariba no slogojuma un
balstljuma veida u. c. topologijas [136].

Kopgjo lieces nestspgju var aprakstit ka minimalo lieces nestsp&ju (lieces momentu, ko var
uznemt platne) no stipribas robezstavokla LBCuis un nestspgjas no lietojamibas robezstavokla

LBCsls.

LBC = min(LBC,;5, LBCys) (1

Ipatngja lieces nestsp&ja (vai lieces stingums) izsakama ka lieces nestspgjas (vai lieces

stinguma) attieciba pret masas vienibu uz kvadratmetru.
LBC,, = LBC 2
P AMD @

kur
LBCj, —1patngja lieces nestspgja, N-m*/kg;
LBC — 1 m platas joslas nestsp&ja, N-m/m,;

AMD - platnes viena kvadratmetra masa, kg/mz.
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Sadam platném, pateicoties vilnu formai, ir pastiprinats ari $kérsvirziens, tadel platne
darbojas liecé abos virzienos. Atkariba no ribojuma struktiiras var tikt mainita ribojuma
intensitate un ribojuma vilnu formu (geometriju).

Ribojuma un apSuvumu saskares virsmas var tikt modelétas ar specialiem saskarnes
(interface) vai kontaktu (contact) elementiem, un kohézijas zonas materiala (CZM) modelus
var izmantot, lai raksturotu saliméto virsmu darbibu [3]. Limes Suves atvérums tiek sadalits
normalaja §,, un tangencialaja §, komponentg. Tiek defineti arT maksimalie normalspriegumi
Omax Uun maksimalie tangencialie spriegumi T,,,,. Limes slana Tpasibas tiek aprakstitas
atseviski normalas un bides komponent€s, kuram katrai pieskirtas eksponencialas [157] vai
bilinearas sakaribas [1,65].

Konstrukciju optimizeSanai parasti tiek risinats viens no diviem uzdevumiem — iegiit
maksimalo nestsp&ju pie konstanta biezuma vai arT ieglit minimalo biezumu pie definétas
slodzes [14,144], ka optimiz&jamo parametru izveéloties minimalo masu, tada veida iegiistot
maksimalo Tpatngjo lieces nestsp&ju. Visas optimizacijas metodes var iedalit arT péc mérka
funkcijas: maksimals stingums; maksimala stipriba; minimals svars; minimala/maksimala
passvarstibu frekvence; specifiskas vibraciju pasibas; citu nepiecieSsamo Tpasibu optimizesana
[24]. Biezi, risinot kadu problému, §is metodes visparigi vienkar$o, ierobezojot mainigo
apgabalu aproksim&jamas funkcijas vai veicot kadu citu parametru ierobezoSanu vai
specificesanu. Ta rezultata, lai vienkarSotu optimiz€Sanas procesu, tiek veidoti speciali
algoritmi konkr&tai struktiirai un apliikotajai problémai. Aplikoto platnu struktira lauj
veiksmigi izmantot gradienta metodi [67], kas Saja gadijuma balstita uz eksperimentu
planosanas pieeju.

Platnu ar §iinu tipa dobam ribam lieces nestspé&jas aprékinu metodika

Platnes ar Stnu tipa dobam ribam tiek veidotas no taisnam un vilnotas (liektas) formas
ribam un saplak$na, MDF vai kada cita materiala apSuvumiem. Aprékinu metodika tiek veidota
ka ievades faila kods ANSYS ADPL programmeésanas valoda [3], kura tiek parametriska veida
defingta platnes geometrija, robeznosacijumi un mehanisko ipasibu raksturotajlielumi. ANSYS
galigo elementu aprékinu modelis, izmantojot So kodu, izskaitlo platnes lieces nestspgju.
ANSYS ADPL programma izskir divus gadijumus — pirmais (vispar&jais), kas ieverte nelinearas
Iimes Suves Tpasibas, kas saistitas ar plaisu veidoSanos Iimes Suves un to apkartng, un saplaksna
materiala mehaniskas Tpasibas, kas saistitas ar sabrukuma kriterijiem platnes elementos, un otrs
(vienkarSots) gadijums, kad platnes mezgli tiek stingi savienoti sava starpa un sabrukuma
kriterijus tie$a veida neieverte. Lietojot aprékinu metodiku, gadijumiem, kad ITmes Suves darbs
netiek ievertets, lineari elastigas stadijas robezas lieto vienkarsoto aprékinu, bet gadijumos, kad
jaieverté Itmeéta savienojuma uzvediba arT lineari elastigo deformaciju robezas, jalieto
visparigas aprékinu metodikas pieeja.
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1) Materialu pasibu
raksturlielumu ievadisana
I

2) Platnes geometrisko
parametru definéSana

WV

3) ApSuvumu geometrisko
parametru ievadiSana

7

4) Ribojuma geometrisko
parametru definéSana

i

5) ApSuvumu un ribojuma galigo

Ja

elementu tikla veidosana

Vai veikts vienkarSota
gadijuma aprekins?

7) Lim&jamas zonas
elementu veido$ana

11) Slodzes / parvietojumu
korigesana

6) Mezglu apvienosana
(vienkar$ots gadijums)

8) Balstu pielikSana

J

9) Slogojuma /
parvietojumu pielikSana

\

10) ANSYS programmas koda
pielagosana un aprekinu veikSana
(vienkar$ota gadijuma — linears,
vispariga gadijuma — nelinears)

Vai veikts aprekins
vispariga gadfjuma?

12) Rezultatu ieguve un apstrade
ANSYS un/vai MS Excel vide

\7

[ Beigas ]

3. att. Aprekinu algoritms.
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Platnes ar Stnu tipa dobam ribam aprékinu metodikas algoritms (3. att.) sastav no $§adiem
galvenajiem etapiem:

1) tiek definéti materialu 1pasibu raksturlielumi — elastiba moduli, Puasona koeficienti,
bides moduli un materiala bltvums, ka arT sabrukuma kritériji stiepe, spiedé un bide un to
kopdarbibas koeficienti; papildus tam atseviski tiek defingtas stiepes un bides Ipasibas
koh&zijas zonas materialiem;

2) —4) tiek definéts platnes garums, platums un biezums un — atkariba no uzdotajiem
geometriskajiem parametriem — ari ribojums ta, lai biitu iesp&jama atsevisku elementu grupu
(apSuvumu, ribojuma, distancgjoso Iistu) savienoSana sava starpa;

5) — 6) apSuvuma un ribojuma galigie elementi jasaskano sava starpa — apvienojamajiem
mezgliem vai mezgliem, starp kuriem tiks veidoti koh&zijas galigie elementi, $ajas zonas
jasakrit; visu elementu izm&ru pienem ne mazaku par biezaka no platni veidojoSajam
komponentém (apSuvumiem, ribojuma utt.); tiek pieskirts atbilstoSais materials katram no
platni veidojosajiem elementiem; uzmaniba japievers vilnu virsotném, kur apSuvumam var
rasties nekorekti galigie elementi, kas var radit klidas aprékinos; ja nav veikts vienkarSotais
linearais aprekins, tad apvieno mezglus, kas, veidojot dobas ribas elementus vai apSuvumus,
parklajas;

7) limes Suves ar kohézijas galigajiem elementiem (INTER205) tiek veidots Iimes slanis,
izmantojot iepriek§ definéto kohézijas zonas modeli; [im&jamas zonas materials tiek generéts
platnes ribojuma sadurvietas, ja nepiecieSams — arT distancgjoso Iistu un saplaksna sadurvietas,
ka arT apSuvumu pielim&Sanai pie ribojuma vai arT atseviski tikai apSuvuma pielime&Sanai pie
ribojuma; ITm&jums tiek veidots starp divu elementu virsmam un mezgliem, kas ciesi piegul
cits citam, bet sava starpa nav savienoti;

8) —9) tiek pielikts izvEletais balstljums, slogojums vai parvietojums; gadijuma, ja tie tiek
pielikti vairakos virzienos, darbibu var atkartot.

10) — 11) péc platnes aprékina modela izveidoSanas tiek sarkinata platne, un ANSYS
pecapstrades rezima var iegiit platnes elementu spriegumstavokli katra slodzes solt, ka arT iegt
informaciju par §kélumiem ar maksimalajiem spriegumiem un maksimalajiem parvietojumiem
grafiska vai tabulu veida talakai datu apstradei, vai arl korigé slogojuma Iimeni un veic
vispariga gadijuma aprékinu, ja tas nav veikts.

Lai nodrosinatu iesp&ju adekvati modelét platnes struktiiru un uzvedibu lieces gadijuma
atkariba no nepiecieSamas nestsp&jas, ir janosaka Itmes Suves starp saplaksna virsmu un malu
stiepes un bides robezstipribas un robezdeformaciju lielumi dazadiem saplaksna biezumiem un
divam loksnes argjo lobskaidu Skiedru orientacijam, jo platn€m ar §tnu tipa dobam ribam tiek
veidoti dubult-T savienojumi, kad parasti ribas taisno dalu veidojosas sloksnes argjo slanu
orientacija ir paraléla Itmes Suvei, bet vilnoto dalu veidojoSas sloksnes argjie slani
perpendikulari [Tmétas Suves linijai. Tika veiktas eksperimentalas parbaudes aprékinu modelim
nepieciesamo konstanSu noteikSanai. Abos gadijumos (bides (4. att. A), stiepes (4. att. B)
Tpasibu noteikSanai) tika izveidoti speciali paraugi, kas apraksta saplak$na malas savienojumu
ar saplaks$na virsmu
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4. att. Speciali izveidoti paraugi stinguma un nestsp&jas noteikSanai Itmes Suvei starp
saplaks$na virsmu un Sauro malu. A — paraugs limes Suves bides Tpasibu noteiksanai, B — paraugs limes
Suves stiepes Ipasibu noteiksanai.

Eksperimentali noteikta mitrumizturigas D3 kategorijas atbilstosi EN 204 PVA Iimes
savienojuma vidgja bides (5. att. A) robezstipriba — 7,11£0,12 MPa (5 % fraktile bides
robezstipribai noteikta 5,33 MPa), vidgjais parvietojums sabruksanas bridi — 0,64+0,01 mm.
Vidgja stiepes (5. att. B) robezstipriba Iimes savienojumam ar saplaks$na virsmu —
3,39+0,18 MPa (5 % fraktile stiepes robeZstipribai noteikta 2,16 MPa), vid€jais parvietojums
sabruks$anas bridi — 0,15+0,1 mm.

A B

4.00 Ekpserimentala Vidéjais
augséjarobeza eksperimentali

9.00 . 213
Eksperimentala EM

s 8.00 augséjarobeza apraking — g 3.50
= 7.00 = 3.00
g 000 S 2.50 ’ e o
= 5.00 ’ » | = o= 4 <
o - Vid€jais 2200 aprékins
5 4.00 z eksperimentali & . e
® 300 i 1.50 Ekpserimentala
7 S Q apak&éjarobeza
2 2.00 Ekspefimentala 8. 1.00 e
@ 4 00 apak$éja robeza & 050

0.00 0.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.00 0.03 0.06 0.09 0.12 0.15 0.18 0.21

Bides parvietojumi, mm Stiepes parvietojumi, mm

5. att. LTm&to savienojumu spriegumu-parvietojumu raksturigas liknes. A — bides robezstipribas
noteikSanas paraugiem (paraugu s€rijai ar 6,5 mm biezu ribas saplaksni un 4,0 mm biezu apSuvumu; abiem ar&jo
Skiedru orientacija paral€la speka piclikSanas asij); B — stiepes robezstipribas noteiksanas paraugiem (paraugu
s€rijai ar 6,5 mm biezu ribas saplaksni un 4,0 mm biezu apSuvumu; abiem argjo skiedru orientacija perpendikulara
speka pielikSanas asij). Raustitas linijas norada uz augsgjo un apaksgjo eksperimentalo parbauzu robezam.
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Veicot platnu eksperimentalas parbaudes cetru punktu liecg, vadoties p&c standarta EN 789
[53], noskaidrots, ka aprékinu rezultati praktiski sakrit ar eksperimentali iegiitajiem. Slogojot
gan doba ribojuma garenvirziena, gan ari Sk&rsvirziena I1dz izliecei 1/200 no platnes laiduma,
atSkirtba starp analitisko aprékinu rezultatu ar eksperimentali iegiitajiem rezultatiem
neparsniedz 15 %.

A B
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6. att. Platnu ar $Gnu tipa dobam ribam slodzes-izlieces teorétiska un eksperimentalas Iiknes
A —platném ar biezumu T = 25 mm; B — platném ar biezumu T = 50 mm.

Izskaitlotie platnu deformativie lielumi atrodas eksperimentali noteikto variacijas
koeficientu (vidgji 5 % garenvirzienam un 9 % Sk&rsvirzienam) robezas, kas ir zemakas par
10 % un liecina par platnes deformativo Ipasibu zemo izkliedi. Lieces nestsp&ja un stingums,
slogojot Iidz lictojamibas robezstavokla sasniegSanai, aplikojami 1. tabula, bet lieces
momenta-izlieces liknes apliikojamas 6. att. Datu ticamibas intervali aprékinati ar varbitibu
95 %, pienemot, ka rezultati atbilst normalajam sadalfjumam.

1. tabula
Eksperimentalie rezultati platném ar $tinu tipa dobam ribam
lilez_lztlrllrenss Stingums Nestspé&ja
< @ > S| B
Teor. | Eksp. | Teor. | Eksp. % %
& é 25 9,38 9,58 | 4139 | 423,0| 2,14% | 8,17 | 1,93 | +6,54
g g 50 49,76 | 48,97 | 2196,4 | 2162,1 | —1,59% |68,47 | 3,17 | +54,79
& é 25 6,03 598 | 266,1 | 264,0| —0,78% [11,67 | 4,42 | £10,23
g ‘E 50 21,43 | 21,76 | 945,77 960,5| 1,54% | 0,95 | 435| 0,76




Platnu racionalas struktiiras un ipatnéjas nestspéjas aprékinu metodikas

Darba izstradata metodika platni veidojoSo elementu optimizacijai, izmantojot
metamodelus globalo polinomu aproksimaciju veida. Sakuma tiek definéta mérka funkcijas un
to mainamie parametri — (skaits, robezas u.c.), kuriem tiek veikta optimizacija. Ja
nepiecieSams samazinat parametru skaitu, tiek noteikta mainamo parametru ietekme uz mérka
funkcijam, un mazak bitiskie parametri tiek izslégti. Atkariba no Siem datiem tiek veidots
eksperimentu plans un papildus pielagots ANSYS ADPL programmas kods, kas izstradats pec
2. nodala aprakstitas metodikas, izmantojot ANSYS Probablistic Design funkcijas. Izsaucot $o
pielagoto programmas kodu, eksperimentalajiem punktiem tiek aprekinatas aproksimétas
funkcijas vertibas. legtitie rezultati tiek eksporteti atpakal uz eksperimentu planoSanas
programmu, ar kuras palidzibu arT definétas funkcijas tiek aproksimétas ar otras kartas
polinomiem. Sis funkcijas tiek validétas, parbaudot to adekvatumu eksperimenta plana ietvaros
un atseviskos punktos rezultatus salidzinot ar eksperimentali iegfitajiem. Izpildoties $Tm
parbaudém var veikt optimizaciju (minimizgjot vai maksimizgjot) kadai no mérka funkcijam
atkariba no jauna defin&tiem parametru vai ar1 paréjo merka funkciju ierobeZojumiem.

7. attela aplukota atsevisko mainigo ietekme uz platnes 1patngjo lieces nestsp&ju. Redzams,
ka ta bez platnes biezuma liela méra ir atkariga arT no apSuvumu biezuma attieciba pret

pargjiem parametriem.
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7. att. Ipatngja lieces nestspéja platnei ar laidumu 1,1 m un ribu veidojo$o elementu biezumu
4,0 mm: A — atkariba no dobas ribas platuma; B — atkariba no dobas ribas vilna garuma; C —
atkariba no taisnas ribas biezuma; D — atkariba no apSuvumu biezuma.
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Izveidots eksperimentu planoSanas pieejas algoritms (8. att.), kura lietoSanas gaita tiek
izveidoti: ANSYS APDL programmas kods; eksperimentu plans; eksperimentu plana atbildes;
merka funkciju aproksimacijas parametri un/vai optimalie parametri.

I Eksperimentu planosana

Rezultatu aproksimacija

Sakums

!

1) Uzdevuma defing$ana

2

2) Eksperimentu

GEM analize

3) Eksperimentu plana

Eksperimentu plana
saglabasana

ielasisana

!

4) Eksperimentalo punktu

simulacija un aprékins ar

planoSana izstradato ANSYS APDL
programmas kodu
7) Fizikalie ~ |—>] 6) Funkcijas aproksimacija Izvades faila v
eksperimenti  J&—]  un rezultatu validacija 5) Izvades faila
importeSana sagatavosana
a 8) Jamaina L e e e e e - = a

parametru robezas /

robeznosactjumi?

9) Daudzkriterialas
optimizacijas veik$ana
Y

10) Beigas

8. att. Optimizacijas procesa vienkarSota blokshéma, kas balstita uz eksperimentu planoSanu
(metamodelesanu) un ANSYS galigo elementu analizi.

Eksperimentu planoSanas pieeja balstita uz Sadiem etapiem (8. att.):

1) nosaka attiecigas robezas katram mainigajam atkariba no definéta optimizacijas
uzdevuma — platnes geometriskajiem izm&riem, apSuvumu un ribojuma geometriskajiem un
fizikalajiem parametriem, slodzu Itmeniem u. c.;

2) izveido eksperimentu planu, nemot v&ra mainigo vari€Sanas iesp&jas — to diskrétumu,
robezas u. tml.; veidojot eksperimentu planu, janem véra ierobezojumi, kas rodas lietoto
materialu 1pasibu (pieméram, saplaksna razotaja piedavato biezumu sortimenta u. c.), praktiski
iespgjama dobas ribas vilnoto dalu veidojosas sloksnes izliekuma, ka arT platnes izmeru dél
(piem&ram, vilna garums bis atkarigs no laiduma un vilpu skaita laiduma, bet ribas platums
bis atkarigs no platnes platuma un ribu skaita platnes platuma); ja mainamo parametru ir maz
(<'5), tad var lietot pilnu faktoru eksperimentu planu, tacu, pieaugot vadamo faktoru skaitam,
eksperimentalo punktu skaits pieaug eksponenciali; tada gadfjuma vélams lietot kadu no
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literatura apliikotajiem piedavatajiem eksperimentu planiem vai arf lietot genétiska algoritma
pieeju; eksperimentu plans tiek saglabats attiecigi formatéta teksta faila (*.txt);

3) — 5) tiek izveidots ANSYS APDL programmas kods (pierakstits *.txt faila), kas balstas
uz 2. nodala aprakstito metodiku; optimizacijai papildus izmantotas ANSYS Probabilistic
Design funkcijas; tiek definéti optimiz&jamie parametri, ka arT mérka funkcijas, kas tiek
aproksimétas un talak izmantotas optimizacijai vai ierobezojumu definéSanai; ANSYS
programmas vidg tiek ielasits izveidotais eksperimentu plans (ar response surface simulation
rezimu) un, izmantojot ieprieks izstradato metodiku, izrékina uzdotas mérka funkciju vértibas;

6) — 8) platnes geometrisko parametru ietekmes noteik$anai uz tas nestsp&ju un ari pargjiem
parametriem izmanto kadu no aproksimacijas programmatiras, $aja gadijuma — EdaOpt [9],
kas dod iesp&ju izmantot atbildes virsmas metodi; visbiezak tiek izmantots 2. kartas polinoms;
izveloties eksperimentu planoSanu, janem véra mérka funkciju diapazons; ja §1 atskiriba ir liela,
tas var radit palielinatu klidas rasanos apaks$gja apgabala, jo, polinomam summeéjot kvadrata
vertibas, augseja apgabala kvadratu ietekme rada lielaku iespaidu uz kopgjo kvadratu summus;
tada veida iegiistot adekvatu aproksiméto funkciju tikai $aja augs€ja apgabala, bet apaksgja
apgabala rezultati var iev€rojami nobidities uz vienu vai otru pusi; atseviSkiem
eksperimentalajiem punktiem veikta validacija ar fiziskajiem eksperimentiem, vadoties pec EN
789 [53], un iegiitas vertibas salidzinatas ar aproksimacijas panémiena iegiitajam;

9) veic atbildes virsmas daudzkriterialu (pieméram, pie defindtas platnes nestsp&jas un/vai
platnes biezuma sasniedzot minimalo platnes masu) optimizaciju, nosakot, kura mérka funkcija
tiks optimizeta, kads bis optimiz€jamais lielums, kuri biis mainamie parametri, kadi biis to
ierobezojumi; optimizacijai tiek izmantoti iegiitie aproksimacijas vienadojumi, minimizgjot
vai maksimizgjot §Ts funkcijas;

10) p&c optimizacijas validacijas veikSanas saglaba optimalo parametru vertibas, un platni
ar pienemtajiem geometriskajiem parametriem izmanto talakajos inZenieraprékinos vai platnu
izgatavoSanas tehnologijas risinasanai.

P&c nebitisko faktoru atsijasanas vispariga veida polinoms pierakstams $ada forma:

Pi=big+bi1 T+biy-t+biz-b+bis-s+bi T -T+
+bi1z T t+biyz T b+bjys T 5+bigy-t-t+bigz-t-b+bis- (3)
“t+S+Dbj33-b-b+bijz4 b 5tbigy-5s-s,
kur
P — aproksimacijas polinoms vispariga veida;
b;;j — polinoma koeficienti, ja i = 1, tad biezumam 25-50, ja i = 2, tad
biezumam 50-150, ja i = 3, tad biezumam 100-200 mm.
T,t, b, s — mainigie parametri (skatit 2. att.).

Noteikta lieces nestspg€jas un Ipatn€jas lieces nestsp€jas aproksimacijas globalo otras
pakapes polinomu koeficientu vertibas. Apliikotajas robezas parbaudits, ka lieces nestsp€ja péc
lictojamibas robezstavokla tiek sasniegta vispirms (p&c stipribas robezstavokla maksimala
noslodze, sasniedzot lietojamibas robezstavokli, visos aplikotajos gadijumos neparsniedz
53 %). Noteiktas nestsp&jas, stinguma un masas vertibas paver iesp&jas aproksimet Sis
funkcijas un veikt platnes struktiiras optimizaciju, minimizgjot masu pie definétas nestsp&jas
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(vai stinguma) vertibas, nosakot optimalos parametrus un Ipatn&jas nestsp&jas (vai stinguma)
vertibas.

Siinu tipa dobo ribu izgatavosanas panémiens un platnu saliméSanas
pamatprincipi

Izstradats panémiens $tnu tipa doba ribojuma izgatavoSanai un tehnologiskie principi
ribojuma iestradasanai. Stinu tipa dobas ribas un apsuvumi var bit izgatavoti no vienadiem vai
atSkirigiem materialiem, tapat arT ribojuma elementi (piem&ram, nemot atSkirigus materialus,
ribas taisno dalu veidojosam sloksném, distancgjosam Iistem un vilpoto dalu veidojosam
sloksném). Principa pamata ir vilnotu sagatavju uz koksnes materialu bazes izgatavoSanas
panémiens, kad vilnotas dalas veidojosas sloksnes vilnota forma tiek iegiita ar distancgjosam
[istem, atseviskas zonas tas salimgjot ar vilnoto dalu veidojosam loksném un/vai taisno dalu
veidojo$am loksném. legiitas vilnotas sagataves tiek sazaggetas sloksnés, kuru platums vienads
ar veidojama ribojuma biezumu, lai galarezultata iegtitu platni ar $tnu tipa dobo ribojumu.
Ribojuma izgatavosanai ir raksturigas operacijas, ar kuram no saplaksna vai cita materiala
loksn&m tiek iegfita ribojuma sagatave un p&c tam ar1 ribojums, veicot 9. att. paraditas darbibas.

9. att. Stinu tipa dobo ribu izgatavoSanas panémiens 1, 6 — saplaksna loksne vilnotas dalas veidosanai;
2 —uzklatais ltmes slanis; 3, 5 — listes, kuru biezums vienads ar veidojama dobuma maksimalo augstumu; 4 —
saplaksna loksne taisnas dalas veido$anai; 7 — pieliktais lim&Sanas spiediens.

Platnu ar $tinu tipa dobam ribam ribojuma iestrade ietver $adu etapus:
a) argjo apSuvumu uz koksnes bazes sagadasanu,
b) stnu tipa dobo ribu, kas ieglitas saskana ar izstradato panémienu, savstarpgju
savienoSanu blokos, tas savienojot ar Iimi vilnu virsotnu zonas;
¢) solt b) iegtto vilnu bloku savstarpgju savieno$anu ar Iimi, ieglito dobo ribu
struktiiru dimensionali salagojot ar solt a) izv@l&to apSuvumu gabaritizmeriem;
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d) soli ¢) iegiitas dobas ribas struktiiras salim&Sanu ar apSuvumiem vienlaikus no
abam pus€m vai secigi no vienas puses un péc tam no otras puses, izmantojot solT a)
mingtos argjos apSuvums uz koksnes bazes un iedarbojoties ar spiedienu.

Ja nepieciesams, dobumus starp ribam var aizpildit ar kadu no beramajiem siltumizolacijas
materialiem, piem€ram, putuplasta granulam. Lai nodroSinatu aplikotas 1pasibas platnes
Skersvirziena, nepiecie$ama ribojuma saliméSana sava starpa. Tas iesp&jams, uzklajot limes
slani uz dobas ribas vilnoto dalu virsotném, bet gadijuma, ja tiek veidoti aizpilditi ribu bloki ar
siltumizolaciju, tad uzklajot Itmi pa visu salim&jamo ribu bloku sanu virsmam, un saspiezot
ribojumu no saniem.

Ribotam kompozitam platném apSuvuma pielimeSanai pie ribojuma ir liela ietekme uz
platnes kop&jam 1pasibam. Lim&Sanas procesa ir janodrosina vienmerigs spiediens pa platnes
laukumu. Iegiitie eksperimentalie rezultati rada, ka ieteicamais [imé&Sanas spiediens atkarigs no
saplaksna slanu skaita perpendikulari limes Suvei — jo vairak So slanu, jo ieteicams palielinat
spiedienu virs 0,5 MPa augstakas savienojuma stipribas sasniegSanai, savukart, ja T attieciba
ir mazaka par 1/2, tad spiediens 0,5 MPa biitu rekomendgjams. Limé&Sanas spiediens ietekm&
rezultatu izkliedi — pieaugot spiedienam, variacijas koeficients savienojuma stipribai
samazinas. Palielinot spiedienu no 0,3 MPa lidz 0,5 MPa savienojuma stipribas variacijas
koeficients samazinas vidgji par 30 %, bet, palielinot spiedienu no 0,3 MPa Iidz 1,0 Mpa, tas
samazinas vidgji par 50 %.

Platnu ar Siinu tipa dobam ribam projektésanas rekomendacijas

Platnu projekteésanas rekomendacijas balstas uz ieprieksgjas nodalas aprakstito metodiku
un principu lietoSanu. Lietojamibas apgabals ir sadalams vairakas grupas, kuras ir paredzgts
platnes ar Stnu tipa dobam ribam izmantoSana ka alternativs nesosais elements (pamata
saplaksna un krusteniski Iimétas koksnes aizstasanai). 5. nodala aprakstita platnu strukturas
projektesanas seciba, lai, izmantojot izstradatas metodikas, blitu iesp&jama platnu racionalu
parametru projekteSana. Pieméra veida veiktas visas algoritmos aprakstitas darbibas un paraditi
galvenie iegutie rezultati ieprieks defin€tam nestsp&jas vai stinguma limenim, kas lauj aizstat
iepriek$ min€tos materialus.

Ja salidzinasanas noliika platnes ar $tnu tipa dobam ribam uzskata ka homogeniz&tu
materialu, tad iespgjams novertét vietu materialu saime atkariba no materiala elastibas modula
un blivuma attiecibam, un noskaidrots, ka platnes uzrada ievérojami samazinatu blivumu,
salidzinot ar elastibas modula vertibu attieciba pret pargjiem plasak izmantotajiem koksnes
materialiem (10. att.).
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10. att. Platnu ar §tinu tipa dobam ribam u. c. materialu blivuma/elastibas modula attieciba
[27].

Salidzinatas saplaks$na platnes, ribotas platnes ar taisnam ribam, ribotas platnes ar vilpotam
ribam un ribotas platnes ar $tinu tipa dobam ribam.

NN

11. att. Aplikoto platnu strukttra: A — masivais saplaksnis; B — platnes ar taisnam ribam; C —
platnes ar vilnotam ribam; D — platnes ar §tinu tipa dobam ribam.

Salidzinot Tpatngjo nestsp&ju atkariba pec lietojamibas robezstavokla, redzams, ka visas
apliikotas ribotas platnes uzrada augstaku ipatngjo lieces nestsp&ju — platnes ar §tinu tipa dobam
ribam un platnes tikai ar vilpotam ribam uzrada lidz 50 % lielaku, savukart platnes ar taisnam
ribam — I1dz 100 % lielaku Tpatngjo nestsp&ju, salidzinot ar saplaksni (12. att.).
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12. att. Saplaksna, platnu ar taisnam ribam un platnu ar §tnu tipa dobam ribam salidzinajums
garenvirziena péc lietojamibas robezstavokla. A — p&c lieces nestsp&jas; B — p&c 1patngjas
lieces nestspgjas.

Ja salidzina nestsp&ju pec lietojamibas robezstavokla platnes Skersvirziena, var secinat, ka
platnes tikai ar vilnotam ribam uzrada labakus raditajus (par 17 % lielaka Tpatn&ja nestspgja)
attieciba pret platném ar Stinu tipa dobam ribam, jo ribas taisno dalu veidojosa sloksne ir
perpendikulara laidumam un tada veida pa garumu nekadu nestspgjas pieaugumu nedod, bet
materialu pat€rinu palielina. Savukart, salidzinot ar platném ar taisnam ribam, nestsp&ja
Skersvirziena ir par 58 % augstaka 50 mm biezam platném, un atSkiriba pieaug, palielinot
platnes biezumu (13. att.) un [idz ar to arT biezuma laiduma attiecibu. Saplaksnis uzrada lidzigu
Tpatngjas nestsp&jas pieaugu skersvirziena ka platnes ar vilpotam ribam.
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13. att. Saplaksna, platnu ar taisnam ribam un platnu ar Stinu tipa dobam ribam salidzinajums
Skeérsvirziena péc lietojamibas robezstavokla. A — p&c lieces nestspgjas; B — p&c 1patngjas
lieces nestspégjas.

Saja gadijuma ir veikts salidzindjums, aizstajot saplaksni ar ribam platném ar §iinu tipa
dobam ribam. Aproksimacijas vienadojumi izmantoti Ipatngja stinguma noteikSanai un
optimiz&sanai, lai noteiktu minimalo materialu patérinu. Ta ka platnes biezumam ir vislielaka
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ietekme uz tas nestsp&ju, tad optimizacija galvenokart tiek veikta, mainot platnes biezumu, bet,
ja tas ir ierobezots, tad ari platnes apSuvumu biezumu un p&c tam ar taisno ribu biezumu.
Veicot aizstaSanu saplaksnim, redzams, ka biezuma piecaugums ir robezas no 11-29 %.
Picaugot saplaksna, kurs tiek aizstats, biezumam, nepiecieSamais biezuma pieaugums platném

ar $tinu tipa dobam ribam palielinas.

1. tabula
Platnes ar $tinu tipa dobam ribam ekvivalents saplaksnim
£ 2 £ 25 %
= = on = o=
3 2 5 z =2 E |2 g
B S S g = s £ £ £z g
< . S @ ? o “m o 9 S 8@ =
= g ZE | 8T g | g s E | S EE
= = & g g
= < = g E 5 8 '8 < N
= & s g &3 2 S g3 3 & £ <
= = 8 B s S 9 ) 5 5 g 8 5 E
o) ) > £ A S 5 ) RSN > £ &
mm N-m?/m kg/m? mm kg/m?
27 14 473 18,9 30,03 | 11% 9,56 —-49%
30 19 491 21,0 34,19 | 14% 10,24 -51%
35 32760 24,5 4137 | 18% 11,51 -53%
40 50 996 28,0 48,50 | 21 % 12,55 -55%
45 68 412 31,5 55,67 | 24 % 13,48 -57%
50 89 392 35,0 64,38 | 29 % 14,22 -59%
Péc analogiska principa rikojas arT platnes Skérsvirziena vai ari kada cita

balstfjuma/slogojuma veida gadijuma.
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Secinajumi
Izstradata aprékinu metodika platnu ar §@inu tipa dobam ribam (turpmak sauktas vienkarsi

par platném) lieces nestspgjas noteik$anai, aprékinu metodika Tpatn€jas lieces nestsp€jas

noteikSanai un optimizeéSanai, ka ar1 pamatprincipi platnu izgatavosanai un rekomendacijas
platnu projektesanai.

1. Izstradata aprekinu metodika platnu lieces nestspgjas (lieces moments, ko uznem platne,
sasniedzot robezstavokli Tslaicigas, statiskas slodzes gadijuma) noteikSanai ribojuma
garenvirziena un Skérsvirziena atkariba no platnes apSuvumu biezuma, ribojuma elementu
formas, saplaksna stipribas un deformativajiem raksturlielumiem, ievértgjot nelinearo Iimes
Suvju darbibu ar saskarnes galigajiem elementiem, kas nem véra plaisu veidoSanos Iimes
slani. Lai novertétu limes Suvju darbibu starp ribojumu un saplaksna apSuvumu virsmam,
izstradata metodika Iimes Suvju Tpasibu noteiks$anai stiepes un bides gadijumos, ka rezultata
tika noskaidrotas lTm&to savienojumu stipribas un deform&jamibas vidgja aritmétiska
vertibas ticamibas intervala robezas ar varbiitibu 95 %. Darba izmantota D3 kategorijas
(atbilstosi EN 204) PVA Ilime, presgjot bez apsildamiem plauktiem. Iegtto liméto
savienojumu videja bides robezstipriba ir 7,114+0,12 MPa, un savienojumu sabrukSanas
bridi to relativas deformacijas ir 1,28+0,03 %. Lim&to savienojumu vidgja stiepes
robezstipriba ir 3,39+0,18 MPa, vidgjais pagarinajums sabrukuma bridt ir 0,15+0,01 mm.

2. Eksperimentali noteikta lieces nestsp&ja 25 mm Iidz 150 mm biezam platném cetru punktu
liecg, slogojot tas 1idz lietojamibas robezstavokla sasniegSanai (no izgatavosanas viedokla
tipiskakajam gadijumam, kam ribas taisno dalu veidojosas sloksnes biezums ir 6,5 mm un
vilnota dala ar 4 vilniem pa laidumu, ticamibas intervala robezas ar varbiitibu 95 %). Tika
noteikts, ka 50 mm biezajam platném lieces nestspja ribojuma garenvirziena ir
2162455 N'-m/m, savukart ribojuma Skérsvirziena ir 960+33 N-m/m. Atskiriba starp
teorgtiski un eksperimentali noteiktajam nestspgjas vertibam neparsniedza 15 %.

3. Izstradata aprékinu metodika platnu Ipatngjas lieces nestspgjas (nestspé&jas, kas dalita ar
laukuma vienibas masu) noteikSanai, kas ietver racionalas ribojuma strukttiras parametru
projektéSanu, minimizgjot materialu patérinu. Ribojuma struktliras optimizacija veikta,
izmantojot speciali pielagotu algoritmu, kas ietver aproksimacijas modelus globalo
polinomu veida, un 90 % gadijumu atSkirlbas starp aproksim@tajam vertibam un
aprékinatajam vertibam neparsniedz 5 %. Piem@ram, lai nodroSinatu tadu pasu lieces
nestsp&ju ribojuma garenvirziena, kada ir 30 mm biezam bérza saplaksnim (E klase, EN
636:2012+A1:2015), izmantojot globalos polinomus ar ieglitajiem koeficientiem, noteikts,
ka platnu ar $tnu tipa dobam ribam nepiecieSamais biezums ir par 14 % lielaks, turprett
koksnes materialu patérins samazinas par 50 %.

4. Izstradati pamatprincipi platnu izgatavosSanai, kas ietver panémienu §tinu tipa dobo ribu
iegliSanai un $T ribojuma iestradi platnés. Ribojuma izgatavosanas panémiens balstas uz
ribas vilnotas dalas formas iegfiSanu un nepiecieSamo dobumu platumu nodrosinasanu ar
distancg&joso listu palidzibu un saliméSanu vilnu virsotn@s ar taisno dalu veidojoso loksni
un/vai distancgjosam listem. Izveidotas vilnotas doba ribojuma sagataves tick sazagétas
sloksn@s ar platumu, kas vienads ar veidojama ribojuma biezumu, un eksperimentali
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noskaidrots, ka apSuvumu pielim&Sanai, [imé&Sanas spiediens [imes Suves starp ribojumu un
apSuvumiem ietekmé limes slana bides stipribas un stiepes stipribas veértibu izkliedi:
palielinot spiedienu no 0,3 MPa lidz 0,5 MPa, savienojuma stipribas variacijas koeficients
samazinas vidgji par 30 %; palielinot spiedienu no 0,3 MPa Iidz 1,0 MPa, tas samazinas
vidg&ji par 50 %.

5. Izpétita platnu ribojuma struktira un piedavatas rekomendacijas vadliniju veida to
racionalas strukttiras geometrisko parametru projekté$anai, harmonizgjot platnes pretestibas
lauku un tas piepiilu lauku. Noteikts, ka ar $adam platn@m iesp&ams aizstat saplaksni vai
krusteniski Iimé&to koksni (CLT), sasniedzot ekvivalentu lieces nestsp&ju, vienlaikus
samazinot konstrukcijas masu, turklat, salidzinot ar saplaksni, Iidz 60 % iesp&jams palielinat
Tpatngjo lieces nestspeju.

Apliecindjums ieglto rezultatu aktualitatei un originalitatei ir darba gaita izstradatas

12 zinatniskas publikacijas, daliba 11 starptautiskajas zinatniskajas konferences, ka art divi
sanemtie Latvijas Republikas patenti.
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GENERAL DESCRIPTION OF THE DOCTORAL THESIS

Topicality of the research and formulation of the problem

The consumption of wood has been steadily increasing over last decades, especially in he
production of wood based materials. The significance of rational application of renewable
resources (including forest products) is increasing because the forest resources also are limited.
One of the most commonly used wood based material is plywood. However, this material also
has some imperfections, e.g. when the thickness of plywood increases, the middle layer is not
fully used. It has been solved by using sandwich type or ribbed structures, though they also
have several imperfections (reduced bending and shear stiffness and strength). These
imperfections could be eliminated by using plates with cell type hollow core, which increases
specific load bearing capacity (load bearing capacity to the unit mass) in the longitudinal
direction as well as in transversal direction, increased number of load transferring paths and
reduces deformations caused by the changes of moisture. Several calculation methods are well
known for layered materials. However, the methodology of calculations is needed to make
adequate detailed calculations by taking into account not only the properties of consisting
elements, but also the geometrical parameters of core structure elements, nonlinear glued joint
properties, and the failure criteria of used materials. These plates provide the possibility to
make rational structure by adapting them for the aim and tasks of use and noticeably reduce
material and energy consumption and costs. The technological possibilities of manufacturing
(bond pressure, the shape of ribbed structures, etc.) should be taken into account when making
rational structure of plate.

The aim of the research

To develop a method for calculation of plates with cell type hollow core taking into account
the geometry of skins and core and the influence of cohesive glued joint on plate’s stiffness
and strength for the determination of load bearing capacity in bending, and method of
calculation for the determination of specific load bearing capacity by using the developed
optimization algorithm, as well as to develop the basic principles of manufacturing technology
and recommendations for the design of such plates.

The tasks of the research

1. To develop a calculation method for determining the load bearing capacity in bending
in the longitudinal and transversal directions of plates with cell type hollow core taking
into account the behaviour of consisting elements and non-linear glued joints of plates.

2. To numerically determine the load bearing capacity in bending of plates with cell type
hollow core and experimentally investigate the plates for most typical cases.

3. To develop the methodology of calculations for determination of specific load bearing
capacity of plates with cell type hollow core and, using this methodology, to optimize
the structure for the given level of load bearing capacity.

4. To develop the fundamental principles of manufacturing plates with cell type hollow
core.
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5. To develop the recommendations for the design of geometrical parameters of rational
structure for plates with cell type hollow core.

Scientific novelty of the research

The method of calculations in finite element program in ANSYS parametric design
language (APDL) that provides the possibility to determine the load bearing capacity in
bending taking into account the material properties of consisting elements (skins and core
elements) of plates and glued joint properties in their connections has been developed. The
behaviour of glued joint between the core and the skins was experimentally determined and
the experimental testing of these plates in bending was performed. Using the experimental
design approach the method for determination of the specific load bearing capacity in bending
was developed and the rational geometrical parameters for given loading and support type were
determined. The experimental validation of most important results was implemented and the
possibilities of use for determination or rational plywood ribs for required load bearing capacity
were shown. Fundamental principles for manufacturing of cell type ribs and plates as well as
placement of insulation were developed.

Application of the research results

By using the provided methods it is possible to calculate and determine the stress states in
elements consisting of plates and in their connection zones by taking into account the material
properties of skins and core elements, including the behaviour of glued joints and geometrical
parameters of consisting elements, and to optimize the structure by harmonizing the section
stress field with material resistance field of the developed structure. These plates ensure
reduced deformations caused by moisture changes, increased number of load transfer paths
from the skin to ribbed core, and increased stiffness in transversal direction to ribs, as compared
to previously known types of ribs, e.g. straight ribs. The method of production cell type hollow
ribs has been developed and possibilities of inserting insulation in ribbed plates have been
demonstrated.

Methodology of the research

The calculation method for the determination of load bearing capacity in bending has been
developed as an input file code for ANSYS APDL, where the geometry of plate, restrictions and
mechanical properties of materials have been parametrically defined. By using this code the
commercial finite element program ANSYS generates the finite element model for calculations
and calculates the load bearing capacity in bending and stress-strain field.

The design principles of plate’s structure are considered to be the following:

— methodology for determination of plate’s load bearing capacity in bending;

— methodology for determination of rational parameters of plate’s structure for
given load bearing capacity requirements;

— principles for manufacturing plates;

Using this calculation methodology the geometrical parameters of elements of the designed
structure have been determined, thus harmonizing the section stress field with material
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resistance field of the developed structure. The developed method of calculations provides the
possibility to compare the efficiency of various ribs that ensure the defined load bearing
capacity and to determine the specific load bearing capacity in bending, which characterizes
the consumption of materials for the related type of ribbed core. Design recommendations have
been developed based on the achieved results.

The results of calculations have been validated by testing scaled size structure element
models (prototypes), guided by EN 789 standard, for ribbed structure element in bending,
taking into account the nonlinear behaviour of glued joints.

Bending moment and shear force are the determinant stress resultants for behaviour in
bending of such plates. Therefore, the load bearing capacity includes the value of bending
moment or shear force that plate can carry by reaching the ultimate or serviceability limit state
under static short term loading.

Theoretical and methodological basis of the research

Scientific methods of the following branches of engineering sciences were used in research:
- Construction Science;

- Mechanics of Composite Materials;

- Structural Analysis;

- Wood Science;

- Structural Topology Optimization;

Scope of the study

The developed plates are rational only for the used load combinations and support types.
The provided method of calculations is valid when the stresses in elements of plates do not
exceed the design resistance or displacements, which are limited with serviceability limit state
(SLS), if it is not given different, then up to deflection 1/200 of the span of plate. The
calculations and experimental investigations have been done by using static, short term
loading. The investigations have been done for the plates with thicknesses from 25 to 200 mm.

Results presented for the defense

e Methodology for the determination of load bearing capacity in bending and
experimental validation for plates with cell type hollow core in longitudinal and
transversal direction of ribs depending on geometrical parameters of skins and core
taking into account the non-linear behaviour of glued joints.

e Methodology for the determination of specific load bearing capacity and for
determination of rational parameters of plate’s structure.

e Basic principles of the method and equipment for manufacturing plates with cell type
hollow core.

e Recommendations for design and manufacturing of plates with cell type hollow core.
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Approbation of the results

The results of the Thesis have been presented and discussed at 11 international scientific

conferences. The main results have been published in 12 scientific publications, including 7

publications indexed in Scopus data basis.

List of international conferences

1.

3rd International Scientific Conference  “Innovative Materials, Structures and
Technologies”, 27-29 September 2017, Riga, Latvia (oral presentation).

Riga Technical University 57th International Scientific Conference. State research
programm IMATEH session, 14—18 October 2016, Riga, Latvia (oral presentation).

5th International Conference “Advanced Construction” 6—7 October 2016, Kaunas,
Lithuania (poster presentation).

12th International Conference “Modern Building Materials, Structures and Techniques
2016” 26—27 May 2016, Vilnius, Lithuania (oral presentation and poster presentation).
2nd International Scientific Conference “Innovative Materials, Structures and
Technologies”, 30 September— 2 October 2015, Riga, Latvia (oral presentation).

10th International Scientific and Practical Conference “Environment. Technology.
Resources”, 18—20 June 2015, Rezekne, Latvia (oral presentation).

4th International Conference “Advanced Construction”, 9—10 October 2014, Kaunas,
Lithuania (oral presentation).

International Scientific Conference “Innovative Materials, Structures and Technologies”,
8 November 2013, Riga, Latvia (2 oral presentations and a poster presentation).

Riga Technical University 54th International Scientific Conference”, 14—16 October
2013, Riga, Latvia (oral presentation).

10. The XVIII International Conference ‘“Mechanics of Composite Materials”, 2—6 June

1

2014, Jurmala, Latvia (1 oral presentation and participation in preparation of oral
presentation).

1. 4th International Scientific Conference "Civil Engineering'13”, 16—17 May 2013,
Jelgava, Latvia (oral presentation).

12. Riga Technical University Student Scientific and Technical Conference, 6 May 2013,

Riga, Latvia (oral presentation).

List of scientific publications on the subject of the Doctoral Thesis

1.

Frolovs, G.., Rocens, K., Sliseris, J. 2017. “Optimal design of plates with cell type hollow
core”, IOP Conference Series: Materials Science and Engineering, 251(1),
doi:10.1088/1757-899X/251/1/012075 (indexed in Scopus and Web of Science).

Frolovs, G., Rocens, K., Sliseris, J. “Shear and tensile strength of narrow glued joint
depending on the grain direction of plywood plies”, Procedia Engineering, Vol. 172, (2017),
pp. 292299, ISSN: 1877-7058, doi:10.1016/j.proeng.2017.02.117 (Indexed in Scopus and
Web of Science).
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10.

11.

12.

Kukule, A., Rocens, K., Lukasenoks, A., Frolovs, G. “Change of moisture distribution in
ribbed plate with different opposite surface temperatures”, Procedia Engineering, Vol. 172,
(2017), pp. 612—619, ISSN: 1877-7058, doi:10.1016/j.proeng.2017.02.071 (Indexed in
Scopus and Web of Science).

Frolovs, G., Rocens, K., Sliseris, J. “Glued Joint Behavior of Ribs for Wood-Based
Composite Plates”, IOP Conference Series: Materials Science and Engineering, 96(1),
doi:10.1088/1757-899X/96/1/012048 (Indexed in Scopus and Web of Science).

Frolovs, G., Rocens, K., Sliseris, J. “Comparison of a load bearing capacity for composite
sandwich plywood plates”, Environment. Technology. Resources. Proceedings of the 10th
International Scientific and Practical Conference. Volume 1, 18—20 June 2015, Rezekne,
Latvia, pp. 39—45, ISSN: 1691-5402, doi:10.17770/etr2015vol1.633 (Indexed in Scopus).
Sliseris, J., Andrd, H., Kabel, M., Dix, B., Plinke, B., Wirjadi, O., Frolovs, G. “Numerical
prediction of the stiffness and strength of medium density fiberboards”, Mechanics of
Materials, ISSN: 0167-6636, Volume 79, December 2014, pp. 73—84 (SNIP 2016 1.546),
doi:10.1016/j.mechmat.2014.08.005 (Indexed in Scopus and Web of Science).

Frolovs, G., Sliseris, J., Rocens, K.. Numerical experimental investigations of composite
plywood plates with vertically placed waved ribs. 4th International Conference on
Advanced Construction, Proceedings 9-10 October, 2014 Kaunas, Lithuania pp. 71-77;
ISSN: 2029-1213.
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Originality of the research

The originality of the Thesis is approved by:
1. Latvian patents:
1) K. Rocens, G. Frolovs, A. Kukule, J. Sliseris “Method and equipment of production
for ribbed composite plate with goffered wood-based core”, LV 15083, The Official
Gazette of the Patent Office of the Republic of Latvia, 20.12.2015, pp. 1749;
2) K. Rocens, A. Kukule, G. Frolovs, J. Sliseris, G. Berzins “Method for producing
ribbed plates”, LV 14979, The Official Gazette of the Patent Office of the Republic
of Latvia, 20.06.2015., pp. 785.

2. Developed innovation application “Ribbed Plywood Panels with Adjustable
Specific Load-Bearing Capacity”;

3. The lIst Prize won at the by International Invention and Innovation Exhibition
MINOX 2016 with invention “Ribbed Plywood Panels with Adjustable Specific
Load-Bearing Capacity”.

The topicality of the Thesis is approved by author’s h-index 3.0 (Scopus).

Structure and contents of the Doctoral Thesis

The thesis is based on a research on new composite sandwich plates that consist of skins
and a cell type hollow core, which is made of cell type hollow ribs of plywood or another
composite. Such plates provide reduced material consumption and increased specific load
bearing capacity (load bearing capacity of unit mass) and other improved properties as
compared to the traditionally used materials. Specific load bearing capacity of these plates in
bending can be increased up to 60 % if compared to plywood.

The Thesis consists of 5 chapters.

The first chapter presents a literature review on the sandwich type plates subjected to
bending, their classification, existing methodology of calculations and optimization, as well as
manufacturing technologies.

The methodology for calculation of plate’s load bearing capacity in bending, taking into
account the characteristics of strength and deformability of core and skins, including properties
of glued joint between the core and the skins, has been developed and the experimental
investigations for validation of the developed methodology has been done in the second
chapter.

The methodology for determination of the specific load bearing capacity for these plates in
bending and rational parameters for given load bearing capacity have been developed in the
third chapter, which is based on experimental design approach and optimization algorithm
using the methodology developed in the second chapter.

The fourth chapter presents the basic principles of manufacturing plates with cell type
hollow core. The manufacturing of cell type ribs from plywood sheets and the distancing laths
have been described in the first part of the fourth chapter and the estimation of optimal bond
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pressure to reduce the dispersion of results have been determined in the second part of the
fourth chapter.

Recommendations for rational structure design of plate’s geometrical parameters have been
provided as guidelines, and the advantages (reduction of mass or total thickness of structure to
fulfil the load bearing and insulation requirements) in comparison to plywood and CLT plates
are shown in the fifth chapter.

The Thesis includes 76 figures and 16 tables. The total volume of the thesis is 103 pages.
The Bibliography contains 165 sources.
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CONTENTS OF THE DOCTORAL THESIS

Ribbed plates of wood composites

Wood industry is one of the most important industries of Latvian national economy — its
total added value is 3 % of gross domestic product, but the export value proportion is about
14.3 % [26]. One of the most important tasks is to increase the efficiency because the value of
production to one employee is 5 times smaller than it is in Scandinavia [107,150]. The
consumer orientation to use environment friendly materials and energy saving creates the
preconditions for wider use of wood in buildings also in Latvia.

In the first chapter of the Doctoral Thesis is reviewing the layered and ribbed structures
and giving their classification , as well as determining the disadvantages of the existing
structures and possible solutions. The classification depending on middle layer structure [133]
has been done, that is made depending on requirements and technological possibilities of used
materials. The middle core could be made as: A —homogeny core [111,156]; B — point supports
[30,89,119,122]; C —regional support; D — unidirectional support [12,13,94]; E — bidirectional
support [63,80,110,115,162], (Fig. 1).

Sandwich structures

Homogenic support Structured (non homogenic) support

A B C D E
Regional Unidirectional | Bidirectional

Homogenic core Point support

-

Fig. 1. Classification of sandwich type structures depending on the core structure [36].

support support support

It has been determined that plates with cell type hollow core have noticeable properties not
only in longitudinal direction of ribbed core but also in the transversal direction of ribbed core,
therefore these plates could be classified between case D and case E in Fig. 1.

A plate with cell type hollow core (Fig. 2) is defined with external dimensions: length L,
width B, and thickness T, and thicknesses of skins (the thickness of the bottom skin tu and the
top skin ta, since within the framework of the Thesis both thicknesses are assumed to be equal,
the thickness of the skins is defined as t and the dimensions of cell type hollow core. This core
consists of glued ribs (thickness of rib b), which consists of straight rib part (with thickness $),
two waved rib parts (thickness of each w) with defined number of waves along the span, and
the distancing laths (with width d).
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Straight rib part
Distancing laths /

Y, Waved rib parts

Fig. 2. Structure of plates with cell type hollow core (top skin is not showed). If it is not defined
differently, for the standard case the following geometrical parameters have been assumed — width of ribs
b =60 mm (width of plate B =300 mm, 4 waves along the span with length l,=300 mm each that makes total
length of plate 1200 mm with the distance between supports 1100 mm. Skins (t = 4.0 mm) with orientation in the
direction of the longitudinal direction of ribs. Thickness of straight rib part with a thickness of s = 6.5 mm with
the direction of outer fibres in longitudinal direction of ribs, waved rib part with thickness of w = 4.0 mm and the
direction of outer fibres in the direction of the thickness of plate and the distancing laths with the thickness of
d =20.0 mm and the fibre direction through the thickness of plate.

It has been determined that similar plates show high strength or stiffness properties relating
to the mass of plates [139,140] with the possibility to tailor the material properties depending
on the type of loading and supports, and other topology [136].

The total load bearing capacity in bending (bending moment that plate is able to carry)
could be assumed as minimal load bearing capacity from ultimate limit state LBCus and
serviceability limit state LBCeis .

LBC = min(LBCy, LBCy) (1)
Specific load bearing capacity in bending (or specific bending stiffness) could be written

as a ratio between load bearing capacity in bending (or bending stiffness) and area mass
density:

LBC,, = LBC
P AMD @)
where

LBCy, specific load bearing capacity, N-m’/(kg);
LBC load bearing capacity of lane with the width of 1 m, N-m?/m;
AMD area mass density, kg/m?.
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In such plates, due to the shape of waves, ribs strengthen also the transversal direction,
therefore these plates have considerable bending properties in both directions. It is possible to
tailor and adapt the intensity and shape (geometry) of waved rib part.

The connecting surfaces of core and skins could be modelled with special interface or
contact elements. The cohesive zone material (CZM) models could be used to characterize the
behaviour of glued surfaces [3]. In calculations the corresponding interfacial separation &
(displacement jump across the interface) is defined by division in normal 6. and tangential
(shear) ot separation. The ultimate normal omax and ultimate tangential stresses Tmax have been
defined. The properties should be defined separately — normal and shear components, and each
of them have exponential [157] or bilinear properties [1,65].

For the optimization of constructions one of the two tasks should be solved — either
maximal load bearing capacity at constant thickness or minimal thickness at given loading
level [14,144], has to be obtained, and as the parameter for optimization the minimal mass is
chosen, thereby achieving the maximal specific load bearing capacity. All methods of
optimization could be classified depending on the objective function: maximal stiffness,
maximal strength, minimal mass, minimal/maximal self-frequency, specific properties of
vibrations, or optimization of other required properties. General simplification is required to
solve the problem by limiting the region of variables, approximation functions, or by limiting
or specifying other parameters. As a result, in order to simplify the process of optimization,
special adapted algorithms should be created for the specific structure or considered problem.
The structure of plates allows using the gradient method successfully [67], in this case it is
based on experimental design approach.

The methodology for calculation of plate’s load bearing capacity in bending

Plates with cell type hollow core are made of straight and waved ribs and skins of plywood,
MDF or other material. The method of calculations is developed as an input file code in ANSYS
parametric design language [3], where the geometry, limitations and mechanic properties have
been defined in parametric form. ANSYS APDL finite element model calculates the load
bearing capacity in bending by using this code. ANSYS APDL calculates two cases — the first
(general) case that takes into account the nonlinear glued joint properties with crack
development in these joints and the failure criteria for plate elements, and the second case when
the joints of the plate’s elements are merged and the failure criteria are not directly taken into
account. For the cases when the behaviour of glued joint should not be taken into account in
the linear elastic stage, simplified case could be used, but if the behaviour of glued joint part is
taken into account in linear elastic stage, the first (general) approach should be used.
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1) Input of material properties
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8) Application of supports
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load/displacements
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11) Adjusting of
load/displacements
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Is the calculation of general
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12) Gaining and processing of
results with ANSYS and/or MS
Excel

]

o)

Fig. 3. Algorithm for calculations.
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The algorithm for the method of calculations (Fig. 3) for the plates with cell type hollow
core consists of the following main phases.

1) Definition of the characteristics of material properties — modulus of elasticity, Poisson’s
ratio, shear stiffness, density of material as well as failure criteria in tension, compression,
shear and the coupling coefficients. Additionally, the tensile and shear properties of cohesive
zone materials were separately defined.

2) — 4) The definition of the length, width and thickness of a plate and core elements
dependent on geometrical parameters of a plate so that it is possible to connect separate parts
together (skins, core elements and distancing laths).

5) — 6) The finite elements of skins and core should be matched to each other — the joints
that should be merged or the joints, which will be used for connection of cohesive finite
elements in these zones, should coincide. The size of elements should not be smaller than the
maximal thickness of plate’s consisting elements (skins, core elements etc.). Then the related
material properties should be applied to each of the plate’s consisting elements. Special
attention should be paid to the peaks of waves, where incorrect finite elements may appear in
the skin, which could lead to significant mistakes in modelling and results. If the simplified
nonlinear calculations are not made, the joints making core or skin elements that coincide
should be merged.

7) The glued layer is made in glue lines with cohesive finite elements (INTER 205) by
applying predefined model of cohesive zone. The cohesive zone material is generated in the
connection points of closely lying ribs and the connections between the consisting elements
within the ribs, as well as for the skin to core glued joints or only the skin to core glued joint
is modelled. The CZM between two element surfaces and joints that coincide but do not merge.

8) — 9) Application of chosen supports, loading or displacements, in case they are applied
in the multiple directions, could be repeated.

10) — 11) After the generation and calculation of the plate’s model, in ANSYS post
processing the stress state in each load step can be acquired as well as the information about
the maximal stresses or displacements can be gathered in graphical or table view for the data
processing. Corrections in the load level can be made and it is possible to get back to the general
case calculation if it has not been performed.

To provide a possibility of adequate design of plate’s structure and behaviour in bending
depending on required load bearing capacity, the ultimate strength and ultimate deformations
have been determined for various thicknesses of plywood and fibre orientations of outer layers.

For the plates with cell type hollow core double T joints are made where the outer fibre
direction of straight rib part is parallel to the glued joint, but the outer fibre direction of waved
rib part is perpendicular to the glued joint line. The experimental investigations were made to
determinate the required input data for the calculation model. In both cases (to determinate the
tension and shear properties) special specimens were made that describes the shear (Fig. 4 A)
and tension (Fig. 4 B) behaviour of glued joint between the plywood surface and plywood
edge.
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Fig. 4. Specimens for determination of ultimate shear and tensile properties of edge to surface
glued joint: A — specimen for determination of glued joint shear properties; B — specimen for
determination of glued joint tensile properties.

According to EN 204 water resistant D3 category PVA glued joint was experimentally
investigated. It was determined that mean ultimate shear strength (Fig. 4 A) was
7.11£0.12 MPa (5 % fractile was 5.33 MPa), mean displacement at fracture was
0.64+0.01 mm. The mean tensile strength for plywood edge to surface was 3.39+0.18 MPa
(5 % fractile was 2.16 MPa) and the mean displacement at fracture was 0.15 mm.
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Fig. 5. Stress-displacement characteristic curves of glued joints. A — for determination of shear
strength (for series with rib plywood with thickness of 6.5 mm and skin plywood with thickness of 4.0 mm with
the same fibre direction as applied force); B — tensile strength (for series with rib plywood with thickness of 6.5
mm and skin plywood with thickness of 4.0 mm with fibre direction orthogonal to the applied force direction).
Dashed lines show the upper and lower limitations of experimental investigations.

Experimentally investigated plates in four point bending guided by EN 789 Standard [53],
showed that calculated values coincide with the those achieved during experiments — the
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difference between calculated and experimentally measured results by loading up to 1/200 of
the plate’s span in longitudinal and in transversal directions does not exceed 15 %.
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Fig. 6. Bending moment — deflection charts (by loading up to serviceability limit) for the
plates with cell type hollow core in longitudinal and transversal directions and the thickness of
A —is 25 mm and B is 50 mm (see other dimensions in Fig. 2).

The calculated deformative values are in limitations of experimentally determined
coefficient of variation lower than 10 % (for longitudinal direction 5 % and for transversal
direction 9 %) that shows low dispersion of plates’ deformative properties. The load bearing
capacity (by loading up to reaching of serviceability limit state) and the stiffness are shown in
Table 1 and Fig. 6. The confidence intervals are calculated by assuming that the results are
with probability of 95 % and normally distributed.

Table 1
Results of Experimental Investigations of Plates with Cell Type Hollow Core

Thickness Stlff?;sz)(l m Load bearing capacity
= o [3)
E | E | £ | & S |25/ 58 23
E | B | B | E| 2| 8 |£E|£% 25
= =z ] -
&g | 72| 7| § |88 82 &¢
O o| ©
Theor. Exp. | Theor. Exp. % %
s
£ 5 25 9.38 9.58 | 413.9| 423.0| 2.14% | 817 | 1.93| =+6,54
23
T O
%["e 50 49.76 | 48.97|2196.4 | 2162.1 | —1.59% |68.47 | 3.17 | +£54,79
)
%g 25 6.03 598 | 266.1| 264.0|-0.78% |11.67 | 4.42| £10,23
>0
g2
E'—S 50 2143 | 21.76 | 945.7| 960.5| 1.54% | 0.95| 4.35| =0,76
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Methodology for determination of rational structure and determination of
specific load bearing capacity in bending for plates

The optimization of plate’s elements was done by using the metamodeling in the form of
global polynomial. The definition of objective function and variables (number of variables,
limitations, etc.) for optimization were defined. If it is required after the determination of
influence on objective function, the less important variables could be eliminated by fixing their
values, thus reducing the number of variables. Depending on these data the plan of experiments
is developed and ANSYS ADPL programme code that is developed by methodology, described
in the 2nd chapter, with the ANSYS Probabilistic Design functions is specially adapted. By
using this adapted programme code, the values of approximate function are calculated at the
design points. The obtained results are exported back to the experimental design programme
and the given functions are approximated with this programme in the form of quadratic
polynomials. These functions are validated by checking the adequacy in limits of experimental
design and in several cases compared to the experimentally achieved values. By fulfilling these
validations it is possible to make optimization (minimization or maximization) for the objective
functions depending on given parameters or other function restrictions. The influence of
variables on the specific load bearing capacity in bending is shown in Fig. 7. It can be seen that
in addition to the plate’s thickness, it is highly dependent on the thickness of skin in relation to
other parameters.
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Fig. 7. Specific load bearing capacity in bending for plates with span 1.1 m and all core parts with
thickness of 4.0 mm; A — depending on the width of a rib; B — depending on the length of a wave; C — depending
on the thickness of straight rib part; D depending on the thickness of skin.
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The algorithm of experimental design approach has been developed (Fig. 8). ANSYS APDL
programme code, experimental design, and responses of experimental design have been created
and parameters of objective function parameters and optimal parameters have been determined.
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Fig. 8. Simplified block diagram based on experimental design (metamodeling) approach
and ANSYS finite element analysis.

Approach of experimental design was based on the following phases (Fig. 8).

1) The limitations have been defined for each variable depending on optimization task —
geometrical parameters of skins and core and the material properties, load cases and levels, etc.

2) The design of experiments should be done depending on their limitations and discretion.
By creation of experimental design the limitations that are due to material options (e.g. nominal
thicknesses set by plywood manufacturer), technological possibilities as well as dimensions of
a plate (e.g. the length of a wave is dependent on the number of waves along the span and the
width of a rib is dependent on width of a plate. If the number of variables is small (<5) then
full factor experimental design could be used, although by increasing the number of variables,
the experimental points increase exponentially. In that case either one of advanced
experimental designs or optimization methodology (e.g. Genetic Algorithm) should be used.
Design of experiments is saved in a respectively formatted text file (*.txt).

3) — 5) The code for ANSYS APDL is created (written in *.txt file) that is based on the
methodology described in the second chapter. ANSYS Probabilistic Design functions were used
additionally for optimization. The parameters for optimization should be defined as well as
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objective functions, which should be approximated and used for optimization of definition of
restrictions. The created design of experiments should be read in ANSYS programme
environment (with response surface simulation mode), and the values of objective functions
should be calculated with the developed methodology.

6) — 8) The approximation, determination of influence and optimization of the geometrical
parameters on load bearing capacity and other parameters are realized by the EdaOpt software
[9], that allows to use the response surface method. The most widely used response surface
method with a 2nd power polynomial for approximation was chosen. By choice of
experimental design it is recommended to consider the amplitude of response function values.
Ifthe difference is large then the minimization of larger absolute error by larger response values
can lead to relatively larger errors by summing the square errors for higher responses, which
could lead to higher influence on the total sum of square errors. In that way the approximation
is adequate only in the higher regions but in lower regions it can significantly vary in one or
other direction. Several experimental design points were experimentally validated and
compared to the results of physical experiments achieved in accordance with LVS EN789:2005
[53].

9) Multi-criteria (e.g. minimization of mass of the plate by required load bearing capacity
and limited thickness) optimization of response surfaces should be done by using
approximated response functions (minimizing or maximizing related functions) for the given
parameters and their boundaries. For the optimization the obtained equations were used by
minimizing or maximizing these functions.

10) After the validation of optimization the optimal values should be saved and a plate with
assumed optimal geometrical parameters could be used for engineering calculations or for the
solution of manufacturing technology.

After the eliminations of less important variables the polynomial could be written as:

Pi=big+bi1 T+biy-t+biz-b+bis-s+b, T T+
+bi1p T t+bi13-T b+tbi14 T S+bisp-t-t+bisz-t-b+biy-t-s 3)
+bi33°b-b+bizs b-Stbis-S-s
where
P approximation polynomial in general form;
b;; coefficients of polynomial, if i = 1, then thickness is 25—50, if i =2, then thickness is
50-150, if i = 3, then thickness is 100—200 mm.
T, t, b, s variables (see Fig. 2)

The values of global quadratic polynomial coefficient for load bearing capacity and specific
load bearing capacity in bending have been determined. In the investigated space the
serviceability limit is reached at first (the highest value of the ultimate limit state is not larger
than 53 % when the serviceability limit state is reached). The determined values of load
bearing capacity, stiffness and mass provide the possibility to approximate these functions and
make optimization of plate’s structure thereby minimizing the mass of plate for required load
bearing capacity (or stiffness) by determination of optimal parameters and specific load bearing
capacity (or stiffness).
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Basic principles of manufacturing of ribs and gluing of plates

The method of production or cell type hollow core and the technological principles of
plate’s gluing process have been developed. The skins and core could be made of the same or
different materials, as well as the elements of ribbed core (for example different materials for
straight rib part, distancing laths and waved rib parts can be taken). The method of production
of cell type hollow core is based on obtaining the shape of waved rib part with distancing laths
and gluing the peaks of waved rib parts to the straight rib part or to the distancing laths. The
produced pre-products of hollow ribs are sawn in lanes with the width equal to the thickness
of core so that in the end the plate with cell type hollow core is obtained. The steps in producing
cell type ribs from standard plywood or other sheet material, are shown in Fig. 3.

G

4

s

Fig. 9. Method of producing cell type hollow ribs.

1, 6 — plywood sheet for the waved rib part; 2 — applied glue layer; 3, 5 — laths with thickness equal to the maximal
height of hollow; 4 — plywood sheet for straight rib; 7 — applied bond pressure for gluing.

The production of plates with cell type hollow core includes the following phases:

a) preparation of sheet materials for plate’s skins;

b) production of cell type core pre-product and joining the sawn separate rib into blocks;

¢) in phase b obtained ribs are joined together by gluing peaks of closely placed ribs the
dimensions of which match the plate’s geometry;

d) lamination of core layer structure achieved in phase ¢) at the same time when from both
directions (bottom and top) with the sheet materials produced in phase a) with the
pressure till the bond between core and skins are partly or completely provided.

If it is required the hollows could be filled with some of the granulated insulation materials,
for example foam plastic granules. To provide the properties in transversal direction of plates,
it is required to glue separate ribs together. It is possible to apply the glue on peaks of the waves
or on the whole side surface if filled blocks of ribs are used and from the sides pressed for the
gluing process.
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The gluing of skins to the core has a significant influence on the properties of the ribbed
plates, therefore uniform pressure along the surface of plate should be provided in gluing
process. Achieved experimental results show that recommended bond pressure is dependent
on the number of layers transversal to the glued joint — if there are more layers transversal to
the joint, the required pressure should be increased over 0.5 MPa to provide higher strength of
the connection, although if this ratio is lower than 1/2 then a pressure of 0.5 MPa is
recommended for achieving higher strength. The bond pressure has influence on variation of
shear and tensile properties of glued connection between skins and ribs — by increasing the
bond pressure from 0.3 MPa to 0.5 MPa the coefficient of variation decreases in average by
30 %, but from 0.3 MPa to 1.0 MPa it decreases in average by 50 %.

Recommendations for rational structure design of plate’s geometrical
parameters

The design recommendations of plates’ rational structure are based on methods and
principles developed in previous chapters. The applicability could be divided in several groups
where the plates with cell type hollow core are planned to be used as an alternative bearing
element (mostly replacing plywood or cross laminated timber). In the fifth chapter the
sequence of designing the plate’s structure is described, whichensures a rational design of
plate’s structure by applying the developed methods. All the steps described in algorithms
were executed and the main achieved results are shown for previously defined load bearing
capacity or stiffness level that allows to replace previously mentioned materials. If the plates
with cell type hollow core are assumed as homogenized material, it is possible to compare
these plates with other materials depending on the ratio between modulus of elasticity and
density. It has been determined that the plates with cell type hollow core have significant
reduction of density as compared to modulus of elasticity of other widely used wooden
materials (Fig. 10).
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Fig. 10. Modulus of elasticity and density relations for plates with cell type hollow core and
other materials [27].
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Plywood plates, ribbed plates with straight ribs, plates with waved ribs and plates with cell
type hollow core were compared (Fig. 11).

B D
Fig. 11. Structure of investigated plates: A — massive plywood; B — plates with straight ribs;
C — plates with waved ribs; D — plates with cell type hollow ribs.

Several ribbed plates were compared to the plywood depending on serviceability limit state.
The results showed that ribbed plates have higher specific load bearing capacity — plates with
cell type hollow ribs showed up to 50 % higher specific load bearing capacity, but plates with
only straight ribs —up to 100 % higher specific load bearing capacity than plywood plates (Fig.
12).
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Fig. 12. Plywood, plates with straight ribs, plates with waved ribs and plates with cell type
hollow ribs in longitudinal direction. A — load bearing capacity; B — specific load bearing
capacity.

When the load bearing capacity in bending is compared in transversal direction, it has been
obtained that the plates with waved ribs only show better results (for about 17 %) than the
plates with cell type hollow core, because the straight rib part works mostly in longitudinal
direction, but in transversal direction it has minor influence, although the mass of plate
increases. When compared to the plates with straight ribs only, the specific load bearing
capacity in bending is about 58 % higher for plates with a thickness of 50 mm and with the
tendency to increase by increasing the thickness or thickness-to-span ratio of a plate. (Fig. 13).
Plywood has similar specific load bearing capacity in transversal direction as the plates with
waved ribs.
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Fig. 13. Plywood, plates with straight ribs, plates with waved ribs and plates with cell type
hollow ribs in transversal direction. A — load bearing capacity; B — specific load bearing
capacity.

Table 2
Plates with Cell Type Hollow Core Replacing Equivalent Plywood (Thickness 27-50 mm)

o »n <
358 |2 g 9 5
L‘i - I E ; % % ] :Q' g 2 LS g
F ] ® 2 o= 2 § = o 2 2 5 = 8 9 g
Z 8 s Ezx8|2;2 28 Ez8: | §°
o B s sz z Y2 o £ § 2 .g =S S 8
= = = 5 3 2 = 8 & 2 =2 % 8 % © o =
E e %2 <S@a | Fax2 | &S| <5 &= A E
mm N-m?/m kg/m? mm kg/m?
27 14 473 18.9 30.03 11% 9.56 —49 %
30 19 491 21.0 34.19 14 % 10.24 -51%
35 32760 24.5 41.37 18 % 11.51 53 %
40 50 996 28.0 4850 | 21 % 12.55 -55%
45 68 412 31.5 55.67 | 24% 13.48 57 %
50 89392 35.0 6438 | 29% 14.22 -59 %

Similar principles could be used for properties in transversal direction or for different case
of loading/support.
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Conclusions

The methodology of calculations has been developed for the plates with cell type hollow

core (further in text plates) to determine the load bearing capacity in bending. Another

methodology has been developed to determine and optimize the specific load bearing capacity

as well as fundamental principles for manufacturing plates, and recommendations for the
design of plates are presented.

1.

Methodology of determination of load bearing capacity in bending (the bending moment
that plate can carry by reaching the limit state in short term static loading) in longitudinal
and transversal directions of ribs has been developed depending on thicknesses of skins,
shape of elements of hollow ribs, strength and characteristics of plywood, and taking into
account the behaviour of glued joints with interface elements that takes into account the
crack propagation in glue layer. The methodology of determination of glued joint shear
and tensile properties has been developed to evaluate the behaviour of glued joint between
the core and the surfaces of plywood skins. As a result the strength and deformability mean
values were determined in confidence interval at probability of 95 % for category D3
(according to EN204) PVA glue and curing in cold press. It was determined that mean
shear strength was 7.11+0.12 MPa and mean relative deformations were 1.28+0.03%,
mean tensile strength for the connection was 3.39+0.18 MPa and the mean displacement
at fracture was 0.15+0.01 mm.

The load bearing capacity of plates with thicknesses from 25 to 150 mm in four point
bending by loading up to limit of serviceability limit state (for most typical case according
to manufacturing — the thickness of straight rib part is 6.5 mm and waved rib part with 4
waves along the span, in confidence interval with probability of 95 %) has been
experimentally determined. The load bearing capacity in bending for the plates with a
thickness of 50 mm in longitudinal direction is 2162455 N-m/m, but in transversal
direction of ribs it is 960+£33 N-m/m. The difference between calculated and
experimentally obtained does not exceed 15 %.

The calculation method of specific load bearing capacity in bending has been developed,
which includes the design of parameters of ribbed core structure by minimization of
material consumption. The optimization of plate’s structure has been done by using
specifically adapted algorithm that includes the approximation models in a form of global
polynomials, using which in 90 % cases the difference between approximate and
calculated values does not exceed 5 %. For example, it has been determined that in order
to provide the same load bearing capacity in bending as birch plywood with a thickness of
30 mm (class E, EN 636:2012+A1:2015) by using global polynomial with obtained
coefficients, the required total thickness of plates with cell type hollow core is 14 % larger
but at the same time the material consumption is reduced by 50 %.

The technological principles for plate with cell type hollow core have been created. They
include the manufacturing of cell type hollow core and the plates consisting of such ribs.
The method of production of cell type hollow core is based on obtaining the shape of
waved rib part with distancing laths and gluing the peaks of waved rib parts to the straight

51



rib part or to these distancing laths. The produced pre-products of hollow ribs are sawn in
lanes with the width equal to the thickness of core. Experimental investigations show that
the bond pressure has influence on variation of shear and tensile properties of glued
connection between skins and ribs — by increasing the bond pressure from 0.3 to 0.5 MPa
the coefficient of variation decreases in average by 30 %, but from 0.3 to 1.0 MPa it
decreases in average by 50 %.

5. The structure of such core has been investigated and recommendations have been provided
as guidelines for the design of rational parameters that harmonize the section stress field
with material resistance field of the developed structure. It has been determined that it is
possible to replace the plywood or cross laminated timber (CLT) providing equal load
bearing capacity in bending, and at the same time, reducing mass of structures. As
compared to plywood, by using plates with cell type hollow core it is possible to increase
the specific load bearing capacity (load bearing capacity to the unit mass) in bending by
up to 60 %.

The approval of the topicality and originality of the Thesis are 12 scientific publications,
participation at 11 international scientific conferences and 2 obtained Latvian patents.
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