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DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

sporta aprikojuma razo$ana ped€jos gadu desmitos ir nepartraukti pieaudzis. To
augstie stinguma un stipribas raditaji padara tos loti piemé&rotus konstrukcijam,
kuram ir butiski minimizét svaru. Tomer, par kompozitajam konstrukcijam nav
uzkratas tik plaSas zinaSanas ka par tradicionalajam metala konstrukcijam, un to
specifisko 1pasibu raditais svara samazinasanas potencials ne vienmér tiek pilniba
izmantots.

Zinatniskaja literattira ir identific€tas vairakas jomas, kuras nav pietiekosi
izpétitas un ierobezo kompozito konstrukciju svara efektivitates potencialo
uzlabojumu: konstrukciju darbiba pé&c-noturibas (post-buckling) apgabala,
konstrukciju bojajumu pielaides (damage tolerance), geometrisko nepilnibu
ietekme (imperfection sensitivity), ka ari islaiciga slogojuma dinamika. Kompozito
konstrukcija p&c-noturiba un sabrukums tiek paSi pétits, lai raditu modeléSanas
rikus drosai projektéSanas praksei un preciz€tu projekt€Sanas vadlinijas.
Kompozito ¢aulu geometriskas neprecizitates un to ietekme uz ¢aulu noturibu tiek
pétitas, lai aizstatu novecojuso nestspéjas samazinajuma koeficientu (knock-down
factor) pieeju, kura ir definéta no seSdesmitajos gados veiktam metala Caulu
parbaudém. Jaunas, misdienu razo$anas tehnologijam un kompozitu ipatnibam
pielagotas pieejas izstrade lautu samazinat kompozito ¢aulu svaru. Vairaki petijumi
parada, ka pie dazadiem Tslaicigiem dinamiskajiem slogojumiem, konstrukcijam
kritiskie speki var blt gan augstaki, gan zemaki neka pie statiska slogojuma.
Savukart, Sobrid projektésanas vadlinijas paredz pienemt slodzes ka kvazistatiskas,
pielietojot konservativus droSuma koeficientus. Tadel, islaiciga slogojuma
dinamiska rakstura ievertéSana projektéSanas gaitd nakotné varétu dot drosSakas un
vieglakas kompozitas konstrukcijas.

Lai realiz€tu Tslaicigi dinamiski slogotu kompozito konstrukciju svara
samazinasanas potencialu, nemazinot to droSumu, nepiecieSams radit ticamu
aprékinu metodologiju. Savukart, lai aprékinu metodologiju varétu uzskatit par
uzticamu, ir nepiecieSama tas eksperimentala validacija. Zinatniskas literatiiras
analize liecina, ka, uz $o bridi, ir publicéti tikai dazu kompozito konstruktivo
elementu dinamiskas noturibas eksperimentalu pétjjumu rezultati. Pie tam, tikai
dazi no publicétajiem skaitliskajiem kompozito caulu dinamiskas noturibas
petjjumiem ietver skaitlisko modelu eksperimentalu validaciju. Tadel, promocijas
darbs wveltits kompozito caulu noturibas eksperimentaliem un teor&tiskiem
petijumiem. Lidztekus, ir izstradata un eksperimentali validéta gludu un ribotu
kompozito ¢aulu dinamiskas noturibas aprékinu metodika.



Darba merkis

Sobrid kompozito konstrukciju, kuras biezi ir paklautas Tslaicigam,
dinamiskam slodzém, projektéSanas vadlinijas ir paredzéts slodzes apskatit ka
kvazistatiskas un pielietot konservativus drosibas koeficientus. levertgjot slodzu
dinamiku, nakotn€ biitu iespgjams projektet vieglakas, 1etakas un reize art drosakas
kompozitas konstrukcijas.

Promocijas darba mérkis ir dinamiskas noturibas aprékina procediras, kas
bitu pielietojama inZenieru darba, izstrade un eksperimentala validacija.

Pétijuma uzdevumi

e Izstradat dinamiski slogotu kompozito konstrukciju noturibas aprékina
procediiru;

e Izstradat aprékina modelu validacijai nepiecieSamo kompozito caulu
paraugu izgatavosanas metodi;

e Izveidot kompozito ¢aulu noturibas pie statiska un dinamiska slogojuma
eksperimentalo parbauzu procediiru;

e Validet izstradato aprékina procediiru ar iegiitajiem eksperimentalajiem
rezultatiem;

o Eksperimentali izpétit slogoSanas atruma ietekmi uz kompozito caulu
noturibu;

o  Skaitliski izpetit slogojuma dinamikas ietekmi uz kompozito konstrukciju
noturibu, izmantojot eksperimentali validétus skaitliskus modelus.

Darba zinatniska novitate

Promocijas darba eksperimentali pétita kompozito caulu noturiba pie
islaicigas slodzes. Lai paveiktu $o p&tijumu, ir izstradata eksperimentala kompozito
caulu noturibas pie statiska un Tslaiciga, dinamiska slogojuma parbauzu procedira.

Izstradata metodika dinamiski slogotu cilindrisku kompozitu ¢aulu noturibas
skaitliskai model&sanai. P&c §1s metodikas ir izveidoti stiklaplasta ¢aulu nelinearie
galigo elementu aprékina modeli un validéti ar statikas un dinamikas eksperimentu
rezultatiem.

Noveértétas izmainas cilindrisku stiklaplasta ¢aulu jutiba pret geometriskajam
nepilnibam atkariba no slogojuma ekscentritates. Eksperimentali un skaitliski ir
izpétita to noturiba pie centriska un ekscentriska slogojuma.

Noteikta dinamiska slogojuma ilguma un veida ietekme uz cilindrisku
stiklaplasta Caulu un liektu, ribotu ogleklplasta panelu kritisko spéku, ka ari
noturibas zuduma formu. Skaitliski izp&tita So konstruktivo elementu noturiba pie



dazadiem dinamiskiem slogojumiem, izmantojot eksperimentali valid&tus
skaitliskus modelus.

Darba praktiska vertiba

Dinamiski slogotu kompozito konstrukciju noturibas eksperimentu laba
prakse tika aprob&ta Rigas Tehniskaja universitate. Jaunieviesta test€Sanas prakse
lauj paplasinat un kvalitativi uzlabot kompozito konstrukciju noturibas p&tfjumus.

Darba izstradata statiski un dinamiski slogotu gludu un ribotu kompozito
caulu noturibas aprékinu procedira ir validéta ar eksperimentaliem rezultatiem un
var tikt izmantota dinamiski slogotu plansienu kompozito konstrukciju, pieméram,
jahtu, lidmasinu, v&ja turbinu un citu konstrukciju, inzenieraprékiniem.

Paraditi slogojuma veidi, kuros gludu un ribotu kompozito ¢aulu kritiska
slodze palielinas, un kuros samazinas, salidzinot ar statiska slogojuma gadijumu.
Lidz ar to, ir atrasts potencials vieglaku konstrukciju projekt€sanai un ir identificéti
dinamiskie slogojumi, pie kuriem konstrukciju droSumam ir japieverS ipasSa
uzmaniba.

Aizstavesanai tiek izvirzits:

- Statiski un dinamiski slogotu cilindrisku kompozito konstrukciju
eksperimentalu noturibas parbauzu procediira;

- Dinamiski slogotu cilindrisku stiklaplasta Caulu dinamiskas noturibas
eksperimentu rezultatu datubaze;

- Cilindrisku stiklaplasta caulu skaitliskas modeléSanas metodika, kas
ieklauj paraugiem noméritas geometriskas neprecizitates, un ir validéta ar
dinamisko noturibas eksperimentu rezultatiem;

- Sakaribas starp slogojuma dinamiku un kompozito cilindrisko ¢aulu un
liektu, ribotu panelu noturibu.

Darba sastavs un apjoms
Promocijas darbs satur ievadu, 5 nodalas, secinajumus un literatiiras sarakstu.

Darba apjoms ir 170 lappuses, 124 zimgjumi, 19 tabulas un literatiiras saraksts, kas
satur 146 nosaukumus.



Darba aprobacija un publikacijas

Promocijas darba aprakstitie rezultati ir zipoti un apspriesti starptautiskas
konferences un zinatniskos seminaros:
- 27.ICAS Kongress (Nica, Francija, 2010);
- IV Eiropas Skaitliskas mehanikas konference (Parize, Francija, 2010);
- Latvijas Nacionalas mehanikas komitejas seminars (Riga, Latvija, 2010);
- 51.RTU zinatniska konference (Riga, Latvija, 2010);
- 50. RTU zinatniska konference (Riga, Latvija, 2009);
- Kompozitmaterialu mehanika 2008 (Riga, Latvija, 2008);
- 20. Ziemelvalstu Skaitliskas mehanikas seminars (G&teborga, Zviedrija,
2007);
- 4. Materialu un konstrukciju stipribas, izturibas un stabilitates konference
(Palanga, Lietuva, 2007).
Disertacija aprakstitie rezultati ir ieklauti 19 publikacijas, no kuram 4
ieklautas EBSCO datu bazg, un viena ir Springer Science+Business Media, Inc.
zurnala publikacija.



DARBA STRUKTURA

Disertacijas ietveros veikto petfjumu shéma (1. att.), kas parada saistibu starp
veiktajiem soliem.
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DARBA SATURS

Pirmaja nodala ir veikts literatiiras apskats un analize par plansienu
konstrukciju noturibu pie dazadiem slogojumiem. Apskatot pieejamo literatiiru,
tika konstatets, ka dinamiskas noturibas eksperimentalie pétjumi ir veikti
galvenokart ar izotropam caulam, lielakoties pagajusa gadsimta seSdesmitajos
gados. Lai apzinatu akumulétas zinaSanas plansienu konstrukciju dinamiskas
noturibas eksperimentalo p&tijumu joma, literatiiras apskata analizéti pedéjos 50
gados veiktie ¢aulu noturibas petijumi.

Sakotngjo cilindrisku ¢aulu noturibas eksperimentalo pétijumu rezultati tika
salidzinati ar linearas klasiskas teorijas aprékiniem un noverota liela
eksperimentalo rezultatu izkliede. Turklat, eksperimentali iegiitas kritiskas slodzes
bija biutiski zemakas, neka aprekinatds. Nesaiste starp teorgtiskajiem un
eksperimentali ieglitajiem kritiskajiem spekiem radija izpratni par cilindrisko ¢aulu
jutibu pret geometriskajam nepilnibam. Geometrisko nepilnibu mérijumi kluva par
cilindru noturibas eksperimentu labas prakses biitisku sastavdalu septindesmito
gadu beigas, un vairums kop$ ta laika veikto skaitlisko petjumu ietver
geometriskas nepilnibas, kas izméritas realiem paraugiem.

Eksperimentali ogleklplasta kompozito cilindru noturiba ir tikusi pétita kops
seSdesmitajiem gadiem, kad saka izmantot kompozitmaterialus. Sakotngji tika
apskatiti cilindri, kas izgatavoti ar tiSanas tehnologiju. Sadus cilindrus ir relativi
vienkar$i izgatavot, bet to modeléSana sagada gritibas dél ipatngja Skiedru
sakartojuma. Iepriek$-impregnésanas tehnologijas attistiba lava uzlabot kompozitu
veiktsp&ju un brivak variét ar slanu sakartojumiem. No iepriekS-impregnétam
oglekla skiedru lentém izgatavotu cilindrisku ogleklplasta caulu noturiba tika pétita
Vacijas Aviacijas Centra DLR. Zimmermann (1996) pétjja slanu sakartojuma
ietekmi uz kritisko speku, bet Geier un lidzautori (1991) atrada slanu sakartojumus,
pie kuriem c¢aulas jutiba pret geometriskajam nepilnibam batu minimala.
Degenhardt un Iidzautori (2010) lietoja nenoteiktibas un noteiktibas pieejas, lai
piedavatu uzlabojumus konservativaja nestspejas samazindjuma koeficientu pieeja.

Plasi kompozito cilindru noturibas pie dazadiem slogojumiem pétfjumi ir
tikusi veikti Milanas Politehniskaja universitate, kur Giavotto un lidzautori (1991)
izstradaja Tpasi precizas eksperimentalas metodes, kas nodrosinaja skaidri zinamus
robeznoteikumus un vienmérigu slodzes sadalijumu. Bisagni un Cordisco (2006)
turpinaja So eksperimentu labo praksi pétot arT ribotu kompozito cilindru un panelu
konstrukciju noturibu un sabrukumu pie spiedes, vérpes un kombingta slogojuma.

Lidz ar virsskapas lidmas$inu, kosmosa kugu un rakesu izstradi, plansienu
konstrukciju noturiba pie dinamiska slogojuma ieguva pastiprinatu interesi.
Sakotngjie petijumi paradija izmainas konstrukciju noturiba, ja tas tika slogotas ar
lielu atrumu. Roth un Klosner (1964) bija starp pirmajiem autoriem, kas ir
teorgtiski pétfjusi cilindrisku Caulu noturibu pie dinamiska slogojuma. Vini



konstatgja butisku kritiskas slodzes pieaugumu, samazinoties slodzes iedarbibas
laikam. Humpherys un Zatlers (1965) eksperimentali parbaudija Roth un Klosner
(1964) teoriju un konstatéja labu sakritibu starp eksperimentalajiem un
teorgtiskajiem rezultatiem. Sajos un citos agrinajos eksperimentos pielietotas
metodes izmantoja kontrolétas eksplozijas peksni pieliktu slodzu realizacijai, un
tadel Sie eksperimenti bija vairakkart dargaki un komplicetaki par statiskas
noturibas testiem, tadel lidz pat Sai dienai pietriikst dinamiskas noturibas
eksperimentalo petijumu rezultatu. Dinamiskas noturibas gadijjuma ari identificét
noturibas zudumu ir sarezgitak, ta ka dinamiskas noturibas kritériji nav tik skaidri
ka statiskajai noturibai. Gadu gaita ir piedavati vairaki dinamiskas noturibas
kritériji, bet Budiansky un Hutchinson (1964) piedavatais kritérijs tiek izmantots
visplasak. Tas balstas uz konstrukcijas maksimala parvietojuma — slodzes
parametra grafika izveidi, kura kritiska slodze ir ta, pie kuras konstrukcijas
maksimalais parvietojums pieaug visstraujak.

Plasi konstruktivo elementu noturibas pie dinamiskajam slodzém pétijumi
notika Izra€las Tehnologijas institiita kop$ astondesmitajiem. Eksperimenalajos
pétjjumos tika izmantotas trieciena slodzes, un vienkarSakajiem konstruktivajiem
elementiem tika iegiita laba sakritiba ar teoriju. Stienu un platpu dinamiskas
noturibas pétfjumu rezultatus ir publicgjusi Ari-Gur un lidzautori (1982), Weller un
lidzautori (1989), Abramovich un Grunwald (1995). Siem pétfjumiem ir kopigs
secinajums, ka kritiska slodze pieaug, samazinoties slodzes iedarbibas laikam, tacu
ta kliost mazaka par kritisko slodzi statiska slogojuma gadijuma, kad slodzes
iedarbibas laiks ir vienads ar konstrukcijas paSsvarstibu pusperiodu. Yaffe un
Abramovich (2003) ribotu aluminija cilindru noturibu pie dinamiskas slodzes
petija gan skaitliski, gan eksperimentali. Eksperimenti tika veikti izmantojot
triecientorni, un cilindrisko aluminija ¢aulu dinamiska noturiba tika noverota, tacu
praktiski izmantojami rezultati iegiiti netika. Skaitliskie rezultati kartgjo reizi
parada, ka kritiska slodze pieaug, samazinoties slogojuma laikam, pat ja slogojuma
ilgums atbilst cilindra passvarstibu pusperiodam. Tacu kritiska slodze mazaka par
kritisko slodzi pie statiska slogojuma tika noverota, kad slogojuma ilgums bija
vienads ar laiku, kas nepiecieSams skanas vilnim, lai izietu no viena cilindra gala
lidz otram, atstarotos, un atnaktu atpakal.

Literattiras apskata rezultati ]ava identificét galvenos pé&tijumu virzienus, kas
ir butiski slogojuma dinamikas radita svara samazinaSanas potenciala
izmantoSanai:

- Konstrukciju geometrisko nepilnibu ietekmes izpéte;

- Dinamiskas noturibas eksperimentu metodikas izstrade un aprobacija;

- Ticamas dinamiskas noturibas aprékina metodikas izstrade un

eksperimentala validacija;

- Plansienu konstrukciju noturibas izpéte pie dazadiem dinamisko

slogojumu veidiem visa to diapazona.
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Otraja nodala ir aprakstiti darba ietvaros izmantotie materiali un
eksperimentalo pétjjumu metodes. Nemot véra, ka =zinatniskaja literatlira ir
atrodami tikai dazi eksperimentali kompozito konstrukciju noturibas pie islaicigam
slodzém petijumi, eksperimentu metodikai, planoSanai un paraugu sagatavos$anai
tika pievérsta TpaSa veriba, un tapéc veikts detalizets izklasts. Izstradajot
eksperimentalajiem pétijumiem paredzéto paraugu izgatavosanas tehnologiju,
Cetras paraugu srijas tika izgatavoti 35 cilindriskas stiklaplasta caulas.
IzgatavoSanas metodika tika uzlabota ar katru paraugu seriju un tika lietoti dazadi
stikla Skiedras audumi, sveki un razoSanas tehnologijas. Paraugu geometriskie
raksturlielumi tika pienpemti: garums L no 400 Iidz 700 mm, ieksgjais radiuss R 150
mm vai 250 mm. Lai aprékinos var€tu pielietot plano Caulu teorijas, radiusa
attieciba pret sieninas biezumu R/t tika izv€léta robezas no 125 lidz 240. Visi
paraugi tika projektéti lai, zidot noturibai, tajos nerastos bojajumi, un tos varétu
testet atkartoti.

Saskana ar ISO 527-4:1997 standartu tika veikti stiklaplasta stiepes paraugu
mehanisko 1pasibu testi. Identifikacijas testos izmantotie paraugi tika izgriezti no
plakanam plaksném, kas izgatavotas péc tadas paSas tehnologijas, ka atbilstosie
cilindri, vai ar1 no paSiem cilindriem p&c to noturibas parbauzu pabeigSanas.

IpaSa uzmaniba tika pievérsta pieliktas slodzes vienmeéribai (vai
nevienméribai), jo, ka to ir atzim@usi daudzi petnieki, ta batiski ietekme
cilindrisko ¢aulu noturibu. Pirmajai cilindru sérijai gali tika pastiprinati ar papildus
stiklaplasta slaniem. Tacu, Sis risinajums nenodroSindja pietiekoSi vienmerigu
slodzes sadalijumu, un cilindri zaud&ja noturibu pie loti zemam slodzém un ar
neregularam noturibas zuduma formam. Tadél, otras s€rijas paraugu gali tika
ielim@&ti saplaksna platnés, un $is risinajums bitiski uzlaboja slodzes sadalijumu, ka
rezultata tika ieglitas augstakas kritiskas slodzes, un dazu paraugu gadijuma
regularas noturibas zuduma formas. Tomeér, saplakSpa deformacijas mitruma
ietekmé noveda pie nenoslogotu paraugu saspriegta stavokla un, lidz ar to,
ievérojamas eksperimentalo rezultatu izkliedes. Tresa un ceturtd paraugu sérijas
tika ielim&tas precizi izgatavotas aluminija plaksnes, kas vel labak nodrosinaja
vienmerigu slodzes sadalfjumu un stingri noteiktus robeznoteikumus. PEdgja
paraugu sérija ir paradita 2. att.

Pedgjo divu paraugu s@riju geometrisko nepilnibu mériSanai tika izveidota
speciala iekarta, kas sastav no rot€josa galda, kas lauj mérit nepilnibas pa aploci,
un vertikalas ass, kas lauj mérit nepilnibas gareniska virziena. Cilindru virsmas
radiala novirze tika mérita ar Keyence LK-501 CCD lazera parvietojumu sensoru,
kas piestiprinats vertikalajai asij. Japiezim€, ka merfjumi tika veikti tikai paraugu
argéjam virsmam, tadé] cilindru biezuma variacijas palika nezinamas.
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(b)

Cilindrisko stiklaplasta ¢aulu paraugi: 3-1 (a) un 3-2 (b)

2. att.

P&dgjas divas stiklaplasta paraugu serijas tika aprikotas ar tris lidz septiniem
pariem eckstensometru, atkariba no parauga, spiedes un lieces deformaciju
novéroanai statiskas un dinamiskas noturibas eksperimentu laika. Sie mérfjumi
paradija, ka slodzes devgjs kliist neprecizs pie dinamiska slogojuma, un tika lietoti
pieliktas slodzes apléseém.

Statiskas un dinamiskas noturibas eksperimentiem tika izmantotas divas
dazadas hidrauliskas test€Sanas iekartas. SlogoSanas iekarta Instron 8802, kas
paradita 3. att., nodroSina slodzi lidz 250 kN un maksimalo parvietojuma atrumu
lidz 190 mm/s, un ar to tika testéti visi paraugi, iznemot tre$o s€riju. Tresas s€rijas
paraugi tika test€ti MTS iekarta, kura un nodro$ina slodzi Iidz 100 kN un
maksimalo parvietojuma atrumu Iidz 80 mm/s. Hidraulisko iekartu ierobezotie
parvietojuma atrumi atsaucas uz minimalo slodzes impulsa ilgumu, kas bija 30 ms
Instron iekartai un 50 ms MTS iekartai.

Dinamiskas noturibas eksperimenti ar tresas s€rijas paraugiem tika veikti ari
izmantojot triecientorni. ST eksperimentald metode bija daudz neprecizaka, tadu ar
to tika sasniegti daudz mazaki slodzes impulsa ilgumi neka ar hidrauliskajam
iekartam. Vienkarsa eksperimenta iekarta sastavéja no triecientorna kolonnam un
krTtoSa atsvara ar palaiSanas mehanismu, novietojot dazadas térauda Stnu starplikas
starp paraugu un atsvaru. IzvEloties atbilstoSu trieciena energiju un varigjot
starplikas stingumu, tika iegiiti dazadi slodzes impulsa parametri. Slodzes un
parvietojuma dinamikas noteikSanai tika izmantoti slodzes devgja, akselerometra
un tenzometru merjumi.
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Slogosanas ramis 1 Hidrauliskais cilindrs|

Apakséja plétnel

Datorsl

Kontrolieris|

3. att.
Hidrauliska slogosanas iekarta Instron

Visiem stiklaplasta cilindru un ogleklplasta liektu, ribotu ¢aulu noturibas
aprékiniem tika lietota ABAQUS/Explicit galigo elementu aprékinu programma.
komplekss ar linearu un nelinearu, statisku un dinamisku aprékinu iesp&jam.
ABAQUS/Explicit ir balstits uz kustibas vienadojumiem un izmanto atklatas
integracijas formulas, kas to padara 1pasi piemérotu nelinearu Tslaicigu procesu,
tadu ka dinamiska noturiba, simulacijai. ABAQUS linearo aprékinu iesp&jas arl
tika izmantotas, veicot konstrukciju paSsvarstibu frekvencu un tam atbilstoSo
formu aprekinus.

Ribotu ogleklplasta caulu validacijai tika izmantoti Eiropas Komisijas 6.
Ietvara programmas projekta COCOMAT (Degenhardt un Iidzautori, 2006)
ietvaros Izraglas Tehnologijas institiita un Vacijas Kosmosa agentiiras veiktie
statiskas noturibas eksperimentu rezultati.

Tresaja nodala stiklaplasta cilindru statiska noturiba tika pétita skaitliski un
eksperimentali. Izmantojot 35 paraugus, tika veikti vairak ka 250 statiskas
noturibas eksperimentu. Rezultatiem, kas iegiiti atkartoti test€jot vienu un to pasu
paraugu, uzlabojas atkartojamiba, un kopuma kritiskas slodzes samazinajums
atkartotos eksperimentos netika noverots. Lai iegiitu vairaku eksperimentu
rezultatus no identiskiem paraugiem, katrs paraugs tika testéts atkartoti.

Pirmo divu paraugu sériju eksperimentalas parbaudes paradija lielu rezultatu
izkliedi, ar kritiska spéka standartnovirzi 21% no vidgjas vértibas nominali
identiskiem paraugiem. Pakapeniska izgatavoSanas tehnologiju un testéSanas
metodikas uzlaboSana lava bitiski samazinat So izkliedi, samazinot to Iidz 2.5%
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standartnovirzei nominali identiskiem paraugiem. Tacu cilindrisku ¢aulu jutiba pret
geometriskajam nepilnibam tika skaidri novérota visos eksperimentos, un
augstakie eksperimentali iegttie kritiskie speki bija tikai 65% no vértibam, kas
iegiitas aprékinos bez geometrisko nepilnibu ievérosanas.

Tika novérota biitiska atskiriba starp eksperimentalajiem un skaitliskajiem
rezultatiem gan kritiska speka, gan noturibas zuduma formu zina, tade] tika veikts
skaitlisks pétijums, lai novértétu geometrisko nepilnibu ietekmi uz p&tamo cilindru
noturibu. Tas paradija, ka, ievieSot Ipasvertibu aprékina iegiitas formas veida
geometriskas nepilnibas ar amplitadu 1/8 no sieninas biezuma, tika iegts kritiskas
slodzes samazinajums par 30%. Nepilnibu amplitiidas palielina$ana lidz 1/1 no
sieninas biezuma samazinaja kritisko slodzi vel vairak, Iidz 45% no sakotngjas
vértibas geometriski perfektam cilindram. Noturibas zuduma formas izmainas
netika noverotas lidz nepilnibu amplitiidai 1/2 no sieninas biezuma, tacu $1 forma
biitiski izmainjas pie lielakas apskatitas nepilnibu amplitiidas. Sis pétijums tika
turpinats eksperimentali un skaitliski apskatot slogojuma ekscentritates ietekmi uz
spiestu kompozito cilindru jutibu pret geometriskajam nepilnibam. Statiskas
noturibas eksperimenti tika atkartoti, novirzot paraugu garenasis attieciba pret
sferiska balsta rotacijas centru. Tika noverots, ka nestsp&jas samazinajuma
koeficients (KDF), kas noteikts ka attieciba starp eksperimenta iegltajiem
kritiskajiem spekiem pret geometriski perfektiem -cilindriem aprékinatajiem,
palielinas, palielinoties slodzes ekscentritatei. Sada tendence tika apstiprinata arf ar
paraleli veiktajam skaitliskajam pétijumam, kura nepilnibas tika ieviestas
Tpasvertibu aprékinos iegiito formu veida.

Teorétisku geometrisko nepilnibu formu ievieSana skaitliskajos modelos
izskaidroja atSkiribas starp eksperimentalajiem un aprékinu rezultatiem, tacu, lai
skaitliskie rezultati atbilstu eksperimentalajiem, geometrisko nepilnibu amplitida
bija japiemekle atbilsto$i testu rezultatiem. Tadel, lai varétu validét stiklaplasta
cilindru skaitliskas modelé$anas metodologiju, bija jaizméra paraugu geometriskas
nepilnibas un eksperimenti javeic loti uzmanigi, lai visi eksperimenta apstakli butu
skaidri zinami un varétu tikt nomodeléti. Otraja nodala aprakstita geometrisko
neprecizitaSu merjjumu iekarta tika darbinata manuali, un cilindra virsmas radialas
novirzes tika méritas pa aploci ar 7.5 mm soli, atkartojot meérjjumus ar vertikalu
soli 7.5 mm. Sis mérfjumu biezums atbilst galigo elementu tiklam, kas tika lietots
skaitliskajos modelos, un tadé] merfjjumu rezultatus nevajadz&ja interpolét, lai tos
ieviestu skaitliskajos modelos.

TreSajai stiklaplasta cilindru paraugu sérijai noméritas geometriskas
nepilnibas tika ieviestas skaitliskajos modelos un noveda pie loti Iidzigiem
samazinajuma koeficientiem, neskatoties uz butisko maksimalo radialo novirzu
atSkiribu: vienam paraugam tas bija 4/5 no sieninas biezuma ¢, bet otram tikai 1/6
no sieninas biezuma ¢. ST atskiriba noradija uz to, ka var biit nozimigakas un mazak
nozimigas geometrisko nepilnibu formas. Lai atrastu geometrisko nepilnibu formu
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butiskas un nebiitiskas komponentes, tika veikts skaitlisks pétijums, izmantojot Sos
nepilnibu mérfjumus. Katras cilindra asij paralélas mérjjumu punktu Iinijas dati
tika aproksiméti ar taisni, un §is taisnes veidoja nepilnibu globalo komponenti.
Atlikusas nepilnibas tika uzskatitas par lokalo komponenti. levieSot skaitliskajos
modelos tikai globalo nepilnibu komponenti, kritiskais spéks abiem modeliem
samazindjas par 9.7% un 2.5% salidzinot geometriski perfektiem modeliem,
kameér, ievieSot tikai lokalo nepilnibu komponenti, kritiskais speks samazinajas par,
attiecigi, 36% un 32%, kas ir loti tuvu samazinajumam, ko ieguva ieklaujot visas
noméritas nepilnibas. No ta ir secinats, ka maksimala geometrijas novirze no
idealas ka tada ir daudz mazsvarigaka par geometrisko nepilnibu formu, un, ka
nepilnibu formas, pie kuram cilindra sienina saglabdjas taisna garenvirziena,
kritisko speku ietekmé mazak, neka pargjas.

Statiskas noturibas eksperimenti, kuros izmantoti tre$as s€rijas paraugi, tika
filmeti ar atrdarbigu videokameru, ar atrumu 1000 kadri sekundg. Tas ]ava noverot
noturibas zuduma formas rasanos un attisttbu. Viena $ada eksperimenta laika
noverota noturibas zuduma formas attistiba ir paradita 4. att.

4. att.
Noturibas zuduma formas atfistiba pie kvazistatiska slogojuma

Ceturtas stiklaplasta cilindru paraugu s€rijas izgatavoSana tika izmantota ar
iepriek$€jiem paraugiem iegita pieredze, lai iegiitu pilnvertigus rezultatus, kas
lautu izvertét izveidotas modelesanas pieejas precizitati. Ipasa vériba tika pievérsta
detalam, kas potenciali varétu ietekmét cilindru noturibu, ka, pieméram, gala
platnu plakanums un paralelitate. Pirms noturibas eksperimentiem Siem paraugiem
tika noméritas sakotngjas geometriskas nepilnibas. Riipiga paraugu izgatavoS$ana
un test€Sana, ka ari informacija par paraugu geometriskajam nepilnibam lava
izveidot precizus skaitliskus modelus, kas ABAQUS/Explicit galigo elementu
aprekina deva kritisko speku, kas atSkiras no vidgja eksperimentali ieglita mazak
par 6% ar 95% ticamibu. Skaitlisko simulaciju precizitati apstiprina arT noturibas
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zuduma formu, kas tika noveérotas eksperimenta, preciza atbilstiba skaitliskajas
simulacijas iegiitajam, ko var uzskatami redzet 5. att.

Paraugs 3-1 Paraugs 3-2

Eksperimentali Skaitliski Eksperimentali Skaitliski
5. att.
Eksperimentali un skaitliski iegfito noturibas zuduma formu atbilstiba

Ceturtaja nodala tika pétita stiklaplasta cilindru noturiba pie Tslaicigiem
dinamiskiem slogojumiem. Tika veikti vairak neka 300 dinamiskas noturibas
eksperimenti ar slogojuma laikiem no 12 Iidz 120 ms, izmantojot hidrauliskas
slogoSanas iekartas un triecientorni. Katra eksperimenta ir atrasts dinamiskas
slodzes koeficients (DLF), kas izteikts ka kritiska speka pie dinamiska slogojuma
attieciba pret kritisko sp&ku pie statiska slogojuma.

Dinamiskas noturibas eksperimenti ar otras s€rijas paraugiem tika veikti ar
eksperimentalo iekartu Instron, nodro$inot slodzes impulsa ilgumus no 30 ms lidz
120 ms. Rezultata iegiiti DLF robezas no 0.98 lidz 1.46, kas uzrada vispargju
sakaribu, ka palielinoties slogojuma atrumam, pieaug DLF. Tomér, izvertgjot Sos
rezultatus, ir janem vera ar Siem paraugiem iegiito eksperimentalo rezultatu liela
izkliede, kas v€lak tika samazinata uzlabojot paraugu izgatavos$anas un testéSanas
metodes.

Skaitliski modeli ar geometriskajam nepilnibam, kuru forma atbilst lineara
IpaSvertibu noturibas aprékina iegiitajai formai, ir izstradati un pieskanoti
eksperimentalajiem rezultatiem, kas iegiiti ar tiem otrds s€rijas paraugiem, kas
nodroginaja labako eksperimentu atkartojamibu. Sie modeli tika izmantoti, lai
pétitu stiklaplasta cilindru noturibu pie slogosanas atrumiem, kas batiski parsniedz
pétijuma izmantoto eksperimentalo iekartu kapacitati. Pie loti Tsa slogojuma ilguma
ir griiti noteikt kritisko slodzi, ja tiek uzdots parvietojums, ka tas notiek
eksperimenta, tade| Saja p&tijuma modelim tika pielikta slodze ar dazadiem slodzes
pieauguma atrumiem. Lai noteiktu kritisko slodzi, katrai simulacijai tika veidots
Budiansky-Hutchinson (Budiansky un Hutchinson, 1964) grafiks, kura uz vienas
ass ir pielikta slodze, bet uz otras — ¢aulas maksimalais radialais parvietojums, un
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par kritisko slodzi piepemta ta, pie kuras $is maksimalais parvietojums parsniedz
noteiktu lielumu. Kritiskais maksimalais parvietojums tika piepemts tads, lai
izslegtu dinamiska slogojuma izraisitas Caulas svarstibas un identificétu tiesi
noturibas zuduma punktu. Petfjuma ieglitie DLF atkaribas no slodzes iedarbibas
ilguma grafiki ir paraditi 6. att. divos dazados merogos, kopa ar atbilstoSajiem
eksperimentalajiem rezultatiem. Ir redzams, ka DLF palielinas gandriz
nepartraukti, Iidz ar slogojuma laika samazinaSanos un atruma palielinasanos.
Tomér, nelieli kritumi DLF likn@s ir nov€rojami visiem tris modeliem slodzes
ilguma intervala no 0.5 ms lidz 1 ms. Sis laiks aptuveni atbilst laikam kas
nepieciesams, lai sprieguma vilnis izietu cauri paraugam no viena gala Iidz otram
un atpakal]. Saskapa ar Abramovich un Yaffe (2003) skaitliski iegiitajiem
rezultatiem, pie $adiem slogojuma ilgumiem DLF var klit mazaks par 1.00, tas ir,
kritiska slodze pie dinamiska slogojuma var biit zemaka, neka pie statiska, tacu, tas
netika novérots $aja petyjuma.

6

—— RTU #16 skaitliski
—— RTU #4 skaitliski RTU #16 skailiski

K —— RTU #4 skaitliski

5 RTU #1-4 skailiski RTU #1-4 skaitlski

25 ®  RTU#16 eksperimentali

| ® RTU #4 eksperimentali
O RTU#1-4 eksperimentli

N

Dinamiskas slodzes koeficients DLF
@
Dinamiskas slodzes koeficients DLF
@

Slogojuma ilgums t [ms] Slogojuma ilgums t [ms]
(a) (b)
6. att.
DLF-laika grafiki, kas iegtiti, izmantojot otras s€rijas paraugus
(a) — skaitliskie rezultati; (b) — skaitliskie un eksperimentalie rezultati

Stiklaplasta cilindru dinamiskas noturibas eksperimentals pétijums,
izmantojot treSo paraugu seriju, tika veikts, izmantojot hidraulisko slogoSanas
iekartu MTS un triecientorni, kas lava noverot noturibas zudumu pie dazadiem
slogojuma atrumiem un slodzes darbibas ilgumiem. Hidrauliskas slogosanas
iekartas izmantoSana nodroSinaja salidzino$i skaidrus eksperimenta apstaklus un
precizus slodzes un parvietojuma mérjjumus, tacu maksimalais parvietojuma
atrums ierobezoja slogoSanas atrumu lidz 0.8 kN/ms. Neskatoties uz to, tika iegiiti
DLF no 0.94 Ilidz 1.21, un novérota vispargja tendence, ka DLF palielinas,
palielinoties slogoSanas atrumam. Eksperimenti tika filmeti ar atrdarbigu
videokameru, ar atrumu 1000 kadri sekundg, kas lava novérot noturibas zuduma
formas attistibu (7. att.) un konstatét, ka, pie dotajiem slogoSanas atrumiem, ta ir
lidziga kvazistatiska slogojuma gadijuma novérotajam (4. att.).
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7. att.
Noturibas zuduma formas attistiba pie dinamiska slogojuma

Dinamiskas noturibas eksperimenti, izmantojot tos paSus tresas serijas
paraugus, tika veikti arT izmantojot triecientorni, kas lava iegiit slogosanas atrumu
lidz 10 kN/ms un slogojuma ilgumu no 12 ms lidz 33 ms. Lai regulétu slodzes
lielumu un ilgumu, tika izmantotas dazada stinguma starplikas starp paraugu un
kritoso atsvaru. Lielaka slodze tika iegiita ar stingakam starplikam, bet tas ilgums
mainijas atkariba no trieciena energijas. Sajos testos tika iegitas DLF vértibas no
0.82 Iidz 1.41, un to atkariba no slodzes impulsa ilguma ir paraditas 8. att. DLF,
kas mazaks par viens, tika iegiits tikai ar vienu no paraugiem (Paraugs 2-1), pie
zemakajiem slodzes darbibas ilgumiem, bet pargjos gadijumos DLF ir Skietami
neatkarigi no slodzes darbibas ilguma. Savukart, rezultati, kas iegliti ar otru
paraugu (Paraugs 2-2) parada DLF palielinasanos lidz ar slogojuma ilguma
pieaugumu. Tas sava zipa ir pretruna ar rezultatiem, kas $aja petjjuma iegiiti ar
hidrauliskajam testé$anas iekartam, tacu ir jaievéro bitiskas atSkiribas starp abu
testéSanas metozu pamatprincipiem.

Paraugs 2-1 Paraugs 2-2
15 15
w14 = w14
o} ur
a [}
2 2 [}
£ 13 An b ., £ 13 LR
2 v . 2
2 v L] 2
S 12 v s 5 12 A v T
£ L] 2 24
@ ?
8 11 3 14 2 ®.
3 5 oo
o °
@ @
210 ° L
k] ® 10 mm augstums (cieta starplika) <
) ° @ 11 mm augstums (stingaka starplika) € o9 ® 25 mm augstums
g ° v 22 mm augstums & @ 50 mm augstums
£ oo ® A 50 mm augstums s v 100 mm augstums
08 m 100 mm augstums 08 A 150 mm augstums (padevigaka starplika)
@ 100 mm augstums (stingaka starplika) 200 mm augstums
07 07
12 14 6 18 20 2 24 26 28 30 10 15 20 25 30 35
Slogojuma ilgums zfms] Slogojuma ilgums 7 [ms]
8. att.

DLF -slodzes ilguma rezultatu izkliede, kas iegiita izmantojot triecientorni

Ceturtas paraugu s@rijas dinamiskas noturibas eksperimenti tika veikti tikai
hidrauliskaja slogoSanas iekarta, jo triecientorni realiz€to testu rezultati nebija
precizi un viennozimigi interpret€jami. SlogoSanas iekartas maksimalais
parvietojuma atrums lava slogot paraugus ar atrumu Iidz 5 kN/ms, un tika iegtti
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DLF no 1.04 Iidz 1.10. Eksperimentali iegiita DLF atkariba no slogojuma laika ir
paradita 9. att., kopa ar skaitlisko p&tfjumu rezultatiem. Izmantojot izveidotos
skaitliskos modelus, tika veiktas eksperimentu simulacijas, tadejadi veicot
piedavatas aprékinu metodikas validaciju. AtSkiriba starp eksperimentali un
skaitliski iegiitajiem kritiskajiem spekiem pie dinamiska slogojuma neparsniedza
1% paraugam 3-1 un 4% paraugam 3-2. Izmantojot validétos modelus, tika veikts
skaitlisks pétfjums, kura slogojuma atrumu neierobezoja eksperimentalo iekartu
kapacitate, un tika apskatiti slogojuma atrumi no 1 kN/ms Iidz 1350 kN/ms.
Skaitliskie rezultati parada gandriz vienmérigu DLF pieaugumu, samazinoties
slogojuma laikam Iidz noturibas zudumam. Neliels nevienmérigums DLF
pieauguma ir noveérojams ap slodzes darbibas laiku 0.6 ms, kas aptuveni atbilst 1/4
no pétamo cilindru passvarstibu perioda. Noturibas zuduma formas pakapeniski
pariet no formam ar mazaku vilpu skaitu, ka kvazistatiska slogojuma gadijuma, uz
formam ar lielaku vilpu skaitu, Iidz tas klist tuvas aksisimetriskai noturibas
zuduma formai. Sis noturibas formas zuduma izmainas ir paraditas 10. att.
Izmantojot tos pasus validétos skaitliskos modelus, tika pétita arT cilindrisku
stiklaplasta ¢aulu noturiba peksni pieliktas slodzes gadijuma. Art $aja gadijuma ir
noverojams vienmerigs DLF pieaugums, samazinoties slogojuma laikam, un
noturibas zuduma formas mainas lidzigi ka pie vienmerigi pieaugosas slodzes.
Tomeér, atskiriba no gadijuma ar vienmérigi pieaugosu slodzi, zemakie iegiitie DLF'
bija 0.80 un 0.81. Salidzinajumam, tika veiktas simulacijas, neieklaujot sakotngjas
geometriskas nepilnibas, un $ada veida iegita kritiska slodze bija tikai par 0.45%
augstaka. Tas ir skaidrojams ar to, ka peks$pa slodzes pielikSana izraisija cilindra
svarstibas, kuru ietekme uz kritisko slodzi ir lidziga ka sakotngjam geometriskajam
nepilnibam. Lidz ar to, péksnai slodzei paklauts cilindrs ir mazak jutigs pret
sakotngjam geometriskajam nepilnibam, neka kvazistatiskas slodzes gadijuma.
Petijuma iegiitie DLF atkaribas no slodzes iedarbibas ilguma grafiki ir paraditi 9.
att. divos dazados mérogos, kopa ar atbilstosajiem eksperimentalajiem rezultatiem.

15 45

—— Modelis 3-2 vienmeérigi
Modelis 3-1 paksni
13 Modelis 3-2 paksni
—— Modelis 3-0 paksni
®  Paraugs 3-1 eksperimentali
@  Paraugs 3-2 eksperimentali

—— Modelis 3-2 pakapeniski
Modelis 3-1 peksni

Modelis 3-1 vienmarigi 404 \ —— Modelis 3-1 pakapeniski
354 Modelis 3-2 paksni

Modelis 3-0 peksni

3.0 4

2.5

Dinamiskas slodzes koeficients DLF
Dinamiskas slodzes koeficients DLF

0 10 20 30 40 50 0.0 0.5 1.0 15 2.0 25 3.0

Slogojuma ilgums t [ms] Slogojuma ilgums t [ms]

9. att.
DLF-laika grafiki, kas iegiiti, izmantojot ceturtas s€rijas paraugus
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DLF =1.02 DLF=1.21 DLF=1.40 DLF=1.64 DLF=1.63 DLF=3.12
t=546ms t=3.24ms t=125ms t=0.73ms t=0.60 ms t=0.25

10. att.
Noturibas zuduma formas un DLF pie dazadiem slogojuma ilgumiem

Piekta nodala veltita skaitliskiem liektu, ribotu ogleklplasta panelu statiskas
un dinamiskas noturibas pétjjumiem. Izmantojot ABAQUS galigo elementu
programmatiiru, tika izstradati tris dazadu liektu, ribotu ogleklplasta panelu
skaitliski modeli. Ar Siem modeliem tika veikti noturibas aprékini, izmantojot
programmu ABAQUS/Explicit, un to rezultati verificéti un validéti izmantojot
projekta COCOMAT ietvaros iegiitos eksperimentalos datus. Visu tris panelu
eksperimentali un skaitliski iegiitas slodzes-parvietojuma Iiknes ir paraditas 11. att.
Ta ka Saja disertacija tiek apskatita elastigs noturibas zudums, paraugu sabrukums
netika modeléts.

Slodze P [kN]
Stodze P [N]
Slodze P [kN]

00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Parvietojums u [mm] Parvietojums u [mm] Parvietojums u [mm]

(a) (b) (©)
11. att.
Liektu, ribotu ogleklplasta panelu aprékinu validacija
(a) — Panelis Nr.1; (b) — Panelis Nr. 2; (c) — Panelis Nr. 3

Izmantojot eksperimentali validétos skaitliskos modelus, ir veikts liektu,
ribotu ogleklplasta panelu jutibas pret geometriskajam nepilnibam pétijums.
Skaitliskie modeli tika papildinati ar maksligdm geometriskajam nepilnibam, kas
atbilst Tpasvertibu aprékina ieglitajam noturibas zuduma formam, ar amplitidu Iidz
panela apSuvuma biezumam, un apSuvuma noturibas kritiskajam spekam tika iegiiti
KDF no 0.71 Iidz 0.98. Katram no paneliem kada no apskatitajam nepilnibu
formam palielindja panela globalas noturibas kritisko speku, lidz pat 112% ,
salidzinot ar geometriski perfektu paneli. Paneliem, kuru malas bija brivi balstitas,
globalas noturibas gadijuma jutiba pret geometriskajam nepilnibam bija salidzinosi
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neliela, un tika iegliti KDF robezas no 0.96 lidz 1.12. Turpreti, panelim, kura malas
netika balstitas vispar, viena gadijuma tika iegiits globalas noturibas KDF 0.70. Lai
ari geometriskas nepilnibas bitiski ietekmé kritiskas slodzes, pétamo panelu
stabilas p&cnoturibas uzvedibas d€] §is nepilnibas praktiski neietekmé&ja slodzes-
parvietojuma liknes. Ta ka realo paraugu geometrisko nepilnibu dati nebija
pieejami, turpmakajos dinamiskas noturibas pétijumos tika lietoti geometriski
perfekti skaitliskie modeli.

Sekojot kompozito cilindru gadijuma pielietotajai praksei, eksperimentali
validetie liektu, ribotu ogleklplasta panelu modeli tika izmantoti So panelu
noturibas pétljumiem pie vienmerigi pieaugosam un peksni pieliktam slodzem.
Petfjums aptvera vienmerigi pieaugosas slodzes no 7 kN/ms lidz 2700 kN/ms, un
kritiska speka atrasanai tika lietoti Budiansky-Hutchinson tipa grafiki. Peksni
pieliktas slodzes gadijuma tika izmantota lidziga pieeja, tacu, ta ka slodze $aja
gadfjuma ir konstanta, slodzes ass vieta tika lietota laika ass, un atrasts slodzes
darbibas ilgums, pie kura panelis zaude noturibu. Abos gadijumos kritiska slodze
vai kritiskais laiks tika noteikts, kad maksimalie parvietojumi slogojumam
perpendikulara plakné parsniedza zinamu vertibu.

Vienmerigi pieaugosas slodzes gadijuma, apSuvuma noturibai tika iegtti DLF
no 1.12 Iidz 9.30, bet globalajai noturibai — no 0.90 lidz 12.65. Tikai viena panela
gadijuma kritiskais sp&ks pie vienmerigi pieaugosSas slodzes bija mazaks neka pie
statiskas slodzes. DLF atkariba no slogosanas laika ir paradita grafiski 13. att. Ir
atseviskas liknes apSuvuma noturibai un panela globalajai noturibai. Lidzigi, ka
cilindrisku caulu gadfjuma, ir redzams DLF pieaugums samazinoties slodzes
darbibas laikam, tacu apskatito panelu gadijuma $is pieaugums nav tik vienmerigs.
Vairakuma gadijumu, nevienmé@ribas atbilst noturibas zuduma formu izmainai, bet
ne vienmer. Pieméram, panela Nr.1 noturibas zuduma formu izmainas ir paraditas
12. att.

Tie pasi modeli tika izmantoti liektu, ribotu ogleklplasta panelu noturibas pie
peksni pieliktas slodzes petijumiem. Tika apskatitas slodzes no 15 kN lidz 1350 kN
un iegiiti DLF no 0.88 Iidz 8.98 globalajai noturibas zuduma formai, un no 0.30
lidz 15.73 apSuvuma noturibas zudumam. Lidzigi, ka cilindrisku ¢aulu gadijuma,
zema apSuvuma noturiba pie peksni pieliktas slodzes ir saistama ar jutibu pret
geometriskajam nepilnibam un peksni pieliktas slodzes izraisitajam svarstibam.
Panela globalas noturibas gadijuma, slodzes péksna pielikSana nesamazina kritisko
speku tik dramatiski, jo globalo noturibu geometriskas nepilnibas ietekmé daudz
mazaka méra. Jaatzimé, ka, atSkiriba no gludam c¢aulam, apSuvuma noturibas
zudums apskatito panelu gadijuma nenozimé pilnigu sabrukumu, jo, apSuvumam
zaudgjot noturibu, paneli saglaba pozitivu stingumu. V&l jo vairak, ja apSuvums
zaude noturibu peksni pieliktas slodzes ietekmé, tas atgriezas sakotngja lidzsvara
forma, ja pielikta slodze ir mazaka par statisko apSuvuma noturibas kritisko slodzi.
Tadejadi, sadas konstrukcijas ir noturigakas peksni pieliktas slodzes gadijuma.
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DLF=1.62 DLF = 1.50 DLF =2.65 DLF =2.69
t=5.81 t=5.03 t=1.39 t=1.00

12. att.
Noturibas zuduma formu izmainas panelim Nr.1

—— Pakapeniski, lokala noturiba —— Pakapeniski, lokala noturiba

5 Pakapeniski, globala noturiba
—— Pakani, lokala noturiba
Paksni, globala noturiba

s Pakapeniski, globala noturiba
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P&ksni, globala noturiba
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—— Pakapeniski, lokala noturiba
5] —— Pakapeniski, globala noturiba
P&ks3ni, lokala noturiba
Peksni, globala noturiba

Dinamiskas slodzes koeficients DLF
w

Slogojuma ilgums t [ms]
(©)
13. att.

DLF-laika grafiki liektiem, ribotiem ogleklplasta paneliem
(a) — Panelis Nr. 1; (b) — Panelis Nr. 2; (c) — Panelis Nr. 3
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SECINAJUMI

Promocijas darba skaitliski un eksperimentali tika izpétita gludu un ribotu
kompozito Caulu noturiba pie dazada veida islaicigam dinamiskajam slodzém:
pulsveida, pakapeniski pieaugosas un peksni pieliktas.

Pilnveidojot izgatavosanas un eksperimentalas metodes, ir izgatavotas un
eksperimentali parbauditas 35 dazadu izméru cilindriskas stiklaplasta caulas.
Balstoties uz statistiski ticamu statiskas un dinamiskas noturibas eksperimentu
skaitu un validétu skaitlisko aprékinu rezultatiem, iegiiti $adi secinajumi:

I Eksperimentali un skaitliski ir apstiprinata cilindrisko ¢aulu jutiba pret
geometriskajam nepilnibam. Pieradits, ka $o nepilnibu formas veidam ir daudz
lielaka ietekme uz kritisko slodzi, neka to amplitadai.

I Teteikts veikt realu paraugu geometrisko nepilnibu mérfjumus, lai varétu
precizi skaitliski nomodel&t ¢aulas noturibas zudumu un iegtitu ticamus rezultatus.

Il Izstradata dinamiski slogotu cilindrisku kompozito caulu noturibas
eksperimentalo parbauzu procediira. ST procedira nodrofindja labu rezultatu
atkartojamibu, ar 2.5% standartnovirzi, un vidgjas eksperimentali iegiitas kritiskas
slodzes sakritibu ar skaitliski iegtito 6% robezas, ar 95% ticamibu.

IV Eksperimentalo parbauzu metodologijas izstrades laika konstat&ts, ka, lai
veiktu precizu cilindriskas Caulas noturibas eksperimentu, kura rezultatus varétu
izmantot aprékina metozu validacijai, TpaSa v&riba ir japiever$ stingri noteiktu
robeznoteikumu nodrosinasanai un vienmerigai slodzes izkliedei.

V Eksperimentali demonstréts kritiskas slodzes pieaugums vienmerigi
dinamiski slogotiem kompozitajiem cilindriem, palielinoties slogoSanas atrumam.
Eksperimentali validéti skaitliskie aprékini $o tendenci apstiprina.

VI Paradits dinamiska slogojuma veids, kuram visa diapazona plansienu
kompozitajam konstrukcijam kritiska slodze ir augstaka, neka kritiska slodze pie
kvazistatiska slogojuma.

VII Piedavata validéta kompozito konstrukciju noturibas aprékinu metodika,
kas lautu izmantot dinamiskas noturibas fenomena radito svara sazinaSanas
potencialu.

VI Paradits viskritiskakais dinamiska slogojuma veids konstrukcijam, kas ir
jutigas pret sakotngjam geometriskajam nepilnibam, pie kura kritiska slodze ir
butiski zemaka, neka pie kvazistatiska slogojuma.

IX Demonstréts, ka, p€ksni pieliktas, bet ilgstosas slodzes gadijuma,
konstrukcijas geometriskajam nepilnibam ir daudz mazaka ietekme uz tas noturibu
neka pie citiem slogojuma veidiem.
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REVIEW OF THESIS

Topicality of Thesis

The use of composites in aerospace, wind turbine, automotive and sports
industries has been steadily increasing over the last three decades. Their high
stiffness and strength characteristics make composites the material of choice in
many applications requiring weight-efficiency. However, the composite structures
still lack vast amount of knowledge that has been accumulated for traditional metal
structures. Therefore, the composites have a weight-saving potential that could
allow tailoring of light-weight structures to suit the consumer needs better.

Several areas have been identified which are not fully exploited and restrict
potential improvement of weight-efficiency of composite structures: post-buckling
capabilities, damage tolerance, imperfection robustness and also loading dynamics.
Post-buckling and collapse of stiffened composite shells are being investigated in
order to create reliable simulation tools and improve design guidelines. Research
on the robustness of the composite shells is being performed to improve the
obsolete knock-down factor approach. This outdated approach has been defined for
metallic shells in the sixties, and updating it according to modern production
methods and capabilities of modern composites present a significant potential.
Different investigations show that in various cases of dynamic loading the buckling
loads can be both higher and lower than the static buckling load. However, the
current structural design procedures incorporate assumption of the loads as
quasistatic, while maintaining reliability by applying conservative safety
coefficients. Therefore, considering the load dynamics in the design procedure
would lead to safer and more efficient structures.

A reliable analysis approach is needed in order to benefit from the weight-
saving potential of dynamically loaded composite structures, while maintaining the
reliability. The analysis approach has to be experimentally validated to be
considered reliable. However, as it was concluded from the literature review, very
few experimental results on dynamic buckling of composite shells have been
published this far. Moreover, there are only some numerical studies where
experimentally validated numerical models are used for simulation of the dynamic
buckling behaviour of composite shells.  Therefore, dynamic buckling of
composite shells has been investigated experimentally and theoretically in this
thesis. An experimentally validated approach has been developed for buckling
analysis of dynamically loaded stiffened and unstiffened composite shells.
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Aims of Thesis

The current design procedures for the composite structures, which are often
subjected to highly dynamic loads, simplify the designing process by assuming the
loads as quasistatic and applying conservative safety factors. Considering the
loading dynamics would allow to produce lighter, cheaper and also more reliable
composite structures for the future.

The aim of this thesis is the development and physical validation of reliable
dynamic buckling and post-buckling analysis approaches suitable for engineering
applications.

Research objectives

e Development of a stability analysis procedure for composite structures
under the dynamic loading;

e Elaboration of a composite shell production method for experimental
validation of the developed analysis procedure;

e Establishment of a testing procedure for composite shells under quasi-
static and dynamic loads;

e Validation of the developed analysis approach with the experimental
results;

o Experimental evaluation of the loading rate influence on buckling
behaviour of the composite shells;

e Numerical evaluation of the dynamic loading type and duration influence
on dynamic buckling behaviour of composite structures using the
validated models.

Scientific novelty of Thesis

In present thesis, dynamic buckling of composite cylinders has been studied
experimentally. To perform these experiments, a procedure has been established
for static and dynamic buckling tests of cylindrical composite structures.

An approach for numerical modelling the buckling behaviour of cylindrical
composite shells under static and dynamic loads has been elaborated. Non-linear
finite element models of cylindrical GFRP shells have been created and validated
against the results of static and dynamic buckling experiments.

The changes in imperfection sensitivity of cylindrical GFRP shells due to the
eccentricity of loading have been evaluated. Buckling tests and simulations of
these shells under axial and eccentric compression have been performed.

Thesis has revealed the influence of the loading type and duration on the
buckling behaviour of unstiffened and stiffened shells. Buckling of cylindrical

25



GFRP shells and curved stiffened CFRP panels under various dynamic loadings
has been studied using experimentally validated numerical models.

Practical value of Thesis

The established buckling testing procedure has been approbated at Riga
Technical University. This testing procedure will allow further expansion of the
research on buckling of composite structures under static and dynamic loads.

The developed analysis approach for the buckling simulations of stiffened and
unstiffened composite shells has been validated with experimental results and can
be applied for buckling analysis of thin-walled composite structures under static
and dynamic loads e.g. sail boats, aircraft and wind turbines.

The loading conditions, which increase the buckling load, and the loading
conditions, which decrease the buckling load, have been identified by means of the
numerical studies. Therefore, a weight-saving potential has been found and
reliability issues have been revealed for the improvement of the designing
procedures.

Results presented for the defence of Thesis

- A static and dynamic buckling testing procedure for cylindrical
composite structures;

- A database of experimental results on dynamic buckling of cylindrical
GFRP shells;

- Numerical models of the cylindrical GFRP shells updated with measured
imperfections and validated using the results of dynamic buckling
experiments;

- Relation between the loading dynamics and the buckling behaviour of
composite cylindrical shells and curved, stiffened panels.

Composition and volume of Thesis
Doctoral thesis contains 5 chapters, conclusions and references. Thesis

volume includes 170 printed pages, 124 figures, 19 tables and references to the
literature containing 146 publication titles.
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Approbation and publications of Thesis

Results of this doctoral thesis have been reported and discussed at the
following international conferences and scientific meetings:

27" ICAS Congress (Nice, France, 2010);

IV European Conference on Computational Mechanics (Paris, France,
2010);

Latvian National Committee of Mechanics meeting (Riga, Latvia, 2010);
51% RTU Scientific conference (Riga, Latvia, 2010);

50" RTU Scientific conference (Riga, Latvia, 2009);

Mechanics of Composite Materials 2008 (Riga, Latvia, 2008);

20™ Nordic Seminar on Computational Mechanics (Gothenburg, Sweden,
2007);

4™ Conference on Strength, Durability and Stability of Materials and
structures (Palanga, Lithuania, 2007).

The results of the thesis have been stated in 19 publications, 4 of which are
cited in the EBSCO database and one is a Springer Science+Business Media, Inc.
journal publication.
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STRUCTURE OF THESIS

The flowchart of the research performed within this thesis is presented in Fig.
14 describing the interconnections between the research steps.

Review of Literature
Bars Static buckling

Plates } <:> :Dynamic buckling

Stiffened panels Imperfection sensitivity

Cylinders Curved, stiffened panels

| 1T |
Experiments Numerical analyses
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o
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L)

Production

Results +||'

Fig. 14
Structure of the research described within this thesis
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THESIS CONTENTS

In the first chapter, the literature review on buckling of thin-walled
structures under various loadings is presented. It was found that most of the
experimental investigations on dynamic buckling of shells have been performed on
isotropic specimens, and many of them have been published in the sixties. In order
to gather the accumulated knowledge on experimental investigations of dynamic
buckling of shells, number of significant publications from the second half of the
last century has been reviewed.

Early experimental results on buckling of cylindrical shells have been
compared with the analytical solutions of the linear classical theory and
experiments. A significant scatter among the experimental results has been
outlined by many authors and experimental values were always much lower than
theoretical ones. This discrepancy between the theoretical and experimental
buckling loads led to the awareness of the imperfection sensitivity of the
cylindrical shells. Since seventies, measurements of geometric imperfections have
become an integral part of a properly carried out shell buckling tests, and majority
of numerical studies consider the imperfections measured on real specimens.

Since the introduction of the composites in the sixties, investigations on
buckling of composite cylinders have been performed. This early research
concerns mostly filament-wound cylinders, which are relatively easy to produce,
but difficult to model because of the specific fibre alignment. Development of pre-
impregnation technology allowed improving the performance of composite
structures by tailoring the stacking sequences more easily. The influence of the
stacking sequence on the buckling load of a cylinder has been studied by
Zimmermann (1996), and Geier et al. (1991) found stacking sequences which
would increase the robustness of a shell. Degenhardt et al. (2010) had been using
probabilistic and deterministic approaches to suggest improvements in the overly-
conservative knock-down factor approach.

Extensive studies on buckling of composite cylinders under various loadings
have been carried out at Politecnico di Milano, where sophisticated experimental
methods have been elaborated by Giavotto et al. (1991) to obtain consistent
loading and boundary conditions. This research has been extended by Bisagni and
Cordisco (2006) by also investigating buckling and collapse of stiffened composite
cylinders and assemblies of stiffened composite panels under compression, torsion
and combined loadings.

With the development of supersonic aircraft, spacecraft and launch and re-
entry vehicles, buckling of lightweight structures under dynamic loads gained
significant interest. Early investigations have shown alterations in the buckling
behaviour of structures if they are loaded at high loading rates. The effect of
applying a load over a short time has been studied by Roth and Klosner (1964)
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identifying a significant increase in the dynamic buckling stress with a reduction of
loading duration. Humphereys and Zatlers (1965) performed experiments to verify
the theory of Roth and Klosner (1964) and found a good correlation of the
experimental and theoretical results. The early experimental methods for
verification of the derived theories used blast loadings and were much more
expensive and complicated comparing to the static buckling and still there is lack
of experimental data on dynamic buckling phenomena. Besides, in case of dynamic
loadings, it is more difficult to identify the buckling, as the dynamic buckling
criteria are not as clear as for static buckling. Multiple criteria have been developed
over the years and dynamic buckling criterion by Budiansky and Hutchinson
(1964) is the most recognised. This criterion is based on plotting the maximum
response measure of a structure versus a load parameter, and finding the load
parameter at which the steepest rise of the response measure occurs.

Extensive research on dynamic buckling has been performed at the Israel
Institute of Technology since eighties. Impact loads have been used in their
experimental studies, and good correlation with theory has been achieved for
simple structural elements. Some experimental results on dynamic buckling of
columns and plates are presented by Ari-Gur et al. (1982), Weller et al. (1989),
Abramovich and Grunwald (1995). The common finding in these investigations
was that the buckling load is generally higher at shorter load durations, but it
suddenly gets lower than the static buckling load when the load duration
corresponds to half of the natural bending period of the structure. Buckling of
aluminium cylindrical stringer stiffened shells under dynamic axial loading has
been investigated both experimentally and numerically by Yaffe and Abramovich
(2003). In the experiments, the load was introduced by a dropping mass and the
dynamic buckling of the shell was observed; however, no test results were obtained
to form a sound experimental database. The numerical results have shown that the
dynamic buckling load of their numerical models is higher at shorter load
durations, even when the load duration corresponds to the half of the natural
bending period of the shell. However, the dynamic buckling load falls below the
static buckling load when the load duration corresponds to the time that takes for a
stress wave to travel from one end of the cylinder to the other and back.

Results of the literature review allowed identifying the main research goals,
which are important for improvement of the weight-efficiency of composites
structures by considering the dynamics of the load:

- Estimation of the imperfection influence on structural stability;

- Development and approbation of a dynamic buckling testing procedure;

- Development and experimental validation of a modelling methodology

for dynamic buckling of thin-walled composite structures;

- Identification of the influence of various dynamic loading types and

parameters on buckling behaviour of thin-walled composite structures.
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In the second chapter, the materials and experimental methods used within
the thesis have been presented. Taking into account the fact that no experimental
results on dynamic buckling of composite shells have been published to date, the
experimental methods and planning and specimen production have been described
in detail. Specimen production technology has been elaborated delivering 35 glass
fibre reinforced plastic (GFRP) cylindrical specimens. The production technology
has been gradually improved through the research, and variety of glass fibre
fabrics, resins and production technologies have been tested. The free length L of
the prototyped cylinders varied from 400 to 700 mm and the inner radius R was
either 150 or 250 mm. In order to apply thin shell theories in the analyses, the
radius to the shell wall thickness ratio R/¢ has been chosen from 0.62 to 1.2 mm.
All the specimens were designed to withstand the buckling deformations without
significant damage accumulation, so they could be used for repetitive buckling
tests.

Small coupon material mechanical property tests have been performed at RTU
IMS according to the relevant ISO 527-4:1997 standard for laminates. Both flat
composite plates, produced using the same technology and materials as the
cylinders, and cut outs from cylinders have been used for coupon preparation.

A special attention has been given to the uniformity (or non-uniformity) of the
applied load because, as outlined by many authors, it influences the buckling
behaviour of the cylindrical shells significantly. The testing procedure has been
gradually improved to address this issue. The first series of the cylinders had the
edges reinforced by additional layers of GFRP. However, it was concluded that this
was not enough to ensure the even load distribution, as the cylinders buckled at
very low loads and had irregular buckling patterns. The second series of specimens
had the edges potted into plywood plates, which improved the load distribution, as
indicated by the increased buckling loads and buckling shape regularity for some
specimens. On the downside, the deformations of the plywood plates due to
humidity resulted in prestressed state of some of the specimens, which led to
inconsistent results in those test series. Precisely machined aluminium plates have
been used to ensure the even load distribution and consistent boundary conditions
for last two series of specimens. The specimens from the final series are shown in
Fig. 15.

A geometrical imperfection measuring set-up has been assembled to perform
the imperfection scans of last two series of the specimens. The set-up consisted of
rotating table for measuring geometry in circumferential direction and vertical axis
for measuring in longitudinal direction. The radial imperfections were recorded
using Keyence LK-501 CCD laser displacement sensor, attached to the vertical
axis. It should be noted that only the external surface of the cylinder could be
measured using this device, leaving the shell thickness variations unknown.
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The last two series of the GFRP had from three to seven pairs of strain
gauges, depending on the specimen, bonded in order to monitor the compressive
and bending strains during the static and dynamic buckling tests. The strain
measurements indicated that the load cell measurements become inaccurate in the
dynamic tests and used for axial load estimations.

(b)

GFRP cylinder specimens: Type 3-1 (a) and Type3-2 (b)

Fig. 15

Two distinct hydraulic testing rigs have been used for both static and dynamic
buckling experiments. All of the specimens, except the third series, have been
tested in the Instron 8802 loading frame pictured in Fig. 16. It has the maximum
load capacity of 250 kN and the maximum velocity of the actuator about 190
mm/s. The MTS machine is similar, but smaller, with 100 kN capacity and
maximum velocity of the actuator about 80 mm/s, and it has been used for testing
the third series of specimens. The limited velocities resulted in very limited
minimum load pulse durations, namely, 30 ms in case of the Instron test rig and 50
ms in case of the MTS.

Dynamic buckling experiments have been performed also using a drop tower.
This method turned out to be less accurate; however, pulse durations of 12 ms
could be achieved using this method. The simple drop-tower based dynamic
buckling test setup consisted of the drop-tower columns and the dropping mass
with the release mechanism, and a steel honeycomb insert between the mass and
the specimen. The parameters of the load pulse were altered by changing the
stiffness of the insert and the impact energy. The load-time and displacement-time
histories have been estimated from the measurements of a load cell, accelerometer
and strain gauges.
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All numerical buckling simulations of the cylindrical GFRP shells and
stiffened curved CFRP panels in this thesis was the ABAQUS/Explicit finite
element code. ABAQUS is a general purpose finite element software package
certified for aviation, with linear and non-linear, static and dynamic capabilities.
ABAQUS/Explicit is based on the equations of motion approach and uses direct
time integration, which makes it very efficient and especially suitable for
simulation of non-linear dynamic processes, such as dynamic buckling. The linear
capabilities of ABAQUS have also been used for linear buckling analyses of the
models, finding the natural and eigenfrequencies and corresponding modes.

Results of static buckling tests of stiffened curved CFRP panels performed at
Israel Institute of Technology and German Aerospace Centre within the European
Commission 6™ Framework Programme research project COCOMAT (Degenhardt
et al., 2006) have been used for validation of the corresponding numerical models.

Loading frame N, Hydraulic actuatorl

Lower platel

Computerl

Hydraulic pump

Spherical bearing
Load cell ' | Controllerl

Fig. 16
Specimens of the 4" series

In the third chapter, static buckling of GFRP cylinders has been studied
both experimentally and numerically. More than 250 static buckling experiments
have been performed on total of 35 specimens. The results obtained with a single
specimen during repeated tests were much more consistent than the results among
nominally identical specimens, and the buckling loads were not necessarily
decreasing with each consecutive test. In order to have multiple experimental
results with identical structures, all the specimens have been tested repeatedly.

The first two series of GFRP cylindrical specimens resulted in great scatter
between the experimental results, with 21% standard deviation of the buckling load
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among nominally identical specimens. Gradual improvement in the specimen
production technology and the testing methods led to the decreasing of standard
deviation of buckling loads achieving only 2.5% for nominally identical
specimens. However, the highest experimentally obtained buckling loads were
only 65 % of the buckling loads numerically predicted for geometrically perfect
shells thus confirming the imperfection sensitivity of the axially compressed
cylinders.

Since a significant discrepancy between the experimental and numerical
results has been observed both in terms of buckling loads and buckling shapes, a
numerical study has been performed to evaluate the imperfection influence on the
buckling behaviour of the cylinders under investigation. It revealed that adding
eigenmode-shaped imperfections with amplitude 1/8 of the wall thickness resulted
in the drop of buckling load by 30%. Further increase of the imperfection
amplitude until 1/1 of the skin thickness decreased the buckling load to 45% of the
buckling load of a geometrically perfect model. Almost no change in the buckling
shape of the cylinders has been observed with the imperfection amplitudes up to
1/2 of the skin thickness, but significantly different buckling mode shapes have
been obtained once highest imperfection amplitude was considered. This study was
extended further by experimental and numerical investigation of eccentrically
compressed cylinders to see if the imperfection sensitivity changes when the
eccentricity of loading is introduced. The static buckling experiments were
repeated on the second series of the specimens, introducing the load with various
eccentricities by displacing the specimens in relation to the spherical bearing. A
general trend has been observed that the knock-down factor (the ratio of the
buckling load of the imperfect structure to the theoretical buckling load of a perfect
structure) increases with the increase of the eccentricity. This trend has been
confirmed by the supporting numerical study where eigenmode-shaped
imperfections were used.

The use of eigenmode-shaped imperfections in the numerical studies justified
the discrepancy between the experimental and theoretical results. However,
reasonable agreement betweent these results could only be obtained by adjusting
the magnitudes of assumed imperfection shapes according to the test results. In
order to validate the numerical modelling methodology for the GFRP cylinders,
exact imperfection data of the test specimens was needed and the experiments had
to be performed extremely carefully, so all the conditions of the test would be
known and could be modelled. Therefore, imperfection measurement equipment
has been assembled and used to measure the imperfections of the third and fourth
series of the specimens. The measurement equipment has been operated manually,
performing series of radial imperfection scans along the circumference with 7.5
mm steps, and with vertical steps of 7.5 mm. This measurement grid corresponds
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to the finite element model used for numerical analysis and therefore the imperfect
shape could be applied to the model directly, without employing any interpolation.

The imperfections measured on the third series of the specimens have been
used to update the numerical models, and resulted in similar knock-down factors,
despite the difference between the maximum mean deviations from the perfect
shape: it was 0.52 mm for one of the specimens, and 0.14 mm for the other. This
difference suggested that there are more and less significant imperfection shapes,
therefore a numerical study aimed at separation the significant and insignificant
component of the imperfections has been performed using this imperfection data.
Each data set of imperfections on each longitudinal line of the measurement grid
has been approximated by a straight line, and these lines formed the global
component of the imperfections. The rest of imperfections were considered the
local component. Updating the models of perfect shells with the global component
of the imperfections resulted in drop of the buckling load by 9.7% and 2.5%, while
updating the perfect models with the local imperfection component resulted in drop
of buckling load by 36% and 32%, which is very close to the drop due to inclusion
of the actual imperfection shape. Therefore, it is concluded that the magnitude of
the imperfections itself is much less important than the imperfection shape, and the
imperfection shapes where the shell’s wall is always straight in longitudinal
direction are less crucial than others.

Buckling initiation and development of the buckling shape has been observed
by recording the static buckling experiments performed on the third series of
specimens using a high-speed camera with a frame rate of 1000 frames per second.
The buckling shape development during one of the static buckling experiments is
presented in Fig. 17.

Fig. 17
Development of a buckling shape during static test

The experience gained with production and testing of the previous specimen
series has been used to produce the final series of the GFR, paying attention to
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details that potentially affect buckling behaviour of the cylinders, such as
alignment and planarity of the edge plates. The initial imperfections of the
specimens have been measured before performing the buckling tests. The careful
production and testing of specimens and imperfection data measurements allowed
producing very accurate numerical models of the specimens and the average
experimental buckling load was within 6% of ABAQUS/Explicit finite element
analysis results with 95% confidence. The accordance of the buckling modes
experienced during the experiment and the numerically predicted ones, as
presented in Fig. 18, also confirm the accuracy of numerical simulations.

Type 3-1

Type 3-2

Experimental Numerical Experimental Numerical
Fig. 18
Correlation of buckling shapes between experiments and numerical simulations

In the fourth chapter, dynamic buckling of GFRP cylindrical shells has been
studied. More than 300 dynamic buckling experiments with load pulse durations
from 12 to 120 ms have been performed on cylindrical GFRP shells using
hydraulic load frames and a drop tower, and dynamic load factor (DLF, ratio of
dynamic buckling load to static buckling load) has been calculated for each test.

Dynamic buckling experiments on the second series of the specimens have
been performed using the Instron testing rig providing the load pulse durations
from 30 ms to 120 ms. The DLFs from 0.98 to 1.46 have been obtained indicarting
a general tendency of increase of the DLF along with increase of loading.
However, the large scatter of the results on these specimens must be considered
when evaluating these results.

Numerical models updated with eigenmode-shaped imperfections have been
tuned using the experimental results obtained with the specimens that gave the
most consistent results within the second series to perform a numerical study on
dynamic buckling of the GFRP cylinders at loading rates much higher than could
be obtained using the Instron hydraulic machine. For shorter loading durations it is
difficult to determine the critical load for a displacement-controlled simulation and
therefore in order to study the dependency of DLF on the loading rate, the load is
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applied at given rates, and the out-of-plane displacements are monitored. From
these data, a Budiansky-Hutchinson plot (Budiansky and Hutchinson, 1964) is
constructed for each simulation, and the load is considered critical when the
maximum out-of-plane displacement of a node reaches certain critical value. This
arbitrary tolerance has been selected to exclude oscillations caused by dynamic
loading. The obtained DLF versus time plots are presented in Fig. 19 in two
different scales along with the relevant experimental results. It is evident that the
DLF grows almost consistently with increase of the loading rate and decrease of
the loading time. However, slight drops in the DLFs can be observed in all the
three curves at load durations in the interval from 0.5 ms to 1 ms. This time
roughly corresponds to the time which is necessary for a stress wave to travel
through the specimen from one end to the other and back. According to
Abramovich and Yaffe (2003) DLF < 1.00 can be expected at such load durations,
yet, it has not been observed in this investigation.
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Fig. 19
DLF versus time plots obtained with the second series of specimens

An experimental study on dynamic buckling of CFRP cylinders has been
performed on the third series of the specimens in Politecnico di Milano. Hydraulic
testing rig and a drop tower have been used to investigate the buckling behaviour
of the cylinders at various loading rates and load durations. The hydraulic testing
rig provided relatively clear testing conditions and accurate load and displacement
measurements, but the maximum velocity of the actuator limited the loading rate of
the specimens to 0.8 kN/ms. Nevertheless, DLFs from 0.94 to 1.21 have been
obtained, and a general trend of increase of the DLF with increase of the loading
rate has been observed. The experiments were filmed using a high-speed camera at
a frame rate of 1000 frames per second and the development of the buckling shape
(Fig. 20), where it can be observed that the buckling shape development is very
similar to the one observed during the static tests (Fig. 17) at the given loading
rates.
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The same specimens have been subjected to dynamic buckling tests in a drop
tower, which allowed achieving of loading rates up to 10 kN/ms for the same
specimens and load pulse durations from 12 ms to 33 ms. Inserts of varied stiffness
between the dropping mass and the specimen assembly have been used to control
the load magnitude and duration in the drop-tower tests. The higher load
magnitude has been achieved by stiffer inserts and longer duration by softer inserts
in combination with greater impact energy. DLFs from 0.82 to 1.41 have been
obtained during the tests on the two specimens of the third series, and the scater
plots of DLF versus load durations are presented in Fig. 21. The DLF < 1.00 has
been obtained only in case of one of the specimens (Type 2-1), at the lowest load
durations, and the results with DLF > 1.00 seem independent of the load duration.
The results of the other specimen (Type 2-2) indicate increase of the DLF with the
increase of the load duration. It is somewhat contradicting the results obtained in
this thesis using the hydraulic testing rigs, yet, the significant differences in the two
testing methods have to be considered.

Fig. 20
Development of a buckling shape during dynamic test
Type 2-1 Type 2-2
157 15
14 m 14
w134 A w43 [
3 s "o a "o
5 Vv ) | 5
S v L] S v
£ 12 g 12 -4 v
£ L] hid ¢ an
7 11 B 11 e
8 e (]
S S
o ]
g 10 ® 2 10
2 ® Height 10 mm (rigid) s -
& 09 ° @ Height 11 mm (stiff) 2 09 @ Height 25 mm
° ¥ Height 22 mm @ Height 50 mm
oo * A Height 50 mm v Height 100 mm
08 4 B Height 100 mm 08 4 A Height 150 mm (softer)
| Height 100 mm (stiff) B Height 200 mm
07 07
2 14 16 18 20 22 24 26 28 30 10 15 20 25 30 35
Load duration fms] Load duration z[ms]
Fig. 21

DLF versus load duration plots obtained with the third series of specimens
The dynamic buckling experiments on fourth series of specimens have been

carried out only using the hydraulic machine because the results of the drop tower
tests were inaccurate and ambiguous. This series of the specimens that were used
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to validate the numerical models of the CFRP cylindrical shells have been
subjected to dynamic buckling tests at RTU IMS. The loading rates of up to 5
kN/ms have been achieved and the DLFs from 1.04 to 1.10 have been obtained.
The DLF versus time duration results are presented in Fig. 22. The experiments
have been simulated using the numerical models of the specimens for validation
purposes. The difference between the numerical and experimental dynamic
buckling loads was within 1% for one and within 4% for the other specimen.
Dynamic buckling of the composite cylinders has been studied further using the
validated numerical models of real specimens at loading rates from 1 kN/ms to
1350 kN/ms. The numerical results show almost consistent increase of the DLF
from 1.02 to 4.48 as the loading duration until the buckling decreases. There is a
slight inconsistency in the increase of the DLF for both models around 0.6 ms,
which roughly corresponds to a 1/4 natural bending period of the cylinders. The
buckling shapes gradually transform from lower-order modes similar to the static
buckling modes into higher order modes with more waves along the length and
circumference and then into almost axisymmetric buckling mode. The changes in
buckling shape for one of the models are presented in Fig. 23. Buckling of the
cylindrical GFRP shells under sudden loads has also been studied. A consistent
increase of DLF has been observed as the load duration decreases, and a similar
buckling mode shape progression as in case of gradually applied load. However,
the lowest DLFs obtained in such case were 0.80 and 0.81. For comparison,
dynamic buckling under sudden loads has been studied on the same models, but
without inclusion of initial geometrical imperfections. The lowest buckling load
was only 0.45 % higher in this case due to the harmonic response of a cylinder to
the suddenly applied load which acts as initial geometric imperfections, thus
making the cylinder less imperfection sensitive and decreasing the buckling load
compared to the static buckling load. The numerical DLF versus load duration
curves obtained using the validated numerical models are presented in Fig. 22 in
two different scales along with the experimental results.

45

.0 —— Type 3-1 Gradual

Type 3-1 Gradual - —— Type 3-2 Gradual

—— Type 3-2 Gradual Type 3-1 Sudden
Type 3-1 Sudden 35

Type 3-2 Sudden

13 Type 3-2 Sudden —— Type 3.0 Sudden
—— Type 3-0 Sudden 30

®  Type 3-1 Experimental
@  Type 3-2 Experimental

25

DLF
DLF

20

15

09 1.0

0.8 0.5

07 0.0
0 10 20 30 40 50 0.0 05 1.0 15 2.0 25 3.0

Load duration t [ms] Load duration t [ms]
Fig. 22
DLF versus time plots obtained with the second last of specimens
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Fig. 23
Buckling shapes obtained at different loading rates

The fifth chapter is dedicated to the research of static and dynamic buckling
of stiffened curved CFRP panels. Numerical models of three different curved,
stiffened CFRP panels which were produced and tested within EC Framework
Programme research project COCOMAT have been elaborated using ABAQUS
finite element package. The numerical simulations have been performed using
ABAQUS/Explicit solver and the results have been verified and validated using the
available experimental data. The experimentally and numerically obtained load-
shortening curves of the three panels are presented in Fig. 24. Since this study
focuses on the elastic buckling behaviour of the structures, no damage models have
been implemented.

Load P [kN]
g
N\
Load P [kN]
Load P [kN]

00 05 10 15 20 25 30 00 05 10 15 20 25 20 00 05 10 15 20 25 30

Shortening u {mm) Shortening u [mm] Shortening u [mm]

Panel 1 Panel 2 Panel 3
Fig. 24
Validation of numerical models of the stiffened curved CFRP panels
(a) — Panel 1; (b) — Panel 2; (c) — Panel 3

A numerical imperfection sensitivity study has been performed using the
experimentally validated models of curved, stiffened CFRP panels. Artificial,
eigenmode-shaped imperfections with magnitudes up to skin thickness of the
panels have been used and knock-down factors from 0.71 to 0.98 and for skin
buckling load. All of the panels had a certain imperfection shape that increased the
global buckling load, up to 112 % of a panel with a reference shape. While the
panels with simply supported unloaded edges had nearly no imperfection
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sensitivity in global buckling mode, featuring knock-down factors from 0.96 to
1.12, the panel with unsupported edges exhibited significant imperfection
sensitivity with lowest obtained knock-down factor of 0.70. Nevertheless, inclusion
of these artificial imperfections did not alter the load-shortening curves
significantly and due to the lack of imperfection data of the tested panels no
imperfections were used during the numerical study of their dynamic buckling
behaviour.

Following the methodology used for cylindrical CFRP shells, buckling
behaviour of stiffened curved CFRP panels under gradually increasing and
suddenly applied loads has been studied numerically on the models validated using
experimental static buckling results. Gradually increasing loads from 7 kN/ms to
2700 kN/ms have been considered and Budiansky-Hutchinson plots have been
used to find the buckling loads. An adapted approach similar to Budiansky-
Hutchinson criterion has been used in case of suddenly applied load. The
displacements were plotted against time, not the load, because load is a constant in
this case, and the critical load duration is considered the time when the out-of-
plane displacements exceed the defined tolerance. The same out-of-plane
displacement tolerances have been used to find the critical load durations at each
value of suddenly applied load in order to have a reasonable comparison of DLF-
load duration curves for gradually increasing and sudden loading.

DLFs from 1.12 to 9.30 have been obtained for skin buckling mode and from
0.90 to 12.65 for global buckling mode in case of gradually applied load. The DLF
< 1.00 has been observed in case of only one of the panels. The DLF-load duration
curves for the three panels are presented in Fig. 25., where Separate curves for
Skin buckling and Global buckling modes and for gradually and suddenly applied
loads are given. The augmentation of the DLFs along with increase of the loading
rate is evident as in case of cylindrical shells, however, there are more
inconsistencies and slight drops in the curves. Usually, but not always, these drops
occurs at load durations where the buckling modes change. Examples of such
mode changes are given for Panel 1 in Fig. 26.

The buckling behaviour of stiffened CFRP panels under suddenly applied
loads with magnitudes from 15 kN to 1350 kN has also been studied using the
same models. DLFs from 0.88 to 8.98 have been observed for global buckling
mode and from 0.30 to 15.73 for the skin buckling mode.

Similarly as in case of cylindrical shells, the low DLFs for the skin buckling
mode arise from the imperfection sensitivity of the buckling load in this mode, and
the harmonic response of the panels to the sudden load. The lowest DLFs of the
global buckling mode are higher because of the lower imperfection sensitivity in
the global buckling mode. However, the low skin buckling DLFs do not mean
catastrophic failure of the stiffened CFRP panels in case of suddenly applied load
because of the stable post-buckling behaviour of the panels. If a sudden load,
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which is lower than static skin buckling load, is applied to the structure and skin
buckling occurs, the stiffened panel regains the equilibrium shape for the
corresponding static load. Therefore such deigns are more tolerant to suddenly
applied loads.
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DLF versus time plots for the curved stiffened CFRP panels
(a) — Panel 1; (b) — Panel 2; (¢) — Panel 3
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Fig. 26
Buckling shapes changes near drops in DLF-time plots

42



CONCLUSIONS

Dynamic buckling behaviour of unstiffened and stiffened composite shells
under pulse, gradually increasing and suddenly applied loads has been studied
numerically and experimentally within this thesis.

A total number of 34 cylindrical GFRP shell specimens with various
dimensions have been produced while developing the fabrication and buckling
testing technologies. Based on the statistically credible number of static and
dynamic buckling tests and results of experimentally validated analyses, the
following conclusions have been made:

I The high sensitivity of cylindrical shells to the geometrical imperfections has
been confirmed. It has been demonstrated that the imperfection shape has greater
influence on the buckling load than its magnitude.

IT It is recommended to perform the geometric imperfection measurements on
real shell specimens in order to model the buckling of a shell accurately and obtain
reliable results.

IIT A testing procedure for static and dynamic buckling of cylindrical shells
has been developed. This procedure provided consistent experimental results with
2.5% standard deviation and ensured the accordance of experimental and
numerical results within 6% with a confidence of 95%.

IV It was found during the development of this procedure that particular
attention has to be paid to assure strictly consistent boundary conditions and load
distribution in order to obtain accurate results that could be used for the validation
of the numerical methods.

V It has been demonstrated experimentally that the buckling load of
cylindrical GFRP shells increases with the increase of the loading rate. This trend
has been confirmed numerically using the validated finite element models.

VI A loading type has been identified which increases the buckling load of the
composite structures compared to the static buckling load across the whole
dynamic loading range.

VII A modelling approach has been suggested for dynamic buckling
simulations of composite structures to take advantage of the weight-saving
potential created by the dynamic buckling phenomenon.

VII A worst-case dynamic loading type has been identified which lowers the
buckling load of imperfection sensitive structures significantly compared to the
static buckling load.

IX It has been demonstrated that in case of suddenly applied load of infinite
duration, the composite cylindrical structures are less sensitive to the initial
geometrical imperfections than in cases of other loading types.
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