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This study is aimed to investigate the crush characteristic of fiberglass tube subjected

to axial loading. The specimens are fabricated by hand lay-up with three different ply angles

which are, A type [(0/90y(0/90y(0/90)], B type l(451-45)l(45/-45y(451-45)l and C type

l(451-45)/(0190y(451-45)). They are formed with E-glasvpolyester. The specimen geometries are

50 mm. diameter, 2 mm. thick and 100 mm. long. The specimens are tested under quasi-static and

impact load. The quasi-static test is carried out using ESH Universal Testing Machine with a

speed of l0 mm/min. The axial impact test is conducted with the Vertical Impact Testing

Machine. The impact testing machine consists of a free falling hammer which is impacting to the

specimen with 7 m/s speed. This study also used FEA simulation package to investigate the

behavior of tubes under impact.

The experimental and FEA results reveal that there are three types of collapse mode.

They are (1) Spray mode, the tube is failed and cracked in many stripes. The end of each stripe is

expanded in horse tail shape. This mode is found in [(0/90)/(0 /90)l(Ol9O)) tubes. This mode is

formed because the vertical fiber resists to the axial load while the hoop fiber helps holding the

vertical one. (2) Brittle mode, the tube is failed in brittle element along the diagonal direction. This

mode is found in [(45/-45)l(45/-45y(451-45)] tubes. (3) Mixed mode, this is a mixture of spray

mode and brittle mode. This mode is found inl(a5l-45)/(0190)l(451-4S)l tube. The collapse mode

achieved from experiment and FEA are very comparable. Considering the energy absorption

capacity, it is found that tube A [(0/90y(0/90y(0/90)] can absorb highest energy and also provides



0

highest value of specific energy absorption. This is because this tube consists of vertical fiber

which can directly resist axial impact load. In addition, the hoop fiber helps the vertical fiber to

stay in shape before collapse.
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Ianv rtci{or?uto.rfaqtnrird rfioqnldhJrsusfid{ ovrfrernr:sir:nuayyf{maru'hJ 6nyr',r

d'u4u;ilfr1unt:nfirlriourir.:ql n"'rriufaqrJ:enourdiurrtrl (Fiber reinforced composite, FRp)
4-.dr 4 4 4 A -e , lo -oj o q a ! - d0{tlJu0flvl1{ta0nrutl cx{?dqtilaluttquerila{frritr{ry fro ilrr1InlUt n?1Urri{q{

n?1urYllJt:0lunr:qnrdtlvtii'.:,:tuq.: vrusiorr:rn:vrir#r1 lffi vrusionl:n-nndou 'hjnrfiu:rjr

vrr'r'lllflruavryulrJurirflf;n riJudu 6irulri,il#luR1:mnno.:gndugrJdrufio (Hana lay-up)
S ds fn Cri
tntlilahunrsuru'[tifrtrsrnsir.:niu Iqflnr:dnurrran{l#rfiun'.:6vrGvrnto{rduJnunr:finurq
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- qird 4 a a ,l q I r u d .l,
ttrYa { t tt []'l u o { o 14 fi ?t a t o { ril u 1 u ufi ?o o fl a { { l u e o du ah u cu s n r : rdoil r ur oc fr u s ru rra c

rl2ltJdltJ'l:olunr:qerf'lvr#lsru,frnryrv 6nyr,su-lr{lunr:air{il1et:StulJotnr:H6nuoc

oo nr rr u In : r c$x or u yr r n u v si o'lillu ou 1 n er

r.z i'noil:sasr{tosln:snt:?dri
I

t.2. t finu ivtq6n: : lnr :nou du o': : smdxu: ruay :u us quro{violy,ltuo fna r c In o

ldnr: mera oqras : srfi o:riG h,'l 1us{rofi urud
d4aavAurtttr9.dl

1.2.2 r1r0flnu10vlrilax0{nnuilcnl:r:ulvru{our1ru"[tfiro.rrdulusion.trrudlrl:n

lunr: fuu: sn: srnnnlurru ?ufl u

1.3 r,our,r,srrossruifig

d i, < a 'nt:dnutilrj.:Hnuruqfr n::unt:elotJauolsionr: uurlasfl ?tuertlr:n1unt:qndtt

ttei's':rutolvio'h'lruo$naldvr:{flssuonnrotsflrr:ln:vrirutlfi.:nrfi (euasi Static) ua&u:{

n:sttvlfl (Impact) a-nuatsnl:sn:srirluuu:rrnu Inutdiinl:mnao{uas:vrfitnli?lilludrod

nr u s{ n ruldr o il rr n n r r ym u uo r-.d

r.s.r n:tflu:{dn:ydrurrdurod

1.3.1.1 nrrrurfulunr:ner 6o 10 mm/min
v

r-3.t.2 :yusquro{fiusru 6o oo --
I

I . 3. 1 . 3 du.: r u q n'rru, u,oi uo rn ao u Jo ahifi grJ n : ni fi'udn fi g r u
dt

1.3. 1.4 nJu n r: nnluuu?rrnuel?uu:.rd n:sdr,,rrdooofi

t.s.z n:du:{n:yuiln

t.3.2.r nrarrutBatunr:fl:yrrmn 6o z *1,

1.3.2.2 :vusilrstosriouriourJriosdo z.s .
--^- 3 i o hrd r J*a,l
1 .3.2.3 fi u s r u cr n a r s I u rnT o I yr o ao u I o o'hi fi g r,l n : a(,fi'l 6er fi g r u

I

1.3.2.4 rjrfirinrosfi'rrloudo +s tg

t.s.s du.rrufloao{
I

du s r u lu n r : m n a o.: rfl u ; il m : r n : v r o n du g il riau E-glass/polyester resin

ryfrotoltdu1ufio ui*iut d.rfidnuar;rilutdulurlrumotflufiu uavryfinro.rt:8ufio rsophalic

resln
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{*ilr
1.3.3.1 fru{rufirdur.irugutinar{fl''tuuonfloto 50 mm n?1ilu1?6o 100 mm

fiU12 mm

1.3.3.2 du.rrufi1#vrnaorfiruru'lt{unneirs6'u 3 uuu 6o #u{ru e firuruhi

[(o/soy(otso)(0/e0)] drol, s firyrLhi t@s/-4sy(4sr4s)K4st-4s)l uavdurru c firyruIti

[(4s I - 4 s) / (o / eo) t (4s t - 4s)1 n t ru ri r olu

r.l rj:yluuridnrodrosldYu

1.4.1 vt:1u d{ilrln^n::l nr:rfror rutor ln:r air.rvio'h,{nro$naranrgldg: s

n:vttYtfl

1.4.2 r?eryafildostfJurl:vlumflunr:oonulJU rfiold{ruln:.rair.rvio'lylruoi
idtou

nalcI tljorlJu?da:1Jtt: {n: ytrmn
q
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9r,

rouay{il91u nquauay{1u?ounrnsj?to{

Z.t irqrJ:vfloU (Composites material) [l]

rJoouiurrYnrurnt:rYtufaqld'rtlulilotirrsiorfior uonolnnduyrofinro$ Iausuav
A , -)- . 

q '-

try:1frflttd? ti':fraYaqfiaril1:oo-nlF?r{Ju6nn{ulrrjrfirursr'ruorndrrun{lrii'ndrlriufion{l iaq
il:vnou fiu "faqi,fin01fln1::?rn-urtonaruriuro.ro.:dil:ynor (1anrnn3oililn1n) fifi
ard6mxrnrfi,,urlorooir.rfiqirqnlus,luriaosoqrirjrrnurdu'[rJ. d.:osr{:Jrrnurdr..,^alriu

rmrir#uos'hiavarorrltrflu,uco16o:riu Inu{aq:J:cnoufi'ld'riluriaqdfiJn:.rair.:1rrjd.r

I n u n-a'[ rJ ua ; o c fi au uG fi 6 n d r :ia q du m r r fi d r u r H arr rYu

a-oq:J:vasnito.:nr:riri'aq:.1:vnourffohildlrd.:i'aqfifie r:r-G:aumfion.jr

auuTto{rrsiavotri:J:vnor nsorilulrjnrurio{nr:lou'hiarlr:orr'ldornnr:ldo.rrirj:uRolJ

lno.rr{rl:;nouru*stfiusowiil:snou6ue o.:rfil:rnorlu':iaq:J:snorLfidrn"'cguri.roonr{lu
iAaJ

z rieufio truvr3n'i (Matix) ttavriauraiuu:r (Reinforcement) :J:slumitolieorl:ynol
atrut:odr'l:J1#.:rukinu,nnu'',ortoluqorarrn::unr:fiu fiwr rioafr.r rnfirra,6u1

Z.Z nrn?nduaviaqrr?iltm{ (Matrices and Reinforcements)

z.z.t rrun?nd (uatrices)

nr vri n dn^ o {o q rt o o.r rirJ : v n o r t o v ia r; rJ : v n o u fi fi r v,l a si o r fi o.: J n u yr-.: 1 il
rirrilalaqrJ:snouttd'':tvfi:JSlrnrrurnn'irriruraSrurr:.r rrqifi'hiraro'hJ nrvrindrirrtirdns.r

tiluiioqi :Jnflosuasdntflfiur6i:uraiurr:{::uvrJrriiumonnr:s01nRruuonfrn:yrfr'l:Ju-rri.:u
a j r a 'y-. !t 9 a / s jq y 

" a I r a ItrY:utt:{cr{cru truiunt:s-[6rutnn'irdrurolnrmTn"i riaqfilfrirnrmin.f r,ilu noaarruo:

Iarv rry:rru'r ,,u,o',i,uu rfJudu rirriun{runofinLoffiIdlirrruvrindrJ:,norryeor'o
ldttmoirorfrn (thermosets) ryroiloyraldAn (thermoplastics) rravort (rubb..r) dsr?orua

rGuilrfiuuatd6toltvto{lor6nuavrmofrounrafino-srrarxluqr:rsfi z.t rrsiavn6iuruu,r,
4 lg I a
E n.i{r.: du arru r : o rfi on td:laq 1rir a r o1 vfi nmiu

3
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2.2.1.1 ndlrvr ofirorfi n b?rui 6r^ronfi nodro armo i yr ofi'lo'lrud uas$l Iu 6n
dt lt A- 

"*r 
I d

tuu 9r u 9r 1 :'l{ ?l 2.2 t tdfi { dllljo gt 1{ dl 1, o.1 ryt o : u 0 tctgt

2.2.1.2 n{l rvr o$ruou ar afi n'lduri oni fi n'lu ri ou vr o6 a1o3 u vr o fr roGd u

ruasiloa6rrof6rro$6lnu r{ludu

2.2.1.3 ndtox 'lrirrrior.:r::rJs'lsr- rras0lsri'rrn:rst{ s,r"'aotirsrdu axr.l'emr'ln

6u abGu lolmrSu ,,u, lrIrrdn6oor.rrSufi or$ dsriluJnrro6tlofiro.rosnilalulsr:d

uayfiasrr'ln6u rfluoiu

j^rrdr6ttdla
gr111{?t 2.1 rlj:uljrytuur?{r0{d:.lilst:sfi?1{ryroiuorrynrrasrmoiuoyratdstn Ul

Properties Thermosets Thermoplastics

Young's modulus (GPa)

Tensile strength (Mfa)

Flexural toughness

l
k,"(MPa.m2)

I
Gr(kI lm2)

Maximum service temperature ("C)

1.3-6.0

20-180

05.-1.0

0.02-0.2

50-450

1.0-4.8

40-190

1.5-6.0

0.7-6.5

25-230

j-,Frdooddr
9t't:1{n 2.2 tlJ : uljtytuudlJugixo,:tmo5 u otcugt gtt.:"t 

I t ]

Properties Epoxy Polyester Phenolics Polyamides

Densiry ( Mg l ni )

Young's modulus (GPa)

Tensile strength (MPa)

Flexural toughness

I
k,"(MPa.m2)

I
G,"(kI lm2)

Thermal expansion ( (10-5 K-t )

Glass trans. Temp. ("C)

l.l-1.4

2.t-6.0

35-90

0.6-1.0

0.02

s5-l l0

120-190

Ll-1.5

L3-4.5

45-85

0.5

100-200

1,3

4.4

50-60

45-l l0

1.2-1.9

3-3. r

80-190

0.3-0.39

l4-90

3
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Z.Z.Z &tut&ilul{ (Reinforcements)

dt q 4 - o ioYi ta l osr a J t d
ril u faq ri o d'arfi l fi l#rfi o rJ ir il ;.: al :rGd r.r 1 I o { nJ m5 n.i r,*u n r u u{ r
d

(hardness) n?luttultt:rl (strength) ttavn?lutt{.rtnt.: (stiffir"r.) h?tn^ldud.r:Lr.rnilGunfaq
4 - o i, - a r a a a a

fi50$r?tflilu?rgr?td:ilil:sriytfiRry{?r5oradru:s (rienforcemen0 tiru::Ai'c,qil:ra{ri{l':du
& dr ugty- aia Aa 9 q a r r 4 r q r ia
BrtIJu'tdti'':dl:rnilfriroqnrnmranulnrrayrduluraSilrr:rsirqt rrsiur.:n:finrl'.tauriruyrrsru

arlurrumindrnfiorndrri:utoqryrind rinGunrYun'r1:.ti n"":r6u'hira3rurJ:r?vrGnrnnio'hi

ta3ruu:.: (inert filler or non-reinforcing filler) fiuut#rnioanduqunr:nfin lriuri 6utra (clay)

ru{h unnrfiounr$iloruer lamsfirsr^rua.rluurm3ndro{r.x:rfin nnondsunfirfirutunara6n

riludu
o 9, oY I ' i VrY ro r i a
r u n r u fl l : r s { 1 u r r a ? fdn :J : s n o u fi ri r nrlar fi a er'[ d'r ui ian rJ : v n o u fr rd] rJ u: .r

quta

d':orduto rdulufild'fiflarnilar0sfinri'rsr-aodr.rtosrdulurrasdildfiuarr.rlflunryrfi z.t
tosttA

qnrJ.:14rJ1ul,o{n1:vr1?GyolJ:snorilrunmri,noot#finarurr{.ru:rrrasufisrnBrqslurirru"ndu
oe*@ordoddA

,f rrYo lnuruhudn{lugiltorn'lrruufisrr:{ii1ry{1s (specific shength) ttaun?ruttfi{tn5{fl50
oi-{etia

noqaiao'trutv (specific stiffrress or modulus) n'lttarxlun'mfr z.z niriufaqrJ:snoufiiln?1rl

ru{ru:ruavu{rrnB':iirrr{1sGI{d'ull:rrrirornnrmindrravrdulufifidrilu-nril1ld otirs'l:finrruq

, o @ 4 v dt * -io - r ce v t r u
fl?1lJU1?XO{t6YU tUttAUn',l:09tr:U{A',lrilUlJ00Umdlflr!'st0dilil9rflO{?dnil:sn0ursuflu

+

z

I

I

I

!
I

I

I

I

I

I

I

I

,]
I

I

/
I

.i

.f

i

I
I

I

5

-,3

(

4
-t

1

a'';,:l
:l
:l:I

I

I

i

l-.-. (*-9-; - - -
I

I(/', i,
''lt
1. Carbon (HM) i

,( " 2. Boron (p = 2600 kg/mr)
l.i' 3. Catton (HSXp = 1800 l

4' ', l. Kevlar-1b b i rlso ts61
: 5. $gilass (p = 2as0 kdmlI o. elass ip = i5a9 pil,n'i

1.0 2.0 3.0

Stsain (7o)

t{dtro6
ruJiuurfr r,rrdu lora?ruu:.rrfi nsir.:t [ 1 ]

4.0

f 3.0
E

I
o
anI6 2.0

1.0

.a
R',tilYr 2.1

4.0

a

a



-o

_ 
CaUeefn)

Cat6(Il@0)
B@

' ^O Certol(Ii}m) o
Numiu :.^ o
;* sic 

o
Aluminm Amid(Xdla4g)

o$4*t

1z
Spccific tcusilc saength (Gh/g/on3 )

_ i-^ d d d o q ionmfr 2.2 n?tuufi{tt:{ttasn?rutr{{rn5{drrfllcro.ri'dqfiriiornrduluyfinsir{t ttl

"iEao.e
(L
9 eoo

=E
c
3'E looo
o
.E

o.
ar,

o

z.s nr:dugrJuuuyrrfraufio (uandLay-up Motding)

tfi u n r : u ru n r : du g il fi rir ld{ r u olu rl u q n uoirfl u n : s u ru n r : fi l#r:a lra u u: {{ 1 u

u1n rTtrt1:orir'ldlounl:?r{6i?urd;!u:{ (Jnun-':'hjrflurdulo) astuurifilr(uaym1?iu

d':ur:fiuniolrilldqnnai.rSnl#r:fiu6rur.irua.:ludo.:'ir.:ror6',lra3ru:s o-suanltun1ilfi 2.3

^^-{-.--r-^^.^---e-t- J .i cauy jy
n1:Tugilfl1ilr:olildf 11 fia1u6l ,i'urfioTrik{n?ru1.ru1et1ufrdotnr: lunr:ririaqrJ:vnoul#

dtu:-uornrnurun-nt#iidlrn',rdrgrJrdo.:duriouldrn3o.:o'rrn?runiuuasnruiou rto
9l

14o.lul'Jonn?'llJrrlJ (autoclave) cio'lil i?nr:iiolfir?o6lur*ornr:n-rrfia.rrdu1ofirir'[r1.iru sraon

6.rrirdu.:rufigrJm:.:dudould uririrulrqju-nnrl#dugrJHfinnlorqi':ianaoilr{oamn&r1'[rJ miu
c-.l'l,r - " 

' , 3 dh , 
-o

r:0 t?,lrljo:naldrrauol{o1lJil1 rilu6u

--5--f,tycro,3
R l?t?l 2.3 n 1 : r u : rJ r ru I m r dauil=o r ra v sti o d r.: fr u.: ru I t ]
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L&.
2.3.1 6UUgrOURlrrUflJ

2.3.t.1 r n3 u r uri uu u I n u n r : dr r ri r n r r ru a s o r o fi r u rh rle o rir ri o rtr r6n rir
dht, I tr E9 9fi?ludv0lnn [n lta?]Jaou tltrr?1{

u a 91 9 iJ - o i cyo I v a
2.3.1.2 I 9t 9.r ? fi U 1 9t ? U 1J 9.1.: lJ 9t r.t ? rl,to t fi fl ? il li 1 U U r: U U

- 13 i c yo 9 4 - A J o gt Adt
2.3.1.3 vr 1 tra u I 9r I H{ rilo t?t fl ??f u 1 r: uu ua s uil u { I u r ray fl 1 1{ il lyt ril u 0t x

t-cr9
009rtrljU1u9tu9t?u

2.3 . t .4 vr r rt o ri u ? fi ': u rir ro a Iflsr ud'? d.: 1 #u{': r,t"'?

2.3.1.5 r r.: n'u luuri:ri'l a.r l:J

2.3. 1 .6 l#u:J :': rt o 
Q 

n n d{ d 
u lil 6ro arn o $r: fi u fi n au n'ari.: rJ fr ffi orude vr r

13ond.rl:hufiu1uuflat#vl% d.tttitufiroarsro{r:fiuu{.:cr-an'rd'rrtou udald#rvr:1uau?l'?
, ord
nlu?tu'llj t14r:ulj

2.3.r.7 r r n do { n r t 1#6iu.: r u fi o ? 1 u 14 u 1 ua u fi n': r ru u{ r u :.: u 1 n du 1 #e r.r fi u

laudavt-ra.:lrj6nuasvrrvtonas{IflAroarnofr:fiu0u?i? aa'uriuou'klnarruuurfisiornr:uda
I r i ura v a

uaouyt{ t? tfiuu.tgr?

2.3. 1.8 drrtorluud:fi duoontrotnuriuur

2.3.1 .g,u' u du s r u,,{.r cr-e l rifi ud?6o o o o du.: r u o o n o r n r ni r ru u l o u l#d u h?
)"-a

u109t t4:oailoft
@tgerdrohtrAroir

2.3. 1. l0 thfl nusirrouBusru tfi r:uu ua?u1 trjrJ:snourSosior6rJryuaru
j
011.,|

2.4 nr:ffoiiu{freuosrffuls tzl

d @ I q q o l9- off9, <i, v d y o ja ,-
R'l:ttU.l9l?lJo{ldu [uR1u tuttJvr5nryuuyr1 [nila1u?rei?Unu n:iuldukIyrllrutndu

rravGu{ct-?lurum3ndhit{Ju:vrfiou ovrirt#rirdsr:rd?uro{n?1}ru1?eion?rrulgeir rrcinr:,{fisr

to.:riaqovrir'lsi.iro Inu,qflrr#uflounr:tcirduluaslurumBnd 6n#,rnr:n:yorusr-arosn:rrJ
dddrtI

ufl { u : { n 0 s r o u 1 { du l rd:J o 0 a o n l u rfi o fl o { {d n fl dil 91? u

.g-.q..i .^--t^ -4- - 
" 

- -- o 6 d q 9 oa . j
ldu tuvlul?el0tu0{ttast:u.l9r?nuluyrf,yn{rfiurovlfqarau:igtnr:n:v0tUfi'?fr

'hjarj'rtaruorir4ndru flrnt:1e10{nr:faqfirio.rnr:;urr:.n4aru1fiflmr.: r:1drur:orirldloro
-u-+ a y q.4+ | v s qrh ia , i - A0n[:u{ytflytl{flo{rdu tumuryurrnnal{nu tnulfluvrun?]uul?eiorfro{ f{":nly{fr 2.4



0'
0'
0'
0'
0'
0'
U

0'

0'
90'

'45'
-45'

-45'
+45'

90'

0'&b

ttnv

(r)(n)

olnd z.+ (n)nr:Gursr-arYuto.rrdulotufiayrrsr6s: (t) nr:Gussr-aroq#utstufiavn.r

ri r r nh ryri o n : y 0 r u n ? r r u{.: r r :.: 1 #ri'u U n r rir u tz I

2.5 Rafl lflfl ito.riaqrJ:vnou (Mechanics of Composites)

z.s.r fioeiaurirnfinuucfrociauil?mot: (Weight and votume Fractions)

a ru uG I o o : a ru ri a u 1 u qj t o.r':ia q il : v n o u rfi u a r?o s I n u n : r riu m3r a r d6 u a,

ilSrrarrosusiasosr{il:vnorfirJ:snordurfjurlaq:J:vnou#u drnird'nriaurirru-n (weight

fraction, *r; #ur-:'hJldrJ:slumflunr:rsriourrr''*or: lunr:dug:Jrroidrufud'nriau

rJittsr: (volume fraction, u,) l-nl#lunt:irn:ts#artuGrir.rl rosalaqrJ:vnolrurnn'jrnr:td

dori:u#rnrin uavdorieu:Jilrfl:druvriudri':r#rnrin (w) uavrjSruro: (v) rolusias
11 A - I r a a I - 9.

olriil:cnoil tru-o c umu':IeqrJ:vnou 7 rrvrurieura?ilu5{ rrau m rrytlJnJfl5n,i ngiu

_w,wf --
w"

(2.1)
w

m

m

w
c

VVf_mvr =- tta& v_ --
VVcc

ttas

(2.2)
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os'[d'ir

ttag

I 
-rwr TW- -I

V, *v_ =t

4q,tvflo flofl?uulrunro{rdulu
{vrlq4dfio d9td?uulfi unto{tum:ncr

n'o dnrriruilS urer: I o{rdutu
AVTFAJfio d9td?ulJ:il1ct:10{lufl :ncr
4t-9ano ulilunto.:ldu tu

(2.27

(2.4)

(2.s)

(z.e)

Ioufi

fi o rJi rrrn: t o':i'aqil:vnou

w-pv

4FaJ
no il:rurgt:10{rum:ncr

sf1o-
d'orfruriruuhtravdnrri?uil3rller:dril1:0Ju{fl?rruii'runiufd':uFr?uJ14u1rriluorn

W" =w, +w_

wf

w
m

vr

v
m

w'

w
c

w
6

v,

v

\

Ajo-urfi0 ulfl un1o{?clqil:snou
Al--tno il'IflunIo.:tum:ncr

noo :J?rutn:to.:rdulu

ttav

t
fi{uu

OY =OY +D Y,ccrtlrmm (z.t)



1l

P"=P,[;)."t;) (2.8)

(2.e)

(2.10)

(2.11)

(2.12)

P,= P,Y,+ p^v^

Inufr P, 6o n':ruuururiuto.r.:iaqrJ:vnou

P1 noo fl'trruflururiuto.:r#utu

P, 6o narrururudu{o.rruvrind

ltau0ln

V -V.+VcIm

o1ndiln1: (2.r0) os'ld

4fi:o

lw-w
llm

p" P, p^

rrndrufll: (2.4) uas (z.rz) rslridr

wD
Y =4t

P,

wwwc-Irm

P, P, p^

ttay

(2.13)

a

!

a



t2

(2.14)

2,5.2 flaflldn * q an t n t o.r iaq rJ :v nou (Micromech an ics of Composite Materials)

2.5.2. 1 n a nr a rr { l a n r nr ri r r iu nr a r ru r r{.r r ni s t o.: i'a q :J : v n o u r a3 ru u : t rYa o
,o

tdU tU (Micromechanics For Fiber Reinforced Composites)

1 r,do u du do s irn : r y r{fi s n a sr e o iq a n r n ri r r fr o : r rr u{ s rnB s

(Stiffiress) to.:{aqrJ:vnoufirJ:vnurdro',nrrra3ruu:rsl':ur#uloaxlufiatnvr^and.rrfimfia

t6tlr (unidirectional composites) u,riorir'l:J{nr:irn:rrri#uq.:to.r{aqrJ:ynoufifinr:f,rrGoc

rdu tulu u a r u fi am r.: ua vt,t u', o1 #u (laminated composites) ri o 
n[:J

n a fl 1 en f 1 a fl r o ri r r iu n ? 1 il u{ s rnf { n r il uu ?ufl u rdu 1 u

(Micromechanics for longitudinal stiffness) trlluo'rao{nr:itn:rs#o-srraollunrnfi z.s auru6

l#rrumSndtravr#uluaixrriurvdorrufiuaniurruilarurg:cri (perfect Bonding) Inu'hifinr:du'[na
A q u u-..4- - + i e-y-.-..r1-- 4 __. r) a I A 9 uto{fl2dutlflttun0'lflnutuo P"ftott:{vtn:c?irnufifrsth o rronaurriu lrac A 6ofruirr,rutgro

0lnltillliitao.:r?rsdunarrurnSunfirfiordutueiaqil:vnor narlrntunturdula uaynaurniun

tu nr vri n dfi ri r rvi r ri'u o r n r rr r iir a o r r?i r e{u r{ a u n : r l dl rflu d'ld

t" =6, =6_ (2.ts)

Inuii
4 d io {.t" 6o orrrurniunfrrnnfrului'aorj:cnou

tr 6o n:rrurnSunlurdutu
c440aJ6- n0 n?lutfi:u9tlutumSncr

n i : v d n : v rir si o r du 1 u ua, o', r, d n, s rir si o ril mi n dri',r u an,: 1 u d u n r :
fi (z.ro) tnv (2.r7) srr:ldrrr-u

wD
O, c

E o,fr

Pr =OrAr

P=OA
mmE

(2.16)

(2.17)

I
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Pf

P

P

P" -P, +P.

ocA. =ofAf +O.A.

o-A- o AIIroEuc --
A

c

Jerufi
aiol
fto R'l:&ytfl :uytlfl oldulu
4iorad
fl o fl l:smn: gytloorum:ncr

4i"ro
fr o n r: yfr n: srfrsio'lidorl:cnoil

rior
riru n r: sfr n:v rf rri ofaqil: ynol rfi uu 1r?rilu

P =O Accc

ird
ruo:yuu0u hJR1?v6YrJoAqq

I

fi{uu

(2.18)

(2.re)

Q.zo'1

(2.21)

nlild 2.5 uu u i)"rao{ n 1: ern: rvrinaarasrfqaR rn enrJrrlJ ?rrnu r o.l rdu lo lzl



a

t

t4

ourd
d 1 1.r : u r d u t u n ? 1 u u 1 ? ryi r tYu r r a s a r.: t u u u a rd u a ri'u d'n ri.l u du fi t o s

9-qravrF-'-
tdu turyt''rnildftd?u1,o{ lJ:u19t: gtiluu

A"A
\i =-tta; \ --'A"'AQ'22)

os'[eidr

o=ov+ovcctmm (2.23)

(2.24)

(2.2s)

(2.26)

6u a, n'',, {z.zoy oqjlu g r 16 ua riu au n I : fl o {,.t dru n-l fi n ri t.:u r ud'.1 ua a
iqr4

rfioiaqrJ:vnoufiosrir]:;noutortdutsrravrum3ndrrnn'irodrsarilfiro.rrirj:vnou fl1rJ1:o

rfi au r{lu al n r : m-':'hJ'l dtfl u

rfi onr : r:Jd uu ruJ asoqjlu ri':s dnr tju rfr srdu (Linear elastic) rrau E"

6ouoqalatoliaqrJ:vnouoltJrtu?rrnur#u1u dru E, fio loqalarorrduluflrilrrulrrnu uae

n. 6oruoq alar osnrmi ndo v'[d

oo =E"t" , or =Ertr, O. =E_t.

rirarunr: (2.24) unulu Q.23) oc'lr?.jr

E t =E^t-V^ +E t Vcclltmmm

t94 C. 
-c' -CttlJ0 (,c - ('f - ('m 9l{1JU

E _E-V. +E Vcttmm

E -Le v. +Fr vt-ttmm
ij (2.27)
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fi il 1 ur14 Q : drr f:L al n x (2.27) o y tdl d'6 rirl n r : rir u r u p.r a 0 I fl n'l :
. oa a 1.:r.-.q..g+. - j a o r6t d o I i o iraYl916IouduUslfll:9t{Yltdu tuYttigrsl?trioilnt:vn:uti1 rrstlun:frnr:o=nr16':riobirdrrn'l:uuo?
, o - r ad

fl o{rdulu (misalignmenO ri{Ha1#n1:ri1u1ufl arnrn6ou'hJolnn?1ilrfluo3.:rurn

n a flrdflf I an Ifl d1il;un ?1ilufi.: rni set'til uu?lJ? 1{rrrnu rdu tu",
(Micromechanics for transverse stiffness) rfion^ot:otrdstt:srton?1iltfYu o" fin:yrirsioiaeq

:J:vnoulurru?t?r.:niurrnurdulun"'.:uuudrao{rrdn{lunrfl fi z.e (n) 6rrfioudrum#rsr-n

uvrutrnrjdauuulJli'rno{ o"'rgr.lz.o (ry orngilrr-snriraoctfiuld'drd'nri:un?rrJU'l?iJorflr?rsr-ri

4
n0
4
n0
4
no

(2.28)

(2.2e)

o. o,
I

.L,

(1r)(n)

drrAo@r'\
tilunltau?nlrirraaurj3il1fl5 I " =u' I lunrfidu:{fi3on?1iluiufirirn.rfiflaonfl?1rJU1?i,o.l

\t. '. )
qt,yl qol\Lf

eeA
10ua?t0{flu

ur?tgt-nri:unr:u^rrsr-an'turru?lJ?tlrfi uu'ld'rfju

Jrrufi 5"

6,

6-

6" =5, +6.

n t : dnr al"'rn rlt tu ?i, ?1{fl ol :Yanil : s no uI

nt : 6n gr-:sr ttt t tu ?x ?t{ldu 1u

4qaJ
n 1 : UAfl ?91 1U tlU ?1J ?'l.t tuil : ncf

t I =t-l- +t Icc t t mm

/ffi\
cf 6\'n

t l-.rtudt Ywry

nlild 2.6 ttuuif,lao{nt:etn:rsrinanranfqnnrnnlilrru?fl?r{ri'urrnuro{ldulu [2]

a

I

1

Oc

User
Rectangle

User
Oval



shear stiffrress) luriruolt6o':rilnt:rrroga'afl1uuu?fl?t{ n1:}nrJonaiarfiouarrur:01#

Jrroattanr.:lunrvrfi 2.7 LLaveturtr:drrfuruoqii'arfiou n"'{rraq{luarnr:fi (z.rs) rvrfiu'[d

i'tcu duri'r q rfluna'n (niu16urri'r r, fiduoqjri':r a, riuror; tuvn.rrJ6^uGud.:rir c/ o.r0

rrrrnnr:riruenrdaurir Er ilav vr

IV.V trm

G,, Gr G.

t6

ll
. =tr -+t.:

l. l"

nJo

(2.30)

(2.3t)

(2.32)

(2.33\

(2.34)

l"
Y = =ttaY

l"

t =t-v-+e vcllmm

I
\,r =3-E

I
c

ntjo n r : ril6 u u r nJ a.: o d t u,i e s 6n fi d u rfr .: rdu o = Ee el-r #u{{

oo-oi--\ +-v;
EE.EctE

0" = o, - o. rr-l#u

I _ I _Vr , V,

E" E, Er E,

4
tu0

Joudd4
na f, 1 dfl : 0 a R 1fl d'tfi 5 il n ? 1u ttlj{tn5 { n 1: til ou (Micromechanics for

(2.3s)

l

I



t7

I

dRlilil 2.7 rur.J u 1ir a o { n r : irn : rs r{n a ar an $1 a n r n rir u i:L n r : rd o u [z]

2.5.2.2 ri r o-sr : r d': u fl eryo I (poisson. s Ratio,V)

tu rir u o.: 16, a riu n r : r r, o q ri'an r u uu ? uR u 1, o { rdu lu n r r fi l
o-sr : r ri : u rJ: er o { d'r il'l : 6r t dl u rn a Fr-r ua n r 1 u n r n d z. s

1

El
R'l?r?t 2.8 r n t u iir a o r n r : irnr : r v #n a ar osr $o an r n dr r ir u r o-fl : r ri.ru fl a ryo { [2]

o r n r tu-t o'r n o,: ri'.: g rJ t v'l ri.j r

t,

6, =t, (tr, ), =-trvrtr

6. =,, (t, ), = -t.v.t.

(2.36)

(2.37)
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6. =t" (tr, ). =-t"v"t"

otn 6" =6, =6- ttag t" =t, =t-

,,

n.:uu

t v.- =t.v +t V s
clz llmm

It,
tuo{o1fl r=vf ttay

tc

-'-9l{uu

V,, = VrV, + V_ V.

t- t
vrr=lv, **v^

t" t"

(2.38)

(2.3e)

(2.40)

(2.4t)

1* 
= \n-

tc

2.6 il19r:g1ufl1nA'lilnl:?tgtdou:6tuUsi trl

tunr:finurRr:taufilulro.rln:.:aflrruruuuei#u ldfinr:finuiir-rrodxoird'ruac

ttiliilaralusirsil:srma lnufilro:g'lun1:yrerdornl:flurrilrsi1{dl Hiornlrsitufll:mnfloil

nt:fluo1nlil:un:lerortt^:tflo{ uuno'''ndtu:J:rrmngoralrn::ild?ulnqiulld'fint:rilt4un

il14:stulun't:vtodolJ:crousfl{raruil1a:gru rdu lrn:grurlrunartilaonn-atolaryriud

uluuugi (Federal Motor Vehicle Safety Standard, FMVSS) il1sr:g1un1:rJ:srfiurrasnt:ytndou
Jdr

:cluusilflr; (New Car Assessment Program, NCAP) lrnuillst:glurltunarruilaoern-uuumrtriau

(Insurance Institute for Highway Safety, ugs) dsoronrireld"jr nr:finurrdoarYuln:la#r.r

utuuile{nlutoinr:sun:vtrrn#ufinrrrurirn"'ryoeil{ilrnlu::hqriu o-.rov'ld'oGurulu:ruau16ua
, _!.

ltaayillstS$1u9t{u



t9

2.6. 1 il -r 
sr i g 1 u n ? 1 ild a o o rYut o r onn-u #u r uu uei (FMvs s)

dtI
ru u rJ r er : g r u n r u n ? r u il a o n riu yr I { : o o u oir ro s G I fi 1 dfi rJ : s rvr ga r ig o nri n r

& dr <t , t A agt'-fr.:tilurrsr:Slulunr:rrldoll:;uurirrl ror:nuusirrnsiSrldnfru:nlufl tqos Inuilrfl:sru

fildfinaruil:stRvt n-rotjrtriu urer:Srufi 116 (Motor vehicle Brake Fluidr) 6.:rfjur?odrruo
i e q /s. 

* 
,o qt, !, a i & | dtnu?fl1j:suljru:n tu:ouugr tgrulJla:gluytunl: [Tn:{[r:nflo u]gt:sluyt 209 6r{nal?rr-lnrru

rlaonriulunr:ldr{un-ofi:d'un1u{.Toruar:#.::nuudriruqnna :ou::mn u0v:ouue{Inudr:
d1 gt X-o j o rr ju,vry , 4 A ct A
tuugru u0n0'lnuu{u}J]gt:s]un]:yrgtdourluuoudl oflrolutoyt ttJ t9nCIt?0{ ,li{tljur50.:1o{

2.6.2 urer: grunr:rj:vtfi uuav nr :nnsou:ouue{lmri NCap)

il r a : n'1 u fl 1 : il : s ur^u ua c m o do :J : 6r u u s{l m ri lifi 1 #u a r o :J : s rvr s lu r a r o vri :J

n':rrud a o et n-u r{l u n ii'n

,,

rsiu miilotil3nr q1:rJ firluuavoodrn:reu lnufiainr:madounl:sutuuarua-nsorssi'sfi

2.6.2.1 n1: Yrer doil Inun 1: ryu ehurdrttruyu t6ru (Full frontal crash) lun r:
3 oe d

t4erdoufroelfnrarruriatufll:$u 64 km/h (40 mph) Jouhl:oouoir,!suirmrirrry{{rruu16ilfi#1
y d A" i a I d v d
n?un?'llJt:?flnlfiu9r11l0en?1ud]il1:0 tunl:9t1uyrlufr?ltJrcYultlutlaeanuf]ryflo{n1:teufiru

2.6.2.2 nl : il fi dou In un 1 : 5u 911u u dtttl u n?.r n fi I (Offset frontal crash) fl 'l J

mndoiln'l:suuuudosldn:rlt$rluRr:ru s6 km/h (35 mph) fii6nr:mnaou6o lfi':n'is
oYdosddar{qoi

Turituil{d'?unx1ut5?nruriiflunJeuoysurfru{Bnrhu?ryi'tliu d'lrrarxluniilfi z.q (r)

Aolddtgoarttre
ru'oTrn:rvriqnrrrurrfirrr:rrrnsrflurioryalunr:nasrsiolil pYruarr.:lunrnfi z.g (n)

(n)

-. .i - - - I y Jd rfllilYt 2.9 nnuilvfl1:1l9tdounr:gudtuttri'l9tlililtot:glun1:yt9tdou:nuusi1nrj

(n)

(n) nr:yroaouflt:ryuuuurdru (r) flI:ytnfloilnr:rurruunr*I [:]

a
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2.6.2.3 n 1 5 yr n d o u J n u n r : s u n u ro u rfr t u n r : m er a u, do r -, u,E rd t #

il:vurnr 40 km/h (25 mph) r{lunr:vreraounr:Tunurduvrr.rrri'rlooafr.rrjuil"raosornueul#

-^4-.-y--., a jo j - A a v a:oT{t{1suerliln?1ilt5?frrirrunrfrori'rrnn?nfi0yrfrndun:ronllircnrulu6iauoixl rr'tucns

lunryr 2.t0

2.6.2.4 nr:mnaou Inonr: rud'rur?r.rfi iinr:mn aoldol#: o isr{rryu : rrou o{

d-Ayd
6nri'unusriaonrrutia 50 km/h (30 mph) hjlun^amr.rrilu{xtor:0madourroslufinmrsrun
J, s s - i q:udt o '
fr si r { n;u I n u : o n,-u fr uu o v 

"[ fi il u a-n u 0r 3 Rigid Body rr-l r r dn I 1 u n r vr fi z. t t

j 
^ -- , a e,nrfl fi 2.10 ri ta: g'lu n1: moryoilfl t: uufl urourrirt ol nt: mofl ou: o uu dtrri t:l

Sl0E ll'tPICI

yt

@.{l:'=*'
@#6r;

usltciP

olnd 2.1 I rr r er : s 1 u n 1 : vr er do u n r : ryu dru {rs r o s n r : vr n ao u : rr uu e{lr ri tll

z.z daurj:dlfflunr:fi nsrnr:Yuu:rn:sriln [4]

z.t .t atzvlnqfi ntonr:vriiuilrrr

nr:vinq6 (Critical load or Collapse load), {, nrutu6.: o.,rrr9o,rrndrl1t#

#ulrurfinnt:tfrtlrroodr.:fi{tnnr#uLi'or y,drfluairurri,rfirdun:rv,llu nmfi z.n6*nnar
------..j ,J q r i o oio o ofln{01fliln:1T'l1.lud{drtluv'l':tt:n ts.:nr:vinqsr:fifin'lrrudrriryrurnri'un1:oonguutrr'0lil1#

ADULT GHILD

illrs/lplfiUEB ltmp



2t

Sadrrj'
Susrurfronl:taufl1unoury?{r?arvrrl-rlJ1sflrt rrsiluursnfrnl:senqAoroosfirirryirrilnr:s

4{qn (P,,*) fild'tun:fitor n1?{fi 2.12 dovr#u'irnr:vqsgnfirirryirriunr:cinqon6ooro
I tl ,rr r a ada , j A Y- , A y r e , !nrirrlri'irrirnr:vinqofi6o ritnr:vfiq.:fiqnnf.rrr:nrioufrrdun:1?'loeelna.iuasild{n1nd?{fr

d r i , lau"t
0'lorjfi1R1:ud{dftmd{n?10nun ta{a{t

s*
ntild 2.12 ttdn{ntrrudruneuf,:vrdtrritnr:uuau:uuvqust-'l (Load - Displacement Curve) [4]

2.7.2 n1:vgtlgo

n 1 : u q{ gn (Maximum load), P,o,* 1'l tJ lgd.: n 1: s q{ qn fi rfi n du lu n: rll t ol ri t

fi1:uuas:uuvqilel-?flaon,i'xr:arnr:r?t,ilrurosdu{ru d{rir.Jo{n1:yq{qnnr:ovoqjluda.:

d,ru',rar,,av'hido.rc.:lrnnuriul:Jril:1s0ulirl#o-n:rri{'Iiln.:fi r,iu nr:ann?1ilrBrodr.r

niufi m-ulnro',orir}i',fi o,olufl :rusioir'rnruiluucid?u
j

2.7.3 Rl:vrqau

n 1 : u tad u (Mean crushing load), p* l.i u tufi { ri rt o.: nr : y tn6 on n on nr: r?u

gilto.rIn:rair.:nruldn'r:run:urryrnouduqnnr:quer"'? lnarinrGuurfiurri'u:yuuquel'?xo.:
i-Atijoqrs/s@t-jseurr
Bu.:ru Btritnr:vtnduf,fin':tudlvrTuf Inusr:.:nlurirvra',r.:rufiIn:sa:r{d1tJt:nnflryu td Jnu

vi:hJudrrirnl:sradun?:firirq.:rfiohfllrTrirnii'.:.:ruqnd'ufiflrsrrru'hJsl:u

2.7.4 fld{slu0n6u

na-sltuqndu (Energy absorption), r, ulrorr'.r rirua-tsrufiduu''r*'lu',rom
.f;'r'klsraorrnl:uun:erryrnuSonr:orri': d.rrrldo,nn"'rrrrdufild'n:ryl:vrir.:nr:rfitdrir

:vuvqror-':fi'lrhrnnr:ryun:eumnroud'u.:rurSoIn:.rair.r o1n nryrfi 2.t2 rflun:ry{rraor rir
^-- eq-Y.- e @ t . d a & t I on1:uvltuttau:euvrJLJgr?11nfl?0ut.tfl'l:yrfidouflt:sulJo.:tfianyuqfiilt rtnn:rvnltldo{fitgl-'?q

--r-ee I r a t @ - 3rr:J:frrnn{u:srjrrnr:Ter6rou fro rirnr:qn,f'ryrii'rlruolnnl:Tuflo{Bu{ru dlrJr:0fi1ld

nlndiln1:fi (2.42)

P

P-
u

g,=[rasNP^*.5



Eo=!ras

d-.i3
fl o fl a{{rumryusruond'u'li'ldq

l,4douu6
n0 fl 1:ufl n:smlnil?f,9t1u.r'ru

6o nr:ril6uuurjal: sosursr-?rordu{ ru

j i e t qtnr j
01nfl1il14 2.12 rUO{01flrdun:1y{lJO.:R1:sttay:yUCnl:qrA?lrn{m

l, io - U o rau
arirrailoflaon:yus[?a1frrnnnr:run:srrmn rr-rfulurx:J6'uG,6.ruuvrirl#t#nr:il:srurar

01nfi1R15Btnduflrufia-nto{ mean - value theorem tunr:r,trnirnr:eodll}ra-wrutori'eq 01n

n1r$un:&umn drrrrir'ldlnroldalnr:fi (z.a:)

Eo = Prrrn'S (2.43)

vv
2.7.5 ilA{{1llOOctrUO'tt?t'tvg

r r d.:.:ruqndu drtn rv (Specific energy absorption) { r ruron'.: ri rnr: qodl
q s c, & d s f, - us I q r q e

?{a{{'lux0.: [n:{d:1.1?tu.t6'l tiluunilulfiunfl0{9t? tfi:':6Y:1{t0.: tufl1:il]n1n1:qocrulIa.:{llJ

,flrrnrsfirfin0rnnr:sun:euilfl#u do.:rfrfiq6.rrJo,ir'ornruodxfifi6vrGnasionr:ru :Jn6vr-r'[:J
3 v u ute, v v j i A o v
su.:1u0sdlu1:09t9rcuuT{a{{'lu t9r0ll}Jn?1ildlu1:n10{91?uut0it ttJ0su{'lut:un9ryljT{a{{1uq{

o q A q 4 u s &tA r u r hgr< v
0tnR1:uufl:uttmn a?ilur0.r0yt:tJtlugl?14:0?I1J9t?0un:uyt.: tudlil'l:CIqun?n0 [9t0n anufus

, ! 4 - t t ny v e hrd i y - { i a rd
rdufimrrufis :laqBu.rruriukiqnd'ufla-{'rru'lrirfrlfrudr fl-'.:u:uu:rfirnfiooqifinrqnriclilo-.:

#uri:ufir:rdo.:nr:rJnfllorhfln':rrurJaonfl-u niuir.:nruro.rruuudlu#orptJnuar: rJn6udar:rq{

s A q v I d v v s , zi rn ro yi d
unv{01:i}r1ft1:0nryilT{a{{lu [nurvruilnuil?n10{9t? [n:{d51{r0{ r?[0 [u tfigiu{1uuil2au1flq

-i-.14-.l-..-..t-.-.4- -y-' { . v q U tt ,y 4 d j a Urilu"t:Jneit:fr0 rrfirBu{ru0edru1:nBndry{ii''r.rru"[d'rrnrrsitirBulruilurafrrurnrn=u1rJfioro

'hjrurutvaunjuln:rafr{rr{ryfi4 ai'rotjr.rniu ln:.:4flr.:ro.::ouurir3ot,ruvrnurotut 6.rrir
s o o tnC, A

il a { { lu I n cril 0 1r}1 1 3 dlrJ 1: 0 l.t 1 tfi 0 1 n dil n 1 : n (2.44)

E, =tPds o P-"on's

MASS MASS

22

(2.42)

Irrufi Eo

P

dS

1r,ufi

4vaoLs n0 fl'l:oo9rufla{{1u01t11'lu

(2.44)

a

a
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DI a"on

s

4
fio
4
flo

j
fl1:vtaau

i- { s he A e, 4
: v o v fi {a q fr u { I u q r a-?'l do r n G ru du o u 6.1 1 o q n rflr u

2.8 m6'nnr :,uo.{r rvriluil?i'lyfludrofinrusi ts]

n'l:uriflillfltvrr.rdruisrn::u fi6i?uodr{urnlunr:eSrlratlrJfurJgsn'lrlriluoqj
.^.^{q^ye-A^{:, aaJ a u, / qa t olJ0.lUUUu tfiOU{flu lJ:1nAn1:0Jrnn1ud]u1:00nil1u lf{0lnn0rniuc?1yt1{ildndrtasfilnl:

, o"rJ q q r r

rJ:v6u3ifiurutlu a-nuueto{dunr:rir.r1ld 6.:orroqjlugilu:Lr arnl:oq?riuf (Differential

Equation) ntolugrJululro{dunr:6uvrin-a (Integral Equation) r{Judu InurJnfiuderlry:lr#u
. I I a o tA y--y !, A U ei u A y A0YU:enOil9l?Udiln1:tU.loUilUrmdoon60{flu 5?u?l{t{oU [tiloumstrrAyNou-[rtiUdUfr

tt4lJlvdu nirtolruatqaouriusr:'rdrriluHaa-r,rf,firrrlo3.:to.:rIrurrri'.:nri1? 0eil:ynour?:orir
-riaro,ir1,0{et-?ttil:fifitutrrrit.tlnuuasr:Jduurr:Jas'hJflrlsirrrHrircir.:1t0.:grJirsrlcgnrriu riorir

ruatqaourjun:{il:vnorr?':urirrir.rl#srlnui:rr{luil"ruauoulue{rirrrnufiovrirnr:urrirrniu

,rodrJrrnuudaurirdru?uilrnei.r{6"1 o-snrirad{fltynr1umr.:rJ6'l?ovrirhi'ld ra-nnr:do rir

nr:rrj6uuriruriun:s1'l3sr-truofifiriruauouludrirdrurrilunirlrroil:vurarfifiriru:ufirir1 d dxt

nr:urirgrlir.:ii'nuiluflo.rrftynr#uoonrtlurofinruei d.rfirurneir.:1riu ,.rareaulnuil:vuror

{0{ltnavtoatuil9luu01ruu910.:donnao{ fludlJnl:ts{ou}luruasr.t'ou1tnrl1 firirruntr
E rc v q J A I oh{rirnirrltyrlu-u.'l 6rrrrunau'irrahnr:tor:srfiori?lv'llueiro6nruoi osGuduornnr:
Atal9o.9qstaJvt
fror:orrttsiastoattuai ud':rirnr:aixarunr:ririlfurrsiavro6nruai uda{d?od1{ilo{:ili1.t{

a/si-y{s-odtggsaqt
trjcrttactoa[ilusl tnuailnr: fi d51{uuil1uuiltrilu6ordoon60.:nuarunr:rBtorlr|-utito.t

rlql m r fi fi o r : il 1 0 dr?u n c #u6.: d r d r n l : r o'r usi a v ro d ril u oifi a f r s du ru r l rid:J : v n o u riu r{rUg
t q 9a q r A o r X a 9 v oflo tfitna:sulJdun1:Efl tl'liU Gr{fl?1:.r?ru1uyr1{tfl18R1urolnt:rirrsuu nfld1uniln1:d1ro1

A I @ ,, r q ra dt tr e { 9- 9- amnltoAtiluai lr:aruniurrir rioh{rfinrfllugrJdrsn-nuflyto.lr1ryrrvrl-.trla o1nfu6,:rJ:vqnoi
4-. ,,r- i -.-6r-y- q 

" 
' t, e- 

q

t3ou"[ttolrtsrfiritrunlrhfasludilnr:En1ilqifi rrda6{lirnr:uri:suudunlryr.n4uo
r q rA S l- Att o 

" 
, ,' tr

n 0 1 f rn n H a ra a u I n u il : e rJ 1 iu fr 60 { n I : a I xr git r ril il r oi x 1 r o.r g rJ d r.r rlry r r
L d d a4n. nr / a da "2.8. 1 r;u n o un-u g r ut o.r : s rfi a uiflr{'luci ro6 rilu d fi ni fi

I

2. 8. I . I {-u sr oLt 1l o{ nt : tal s}J ttu u,f t a ol (preprocessing phase)

1 ) n i : di1.t g il i t I r ol tru u iir a ot (Geometric construction)

z) n r : r ni.: In ru u lr o.: r ru u iir a o.: o o n rfj u ro fi nr u sitj o o l oi o ri'u l o a uoi

rofi ruu eio s rJ : y n o l'lil d: u Ir u n (Discretization)

a
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2.8-1.2 n1:fi114uo shape function da,,arufi,rvrqor'n::rum1{fltuRll,tl,o.:toA
-laq/

ruu 9t 14 : o r{a ta a u1 0{t0a ruu ci

t ) afi.ralnt: rirr iurofi nruo{

z) rir fi u er ri r rto u lt G ru d'u an r.:; lr a n r ra y dR r ? s 1 o u rrn l#riu
r}yur

3 ) rir r u o q ar aru lTr os :Yd g (Material properties)

2.8.1.3 #rrurn',rrtnftsrou (Solution phase) nr:rrri'urrirerouro,rdlJn..'rdo

oqjlug:Jarunr:rfi.:r#urtoarunr:'hitfiqdu drrirnou6orirnr: n:so-rrfiJuurrrir.r1

2.8.1.4 nr:irn:rsr{r.rnain# (Post processing phase) nr:irnr:rvrirrHaainffi
oA

t: r c u 1 o ru-. ru rsr-. rJ r,i u r : r o r o o u 1 n 0 y yr : r r ni t n a t ru r ri'u r ai'n ril u siu

z.s.z lil:un:il F,EA dli'luorrfinul (ABAeus) t3l

s r u i6'udt#1il : un : u rir ri o g iln r.r rBA fi o ABAeus rfJ u tni o.: ru'o r a-n1u n r :
AU - t, a 6 o, ^ ^, I
Toiu el"'.tliuo=sfla:titfl:rluhlorirnr:ldsruJrJ:un:rrdr?uriou JrJ:rtn:u ABAeus r{lu
JrJ:un:Irituanrfiorri'tlra-nnrttoq rpa lunr:riruaarrrasirn:rs#run rilufifislul:J:un:r
dru rEa fifitlltd.rru#olurirrnu.t.:ruio-u rraunlflqodriln::il arrur:nirn:rv#r1tyr.,vrrr
inan : : ru'klo tix r a r n r a r o r,$u rTry n r rilu n r r ru n.., r dr ay rfi o u nr a r ru 

yo u r o s 
nlm 

a ua s n r :
rfluflruttuurixl rilud'u }J:un:rud:J:snor'hJdeurirurei'nrosIil:un:ildrirn"'ryniii

2.8.2.1 deutosnr: eixrrutiirao.:

1 u rir u dril u n r : a #x r ru r rir a o.r du ur'o rsG u il n r : yr er a o r In u a r u r : o

dr ld z ttl u fr o ttlutr: n lnunr: ld ABAeus/cAE drfi a-nu nr sfi n dr gnl n r : rfi uu;rJlu
IrJ:un:rurfiuuttulrSooroovrfiouorn]:J:un:rufiriorn-rvrrsdrunr:rfiuuuu1J (cao) rdu
Solid work fitd rt#':o'.r6.rrrirlrld1uIil:un:ru ABAeus/cep ,,rrdoorrfiuulqunr:ldrir&
lu n ru rt ol lil : rtn : il ABAQUS lrr o o vrt uu tu a-nu susrfJ u Text File Format rt ofi an.jr tnput

rile d.:b{dfi'klosfiurruaqatilu *.inp n-aotir.:ildrooros ABAeus/c.q.B rrarxri'sg:J (z.rg)

luriauduonornossio.:afxnrnto.rJn:saflr.r1#firurnrrava-nussrrfiouois*d'a 
u-rdorrir

nr:kirtou'[16u1fi16oar7o.r rdu qrueruuGtosfaq rtouhflouruer #nuusro.:nr:sfin:srir
ttoultto':n'adrunria ryu^ncJotro6rrusi r'ruautorrofirruuoi su^ntornr:irn:rvr{ rioryad
d'o':nr:tfiu tiluriu dqt.ttoulrJri.:firuqfi1#1uJil:un:ruosfinnsionr:n"ru?iurrauHofild'ornnr:

I

nitu'lnr rt-lu-unilvio-u6.:khirn",rrrauudonrgnraruuGdr.rlfi,irrtlu rravfirnr:aourfiuu

a
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l:J:un:uri'ue{an'r:yrrloo{rfiol#du1o'irHanr:riru:arriaouuu,fraosmxnoun'arno$dM:o
qY h/a
ls{1u to0:{

j---al,*r
Rlrryr 2.13 rrdo{anu ilufi u 10o1,o,{ [il:un5tJ ABAQUS/CAE

z.B.z.2 dauro.:nr:riru':or na
t Xa { t < ar ^ d

ri'lu fr fi o riu n o u n 1 : il : s r ? a H a In o I:J : un : I n y d r r7o ru a r ra y rt o u 1 rq

iiair.rlflutruildlao{urritnr:riru:orrrasil:uil?a,{anrue;nr:fi1rirfiuu1fluI:J:un:uci?u
q r, ! oh9 <a aa a 6qr

ru:n lil ri?ufi arru r: orir'[dao.:TG fi o i?u: nInrul# enaqus/cAE iifi aos ln unl:1#

ABAQUS/command d.rJrl:rrn:rovrirnt:riturarrirnrlfi'ldrirnunrtou'ltrravto:rrflerxo{d'?
lr

Itu:9t1{dl

2.8.2.3 d:urolnr:lrdrl{Haro{IrJ:un:ru

ri':ulro.: nr:rrda{ r{a6ori':ufi}J: rrn: iludrr.l Hanr: rirur*dtA'
oonilt IouorottcnsHalu;:Jtrurnuoo',ndulruluahunrveir.rl nr:ntyorssr-?llorr,t"'.:uil:fi

doInr: rton:rr.l riludu tu}J:un:ldriruril#,,dn{p{n 6o enaqusA/iewer Iouoyrir

{oxau3oruafi'ldornnr:il:sru':aHaluri':u z Gon.irlv{doos urrflnurnrna rfiodrnr:
@ 4 | v I r - -- 4, y js I o u d l[ I o ',lun-nnrstrttil:rlrs1 :'lruilltioryafrI:J:un:rurir:riuvrnlillarsrirnr:mnaou 01nu'uosrjr{oua

hI 1,fr1u nr : rf r u aar m rni rn a-r.: ru q n dr oi o'hJ

Crcate Model Dalabrc
+
tff With Stzdard/Erylkit Uoact

$ w*r.cromoaa

$ wittr U*tromagnetk lrlodet

5
L:) Open Database g-\ Run Script

g

Q Sta*Tutorial

Racftt F.tci

I .,.5olid Revolrdi,,.uum Ply6.Ge

Z ..,/5c(essfully ro.,.nuum fu be.Ge

3,,,/rcr$slully th...nuum tube.@E

! .-sh!ll Rdolut,,.onal Ply 6.cde

5 .,./shell Rcvolut... Fradurel.rre



26

z.q {ru?fi'r,d,dsr{ou

I n : s a 9r.: ri': u r #r t o r : o u u e{ fi n r r r ri r riry 1 u n r : fll o r ri'u n a r ru r? u rr u 1r o {
ln:la3rlntuldnr:ru ttavfinrtrurirri'ryodrs0.:rionruilaonn-utor{Tnudr: e?ru6rrrur:n1u

nt:qnfrina-{ltutotliaqrJ:vnoufin:rrudrn"rylunr:vrTruur na-rrrufigndufi.:duoqjriusr-:

tt:J:.n'o sfiqto.:rdu1o rumind nr:Go.:vfudourorryru'hirdulu gr]vr:.: rrnsnlrrl.rlunr:
mncYou Intln-:'lil]arvtriuovqfitfiul fia'nuorsnr:r?uuru gruyr'1 rrny rruu.ro fi.:vrii',r{rufr

9-^
n:c0lunsQn::ruvi'.:t'ttlnrltlnt6orluttu?rrnil1 ur'orilSuurfiounil i'aqrJ:vnold.rfi dnunrs

nr:r?orru truuttnntil:rt,fludurf;n naonrru:rrnuyiolua-nuorsn.:fi6srirr.rah?r6nnr:

n:vttusl-rloltt:l'ldlrnna'r uonorndrfiosorniaqrJ:snolfi#tru-flru'l fin.:r1rr{lu:s uayfi

fl ? 1 il n { vl 1r faq rJ : v n o rL6{ til u 6 n m r r rf, o nrfi o m n uvr u iaq rG u 6.r fi s r u i,t'u d fi n u r ru a t o,r

a-nuflvflt:ta?iltt:c grJvr:s ryl'[t{to.rrdulu o-n:rnrrnu dUltrL{narlarlr:ntornr:qnfu
vl dw r u t o l vi o {a q rJ : v n ol t'$u n r : fi n u r m o a o,r n q 6 n : : r n r : rfi ar r ar os ln : s a$r.r : rr u u e{

nrutdrr:cn:vriruuunsfirras'hinrfi In:.raYr.:rr?rd'rr grJn:rurfinlm:1u gilvr:rn:;uon
gilvr:.:n:au t6-101 rravgrJm:.:fitr6aru loodugrJorn Fiber/vinyl ester lrif,nur iGnr:r?urro
ornni:dsrnsr trasldrn3o{ttutudtnn tniorrqara-nuarrnr:qrrfuua-l.rru gJSuurfiuu:sy,irs

nr:mnaolri'uvlquA tl l-141 nt:ffnutqorn-nuorvnr:quer-atolvio{aqrJ:vnol'[rln'rr:orr

finur ruan:vvtutollnr:.:aitlfio-o:rri?un?'lrJ?ruloiordudrugutlnnrs nr:ra?rrr:rdaurdul,
rra v g il u:t un r: r?Uu rum r.l na l o{ aifl q rJ : ; n o u I t s] n r: finu 1,{ a 1 o { fl : r r rr n rr drg :Jri:,
:vuuq6UEUlnrgrrav'[rjldqcyryrnra lunr:qnduua-.:.rrutoq ghss/polyester yll.jrdusrugrJ

?l:{n:YUon dug:Jri:uqryqtntf, finirqndruii'r.:rudrurrrqun'uouu,vir nr:finurdyrinato.:
nt:qndunei'.to',u ,uodrfiil#rst-rrntuloirr:.:n:yrirlurrulrnu lrln^or:nrrfinur6vrinatorlo

9a
rui:raTruu:r rrasvru'irudrpi'nm:rn:vuonqrrdrua-rsru'ldrrnn.jrfirfisr-narr6sr ttol

c. Milan et al. (1999) t17l 'lririrnr:finu1nt:nqro.:r7odofirfluryaru:yr:'x yio

faqrJ:vnolttavvioovqfirfiuulnu n1:mnao{rrasrruuiirao.r lioriodgnrfiolsieyiofiaruqer

ornJn:laflr.:tolrtritt:lrl3oriu,fi'u nr:riruanr'klfinr:irn:rv#uruiirao{ yio'ld'rirn15mnflou

Inurr:.:nn:vn'irrrrriu:vuruaorrrr.iu flna{0uflrrroudro.,rrfinnrrrrduillu fl?1il0r?iJo{3 ;"
Bu'rtufrritnr:m0aou60 40 mm. n,,nuourdu.rruInul#rnto.rfififio.ir Instron universal

Testing Machine 6.:fitr:':n:vrirlri4.:qnfi 100 KN nrulddsr:rnr:qr noo 0.1 m/s nr:urrirsrou
orntt:luo"raollnurirnt:oonttulrTosio rruuir'rao.:'ki::16{ru^nro,:rofimuo{ turnro{ruyl

a
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o a o n 0 u ri l A a r ao' n tra v ni r q ar a ru uGnr a r ru u fi .: t o r {a q ril u du o 1 fl r{ a n 1 : yr n a o r n r a' r n r n
n:rr''lnr:v-:vuvguoi': tfJurunnr:vrnao.:ua;lrrLldrao.:'lllludroa'rluei nudrri.tn?tu

i
nrarntndoutostt:lfin:vrirorntru:-trfrao.r6o g% uavrir:sorqun-rfinarnrn6oufio tzoz

Paolo Feraboli et al. (2009) trsl 'lrilirnr:finurnr:erndlua-.:lruotnnr:suornyio

faqrJ:vnou g:J*irtosdu.rrufildf,nurrfluvio?ruEururuu-.rurs Jnon'o.,r*.,0-,ndru.,rfi
--rf--. , 3 i e v & og:Jdr.rttnnoixsrtlfiufrrrirsin?r"{ 5 [ruu Ioun'runru fl?lrJ?ru1 ,dn:rrieurudil ,nryu?un..,rdu

r € .Gl-?.-.4- - A { jqrr< d I dtgu ttav']fi n1: mo eol ltitr tl ou nu ts.tdutrufr lffr nu r fi ciau ruelrfl u T7 oo / 25 I 0 (carbon fiber

/ epoxy prepreg) 'lylrlofrilurfinur.iumo 12 ktow dugrJlnonrl vacuum bag uouflllo-nGu,r#u

b'ltloi r{lu [o/90]o, or',unrl#rrrurvirriu t.os mm ua&flerdolllnol# narrur*alunr:

vleldou 50.8 mm / min n:vrirnitLdu.:ruout?ufiru Hanr:f;nurnu'ir riruiudfl:r6iau,{ail

ttdu Lay-up fifinurfirrJo$rdueinr:qn.i'uila-{{rufiuir:orrllroodru',uqo rnrsfiuiraarri:ufi
.A-.A-.-4e.- ,d r td t s - Ltu u u lJ yt t: uil 1,{ il ? 1 ru til 0 : twu n n r : q n ryu n a1 I r u oir

S. Solaimurugan et al. (2007) t19l'lririrnr:finutn1ludrrr:olunr:qnd:t
ila-{{'ru0'lnn'r:sulJo{viom:{n:yuoni'aqrJ:vnollouvio.:iaqrJ:vnoufiriru.r#uruu1,{rrs$

t{lu + trav o #u d.:nJ6uuuilarnr:o-rrfiur#uto.:},lruo$fiusrnsir,:n1u'lil {iuu.,ufil#nnao{?il

nrn rdulurtdrvu'nworen roving (wRM) n:rtrurrrilu 610 g/m' gnv rdutouri.:fif,fl1{r6u?
(uD) n ?l u il u rttil u 7 50 sl m2 ti tu r: 6u ld 6or: rfi u'lo Iryn m r fi n rfj u ri: u :J: v n o u l u n r : du g rJ

du.,',, ttasldmnaolrrrirqnrar:uGtot{aq:l:vnorfil#vrnao.:Int,nr:du:rJiiu.:rufitd

rrufirirrunl{fiu o unv 6 #u
turno-n:rdru:sl{,ir.:rdunirgudnaxnroluriun?rufiu.r (o/0:J:srril 15 sne zs flrildrd,,
fi:Jaruvioautolritryl :o n':rlrf e6o 2 mm/min nonr:finuruu.jr druru#ud,fiudutos{aq
il : y n o u fi r.r a rir h{r r u': 1 rlrL n r : q o.fi't n ii'.r r r u q,: du

au I tr
nvriqr ri h'laran rqrur fl (2550) [20] nr: finu m rn:rru duvf,u f: vrjr.r g il uuu nr :

aulo,
run=nriunitn:trudrumrutt:{n:vttmnfloro-r'[y'ltuo$nara Jnarilnl:oonrrilurtayrudnn-,:h,l,Lo$

nalcY 1u'lel 7s0 6q: druru 6 tt:ru fir.rfrnornlurnrmi'lrurYrloruiayfiordu o.,n#urila1fir.rfr,
14, a dr J'lduttstStjUtilufrum0aou 

2 t[LJU ]outtonnrillru?nl:a-n 6o sr-Frerruuuant:niurduto *av
st-ntat.:ttutnr:u-utduttl trd'lrir'hJrirnr:mnaou erlrJlJrer:g1u AsrM Dz56 o6r.ran1:

moaouuu'ir nr:r?t"ru'fru:u#uto.rlourmlunr:rua'sro-s'h,furofnu.,ariurirl#drn.lr,d'rilm1u

tr:{n:sttvln,fiudu 6otugrlrtuufiHa'nri:uluurJyr l, 2 LLay: #urrd:rriurl:u1ordurruuG,rfio
v- ;-

t du fisr-flnrruttuanr:vflurdulu firirnarruoirumlurr:{n:r,,rn ,*'ud utfJu D.aey, uay, 4.o5yo
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o s r ih, 3 i- v 4t -- 9 A {olrJalou ttasnlm to0lndumodoufroirrt'lxttuanr:yt"u finirnrarusrrumlutt:{n:glrilnr?Iul,u

rilu oo.ss %oLLae 44.35%muriro"':r rirulugr.luurfiHfinr1aoluurJyr l, 2rLay 3#u *drrnr-ud',,u

lurdu t ru l tS us'lt { r #u du n u ao u fi sirr sr u uu : n r : niu rdu lo fi ri r n : r ru dr u m.r u u: { n : u uyr fl
:3dt

rrTnfiurilu 4.gl% uav 6.74% snilritoir rrasnirfrldolndurrourfisr-er{lrsrruanr:yryu finir

narrudrumrutt:{fl:cttvtnrfitdurf]u rc4J4% uay, 6.5[yo nrudrrril g:Jrtrrnr:n-u ruiar
g rJ t rl u hid r n a u dr u m l u u: { n : r um n 6 uo n si r r niu hl 6 o lu uu a fi sl"o q r il n r : ?fu rdu l u ,iu n r :
ytiurtluGo.rltfl#rirnrerrud'rumrurr:rn:vrrmn6ndrnr:yriuuuuGo.:fio 

ri.luluuuafio-nr:r.:
q , o u d a Ort , .fl1:?1Urdu tU n1:vrur[uuGrJsBnlfnrnerrurirum.]urr:{fl:srrmn6n,irnt:n-urtllrl6ushi

Jaehong Lee et al. (2007) tZf l }irirnr:f,nurqora-nuilsflo{drr^rruuatdsr^nra?1
qvia
luttri'l tn-odnurnr:mnao{1,0{dvy{''ruilaraGnraSruloudanroldu:sn:vdrrrrrood,,u,

t:-Eurtfiarttturirao.r'h'lludrofinrusiornJ:J:un:l ABAeus Inul#finr:oonurrlnufi*,:L
nt:'lt {ao s ttu 6o DBT 145 /s0 /-4sl ua v LT [0/90] ri:u rJ : s n o u t o.r :iaq fi l#lu il a 1 d6nrd3 r
lutrd?nrutuil:vnolrlao rdulauasJrrfiroarmo{r:6u rirru-ntorlotuiruasriruu-ntosly{d
.^^.--,r A 4 | I d Jroetmoir:frufi0 oo trJoirfiuei ttau 40 nJofr#uoicrrurirrrfu rirrfunr:riruarur8{qr-ararro.r

ttlJU'ilao{dsnruIntllfrIil:un:ru ABAeus ryfinto.:nr:irn:rs#fio uriur:J6on s Iuun uay

l#osgr6a:cfi o eie tluuer lstny alryo'}flduriruvr'.:nrunfi'nriu Ha0'rnnr:yrnnosyr:i.jr
-9-- ! j d d rgr?oul{lsu.:tuto{ LT un?tuuiltt:.:n,ir ogr

-1q:ri'nrt q?::Blttn{ ttncnilB (2550) tzzl lririrnr:finurnr:udusr-rrrurnhjrfi.rrdu

totln:'rai]uo',ufrri''otnfcqr.ralornflard6nriudrdouhiur,:vrr:r rdofurr:rn:sriruuuln
Inuldlil:rrn:u ABAQUs faqr.ralr.lruordlriolnn'r:,{ryu?rnraanniudrdous?ur{fl.r:1 flcyrr
@@avtjoa
nunuilnlddns{':otit{frmnrYoil : ru'n n^o fiifi fi6 rray fifi n:rtdruyrYuf,:yn.ir.r#ruu-n

u::4nltaurirnt:uduai'a to':ntufirir01nfdq,{drufifialri6hlrf,.:rduqnrirlilrfrao,:d:u

I:J:un:ru ABAeus vrerlun:finr:furirrrjnu::11n1uurr#,,,ur,,u?u0u rrasdrnrasJ
tdatrliurrfruuniunr:mnaolo3.rlu#orrJ6'l3nr: faqlr?rrn.rd,:fislt#turruln:ra$r.:r1oqu*u

orgnririlrfrnurttavt#tr,Euurfiuurir:laqr.raru6'aa ruanr:finrldlr?,fiu-irvr3.rfaq1;ruer{*av
-!,faqHailm-l I il:smm h{rirnr:udusr-afidonndosri'u:yrdrruuuiirao{rravfl1:yroourn'o

dtuil
n :fr trou slitiot,ttavttdu sr-::Jtn rran sl#rfi u dr }J: un: r ABAeus arru r : rrt#iir a o{ nr:
vr n d o u u a s irnr : r s #n r : r fi o g :J t o.r i'a q n aru d.: fi a ru ffi hi r fi ,r r du k?riJ u o tj r.: 6

M'golzar et al. (20 1 0) [23] finu rnr : ait.r du urLudu ri.:u iaq il: v n orrr,rioil : y n u
n-lrltu{rtIn:{dfll{souuoi lrrufinurnr:aYrsfaqil:rnourn'orJ:vnuJn:sa#r.:rfio1dr*nufi

a



29

nr S n uB rl nrdru rlx t o.r Jn : l air s : o uu gi 6#o Samand Sarir uaiu faq rJ : v n:L kifi n r : a#x G e^

fi'ndouri'utolrduturr-sd [0/e0] uas t4s/-4s)rilurllltitoltuu#a n..,:finu..,d,iutd:yrfiuli6

lvllusirofrnrueilunr:airsuuriiraouu.iuil:ynu Inuldlil:un:rufififiodr ABAeus ,{ao.rn

ttultl'taott$iuriaqrJ:vnourduluuriaGu{miil#ouri'ufi [0/90] dlilt:nqqduua'r.:ru6n,jr
druiunr:{losrYuJn:.:air.rtorduri':u{oq:J:vnor uriouEorrfiartir:iaqrdu n^o 1.7 kg udu

tdAd
rrln?1rfianrnu0{ 42%

S.M.R.Khalili etal. (2011) tz+l lrif,nurtruuiiraosornnl:fl:urrmnd'aunr?rrurf.:sir
tql

tolttr'iuiaqil:vnotttasm:{fl5vuoflrufsur.: Iou'kilirnr:finurIn:rair.:ru.iunrfirunrravyio

ruu-.tltsntulr?nr:n:sumnrlaun:rurfaeir lunr:aixrrluii'lao{n:yuytnriaoiGlillueiro6

ruud Iotlrilnl:il'latatfla0i1fl ABAeus/Explicit ur.iu:surlgasrilf,onl#ryfiqtolrrury6o

scsn 1a3o S4R 8 node ornnr:finstd1il1:od?rJld''jr rirrflrtuuuriuilrluacu:LrLr:Ja^onur.r

S4R element fin:rrutrlrsdilttaeQndoruriutir rrr?'jrlun:fifil# scgn element dua.,r1ro

ldldrravfirrarruqnriorrurnn'ir dsovrir}i'raarlunr:niru?6ulro.r cpu rurnndr aoondo.:ri'unll

natottt:-ttltitaot ritrilttltLttriururuayuulr:J6onrurn.::tdru^n SC4R element

chien-Hua Huang et al. (2003) [25]'ldrfrnr:flnutmnao{uuudrnoc{orRt:nn
.------drus.^)ttllnlfrto':rtriuriaqnau Inunr:mndouRnroltrr.iulonr$lourairurr:.:Inun:srirrruun.:fi
iEdt

t?t[Otuiuiltmuu:sltit{Hant:iloao{rrasprarrluo'rno.:Jnol#lil:rrn:ru ABAeus nt:ilnao{
tt:-t u t tr'iu In un r $l o u t ta ;6u o n fi G tn do u yiu riu In urdu lun r fu o u noo Toho ETA 1 2000 ua s

ttr^iur^t'urtot:fiu60 ACD 8810 Epoxy d.:vrsrao':Gu.ryiudouri'ufi tqolol LLay [45/-45.; orrrurir'r-u

Inuvtslao.: os lt ivlslfi rn t o #u G ondr cross-plyrrrl e Angle-ply orrl rirdl In,lu nr:du
I ^ ^.,dgtJttuugiytglnlfl olnlflovQnqnoonlnuldililqnoon finerud'u s arn rravqnrn4n^ 81.5 o.lf,t

d
tryotBua ttasqilflQU- 131.1 o{flttexarfrua fi qo rn Inorsfiur.iun:rrun{rrno0 t6 cm ut? 7 cm fi
n?lil?tu] 0.228 cm n1r,uofldr.rruldrn?o.rmfldou1lol MTS Ig0 corporation 6ooun,,uu
lri'irusionr::osfulnofitouttuuda:v r-arrfinnnfirdur^irugudnaxnoo 7.5 cm uuudraos
h'l l u eiro fi nr u ciln u l#1 il : t rn : il ABAeus l u n r : rir u'r su ur u,ir a o s l dl d c3D20R ro fi ur u si

zo Irun nrarruast6tlelflo.:tuvttofrtruus{ornro:Lruru-ronnr{nar{ rofinrudfrfioqj#.rrrundo
1,664 rofitlus{ttavnerrunutfi + roa^nruo{#unuor'o + faqqnrr.:douri'u1uud.rrofi*rusid.:
!, aa

miluilrrfrn-o to tofiruud lunr:finurdlrirrucdrlunr:rr-nrriln.rrr,lnrqofturirn.lrrurr{r ahsils
nr:t?urratoltrr'iunrutdlt:sn:srirnr:nJdsu Stress-based criteria lileir st.ain-based criteria

a



.l
UYITI 3

?fi nt : fl nu luas n1 : Yt gtcIou

s.r,n:ao.ruoo#lfflun r : f, our

Machine)

s.r.r ,"duoflodounttno (euasi -static compressive and rensile Testing

,"i u o, u au u fl 1 r n n uil lJ n : v rir r ru n ci o rfi o.r d.r t#t u n r : iflo fi fi o d r rni o r
ESH Testing Limited rflurnto.:fi41u1:oyrerfloilni:nn (Compressive Test) uas nr:6{ (Tensile

Tes0 n-.:nrvrii l.r drriluoiu.rrraorfitd:yunoun'ernofriu:vuu'lan:ofind (Hydraulic)

lunr:mnraoufin:rruarur:0dr 2,000 KN uay:&usnlrnrr.,rdqrfio zoo mm rn{osyrador

atur:otiutt'n{oXanr:rirsrukl4n1 0.04 mm nafi'[dornnr:mnaourfjun:ry,ln:rud1r['uf

:c?rdrctt:.:fin:vrir (Load) tlav:cuuvrlrlunr:g:Lria (Displacemeno Jnuarur:nliufinHanr:

m n a o{ ua s ueo qfJu n : rv,l kiriu fi

d(n) rfi:0.:Yt9td0u (t) oouanxHa

jj
Rlilil 3.1 tfl5o{Ylgldounl:nn (Quasi -Static Compressive and Tensile Testing Machine)
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f.f.Z rr*uuytodouRtrnlyuiln (Impact Testing Machine)

rni o r vr n a o u n'r r n : s r rvr n fi t #1 u n r : fi n u r dfi ii'n u or c rfl u fi o er ri'r u a rx 1 u

natilqsoirsl riourJrioul#srnodr.rda:v (Free falling; rnionnnrrnrdr.r',urlrurirsfigru

drurirwo.trndosr',-snrnfi :.2 (t) ld'rrrr#.: Load celt u,rioriuyr'nnirrr:srJ6ffiorfirfindu:sildrs
{ @ I S s t v 4 tt UctA ifl1tn:&tlmnflo{cuu{1uttasfi?tIou [nu Load Cell n{na1?arrur:0fuyrnforya"td'frnaru6qrqn

6.: to,ooo rirsioTurfi r'edoufi1d1un1:mnryouarrur:ouJduurirrrinlri:sfl'jr.r 20-60 Kg

nrnfi g.z (n) Jnurogodfiorlrqu 2.49 mfiqrJn:oi6nrsr&.:niri'oud{rylrnrflundu}Jtu:sr,r"':r

l''*=:rsn
t*= 7 nls

llemraffri
0ihd

j
(n) rn:0{Yt9tdou (u)'lnosrrn: ufl o{rni o{ yr er cTou

jj
R1?l7l 3.2 tni O{yl gtd0unt: n:Uttyt fl (Impact Testing Machine)

3.2 iluast6uoflurriitao{r FEA

lu iinr: rfltu rnr Ino1di6: vrfi uuiG lyl1u afro6rru u dr r n hJ: un: ru fi fifio,ir
ABAQUS/Explicit fi r fi riu sr o u n r : riru :arn-,: d

a
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3.2.1 nrrGr;r{uuu6irao{nodolJ

ruu u,ir a o{ d a#r s durj : s n ourI: u r ria u 6o ciau t o r du.r r u fi .r,fl u vi o'ly,l ru o $

naraaxnludounlufiryloitsl ur.iunnrhuuudrrirnunrtr?rilua-crqu{rrnirrirrrirfi,l"rao{n'r:
3 t @ 9, t o 9 j - j o 9 o j

nnlu{llJttavttflut0{:uolua1n m1ilu'lYt:0{:uuu{1u tufl1:d5't{rruLJ01ao{10.:uu.t1u
o CY{ dq < o 9 h 9o !, a , !, o An'lfiu9ttl,rflu.r'luilanuilyn1:t:u.?ytlJci,0ul,o{ryil tx? 0'tu?u 6 lyu [uttflaesuilfi?1u14u1 no

0.33 mm fi?'lr.Jfiult olviorroo Z mm rdur.irufluttnar{R'lt uonn'to 50 mm rlayn?1ilul? 60

100 mm luri':ullo.:ttttuiiraotln:safrs6o sr,"rr ryfrn Revolution Type Deformaute turiau

1,o{ttriuiflqtrfi.rtn*.:In:.rairtt{lurruu ShellElement tfin PhnarDiscrete Rigid fllJ1nxort
r q d d 4 It a 4 - j _- 4 s g

ttllu?0l0ttfl.ltn:{flo n?1{fio 50 mm trasul?flo 50 mm 9t.tR111yt 3.3 ttdfi{CI.l tfl:.16151{t o{
JtcddA-ddhrd4oJ
$u{lurtauur.tu?fl qux{tn:{ s{?nqtt1{rn:{ tuufi?1lJrdut4'lurnn1,u

tt:.1fl91

J

t-i
ttilu:0{:lJsu{'lu

t-*,
^-- i-- o s , { r o d dR'l?Ill 3.3 ttljU0'loo{ tn:{d51{xo.tsu{luuayrrfl u?fl qrrl,{1n5.1

t

,,
uiluRnTu{1lJ
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3.2.2 nr:dlmuoaordxrlmtourioduuruq

tu n r : rir r u rr q or au uG r o s faq du s r u d{ 1 u { r u i,fi'u iiril u {aq :J : v n o u fi fr

rSvAd
fl1tileadraou lu:yu"t1J

Er

E2'E3

G,,

G,,

G,,

4flo 15.83 GPa

4fio 5.37 GPa

d
f10 7.34 GPa
A
fto 2.41 GPa

4
flo 7.34 GPa
A
no 0.12

d
n0 0.14

4fio 0.14

Ai
fiO 1600 Kg/rri
A
a0 358.8 MPa
d
n0 209.93 MPa
4fio 10.46 MPa

4
fiO 65.71 MPa

4
fiO 62.20 MPa
A
no 48.28 MPa

Vrz

Vrr

Yzt

p

x,

x"

Y,

Y"

S,,

S,,

3.2i nl:dliluotrniluavfnsosnr:ris.rfraro.uffu1g

1 u n i : rit r u n t tn il I o { du s i u i'a q il : v n o u riu iir tfl u fi o y do r cru.l un u du ru r t r ri
jrt

tfrosornttnu x 10rlttfllt global u"ufia-nu0lvfl'r:?{-uerlur?1{rJo,:rdulu 6,ro{osrJilsfls:vutJlJo.r

nl:rililuntrnu rfiol#uflu x fifinvrr':1:Jtum^flmxr6o'rn-uriurrnuduol, rr-{nrilfi 3.4 (n)

ltdo{n1:ri1llunttnu luriautosnr:Gu.:cr-aro.rrduluocGu{o-?srtlyl^flyrrsrr-snrnfi 3.4 (r)

6l,lrroe.t
qararud6hirvirri'u Iooqaraul?m1{naro{{ryq:J:rno:ifi1#luJrJ:un:u'kfurornn1:yrerdolr

q fl d il dA t o.r a'a q o3.r d,r o s n ri r a d s si o'l il t r a s fi ni r rri si o 1 il d

rirllqaianrlurt

rirllqa'anrilr?'l{

rSuA
fl1 treadtfl0uuon:su'lu

lSsAo
fll tueadra0u lusyulr

Jso
R',loct:1il?cro{t

lvo
fl109t:'llJ?cro,q

luo
n109t:1lhlro{

ll
n1n?1ilfiu'luuu

949(l
n1n ?1 il9t 1U Yt 1U tt: {n { n lilrtu ?rdu 1u

.t9rc
R',ln ?1 rJ 9t 1u yt 1u tr: { fl nn iuuu?rdu 1u

-r. I a I a
fl 1R ?'.tlJ 9t 1tJ yt 1 U u: { n{n lux?'l{ rdu lu

nirn arrt dru yr r u u: { nnn rrutl.:rdu 1o
t9a

n 1n ?1 uet 1lJ yt 1 u u: { ro 0 u
rrr4

fl 1n?lUCt',lUyt1U rt: {tQ0uu0n:sulu
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(n)

nrild 3.4 (n) nr:rirrunl#unu

Coordinate system

(i,)

coordinate system (t ) o-n u ot y n r : t3 ul gi'et o.r rdu t a

3.2.4 nlrdriluo:vnyr?arlunr:noaurduo-ru

n r : ri'r ?r u er r?a r 1 u n'r : vr nr a o u #u.r r u riJ u n r : rir fi u n : e ue re n r fi 1 #lu n r :
oa*
Ttn:ivrifrulru Irrut:atosfin'lrrudruniuf:sr':'r.r:euvgueion?1ilrf ? 1un:finr:cr,runi.rn.:fi
t#r:ar 0.06 min uayn:finr:sn:srrl,rn ldraar o.ooas iurfi

3.2.5 nlrdlfi ilonr:frilpyafi'utosdusru

n r : rir r u n n r : dl ria niu t o.r du.r r u fi , n fl o u ds rfl u n r : ri r r u n 1 #du.r r u fi fi
Ionrari'lriariu ldrrrinr:riruurr General contact fiordorn^nnr:grgr-?fl0{yiodu.:rufiri',ntariu
I

yl-.:r'run ttasnr:rirru0 Surface -Self - Surface contact noorrujotfinnt:#lniariu:sil:'t{ttriui,gro
dd-.3o,"

tti{rn5':nIilfructu lnurr,^iunqdruuurravru.iu:0.:iurirurir.rfirirn.:rurfiunyrruryirri'u 
o.z

r.z.o nr:drnuruo.,rudou,!ttou

an r r s t$ o u'lt t o u rir r iu n r : itnr : r, ridu r i u rJ : v n o r ri: o n r : rir r u r, ri o u 1 t
flo1JlJ0{n?1rurf rfin:sritsiorruuiirao{Inur6on velocity lu uoundary condition d.:rur^ouriu

oi
nt:mnaoroS.r finr':rilr*': z rrls lun:firo.rRl:vfl:srrmn rra& r0 mm/min 1un:fitosn1:u*uu
dsn'':fi turi':unr:rilfiuolJolJ[lJsrtosuuuiirao.rlrrorf,on Symmetry/Antisysmmetry/Encasffe
Elu Boundary condition dnrirurir.rtosrrruil'rao.rhihflrnn^oufilufiavrr.rsix1 rravtunr:

a
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rirrun:socnuon',r,rduufitorrriua-oqr16srnB.rb{hJluyr'snrs16oa Ioora^on

DisplacementlRotation tU nounaary Condition

3.2.7 xdqt"losroinrud

rofrnrue{ro.rriodu.:ru 6o ryu'o s+n fi + Irun fia'aeo.:drudoa.,rrro

ritu':nr"[rivr-{ Thin Shell udu Thick Shell l#ni:riru:orullnarlrnSuorirri'rruay integrate fi
&
frlnarl element. 1,11'lrluo{tu$6o o.oor uavtofiruuefur.iu:-nqrr{lrnf.: 6o ryfin Rro+ fi + Noae
cdrodd
nlfi u 9tnJu ?fl qlrl.:rn: {

L,
j

nlilti 3.S ii'nuarv Element xo{ FEA Model lunr:f,nur

s.z.s nr : drmuof; o'!r,ldfi o{r,rdurfi o Rr: yro fl ou

rfl u n r : a ix fi o 1 r,l dd r fi r r?o ry a ri, a nir n r : m nr c o u 
nl i d.: r fi o fi n r : a ir.r du .r r u

nl:vlodou fiovfinr:afr.:1v,ldr6tlifi Folder TEMp rniorir:osrToryafi,frrilulunr:irn:rvd

tfiInr:afr':fiolddfirfiIdoryot6u:ri'unr:mndoiluasa:?0dolJds1uv nr:riru?fll1ro{
JrJ:un:l

s.z.s 
^udiffornnr:irn:rv#ftJ:un:il ABeus/Expricit

n1:ttdfl{r{aooflYl1{0ottda.:9.la0Ettdnr'kiratnuarogilrnLln.jrnr:rrcntrua

oonilrlugrJqnrToryattri6hirirlritn:rv#rrnirrfi'ursr'ru utorjrlrrirurarnldrfio{ornrfjunr:
ttanr':nat'$u n1:ttdrt{r{aoonlrtug:Jruo orn,rdou'[n.: (Animation) rrasn:ry1*sifiar,r:n
dtltil:snolnr:irn:rv#'ld lunr:finnrdld'urr.rafi161u;:Juurrorn:rr,lurdo:J:vnoufl.r:

a

a
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A/
irnr: rvrig:Jtt:-tlnr:t?onruttavdr{oryalugrJuruEntosoiaratryriorirrurrfiourflun:rr,luav
otlntfilu?ilao til

3.3 n't:nocrouqorauffi r?snato.rirq

,r*uorrauufilfr1unr:io-tl fifiodr Universal Testing Machine Dynamic Type ju
Instron 8801 n?lildrrur:crlunr:nn 100 kN rr-lrranllunrnfi :.0 orn#otrJ6'uGnr:mndoryt.l{

na gudtmnlula6larsrtarrlaquri.rsrG (urpc) dsrn-nnr:rirsrucroqn6o{ Inuldu:so1il
t - c - A - oor .l -J -\ ^-,^ ,

ritn'u1unt:tTutnfiounnr't-':mndouh?rndoufirnjol#rfrnrrr:.:n:ydriludurrunruloi:srr
A ^-ce-{ qs s r t tao!fl?tooifl?rqrl tt:sfrtnnfruorqnriolnalranrrya riaunr:r:JduuurJal;rJd1{ro.:eu.:1il

mndouov0nfrrlnu:vuvnt:rnf,oufito{ actuator il30 extensometer ruadldornnr:mnao{d:il
-j0{9r'r:'l{yt 3.1

(n)

ornd 3.6 (n),oduumauuu:.:6{ (t) nr:,il'ldo#uo,u

(tt)



!u{-tl{ A

3.3. 1 nI I yt R Grorl n I : gIlil yt Iu ur { 6 { n r : G s s Er a t o s rff ulslufi s fl r I si r I fiucl o s

n 1: vt o do lJ et 1 u u 10 : g 1 u ASTM D 3 039 In ufi n r : G ut st-at os tdu tu gu :j fi a r u

fisvrrsfio to/sol/[o/90)/10/901 n-snrnd r.z nulrruoduo.lu nerrrulnoo 2.00 mm n:rrun{r.:

noo 25.00 mm rl?llJUlrnoo 250.00 mm nra1tJrgefildlunr:vrnaoufio 10 mm/min ornn:t?,!n"'c
_--.i - ^ r d l^er__--^-.- . A & a e, ,
R1?Ivl 3.8v{u?1lJttu? [iluanuotsq.:ilu B.:rdnoinnr:drumturr:{ fidsornu:un:r1lflna{odr.:
-^^-{-i.-.=-, i a < r t e a:?fll:?Gr{lnatlnsu{lutnnnt:tdor]u 0rnnrsytnaolytlir rirn'lrurriuqlgnn'o 370.6g Mpa

rravrirn rrtsfi uvtrurr:.: ql gern'o I 8.00 kN

-- 
j 

-- { ia d u e, tnrrrfr l.z fru.rru a frilnr:Gu{etit,orrdulunoo [0/90]/ ptgol/[o/go] rirriunt:mnao{u:{6{

400

350

300
dfu 250r3az 200
e,ots 150
0

100

50

0

0.5

<l
nlilYt 3.8

Extension (mm)

-. I u v d t I v a ^, a -yn:1?'ln?rildrJr{ui:cfi'irsnarrurriurYu:uuun1:6flgr-?nruldrr:rd.:xo{f,u,:1u A

37
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33.2 nriyroflounrrdruilrur:.rr6{nr:6ssfiauo.u#u1s1ufi ailrseirsfiuros

TU{IU B
Xa,

n1:vtFtdoufi rilu nr: mnaourr:srfi oulu :yurunrilula: g1u ASTM D 35 1 g

rraumodounlil:J1et:s1u ASTM D 3039 01flfl1:maryolrl':onr:6odru',, fifirultotrdulu

l(45/-45\l(451-45)/(451-45)l o{fll n?till4u16o 2.00 mm n':rrun{rlfio 25.00 mm n?tuu1?60

250.00 mm st-':Ftl?'{fi :.g n:rrurf':fi1d1uflr:ytndou6o to mm/min ,{ant:ytndorirraflsluFl-s
i - -- v u lv t 9t s .< - 3nlflvl 3.10 ttdn{n?'llldtJlturnu:eH?t{ n?1illriunu:vuynt:Eashro{Bulru 0tnflt:?tflno.l

r94tYA
1I U ?'l fl 1 n ?t il rFt u d{ ryo n o 62.96 Mpa ft 1 fi ? lu titu yr t u rt:.: 4{ qa fr o 2.90 kN

-j--3-iadqetamfi l.s fru.:ru s fiilnr:iiu.td'atoqrdulafio t(+st+s)/(45t-4sy(4s/-4s)Jdrfiiunr:mnao.:
4

t[:.1f|{

70

50

50

40

30

20

10

0

Extension (mm)

nrfld 3.r0 nilv,ln:rrud'runYud:srirrn:ruriunlu:voynr:6osr-anruldlr:.:dstosd'ro,u

6lt{
lE{a
U)a
o)L
a
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3.3.3 nl:moflounr:frrilfl rurrr{6{nr:Gsr6'ato.rr#ulslufi afl r{sirs6'uros

,t{.llu c
l^^-y--, o { 4 (Jl
6t1r:un1:[o:uuuu{lun1:vtftdoutrs.t6ltilunr:modo1J9t'luu19t:s1u AsrM

D 3039 lrrtlfinr:rSulst-':totrduluurunarofiavrr.:6o 145/-45)t lo/go)t l4s/-4sld'lnryrfi :.tt
JA

1ju1n1,o{fru{1ufio n?tilfiutfio 2.00 mm narrun{r,:da 25.00 mm fl?.llJU1x6o 250.00 mm

naril6:fil'fi1unl:vtndou6o to mm/min nafi'ldornnr:madoiludn{n?rildililYu#nlu:srdr.:

narruuiuri'r:vovnr:6nn-:r,oldurru nrnfi 3.12 o1n:lyhtrdrn:rylfiuualr?rudnr*roud,
-&.-.^-^ ,) ____^_----_ I t..-- r a A a { a 4cr{tno01nn1:911uYl'luttt{ fian01nuun:rv'lnnasodx:anrEefrttdnornfru.:rurnnnr:r?urra

01nn'l:llnaow{r'jl nirneurrluqsqn6o 185.43 Mpa rrdyritnrrrudrumruu:.rflldn6o 10.10
{q

t.rr du.:ru c fifinr:Gu.:oierolrdul udo lqst-qsltLo/so)/ t4sr4sldrriunr:mnrao.r

tt:.:6,:

El
YI

Extension (mm)

2.5

KN

R1?t

ctl

2
o
O
0)

o

200

150

100

50

0

3.50.5

o'tnd 3.12 n:t?'lnerrudrun-uf,:vrixRlrurriun-u:yusnr:dnsr-anruldrr:.:r''.rcJo{du{1u c

a

a

e

a

2
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3.3.4 fnrflodounlrdruyrluur{6{nrruuuar#ulslufi anrsrdu? 0 o{fl 1

nl: vr er 6Touu: sdlrflu nr: mo douenrJlJ 1er :g'lu ASTM D 3039 lo ufi nr:fi u.:

6l
F{
\:,{Az 200
Oo

a
100

o]nd s.ta n:rv{nrrld'lrt'uf:sH.ir{ner:Juiurir:vosnr:6nri':to.rdu.rrunruldrr:{6,r

v9oay
srietosrduluolutru?ulan3o [olo]/ t0/01/ t0/01 ossr lufinmrsr6u? rr-urufi :.r: Ioodusru

moaolfi n':trun{xfio 25.00 mm fl?'trJUra60 zso.oo mm lraufl?'lilUrarrfiildo 150.00 mm

nr':rilr3':fitdlun'l:vtodoufio to mm/min Hafi'ldornnt:modourrdnsnrarldlniud:vrdr.r
- 9 e 4^-:,^^- { - j-,. I I I 4fl?1iltnunu:susfl'l:tinstato.ttustu ornrufr 3.14 0'lnnt:mnaolyru'ir nirnarrurriud{don-o

{q

361.07 Mpa uayrirnarrudrumru rr: I fl I dn60 23. 1 9 kN

iJA.
n rnfr l. 13 Bu r ru fi fi n r: G ur gr-:r o.r r#u lufi am x 16 u a drr fu n r : m n a o sr r:.: ds

3

Extension (mm)
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3.3.5 Rl lYlo aou nl :frlil?ltutt:{6{ter ltrtu?il?l{r#ululufi qilr{rdsa 90 o{fl .1

n 1 : vl el do u tt:.r 6l rflu n r : m n do il en u u let r g 1 u ASTM D 3039 yr rr ao rLn r u ld
tt:r6r Inufinr:Gussr-rtolrdulunruuuat:r.:r6o [90/so)/ tgotso)l t90/90] ossr lufiamx
a - j
tdtla ri'lfrusluttdn{luntnfi r.ts lnufinrrrln{r{floo 25.00 mm narruurldo 250.00 mm uau

n arru tlrattfi :J6o t so.oo mm n errut* :fi 1#1u n r: mn aou 6o l 0 mm/min,{a nl: ytet do:luan.:lu
-Jotatr-yq4-l
n{R'l?{Yl 3.16 ttdFl{rl?1!6iuv{uf 5vra1{ narurriud'u:yusnlrAnrrl-'?tJo{Bu{1u 01nnt:Tnao{

uyir nirnauuiu qr qo60 1 0.94 Mpa uasrirnr?1ildluyr 1uu:.:q.r qn6o 0.59 kN

i3a,
n rnfr s.I 5 fr u r r u fi fi n r : G u.r sr-: r o{rdulu m'gyr r { 16 u a rir u ir n r : yr n a or r r: r d.r

L4

t2

10

8

5

4

2

0

0.4

Extension (mm)

i'qqltgva-e
R l yr yt 3. 1 6 n : 1 il n ? r ru dl niu ri : v rj x n l ru rriu nll : v o y n r : o-o rie t o l gu r r u n t a l d,r r: { 6.:

cl
A!ta
O
CAq)
L
0

I
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3.3.6 n1:Ylodounlrfrtilntutttsfi{fl riluu?r6u{r#u1ulufi qilrsrdga 45 o{rfl -l

{dd

dulrumoao{frnr:Go.:st-a{osrdulostluuu?rfru{l.tio Lqs/45)/t45/451/l4s/4sl

o':fl tum-f,vll{tAu? rt-trtarrslunrnfi :.tz Inunariln{r.r6o zs.oo mm n?luu..ta6o zso.oo --
ttasn?luulaufir]do 150.00 mm nerilttafildlunr:mn6you6o l0 mm/min runfi'k?ornnr:

vlrlGYourtrlrllnatudlwYu#ri'u:sudr.: nrailui'uril:vuynt:6oet-rruudu.r.,u o"'snrilfi 3.18 Ha

o 1 n n l : m n a ol vtl dr ni tnr atl rrYu q.r qn 6o 28. 33 Mpa ua y niro errl riru m l u ur n fl { qn 6o t. s+ t N

,',r',d s.rz du.:rufifinr:Gussr-:ro.:rdulon'nmr{rGu? rirriunr:yrrraorrr:.:6s

35

30

25

20

15

10

5

0

Extension (mm)

6l
F{t,{a
o0
c)
L
O

d'qvltgtva-il
RlrlYl 3.18 n:]iln?luii'ufl-ud:uil'ir{ n?tulrfunlll:yuenl:8not"?tolfiulrunrold'rr:.rd.:
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3.3.7 nlrmodounr:druilruur{nolufi avnsrdua

,of uurreurLfil#lunr:i,fi'o fifiodr Universal resting Machine Dynamic Type

(1r)

o',nd 3.re (n),o* uo m auu nn (r) drllri,il.frlu nr: yrer dour r:,: no

Iu Instron 4502 rtlluclrrur:alunr:nn l0 kgf rr-lrrarxlunrufi 3Jg orn#osrJfl'nfinl:
yrodoumr{na gutirvrnlulaEJarvuavahqur.i.rrrG (urnc) fla-nnr:dr{.,unuo,r*uo Iool#
tr:{flludruiu1unr: rlurnr6ounnu-rmoraorl#rnf,oufirfiot#rfiou: sn:v?i..'rudr...,rn rold

a d i- j
:vuunorun'ltfloinaunru u:.rfrrnnfiuorqn:-n)no Jranrrya riaunr:pJduurt:Ja{riljr{uos

9--{5 --t- j .i 4uu { 1 u vt fi dou 0 v Q n ?fl l0r u: s uv n t : tn dou fr t o,: aduator H3 0 extensometer

(n)

t

i

g[?"'::

$iL I

:

iT
.'.1
l.: -l
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3.3.8 n1:yrodounl:dlunn{u:{Roerruruarf,'ulslufi snrsrds? 0 o{fl 1

,r,3 t rudu r ru fl 1uu1fii :s ru n'r: vro dou ASTM D 695 loofi n r: G us er-auo{rdu

ltrnrilttu?ur:n3o lo/o)/toto)/to/ol o{fll lufiavrrsr6orruodru,u o-rnrnfi s.zo lnol#finr:rrL
a 9 d 4 a jqyq afiu1fi0 5.00 mm narrunirsdo 5.00 mm fl?1Lru1rfro zs.oo mm fl?'llJ$?yt ts tufllsytoGyouno

-.!,r-r-,.^^^- e u r t 9 @ d) rnm/mm ,{am t901flfl'l:YlodOuttdnsnrrrudtytui:yu'irsnatrurniunr-l:gugnr:6nfl?to.l
,t

frultu rt-srtdostunr{fi 3.21 n:u{fiuualdla-nuar;qrdu do,firo1nn1:eiluynurrr{ ra'rorn
I

unun:rrlflna{odl{:?nrBafirrfinornd'usrurfir,nr:rfrurru 0rflnr:ilnaocflu.ir nirn,lrrurrYu

qsqrrdo uo.ss Mpa u0vrirnlrudrumrurr:.rg.rqnn'o 5.54 kN

t-9

nrnfi r.zo fiu.:rufifinr:Gu.:n"'rrosrduluflrurru?ur?floudro.l, drufunr:yroao{rr:{Rn

250

200

150

100

50

0

Extension (mm)

n : t r,l nn t ru dru n-u f, : s r,r 
.i r.r n a t r r riu n-u : s u s n r : do sr-a n u o du u.., u

dt
Frt-a
0oq)

U2

4
n1?{11 3.21
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3.3.9 nl:?lodount:eltil?rluu:{Ranturil?rffulslufi snrsrds? 90 o.lfl .l

ro3 t, il du I r u fl 1 il il''rer : g'r u n r : yr o do lJ ASTM o oqs lq ufr n r : G u{ sr-ar o r rdu
luflrilrrueraxuto [e0/e0]/ Lsv/so)l fgixolorsr 1ufinmrs,6u:ro.:dusru ri,snrud z.zzlau
n':rrrurdo 5.00 mm narrunirwroo 5.00 mm nlrar:noo 25.00 mm n.:rrurB.:fil#lun1:?rndou

6o s ,,*l*in Hnfi'ldornnl:ytndoutransfl:iud'run-ufriu:vrdx narrrri'un-u:vuvnr:dnsr-a
3-ito{Tu{'lu rtlnrufr 3.23 o1nn1:mnao{v{1l':'r rirn'lrruuiu6.rqn6o 69.88 Mpa gayrirnerru

9a
9tluYtlurr:.:fl{qnfr0 l. g I kN

,l*d s.zz du{rufifinr:ritllsr-rtostdulunriluu?1,?r{ro,rdu{ruiirrfunr:mnao{u:.:fl,

80

70

60

50

40

30

20

10

0

0 0.2 0.4 0.5 0.8

Extension (mm)

j
n r fl fr s.z g n : r,l n a r ru dru n-u d: v v d x n : r r rnlu n-u : y u v n r : do sr-a u o r du r i u

6,
A
tsia
v)a
0)L

u)

I

I

i.

.

--l



46

3.3.10 RrrnoGrouu:{r6ouuon:yurulufianxrdsa

rs,St rdurru lrrul#frnr:Gossr-rrosrdutuorruuu :lu-t-) l0/ol/ [0/0]/ [0/0] oifl1
lufigvrr.:rdtla rr-.:nrilfi s.zqTaudu':rufinlrururfio z.oo mm fl?.rlJfl{r.rdo 50.00 mm,?.*J
ot:noo 50.00 mm n?lilt*afildlunr:mrraorfio l0 mm/min arnfi'ldornn.l:ytndouunn{

n a r l dl fiu f,: s r a'r r n a r ru uiu ri'u : s us n r : dn r,',"'e n u o d, u., u o., * d r. zs

ornd s.zl duo',ufifinr:6u.rsl"'rtotrduloqrruuu?1J?1{1Jo,rdu.:ruriruirnr:mnao,:[rr.r
A

teou

60

50

40

30

20

10

0

0.00 1.00 1.50

Extension (mm)

6l
Frt{a
a)0
6)
L
a

0.50 2.00

R]?rYt 3.25 n : r r,l nr': r ru d'r n-u f,: y r d r.r n e r ru rriu n1r : y u v n r : dn sr-a n u u du.r ., u



47

j,,
nr:l.rfr 3.1 d?ilfl antrmqao{fl olfru.:ru

l.t dusrunoaos

3^.^^^.Sq-rh d@ , .^_-.^^ 4- I A / A a5U.11U11 tS tUnl:mna0{uanuilvyiom:ln:yuon f,u;rJornrloAroryryto:r:rtrusufi

'lol9r1T vrrfin ttavtrYsiltt:{r?:urdulaurievu'n r-glass fin-nuuvrfjurduurrr}afiourYruvrorflufiu

luri:unr:dugil du;ilriloffi ulu Hand lay-up 6r,ilunr:dugrJdusrunirgfio In6ryunr:'lrf
to':tdulu 3 ttuunoo t@lso)/(olso)/(o/s0)l,l(4s/-4sy(4st-4s)/(4s/-4.5)l uav l4s/-4s)trc/go)/t4st-

451 srtrudtd'l xuletlJo{Yiofirdurirugutinnxnruuonn'o 50.00 mm. e?1ur4ur6o z.oo mm.

ua v n ?'t rJ U't ? nroo 1 00.00 -- d''.: t ra n s l u n r : r s fi g. z r r an l dt t u r n t o l yi o'l yfu u o $n a r a

r',r-,ud 3.2 I u r o I o.r vi o 1 v,l m o f n a r afi 1dlu n r: m fl a o {

arflil rffur^irugutinar.r

(mm)

n?1ilu12

(mm)

n21il11U1

(mm)

r;r'ltirffulu (o.rfll)

A 50.00 100.00 2.00 [(o t g o) t (o t s o17(oleo;1

B 50.00 100.00 2.00 [(4s t - 4sy (4s / -4 sy (4 s / - 4 s)J

C 50.00 100.00 2.00 [4 s t - 4 s] t [0 t e 0) t 14 s t - 4 s]

tt:.rn:srir fiqnrsriusfiato.rr#uls

(o{fl1)

R1:sCr{do{o

(kN)

it
fl?1iltnu

c[.1flo
9a

(MPa)

ilooadu{g

(MPa)

4v
isuguo9t?

(%)

4
tt:.:9trl

[0teo]/[Dte0)t[0te0] 18.00 370.68 15,915.90 3.10

[4s / -4s] /[4s t 4 s]/ [4 s t 4s] 2.90 62.86 7,307.64 3.44

[4 s / - 4 s1 t l0 t e o] t [4 s t - 4 s) 10.10 185.43 9,495.37 3.20

plo)tlotoltloto) 23.16 361.07 15,7lr.g6 2.64

leo/eol/[eoteo]tleoteol 0.59 t0.94 5,619.23 0.22

[4 s / 4s] / 14 s t 4 s)/ [4 s / 4 s] 1.54 28.33 5,591.21 0.60

tt5{no $/oltlotolt$/o) 5.s4 210.55 9,097.21 2.87

[e 0 / e 0] / [e 0 t eo y[e o/eo ] 1.81 69.88 3,614.94 2.68
4

tt:{tQ0u [oto]/lo/oltlo/ol 9.29 48.28 2,414.r5 1.76

a
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99

3.4.r fiusrounr:fi u:rjiusru{
du { r u fi 1 #1 u n r : fi n u r d6, 1r,1,, u f n o r a d.: fr eia u :J : s n o u r ri'n fi o ru vri n d

riot:fiu rr-snrilfi :.zo d.rtunrrfinn'',d1,i1#r:fiurfiomuu:{n:uuyrnfifiun?'r 'loIm,rmrfinr:

fiu tueiruto.rtduturuiarflusfinfiur6uGu.:frer6nniuaosrtueunufio 0/90 o{f,l rr-rnrnfi :.zz
s o& { ,{ -!
[9t uil 1u gt 0u n1 : 1u : lJsu {'t uo.luq

(n) r:6u (t) sr-:rirl#u{{ilt o Hardener

olnd s.zr r: fi u ua s si":rir}?ufi r fi lfl u nr : du : rJ vi o Iy,hu o$

.l
Rl?t?t 3.27 tdu t u urir m o ril u fi u fi fi d'n u nr v 

ry 
ru'[ r {ri'u 0/90 o.: fl l

#F;.
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3.4. I . I tn3 urr ttri ttu u fi 1#1u n r : m er a o r a-n u u c rfJ u m : r n : s I o n fi nr a r ru or a 6o

500 mm Jrror^irnar.rviodrurfi.rl#finailn{x6o 5 mm uayrory:Jarunsoauorl',u rnjoldlunr:
I

oortttuu ornriurirurittuuritnatruarorodeurirudrsrrnhirufls rrdav,rddsmsouandrjriou'li

ourfiorflu'rJttr: udr6.rt-nn'luiluuurirrdduo,-rfi:rSouand t-nl#tfinnaruflou rir#r:J:srurar

g 6l'.r + n 9.r rn'otrifi:torrniuurrfinnr:uruiu

3.4.|.2 rn3 u r t du t u t r da rnio 1 dl u n r : niu yi o uri ur r 1 u n r : nYu r rr u ry ru h i
t@ /goy (o/go)(oleO11 st-n rdu luud? fi u l#n':r ru n ix noo 47 0 mmua y fl ?'llJ U 1 1 47 0 rnln ri:u lu
nt:vtlurrlrryu'lti t(+sl- 4s)/(45t-45)t(4s/-4s)jsr-rrrduluurirfiu n:rrun{r.:fi0 tzo mm n?'llJUt?

6 o zs o mm rfr o hflrfl il r c ail lu n r : r r,: 
ry 
r'h {riu uri ur u

3.4.t.3,ni u u, 
ry 

u,,ri uu u r fl u fi rnt o.: a f i { du ru r ryrio a n r1q H 1 fl o { n r :'l r n ru r

:un-:riuto.:r:6u fi.:ri.:r.rnrirhi6iurrufinarrrur'hirvirnlu 6.rrn3o.:rryuurirruufia-nuarc
dtdriluruarur: uavfin'lruureil:vrru 800 mm uryurieurorno$ uasnruqln:ru6.l:ord:u

u riomrJ a,:'lv'lfl rm ry u rir un :rrrB ,: 34 rpm

3.4.r.4 du g rJ dru n r : m rr: fi u a.: :L u rdu 1 u uria n-r n rn fi r.zt G rr du 0 1 n n.r :
narut:Surrassr-:rirhflrt{rarluruYanardsr^n ud:n:ur:fiulufigmrrrdoril:slrar z fi{ I urfi
d.::Jirurarro.:r:fiufi1#6o t+o d unscr-:rirh?tr{rrJ:cil101 0.14 ,rt o.,nr?unra.:luurir

o u n : v rf,.: n : u rir u au #u r o.r luutia lu n r : fi nu rdt#,dr 1 r,,,{rrL n u n o #u rrujo n rr: fr u r u dr
..!-4..q. 4s d { J zi u,
r ra ? 0 { u 1r0 1 0 n na{ [ a il y rn a u ?fl a { uu su s r u rn-o'[d o r n r ao o nq

(n) (t)

,lrrd 3.28 (n) nr: mrr:fi u a.ruurduluuri.:fi nlu uriur:L (r) q nn#o lun rrn6 u:
im,

ril0laotnlfloon
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3.4.r .5 r ri'c o r n ri r u n r : m r r: fr u ua vi n o r n r go o n dao g n n al.r r, #.:,ri uo rn p
..-1..-.-.4 v d i o, dlulJulJU[:UfiryUfi?un?1ilr5?yt 34 rpm lfraarlunr:?liluil:yuliu 180 min a-{nlflfi 3.29
.-4_q.y..A d q _.F-_-. d j urr, ,-l vl?Io t14t:cuutermgl?ttnvtJn?lutti{?tofrosoonutuoonldiru vt-luralorn tg0 min'[:Jrrd:
i a s , A oq1
au.: 1 u 0 y n a fl ilt ttJ t tu 1J GI{ 0 y lil I f 0 o ft t tu u o o n ul n

jj
R'.trrlt 3.29 rn:o{nIiluuttljU

3.4.1.6 n 1 : o o et Itt itrl I du r tu 0 oo o o n In u n r : 6.: du.: r u o o fl 0 Ifl et-?uilur u

ua-.rorn#udu.rru:rslCrfiol#iiu.:ruurfl.: oyldrioduo',rr',rulfir:rdo.:nr: ornriu:Jriou}fl
9J
,iu.,'.rrr*0l{rj:cil'r0r r dr z riu rfioh?riumuu#.r6u#rd.,urrfu.,..ruhjn-n fiov'ldiiu.rrufi
auq : oili'.:tran.rlu n ru fi :.:o

(n) fru.:ru a

l(0 / e 0) t (0 t e 0y(0/e 0) l

(u) du.rru s

[(4 s t' 4sY (4s t - 4s) t (4s t - 4 s)]

(n) durru c

[+ 4s / -4s]/ l0 t e 0l t [+ 4s t -4s)

n rnd s.ro #u { r u fi 'lrlo r n n r : du g rJ lu 
ry 

ru lt iri r r 1

a

I
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r.s nr :6o#{ grJ nt olnr : n ruuoruo,rd o{fl o Groil u: { R:yu?r R

lu n r : f, n u r dl #LJ r,,n, ru lu n r : riu fi n rio ry o fi fi fi o :' r ryowA DCS r ooa ri,q n ryr

fi g.:t (n) Iranrryadfildlunr:a-nu:lfinrrrarur:nfuu:.:n:yu?rRq{qorld'200 kN flo{r

KYowA Model LC-20TV n"'.:ntnfi 3.31 (x) rrnvqrJn:aifild1unr:rr:Ja.:dqryrnrto.rlv{flr fio
Data logger sfirr pco-:00 Series 3.31 (n) riruiunr:sr^r'rfl.rgiln:nfiduruaur,,:sn:yrrmnfid''s

z t uri- i
9t0 tlju Ft,iRl?tYt 3.32

:'s.r rf;ousioerolrantryadrrirnlu Data logger uassioarornrfiaorn Data logger rd1
riaJ

grn:0,in0ulr?rgt0:

:. s.2 fl rir r tin t o l n-: rio u rir ldln o rir #r rio u': r.r r u lu a n rrya d o r n #u rfi ru tl3 o
f, -;q, a ^ 2--. ^, t

a n dr r fn fi slo r n r : m n ao u tu n r : f, nn', dfi rirdu, rir r rin :J : s u 1 0r 45 kg
- -- a t ,t d j a4 d a ^ ,,
3.s. : 6n n".: n dos n a rru rT a q.r ur'o tdlu n r : riu fi n n q fi n : : ru n r :, u, a, u o d, 0.., u

lnuuiufinr{lroln,odur'[rr druiunr::JiucrssrirtuJil:un:rufi:roas16unri{d

3.5.3.1 n:uasr6uotunr:lium'nnrnrnf,ou'lra do 1000 fps 
i

3.s.3.2 n?rur$rfnrno{ do rztots

3.5.3.3 arqartel?t.r? noo Manual

3.5.3.5 n,:ru'leuar 6o +oo

r.s.+ 6nd.:nnon1r{ (spotlight) rdorfir,n':rruadxt#nlrdu{rulunr:flnr.,i11#
hr "-ilaon tT{1u1n 1500 w yt,:run 2 flaoft

:.s.s #unounl:maao{fi #unouoieiohJd

3. 5. 5. I rr'c il-:rio u dr u : o n ru o rn o {1v{ fl r sr r ru n r u q.r fi do.r n'r : m n a o{ rir u ir
lu n r : fi nu r dl do r., u qo : v il'j r { il a r udu.: r u *a v rJ a r u ri'.: rio u r i-fi, z.qt ^

3.5 . s .2 a r o du., r u 1 u : v r,ir d.: n a r { il u g r u : o.r iu u: r n : v *m n

3.5.5.3 rJriour-arioun:yuyrnsiodu{ ru

3 . s .s.4 uYu fi n n : rr,l 1 u d: s : s fi .i i { fl : s r rm n 0.r n Iil : un : ru

3 . 5. 5. 5 uiu m' n n r n rn f, o u 1 il a rir u n #0,: n 
.l 

r ru rt .: a.r

3.5.5.6 irn:rsr{ruant:mqnoil
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(n) }J:un:x KyowADCSt00A (t) lrnnrryad

- j --- | t j
,r't?,tfl 3.31 qiln:ilnl:mnao{10{tn5o.:mnryou

q

(n) Data logger PCD-300B Series

s.tndolyrrraou

7.Data logger

al
S.fiolJy{?tsrot

----d --- o !, t d j
Rl?t1r 3.32 n 1 : fl n a { q il n : fll n 1 : m n a 0 { r o { rfl5 o { yt ft do 1J r r: { n : y r rm n
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r.o c?unoulunr:finsr

n', r dn r',drl : y n o u'hJ de un r : ?l o a o.: r ra c n r : t#ur r dr o o s m x FEA J pr o fi l?u fl o u
4 -ln1:f,flu'rft{u

3.6.1 nlrri'tnl:noao{
- 4 J qgd rr o i"

3.6. l. I tn3 uilfrul tumnao{1ffr ilu lnuasnr: ?'l{lJr.Jrdu tuol:.J?ln 1fi untu

il0utu9l

3.6.1 .2 rir 6iu.: r u hJ m n d 0 u ri? u rn{ o I yr n ao u r r: { n : s r ryt n un u rn+ o { yt n do il
a l, i rn io q 4

n ?lilr:?9t 1 9t1ur{0u t1m n1il u9t lu1,0lJ11nn1:finu 1

3.6.1.3 u-ufinrToryorfluu:,:rJfl^ffi

n?'ru d'lu1 : nlu nr: iUr r: { n : s um n

-ioalulrroy: u us uu9t?t?{ oYl'rfl 1:?tfl :1efi fi 1q

c 4 A r ^ d9
3.6.L.4 lJ U fl nn 1?{ r?{oil : u n 0 u n 1 : ?rn : 1 u il.Uou n

3.6.2 n1:riluuu<6rao{d?s FEA

3.6.2.t finu riildsru }l : un:l
3 . 6.2.2 yr rI d o u n il d ru uG fa o urao 1 dril u rio ru a 1 u n r : a ir I r ril il d 1 a o {

3.6.2.3 aYx ul tl iir a o { ua u tit n r : il er d o u ull ri iir a o s In u l#r{jo u h rd a.:ri'l

ttililn'l:mnao{

3.6.2.4 n-Eailrfi ail fl afl 15mn ao{uauuuil.fiao{

3.6.2.5 lduul iiraorlunr: flnu 1ilqAn::iln1:rAuil'ruxo.rdusru

a

I



j
UYI?I 4

4Ad
ilan1:fl nulttoy?tFt:1yfi H0

4.1 R-r: gtouduorr,uo{riosi olt: I nry druuud.r nsd

4.1.1 n1:rfisff1ul,o{du{lu A

0rnnrflfi 4.r udn{6{:ilIrililn1:r?ourutos#uu,u fi'ld'ornnr:mnao{g

qr, o 6l ... A 4 - i 4+- d q e,R1u [e{R1:un:sil1luttu?ltfluttuufrsnrfr ro.:Bu{tufrfranuorvnr:r:u{et?ro{rflulua1il
I

ttu?gi{ 0 o{fl"t ttauttu?u?1.r 6o go o.rfll flil?'tlu,iaru:nrfinnr:qln-aro.:droludl ra-t0.1fl

-_.-.-..'_4- _..-d^ -{ { a @ t d A A e afl1:tfl:vYl'lnoryu{1utiluu1fll,u ruu{rutnnflt:tlust?ou1.t:?nr5? Bsnr:rTilfiun1:rAuHlu
.:^{-.--i-t--..!- - i ds 4 d; 3 d d, ,tno{umUalufi'1uililfl0.1su{1u ilanu€uvttsrnautoufitiluBurdnuayuruoonrilu{ru}la{01n
!,: a dr , ..tty I r. y q I Iuuuu{'lutSilttuflttaurluoontiJurY0{ti?u'[duri aruu:nrdu"louonrrasurrlildruluro{
9t{-. r- d et c ^l--.- _ - {' e- :flu{'lu ttatfl?uYldo{ldu Iuttunttauilluoondtuuonro{tu{1u 0un:e?t-{Auqnnl:qtlst?

S:l0mm S:20mm S:30mm S:40mm S=50mm S:60mm

id6^ttYnlilfi 4.1 nlstAurtuntuldnt:sn:vrirlurlu?unuuuudun.rfiro.rdu{lu A fr:aorqun-:

sir.:t (s)

n1?{fi 4.2 ttdn{n1tt?ufi luqa#1u{ordurru Inarraosruanr: maao{rfi uil d'1J

ttlJUiilao{vt'1.:noilil^?tsrof Inunrv{fi 4.2 (rr) rflunranr:yrrraordsovii'.rrnsr'pi.jrdutrufi

a-nuruvutuoontfluttfln6.rrn'oorndvriilaro{rduloluuu':#.r fiarrur:ofrnr::vlurtu.:*nu

a

t
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Jntlsr:s rrav6mGyrorduloluuuatar.rrirrr?rfi:J:yno.rh?rdulalutru.:#.rtrfl

il n r : v rtu : unu l,i6 du n r : t? u fi r u rn' n du fi rJ a r u r1r u r u fi a-nu su s u r u o o nr ra y r ro n a s 16 u n
dl . { d t. o a Jq j j E dtuusutan aauHanr:o-lao{vl'l{flouvt:tcroi luntnfr 4.2 (1t) rt-or:.Eslrfiu11ritnr:mnrnol

drfia-nuarsnr:Grudur?urrurTluuundroriu uciluriaunr:finrrotoodro',u nr:mnaorfi
v d,r i ii d s o d- - q { Aanuileuluo0nt:Juttanttavtnot:J5utLrvrr,ilnruuuiitao{ilahufueunnrravqrlol"':1ufru.nu B.:

dv t I I vilanuilun0il1,1{ttnnal{nu

o'rnd Lz n'ntduuruqnriluroodru.,u a nruldu:rd{n{fi (n) nr:mnaos

(t) ullrirno{yt1,i FEA

4.r.2 nr:rdonrnruudu{ru B

o rnnrnfi 4.3 ttne 4.4 (n) ttanrgrJrrrrnr:rfi ur roro.rdu.:rufi fr a-nuorvryt

'ltjJrronr:o-n6o.:ei'ato.rrduloluuu:rfiu.: do @st-ql, 01nn.l:mnaolnu.jrnr:Grudunr:

rflurrorfindufidrurir.rtoodro,, fin-nuorsnr:r?aurunuuuarfiurto.rrdulu ud,rnrnriuo*.r

tnnnl:tdu?lruntulutlo.:ryu.:ru ilnr:tdufiraqud":rravdouniunru tuuu{1u cr{rnn01nn.l:

tSutot-ato{tdululurtuatfiu.: doirnr:vluuuaunurirl#rdulurfinnr:unnr-nruu, oudrq,
nr:quf:

1 u ei a u t o.t t ru I iir a o r n :L'i t a'n u or v n r : rfi o m r o rfi n du fi :J a r o dr u u u r o r
d,u,, ornr?uquriao.:uasdouriu rr-{nrilfi 4.4 (r) d{fldrun6fi\riornnr:mnao{ fior:rur
-.1,,.,.,^^-.u-.-^^^.-^-, J =. d u oAUttrunl:tduflluqn14ltlllo.ttulru0lnnl:mnao.:rLGuilrfiulnluuulrfrao{yt1{ FEA flu?1

A9a
nr:t5l6unr:t?t,firullo{n1:mnao{Grr?orruornrilururtayfia-nuarsrterfloonqruuu:rfiar

(n) (r)

-.-. ,l q A a u ,, v u
rJo{r6yu tu cr{uanuilsniitununurruliiraol

a

t



M#ru
S:l0mm S:20mm S:30mm S:40mm S:50mm S:60mm

i d ad - ^ -L I enrilfi 4J nr:raurr0n1ule{nr:vn:v?irlurru?ufluuuud.:n.rfito.:du{rlJ B fi:vosuusr-:q

sirst (s)

(n) (r)

^^ d 4- e, !nrilii 4.4 nl:rauillucTervrlulloirsu.rlu g nrutdrr:sfisnsfi (n) nr:mnaor

(fl) rlurdlao{yt1{ FEA

+.r.s nr:rdorlrnuodu{ril c

o', n o rn d +.s n r: G rL piu lr o.: n t : r?or ruuo{ dil { r u c,6o du fi :J a r urilu u u
-.--i- du d dr t u 9- s) 

" 
rtolBulru Iahuorvttsrnavt6ontflu{ru ra-sornriurdulsuriloonrfluco.:riau ld'rrri d:uu:n

quuirrirulunuoduo',, ri':udao.rrrunoonriluuun#r0.,, oun:vyr&rduqnnr:qun-a 0lnn.r:

dltnflni:r?outtlqnvilotoldu.rrulunrvrfi 4.6 (n) nrdrfia-nugrvrruoonrfludl dsrfinrorn

6vrinatolr#utslutru:#o o uor', rirtri'ilnr:vlurruatrnulouer:s uasdmGuanu,,dulotu

ttuatfiol riirrirfirJ:vno.rrdulaluttue#srrnrirnr::sluuu?unud?u luri:utosrru:riiraor
u rjr ii'n u nr v n r : rdu u r u rfi r, du fi :J n r u r1r u r u t o s du .:',, o u du qr, n r : q u r,,":
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i d qe o o A i { i -Rl?lYl 4.5 nl:tdul,tlun1u tgrfll:un:sfl] luttu?ttnutluun{fl{ytxo{uu{lu c yt:uucqugt?

sirsl (s)

i - - , 9, d - '
01nn1ilfi 4.6 (t) rieutoraluuuilaflufllsrrnflaur6uo ril^oril3uurfiuilnl:

v o ' A I d do d y t j
mnao{nuttuu0lao{flu?1fl'l:r:raun?1iltdufi'luunnuilvnl:tdu?t1u01n9t1uuu1,o{$u{luyt

9 v q qds -i I u
fla1unu tras tud?ulJ0.lfl1:unnunsuluoonl0{rrYu luuanuilsytryoana0{nuniln1:mna0{

(n) (t)

nlfld 4.6 n1:rAufiruqafl1uxo.:#uuu c nrutdu:.rfi.:nsfi (n) nr:mnraos

(r) uul,irao.tyn{ FEA

me.r iil$io 1 #.i r rr ei o n r : rlfi u u rfi u u 6,:'[ drir n r n n r : rA u fl r u r o.: du r r u o r n n r :
m fl a o { r ra y 0 tn r tu u iit a ol r:fi ul rfi U u ri'u ri'l sr r : t.r fi +. t
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nr:r{fr l.r a;:JHanlsmoao{ltavrruriiraornr:r?oxrotosfrucrunru letu:{uuufl{n{?l

I

4.1.4 nr:grorouorllo.riu{'ru A

-- d o. v J r r - 3 i
0 1 fl tl lTl Yl 4.7 ttdn { n ? 1 u riil ilu r : v ?t ?'1.1 fi I R t : c n u : y uv qr I o{ Bu {1 u ii

qet 
" A ie

mndouRlu"[dnr:sn:vvnn{R.rrvrtuuu?rrnu InrurdurJ:srfjunaornrruudlao{ rirurdufil
dtqr
lijur{attnnl:mflao{ otnnr:d'{rnfly{u'irn:ryho{uuuiitao{d{n'itn1:mnao{ 6lii'nuaryto.:q

n:rv,lluria.ru:ndfin?1il.i'ururn d.r6o'jr#u.:rud.:hjrfiu:rl nii'.:orn#un:rylfiuurJrlilanas{
t d dq r u dt j - h r 9) t j

0u1.1:?9lt:? ltauilaflUfllultn?{91'ltilufldudau-lilil10tntr:{Fiturrnulr:{nngioBu.:ru
&3 itun:sd":fru{ruAuqanr:quei? 01nnr:d{rnny{u'irHanr:mnao.:03{dlil'r:0funr:vq{qn

tu,irv
tvttriu 28.74 kN ttasrirnl:vtqhurvirriu 25.32 kN lurirurunro{uuuiitao{ dtrJt:oirnl:e
g.:qatvilnlll 29.98 kN ritnt:srq6u Lvnfr:u 24.29 kN lrrorirnr:yrqduovdrhJriruaar

n?1ildlu1:ogndlua-r.:rusiolil nsrddlrnn'lrldrii'nunrvn:ryhosnr:moao{rrnuuilildlao.l
. 6 d4 s9, q a d q h r r u v
m'r{ n oil ?{ ?rst 0 : ur ru 1 tu tJ [u mf, m 1 { ln u? n u r ra y hi r rsr n si 1{ n'u :J 1 nu n

t
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---.-i .- c. v I t e qrr o A j JRlTtYt 4.7 fi?]U dilT{U r:sfi ?1.1R1:3tlAs :sUUqust?nluleftr: ln: srfrfr {n{fr 1o{Bu{1u A

4.1.5 n159touflUo{i'O{dil{',tu B

0 1 n n 1 il fi 4. 8 n ? I il ti'il T{-u f: y rj t r n r : y I ra s : y u y q u sr-r n r u 1 dr r:.: n : s rir d,:
jrt,,

nlfr nu'ir't'?{tt:flto{fl:ry'lfia-nuorvfl?rilfug{gn fl#{rrnriun:rv'lfiuuaJ#ruaoa{od1{

::nr*r trasfia-nuotraa'uri'u'l:Jrur rdo.:ornu:{dluuasu:.:nnsiodu{lu0uduqnnr:gu6'r

olnn:lr'lv{ildrruanr:mnaoroSrnirnr:rqrqnryi 'rilu zs.gq tN rrayfirirnr:srndarritfl-u 8.9

t<w luri':utrludrao.:vtrdr ritnr:vq1.:qqryirniil 30.89 kN nirnr:vro6urvirnfu 8.70Id{ 0rnnl:{{
dstnne{anr:mnaotoBluuirn:rv{firtu':J#ruarrarotirslrn nr^odusrufinl:quei?rJ1n1 d.rrir,
--y.19,r--q--q^...--4.i-eoqrrgrdao'01fl4fluilYn]:t:u{tdu Iu [uttu?taur rtioSunr:ylurruaunurir]rirdulurilnnr:rrfln?rh dsfla

t#nr:irLnr:vana{ ur^ouGoutfiuun:r?,1fi'lrlorflflr:mflaor uu'irfirru:Jr?rua.rn.irrrur.Jdrao{{
vr1{ FEA rrasurdrrirolruodunu{nr:maao{drn'jrrtuuiiraos il:vilr at 6.67 %
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-- i a! v J t u q/ oA i 11lR'lflYt 4.8 n?lildil?I11fi:vfi?'l{R1:suas:&usqughnlulsirr:tn:vririlsrxfrtorBu{'lu B

!

4.1.6 n1:etouduo{ro{iil{1u c

rtnfltfl 4.9 ilu'itn: rllrtuldra o{ q{ n,j.l fl n n lrmn ao{ ni.: In uiludr ruio
{-^--a, q &< e ^, ,t
Tu s ru fun r r : s n n lu r ru ?un u 0 u n : s vir drn r : s q.: qa n : 1?,l s s n n a { odr.: : ?fl ri ? r dr o tnuou

n:rv{fidnuarcrflunduaa'un-u dufinrrnu:.:eiruuacu:snrrciodu{iu 0un:s?i.:durruqun-:

qoviru dnuuvttoln:tv,ltfinotnnt:Gu{ei'?rosrdulalurru?#{n'o 0 o{fl1 rir}flarlr:niuu:r
luttu'lttnulnun:{tu6i?uflo{nr:6ursr-':nolrdulauu'lrfiu.: (45/-45) uaBuu?fl?1{ 90 o{fl'l

rirrrirfifunt:suosil:snorh?rdulu,ru:#'rf:LRr:euu?unukig.:qn 0rnnr:d{rnflflu.i1

n:11'{otnflanl:rflao{firitnr:vq.rqnrvirriu 29.96 kN uavfirirnr:srndurvirniu 18.20 k}[
fortatjtuj

fl?u,{afl0.:ttlJU0140{n]n1:eq.:qntillnu 24.58 kN rirnr:vrqduryirfi'l t7.98 kN ru-o
a }{ d _-=jvry,uor:atrtil5tliltfruup{afr16otnnr:mnno{uaurnJr,f,tno.:yrt.: Fra yr:L'irrilRt:yril6uxo.:nt:

fl n n o{ 4{ n d1 r ru lJ iil a o { rd n rlo o I n uil r.irfi ri rr lnn.ilil : u ulat 1.23 %
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,'t n d l.g n : u dru vrlu f,: s n'ir.: fl 1 : v ua c : v uv gu n-'rn r uldu:.: n : v rir d.: n.r fi t o s du { r u c

4.2 nr:noilauorrorriosiou:rn:yuvrR

.td
4.2.1 fi1ltrligfi trll,o,lriil{r'tu A

,i:-*:,:-v f:: :: ::::::''^;-'n-\7ara7.

4ornninfr 4.10 rrau 4.1 l (n) uanrgilurrinr:r?unruruuduulro.,uldu:.:

n:;umnluulJ?rrnuro{dro',, fifid'nunrsnr:riu.rcr-'lrosrdulgluuur#r n^o 0 o{f,r rru?r?r{
A -- | A y 4. { d i r et asno 90 0{fl1 o'lnn1:mnao{v{u?rnr:nrudur?uururoliusruGlfrrjarudrulu frahuoryunn
drdda-e

til u Bu rd n u a u uu fl o o n tfl u ao r ri : u kiuri ci : u u: n r #u l u q u uir rir u l u du s r u u a v ri a u fi ao.r

tdultltttlnoonriluuonuaunl{ooflrfJuuqn ornnr:d.:rnnilil'irrfino1fln1:uufl:urdrsdutor

rdulufirJarur1ruuulrosdu.:rufifinr:Gursr-ato.:rdululuuurr'o ,,ur,,u?1J?1{ d.,,fluc,-r#u
-^.-^^r^-.E_ q L 4-- ir d do:sritltduluttuast-ltru-oirnr:vluuu?unuo{uanuilunr.:oonrtlurrnnil:yrru7-8unR

3
10'1tu{'lu
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il a 0 1 n r ru u iir a o { a-n u r}r u n r : rfr u il r u rfi o du fi oi'r u r u n, u d'u., u fi a-n u tu s r rq n
d-iiod.rJr<d,

avtourl rl{R1?{vl 4.ll (t) ttJott{01:ilrgrJrr:rrnr:r?ufliuqnfi1uro{Bu.rlupEgurfiur:vlt?1{

R1:?lnao'{ttaYttulJiilao{vl't{ FEA uyirdor:Guurfiuuri'un1:mnao{nt:Glsiunr:r?urru

tfindufirJaroriluuuto.duu',u lud:utornr:finrrouasuruoonrfjurranfia'nuaryriou{x
tu

ttnn9ll{nu

(n) (t)

nrnfi 4.il uuunl:r?orroqnri'luruudroru a nroldrr:{n:vuyrfl (n) nr:mnao.:

(r) uludrao{yn{ FEA

t.z.z a'tzfronlrruudr{1lr B

mrnn01fltt5{

fl : v um n du o', n n'', r r n a o r n r dr n r : r? gfi r u r o { du r r u rfi o drr fi rJ u..r o d., u r u r u o dr r r u d.: fi
Y.t,clsqo2|qa_@LA*
a fl u il Y l, o { tctu t u t tn n il n l u t tu e ta a r t o r Su s r u l u yr- gm t l -45 o,: fl 1 r ai o t n uiu rru-o yu s r u
3,-.^^-- -A 3 a d o afunr:vtfrrurutnfru tn=nnt:tdufltulum-Ryrx 45 o{f,l rrasqilsr-?alluii'nunrsdounlu d.r

e ttuqrfioornnt:Gtxst-etortdulonruludu':rufia-nuarvrru:rfia{ rfiofrnr:vlurru:rrnurir
l#r#uluiunr::v'ldair 1un:fitorp.rarrnnr:iiraord,r,,ae,{1u nryrfi +.r (r) rryudr nr:
ddgvdt{ia
lrYufiluilafluotvtluoaas{ounuttasunnoonrilufru ru-orior:angrJtrlunr:r?urruo.lnn1,

d-"

m rr a o s rfi ur rir-r r ru r iir a o n il 1 { FEA n u.irfi a-nu or v n r : r?uil r ufi aon n do s ri'u

ornnrufi 4J2 LLae 4.r3 (n) rflunr:rfrur.,unuodro.,u s
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ideenrilii 4.12 nt:rAufl'tuflo.:fru{runtuld'rr:{n:sumnro{fiulru g

(n) (t)

^ .d a e !nttii 4.r3 uuiln1:r?orruqnviruuos8urru e nruteirr:sfl:uumn (n) nr:moaor

(t) rtulo'rao{yt1{ FEA

l.z.l nr:riionlonuodu{ru c

ornnrufi 4)4 tnv 4.ts (n) uu'jrnr:Gudunr:rdoururfindufirirurut o{

dr,', u ds fl a-nu or s r l u ua v r ru fl o o n rfl u ao s ti au noo ri:u r r: n rdu t uq l r{r rfi u lu du s r u ua r
ci:ufiao.rrdulurrunoonttavflr{oonuunduu'.ru arrrqrn'nornn',r,,rn#ur#ultrfi:Jarudruuu

J I d d a -, ori..^ ! I
tolEulrutdu"lurtu'ltfiu{tfrnnt:fl-uuirhJluduu'',u uuudrlorru.:sr-{unsrru:rfisrfia-nuory

tlnflntsolu Hatolttut-tiitao.:n-tnrufi +.ts (t) u:l'jrfia-nuaturrnnoonornriurrayriaur,rds
9e o zI j o I d -^^^--.--.,,{ A 9tqilt11o1u tufl0{ryu{'lu tllotntot:u1:ilttililn1:t?utrru 01nfl1:mnao{?I1J?1su{1ut:unun1:

rfiurrafirJaturitu:tulroodro',r,,urfinr:rrnnqrrrtu:rdulo rfiouGu:Lrfiorri'urtruiiraor
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t9,.l d < ot,Rt?rn 4.14 n1:r6yul.nul,0 { 1iu{1uRtu16rr: {n:cuytf'tro.tEutru c

(n) (t)

i4ejnruii 4.15 lruiln1:r?urruqnvirulo.:frulru c nroldu:.rn:yuiln (n) nr:mnaol

(r,) urlildtao{ytl{ FEA

il9taaAqgt r ,{ d dhro I d 3t{.:iltfroltiirucionr:rLEuurfiur6{'kirirgrJul:tn1:r?u?i'101,0{8u.:tu nluld
ir,rv E d @

u:.: n : s r rvt fl fr '[6o t nnr : n n a o { rLE uu rfi uu ri'il Ha n tn uil u'ilta o,: d.:r ran r tu n t: 1{ fi 4.2

i t .---.o 4- 3 oe9ll:l{ti 4.2 dlilHant:mnno{ttavrtuuiirao.:fl1:rduil1uro{fru{1untu tarr:{n:errmn
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4.2.4 RltetolJduo{1,o{du{'t1{ A
d - e v I t e 619,01nfl'lv{vl 4.16 ttdq':fl?1iltiilflur:vl.t?r{fi'l:enur?atR'lrJ'loirr:ln:sufln

I o tl l u un u #.r tfl u ni t t o s n l : v ua i lu un u u o u rfJ u m a r G ru oiu o u du qn t o.r n r : q u er-? fl u.i.r

luri:.:Gloiurioun:rv{GunJdouurjasflarr#u6orfluri:sfidurruu-r'h;r?urrJ d.rHanr:
t{ .^--hrr4 dr , 

"ilaao{ilu?'l$u{1ud1il'l:n?lilu:.:n:uumn'[fid{ 17.60 kN rraslnirnr:craAufro 14.40 kN

luriautoluilil'ftao{ nrirrirnt:vqrgorvirn-u 32.60 kN uayrirnr:srqdutyirriu 16.79ld{
-.lt^^--!' rds . a {ttdatrnfun:rr,lfia-nuorvttn'j{griana.:ouiluqonr:n:srrmn rdorirnr:trEuurfiouruafi'[dorn
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.:le20
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dnriln 4.16

fl1:?lnao{ttavttlllJdlao{vn.t FEA uu'irrirnr:srqdtJro{nr:mnnoloirn.ilullUiilao{il:vurar

16.59 %

0.015

Time (s)

aa v I r , qy j
fl ?1UdUT{UI:efl ?'.tilR'l:srtosr?ntRtul6u:{n:uttilnfl o{Bu{1u A

4.2.5 nl:gtolJdl{o{flo{du.l1u B

0 1 n n r?{ fi 4. 1 7 Ha n r : m n a o': 11 1l'ir d'r r G u du r o.: n : rr,r 1 rJ o u 6 r o nG ru

.-ld-.-. -r- - +-.(t-.-r- +3 qU.!+. 1A , j ' 
otuauuttila{n?1rusuootilu5l.tYtflultutlt hjrdag:J fr.rnl'jrfrusruarrur:0murr:{fl{qn n^o

12.49 kI.I orn#un:rylfiuuaL?lana.:oufi.r1ud':.:raarrj:yilrslr 0.007 s ra-rotn#uahuarv

n : r v'l fi r tu a lrll gs du fi a-n u at s tfl u n adu a a'u niu o u d{ 1 7. 6 3 tN o u du qo n l r fl r s sil n d o eln q

rfirrtrn'dar:vuut?a1 0 - 0.007 , rflusie.:fidu{rudlr1:6ryrurr:r1d rracfia-.:o1n 0.007 - 0.027 s

rflusia.tfidusru'hiatilr:ovruu:r'ld uasriouf.rfiu:{,a'ou,fi6ooEj rirl#u:sn:vlirri'uJna'
rryad6.rrirl#n:rllfittu':lriruqtdu r{aro.rulJr.Jlirao{fludr n:rllornrruurirao.:firirgrn.jrnr:

mnao{ lrrsnudrnirnt:ud{qn'il?.turnryilri'il 13.79 kN uayrilnl:sd.:qrrrvirriu 22.6: kN lu
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riaua'nuorstoln:ryllu'ia.:u:n#u ornriun:rv'kilfiuurnJasnarru#urraya.rduaaiuflurJai d.r
.3, I -.:,^-.^ { i a , j jurr
tnoo'lntt:{61uttasqilo?1Jo$su'1tu rn-otntor:rurfllflt:uraaum rnhrnnr:nruuunrdrfinirriou

n'irrr:tliirauorJrru'.t* o.4z %

0 0.005 0.01 0.015 0.02 0.025

Time (s)

--- n ot - I t E y !R'lTrYr 4.17 n?ludlJ?{u5:y14?1{R',l:srrayr?alRluleirr:{n:yrriln10.:Bu{lu B

J

4.2.6 Rltgtouduo{fl0{iu{1tr C

r1flfi 4.18 udn{n:1dflan'l:mnao{ro.rdulru c nruldnr:yn:yumn
O I t ta t ,'luttu:ttnu u:L'iti:su:nfl0.:n:T'lfirirnr:vq.rqnrrirriu 15.00 kN fin-{o1fluaun:rv'lfiflnuarv

I d t | - '- ld q r <i I vttn?{ttauiln1n1:&q{qntT'1fllJ 16.62 kN nlnuun:ty'lrud'nurusana{0d1.::?nG?uaulrfl?{st?
I

0uAuqnnt:qust-? ,{a0rnttuuiirao{flu'jr n:lilr0.:rrurriraosasn'irruanr:moao{ ri1n1:s

q.:gad?{u:nrvirriu 26.37 k}I uasrirnr:cq.rqnrvirriu 30.51 lot duu-nn*rro{n:1?,1.r?{u:n
d rt & - e

fi rtu'l I riru ql fi u r a-s o t n u'u n : r vl n n a { o d 1 { 5 ? n rf a r ra s fi a'n u €u s d ii'r f, u il a r rfi o fi o r : n5

trGtrurfitlunllnlimnao.: nu'irnitnr:srqdurouruuil'raorgrn'irnr:mnaor:J:vrrru B.2o %
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0.025

nrfl d 4.r8 n?1ildrJn-ud:s u'ixR'l:suasr?arnroldu: rn:sumnro{dlJ {lu c

4.3 fl ?lildlur:nlunr:qo6'uyrtrrnu

4.3. 1 n ? r il d rrl r : olu n r : g or d'u n d'.r.r r u n r slslu: { n : r ri r uu u d s n { d

,',r',.rd +.: udn{fl a nr:riruaorfi '[dorfl n.l:mnao.rruoduu.,rnruldnr: y
^__.-c-*.. iia 4 - ! q { Jn:srirnsnlfrfrInr:[ir,.reti?1,osrdulurilurun 3 uuu futru A 6o t(0/90y(0/90/(oteoyl
)v
fiu':ru e fio t(+s/-4s)/(4st-4sy(4st-4s)) uacdusru c [4s/-4s)/ lo/so) / [4sl-4s] rllj.ir
-3- . @ @ ,, r u I
riurru A drul:ogerdrnri'srru'td'rvirrYu 1.52 tlt.m Susru B dlur:ngnduua'lsru'[d

rvirriu 0.48lll.m ,,urdr,l, c drur:ognduna-.:rruryirriu 1.09 kN.m. d.:rfuoyr#u.jr
3
Bunu a 0vdrilr:ngnd:LndrrruorRRr:yn:yriru:Lud.:nr;i 1,fi4n;rEir.nu B il:srrnr
190.56 x rtav6n'irdu.r',u c il:vuru 46.97 % luri:uro,:n?rudrul:n1unr:qerf'rudwru

drtursu:lir Bu.:ru a ilritrvirri'u 29.80 kN.mlkg fiurru g ryirniu 8.89 kN.m/kg rravfiu.:ru

c tvirri'l 20.56 kN.m/kg rr-r#uovulu'ir du.:ru A drul:oqndrnii'rqrurirnrrylslrurnndr
3t@e
frurtu g rvirriil 235.20 % trav8urru c rvirriu 44.94% rrnnr:xn'.rnrir:r#u1ri,j-, dro.,u e
0ud'rur:0qnduna's.:rulri6n'irdu.:ru6u1 ,fiuuo.,ndr{ru A firdutuluuue o o.:ar fi
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Abstract

Nowaday, the structure of vehicles is made from various materials such as steel or aluminium. As a results
of using steel or aluminium, the structure of vehicle is too heavy and has corrosion problem.
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So, it is important for the researcher to find new material that is more appropriate for manufacturing
vehicle structure' Composite Material is alternative material that is widely used for vehicle structure.
Regarding to the properties of energy absorption of composite malerial that absorb higher energy and
can be enstrengthen, so it improve reduce impact performance. Moreover, it can absorb higher energy
compare to the structure mass. This research is purposed to study crashworthiness behavior of
fiberglass tube subjected to quasi static load and dynamic axial compression. The specimen is made of
fiberglass that lay-up in different angles in shape of E-glass/polyester. There are 3 cross angles of
fiberglasses, including of 0/90, 45t-45andOtg}t4s. Thetube has 52 mm outside diameter, 3 mm wall
thickness, and 100 mm length. Quasi-Static Load test was done by ESH Universal Testing Machine and
10 mm/min crushing speed. Dynamic Load test was done by Vertical lmpact Testing Machine, the impact
speed was 6.8 m/s. The result show that in case of quasi-static load, the specimen with 45A4S cross
angle provides highest specific energy absorption. ln case of dynamic Load, the specimen with 0/90
cross angle gives highest specific energy absorption. ln addition, the collapse mode and response of
specimens are also discussed in the paper.

Keywords: Composite Material, impact, Collapse, Energy absorption
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i,urudrna,irtur',q* o-nuil s nrr gndu fl d{{lu
l<drril- uu rfr 0u : uu.i1{ n1: yt oao.r n-u m q u fl Js-t1

nr: ff nurq u n-n u ru y nr: uun-? r o r rio iaqrJ : r no u
h ra 4'l6un r: tu rfr n u 1 r{ a fl : s yl u 1, o.: In :.r air.:
i-
fr ri'n: rrirunrruu urrio rduriruqutin a1.: nr:
raiurr:ldrurdulu rrns iinr: r?umruilr{fl aro.l

iaqrJ:vnou [9] nr:f,nurruafl o{n:yulunr:du;rJ

rY'r o:ruu Eryty rnrerrav'lill#qry ryrnra Iunr:
q n du u n'l r r u I 0.t glass/polyester u u.j r du.r r u

;il vr :.: n:v u o n du g :Jrir uqruru1n.rfl irirq nfiu
2

u a1.: ru iirnr rv q.r fi u ao,r rril [4] n r : fi n u r6vr i u a

t o r n r : q n.f;'u il a-{.: r u t o.r du fi u rh n-n n r u 1 elr r :.:

n : y rir 1 u r ru r r r n u'l nIfi o r : u r f, n u r d m t' n a t o r 1 o
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tu r1'l r d? u u : .! yr u'j r r.r rir n-n m :,: n : v u o n q n du

n a-{ {ru'l Fl:Jr n n'jrr #rri'n ?nr6 ol t t ol

-_-a. io- r t A a
fl 1: fl nul! u?fl q il : s d.t fi 1fr o iln u 1

fl q nn : r x fl t, n 0 udu o{ I o { yi o 1 vlru o f n n rari o r r:.:

n n 1 u uu'r lr n u d.r rr :.: fi 1 #1 u n r : f; n u r rfj u rr :.:
.A;

n: g ytluu U n{ n.:yl (euasi-Static Load) ttaylru U

hln':fi toynumic Load) yiofi l#lunr: mnaourilu

riog ilvr:r n:ruon Inufl nur6vri naro.:rflu10rrri'r
o<a
dnuilc't-T nrr rauil1u rrayn ?lu dllJr: o lu nr: n o

duna-ruu

z. du.rrunoaouuasiinr:nnaar

2.1 uu{tilnnilou

iaqrJ:v nou il:cn o u el.r uaor riru6o
rirurai uu:.r r{rrrirdfurr:rrd'n1#uriIn :.:a9r.r

rir u fi aa.: fi o ru ui n d rirr rir fi il o.r nlu n r : r f, u x r o

t o.r rir u fi rai u u : { r r a c f r r rh fi ri.r ri r o u :,r hJ u-.r

rirurciru:.r lunr:mnnorldl6onldxofi roarvroi

r:6udn'[oIryrurin iquauutrilnad6 vrurio
__- Y d a 9 ,t a 9 an?1!:0u uaJdl:lfl ! ra:ltr:I6rurduk,ttri.llfr n

E-glassildnutusrilurduullu.rnoourirorirunr:yr-u

fi n:rurduudrrirtJ morilurdu1u 1u riru n..,, d,
grJ dugrJriruffi uuu Fitament winding ia'nuruc

rflu: o urrilfi uy(riluriornf, nlurruruou o-,nri,

rdu 1 ur rfir dr u o ; q n urir: du r ril fi r r(o v n ry u hi'rdu

lurh:ounurluhifi ririlun uosR?.rruurfi

dornr:

I I

I

(n)

; rJfi t uanr.rfira'nuru;rorqult{ (n) {uhid
o/90 o.rf,1(r) {uhifi 45/-45 o.rfll

I-

\ fr
4 \

(1r)

g rJfi z rranr n'r rurnto.r ei:otir{du{ru

4 iorlu.rrufr lf,Iunr: f, nurq nr(udrordulo
..t^1t- - <ueryj,-t
l r n 1 il u n 1 : l: u.r yt u clo u r ra s {u'l t ifr r r n nri r.: n u t u

g rJ o rn e-gtass/polyester r1u nr:'l r{t o.rr#ulu :
I lu u RAo o Do, 45 / -45 ilaz o /go / 45 n rUdr du n-.: udn.r

rilun-rotjr.rlugrJd r rurnro.ryiofirduriru

gutinarlnrUuonfio SZ mm. fi?tuflurdo g rn*.

rrncnluurrn'o 100 mm ri',ruan.rlugrJfi z

2.2. ?finl:nflao{

2.2. l nt:nfl douuuuR:vriturrood

n',r, u ou rdldrirrfi u nr : In u1# rnd e.r

m n doufl r: nnr ru u n:s riruuunrii d.rfi {io.i,,of uo

ESH Testing t imitea d{ rilu,o{s.,ruao r d1#:cu u

nolfilnofn-u:suulan:o6nd (Hyar.uti.; lunr:
nruquflnrrudrur:0 fi,: z,ooo KN llau:susn1:

ia
nnurnfr qnfi o 200 mm arur: nuiun'n {orya 1d4 n 1

0.04 mm r.rafi'ldornnr:mnaourijun:ry,l

nrrudlniuf,:yrjr.:rr:rfi n:srir (Load) uns

:cuyytt{lun1: gun-: (Displacement) arur:ofufi n

fl a n r : yr o d o u u n s u d n q il u n : r ll 1 rivr-u fi g rJ r ni o.:

vrnaouuan.:n-l;ilfi :
1u nr: m naou riruddu{.,urvqnnnlu

rrulrnud':un?luri.:n{fi I0 mm/min uasnna{ul

o u n :v r,,'l du { 1 u r fi o n I : q rL or"'.: o r n riu ri r n r :
riu yr' n rirn r : y u a y r v u v qu d.:rnco 1 rl rirn r :
irn:rclieiolil
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-J a
n : s t I il n nr-U iu rt 1 u fi o 2. 3 7 m rir n r : uiu vr' n n I il fY? U

-!- d u a j o r rq J
fl a 0 { n ? 1 ! l, 2 ({ I I a s il u ?t n I r 5.t I fi 0 u] I rJ alfl : 1 y li
nraeiolrj

g r.lfi r uan.:rn{o{ yt erdou n1: n nr ru uf r: slilr ruu

n{fi

2.2.2 nl.,nadou ntr n:sllYt fl

n1: il nf,ou ri?uii1dfi11fiu nr: In u1#

tnCor Vertical Impact Testing Machine d.rriluraf o.r

vr nao u fi ld: s u u R o x n'? ln 0 f n-u rr:{ n : c uil n x o.l

douornrndo{ilndou lnunrruqrto.:rnC o.:

mndoufi o 2.47 m rirurinro.:ura fi lria.:ludou

d1u150ki1d:sil'il{ 20-60 kg lurirudrunr:

rJ:yuraHarn{o{ocfi Iilanrqafi ilnrruay16unlu

nr:u-un'n#oqn q.rEofi to,ooo rirsioiurfi rfio

m n aor Ira nrva os uil aqrirr o.r u:.r 1 rJ ril u

dqty rru lv'lfl rrirHa ii ld'l:J d.: outu rogger rdo rir

n r: riu vr*n {o X u 0 ", n r', 
^ 

a fi 1 do v r{r {rni o.r

n o rn^rrnoi ryrdo rrilar ri r In o na fi ldoy rilu
n l u du lr"u f,: v rj r I r r : I n : y r I ?l n (Load) u n s r ? a l
(Time) d{arur:nfuyr'n,{an1:ytnno{ 0tn

nrurduniu#ddrur: n rfi uun:rv,lld g rJfi + uan.r
-j
anutuyfl o.trR:0,:?1ndoilrt:.tn:stlmn

yrndo un 1u1dnr: s n: c?iruu u hin.:fi I n a

l#nrrlrialun:yrrilRnoo 6,8 m/s rrasfrnfntor
-Y.9 A u rt Aulnoufio 45 kg n?lild{r0lfrrfoufrnnaqur

g r.lfi + rnio.rvrndounr: n:suiln

z.s fi:urj:dfior:on

1u n r: fi nu rm r.: dr u nr : rfl urrot o.r

In: laixnroldnr:ru (crashworthiness) l-nig

fi n u r n : r yl n r : r r r a J : y u s q u fr r o r J n :.: a $rr n-.:

sr-r o tir r n : r r,l 1 u g rJ d s J n ofi n-r r r :J : fi dr n''rg r n r u n-r

rdu nr:grndu (Mean crushing load, p,".o) ylro6.t

o "'r r,o d ro o u n n r: rfr u g rJ t o.: In : q alrr n r u ldnr:
_4n: s ltil n nu du qn n1: qunl n 1?r a.:.t1ugnd'u

(Energy absorption, B.) u u r udw dt I ru fi In :.r afr.:

arrr: n qndu1dnaonrir.rnn rn1: n : sr ril nui o nr:
q u n-r rrn ; n a-1.: ru q n.i'u iirru 1 J (Specihc energy

absorpti on, E.) u u r udl n a'q.: r u fi I n :.: afi.: arur: o
- uY d d @

q n.i'u "ki' 
r u o r fr o u riu t u r n il r y fn t o,: n-r 1 n : { d il.r

r o r I n o 1 u u yr n r',, dl ri4 o,ri, fi n u r ri r n a',r .r r u d q n
v-.vlY e o . :
ryu tnIa g fl a{{tu gnryu f 1liltg iJ0.rru,:tuilndo u

d.rriluri'rrr:J:fi drri'tylunr: rj.:uonfi {n.rrudrul: o

1unr:qndu ua-rqrurrnnr:yunor In: rdfi.r Inu

n r : u r ri r n n-.:.r r u q n fu riu a r u r : n u r'kio r n d, d f a

n : r r',h o r n r : s r r a v : v o v q u n-r t o l I n : r a f i.: ru' o r fi n

n",r rrdoa",ur:orfi uur{Juaunr: d.rarunr: fi ( t )



p" = [ras
Inofi eu n'oriruri'.r.:ruqo.i'u r noorirnr:y s n'orir

: v u v R t : q u n-'l rr a s d1 rJ "r : o tf r ri r u a-.: r r u n o du
o hct A
olry'lty tnotndunt:?t (2)

*= Jtot * P..-S
IDaSS rnass

Inufi p, 6orirua-.:.:ru qodu pmean noorirnr:y
i4

rqdu s fiorir:suvnt:qun': rras mass 6orrato.:

grJfi s n:rlluan{R1:suas:ya;qun'rto.:

In:.rair.ruiorn-uudnrdrurJ:cir.:ri4fi uuli1u

nr:finur

t. ruanr:6inur

orfl fl 1:fl ndounr: cn:c?irluuu:rrnu
..-.-.-ihri,r,tAa
uu u fi.r il lt a g ttu u lu R.: yt u 0,: r 0'l r{t u s i n a I d fr I
a'n u or v r o I r1 u 1 t {t o.r rdu 1 o 3 r lu :J n'o o / go, 45 I - 45

ra:- 0IgoI 45 nrudrn'u Ha nr: f, nuruan.rhirfi u6,r

nqfi n: :unr: no uduost o.ryio'[r,[u o f n a r adi uu

n r:'h it o.r rdu 1 uei r.r r fi ri'.: d
,jrrngrJfi o uanrgiluurnr:r?urruto.r

dro ",, nruldn r: s n: s riru u rn r d1u uurrrnu

1 u d r r r r : n o y r fi n n r : q u n"r r o .r du.r r u #r il a-,: o r n

nr:s n:cdrrfi rduri o u1 du.:ru rfi nnr: qun-rar
td<r<,iA

0ur{ :?ntr? lnutx nr: rduuruov o qjfr il{ na1.:r o.r

d, .t "', d.r n r : r? o n r u n-.r n ri r r ri u n.i r n r : r fi or r a

lluu Brittle Fracture mode lud.lunt:noUduo.l

t o.: r r : { n a o n n r r u 13 u il r u'kt r a n.r 1 u g rJ r r u u.r, o.r
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n : rr,l n-r r r dn.: g rJd a d{ riJu ri r r or n r: s r r a s r s 0y
-i- J

q u n''r fr r h n i u n n n r : ri r u I ru x r ri r n a'.r.r r u q n d'u

r r a c ri ril a'{ { r u q n du rir r u r v 1 dr r a n.: 1 t1 u n r : r.: fi

I

3.1 o'nuognr:tdsfl'rtl

; rJfi o uan.: grJr ruunr: r?uu ruro.:du.rru nrulsl

nr:s n:crir1u,,rrunr,,uuoofi

g rJfi z uao.r grJrruunr:r?urru{0.:du.:ruldnr:s

n: c lirr ru u hin.: fi 1u r rul rnu

nrng:Jd z rflugrluuunr:rfi oilrunr01d

n r : c nr: ru lu,,r r,, n u, u o dr.: r u d.r rfl u n r n fi I d'

o r n n r : ri r u rir u n do.r n'r r u rh q.r 1 n u n rir ri'n r o r fi r
!-- v e v y I AnouQnfl : s urnnuiltltnn6'luuufl o.trio B.:

n'nufl cnr:rfr uurunu.ir ryunr: 1tifi 45/-4s trrz

o I 9 o I 4 5 fl a-n u tu c n r : q u rr-.1 r r u u r r n n r il : r c ri o

6on'irnr:r?uil1ultuu Brittle Fracrure mode fnu

q u d"r a.r : v rl "' o n*., n o', o, u o ri o u a c ry u n r : h ffi
o/go ia-nuruv nr:qun'rrruu,,, nrfl u #u,f, nn aon

'A<crdtdt
r ru 1 1l nu il o ry{ n 1 : rri uil I u ri.q n a r r r5 un.i rril u n r :
rfiurru

(l)

(2)

x.t

lruox

1-

In:.:a9r.r

a

t

I,I
XE hr

$,fi
r,'i ii;

rI tr
'I J !
."-'.r i

Bi'fi
a*t

P,,,,

i
j

I
r

i

I
I

I

j: ff fi



ttuu Crush mode rirriunl:nouduo.tl,o.ilt:{

na onfl r: fl :suil nudo{ lu g il fi s d.:rijurirr o.rRr:y

n : s rir 6u u a s r: a t H a n t : rir u': ru r r ri t n a-l r r u q n

{uuacriry{a-.:.:ruqndu,f rrnrykiuan.:1fl unr:r.:
I
7rl

0.00 0.30 0.60 0.90 7.20 1.s0 1.80

displacement (mm)

,A , a

g :J fr a n : r r,h ran.: fl a n 1 : yl odo u u o.:f; u.:ru n ru ls?

nr:cR:crirrruufl {d'lullu?unu

35

30

25

20zY
;1sooJ10

5

0

0 0.004 0.008 0.012 0.016 o.o2

Time (s)

g rJ d l n : rr,luan.: fl a n r: ?r ndo u r o.r du.r ru n r u ld
nr: s n:s?irrru u'[rin.r fi lur rutr rnu

or n g rJ d 8 rrdn.: n: r r,ln -rru dur{u f,
rraqC

:s14?1.rlt:{uAn: u1nu: g uyqun.lIo{tu{tu 01fl

nr: n ndo uR1 uldrr: { n : y ?i1rruiln.:d 1urIu?unu
s Ja,'ln u unusr-rrilurirro.r R 1: srras unuuoulil uril

-4: s us q u ni? r o.: Bu I r u o r n n r : dl r n n 
-i rri r n r : s t o.r

du.r ru dr1 u h 1 o Dot cs t.as 4 s t -4silri r 1 n #rd u.r niu
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naoant:rAu?nu ltauri?udu.rrufi rguhi otso fi Fir
I ,4 i

R',lt s n 1 n ?1ru.:'lu ou dl

gild e n:rlluaorn:rlln':rudur(uf,
,d

: g lt ?'1.: R 1 : 3 n u I 2 a 1 I 0 il ttn a g ru it'lu n a o n n 1 :
ilndo u 01nn1: ilndounruleinr: c n:criruuu'1il

iq<3a,'
ft.t yt lullu?ltfl u I nutrnun{liluR 11oit R'l:gltas

dr.i"'{unuuauIuur?a1iln: gyt19t0!u.:]u t'lnn:'lr,l

n u'i r n : fi n r r n r u u yr n u il u 
tl 

il n.r d rfu a-n u ru c n : r y{

de Y v : *
u a n u fl s n a 1 u : y ctl.1 fi ?1 I n ui R a'u r o r n : ry'l lurit.r

d u s tt !-uu luo{t1nnlillnniln10{ lfl:.tdtl.t uon0'lnuuit
q uyt 2 A-f,.rrnnli'ir iu.rrufifiryul \ti csbqs firirrour:s

n0u11.:n1ru0lu: uulyl0unuxu,tlurtu6l

3.2 n21rdlu1:olu nt:qoduu twru

0'lnn1:ilndoulo{du{lu nroldnr:v

n: s druu u lu uu 2Irnu itu ua.: d uac rru u hin q ii
Inorlunr:1tito.:rdulo 3 ullil n'rflflr1r,l grJd s -

s n'{nrirr dur:orirurtuyrrirnr:crnd udrfi ndu

0'lRfl 'l:ilndou IlaydMr0filuruurrirxn"wruqn

fiu u a s r a'r.: r u e n du dr r n 1 c,r, o { #u.: r u ri.r n 1 r 1 { d

I
j o iny

9t1:Nn I Haflltfllu'ttuil lnnlnnl:fladoil

50

45

40

35

?goY
;2so
320

15

10

5

0

ryrhi
rdulo

(o.tdl)

zv
'{(G

6
e)

--

tr

)b
:
:D'
))
))

2v
rrl

@v
c)-
-roa

@

*
tr
2v

Quasi-Statlc Load

0t90 22.35 L80 0.04 0.06 0.64

451-45 24.80 1.96 0.05 0.06 0.87

0190145 24.56 2.00 0.05 0,07 0.68

Dynamic Load

0t90 2t.25 56.61 1.20 0.06 21.46

45t-45 t9.52 46.73 0.91 0.06 t4.16

0/90t45 22.65 43.t3 0.98 0.07 13.76
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j
01fl nlt1.tyt 1 lrdn{Ha nl:ylodou 1o.t

L^.-^-. -- qt, " d h, i*5U.t1U R'lU lgtRl:sn:yylltruiln{?lltau -lua.:fr 
lnu

fir;unr:lt&ro{rdulu 3 uuu6o otso, 45t-4s ras

o I 9 o / 4 5 er I u.il ii'rl fi o r : tu r o r n n 1 r n n do il n I u 1 d
-.----.-.- -e e ,
n 1 : y n : y yt 1 I I u LJ fi.: yl il u ? 1 fi 1 y{ a={ it 1 u e n d'u 0 1 n

du.r ru r1u h ifi 45 / -4s tLav dru 1: o g n d'u il a-{.r lu
01nRr5sn:r?iruuun.:fi ld6n'ir ryu1tifi otso/4s

ru a s 0/90 n r l dr ri'u H a r r n n r : rir u r u ri r u a-r.: r u

qnnu iirrvrrv ryu1r {d 4s/-4s ctlulioq n.f'u

n a-.: -: r u dr ur r s n'o 8 7 8. 46 N. m/Kg 1 d6 n.i r 
ry 
l 1 t i

io
rrurJo-u6l nor:rurrtn n1: ilndouR'lolsinr: c

n : c dr u u u'l iln.r fi r,r u.i r ri r n a-{ { 1 u g n fu ii { u h i
f,-.
fi olso aur:nq nduxn-r.r ruldurn n.jrryl h{
ol 90 / 45 {au 45 I - 4 5 n rl iir n't uri na o r n n r: riru r ru

rii u d.r.r ru q nr du rir ru ry rp 1 t ifi 0/90 d1ilr: 0 en

fru u n-.: r r u rir rn r c'l du r n.l r r1 l 1 t i 45 I -4 5 \a y

0/90145 nruzirriu

0/90 45t_45 ot9ot45

Ply angle

g il ii r o r r an q n : r lki r n ? r tt d1 u'D 0 
Q n fru n a-r.:.r u

rir rn rs n r u 1sln r: s n : srirr r u u nl fi

0/90 45t-45 080/45

Ply angle

,i
! il fr I I uanl n : r r,,lri rn't 1rl dlu 1: o e ndu r ra'wru

,firvrrc n ruleinr:cn:slirr ruu'liln {fi

,l
nrn3rJfi ro - ll lrdn{fllldur{uf,

: srir.:nrrrarur: nqndu n a-.:lru drril.lsuas

a-nuurt atr1u It { fi o r: tu rnr ub?n r:s n: sr{rru u

n.r fi uu'lrqu1 uld cst-qs dllrr: o Qn {uila-{.:r u

-.-.----.-- i d p d u n yj
01rr{lslJlnil En tu0 llj: uu lyt uu nurJU'lx ifr 0/9ol 45

flas 0/90 lrnn.iril:sl nt 29.03% lras 36.80%
a o! o r r inrratnu iln1:iltR'lu lfi nttsnrufirrruulnR.tfr

lru'irryultifi o/90 dM: o?nfuna's.rrudrrnrs

'ldurnqnuavrdonJi uurfi uu riu qultid +st<s
;-,

uac otgot4s fifirirtrnn'irrj:vurs 51.49% uay

55.89% nrurirniu

l. a1ilruanr:finur

rrnnr: fi nurrtqin: :lnr: no u au o.rro.ryi o

h,fi u o f nara n r oldr r : r n : s rir lu r ru r unu,,r rno d
rr, jia-

rray hinIfr fi i a-nunryro.rql'lt {rirs riu r uu :r

01nn'r:?rnfl oudro',re,r',, oa1 rJna kiri'.ril

t. 1un:fi a-nurusnr:r?ouru{o,ryio'[y{

ruofnara nrulrlnr:c n:c liruuun{d a-nusnr:
4.At

rd u r r at o.: iu.: r u n-l y I n r fi u u r u r r :.r l r r n n r il : r c

d.: n r : rfi o r r u o-.r n ri r r G u n.i r r iJ u n r : r fi u u 1 u u u lJ

brittle fracture mode dru n r old'n r: v n: c?irr ru u lri
- -5 -..-.-r- - 4. I
Fr.:yr ytu?la nH ilu n1:riiuxrutoriulru ilnr:
r?onraoqj 2 a-nuflc Roo rrnnrruuril:rc rras rrnn
a,J
nJuxu
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6Y
E zo.ozI
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e
o
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d
ld fl n a o ol ru ?lr n u fl r : rAu l1 r un-s n d r r 13 u n.i r rij u

nf:t?UUfUttUU Brittle Fracture mode ltiu Crush

mode nrrudrdu

2. R't'tud1u'l: o 1u nr: qndunti'.r.nu

rir r n rs r u'jr n r u 1 sin r : c n : vrir u u u n t fi a-n u ru v 
ry 
r

uvi-lx 7i 45t-4 5 dl u 1 : o Q n du fl a-{.r -lu tily{ly 1 C
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ntsltmn0lnnl:rulffirdor:JBuutfiuu,i'uurarorln:.rair.r .:rui.fr'odn'.rfir-nqrJ:va.rrirndo f,nurnqfinrrufl1:
nouduB.lflo':vioh'lruofnatanruldu:.rn:cuyrnluuu'runu du.:rufild^lunr:f;nur,flrduo.,ufidrgrJdrufio
(Hand lav-up) fifinr:60.:n-ldouua;ryultifirrnncir.rfiu qrrnr:1t{to.rrdulofi 3 rruun'o [0/90]3, l+45t-45)l
uay [+45145] t$tgo) /l+45t-+sl nrrdrn-u dugilrrn E-glass/polyester rulfluo{yiofirdudrugutinaxnrouon
6o so.*' R?'lrluulfloo 2 mm. uasfl?tuurrfio 100 mm. lunr:mnaoudu.:ruriuldrhnr:nnaoulnol#rnio.r

vertical Impact Testing Machine oflfltcttilnuuu6a:cri?unrrrtirn.:fi1ndlria 7 m/s fiafn:f,nurvrudrdu,rrufi
firyu1u{ tolsol: firirnn-.r.rruqndurirrrrvrurnfiqn ,uno',ndlrrmnlru'rldlranra-nuusnr:r?unrofirindu
6ndru

oimtnt iaqil:vnou, nrrfl:s(ryrfl, nr:r?ouro, nr:qnfruua-rrru

Abstract

Composite Material is altemative material that is widely used for vehicle stnrcture. This is due to the

properties of energy absorption of composite material that absorb higher energy and can be strengthen. This research

is purposed to study crashworthiness behavior offiberglass tube subjected Impact axial compression, The specimen

is made of fiberglass and hand lay-up in diflerent angles in shape of 3 cross angles of fiberglasses, including [0/90]3,

l+45/-4513 and[+451-45Ulol9olll+451'45]. The tube has 50 mm outside diameter,2 mm wall thickness and 100 mm

length' Impact test was done by vertical Impact Testing Machine with the impact speed was 7 m/s. The result shown

that the specimen with [0/90]3 cross angle gives highest specific energy absorption. In addition, the collapse mode

and response ofspecimens to impact are also discussed in the paper.

Keywords: Composite Material, impact, Collapse, Energy absorption
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The Study of Crashworthiness Behavior of Fibergtass Tube Subjected Axial Load

THuj ,il'urrifru, ff?an ou'1.:rifir{nd' , duil1 Quuul uau frnr lanrava-.:

Visit Junchuan, Chawalit Thinvongpituk', So-y" Poonaya and Ratchada Sopakayang

-l^.nrnicriilnrrruniolna RElidrn::umenf urrinorrioqua:rvrrii irrinqra:rrrri g+tso

Department ofMechanical Engineering, Faculty ofEngineering, Ubonratchathani University, Ubonratchathani, 34190, Thailand.

ura-odo

nr:finurdfir-nqr.l:vardridof,nurnrrrarur:o1unr:qndund{,rrudrrilrcroryio'h,fuuofnara nruldrr:.r

n:srirlutturt,nu dro-,rdlilunr:f,nurrflu#uoruiidugrJdrou'o (Hand lay-up) fifinr:6 u.rm-udourravryl'lr{

firrnnn'r.rdu a duuun'o dro',, a firyuhl11ol so)/(o/so)t(o/so)l durru n fl{ultl t(+ 5t-4s)/(4s/-45)t(4st4s)l

,,u, dro,, c iryult{ [@sl-45)i(o/go)/(451-4s))nrudrn-u dugrJorn E-glass/polyester turnxO{yioirduriru

qudnarlnruuon6o so mm. fl?'uJilu1fl'o 2 mm. uasnmuurrn'o 100 mm. lunr:mndoudu.rrurluldrirnr:

nnaoulnuldraio.t rsn universal resting Machine drniunr:mnaur,,rrf,oood ondn, "'r,i? l0 mm/min
og I

rtavlf,rn3o.: vertical Impact Testing Machine lunr:mndourrurn:;trmndruntrurirn:yrrrfl 7 n/s nnnr:f,nur

}lu11rutllu A xn1fla{{'luqoryu0'ltv{lvrlnvrEn qqriluHarrnnr:iiu.rrdululutru'ld.r uonnrnfiluumn?luu{

1 dl ran.r a-nu u y n r : r?ur r u d rfi n du6 n Cr u

r{riirflry : {aq il : v n o u Rr : qun'r r a'.r.: r u q n.i'u ndw ru q ndu dr utrv

Abstract

This research is purposed to study crashworthiness behavior of fiberglass tube subjected axial compression. The

specimens are madeoffiberglassandhand lay-upindifferent ply angles which are; specimen A ply angle is

(0/90y(0/90y(0/90)l specimen B ply angle is t@St-45y(45/-45)K45.-45)) and specimen C ply angle is

[(45/-45)l(Ol90y(451-45)1. The tube has 50 mm outside diameter, 2 mm wall thickness and 100 mm length. Quasi-

static test is done by ESH Universal Testing Machine with 10 mm/min of crushing speed. Impact test is done by

Vertical Impact Testing Machine with the impact speed of 7 m/s. The result showed that specimen A gives highest

specific energy absorption due to the vertical fiber orientation. In addition, the collapse mode and response of
specimens to impact are also discussed in the paper.

' Corresponding author. Tet. :(045)353383; fax: (045)353309

Email address: chawalit@rocketmail.com
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d-.--:---.-..--. j a rd hed ^- 
jruo qnuila{{ 1uylrfi rioo q t-.: 1 ri!.:ru r o ufr
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rFuT lio.r niu faq il : v no uln u S, Solaimurugan r tou
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E" = [Pds = l"onxS (t)
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lnum q flontlla{.:lugfisu p o-onlRlrs s frofi1

: c u y n 1 : q u sr-? I l a s d 1 u 1 : o l.f r ri r t a-r r r u 4 n f u
. hY i
olryrly lnnlfl dilnl:7t (2)

E, = l!(l- - P^"on ,5 Q)MASS MASS

s i- a ' o d
louvt E. noRt?In{{tuqo.ru 0llillg p-.," n=oR1nt:u
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l---^-.=4----,v-. id a uau{'luyttu J tjnluuo (Hand lay-up) fr n nr: ai u.:ti'u

douuarryuhifiunneir.:fiu : du.:ru n-.:rilfi 2

r r an.r o4.r n'r o tj l d'n u tu I r o I r; u 1 t { ( n ) ry u 1, {i ollo

o.:fl1(r) ryuhiii 4sl-45 o.tfl1 otn
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jl y

mm flam ]n01nn1:mndolrilun:ryln?1r,fr:.,vfluf,
.J

: c il i r.: r l: { fr n : y rir (Load) I la y : s us yt 1.: lu n t: q u n-.)

,l
(Displacement) rnE or arur: ofufi n Hant:il nd0u
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