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Vektor pomaka u trenutku

Vektor pomaka u trenutkid

Vektor pomaka u trenutkit

Vektor brzina

Vektor brzine u trenutkt

Vektor brzine u trenutker a/2

Vektor brzine u trenutk+ (t/2

Vektor brzine u trenutket Ot

Vektor ubrzanja

Vektor ubrzanja u trenutkiu

Ubrzanje u smjerirtog stupnja slobode gibanja

Stabilni vremenski inkrement
,ONUHPHQWDOQR SRYHUDQMH HN"
deformacije

(NYLYDOHQWQD SODVWLPpQD GHIR

30DVWLPQD GHIRUPDFLMD
30DVWLPpQD GHIRUPDFLMD SUL LQ

BrzinaSODVWLpPQH GHIRUPDFLMH
5HIHUHQWQD EU]J]LQD SODVWLpQH

Taylor-Quinneyeva empirijska konstanta

Fakor trenja

Poissonov faktor

*XVWRUD

%H]GLPHQ]LMVNL RPMHU WODpPQR
naprezanjgprema Von Misesu

(NYLYDOHQWQR QDSUH]DQMH SUH
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& N/mn
& N/mm?
E, N/m?
Eos o N/m”
A v 1/s

distorzijske energije deformacija
BURVMHPQD YULMHGQRVW QRUPD

1DSUH]DQMH WHpPpHQMD
Vektor naprezanja u trenutku

Vektor naprezanja u trenutkt
IDMYHUD YODVWLWD IUHNYHQFLM
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6%a(7%.

U radu se daje kratak uvoX RVQRYQH SRGMHOH X SRGUXpMX WHU
SUHIHQWLUDMX SULVWXSOHRMKPRYRIR SR A8 B IDNRE)
poglavlju je opisanaproblematika materijaginogPRGHOD X OLWHUDWXUL L
LPSOHPHQWDFLMRP PDWHULMDOQRJ PRGHOD X S$EDTXV ([
provedena je paralelno sa razvojem simulaciaWwd ULMDOQRJ PRGHOD WH MH V
SRMHGLQDpPQLK VOXpDMHYD SURALUHQD QD SORhIB DFLIMX pQ
debliQD 1DNRQ SUR&ALULYDQMD PDWHULMDOQRJ PRGHOD L
SRGUXpMD SURBBNHINWL OCD WHNQ M D O Q RkKazdaR davoih® d&b@RpH Mt
poklapanje sa &SHULPHQWDOQLP NULYXOMDPD 1DNRQ YDOLGDFL
SRJODYOMX VX LVSLWDQL XWMHFDML QD SURELMDQMH SUF
projektila ipitan jenizom simulacija] D V O X .00V @& K{t#tveudaraprojektila s ravnim

YUKRP X SORpX GHEOMLQH P Pispitawj¥ Hirob MimyileicKeDzaS UR M H
VOXpDMHYH XGDUD SURMHNWLOD V NRQLpQLRfiguddfeRP X SO
mete ispitan je sa iV LPXODFLMH XGDUD NRQLPpQRJ $ UV R MH\NWRNODH .
NRQILIJXUDFLMH PHWH VD L EH] UD]J]PDND L]JPHYX SORpD

.OMXpQHPHWRIGBPD NRQDPpQLK HOHPHQDWD EDOLVWLpPNL XG
krivulja.
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SUMMARY

A short introduction into the field of terminal ballistics and its characteristic criteria for
classifying ballistic impacts is made. After that, in the second chaptemakerial model
found in the scientific articles is shown and the difficultrdgh implementing thamaterial
models into Abaqus/Explicit i€xplained. The process of validation of the approximate
material model, as it is developed, is showfrom the validation on the individual impact
cases to the validation on the series of ballistroitlicurves for several target plate
thicknesses. The validationf the material model was founsufficienly good after the
adjustment of the projectile material model i.e. the inclusion of the plastic behawiasgir,
made. In the third chapter, a seriesswhulations wereonductedn order to determine the
main influences on the penetration. The influence of the obliguas/determined by series

of simulationswhere the blunt projectile impactedle 16 mm thick plate undetifferent
angles The influere of the projectile nose shapas determined by series of simulations
where the conical projectile impacted the 12 mm thick plate. The influence of the target
configurationwas determined by thresmulations where the conical projectile impacted the
homogenous plate, the layered plate with no clearance between two plates and the layered

plate with clearance between two plates.

Key words finite elements method, ballistic impacts, material model, ballistic limit curve
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1. UvOoD

3RYLMHVW pREMBMHEGWWBDMH UDWRYLPD X NRMA®D MH C
RGOXpXM XL WDNQWRIUR YRMQH WHKQLNH VX L WHKQLNH ]D&)
ELWQLK QDpLQD ]DaAWLWH kbjdje RidOpR\GE NS D B & R WO DR QLICWDY L

razvojem materijala.

8 SURFHVX NRQVWUXLUDQMD RNORSQH ]DA&WLWH DOL L YF
PRUL QD QHNL QDPBR@ EANRDL@WM HNRREDYOM\D X& © Lobndsi na
SUHGYLYDQMH VSRMREQRARVWGCRWNEBREIMGIDRI SURMHNWLOD
QDpPLQ SURFMHQLWL UD]R UGN MLIUYFRRWHN Y G5BURRKIMIQURD | ROIT
na raspolaganiju stoji nekoliko konstrukcijskih mjelaR YULMHGL ELOR GD VH UDG
oklopu KRML VH SREROMaDYD LOL MHGQRM RG YHU]JBPMAD RNOR
konstrukcijskim mjeramamisli se na variranje parametara popublika i debljine
SROX SURL]YRGD SORpPD OLNWRHMBD MH GRNHTD bfiMDRBD YR
IDNRAHQRVW RNORSD X RGQRVX QBikKR[W), [RQGiMRG X UDY (
dijelova oklopa Q SU V kb@suKdigboklopa ilitzv. standoffoklop saelementmaoklopa
udaljenim od glamog dijela oklopa +slika 2 [2]) ili materijab oklopa koji se koriste,
XN O M X pjodt Xasphored u konfiguraciji.

p & 't—_LJI:T:—l‘
ke — \
1TT1'TH LU - T '
1 \ |
ST - ‘
—EE f
ey kG | |
—- p——
'\\» E_O o '
: e
— okpf % T U
- r—
== ::’ #‘."
. ™ ot - =
e y
v a'l
S 2 5
1 Ad I‘ ) ’ b
— L O

Slikal. =DNR&HQ R \KuWoR MOKRB DV [1]
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UL SUHGYLYyDi(pbshedGardaapjskida u oklop bitno je poznaDb QMH SRGUXpM
balistike Balistika se dijeli na tri grane: unutarnju, vanjsku i terminalnu balisfgu

Unutarnja balistika bavi se interakcijom projektila i cijevi prije izlaska projektila iz cijevi,
vanjska balistika baviespojavama pri letu projektila do udara u metu, a terminalna balistika
EDYL VH VYLP DVSHNWLPD GRJD YD [d]|DPrsroaLkratkdDddfiicis,U R M H N \
RpLWR MH GD MH ]D SUHGYLYDQMH SIREQNDLAWD B MID R KIOWRS DMID

balistika.

Slika 2.  Standoffoklop na Leopardu 2[2]

U terminalnoj baAOLVWLFL SRV WR M Lkoyihd s& Raralerixindjl wddrDpr§ekiiaP D

Jedn od kriterija premakojem se razlikuju udari je brzinprojektila koji udara u metu.

Podjela po ovakvom krtd LM X ELWQD Mje ul&malbrsihR priojel@il&y Reposredno
SULMH XGDUD X PHWX GRPLQDQWDQ pLPEXQLN DNRW M HOW N

pojaveu materijalukoje dominiraju pri udarim@]:

X Low velocity regime (0-50 m/s)- (engl.Low velocity regimpepri ovim brzinama
MDYOMDMX VH HODVWLpPpQH L SODVWLpPpQH GHIRUPDFL
veliki i utjecaj projektilanametu nj@ RNDODQ YHUO VH aLULeQD RNRC
HOHPHQWH NRHWHRWMBOPROROBURELMDQMH 2YD NDWI
uslijed ispadanja objekata ili sudara vozila (kopnenih ili brodova)

x Sub-ordnance velocity regimg50-500 m/s) - pri ovim brzinama deformacije
SURMHNWLOD XJODYQRP WYUyL R&EOBMWHp QR GHIRW\
Utjecaj udara projektila je lokaliziranifia porastom brzineSODVWLPQD GHIRUP
PHWH GRJDYD VH X ]JRQL RNR VDPRJ PMHVWD XGDUD S

Fakultet strojarstva i brodogradnje 2
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x Ordnance velocity regimé00-1300m/s)- SUL RYLP EU]JLQDPD NLQHWL
se pretvarawlUDG SODVWLpQH GHIRUPDFLMH L $StBMHNWLO
XWMHFDM JXVWXRX K PPROBAIMDIOMWIDHO D)RNDOQD JRQD SOD\
YL&ZH MH RJUDQLpHQD QB3 peomjerd olhkila Y HOHame Q H
deformacije mete sve su manyidljive. 8 RYR SRGUKXMH VSDGD L YH
vojnih projektlatRG PHWDND GR SHQHWUDWRUD YLVRNH NLC

x Ultra-ordnance velocity regim¢130033000 m/s) £+ pri ovim brzinamaSRQD&aD QMH
PDWHULMDOD PHWH VH PRAaH R SN&heY pdjds bididBR SR QD
XJODYQRP VH QDOD]L L]QDG KLGURGLQDPLHNH SULMI
EUJILQD LVSRG NRMH VH SURMHNWLO L PHWD PRJX R
koje se mogu opisivati kao fluigiB] 'RJDYyD VH L HUR]JLMD SURMHNW
GRVHAX L GR QHNROLNR SXWOQRMWH YYUMWRQRVMOL
SURMHNWLOD *XVWRUD PDWHULMDOD GRPLQDQWDQ N

X Hypervelocity regimg> 3000m/s) + SUL RYLP EU]JLQDPD SRQDAaDQM
SURMHNWLOD L PHWH PRaH VH RSLVLYDWL NDR SRQC
SRVWDMH |]DQHPDULYD (UR]JLMD SURMHNWLOD MH U
GRJDYD VH L GD SURMHN W méterjaRsuwbBmre Rri btiimrar@alL UD L O L
LIQDG PV GRIJDYyDMX VH L HNVSOR]JLMH SULOLNRF
NROLPLQH NLQHWLPRWR HRGUUXMHH EU]JLQD XJODYQR
svemirskih tijela u svemirske letjelice ili udari projektilgiarobija mehanizmom

kumulativhog mlaza.

Osim brzine projektila kojom on udara u metu, kriterij prema kojem se dijele udari je i meta u

koju projektil udaraRazlikuju se 4 skupine mefa]:

X 3RO XEHYV N-R®ebep @ Hojima nema utjecaja udalienog rubaVWUDAQMH
S RY U érigldidtal boundary na proces penetracije

x Debele- mete pri kojimapostoji utjecaj udalienog rubaVWUDAaAQMKENGRYUAELQ
distal boundary WHN QDNRQ aWR SURMHNWLO SURYH RGUHY

X Srednje debele- mete pri kojimapostoji utjecaj udalienog rubaVvWUDAaAQMH SRY U2
engl.distal boundaryna projektil prilikom cijelog procesa penetracije

x Tanke - mete kod kojih nema gradijenata deformacije po debljini

Fakultet strojarstva i brodogradnje 3
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U terminalnoj balistici poznatpH YLaAH QRBX@WDQMD SUL SHUIRUDFLML
(slika 3). Oni se javljaju ovisno o svojstvima materijala mete i obliku vrha projektila. Jedan

od QDpSEBXAWQDRMMIMNRMHP VH L]EhdlmudyHdSsllkd 3mH WH S

(engl. pug) QDVWDMH SULOLNRP XGDUD SURMHNWLOD UDYQF
KHPLVIHULPQRJ SURMHNWLOD SUL EU]JLQDPD RNR JUDQLPQ

kojoj projektil perforira metu).

O
O
K

d)

Slika3. 1DpLQL SRSXaWDQMD SUL SHUBRBIDFLML

yHS QD VW DdblaXah@havith@a adijabatskog smicanja pri kojem se formira usko

SRGUXPMHQLK QBEBEHPD QMM WRP SRGUXpMX VH VDY UDG SO
pretvara u toplinu, koja uzrokuje lokalni rast temperature, jer zbog brzine deformacije i

FLMHORJ SURFHVD QH VWLJQH SURUL NUR] PDWHULMDO Sl
XJURNXMH GRGDWQR SODVWLpPQR WHpPHQMH XaiiRera VPLpPpQL
materijala[5]. 3UL SHUIRULUDQMX SURMHNWLOD VD AALOMDVWLPS3
SURMHNWLOL VD NRQLpPQLP YUKRP LOL YUuUd§.PgiRaE QWLND GLNM
GXNWLOQH SORDPPDQGFRROIDHNEWBRROMD SUBND|BQRIpEGPXVOURMH
SHQHWULUD PHWX X WRpPpNL XGDUD L &L Uierting$st. IR pDM XL |
SRSXaAWDQMD SUZR KOémQpe@lingV@DRIDNWHULVWLPDQ MH ]D X

Fakultet strojarstva i brodogradnje 4




JLOLS /XNDbD Diplomski rad

SURMHNWLOD X WDQNH PHWH SORpH WH X QHNLP VOXpDM
EUJLQDPD EOL]X JUDQUREL R D)MW DQ 2P/ ND Y kaaRgriziea SRS X4
stvaranje oblika rupe na izlaznoj strani koji nalikuje na latice cvijeta (@egaklatica). To

VH GRJDYyD XVOLMHG YLVRNLK UD GalLnjesto @lark vihafpkojekid O D U Q L
nakon prolaska inicijalnog vala naprezanja. Zbog toga dolazi d®@eM1D SORpH QD WRP
L IRUPLUDQMD AODWLFD3 XVOLMHG t&imdrieQahBagxhRWLQH X L

Projektil

3RGUXpMH VPLpPG

Slka4. )RUPLUDQMH pHSD SUL XEBUX

1DPLSRSXEWDQMDBdRiB eV WIONDPR VX L QH XNOMXpXMX QXAaQR
Kod QDpLQD SRSMEWDIRWINWHULVWLPQD IUDJPHQWDFLMD QD
UHIOHNVLMRP YDOD QO\ USHRYLQI B WD 2 ¥ G/RKDH QWD UDNWH ULV
materijale koji imDM X Y H i % YWOD\WRIXX RG YODPQH pYUW WNRK HV OLLIpIDLQ;
PRGX H DOL ORP QD VW U Diidpad&RildpuRRneinidia@enaNokalibH ] X O W D )
QHKRPRJHQRVWL PDWHULMDOD X3].Kbd/krh@h YhEt@ijald FhageH | R U P D
JXVWRUH MDYOMD YRISXaWDKND QOUEMD IDPLQDSRSEEWDQMI
GRPLQDQWQR UDGLMDOQLP [@IRMHHI) RPD Z\URWD B B YSMEN R W LRH-

NDUDNWHULVWLpPDQ MH |D NHUDPLpNH PDWHULMD@H pLMD
MDYOMD VH L N®G QHNLK pHOLND

Fakultet strojarstva i brodogradnje 5
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Slika5. .UKNL QDpLQ SRSXAWDQMD D L QDpLQ SRSXaWDO3D

SRVWRML QHNROLNR SULVWXSD X WHUPLQDOQRMe EDOLVYV
HOHPHQDWD RNORSD SRMHGLQLK SORpD O DefHtWDQLK EOR
najskuplji pristup je empirijski pristupNRML VH WHPHOML QD HNVSHULPHC
SRGDWDND ]D QL] VOXpDMHYD SURELMDOGWMDDD]QOK pNDRIH Y I
(ovisno o brzini udara, kutu udara itd.). Empirijski modeli temelje se na izradi krivulja iz
HNVSHULPHQWDOQLK SRGDWDND QSU PHWRGRP QDMPDQM
u obzir nikakve fizikalne pojavenegose izvodif XQNFLMD LVNOMXPLYR3]QD WHPFL
EksperimentaliR LVSLWLYDQMH VNXSR MH L] UDJORJD a@aWR MH ]I
SRVWDY QD NRMHP Vjii iRtiund uBeRali(hprXI8AihDuki@ra projektila) i na

koMHP PRUD SRVWRMDWL VXVWDY SUDUHQMD GRJDyDMD Sl
sustav) 7T DNRYyHU SRWUHEQR MH L]YHVWL YHOLNL EURM LVSLW
SRGDWDND ]D UD]JOLpPpLWH VRedmobtNed WHR ROYLB NIRVQN IXBX GIDAVLHV K
UH]XOWDWH NRML VH PRJX RpHNLYDWL SUL XSRWUHEL NRQI

'UXJL SULVWXS MH DQDOLWLpPpNL SULVWXS NRML VH VDVWR
SRIQDWLP MHGQDGAEDPD NRMH SRNX&DYDMX XR SRE® D WLH QLD
SRMHGQRVWDYOMHQMD 3RMHGQRVWDYOMHQMD VX QXA&QD
GRJDYyDMH SUL XGDUX QHJR VH X PDWHPDWLpPNL PRGHO

RSLVXMX RGKXEDPHQLLOGLRNRMH GREU&erkaaLpd YMbjanfiRs@ DAD QM
RGUHYHQLP PRGRP SRSXawDQMD 7DNYL PDWHPDWLpPpNL PR
UHDOQLP UH]XOWDWLPD X VPLVOX GD VH ]D RGUHYHQH P/
parametri modela na temelju eksperimentalnih gakh 7R J]DKWLMHYD NRUI
HNVSHULPHQWDOQRJ SULVWXSD DOL X PDQMRM PMHUL

PDWHPDWLpPpNL PRGHOL GRVWD RJUDQLPHQL QD NRQNUHWQ
i/ili konfiguracije mete i zapravo je njihovaiNVLELOQRMVI3Y RIJUDQLpHQD

Fakultet strojarstva i brodogradnje 6
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TrelL SULVWXS MH XSRWUHBRDQLQXYXRPAHWHPMIOMARGMHOMHAaADYDQ N
MHGQDGAEL PHKDQLNH NRQWLQXXPD EH] SUHYL&H SRMHGAQ
PHWRGH NR@BHRDOWDHIOOL PHWRRH JRMG®\HLW DK QNDDMIXNRS UHQ
RGQRVX QD DQDOLWLpNH PRGHOH QR FLMHQD WRJD MH UL
GRYROMQR UDpPpXQDOQLK UHVXUYV DhorhDvreshBru.L Aisv Hpakb PRGH
neovisni od eksperimentalnog pristupa, jer se moraju validirati, no ta validacija je generalnija

RG YDOLGDFLMH DIQBRLWRPNLKXPIRGHY D BadatcalzihtjeyriostN R U L & V
ovakvih modela je da moraju koristifiosta vjerne materijalne modele. Materijalni modeli

moraju biti relativno detaljno definirani u smislu da se puno fizikalnih pojava mora opisati
MHGQDGHOHERBDRYDUDMXULP SRIDRPWORPPOH PRGHO QH SRC
YMHUQR X VYLRPPNMOXPBWHY LPDWHULMDOQLK PRGHOD RGUHY
QXPHULpNLK PRGHOD VD HNVSHULPHQWDOQLP UH]XOWDWL

S obzirom na opisane pristupe, u ovom diplomskom radu je odabran pristup gdje se koristi

QXPHULpNL PRGHO MHU MH QRRMBNRNOIDEGEDLME&L DM UMDHL Q X
QXPHULpNH DQDOL]H VWHUL JQDQMH L LVNXVWYR X RYRP S
kroz simulacig odrede osnovni utjecaji raznpLPEHQLND SULGX & DRIRAD W8 HUH
poglavlu REMDaAQMHQ MH QDWPHULPDNHNRMRXSRFQMH SRVWDYO
SUREOHPDWLND L YDOLGDFLMD PDWHULMDOQRJ PRGHOD W

udarima na probijanje

11. OHWRGD QXPHULpPpNH LQWHJUDFLMH

8SRWUHED QXPHULpNLK PRGHOD WHPHOMLO®HK QWH G @bl G &
QXPHULpNLP PHWRGDPD =D SUREOHPH WUDQ]JLMHQWOQLK
spadaju i udari velikom brzihnomXRELpDMHQD MH XSRWUHED GLUHNW
integirDQMD GLIHUHQFLM B DQXLED QGG QD\GHadtzey DYJUBRPHQ X
$EDTXV ([SOLFLW WHPHOML VH QD SULPMHQL PHWRGH VUH
MH G Q D G & E[7],podtdle BID5Abaqus Theory Manupl (NVSOLFLWQH PHWRGH
funkcioniraju tako da nepoznateH"OLpLQH ]D QDUHG QLt+YAURIG H B W>NM X WQI
WHPHOMX SR]QDWLK Y,H@z pdirébe zhDitelcijskig YastDpNinnautar
inkrementa 3RVWXSDN LQWHJULUDQMD MHGQDGAEL JLEDQMD
SRPLIQMIEUHIJ REODL WHE@RDVWHEL JLEDQMD X PDWULPQRP REO

Fakultet strojarstva i brodogradnje 7
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O ®EN®EU® L :Ra (1)

gdie suM, CiKk PDWULFH PDVD S U,laJ X HiiQRE) DektorNibr 2aWaR Br A4 i
SRPDND WH YDQMVNRJ RSW eHibraiubrgan|dza réhuRKpatrebnh D QM H Y
ULMHAELW (M HNRYDGRERL]ODI)8L] MHGQDG&EH

ILOV@® 4 @

gdje jeF" vektor reidualnih sila definranNDR UD]OLND L]PHYyX YHNWRUD YDC

R(t) i vektora unutarnjih sil&'":
6L :RFOL RF:i®EEU® 4 ©)

9LGOMLYR MH GD MH ]D R GlhRijaLpétiend pobzivadatl Wekdy brzid81 1L G XD O
vektor pomakau za trenutak. Za prvi trenutakR, 6 u su ponatiiz SRpHWQLK XYMHWD
RELPQR ]DGDQL

1IDNRQ WRJD L] SR]QDWLK Y B brtitel g PorvaraN W RRUGEDU M EXINDXQWHD ]
VO MHGH Utk dWéktoiQpoMakaN,.. ;i brzine 6. ,.(slika6).

6u

_ft t. e fg¢ 5 t
ta = B ot ot

Slika6. 'HILQLFLMD YUHPHQVNLK WUHQXWD?/M

ToseradiSUHPD VOMHGHEHP SRVWXSNX

- ,JUDPXQDYDSVHPD M4 RRGEVWH UL SREQDWH
:¢RY
t

L F ¢ P®GE ®74 (4)

C?¢6

- ,JUDpPXQDBY,Ds ¥HUAWD ,DQMMRG @I G 4 E X

Fakultet strojarstva i brodogradnje 8
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F -,
C C2¢C o
€206 L P a (5)

- ,JUDPXQIBY,Ds XU &W D BDQMHWH G @ap G & E X
©ico L POLE Gcod (6)

- ,JUDPXQDY,DXVHA&W D BDQMHWH G QM G & E X
e L P®B 6 E ca )

- ,]JUDpXQD®D, YBIHPD MH(® Qb @rétRdstavku konstantnog ubrzanja

tijekom cijelog inkrementa (& .. 6 L 9:

&.c L cPOLE Ga ©)

Osim vektora brzine i pomaka za trenutaldt, na razini elementa (u irgeaciMVNLP WRpNDPD
R G U H Yy X Mireméhkalna vrijednost deformacijeOd L]UDpXQDYDMX VH QDSU
NRQVWLWXWLYQLK MHGQDGAEL

Ee .o L BE&%4 )

WH VH L]JUDpXQDYD YHQL\({\éRdeOM@MNr@d)Q]MLMWLS@JD_MHUL QD
YUHPHQVNL WUH Q XWbDkso 8ddvi Rriye@nigsD Wexhéna i ponoviti postupak

popHY&L VD MHZEQDGAERP

.DNR VH X M%) Beppbstadlfa konstantna vrijedstoubrzanja po cijelom inkrementu,
UMHAHQMD QLVX SRWSXQR WRpQD QHIJR SUHGVWDYOMDMX
je osigurati smanjenjem vreenskog inkrementa. No, s obzirom da je ova metoda uvjetno
VWDELOQD SRVWRML GOREQROD RV IYQHPH YWHOR P LLAHN WMP HQW L

M H G Q(@G5(d 8, lpoglavije 2.4.5Abaqus Theory Manupl

t

ﬁk_v

¢Rr oL a (10)

gdje je fix y QDMYHUD IVBRYWQMIMD VXVWDYD .NRRDRQUK JHOB®
QDMYHUH YODVWLWH IUHNYHQFLMH VXVWDYD PRaH ELWL
XJUDYHQ MH kdrnzervethripidcjehD stabilnog vremenskog inkrementa[7],

poglavlje 2.4.5Abaqus Theory Manupgl

Fakultet strojarstva i brodogradnje 9
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¢Ri oL IEJI'—?;pé (11)

gdje jeLe NDUDNWHULVWLpQR B NEMEQIR QDO HPHIY@NID GLODWDF
materijal, koja ovisi 0 svojstvima materijalguV WR UL PR G X O XPren@aDorme/ sp Q RV W L
PRaH |DNOMXpLWL GD QD VWDELOQRVW DQDOL]JH XWMHpF

materijala.

SUHGQRVW HNVSOLFLWQH PHWRGH pbgbtodoRdD $g ibR/MmEk X Q D O (
LOQNUHPHQW WXSEBNALWIRMWLYQRJ SRVWL]DQMD UDYQRWH?:
7DNRYyHU ELWQD XdWHGD YUHPHQD SRVWLAaH VH NRULaAWHQ
matrice masd8] 7R R P RJ2qfi§ivéaipe dijagonale matrice u obkk YHNWRUD &aWR
UDpXQDOQR SRYROMQLMH WH ELWQLMH RPRJXUDYD MHGQI
vektoru ubrzanja 7Pojedine WLMHGQRVWL XEU]DQMD V HarfoRablAtke |]UDp X Q
0 masii rezidualnoj sili vezanim uz stupanj blmde geDQMD X pLMHP VPMHUX GME
SUHPD MHIQ@PGAEL

8

(P
@L T (12

Fakultet strojarstva i brodogradnje 10
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2. 180(5,y.( 6,08/$&,-@OPIS| VALIDACIJA
MATERIJALNOG MODELA

U ovim simulacijama odabran jstandardniLagrangeovopis diskretizacije kontinuuma
NRQDpQLP HOHPHQWLPD JGMH VX NRQDmQJu g Rret&itiQ WL Y H
prostorui deformirati 'UXJL VWDQGDUGQL SULVWXS MH (XOHURY RS
YH]DQL X] SURVWRU ODWHULMDO VH NUHUH NUR] SURVWRU
QD WHPHOMX WRJD VH ]DNOM X p.X/NDHN RY G3HJ RUW & 5 LMHOVWIDR PDN
opisivanja gibanja fluidaLagrangeovpristup odabran je zater MH QDMpH&UH NRUL?
literaturi koja se bavi ovom problematikqrmpr. u[4], [6], [9], [10], [11] ili [12]. Uz to,
QDMPDQMH MH UDpXQDOQR ]DKWM HYIie@tuX jeRppoBlénatkkaQD G U >
QXPHULPNLK VLPXODFIXMODY®RWPDYFHJYBRMMHH KW IPRDDVHULMDOQL
probleme uslijed velikin deformacijélternativQL SULVWXSL SULPMHQMHQL V.
QXPHULPNLK SUREOHPD XV O tpivdrGtvenhbl Qistdiij& elenkthBtd) Rdd F L M D
/IDJUDQJHRYRJ RSLVD 63+ SULVWXS WHAWHRONMOQ LWVH QQ D CE I5]WP
distorzije elemenatagdje se kontinuumGLVNUHWL]LUD pHVWLFDPD L]JPHYX
definirati veze, SRPRUX NRMLK VH DSURNVLPL UMk Prisgup k&istR VW R U C
sei za opisivanje gibanja fluida u primjeni na probleme udara pokazuje dobre rezultate pri
YHULP EU]G@DPD IXQDG PV JGMH VH PDWHULMDO SRp!
7TDNRYHU VH SUREOHPL XGDUD PRJX RSLVLYDWL p&® PELQDF
(CEL, engl.Coupled EuleiLagrangg, gdje se tijelo kod kojeg se javljaju velike deformacije
opisXMH SRPRUX (XOHURYH ILNVQH SURVWRUQH PUHAH D RV
MHGQD PRJXUQRVW pWLHaE SYUIREN B PQDX KXikstddija éleBenatd QeL NL K G
SULPMHQD DOJRULWDPD DGDSWLY @Rim )riztupd Beyds@ijd D WLMH
HOHPHQDWD L]E Mdskpritkom @&ek@ranpalditorzije (premkiteriju energije
deformiranos) JHQHULUD QRYD PUHAD SUHYPMWE UHNOMXPR M H HGR-A R
Stvara senovi sustavM HGQDGAEL SUHPD QRYXRRE PUHAH QL P NSHIAIYYWX &
kod Lagrangeovog pristupaVYH GR NUDaMDOIGRIBYDOIMHGHUH GHWHNEF
elemenatal RYD PUHAD JHQHULUD VH MEIMNHR MGD S\DHJ Q BDHRWDHIV WH ©
L]IQDG ]DGDQH JUDQLPQH YULGRINGCGYRIVOH XWRIEWK M DPYWDH &I H\
elementima zadovoljava kriterij parametraDeN LY QH JUHAaNH

Fakultet strojarstva i brodogradnje 11
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$OWHUQDWLYQL SULVWXSL 63+ &(/ L DGDSWLYQR XPUHAD
vremena i opsega diplomskog rada, relativno dolerultatasa Lagangeovim opisonte

]JERJ WRJD a4WR VH QXPHULpPNL SUREOWH®BL merL daviR U]LMH
RQHPRJXUDYDOL VLPXODFLMH

2.1. Materijalni model

ODWHULMDOQL PRGHO MH SRMDP NRML R]QDpDYD VNXS S
SRQD&ADQMH FDWHRILMDAHD LHLQDPD SR ¥aXpravia SadinosBddi IRUP D |
MHGQDGAEH YULMHGH -]Q SRJG SHITHYQ RO B XGREKP MMX MHGQDGaAE
koj vVULMHGL X HODVWLPQRP SRGUXpPpMX ]PHYXP ) DISRRN B R ¥R
deformacija postojiihearna veza preko materijalnih konstaftODVWLPQR SRGUXpMH N
linearne veze najjednosat MH SRGUXpMH ]D RSLVDWL 2VWDOD SRGU
SRQD&aDQMD PDWHULMDOD WH SRGUXpMH SUL NRMpBINMHVH X F
SRQDabQMD PDWHULMDOD R]QDpDYD SRQD&DQMH PDWHULM
deformacije Slijedi posljeHODVWLPQRJ SRGUXpMD QDNRQo@WdR VH SUL
YUVWL PDWHULMDOD VH PR&H RSL eDa\khrakidistiki itk p L Q D
RYLVQRVWL QDSUH]DQMD R GHIRUPDFLML X SODVWLpPQRP
naprezanje sa rastom deformacije ostaje konstantno. Uktdikne odgovaradovoljno
UHDOQRP SRQDabDQMX P DWHWWINNWFRYDY U &l IDHI@MIMY H U DWW/L ND S
SRUDVWRP GHIRUP D FdaW rbprdzé@nia $aHobradiof Miéformaaifeterijala
SRGUXpMH RAaW H opipj® DiciR&juviHtbpaddeifd pukotine u materijalu koja
]DYUAGDYD( QARPRPROLNR SULMH WRJD QH GRYyH GR UDVWHL
SXNRWLQH NULWHULM MH NRML GLMHOL SODVWLpPQR SRGU
smanjiyDQMD PRGXOD H@®VWLPpQRVWL PDWHU

2.1.1. Materijalni model SORpH

Materijalni modelu literaturi vezanoj uz udare [@], [6] - [12]) QDMYLaH XxrinMHpH QD
vjernosti simulacija u odnosu na eksperime@d®R GHO |D SODVWIYHMHQUR B RGD&RMB
[6], [11], [12], [14]) je oshovni Johnse@ook RY PR GHO S QO[D5Y VWIRIMIR XW O M X p X |
ovisnost naprezanjd/ HpMID R S O DV W L [jpvR rhg@dd)brzidiRIEdfrhddije(druga

zagrada) temperaturi( W U tagdda) 2SGHQLWR VH SUDYLOR NRMH GHILQI
GHIRUPDFLMD QD]LYD NR QJOWsVZOOWR Y PIR GIH G G @BE/BDL pbQ RV W

Fakultet strojarstva i brodogradnje 12
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L .Y, Feg ¢
A .a 0 — @;'. —_— -
& L #ES$ @ g®1sE/g@%hl¢Fl6kcer64p la 13

1D WDM QDpPLQ XNOMXpXMH HIHNWH RpYUAULYDQMD PDWHU
temperatureno ti efekti QLVX PHYXVREQR SRYH]DQL &awbohiwsbh QDYRGLL
Cook PRGHOD S DV WIHR&HRY WIH RGUHYH@, B, n 5 Wdj ReH WD UD
RGUHYyXMX L] LVSLWLYDQMD PDWHULMD O Dtiverjed DAVIpNLP YOL
+RSNLQVRQRYRM &LSFL SRG UD]OLpLWLP EUJAQ®&HPD GHI
NRQYHQFLRQDOQBihWXQEBD DWPHMWHWYIMBRML RSLVXMX RpYUA&d
(engl. strain hardening, C; je konstanta brzine deformacije,naje parametar koji apuje
PHNADQMH XV Oterkper@urg15R ¥ad Feferdntna brzina defmacije, 6, je sobna
temperatura, & :j; MH WDOLa\s. PDWHULMDOD

'UXJL NRUPBWHQLMDOQL PRGHO X SURQD Yy H QG rdodal H U D W X
NRML XNOMXpXMH SRYH]DQRVW L]PHYyX RpYUAULYDQMD L PH
([4]) i pLML]UD] 1D QDS UdltsD QMH WHpHQMD

. Y,6 7 Fe @
& L #E$ @ Ag®EE—h @$F |  p 14 (14

n

Yéﬁ cher64
ParametriA, B, n, m, Y 6, 6cjrSu isti kao i kod osnovnog modelarazlika je u drugoj
zagradi koja opuje utjecaj brzine deformaci®@@ D QDSUH]DQMH WBpst@Q MD 3D
RGUHYyXMH XWMHFDM EU]JLQH GHIRUPDFLMH QD QDSUH]DQ
parametr&fC,u RVQRYQRP PRGHOX) WM MHGQDGAEL

MRGHOD NRML RSLVXMH RaAWHUHQMH X P DWeébWdvNhDdalX NRULE
LQLFLMDFLMH L SURSDJDFLW¥IA R2WHWERMX uRndERdEHaLH Q IMMDD O
RSLVXMH SRPRMDX BSWD D/AHH SWGRIR X M BJ D ] D

a (15

gdje je ¢Yajgirinkr HP HQ W D O Q RS B Y MLIp@M HEeHndRkE &k E Intdgracija
Y., je ekvivalentna defonacija prilomu. ¥¥,, VH UDpXQD SWeHPD L]JUD]X

Fakultet strojarstva i brodogradnje 13
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. . Y 6F 6
_ v @Y _.r)_ N ,
Y., L & E & g®1sE&8@Y§h®BE&g®mm 19

gdje su &9 parametri Johnse@ookovog modela, a @Y je bezdimenzijski omijer

hidrotatskog ekvivalentnog naprezanja:

A0 S
evVL— 4

& (17)
gdie je & SURVMHpPQD YULMHG QR YV W8&EKRuenno qapriéza@j® gréhtd] D Q M D
7THRULML QDMYHUH JXVWRUH GLVWRU]JLMVNH HQHUJLMH GHI

&L

.S
—t>.é5Fé6;GE:é6Fé7;6E:é7Fé5;6?a

(18)

Lom u materijalu SRSXaWDQMH PDWHUH MNGORQ (D B DVIBBEFCHNDD U RaW H
GRVWLJQH YULMHGQRVW 9 U DM H 8 RIRDWVID YID W RVRDHOMNUHD PROANM
LNDNYRJ R2®/HIGIQEDNWH V8D U  ReéhanidikbhfnuinaXaajosnovnijem

obliku definirankao omjer SRYU&LQH NRMH 1 O)H LIP B MIOIMNMNRWWH SRpH
proizvoljnog presjeka tijelfl8]:

2L #n .
P (19

SUHPD WRM GHILQLFLML PR&H VH YLGMHWL GD YULMHGQF
S RV W RIMLQ R &W NOHKW M HAWR ]QDpL GD X PDWHULMDOX QHPD S
]D VXSURWQL VOXpDM XNROLNR MH SRYU&GLQD SXNRWLQD L
GRJDYyD VH ORP L YULMHGQRVW SDUDPHWUD RaAWHUHQMD M}

OHUO VX VDPINPKIWRMLS UHGURE prinijetiP BaGnhdd2l ne opisujdom
GRYROMQR GREUR WM GD ORP X PDWHULMDOX SUL HNVSHI
SUHGYLGL ,] WRJ UD]JORJD VX X O LnwdelU(. KatakterisBKd HGOR &+
SRGUXpMD RAWBHBIMOWIDQMH SRGUXpMIHEBBQ HIG XM B MPHAQH ML
je model razvijen u[4]. Modificiran je kriterij loma dodavanjem parametra lorBg u

M H G Q 18, k@jaXsada glasi:

Fakultet strojarstva i brodogradnje 14
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&L &a"\;’&”a

cit

(20)

/IRP VH RYGMHWPDRHODEMDOQH WRDPSP SPRYSD®PWMB/Mastiged WH UHQ
vrijednost parametra lom®. pDN L DNR MH Ydirh M-H@&QR WL, SWR D P
RPRJXUDYD GD VH QHIaskowvgDWedel isgfReaiQV RRYHU SULPLMHQM
G U X J D p LzMekvivaldriinudeformaciju pri lomu, premi.9]:

. ; Y6 7 6F6
VoL & E&%7° 0@k E—2h ®EE & ®— — M4

gdje je parametdd; X SUDYLOX UD]JOLpLWH YOYLMMGE G RB®WOEGERG SDUD
PRGHOD ]D SRGUXpMH RAWHUHQMD PRGLILFLUDQD MH L NR
WDNR GD PRGHO SODVWLPQRVWL XNOMXpXMH L PHNAaADOQN
materijalu.. RQVWLWXWLYQD MHGQDGAED ]D SODVWLpPpQR SRGUXD

éXL>sF&’.h#E$®'(njég®~$ELw§|/4 Flﬂpala (22)
Yb BcjrF 64
2YDNDY PDWHULMDOQL PRGHO SRGUD]XPLMHYD DGLMDEDW
koja ® priudaUX SUHWYRUL L] UDG D, zZ86&@ DrYiké Inp &igneGpFehiet! R@xF L M H
materijal QHJR VH ]DGU&DYD X SRGUXpMX RNR PMHVWD XGDUD
1R WX SRVWRMH L JXELFL SD L]JPHYyX JHQHULUDsQdt WRSOLC

QuinneyHYD HPSLULMVND NRQVWDQWD ,]JUD]4D SRYL&A&HQMH W

fb
6L £ 10
¢ e
4

& v
,_?n TYnja (23

2.1.2. Materijalni modeli N R U L @ $intdil@cijama

Materijalni modHO NRUL&WHQ X VLPXODFLMDPD X QDMYHURM M
sofwvarea WM LPSOHPHQWLUDQR A& i XsoRviak (Hdokrétnd @ QBagiuf).R GH O D
.DNR MH LPSOHPHQWDFLMD NRUPWRQXf N L MSHROPIRQIKU B BITHT Q L K
rutine,m R J Xj& Hilo koristiti samoVWDQGDUGQR XJUDYyHQH PRGHOH X $E
WR PDWHULMDOQL PRGHO NRUISWHQ XA @ L PPOO/RIREEND P O QLU F

Fakultet strojarstva i brodogradnje 15
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na aproksimaciji eksperimentalnih rezultatd4y, S R P R U ¥g 8lRulacije mogu dovoljno
dobro raditikako bi se ispitali osnovni utjecaji na probijanje pri udarima.

Pretpostavka je da je materijal izotropan, tj. da su mu svojstva ista bez obzira nalsmjer
VNODGX V WLP L PDWHULMD O Q laniekzGtidgdod/nkhtékijgladN DY GD RSLV.

/ILQHDUQR Sikatoyexgpaviddrdri®iookeovim zakonom kojeg definiraju materijalne
NRQVWDQWH PR &KXRoiBsoAdwdy Yawidrdp Q RV W L

SODVWLPQR SRGUXpMEodrR RMNRIPORRMN WR WXWRQ3 iR M HGQDG
XJUDYHQD X7F poplav§e/23.2. Analysis User's Manugl

3RGUXpHMHI R RSLVDQR MH QD QDpLQ GD VH RAWHIHQMD
GRVHJQH YULMHGQRVWSEODRWYWEDQ B FEMIRBRWHLMIMD RGUH

VL ot E 8 g@b E & @athas E & & g
J 7 6cjrF 6 (249

gdje je \’rﬁ'j SODVWLPQD GHIRUPRPRWMHMDINGMi2all QalvAjedidstse khlsvaki
NRUDN LQWHJUDFLMH RGUHYXMH L XVSRUHYyXMH VD WUHQ
elementu. 7DNDY NULWHULM LOHFXNDBEME RAEMNBHEVHQM. D2

Analysis User's Manupl 3URSDJDFLMD RaWWHWB QM D WG GaRiwatbing®>R a H
QDpLQ GD VH WDEOLPQR GHILQLUD oRdisipWaRdR &hetgijSiD UD P H W L
SODVWLPpQRP GLMHOX SRPDND 1R WDNDY QDfRiny XJDyDC
PRGHOD RYLVLR EL R SUHYLa&AH SDUDPHWDUD L QH EL ELR N
SXQR UMHEHLQMIE RRRMOMDOD MHGQDNR NDR L QDMMHGQRVV
QDMMHGQRVWDYQLML HQHUJHWV NRL]Q DOp W BUQ RIPORRID R R G
po zadovollavanuNULWHULMD LQLFLMDFLMH RaWH ipesgaMjpngla D WD ND
MHGQRJ SDUDPHVWRYPRIHWMNBQYHEDEH. QD LQLFLMDFLMX RaW
posreaho na vjernost aproksimacije materijalnog modela. Parametar koji se pokazao kao

QDMSRYROMQLMLP L QDMER O N} kji Juzimé JLDopBrQueehj rHneSDUD P |
deformacije.

2GQRV L]PHYyX SRYLAHQMD WHPSHUDWXUH iemd MG G BD®AN L |
(23) ([7], poglavlje 6.5.4Analysis User's Manugl

Fakultet strojarstva i brodogradnje 16
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ODWHULMDOQL PRGHO SURMHNWLOD (XIiMOO®M Xjp XddinuELOLQH
karakteristiku za eD VWLPQR SRGWRXSMOBDMVWORQR RO WHERQGR Kp X
7TDNRYyHU MH SRVWDYOMHQ PNDUFLLW B UH ®1I HIPDH Q RiiD vNRERGIRY IGHI R UN
GHIRUPDFLMH EH] REJLUD QD RVWDOH YHOLpPLQH

2500 -

2000 -

1500 -

1000 -

500 -

Naprezanje, [N/mm?]

O T T T T 1
0 0.005 0.01 0.015 0.02 0.025

Deformacija, [m/m]

Slika 7.  Bilinearna karakteristika materijala projektila [4]

2.2. Validacija materijalnog modela

Aproksimaciju modela L QXPHULpPpNH potieBnd G Malireti usporedbom sa
eksperimentalnim rezultatima. Eksperimentalni rezultati uzeti sydjizi simulacije su

izvedene kako bi pratile uvjete iz navedene literatidksperimentali rezultati dobiveni su na
eksperimentalnom postavu razviienomDn VYHXpPpLOL&AWX 1718 X BURQGKHL
,VSLWLYDQL VX VOXpDMHYL XGDUD FLOLQGULPQLK SURMH
YUKRP X SORpH G HEMML@sporRmG brzitaRd 75 do 450 m/s. Projektili su

ubrzavani plinskim topom pokretanim tlakom od 200 bd2d]).

Fakultet strojarstva i brodogradnje 17
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Slika 8.  Eksperimentalni postav za ispitivanje probijanja[18]

221. 1XPHULpNL PRGHO SORpH

1XPHULpPNL PRGHO SORpPH MH PRGHO (8liki>0p QébljiscORPRIpBURP |

razlikuju se£10 mm, 12 mm, 16 mm i 20 mm.

Projektil

Slika9. 1XPHULPNL PRGHO SOF

Fakultet strojarstva i brodogradnje 18
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Geometrije projektila prikazane su na sl

| I I ____________________ =

80 98 30

Slika 10. Geometrije projektila [4]

2.2.2. Rubni uvijeti

8 HNVSHULPHQWX VX NRU lika\iK @ BWSHERRHIFEE RIUXBRRD RO SURI
550 mMm, WDNR GD MH XQXWDUQML SURPMHU S8 IQUOPEQLLHHN R V
PRGHOX WR MH L]JPRGHOLUDQR SRPRiX ® K& ONWHAENMMNRWD SRO'R
Na crvenoj SRY | ®tikQZanoj na Igi 11, postavljeni su rubni uvjeti pomaka, tj.
RQHPRJXUHQL VX SRPDFL R&tacksM DstupvijeMi slgkidé HdibBnja nisu
RJUDQLpDYDQL MHU & '5 NRQDpQL HOHPHQWL QHPDMX URYV

Slika 11. Rubni uvjeti

223. 2SWHUHUHQMH

2SWHWQHWIH X HNVSHULPHQWLPD SUHGVWDYOMD SURMHNWL
HQHUJLMRP XGDUD X SORpX ,VWRYMHWQR MH X VLPXODFL
negatinom smjeru osZ RVLP |]D VOXpDMHYH X&SWDHMD KSRGEAMX W H P
prikazano na slici2:

Fakultet strojarstva i brodogradnje 19
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hd

- -

Slikal2. 3ROMH SRpHWQH EL
22.4. OUHAD NRQDPQLK HOHPHQDWD

OUHAD NRQDDpQLK URMHMNHDIDOMD L S O RipatninvtbdiMerziskihn VH R G
heksedarskihN R Q Ddlépnemataoznake& ' 5 & ' 5 HOHPHQWL VDVWRMH VH |
trL VWXSQMD VORERGH JLEDtQ [domaka w shijekoRRa plaviRib) Xsi
koordinatnog sustava (OHPHQWL VX QDPLMHQMHQL ]D UHKejX$eLUDQX L
nalazi X VUHGLaWw K[7H QddlBMieQ3N 2.Geting Started with Abaqus: Keywords

Edition). Reduciranaintegracijakoristi se radi izbjegavanja pojawhear lockinga(engl.

shear VPLPpQ