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L &aé 0S+ % Oo0:X)UAZT6aUd &€ /¥:1(/ &KHQ ; : ORGHOOLQJ RQ WKH 3HUIRUDWLF
DQG 3HQHQWUDWLRQ %HLMLQJ 6FLHQFH 3UHVV

eyu EOBUGY¥ 21 ( 8f48 X,X F'UL$> -€0J > .;AZ[ @ ?S] ?S]xEiG: &xXL 7 1

,QYHVWLIJDWLRQ RQ EDOOLVWLF OLPLW RI OLJKW ZHLJKWHG VDQGZLFK VWUXFWXUHV ZI
-LDRWRQJ 8QLYHUVLW\

2GMMG 6 y f1 & F: &€ NLTI(/ '"PLWU\HYVN\ ([ WHULRU EDOOLVWLFV %H
1DWLRQDO GHIHQVH LQGXVWU\ SUHVV
FgeN2 C ‘9 CAal 6JE" $ JxUG¥U"4. 8fSKkG TIM0O,XAOP-0J N ¥R
'HQJ <) -LD + 5 /X 0 - =KDQJ < % ([SHULPHQWDO VWXG\ RI LPSDFW UHVLV'
DOOR\ FLUFXODU FRUUXJDWHG VDQGZLFK SODWHV WR EOXQW QRVHG SURMHFWLOH #HI
8x"k G¥ H ..U U48 X 0: 06N-€0JE7) 0:E") )DQ + / -LQ )1 )DQJ "1
6WUXFWXUDO PHFKDQLFVY RI ODWWLFH JULGV IDVANCESAINA-ECHANICS
«-..UE60;E&'d EOBU&L $mo:ais6NA'Au &€ /¥:I(/ )DQJ ' 1 =KDQJ < + &XL
OHFKDQLFV DQG PXOWLIXQFWLRQDO GHVLJQ RI OLJKWZHLJKW ODWWLF
e«® fH#KGE 6 B> LKS#K 6puHa P-E6 ' %o O R"p"J+ 8f48 X k %0 O (16N rP*-80J 88 /¥:
T )DQJ = : +RX + / =KDQJ < + &KHQ & + +X 1 0 ([SHULPHQWDO LQY!

DOXPLQXP IRDP VDQGZLFK VWUXFWXUH XQGHU PHGLXP DQG KLJK YHORFLW\ EXOOHW LP

fk] 08+ "> y¥U"eNI W= 0, J"u')*W,X-0J $mby YHQJ = < :XH ;; /L
< 6WXG\ RQ SUHSDUDWLRQ RI IRDP JODVV FHUDPLF E\ RLO VKDOH UHVLGXH -ATERI
FAJA <b 197" 97 °&p LI*E!? &LG¥2 48XX UZk% OrP> aU$m:y
*XR 5 =KRX + /LX 5 = =KX 5 -LDQJ : 3UHSDUDWLRQ DQG DQWL SHQHWUDWLRC(
WUXVV FRUHG VDQGZLFK VWUXFWXUHV ILOOHG ZLWK FHUDPLF URGV ICTAA-ATERIAEA#O
FA/"97 ) L™ ; *0'3)E$,'$mM¥)),.(SZ(M0-80] ), /¥:%< *XR ;5 :DQJ < +

7KH GHYHORSPHQW GWDWXV DQG FKDUDFWHULVWLFV RI FRPPRQO\ XVHG '3) ILOWHU

FAn< iazx )a#b ) Au6 <#K 4a 6riR"u"sJt 8f48 X |0:06N-€0J It:y
*XR < = /LX ; & +H 6 < :DQJ - = <DQJ + 5HVHDUFK RQ G\QDPLF SURSHUWLFE
VDQGZLFK VWUXFWXUH LPSDFWHG E\ SURMHFWLOHYV ZLWK GLIIHUHQW VKDSHV ICTAAIRN
ESCY CI G aU>™+ k% O 06N XD Ud h*lio::y *XR & 4 =KDR * 3

1XPHULFDO VLPXODWLRQ RI EDOOLVWLF LPSDFW RQ FRPSRVLWH DUPRXUV #HINESEA*OL
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6U"] ;0G¥6 K¢OZ ONKEO-48 X $ m ZA’Au-€0J 4x4E4U$m +X % ;XH -; <DQ ' 4
6WUXFWXUDO PDWHULDOV DQG GHVLJQ VWXG\ IRU VSDFH VWDWLRQ &IBERA#OMPOSITES
6uM- CAal 6" 6JE" " FY 6(S 1Jx<00q 8f S% OMOXE; , z +X - /X
0 - =KDQJ < =KDQJ < % ,QIOXHQFH RI WKH QRVH VKDSH RI SURMHFWLOHV RQ V
DOXPLQXP KRQH\FRPE VDQGZLFK SODWHV *OURNALAOFA-ECHANICALA3TRENGTH
G¥Aa >UnL Y Flée|los)U &€ NL1I(/ -LQ 6 0 <XDQ < ; ,QWHULRU EDOOLVW
DHURG\QDPLF SULQFLSOH %HLMLQJ 1DWLRQDO GHIHQVH LQGXVWU\ SUHVV
bKS3 G¥A 6y9 CYEOGY¥ 2&+L Y a"eS48Xk% O 06N Ud It:y 1L & < -LQ ) /X 7

- 1XPHULFDO VLPXODWLRQ RI WKH EDOOLVWLF SHUIRUPDQFH RI FRPSRVLWH S\
'RMAMENTARII

bKS3 G¥A 6y9 ">©u [i&LG¥2Ya" SXk% O06N63Ud o::y 1L &
< -LQ ) /X 7 - JL < & BHQHWUDWLRQ DQG SHUIRUDWLRQ SHUIRUPDQFH RI WKUHH
SODWHV QXPHULFDO VLPXODWLRQV #HINESEA*OURNALAOFA4HEORETICALAANDA!PPLIED
(/23 T IEQOK R"p"eJ+ 8fL x48§ X,X% O|0:> -80J > .;AZ[ @ bps ps)Ut0: 1LX : -

5HVHDUFK RQ WKH SHOQHWUDWLRQ EHKDYLRU RI VDQGZLFK SURWHFWLYH VWUXFW XL
ORDGLQJ >3K' 7TKHVLV@ 7DL\XDQ 7DL\XDQ 8QLYHUVLW\ RI 7THFKQRORJ\

("7d #o ) 4EB L "t 8f$mMX~ % OO,6arP" 17%]é 1LX = < $0Q =
7 :DQJ 1 6LPXODWLRQ DQG H[SHULPHQW Rl SURMHFWLOH SHQHWUDWLRQ RI
DOXPLQXP IRDP FRUH /RDNANCEA)NDUSTRYA!UTOMATION

AK CAal FgeN? Jg riaas$Bi<d0q 8f S,X3@(M0-€0J ,AAud E6 6 3HQJ -
/X 0 - 'HQJ <) 6WXG\ RQ GDPDJH FKDUDFWHULVWLFV RI KRQH\FRPE VDQGZLFK &
OPSDFWHG E\ EOXQW QRVHG SURM& EWANDUHA CRACRHENBRYASESIGNA

J... 6KS 0S+ o: &€ NL17i(/ 4LDQ : & $UPRU SLHUFLQJ PHFKDQLFV %HLMLQ
GHIHQVH LQGXVWU\ SUHVV

976 Tby<E 9RL'a-L T 6€ &€)Ur0:1(/ 5RQJ : 6SDFHFUDIW (QWU\ 'HVFHQW DQG
/IDQGLQJ 7THFKQRORJ\ %HLMLQJ %HLMLQJ ,QVWLWXWH RI 7THFKQRORJ\ 3UHVV

da 60 eyu o61Y ) @[ iax ,Qu)] flz" G¥ 214{20<00g,X _$W> -e0J o::y

;LD < 0 =KDQJ : &XL 71 =KDQJ -; :DQJ % : /LX ; & %DL & < 4LQ 4 + ,Q

RQ FUXVKLQJ EHKDYLRU RI PHWDO KRQH\FRPE OLNH KLHUDUFKLFDO VWUXFWXUHV #
-ECHANICS
). D aU$m'u 48X"E6TTAatia_4yt6N-e0J > .;AZ [ @ b#K P#KXEIG: :DQJ -
6WXG\ RQ WKH ORZ YHORFLW\ LPSDFW DQG FRPSUHVVLRQ DIWHU LPSDFW EHKDYL
7TKHVLV@ 6KDQJKDL 6KDQJKDL -LDR 7RQJ 8QLYHUVLW\

)_aE 4e& h:1 ( &€ /¥:1(/ :DQJ 6 6 7HUPLQDO (IIHFWV %HLMLQJ 6FLHQFH 3U
«= "M C XaU$smXE*6{ 7pON E6T (X = ( BURGXFWLRQ IRU FRPSRVL
FRPSRQHQW RI ERHLQJ IERONAUTICALA-ANUFACTURINGA4ECHNOLOGY

<<Z P@#o okk 88, c?-B6"zR!" h<00g8 {L x48§ X 'U&E & tI <DQJ ' 4 0D
7 =KDQJ * / $ QRYHO DX[HWLF EURDGVLGH GHIHQVLYH VWUXFWXUH IRU QDYDO VKL

<<Z B,KI /T B6"2ZR!" hL x48 Xk'UktT06NE 26 P#KxXEiQ::y
<DQJ ' 4 :X % + =KDQJ ; : 7KH LQIOXHQFH IDFWRUV Rl H[SORVLRQ DQG VKRFN
DX[HWLF VDQGZLFK GHIHQVLYH VWUXFWXUHV *OURNALAOFA3HANGHAIA*IAOTONGASNIVE

<<Z [T 8,KI 0 _B6"2ZRI'CY $mL x48 XkUk tT06N-20J 'U&E A TI <DQJ
4 X % + =KDQJ ; : $QWL H[SORVLRQ DQG VKRFN UHVLVWDQFH SHUIRUPDQFH RI VL

VWDU VKDSHG DX[HWLF PDWHULDO FRUH %XPLOSIONAANDA3HOCKA7AVES
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<N2 ) «" CILz8O "W'elt 8f Sk% O 06N,XD -20J ¥:T aiR <DQJ ) :DQJ
= + =KDR / O 1XPHULFDO VLPXODWLRQ RQ DQWL SHQHWUDWLRQ SHUIRUPDQFH R
SDQHOV 3CIENCEA4ECHNOLOGYAANDA®WNGINEERING
by#D P-"1 ) _0T8 8x)i)p 1zO| °N¢u pu&é G¥20N —)xaU$mXx-¢0JE) N$mE)
<X 70 *DR + % :DQJ & + )DQ 4 4 &DR 0 ; -LDQJ ) & *XR & + 5HVHDUFK
PHWDOOLF KROORZ VSKHUH FRPSRVLWHYV -ATERIALSA#HINA
-aa AEPC 48 X t1|0:E") UaEAatl <X 7 ; =KX [ ;X -
3URJUHVV LQ VWUXFWXUDO LPSDFW G\QDPLFV GXULQJ i %XPLOSIONAANDA3HOCKA
04v8A aL ?2*6 No "welt $m,X-€0Jah*i 2]y SG¥T =KDQJ + < 2X\DQJ % 6 =KX
L 5HVHDUFK DQG DSSOLFDWLRQ RI DOXPLQXP IRDP PDWHULDOV OOWDERA-ETALLU
0z FAJA 197 6u«T# -:& G¥2 Sr LI*EAaU>™+ k 06N-0J +€)U10::y
=KDQJ - *XR 5 /LX 5 = +X = 3 6XQ ; : $QWL EXOOHW SURSHUW\ Rl PHWDO W
FHUDPLF FRPSRVLWH DUPRU *OURNALAOFA.ANJINGASNIVERSITYAOFA3CIENCEAANDA4ECH
6j ) #=D 720 C&D"u'#E +6,X 0 a06N-e0J .GL,nEly =KDQJ : :DQJ + -

B3UHSDUDWLRQ DQG 3URSHUWLHV RI )RDP &RQFUHWH &RQWDLQLQJ 5LFH +XVN $VK "ULI

O "'Le A432G&L 0:CY $m,XA'Au 06N o0:arCE =KDQJ ; /L : < "HVLJQ
DQG PHFKDQLFDO SURSHUW\ RI PLFUR QDQR VFDOH DUFKLWHFWHG PHWDPDWHULDOV -
6B> IB"Z ««O fH#HKGE b "ueJt 8f48 X1 "E6 )6 3, Xk% OM0-60J  [at]
=KDQJ < + &KHQJ = 4 )DQJ = : +RX + [ =KX ; $OXPLQXP IRDP VDQGZLFK VW
WR WKH LPSDFW E\ ORZ PHGLXP YHORFLW\ )63 *OURNALAOFAGIBRATIONAANDA3HOCK
Cl G 6Yy9 T(G¥2 SuTIEQIKO*URX|Oih o::y =KDR * 3 /X 7 -

‘"\QDPLF UHVSRQVH RI FHOOXODU PHWDOOLF VDQGZLFK SODWHV XQGHU LPSDFW OF
IPPLIEDA-ECHANICS

Cl[w 4e& F': &€ 1<17i(/

$d olY pz" G¥ 217 x"4» 8f48§ XX |0 _4yih 'U&EA4t] =KX < =KDQJ - 4LQ 4
+ ‘\QDPLF FRPSUHVVLYH UHVSRQVH RI PHWDO RUWKRJRQDO FRUUXJDWHG VDQGZLF

$KPDGL + /LDJKDW * $QDO\WLFDO DQG H[SHULPHQWDO LQYHVWLJIJDWLRQ RI KLJK Yt
SDQHO OOLYMERA#OMPOSITES

$0YDQGL 7DEUL]L < :KLVOHU ' $ .LP + S5DELHL $ +LJK VWUDLQ UDWH EHKDYLRU RI
3CIENCEAANDA%NGINEERING !

$KPDGL + /LDJKDW * &KDUDQGDEL 6 & +LJK YHORFLW\ LPSDFW RQ FRPSRVLWH VDQ
VIQWDFWLF IRDP FRUH 4HIN 7ALLEDA3TRUCT

$0ODYL 1LD $ 5DQMEDU]IDGHK + .D]JHPL O $Q HPSLULFDO VWXG\ RQ EDOOLVWLF UH
DOXPLQXP IDFHVKHHWY DQG FRPSRVLWH FRUH ,AT A'M A* ABOLIDSA3TRUCT

$UVODQ . *XQHV 5 $SDODN 0 . 5HGG\ - 1 ([SHULPHQWDO WHVWV DQG QXPHULFDO
KRQH\FRPE VDQGZLFK VWUXFWXUHV UHLQIRUFHG E\ IXQFWLRQDOO\ JUDGHG SODWHV *

$U\DO % ORUR]JRY ( 9 6KDQNDU . (IlTHFWV Rl EDOOLVWLF LPSDFW GDPDJH RQ PHF
KRQH\FRPE VDQGZLFK SDQHOV * ABANDW A3TRUCT A-ATER

%XLWUDJR % / *DUFtD &DVWLOOR 6 . %DUEHUR ( ([SHULPHQWDO DQDO\VLV RI SHU
VXEMHFWHG WR KLJK YHORFLW\ LPSDFW -ATER /HWW

%DEDN + 5DPLQ 2 -LP 3 $VKNDQ 9 6HOI VLPLODU KLHUDUFKLFDO KRQH\FRPEV ORO!

%NGINEERINGA3CIENCES
%HUJHU - % :DGOH\ + 1 * OFPHHNLQJ 5 0 OHFKDQLFDO PHWDPDWHULDOV DW WKH WK
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VWLIIQHVV .ATURE

%ijUYLN 7 &ODXVHQ $ + (ULNVVRQ 0 %HUVWDG 7 6WXUH +RSSHUVWDG 2 /DQJVHWK 0
VWXG\ RQ WKH SHUIRUDWLRQ RI $% 7 SDQHOV )NT A* AYMPACTA%NG

%U\QLQJ 0 % OLONLH ' ( ,VODP 0 ) +RXJK / $ .LNNDZD - 0 <RGK $ * &DUERQ 1DQF
-ATER

&DR / 7 )X 4 ; 6L < 'LQJ % <X - < 3RURXV PDWHULDOV IRU VRXQG DEVRUSWLRQ #OI

&KHQ / 0 'X % =KDQJ - =KRX + /L' 6 )DQJ "' 1 1XPHULFDO 6WXG\ RQ WKH 3URMHF\
OXOWL /D\HU 6DQGZLFK 3DQHOV ZLWK &HOOXODU &RUHV ,AT A!M A* ABOLIDSA3TRUCT

&KHQ 3 & 1LX : - <DQ ; 3 /X * < 7KHRUHWLFDO PRGHO IRU G\QDPLF UHVSRQVH RI
WDUJHWV E\ WUXQFDWHG FRQH QRVHG SURMHFWLOHV * ABANDW A3TRUCT A-ATER

&XL 7 1 =KDQJ -+ /L .. 3HQJ -; &KHQ + ( 4LQ 4 + 3RK / + %DOOLVWLF OLPLW RI
PHWDO IRDP FRUH * AIPPL A-ECH A 4RANS A!3-%

&XL - <H 5 & =KDR 1 :X - :DQJ 0 + $VVHVVPHQW RQ HQHUJ\ DEVRUSWLRQ RI GRX
SODWHV XQGHU EDOOLVWLF LPSDFW 4HIN 7ALLEDA3TRUCT

'HDQ - 6 )DOODK $ %URZQ 3 0 /RXFD / $ &O\QH 7 : (QHUJ\ DEVRUSWLRQ GXULQJ
OLJKWZHLJKW VDQGZLFK SDQHOV ZLWK PHWDOOLF ILEUH FRUHV #OMPOS A3TRUCT

‘DKLZDOH 1 % 3DQLJUDKL 6 . $NHOOD . 1XPHULFDO DQDO\WHV RI VDQGZLFK SDQHO
LPSDFW ORDGLQJ * ABSANDW A3TRUCT A-ATER

'HVKSDQGH 9 6 )OHFN 1 $ $VKE\ 0 ) (ITHFWLYH SURSHUWLHV Rl WKH RFWHW WUXV
30LIDS

(YDQV $ * +XWFKLQVRQ - : )JOHFN 1 $ $VKE\ 0 ) :DGOH\ + 1 7KH WRSRORJLFDO G
FHOOXODU PHWDOV OROG A-ATER A3ClI

YDQJ - * B6XQ * < 4LX 1 3DQJ 7 /L 6 ) /L 4 2Q KLHUDUFKLFDO KRQH\FRPEV XQGH
JNTERNATIONALA* OURN/ARIAORARBOS IDS A

JHOL 6 1DPGDUL 3RXU 0 + $Q DQDO\WLFDO PRGHO IRU FRPSRVLWH VDQGZLFK SDQHC
KLJK YHORFLW\ LPSDFW #OMPOSITESAOARTA" %NGINEERING

*DUFLD $YLOD 0 3RUWDQRYD 0 5DELHL $ %DOOLVWLF SHUIRUPDQFH RI FRPSRVLWH |

*ROGVPLWK : :DQJ * 7 /L. &UDQH " 3HUIRUDWLRQ RI FHOOXODU VDQGZLFK SODWHV

*KDODPL &KRREDU 0 6DGLJKL 0 ,QYHVWLJIJDWLRQ RI KLJK YHORFLW\ LPSDFW RI F\OL
ZLWK ILEHU+PHWDO ODPLQDWHY VNLQV DQG SRO\XUHWKDQH FRUH !EROSP A3CI A4ECHN

*LEVRQ / - $VKE\ 0) &HOOXODU VROLGV BWUXFWXUH DQG SURSHUWLHV 8. 2[IRUG :

*X =3 X ;4 IL 40 "\QDPLF FRPSUHVVLYH EHKDYLRXU RI VDQGZLFK SDQHOV ZLWK
VKHDU WKLFNHQLQJ IOXLG )NT A* A)MPACTA%NG

+RR )DWW 0 6 3DUN . 6 3HUIRUDWLRQ RI KRQH\FRPE VDQGZLFK SODWHV E\ SURMHFYV

+HEVXU 0 * 1RHEH 5 ' 5HYLORFN ' 0 ,PSDFW UHVLVWDQFH Rl OLJKWZHLJKW K\EULG
IDQ FRQWDLQPHQW DSSOLFDWLRQV * A-ATER A%NG AOERFORM

+RR )DWW 0 6 6LULYROX ' $ ZDYH SURSDJDWLRQ PRGHO IRU WKH KLJK YHORFLW
VDQGZLFK SDQHO )NT A* AYMPACTA%NG

+RX 1 + =KX ) /X *; )DQJ "' 1 %DOOLVWLF LPSDFW H[SHULPHQWYVY RI PHWDOOLF VDC
IRDP FRUH )NT A* A)YMPACTA®%NG

+DQ % 4LQ . <X % :DQJ % =KDQJ 4 /X 7 - +RQH\FRPE FRUUXJDWLRQ K\EULG DV D
VLIJQLILFDQWO\ HQKDQFHG FRPSUHVVLYH SHUIRUPDQFH -ATER A$ES

+DQ % =KDQJ = - =KDQJ 4 & =KDQJ 4 /X 7 - IX % + 5HFHQW DGYDQFHV LQ K\EULG C
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HQKDQFHG PXOWLIXQFWLRQDO SHUIRUPDQFH %XTREME A-ECH A, ETT

+DVVDQ 0 = &DQWZHOO : - 7KH LQIOXHQFH RI FRUH SURSHUWLHV RQ WKH SHUIRUDW
$Q H[SHULPHQWDO VWXG\ #OMPOSITESAOARTA" %NGINEERING

+DVVDQSRXU 5RXGEHQHK ) /LDJKDW * 6DERXUL + +DGDYLQLD + ([SHULPHQWDO LQ
KRQH\FRPE VDQGZLFK SDQHOV ILOOHG ZLWK IRDP )NT A* A#RASHWORTHINESS

+DVVDQSRXU 5RXGEHQHK ) /LDJKDW * B6DERXUL + +DGDYLQLD + +LJK YHORFLW\
VDQGZLFK SDQHOV UHLQIRUFHG ZLWK SRO\PHU IRDP D QXPHULFDO DSSURDFK VWXG\ )I

+HLPEV 6 &LFKRV] - .ODXV 0 .LOFKHUW 6 -RKQVRQ $ ) 6DQGZLFK VWUXFWXUHV Z
IROGFRUHV XQGHU LPSDFW ORDGV #OMPOS A3TRUCT

,PEDO]DQR * 7UDQ 3 1JR 7 ' /HH 3 9 7KUHH GLPHQVLRQDO PRGHOOLQJ RI DX[HWLI
LPSDFW UHVLVWDQFH * ASANDW A3TRUCT A-ATER

,YDxH] , 6iQFKH] 6DH] 6 *DUFLD &DVWLOOR 6 . %DUEHUR ( $PDUR $ 5HLV 3 1 % +LJ
GDPDJHG VDQGZLFK SODWHV ZLWK DJJORPHUDWHG FRUN FRUH #OMPOS A3TRUCT

-RYHU 1 6KDILT % 9DLG\D 8 %DOOLVWLF LPSDFW DQDO\VLV RI EDOVD FRUH VD
" %NGINEERING

-DFNVRQ . ( /LWWHOO -' )DVDQHOOD (/ $QQHWW 06 6HDO 0 OXOWL OHYHO H[SHL
Rl WZR FRPSRVLWH HQHUJ\ DEVRUEHUV 8QLWHG 6WDWHV 1%$6%$ /DQJOH\ 5HVHDUFK &HQ'

-DFNVRQ 0 B6KXNOD $ 3HUIRUPDQFH RI VDQGZLFK FRPSRVLWHY VXEMHFWHG WR VHT
#OMPOSITESAOARTA" %NGINEERING

.HSOHU - $ +DQVHQ 0 5 1XPHULFDO PRGHOLQJ Rl VDQGZLFK SDQHO UHVSRQVH WR E|
YDU\LQJ LPSDFWRU JHRPHWULHV * ABANDW A3TRUCT A-ATER

.HWDQ 2 $ 5H]IJXL 5 5RZVKDQ 5 'X + OLFURDUFKLWHFWHG VWUHWFKLQJEGRPLQDWH
PLQLPDO VXUIDFH WRSRORJLHV IDV A%NG A-ATER

.KDLUH 1 7LZDUL * ,TEDO 0 $ (QHUJ\ DEVRUSWLRQ FKDUDFWHULVWLF Rl VDQGZLFK
KHPLVSKHULFDO QRVH SURMHFWLOH #OMPOS A3TRUCT

_KRGDHL 0 +DJKLJKL <D]GL 0 6DIDUDEDGL 0 1XPHULFDO PRGHOLQJ RI KLJK YHORFLYV
KRQH\FRPE FRUH DQG FRPSRVLWH VNLQ LQFOXGLQJ FRPSRVLWH SURJUHVVLYH GDPDJH

.LP - 6ZDQVRQ 6 5 (IlHFW Rl XQHTXDO IDFH WKLFNQHVV RQ ORDG UHVLVWDQFH I
3ANDWICHA3ZAUCTTHRAEE A&

.RORSS $ 5LYDOODQW 6 %RXYHW & (ISHULPHQWDO VWXG\ RI VDQGZLFK VWUXFWXU
LPSDFWV )NT A* AYMPACTA%NG

.KDLUH 1 7LZDUL * %DOOLVWLF UHVSRQVH Rl KHPLVSKHULFDO VDQGZLFK VKHOO V
4HIN 7ALLEDA3TRUCT

.RRLVWUD * : 'HVKSDQGH 9 :DGOH\ + 1 * +LHUDUFKLFDO FRUUXJDWHG FRUH VDQG
IPPLIEDA-ECHANICS

IDQGNRI % *ROGVPLWK : 3HWDOOLQJ RI WKLQ PHWDOOLF SODWHV GXULQJ SHQHWL
* ABOLIDSA3TRUCT

/LQ & +RR )DWW 0 6 3HUIRUDWLRQ RI VDQGZLFK SDQHOV ZLWK KRQH\FRPE FRUHV E
3ANDW A3TRUCT A-ATER

/LQ & +RR )DWW 0 6 3HUIRUDWLRQ RI FRPSRVLWH SODWHV DQG VDQGZLFK SDQH(
ORDGLQJ * A#OMPOSA-ATER

/ILX & =KDQJ < ; <H [/ +LJK YHORFLW\ LPSDFW UHVSRQVHV RI VDQGZLFK SDQHOV ZL

DOXPLQLXP IRDP FRUH )NT A* AYMPACTA%NG
/L "7 ;LD : )DQJ 4 = <X : 6 B6KHQ 6 3 ([SHULPHQWDO DQG QXPHULFDO LQYHVWLJDW
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Rl ' UDQGRP ILEURXV PDWHULDOV DW HOHYDWHG WHPSHUDWXUH #OMPOS A3TRUCT

/LX 4 4 :DQJ 6 3 /LQ ; &XL 3 =KDQJ 6 1XPHULFDO VLPXODWLRQ RQ WKH DQWL SHQH\
FRUH :HOGR] ( VWHHO VDQGZLFK SODWHV #OMPOS A3TRUCT

1DVLU]DGHK 5 6DEHW $ 5 6WXG\ Rl IRDP GHQVLW\ YDULDWLRQV LQ FRPSRVLWH VI
LPSDFW ORDGLQJ )NT A* AYMPACTA%NG

1L & < /L < & ;LQ ) ; -LQ) /X 7 - %DOOLVWLF UHVLVWDQFH RI K\EULG FRUHG VD
H[SHULPHQWDO DVVHVVPHQW #OMPOSITESAOARTA! IPPLIEDA3CIENCEAANDA-ANUFACTUR

1DOOD ORKDPHG 0 $QDQWKDSDGPDQDEDQ ' 6HOYDUDM 0 1XPHULFDO PRGHOLQJ RI

DOXPLQLXP IRDP FRUHG VDQGZLFK SDQHOV ZLWK GLIIHUHQW ILEUH UHLQIRUFHG SRC
IPPLIEDA-ECHANICSAANDA-ATERIALS

1HHODNDQWDQ 6 %RVEDFK : :RRGKRXVH - ODUNDNL $ ( &KDUDFWHUL]DWLRQ DQG G
ILEUH QHWZRUNV ZLWK DX[HWLF RXW RI SODQH EHKDYLRXU ICTAA-ATER

1L & < -LQ ) /X 7 - BHQHWUDWLRQ RI VDQGZLFK SODWHV ZLWK K\EULG FRUHV XQG
IPPL A-ECH AETT

1LD $ $ .D]JHPL O ([SHULPHQWDO VWXG\ RI EDOOLVWLF UHVLVWDQFH RI VDQGZLFK W
JUDGHG IRDP FRUH * ABANDW A3TRUCT A-ATER

1RYDN 1 9HVHQMDN 0 .HQQHG\ * 7KDGKDQL 1 5HQ = 5HVSRQVH RI FKLUDO DX[HWL
IUDJPHQW VLPXODWLQJ SURMHFWLOH LPSDFW OHYSICAA3TATUSA3OLIDIA *

2 ODVWD 0 5 &RPSWRQ % * *DPEOH ($ =RN ) : 'HVKSDQGH 9 6 :DGOH\ + 1 * %DOOI

RI DQ 8+0:3( ILEHU UHLQIRUFHG ODPLQDWH HQFDVLQJ RI DQ DOXPLQXP DOXPLQD K\EUL(

2GDFO /. .0000DVODQ & 7DUGHPLUFL $ *sGHQ 0 SURMHFWLOH LPSDFW WHVWLQJ R
OD\HUHG FRUUXJDWHG DOXPLQLXP DQG DOXPLQLXP IRDP FRUH VDQGZLFK SDQHOV D FF

3DXO ' 5 9 *XSWD 1 . ([SHULPHQWDO DQG DQDO\WLFDO VWXGLHV Rl VIQWDFWLF
ORDGLQJ )NT A* A#RASHWORTHINESS

4L & <DQJ 6 :DQJ ' <DQJ / - %DOOLVWLF UHVLVWDQFH RI KRQH\FRPE VDQGZLFK SD
LPSDFW 4HEA3CIENTIFICA7ORLDA*OURNAL

4LQ 4 + ;LD <0 /L -) &KHQ 6 - =KDQJ : /L .. =KDQJ - ; 2Q G\QDPLF FUXVKLQJ EHKI
OLNH KLHUDUFKLFDO VWUXFWXUHV ZLWK SHUIRUDWHG ZDOOV ([SHULPHQWDO DQG QXF

4LX ; 0 <X 7 ; 6RPH WRSLFV LQ UHFHQW DGYDQFHV DQG DSSOLFDWLRQV RI VWUXF!
2EV

5HGG\ 7 < :HQ + 0 5HLG 6 5 6RGHQ 3 ' SHQHWUDWLRQ DQG SHUIRUDWLRQ RI FR
KHPLVSKHULFDO DQG FRQLFDO SURMHFWLOHV * AORESS A6ESSELA4ECHNOL A 4RANS Al

5RLVPDQ , 9 :HEHU . <DULQ $/ +RKOHU 9 5XELQ 0 % 2EOLTXH SHQHWUDWLRQ RI
HODVWLF SODVWLF WDUJHW WKHRU\ DQG H[SHULPHQW A)NT A* AYMPACTA%NG

5\DQ 6 6FKDHIHU ) 'HVWHIDQLV 5 /DPEHUW 0 $ EDOOLVWLF OLPLW HTXDWLRQ IRU
KRQH\FRPE VDQGZLFK SDQHO VDWHOOLWH VWUXFWXUHV DV ABPACEA2ES

5DELHL $ 3RUWDQRYD 0 ODU[ - 6FRWW & B6FKZDQGW - $ VWXG\ RQ SXQFWXUH UH\
FRUH VDQGZLFK SDQHOV DV A%NG A-ATER

5DIVDQMDQL $ 3DVLQL %LVWDEOH DX[HWLF PHFKDQLFDO PHWDPDWHULDOV LQVSLI
-ECH A ETT

5DKLPLMRQRXVK $ %D\DW 0 ([SHULPHQWDO DQG QXPHULFDO VWXGLHV RQ WKH EL

VDQGZLFK SDQHOV ZLWK GLIIHUHQW IDFHVKHHWV WKLFNQHVY UDWLRV 4HIN 7ALLEDAS3T



430 oAAA:AAAETAAA) H 1 K

5HQ = 6KHQ / %DL + 3DQ / =KRQJ 6 &RQVWLWXWLYH PRGHO RI GLVRUGHUHG JULG
PLFURSRURXV PHWDO UXEEHU -ECH A3YST A3IGNALAOROC

5H\HV 9LOODQXHYD * &DQWZHOO : - 7KH KLJK YHORFLW\ LPSDFW UHVSRQVH RI FRPS
VWUXFWXUHV #OMPOS A3CI A4ECHNOL

6FKRQEHUJ : 3 6FKDHIHU ) 3XW]DU 5 B3UHGLFWLQJ WKH SHUIRUDWLRQ UHVSRQVH F
EDOOLVWLF OLPLW HTXDWLRQV A* ABPACECR A20CKETS

6NYRUWVRY 9 .HSOHU - %R]JKHYROQD\D ( (QHUJ\ SDUWLWLRQ IRU EDOOLVWLF SHQH)
% NG

6XQ * &KHQ ' :DQJ + +D]HOO 3 - /L 4 +LJK YHORFLW\ LPSDFW EHKDYLRXU RI DOXF
SDQHOV ZLWK GLIIHUHQW VWUXFWXUDO FRQILIXUDWLRQV )NT A* A)YMPACTA®%NG

6FKIIHU ) . 5\DQ 6 /DPEHUW 0 3XW]DU 5 %DOOLVWLF OLPLW HTXDWLRQ IRU HTXLSP}
ZDOOV )NT A* AYMPACTA%NG

6FKHQN 0 *XHVW 6 ' OFVKDQH * - 1RYHO VWDFNHG IROGHG FRUHV IRU EODVW UHVL
3TRUCT

6KDQ 6 & .DQJ 6 + 5DQH\ -5 :DQJ 3 )DQJ/ & &DQGLGR ) /HZLV - $ %HUWROGL . (
PDWHULDOV IRU WUDSSLQJ HODVWLF VWUDLQ HQHUJ\ DV A-ATER

7DQJ ( / =KDQJ ; 4 +DQ <) (ISHULPHQWDO UHVHDUFK RQ GDPDJH FKDUDFWHULVYV
VDQGZLFK VWUXFWXUH VXEMHFWHG WR KLJK YHORFLW\ LPSDFW *OURNALAOFA-ATERIAL

7D\ORU ( $ +HUEHUW 0 . +\SHUYHORFLW\ LPSDFW RQ FDUERQ ILEUH UHLQIRUFHG
&RPSDULVRQ ZLWK ZKLSSOH EXPSHU VKLHOGV )NT A* A)YMPACTA%NG

7KRPVRQ : 7 $Q DSSUR[LPDWH WKHRU\ Rl DUPRU SHQHWUDWLRQ * AIPPL AOHYS

9DLG\D 8 . 3LOOD\ 6 %DUWXV 6 80YHQ & $ *URZ ' 7 ODWKHZ % ,PSDFW DQG SRVW
SURWHFWLYH PHWDO IRDP FRPSRVLWH VDQGZLFK SODWHV -ATERIALSA3CIENCEAANDA %!

9DOGHYLW / +XWFKLQVRQ - (YDQV $ BWUXFWXUDOO\ RSWLPL]HG VDQGZLFK SDQHC
3TRUCT

9HOPXUXJDQ 5 %DEX 0 * *XSWD 1 . B3URMHFWLOH LPSDFW RQ VDQGZLFK SDQHOV )N-

9LQVRQ - 5 6DQGZLFK VWUXFWXUHV !PPL A-ECH A2EV

:LHU]JELFNL 7 3HWDOOLQJ RI SODWHV XQGHU H[SORVLYH DQG LPSDFW ORDGLQJ )NT .

:DGOH\ + 1 * OXOWLIXQFWLRQDO SHULRGLF FHOOXODU PHWDOV OHILOSOPHICAI
| -~ ATHEMATICAL AOHYSICALAANDA%NGINEERINGA3CIENCES

:DGOH\ + 1 * 'KDUPDVHQD . 3 2 ODVWD 0 5 :HW]HO - - ,PSDFW UHVSRQVH RI DOX
VDQGZLFK SDQHOV )NT A* A)YMPACTA%NG

:DQJ % =KDQJ * 4 :DQJ 6 ; OD/ :X /[ = +LJK YHORFLW\ LPSDFW UHVSRQVH Rl FRPSR\
VWUXFWXUHV IPPL A#OMPOS A-ATER

:DQJ < - ;X ) *DR + - JL ; < (ODVWLFDOO\ LVRWURSLF WUXVVE SODWHEK\EULG KL
HQKDQFHG PRGXOXV DQG VWUHQJIWK 3MALL

:DQJ </ <X < :DQJ & < =KRX * .DUDPRR]LDQ $ =KDR : = 2Q WKH RXW RI SODQH ED
KH[DJRQDO UHHQWUDQW VTXDUH WULDQJXODU DQG FLUFXODU KRQH\FRPE SDQHOV )N

:DQJ = - 4LQ 4 + &KHQ 6 - <X ; + /L + 0 :DQJ 7 - &RPSUHVVLYH FUXVKLQJ Rl QRYH
KRQH\FRPEV ZLWK SHUIRUDWLRQV ([SHULPHQWDO DQG QXPHULFDO LQYHVWLJDWLRQV

X 4 4 <DQJ & / 2KUQGRUI $ &KULVW + - +DQ - & ;LRQJ - ,PSDFW EHKDYLRUV RI
FHOOXODU ERQHV 7KHRUHWLFDO PRGHOV DQG VLPXODWLRQ * A-ECH A"EHAV A"IOMED /

<XQJZLUWK & - 2 &RQQRU - =DNUD\VHN $ 'HVKSDQGH 9 6 :DGOH\ + 1 * (ISORUDWLR
FRQFHSWV IRU SURMHFWLOH LPSDFW PLWLJDWLRQ * AIM A#ERAM A30C

<XQJZLUWK & - 5DGIRUG '' $URQVRQ 0O :DGOH\ + 1 * D ([SHULPHQW DVVHVVPHQW |
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FRPSRVLWH S\UDPLGDO ODWWLFH WUXVV VWUXFWXUHV #OMPOSITESAOARTA" %NGINEER

<XQJZLUWK & - :DGOH\ + 1 * 2 &RQQRU - + =DNUD\VHN $ - 'HVKSDQGH 9 6 E ,PSDF
SODWHV ZLWK D S\UDPLGDO ODWWLFH FRUH )NT A* A)YMPACTA%NG

<DQ // <X % +DQ % &KHQ & 4 =KDQJ 4 & /X 7 - &RPSUHVVLYH VWUHQJWK DQG HQF
SDQHOV ZLWK DOXPLQXP IRDP ILOOHG FRUUXJDWHG FRUHV #OMPOS A3CI A4ECHNOL

<DQJ ) 1LX : - -LQJ / :DQJ = + =KDR / 0 0D + : (ISHULPHQWDO DQG QXPHULFDO
SHQHWUDWLRQ SHUIRUPDQFH RI VDQGZLFK SDQHOV ZLWK DOXPLQXP IRDP FRUHV ICTAA

<DQJ 6 4L & :DQJ ' *DR 5 - +X + 7 BKX - $ FRPSDUDWLYH VWXG\ Rl EDOOLVWLF UF
ZLWK DOXPLQXP IRDP DQG DX[HWLF KRQH\FRPE FRUHV DV A-ECH A%NG

<DQJ ;) OD - ; 6KL </ 6XQ < ; <DQJ -/ &UDVKZRUWKLQHVV LQYHVWLIJDWLRQ RI WK
FRUUXJDWHG FRUH VDQGZLFK SDQHO XQGHU TXDVL VWDWLF FUXVKLQJ ORDG -ATER AS$E

=KRX ' : 6WURQJH : - %DOOLVWLF OLPLW IRU REOLTXH LPSDFW RI WKLQ VDQGZLFK S
% NG

=KDQJ - - /X *; =KDQJ < <RX = $ VWXG\ RQ EDOOLVWLF SHUIRUPDQFH RI RULJDPL
% NG

=KDQJ / +X = + :DQJ 0 < )HLK 6 +LHUDUFKLFDO VKHHW WULSO\ SHULRGLF PLQLPDO
DQG PHFKDQLFDO SHUIRUPDQFH -ATER AS$ES

=KDQJ 4 1 =KDQJ ; : /X * ; 5XDQ ' %DOOLVWLF LPSDFW EHKDYLRUV RI DOXPLQXP |
KRQH\FRPE FRUHV $Q H[SHULPHQWDO VWXG\ * ASANDW A3TRUCT A-ATER

=KDQJ < /X = ; <DQJ = < =KDQJ '+ 6KL - - <XDQ =6 /LX 4 &RPSUHVVLRQ EHKDY
FDUERQ ILEHU FRPSRVLWHV ([SHULPHQWDO DQG QXPHULFDO LQYHVWLJDWLRQV #ARBO

=KDR 1 <H 5 & 7LDQ $ / &XL - 5HQ 3 :DQJ 0 + ([SHULPHQWDO DQG QXPHULFDO L
SHQHWUDWLRQ SHUIRUPDQFH RI PHWDOOLF VDQGZLFK SODWHV IRU PDULQH DSSOLFDWL

=KX ' : +XDQJ ; & +XD + ; =KHQJ + 9LEUDWLRQ LVRODWLRQ FKDUDFWHULVWLFV RI
FRDWLQJ ILOOHG ZLWK LQWHUQDO UHVRQDWRUV OROC A)NST A-ECHA%wWNGAOTA# *» A-ECH

=KX 6 4 &KDL * % ,PSDFW Rl DOXPLQXP &)53 ODPLQDWHY ILEUH PHWDO ODPLQD
&RPSRVLWH ODWHULDOV DQG -RLQLQJ 7THFKQRORJLHV IRU &RPSRVLWHV 9ROXPH 1HZ -

=KX < 4LQ 4 + =KDQJ - ; 2Q HIIHFWLYH PHFKDQLFDO SURSHUWLHV RI DQ RUWKRJIRC

-ATER AS$ES

(B+14é": Dc)
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%»DOOLVWLF SHUIRUPDQFH RI OLJKWZHLJKMW
VDQGZLFK VWUXFWXUHV $ UHYLHZ
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