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ANOTACIJA

Promocijas darba meérkis — slanota kompozita vienkarSoto modelu izveidoSana un
attistiba zema atruma trieciena bojajuma, ka art ta ietekmes uz kompozita un no ta izgatavoto
plansienu konstrukciju elementu mehaniskajiem raksturlielumiem novért€jumam.

Trieciena bojajoso seku pa kompozitu konstrukcijam prognozésanas noliika uz ticamo
aprékinu rezultatu pamata ir nepiecieSama kompozitmateriala raksturlielumu izmainu, kuras
pavada trieciena procesu, adekvata modelésana.

Misdienas eksistéjoSiem kompozita progreséjosas sagriusanas kriterijiem, kurus ieliek
modernos programmu-skaitlosanas kompleksos trieciena aprékinam veidotos galigo elementu
(GE) modelos ir vai nu neliela precizitate, vai tie prasa lielu daudzumu papildu izejas
parametru, kas ievérojami Ssarezgi to praktisko pielietoSanu. Tatad, neskatoties uz dazadu
pétnicku piedavato sagriiSanas krit€riju daudzveidibu, joprojam paliek aktuala fizikali
korektas un praksé pielictojamas pieejas, kas ievéro kompozita materiala stingruma
pakapenisku pazeminasanu konstrukcijas lokala zona trieciena procesa, izstradasana. Ar $o
mérki promocijas darba tika risinati sekojosie uzdevumi:

1. Izstradats un aprobéts elementars modelis, kas tieSi modelé deformé&tas virsmas
formu atkariba no triecienkermena kontakta iespiesanas mérki pakapeniskas izmainas. Tas
modelis lauj precizi atveidot sprieguma-deforméto stavokli (SDS) ievérojot deformétas
virsmas formu, trieciena energiju un kontakta spéku. Uz ta rezultatu pamata notiec kompozita
statiskas izturibas stiep€ augs$€jo un apaks€jo robezu ar atbilstoSo kriteriju pielietoSanu.
Iegiitie eksperimentalie rezultati ieklaujas nosauktas robezas.

2. lzstradats elementars modelis, kura pamata ir zinamas energijas Zema atruma
trieciena izraisito polimera kompozitmateriala (PKM) SDS un bides stingruma izmainas
aprekins, sasaistot kontakta laukuma un kontakta spiediena solplotera izmainas. Tas lauj no
vienas puses, noteikt precizu sakaribu starp trieciena energiju un kontakta spiedienu; no otras

puses, novertét bides stingruma komponentes D, pazeminasanu, péc kuras var spriest par

konstrukcijas bojajuma pakapi. Rezultatus var lietot modelgjot progresgjosu sagriisanu
trieciena pa realo kompozita konstrukciju.

3. Piedavata un pamatota liknes ,kontaktslodze - kontakta punkta parvietojums”
raksturigo punktu noteikSanas metode, kas lauj adekvati modelét bojajumu attistibas procesu
GE aprékina. Tas dod iespgju ieverojami samazinat izejas parametru daudzumu, kuri

nepiecieSami kompozitu progres€josas sagriiSanas eksistgjoSo kritériju izmantoSanai GE



aprékinos. Rezultata sanemamais konstrukcijas bojajuma stavoklis dod iesp&ju iegtt ticamus
rezultatus stipribas pazeminasanas noteiksanai statiska noslogojuma dazados gadijumos.
4. 1zstradatas un notestétas palig-programmas aprékinu pilna cikla realizacijai.
Piedavatas metodes un izstradatie modeli tiek pielietoti kompozita sparna, ka ari
sparna mehanizacijas un lidojuma vadibas agregatu elementu aprékinos, kuri tiek izpilditi
ligumdarbu ar konstruktoru birojam ietvaros aviacijas riipniecibas nozarg.

Darba rezultati zinoti 7 starptautiskas konferences un tie atspoguloti 18. publikacijas.
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IEVADS

Témas aktualitate

Poliméro kompozitmaterialu (PKM) ievieSana aviacijas un kosmiska tehnika ir viens
no ieverojamakajiem tehnikas sasniegumiem. Tas Jauj realiz€t principali jaunus
konstruktoriskus risindgjumus, samazinat materialas un darbaspéka izmaksas, uzlabot
lidmasSinas aerodinamiskus raksturlielumus, paaugstinat komercslodzi.

Bet, neskatoties uz neapSaubamam PKM izmantoSanas priekSrocibam aviacijas
konstrukcijas, 1idz Sim bridim tos pielietoja tikai maznoslogotos vai otrskirigos planiera
elementos.

Var atzit, ka polimérie kompozitmateriali daudz lielaka méra neka metali ir paklauti
apkartéjas vides ietekmei, kuras galvenie faktori ir: atmosféras elektriba, apkartéja gaisa
temperatiira un mitrums, kontakts ar agresivam vidém (degviela, pretapledojuma maisijuma
sastavi u.c.), saules radiacija, erozijas ietekme. Pie tam, ekspluatacijas procesa notiek
materiala novecosanas, ko pavada 1pasSibu pasliktinasanas.

Parasti plansienu kompozitmaterialus izmanto konstrukcijas ar slodzi plakng, parsvara
ta ir stiepe - spiede. Bet ekspluatacija pastav citu, negaiditu slodzu veidu iesp&ja. Viena no
tam ir trieciena slodze.

Bojajumu veidosanas un attistibas procesi PMK principali at$kiras no metalu
noguruma sagrisanas. Atskiriba no metaliskiem elementiem, kuri absorbg trieciena energiju
plastiskas deformacijas forma, saglabajot taja pasa laika savu izturibu, kompozitos trieciena
bridi notiek trausli matricas bojajumi. Trieciena rezultata kompozita var rasties Visi
iesp&jamie dalgjo bojajumu veidi. Trieciena slodzes galvenas ipatnibas: slodzes virziens ir
perpendikulars plaknei, slodzes koncentracija mazaja virsmas zona, slodzes iedarbibas
dinamiskais raksturs. Rezultata trieciena zona vérojama stabila nevienmériga dinamiskas
slodzes sadale, ka arT iespgjamas dazadas pilnas vai dal€jas sagriiSanas formas.

Iesp&jamie bojajumi kompozita slanos:

a) matricas virsmas spiede un plaisasana,

b) skiedru parravumi,

C) starpslanu noslanosanas, jeb delaminacija.

Iesp&jamie serdena bojajumi:

- virsmas spiede,

- plaisas.



Biezi kompozitu triecienu bojajumi argji maz redzami, bet tie rada vairak vai mazak
ievérojamas PKM konstrukciju statiskas izturibas un to ilgizturibas cikliska noslogojuma
izmainas.

Sakara ar to, rodas divas problémas:

1) Ka novertet trieciena bojajumus, izmantojot informaciju par materiala mehaniskiem
raksturlielumiem un trieciena parametriem, tadiem ka triecienkermena masa un atrums?

2) Ka trieciena bojajums ietekmé konstrukcijas stipribu un ilgizturibu?

Sim risinajumam ir veltiti daudzi pétfjumi un to apskats bis atspogulots promocijas
darba 1. nodala.

Tadgjadi, PKM 1ipatnibas padara par obligatam un svarigam apsteidzoSus zinatniski
pétnieciskus un Kkonstruktoru izméginagjumu darbus ar eksperimentaliem pé&tijumiem
apstaklos, kas maksimali pietuvinati ekspluatacijas gaidamajiem nosacijumiem.

Bez tam, viens no gaisu kugu tehniska stavokla kontroles sistému aktualajiem
uzdevumiem ir trieciena bojajumu instrumentala atklasana un identific&jums.

Pastav elementaras triecienu teorijas, kas balstas uz biitiskiem elastigo cieto kermenu
dinamiska kontakta paradibas vienkarSojumiem. Tas lauj novertét trieciena speku, dinamiskus
spriegumus un deformacijas, kas rodas kontakta mijiedarbibas procesa. Ka prieksnoteikumus
izmanto energétiska lidzsvara un materialu mehanikas statistisko risinajumu Sakaribas
vienkarsakajam aprékina shémam. Pilnveidotas elementaras trieciena teorijas ieklauj ka
papildinajumus dazus bazes pienémumus par kontakta mijiedarbibu (piem&ram, Herca teorija,
TimoSenko teorija). Elementaro teoriju nozime ir ta, ka tas lauj ieraudzit daZas kvalitativas
likumsakaribas un trieciena iedarbibas tendences, ka ari iegit trieciena seku aptuvenos
novertéjumus.

XIX gadsimta vidi G. Hercs izc€la problému par lokalu spriegumu aprékinasanu, kas
rodas pie kontakta mijiedarbibam starp elastigiem kermeniem. Risinot statisku uzdevumu,
Hercs paplasinaja ieglito rezultatu pielietojuma robezas uz daziem elastigo kermenu
dinamikas uzdevumiem, uzliekot zinamo papildus ierobezojumu uz kermenu kustibas relativu
atrumu.

Teorija uzstada saiti starp triecienkermena ietriekSanas dzilumu un kontakta speku
pien€muma par trieciena iedarbibas lokalo raksturu. Tomér arpus virsmas spiedes lokalas
zonas Herca teorija ignoré mijiedarbiba iesaistito kermenu deformacijas. Sis pienémums ne
vienmer izpildas, it Tpasi plansienu konstrukcijas. Tadel aktuala ir pieeja, kur ir pemta véra

triecienam paklauta kermena galigo izm&ru ietekme uz sprieguma stavokli trieciena zona.



TimoSenko teorija ir Herca teorijas talaka attistiba. Ta nem véra ar1 Skérsvirziena
svarstibas, ko izraisa trieciens ar kermeni, kas parvietojas ar uzdoto atrumu. Salidzinosi nesen
tika uzsakti méginajumi novértét kompozitu reakcijas raksturu uz trieciena iedarbibu uz
precizas teorétiskas analizes un ripigi izstradato izm&ginajumu pamata.

Kompozitu konstrukciju razotaju ipaSu interesi izsauc delaminacijas prognozeSana,
kura ir parasta sagriiSanas forma pie zema un vid&ja atruma trieciena, un ta var novest pie
katastrofalam sekam aerokosmiskas kompozitu struktiiras. Delaminaciju nav iesp&jams
noteikt vizuali, tad€] ir loti gruti apstiprinat tas sakuma briza un rasanas vietas prognozéSanas
pareizibu. Zemo atrumu un zemo energiju triecienu gadijuma delaminacija var rasties dazados
lamingta kompozita slana punktos. Seviski biezi ta rodas starp blakusslaniem, kuriem ir liela
dazadiba Skiedru orientacija, kas izpauzas blakusslanu stingruma starpiba. Lénakas trieciena
iedarbibas vai triecieni pa relativi lokaniem kompozita laminatiem izraisa delaminacijas
veidoSanas lielakoties apaksgjo slanu starpa.

Kompozitmaterialu strukturalo shému daudzveidiba biezi prasa par uzdevumu izejas
datiem izmantojamo fizikalmehanisko raksturlielumu ieprieks&jas noskaidrosanas.

Kompozitmaterialu triecienizturibas novert§jumam paredzeto teorétisko pieeju
precizitate ir atkariga no piep€émumiem, uz kuriem balstas nosauktas pieejas, un no dazadiem
teorétiski  griiti nosakamiem faktoriem. Tadél svarigu vietu kompozitmaterialu
triecienizturibas pétijumos aiznem eksperiments. Promocijas darba apliikotie eksperimenti
pamatojas uz izméginajuma parauga iesiSanas ar kritoSo kravu un energijas, kas nodrosina
parauga sagriiSanu, definéSanas.

Pieejamo informacijas avotu studésana lauj izcelt sekojosus pétijumu pamatvirzienus:

1. Vietgjo slodzu un trieciena pa daudzslanu paneliem ietekmes petijumi.

2. Dazado tehnologisku panémienu izstradasana daudzslanu struktliru trieciena
izturibas paaugstinajumam.

3. Daudzslanu panel]u reakcijas uz ballistisku slodzi pétisana.

4. Inovativo daudzslanu kompozitu attistiba, kuri ir daudzfunkcionali, ka arT saglaba
nestsp&ju péc trieciena.

5. Kompozita struktiru modeléSanas un aprékina perspektivo metozu un metodiku
izstradasana.

Daudzo pétijumu uzdevums ir kontakta slodzes ietekmes uz izturibu noteikSana
kompozita materialiem ar garam Skiedram.

Ka paliekosas izturibas raksturlielumi ir apliikojami sekojoSie parametri: sagriiSanas

sprieguma absoliits lielums, pret gluda parauga izturibas robezu attiecinatais sagruSanas
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spriegums, jeb palieko$as izturibas koeficients, spriegumu intensitates koeficenta kritiska
vertiba un korekcija uz plaisasanas zonu. Par etalonu lielumu, ar kuru ir salidzinami
paliekosas izturibas raksturlielumi, kalpo izturibas robeza stiepé vai spiedé. Uz atSkirigo
pildvielu un saistvielu bazém izveidoto PKM pétijumi, kuri veikti uz paraugiem ar iegriezumu
un trieciena bojajumu ieverojot mitruma piesatinaSanu un paaugstinatu temperatiiru, nav
atklajusi variantu, kam biitu neapSaubama priekSrociba no visu paliekosas izturibas raditaju
viedokla. No ta seko, ka materials jaizvélas ievérojot prasibas pret konstrukcijas elementu,
kuram ir paredz&ts Sis materials, aréjo iedarbibu raksturu un bojajuma iespéjas ekspluatacija.

Slanaina kompozitmateriala izturiba noteicama ar saistvielas mehaniskiem
raksturlielumiem, kas uzliek sekojosus ierobezojumus uz konstrukcijas elementa stiegroSanas
shému:

Lielo bides slodZu zona ir lietderiga +45° slanu likSana.

Par ,, nulles” un 90° virzieniem ir japienem virzienus, kas sakrit ar galveno spriegumu
trajektorijam aplikojamaja zona.

Racionalas kompozicijas ,,8kiedra — matrica” definSanai tiek veikti paraugu ar
iegriezumiem un trieciena bojajumiem palieko$as izturibas eksperimentali petijumi ieverojot
mitruma piesatinasanu un paaugstinatas temperatiiras izm&ginajumos.

Tadgjadi, par svarigu jautagjumu kliist bojajuma izm&ru novert§jums zema atruma
trieciena un ta ietekme uz kompozita izturibu. Loti svarigs faktors sprieguma stavokla
novertésana ir trieciena atrums. Ja trieciena laiks ir daudzkart lielaks, neka mazakas svarstibas
formas periods, to var definét ka zema atruma triecienu. Paradits, ka sprieguma stavokla
analize zema atruma trieciena var but izpildita elastibas teorijas statiska kontaktu uzdevuma
atrisindjuma veida. Var paredzet, ka tamlidziga pieeja ir korekta tapat vid€ja atruma trieciena
analizei ierobeZotaja zona ar nenoslogotam stavoklim atbilstoSiem robezu nosacijumiem.
Izmantojot $o pieeju, tiek veikta sprieguma stavokla elastiga analize trieciena laika. Kontakta
speka bezizméra funkcijas, spriegumu tenzors, dazi ekvivalenti spriegumi un elastigas
deformacijas energija tiek rekinati ar GE metodi tipveida anizotropiskam kompozitam.

No citas puses, pastav misdieniga bojajumu mehanika. Viens no tas svarigakajiem
atzarojumiem ir kompozitu trieciena bojajuma un to izraisito izturibas pazeminaSanas Seku
analize. Bojajumu mehanika daudzos pielikumos sniedz pietiekami precizu paradibas
aprakstu un lauj iegiit apmierinoSus bojajuma attistibas un konstrukcijas nesosas spé€jas
novértegjumus. Tomér, bojagjumu mehanikas metodes loti sarezgitas un tehniski griti
realiz€jamas inzenieru praksé. Bez tam, pats trieciena bojajuma j&dziens ir pietiekami

abstrakts, jo tas ir vienots novért§jums dazadiem bojajumu veidiem (matricas plaisasana,
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noslanosanas, Skiedru parravums utt.). Tas, savukart, var klat par neprecizitaSu vai pat
analizes rezultatu interpretacijas klidu iemeslu.

Tap€c pastav zinama nesaskana starp elementaram trieciena un trieciena bojajuma
teorijam un sarezgitam bojajuma mehanikas pieejam. ST nesaskana prasa jaunas vienkarsotas
pieejas trieciena iedarbibas model€Sanai un ta izraisitas izturibas pazeminasanas aprékinam.

Sadu modelu izveido$anai un attistibai ir veltits §is darbs.
Darba merkis

Slanpota kompozita vienkarSoto modelu izveido$ana un attistiba zema atruma trieciena
bojajuma, ka ari ta ietekmes uz kompozita un no ta izgatavoto plansienu konstrukciju

elementu mehaniskajiem raksturlielumiem novértejumam.
Pétijumu metodika

KM mehanika, elastibas teorija, galigo elementu metode, skaitliskas metodes,
kompozitu sagrausanas kriteriji, eliptiskas noslanoSanas pieauguma kvazistatiska teorija,

standarti izméginajumu veikSanai.
Zinatniska novitate un galvenie rezultati

Promocijas darba izstradati sekojosie modeli un piedavatas sekojosas metodes:

1) Konstrukcijas plansienu elementa zema atruma trieciena kvazistatiskais modelis (TKSM).
Atskiriba no esosajiem modeliem uz Herca teorijas pamata piedavajamais modelis lauj iegtit
daudz realaku spriegumu un deformaciju sadales ainu trieciena zona pie daZadiem
geometriskiem parametriem un robez-noteikumiem. Modelis paredz trieciena kermena
pakapeniskas iespiesanas plansienu konstrukcija analizi. Paradits, ka s$ada konstrukcija
kontakta spriegumu sadale var batiski atSkirties no trieciena kermena iedarbibas uz
pusbezgaligo telpu izraisitas, kas ir Herca teorijas pamats. Izskatiti divi sprieguma stavokla
model&Sanas robez-gadijumi: pie platnes aizmugures virsmas atbalsta (spiedoSs trieciens) un
pie platnes iespilésanas pa malam (izlieces trieciens). Analize lava noteikt $o divu gadijumu
principialo starpibu. Izstradati bojajuma rakstura un bojatas zonas izmeru novert€juma
kriteriji uz energetiska lidzsvara pamata.

2) Kontakta speka maksimuma aprékina modelis péc uzdotas zema atruma trieciena
energijas. Pamata ir pienémums par visas trieciena energijas pareju kontakta spéka darba.

Dotais modelis aprobéts transversali izotropam PKM. Piedavats trieciena energijas un
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trieciena bojajuma seku novert€juma panémiens pec mérka izlieces stipribas izmainu.

3) Kontakta spéka maksimuma un tam atbilstosa kontakta punkta vertikala parvietojuma, ka
ar1 kontakta punkta vertikala parvietojuma un tam atbilstoSa kontakta speka noteikSanas
metode péc zinamam trieciena energijas, tricciena atruma un palieko$a iespieduma dziluma
vertibam. Metodes pamata ir zema atruma trieciena procesa energijas bilance.

4) Trieciena bojajuma parametru noveértéjuma modelis. Tas paredz sekojoSu noveért&jumu
iegliSanu pie zema atruma trieciena:

a) materiala trauslas matricas drupinasanas zonas izmé&ru Uz visparinato izturibas kritériju
un uz energijas absorbéSanas drupinasanas dalinu virsmas veido$anal novertg&jumu
pamata;

b) sagriiSanas sakuma uz trieciena virsmai pretéjas virsmas novertejumu;

C) noslanoSanas visticamako zonu vietu péc kompozita dziluma un to izméru
novertgjumu;

d) kritisko spriegumu limena noveért&jumu, lai prognozetu radialos materiala parravumus
attieciba pret kontakta vietu trieciena kermena iespiesanas procesa.

5) Trieciena bojajuma ietekmes uz palieckoSo izturibu stiepé novért§juma modeli.
Ekvivalentas atveres modelis palieckosas izturibas augs$gjas robezas novért§jumam, ta
eksperimentals apstiprinajums. Paliekosas izturibas apak$gjas robezas noveért€juma modelis
péc maksimalo ekvivalento spriegumu koncentracijas kritérija. Datoranalizes rezultatu
salidzinajums ar eksperimentu.

6) Trieciena bojajuma ietekmes novérté§juma modelis uz paliekoso izturibu liecg, nemot véra
pazeminatus fizikalmehaniskus raksturlielumus (FMR) slanu lokalas zonas un Skiedru
progresgjoso sagrausanu.

7) VienkarSots trieciena bojajuma ietekmes novért§juma modelis uz paliekoSo izturibu
spiedg, nemot véra progres€joso noslanosanos.

8) Kompozita konstrukciju plansienu elementu zema atruma trieciena bojajuma datora
modelésana. Dimensiju analizes metode. Spriegumu un deformaciju izmainu atkariba no
trieciena atruma pétijums. Noteikts, ka katrai uzdotai platnes konfiguracijai un tas balstiSanas
nosacijumiem pastav vienota (no trieciena atruma neatkariga) trieciena speka, spriegumu vai
deformaciju funkcija no triecienkermena parvietoSanas. Tas lauj butiski vienkar$ot dinamiska
sprieguma deforméta stavokla (SDS) analizi un bojajuma noveért&jumu.

MATLAB izstradati programmu instrumenti, kas lauj:

a) izvadit kompozita konstrukcijas SDS trieciena procesa GE aprékina rezultatus, ka arl
izpildit visparinato spriegumu kompozita parveidosanu spriegumos pa slaniem.
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b) realizét eliptiska noslanojuma kvazistatiska pieauguma teoriju, lai prognozétu
konstrukcijas no PKM paliekoso izturibu spiedg.

ANSYS APDL Mechanical izstradats programmu instruments, kas realizé Skiedru
progresgjosas sagrausanas mehanismu pie kompozita konstrukcijas trispunktu lieces, tai skaita
ar trieciena bojajumu.

Izpilditi eksperimenti, kas apstiprina zema atruma triecienam paklauta kompozita
paliekosas izturibas augsgjas un apaksejas robezas noteikSanas metodes korektumu.

Izstradata iekarta un veikts eksperiments, lai iegltu materiala pretestibas

raksturlielumus pie triecienkermena iespiesanas uz cietas pamatnes balstitaja platng.
Darba praktiskais pielietojums

Izstradatie modeli tiek pielietoti realo aviacijas konstrukciju no kompozita materialiem

elementu aprékiniem.
Darba struktira un apjoms

Darba ieklaujas ievads, 4 nodalas ar Pielikumiem un secinajumi. Ievada ir pamatots
problémas butiskums, izvirziti darba mérki un formul&ti uzdevumi. Pirmaja nodala dots
trieciena klasisko teoriju apskats, paradits miisdienigs trieciena teorijas stavoklis. Otraja
nodala analiz&ti trieciena iedarbibas aprékina kvazistatiskie modeli. TreSaja nodala analizétas
kontakta speka atkaribas no triecienkermena parvietojuma kvazistatiskaja un dinamiskaja
formuléjuma, ka ar1 aprakstits trieciena bojajuma parametru noveért€juma modelis. Ceturtaja
nodala aprakstiti modeli, kuri izstradati ar triecienu bojato kompozitmateriala konstrukcijas

paliekosas izturibas novertejumam.

1. TRIECIENA TEORIJAS STAVOKLIS UN ATTISTIBA UN TAS
PIELETOJUMS KOMPOZITU KONSTRUKCIJU APREKINOS

Herca piedavatais kontakta uzdevuma risinajums ir péc biitibas pirma adekvata pieeja
uz kuras lielaka vai mazaka méra balstas kontakta mijiedarbibas mehanikas teorijas. Herca
teorijas pienémumi:

1) Divi nenoslogotie elastigie kermeni saskaras daza punkta.

2) So kermenu virsmam saskarsmes punkta apkartné ir noteiktas normales un

liekums.

3) Saskarsmes punkti ir kermena virsmas eliptiskie punkti.
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4) Uz katru kermeni darbojas aktivu spéku sistéma, kuras kopspeks ir Virzits pa argju
normali §T kermena virsmai saskarsmes punkta ar otro kermeni.
Lai kermenu sistéma atrodas lidzsvara tai pielikto aktivo spéku un saspieSanas zona

sadalito elastigo reakciju iedarbiba ir jaizpildas statiskam lidzsvara nosacijumam:

(ﬂ)p(x,y)da)z P (1.1)

Seit P — kopspéks, kas saspiez kermenus;

p(x,y) — spiediens, kas ir sadalits @ laukuma saspie$anas zona;

X, ¥ — koordinatu asu virzieni kermenu saskarSanas plakng.

Forma un izvietojums kontiiram, kas ierobezo saspieSanas zonu, ir nezinami. Ta ka
saspieSanas zonai ir mazi izmeri salidzinot ar kermenu virsmu izmé&riem, ir piepemts, ka
lokala spriegumu sadalijuma atskiriba no spriegumu sadalijuma elastigaja pustelpa ar plakano
robezu ir nebiitiska.

Izmantojot Busineska atrasto uzdevuma atrisinajumu par elastigas pustelpas Iidzsvaru,

un saskana ar uzdevuma kinematiskiem nosacijumiem:
Aﬂp(x—’y)dx'dy' =a-f(xy) (1.2)
@ T

kur:
x’,y’ — saspieSanas zonai piederosa noteikta punkta koordinates;

r — attalums no punkta ar koordinatém x’, y’, z’ Iidz punktam ar koordinatém x, y, z.

r:\/(x—x')z+(y—y')2, (1.3)

A=V, +V,, (1.4)

_ ﬂ’.l. + 2/,11 1.5
K 471;”1(11"'/“1)’ 49
__ A2 (1.6)

2= 4771”2(2-2 + ,Uz)
Aiun p; — Lame elastigas konstantas respektivi pirmam un otram kermenim.
Vienadojumi (1.1) un (1.2) sastada Herca kontakta uzdevuma funkcionalu
vienadojumu sistému. levadot dazus pien@émumus un parveidoSanu rezultata atrod spiediena

sadaltjumu uz saspiesanas virsmas:

3 P x? y?
X,y)=—— [l - 1.7
P an | w12 &7
kur a, b — elipsa pusasu garumi.
Saskana ar (1.7) saspieSanas zonas kontaram ir eliptiska forma.
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Lokala spieSana o ir saistita ar rezultjoSu spieSanas spéku, jeb kontakta sp&ku ar

sakaribu:

2

a = kP? (1.8)
kur k — kontakta koeficients, kas ir atkarigs no triecienkermena un mérka materialiem
un to virsmu formam.
TimosSenko teorija ievada apliikoSana triecienkermena un sijas viet€jas deformacijas,
tadgjadi apvienojot Sen-Venana teorijas visbiitiskakos atzinumus ar Herca teoriju.
Timosenko sekojot:
S=a+y (1.9)
s — triecienkermena pilns parvietojums,
y — mérka izliece.

Saskana ar Nutona otro likumu, kad pieliktais speks mainas laika:

ty

S=v t—— [ ] P it dt, (1.10)
m 00

kur m — triecienkermena un stiena svaru attieciba
kur | — stiena garums,

Vo — triecienkermena sakotngjais atrums,

t — procesa laiks,

o, t1 — laika intervali.

Triecienkermena pilns parvietojums S apmierina vienadojumu

dZ
m 2 =—P) (111)

kur m; — kritosa kermena masa; smaguma spéka ietekme tiek ignoréta.
Merka dinamiskas lieces noteik$anai TimoSenko izmanto pastaviga stingruma sijas

lieces svarstibu diferencialvienadojumu:

o'y _ JFo%y

Seit EI —sijas stingrums,

y — sijas materiala Tpatsvars,

F — Skérsgriezuma laukumes,

q(x,t) — péc sijas garuma sadalita mainiga slodze.

TimoSenko trieciena teorijas funkcionala vienadojuma galiga forma:
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14 229 & 1 - ar’(2m-1)
t—— || P(t, dt,dt, =kP? P(t )sin 22 (t—t )dt (1.13)
Y m” et +;z27Fa;(2m—1)2£ ()sin 1’ (t=t),

Tas tiek risinats ar pakapenisku integréSanu sadalot trieciena procesa laika diapazonu
mazos intervalos.

Vilnu teorija nem véra abu savstarp&ji kontakt&joso kermenu svarstibas, lidz ar to ta ir
vairak visparigas, neka agrak izskatitas. Sis teorijas klasiska pielietojuma izskatits absoliti
cieta kermena trieciens pa stieni ar vienu iespiléto galu. Teorijas pamata ir Stiena garenisko

svarstibu diferencialais vienadojums:

@ =a? @ (1.14)
ot OX
kur u — ir stiena punktu parvietojums garenvirziena,
X — trieciena virziens,
a — skanas vilpu izplatiSanas atrums gar stieni.
Izmantojot attiecibu:
u= f(at—x)— f(at+x) (1.15)

kas sanak, pie nosacijuma, ka stiena brivaja gala:

m |(Z%‘l_l g’ (%“jﬂ (1.16)

Seit f(at - X) — nosaka garenvirziena vilni, kas izplatas pa stieni ar atrumu a
pozitivaja virziena,

f(at + X) — nosaka garenvirziena vilni, kas izplatas pa stieni ar atrumu a negativaja
virziena.

Izmantojot uzdevuma sakotn&jus nosacijumus, sanak:

mi[f"(at—1)— f"(at+1))]=+[f'(at—1)+ f'(at+1)] (1.17)

Seit f — funkcija, kas nosaka vilnu raksturu. ST funkcija tiek veidota, saistot tas vértibas
vilnu izplatiSanas attaluma blakus-intervalos. Péc f(z) noteikSanas (z =at+x, X — koordinate
stiena garenvirziena), var pilnigi izpétit deforméta stiena SDS, izmantojot (1.15).

Vilnu teorijas pielietoSana divu cilindrisko stienu garentrieciena analizei dod kontakta

speka laika funkcijas izteiksmi (1.18):

16



K
t2 3 (kq+k,) t3+

F@J 2 k(kk,)s 3

|
I/
<
=~ ||
<
~
e
N

(0<t<2a)

3

_(v1—v2f t-3t-2a) 3 k+k, t-4t-2a)
k F(Sj 2 k(kk,)s 3l

L 2
(2a <t<4a)

3 k+k _t3—4(t—20;)3+8(t—4oz)3+
F(Sj 2 k(kk,)s 3

(1.18)

(4a <t <6a)

Guka likums kombinacija ar f(z) un P(t) izteiksmém dod galigo formulu spriegumu

noteikSanai:

0 O<t<a-¢)

N w

(a3 (k) (arsf

F(g) 2k (k.k,)S 3!

_(vl—vz) 3
k
(a—§<t<a+§);

3
2

_(vl—vzjz (t—a+§)§—(t—a—§) _i.(kl+k2).(t—oz+§)3—(t—oz—cf)3 .
-

F(sj 2k (k,k,)S 3!
i 2
(a+&<t<2a)
_(vl—vzjg t-até) —(t-a—o): 3 ktky (tma+gf -(t-a-¢)f

k (5] 2k (k;k,)S 3l '

2

(20 <t<3a-¢&) (1.19)
kur:g:i,

a4
a=

E
k, =—,
a,
E
k, =—%,
a,
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k — Herca kontakta koeficients,

ay, 8, - trieciena vilpu izplatiSanas atrums, respektivi pirmaja un otraja stienf,

I, — pirma stiena garums.

Kompozita materialu attistiba un to plasa ievieSana tehnika devusi griidienu trieciena
teorijas straujai attistibai, pirmkart, sakara ar neviendabigo slanoto konstrukciju 1pasibam. No
otras puses, milzigais skaitloSanas tehnikas progress padarija par iesp&jamu daudzu teorétisko
pieeju praktisku realizaciju.

Ta, piem&ram, balstoties uz Herca teorijas un nemot véra kompozita struktiru, tika
iegutas izteiksmes kontakta laukuma lielam un mazam astm, maksimalai deformacijai

kontakta zona un maksimalam virsmas spiedienam:
a b 3 2 3/5
_=_=l( ”j(k +k,)Cq)n )2’5( ] ] , (1.20)

— (5021 4Mn") %, (1.21)

Gl O e i

o= xt!e mr[(k'1 +k'2kR]2/3 4aM

Lielumi k, un k, atspogulo triecienkermena un mérka fizikalmehanisko
raksturlielumu ietekmi. 1zotropiskam triecienkermenim:
K, =(1-v2) £, (1.23)
kur E;, v, —Junga modulis un Puasona koeficients triecienkermenim.
Ja mérkis ir izgatavots no transversali-izotropiska materiala, tad ar Konveja iegiito

rezultatu palidzibu, var dabiit sekojoso izteiksmi prieks K, :

K = \/E:(\/ A11A22 + Gzr - (A12 + Gzr)zjl
L 27\/G,, (A11A12 - A122)

kur: A, =E,0—v,)B, A, =|EBL—v25)i1+v,)] (1.25)
A,=Ev,B B=1{-v,-225) 5=E/E,

r-zr

1/2

(1.24)

E, G un v — Junga modulis, bides modulis un Puasona koeficients mérkim;
r un z — respektivi radialais un vertikalais (trieciena) virziens.
Merka raksturlielumiem slagu plakng ir vaja ietekme uz k,". Tadejadi attiecibu (1.24)

var pielietot ka pirmo tuvinajumu materiala visparéjas ortotropijas gadijumam, izmantojot,
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pieméram, minéto raksturlielumu vidgjas veértibas (E,, v;). Parametru k, dotajam materialam ar
ortotropiju var tapat noteikt eksperimentali no statiskas iespie$anas izmé&ginajumiem. NO
izotropiska materiala izgatavotam sfériskam indentoram (Rim=R1m=R1), un plakanam mérkim
(Rom=Raw = R.), Cr = Ri/2 un s = 8, attieciba pret k, atrisinata izteiksme dod:

- 4 2 1-v?
k,=——(a°R ) -+ 1.26
=3 @RS g (1.26)

kur a — deformacijas funkcija.

Teorijas izstradasanas gala posms ir sagriiSanas formu, kuras paradas kompozita
merki trieciena induc€ta virsmas spiediena izraisito iek$€jo spriegumu ietekmé, ka ari
sagriiSanas attistibas rakstura noteikSana. To var izdarft, pielietojot tam piemerotus sagriiSanas
Kriterijus. Tie dalas divas grupas:

a) uz maksimaliem spriegumiem vai deformacijam balstitie sagrusanas kriteriji;

b) sagriiSanas kritériji, kas nem v&ra spriegumu mijiedarbibu.

Pédeja laika ir paradijusies virkne dazado bezizméra kritériju (Tsai-Vu, Cang,
Hofman, Hasin, Pak, utt.) kurus to autori piedava izmantot kompozita bojajumu rakstura,
izm&ru un attistibas noskaidroSanai. Neskatoties uz zinamo progresu, kas sasniegts $aja joma,
min&tiem krit€rijiem piemit vismaz viens no diviem truokumiem:

- bojajuma veida identifikacijas un ta bistamibas pakapes noskaidroSanas strikti
ierobezZotas iespgjas;

- iesp&ju paplaSinasana rada nepiecieSamibu péc daudziem izejas papilddatiem, kuri
praktiski nekad nav pieejami pilna apjoma, tadejadi padarot St kritérija praktisku pielietoSanu
par problematisku vai pat neiesp&jamu.

Tade] adekvatas pieejas trieciena paradibas un ar to saistito bojajumu modeléSanai
izstradaSana joprojam paliek aktuala.

PlaSa meéroga pétijjumi atziméta virziena turpinas arl misdienas. To rezultatu
apkoposana lauj izdalit butiskakus secinajumus, ko izdarfjusi izanalizEto literatiiras avotu
autori:

1) Zema atruma trieciena robezas daudzslanu panela izlieci var uzskatit par
pietuvinato kvazistatiskam procesam, kur var tikt izmantoti elastigas sisttmas modela
koncentrétie parametri.

2) Doto modelu datu ticamiba ir stipri atkariga no triecienkermena masas attiecibas
pret daudzslanu panela efektigu masu. Kad masu attieciba ir saméra liela, vietgjo lieces

stingrumu var nenpemt véra un panela reakcijas uz trieciena iedarbibu noveértéjumam var tikt
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izmantots atsperu-masas modelis. Ja masu attieciba ir maza, tad tikai vienigi modala
superpozicija var precizi novertét daudzslanu panela dinamisko reakciju.

3) Daudzslanu panela trieciena bojajums var bit skaitliski modeléts, pamatojoties uz
daudzslanu panela materiala deformacijas piemé&rota modela izvéli. Kaut gan, daudzslanu
panela paliekoss iespiedums ir atkarigs no kontakta spéka, ko nosaka panela izm&ri un masa,
ka arf trieciena energija.

4) Kvazistatiskie modeli var but izmantoti reakcijas uz zema atruma triecienu
noteikSanai.

Vairaku pétijjumu rezultati apstiprina kvazistatiskas modeléSanas iesp&jamibu zema
atruma trieciena seku no PKM izveidotos konstrukciju elementos novértésanai.

Trieciena paradibas pétijjumu CitS nozimigais virziens saistits ar kompozita
konstrukciju prettrieciena izturibas paaugstinasanu. Kompozita struktiiru triecienizturiba var
biit uzlabota uz energijas absorbcijas rékina ar slanoto apSuvju starpa ieklautiem putuplasta
vai $tnu serdém. To priekSrociba — augsta lieces stingruma pakape attieciba pret svara
vienibu. Vieglas putuplasta serdes paredz stingraka ar&jas loksnes materiala izvietoSanu talak
no neitralas ass, kur tiek palielinata pretestiba lieces slodzei. Bet tada apvienojuma vaja vieta
ir sadales robeza starp ar&jo loksni un serdeni. Ta ir jutiga pret noslanojumiem un tai ir
ierobezota stipriba, tapec ka taja nav serdena un apvalku parsegumu. Viena no izanaliz&tiem
darbiem divu apSuvumu un serdepa savienojuma pastiprinasanai piedavata stepgjuma
izmanto$ana. Sads pastiprinajums:

a) nodrosina labu saiti starp daudzslanu komponentiem;

b) pastiprina pievilkSanu starp kodolu un segumu; nozimigi palielina stingrumu un
kritisku lieces spriegumu, serdena bides stipribu un stipribas robezu spiedé slaniem
perpendikulara virziena.

Ir manama interese pret inovativajiem daudzfunkcionalajiem daudzslanu
kompozitiem, kuri saglaba nestsp&ju pec trieciena. Putuplasta stiegroSana ar saistvielu (tapam)
ir viens no tada veida virzieniem, kuram ir transversala stingruma un izturibas palielinaSanas
potencials, salidzinot ar vienkarSiem daudzslanu kompozitiem. P&tijumi rada, ka putuplasta
serdeni ar ieklautam dalinam parada lielaku stipribu spied€ un arpus plaknes stingrumu, neka
sunu konstrukcijas. Savukart, S$tnu Struktiiru trieciena izturibas paaugstinaSanai, tajos
piedavats ieklaut viskoelastigo (pieméram gumijas) pildijumu, kas var absorbét un izkliedet
energiju, tada veida panakdams slapéianas efektu. Sadu struktiiru izméginajumu rezultati

liecina ka:
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a) daudzslanu panelim ar gumijas pildijumu ir isaks reakcijas laiks, neka vienkarSiem
kompozitiem;

b) daudzslanu panelu ar gumijas pildijumu rim8anas atrumi bija 1.5+2.5 reizés lielaki, neka
vienkarSiem daudzslanu paneliem;

) kompozita panelu ar $iinu gumijas pildijumu trieciena bojajuma platibas izradijas mazakas,
neka tradicionalam $tinu paneliem [0/90]4s, [0/45/-45/90]5s un [45/-45]4s respektivi par 20,
17.7 un 33%.

Misdienas liela uzmaniba tiek veltita daudzslanu kompozita struktiiru, kas tiek
izmantoti brunota tehnika, t.i. transportlidzeklu aizsardzibai, ballistiskas pretestibas p&tiSanai.
P&tnieku izdaritie pamatsecinajumi ir sekojosi:

1) P&cavarijas analizes, kas ietver sevi panela parSkelSanu, radija, ka brunotiem
paneliem ar telpisko savito parklajumu ir augstaka ballistiska efektivitate, neka tas ir
primarajiem divdimensiju paneliem; bojajuma zona lielakoties ir simetriska, attieciba pret
perpendikularu panela virsmai kontakta punkta; paneliem ar telpisko parklajumu ir
kontrolgjamaka plaisaSana un zemaka caursiSanas pakape trapiSanas gadijuma.

2) Noslanojumu vairakumam 3D brunota kompozita paneli ir $kérsvirziena orientacija
visa panela garuma. Dg] ta, ka pamata un Skérsdiegu Skiedras p&c savas dabas nav savitas,
katrs atseviskais plans slanis efektivi darbojas, ka austs tikls iespieduma apturéSanai un lauj
kingtiskai energijai absorbé&ties, galvenokart, starpslanu noslanojuma cela. Noslanojuma
pakape 3D brunotos kompozita panelos samazinas matricas virsmas blivumam palielinoties.
Tas ir iesp&jams, pateicoties planam matricas slana biezumam, kas var efektivi palielinat
Sk€luma inerces momentu un samazinat rezult§josu izlieci un bides spriegumus, kas darbojas
perpendikulari apvalka virsmai.

Turpina strauji attistities kompozita struktiiru modeléSanas un aprékina perspektivu
metozu un metodiku izstrade. Neskatoties uz sasniegtiem rezultatiem sp&ja ar skaitliskam
metodém precizi fiksét delaminacijas un parravumu tipa bojajumus kompozita struktiru

iekSien€ joprojam atrodas agra attistibas stadija.

2. ZEMA ATRUMA TRIECIENA IZRAISITO BOJAJUMU, IZTURIBAS
UN STINGRUMA PAZEMINASANAS PKM KONSTRUKCIJAS
APREKINA MODELU APRAKSTS

Piedavatas divas pieejas no kompozitmateriala izgatavotas plates aprékinam uz zema

atruma triecienu.
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Pirmas pieejas pamata ir iespieSanas procesa notiekoSas mérka virsmas deformacijas

preciza modeléSana. Tai ir $adi ierobezojumi:

1) Merka plate un triecienkermenis ir lineari elastigi.

2) Trieciena ilgums ir daudz lielaks neka mérka passvarstibu visilgstosakais periods, t.i. tiek
pétits zema atruma trieciens.

3) Trieciens virzits perpendikulari mérka plates virsmai.

Atkariba no zema atruma trieciena energijas triecienkermena iespiedums materiala
médz but dazada dziluma. Pienemot, ka triecienkermena kontakta virsmai ir sferiska forma,
var uzskatit, ka mérka deforméta virsma sastav no:

- 0o dziluma tieSa kontakta zonas;
- sajaukSanas Wy dziluma salagojuma zonas péc kontakta virsmas nobides.

To uzskatami ilustré 2.1. att. paradita shéma. Tatad, uzdevums ir triecienkermena
iespieduma faktiska dziluma Wmax (fakr) = Wo + do ka arT tam atbilsto$a sprieguma-deforméta
stavokla kontakta zonas apkartné noteik$ana. Triecienkermena sfériskas virsmas radiusam ir
fikseta vertiba Ry, bet kontakta laukuma radiusam — mainiga veértiba R¢. Par t ir apziméts no
kompozita izgatavotas mérka plates biezums.

Ka redzams no 2.1. att., tieSa kontakta zonas dzilums var biit aprékinats ka:

50(Rc)= Rn— V Rr?l - Rc2 (2.1)

Deformétas zonas robeZas model€Sana balstas uz zemak izklastitiem apsvérumiem.
Kontakta zonas virsma ieklaujas ripka lmiju, kuru centri pieder trieciena asij,

neskaitamais daudzums. Katrai no tam ir noteikts radiuss O<r<R_, un ar to saistitais

dzilums:

Aw(r)=w(r)-w, =R =r?> =R, +6, (2.2)
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2.1. att. Kompozita mérka deform@&tas virsmas forma zema atruma trieciena ar sferiskas
virsmas triecienkermeni

norékinot no tieSa kontakta un salagojuma zonu robeZas. Savukart w(r) norékinas no

sakotngjas (nedeformétas) virsmas. Deformétas virsmas projekcija uz simetrijas plakni

att€lojas ka taisnliniju nogrieznu kopums. Jebkura nogriezna vienadojums r-z koordinates:

z=Kkr+b, (2.3)
kur:
k, = M’ (2.9)
r-i - ri+1
b =Aw, —kr, (2.5)

Talak tiek izpildits no kompozita izgatavotas merka plates GE aprékins.
Triecienkermena parvietojuma katra iespieSanas intervala beigas atbilstoSa virsmas forma
meklgjama ar pakapenisko tuvinajumu metodi. Konvergences kritérijs ir o, — 0 punkta ar
koordinatam z =0, R=R_ ar precizitati [idz +1 MPa. To panak ar briva locekla, kur$
viennozimigi noteic Wy lielumu, atbilstosas vertibas atrasanu:

bi(jy = Wi —Wo(j) —KT, (2.6)
kur j — pakapeniska tuvinajuma kartas numurs.

Katram aprékina gadijumam noteic:

1) Kontaktslodzi, ka triecienkermena iespieSanas dziluma funkciju:

P(w)=27 [, (r)rdr @.7)

2) Trieciena energiju:
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T= dew (2.8)
0

3) Dazadam trieciena energijam atbilstoSo sagriiSanas zonu robeZas uz materiala
sagriiSanas robezspriegumu zinama lieluma un GE aprékinu rezultatu pamata.

Rezultata katram aprékina gadijumam noteic:

2

a) Skersgriezuma pazaudéto laukumu S mm°<,

zaud.?

b) $kersgriezuma paliekoso darba laukumu, mm?:

Spat =S =S (2.9)
c) atbilstosu izturibas pazeminasanu:
§=SW- (2.10)
S
d) dotas energijas trieciena sekam ekvivalentas atveres diametru, mm:
dy, = Suana (2.11)

t
Ekvivalentas atveres kritérijs ir pielietojams kompozitmateriala zema atruma trieciena
izraisitas izturibas pazeminaSanas augsgjas robezas novert§jumam.
Trieciena izraisitas izturibas pazeminasanas apaks€jas robezas novertgjumam
iesp&jams izmantot spriegumu koncentracijas kriteriju.
Pienemts, ka vislielakais spriegums pie bojajuma zonas robezas (sprieguma
koncentracija) izplatas uz visa bistama $kérsgriezuma. Saja gadijuma palieko§as izturibas

koeficents ir (2.21):

5:% (2.12)
k=Tk (2.13)
O

kur o, —koncentracijas spriegums.

Dota pieeja ir nosaukta par spriegumu koncentracijas kritériju, kas ir pielietojams
kompozitmateriala zema atruma trieciena izraisitas izturibas pazeminasanas apaksgjas robezas
novertéjumam. No transversali izotropiska ogleklplasta izgatavotas 2 mm biezuma plates péc

aprakstitas metodikas iegtitie rezultati ir paraditi 2.1. tabula.
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Aprekinu rezultati

2.1. tabula

RC ! R/ Wmax’ M T ! J Szaud. ! Satl.’ dekV ! I:_)rob_:.-mug. k I:_)rob_::lpak
mm Ul mm t mm? mm? mm

0.4 0.2 | 0.0135 | 0.0068 | 0.118 0.201 61.679 0.100 | 0.997 | 1.78 | 0.562
0.8 0.4 | 0.0742 | 0.0371 | 1.316 4611 57.269 2,306 | 0.926 | 2.18 | 0.46
1.2 0.6 | 0.1825 | 0.0913 | 8.845 8.114 53.765 | 4.057 | 0.869 | 2.53 0,4
1.6 0.8 | 0.3286 | 0.1643 | 17.727 | 9.064 52.816 | 4532 | 0.854 | 2.47 0.4
2.0 1.0 | 0.5568 | 0.2784 | 40.740 | 13.107 48,773 6.554 | 0.788 | 2.42 0.4

Paraugu izméginajumu rezultati lauj apgalvot, ka augstak aprakstitais aprékina

modelis ir piepemams zema atruma trieciena izraisito bojajumu rezultata iestajusas izturibas

pazeminasanas iesp&jamo robezu definésanai no PKM izgatavotam konstrukcijam. Skaitliskas

model&Sanas un eksperimentu galigie rezultati paraditi 2.2. att.

2.2. att. Augseja Ismb_ aug. (T) un apaksgja ﬁob_apak (T) materiala izturibas pazeminasanas

T, Ax

1

45

robezas péc aprékinu un eksperimentu rezultatiem: 1 — péc ekvivalenta atveres kritérija, 2 —

péc spriegumu koncentracijas kritérija, 3 — pec eksperimenta rezultatiem

Otra pieeja paredz sakaribas ,,kontaktaslodze-kontakta iespieSana” noteikSanu péc

uzdotas trieciena energijas, nemot veéra kontakta virsmas radiusa pakapeniskas izmainas.

Pienemts, ka kontakta spiediens sadalits saskana ar Herza teoriju, ka paradits 2.3. att.
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2.3. att. Slodzes sadalijums uz kontakta laukuma un tas gaballineara aproksimacija

Slodzes elipsoida sk€luma eliptiska Itkne aproksiméjas ar kapnveida lauzto Imiju. Tas

dod taisnstiru kopumu ar malam, kuro izméri r, un h, ir nosakami no min&to taisnstiiru un

elipses atbilstoso dalu (liklinearo trapeéu) laukumu vienadibas nosacijuma. Galigi K -
liklinijas trapeces laukums:
hy
S, =ab [1-y*dy (2.14)
M1
pielidzinas ekvivalenta taisnstiira laukumam:
S, =rh, (2.15)
Tatad, kontakta zona var biit sadalita n nosacitas dalas ar rinka linijam, kuru radiusi

tiek noteikti p&c formulas:

M= feo 1 (arcsin h, —arcsinh,_, +h 1-h% —h _,/1- ﬁkz_l) (2.16)
a 2-\h,—-h_
kur:
ho=DoPegcken 2.17)
b p,

Pienemts sekojoss aprékina algoritms:
1. Uzdod n dazadi kontaktslodzes lielumi ar kadu intervalu.
2. Katrai kontaktslodzes vértibai aprékina: kontakta zonas ar€jo radiusu, kontakta

spiediena lielumu pa objekta simetrijas asi, slodzes kapnveida sadalfjumu.
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3. No GE aprékina katram ieprieks aprékinatam kontakta spiediena lielumam noteic

kontakta spiediena sadalijumu péc kontakta zonas radiusa p(r); virsmas deformaciju
trieciena virziena W(r)
4. Katram aprekina intervalam noskaidro kontaktslodzes darbu péc formulas:

A=A, +;j5pi5wi ds (2.18)

5. Izveido A(P) grafiku, kas paradits 2.4. att., no kura, pielidzinot kontaktslodzes

darbu zema atruma trieciena uzdotai energijai A=T, tiek noteikta Sai energijai atbilstosa

kontaktslodze P,.

2.4. att. Kontaktslodzes aprékina lieluma definésanai (atbilst spiedosam triecienam)

6. Prieks kontaktslodzes P, noteiktas vertibas izpilda GE aprekinu.

7.No P, lielumam atbilstoSiem GE aprekina rezultatiem nosaka:
- tangencialo spriegumu sadalijumu objekta simetrijas plakné, saskana ar kuru var but atklata
iesp&jamas noslanosanas zona,
- ekvivalento spriegumu sadalijumu taja pasa plakng.

P&c iegiitiem rezultatiem tapat ir iesp&jams noveértét zema atruma trieciena ietekmi uz
materiala bides stingrumu:

1. Uzskatot, ka materials zaud€ nestsp&ju zona, kur ekvivalentie spriegumi trieciena

doSanas laika parsniedz izturibas robezu, o, >o,, veido bojata objekta modeli péc

analogijas ar pirmo pieeju.
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2. Ar GE metodi noteic izlieci w, slodzes pielikSanas vieta nebojatam, ka ari zema

atruma triecienam paklautam objektam, kuri ir noslogoti pec trispunktu shémas.
3. Aprekina bides stingrumu nebojatam un zema atruma triecienam paklautam
objektam:

Fc?

4wp

Dee = (2.19)

kur ¢ —malas garums,

F —kontroles slodze.

4. Noteic bides stingruma izmainas zema atruma trieciena ienesta bojajuma rezultata.
Parbaudes aprekins tika izpildits no transversali-izotropiska oglekla-oglekla kompozita
izgatavotai 2.5 mm biezai kvadrata platei, kura paklauta 6 J energijas triecienam. Apskatits
gan spiedoss, gan izliecoSs trieciena raksturs.

Zemak tiek doti kontaktslodzes darba aprékina rezultati, pic tam 2.2. tabula —
spiedoSam triecienam, 2.3. tabula — izliecoSam triecienam.

2.2. tabula

Kontaktslodzes darba aprékina rezultati péc spiedosa trieciena

P,kN| O | 4443 | 8.886 | 13.329 | 22.215 | 31.101 | 44.43 | 53.316 | 66.645 | 88860

=~
o

0.11 | 0.347 | 054 | 0.706 | 1.729 | 2.539 | 3.682 | 5.534 | 7.787

2.3. tabula
Kontaktslodzes darba aprékina rezultati p&c izliecosa trieciena

P, kN 0 2.051 | 4.101 | 6.152 | 8.202 | 10.253 | 12.304 | 14.354
A, 0 0.192 | 0.661 | 1.662 | 3.663 | 3.909 | 5.716 | 6.502

Uz $o tabulu datu pamata tiek sanemti maksimala kontakta speka lielumi spiedosam
triecienam — P =71 kN un izliecosam triecienam — P, = 13.25 kN.

Saskana ar augstak aprakstito pieeju iegiitie vérpes stingruma lielumi péc trispunktu
shémas noslogotiem nebojatiem paraugiem un paraugiem ar spiedosa trieciena izraisitiem
bojajumiem salikti 2.4. tabula. Paraugiem ar izliecosa trieciena izraisitiem bojajumiem
petijums netika izpildits, jo ir konstatéta parauga praktiski pilna sagriiSana péc izliecoSa

trieciena ar noradito energiju.

2.4. tabula
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Veérpes stingruma lielumi

Trieciena energija 7, J 6
Kontaktslodze P, kN 7.1
Pielikta ar¢ja slodze F, kN 1
Nebojata parauga izliece W, 0, MM 11.23
Triecienam paklauta parauga izliece W , mm 15.89
Izejosa parauga stingruma matricas komponenta D66<0), Nm 13.91
Parauga, kas ir paklauts triecienam stingruma matricas komponenta D,,, Nm 9.83
Parauga verpes stingruma relativa pazeminasana Dy 0.7067
66(0)

3. TRIECIENA IEDARBIBAS PA KOMPOZITA KONSTRUKCIJU
IMITACIJA UN BOJAJUMU APREKINS

Iespieduma dzilums péc trieciena vairakos gadijumos ir vieniga informacija par pasu
triecienu, kas ir piejami konstrukciju ekspluatacija no kompozitmaterialiem. Saja sakara
aktuala biitu iesp€a operativi novertét trieciena raditos bojajumus kompozitmaterialu
konstrukcijas, lai noteiktu paliekoSo izturibu, bojajuma izmé&rus un dzilumu remonta
nepiecieSamibas un ta rakstura noteikSanai.

Lielaka dala no pasreiz izmantotas programmatiiras un datorsisteému iesaka iesp&ju GE
aprékinu istenoSanai, tostarp trieciena ietekme uz kompozitu konstrukcijam, nemot veéra
pakapenisku progres€josu sagriiSanu, izmantojot dazadus iebiiveétus vai lietotaja definetus
sagriiSanas krit€rijus.

Ir divi veidi, lai atrisinatu minéto problému. Pirmais ietver §adas procediras:

1) Trieciena GE aprékini: elastiga izpildjjuma un pemot véra pakapenisku sagriisanu.

2) Kontakta punkta maksimala parvietojuma w,,, un tam atbilstosas kontaktslodzes

max

noteikSana pie pakapeniskas sagriiSanas B, .., ka paradits 3.1. att.

3) Kontakta punkta parvietojums Wlastekv, Kas atbilst trieciena elastiga modela
aprékina rezultata noteiktai ekvivalentai kontaktslodzei, kura vienada realai, parvietojuma

ekstremumam atbilstoSai kontaktslodzei: P, y.¢ e = Prewmax -

4) lespieduma dziluma aprékinaSana A, =W . —Wigasy ek -
5) GE aprékins konstrukcijam ar trieciena raditiem bojajumiem to paliekosas izturibas
noteikSanai.

Piedavata metode neievéro kontakta atslodzes nelinearitati (likne 6, 3.1. att.) un ta dod

nedaudz paaugstinatus iespieduma dziluma izmérus. So neprecizitati var samazinat ievadot
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pazemingjosu koeficientu, kas atkarigs no T/h. Turklat, noteikt sagriiSanas likumsakaribas un

to parametrus, kuri adekvati atainotu meérka materiala uzvedibu trieciena laika, biezi ir
apgrutinosi.
Otrs veids paredz pretéju uzdevuma atrisinajumu: noteikt reala trieciena

raksturlielumus (w,,, un P, max) PEc jau zinamiem GE elastigas modeléSanas rezultatiem un

ax
iespieduma dziluma. Sadas idejas pamata pienemam, ka paradits 3.1. att.: &) ar Iikni 1, liniju
3, asi w ierobezots laukums vienads ar laukumu, kas ierobezots ar likni 2, linijam 4, 5, asi w
(trieciena energija); b) absorbéta energija (ar likni 2, liniju 4, likni 6, asi W ierobezots
laukums) tiek noteikta atpemot atléciena energiju (laukums, kas ierobezots ar likni 6, Iiniju 5,
asi W) no trieciena energijas; ) likni 6 nosaka kontakta atslodzes likums:

Wy — Aiesp. "
Po=PR| ———— (3.1)
Wi max — Aiesp.

kur: n, ~(1.5+2.5) — materiala raksturojums, Kas ir noteikts eksperimentali,

w, — triecienkermena kontakta iespieSanas merki .

Sads leémums dod iespgju pielagot degradacijas likuma parametrus mérka
fizikalmehaniskiem raksturlielumiem, model&jot pakapenisku sagrisanu. Tas savukart lauj

palielinat konstrukcijas trieciena bojajuma noteikSanas precizitati un paliekoSo izturibu.

3.1. att. Aprékinatas kontaktslodzes Py atkaribas no vertikalas kontakta punkta parvietojuma
w: 1 — péc elastiga modela; 2, 4, 6 — nemot vera pakapenisku sagriiSanu

Ieprieks aprakstito petijumu rezultati lauj izdart $adus piep€mumus:
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1) Energija kas aiziet uz plaisasanas un noslanojumu neievéroti maza salidzinot ar energiju,

kuru var uzpemt kompozits, ka ari ar energiju, ko uznem kompozits péc kontaktslodzes

pazeminajuma sakuma. Tatad, raksturltknes posms P,(w) no O lidz P, aplikojams ka

linears un sakritoss ar Iiniju 1.
2) Tiek ignoréta kontakta likuma nelinearitate pie atslodzes.

Pienemto pielavumu korektums ir pamatots ar eksperimentiem.

Metodes ierobezojumi:

Piedavata metode sniedz apmierinoSus rezultatus slapainiem plansienu stiklplasta un
ogleklplasta kompozitiem ar epoksida matricu. Kompozita biezumam ir jabut batiski
mazakam neka triecienkermena Vvirsmas greizuma radiusam kontakta zona.

Metodes apraksts:

w lec

Wk
h
W max max

Re/2

N A

3.2. att. Triecienkermena un mérka parvietojums

Modelis, kas paradits 3.2. att. ilustré triecienkermena un mérka parvietojumu. Kopgja
trieciena gadijuma piesatinagjuma energija tiek noteikta ar triecienkermena maksimali

iesp&jamu parvietojumu Wmax max UN kontaktslodzes maksimumu Py ma.

Wmaxmax = WIiec(Pk max) + Rc + h’ (32)
Wiiec(Pkmax) = W—W,, (3.3)
b\

w, =| = 3.4
A ( " (34)

kurn = 1.4 + 1.5 — kontakta likuma pakapes raditajs:

4 1

k=—\/R +-—+F7"—— 3.5

Ec E3k

— kontakta koeficents.
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Kompozita uznemta energija:

Welast

D= ijdw, (3.6)
WP max)
D= 05[Pk elast Welast PkrnaxW(Pk max )] (37)

Uznemta energija ir aplikojama ka ekvivalentas linearas figuras laukums (3.8).
D= 0.5”(x1y2 — y1x2)+ (x2y3 — y2x3)+ (x3y4 - y3x4)+ (x4y1 — y4x1]] (3.8)
KUr: X, = Wemax)s Yo = Peumax) s Y1 = Pamacs X2 = Wi s X3 =Aiegp s ¥3=0;
y,=0; x,=0.
D = 0.5{P, Wi ) — P W — P | (3.9)

k max " max

A

wmax )~ iesp.

3.1. Raksturigakos trieciena parametrus noteicoso lielumu aprekins uz
energijas bilances pamata

Sikak aplukosim slodzes diagrammu, kas ir dota 3.1. att. Nemot véra ieprieks izdaritus
pienémumus, varam apgalvot, ka:

1) Trieciena parpalikuma energija (elastiga modela aprékins) [trapece ar virsotném
punktos (Wpk max), Pkmax); (Welasts Prelast); (Wetast: 0); (Wpk max), 0)] ir vienada ar kompozita
absorb&to energiju pie reala trieciena [trapece, kuras virsotnu koordinates ir (0,0); (Wpk max),
Prmax); (W(max), Pkwmax)); iesp., 0)]. So apsvérumu atspogulo sakaribas (3.10-3.11).

2) Trijstira laukums, kura virsotnu koordinates ir (0,0); (Weast, Pketast); (Welast, 0) ir
vienads trapeces laukumam, kuras virsotnu koordinates ir (0,0); (Wpk max), Pkmax); (Wmax),
Prwmax)); (Wmax), 0). P&c butibas ta ir trieciena energijas dazado izteiksmju pielidzinasana, ko

atspogulo sakaribas (3.12-3.15).

- Pk(wnﬁx)W(Pkmax) + Pkrnameax + Pk(wmax)Aiesp. = Pkelast‘welast. - Pkrme(Pk max ) 1 (310)
W, - W, R
max max (Pk max ) __ kmax 1 (311)
Wiex max ™~ Winax I:)k(wmax)

T= O'S[Pk(wmax)W(Pk max) Pkmaannx - F)k(wrnalx)vvmax] ’ (312)
T= 05[Pk max Winex IDk(wrnax)(wrnax _W(Pk rmx))] J (313)
T= 05[Wmax (Pkmax+Pk(wmax))_ Pk(wmax)W(Pk max)] ’ (314)

P wmax P elast.
Wirax +( Aiesp. _W(Pkmax) ) II;( ) = Pk = Weast. _W(Pk max ) (315)

k max k max
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Nakamas vienadibas ir izsecinatas no trijstiru lidzibas:

3) Trijstliris ar virsotn€m punktos (0, 0); (Wpek max), Pkmax); (Wek max, 0) ir I1dzigs
trijstarim ar virsotném punktos (0, 0); (Welast, Pkelast); (Welast, 0), ko atspogulo sakaribas (3.16-
3.17).

4) Trijsturis ar virsotnem punktos (Wpk max), Pkmax); (W(pk max), 0); (Wmax max, 0) ir 11dz1gs
trijstirim ar virsotném punktos (W( max), Pkw max)); (W( max), 0); (Wmax max, 0), ko atspogulo

sakariba (3.18).

Welast. — Pkelast.

, (3.16)
W(Pkmax) Pk max
I:)k max %
Winex mex =W(Pkmax)+ Rc +h- K ) (317)
F)k max %
R +h—| kmx
k I:)k max
= (3.18)
Pk max 0 I:)k(wmax)
(W(pk max) ~ wmax)+ R, +h-— "
Vienadojumi (3.10, 3.16 un 3.12) parveidosies (3.19, 3.21, 3.23) attieciga veida:
W(Pk max) Wiax Wezlast. - W(ZPk max )
Wi + [Aiesp. - W(Pk max)] 1+ = ) (319)
F)kelast W(Pk max ) % W(Pk max )
R, +h- -
L Welast.
2T +P W,

k(wmax ) VV(Pk max) W, (320)

I:)kmax + I:)k(wmax)

W,

(Pk max)
Perex = P , 3.21
k max k elast. We|ast, ( )
Pk(wmax) = Pkmax 1+ W(PkmaX) _Wmax % = Pkelast- W\Skma)() 1+ W(Pk ) _me % ! (322)
R +h— Pretast. . Wipk max ) elast. R +h— Peeiast . W(pk max)
C k Weiast ’ k Welats.
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2
oT + Pk . W(Pkmax) 1+ W(Pkmax)_Wmax
. Welast. P W, %
R +h— kelast.  "Y(Pk max)

Wmax _ ] L k Welast. _ (323)
W, W W
T L
Welast. Rc+h _ [Pkelast. . \N(Pkmax)] n
L k WelastA

Vienadojumu sisteémas (3.18, 3.19, 3.21, 3.23) atrisinajums dod Pk max, Pkw max), Wmax,

UN Wpk max) Vertibas.

4. KOMPOZITA KONSTRUKCIJU AR TRIECIENA BOJAJUMIEM
PALIEKOSA IZTURIBA

Ir vairakas atSkirigas metodikas, lai novértétu trieciena ietekmi uz SDS un panela
paliekoSo izturibu:
1) Visvienkar§aka paredz materiala iznemSanu no konstrukcijas tada apjoma, kas ir
lidzvertigs bojajumu zonas apjomam trieciena laika, kur§ savukart ir novertets péc jebkadiem
sagriiSanas kriterijiem. Neatkarigi no bojajumu rakstura piepemts, ka viss materials dotaja
zona pilniba zaud€ savu nesgjspeju. Talak tiek novertéta augs€ja un apakseja konstrukcijas
izturibas pazeminaSanas robezas péc ekvivalentas atveres kritérija un koncentracijas kritérija.
ST metode ir aprakstita 2. nodala. Ta dod apmierinosus rezultatus SDS un konstrukcijas ar
trieciena bojajumiem paliekoSas izturibas stiepé noverteésanai.
2) Cits variants paredz Skiedru parravuma zonas precizaku noteikSanu katra slani péc
Skiedru virziena maksimala sprieguma kritérija. P&c tam dota slana Skiedru parravuma zonas
laukums tiek dalits ar Skiedru parravuma zonas vislielako laukumu starp visiem slaniem. Ar

tadu panémienu tiek noteikts bojajuma koeficients d,, un péc tam veikts atbilstoss labojums
slana elastibas E; moduli. Pie tam matricas plaisasanas un slanojuma ietekmi nem veéra
attiecigi pazeminot modulus E, un G,;,. Talak tiek noteikti apkopotie materiala

fizikalmehaniskie raksturlielumi (FMR) parravumu zona, kas ir model&jama eliptiska cilindra
veida ar pusasu izmériem, kas ir vienadi parravumu zonas pusasu izmériem, kas ir vislielaka
visu laukuma slagu starpa. Tada pieeja lauj precizak aprékinat SDS un konstrukcijas ar
trieciena bojajumiem paliekoSo izturibu stiepé€ un, bitiba, ir pirmas pieejas uzlabotais

variants.
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3) Tresa pieeja ir pirmas un otras pieejas talaka attistiba. Ta paredz daudzu materiala
modelu radiSanu, tos ieviesot konstrukcijas lokalas zonas pirms atkartotas noslogosanas. Sadi
ievéro FMR degradaciju péc trieciena. Procedira paredz konstrukcijas ar trieciena
bojajumiem nelinearu statisku aprékinu pie uzdotas slodzes. Ar triecienu izraisitie Skiedru
parravumi noteic izturibu stiepé. Katra noslogojuma gadijuma notiek bojajumu attistiba lidz
pat konstrukcijas nesg€jsp&jas pilnai zaudéSanai. Bojajumu izplatiSanas slanos pie stiepes un
lieces nemti veéra progres€josa sagruSanas modeli, kas realiz€ts datorlietotaja
programpielikuma ANSYS USERMAT. Ta mérkis — atlaut lietotajam ieviest noteiktu
degradacijas likumu esoS$aja materiala modeli. ApakSprogramma pieejama visos elementu
integraciju punktos risindjuma katra soli. Ieeju parametrus USERMAT lictotajs ievada ar
specialu komandu palidzibu.

Katra slani bojajumu zonas model&jamas ar ekvivalentiem laukumiem. Pie sadaliSanas
uz GE $ajas zonas tiek ievadits materials ar pazeminatiem materiala FMR lielumiem:

Ei(d) :(1_dii)Eii! (4.1)
Gija) = (1_ d; )Gij (4.2)
kur d; un d;; —bojajumu parametri.

Bojajumu inici€$ana un to izplatiSana Skiedru stiegrotos kompozitos modelétas ar
ANSYS V14 nelineara risinataja iebiivétas procediiras izmantosanu.

4) Ceturta pieeja dod iesp&ju nemt véra starpslanu noslanojumu attistibu slodzes procesa un,
tatad, tas ir pasi korekts SDS un konstrukcijas ar trieciena bojajumu paliekoSas izturibas
aprekinam spiedg.

Viena no sagriiSanas procesa Ipatnibam spieZot slanainu paneli ar defektu ir lokala
lodze un noslanojusa slana izspieSanas ar talaku defekta zonas palielinaSanos. Ir pienemts
sekojoSs algoritms progres€josas sagriiSanas aprékinam:

1. Noteikta sakotn&ja spiedes sprieguma vértiba o, kad bojdjuma parametri
d; (0'0) (1, J=1, 2) ir nosakami vienigi ar bojajumiem p&c trieciena.

2. Materiala elastibas efektiva modula noteikSana noslanojumu zona ar bojajumu

parametru izmantoSanu d;; panela spiedes sakuma etapa (4.3-4.5):

By = (1_ dll)E1’ (4.3)
B, = (1_ dzz)Ez ) (4.4)
G, =(-d,)G (4.5)
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3. Konstrukcijas SDS aprékins ar korigétiem elastibas raksturliclumiem trieciena
bojajumu zona.

4, Noslanosanas izplatiSanas nosacijumu parbaude, pie dotas slodzes, ar
sagrisanas mehanikas energétisko kritériju izmantoSanu. Ja Sie kritCriji tiek izpilditi kaut
vienam noslanojumam, tad talak ir janosaka ta jaunie izméri un aprékins atkartojas tadam
paSam sakumu sprieguma limenim o,. Pret§ja gadijuma spriegums palielinas vz Ac
pieaudz@sanas lielumu, un aprekins jaatkarto aizstajot spriegumu o, ar o, = o, + Ao .

Seit ir paraditas galvenas formulas (4.6-4.9), kas ir izmantotas aprekinos. K-slana
noslanojusas zonas forma ir paredzama eliptiska ar pusasu garumiem: a — garenvirziena; b —
Skersvirziena. Lidzsvarota noslanojuma izméri ir atvasinati no vienadojumiem:

G,(a,b)=r", (4.6)
G,(a,b)=1, (4.7)

kur G,, G, — apkopotie speki, kas virza noslanojumu gareniska un Skerseniska
virzienos attiecigi,

I',, I', —apkopotie pretestibas speki.

Apkopotie speki ir aprékinami ar formulam:

—_ou

Ga - aa ’ (48)

G, ==, (4.9)

I',=2nyb, (4.10)

I, =2ny,a (4.11)

kur:
mabh
U = const - —[E1(<912 — &)+ 2v,E (88, — &, 65 ) + Ez(<922 ~ & )] (4.12)

2(1-vyv1)
— elementa ar noslanojumu deformacijas energija;
7, — saistvielas sagriiSanas stigriba.

Kritisku deformaciju lielumi tiek noteikti péc $adam sakaribam:

E, ’ 212 12_ 2b2 n “H b
r=[ (8 +v, )t — )+ (V) Ha %(a’b), a1

&1

_ I.El(b2 +v,p*)(s,a* — %) + (%)2 H(a, b)]

Ee H.(ab) (4.14)

Formulas (4.13) un (4.14) ir ievadamas funkcijas:
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H(a,b) =12(1— v12v21)h‘3|:D11b4 + % (D, + 2D,,)a’n® + Dzza“} ,  (4.15)

H,(a,b) = Eb* + 2v,,E.a*h* + E,a* (4.16)
kur Dj ir stingruma raksturlielumi noslanotas zonas.

Tatad, ja k-slani atklajas G,(a,b)>7, vai G,(a,b)>7,, tad atbilstosajam
noslanojuma izmé&ram ir japalielinas. Ir iesp&jami divi varianti:

a) pie daziem jauniem noslanojuma lieluma izmériem noslanojuma augSana
apstajas, tatad izpildas nosacfjumi (4.6) un (4.7); tad Sis izmérs ir jauns lidzsvarota
noslanojuma izmérs, kas atbilst dotai spiedes spéka veértibai;

b) ja noslanojuma izmérs arvien palielinas un noslanojums izplatas Iidz izp&tama
objekta malam, tad tadu stavokli var uzskaitit par gal&jo no nestsp&jas izsmel$anas viedokla.

Ar tresas pieejas izmantosSanu tika izdarits ar T-veida stringeru pastiprinata kompozita
apSuves posma ar trieciena bojajumu lieces aprékins. Lidzas sakuma materiala modelim
veidojas tris bojata materiala modeli ar pazeminatiem FMR. GE modeli katra slani veidojas
atbilstoso izméru zonas, kuras elementiem pieSkir materialus ar atbilstoSam FMR
pazeminasanas pakapém. ANSYS APDL ir izstradata programma macros, kas realizeé
USERMAT pieeju.

Tabula 4.1. salikti un 4.1. att. ir paraditi aplikojamas konstrukcijas ar dazado

energiju triecienu bojajumiem lieces aprékinu rezultati.

4.1. tabula
Aprekinu rezultati
Trieciena energija . . S Paliekosas izturibas
T, SagriiSanas spriegumi liecé, MPa Koeficients
0 707 1
35 559 0.79
50 502 0.71
65 467 0.66
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k_ocr (T)

0 10 20 30 40 50 60 70
T, A
4.1. att. Aprékinu rezultati
Palickosas spiedes izturibas aprékins tika izdarits trislaidumu pastiprinatam
kompozita panelim p&c trieciena ar 140 J lielo energiju stringeru starpposma vidii. Tam tika
izmantota ceturta pieeja. Tas realizacijai MATLAB vidg ir uzrakstita speciala programma. P&c
aprékina datiem panela paliekosas izturibas koeficents:

_ Oaciim) _ 377.5

K ., =
paliek (Tlc 736

=0.51 (4.17)

Attieciba pret panela vispargjas lodzes kritiska sprieguma lielumu o, =539.7 MPa,
izturibas pazeminasanas koeficients ir:

Ocimy 3115 07

kpaliek(ll) = o = 539 7 =

(4.18)

Pielaujama spiedes deformacija bojatam panelim ir &, = 0.45%.

SECINAJUMI

1. Tiek apskatiti kontakta mijiedarbibas mehanikas metoZu un teorijas attistibas un
veidoSanas etapi zema atruma trieciena pielikuma, triecienu pa kompozita konstrukcijam
ieskaitot.

2. Konstatets, ka esoSie trieciena bojajumu identifikacijas kritériji kompozita konstrukcijas
daudzos gadijumos ir griiti realiz€jami prakse.

3. lzstradats un aprobéts elementars modelis, kas tiesi modele deform@tas virsmas formu

atkariba no triecienkermena kontakta iespiesanas merki pakapeniskas izmainas. Tas modelis
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lauj precizi atveidot SDS, ievérojot deformé&tas virsmas formu, trieciena energiju un
kontaktslodzi. Uz ta rezultatu pamata notiec kompozita statiskas izturibas stiepé augs€jo un
apaks€jo robezu ar atbilstoSo krit€riju pielietoSanu. Ir noteikts, ka no dota kompozita
materiala izgatavotai platnei paliekoSas izturibas koeficients stiepé atordas diapazona no 0.4
lidz 0.8. Apskatitam materialam piesatinagjuma energijas vértiba sastadija apmeram 5
J/biezuma mm. Iegiitie eksperimentalie rezultati icklaujas nosauktas robezas.

4. lzstradats elementars modelis, kura pamata ir zinamas energijas zema atruma trieciena
izraisito SDS un bides stingruma izmainas aprékins no PKM izgatavotai platei, sasaistot
kontakta laukuma un kontakta spiediena solplotera izmainas. Tas lauj: no vienas puses,
noteikt precizu sakaribu starp trieciena energiju un kontakta spiedienu; no otras puses,

novertét bides stingruma komponentes D,, pazeminasanu, p&c kuras var spriest par

konstrukcijas bojajuma pakapi. Atstiprinats pazistams fakts: lidzigos apstaklos kompozita
mérkis p€c izliecoSa trieciena tiek bojats lielaka meéra salidzinot ar spiedoSo triecienu. Tas
apstiprina piedavata modela ticamibu. Noteikts, ka bides stingruma pazeminasana spiedosa
trieciena rezultata ar energiju 2.4 J/kompozita platnes biezuma mm lokala zona sastada
apméram 30%, kamér izliecoSs trieciens tados pasos apstaklos noved pie praktiski 100%
stingruma pazeminaganas lokala zona. ST modela rezultatus var lietot modelgjot progresgjosu
sagriiSanu trieciena pa realo kompozita konstrukciju.

5. Piedavata un pamatota liknes ,kontaktslodze - kontakta punkta parvietojums”
raksturigo punktu noteikSanas metode, kas lauj adekvati modelet bojajumu attistibas procesu
GE aprékina. Tas dod iesp&u ievérojami samazinat ieejas parametru daudzumu, Kkuri
nepiecieSami kompozitu progres€josas sagriuSanas eksist€§joSo krit€riju izmantoSanai GE
aprékinos. Rezultata sapemamais konstrukcijas bojajuma stavoklis dod iesp&ju iegt ticamus
rezultatus stipribas pazeminasanas noteikSanai statiska noslogojuma dazados gadijumos.
Izliecosa trieciena gadijuma ar energiju 7.55 J/biezuma mm no uzdota kompozita materiala
izgatavotai platnei pie iespieduma dziluma 0.53 mm iegiiti sekojoSie lielumi: kontakta punkta

maksimalam parvietojumam atbilstosa kontaktslodze B, = 30.71944 kN; maksimala
kontaktslodze PR, = 31.35005 kN; kontakta punkta maksimalais parvietojums Ww,, =

2.311258 mm; kontakta punkta parvietojums pie maksimalas kontaktslodzes w =

Pkmax —
2.065748 mm.
6. Izstradatas un notestetas palig-programmas aprékinu pilna cikla realizacijai.
7. lzpildits paliekosas lieces izturibas aprékins no auduma kompozita izgatavotai ar

stringeru pastiprinatai apSuves dalai. Izturibas pazeminaSana liecé sastada 34%, bet
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piesatinajuma energija priek$ trieciena apSuves pastiprinajuma vieta — 21.5 J/pievadita
biezuma mm.

8. Izpildits paliekosas spiedes izturibas aprékins tris-laidumu pastiprinatam kompozita
panelim péc trieciena ar 9 J/pievadita biezuma mm lielo energiju stringeru starpposma vidd.
Izturibas pazeminaSana spiede sastada 49%  atskaitot no kompozita izturibas robezas tira
spiedeé un 30% atskaitot no lodzes kritiskiem spriegumiem. Pielaujama spiedes deformacija

bojatam panelim ir &4, = 0.45%.

9. Piedavatas metodes un izstradatie modeli tiek pielietoti kompozita sparna, ka ar1 sparna
mehanizacijas un lidojuma vadibas agregatu elementu aprékinos, kuri tiek izpilditi

ligumdarbu ar konstruktoru birojam ietvaros aviacijas riipniecibas nozaré.
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INTRODUCTION

Problem actuality

The use of polymer composite materials (PCMs ) in aviation and space technology is
one of the most significant technological achievements. This makes it possible to realize
fundamentally new structural solutions, reduce labor and material costs, improve the
aerodynamic characteristics of aircraft, and increase the commercial payload capacity.

Despite the undoubted advantages of using PCMs in aircraft designs, until recently,
they have been used only in non-load-bearing (lightly loaded) or secondary elements of the
airframe.

PCMs, to a much greater extent than metals, suffer from the environmental influence:
atmospheric electricity, temperature and humidity of the ambient air, contact with aggressive
media (fuel, antifreezes, etc.), solar radiation, and erosion effects.

In addition, during operation, the material is subjected to aging processes accompanied
by degradation of its properties.

Usually, thin-walled composite materials are used in structures loaded in the plane,
mainly by tension and/or compression. However, the structures under operation can be
subjected to some other, not expected types of loading. One of them is impact loading .

The process of emergence and development of damages in PCMs is principally
different from the fatigue fracture of metals. Unlike the metal elements which absorb the
impact energy through plastic deformation still retaining their strength, in composites, an
impact immediately leads to a brittle fracture of the matrix.

Upon an impact, all possible types of partial destruction can arise in the composite.
The basic features of impact loading are across-the-plane direction of loading, stress
concentration in a small area of the surface, and dynamic impact of the load. As a result, in
the impact zone, a continuous nonuniform distribution of the dynamic load is observed, and
various forms of complete or partial destruction are possible.

Possible damages in the rigid layers:
(1) cracking or crumpling of the matrix,
(2) fracture of fibres, and
(3) delamination.

Possible damages of the core are

(1) crumpling and

43



(2) cracking.

The impact damages of composites are often hardly visible externally, but they can
cause various internal damages and lead to a significant reduction in strength.

In this connection, the following two problems arise.

(1) How can we evaluate the impact damage, based on information on the mechanical
properties of the material and impact parameters (the mass and speed of a striking body)?
(2) How does the impact damage affect the strength and service life of the structure?

The solution of these problems has been widely discussed in the literature, a detailed
review of which is presented in Section I.

Thus, concerning the properties of PCMs, it is necessary and vital to carry out
scientific and engineering testing studies with experimental investigations in the conditions
most similar to those expected during operation of such structures.

In addition, one of the urgent tasks of the system of technical control of aircraft is an
instrumental detection and identification of impact damages.

There exist elementary impact theories based on substantial simplifications of the
phenomenon of contact interaction of elastic solid bodies. They provide estimates of the
impact force, as well as of dynamic stresses and strains. As initial assumptions, the relations
of energy balance and the static solutions of material mechanics for the simplest calculation
schemes are employed. The refined elementary impact theories include additionally some
basic assumptions about contact interaction (e.g., the Hertz and Timoshenko theories). The
importance of elementary theories consists in the fact that they make it possible to see some
qualitative regularities and tendencies of impact effects and to obtain rough estimates of the
impact itself.

In the middle of the XIX century, H. Hertz highlighted the problem on calculating
local stresses arising during a contact interaction between elastic bodies. Having solved the
static problem, Hertz expanded the scope of the results obtained to a certain class of problems
in the dynamics of elastic bodies, imposing the known additional restrictions on the relative
speed of bodies.

The theory establishes a link between the depth of indenter penetration and the force
of impact on the assumption that the impact action is local. However, outside the region of
local crumpling, the Hertz theory neglects deformations of the colliding bodies. This
assumption not always proves to be valid, especially for thin-walled structures. Therefore, it is
actual to use approaches which take into account the effect of finite dimensions of a damaged

body on the stress state in the impact zone.

44



The Timoshenko theory is a further development of the Hertz theory. It also takes into
account the transverse vibrations caused by an impact of the body moving at a given speed .
Relatively recently, attempts were made to evaluate the character of response of composites to
an impact by using an exact theoretical analysis and carefully elaborated tests.

Of particular interest for manufacturers of composite structures is the prediction of
delamination — a common-type fracture at low- and medium-speed impacts, which can lead
to disastrous consequences in aerospace composite structures. The delamination cannot be
revealed visually; therefore, it is very difficult to correctly predict the moment and the regions
of its possible emergence inside the laminates. In the case of low-speed/low-energy impacts,
delamination can occur in different parts of the volume of laminate layer. Especially
frequently, this phenomenon arises in the area between the neighboring layers with a highly
different orientation of fibres, which leads to a difference in rigidity between these layers.
Slower impact actions or strikes over relatively flexible composite laminates result in the
formation of delaminations predominantly in lower layers of the structure.

The wide variety of structural schemes of composite materials often requires that their
elastic characteristics used as input data of the problem should be known preliminarily.

The accuracy of theoretical approaches to evaluation of the degree of damage of
composites at low-speed impact loading depends on the assumptions adopted and on various
factors that are very difficult to be defined theoretically. Therefore, in investigating the impact
strength of composite materials, experiments play an important role. The experiments
examined in the doctoral thesis are based on striking a specimen by a falling weight and
determination of the amount of energy ensuring its destruction.

An overview of the literature available revealed the following main directions of
investigations in this field.
1. Investigations into the effect of local loads and impact on multilayer panels.
2. Development of various technological ways to improve the impact resistance of multilayer
structures.
3. Study of the response of multilayer panels to a ballistic load.
4. Creation of innovative multilayer composites which are multifunctional and retain their
load-carrying ability after an impact.
5. Elaboration of promissing methods and procedures for simulation and calculation of
composite structures .

An objective of numerous studies is to establish the effect of contact loading on the

strength of long-fibre composites.
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As characteristics of the residual strength, we regarded the fracture stress (absolute
value), the relative fracture stress (related to the ultimate strength of a smooth specimen), the
critical stress intensity factor, and the correction for a cracking zone. The reference value for
comparing the characteristics of the residual strength is the ultimate strength in
tension/compression. In examining the PCMs with various fillers and binders on the example
of specimens with a notch and an impact damage, with account of moisture saturation and
elevated temperature, no variant of a PCM exceeding the other ones in all indices of the
residual strength has been revealed. This means that the material should be chosen taking into
account the requirements to a certain structural element, for which the given material is
selected, the character of external effects, and the possibility of damage in its operation. The
strength of a laminated composite material is determined by the mechanical properties of
binder, which imposes certain restrictions on the reinforcement scheme of the structural
element:

- in zones of great shear forces, the +45° lay-up is suitable;

- as "zero" directions and at 90°, it is expedient to choose directions coinciding with

the trajectories of the principal stresses in the zone examined.

To determine a rational "fibre—matrix" composition, experimental investigations into
the residual strength of specimens with a notch and impact damage are carried out, taking into
account the influence of moisture saturation and elevated testing temperature.

Thus, the important question is the assessment of dimensions of a damage at low-
speed impact and its effect on the strength of the composite. A very vital factor in evaluating
the stress state is the impact speed. If the impact time exceeds the period of the smallest initial
vibration form, the impact can be regarded as low-speed. It is shown that an analysis of the
stress state at a low-speed impact can be performed in the form of solution of a static contact
problem of the elasticity theory. It can be assumed that such an approach is also correct in the
case of a medium-speed impact, if only a small region with the boundary conditions
corresponding to the unloaded state is analyzed. Using this approach, an elastic analysis of the
stress state under impact was carried out. Dimensionless functions for the impact force, stress
tensor, some equivalent stresses, and the calculated energy of elastic strain were derived by
the FE method for a typical anisotropic composite.

On the other hand, there exists a modern damage mechanics, an important trend of
which is the analysis of impact damage of composites and its effect on their strength. In many
applications, the damage mechanics (DM) provides a sufficiently precise description of the

phenomenon and allows one to evaluate satisfactorily both the development of damage and
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the load-bearing capacity of the structure. However, the DM methods are very complex and
difficult to be realized from the technical viewpoint, especially, in the engineering practice.
Moreover, the very concept of damage is rather abstract, although it serves as a unified
estimate for different types of damages (matrix cracking, delamination, rupture of fibres, etc.).
This in turn can lead to inaccuracies or even errors in the interpretation of the results of
analysis.

Therefore, there is a certain gap between the elementary theories of impact and impact
damage (ID) and the complicated approaches of damage mechanics. This gap requires
elaboration of new simplified models for evaluating the ID and residual mechanical
properties, primarily the strength of the laminate and the structures made of it. The present

study is dedicated to the development of such models.
The Purpose of the Study

The development of simplified models for evaluating the damage of layered
composites under a low-speed impact and the influence of this damage on the mechanical

characteristics of the composite and thin-walled structural elements.
Theoretical Basis and Investigation Methods

Mechanics of composite materials (CMs), elasticity theory, finite-element method,
numerical methods, failure criteria of composites, theory of quasi-equilibrium growth of

elliptic delaminations, and testing standards.
Scientific Novelty

In the present thesis, the following models are elaborated and the following methods
are suggested.
1. A quasistatic model of low-speed impact (QMLSI) of a thin-walled structural element.
Unlike the existing models based on the Hertz theory, the present model allows one to obtain
a more realistic pattern of stress and strain distributions in the impact zone at different
geometrical parameters and boundary conditions. The model implies an analysis of the
gradual penetration of an indenter into a thin-walled structure. It is shown that, for such a
structure, the distribution of contact stresses may differ considerably from the case of impact
of an indenter on a semi-infinite space, which lies at the basis of Hertz theory. Two limiting
cases of simulation of the stress state were considered: the hinged back surface of the plate
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(compressive impact) and the clamped edges of the plate (bending impact). The analysis
revealed a fundamental difference between these two cases. The criteria for assessing the
character of the damage and dimensions of the damaged zone were developed on the basis of
energy balance.

2. A model for calculating the maximum contact force according to a given energy of a
low-speed impact. It is based on the assumption that all impact energy passes to the work of
contact force. This model has been tested for a transversely isotropic PCM. A method for
assessing the impact energy and its damaging consequences on the basis of changes in the
flexural rigidity of a target is suggested.

3. A method for determining the maximum contact force and corresponding vertical
displacement of the contact point, and a method for determining the vertical displacement of
the contact point and corresponding contact force by using known values of the impact
energy, impact speed, and the depth of residual indentation. The method is based on the
energy balance of the process of low-speed impact.

4. A model for estimation of the impact damage (ID) parameters. The model is closely
connected with the QMLSI and implies that the following estimates will be obtained for a
low-speed impact:

e) dimensions of the crushing zone of brittle material of the matrix based on the
generalized strength criteria and evaluations of energy absorption for the formation of the
surface of crushed particles;

f) assessment of the onset of failure on the surface opposite to the impact surface;

9) assessment of the depth and dimensions of zones where delamination is most possible;
h) assessment of the level of critical stresses for predicting radial ruptures of the material
from the contact point upon penetration of the indenter.

5. A model for evaluating the ID on the residual tensile strength. A model of equivalent
aperture and its experimental confirmation. A model for estimating the lower limit strength
according to the criterium of maximum equivalent stress in the stress concentration zone. A
comparison of the results obtained in computer analysis and experiment.

6. A model of assessment of the influence of ID on the residual bending strength with
account of reduced values of physicomechanical characteristics (PMCs) in the local zones of
layers and progressive destruction of the fibres.

7. A simplified model for assessing the influence of ID on the residual compressive
strength, taking into account progressive delamination.

8. Computer simulation of a low-speed impact damage of thin-walled elements of
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composite structures. The method of dimensional analysis. Investigation of the dependence of
stresses and strains on the impact speed. It was found that, for each given configuration of the
plate and the conditions of its fixation, there is a unified (independent of an impact speed)
function of impact force, stresses, or strains from displacements of the indenter. This makes it
possible to considerably simplify an analysis of the dynamic stress-strain state (SSS) and the
damage assessment.

In the MATLAB, software tools were elaborated with the aim:

@ to read out the FE calculation results for the SSS of a composite structure during the
impact, as well as to carry out transformation of the generalized stresses in the composite to
those in the layers and

(b)  to realize the theory of quasi-equilibrium growth in elliptic delamination for predicting
the residual strength of a PCM structure in compression.

In the ANSYS APDL Mechanical, a software tool was created that realizes the
mechanism of progressive destruction of fibres for three-point bending of a composite
structure, including that with an impact damage.

Experiments confirming the correctness of the method for determining the upper and
lower bounds of decay in the strength of a composite damaged by a low-speed impact were
carried out.

A device was designed and an experiment was carried out to obtain the characteristics

of material resistance upon penetration of an indenter into a plate on a rigid base.
Practical Significance and Realization

The models elaborated are used for calculating elements of the real aircraft structures

made of composite materials.
The Structure of the Study

The study consists of Introduction, 4 Sections with Appendices, and Conclusions. In
the introduction, the essence of the problem is substantiated, the purposes of the study are
stated, and the tasks are formulated. The first section includes an overview of the classical
impact theories, and the current state of the impact theory is discussed. The second part
presents an analysis of the calculated quasi-static model of impact action. In the third part, the
relations between the contact force and displacement of the indenter are analyzed in the quasi-

static and dynamic formulations, and a model for estimating impact damage parameters is
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described. The fourth section is dedicated to description of models elaborated to estimate the

residual strength of a composite structure damaged by an impact.

1. STATE OF THE ART AND DEVELOPMENT OF THE IMPACT
THEORY AND ITS APPLICATION TO CALCULATION OF
COMPOSITE STRUCTURES

The solution of the contact problem, suggested by Hertz, is actually the first adequate
approach which, to a greater or lesser extent, lies at the basis of theories of contact interaction
mechanics. The Hertz theory adopts the following assumptions:

5) Two unloaded elastic bodies have a contact at some point.

6) The surfaces of these bodies in some vicinity of the contact point have certain normal
lines and curvature.

7) The contact points are elliptic points on the surface of bodies.

8) Each body is subjected to the action of a system of active forces leading to a resultant
directed along the outer normal to the surface of this body at a contact point with the second
body.

For the system of bodies to be in equilibrium under the action of applied active forces
and elastic responses distributed over the compression region, the static equilibrium

condition:

%p@yww:P (1.1)

must be fulfilled.

Here P is the resultant of forces compressing the body;

p(x,y) is the pressure distributed over the compression region w;

x and y are directions of coordinate axes in the plane of contact between the bodies.

The shape and location of the contour bounding the compression region are unknown.
Since the compression zone is small compared with dimensions of the body surface, it is
assumed that the difference between the distribution of local stresses and that of stresses in the
elastic half-space with a plane boundary is inessential.

Employing the solution of the problem on equilibrium of an elastic half-space, found
by Boussinesq, and using the kinematic conditions of the problem, we have:

AﬂfiéfzjdXdyzza—f(ny) (1.2)
(@)

where:
x’ and y’ are coordinates of a certain point belonging to the compression zone;
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r is the distance from the point with coordinates X', y*, z' to the point with x, y, z.

r=\/(x—x')2+(y—y')z, (1.3)

A=V, +V,, (1.4)

- At 15

n 47[;“1(21 +/u1), (19)
_ A +2u, 1.6
& 47[/12(12 +/Jz) (16)

Aiand p; are Lame elastic constants for the first and second body, respectively.

Equations (1.1) and (1.2) compose a system of functional equations of the Hertz
contact problem. Introducing various assumptions and making some transformations, we
come to the pressure distribution over the compression zone:

ploy)=3 P XY )

where a and b are the lengths of ellipse semiaxes.

In accordance with Eq. (1.7), the contour of the compression zone has an elliptical
shape. The local compression a is connected with the resultant of compressive forces, or

resistance force, by the relationship:

2

a = kP? (1.8)
where k is the contact coefficient depending on materials of the indenter and target and
on the shapes of their surfaces.

The Timoshenko theory introduces into consideration the local deformations of the
striking body and beam, combining in this way the most important assumptions of the Saint-
Venant and Hertz theories.

According to the Timoshenko theory, we have:

S=a+y (1.9)
where s is the total displacement of indenter and y is deflection of the target.

In accordance with Newton's second law, when the applied force varies in time,

th

s=vyt-— [ | P it (1.10)
m 00

where m is the ratio between indenter and rod masses,
I is the length of the rod,
Vo is the initial speed of indenter,
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t is the process time,
tp and t; are time intervals.
The total indenter displacement s satisfies the equation:
ml‘;—:f =—P(t) (1.11)
where m; is the mass of a falling body; the influence of gravity is neglected.
To determine the dynamic deflection of the target, Timoshenko used the differential

equation of vibrations of a beam of constant stiffness:

o'y _ oy
Bl == ot +q(x,t) (1.12)

Here, El is stiffness of the beam,

y is the specific weight of beam material,

F is the cross-sectional area,

q(x, t) is a variable load distributed along the beam length.

Finally, the functional equation of the Timoshenko impact theory has the form:

1 tu 2 29 & 1 . ar’(2m-1)
t——| | P(t, dt,dt, =kP? P(t )sin 2 ¢ —t )t (1.13)
b mIH (., +7r2yFagI(2m—1)2£ (1)sin ? (-t

The equation is solved by successive integration, dividing the time range into smaller
intervals.

The wave theory takes into account the vibrations of both colliding bodies, therefore it
is more general in comparison with the theories considered earlier. The classic variant of this
theory deals with a strike by an absolutely rigid body on the rod with one clamped end. At the

basis of this theory lies the differential equation of longitudinal vibrations of the rod:

Pu_

oo (1.14)
where u is the longitudinal displacement of points of the rod,
X is the striking direction,
a is the velocity of sound wave propagation along the rod.
Using the relation:
u= f(at—x)— f(at+x) (1.15)

obtained for the condition at the free end of the rod:

m I(i’%l_. g’ [%”j“ (1.16)
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Here, f(at—x) and f(at+ x) determine the longitudinal wave propagating along the

rod with a velocity a in the positive and negative directions, respectively.

Using the initial conditions of the problem, we obtain:

mi[f"(at—1)—f"(at+1))]=+[f(at—1)+ f'(at+1)] (1.17)

Here, f is the function defining the character of waves. ST funkcija tiek veidota, saistot
tas vértibas vilnpu izplatiSanas attaluma blakus-intervalos. This function is constructed by
combining its values on two successive intervals at a distance of wave propagation from the
source of disturbance. After determining f(z) (z=at+x, X is a coordinate in the longitudinal
direction of the rod), it is possible to fully examine the stress-strain state of the rod, using Eq
(1.15).

The application of the wave theory to analyzing a longitudinal collision between two
cylindrical rods yields an expression of time function of contact force (1.18):

3
t2 3 (kgk,) t°
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(1.18)

(4a <t <6a)

The combination of Hooke's law and the functions f(z) and P(t) gives the final formula
for determining the stresses:
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a; and a, are the impact wave propagation velocities in the first and second rods,

respectively, and,
I, is the length of the first rod.

The creation of composite materials and their wide use in engineering practice

stimulated the rapid development of the impact theory, primarily, because of the

inhomogeneous properties of layered structures. On the other hand, the enormous progress in

computational technologies has made it possible to implement many theoretical concepts.

For example, based on the Hertz theory and taking into account the structure of

composites, expressions were derived for major and minor axes of the contact area, the

maximum deformation in the contact zone, and the maximum surface pressure:
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= (502 /4Mn")s, (1.21)

Gl O e i

T = xt!3 mr[(k'lJrk'z)CR]ZI3 4M

The quantities k, and k, reflect the influence of PMCs of the indenter and target. For
an isotropic indenter, we have:
K, =(1-v2)/ £, (1.23)
where E; and v, are the Young's modulus and Poisson ratio of the striker.
If the target is made of a transversely isotropic material, then, using the results

obtained by Conway, we can derive the following expression for k,:

\/E:(\/ A11A22 + Gzr - (Aiz + Gzr)2:|
Gzr (A11A12 - A122)

where: A, =E,(1-v,) 8, A, =|E,All-v25)I1+v,)] (1.25)
A,=Ev,B B=10-v,-225) S5=EIE,

r-zr

1/2

(1.24)

2:

E, G, and v are the Young's modulus, shear modulus, and Poisson ratio of the target;

r and z are respectively the radial and vertical directions of the strike.

Characteristics of the target in the layer plane weakly affect the value of k,. Thus,
relation (1.24) can be used as a first approximation for the case of general orthotropy of the
material if we use appropriate, say, average, intraplane properties (E,, v;). The parameter k,
for such an orthotropic material can also be found experimentally from static indentation tests.
For a spherical indenter made of an isotropic material (Rin=Rim=R1) and a plane target (Rom =
Rom = Ry), Cr = R1/2 and s = 8, we solve the modified equation of Hertz law with respect to
ko

K, = Sip( R} - 1ﬂEV11 (1.26)
where a is the deformation function.

The final step in constructing the theory is the establishment of failure forms arising in
the composite target under the action of internal stresses caused by the surface pressure from

the impact, as well as determination of the character of development of various forms of
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destruction. This can be done by using suitable failure criteria. They can be divided into two
groups:

(a) failure criteria based on the maximum stresses or strains and

(b) failure criteria taking into account stress interaction.

Recently, a number of different dimensionless criteria (Tsai-Vu, Cang, Hofman,
Hasin, Pak, etc.) appeared, which are meant by their authors for determining the character of a
damage, its size, and development. Despite the certain progress achieved in this field, the
above-mentioned criteria have at least one of the two drawbacks:

- the identification of the type of damage and determination of the degree of danger
are strictly limited,

- the expanded possibilities require knowledge of many additional input data, which
practically have never been available in full. This fact makes practical use of these criteria
problematic or even impossible.

Thus, elaboration of an adequate approach to simulating the impact phenomena and
respective damages is still topical. Extensive investigations in this direction continue to be at
the focus of researchers nowadays, too. Examination of the results allows us to highlight
significant conclusions made by different authors and reported in the literature:

(1) Within the low-speed impact, the deflection of a multilayer panel can be assumed to
approach a quasi-static process, where concentrated parameters of the model of elastic system
can be used.

(2) The validity of these models considerably depends on the ratio between the indenter mass
and the effective mass of a multilayer panel, when the mass ratio is relatively great, the local
bending stiffness can be neglected, and the panel response to an impact can be assessed by
using a spring-mass model. If the mass ratio is small, then only a modal superposition can be
used to evaluate precisely the dynamic response of a multilayer panel.

(3) An impact damage of a multilayer panel can be simulated numerically by using a
thoroughly chosen deformation model of a multilayer panel. However, the residual
indentation of a multilayer panel depends on the contact force, which in turn depends on
dimensions and mass of the panel, as well as on the impact energy.

(4) Quasi-static models can be used for predicting the response to a low-speed impact.

The results of many investigations confirm the possibility of a quasi-static simulation
for assessing the consequences of a low-speed impact on the elements of PCM structures.

Another important direction in the investigation of impact phenomena is associated

with increase in the impact resistance of composite structures. The impact resistance of
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composite structures can be improved due to energy absorption by foam or honeycomb cores
imbedded between layered skins. Their main advantage is the higher bending stiffness relative
to the unit weight. Lightweight foam cores make it possible to locate a more rigid material of
face sheets farther from the neutral axis, where the resistance to a bending load increases.
However, the weak place of such joints is the interface between the outer skin and the core. It
Is sensible to delaminations and has a limited strength since it has no overlapping of the core
and shells. In one of the analyzed studies, it is suggested to use lockstitches for strengthening
the joint between the two skins and the core. Such a strengthening:

(a) ensures the good connection between multilayer components and

(b) increases the attraction between the core and the coating; it significantly raises the
stiffness and critical bending stress, shear strength of the core, and the ultimate strength in
compression perpendicular to the layers.

There is a considerable interest in the creation of innovative multilayer composites
because of their versatility and because they retain the load-bearing capacity after an impact.
The reinforcement of foams by a binder (pins) is one of such directions prospective in raising
the transverse rigidity and strength compared with conventional multilayer composites.
Investigations reveal that the foam plastic cores with incorporated particles show a higher
compressive strength and out-of-plane stiffness than the cellular structures. In turn, to
improve the impact strength of honeycomb structures, it is suggested to introduce into them
viscoelastic (e.g., rubber) fillers, which can absorb and dissipate energy, thus achieving the
damping effect. Test results of such structures evidence that:

(@) a sandwich panel with rubber filling has a shorter response time than the conventional
composites;

(b) the damping rates of sandwich panels with a rubber filler are 1.5+2.5 higher than those of
traditional multilayer ones;

(c) the areas of impact damage of composite panels with honeycombs filled with rubber
proved to be smaller by 20, 17.7, and 33% than in the case of conventional honeycomb panels
[0/90]4s, [0/45/-45/90],s, and [45/-45]4s, respectively.

At present, much attention is given to investigations into the multilayered composite
structures used in armored equipment for protecting military vehicles, i.e., to investigation of
the ballistic resistance. The basic findings of the researchers are as follows:

(1) Postemergency analyses, including dissection of a panel showed that the armored panels
with a 3D stranded coating have a higher ballistic efficiency than that of the initial two-

dimensional panels; the fracture zone is mostly symmetric with respect to the perpendicular to
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a panel surface crossing its damage point, while the panels with a 3D coating have a more
controlled cracking and a lesser degree of through penetration upon a hit.
(2) Most of the delaminations inside a 3D-reinforced composite panel are located across the
entire length of the panel. Due to the nontwisted nature of warp and weft threads, each
individual thin layer acts efficiently as a woven mesh to stop the penetration and allows the
kinetic energy to be absorbed mainly through interlayer delamination. The degree of
delamination in 3D armored composite panels decreases with increasing surface density of the
matrix. This is possible due to the thickness of thin layer of the matrix, which can
considerably raise the moment of inertia of cross-section and decrease the resulting bending
and shear stresses acting perpendicularly to the surface of the shell.

The creation of methods and advanced techniques for simulation and calculation of
composite structures is still in progress. Despite the results obtained, the possibility of an
exact determination of damages, such as delaminations and ruptures within a composite

structure, by employing numerical methods is still at the early stage of development.

2. DESCRIPTION OF COMPUTATIONAL MODELS OF REDUCING
THE RESIDUAL STRENGTH AND

Two approaches for calculation of the low-speed impact on a composite plate are
suggested.

The first approach is based on a precise simulation of surface deformations of a target
while an indenter falls onto the specimen. This approach has some restrictions, namely
4) The target and the striking body (indenter) are linearly elastic.

5) The time (duration) of an impact is much greater than the longest period of natural
vibrations of the target, i.e., the low-speed impact is examined.
6) The strike is directed perpendicularly to the surface of target plate.

Depending on the energy of a low-speed impact, the striking body can penetrate into
material at various depths. Assuming that the indenter has a spherical surface, we can
consider that the deformed surface of a specimen consists directly of

- the contact zones of depth dp and

- the interfaces of displacing contact surface of depth w,.

This is well illustrated by a scheme in Fig. 2.1. Consequently, the problem is to

determine the actual, i.e., total depth of penetration of the indenter, w_,, =Ww,+dJ,, and the

stress state in the vicinity of contact zone. The radius Ry, of the spherical surface of indenter is
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constant, but the radius R, of the contact area is variable. The thickness of the composite plate
used as a target is designated by t.

As seen from Fig. 2.1, the depth of the contact zone can be calculated as

5(R,)=R, —R2 —R? (2.1)

Simulation of the boundaries of deformed zone is based on the considerations
discussed below.

The surface of the contact area is an uncountable set of circumferences, whose centers

belong to the impact axis. Each of these circumferences has a certain radius 0<r<R_ and

the respective depth

Aw(r)=w(r)-w, =/R2-r*> =R+, (2.2)
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Fig. 2.1. Surface shape of a composite target as a result of a low-speed impact by a spherical
indenter

reckoned from the boundary between the contact area and conjugation zone. In turn, W(r) is

reckoned from the initial (undeformed) surface. The projection of the deformed surface onto
the symmetry plane is presented as a set of straight line segments. The equation of any
segment in the coordinates r-z reads

Zz=kr+b, (2.3)
where:
K = AW AW, 2.4)
I’.i - ri+1
b, = Aw, —Kkr, (2.5)



Further, the finite-element calculation of a composite plate is performed. The shape of
its surface, corresponding to the end of an interval of indenter penetration, is determined by
the method of successive approximations. The convergence criterion o, — 0 at a point with
coordinates z =0, R=R_ accurate to 1 MPa. This is achieved by selecting an appropriate
value of the free term which, in turn, uniquely determines the quantity wo

bi(y =W —Wo(jy —KT, (2.6)
where j is the number of successive approximation.

For each calculation case, we determine

(1) The impact strength as a function of penetration depth of indenter

Re
P(w)= angz(r)rdr (2.7)
0
(2) The impact energy
T= [Pdw 2.8)
0

(3) For different values of the impact energy, the corresponding boundaries of the destroyed
area are found by using the known value of breaking stress of the material and finite-element
calculation results.

As a result, for each calculation case, we determine

(a) the lost cross-sectional area S, , mm?,

(b) the residual working cross-sectional area, mm?:

Spal. =S - Szaud. (29)
(c) the corresponding decrease in strength:
o S pal.
P= 5 (2.10)
(d) the diameter of the aperture equivalent to the impact of given energy, mm:
dyy = 200 (211)

t
The criterion of equivalent aperture can be applied to estimating the upper bounds of
loss in strength of the composite material from the low-speed impact.
To estimate the lower bounds of strength reduction due to a strike, the stress

concentration criterion can be used.
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It is assumed that the maximum stress near the boundary of damage zone (stress
concentration) is valid over the entire weakened cross section. In this case, the residual

strength coefficient is (2.21):

P =% (2.12)
K=k (2.13)
O

where o, is the stress concentration.

This approach is regarded as the stress concentration criterion, which can be applied to
estimating the lower bound of strength loss in the composite material from a low-speed
impact. Table 2.1 shows the results obtained by the described technique for a transversely
isotropic carbon-fibre-reinforced plate of thickness 2 mm.

Table 2.1. Calculation Results

RC ! R/ Wmax’ Wmax T ! J Szaud. ! Satl.’ dekv ! I:)rob_aug. k Prob_apak
mm Ul mm t mm? mm? mm

0.4 0.2 | 0.0135 | 0.0068 | 0.118 0.201 61.679 | 0.100 | 0.997 | 1.78 | 0.562

0.8 0.4 |0.0742 | 0.0371 | 1.316 4.611 57.269 | 2.306 | 0.926 | 2.18 | 0.46

1.2 0.6 |0.1825 | 0.0913 | 8.845 8.114 53.765 | 4.057 | 0.869 | 2.53 0,4

1.6 0.8 |0.3286 | 0.1643 | 17.727 | 9.064 52.816 | 4.532 | 0.854 | 2.47 0.4

2.0 1.0 | 0.5568 | 0.2784 | 40.740 | 13.107 | 48,773 | 6.554 | 0.788 | 2.42 0.4

The results of testing specimens make it possible to assert that the calculation model
described above is acceptable for determining possible limits of strength reduction in the
PCM structures as a result of their damage by a low-speed impact. Final results of the

numerical simulations and experiments are shown in Fig. 2.2.
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A | | |
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Fig. 2.2. Calculated and experimental upper P, ,..(T) and lower P, ,...(T) bounds of

reduction in material strength: 1 — by equivalent aperture criterion, 2 — by stress
concentration criterion, and 3 — experimental results
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The second approach involves determination of the relation “contact force—contact
indentation” by using the given impact energy, taking into account a gradual change in the
radius of contact surface. It is assumed that the contact stresses are distributed according to

the Hertz theory, as shown in Fig. 2.3.
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Fig. 2.3. Load distribution over the contact area and its piecewise linear approximation
The elliptic curve of cross section of the ellipsoid of loading is approximated by a

piecewise constant line. This gives a set of rectangles with the sides r, and h, found from the

condition that the areas are equal to the corresponding parts of the ellipse, which represent the
family of curvilinear trapezoids. As a result, the area of a Kk th curvilinear trapezoid
h
S, =ab [1-y*dy (2.14)
M1
is equated to the area of equivalent rectangle
S, =rh, (2.15)
Therefore, the contact area can be divided into n conditional parts by circumferences
with the radii found from the formula

—-—

r = g" =S l_ n (arcsin h, —arcsinh,_, +h 1-h% —h _,/1- ﬁkz_l) (2.16)
k k-1

=k 1<k<n (2.17)

The following calculation algorithm was adopted.
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1. n different contact forces are assigned with some interval.

2. For each value of the contact force, we calculated the outer radius of contact zone,
the magnitude of contact pressure along the symmetry axis of the object, and the stepwise
distribution of the load.

3. From the results of FE calculations, for each calculation case, for the preliminary
calculated value of contact pressure, the distribution of contact pressure over the radius of
contact zone, p(r), and the deformation of the surface in the impact direction, w(r), are
determined.

4. For each calculation case, the work of contact force is found by the formula
A=A, +; [&p,6w,dS (2.18)
S
5. The graph A(P) is plotted, as shown in Fig. 2.4. From this graph, by equating the

work of the contact force to the given energy of low-speed impact, A=T, the contact force

P, corresponding to this energy is found.

0200 W00 X0 Y0 L0 SO0 000 T£ 30000 %000 06p00
Fig. 2.4. Determination of the calculated value of contact force (corresponding to the
compressive impact)
6. For the found value of contact force, the FE calculation is performed.

7. The results of FE calculations for the force P,are used to determine

- the distribution of shear stresses in the symmetry plane of the object, according to which the
zone of possible delaminations can be detected, and
- the distribution of equivalent stresses in the same plane.

Thus, according to the results obtained, the effect of a low-speed impact on the shear

stiffness of the material can be evaluated as follows.
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1. Assuming that the material loses its load-bearing ability in a zone where equivalent

stresses during the impact instant exceed the ultimate strength o, > o, a model of the

damaged object is created by analogy with the first approach.

2. By using the FE method, the deflection w at the point of load application to the

objects, undamaged and subjected to a low-speed impact, and loaded by the three-point
scheme, is determined.
3. The shear stiffness of the undamaged and impacted objects is calculated as:

Fc?
4Wp

Des = (2.19)

where c is the side length and F is the test load.

4. The variation in shear stiffness occurring as a result of damage caused by a low-
speed impact is found. The verifying calculation was carried out for a transversely isotropic
carbon-carbon composite square plate of thickness 2.5 mm subjected to an impact of energy 6
J. Both compressive and bending impacts were considered.

The results of calculating the work of contact force are given in Table 2.2 for a
compressive impact and in Table 2.3 for a bending impact.

Table 2.2. Calculation Results of the Work of Contact Force after a Compressive Impact

P,kN| O | 4443 | 8.886 | 13.329 | 22.215 | 31.101 | 44.43 | 53.316 | 66.645 | 88860

A, 0 0.11 | 0.347 | 054 | 0.706 | 1.729 | 2.539 | 3.682 | 5.534 | 7.787

Table 2.3. Calculation Results of the Work of Contact Force after a Bending Impact

P, kN 0 2.051 | 4101 | 6.152 | 8.202 | 10.253 | 12.304 | 14.354
A, 0 0.192 | 0.661 | 1.662 | 3.663 | 3.909 | 5.716 | 6.502

Based on data of these tables, values of the maximum contact force were obtained: 71
kN for the compressive impact and 13.25 kN for the bending one.

The values of torsional rigidity obtained according to the above-described approach
for intact and damaged specimens caused by a compressive strike and loaded by the three-
point scheme are shown in Table 2.4. Specimens damaged by a bending impact were not
investigated since, as was stated, these specimens failed practically completely after a bending

impact of given energy.
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Table 2.4. Values of Torsional Stiffness

Impact energy 7, J 6
Contact force P, kN 7.1
Applied external load F , kN 1
Bending of intact specimen W, ), MM 11.23
Bending of damaged specimen W , mm 15.89
Component of stiffness matrix of initial specimen DGB(O), Nm 13.91
Component of stiffness matrix of impacted specimen D,,, Nm 9.83
Relative reduction in torsional stiffness of specimen D% 0.7067
66(0)

3. SIMULATION OF THE IMPACT EFFECT ON A COMPOSITE
STRUCTURE AND CALCULATION OF DAMAGES

In many cases, the depth of a dent after a strike is the only information about the
impact which is known in operation of the composite structure. In this connection, it is topical
to quickly identify damages emerging in composite structures for determining the residual
strength of the structure, as well as dimensions and depth of the damage, so that to assess the
necessity and the character of possible repair works.

Most of the presently available programs and computational systems make it possible
to perform FE calculations, including the impact effect on composite structures, with account
of gradual progressive destruction, by using various built-in or user-defined failure criteria.

There are two methods to solve this problem. The first contains the following
procedures.

(1) FE calculations of the impact: in the elastic formulation (realization) and with account of
gradual destruction.

(2) Determination of the maximum displacement of contact point w,

max

and the corresponding

contact force B, .., upon a gradual failure, as shown in Fig. 3.1.

(3) Displacement of the contact point Wejastekv: Which corresponds to an equivalent contact
force determined by calculating the impact according to the elastic model. This force is equal

to the real contact force corresponding to the extreme displacement: P, ., =P

kwmax *

(4) Calculation of depth of the dent: A, =W ., —Wgag eio -

(5) FE calculation of the structures with damages caused by a strike for determining their

residual strength.
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In the method described, the nonlinearity of the contact curve in unloading (curve 6,
Fig. 3.1) is not taken into account, and the method yields slightly overestimated sizes of the
depth of indentation. This inaccuracy can be reduced by introducing a reduction factor which

depends on T/h. Moreover, it is often difficult to determine the parameters and laws of

destruction that would adequately reflect the behaviour of target material.
According to the second method, we need to solve an inverse problem, namely to

determine the characteristics of the real impact (w,,,and P,,m..«) by using the already known

results of elastic FE simulation and the indentation depth. At the basis of this idea, as shown
in Fig. 3.1, we assume that (a) the area bounded by curve 1, line 3, and axis w is equal to that
bounded by curve 2, line 4, curve 5, and axis w (impact energy ), (b) the absorbed energy (the
area bounded by curve 2, line 4, curve 6, and axis w) is determined by subtracting the rebound
energy (the area between curve 6, line 5, and axis w) from the impact energy, and (c) curve 6
is defined by the law of contact unloading

Wy — Aiesp. "
o (3.1)

Wi max _Aiesp.
where n, ~(1.5+2.5) is the characteristic of the material determined experimentally

and w, is the contact penetration of the striker into the target.

This solution makes it possible to adjust parameters of the degradation law of elastic
characteristics of the target in simulating progressive destruction. This, in turn, makes it
possible to increase the accuracy of determining the impact damage of the structure and its

residual strength.

w, mm

Fig. 3.1. Contact force Py as a function of the vertical displacement w of contact point according to
the elastic model (1) and in view of gradual destruction (2, 4, 6)
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For the above-described method, the following assumptions can be accepted.
(1) The energy spent to cracking and delamination is negligibly small compared with the
energy that can be absorbed by a composite, as well as with the energy absorbed by the
composite after the beginning of decay in the contact force. Consequently, the section of the

characteristic P, (w) from O to P, is considered to be linear and coincident with line 1.

k max
(2) Nonlinearity of the law of contact unloading is neglected.

The correctness of this assumption is justified by experiment.

Limitations of the method

The model suggested gives satisfactory results for layered thin-walled glass- and
carbon-fibre-reinforced plastics with an epoxy matrix. The thickness of the composite should
be considerably smaller than the radius of curvature of indenter surface in the contact zone.

Description of the method

| w liec

Wk
h
W miax max

—— I

Re2

N

Fig. 3.2. Displacement of the indenter and target

The model shown in Fig. 3.2 illustrates the displacement of an indenter and the target.

In the general case of impact, the saturation energy depends on the maximum possible

displacement of the indenter, Wiax max, and on the maximum contact force, Py max.

MWW=WM%Q+&+hv (3.2)
Wiiec(Pkmax) = W—W,, (3.3)

PY"
Wk - ? (34)

where n = 1.4 + 1.5 is an exponent of the contact law

4 1
k=—\R -—F—— 35
3V ° 1-v? 1 (33)

E E

c 3k

is the contact coefficient.
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The absorbed energy of the composite is given by

Welast

S (3.6)
WP max)
D=05 PkelastWelast - Pk me(Pkmax )] (37)

The absorbed energy is regarded as the area of an equivalent linear figure (3.8).

D= O-SH(X1Y2 - y1X2)+ (X2Y3 - y2X3)+ (X3y4 - y3x4)+ (X4y1 - y4X1]] (3.8)
where X, = W(Pkmax); Y, = Pk(wrmx)’ Yy, = Pkmax’ Xy = Wiy s X3 = Aiesp.; Y; = 0;
y,=0; x,=0.
D= O-5UPk(wmax)W(Pk max) PKWWW - Pk (wmax)Aiesp. J (39)

3.1. Calculation of governing impact parameters by using the energy
balance method

Let us consider in detail the diagram depicted in Fig. 3.1. Taking into account the
assumptions adopted previously, we assume the following.

(1) The excessive impact energy (elastic calculation) [a trapezoid with vertices at the
points (Wpk max)s Pkmax), (Welasts Pkelast), (Welast, 0), and (Wpk max), 0)] is equal to the energy
absorbed by the composite upon the real impact (a trapezoid with the vertices in coordinates
(0, 0), (Wpk max)s Pkmax), (W( max)s Pkw max), and (diesp., 0)]. This concept is reflected in
relations (3.10)-(3.11).

(2) The area of a triangle formed by vertices at the points (0, 0), (Welast, Pkelast), and
(Welast, 0) is equal to the area of a trapezoid formed by vertices at the points (0, 0), (W(Pk max)»

Pimax): (Wmax)s Pkwmax), and (Wgmax), 0). In fact, this is the equalisation of various

expressions of impact energy as shown in relations (3.12)-(3.15).

— Prwmax) Wik max)  Prmax Warax + Pewimax)Diesp. = Pretast Wetast. — Prmax Wik max) » (3.10)
Mo o @12

T = 0.5 W ) — Peroc W = Peumm o] (3.12)

T = 0.5[Pe W + P ) Wrme = Weorrmy)| - (3.13)

T = 0.5Wye (Prre P~ Petrmm e )] (3.14)
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I:)k wmax I:)kelas.
Wi +( Aiesp. _W(Pkmax) ) F: ) = P t Welast _W(Pkmax) (315)
k max k max

The following equalities are derived from the similarity of triangles.

(3) The triangle with vertices at the points (0, 0), (Wk max), Pkmax), @and (Wpk max), 0)
is similar to that with the vertices at (0, 0), (Welasts Pkelast), and (Welast, 0), as given by Egs.
(3.16)-(3.17).

(4) The triangle with the vertices at (Wpk max), Pkmax), (Wpk max), 0), @and (Wmax maxs
0) is similar to that with the vertices at (W( max), Pkw max) )» (W(max), 0), and (Wmax max, 0), as

shown by relation (3.18).

Welast. = I:>k elast. (316)
W(Pkmax) Pk max
R, +h Pl - (3.17)
W =W, +R. +N— , .
max max (Pk max ) c K
( I:)k max ]%
R, +h—| kmx
k I:)k max
- (3.18)

(W(pk ) = W )+ R, +h- [ Pklzm

Equations (3.10), (3.16), and (3.12) are transformed to form (3.19), (3.21), and (3.23),
respectively:

2 2
w Pk max) — W X W, last. — W Pk max
Winax + [Aiesp. = W(py max)] 1+ (Pk max) ma p _ eas\;v (Pk max) ’ (3.19)
[ I:)k elast. W(Pk max) J n (Pk max)
R, +h- .
L k Welast.
2T +P W,
k(wmax ) VV(Pk max) W, (320)
Pkmax + Pk(wmax)
W, Pk
Pk max Pkelast. (Pl mex) ) (321)
Welast.
W -W W, W, —-W
Pk(wmax) = Pkmax 1+ (Pk max ) max =P, (Pk max ) 1+ (Pk max ) max , (322)
R W % l Welast. P W, %
R +h—| xelast  T(Pkmax) R +h—| et T(Pkmax)
C k WEIaSt' ’ k Welats.
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W(Pk max) Winex

2
oT 4+ P, exma)| g
Welast. P W, %
R +h— kelast.  "Y(Pk max)

Wmax _ ] L k Welast. _ (323)
W, W W
T L
Welast. Rc+h _ (Pkelast. - \N(Pkmax)) n
k Welast

Solution of the systems of equations (3.18), (3.19), (3.21), and (3.23) yields the values

of Py maxs Pk(w max)s Wmax, and W pk max)-

4. RESIDUAL STRENGTH OF A COMPOSITE WITH IMPACT

Different methods exist for evaluating the effect of impact damage on the stress-
strain state (SSS) and residual strength of the panel:
(1) The simplest technique implies that the material in an amount equivalent to the volume of
impacted zone, estimated by a certain generalized criterion, is removed from the structure.
Regardless of the character of damage, it is presumed that all material in this zone has
completely lost its load-carrying capacity. Further, the upper and lower bounds of decrease in
the structure strength are estimated according to the equivalent-aperture and concentration
criteria, as described in Section 2. This approach yields satisfactory results in estimating the
SSS and residual strength of a structure with an impact damage in tension.
(2) Another variant deals with a more accurate determination of fibre fracture zones in each
layer using the criterion of maximum stress in the fibre direction. Then, the area of the fibre
fracture zone of the given layer is divided into the largest area of fracture zones in the layers.

Thus, the damage factor d,, is determined and the corresponding correction is introduced into
the elastic modulus E, of the layer. In this case, the influence of matrix cracking and
delaminations is taken into account by decrease in the moduli E, and G,,, respectively.

Further, we determine the generalized physicomechanical characteristics (FMCs) of the
material in a fibre breakage zone modeled in the form of an elliptical cylinder with
dimensions of its semi-axes equal to those of the fracture zone with the largest area. This
approach allows a more accurate calculation of the SSS and residual strength of the structure
with a tensile impact damage and, in fact, is an improved version of the first approach.
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(3) The third approach is a further development of the first and second ones. It involves the
creation of multiple material models introduced into local zones of the structure before
repeated loading. In this way, the degradation of PMCs after impact is taken into account. The
procedure includes a static nonlinear calculation of the structure with impact defects subjected
to the given type of loading. The impact-caused breaks in fibres affect the tensile strength. At
each loading step, damages continue to develop until a complete exhaustion of the load-
bearing capacity of the structure is achieved. The propagation of damages in the fibres in
tension and bending is considered by a model of progressive destruction realized in the
ANSYS USERMAT software. Its purpose is to allow the user to enter a certain degradation
law in the existing model of material. The subprogram is executed at all integration points of
the elements, in each solution step. Input parameters for the USERMAT are given by the user
via special commands.
The damage zones in each layer are simulated by equivalent areas. Upon division of
these zones into finite elements, the material with reduced PMCs is specified
Eiw =@—d,)E;, (4.1)
Gijo) = (1_ d;)G; (4.2)
where d;; and d; are damage parameters.

The initiation and propagation of damages in fibre-reinforced composites are
simulated by using an integrated nonlinear-solution procedure in the ANSYS V14,
(4) The fourth approach makes it possible to account for development of interlayer
delaminations in the process of loading; therefore, it is most accurate to be used in calculating
the SSS and residual strength of structures with a compressive impact damage.

A particular feature of the fracture process in compression of a layered panel with a
defect is the local buckling and bulging of the exfoliated layer accompanied by a growth of

the defected zone. The following algorithm is adopted for account of progressive destruction.

5. To determine the initial compressive stress o ,when the damage parameters
d; (0'0) (i, j=1, 2) depend only on the after-impact defects.

6. To find the effective modulus of the material in the region of delaminations

with the use of damage parameters d; at the initial stage of plate compression (4.3)-(4.5)

Eu = (1_ dll)E1’ (4.3)
B, = (1_ dzz)Ez ) (4.4)
G, =(-d,)G (4.5)
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7. To calculate the stress-strain state of the structure with corrected elastic
characteristics in the impact-damaged zone.

8. To verify the limit propagation conditions of delamination under a given load
using the energy criteria of fracture mechanics. If these criteria are valid for at least one
delamination, its new dimensions must be determined, and the calculation must be repeated

for the same initial stress level o,. Otherwise, the stress increases by an increment value Ac
and the calculation has to be repeated after the stress o, is replaced by o, =0, + Ao .

Here, we present only the basic formulas (4.6)-(4.9 ) used in the calculations. It is
assumed that the shape of the separated zone of a kth layer is elliptic, with semiaxes lengths a
and b in the longitudinal and transverse directions, respectively. The equilibrium delamination

sizes are found from the equations

G,(a.b)=", (4.6)
G,(ab)=1, (4.7)

where G, and G, are the generalized forces advancing delamination in the
longitudinal and transverse directions, respectively; 77, and I, are the generalized resistance

forces.
The generalized forces are calculated by the formulas

G, ==Y/, (4.8)
G, ==Y/ . (4.9)
r,=2mb, (4.10)
I, =2, (4.12)
where
U = const — ﬂa—bh[Ei(gf —&l )+ 2v,E (g, — &5 €h )+ E, (522 — &l )] (4.12)

2(1-vy,vy)
is the strain energy of an element with delamination; y, is the fracture toughness of

the binder.

The critical strains are determined by the following relations

[E.@@ +v, b a2t - 07+ (1) H@D)

Eue H.(ab) (4.13)
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[E.(6% +v,02)(e,22 — p%) + () H (a,b)
Sor = H,(a,b)’

In Egs. (4.13) and (4.14), the functions

(4.14)

H(a,b) =12(1— 1/121/21)h‘3[D11b4 + % (D,,+2D,,)a’h* + D22a4:| . (4.15)

H,(a,b) = Eb* + 2v,,E,a*0* + E,a* (4.16)
are introduced, with D as stiffness characteristics in the delamination zones.

Thus, if in the k-th layer, we have G,(a,b)> ", or G,(a,b)> I, the corresponding

a
size of delamination is expected to increase. Two variants are possible here:

C) at some new value of delamination size, its growth stops, i.e., the conditions (4.6) and
(4.7) are satisfied; then, this size is the equilibrium dimension of delamination for the given
compressive force;

d) if the size of delamination continues to increase and the delamination zone extends to
the boundaries of the object surface examined, such a state can be considered limiting from
the viewpoint of exhaustion of the load-bearing capacity.

The third approach was applied to calculate the residual strength in bending of a part
of covering, reinforced by a T-shaped stringer, with impact defects. Along with the model of
initial material, three models of a damaged material with reduced PMCs are created. In each
layer of the FE model, zones of respective sizes are formed, whose elements are made of
materials with appropriate degrees of reduction of the PMCs. Within the framework of ANSYS
APDL, a macro was created for realization of the USERMAT approach.

Table 4.1 and Figure 4.1 demonstrate the calculation results for bending damages of
the examined structure for different values of impact energy.
Table 4.1. Calculation Results

Impa%t (jnergy Destructive bending stresses, MPa Residual strength coefficient
0 707 1
35 559 0.79
50 502 0.71
65 467 0.66
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Fig. 4.1. Calculation results

Calculation of the residual compressive strength was carried out for a three-span
reinforced composite panel after a 140-J impact at the midspan between the stringers. The
calculation was performed by using the fourth approach. For its implementation, a special
program was written in MATLAB. The calculated coefficient of residual strength of the panel

IS
_ Oxqim _ 3775
Pl o 736

1c

k =0.51 (4.17)

Relative to the critical value of total buckling of the panel, o, = 539.7 MPa, the

coefficient of strength reduction is

_ Ouygimy 3775 07

kpaliek(ll) - oy - 5397 -

(4.18)

The admissible compressive strain of the damaged panel &,,,, = 0.45%.

MAIN CONCLUSIONS

1. The present thesis considers the stages of establishment and development of the theory
and methods of contact interaction mechanics in application to low-speed impacts, including
impacts on composite structures.

2. It is stated that the existing criteria for identification of impact failure in composite

structures are often difficult to apply in practice.
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3. An elementary model exactly simulating the shape of the damaged surface depending on
the stepwise changes in contact penetration of an indenter into a target has been developed
and tested. This model allows one to accurately reproduce the stress-strain state taking into
account the shape of the damaged surface, impact energy, and contact force. The results
obtained on the basis of this model are further used to determine the upper and lower limits of
residual tensile strength of the composite according to equivalent-aperture and stress-
concentration criteria. It is found that the residual tensile strength coefficient of a composite
plate made of the given material is in the range from 0.4 to 0.8. The value of saturation energy
(top limit energy) for the material and thickness of the target is of the order of 5 J/mm of plate
thickness. The experimentally obtained results are within the stated limits.

4. An elementary model based on a stepwise change in the contact area with increasing
contact pressure has been developed. It allows one to establish an exact correlation between
the energy and the contact pressure on the one hand and to assess the decrease in the bending
rigidity component, which determines the degree of damage to the structure, on the other
hand. The well-known fact that a composite target is more seriously damaged by a bending
impact than by compression, under all equal conditions, has been confirmed, which proves the
reliability of the suggested model. It has been stated that the decline in flexural rigidity, as a
result of compression impact with energy of 2.4 J/Jmm of the thickness of composite target is
about 30% in the impact-damaged area, whereas a bending impact under the same conditions
results in a 100% decrease in rigidity of the local area. These results can further be used as
initial data for calculating the fracture propagating in the real structure due to the impact.

S. A method of determining characteristic points on the curve «contact force—contact
point displacement» has been offered and substantiated, which allows one to simulate
properly the process of composite failure propagation by means of finite-element calculation.
This makes it possible to reduce significantly the amount of initial data required for the use of
the existing criteria for a progressive composite destruction that have to be employed in the
FEM analysis. The resulting damaged state of a structure makes it possible to obtain reliable
data for assessment of decrease in strength at various kinds of static loading. The following
values have been obtained for a bending impact of energy 7.55 JJmm of the thickness of
composite plate at a depth of the dent 0.53:

contact force at a maximum contact point displacement = 30.71944 kN;

maximum contact force = 31.35005 kN;

maximum contact point displacement = 2.311258 mm;

contact point displacement at a maximum contact force = 2.065748 mm.
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6. Auxiliary programs have been developed and debugged for implementation of the entire
computational cycle.

7. The residual strength after bending of a part of fabric covering reinforced by a stringer of
the same material has been calculated. The decrease in strength by bending impact is 34 %,
and the saturation energy equals to 21.5 J/mm of the thickness upon an impact on the
reinforced region.

8. Calculation of the residual strength of a 3-span reinforced composite panel after a
compression impact delivered at the center of a span between stringers with the energy 21.5
J/mm of the thickness has been carried out. The decrease in compression strength constitutes
49 % of the ultimate composite strength and 30 % of the critical buckling stress. Tolerable

compression deformation of the damaged panel is &, = 0.45%.

9. The methods suggested and the models developed have been used in design of the
composite wing, wing high-lift devices, and flight-control components carried out under

contracts with the aviation industry design bureaus.
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