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ABSTRACT 

The present structural design standards have been developing to improve the structure to 

withstand not only the regular load but also the nature load. However, the structure built in the 

past could not meet current design standards because of the changing structural functions and 

increasing in external applied load. The structural strengthening is then required in order to 

maintain the safety of the structures and reduce the maintenance cost. 

Owing to the highly cost of composite materials, the optimum strengthening is important. 

The project was then focus in studying the optimum strengthening of reinforced concrete beam 

using composite materials. Statistical Design of Experiment (DOE) and Finite Element (FE) 

technique were then employed in this study. Four groups of reinforced concrete (RC) beam, i.e. 

RC beam without strengthening, RC beam strengthening with aramid (AFRP), RC beam 

strengthening with glass fiber (GFRP) and RC beam strengthening with carbon fiber (CFRP) 

were modeled using ABAQUS program. Several parameters affecting the strength of RC beam, 

i.e. thickness, length, width and type of strengthening materials were considered. The results were 

compared and analyzed in term of loading capacity of the RC beam. However, the optimum 

strengthening depends on several strengthening parameters. DOE technique was then employed to 

obtain the best solution. 

The results show that RC beam strengthening with CFRP increase the highest loading 

capacity followed by AFRP and GFRP, respectively. Thickness and width of strengthening 

material also affect the loading capacity of RC beam. However over strengthening is costly and 

also not improve RC beam capacity. Increasing the length enhances the RC beam capacity. By 

considering the overall strengthening parameters, DOE technique can be used in obtaining the 

best solution for RC beam strengthening with composite materials. 
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I " ". 

t'0f\,~on.ll110~!'.Lu:::1,l11M,Wm~110.ll(!.t!'.~!'.LU:::l,ln~ht'!!M,w~lA.g:!'.fL!!~'Lt'~~~!'.LU~~:I,lnno~nl,b 
~ ~ 

~.Il!-JJot, UO~l!'.LUt'!;!L mUl\~~o~:::l\ug""rt£.Ill~f.UnOl!lHk.llt'!'.l!Il rtAOllrt0fL>:::I,lI1I:-l1LI} rtf.lll!'.LU 

111,U'L n~1rtf.ll1U~.IlLI,lM,n.m1UOO!'.LUI11, 11!;\~~Il'L11~1rtf.ll1U~.Il LI,lM,t-Of\,~!f.rt.ll m~rt~l1tl!lt~I1IJ' 
'" 

~ 

http:LI,lM,t-Of\,~!f.rt.ll
http:11~1rtf.ll1U~.Il
http:rtf.lll!'.LU
http:rt.lllL!;t.ll
http:t'Of\,~~.Il
http:rtO~~.Il
http:1A.~!f.rt.ll
http:rtO~~.Il
http:I,lU~~l~.!,1rt.ll
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nV'IJ 'ltJfhti·:!i'1JUl ~~~U{;l:: l1J"tiffUl ~~~'\Itl~UH'IJ!ffl1Jfhti~'lfiJ"L~'IJ 'ltJ,"ff'YI1~!~tJ1\1:;ii"j1ff~ '1'1'" .. .. '4 

!rltl~l1\11" '1'IJ,"ff'YIH~11JV11'11tl~L~'IJ 'ltJ 'l 'IJ mw~n\l1" '1'IJ,"ff'YIH~'IJ fJ01 ff1J,j~"~flri11\1::ii1'i 1 

C Q,I Q./Q.Q Q,I'.Q 4 J IQ,I Q Q,f 

'Cl" 'Cl~ U'Cl:; ffTHl 1JfJ01 ff1J1JiU'If ~ fI'ClU'Cl:: fJ01 ff1J 1J~'YI1~ fIltJfi l .... tl'IJ '1 \1::'11 'IJ tl~ fl1J'YIff'YI HfIll~l1\11" 

!'li'IJt~tJ1n1Jfhti~11Jm ~ ~~tm:;l1J~ciff'li'mnl-w \lllO11ffnfl1Jfill tltlfl U1J1J1"tJ'rT111lii lltJ'Cl::!6tJ" 

., '"
., 

"~'IJ 
" . 

• 1ff"fltl1J1.... ff~ff11J11t1~"1HViff'Yl1~ hr~H~11JViff'YI1~fIlll1Jll1'Ylirflfi~tl~flll'~• 
" 

• fill tltl fI U1J1Jii tJffl::"j6 'IJ 'Ii'1~ 1J 1fI iifl111J 'YI 'Cl1 fI'YI 'Cl1tJ'II tl~ fl111J 'YI 'IJ 1U'Cl:; 111 :h~'11 tl ~;t'IJ 
• _ 1 ~ J _1'1 sJ ~ .: I ... sJ 

ff1'IJ lJl::fI tl1J9f~ ff11J11 t1 'II'IJllJ m 11J 'IJ 'If'IJ ff1'IJ ~ 11J'YI~ tl~ fill 

• !rlm1l1v1JLfiv1Jn1J11ifllltltlflU1J1Ji1l1l1ff'f.!fltl1J l .... ff~ii fhci~l1Jm ~~~~~1J 1f1U~ii 
d {I ,,~~ .d "" tI Q,I:" "0Q ~ .eS' 

fl111JU'II~um ~fltl 'IJ '111~~ltJflrJ'IJ 'l'IJ m01!ffl 1J!tf'IJ Wf111'J6'IJ "~'IJ 'IJ~tltlflU1J1J~ tl~fl1'IJ ~t1~ N'Cl'll6~ 

111 ~m::U'YIflU'Cl:;fl111JI'lh 1::'116~1::1J1J 

• tltlflU1J1Jhmfl111JU~~UfI~~1J1f1~'1"l"v '1<H'1Il1J1 01 1ff'f.!~tlV~'1" 
• ~tl ~-W \11101 1fJ01ff1J,j~~l'IJ fIllfl1JU'Cl:;fl111n~I'll tl·HtH'lJtffl1J il1 ci~fi1tJ'l~ 

2 3 4 15 
illllllil1UA (i.tt...1. iouft: 
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<S 'JI 'I '" 1 ...1. Carbon HM l11Jlfltl.:J!ff'U bflflT:i1Jfl'U 1J~F"L"''l.:J 

& 'j} GJ ." 0 Q.I

2. Carbon HS l11Jlfltl.:!tL1''U Wfll':i1Jfl'Uf1l"'.:JLl.:J 

<S 'JI 'I '" 1 ...3. Aramid HM l11Jlfltl.:J!L1''U bflfl::;':il1Jfl 1J~"'L1'Ll.:J 

4. Araroid 1M l11Jlfl~.:J!ff'U ltJfl::;':iliJfl11J~J:iL1'1l1'Ufl"'1.:J 

5. Glass l11JltJ~.:J!ff'U lfluO'·mti.:J!r1'U 3 'lfUfl111m) E-Glass, AR-Glass u"'::; S-Glass 

6. Prestressing Steel 111JltJii.:J"'1flflflUH 

7. Reinforcing Stee1111Jltlii.:JLl1afl!L1''i1J1m .:JL1'~1.:J 

8. Polypropylene l11JltJii.:JTIfl~!1Jfll,)fufl1'w~1vn~~'U 
& ~ cI.Q1tf

9. Nylon l11JltJtl.:!1'UHH1Jfl':i')f'Ufl !'ULHI'U 

AS-4 

HMS 

tL1''i1Jtff'U'1tJU0'1 

S-Glass™ 

E-Glass 

(Aramid) 

fl~iJir1J (7175-T6) 

hUfUUtl1J (6AI-4V) 

'"!11"'fl (4130) 

, 
11'U1U'U'U 

3
(g/cm) 

1.55 

1.63 

1.99 

1.99 

1.38 

2.76 

4.42 

8.0 

MPa(ksi) MPa(ksi) 

1482 (215) 1227 (178) 

1276 (185) 1020 (148) 

1751 (254) 496 (72) 

1103 (169) 490 (71) 

1310 (190) 290 (42) 

572 (83) 

1103 (160) 

1241-1379 (180-220) 

GPa 

145 (21.0) 

207 (30.0) 

59 (8.6) 

52 (7.6) 

83 (12.0) 

69 (I0.0) 

114 (16.5) 

207 (30.0) 

i 
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., 
, 'U flU mJ flU'U 'Ufl U n,.jllfh~~ tHl ~tJftlllU'lfll1tl'J ~ ffrH~"UJ'W t'I 1 ff~mffjll Lff'U 'V\J'U 

,. "" , ".a _ I .., .d " d_1
Ltl'J ~ ff':i 1~ ~~~ tI~ \jfltltlflU'U 'U 'I111't1t1'Ut'tl~'tItI~tl1111lJ t'I 6AfW'YIL'I1111 ~ ffll Ut'l~ ~ ::~tI ~11 't lJU 'U'Ufll':i 

1<J~~ritltJLtl'U ritl V111ritl'U~i tl':i ~ffr1~ ~::Ln~tl11111iYtJ'l11Vll1fl~'U"l1'l1'LnAfl1111LffV'I11V~ tI~1~ 
., ., . 

Ut'l ::'YIi''Vi6ff'Ui~ijt'u 6 ~ ~ 1fl11'Vi t'l1ff~m ffjll tff'U ivlAVff1'U' 'I1f1iij'Vif]~m ':ill fl n i'mL ':i ~U'U'U 

VA '11 ~'U ''M ~L ff'U~ ':i ~ ~'Uf)~~A1<J~Ut'l::fll':i1<J~~::Ltl'Ufll':i1<J~mh~i'UVii'U 'Aci1~u~ fl~ 1~ ~lfl . ., 
lifl'hlW::fln1<J~'tItI~1fl':i ~ffr1~tltl'U fl~ ~LffjllL'11gflViijfl1':i 1<J~U'U'Uri6t1Ltl'Uri6V'11~~\J'U' 'Ufll ':i 

., ., 
'\ItI~'Vi t'l1ff~m ffj llLff'U 'vi~' 'U'li1~11t'11if'UUl1::;'li1~nt'l 1m1Ut'l::;'Vif]~m ':ill fll':i VA~A 'tI tI~ 'Vi t'I 1ff~fl 

'" '" '" jI .k 1 ('W o.r • _I " ,Q

Ut'l::'Vil11ff~ m ff':i llLff'U VA 1V'lf~ fll':i ~tI'U ff'UtI n 111 fl'UA ~ fl t'l11lJ 'J ::;fltl'UA1Vtl1111U fl ':i ~ 'Vi f]~m':i 11 ., 
fll 'J 'J tI~ i'mlI'll \Jfl 'U 'J nJ fl11 'J:1fl 'YI ~1~ <l") lm:::lifl'hl W:fl1'J 1<J~11 'J::; fl6 'U fll ':i tItI flU'U 'Ufll'J 1 ffj 11 fi 1 ~~ 

<:t "" 0 <v, J <:t "" oS

2.5 1UUl~If)tlYlfll11"1'l1fll"~U"~CJf8'l1UCJf'llf)~fltllfll1flf)'Ufl1f)1"1'l1111"fl 

Lii6~ ~ 1fl'Vi t'l1ff~fl1ffjllLff'U 'Vff11J1'Jt1'~' 'U flU Lffjll fi1~~Ul1::tJf611UC)fllt1 ~rltllm'J 
.a '" d 1" "':; _I ""'.. .d" "" tltl'U m ~L ff'J 111'\1 t'lfl Aff::: A1flUt'l ::;nAln'YI ~u 'U'U lJ'J::; fltl 'Ul'\llfl 'U6 ~ tl film 'J'YI'I1 'U H1'U '11 'J tlu'U 'U 

od 9t • .e!\ ~ '" 1J11&Q "'o.r V d Q,lQ.t~dd.
11 'J:::fltl'UfflL'J ~lU'UUN'U'Vi t'llff~mff'J1Jt ff'U hmt'l1 11VA ~Al '\I1fl'U1tl'J ~ff'J H'YI'I1 MA~'U'U 'iI~ 11 

,. ",.d ct 0 t Q.f 0,. 1 '1 v~ d .d ~ JQ.I • 

U'U 1 L'Ull 'YI fll'J lff'Jllflll1~U t'I::'lftlllUC)fllA ~ fl t'l11'i1::: \jflfl'J::'YI-' LAV 11 AtlAtHNt'I 'YI 'iI:::1flA'tI'U'il1fl 

11111 'U'Ufll'J ~AU~'U 'Vi t'l1ff~mffjll1ff'U 'tJL~1ft'U tI ~rl61 tl1'J1J1fl\Jfl t 11~ 2.3 UffA ~ ~16~1~ '\I6~ 
'J1Vl1:aflVAfl1'JVAIH-l'U'Vil11ff~mffjlllff'U'V 

Rehabilitation of Existing Design ofNew 

RC Structure RC Structure 
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l'U fll'Hff'ilJfl1n'li''Uu l 'I~~l..rtiml1'U~~~Uff~~1'Ul U ~2.31~fJml~~u~'U 'VHll ff~fUff'i:l.Hff'U 

1m1i'lti'UihrlH'tJ fH11 'l11~~ f11'U t1'1U~'U'VHll ff~fUff'i lJ1 ffU lfJQflfj~~~ l1i'l ti'U f11'U ~~~Uff~~ , 'U lU 

'U'inwUfl1fJ'tJ tHU~'U'Vifl1ff~ fUff'ilJiff'U 'fJ~fj~ ~~ti'Um)Ufl1~ i):: ij 11 U1fJUl ~1~tl'U~ij~l~~1J1fl 

1fi~4u fatl n 1flfl11lJ l~~m.crtl~ 'tJ tl ~U~U 'Vi fl1 ff~fU ff'i 'JJ lffU 'fJ~ i)~~'Ifl rl11 m l ~~U~'U 'Vi fl1ff~ fl• 
lff'ilJlff'U'fJ~l111J1::fflJfl1lijnfl't:lw::1'ifU 1~fJ1ti'Ufl1 l 11'1l'HgfUff'ilJ rl1 ~lu f1l'UfI tlU fl1 ~Hff'i lJ111 g fl 

flml~'U'Vi fl1ff~fUff'ilJlff'U lfJfl1l ijfl11lJfJTJU'I 'il~ ltHi''UUfI::U fl1fJ'tJtl~U~U'Vi fl1 ff~fUff'ilJ1ff'U lfJ• 
f11lQ flH~Ufl::Qflfj~H1i'1fl'Ufltl'IJf11 ~ l~fJ1~ffnfUflHfJ1~'I~Uff~~ i 'UltJ11~tll~U~'U'Vifl1ff~fUff'ilJ 

1ffUifJOflU~U 11 d'I~~fll1i'~l tl'U11 'l11~~~tJfl1fJ'tJ tl~u~'U'Vi fl1ff~fUff'ilJlffU 'fJ~~flrl11 

<!l <!lo "" "" "" f111lJ mfl~l'UUH~~ lJtl~flffm~~~ 
... 'j/ 1

'If'U~'\Itmffu fJ . 0 

01~iJ11'Vi1:: (*ld ksi)MPa ksi GPa 

lffulmln'1 E-Glass 2.58 2689 to.5390 72.4 

"i "1ff'U fJUfl1 S-2-Glass 4280 620 86.0 13.02.48 

1ffUifJUn'1 ECR-Glass 2.62 72.5 to.53625 525 i 

iff'UifJtl::l111'" K -49 Aramid 1.44 3620 19.0 !525 131.0 

'j/ i .t1ff'U fJfl1l'Uf.lU AS4 Carbon 1.80 3790 34.0550 234.0 I 

2.6.1 "VUitlUnl (Glass Fibers) 

iff'U lVUfbt1~'Uiff'UlfJ~l~'I1'U fl'U1'U ~1'U1ft'lmllJlfJ1i1l.cre~1l1flfl'lllJl'HlJ1::fflJ1'U~1'U 
". . 

OQl{V 0 W'oC'S" ""d"1 l".c:s ...1'
l 1f11UfI::mfl~l 'U'U111 'U fll1 ~tl~ml lff'U Vllfl'l11'JJ'\I1V 'U11 f.l~ ~ en ~lJ11 fl1fl11 fI1V~ lJ U'U'U1'If'U 

°ltJu'U'U E-Glass (Electrical Grade) ijl~~l'Ufl'U l'Umfli..r'l 'tJff111i''Um'Hff~1Jfl1n~~'lfJ 

lff~f1f.llJ l'Viff~ 

.~tJu'U'U High Strength S-2® Glass UfI:: ECR-Glass ~~tJi''UU1~1J11l1fl~tJU'U'U E-Glass ," .11l1'U~em", 

• lUU'U'U~W11''li'U AR R UfI::Te 

http:lfJ1i1l.cr
http:fJfl1l'Uf.lU
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ff'n..tU:n::m:I1Htll fl~ V.ltl'U~.:j H11'~.:jt 'U 1Il'.i 1~~2.31~tlfllj,ji'1Jt,j~tI'U ffl'U,j j~fltl1J'Vl1.:j!f1ij~~lh t,r 

'~tJW11'lJir91'Vl1~tfIijUCl:::'V1l~flltlm~1I1lJ~~tl~fl11 
U ~'U ttltL~1'1-U~ E-Glass L~'U fl~lJ'U tl~ 11'1 'l,j'l::: fl tl1J 'IU~U fI ClL~tllJtJ \jiJ'U 1Cjf~1fl1l 

Ji d '.1 "" d d "" '1!l1 0 "" J. 1
(Calcium-Alumina-SilicateGlass) G]j'~lJ 11'l'U lJ'l:::m)1J1I~'Vl1l1'l1~'Vl 3 HCI:::lJfl t 'I11'll1'l1Jfll'l'U'UllJ 

vT')',jHCI:::~l'ULrltlltl1J' 'VHh 
2.1~'U ttlt!~1'1-U~ S-Glasst~'U fl ~ lJ"UH 11'1'l,j 'l:::fl tl1J'IU ~ UlJ fl ih~tllJ tJ\jiJl 'U Cjf~1fl1l 

Ji" • 
(Magnesium AluminoSilicateFormulation) G]j'~ijfh~~i'mhl1\jfl~~UCI~ij11'lJ'l'lfJ'U~Yi~mtlt~f111lJ 

ftl'U ~~L~'U ttltL~l'1U~ S-Glass l1ltJ S2-Glass ijffl'U,j'l:::fltl1Jll1 i'itl'U tlW!~ijfll'l,ji'1J,jl~~h 

vil~tl'UL~'UttlU~l'1U~ S-Glass l~'U'IU~~ij'llf11~~~llllt'Ul~'U ttIL1A'1~lt1tl'U 

3.L~'U ttlU~l'1-U~ C-Glass t~11'l'l,j 'l:::fltl1J lG]j'~lhun1J hCjf~1flfl (Soda-Lime-

Borosilicate) L~ tl'lbtl11'fl~l11'Otl'l m~L<if~tf11i~ tl 11'fll~U1~1ItJlJ~1ifll'l tl~ fl~ tl'UUCI:::lJfl t ~tl1J 111'~ 

fltllJl~fffl 
.d Q.f' • AI gJ "61 y ~I " 

fI1'l1~'Vl2.311'~ffl'U'Utl~11'l'UlJ'l:::fltl1J ('l tltlCl:::) 'Utl~L11''U ttlUfllUflCI:::'I'U'fl1l1lJ'Vl tl~'fICl1~ [6] 

" 
l11..btl : i'tl tlCI:::1~mhl11!fl 

'IU'fl'lltl~tff'U ttltl~l 
th'U,j'l:::fltl1J 

E-Glass S-Glass C-Glass 

Cjf~fltl'U ''fltltlfl 'G]j'~ (Silicon Oxide) 52-56 65 64-68 

tl\liJirlJtltlfl'G]j'~ (Aluminum Oxide) 

1Jtl'lfltltlfl '" G]j'~ (Boric Oxide) 

12-16 

5-10 

25 

-

3-5 

4-6 
"" 

lG]j't~VlJtltJfl 'G]j'~UCl::: l~H'Vl11'l~tllJtltlfl 'G]j'~ 
0-2 - 7-10 

(Sodium Oxide and Potassium Oxide) 

"" ""
UlJfl'U1G]j'VlJtltlfl '" G]j''fl (Magnesium Oxide) 0-5 10 2-4 

""
UflcUG]j'tllJtJtJfl '" G]j'~ (Calcium Oxide) 16-25 - 11-25 

d '" 

U1U'ltllJflflfl G]j'~ (Barium Oxide) 

..,."G]j'~flfltJfl '" G]j''fl (Zinc Oxide) 

-

-

- 0-1 

-

i'YIL'VlLUVlJtltJfl 'G]j'~ (Titanium Oxide) 0-15 - -

"1"" i"LCYtJ'l flL'UVlJflflfl cy~ (Zirconium Oxide) - - -

ifltlfl'Uflflfl iG]j'~ (Iron Oxide) 0-0.8 - 0-0.8 

d 
I'll CIfl (Iron) 0-1 - -
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ltlmJ1J'Utl.:Ju;TU1t1Ufl'Jth1111Ju:r1",tlla.:J 

... 1 "" "" '" i !II.I 111.1 !II '" i .Ii a "". <J/ ...1ff~r1~lJ 'Wffmff'ilJlffU UUfl1u'i~fl~tJ tu~l1mffU tJ9$~lJrl11lJVl1mUfl11'UU1~i1Ul~~ 

(tl~'il1:buiTm:jw~ (Aspect Ratio) 1Jlflfl11 10:1) ll1uimLn'1~ijfl11lJVl11Jlfl~"l~~ijiu"'~~~111~ 
?I "" .Ii a !II, tI 'i' d.! 111 .1 2 i !II
IlJU'tfU~ T 9f~lJ'UUl~LffUH1U'!fUfJfll1l~~~ U'tf1~ 22.86 tl~ 24.12 tlJm~U~uUtJtJ'U~.:JlnU fJUfl1 
. " 
Vimu"'~.:J~l1l~ij~.:J~~ ltlil 

2 ~ !II i ' .dt d.'l!ll'" i!ll 1 ""a d.! .1 .1l.L~~mnuiv (Roving) llJUlffU v~mu~~'YI L'tfflU U'YI~.:J~l11~ ~VTIifll'i~~'UU~U 
J! ~ 4" Q .Q a.t d'dd ;1~V~ 'i ~11l1:'UU~ tlfl 'i~ L~V1~11~~fl11lJtJl11'tf~mffUiV'iJ~lJ Hl1~flW GfI'YIlJfl11lJfflJl&fflJ ~ 

-':I2i ~ "" ... tI.a ... -':I !IIi.li ~-':I1 a
2.HUmU fJ (Woven Roving) llJUHl1~flWGflL'tfUL~V1flm'tf~mffU V9f~'YI~llJUHU fWlJ 

i1ff'Yll~'U~~fll'il~V~~1'U~~Ll1uifJ~w'lnu;~u~ 0 O~ 90 ~~ffl~U~QntJm:::tJ1Ufll'iHil~'U~~~Hil~ 
'JI '" III " (tI.. 

1ff~m1:hilll:::'U1ViU'itl'll1i1irfl~~~uVi1~vn1'tllI:::ijtbi1'Wfl~~~uVitl'i:lJ1W 610.3 fl~lJ~~. '" 

~1'il~LlJ~ml1:::813.7 fl~lJ,j~~l'iHLlJ~'i 

• !II i ~.... !II i ~ '" ~ .1 .1 ~ 1 "" "" 3.UHULffU V (Mats) LlJUfll'i~IflLffU flLlJUlffUffU"l'UU,UluU 'i:::tHU ~UlJ'YIff'YI1~fln 

11~~1UtJm1lJ. u'"111:::tl... m; 11~tJ~ ~hlJ fflV'W lUI1l1::: N1UtJ'i '1W ~HfflJ ,'ti'lnm'i c)fUUl1:::i 11fl11lJ ~~U 
.... "" .dt i!lld.! , '" i !II <J/ .... .... ~ "" • i!ll • "i .1 111 !II dfl1Jl'i9fUL'W'fJ lHl~UHULffU m'Ul~1tJflU'\111~~lflUUL'i9$U~:::'YI1 '\1UHUlffU V'UUltl L~~llJ'YI 

~~.:Jfll'i 
""1 -':I "i.liQl?l..! !II4JL1J'UHffll (Combined Products) m~Hl1~ ~Vfll'iHff1UHULffU V9$~~~llJU'tfU"lL'I1l 

. " 
~1vnu1~V1nfln~h~"lI,fUfll'i1iYlmilv1Ll1uiflLfflllihiT~ ff~~1fUL'ti'1~1tJnU~1m ':i 9fUl,fUI~V1ntJ 

.Q , " 4..:t 4 91 ,d QI ~ ~ ! 4 iI d
fll'iHl1~HHULffUiv (Mats) i1 'i~fll'iI'itl~''tf~mffU itl9f.:J~~LlJU'tfUffU"ll1~ ltltJUHUlffUim1l1~LtJ'U 

11lfl 

""i """· .... ""i "".1 1 a .Ii. 1: QI5.HllffU V (Cloth) Hl&ff'illflll1~~1mffU UHl1~'UU YlVll'\1l1lVH'U'U9$~fll'\1U~ ~VU1'\1Ufl 

, A d", "i "" .1 "i r a c::iQ Q lIJ ~ iI , <V<V d ~ ~'WU 'YI HllffU tJ H11 ~'UU ~lmffU V~ m U~.:J 'YI 'U~nlJ flU Ul1:U 1 ttl 'YI61lJ U HwrUI~tJ1 fl 'U 

m:::'U1Ufll'!iHil~~~'YI~;\'1'tl 

... 11111 II ~II • 
fitlflfl111J'Utl.:JIO'U !tlUfl'Jlllt1 !f1U1.:Jfl1~fll 

!II, '" ... .:. d.! .1 II' 1 a -':I" 1'" !IIlffU tJUfl111:lJfffll1:::Elastic ~um:::'YI~tl~~~u'!i:l1tJ YlVllfll'!irl'UUfWlllflfllV ~fffll1:::Ui1 ~ 

lAu;\'1'tlllJtlaff'UfJ.ul1u'UcrUA E-Glass ijfhtl'i~1J1W 73 nfl:::tllffflll1fl11111f11VA\l.:J"lYl~~::: 
11~flHflfJg'U,f1.:J~fJVl1::: 2.5 O.:J 3.5 '~ijfll'!iftfl'l:Jl1~U1n'Ufl11mY1J'"tnf'!i:.::i1·hU111lJlfl~UAlll1: 

l1'lhuu'!i ~'UfJ.:Jlf{U 'tlfJdHfl '!ifJ'UfHllJU«11Au'WtJ'hruu'U'U;\'1 'tl'UfJ.:J fl11lJifll1;uli'!i:wlH ... . 2, '" QI " 1.Id. ... ~ fl11lJlfl'!i UA11l1:l1U1Vll'!i .:J'UfJ.:JU;rU VUfl111ff~ ~~.:Jlu'YI2.2fl11111fffJ'\11U'U fJ .:JlffU VllJU m :::'U1U fll'!i 
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ff~fflJlflm~'W1v~iifh~~~11i" \)~tn"fl11lJllYml1vriO'WHfl:U~ ~m:'l'll1)~rilV'tleJ~t~'W 1v~'W~eJ~ 
t11 iio1)'W m~..r~ tn"fl11lJ llYm11vJ~l1lJ"t~'W1mLrldiifl11lJU~~u'} ~lJ1tlfl'"hu~1~1-N~ 1'W fl'W..r1' tI 

''If'W m: \)tll1 iI1~1~11~0'IJ1"U~11rJ 'W~'W fh~~'lJO~l~'W 1mt~11)~fl" fl ~ '~~1 '~iitll~ilo~fl'W t~'W1v 
" I JI I 

11ltlfl11lJ';;'W Ufl~tll~ d'1J HffO ltllr11" V~ ~ ~11~otln d'lJ Hffn1Jff ~ tI 'Wtil O'W d'im~'W1mt~1t1J u ~ ~ 

m~'l'l1'IJ'W1"fl~~lflv)jl1'W1Vm ~1'W 11 iIllPi"~lfl'"hih~~t1Jm ~U1J1Jffil~'IJ 0~1~'W1m~'W1vOl\)Lnfl 

fl11lJ tlYV111V '~111tll1 tl1Vtt~~~Lnfl ~'W iifh tn'Wtl11fll~1 ff"~VOlJ1 -H''lJO~L~'W 1fJ~fI'I:lW~fl11lJ• 
ad t.::tad'.:::s 'JI t::!I " c::t • 0 Q.I' Q.I' 0 Q,I " " " LffV111 m'l1'W 'W t~Vtl11fl11lJ tff V111V 'ill tltll~ fll'W Otl \)1tl'W ff fll1~U1"fl OlJlJ Nfl ~Otll fl ~~1J'W 111 'W tl'IJ O~ 

t~'W1mt~11"vm~ 1~oth~~~'mrl~~ \)~'l'l1 i-H'tll~~t1J1il'H l!tlfl"fl~1Jltl~1i"1'W 'Yl1~'Vlq'l:lON1'IJ0~ 
'11 "'1 r;j & 0 'I '11 "'" ..;..;"'.: _I ,_1

Utl1\)~lJ ~H'IJ 'W l"Lfltl1Jltl9f~'Vll L111tl"11'W 1fJUHt~~ 1~'Vl Oltllr1'VllJfl111J'I1'W "!~ 'il~1J ~~flO1J 1J 

~1Vtl~"t:i0'W'lJ0~fl1{1J0'W '''OOtl '9f~~~Ol'iltn"tll~n"tllo'W ~m~'W1v'il'Wm:..r~lnfll1tl1vu~ ~ 
t~1J~'W1JlnW1 ~~~~N11~'W1VU~11)'Wtn"fl111JLi1ml1V~tH~'Wiv'W Otl'illtlrl'fffll~U1"~01J~)j 
fl111JtrJ'W~h~ "!~Ol'il 'l'l11 -H'Lnflfl11lJL801J fffll~11~Ofl11lJLi1V111V~llJnfllt1ty111,j'H~'W '~)jtll~ 
l' '11 1 "" '11 1 l' & 0 1 '11"" W ""Q _'I ....1 ,. 4 
"1'W~1J1J1Ufl1 'Wm~1J1'Wtll~Nfl~Lff'W VUt119f~'Vll 111Jtll~~i1I'Wl1ntll~1J0~fI'W'IJ'W1J10VH~m'W0~ 

':',- I _'I'" C\ 'I ' .1 'JI 1 'I'11 0 _I C\ ""1"V'Vl1 1JUfl1tll~1J0~fI'W 'il~"lL'W'Wtln I 'W~~1111~tll~'IJ'Wl1Jm'W v I 'Wm~1J1'Wtll~Nfl~Ufl~lJtll~ 

'tii1l'W l11itll~ilo~n'W N1'IJ0~t~'W1vl"v1-Nffl~tI~~tlO'UiJ'W'Vl~ 6'11ij"~1r1'1:l 'il~'li1vfl"tll~,,!tyli1vnl~~ 

, " 
t~'W 1V1'~1eJ~)j N1;1' 1Ufl~~"~lJlllufl~)jfnl1J'lYV111V'~~ lV'lJW~'IJ'W ri~ fl1~Lfl iio1J N111'W;1 

11~~'illtlm~1J1'Wtll~1~v~1Pi1L~'W1v tllnJt1Jtll~N1L~'W1v 

2.6.2 lifu1t1fni'IJou (Carbon Fibers) 

,~'Wlvm{'U0'W~1-N1'WVlo~~f11flNll~'~'illtl 3 umi~'~uriJl~'W~'W (Pitch) ~OllO:fll 
lfl ''W'Vllfl (Polyacrylonitrilc: PAN) Ufl~'~VO'W (Rayon) f.lWfflJir~'lJ0~'~'W1vfll{1J0'W~'W0~fl1J 

!II 1 ... ,.1.1 " 1 <f '11 "" I'll1flHff"il~ lJ'flfJflUfl~"i~"1J'lJ0~fl11lJ1J tl~~O~fIl~'IJ'W 11J'lJ0~'ff'W Vfln'UO'WflO ~Nfl~fi lfJ ~ 

" ~wm.1ii"l,mil 1000 0-1Jr1119ff1tCVfJffW ~w11 fJiii'h~'W 'fJd'-1Jlml~ ..n"vri1'W ll1f;Y'il~"Hn1J m fl1Ufl~ 

tlmmij'W'l.oorh-1J h~~l1JO~fllilml~'l.J,jl1flOlJt11fl1ufl~l1iflfllmij'W 'l.OUfl~lfl~ -1JfffH llJ1f1tlfl'il: • 
i'tl'l:llffm~od'IJw~'l'llt1~mfJlfll{1JO'I.'Wl9fi'Wmvl~~wl1fJii"l~ 

,~'Wlvm{1Jo'Wuti-1JOOtl 'l.A',ij'W 2 'tfij~ 'l.A'uriL~'W1V'tfii~1lJ~~ff,,!~ (High Modulus) Ufl~'~'W 

lV'tfii~tiltr~"l~ (High Strength) fl11lJU~fI~1~'lJ0~flWfflJU~~~11':h~1~'Wlv'tfii~ l1J~~ff"l~Ufl~ 
" 

'tfij~til~~"l~ln~lJn lflfl11lJU~tl9iH'lJO ~1fl~ ~ffr1~1flmfl'IJO-1Jl~'W lvf.lw fflJir~ihn~lJn ltltll~ 

L~u~i1"IJtH1f11~,hULrJ'W-5'WU1J1JmlTl'Wl1;oltll1f11l1~VlJ:J-1J~fI~1J1'Wml'I.vlA'~l-5'WLl1 ~hrl'(~V~9i1 



13 

j1 • JIl 'JI t 'JI 

titH~U.jfUffllJiJ~~:1~mr;hml''YMu~t.i'lijU'i~V~1'Hi1fJ1'i:'H';h~.jfuU~i;'I:.jfU1hui;'I:ln~t~U;ru 

ff6~iJ~1):t~ fJn11 tf{u 'vfllf1J6U\):ij~nilru~t~Unl'i .ij~l~fJ~ ff6~iJ~ 

nl'it~V~~1~llJUU1UnU~"'6~nl'i'\.l6~~UmlVJU'Utf{U'Vl'Ilf1J6U\)~t~U~1fil'HUfiril 
llJ ~ .. liff'\.l6~1f{U 'mf{u lv~ llJUU1Unu Ui;'I: tf{u iVflllJ U'l.J1 i'ffijlm~'lf6~11 ~~: ij N i;'I~ 6filli~i'1J 

'JI tI. I 

tJ1'H 11n'\.l6~ If{U ifJnl'i 1~V~~1'\.1 6~;rUm lVJuii~htf{u ifJ~: 'lf1m-nlJ filli~ U/;'I ~/;'I~ n l'i fi~ ~1'i:'H 'il~ 

,f{uivti1J llJVl7n~nl'i'\.lUff~ tf{u iVl'Ilf1J6uirn\):ij n l'i ui'1JUl ~ f:ht~6tl6~tiU nl'i .,jfl\! nl 'i ~1J"'6~ 
'" 2, ",,;J.,J "" "".1 !II i <I i!ll

l'W'il~1'I11lJlffV'HlfJ'\.I~NmU fJ~~tnfl'\.lUVl1J'inruN1 ~uU1J1J'\.I6~lffU Vfll'i1J6U UVl~Hfli;'Ilfl~::6~
I 

iu~uirfl'\.l6~tf{ulfJ~lt.nu,f{uiulUU~/;'I::irfl'l.h:::lJ1W 1,000 ~~ 200,000 tf{uimf{uivfllfmlU 

f11 'il Nilfl i U1U U 1J 1J'W~ tOW 'i n'H76t~UUNUlff7lJfilli~nffVlH L~V1 

<v <:::!...t:f 
fflJU'i::ffVlfi ..,o .., ..,<V 

nli;'l~'i1J f1~'illJ6f1t'lff 1'I11lJ ..,!II I • nl'i'\.lU1Ufl1LffUN1U 
II 4 4 '" ff1U1'I1111tl1~ UH~~ lmUfiUHfI~

<I
"" !II i ~ln1'l11lJ'lI'UfllffU fJ truVnt'll~ .,J

" ;:h~ll'Wl::: GPanlt'lGPa VI~fI 
~f1U('lll'l'iflU) .., 

C)$6~(*10
6 

psi) (*10
6 
psi) Ufln'Hn 

lO-{ifc 

!II i !IIlffU vun1 

q 

'lI'Ufi E­ 3.4572.4 
0.22.54 4.8 5.010 

(10.5) (500.0)Glass 

... 
'lI'Ufi S­ 4.3086.9 

0.222.49 2.910 5.0 
Glass (12.6) (625.0) 

If{U iUfllf1J6U 

PAN­
4 

231 3.65 -0.1 tl~ -0.5 
Carbon 1.76 1.4 -0.27 

(530)(33.5) (flllJfJl1)
T-300 I) 

4 
-0.5 tl.:.l 1.2 

3.1(450)220 
AS2

) 7 1.77 (fll1JVl1)1.2 -
(32) 

276 5.65 
t-40 1) -1.816 2.0 -

(40) (820) 
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'" 'JI,'Ii''Ui'l1ff'U tI 

'JI , 
1ff'UFHW 

'"tl'UtltlllH.. 
('llfl1rJ'U) 

, 
fl1111f11.:i 

0 

\111~1:::: 

... 
llrJ~lIff 

.til 
UH~H 

GPa 

(*10
6 

psi) 

o ...... 
nlll.:i1'U 

.til 
UH~H 

GPanlll 

(*10
6 
psi) 

fl1111 

... 
1f11t1i'1 

... 
VI\1i'1• 

QI 

u~mm 

fflllh:ffVl~ " 
QI 

nl1'll[J1U~1 

\11tlfl1111 

'JI
1rJ'U 

10-o/,C 

V~11 
, 

ff1'U 

1:h 

9ftN 

HSB 2) 7 1.85 
344.5 

(50) 

2.34 

(340) 
0.58 

Fortafil3 

TM 3) 
7 1.80 

227 

(33) 
3.80 (550) 1.7 -0.1 

Fortafi15 

TM 3) 
7 1.80 

345 

(50) 

2.76 

(400) 
0.8 -

PITCH Carbon 

P-555 I) 10 2.0 
380 

(55) 

1.90 

(275) 
0.5 

-0.9 

(mllI:l11) 
-

P-l00 I) 10 2.16 758 (110) 
2.41 

(350) 
0.32 

-1.6 

(~1111:111) 
-

'JI , "'­
1ff'U tlrJ::::1111i'1 

Kevlar™494) 11.9 1.45 131 (19) 3.62 (525) 2.8 

-2 (911111:111) 

59(91111 

lfl'ii) 

0.35 

Twaronl'M 

10555),6) 
12.0 1.45 127 (18) 

3.6 

(533) 
2.5 

2 (911111:111) 

59(91111 

lfl'ii) 

0.35 

'HlI1m'H~: 1) Amoco 5) Akzo-Nobel Fibers 

2) Hercules 6) fi11ij~tI\11tl'i'I~Hit91 '~~l~tli'l 
3) Akzo-NobellFortafil Fibers 

4) DuPont de Nemours and Co. 

2.6.3 ,IUWa::11ilA (Aramid Fibers) 

ihff1J'tl61J.,.~U~,.n1J.:j11Jifl'.:jff!H6d1l1tl1l1t16VH"~911lJld6.:jlj)lml1~HlI~11J'1f11 
ull:.:l1J1JHtl'tih~tl1ti1Jl~6.:j'lWl1fJfll~HWl1;rJil\1itl~11Jfl11lJfI.:j1l1J ..hlifIl6.:j;;1ti,mnl~.:j11J 



111 .. ~ ~ ... d '" 'I ~ 111~ • 
UJ~ (Po!y-Para-Phenyleneterephthalamide: PPD-T) tff14 ttJtl::;'l111f1i1H'fI~'U1tJ l14i1tl~~'fI1f1 lf1Ufl 

~ 'I ·':91·.J "' .. 
DuPont (KevlarTM) U'fI::;Akzo Nobel (TwaronTM)ttl14 lm'l1'f1114m14tl114'I114~'UtNl'if.l'fl11lf.l'lm'fl1 

% .d.i ~ tI J add 0 cv Q.I d.d 

t14f.lH'fIfl (Liquid Crystal Polymer)l'imUllmU1J1J14\)::::1Ir11111U'U~1l1flllmiHLJ~U'fl::; 111~'fItlLJ~MlI 

mmtlll nh'1J1J.,r1~~14'14tl1'l 'fI::;'fI1tJ1 f1tJ~f1il tJ~ t~14U1J1J'U14114ff1'11 i'1J'14 m til~f.l~ m 'll'i tlft111 f.l{~.. 
"" .... J''1~ J' ~It ,...; "" 
1Ir1111Wf1l1t./141l1fl'U14 mHtllltl1'l 'fI::::'fI1 tJU'fI::::'U14 llit1JtJ1~U1J1Jtlll tllf.ltl1'l 'fI::::'fI1tJ PPD-T fJrl'lf1 

~l14trl~f.l~tl~l~!t~14 '1ml'fl::::~~~l14'lifl~11~mmf1'114'l ::::'I111~m'lHil~1m~tl~1.:J'Ufl~m'fl1U1J1JH~rl 

\)::::tl tJ~~1ti'U~111llf1i11~m'l i 'I1'f1'Ufl.:Jt~tJ'tJ 1r1'l.:Jtl~Hl~14 'mJ::::1~14U1J1JUf.ltJ i f.ll9fi1'lf.lnmt'fl::::',r 

, 0 Q.I J .4 f 1 QI , " '1 .4111" d 

rIlm'fl.:J LJ.:J'U 14 U'fI:::: lJrI 1 11 ~ 'fI tlmllU141U fl14 \I:.:Jrl11U14 1~ 111 'U1 H t tl14 Wi1 1f1 \)::;11 'fI
Q.I

fl1:l W:::: 

li 'l::::flfl1J~1m~tJ lmgfl"l ~1tJcifl1:lW::::~~flri11l'iq~fl 'l 'llJrl11111fftJ'I11tJ 1I1fl U 'l ~~~ ll::::tflf1~tJ1f1 m~lJ 

.1 ~ 'I d."" ...' ~, d
'iJ 1fl1J'fI1tJ'Uf.l.:J!tl14 ltll'flfl"l U'fI::::'UtJ1tJH1tJ m111ttltJ'I11tJU1J1Jm ~mtJ14'l::;'I111~ttltJ tJmfl"l 

tJtl.!tnJ'Iffl.y"VJ'UtFuifu1t1tl::::11iJA 
'" ,.;; J' '''' '" "" '" 1•1lJ~'fItlUHf1~'U14 fl~fl1Ji1ffi11~m'l t'l tJ~~1'UtH lImfJ'fI 

. ~ 

d .t9.c1 ~"o QI QI ~ ltJ f Q "Q"
• i1f.JW'I11,JlJ'I1f.l~r11111'tS14ll::;lJH'fI t'l1m'fl.:J'l1JUHf1.:J'fI~'fI~ llJ1f1tJ'lf.ltJ'fI::; 5 

• m'lflmm::;r11111111: uV14ltJf.l::::'lliJf11l::::ijrl1111i114i1114~flm'lflmt'fl::::r11111111 
'" ~ "'" ~ • "" '" ~, jJ.J i'1II ' ""...; jJ• f.l~'llm'l'fl111m14f.lm'tStJtf1tJ1fl1Jm14 tJUtl19f.:J 11 n~f.lm1lJttlr.J'I11m14f.l.:J1l1flflWt11 

... ,I oJ, ~ · "" . ~ ... .J "" ~ 'I d ,
'I1'lfll'itJi1 ~flnvh::::'I111~r11111tmr.Jf1U'fl::::'I1tJ1tJUH1m.:J ff'll.:J'Uf.l.:Jf.l::::'l 111 f19f.:J 11 tff14 Wt'flfl"lflltJ tJ .. 
Im::::'Viq~flnll~l14m ~ flf1111 '1,rl~14 ltJWf1i!ijrl1111i114i1114~ flm'l,!!f1~f1 

• fJW ffll,j~~l14 fJ W'I11,JiJ: 1m.:Jff~H'Uf.l~f.l::; 'lliJf1lJ'ffum fIll'i'14i11~ f.JW 'I11,JiJfif.l14.,r1~ LJ.:J 

uN14 'tJll::::"flli1'f11tJ'14mmff~fJW'I1iJiJ 425 f.l.:Jff1'9f'flt~tJff (800 f.l~ffTVht'ltJ '8~) U'fI::::ff111nfl'~ 
~114'~tJ'j1~fJW'I1iJiJ -200 O.:J 200 fl.:Jfflt9f'fll~tJffU~',jrl1'l'.rt14'l::::r.J::::tJ11f1lV'1~fJW'l11,JiJtfl14 150 

.cI .. ~ 
f.l.:Jff1L9f'fl19fVff (300 f.l~fflL9f'fl'9fVff) l14f.l.:Jm'l 

liiimtJ 1f.lf.lfl9fl~<MtJ (Oxidation) '~14'V 11:::: lJ ffllli 'l:::: ffi1ifln 'U r.J1 tJ~1tdf.ln1rlrl11lJ~f.l14 '114llffi1 H 

Plll1U141Ufl14 

Administrator
Oval

Administrator
Rectangle
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.Q' fJ/ jJ ~ ..:::.. (i.I f l1J 9,11 '" I I

• 'rtqllm'j1l1ltlffm'rtU1~I,'ItllJ: Lffl.l Wtl:::'j1lJ~'il:::\lflfl~mtll.l L~ ~tJm~11'jtl~1,:jtlV1,:jm,:j 

u~ iifl11lJ'Vll.l'Vl1l.1 ~fl~1'Vi11,'11tJUl,'l::; ffl'j Lfliitl.l "1 L~ l.I thl.l lmymh,:j''j~f!11lfl1 'iliifl1'j l~mJffm'rt 
!11fl,:j'il1fli',:jn~1 (UV Degradation) '~1l.1rill.1'\Jtl,:jfltllJ1'rtfff!'rtfli11lJf!'j ',j'rtllfl1'jt!tyLntJih~,:j 

'J1 .,.,1.... "" 'J1 '" 'J1 'I .,111) 'J1 I 11) 'J1 'J1 'J1 11) 'J1 I ., 

'\Jtlfl1'j'j::;1,:jmtJlflll'rtqllm'j1l~ll.1UHtl~'\Jfl,:j!ffl.l LtJ'Vl L~fll,'l11 n'\J1,:jlll.ll~UflUHtl~fl1'il 

'Vi 1'l,rLn~fl1'j iTmil.lL~ 'rt 1::: m1 ,:j UI,'I :::fl1'j UtJfl~l'\Jfl,:jA~l.I 'tJcjj,:jl~l.I!11 ~1,rti1~,:ji'mi'l11 irfl1:l~~1M 

'I 'J1 ., "" "'.,.:; 'J1 'I ... & II) I ., i 'J1 .1'" .k
mtJ ~llUHtl~l1'jflUH~~~ ,:jl.ll.llffl.l ~Vfl:::'j11l~ 'il,:j ~lJ!111l1::;ffllflll flHff'j1,:jUlIlIL1J1:lflfl1J1,:jCJt,:jfl1'il 

~tl,:j i'11m ,:jtJ~lLi:l::;m ,:j~~¥i fll.l.u'l,:jff..,:jVflt~l.I 'il:::rlfflJL.u'ln1JL~l.I ltJlL~111~fll~l.I lVfl1flIfll.l1m,:jfff1,:j 

L~l.I1 tlUlIlI rlfflJ 'il::: 'Vi 1i ,riifll1lJl1tll,:j~ tlfl1'jttl.l1l1lt! ,:jcjj,:j!111l1:::nll1m,:jfffl,:jl~l.Ilmff~llti1~,:j~ 
.. 

i'mh111iflU1111 'rt 1:lif! 

., .,
• 

.,'" Kevlar49 Twaron 10551)f,JWffllllll 

". 
tJ1'jl.l (Yam) 

OGle.- Cl 
fl11:l,:j'jllUH~,:j, MPa (ksi) 2896 (420.0) 2774 (398.0) 

fi1~,:ji'lIuH~,:j'\Jtl,:jl~l.IltJ (Tenacity)!, dN/tex (g/den) 20.4 (23) 19.0 (21.4) 

llflf.!~ff" GPa (ksi) 117.2 (17,000) 103.4 (15,000) . 

.c:t 4,d QI 9J 
fll1lJLfl'j tJ~~,:j'Vl'~Uf!fll1fl, 'jfltJ1:l::; 2.5 (2.5) 2.5 (2.5) 

I 

i 
• 3fll11l11l.11Ul.Il.I, g/cm (psi) 1.44 (0.052) 1.45 (0.052) • 

l~l.I'tJlff~llti1~,:j 
o Q.t Q"t .ell 
fl11,'1~'jllUH~~. ,MPa (ksi) 3620 (525.0) 3599 (522.0) 

1Jflf.!~ff, , GPa (ksi) 124.1 (18,000) 1:[/.U (18,420) 

Q 4I!i d ~ ~ 
fll11J lfl'j tlfltH'Vl,fHlllfll1fl, fltl1:l::; 2.9 (2.9) 2.5 (2.5) 

, 3 
fll11Jl1l.1111l.ll.l, g/cm (psi) 1.44 (0.052) 1.45 (0.052) . . . 

.....,. _. 
2.7 fJtutJ1.I1JATlHtllt11l1'W"":fJtlnnl'Ufll'V.:Jtl" 

.u'flfl1·H;hiA~il~l~tJlfi'IJfJWff1JU~~H"1'\Jfl~Ul'i~ FRP ''''uri (1) ul'i~ FRP ijiiflllw:afll.l 

llflU'fllCJf'Vl'jflllfl (Anisotropic) lfltJijuflul1iifl (Strong Axis) lflUUflUf!11JtJ1l'\Jfl~Ul'i~ FRP U"::; 

http:iTmil.lL
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'illflll1~f)iJ'il~v~ijy4"~~flWfflJ,j~'1HH FRP 1~uri tJl1Jl91'j 'IJ~'-l!~U itJ'lfij91'1HH!~U ttJ iiff'VlHfil'j • 
" 11'-l~1'IJtH!~U tv ~"m~'Vl'U'VlHii~u,,~ fil'j fl 1'UfJlJfJWfIl'Y'it Uf) l'j ~il91U tJ f) 'ill f)il fJW fflJ,j~!~1'lf)" 

'II fNlfffJfl~lJ1 'Y'iff91LffllJ !~UttJ~l 'il 1~i''U~"m ~ 'Vl'U 'illf)iJ 'il ~v~u 'l!'liu l~V1tl'UlfffJ~ toM'U '-llU 
, " " 

1 fl'j '-lff~l'l'Vi11tJt'liu~" 'i11m.h~1~tm~'li1'-lt1C1l'U~'lfil'j i''UlJ1'1'111'f)'U'j'j lJf)~Wl1IJii!m~fl11lJ;'fu 

2.7.1 fll11Jf.h-1;)ll't'fl::; (Specific Gravity) 

t11fl11lJth~~lt'Y'il::;'IJ~~mi'l FRP U"~f)~lJl~UtV FRP ~~'j~l1';h~ 1.5 U'-l 2.0 ~~t'U1f)'h 
m~f)tJ'j~1JlW 4 t'Vhld~'-l'illmrlWUfll'U1111i ,","91t11'oM~lV'Ufil'j'IJU fhu,,~~~t~'U'j 1lJU'l"~t1"l~ 

". . 
toMlU f)n~91t~'Uf)l'j'IJU~lVU"::;f)l'j~~~'l W ffmullri~ff~Hlllv'Utl'IJm~mfflm111 tJu"d;~ 

" .. 
1~nnV'lJilfl 1'j ti li1~U~ t Ufil'j tJ'j ::aiiU'jlfll!vtmil ~f)lff~llloM• 

,.,. . 
n 1 ii'~ i'ml1l1t!flI!"::;tl~U f)~ 91 111m!III1~UUJ'Vllf)~U"::;'Y'itl~m 'j lJft lV 1~11l.i1 VU'j '-l!i1~~ 'ill f)fl 11lJ 

~~U'U~~fl~U f)~91u"~m~flIffllJiifhim\'tflv'-l tlUl1 1 , H'fil'jltJ~ vuutJ"~ltJ~HU91f)~l'-lhhnf)t!f) 

fflJtJ'j:::ff'Vlifil'j'UV1V911l~'ll~Uld~IJ'il1f)fl11lJ~~U'IJ~lJfl~Uf)l91iifh~Qiu'li1'I 6 xlO-{j U~ IlxlO-{j 
" ,.,,.,

~~~~ffWlf"t~tJff (4xIO-{j UIJ 6xlO-{j ~mHffl'VllL'ju1tiJ~) 'Vi'lil;ju~~tlmbu~fflJffll1i''U 

fflJtJ'j:::ff'Vlif)l'j'UV1V~1Ld~'l'illf)fl11lJ~~U'lJtHlfffJ FRP iifh~'l~1'jl'-l~2.6 

oQJqJ ct 
2.7.3 mt'l-111JUU~-1 (Tensile Strength) 

Uvi'l FRP UCl~f)~lJL~U iv FRP 'il~i''UUH'ilUUIJ'91tJ'j~citJ 1~tJ11iiJ'Y'itl~f)'j'jlJ'U~'l191mlf) 

1AVfJWfflJ,j~l~'-l f) "'U~'-l FRP tJ l~liiu 'illf) fJW fflJ,j~iUilff'VlH911lJ tJ1 1nlci'-li' 'UUl 'I ~ 'I'll ~~uvi IJ 

J ,<v "1 tI ~ , d Q Z:Jtct 

FRP 'UU~~f)'U'UU1~'U~lJlffUfllUtTUtJflCll'lClfIJU~fl911'l'il1f)mWll1ClfiLffj lJ'Vl'-lUlU~IJ 'ill flfill m ~ 'ill V 

. ,"<:vt "~o,"""~ 'Q' "GI "q.'IJ ~lJl1U1tJUH lJl'Vllf)U 'VllJl1Ulll~'Vll l1tffU !tJClfIJ~g'U'H1W'lf1'lf)CIllJl1Ul~A 'il~lJl1U1VUHU~V 

fl'h~uiv~~d'UlnW'U~'UL~um~ i ,",fhnlcilJi''Ulrll1t!fiL1Cl~tJl ~ff'Vlifll'Y'i i Ufll'ji''Um'lClA "'l i U 

uvi'l FRP ~ii'UUl91 i 11q! 
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• 

Unidirectional 

Advanced 

Composite 

Materials 

Fiber 

Content 

(% by weight) 

Density 

(kglm
3 

) 

Longitudinal 

Tensile Modulus 

(GPa) 

Tensile 

Strength 

(MPa) 

Carbon 

FiberlPolyester 65-75 1600-1900 120-250 1200-2250 

CFRP Laminate 

AramidlEpoxy 

AFRP Laminate 
60-70 1050-1200 40-125 1000-1800 

GlasslEpoxy 

GFRP Laminate 
50-80 1600-2000 20-55 400-1800 

• 

o QJ U OJ 

2.7.4 ma\ljUUj~a~ (Compressive Strength) 
'" '" .

lnl.:l FRP ~:::ijfh;;l.:ll1JUH ij'~U'~tJfrhtiTi:r.:ll1JUH~.:Ili.:lijfi1fH ~ lflfl11lJ~.:IUlfl i 'U fll'J 

'Vl~ff~1J1ffiilfl~lJ lnff~lff;lJl'ff''U imnui~u':i.:l ij'~~llJU'U1Ufl'Ui H:Ufl11lJuli'Uihfll'J ~1JU~Uft::: 

11ifll':i ~~fi1U 'H ti.:l':i 1lJO.:ltff(lU':ifll'n'IJ ~.:Ilff'U iumiH1':i~~llJti15.:111JU'l'.:I ij'fl'IJ~.:I1ff~f1 alJ 1 'nff~ 

FRP llii'lffJf.U fflJu~mlfli 'Ufll':i'lh:::fJfl~i '1f.:ll'Ulflml1'Uimyrh5.:111Ju':i .:Iij'~;f'Uagfl1J5fl'):jtu:al'..i.:l 
Iff;lJrh5.:1'hrt'UU1J1JllU1J111~:Uff'U (Rib) fl'1uti15.:111JU'l'.:Iij'fllflu-rh hJiifl1mii'U'lf1.:1 317 0.:1 470.. 
l1Jfll'lhfffllft (46 O~ 68 nlft'll~'U~~~~l':iHrl'1) rh5~11Jm ~ij'~~~:Ufil'O:.:I;f'Ul~ml'..i.:llff;lJti15.:1:U 
o .., .., ~ .r 

fllft.:l':i1JU':i ~~~~~'IJ'U 

oQJQ.,f .!I 
2.7.5 fna~jUU'H1ilaU (Shear Strength) 

1~u~1''llti15~i'1Jm ~'~~'U'IJ~~1ff~f1~lJl'nff~:ufil~l1J1m'lf'Umi~ FRP ffllJl'Hl~~'lJl~• . " " ~1ULft~U1i ':i':ilJ~11~u41Ui 'Uilf1'Vll~~~~ lflfl1Jl1'U1Ufl'U'IJ a.:ll~'U'u;j'~~auijffl1J1':i ()ufll 'IJ lfl'l~u 

fl1':i1HUyj~ FRP 'Uilf1'Vll~~U':i~m:fh,n~~llJu'U1Ufl'U 
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~ q ~ 

2.7.6 	fll'lfl'lJUtl~fl1Umm111tli)lflfl1'lfl'lJ (Creep and Creep Rupture) 

""1" ""1 '... "I d "" ..."d 	 dLt1' 'U llJUfl1U€l ::at1''U llJfll'nH)'U lJfl 11lJl'l 'Ul'l1 'U fH)f)11 fl U t1'.:J l 'U'II W~ l'l1 fl ~ f)1 1 flU fl n lJ 
'" 

i1t\l111~flL1cif'Ul~mh'U h1qj~~J'Ufl11 ij lJ.:J~1'11fl~1~'U "tJU€lr:;tJlmWL~'\..l "m~'Ui1ll i'lJ~iif.l€lfl~l.:Jii 
QloQl' '~1 '::::"OQ,lod di Go' • 

'U tJt1'lflW~fl fflJ '.i 1 \l'U:~flfl11fl U'II fl.:JU lNLff1lJfl1€l.:JlJ1 llJ~l'U fl1'.i fl'flEJ lfl U U l'l.:J GFRP flWfi l~ff~ 
u 	 • ~ 

~U11fl11lJlflj lJ~~ tii~ l~ lJ~ 'Uldfl.:J 'ill flfl1 '.i fi uii ~ltJ1:lJl W~fllJ€l: 3 'IIfl.:J~l fl11lJ lfl j lJ~~mff~fl 

,,': '" 	 " oJ ~ '" • oJ I "I"': '" mtJ"~'\..l111'Uflun'YJml€l::ffm~U1~€lfllJC)j'.:Jm'Ufl'UfI'.iltJUl'l.:J FRP C)j'~fl~mtJ lfl'Ul'H'Ufl 

U'.i 1'YJ flfl.:J~ fll'ilLn~fl11lJLfftJ111lJfl~vn1'Ufll1'U "~lrlflU~"lf1.:J L1€l 111 d.:J~tj lJfl11L1€l1'11 fl ~ fI 1111fI.:Jl'l 'U 

_I ".1""... ... oJ J '" '" dlQ 	 Q

1J1 1 fl g f)1 '.i W'U L'.i tJ fl11f111lJLfftJ111tJ1l1 flf)11 flU(Creep Rupture) C)j'.:Jm~'11 'U fl U1ffYiJ'YJ fl"l1'UPl11lJ \l ~ 

d lIJ '9J "1 W' 0 Q..I c:I 	 .c9' 4_1" 0 QI Q,I 

mClfl llJn'UUlJU~€l1P1flPlUHffl111UmClflffl1111\ll'l'UUH~.:Jl'l1J'.i~lJ1W '.i fltJ€l~ 75 'IIfl~fl1€l.:J'.i1.1U1 ~ 

~htJ'.i r:; ~lJ 1PllJ hhnPlfl11 \1t\l Lffmil ~~i'1.1 U'.i ~ ~~11:jfllnPl fl11lJtffm11 tJ"'U m til~~fI1 1 th'U1:1111.:J 

, .:!i4 d'l: ~J 	 .::lOQ/OCVCLI 

11'U1lJUHPI~l'lm:l'llflUfll€l.:J11.1UHPI~ ! 'U1::lJ~ff'U'IIfl~ FRP 1~1I'11'Unm'llU~fl1111fl~l'l'U 'ilr:;ClPl€l.:JlJ 

4 	 Q,.I Q S)lcv.,.q "'1" 
f)11l'lPlffU1.1f)11f11.1'IIfl.:J1ffYiJflUlJ & ~fffllff1lJlff'U WUfl1 (GFPR Composites)'II'U1P111'Ulf1~fll~1 

~1.111f111lJlfflJ111V'illflfll'.i fiU'ilr:; '~ln~~'\..lt.1'111thmt1~m:ihii~l'~ln'U~fltJ€l ~ 60 'IIfl.:Jfhfh~~ 
" 71.1UH1: lJ:ff'U 

2.7.7 	fl11llNl (Fatique) 

tll'i.:J FRP iifl11lJl'l'Ul'l1'U~flfl11lJ ~l~i-i f.I€l.:J l'U1~ml1'UlJlfl'~ihfll1 l'lPlfffl1.1t~'U"tJ~ii~1 

<; '" I Q " "I" dl ~ '" '" oJ "I"'" I&lJ~Clff\1.:J (t')f'U fl:'.illJPlUCl:fI111.1U'U) mlJ lflUHPI.:J1lI'U1{J'ilmC)j'~ l')fflUlJl'1...1U1fllfl'1::1111.:Jfll'.i 

~ "" " 0 .c9'" '~Q ~ Q QJ QI jI ,""" ,f/ 	 0V1P1ffUU lP1111llHm:l'l1fl~ 10 €l1'l...l1U1.1~1.111flfllJ &~ff~')f'UPlfI111.1fl'l...llJfl1Cl.:J11.1fl1111m ~~fl11 

m ~fl"'U'IIw:~fh~.:J7Ufl11lJ~1'11fHflfllJ1~fffl')fiJ~l~'I...I "vufi'1'il:ii~1~lfl11m~fl" '1...1 mtil ~fl11ff1'1...1 
" oJ " 11thvm.:JlfilJ1t1'1...1'1...1flfl'illfli1ii~1'1...11~eJffmnuvi~ GFRP C)j'~HMl1171.1~1'1...1~Plm.:JfillJ"~tll11irfl 

1.111'YJmll'U1g~mlP1eJii11'lhtJUH~.:J"lPi 496 tlJfl1tJlfffllCl (72 fl1€ltJfl'l...lR~Uflnl.:Jif1) UCl:ii';1~ 
" 	 " r1l11ti1mIHllJfl1tJlfffll €l (50nlCltJu'I...IR~Ufll1Hih) ~1.1'huvi.:J GFPR ffllJl1\ll'l'l...ltJl11irfl 

1.1n'YJfl'A'mflfl11 4 ~1'U10Ufio'U 'il:lnPlfl11111fflJ111lJ1.1lnf.U~lu11'11.:J ~U~PI 

•A"'f 'V q"'" ..........

2.8 lJi) i)tllIlIfltlfl8f>JtlUnl'lJfll'lf ~ fltl 

fJf.U fflJ ~~1~.:JflCl'llfl.:J1ff~ flOlJ 1't'ffffl~'I...Ifldt11.1i1 'il i'lJl1Cl ltJtJn:nn'A'Ufl'lf1.:J 11€l 1~U1.:J 
II 	 II 'JI. If 

fll:iilIICl:tll:~fll1i'1.1tJl11irflOf.U11fiiill€l:::f111lJ;r'l...li1'il~m11~1i1iifl11lJlnlJ1,rfl.:Jt1'1...1U€l:mflfl. .. 
... 1 ~ 	 • 'I .d41 1V.4 'I" dQJ

'il::1Jl:::llJ'I...If!Clm:V1U'IIfl.:JUflCl:i1'il'ilV &'1...1 'II w::V11 f)'J:ni1'il 'ilVfl'l...l l11fHVI 

http:ln~~'\..lt
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J! 
2.8.1 fl111J'ti'U 

." " 
iffGlflmJ l .... ul9lfiihn'alv ~~lJfl11lJ-if'U1J1fHn'U'tI 'il~'thtM'ffWtffVfh,,~~mhrn!fHu,'1:::41IJ~ u 

" .
fl11lJU~~1fl~~mh:j ihrmhrl'wflu ~~~lJfl11lJ-if'U 'il~ 'l'l1tM'tn~fll'i ttl liv'UUtI(1 ~flW fflJuil'tltH l'i 9f'U... .. . 

" U(1~'l'lli M'ln~m'ilJ1lJU(1:::m'iiJ~~fl'tl'tHiff~m)lJ l ....u\9I~~if'U fJw fflJuilt;r .:Ifl(1 'tl fl~ iff~flfllJ1.... U\9I 

~ tI... 'I ~ !}I'" '" '" ""'" 'I ~ "I d dl "" tI ..Ii '"I'il::\9Ifl'l 'i::alJ'Ull1V tl9lfffl1 .... U1~t1fllJl\9lV1fl'UfllJ't'l1ff~ 
q 

t 'll''Il'U f)Vl'1 L'i fl\9l1lJlJt 'i91'UlJl'1 'i::m't'l91'1lJ 

" .l..li" "'1 ,,"" I" "'''' .lfl11lJl9ll'U 't'l1'Ufl11lJ~'U 91~ i ~ffl'l1'ilJ m 'I ff'i 1'1 't'lfll ~11 'il ~l9If).:IfflJ ~fffl11lJ~'U191" f)~11(11 

2.8.2 ',"lItl:;~W't'lcQij 

iffiilflfllJl .... uI9I'I1 (11v~ij~ijfJWfflJuil~h~v1Jfl1vi~fJW'I1lJil'l 'I1ff~flfllJ1....ul9l1~mh'U 
I lIJ' "I ~1' "" dl I .lI 'I ""..Ii tI "It1 " I...1'I1ty'il:: tlJ\lfHfll L'I1lJ \9IV'I1VfJW'I1lJlJ'l'l'il:::lJfI(1l91flt'i91'U1J1flfl11rn'U tVL'i91'U91'1 'i:::flf)lJ t ~1V 

milJ fl'Uum::'~1~'i1'il'U1~'U ~1'U1'U 1J1fl'il~ffl1J1'ifl~~'~'oA'm'l~ij~Ml'U1~vflth~~fl1dfl'lLvtf) 
oWWJ'U It'icif'U 'lfij~'t'l'U'~fl1'i't'l~fff)lJ ioA'uffll~ 1M'1M'U i1Ufl'lII1'U 1VUn'1'lfij~ E·Glass ihhti'l~lJ 

" JI 

'lh'l11! flL'l1ftflf £IV (1::: 85 'tlfl~fh,,'1 ~lJih'l11!fl fl1 V1~fJW 'I1lJilM'fl'lfl1 V'11 ti'l 'ill fl't'l~fffllJ.fl1Vt~ 
.,. ... ..1 lIJ" .:!I tI "IfJW'I1lJlJ 300 fl~ff1191(1t91Vff (570 fl'lfflnll'i'U L~I9I) 'I1'U1VUH't'l~fff)lJ'il::t'I1(1fl 'i::1J1W'iflV(1~ 50 

• JI 

'tl £I .:Ifll ti.:l ~lJU'i 'I~'I1'U 'tlW::fifflJ'i 'i fI'U:::~'Imi 11~fli1 t'I1 gm)~u 'i .:Iu~fh".:1~mh '11 iffl 'il:: ,,\91 (1'1 

~ Q I 1 Sid ('j 4 C\ J 
'il'U m::'t'l~lJfll fl"1flV~t'I1 (1fltlJflfJW'I1lJlJ'l~'tl'U 

ilty'l11'tlfl.:l '~ffl'11~lJ1m~fffl~flf)'Uflll9llff1lJiff~flfllJl ....uI9I FRP Ul9lfl~1~'illflmW1ff~ 
JI • 

flfllJ l .... uI9I 'oA'~lJL .... i1~''I1~hw\9l'i ~1'Umwuflfl'U flll9l'il::'l'll'11U lfii1f).:In'U FRP 'illflfl1'ifflJHffnlJ 

"1','1 '''I d"';' .,. 1.! I .1 "''''' "" LtI (11 L"n ~V\9lHflVl.:1 L'ifl\9l1lJllJflfJW'I1lJlJfl1V 'U~'Uff1'U'l~'tl'UfJWfflJlJ\9l1'lf~fl(1'tlfl~ FRP 'il:: 
, " . 

lt1liv'UutI(1~'tlfl~l~ijifv~hrl'fl'~ ~ if'U U'U::UltM'At ~\9l'i1'ilfff)lJ'Ii'fllJ(11n{J1nlJ fflJ'i 'i fI'U::'tlfl~'i::lJlJ"II .. .. 

2.8.3 :r~a8tlfl11'1lOltlfl 

1ff~flfllJ1.... Ul9lffllJl'ifl\lfl'l'l1(11Vlfw~.:IffV(1ml'11fl'(1\9l1rlfl~lJUff.:lfll'V1\9ld1~v\9lH~~ff 
t'I1lhrl''ildhlM'Ln~tlnn1vllflm'UtlJ't'l1fl.''''fli1L1Jflf~.:I'l'l11M'ln\9lm'ilafllJfffl1'''''tlfl.:I1ff~il~u~i1 

" . . 
i1ty'l11U ffllJl'iflU~'tl'oA'1~Vfll'i flfflJffl'iflfflJloWlJih 'I1lJl::fflJl'1i'l' tit'Ul'icif'Uu~fl11lJLihJ'I11VUlJlJ 
e! i'''; " "'.!. ..6 ~ .... 1 " ... ..6-.,,,, '" '" .....'U'il:: lJlfltl1'tlfl~fllJ~'Uff1'U FRP C]f.:li.,lff'ilJfl1t1 'U lf1Hff'iHflfl'UmflC]f.:J LlJfflJflfffllJUff.:Jfl1't'lflV 

1,wflH 
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f1l,JrtQkM~J.1~nll~~I~~lIrtQ~~bf1f1ttllQ(HWf1£}t~:::lIof1.~t¥,ll~lU~M,trt~.L:iII6~lIrtQ~rtL~ 

[!;] ~Qt-tt1nlUnl~t-QLUUUutnlYtlu 6', #"'I) " #"'I) 0 0' 

mM,' rtt.L:irtm~l rt~t!.L.L:iQ16rtlA.l1!.LrtL.L:iM,' Iltlb::lIort.L:i::Lrt"tlA.rtll:>!.t :::Ultfll rt.L:imfl,::.f. • b I ." " btp I "b , F ~ b. jfi 

lIQ~tt W/:'Q n.fuj#L!! rtl t ~t-~~I:'f1Q,Qo!;!~I1f1.~t,\,A> t!ltllrtb}t~[tb~b:: lIo t! f1Q,L! ~1A.!.llll~~I1I:'~lIltM,l tt 
" . " " " .. fl,!./:,UWllmll1,L!:::lIo rtn.lILrtQUlIIl rtf1t~l 16WrtQ~Qrtlltf1MQUlIn rtfl,~:::!.I:'Q n./:'u rtn.!.LlII:'Q Ulllo 

I'D 1'1) 0 P p I 10 0 r l?; I'D" lit Y 1r'; l' 

!'W161 IlWf1Q,L!~IA.:::un16.f.lIrtQ~rt, tllt1fll n,L!trt!,,L!lrl~lt-!.n~QI6!.lIrtQYH!..L:iHYlrt1lb1 I6l1b:::!.rI 
"h ... h" h" "" ....... " h/lih.. 1­

!.llIll~~nlIt!H~rtlJI ~rtQ!i~tnMllJ,L!~bIlllJ}t~M.W,L! rtQ~1:::lIo~m'~~WQ~rtllA.rtlA.rtltYt! "HddD 

/:' !!t1/:' mrtt ~rtQ !i~t 11 MW,L!~bIIW}tLIII "IlStrtltY~!t'l1oLQ16~MlrtQ ~~,L!!;-rtl16~!'.LHrQrtQ~lI 

~IIn II ~lI1rtl ::: lIo Q~16,L! MlrtQ ~~,L!tI:'Qn.lIUM,~Qn.rt n.t!. trtQ W~lInll~lIlM,1 I:'!.mtlb::lIoI:'ll:>LrtllQQttQ!. 10 ...... L\.,o ", IOP"l'P' ttl! '="'1$"'1 If" 

~l!M, 16 ~IIt1.BY::: U11 tlkIm!. ~!tl~b~M,jt1.1J j~.u!;-I:'Q n.t~~1Iln. !.lll:::UI1 rt~,L!III ~M,1t1.Q ~lI~,\;!!.llI 

ttQtU~UtLU "'8", I ,... 

1Z 


http:I6l1b:::!.rI
http:IlWf1Q,L!~IA.:::un16.f.lI
http:lIot!.16
http:lIQQ~aQ!.M.t-IH1..L:i~M.!.lI
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~ ~ 

'\.Hltl\llmr'Wf1l'i~~6·nlli,r!n~'I11l';lfmHt~fl'WU"~'I11l1fJU'i ~O~'I11l1~'i l1Ji~m\lYh1,rtn~ f1l'i lfi.:J 
.., 1 .... .. 1 'JI '" ... 'JI 
~n ~fJ1J 'i lJ f1l'i m.Y~~'I1'WWl~U"~f1l'im~ '\J lfJ'lIfl~fll11JLmfJ~U"~fll11JLfI'W 

d'• e- cAs' 

d
d-d' 

• As e-
b 

O.85fc 

Cs 

Cc 
clH 

.-- 1-----

Ts 

(1.1) 
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<!t 

l1';Hl £: 0.003 c-d' (1.2) 
c 

0.003 a- fJ1d' (1.3) 
a 

c-d
Es=0.003-- (1.4) 

c 

= 0.003 fJl d - a (1.5) 
a 

~1f)m'jm~~1t1fl11lJ'fl'W" ; ~~1'jW1UHfflJfJ"'" "~ Fx ° 
C = T (1.6) 

cs +C c = Ts (1.7) 

A/y 
(1.8) 

0.85 f cab 

A' fs y 

0.85 f cab + A's fy (1.9) 

(As - A's )fy 
a (1.10)

0.85fc b 

'~fl'W1'll~ 'il:::'V'h1,rmgmff~lJ~1'Wl'11'WU 'j -:Jij",m:::ll1 gmff~lJ~1'Wl'11'WU'j -:J?}-:Ji'11U'J -:J~ ~"fl'j 1f)lJ~,:jif 
f)'jW ~fl'Wl'll 

a - fJ d' 
f =f 0.003 I > (1.11)
y s a Es 

fJ d-a f 
fy fs 0.003 I >f (1.12) 

a s 

.c:t.d d " Q.I d " .ri Q.f .d
mt\ll'1m"f)iil1'Wl'11tlUHflfllm~m"f)~ltll'11'WHH"-:J'jl1UHl'1~"flnf) (fs =fs =fy ) 

a fJ d' f
\l~l~ E'sO.003 - I >-.1:... (1.13) 

a Es 

0.003E5" ,11 " > (1.14)l'11 a fJ d ' 
- 0.003Es - /y I 

(A -At 
0.003E_s__s~ ~ s Pl d' (1.15) 

0.85f' c b 0.003E5 - /y 

p _ p' > 0.85fcP1d' 0.OO3Es 
(1.16) 

- /yd 0.OO3E - fys 
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.. 
til"'~~l'Wl'll'U I1JUJ'U~~~1\l~,,!~'\JtJ~l'It!wi~m'U fll'U1tu '~~~i1 

a 
'illfl Mn = 0.85f c abed -"2) + A's fy(d - d') (1.17) 

(A -A' 
f s s 

Ul'l'Uf11 a (1.18)
0.85fc b 

a 
Mn (A -A' )f (d--)+A' f (d-d') (1.19)s s y 2 s y 

(1.20) 

a­
= 0.003 --'-'-- Es (1.21) 

a.. .. 
~,:jir'Util"',:j~l'Ul'll'U 11J11J'U~~~ff~ff~'\JtJ~1'It!wi~ ij~,:ji1

'" q 

Mn 0.85fc abed (1.22) 

a = (1.23)
0.85f c b 

",,J,,, ! d 31 ., d 31 .ei • dllJ I .6 31 
flHUl'l1Jl'l,:jmnfWl1'Ul'll'ULlHtJ~ltft::mnfl~l'Ul'll'UUH~~f1'jlfl ~Hfll1lf1nfl C)fn~~tJ,:j 

fll'U1Wl'Ilfh ~111f111111~'U'il~,:j~,:jif 

A/s - A's f: 
a = (1.24) 

0.85f:b 
A 

111tJ f' = c' E (1.25)s s s 

a-Pdf 
= 0.003 1 Es (1.26) 

a 

un:: fs = csEs (1.27) 

= 0.003 P1d a Es (1.28) 
a 

lPlfl~fll~.:JtlPl 1's un:: fs fltJ fy ..r'UltJ.:J fi1'Ufh"',:j~1'U1'l1'U11111l'U~~Pl~,:jtlPl'\JtHl'It!li~ 
" 

fll'U1W'~~~i1 
a 

Mn 0851' ab(d--)+A' f (d-d') (1.29)• c 2 s y 
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a 

'Vnn1 'Ut'll i,rt~h..!~t'H~tlllfl'W~lt,"tI'Ul'¥h (Whitney Equivalent Rectangular Stress) 

.d; d Q,IQ,"
c', : fl1111Amtlfl'lltJ-3t'Ht'lmff'jll~1'W'YI1'WHHtJfl 


Es : 111~i.iffVfl'H~'W'IItJ-3t'Hgmfflll 


fc: tili.i-3tlflth:i.i{J'IItJ-3fltJ'Wfl1~ 


"''''''i d~" W'C s : UHtJflt'lW1'i 'Wt'Ht'lmff'jll~1'W'YI1'WUHtJfl 

cc : uHvfli.iwtil'WfltJ'Wfl111 


"""''''1 d"'91 c!/
Ts : UHfl-3t'lW1'i 1'Wt'Ht'lmff'i1l1l1'W'YI1'WUHfl-3 


/31 : ')1t]WUtJt'l-3 fll'i m::~ltl'Hth{Jm -3'11 tJ-3fl tJ'Wfl1 ~A-tI'W ~tJ~t'H~tlllfl'WN'l 


... I~ d.c::r. Q.I d
P : lJ'illlWt'Ht'lmff'ill'i'UUHfl-3 


p': tJllllwmgmffllli'mtHtlfl 


. 
0....,111 ...., ....... "' ... '" o vIII


2.9.2 flli.lUll'U'fIl'UU1~f1f1"8~ftl'Uft8'Ufl1f1!a·nJlt1t\fl'flnT11Jflli.Hflltl FRP 

1'Wfll'i1lm l::Mill i.i~~l'Wlll'WU 'i -3 ~~'IItJ~fll'Wfl tJ'W fl1 ~lfflllt'H gfl~ lfflllti li.i~~'JtI FRP 

" 
ffllll'it'ltll'W'JW '~mtli~fflJ1.I~!1'W~-3lPitJ ltJil 

" . 

1) 'i::'Wl'U'IItJ~'HU'l~~ V-3 Iii 'W 'i::'W l'U'rT~ritJ'WUt'l::'Hi.i-3m'ii~ 


d #!:So <V " d f QI cI 
2) fltJ 'W flHllJ fllfl-3 m'W 'YI1'W m ~fI~l'YIlfl 'Utr'W tI 


3) '1ifiTU-3fl~~ml1flfll'l~Vfl'i::'H1HfltJ'Wfl~~fl'UUN'W FRP 
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O.8Sfe 

1',. .­ F. 
As' 

N.A. 

e- T, 
• As 

TI' 

kt--r--;-b----c=41 ----­

FRP 

'il1f)ffll~~!1'1J~f)rlTJ1I1,h:jYl''lJUt'l~ t:l1ffm1tl'1J''U'U~-:ifl111lffll~t'I'U~-:i'HU1\9l~1,'lJ 111 'iil111' 
!II 

ff11l1':mfl1'lJ1WVI 1ri 1fl 11 11 Yl'1 'lJ'YI1'lJfl1'ji'mt'j-:i~~1.h~~fI'U t:I-:ifl1'lJ'~~-:i il 

'il1f)11l~'il1'jW1ffll~t'lUH L Fx O', 

Fs+ Fe Ts+Tp (2.0 
..,; 
lll~ Ts f s XA s (2.2) 

Fs f XA' s s (2.3) 

Fe 0.85/,eX bx (2.4) 

Tp f p XA p (2.5) 

mv 'lYl'116'lJ1'Ulm::fl111l ffll~t'I'U6-:i'HU1\9l~ 11l11l'lJ~1I'j~!!V'Ut:I-:ifl1'lJ~~~ufi'lJ FRP fflll1'j()'H1ri1 1~ 
!II 

... d 

'illf)ffllfl1'j~-:i'lJ 

(M) =(d-x/2)-F(d-d')+T (d -d) (2.6)
!lIt plated e S p P 

Fs """'1 d~" ....UHV~t'I'W1i 'lJmt'lmff'j1l~1'lJ'YI1'lJU'j-:iV~ 

Fe UHtl~!!'W1ii'lJflfl'lJf)~~ 

Tp m~tl~!!'W,r''lJufi'lJ FRP 
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Ac 

As 

1.J"G.I d Cl" cv
A' 'VfUVll1 \Jl~~'\1 fl~!'I1l'1f1!ff'l1J~l\J 'Yl1\JU'l~fl~ s 

b f1111Jfl~H'\Ifl~f11\J 


x 

tQ ~"4! QoIdl rI d .til4" 

d 'l :::tI~'j~1111~f11f1fl\Jm~~1\JnJU'l ~fl~fI ~i1\Jtlfll'11~'\Ifl~!'I1 t'lf1!ff'j1J~l\JVll\Jm ~ ~~ 
'" 

,..:::::.. A ~ (V Q,j'.rS: ~ d Q.tQ"
d' 'j::: tI:::'j:::1111~ f11f1fl\J m~j>n\J'nJm ~ fl~fI ~i1\Jtlflt'lH'\Ifl ~t11 t'lf1!ff'l 1J~l\JVll\J! L'l ~flfl... 

'Q Q,., Q,I rIQ,I.dl , 
'l~tI~'j::: 1111~f11f1fl\Jm~~1\J'lUU'l~ fl~fI~tr\Jtlflt'll-1'\1fl~Uf1\J FRP 

{{l111flfi1j) l'i W11tl!LUU fll'i1U~ '\I fl-1f11\J fI fl\J fl"i ~Lff~1J!11 ~ fl ~Lff~1J ihti~1i1t1u~\J FRP 
~ . 

mtl'~fll'lfi~u\J 'li!ff\Jfl1tlUUUfll'i1UA'\I~NfI1\Jti1fl~'illf1!LHfi~H 3 ltluuu flfl 

ltlLLUU~ 1 U~\J FRP 1j):::'\I1~!dfl'Hllf1!!H~~1\JfI1\J~ijfil1Jlflfl'hfhti~~l\JVll\JU'l-1~~ 
, ... ." ~" ~~q~'\Ifl~Uf1\J FRP Vl~l\JVll\J L~ (Rupture ofFRP Strip) 

ttluuu~ 2 f1fl\Jfl~~~~1i1Vl1,j1VUHU~l1ti~1l1f1!11~flmlfl (Compression Failure After 

Yielding of Steel) 

ttluuu~ 3 f1fl\Jfl"i~";~';1t111,j1V!LHu~tifl\J~!'I1~flll:::mlfl (Compression Failure After 

Before Yielding of Steel) 
~ ~ ~ 

fll'i 1UA';~ 3 ttl ItuUlhtl\J fll'j flmnl ~vmflvVl\J il\J fll'i fll\J1WVl HVlqll ~!tI\J 11 tifl 

i~if~ 'JUtl'j~'''' \J fll'jfillnw 1'';utii4'\J ~11',rl~~'\Ifl-1U~\J FRP qj~, \J fll'ifl1\J1W 1j):::'t"h 

!mV1Jl'YifJutl1Jfh'\lf)~ Af,min Ut'l::: Af,max f1t'lfll'ilmvulYifJmn1Jl'itlUf)fl '1i111l:afl~fll'i1U~'\J 

ttluuu'~ f1t'l'\lfl~fll'llmVUl'riVUffl1Jl'itll!UU '1it1~\J 3 mw ti~il 
~ 

fl'iW~ 1 Af < Af,min 1l:::lflflfll'i1tr~~U~\J FRP ldf)~1j)lflUH~~'\Jfll\Jijfil1Jlflfl'h 

fhti~~l\J'Yl1\JU'i-1~~~~tl~'\If)~U~\J FRP ~~l\JVll\J'IiYi1',fu~\J FRP '\Ilfl (Rupture ofFRP Strip) 

mw 2 Af,min <Af < A(max ,:::ih',fflf)\Jfl"i~~~1i1fJl1,j1VUHUfll1ti~\l1f1!11~flmlfl 

(Compression Failure After Yielding of Steel) 

mw 3 Af > Af,max 'h',ff'lf)\Jfl"i~i~1i1fJl1,j1t1U'j-1U~rlf)\J~!11~flfl'ilfl (Compression 

Failure After Before Yielding of Steel) 
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• •As' 

• As. 

" 'I "f11'11'I.JfH'H at O.85~0.0015f'c 2: 0.6 11(1:; PI = 0.97 -0.0015f'c 2: 0.6 

~lnl1nl:;~1~ft11~lft1~~''l.Jl~ ~:;,~ 

x h 
(2.7)

Be t:e +t:p 

ht:e 
X (2.8)

t:e +t:p 

0.85/,<, 

r--1 
Fa 

1 Fc 

N .A. 
- r-----

Ta 

Tp 

http:lnl1nl:;~1~ft11~lft1~~''l.Jl
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fi1Jl'.iOllff1J~~UH 'L Fx =0 ; 

Cs+Cc Ts+Tp (2.9) 

E e' A' +a f'bxfi fA +E eA. (2.10)
S 5 S I I y s P p I.mm 

X d''" mOl 8' 
S 

= 0.003--<8
5 

(2.11) 
X 

al/'e bxPt + Es8's A's
1J~'~ Aj . (2.12),nun 

E 8p p 

... X d' 
mOl 8' = 0.003 ?:. 8, (2.13)s 

X 

a1f'e bxPt + f'
1J~'~ Aj,nun. = (2.14)

E p 8 p 

0' .c=- d d Q la! .c9 
0l1fll'U1W'Hlf11 AI.max (f1111Jlf1'.iVi'1'Y1~~mlf1'U~~l'H~mff'.im1Jm ~i'1~) 

1Jlf1f11'.im~1J1Vf1111JLfI1Vi'1h.l1'112.7 1J~ i~ 

(2.15)
X d 
=--­

x=--=-- (2.16) 
8 e +85 

-X 
8' 

p 0.003--=-- (2.17) 
X 

1Jlf1f11'.ifi1J1'.iOl 1ff1J~~U'.i ~ 'LFx 0; 

Cs + Cc Ts + Tp (2.18) 

EsE's A'.+a1f'bxp, = /yAS + E p 8 p Aj.max (2.19) 

x-d' 
E'. = 0.003-- < 8, (2.20) 

X 

atf'e bXPt + f'y A'.-/yA, 
(2.21) 

EpEp 

x-d'
E' 0.003 --?:. 8. (2.22)s 

X 

a1f'c bXP1 + /'y A'. - /yAS 
(2.23)

Ep 8 p 

http:0.003--=--(2.17
http:x=--=--(2.16
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o .d" IV Q,I .de.:! GI 001 t/4tI!' Q.I .. I e1 lIJ ... 1 .c:k
iJty'Hl'i11'U"J'UlJlmnfl1'Ufl~ nil fl1Ull'l'YIlJfl11lJ {,'UJ'YfIJ tm'UfI~Uflfffl ~fl1U1J'l'U'U 11J 9$~rn . 

ff'U t 'i)fl 'i)~ ff~HUilil~l~fHH~ ~'H lfl11lJfflJ~'U tf'Ufl~;i1ulll L'Hcil'w 
~ 

;i1fl~1~ 1'li'U i'IJ m::il1'IJ ml . . 
'YIl~lflijfjn fl~l~ N~Nilflijfl11lJ'th~'U tf;im)w'Hfl1Jfli 41~1'U i 'Un 'lru -U1rl'1m 61'0 'iI~ $Ifl~ m lfl'il~. .. 

~ 

ff~1'111ilil ~1~fl~~ II fffl ~fl11lJth,;'IJ tf'U fl~N~NilfI nilflW 'H fl1JII~:: i 4111ilil ~1 ~ fl~ rl'i 'U mn'Wlmor. .. 
'Hlfh~mlJ1::fflJ~tl~ i 'IJ m'l~ ll1J'IJ m::il1'Uml 'H~flfl1ilfJlJm:::il1'Uml 

lIn~U~1fflJl:I~"hij~11111lflllJ (Dependent Variable) fldl'rifl~~11~fl1 'H~flN~flflil 
sJ.d 1 Q,.t J Q Q,IQI .... 0 f 

(Response) y 'YI'U'lJnilfl1'Ufl~fl1U1Jlflffl:: (Independent Variable) 'i)1'IJ1'IJ k fl11'lf'IJ X"X2' ",Xk 

fl1llJ fflJ~'Utfn::'H';h~;i1ulIlm cil-U 
~ 

\lmh 'H'IJ fll fI flUilil ~1~ fl~ 'YIl~ fltU~fllff(9l{i; fln 'h l1ilil ~l~fl~ 
.& 0 "J i" "'".,..:mHl~Oflfl (Regression Model) CJf~Uilil'ill~fl~'IJ'iI~\lnfflH'U'lJlJ1 'HmlJl::fflJnil'Ufl\!~~1flf.l1'l 

ICJffl'Hii~ i 'U il 1'1flf~ ~'YI~~ fl~'YIllil U~ ll1uilil~U1j'U fl'IJ 'U fl~ fl11lJfflJ~'IJ tfi 'U ~nll W::~ Iri'U vh n'l1'IJ 

• , .. , "I d ~ .c:t , " ... 1 d
l::'H11~ y tI~:: Xl,x2••••~ n~11flfl y=0 (xl,x2, ...xk) flflH l'ln~llJ l'UmWff1'UlJlnl!~111JUilil'YI 

" ,r" 
UU'IJ fl'U 'U fl ~ fl11lJ fflJ~'U tfl 'H ci lU I ri 'U ff ~flillhi 'YIllil ;i'.:nl'U ~'YI ~ ~ fl ~ 'iI::$Ifl~ Iii fln rl-1n'l1'U fl 

f 

.. 
mlJ1::fflJl~fl~'iI::i.rl'Unnlll::lJ1W 0 ci~ 1~fllJlml~1'i1~i4lUilil~1~fl~l'nltl'U;iil~1 (Low Order) 

" t'IJmllll::lJ1wrl~n'l1'IJ-U 

" " 
'iI:::nci l1U-1H1'11'fl~l~"lmcilui'lJil'YI-U 

o .... if 
2.1O.luuu~la8-tfll'U1A08tJUUU''tJ-tI"U 

(2.24) 

l~v~ y fl(Jfl11lJ'H;j~, XI fl(JfJW'HtJiJ, U~:: ":2 fl(J6~'Sl-ll(J1"'J(J~i1d~lInfi~V1 Uilil~liW~m'I 
" (ltl(l(Jvuilill;r~uJ'U'W'I;lt!}WUlIl::nflilA1vfl"1I111loffl:: 2 fl1 I 'S1'i1::1'ivnfl1ull'SOff'I::';h ;i'lUlI'S 
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Yi1'U1tJ (Predictor Variable) 'Hjfl~';If:li'lOfltJ (Repressor) ,h11 !;.:Jttf'U "fl1.'h1111'*tdfl,HJ1011ff1Jfll':i 

~ ".:, 91 ".,1'1' I 	 0 'I 91 d <9C\ C\ 

2.24 	t1J'U:YhO'lf'Ut'lf~tff'U'Ufl.:J111':i11Jt91fl':ifll1JfI':i111fl1 Po' Aua:: P2 U1111~lafl~Ufffl~ l'Hm'Uo~ 
" ':i::'U111tfl'Ufffl~iJ~"'m~ XI ua: x2 111':i1iJl91fl1 Po ~::lrJ'U~';lfil'H''UfI~fI~fI'Ufl~':i:'U111 l'U11Hfrr:m1 

" tltJfl PI ua::: P2 11fhff1Jtl':i:fffliflT~Oi'lOfltJU111111Hth'U (Partial Regression Coefficient) 

Jt" tl "d .Cl d ... 1 d J c:v • t a "«=)

l'Ufln1011 PI ~:1tff~H lm'H'UO.:JflllttlatJ'UUlJanl'iJ:::1f1P1'U'Ufl11fl1'Ufl~ y 91fl1'Ufl.:Jfl1tJflll 

d it d ~"d&.d.d ~d41 I

ttlM'Uutl(l~'Ufl~ XI 11m X1fHflua: P2 'iJ:::UffVi1~ mm'UO~flllttlM'Uutla~fI~:::tnVi1'U'Ufl11fl1'U6~ y 

~fl'H'd~'Htl1tJflllttlgtJ'Uutla~'Ufl~ x2 l~fl XI fI.:J~tlO~Ua'1~1Utl(lf-lMlfl11 Y tI1~'iJ:::t~tJ1~fl~t1lJ~1 
_I '" dI d 0 ~ 

UlJ10flOfltJ k Vil19f~'iJ:1JU11lJ'iJ1(lfl~t1J'U 

(2.25) 

.,. " (Multiple Linear Regression Model with k Regressor Variables) 111111Jt91fll Pj .j = O,l,... ,k "fl 

"" 	 . 
tlt10';hff1Jtll:fffliflllOflOfltl U1111~1(lfl~i1'iJ:Ufffl~l:'U1lJUlJlJl:::'U1mfl'U (Hyperplane) ijijiJ~ k 

Q,I 	 4:.'Ji 0' & .d .d.r:::. & Q,I

'Ufl~Vi11Utll0Vi10fltl {x j}111111J191fll Pj UffVi1.:JtHflll ltl(ltl'UUtl(l~fI'iJ:::tnfl'U'UfllJN(l916lJUfl'U y 

~flmi.:J'Htl1tJ'Ufl~fllttlgtJ'Uutl(l-3~lflVi1i'Ut111 X j 1~6~11ltllflffl:::~m~flJ~'H1JVi1 ~ (i ::I; j )ijti1f1~ 
~1 

ffmi'11u1111~1(lfl~~ijfl111JciflJ~fl'U1J10011~tll10{JL'Uff1Jflll (2.25) nJ~tI1'iJ11f111:::'H1r\' 

1~w1'*lfl fliJfI'U6~flllOflOflfJU1111t~~l1lltJfl.! ~1flfh~,'lf'U ii~11fl.!1UlJ lJ~l(lfl~~ijfll1 1~1J'Vt 'iJU'UfH 

QI ~ "1 ... I~ 0 0,; Q,I d ~ ~ q Q,.O .... I "4 
fl'UfllmfJ1(l~ llJ l'UUlJlJ'iJ1mHfl'UVi1lJfI'H'U~9f~1J 2 911UlJl Om1f1tJ 

(2.26) 

(2.27) 

dI d.,. 0 	 ... 'jI ... ~.J", .., '" '" , dI d"'l 
CJ ~flfl61111 lJ 'iJ 1 (l 6~fll1 OflO 6m'Jf ~1ff'Ull1111t'Jf~lUUTftltltllfl1Jfll':i 0 PI 0 tit.! 3 9116fl911 fl fJ1 ~11 'U ~flfl6 

" 	 ,
UlJlJ~1(l6~,"'UfhN(l91f)lJ (Response Surface Model) ijij 2 ~1Ulh 
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!II '1 !II 2 2 
fl1t'.i1 m XJ = Xl ,X4 X2 , Xs = X1X2, P3 

" " ~,nr'Uff1Jf11'.iil~~mnmtJ'U 

(2.29)Y=~+A~+~~+A~+~~+~~+& 

~'1~fl~H'U'U~lCl~'1f11'ifl~fI~tl1".:.Iu'Um".:.Itff'U,r'Uta'l ~11Jtl~U'U'U~1l'l~'1f11'ifl~fltWU'U'U1~~~11J~ 

ii~1'i1iJL~~f (th'\l~.:.I P ) LtJ'ULL'U'UL".:.ILff'U~~l'I1JltJil'lu'U'U~l,m'lf11·.ifI~m)UU'U'UL"'1Lff'U l~u'1i 
!II'" .d/.I • A "" d!ll ;f 
~ ~.:.I~~l'ifU lfl.:.ll1J'.i1.:.1'\l~.:.I~'U~1~l'l~~'U'flfiJfH"'.i l.:.l'\l'U 1J1 

2.10.2 fll"itJ"i~1I1Wftl1"tl"ilijtVlfllluAm1J{hflfl~fll"ifl~flfltJU1J1Jt;;~U~U 

nfilci.:.l ff~'1U'~[Jq~(Least Square) ltJ'U11if11'i~1"1J1fl1'U flntl'i::1JlfU fhff1Jlh ::iY'VIt'fln 

flflfI~Uffll'li''Uu'U'UiilCl~'1f11'ifl~fI~tJU'U'Ul'''11ff'U~111!!fU ff1J1J~'h n>k LtJ'U,rm.!l'l'\l~'1~1U1.hNCl 
dd '" I 4 0 QI' odd" '1'" Q,I .dQ,l _I d

~~'U'VILfl'U1Jl ~ flCll1fW YI'Y2""'Y ffll'l'i'Ufll Yi 'VILfl'U'\l~l.JCl1Jll~U~Cl:::~1'il::1J~1U1J'ifl~fI~U'fl n 

d 'jI GlQI 'o~" cvd ".~cv Cl
LflU1'\l~.:.Ifl'U1J'Uf)~ f11l'1'U~ m Xu U'VI'U'i::fI'U'VI i '\If)'1~1Utl'i Xj ~ln'l'\lf).:.I'\lf)l.JlU'lf'U'UUfffl'lmmn'l 
d 
'VI 2.7 

JSI 


ff1J1l~'hrHI.w'\lf)'1f1111JHfI~Cl1f1 £ ''UU'UmhClf).:.Iii E(f) =0 UCl:: V(E) 0'2 Ul'l:: {Ej} 

ltJ'U~1U'1.h~1JU'U'U'1iijffl'lff1Ji'U.fi (Uncorrected) L':ilffl1Jl'im;;U'Uff1Jfl1':i (2.25) ''Ultl'\l~.:.I,r~l.JCl 

'lfl~nl.:.1~ 2.7'A'fl~ 

Y= Po + PIX;1 + P2X12 + ",PkXi/c + &j 
k 

= Po + LPjXij + &j i = 1,2,...,n (2.30) 
1=1 

http:ltJ'U~1U'1.h~1JU'U'U'1iijffl'lff1Ji'U.fi
http:fl1t'.i1
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i1Mlfi~fftl-1UmJ,,!" \l::!~tltl jJ 1'WfflJtl1'i (2.30) !~tI,h1,",j:H'I'.i1lJfhfi-1fftl-1'UtI-1f111lJ~"'t1l11" e i 

1J,humJ,,!" -n-1n~'Wfhfi-1fftl-1UmJ,,!"fttl 

i=l 

n k 

== L(Yi - Po - LPjxiji (2.31) 
1=1 J=I 

rI~ 0 1" jI Q,I I ... 1 0 " 4Q.' Q..t

-n-1tl'l1'W L \l::\jtl'Yll 'I1'W tltJ"!"tlUfIl'UtI-1 PO' PI "'" Pk "1lJ'i~lJ1W.tl1l1~fftl-1'WtleJ,,!" fltI 

PO' PI"'" Pk \l~!1'1'W1t1"llJfflJtl1'i 

(2.32a) 

(2.32a) 

<!I 

. 
• 1 " '1 _I'" 

. 
, ~ " IlJtI'YIl 'I1fflJtl1'i (2.32) tI~ 'W'ilJmltJlI-1I'il\l:: I" 

1'\ "'- n "n "n n 

npo+PI LXiI + jJ2Lxi2 +.......... + PkLXik = LYi 

i=1 1=1 1=1 1=1 

"n n n n n 

Po + LXik + PILXikXiI + P2LXik Xi2 + ... + PkL x~ == LXikY; (2.33) 
i=1 1=1 ;=1 ;=1 ;=1 

" 
fflJtl1'il'lUhihleJtl'l'h fflJtl1'itlflAfiTn-1fftl-3UmJ,,!~ (Least Squares Nonnal Equation) A-3ff-3lflfl 

'hil::1JfflJtl1'.itlflAi;'UTU p =k+ 1 fflJtl1'i l1.a-1fflJtl1'iffl'11i'mhfflJtI'i::ff'YIi'tl1'itl"tltlV~hj'YI'.i1U 
~ " ,

t1111U -1~1 LUI ::t11fllf1 tlU'UtI~fflJtl1'.i&11,hii ~::L1'1'W~1t1'i::1J1W. fi la-1fftl-3UtlV,,!~'U tI-1fflJtI'i::ff'YIi 

tl1'.itl~tltlV Po' PI"'" Pk '::L1'1'Wtl1'.i~lV~'::U~fflJtl1'.iLl1thrl' t1'lfflJtl1'i&11thrl'\lm'iiv'Wl,", 

" _ I '" ,,~... 'I .!"I " _I ... "<!I 
t1g 'WllJ'UtI-3LlJ'YI'.ifl'r C)f-1L'.i1t1n~:a'UV'WfflJtl1'.i (2.30) it'! &l1lJ UllJllJ'YI'itl'rfitl 

Y == xjJ+& 
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Xii X12 XuYl 

Y2 X21 X22 Xu 
, Xy= 

1 X"I X,,2 X"ky" 

&1Po 
&2PI , &13= 

13k &" 

AI"" " !it "" d. ~ "J"~ d. !it """ ~11l1J~Um1 y 'iJ~munm~()~'tl().:J'tl()\li:l·mfl1J L~C)f.:Jll'tlUl~ (n X l),x mUlllYlmC)f'tlUl~ (n X p ) 

'tl().:J~~~1J'tl().:J~1utJ~~hYJ~ 13 d'Junm~(){'tlUl~ (p X 1) 'tl().:JfflltJ~~iY'YIiff11Hl~(ltHJ Ui:l~ & 

l~UL1m~(){ 'tlUl~ (n X 1) 'tl().:Jfl111l~~"'i:ll~U1J1J~1l 

'n"'().:Jf11~ ~'iJ~'YI1911nm~(){'tl().:J~l1tJ~~1l1Wfl1tl.:Jff().:JtrmJtl~ jJ ~ ~ni1'M'ffllflU 

" ~()'tJuijfhtr()tJtl~ 

" 
I""" 2 (y - xp),(y - xp)L = ~&i = && 

i=1 


'" I .co '''!it
ff.:Jlfl~11 L ()l'iJl'tllJU ~mu 

L =yy + P'x'y - y'x'p + P'x'xp 

=y'y - 2P'x'y + P'x'xp (2.34) 

..,j !it """ ...!it """ " '" '" AId.lU().:J'iJlfl P'x'y mUlll'YI~fl'lf'tlUl~ (Ixl) 'YIHH1JUnJYl~fl'lfffmi:lU Ui:l~~1utJ~ffi:lm1Ji:llJU 

(Transpose) 'tltN (P'x'y), = y'xp 'iJ~l~Uffmi:ll{l';unu 9l1tJ~~1l1Wfhtl.:Jff().:JtrtWtl~'iJ~"'fH 

l~U'tJ~lllffllf11~ 

-8L I.=-2xy+2xxpA =0
8p P 

1 I 

~ '" '" ''I A I ' ...C)f.:Jff1l1~(l'iJ~ 'YI()~ lU~1JU1J1J.:JllJ'1f1() 

x~=~ ~~ 
t'l'lIflU (2.35) l~U ffllf111 'UltJlllYl~m1'tl().:Jffllf111tJflfiihtl.:JfftHtr()lJtl~ ~.:Jffllfln l'YI ,hrl' 

mi1t)UflUn1Jf..,llflU (2.33) ,Yl()~'iJ~U~1.'fllf11':itJflfimi;hrl',,rtlW~.:Jff().:J.ul.:J'tl().:Jffllf11':i (2.35) ~1lJ 
II 

fiUl1()i'ff'tl().:J x'x9>l.:JUU 9>l1tJl~1l1wihtl.:Jfft).:JJmJtt~'tl().:J 13 fit) 
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jJ = (X'X)-I X'Y (2.36) 

\l::t11'U i~-;htlJ'VI~mf'\J~'H"lJf11'j'l1n9l\l::ii':i'lJ t1 'U'Ut~'U fftmn{ t~fl'U fflJnn(2.35) 1 'U.. 

'jltm::tfltJ~ i~t~'U 


n n n 

n LXii LXi2 LXik 
i=1 i=1 i=1 

n n n n 

LXii LXi~ LXilXi2 LXilXik 
i=1 i=1 i=1 i=1 

n n n n 

LXik LXikXil LXik Xi2 LXi~ 
i=1 i=1 i=1 i=1 

" 


Po 
PI 

Pk 

= 


n 

LYi 
i=1 

n 

LXilYi 
i=1 

n 

LXikYi 
i=1 

t1'lt'jl'l.htmtlJ'VI~mft1Hhi1lJlf.Jtl.In'U t'jl\l::i~fflJf11'j'l1n9l1'U~'l1fftmn{ (fflJf11'j 2.33) l'Ul'l1t1'U'U 

d , ~ ~ fI dd ~ Q,I fI d'dd 
'Ut'jl\l::~'U11 x'x t1J'UtlJ'VI'jn')j'fflJf11'j'VIlJ'\J'Ul~ (p x p)tm:: xy t1J'Ufl~C'!lJ'Unm9l~'j'VIlJ'\J'U1~ (p x 

"'" 0' ""1 " ~ _I '.!I ~ 'i " ,1) tlJ'VI'jn')j' x'x lJ flHff'jl~~tfl''tJ'Ul~lJ'j::nn nm1fl~ ffm')j'n t'Ut1'U1tff'U'VIt1fl~lJlJ'\J~~ X X \l::. 
t~'Ufh~m1lJ'\J ~~fh~~ff~~'\J ~~ffm~n1 'Ufl ~~lJ\r x tm::fflJ1~n~ ili ~d'U'Utff'U 'VI tW~~lJfi~ ~C'!'j1lJ 

. " 
'\J~~~C'!f.Jtl.I i'\J1''\J~~fflJ1~nl'Um)~lJ\r'\J~~ x tJ~n11,r'Ut'jlv~iY~m91 i~fln11 fflJ1~n'\J~~ x'Y t~'U 

v ",0' V.dc:liV{}
~m1lJ'\J~~~C'!f.Jtl.I i '\J1'\J~~fl~C'!lJ'U'\J~~ x tm::'\J~lJC'!'VIm'U ~ Yi 

o .d v.1 .... 
t1 'U 'U \l1 C'! ~~ f11'j f:I~f:I ~tJ'VIf:I n ff'j H '\J 'U fl ~.. 

Y=Xp (2.37) 

A Ak 

Y=Po + LPjXij i= 1, 2, ... ,n 
i=1 

. 1" .c::di"~ I.e:: '''" d. ., " 41!1fl11lJt191n9l1~'j::'H11~'\J~lJC'!'VItn'U ~\lH Yi UC'!::fll'V1'HllJl ~ Yi t'jtJn11 ffl'U9Infll~ 'H'j~ 

A Q,I ~ d' ." d fj/4I!I ei =Yi - Yi ~~'U'U nm9lfl'j'\J'Ul~ (n xl) '\J~~ff1'U9Infl1~ffllJ1'jm'\JtJ'U'~fl~ 

e =Y-Y 
A 

(2.38) 

n 

SSE = L(Y; - yJ2 
;=1 

http:fflJnn(2.35
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i=1 , 
=ee 

H'Vl'Urll e = y y= y - x.o !11\l::'ti',;h 

SSE =(y - X.o),(y - X.o) 

=yy - .o'xy - y'X.o + .o'x'X.o 

yy - 2.o'xy + .o'x'X.o 

1ij~H~lfl X'X.o = x'y fflJm1qy»~lm~U 

(2.39) 

d I 0 GI ~. t " d Q,I Q.I " fflJ m 1 (2.39) 11 tJ fl11NCl 'l"JlJ'U 6.1,1 mCl~ff6~'U6~ f111lJ NY» 'V'l Clly»111 6 ff1 'U Y» flfll.1,1 UCl:: lJ1::fl1J'U 'U f111lJ 

!ff~tvhn1J n - p t11m~UffY»~'ti"h 

E(SSE) =a 2 (n - p) 

(2.40) 

E(.o) E[(x'xrl x'y] 

= E[(x'yrl X'(XP + E)] 

= E[(x'xr l x'xf3 + (X'Xr1X'E] 
=p 

. " 
n.'j6~~1f1 E(E) =Olm:: (x'xr1x'x = 1~~uu .0 fifli1'lh::lJltufhu1J1J'~LH1JttjtJ~'Ufl~ p 

t.lw fflJllii'llfl'lfl11lJutJnh lU'lIfl~ .0 ffl1J11f1U ffY».I,I'," UllJ'Vll fli''lIfl~fl11lJutJ1tJ'nu 
I • <!I 

11lJ (Covanance) flfl 

Cov<P) = a 2(x'xrl (2.41) 
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"" ""
, 

....2.10.3 fll';jflAlnltnn.nJ~!lU~flf.Jlfl1Jfll';jtlAm)tH~1J1J'rnltlw . .. . 
ffTI1 i''U 11 ty1111~ fl ~ fl U t'lfW fltm'U 'U'Vl "1 ~wu'U fll 'j 'YI~ fffl 'U ffll l:! ~! 1'U 'U 1~ fl ~1 ~ Ifi tl1n'U 

"" .. d i 'JIi 0 ~ _I i .., i C/ i 'JI i'JI''VlUll.llflm'YI 'If 'U1I'U'U'ilHlfl~'iI:::IU'UlJ'j::: tI'If'UfltlH1J1fl 'Ufll'jfl'j1'i1fffl'U(l~fll'j 'If~1'U ~fltll~ . .. 
1l11J1::: ffll'\l fl~1I 'U'U ~Hlfl-.1 IV; fl i ~-.11'U1~i 'U fll'j 'YI~ fffl'U ffllll ~J l'Ull1 ri TU l'j 1,;' fl-.1 ffll 11 ~ 'hfl1111 

~~'Vl'I1~i'UII'U'U~Hlfl-.1 £; ijfll'jm:::'illml'U'UtJfl~Url:::I~'Uijff'j::: ijflm!~m't'hn'U 0 IIrl:::ijfl1111 

• k 

ijfll'jm:::'illt1I1'U'UtJfl~lIrl:::t1~'U ijff'j:::ijflllU i1m";ln'U Po +I PIXy IIrl:::fl1111UtJ'jtJ'j1'UI";ln'U 
j=1 

.... 0 .... 

2.10.4 fll';jflAlY81JUf.JlYlflru'U8~fll';jtlAtl8f.J
u 

Ho :PI =P2 =···=Pk =0 


HI : PI :;:. 0 for at least one j (2.42) 


_I"" i i'JI' ''JI .... _I ..k
fll'jlJ{jlffti Ho 'Uffllfll'j (2.42) 'Uflfl 111'jl'Y1'jl'U11 fltll-.1'Ufltl~~f11UlJ'j(l~(lfltl X I,X2 , ••• , xk 11'U-.1 .. 
~1'i1::ijNrl mh-.1ijUfJfflfl ty~ flll'U'U ~lrlfl-.11~i'Ufll'j 'YI~fffl'U ~ni1'~'ill flfll'j IIti -.1Nrl'j111";-.11111 ~'\l fl-.1 

fh~-.1 fffl-.1 (SST) i'U fll'j1Ifl'j l::11fl1111IItJ'jtJn'U flfl fl1~'UNrlnll'\l fl-.1fh ~-.1 fffl-.1~ln~'illmh'U 

(2.43) 

~ "" .. ~ "" "SSR "" 2 i d
tJ1ffllllfl!l'UI!!'UfJ Ho : PI =P2 =... =Pt =0 IIJ'U'ilHllrl1-2- 'iI:::1Jfll'jm:::'illfJU'U'U Ak ~tI'YI 

a.. 
'j:::~mj'Ufl111JltYl'\lfl.:J x2I'rhn'U~1'U1'U'\lfl.:J~1UtJ'jfll'j(l~(lflfJhlU'U'U~lrlfl.:J i'Ufh'Ufl.:Jl;lfJ1n'U 

,,~, SSE"" 2 ~ '" .... """" 
lntYl1Jl'j(lUtY~-.11t>111-2-1Jfll'jm:::'illfJU'U'U An-k-I Url:: SSE Url:: SSR 'iI::1IJ'UfltY'j::fl'U 1tifll'j 

(J' 

i'Ufll'j'YI~tYfl'U HO: PI =P2 =... =Pk =0 fiflfllUil'U1W 
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Fo = SSR / k = MSR (2.44) 
SSE /(n - k - 1) MSE 

Q dJ.4 dr t 'I Q! QI 'IjJ'-==:t..d

UCl~ tl {JLff1i Ho fWHHllfl Pollfl11l1flfl11 Fa"k,ll-k-l LU'YIHflCl'lJflUl'j1V1'i1'i1~ L'1f11ifll'jP-value 

l~fl~'iI:t:'YIflfffl'lJfflllJ~!lU~'~ uCl~l'jn~tlUlff1i Ho ~~fllrlfl P - Value ff111i''lJfhffil~ Po ~mJ 

fl'h a 

'" fh P - value ffl'l1i''lJ~lffil~ F (ffllfll'j 2.44) ii~1~fltJ1l1fl ~'1t!u In'il~ff~tI'$i'';hflti1'1~flmlfl 
.11'1 '" tI "" '" _'I ... "'tI ... .,f "I'~ <I

'11 WI LU fffl'l'\lfl'l~1U 'j~w 'I1lJllUCl:t:flm11JflU'iI:::1I ffll 'j:t: ff'YI1ifll'jf)flf)fltJ L1l11JUf!!'UtJ 

R2 _ SSR _ 1 SSE---- --- (2.45) 
SST SST 

1 ?t '" '" .d 'I tI tI ... 'I"'" 'I0 0R- L1JUfl11fl'\lfl'l'il1U1UVl1:Ifl1:l'lIUfl111lU 'j 'j1U Y llJfl L'1f~1f)flf)fltJ Xl X2"",Xk LUU'lJ'lJ'il11:1fl'l 

, ~ d • d d ~ '''I'' I 0: .cd ".1 Jd.,I

fltJH l'jfl~lll fIlfll'jVl R2 llfll1l1fl Lll Lfllltl1:l11U'lJ'lJ'il11:1fl~fll'jf)flf)fltJ'YIffn~'\IU1l1Ufl 

nifl'l'il1Whfll'j1~1l~1Utl'j1;'h'titUU'lJ'lJ~l1:1fl~~l'ti1t11' R2 l~lJ~U'Jj";h~1Utl'j~1~1l1~11t1,ruii 
~ . 

t!tJffuity'YI H ffil~'I1 rfl'Jj ~'1t!u fl1 'il 'il::l ~U 1 tI''''".bu 'lJ'lJ~ 1 Cl fl'lfl ii~ 1 R21l1fl fl1'il 'iI:t: l~U 

... ... • .:..1 ... .:. <I. ", 'I 0 0'1" .d
llJfl'l'il1fl R2 llfl11Ytll'\llJ1ffllvtllfllnlYtllYt'ilU~1'1"11'\11 tllUll'lJ'lJ'il11:1fl~ 'YI11'111':i1'1ffl'lJ'YI 

'I ". ...'" 2 tI"'!JI • ..9 ... "I " ?t'iI:: ''1ffllfff)~ R U'lJ'lJ 'j'lJUl:111l1flfl11 C}f~l'\1tJUffllfll'j Lfll1JU 

(2.46) 


" tI'" " , • .:. .1 ... .:. <I. "" 0~11ltlfl~U1:l1ffil~ R2 U'lJ'lJ 'j'lJ1l1:l1'il:: 1l1Ytll'\lUlffllfllllfl1':i1LYtllYt'ilU~H"11'\l1 tI UU'lJ'lJ'il11:1fl~ 

"iii'Ufl111l1~lJ 'il~~ ~ll'j1l~1l~1Utl'j~1Jjii11rJU1:I~ 'lJU'lJ'lJ ~l1:1fl'l fl1'\1fl'l R~ 'il::ii~l1:1flCl'l1ffllfl 

, 
U _I ........ 

~ 

"" U 4.!'1 ' 
2.10.5 fll1'flAtT8tJtTlIlJ1":tT'flJim1" tlAtl8U'flO:f11'H1"81lJ'Ufl'lll 

U1lJ1l1fl Uil1l 'j1 'iI:: ffU' 'ii'lJfl1'jVlfl fffl'lJ fflllJ~!llJl~tJ':If)'lJ fflItl'l ::ffVlifll'l f)flf)fltJuiiia:: 
III 

~1 fll'l VlAfffl'lJ'U fl'lW t!uiitln; lfJ'1fU111 fl' Ufll'j9'l'j1'i1 fffl'lJfl1't1 fl~~1U tI'l f:lAf:lfltJuiiia::~1'U 
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fll'.i 1~hJ~1U,j'.i1t1',j'1'UlI'U'U~lmN fll'.i ,Hilt) fltJ'O:vil '1-HfHl'.i11J'Ufl.;Jn 1~.;J fffl.;JUl'l1 i''Ufll'.i 

,WHl fltJiifl1l'~1J~'U UCl:fl1N~'Wm~'Ufl.;JJl.lCl'.i11Jn1 ~.;Jfffl.;Jiifl1Cl~ Cl.;J 1'j l~fl.;J~~ff'U '1 'O'.hfll'j 1~:JJ~'U 
" . 

'Ufl.;JJl.lCl'.i1:JJ'Ufl.;Jnl,r.;Jfffl'l'Ufl'lfll'.i\WlOfltJU'U ,j'j:ti'UU'Ifll'j l-W:JJ~1U,j'j ttl ,,j'1'UU'U'U ~lCl fl'l'l11fl hi 

~'1fdllf'Ufll'j1;41J~1U,j'j~'1iUlfltyltl ,,j'1'UU'U'U~lClfl'l~'111fll Mean Square Error 1;41J~'UUCl:vh 
" 0' 0':

'111,j'j:1V')f'U 'Ufl'lU'U'U 'OlClfl'l'U 'UCl~Cl 'I 

ff1J1J~! l'U ~'1~Ul'11 i''Ufl 1 '.i V1~fffl 'U f)111JiiUVU1flty'U fl'l ff1J tI '.i:: ffVl ifll'.i ,Wl \l fltJU~Cl::tfl 

Ho: Pi =0 

HI: Pj :;t 0 
" til' ... 14 " . .cl

. 
.Q 
" 

Q! 0mHo: Pi 0 l1J\lfl1J{jtff1iUCl1 'O~'I11J1Vfl111J11 Xj ffl1Jn\lVl'O:;\lfl~~V1'1flflfl'OlflU'U'U'OlClfl'l 

" ,~ ~1V1~fffl'UVlH11'ii~U1'\1i''Uff1J1J~!1'UiHlfl 
A 

I - Pi 
0- ~ (2.47) 

vu-cij 

hw~ cij d~'Uff1Jl~fl~11JU'U11~'UVlIW'l111J'Ufl'l (X'X) 1 ~t~V1ti'U Pj 11'1J1J~!1'Utl'U6 

Ho : Pi =0 'O:;\lfl,j~lff1i~l 1101> laI2,n-k-l ff'llfl~'hfl1'.iVl~fffl'Url'ti~'Ufl1'jVl~fffl'UU'U'U 
'Ul'1ff1'Utvht1'U 1'W'.i1:;';hff:JJ,j'j:;ff'Y\ifl1'j\l~\lflV Pi ~'Uti'U~1Utl'j\l~\lflV~\..!"1 flfl Xj(i:;t j) ~ 
fld''UU'U'U~lClfl'l 

~1'111'.i 'Ufl~ff1Jfl1'.i(2.46) 'O:;\l flt~ tJf)'h fllN~'WCll~1JHl 'j! 1'U )Standard Error'\l fl ~ ( 

ff1JtI'.i::ffVlifll'j\l~\lflV Pi J'Utifl 

A~ 
se(Pj)=VU Cij (2.48) 

(2.49) 

. . 
• Q! .d ,~ 0 cv dQ 

1'j 1tJ.:I ffl1J 17 \lVl'O::~ 'j 1'0 fffl'U ff1'U 11''U'Uff'4 'U 'U fl'l fll'j \l~\lflVU'U'U Jl.lCl 'j 11J 'Ufl'l fll" 'I fffl'l V1!fl~ 
tI 

'Olfli1u,j71tll'l Xj 1f\VnTl1mr;h XI (i :;t j) \1fllff'~''UU'U'U~1~W'l11fl1'.iUl'11i''Ufl1'.iVl~fffl'UU 

flfll,ju'U'U'rt1 ,,j'Ufl'lfll'.i l1tllfffl'Ufl111JiiUVUltlty'Ufl'lfll7\lf\\l flV '111 fll~Vfl 'h 11iFU'711J'Ufl'ln1~.:I .. . 
fffl'lU'U'U-WlfY'M11fll7U ff11J 17\l'fl 'U fll7~71'0 fffl'Uff1'U ffU'U ff'4'U ,hfitll\llfltC)f;\VflV'Ufl'lA 1U,j 'j 

\l~\lflV~fld''Uu'U'U~TfltH'A ,"'017iU1U'U'U~1"fl'lfll7\l~\lflV~ij~1U,j'j\ltll\lflV k ~1 

http:Ufl~ff1Jfl1'.i(2.46
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Y x{3+& 

1tw~ Yfifl (n x 1), xfifl(n x P), P fi~ (p xl), & fifl (n xl) UCl~ p k+ 1 t'nmnml~'\1T:iwlf~ 

~~tJ'lJfl~~1UU':Hl~tlfltJ X I ,X2 "",xr (r < k) ihh'\.JffUmn1'\.Jfl~l~~UtJ~:hfity~flUlJlJ~lCl~~flU 

tI~tI~V'\1;~ i.li 1'11'nf11~fl1'IJmif1J'lhdY'Ylif11':itl~tlfltJ\lflUtl~~flf111'l'\.J 

Ho :PI 0 

HI :PI *0 (2.50) 

UlJlJ~lClfl~m'il,;jv'\.J '1I,1'l'\.J 

y =xp + & = XI PI + X 2P2 + & (2.51) 

1~tJ~ XI U'Yl'\.JfI~~1Jtr'IJfl~ X ~'~tJ1nlJ PI UCl~ x2 U'Yl'\.JfI~~1J'.r'\lfl~ x ~'~tl1nlJ P2 . " 
Ul'\1i'lJUlJlJ~ltlfl~UlJm~1Jlin1J')1~ PI Utl:: P2''il'Yl'illJ'";h jJ =(x'xr l x'y Utl::f11'i 

" " tI~tlflVUlJlJNCI'i11J'lJfl~fh~~fffl~Ul'\1i'lJ~11,U'i";~'\11J~'i11J";~fil~iil~~Ufl'\.Jfifl 

SSR (P) = jJ'x'y 
, fJx'" 

Utl:: MS == yy - y
E n-p 

SSR(P) lltJt111f11'JtliiltlfltJUlJlJNtl'i11J'\lfl~fhl:i~t1~~~'niil'illfl {3 ,Tlfl~'il:'\11ri1'\.JffUlJff'i!'\.J'\lfl~ 
"p .... ,., 'I' ""1 ,.,..." ~ .,.0,"'il'\.J 1 fllJf11'JtliiltlflV l'il'il::t1nmlJlJ'illtlfl~ liiltJt11JlJ~ '\1t11J1J~!l'lJf.3''\.JtJ HO : PI 0 l'IJ'\.J'ilH 

UlJlJ~ltlfl~UlJlJtlt),U (Reduced Model) '\11'~'illflff1Jf11'J (2.51) ';;;~;j PI = 0 

(2.52) 

~11.h:1Jltutill:i~t1fl~U'flfJqt)'\lfl~ P2 fifl P2 = (X;X2 r l x;y 1m:: SSR(P2 ) = P~x'y (p - r 'i::~lJ 
" ;JUf1111Jlffl) 
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SSR(Plip2) =SSR(PI) - SSR(PZ) (2.53) 

~lNft'i111'IJfHfila,:JffV~~1rl'ih~~'U~tArl11111ff~lnlfltA r Uft~L1~ltANft'i111'IJV,:Jfha,:jffV,:jU'U'U~!ff1:l~ 
tn~'illfl 

PI i1,:Jtfl'fl ';i1 SSR(Pllp2) fi Vfll'H~ll~tA 1, tA fllHl'fl tl VtJU'U'UNft'i111'IJV,:jfll"',:J ffV,:J ~ln~ 'ill flU 

'i111~1U'lh XI X2 , ••• , Xr t.u'l itji,tAU'U'U~lft~H 

~l SSR (PliP2) ttitA ilff'i~'illfl MSE Uft~ffllll~!ltA i!TtAV PI 0m'il\lfl1'l~ffO'U 1~'illfl 

F. _ SSR (PliP2 )ir 
(2.54)

0- MS 
E 

" tI'" tI ' t" d ~ tI..:6 i ~. IOJ Q.Im Fa> Fa.,.n-p t'il'il:: gtf(1) HO LLft~ffl 1lfltll,:jtAOtlq-~1l't'l1'il11t'fl0'it1tA~'fl1 tA PI Lllt1'l1fl'U 0 
,Q ..d d4' SI w .:6 'I GI • •d Q.I d 

Uft::ff..'lVl'fll111l1flrlfl fltlHtAfltl1:l~'fl1Utl'it1tA~ ttA XI ,X2 , ••• ,X ttA Xl llff1tAfftA'Uffl!tAfltlHll 

umhfit'\!~fl1t'U'U~lftfl..'lfll'itl~ tlOtlfll'iVl'flfffl'U 1, tA ffllfll'i (2.54) 1lfll'iVl~ffO'U F U'U'U'U1..'lt11tA 

(Partial F Test) 

l.,fa tI • iI Q.I 

fll'iVl'flffO'U F U'U'U'Ul..'lff1tAtAlltl'i:: 1t1'll'tAfltl1..'l1l1fl l'ilffl1l1'itl 1,'ll'1,tAflln~fll'i 

ffU'Uffl!tA 'lJfl..'l XI 'il1fl'U1l1JtA ttl tA,;1Utl'iq-~...rlt1~\lm~1l1.u'11t11tA U'U'U ~lftO~1'fltlfll'ifiltA 1Utfh 

'~G.I , t .dow tI ~ G.I..Jr 
XI'" Xj_I,Xj+I,...,X,t f)~UU1 ff..'llfl<fl1lfll'iVl'flffO'U F U'U'U'UHff1tAVlVll'fl1U 'i XI 1'fltl1G') 'fl1t1tA~ 

'il::ffll1,Jftfl'U t-Test 1tAffllfll'i (2.49) mh-3 h~'fll11 fll'i1'l'flfffl'U F U'U'U'Ul·:n:11tA 'il::l;'JtAnflln"h1t1 

11lflfl'h.ib..'llhi ..r''ilffl11l'itl1f1Nft'IJfl-31C)j'<fl'IJ0-3~1UtI'i1~ 

http:11lflfl'h.ib


• 
U'rI'rI"" 3 

3.11J'mh 

n1nhL'iJ'Uf11'jffmm~tHf11'jnRu1Jnur'l;ml111,:rmJ'j'jYln'UfHfll'J.Jflfl'Un~1I1ff~lImgn~• 
!ff~lIn1"'I~1U FRP 1~u1nf11'j1vJ1 'UllOa!lI'Ull'Uf11'jffl'HU1J1J ~1f1fl'l'U fl'l~ufIl'Ul11gnfllu'~ 

'" 
11'j 'I ~~U~1111f11'j1tfI'j 1~ 11'f11'j 11 fl1J ff'U fl'l U 1J1J ffDlI'U fl'lfl1'U ~'In rll1 'n l'flll";'1 ffnEl11 tlu1J1Jn1'j 

... "''''' .Q , -'I '!1IJ "" "'lA I ,,,, "" <I <>
11J1I t]f'l Uf11'jf1'nEl1U ~~ 'Ii u'jumll ABAQUS 6.5-1 'Uf11'jff'j1'1Ufl~1tfl'j1~l1U1J1J'i}1f1fl'l'Ufl'l 

.Q 	 '" '" fl1'U~'I nrll1 t]f'l1nf11'jffnEl1 'i}~ii;r'UlIfl'U~'I~fl1tlil 

1. 	 ffnEl11nf1l'j'~1t1'ji1mll ABAQUS 6.5-1 

2. 	 111f1l'j ffl'1'1U1J1J ~1 flfl'l 1vJ1'Ulloa111 'U ll'U fl'lfl1'Ufltl'U n ~~ 1ff~11111 g n"; 
'" 
'Iii 
.
tff~lI n1"'1 

~1U FRP Ufl~~hj'~lff~lIfh"'I 

. 	 '" 
.fifllJfI'Ufl'lfl1'U ii tj):aJ 1111'~''Uf1l'j ffl'l'1 U1J1J ~1f1fl'lUfI:11f1 'j 1::11" 'UtI~\Yf.\PU'n'U nQ,j1J i1 

l~~HO'l.fifllJfI tj)ln1JYlfl111J~ii~fI f11'jYli1fffl1Jfl1'U flfl'U n~lI!ff~11m g n~!ff~lIn1"'I~1 uufJ'U FRP 

cb'l f1l 'jffnEl1Ufl::1'fln::111~111f11'j1mU1JtnU1JUfl::~HO'I n1J1J'l'lfl111Jflfl "Strengthened of RC 

beams with Epoxy-Bonded Fiber Composite Materials" L~U Triantafillou UfI:: Plevris [14]; 

"Behavior of Pre-cracked RC Beams Strengthened with Carbon FRP Sheets" Li1U Arduini 1m:: 

Nanni [8]; UfI:: "Interfacial shear stress concentration in FRP-strengthened beams" Li1U Maalej 

.c6 d, ~.cltl _I 	 dQQlQ 

UfI:: Bian Y[l2]t]f'lUYlfl111J'Vl nfl111J1'U tj)::1J'UfllJflUfI::IuUU1Jf1l'j 1U~'Ufl'lfl1'U'Vl 'Vli1 fffl1J 'U'U 1~ 

tlQI 0 d.Q, d QlQ 4. QlCl d.Q 

'Uflolll1'U 1~i1 tj)1'U1'Ul11 flf1Lff'jll 'U'U1i1'Uflollt11f1nU'1'j1J tJWffllU~'Ufl'lflfl'Um~ fJW ff1JU~'Uflollf1l1'Vl 
" II • 	 , 

1.wi1Ai1'j::111HUf4U FRP nUtlfl'Un~~ ':i11Jiollfl111J11'U1 tl111JfJl1 oW'Uiil1ti'lAi1'Ufl'lUN'U FRP iiii 

tl111JU~nfi1011n'U :bollfJWffll,jA~U~flfi1011n'Url'1l::ii11..rff1111'(lffnEl1ilollA1utl':i~ii~flfim,qAm'1I 
'Utlollfl1'Utltl'Ufl~~'ff~1J ''Hgfl~!ff~lIillnoll~1fJUf4'U FRP fllv1.{u':i 'I~~1~tldH fI'j tlUtl'l1J , 'Ullnmw 
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3.31fi011'...n'U-ri0~nJ'U-ri (Finite Element Method, FEM) [3] 

illflllh~hl'ri~~llJ'W'ti'l1ltJ~i!tllJl~tlfl~'J[nhuerh FEM ,rI'Willflll~ffllJ1HI'lhlJlli'1'W . . " 
flll U~i1t.y 11 Ttl H ifl1m llJ fi ijl tllH nflll W:: fici'U~tl'W i1t.y 111 \J'1,1 9:::tI'n~ fl tJ'U A1t1fflJfl n ,;'I 

tJ'lli'W tfm'l:::l~tJ'W' 'll'll tl'U1'll9l~n111'W ~lJlh1' A lH1;\l'iHwuli'W9lH (Exact solution) 'lltJ'Ii1t.y111 
. " 

~'1fl~119:tll :::fl tJ'U A1t1A1'll tJ'I~1Utllfi¥il'1 fl'W 9l1lJ~ 1111111'I ¥il'1 "1 'U '1,1 1tilHnflllW:: 'll tJ'Ii1t.y111 \J'W 

.4 • Q Q,I ~ d. t 1 " r' ! Q,I ~ 0 Q,I tI 
l1l tJ flm1tJfl 'Wtll1 '1,1 'Iflfl tJ fI1 Hm~nUJUlJ'W9ll'I9::tll~fltJ'Ufl1t1f119l1'1 "1"'1'1 l1lJfI '1,1 'UllJ '1,1 91'1,1 1'1,1 tJ '1,1 '1,1 9l 

A 1 :j'l fll'.i~ 9:: 'ti 1 fl1l 11 ~fflJfl1l1i4tJ9::111A1HliU9lH~tll::fltJ'UA1tJA1¥iH"1 ~1'W 1'1,1 lJlfll'lf'W if 
1U 't1 Htl6,j~9::'til ilii~ ~'I'!U;)'I~tJ'ItJ1fltll1 nflfl1l 'll tJ'I i -W, U 'ti'~~llJU 'ti'1 '1,1 flll~9::utl MA1 
)I. )I I 

'ti'll1lJ ~fiij ~ lU 1'1,1 tJ\J'W f1A 1\J'1,1 lJllrlU fil1f1tJtll ::lJlWfiij~lU1U\J1J'A (Finite) U1;\::: U't1 '1,1 ltllH 

" " 
ill fl n fi.:J fl ~11,hhl1jU \Jrrh N1;\l DlW'lltJ.:J u¥i 1;\::i)~ llJU 'ti' UU ~ ll1jU \1::~t) 'Ifft)f1f1l1t)::J fl'U 

fflJfllll;r'lt)~iu,ru1;\~l~t)Ui 'U'lltJ'U1'119l~nl11U f1lJl1 'H1 Ui1t.y'Hl'!U"1:j::J l1lJ lVfl11lJ1111 nfl fll~ 'll tJ::J 

'-w'u'ti'~~llJu'ti'\1::a~lJ~U91flfll~Yi\11lw1i)i1llJu'ti'fi1;\::~i1llJ'W'ti' lflv'ti1flllffr1'1fflJfllltY1111'U1l91 

1;\::i)i1llJu'ti'~i.:J'U'W!lUnfl~·h fflJflll~ffrH~tJ1I1JtJ~ll;jtJ~6~ff6tlfl~6~fl'lJffllfllll;r-3 
..." i1 .c: 0 • : : cSl ~Q tid" J. i'JI ... 'JI

tJ'll'Vi Uti'll tJ.:J tV111 't1 't11tJgu U \11 flU U \1-3 fflJ flll 'll tJ.:JtJ1;\llJU't1 't1 ff~ H'UUlJ 1 f1lJ 1t1 ~ ::fltJ 'UflUl'lll 

'l'JI'" 1 • ..It... 11'" 0...... "_I 'JId
fl tJ 'HlflflfflJ fll':nlA 'Ht"!! • .:J lJ f111lJl1lJlV't1 H fllVfl1Viflfln1Vfl'U fln U1t) 1;\llJU l1lJ l1J l:: flt)'U1 '111 

'tI , tI • 

Yl1VtiUfttJ' HlflAltll Hnm:uu::li.:Jl1lJA'Ut).:Ji1ty111fiu..1' \ll.:J \llflUU;).:J'ti1fl1lfl1'HUA11tJu , 'll 

...;, 'JI itl' J 'JI IS 0 'JI ",...It. 'JI ...
'lltJ'U1'llVl't1 l1lJ11;\.:J U~::'U'UfflJfl1lU U1;\1\1.:J't11flllUflfflJfl1lA.:Jfl1;\11 • .:J\l~fltJ ''HlflAN1;\1i11;\V . " 
lAtJtll::'llltuYi~'B.:Jf11l tu Y1111111l.:JA1.:J"1'll'B.:Ji1ty111UU 
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o Q ~ d "1"1 d 1ti"~lnfllV1i'lJ1m.HI::l'I1'lJ L~11 fl11lJ uli'lJ V1't1 V'UhfHlt\HW1~tJ'l.h::1J1W'VlTil'lJ1'ilWVnlJl L~ 
t J Q~ <S'..J.q "'1 tiM,! tI GI 0 I 0 

'lJ'lJ ~:::'tI'lJV~nll'tl'lJl~ HCl:: ~1'lJ1'lJ'tIV.:JtJ 'HlJ'lJ'Vl'Vl L':I1 L 'lJ0l1' UnlJf'\!'I11'lJ'lJ'lJV n~ In'lJ'lJ fl11lJUlJ 'lJtJl't1tJ.:J 

~'H~Cltl V.:J~'lJ VdOllOl'H"lJll~i1lullll'tltJ.:J~~ti'i'lJOlnh:::1J1Wflltl 't 'lJ (Interpolation function)~ i~ 
01lu¥iCl::ill;llJ'lJf1t!'lJ mil1fltJ ~.:J ti'i'lJOl 'J1l'J::lJ lWfllfli 'lJ ~fflJll~~'lJ1J1t!'lJ lJfl11lJ i n ~lflfl.:J 01l~Cl 

" m Clfl'tltJ~1JtlJ'I1TU'lJlJln-JtJtlLftV-3 i~ cim!Jw::m'J m::~lfl'tlV-3\hti'i'lJ mnh::1J1Wfllfl i'lJ'tIv.:Jill; 

IlJ 'lJ f1 tJ 1\I fflJll~i,rV~ i 'lJ '11 Cll fll1l U1111 tJ TYl ,i'lJ 11lulIlI'tI tJ.:J m 'I n'J:: \11 tIL;$.:J 1~'lJ ~H ( Linear 
~" , flO-' .1 J tQl f d 

distribution) t1J'lJ~'lJ ff1'lJ'tI'lJl~ (Magnitude) 'tIV~~~n':l1'lJm'J1l'J:::1J1wflltli'lJ'lJ\I::'tI'lJtJ~nllfl1'Vl~~ 

" " ¥iv (Node) 'tItJ.:Jill;llJ'lJ f1 ~-3U'lJ i 'lJ~1'lJ1~flij \I::; i ~11im'JL~L 'lJf1iliiiLlJ'lJf1't'lJ n1'lffmlTnq~m'JlJ 
tI II' f , 

m'Jrll'll1'11unll'J'J'tJnUCl::Viq~m'JlJfll'J~~'tI~Hfll'lJflV'lJn7~'ffllJl'I1gm;~YiLliL~LffllJfhci~IICl::;Yi 
Q 0 QI " .Q \Y .J'\tJ" " !JI .Q tIIff'JlJmM~1tl FRP 1~tli'lJm'J1\1tl'lJ L~'l':l111humlJ ABAQUS 6.5-1 i'lJm'Jff'll-3UCl::1Ifl'Jl::'I1 

" .
Ullll~lCltJ~ lVi'll:: i'lJ hhumlJ ABAQUS 6.5-1 U'lJ ffllJ1'ltlTil'lJ 1W~ClLi1tJ~\llnfbfflJr:rff'J::w;h~ 

" .
L'I1gmffllJnllLi1vflV'lJn7~ L~LtJ~UCl:: l1l'JumlJ ABAQUS 6.5-1 iJill;'lJ'lJf1YiijfJWfflJ,j~l'I11iV'lJm1 

.ok '1' ,J<i/' ", d .ok ""'''' " (cohesive element) Clf~ 'lJm'J~lClV~I1'Vl'lJm1'VltJ~Uti'lJ CFRP nllfll'lJflV'lJm~ Clf~11im'Jff'JH 

Ullll~lClV~ L-WL'lJf1ill;llJ'lJf11~vm'J'l~1lmmlJ ABAQUS 6.5-1 ~:: L~'lll'ff'lJVi'lJ111,r6il~L1l 

., 
3.4 vtU;I1Uftl'l1fh.hmft'lti ABAQUS 6.5-1 [10] 

" 'l'lJm'J~lCl6.:Jfl1'lJ'tI6~flV'lJn7~lffllJl'Hgn i'lJ ltJ:mmlJ ABAQUS 6.5-1 u'lJ,1j'lJcinlJw:: 

'" "i_I "" ""1-1 ~ • J """ <i/ •m'JI'tIfl'lJ LlJ'JUmlJIViV I'll lJ'Jl1mlJ ABAQUS 6.5-1 ff';jl~1I1111\11Cl6~'tI'lJlJ1 L'I1UCl1\1~'Vllm'J 

"" .. 'l~ ".d'l.Q f/:'': 0 " d ".:.
1Ifln::'11 tiCl 'lJ'tI 'lJ~V'lJ "l~'Vl1V Clf~ 'lJ m'J1Ifl'll::'I1flH'lJ \I::; mn1'l ff'J Hfl1'lJ 'Vl1l'J::nvlI~1V':I1'lJ ff1'lJ 

'I1Cl1V'l ~'lJ~iJcinlJw::l'I11itJ'lJmitJ~~I'H~VlJ :b~m'JI~V'lJltJ'JumlJt!'lJ~11~'lJIX6~fi1'11'lJ~flWfflJ,j~
~ 

ABAQUS 6.5-1 
JI 

QI "'" .. <i/ ""'" "0 d" 1 '1 "1-1'11 1't1V'lJ ~::61i1l1Vtl.:J11i m'J ff'J HU1.11.1 \11 cl V~fl1'lJ flV'lJ n 'I~1I11111 ff'lJ ~V ':11 lJ 'III n'JlJ 

.ok"" Ql4 ~ 4_It" OJ:'
ABAQUS 6.5-1 Clf.:J'I11 \1'11 ClnflVnl'H'tIV'lJ input file IViVlJV'lJI'tIl '1 'lJ 1 tJ :mmlJ 'I1Cl~\l1n'lJ 'lJ 

1_, 0 " 0 '1 " .ok 0 ,_,"" .....o.!
lJ'.iUn'J'Hl:lI1m'J ff'.iHU1.11.1t1nlH '11 CJt~u1.11.1 \l1Cl tJ~'lJff1lJ1'.i(1'lJ1 lJ11f1'J1:'I1Viq~ n'J'.ilJ'VlH 

1f11m'.ilJ~¢i'v~n1'l1~fJ~';l6d1~~,::'f1'lJm'Jvi1.11fJfiVfl1'lJflV'lJn7~~lJl1U'1~~1Ln:~~'Jv~i'1.1~~ 
llff~~''lJ1tJ~ 3.2 
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0.2 ~I 


4.00 UJA'l 

·1 
0.4 

\l1f),t1~ 3.2~1'lJ1Hl~~VmtJtJ~lmN l~uf)T~.rlmJ,j'f)\!" input file ''Ult1~ 3.3"~''U lt17Uf)7'lJ 
" ., 

ABAQUS 6.5-1 l~uu~,,~.,j'U~f)'Uij~~il 

*HEADING 

CONCRETE BEAM ANALYSIS 

*NODE 

1,0,0,0 

11,4,0,0 

*NGEN,NSET=NALL 

1,11,1 

*ELEMENT,TYPE=B21 

1,1,2 

*ELGEN,ELSET = BEAM 

1,10,1,1 

*BEAM SECTION,ELSET=BEAM, SECTION=RECT,MATERIAL=MI 

0.2,0.4 

*MATERIAL,NAME = MI 

*ELASTIC 

20.E9,0.2 

*BOUNDARY 

1,1,2 

11,2,2 

*STEP 
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*STATIC 


*CLOAD 


6,2,-10,000 


*NODEPRINT 


U 


*ELPRINT 


S,E 


*ENDSTEPRF 


*ELPRINT 


S 


*EL FILE 


S,E 


*ENDSTEP 


ltl~ 3.3 fi1t)~H input file 'tIt){j1t1'J ltfl'J 11 ABAQUS 6.5-1 

*HEADINNG 


CONCRETE BEAM ANALYSIS 


.1 I ~ 0 .I do"''' J • OJ " 

l1J'J H'tI t){j fl 1'1..1 '1..1 '1..1 ~~\lflfl1'H \J~ (NODE) Q)f{j ~~ 11 ~~~ 1'1..11'1..1 1I1fl '11 'J t)\J t)V'tl'I..I t)~fl'lJfl111191t){jfl1'J 

" fl1111C1~,ijV~'tIt){jU'lJ'lJ91C1t){jfll\J fl1·H,.fH~~il''\.,I~~\lflti1'H\J~1~VTffl~ (Coordinate) X, Y, Z i~ 
o ~ .I o !'It "d" '" i '" IflUH *NODE Q)f{j'il11'lJ\J~~f1t){j1l'tlt)\!{I~{jUff~{j \Jfl1t)VH 
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z 

....... 
.'.'.'.'.'.'.'.'•....... . . 

....>!............ 

(x,y,z) 

y 

. .......; 


" 
2) "'U91tl'Ufl1"jth"'U~ NODE 

'jJ d" l~ 0
"m.!t;lYl~tN 'It n.ml'mTHlJ~ NODE: 

1) 'I1lJ1tnt;l""m Node 

2) iM'~"f)~ Node 'UlJUfllJ X 

3) -Wn~"f)~ Node 'UlJUfllJ Y 

4) -Wn~"f)~ Node 'UlJl1fllJ Z 

*NODE 

1,0,0,0 

11,4,0,0 



------- ---

• • • • • • • • • • • 
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o ..I 'Pi 
'il1flfl1'Hll'HUfl Node 'YI 1 U~~ 11 'il~ tfl 

..;...
Node \'l 1 (0,0,0) Node \'l 11 (4,0,0)y ..• 

x 

z (n) 

... ... 
y Node \'l 1 (0,0,0) Node \'l 11 (4,0,0) 

x 

z 

'il~l..1u'~'h Node ~fi1'HUflJudju Node2'fl'IJij~fl1Um1Jfl111W11 4 l1Jfll U~~'H1fl~ij.:Jfl11 
d , ~d 9J c ~ d d d d. 0 

f111lJ~:amlfl1J1flfll1Uflflij~fl1'HUfl Node u~z Coordinate l'WlJ'lJUijfl C)f~'H1fllJ'il1U1U Node 1J1fl 

" 
0 • "'1"" 1 , G#1'il~'YI1 'HU:HU1~1 Ufl11fl1'HUfl Coordinate 'lJij~ Node 1J1flH~~f1ijU'lJH~~fl1m'W':i1~~~UU U 

.., • .!dl 1" 0 .:, ~ " .1..,: • 1fllij~l.:JU'il.:J ')ffl1ff~ *NSET l1JUfl11fflH Node 'lJU1J11'W1Jl:'Hl1.:J Node 2 Node (Generate) flfJ 

• , , .d J 191.ad "Qf 
ll1J~l:fJ:'H1~l~'Hl1~ Node 'YI generate 'lJU1J1 'H1Jl~~Z'H1.:Jl'Y11'1 flU 

-'! ..I" 1" 0"ijlJ~'YI~ij.:J 'Hfl11fl1'HUflfl11 Generate Node: 

..,: " 'H1J1m~'IJ Node 1l1J~U 

2) 'H1J1~m'IJ Node "lfl"'l~ 
.d~J.ci~ .4 tJdl ", " 

3) 'H1J1fJm'IJ Node 'YIl'W1J'lJU'YIll1J'illfl Node l'i1J~UO~ Node "lfl'YI1fJijfJ1~UijfJ 1 

~.:J~'¥i'Ufffl-3'1"tu~1mh-31'lhufl'.i1J 
*NGEN,NSET=NALL 

1,11,1 

, 
'il1flfl1ff-3 *NGEN 'il~ fl.. .., '" 


1 2 3 4 5 6 7 8 9 10 11 




49 

.. 
cv SI

3) '\IUflOUfll1iX1H ELEMENT 

lrlmhl1'U,", Node mUlti'1~u~mU~tJ LtlfitJ111fll'H~Ull~Uf1'U':i::111H Node 111ili'ln,",t~U 
.1'.1 & Od .1' .I • '" "" .1' '" 111 ':i 1.:J '\IUln'lf.:J flllll1flln [J11~ UJ i 1I':i H'\I U tJgmJ'lfu,", I 1I':i H~ fl'tJ fl.I :91 l11fl 1111l11ln :: ffll 'U U.:J .. 	 . 

lflHff!l.:J l'U~1mh.:Jil~:111fl1':iUU.:Jfl1'U i li'tl':i:flU'IJ 'tl~1[J Element l1iiltl~l.:Jl~UlffUl,",ml~~: 
.1 	 "1.1 iii & 'I iii 0 .:.

Element ~:::lI':i:::fltJ'IJ mm[J 2 Node 'If.:J~::: ~'lffllff~ *ELEMENT,TVPE=B21 

.,j'UlJ~~1.rlUfl1':ifi111U,", Element 

I} 111l1m~'\I'\ItJ.:J Element 
~ ~ 'JJ

2) 	 'lftJ Node l':ill91U'\ItJ.:J Element 
,,; iii 

3) 	 'lfU Node 1;f,",VI1[J'\IU~ Element 

*ELEMENT,TVPE=B2l 


1,1,2 


1 2 3 4 5 6 7 8 9 10. . . . . . . . . . ~ 

ltl~ 3.7 ~lul1tl,m~:::mJlm~'\I Element 

'I 	 iii iii • iii iii iii. 0 '" 

LUfll':iff':i1.:J Element 9ltJ.:Jflll1U,",111l1m~'\I Element t'l1[JU~19111J911[Jfll':iflll1'U,", Node 9l111alt'l'IJ .. 	 .. 
'liU91UU~U 'tl~::lnu'liU91UUfll':iff!l~ Element lli'fI':i'IJ1~lll1U'1~,",lm:::91~tJt'lfl1111[J11fl1U lmJii' 

& 'I iii 0 	 .:. 1.1 • iii 'I iii .o!I '" ..,;
fll':i generate 'If.:J L'lffllff~ *ELGEN lI':iUm1J~:::Vllfl1':iff':iH Element Ll1l111JtJUfl'IJ Element VI 1 .. 
1,",[Jiifll':ifill1Ut'l~~il . 	 .
-'! diil. 'I d 
'UtJlJ1;'lVl91tJ~fl1l1Ut'l ~Ufll':iVl~::: Generate element: 

"';!ft iii 
1) 11111m~'\I'\IU~ Element VlIlJU91UUUU .. 	 . 

2) ~lU1U';':)l111t'l'\lU~ Element luu(J1U':ifllt'lu'J11Jf1U Element ,i1nuA'UUUU~1[J 

~ .I ., d '" 

3) fll'Jl'Wll'\lU'\ItJ.:Jl1111Um'\l Node '\ItJ.:JU91~:: Element UU(J11~[J1f1'W 

cl c:. ~ , '11 

4) l11J1m~'\I'\Itl.:) Element VlI'Wll'\lU tlUH'WUtJ 1 


~~Ufft'l.:J	1'W1tl':i Um1Jfl1tlV1.:)'\Itl.:JfllU 

*ELGEN,ELSET BEAM 

1,10,1,1 



• • • • • • • • • • • 
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.. 
Q.I 0 ~ Q.I 

4) 'UUfl0Ufll'lfllt'lU~f2tlU,1"'UfI'UMl trY.! 

dl'Hr'lJfJmff1J,j~'\Jf)~lff~h..lfll'J~HI't:l~mlJflf)lJfl~f111.1 hJ';mm1J ABAQUS 6.5-1 1If)~ 
., . 

nl'HlJ~'lfU~'\Jf)~'H'!l~~LrJlJ'lfU~ *BEAM SECTION m'l~~~~f)'lfU~'\Jf)~lff~ d1'Hr'lJfJWff1J,j~ 

'\Jf)~lff~'~Hfl fil11Jt!~ffVfl'HQ'W U(l~ fil0fl'Jlr;h'Wi1';rff9$f)~ ~djfll':inl'HlJ~l~fJfhi~ *ELASTIC 
., 

GO ... 

~~'W 

*ELASTIC 

(rh IlJijti'lr(j~'HrjU), (ri1V;''iUYJuiht<lJffN) 

~~uff~~1'Whhum1J~1f)t.h~ 

*BEAM SECTION,ELSET=BEAM, SECTION=RECT,MA TERIAL=MI 

0.2,0.4 

*MATERIAL,NAME = Ml 

*ELASTIC 

20.E9,0.2 

.. 
5) .uUfl0Ufll'lfllt'lUflllfl'ltH1U 

'II .,. 

fll':in 1'HlJfI'f11f)~r'lJ11.1 l1.h Ufl11J iT'W ~~ ,rJUfll1 il,itJf)1J' H'i1fll':i Lflafl1.A Vi1'W ilfl''t'IHVi 

nl'H'W~f111Jilfl''t'Il~ 1, 2, 3 ~~Uff~~''WltJ~ 3.9 ~~i1fll'Jnl'H'W~11 Node ''H'W~~~lrJU'~':if)~rll 
U(l~f111J~1tJilfl''t'I H~ il,itJf)1J'H'i1fll1Lfl~f)'W~11i1riilfl''t'IH 1 ~tJ,.g;hi~ *BOUNDARY ,,s'W '1 'W . .. .. 

GO • 1-1 ... '" , I , !II'" ... "'1 "" ... ..., I II !II'"
f11f)tJl~ lJ'Jum1Jflf) Node 't'I Ill(!: 11 lWf)1J 'H1Jfll':ilfl(lf)'W't'I U't'Ifl''t'Il~'t'I 2 'H1f) 1JtJf)1J 11f1Jfll'S . . 

... "'11
lfl(lf)'W't'I LUUfl'W Y 

*BOUNDARY 


1,1,2 


11,2,2 
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y2 

" . 
6) "''UVl8'Um1fh't'i'UYlU1~Jifl1::'fh~81tl1~D''h~ 

fl1'Ifinn..l~UH~m:::Viuif)ltlHtl'rl~''Wl'l.huf1'n.nf'W'il:::~f)~'-Nrhif~ *CLOAD Ci1~~f)~ 
o .Q d 0 0 Q.d 0 ~~ tU" w 
fl1'H'W~'IJ'Wl~UH ltC!::: VlffVll~'lJf)~LtHVlm:::Vll fl1'H'W~VlllJVlffVll~Vlm:::VIllJVlffVll~VlHf)'W'lJllJf)t1 

" 'J/ I 

ViffVlHViUtl'~~''W~tlVi 3.1°ril'Hi'tI'IJ'Wl~'lJfl~m ~ir'W'Hlf)ViffVll~Vim:::VilijViffVll~VI'i ~fl'Woii'llJfltl 

Viff~tttl'~~''W~tl~ 3.10 ~~tH'fftf1~f)~'HlJ1VC!t1~1tJ ~rilfity~f)~fil'H'W~~lU'HU~~m~mdh~f) 
lf1'i~tl'rl~'hm:::Vil~ Node ''H'W t';'W''W~1f)th~ ltl'iumlJ fif) ijUH'IJ'Wl~ 10,000 ihi'W m:::Vil~ 

*CLOAD 

6,2,-10,000 

lO,OOON 

1 2 3 4 5 7 8 9 10 11 
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*NODEPRINT 

U 

*EL PRINT 


S,E 


*ENDSTEPRF 


*ELPRINT 


S 


*ELFILE 


S,E 


.. JI', , , 11 

mV·.H\~'illnl1'~¥'l1t'ih,lf)1'i~11l.uU~flUl1m;h11l1U~1~H~'IJ fhff~ *END STEP flflfhff~l1fl~''IJ 
<v" .., t 0 Q, 4 

tJn'YI~'l~'YI1V'Ilfl~ input files ~1flVH'Ilfl~fI1f1~flfl 

*END STEP . 
L~V~L1'hil 

~ 

~ 'il~'th1..n~utJtJ~ l"fl~'Ilfl~fll'IJflflUnl~~~uf1fH ''lJltll1 3.10 

~<V ~ "" .,. "'I""" ~ 0 "" 1 'I ~lA I
'H1'1lfl'IJ'il~fl1itJ1Vf:l.:J11if)1'if1'iHUtJtJ'il1"fl.:JfI1'IJflflUm~ ~w t'lf lJ'iumll ABAQUS 65­

& ... 'I <v... "" .... _'1 ~ 'I lA I <V: 1 0

1C)f.:J'H1 t'il'H"nflflf)1'it'llV'IJ input file l'YifllJflUt'lll t'IJ lJ'iumll 'H"~'illn'IJ'IJ tI'iUmll'il::'YIlnn 

31 0 'l iI di 0 ~ 0 "L 1<Q tI..at ~ d " 1 
f1'il.:JUtJtJ'ill"fl~ l'H C)f.:JUtJtJ'ill"fl.:J'lJf111lnf:l'IJlllJ11fl'i1~'H'Yiq~m'i1l'YIH1fY1m'i1l'YI~fl~f)1'i ~v 

¥i1mh.:J~ 'ilZ'ft'IJ f)1';jf)itJ1Vflflfl1'IJflfl'IJfll~~ij'H-U1~~lmz '~'ifl.:Ji'tJ~.:JUf1~H''lJltl~ 3.11 

I 
0.2 

-I 
4.00 W9I'i 

1­ 0°1 
'illnltI~ 3.11 f11111'if:lf1rl.:JUtJtJ~Tnfl.:J l~lJnnilf)1J~f)lJ" input file ''lJltl~ 3.12 iN''IJlt1mmll 

~ ~ 

ABAQUS 6.5-1 l~lJuAm:.uuflfl'IJijft.:Jil 



0.2 

53 

*HEADING 

CONCRETE BEAM ANALYSIS 

*NODE 

**TOPEDGE 

1,0,0.4,0 

11,4,0.4,0 

**BOTTOM EDGE 

** 

4001,0,0,0 

4011,4,0,0 

*NGEN,NSET= TOP 

1,11,1 

*NGEN,NSET BOTTOM 

4001,4011,1 

*NFILL 

TOP, BOTTOM, 4,1000 

*ELEMENT,TYPE= CPE4R 

1,1,1001,1002,2 

*ELGEN,ELSET BEAM 

1,10,1,1,4,1000,10 

*SOLID SECTION, MATERIAL = BEAM, ELSET=BEAM 

*MA TERlAL,NAME = BEAM 

*ELASTIC 

20.E9,0.2 

*BOUNDARY 

4001,1,2 

4011,2,2 

*STEP 

*STATIC 
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*CLOAD 

6,2,-10000 

*NODEPRINT 

U 

*ELPRINT 

S,E 

*ENDSTEP 

11l~ 3,12 ~1mh.:j input file 'litH 11l'Jufl'nJ ABAQUS 6,5-} 

*HEADINNG 


CONCRETE BEAM ANALYSIS 


'lI ... .,. 0 "I Y J • .., y
~1l11.:j'IJ~Ni'll'W,r'W 'il~fJfltil'\1'W ~ (NODE) 9f.:j'il~1J~~ 'ill'W 1'W1J1fl'l:1'HJ'WflfJ'IJ'UflgmJi'l111J~fl.:jfl1'J 

tI 

i'l111JCI~tVfJ~'IJfl.:jU'U'U~T~fl.:jm'U fl11ff~H~~,r'W'il::fJfltil'l:1'W~ l~fJ"'fi~ (Coordinate) X, Y, Z 1., 
flld'.:j *NODE ~.:j~lt1'1'W'il~~fl.:jii~mm~.:juff~.:jl'W~1fl~1.:j11l3,13

~ ~ 

z 

(x,y,z) 

---

.---

...........• --
.- .­.­.- --

..........~.. 

y 

--~-~...-~~~,-.. x 
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.. 

2) ,J\ifl8\ifl11fll'H\iA NODE 

91 ..:" 'l~ 0'Ut)lJ"'VItltl.:J &'11 mfll,)fll'H'Wtl NODE: ... 

I) 'HlJlm"'U'UtI.:J Node 

2) -nt1tl'Ut).:J Node lJ'WUfl'W X 

3) -nt1tl'Ut).:J Node lJ'WUfl'W Y 

4) -nt1tl'Ut).:J Node lJ'WUfl'W Z 

*NODE 

** 

* * TOP EDGE 

** 

1,0,0.4,0 

11,4,0.4,0 

** 

**BOTTOM EDGE 

** 

4001,0,0,0 

4011,4,0,0 

0": 11) " 
~lflfll'.ifll'H'Wtl Node 'VI 1 11 4001 11":; 4011~:: ttl 



• • 
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Node ii 1 (0,0.4,0) Node 'Yl 
..; 

11 (4,0.4,0) 

.I 

y 
 Node 'Yl 4001 (0,0,0) Node ii 40 11 (4,0,0) 

• 


x 

(n) 

z 

Node ;i 1 (0,0.4,0) Node;; 11 (4,0.4,0)r-- --- --, 
I I 
I I y 
L ..; --- --­

Node Yl 4001 (0,0,0) Node ii 4011 (4,0,0) 

X 
(n) 

z 

'l't1~ 3.14 uU~'1fhul1'1l'l~fi~ (Coordinate) '\ItH Node.. 
, SI , SI 

\):aih..l lA"h Node iifi111'U~U'Ul~'U ~~iitJdldll1'i'l 4ldll'\ltJ'If11'Umllfl1111t111 4 111m U~:1110 
JI Q' .Jet" 0 d. J ~Q .qo 

9ltJ'In1'l'f1111l~~LtJ6~1l1nn11'U091tJ'In111'U~ Node U~~ Coordinate L'nll'\l'UtJO C}i..:!11101l\)l'U1'U 

Node 1l10\)~'Yh'11flffm1~1''Unnfi111'U91 Coordinate '\ItJ..:! Node 1l10u~:fitJ'U"'H~":!610 
:: 'I ... I J'.o!/ 'I "0 ~ ~ " .r c: ,

1'n'l'1~'Il~'U'U l'U911tJ6H'U\)'1l'ffl1U'I *NSET ll1'Un1'l'Un'l Node '\I'U1l11'n1l'l'~1111..:! Node 2 Node 

' , , d J '1 "Q ., <tot

(Generate) 19l6U'U..:!'l'~V::l1H'l'~111H Node VI generate '\I'U1l1 111l'l'::6::11H1V11"l O'U 

" d" '1" 0'\ItJ1J~Vl91tJ..:! 11n1'l'n111'U91n1':i Generate Node: 

c: " 1) 111l1V1~'\I Node t':ill91'U 

2) 111l1V1~'\I Node q'fl~16 
d..Ja~d~ d. SJ.cQ JI t"

3) 111l1V1~'\I Node Vlt'W1l'tl'UVll':ill\)10 Node l':ill91'UtH Node U'flVl1VtJVH'UtJV 1 • 

*NGEN,NSET= TOP 

1,11,1 

*NGEN,NSET = BOTTOM 

4001,4011,1 

, 
t1nthn'l *NGEN t=1A' 



• • • • • • • • • • • 

• • • • • • • • • • • 

• • • • • • • • • • • 

• • • • • • • • • • • 

• • • • • • • • • • • 

• • • • • • • • • • • 
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2 3 4 5 6 7 8 9 10 II . . . . . . . , . . . 
4001400240034004 400540064007400840094010 4011 

111~ 3.15 ~lUl1ti~Ui:'l::l11J1mLl'tl'tlfl~ Node ~ln~'iI1flfll'.i Generate Node 

.d "J ~ .! ""0 c:., .9 J! • ~Q,I t 

1m:: Node Vlff'.iH'tl'WlJl'Y1~l1lJ~'Wtl:; l'1fmff~ *NSET = name ('1ffl) tllfl~1flt:J1~'W'WUff~--111~~U~ 
, • I 1 , 


.d d.c:t .ddt t .c! ~ d 


Node VI 1 fH Node 1'1 11 'YJfl Node 'iI~lJ'1ffl11 "TOP" Ui:'l~ Node VI 4001 fJ~ Node 1'1 4011 'YJfl Node 
d.a , : r "!tV , ~ a ddt..ci •QJ

'iI~lJ'1ffl11 "BOTTOM" 'illfl'W'W 1 'W ~1fltJH'WtJ~U1J~I~lJflflU'W1flflflU1J~fl H '.i:;111H TOP ULl:; 

· ~ 
BOTTOM 1~tJl.r;fhff~ *NFILL 'iI::ltJ'W~mHU~fll'.ifffl~ Node ;j'WlJl'.i~111H Node 2 Node 

. . 
;;fll.tLlii~fl~1.rfi'Wfll'.itiTH'Wflfll'.i Generate Node 1f1tJr'hff~ *NFILL 

1) ~fl'tlfl~ Node ~tl111'WfI1,vltJ'W Node ~ 1 .. . 
... "" Q "", ~ "" 2) ,,)ffl'tlfl~ Node Vlflll1'WfI IlH1J'W Node 1'1 2 . ~ 
o ..c::t" '1 ~ 

3) 'ill'W1'W'1f1~'YI~fl~fll'.iU1J~'.i~111H Node 1'1--12 


.d~J • " 

4) 'Hll1tlli:'l'tl Node Vll~lJ'tl'W fltJl~'WfltJ 1 

¥1~~'~Ufffl~'ll.'W~i1mh~111mmlJ 

*NFILL 

TOP, BOTTOM, 4,1000 

'illflfil~~ *NFILL 'iI::'~ 

1 2 3 4 5 6 7 8 9 10 11 

100110021003 1004100510061007 1008 100910101011 

2001200220032004 2005200620072008200920102011 

3001 3002 3003 3004 3005 3006 3007 300830093010 3011 

4001400240034004 4005 400640074008400940104011 

... Id 0 1 .d ~ ,I 
IlJ'YI 3.16 il'I1Ul1'W~Ui:'l~l1lJllJli:'l'tl'tlfl~ Node 'YI1~lJ'tl'W 



• • • • • • • • • 
• • • • • • • • • 

• • • • • • • • • • • 

• • • • • • • • • • • 
• • • • • • • • • • • 
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I 

.. 
OJ 'l,.I

3) 'U'UVl8'Ufll'UY1H ELEMENT 

lrtmhl1'U~ Node fI'.i1JU~1~'Ut;l8'U~8'tlfl8'tilf1T:H~mJ~ml'U'J~111H Node 'tili,r!fi~ltl'U 
'.J .ok.:l"" tI' .J '''' ..,. tI' .., 

, tI 'J H '\J 'U lJ l!O]f.:J f1lJ1l1f11l1 fJl1 Cll(11 'J 1.:J '\J 'U 8tjf11J'Ir'U t;I I 'J H Cl maU~t;lllJ fl11 lJ111lJ 1:; fflJ'\J fH 

1m .:Jff~H i'Uf118~nd'\l~'tilfll'Ju1i.:JfIl'Ui,rtl'J:;f181J 'tI~1fJ Element ~ijltlll.:Jltl'U~l11gfJlJ1f1(1 

tI itl '" .ok i "'. .:. i '" Ut;lCl:; Element \l:; 'J:;f181J ~1fJ4 Node !O]f.:J~:; ':lffllff.:J *ELEMENT,TYPE= CPE4R 'Ufll'Jff'J1.:J 

&::\ 0 q., d " Element lJfll'.iflll1'U~~.:J'U 

1 	 2 

1001 1002 

4 ~ ~ 
'J tl VI 3.17 Ufffl.:JClf1l1W:;fll'Jff'Jl.:J Element 1 Element .. 

fll'Jnl11'UfI~8.:Jnl11'U~l1lJlmCl'\J Element U~1t;11lJ~1(1fll'.inl11'U~ Node t;lllJih~1J ~lf1,tI~ 3.17 

4 t 0 	 !"'o.d, 4 d.4 
lJ Node 8~ 4 Node fl8 1-4 fll'Jflll1'U~ Node '\J8.:J Element 'U'Ut;l8.:Jflll1'U~nfJ'U~llJVlffVl1'Ul'\JlJ 

.. 1";' i · .:Iii '" 'U1Wfll 	 ~m'JlJ\llf1 Node flf18'Uf1lil1 

*ELEMENT,TYPE= CPE4R 

1,1,1001,1002,2 

1 Element 

3 4 5 6 7 8 9 10 11 

2001200220032004200520062007200820092010 2011 

30013002300330043005300630073008300930103011 

4001400240034004400540064007 4008400940104011 

, 
tI "" 	 "" ....'J Vl3.18 Element 1 Element "1J1J 2 lJt;I.. 
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..6 i'JIo .:.. 0 'JI i'JI "'.., d
f11'j generate C)f~ 'Jffl1tH *ELGEN hht!mlHI~Vllf11'jffn:.t Element lH'I11J8'lJf)'U Element VI 1 

tI 

1~tJ~ f11'j fi l'11'lJ~~~il 

" .dgJ" i d
'U6lq!"VI~8~f11'11'U~ 'Uf11'jVl~: Generate element: 

1) 'I11JltJ1"'U'U8~ Element ~liJ'lJ~'lJU'U'U 
tI • 

0'" i 1 .., "'~ 'JI 'V2) ~1'lJ1'UVI~'I1lJ~'U8~ Element 'UUfl1t!'jf) ~tJ'j1lJf)'U Element Vll1J'U~'UU'U'U~1tJ 

4.1 'i'"3) QIm'jl'WlJ'U'U'U8~'I1lJltJ1"'U Node 'U8~U~"~ Element 'lJUfl1l~tJ1f)'U 

~~.J' f"4) 'I1lJlm"'U'U8~ Element VIl'WlJ'U'lJ 8tJl~'lJ8tJ 1 
tI tI 

5) ~1'U1'U'U8~UflTt;~'I1lJ~'j1lJl1~!!fl1 


~ J 'I

6) m'j&'WlJ'U'U'U8~'I1lJltJ1"'U Node 'UtHt!~"Z Element 'j~'I11HUfl1 

~ .1 • t 

7) m'jl'WlJ'U'U'U8~lflJlm,,'U Element 'U8~t!~"~ Element 'j::'I111~t!fl1 

*ELGEN,ELSET = BEAM 

1,10,1,1,4,1000,10 

~lmh~~ *ELGEN 'il::'~N"~~Uff~~''U111~ 3.19 

.. 
4) ;r,""8,"m1fh"'"~t1i'LUllJtWi"8~-rD'iJ 

ffl'11i''UflWfflJ,ji1'UtH'jff~l'Uf)n;h"8~fI1'Ufl8'Uf)1f11'U l11'mmlJ ABAQUS 6.5-1 ~8~ 
" .

til'11'Ufi'Jfiifi'U8~'tIU'1tifitiJU'Jfiifi *SOLID SECTION ua::;~~;;8'tfiifi'U8~1ff~ ffl'tti''UflWfI'lJ,jfi 



60 

*ELASTIC 

(fillll~Eff~~'I1Q'U), (th~~'nffl'U;hffCJ$tl.:J) 

,).:JUfffN i'U hhumll~hmjl.:J 

*SOLID SECTION, MATERIAL = BEAM, ELSET=BEAM 

0.2 


*MATERIAL,NAME BEAM 


*ELASTIC 


20.E9,0.2 


.. 
5) ;;Ufl8Ufl11fh"U~~~18.:J1t1 

" • J , 

flnfll'11'U ~~~ 'Hl.:Ji'l1 i 'U l1hum llU'U ~::;lrJ'U fi1'j ,~ flOll i trlj fi1 'j If! tlo'Ulll 'U Viff'Yl Hl1 

flnl'U~~lllViff'Yll.:J 1,2, 3 ,).:Juff~.:Ji'U~i1~ 3.20 ci1.:Jljfi1'jfll'11'U~11 Node ''I1'U~~:arJ'U~~'.io.:Ji'l1 
Url::;~lll~lflViff'Yll.:J~'~flOllltrljfi1'.ilf1~O'U~11lj~Viff'Yll.:J l~[Ii;;fhrl'.:J *BOUNDARY 1'1f'Ui'U 

9iltldl.:J li1'.iumllfltl Node ~ 400WrI:; 4011 '~[Itlllltr]jfi1'.ilf!~O'U~l'UViff'Yll.:J~ 2 'I1~O '~fltlllitr 
d 4 ell
1Jfi1'.ilf1r10'U'Yl 'UUfl'U Y 

*BOUNDARY 


4001,1,2 


4011,2,2 


y2 
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6) ..Y'UVl8'UfI1·HhH'UVlUH~fl'~~jhvi8tAHi:f~H 
m'jnw/'lJ~uH~mdh~f)1m~rrfHhJ ll.hufln.,.fU\l:::~f)~t,*r'hA''1 *CLOAD ~~~f)~ 

o ClIo.d 0 0 .c::.. d. GCt; <V JJ0 (V 

m't1u~'\Jul~UH Uti::: 'VIff'VIWtlf)'1UH'VIm:::'YI1 m't1U~~11f'VIff'VI1~'VI m:::'VI11f'VIff'VIH~ 'j ~ flU '\J l1ffl'U 
., "I 

iiff'Yl1~nm"~'1 t urun 3.21 'l11't11'U'\JU 1~ '\Jf)~U'j 'ItTU't11fliiff'Yl1~nm:::fhijiiff'VIH~'j '1nu,rl1fn'U 

iiff~urr~~hJltJ~ 3.21 ~~f)~ '1 rilfl~f)~'t11f1tJtI'U~'W ~"l1;i\ty~f)~fh'YI U~~lU'YIU'I~m~m:::ih~f) 
lm~rrfl~';hm:::':h~ Node ''YIU 1'lfU1U~';IflVl'11tJ';illm1f flf) iJUH'\JU1~ 10,000 ih~u mdh~ 

lid do ~ I 

Node 'VI 61f'VIff'VI1~1l~M~11fUU1UflU Y 

*CLOAD 


6,2,-10,000 


lO,OOON 


:, .c:t 4 J 
7) 'U'UVl8'UfI11"t1fl~Hi2flU'1'ft'1:;'t1 

1_1 ... ..., ""1" ... .... ..d " ... .21lJmm1f ABAQUS 6.5-1 1f'VI1~'tlf)fl 'YIH 'Jrrl1fl';i(11l'1fJflHl'Im';i11ml:::'YI'VI~tHm'j l'i'l.. 

*NODEPRINT 

U 

*ELPRINT 


S,E 

• II. , • • 

.flltl't1anlfln,t\'..h,UUfl1HI11f;rU91fJuilmh11flUa'1,rl~~U t'htl'~ *END STEP flfJtiltl~jjfJd'1U 

Q,I " 1 c:,.4Q,I 0; 

'Un'VIfUlfll'llfl'UfJ~ input files Pl1fJflH'UfJ~ftlf1'~ftfJ 

*ENDSTEP 
M • 

'~f1~l',hil~,::"'h,1ftt\'u'Umhtlt)~'UfJ~f11UfI fJU fl~~ft~Uf1'fI~11.1ItJil 3.21 
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ABAQUS 6.5-1 .. 
,:r1,r~U~~~D1JleJi1~1im'H1!\m1J1J~l€l~~fll'IJfI~'lJf1~flliiw'1fl11mmll ABAQUS 6.5­

..9 Q.o!I", 4 _901 !V "I 't '" t 't.1 0 !V
lC]1~mH)f11'n'tltl'IJ input file tl'Hl'1H)'lJl'tll t'IJ ~11'mmll 'HM~lf1'IJ'IJ ~1J~Uf1'nJ~~'YIlf11~t1~N 

., ~ !iI .d 0 e! 0 , C\ ~ Q Q ,d ~ "'l
U1J1J~l€1~~ 1'H C]1~U1J1J~ l€l~~'Ut111l1Hl'IJ1 111tml::;'H'Wqflf1nll'YI1~1ff1m ~ll'YImHm~ lfleJ 

~1~~H~~~ '1f'1 'IJ m~~D1J lt1fi~fI1'U fI ~'IJ f1~fltt1~lll 'H ~ fl~ii 'HUl~~U€l::; ~'iI~ ~~ i'1J~~Ut1~~ '1'IJ!11 ~ 
3.22 

O.2~911 

1------1.I 2.D812 

~1f1!11~ 3.22 t111l1~t:lt1!1~U1J1J~lmHlfltlm~~~'IJ,r~\!€l input file '1'IJ111~ 3.23€1~'1'IJ l11~umll .. .. 
ABAQUS 6.5-1 l'i1eJulfi€l::;'Ii'IJflfl'Uii~~u 

*HEADING 


REINFORCED CONCRETE BEAM ANALYSIS 


*NODE 


** 

**TOPEDGE 

** 

1,0,0.4 


101,4,0.4 


** 

**BOITOM EDGE 

** 

4001,0,0 
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4l0l,4,0 

**NODE FOR TOPREIN 

500l,0,0.3 

5l0l,4,0.3 

** 

**NODE FOR BOTREIN 

6001,0,0.l 

6101,4,0.l 

**NODE FOR REBAR 

7001,0.2,0.3 

7021,4,0.3 

** 

8001,0.2,0.2 

8021,4,0.2 

** 

900l,0.2,0.l 

9021,4,0.l 

** 

*NGEN,NSET=TOPREIN 

5001,5101,1 

*NGEN,NSET=BOTREIN 

6001,6101,1 

*NGEN,NSET=REBAR 

7001,7021,0.2 

8001,8021,0.2 

9001,9021,0.2 

**TOPREIN,BOTREIN,2,500 

*NGEN,NSET= TOP 

1,101,1 

*NGEN,NSET BOTTOM 
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4001,4101,1 

*NFILL 

TOP, BOTTOM, 4,1000 

*ELEMENT,TYPE= CPE4R 

1,1,100 1,1002,2 

*ELGEN,ELSET BEAM 

1,100,1,1,4,1000,100 

*SOLID SECTION, MATERIAL = BEAM, ELSET=BEAM 

*MATERlAL,NAME BEAM 

*ELASTIC 

20.E9,0.2 

*ELEMENT,TYPE=T2D2 

500 1 ,500 1,5002 

*ELGEN,ELSET=TOPREIN 

5001,100,1 

*ELEMENT,TVPE=T2D2 

600 1 ,600 1,6002 

*ELGEN,ELSET=BOTREIN 

6001,100,1 

*ELEMENT,TVPE=T2D2 

7001,7001,8001 

*ELGEN,ELSET=REBAR 

7001,2,1000,1000,20,1,1 

*ELSET,ELSET=TRUSS3D 

TOPREIN,BOTREIN,REBAR 

*ELSET,ELSET=REIN 

TOPREIN,BOTREIN 

*EMBEDDED ELEMENT ,HOST ELSET=BEAM 

TRUSS3D 
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*SOLID SECTION,ELSET=TOPREIN,MA TERIAL=STEEL 

1.27E-04 

*MATERlAL,NAJdE=STEEL 

*ELASTIC 

183.6E9,0.3 

*PLASTIC 

575E6,0 

*DENSITY 

7800 

*SOLID SECTION,ELSET=BOTREIN,MATERIAL=STEEL2 

2.26E-04 

*MATERlAL,N~E=STEEL2 

*ELASTIC 

183.6E9,0.3 

*PLASTIC 

575E6,0 

*DENSITY 

7800 

*SOLID SECTION,ELSET=REBAR,MATERIAL=STEEL1 

5.65E-5 

*MATERlAL, N~E=STEELl 

*ELASTIC 

183.6E9,0.3 

*PLASTIC 

575E6,0 

*DENSITY 

7800 

*BOUNDARY 

4001,1,2 

4101,2,2 
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*STEP 

*STATIC 

*CLOAD 

51,2,-10000 

*NODEPRlNT 

u 

*ELPRlNT 

S,E 

*ENDSTEP 

lU~ 3.23 ~1fldH input file 'tIfl~1u'mmlJ ABAQUS 6.5-1 

, SI ,. , , 

d 0 1 "'" , d 1- I "d............ do' 1

m'jfl~~ ~l(;lfl~ f1Hff'jH'U'U 'Unl'Jt'tlv'U lJ'jumlJlilfl~lJ'jf6t'jfl~'t'I'j fl'jf6~l'Uflfl16Q ~V 

'~fhi~ 
*HEADINNG 


REINFORCEDCONCRETE BEAM ANALYSIS 


_I' ! 0 ..I! do",,, .1..... " 
llJ 'j l~'tItHfll'U'U'U ,,:a~nm't'l'U~ (NODE) 9f~"::lJ ~~~1'U1'UlJIn't'l'j 6'U 6V'tl'U6Qn'Ufl11lJlilfl~m'j 

II 

f111lJ(;l:afltJ'ilI'tI6~U'U'U~1(;lfl~fIl'U m'jff~H~'ilI,r'U"~\lnfil't'l'U'ilI1'illVVifi''ilI (Coordinate) X, Y, Z ,~ 
o c:, .c& 0 ~ )I d" '....._1Q,I

fIlff~ *NODE 9f~"ltlJ'U~::'jl\fl~lJ'tIfllJ(;l'ill~ttff~~ 'U'jl\1fltJl~llJ 3.4 

.. 
OJ 0 cr Q 

2) 'U'Ufl8'Uft11n1'11'UYl NODE 1'l1iUlliJ12J 

1) 't'IlJl(Jl(;l'tl'tlfl~ Node 

2) Vifi''ilI'tIfl~ Node 'U'Uunu X 

....... 

3) Tm'ill'tlfl~ Node 'U'Uun'U Y 

4) Vifl'ill'tlfl~ Node lJuun'U z 
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*NODE 

** 

**NODE FOR TOPREIN 

5001,0,0.3 

5101,4,0.3 

** 

**NODE FOR BOTREIN 

6001,0,0.1 

6101,4,0.1 

**NODE FOR REBAR 

7001,0,0.3 

7021,4,0.3 

** 

8001,0,0.2 

8021,4,0.2 

** 

9001,0,0.1 

9021,4,0.1 

** 

Node 5006 '''':; 7001 

I (2] I I ] ] ] ] I I I ] I I I I I 


. . . . 

~::n1u'fl"h Node ;ttil'I1UfluudjU1f1;t Node ijfl1~cNtlU';1Jf1Utld ~lflltJ;t 3.24 ~::l11U'h Node 

ii 5006 ~tl~1'I1gflLffllJ1Juti1J Node ii 7001 ~tl~1'I1gfltJl'ttlflL;ju1f1l~trlf1U fl1~tin,ufI Node '\ltl~ 
d Q! 0 .. , ".ct." : QIJI " 

1'I1l'tflLff~1JUU ~::~tl~fl1'11Ufl4Jftl Node lJ 'I1lJ4JftlCJflflU 



68 

!II 

h.l.,j'U9H)'Ufl1·H"~1,:j Element fl1·H;1'11'U\9lf.lWff1JUfl'U'O,:j1ff~JIl~:fl1·HhH'U\9l~\9l·H)~i''lJ 

ffl1JTHI'Vh i~!";'U!~~1n'Un'lJfl1'Ufl 'O'Ufl5~ 

3.4.4 9l1t)r.h~fll11i1'l.hufl'nJABAQUS 6.5-1 

:'I "1 ~.J 	 d ... ... .. 1 fJI~ •01) 	 Lufl Licensing uti itiesfHlfl'Vl StartlStoplRerea Ufl1fHln'Vl Start Server 'I1'1!tlrl111 Server 

Start Successful 

LMTOOlS by f.l.:!GfOV;siun Corpordtion http.!lwww.macrovision.com 	 f-- : !':XI 
Fie 	 Edt Mode Help 

s..~FioI ~solli-lgsl U\iiiot~1 s....... Stoluo! s_Diog<! Crigs"-I BOIfOOIio>gI 


I (26:> I 
AdvlOlCed ooI!i1go» I NOTE: TIOo __bec:hecked to.t>JI..,.,., a icon;e_ 

when _ ... bm<>WO<i 

Temp 

http:http.!lwww.macrovision.com
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3) li1" hhurl'nJ ABAQUS 6.5-1 H~1Ifh)fl~ ABAQUS Command 

~ Norton AntiVirus • lit ABAQUS Licensing 

mAutodesk • Ilf ABAQUS Verification 

Jim AVS4YOU • lit ABAQUS Viewer 

Jim NGO NVIDIA Optimized Driver v 1.9792. II My ABAQUS 

~ RivaTuner '12.22 • Uninstall ABAQUS 6. 5-1 
~~----~----~ 

• .,j '1.-.1 "4) fll'j Run ""Ihf(" Input file -nlJ'W "abaqus int J = 'lf~ n(1 

Qli ABAQUS 6.S-1 •• [Ill ABAQUS CAE 

i!!J ABAQUS 6.5 HTML Documenl2ltion • II ABAQUS Command 

im Norton AntiVirus • mABAQUS licensing 

ill Auttldesk • III ABAQUS Verification 

im AVS4YOU • mABAQUS VIeWer 

iii NGO NVIDIA Optimized Driver v 1.9792 • II My ABAQUS 

i!I RivaTlXler \/2.22 lklinstall ABAQUS 6.5-1 

.;;:;. c:-nc- I ..J,.., .. 
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6) ~:::L~UhhuflnJ ABAQUS 6.5-ILLft'fl.:J~U1J1lHL~Bfl~ Open hl~ File Filter LLt\'1f1iim~em 
: • .. II.,J 91 4

Output Database (* .odb*) ~lflUUU'Bfllvlfl'Vl~el.:Jfl1·mft'fl.:JNfl Ufl:::f1flfl Ok. 

• Open Database ... ,.. ~- - ~ . L8J 

---.-.--.----------.~--~··-·-···-·----·-·-----··----- ..--- ..--..---------.---.........------...---... 

rUlJ .. WCE4.odb
G.J New Folder test.odb 


174Z-15f12.odb •••, 


cel.odbIB 
110 O!2-l.odb 

0!2-2.odb 


ce2-2.odb3
§ 
B

I ::e2.odb 
ceZ.odb_f 
ce3.odb 


Dce3.odbJ 


Ble Name: !T'cSTl.odb !I QK 


File Fft~: iOutput Oa~ (".odb,") ~10ReIldOnlv [ ~el 


.ci Q 0 (I' ~, A ~ ¢II " ... I.cI.Q JI ~ Qf .dl
'YIlff':i 11 fll~~tl1tJUfl'IJFRP CJf ~fll'H'ffl'W lU~:;1lfl'J l:;l1llJ':i tJ'lJl'YItJ'lJU~:; VH V~ fl'lJ'lJ'YIfl1111 fl V 

"Strengthened of RC beams with Eproxy-Bonded Fiber Composite Materials" l~UJ Triantafillou 

U~:; Plevris [14]; "Behavior of Pre-cracked RC Beams Strengthenef with Carbon FRP Sheets" 

hw Arduini ,,~:; Nanni [8]; UCI:; "Interfacial shear stress concentration in FRP-strengthened 

..,6" .l 1 " 0 <V ,1! · beams" 1filtJ Maalej "CI:; Blan Y[12] ClWllV\l~"''IJJ1'U 'Ufll'Jff'.i1~U'lJ'lJfj)l~fHV'U PlUfl 'U'Ulfi1'UV~ 

JlQ,I 0 d Q d Q QoIQ QI : 

11'IJ1~" Ij) 1'IJ1'Ul11C1mff'J1I 'U'Ulfi1'UV-IJl11 Clmff'J1I flWff1l'lJ~'UV~1ff~ n1l'YI~fl111111'IJ1 fl1111tJl1 
'II .. I II" 

";'Uli11 rl'l"fiI'UV~ u~'U FRP liijfl1111U9lfl9h~ii'U i ~ir'U1'U'111.n'vihl:;mh10~ l'YIflUfl1'Ufll'J f lC1V~ 

flW ff1lU;'U V~flV'Ufll~1'U 1'l1'Jum11 ABAQUS 6.5-1 "~:;~fhflflJvdl~~.:n):;Vn 'lJltJl'YIflUfl 1'U fll'J 
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~l"fHtlDffll..;un (Interaction) 'lJfl~fll'jV~~Y>1tiu'j~'I1'hmNU FRP !1CI~ihflflUn~Yl1~HJ'ci'f 

Element "MiJ~~!ffll~!~tln1l Cohesive Element ~~li'l'l1lnfll'j~l"mfll'jtlDffll..;un~~nril"Jijflllll 
" 'nft'lfitl~ti'Uflllllt~U 'ill~uft'1'il~vh'11'ffllll':it:l'¥ilUltlU l'\1'Wn'U'.i'.iYJn~~ tl~u"~"nlltu~nniu~ 

'lJfl~fIlUtlflUn~~tff11ll'l1~n~lff11lfil"~~1t1 FRP '~fldl~U1i'Wfh 
" .

dl'l1i''Ufll'.ifil'l1U~~Y>1'.ifl~i''U (Boundary condition) i uu'U'U~l"f:m:rUtijfl~ 'illnfll'.ifffl~ 
" " " " U'U 'U ~l "fH'IJ'f)H lui ~tltl i'~Ul~'Wfll'.i ~1" fl~!";tI~f1i'~ l~tl1'IJfl~tl111ltl11f11U 'Vi~ 'I1ll~'¥il'11'~fl ~ 

fil'l1U~ Boundary condition ~~lU'l1'1l~n"NfIlUi~f1'f)un~~ l'I1~mff11l u"~m.ju FRP 1~tltI'f)1l 
i11'ijfll'.ittl~'f)U~l~'Wl~UU1~~ (unu Y) ri1u~~llm'll~~~'j'f)~i''U (Support) fil'l1U~ i~'1iijnl':i 

,tl~'f)u~iUUU1~~ (unu Y LL"~ unu X) 

" 
li'l'l1ln~ 'ilntul "nlltU~'IJ'f)~fll'.itff11lm~ml"~fll'j i 11'111'1111n'W'U';h U11l1'.it:l i ci'ff,Jtu ffllU~ 

, iI 0 .,. ..i .It·.1 id OJ 

'lJfl~ f11lll Ulllll~'j U fll '.i U'.i l~U'U'U'ill" 'f) ~ 'IJ 'f)~tllU t'WtI~tl '.i ~ l~ tl1t'W 'f)"M1t1lJ '.i::::'11 tlY>1! 1"1 U nn 

o ~ Q tI gJ.d.c:s Q,I<IC:), ,,,,"" iI 1 · .,;.
fIlU1tU 'f)U~fll'.i1tml:;'I11m~ff'.il~'YIlltltuffll'U~U'U'U '.it"M~lffU (non linear) ~m~'Wl~'f)t.JNtI.:j• 

" " tl'f)Unl~'iI::::~'f)~i fn"l i 'Wnl'.irllU1tUllln ~~'I1UU'U'U~l"'f)~iU~lUi~t.JU'iI:;,hfll'.iffnlllU'U'U 2 iJ~ 

"" <I i'" """ '" A Q,IIfll11ttln:;'11 H" 'iI~ "MtTvlt,,'VIi Ufll'.i 1ttl'.il~'I1tl1lll ll~WtU 'f).:j'IJ'f)~m l't'Jnl':iU'f)U Yl1'IJfl.:j 
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do'" "" d d '>l .1 'i 'I '>l'itll tl Vl3.25 Uff~~U1J1Jm{lfl~'IIfNf11'Wflfl'Wm~Ul"jlJL'I1{1f1V1ff'jl~'II'W ~~fJ ~'lf t mmllABAQUS 

6.5-11~fJ~ Element ~i.n'WU1J1J~l{1fl~ 

. ..- "'4"~ Sf 0

3.5.1 t:lWi;JlJ1Jfl"UM Element 'rua8fl1" &'Ufll'i;J'Hll1JUilla8~ 

Material Description Code Additional information 

Concrete Four-noded plain strain CPE4R Reduced integration 

Steel Two-noded truss T2D2 Embedded 
i 

Adhesion Four-noded cohesive element COH2D4 -

FRP Two-noded beam B21 -

• fJWfflltr~'IIfl~ Element 

Element 'lfU~ CPE4R i.n'Wm'j~l{1fl~f11'Wflfl'Wf1~~tdfl~\llf1 element ift~'WU1J1J 2 iJ~ ~~ 
i'Wm'j1~fJflf~ifll::~1{1fl~f11'Wflfl'Wf1~~lff'illt'l1~f1lt1J1J 2 iJ~ 11{1:: element 'lfu~if,~'W plane strain 

element 1 ~lfJfll i1 ~ il~f>i16~ ',j lff1'Wi1'HYt]tfl.:jU{I::f>i lfl111l1fl~fJ~~vh',r'YI',j l1Jil.:jf1l',j'1tr~ 'II fl.:j fll'W 

Element 'lfu~ TID2 'cl1''Wf11',j'iil{1fl.:jt'l1~f1lff'ilJldfl.:j'illf1 element if ij'nq~m',jllm1ifl'W 
~ ~ QI;eQ.4 'jJ QI 1 '" 

t'I1{1f1lff',jllffl1l1'Hl'j1JUHtH'H'jflUH~11lUf1'WflmtJf11J flHtlf1 (Truss) 

Element 'lfu~ COH2D4 'cl1''Wf11'j~111fl~f111~V~',j:::'H';iHU~'W FRP ~.:j COH2D4 l~'W . .,., 
element 111'H1l1:::ffll''Wm',j~111fl.:j'nq~m',j1lf11',jv~~~t1'W',j:::'H';iuw'WFb 2 'lfu~ A'1tJi'W1J1~ ~ flft'ltJ 

4 Q,I 4 d.c::t " A.c::t ~,1 4 ~ ttlQ,I

m1 'H',j fl1ffi!!fl'W~ 'YIllfl111l'H'W1'WfltJ1l1f1lllfll'YItJ1Jf11Jfl111l'H'WI'll fl.:j'lf'W.:j1'W ctmllfl element 'If'Wtl'W 

'A'i'1Jll',j .:jm:Vhuft'11l:::ff11ll',j'tltil'W1W'H 1'~ l~1l~'W'IIfl~fl111l1fftJ'H1tJ' 'W element m',j'lltJ1tJ~1'11fl.:j. 

fl111l1fftJ'H1tJ (propagation of damage) \l'Wm::";.:jtn~m'j1ii'~ 

'" , "0 t oda Q" .c:. d <V
Element 'If'W~ B21 'If\ll11mUH'W FRP 'YIll..,q~m',jllfl(l1tJ element 'If'W~ T2D2 t]t.:j',j1JUH 

.cQ, .c:. od.c!l <II:el • Q,I '" QI,dQJQI~~ U~ element 'If'Wtl B21 \l:f11'W.:jm..,qflm',jll'llfl~UH'W FRP f11Jf111.fl1tJ ~UH~~'YILf1~'IJ'Wf11Jfll'W 

... '" d
flfl'W mfllff',jllt'l111f1 

l'Wff1'W'IIf).:jfJWffllmi'llfl.:j1ffi!! L'YIflijflf11'ii111f).:jtl~ifll1i'WTi'llf)~fl1'iV~~~t1'W',j:'H11.:j~1 
., ., 

'IIf).:jUH'W FRP till ~1'IJf).:jflfl'Wfl~fI l~tJ'.f cohesive element fl1',j'ffih'H'Jfll1n:;r'W~fl'Wfl1'i 

....t ~tH'W11m1::'HHllff11l1'itlff1tl'''Q,I~ 
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3.5.2 ftqfln"U""Ilo.:altTiJ (Material constitutive bebavior) 

• 	 U'IJ'IJ~l"f).:jfl1'WfHJ'Wfl~~ (Concrete model) 


" 

m ':i ~1" f).:j "'Hl~m ':I1J m':i U~ fl~11'tl f).:jfl1'Wflf)'W fl~ ~ t 'W.:j1'W iivil'~L~ f)fl t;; Plastic-

damage model ~iif)~t'W l'l.J':iUfl'UJ ABAQUS 6.5-1 t'Wfl1'iVi1'W1V'nq~mnJ'tlf).:jflf)'Wfl~~ hw 
" 	 . 

Plastic- damage model il \l:::ff1J1J~t..r~lUHfl~ViYht..rflf)'Wfl~~B~fl (compressive crushing) UrI::: 

~lU'Hit.:j~Yht ..rflf)'Wfl~~U~fl~n (tensile crushing) til'W 2 fl" Lm1iifl'tlf)~m'jVi1 t ..rfl1'Wflf)'Wfl~~ 
" ill~l~vm'jLn~fl" ifll1.:j 2 LiI'WH"1J1\llmf)VU~fl'tl'\.J1'Wlgfl (micro cracking) th"i''IJ':i1V'':::liltl~ . 	 " 

'tlf).:j~i1u'l.J':iVi~ltil'Wd1'tIi''IJ Plastic- damage model ff11J1Hlff~tli~~~il 

1) uJ'W softening curve d111i''lJflf)'Wfll~fI1tlt~U'HA~ (tll'l.J~ 3.26 ) 

l~tl~fl1f I flflfll11\.i1tlll':i .:j~fl1'IJfJ1Jm':iln~'jflf.JUYlfl'tl'W l~tgfl t 'Wflfl'Wfl~Y1 

G F flf)~l'n""H 1'W \llflmtl'Wf)fl~'iJ:::Vil t ..rtn~'j fltlUYlfltt,,:::m'j'tltl1tl,j1'tlf).:j'j fltlUYlfl 

Stress 

II 

Crack opening 

.,.,t/, ".., 	 d 'J" .,d 

2) fl111Jff1J'n'W1i'j:::111Hfl111Jtfl'Wfl'IJfl111Jtfl'HJ~'tlmflf)'Wfl':iYlfl1tllYlU'Hflfl (tl 

1tl~ 3.27) ,rtf) Ee flf)fll11Jtl"'ffVfl11~'W'tlf).:aflf)'Wfl~Y1 j co flf)fll11\htlm~flfl1uA ( I co '" 0.6 ­
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Stress 

Crushing failure 

f~ 

f co 

Strain 
So 

1'l1~ 3.28 fJW1.nJ'u~'Ua~fla\Jtll~fl1vi~m·H)~ 

• d "" • H'UtHl1mHl'IHlm1.Y'llJ (Steel model) 

fll':i ~1"a~'Wq~m 'UJ'U a~mgm1.YllJ '1::1.YlJ lJ ~i,rljyH;l~m 'nl1~ 'WU'lJ'U elastic perfectly 

plastic (~1'l1~ 3.28) 1~m'l1gmrtal~i''UUHfi~'l::ij'Wq~m':ilJu'U'U elastic 'l'Wm::"t~il~~~ yield 

'11 €in1m!'W I'll gfl'l:afi~fll':i fl'j 1flfl1fJ'~U'j ~m::l'll~m~ :b~~,:)U'l1 'j~ ~11~'W-,;il'11i''UU'U'U~l"a~ 

mgm1.YllJfla ,h1lJ~€i1.YUfl'l1fj'W'Ua~fla'Wfl~~ (E s)' V~':iHh'WihdC]$a~ (V), U"~'I1lhfJUHil~~ 
d "" 

~flmlfl'Ua~m"m1.Y':ilJ (f y) 

Stress 

Strain 
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w w W 
<V "0 V <V ~ J3.5.3.... UVl8Ufll~ l,JUl'"UflUt1~""UVl8Ufll~1Ift~1:.:'t'INt1 

'".,.
'ff111i'1JfI11':,hjnnrtll1m::fhll.1u1J1J~lC1f),nrl.l'~m::.yh 1flt.lih:':fJ:.:tl11Util.l~1 djl.l~1
" . . 

f111JfJ1J\hl1'utlVim::-vh"J; ~~fl (Displacement control) ~'li1Jt~fJ1fi1JVim:.:.yhil~.:J 11.1tl1nlflClf)~ 1flfJ 

~ ~ ICV Q d ~ 'cv c td .c:tt 
ll.ltl11 t'n1J 1~fJ::fI1mf)1.I fl1'il:': t'n 1JU1J1Jf1.:J'fI'il1.lm::'fI~':i ::fJ::fI1mf)l.I fl1 ru fl1Ul1l.1.:Jm tlCl H f111.1 1Jf11 

. " 
ni1fl1J fi 111 i~'il1tltl1':i'flflCl f)'l 11~.:J 'il1tlUl.l ~nhtl1':iilf1 ':i1:.:MNt111.1 ,tlU1J1J'\lf) 'lfl111J ff1JW 1.1 n 

" . 
':i::111Htl111UtlVim::Vl1fl1J':i::fJ::tl11Util.l~1 m'::ttlu1J1Jtl1':ii1r~'\lf).:Jf111.1'f1flCl'f)1Jtl~t1::mW 

http:ff111i'1JfI11':,hjnnrtll1m::fhll.1u1J1J~lC1f),nrl.l'~m::.yh


...• 
U1111 4 

4.11J'rnh 

1ifmni 'W ':U 't1 if'IJ: U 11ff 'W m,1fI fl1 '.i ffmol 1 fl1 '.i i'mf,.", '!!O':U 'j'i 't1 0 'U tl ~m 'W fI tl 'W 0 j ~ I ff1lJ l'I1 go 

.d~OQ,l'JI Q,I'JI .d 0 9"i 11
• 

.c::. <I,0 0 

't1lff'.ilJfl1f1-3f11tJ FRPffll1'.i ':U'U tl\!fI'Utl-3f11'W't1 'IJ:'W llJl t 'jj' 'Wfl1'.iffll~U':U ':U 'lJlfltl~llfl:11f1'.il:11 'W 
III. • 

tl1\UtlJlih'l 'W n iA oU':Uu 1~~H 6-3 'IJ lO':U't1f111lJfiij Hfi 0 1'.i't1 flfftl':Ufll'W fI tl'W oj~Iff1lJ 111 g ofilff1lJIll tl~ .. .. 
~1tJU~'W FRP ;b~f11'Wfltl'Woj~lff1lJl'I1gfl~lff1lJllltl~~1tJ FRP~ifl'Wfll'.i't1f1fftl':Uln'W~1tlth~f11'W 

~1~Vi1fl1'.iff~H~lfltl,:j~'WlJ11fltJifltl'.iumlJ ABAQUS 6.5-1 li4tl'IJ:::Ul 1 tlltI~tJ':UltitJ':Ufl1'.iffmn 
c& <I d ~ " G.I .d~ " .cd oJ 2 i

UfI:11ml::mtI'.i tJ':U 1't1 tJ':Ufl11lJ Qfl~ tl,:jO':UHflfll'.i 't1f1fftl':U't1 LY'I 'lJlfl':U't1fl11lJ 't1lf1tJ1'11 tH 'Wltlu':U ':U 
III III. 

'Utl~U111'!!fl':U'.i nlfltln:tltJ (ultimate load) fl11lJfflJi'W n'.i::l1';h,:ju 111'!! fl':U'.i'.i't'JflIm:::f11'.i Uti'W~1ti 
A _t:! 'i'"d 'Qfl,:jflfll~fll'W (load-mid-span deflection relationship) UfI:alJ'.itJm't1tJ':Ufl1 'jj''lJltJ'Utl~fll'WU~fI::'jj''WfI 

.Jt i QQ,I ~ "1 'JI 0 ~ i d i .d dl Q <I.::::t.QI I

CH 'W ~1'W1'IJtJ'W 'IJ::: LfI't11fll'.i 'UmtJHflfllHffl'l:ll 'W ~1'W1'IJtJ't1J.11'WlJl 'Wfll'.i't1 'IJ:::ffO'l:llUfI::1Im 1:::11 
I J/ ", t 

fll'W fltl'W oj~ Iff1lJ l'I1 g oti Iff1lJIl1tl~~1tJ FRP-n~ ij fll'Wfltl'Wflj ~lff1lJl'I1 gfltid;;tlOlJlffO'l:ll i 'W 
III • • 

"""''''''''' "'i"i 'J! 0 .... i "''' 'lIJ"~1'W1'IJtJ'WlJ'Utl\!fI't1 'jj' 'Wfll'.ifflHU':U':U'lJlfltl~fI~llfffl~ 'W~l'.iH't1 4.1'Utl\!fI':Ul~ff1'W !fI'lJ10 

fll'.iffO'l:lllrilJl~hJ lflvifl1 tlflfl1'.i i 'Wfll'.i ~ 1f1tl~U ':U':Ufll'Wfltl'WOj ~lff1lJ 111 gO~lff1lJihtl~~1VU~'W 

FRP ~'~'lJlflfl1'.i~lf1tl,:j''W ltl'.iumlJ ABAQUS 6.5-1 ;b~i'W~l'.il,:j~ 4.1 li4tl'IJ:::1~fI1l'W;;tl\!fI i'W 

o 1'.i111f111lJfflJi'W ni'W m til~H1 1i4tl~ 'IJ:: iffftlmti tJ':Um:::':U1'W fll'.i~U11ff'W tl';hfl fl11lJ fflJ 'IJ'.i of 

Q d Q " eLI .c:t Q d 
'U'W1Y'1f111lJVl1 'U'W1f1UfI::: tl '.ilJ1Wl'I1f1fl1ff'.ilJ 'U'U1Y'l'Utl,:j11'U1"Y'lfll'Ufltl'Wm~lff'.i lJl'HfiO fl11lJl1'U 1 

fl11lJfl1'H fl11lJfJl1'Utl,:jUN'U FRP lIa:::til'HthtlUH6Y'111thVUHA~Ua:::,hllJtlaffa"l1~'U~ 
..... IiIti .l " 0':: .... • <II ..; .:: iii" 0

U~fl~Hfl'Utl8fll CJf,:j'U8\!a'U8~1I':U':Ufl1'U11atl~'t1,:j 37"1tlfJl~ L'Wfll1H't1 4.1 'U'U lA't11f11'.i 

... ""i <II ""itl ...." .... ...; 0 '" .l
11f1'.il:::1f lAV L'jj' 1 '.iUfl'.ilJABAQUS6.5-1 Ufl:::f1'j111':Ufl11lJ\lfl~mfl':Um't1f11'U1W't1H't1q'l:ltl CJf,:j 

't\'ffltlNafll'jfffl'l:ll~~Uff~H'-n'U~1'iH~ 4.2 
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44 v' .
4.3.1 fl1Wflfllllflll!~16UH'U6~ Fannmg ml:: Kelly 

'il1n,j'fl\!"mWffn~J1~'HHh~'\Jfl~ Fanning II":: Kelly [9] fll'U~i~i'Um';j'YIfH"fl'Uijfl11lJ 

tJl11'viln'U 3.00 llJ~';j ll,,::ij'\J'Ulf'll1Ul~f'l 0.155 llJ~';jxO.240 llJ~';j 1f'ltJfll1lJll~n'fiN'\Jfl~11'U'Ufll'U 
~ ~ 

~1"tN'\J'U~flfll1lJl1'Ul fll1lJn1Nll":::mllJtJ11'\Jfl~11~'U FRP ~~~lmh~'fifl i'I.Jt1 

- flll! KF-B1 

fll'U KF-B H~'Ufll'Uflfl'U n~ ~!ff~lJm gn~ i~iinl';ilff~lJnltl~~ltJ FRP '\J'U If'll1U1~f'l 
... d "" 'I 'JI ~ ... d ... ~ ... 'I _rd 
"nllw:::m"mff';jlJU,,::m';j tl'!'Ull1'Un'il:::lJ"nllW:::l1J'Ull'U'U two-point load f'l~llfff'l~ ~'U~lJ'YI4.1 

25 105 25 

I~ ·I~ ·I~ ·1 
2-DB 12 

25 

RB6 

190 

~-I-r-+--- 3-DB 12 

25I 

. ~ 
o 1.::10 QI 0 

~1!1'H"U~'V1"u1'H"Unm::Vl1 

600 

2800 

d=40mm 
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. . '" 
l~mhfll'j1Im1~,.fU'lJ'lJ~1~fl~1~tI't~11hum2J ABAQUS 6.5-11nmn'IJllnjfl'i;l~1l~U~~fll'jUt:i'U 

~1'i;l~~~'lJfl~fl1'U1I~1 '~Il,m11f1'j1::,.f~~ltJ~ 4.2 

80 ­

70 

60 

50 

_Model FK-B I 

30 
-+-Experiment 

20 

10 

o 

o 10 20 30 40 

Midspan Deflection (mm) 

. "'. 
l1H14.2 1mtI'lJlfltl'lJfl112J ff2J't1'U i'lJfl~'IJmumm::::n1'j Utl'U~1flfl~1~fl1'U'jZ11'h~fll'jn~~fl~n'lJ 

fi1~'~'il1flU'lJ'lJ~1~mfl1'UFK-B 11t'1t1 hhum2J ABAQUS 6.5-1 

. ., . 
i1 'ill'j W11tJfl 4.2 'W'lJ 11fl112Jff2J't1'U i'lJ fl~U111Umm~ fll'j utl'U ~1flfl~1~fl1'U'j:m11~fll'J 

n~~fl~n'lJfh~'~'il1flU'lJ'lJ~1~fl~fl1'UFK-Bl1~trl1hum2J ABAQUS 6.5-1 ffflt'lfl~fl~n'Uflth~ii 
'" '" Uti ff1flf]l 1 t'lm~'Um ".hi~ ffmll~'U iifl112Jlfl~,fitr~n'U l~u'lJl'l1Ufl'lJ'j Hlfl'i;l~ll~'lJfl~U'lJ'lJ~1~ fl~ 

fl1'UFK-B1iifi1"hn'lJ 70kN,rlmmU'lJ1flU'lJn'lJfll'jn~~fl~~iifil,..hn'lJ 66 kN'ilZiifl112JUflflflH 
tI 

n'UtJ'J:: 2JlW 6% uff~ ~11U 'lJ'lJ ~l~fl~iifl112J\lfl~fl~ l'Umn;''U1UU 111 Ufl'lJ'J'jfJfltJ'jzaU'lJfl~fIl'U . ., 
flmm'1 flLffl2JL11gflfl hjiim'j1ffl2Jfha~A'1u FRP A~u'\.ml1ffrHU'lJ'lJ~l~ fl~1'U 1tJ'J LLfl'J1j 

'I ,.. ~ ..: t A ... dA,JI'I

ABAQUS 6.5-1 mN~m'jn~~fl~l1J'Un'Ullfjffl(Jfl t'I L'U'jZft'lJ11'U~ 
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4.3 

- tll'U FK-B3 

m\J FK -B3,rJ\Jm\Jtlil\J fl~~UYllJ''t1gfl~ijfl1':m11lJti1tl~~1lJ FRP ~ij'U\J1~tl11lJ'H\J11.2 

; . 
'H..!1~~tlfl't:lW~''t1gflU:YllJUfl~fl11',r,.h't11rfl~~ij tlfl'l:lw:atl\JU'lJ1J two-point load ~~uff~H'\J rtlii 

25 105 25 

14 "1" -+ "1 
r--- 2-DB12 

25 

RB6 

190 

25I 

uFi'U FRP 11'U1 L2 mm 

,----1'-:>-+--- 3-DB 12 

14 120 

" ~1fJ "::l~fJFl'ti.:Jl1llFleld''U11 '111 fJ"el.:J ij" i'illl~ ~ 

. "o l.qo QI 0 

~lUl1'U.:Jl'I'U111'Uflm::'YI1 

600 

2800 

uFi'U FRP 11'U1 1.2 mm 
d 40mm 

,rt()Yhfln1'tln::,fU1J1J~1f1fH1f1{J1fh.l'.iUfl'.ilJ ABAQUS 6.5-1 '~()'H1Jl't1Uflll~qflUfl::flnU8\J 
"TO;~qfVU()~mUU~1'~Hfl1Ltln::,"fl~11.l~ 4.4 
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120 

100 

80 

-z 
~ 
'-' 60"I:l 

ctI _Model FK-B3.3 

40 -+-Experiment 

20 

o 

o 5 10 15 20 25 

Midspan Deflection (rnrn) 

. .,. 
ltHi 4.4 lm(ltJll1(1tJfll11Jff1Jiu!'U0,:nlTI1,rnUtl::nl'Imiu';1l1mn'ifllU':i::'I11Hm':i1'I~"1O'itltJ 

fh~'''''~lnUtJtJ~ltlO'ifllUFK-B3 l~(llthum1J ABAQUS 6.5-1 

. ., . 
"~1':iWl1tH14.4 'W'lJ11fl111Jff1Jiu!'Uf)·:nll'11-UmmZm':imlU';1l1ntlHfllU':i::'I11Hm':i 

't1~tlO'itl'lJfh~'''''lil1ml1.JtJ~ltlO'ifllUFK-B3 l~(l1thum1J ABAQUS 6.5-1 ffO~fltrO'itlUOtiHij ., ., 
ifmhtity 1~ (Ii-Nu m whi'i ffO'i,-Nu ijfll11J 1ntrlfi (I'itl'U 1~ (l\j1'11-Un'lJ ':i Hln'fll'i1l~ '110'111'lJ'lJ~ ltl 0'1 

fll'UFK-B3 ijfi1l'riltltJ l13kNlrlonJ~flmfifltJtltJm':i't1~tlo'i~ijfi1l'vhtltJ 110 kN~Zijfll11J., 
U~n~1'itl'Ulh::1J1W 2.7% Uff~'i1111'lJ'lJ~ltl0-3ijfl111J\ln~0'i1umni1u l(1'1l1'11-Un'lJ ':i':ilJm.h::£tfl . ., 
'UO'ifllUflo'Un~~lff~1Jl'I1gnfi',jijm':ilff~1Jfi1£t'i~1fl FRP ~'i-u'Unl':ifffl'iUtJtJ~ltlO'ilulthum1J 

1 'J1 :II.d.t".l'l~ '" d
ABAQUS 6.5-1 'I1fmm':i't1~tlO'il1JU't1Ul1'JSOOO t~ L\J':i::~'lJ'I1U'i 

- ft1\,1 FK-B5 

fll'U FK-B5 l~UfllUflO'Un~~Lff~1Jl'I1gn~ijm':iLff~1Jfh£t'iAlfl FRP ~ij'U'Ul~fll11J'I1Ul 
44 "AQ. QQ "QlQI d 

1.2 1JtltlL1J~l f1111Jn1H 120 1JtltlllJ~lU'Cl:;fl111J(l11 2030 1Jtlm1J~1"'U1~'I1'Ul~A'Clm:IW::l'I1'Cln 
., . ... 1jI " .., ""..,:II '" 1 .1""Lffl1JLm:;nl'I 'I1'Ul'11Un~::1Jtln1:lW::L1J'UU'lJ'lJ two-point load A'iUffA'i 'Ul1J't14.5 
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20 

2800 

UN'll FRP 'H'lll 1.2 rom 
d=40mm 

• • 'II 

,ij6iilf11'j1lf1·.n::HmJ'l.nh~6~l~v'.rhhUfl'jll ABAQUS 6.5-1 l,"6111Ul11'1rf1~~tl~Ull:f11'jUtlU 
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20 

o 

120 

100 

80 

,.... 
;Z 

..l<: 

"-' 60
"'0 


0 
e:s _Model FK-B5 

....l 

.....Experiment40 

o 5 10 15 20 

Midspan Deflection (mm) 

• JI. 

ltli14.6 !tllrJ1J!i1tJ1Jfl11lJfflJl~\Jl1'UtNU1'\1UflUCl~mlut:i'U~1i1fHn~fll'Ul~'\111~mnl~Cl~milJ 

fh~',)''illf1UlJlJ~lCltHrn'UFK-B5 l~tJ1tlmmlJ ABAQUS 6.5-1 

• JI • 

'W'ilTHU11tli14.6 'Vt1J11fl11lJfflJ'W'U;'Uo~Ul'\1Umm::mlut:i'U~1i1f1ClHfll'Ul::'\11Hml 

'VI~Clo~n1Jfh~',)''illf1UlJlJ~lClO~fll'UFK-B5 lfltJ1tllUflllJ ABAQUS 6.5-1 nO~flil'o~n'UO~Hjj 
JI JI 

umilfity 1fltJ1~'Um whi.:) no.:) !~'Ujj fl11lJ 1 f1il'lfl tJ.:) n'U lflrJU1'\1U f1lJlH'lflU .:)tyfl'UO~UlJlJ ~lCl 0,:) 

fll'UFK-B5 jjfill'tilnlJ 94kNlrlonRrJlJli1rJlJnlJml'VI~Clo.:)~jjfill'whnlJ 102 kN'il:;jjfl11lJUflflflH 
JI 

n'Utl l~lJltu 7.8% Uff~.:)1111lJ lJ ~1Cl 0 .:)jjfl11lJ\!f1~0':) l'U mn'h'U1rJU1'I1Uf1lJ l l 'V.}f1tl l~ crrJ'UO':)fI1'U 

flO'Ufllfllff;lJ1'I1 gfl~ hjjjfl1'Hff;lJtilcr':)~1rJ FRP ~.:)if'UfI1lff!HUlJlJ~lClO':)1'U 1tl l umlJ 

ABAQUS 6.5-1 1,rNClml'VI~ClO~!rl'U~'I11!~oiio'~'lJ1::~'U'I1i1.:) 



86 

4.4 iYltJH~nnllfl11~~mJ1Hh~8~,liE.l1Jn1JH~fln'flV1~8~ 
"'i 0: col ~:iI' :iI 0 , 1-1 

1l1flfllHlfll:llU'U'lJ1l1'HH'VI~ 3 U'lJ'lJ 'iI:::m'W Lil11fll':iff':iHU'lJ'U1l1iH)~ 'W lJ':iUflHJ 

ABAQUS 6.5-1 , 11'~H'f11':i'VIilJ;l6~tfJ'W~ti11~606 '~''W':i:::~'lJ'Hd~ l'Vl':il~' 'Wf11':if1m'I1I1'lJ'lJ~l~fH 
, ~U 1 f-I ~ fll ':i 'VI il J;l6":) ~ , ~ 'ill fl1 tJ ':i U fl ':i lJ lJ 1 n 1 fll '1l tJ~ eJ 'U In eJ 'U t11J f-I J;l fll ':i 'VI il ~ 6 ..:) 'ill,,:) , 'W 

" QQlQ & b19J.d .QQ fI , a til "0 .dl J 0 

'H 6 ~ tJ fJ 'U il fll '1'lf":) f-I ~ fll ':i 'VI il ~ 6,,:) LillJ fll ':i ill'llJ'n M 'W'lJ 'VI fI 1 llJ 'VI Lil 'VI 1 fllH1f1E11 IlJ 6 'VI 1 f11 '1 
• JI 

tmeJ'UlneJ'lJt1'WU'"1f-1J;ln'~'il1fl1 tJmmm!'Wii,ll'fl"'lfteJ~ fl'W'n6fflJfI 1'1fl'lJf-I~'U6":)f11'1'V1il~6.:j 'ill ~ 
JI • 

'li11'i1:::1fJ'W fil'1 m:i'W~1lm ~U1'l1Uflm~nl'l~ 'Iil'U 6 ~fI1'Wfl6'W fll il IffllJ I'H ~flnuYllJfi1~~~1eJ FRP 

flflI fflJ,j~'U6.:jllf.i'W FRP 1li11'i1~lfJ'Wfl11lJ'H'W 1 fl11lJfl1HU~:::fldl1JeJl1'U6.:j!!f.i'W FRP ~iif-l~~6• 

• JI • 

l1;fl1Jl'H ~fln Iff'i1Jfi1~~~dV FRP 11 :::i''UUl'HUfl 1 ~lJ lflfl11f11'W fl6'W fllil Iffl1Jl'H ~fl n 1liiifl1'JUY11J 

0: QI " <v : c9' .:9 0: d d (vQ t Q,I , Q,t 

f11 Mil1eJ FRP il.:j'W'WllH1f1l:11U'U'U1l1~6~'VIlJflW ff1J'Uil'U6":)Uf.I'W FRP !!~::: ~fll:lfll~Uilflill~fl'W• 
66fl'tJ ti~61l::;U11 tJtfJ'W.u61J~'VI1~ff~~' 'W fll'jffflEl1'i1il~l'HlJl:::ff1J''Wf11'1lff'ilJfil~~fI1'Wfl6'W fl~ il.. . 

Q col ~ ~ ." 0 _I~ :iI,.d "'i.&'::,,,, "col 
lff':i1Jl'HJ;lfl f-I~fil':i"flEl1 Lil'VI1f11'1ffllJ n 'Will':iH'VI 4.2 U~::; 4.3 'lf~il1'JH'W ill!ff~~ 'H!'H'WtNf-I~ 

f11':i'VI~(;Hl~~'~'illfl1tJ'1umlJ''Wu~~::;U'lJ'U~16tiH 39 U'lJ'U Imv'U!neJ'Ufl'Uf-I~f11':i'VI~~6.:j~ffflEil 

'il1fl'U 'VIfl111J11iifldllJUilfl~Hfl'WI'Vh'~ f.I~~'~'il1fll tJ'1 Um1Jiifl11lJ ti ll~606U~::;eJ61Ji''lJ'~ 
'H161li 



9l
1'
n3
~ 4

.2
 rr

1tl
N"l

1'm
lti

1l1
nU1

J1J
~1"

l~H
,il

fJ1
Jti

1Jm
~'Y

If1
"lf

.}-
3 m

iih
tl~

tJ'
l..

mtl
"l-

3fl
11)

Jl1
Ul 

A
dh

es
iv

e 
T

hi
ck

ne
ss

 

B
ea

m
 

F
R

P
 

T
hi

ck
ne

ss
 

(n
un

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(n
un

) 

.., 
I 

f.
}9

1~
lr

r1
U 

fl
11
)J
n~
1-
3 

F
R

P
lB

ea
m

 

.., 
, 

f.
}9
1~
lr
r1
U 

fl
11

)J
tJ

l1
 

F
R

P
lB

ea
m

 

p"
P 

(k
N

) 

pe
al 

(k
N

) 

pm
od

el 

(k
N

) 

%
 E

rr
or

 

pc
a1

ti1
J 

pc
xp

 

d 
.,

 
%

 m
"
l
m
r
r
~
)
J
 

0.
30

 
10

2.
86

 
5.

53
 

A
l 

0.
15

 
0.

75
 

0.
85

 
-

10
8.

88
 

1.
40

%
 

0.
20

 
10

2.
86

 
5.

53
 

0.
30

 
11

0.
29

 
0.

05
 

A
2

 
0.

30
 

0.
75

 
0.

85
 

-
11

0.
35

 
1.

40
%

 
0.

20
 

10
8.

79
 

1.
41

 

0.
30

 
99

.8
9 

12
.1

2 
A

3 
1.

30
 

0.
75

 
0.

85
 

10
6 

11
3.

66
 

1.
40

%
 

0.
20

 
94

.7
8 

16
.6

1 

0.
30

 
99

.4
 

2.
85

 
A

5 
2.

60
 

0.
75

 
0.

85
 

84
 

96
.6

5 
1.

40
%

 
0.

20
 

98
.1

 
1.

5 

0.
30

 
11

2.
79

 
0.

02
 

A
6 

0.
50

 
0.

75
 

0.
85

 
-

11
2.

77
 

1.
40

%
 

0.
20

 
11

3.
71

 
0.

83
 

0.
30

 
98

.1
9 

9.
82

 
1.

40
%

 
A

7 
0.

15
 

0.
75

 
0.

6 
-

10
8.

88
 

0.
20

 
10

0.
60

 
7.

6 

-.
.J

 
0

0
 



m'
n!
l~
 4.

2 
""1

'1.
h'H

'li
tfl

~1~
"r1

l1m
t'U

'U~
1r1

tl.
!Jt

;;t
I'U

tl'
Um~

'Yl
~H'

Itl
.!J

 mW
tU~

tI'
I.J

uUr
l.!

Jw;
nlJ

'H'
\.J

l A
dh

es
iv

e 
T

hi
ck

ne
ss

 

B
ea

m
 

F
R

P
 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

'" 
, 

tl
~~
1"
"1
'\
.J
 

ml
lJ
f)
~l
.!
J 

F
R

P
lB

ea
m

 

'" 
, 

tl
~~

1"
"1

'\
.J

 

fl
11

lJ
tl

l1
 

F
R

P
lB

ea
m

 

pe
xp

 

(le
N)

 

pe
al 

(le
N)

 

pm
od

el 

(le
N)

 

%
 E

rr
or

 

pc
a\

tl'
U

 p
cx

p 

c$
 

'"
 

%
 t
'H
rl
m"
"~
lJ
 

0.
30

 
98

.3
3 

4.
7 

A
8 

0.
30

 
0.

75
 

0.
6 

-
10

3.
18

 
1.

40
%

 
0.

20
 

97
.7

7 
5.

24
 

0.
30

 
92

.1
9 

13
.4

9 
A

9 
1.

30
 

0.
75

 
0.

6 
-

10
6.

56
 

1.
40

%
 

0.
20

 
89

.9
4 

15
.6

0 

I 

0.
30

 
91

.8
7 

13
.5

8 
A

I0
 

2.
60

 
0.

75
 

0.
6 

-
10

6.
31

 
1.

40
%

 
0.

20
 

90
.0

9 
15

.2
6 

0.
30

 
95

.4
5 

9.
31

 
A

ll
 

0.
50

 
0.

75
 

0.
6 

-
10

5.
25

 
1.

40
%

 
0.

20
 

98
.5

2 
6.

39
 

0.
30

 
10

0.
02

 
1.

58
 

A
12

 
0.

15
 

0.
75

 
0.

7 
-

10
1.

63
 

1.
40

%
 

0.
20

 
10

4.
41

 
2.

74
 

0.
30

 
10

0.
22

 
4.

78
 

1.
40

%
 

A
13

 
0.

50
 

0.
75

 
0.

7 
-

10
5.

25
 

0.
20

 
10

1.
11

 
3.

93
 

-
-

-
-
­

0
0

 
0

0
 

http:mWtU~tI'I.JuUrl.!Jw;nlJ'H'\.Jl


~l
'n

~~
 4.

2 
ff1

t1N
C11

tf1
'jl

::.
.r'

iJl
nUl

lll
hfl

~~t
-nV

'tJ
fl1

1fl
1'j

'YI
~HH

)~ 
mtl

htl
~V'

\..
!ut

lC1
~ml

1J'
t1'

\..
!l 

A
dh

es
iv

e 
T

hi
ck

ne
ss

 

... 


B
ea

m
 

F
R

P
 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

'" 
•

~~
'j
lf
f1
'\
..
! 

f1
11
:I
Jn
~1
~ 

F
R

P
lB

ea
m

 

"" 
•

f.
l~

'j
lf

f1
'\

..
! 

f1
11

:IJ
V

11
 

F
R

P
lB

ea
m

 

p
ex

p 

(k
N

) 

pc
al

 

(k
N

) 

pm
od

el
 

(k
N

) 

%
 E

rr
or

 

pc
al

n
ll

 p
.'

P
 

d 
'"

 
%

 t'
ttC

10
1f

f'J
1J

 

0.
30

 
10

3.
28

 
0.

10
 

A
14

 
0.

30
 

0.
75

 
0.

7 
-

10
3.

18
 

1.
40

%
 

0.
20

 
10

4.
26

 
1.

05
 

0.
30

 
96

.4
8 

3.
8 

A
15

 
1.

30
 

0.
75

 
0.

7 
-

10
0.

29
 

1.
40

%
 

0.
20

 
98

.4
9 

1.
79

 

0.
30

 
99

.4
2 

11
.6

8 
A

16
 

2.
60

 
0.

75
 

0.
7 

-
11

2.
57

 
1.

40
%

 
0.

20
 

91
.9

3 
18

.3
4 

0.
30

 
77

.3
2 

13
.7

9 
T1

 
0.

11
 

0.
50

 
0.

6 
73

.2
 

89
.6

9 
2.

80
%

 
0.

10
 

79
.9

0 
10

.9
2 

0.
30

 
82

.5
7 

8.
94

 
T

2 
0.

22
 

0.
50

 
0.

6 
80

.7
 

90
.6

8 
2.

80
%

 
0.

10
 

83
.8

2 

82
.8

3 

7.
57

 

10
.6

1 
2.

80
%

 
T

4 
0.

44
 

0.
30

 
0.

50
 

0.
6 

86
.4

 
92

.6
6 

81
.2

8 
12

.2
8 

-
-
-
-
­

, 
-­

~
-
-
-
-

\0
 

0
0

 



~
 

At
 

4 
tI

 
0 

AS
 

Q
I 

.d
 

d.
 

9
l1

n
n

'l
 4

.2
 t

'l
'l

1J
Nt

l1
tf

l'
n:

:'
l1

1l
1f

lU
'I

J'
lJ
n~
~H
l'
VI
V'
IJ
fl
'I
Jf
l1
'i
'V
I9
1~
lV
~ 
mi
jH
ll
l;
'W
'U
ul
l'
fl
~f
l1
1!
IJ
'l
1'
U1
 A

dh
es

iv
e 

T
hi

ck
ne

ss
 

B
ea

m
 

F
R

P
 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

Q
I 

, 
fl9

1'i
 It

'l'1
'U

 

fl
11

!I
Jf

l~
1~

 

F
R

P
lB

ea
m

 

Q
I 

, 
fll

9l
'Jl

t'l
'1

'U
 

fl1
1!

IJ
V

11
 

F
R

P
lB

ea
m

 

p.
xp

 

(k
N

) 

pC
ai 

(k
N

) 

pm
od

cl 

(k
N

) 

%
 E

rr
or

 

pc
al

n'
IJ

 p
C'

P 

oJ
 

.. 
%

 m
'fl

flt
t'l

''5
!I

J 

I 

0.
30

 
89

.8
3 

5.
09

 
T

6 
0.

66
 

0.
50

 
0.

6 
86

.3
 

94
.6

5 
2.

80
%

 
0.

10
 

81
.7

4 
13

.6
4 

T
7 

1.
50

 
0.

30
 

0.
10

 
0.

50
 

0.
6 

-
92

.1
5 

80
.7

4 

80
.4

9 

12
.3

8 

12
.6

5 
2.

80
%

 

0.
30

 
76

.7
1 

4.
42

 
T

8 
2.

00
 

0.
50

 
0.

6 
-

80
.2

6 
2.

80
%

 
0.

10
 

78
.5

5 
2.

13
 

0.
30

 
78

.0
0 

1.
69

 
M

B
2 

0.
11

 
1.

00
 

0.
8 

72
 

76
.7

0 
2.

10
%

 
0.

10
 

65
.2

9 
14

.8
8 

0.
30

 
87

.2
8 

0.
96

 
M

B
3 

0.
22

 
1.

00
 

0.
8 

86
 

88
.1

3 
2.

10
%

 
0.

10
 

80
.4

4 
8.

73
 

M
B

4 
0.

33
 

0.
30

 

0.
10

 
1.

00
 

0.
8 

82
 

89
.3

9 
84

.0
1 

84
.9

9 

6.
02

 

4.
92

 

2.
10

%
 

8 



.d 
11

'"
 

" 
d 

1I.
d 

11 
.

0 
d 

'"
m

'n
-:J

'Y
l 4

.2
 f

fl
 
Nr

nl
fl

Sl
~'

IH
nm

ll
Jl

J'
il

Tf
HN

1'
)1

tJ
lJ

fl
lJ

mS
')

1"
fH

N 
m

W
l 

M
'U

ll
 

lN
fl

1l
l1

'H
'U

l 
A

dh
es

iv
e 

T
hi

ck
ne

ss
 

B
ea

m
 

F
R

P
 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

'" 
, 

tll
O

l'1
1f

f1
'U

 

fl
1l

l1
n~

H 

F
R

P
lB

ea
m

 

'" 
, 

tI
~'

11
ff

1'
U 

fl
1l

l1
tJ

11
 

F
R

P
lB

ea
m

 

p.
<

P
 

(k
N

) 

pe
al

 

(k
N

) 

pm
od

el
 

(k
N

) 

%
 E

rr
or

 

pc
al

n
lJ

 p
e,

p
 

, 

d 
'"

 
%

 m
am

ff
S

lI
 

0.
30

 
78

.0
1 

5.
53

 
M

B
5 

0.
44

 
l.

00
 

0.
8 

79
 

82
.5

8 
2.

10
%

 
0.

10
 

67
.8

6 
17

.8
3 

, 

0.
30

 
80

.9
6 

2.
98

 
M

B
6 

1.
50

 
1.

00
 

0.
8 

-
83

.4
5 

2.
10

%
 

0.
10

 
86

.8
9 

4.
12

 

0.
30

 
82

.6
4 

7.
11

 
M

B
7 

2.
00

 
1.

00
 

0.
8 

-
88

.9
7 

2.
10

%
 

0.
10

 
81

.4
1 

8.
5 

0.
30

 
21

.0
6 

8.
72

 
T

ri
an

-3
 

0.
20

 
0.

80
 

0.
79

 
17

.2
7 

19
.3

7 
1.

24
%

 
0.

10
 

19
.4

9 
0.

62
 

0.
30

 
18

.4
5 

18
.2

2 
T

ri
an

-4
 

0.
65

 
0.

83
 

0.
79

 
25

.5
9 

22
.5

6 
1.

24
%

 
0.

10
 

15
.6

2 
30

.7
6 

0.
30

 
18

.2
 

19
.8

2 
1.

24
%

 
T

ri
an

-8
 

1.
90

 
0.

84
 

0.
79

 
-

22
.7

 
0.

10
 

20
.2

7 
10

.7
 

~
-

-
-
-
­

-­
-
-
_

.
­

'D
 



..;
 

_
I
'"

 
..

 
0 

..
. 

'"
 

..
. 

_ 
I"

; 
_I

m
S

N
'V

l 
4.

2 
ff

l1
JN

'f
11

tf
l'

n:
::

't
Hl

1n
U'

lJ
'U

'i
ll

'f
1~

Hl
'V

lt
l'

Un
'U

f1
1S

'V
l~

'f
1f

)~
 m
tl

U1
JM

'U
U1

J'
f1

~m
ll

J'
I1

'U
l 

A
dh

es
iv

e 
T

hi
ck

ne
ss

 

B
ea

m
 

F
R

P
 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

.., 
I 

f) 
'1l

S 
1f

f 1
'1.,

1 

ml
lJ

n~
N 

F
R

P
lB

ea
m

 

.., 
, 

f)
~S

lf
f1

'U
 

fI
11

lJ
tl

l1
 

F
R

P
lB

ea
m

 

pe
xp

 

(k
N

) 

pe
al 

(k
N

) 

pm
od

el 

(k
N

) 

%
 E

rr
or

 

pe
ali

)'U
 p

""
P 

d 
... 

%
 l'

11
'f1

m
nS

lJ
 

I 

0.
30

 
17

.4
5 

12
.5

8 
T

ri
an

-9
 

0.
20

 
0.

80
 

0.
7 

-
15

.5
0 

1.
24

%
 

0.
10

 
16

.7
1 

7.
81

 

0.
30

 
20

.0
5 

11
.0

8 
T

ri
an

-l
O

 
0.

65
 

0.
83

 
0.

7 
-

18
.0

5 
1.

24
%

 
0.

10
 

19
.1

4 
6.

04
 

0.
30

 
17

.7
4 

19
.1

4 
T

ri
an

-l
l 

0.
90

 
0.

83
 

0.
7 

-
21

.9
4 

1.
24

%
 

0.
10

 
16

.9
1 

22
.9

3 

0.
30

 
20

.1
3 

19
.3

8 
T

ri
an

-1
2 

1.
90

 
0.

84
 

0.
7 

-
24

.9
7 

1.
24

%
 

0.
10

 
18

.9
2 

24
.2

3 

0.
30

 
19

.5
7 

24
.1

 
T

ri
an

-1
3 

0.
20

 
1.

00
 

0.
79

 
-

15
.7

7 
1.

24
%

 
0.

10
 

23
.9

1 
51

.6
2 

T
ri

an
-1

5 
0.

90
 

0.
30

 

0.
10

 
1.

00
 

0.
79

 
-

20
.4

1 
21

.2
3 

18
.8

1 

4.
02

 

7.
84

 

1.
24

%
 

'-
0

 
N

 



91
1n
:)
~ 4

.2
 ff

1tJ
N~1

1ml
~,.

(li
llf

lU'
lJ'

lJ~
1~t

l~1
'ii

tJ'
lJt

i'l
Jtl

1'j
'l'

1~f
.H.

H m
ii

ht
J~

tJ
'1

.m
tJ

~~
ml

1J
l1

'W
l A

dh
es

iv
e 

T
hi

ck
ne

ss
 

B
ea

m
 

FR
P 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

0.
30

 

'" 
t 

tl9
1'

jlf
f1

'W
 

fl
11

1J
fl

~H
 

FR
Pl

B
ea

m
 

'" 
, 

tl
m

lf
f1

'W
 

fl
11

1J
tJ

11
 

FR
Pl

B
ea

m
 

pe
xP

 

(k
N

) 

pe
al

 

(k
N

) 

pm
od

el 

(k
N

) 

21
.7

3 

%
 E

rr
or

 

pc
al

n'
lJ

 p
ex

p 

19
.0

4 

<4
 

..
 

%
 1
1
1
~
m
f
f
n
J
 

T
ria

n-
16

 
1.

90
 

1.
00

 
0.

79
 

-
26

.8
4 

1.
24

%
 

0.
10

 
16

.7
4 

37
.6

3 
-
-
-
-
-
­

, 
-

-
-
-
-
-
-
­

, 

... \Q

' 



~l
'I
H~
 4.

3 
ffl

t1f
olf

l11
ml~

..r
~lm

l1J
1J~

1~6
~1t

1~e
J'U

1i1
eJ1

Jn1
J~~

m1'
V1~

~6~
~
-

..-
..-

..-
.
-
­

FR
P 

A
dh

es
iv

e 
O

J 
, 

O
J 

I 

6
~
n
G
l
'
1
l
J
 

6
~
1
1
f
f
1
l
J
 

fl
11
1m
"h
~ 

p.
xp

 
pe

al 

M
od

el
 

T
hi

ck
ne

ss
 

T
hi

ck
ne

ss
 

fl
11

1W
l1

 
(k

N
) 

(k
N

) 
(m

rn
) 

(m
rn

) 
FR

Pl
B

ea
m

 
FR

Pl
B

ea
m

 

A
l 

0.
15

 
0.

30
 

0.
75

 
0.

85
 

-
10

8.
88

 

A
2 

0.
30

 
0.

30
 

0.
75

 
0.

85
 

-
11

0.
35

 

A
3 

1.
30

 
0.

30
 

0.
75

 
0.

85
 

10
6 

11
3.

66
 

AS
 

2.
60

 
0.

30
 

0.
75

 
0.

85
 

84
 

96
.6

5 

A
6 

0.
50

 
0.

30
 

0.
75

 
0.

85
 

-
11

2.
77

 

A
7 

0.
15

 
0.

30
 

0.
75

 
0.

6 
-

10
8.

88
 

A
8 

0.
30

 
0.

30
 

0.
75

 
0.

6 
-

10
3.

18
 

A
9 

1.
30

 
0.

30
 

0.
75

 
0.

6 
-

10
6.

56
 

A
IO

 
2.

60
 

0.
30

 
0.

75
 

0.
6 

-
10

6.
31

 

A
ll

 
0.

50
 

0.
30

 
0.

75
 

0.
6 

-
10

5.
25

 

A
12

 
0.

15
 

0.
30

 
0.

75
 

0.
7 

-
10

1.
63

 

A
l3

 
0.

50
 

0.
30

 
0.

75
 

0.
7 

-
10

5.
25

 

A
l4

 
0.

30
 

0.
30

 
0.

75
 

0.
7 

-
10

3.
18

 

A
l5

 
1.

30
 

0.
30

 
0.

75
 

0.
7 

-
10

0.
29

 
~
-
-

'-
­

-
-
_

.
­

pc
frp

 
p.

frp
 

(k
N

) 
(k

N
) 

10
2.

86
 

95
.2

3 

11
0.

29
 

10
1.

22
 

99
.8

9 
10

9.
71

 

99
.4

 
96

.2
1 

11
2.

79
 

10
8.

18
 

98
.1

9 
92

.9
5 

98
.3

3 
10

0.
26

 

92
.1

9 
96

.0
5 

91
.8

7 
91

.8
3 

95
.4

5 
99

.4
0 

10
0.

02
 

94
.3

5 

10
0.

22
 

10
2.

37
 

10
3.

28
 

10
3.

62
 

96
.4

8 
89

.1
5 

pg
frp

 

88
.2

5 

90
.2

5 

10
9.

89
 

11
9.

47
 

97
.2

7 

86
.7

9 

94
.1

8 

95
.5

5 

91
.8

5 

93
.8

1 

88
.3

6 

99
.6

5 

92
.2

7 

10
2.

94
 

• 

'C
> 

.j:
>.

 



~l
'H
~

4.
3 

'(1~
'Ll

 ~·l
ft1

tfl
-:i

l~,
.r~

lfl
U'lJ

'lJ
 ~l

fli
l~t

'Ll
'hl

'lJ
lVi

 V'
lJ 

fl'
lJ

 f·r
n f

lW
Y

I ~H
lil

~ 

M
od

el
 

F
R

P
 

T
hi

ck
ne

ss
 

(m
m

) 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

(m
m

) 

01
 

I 

il
ll

 -:i 
1 '

(1
1l

J 

fl
11

:I
Jf

I~
1~

 

F
R

P
lB

ea
m

 

0
1

 
•

il
ll

-:
il

'(1
1l

J 

fl1
1:

IJ
V

11
 

F
R

P
lB

ea
m

 

p
cx

p 

(k
N

) 

pc
al

 

(k
N

) 

pc
ft

p 

(k
N

) 

pa
fr

p 

(k
N

) 

pg
fr

p 

(k
N

) 

A
16

 
2.

60
 

0.
30

 
0.

75
 

0.
7 

-
11

2.
57

 
99

.4
2 

91
.7

9 
10

5.
39

 

T1
 

0.
11

 
0.

30
 

0.
50

 
0.

6 
73

.2
 

89
.6

9 
77

.3
2 

82
.9

6 
82

.1
0 

T2
 

0.
22

 
0.

30
 

0.
50

 
0.

6 
80

.7
 

90
.6

8 
82

.5
7 

79
.8

8 
75

.8
6 

T
4 

0.
44

 
0.

30
 

0.
50

 
0.

6 
86

.4
 

92
.6

6 
82

.8
3 

83
.5

1 
82

.2
0 

T
6 

0.
66

 
0.

30
 

0.
50

 
0.

6 
86

.3
 

94
.6

5 
89

.8
3 

79
.5

2 
79

.3
5 

T7
 

1.
5 

0.
30

 
0.

50
 

0.
6 

-
92

.1
5 

80
.7

4 
81

.5
4 

81
.8

7 

T
8 

2.
00

 
0.

30
 

0.
50

 
0.

6 
-

80
.2

6 
76

.7
1 

81
.4

8 
78

.7
9 

M
B

2 
0.

11
 

0.
30

 
1 

0.
8 

72
 

76
.7

0 
78

.0
0 

58
.8

7 
56

.1
9 

M
B

3 
0.

22
 

0.
30

 
1 

0.
8 

86
 

88
.1

3 
87

.2
8 

87
.1

6 
89

.4
5 

M
B

4 
0.

33
 

0.
30

 
1 

0.
8 

82
 

89
.3

9 
84

.0
1 

77
.0

4 
85

.0
0 

M
B

5 
0.

44
 

0.
30

 
1 

0.
8 

79
 

82
.5

8 
78

.0
1 

78
.8

7 
73

.3
6 

M
B

6 
1.

50
 

0.
30

 
1 

0.
8 

-
83

.4
5 

80
.9

6 
88

.1
7 

87
.6

9 

M
B

7 

T
ri

an
-3

 

2.
00

 

0.
20

 

0.
30

 

0.
30

 

1 

0.
80

 

0.
8 

0.
79

 

-
17

.2
7 

88
.9

7 

19
.3

7 

82
.6

4 
-
-
-
-
~
 21

.0
6 

80
.8

5 

19
.5

0 
-

73
.1

9 

19
.1

3 
-
-
-
-
­

\0
 

V
l 



d
 

.. 
I 

A
 

tI
 

0 
_
~
 

Q
 

C
I.I

 

1
l1

n
n

'l 
4.

3 
ff

1
lJ

 fH
'I1

1m
 1~

'V
I1
l1
fl
U'U

 'lH
IT

fI 
fH

U
lJ

 'H
J'U

1'V
\ fJ

'U
 fl

m
ff

lm
~

n 
~

'fl 
tl

~ 

FR
P 

M
od

el
 

T
hi

ck
ne

ss
 

(m
m

) 

T
ri

an
-4

 
0.

65
 

T
ri

an
-6

 
0.

9 

T
ri

an
-8

 
1.

9 

T
ri

an
-9

 
0.

20
 

T
ri

an
-l

0 
0.

65
 

T
ri

an
-l

l 
0.

9 

T
ri

an
-1

2 
1.

9 

T
ri

an
-1

3 
0.

2 

T
ri

an
-1

4 
0.

65
 

T
ri

an
-1

5 
0.

9 

T
ri

an
-1

6 
1.

9 

A
dh

es
iv

e 

T
hi

ck
ne

ss
 

<I
I 

I 

tl
~
~

1f
f1

'U
 

f1l
11'

-lf
l~1

~ 

ti
~~

l1
:h

'U
 

f1
l1

1'
-lf

J1
1 

pC
XP

 
pe

al 
pc

frp
 

p.
frp

 

(k
N

) 
(k

N
) 

(k
N

) 
(k

N
) 

(m
m

) 
FR

Pl
B

ea
m

 
FR

Pl
B

ea
m

 

0.
30

 
0.

83
 

0.
79

 
25

.5
9 

22
.5

6 
18

.4
5 

21
.1

1 

0.
30

 
0.

83
 

0.
79

 
30

.5
0 

30
.2

3 
26

.5
3 

18
.9

1 

0.
30

 
0.

84
 

0.
79

 
22

.7
 

18
.2

 
19

.6
4 

0.
30

 
0.

80
 

0.
7 

I 
15

.5
0 

17
.4

5 
18

.7
8 

0.
30

 
0.

83
 

0.
7 

18
.0

5 
20

.0
5 

23
.3

7 

0.
30

 
0.

83
 

0.
7 

21
.9

4 
17

.7
4 

15
.5

2 

0.
30

 
0.

84
 

0.
7 

24
.9

7 
20

.1
3 

16
.2

2 

0.
30

 
0.

79
 

15
.7

7 
19

.5
7 

18
.2

6 

0.
30

 
0.

79
 

~
 

23
.1

6 

20
.4

1 
I 

21
.2

3
0.

30
 

0.
79

 

21
.3

1 

16
.3

3 

0.
30

 
1 

0.
79

 
26

.8
4 

21
.7

3 
17

.5
7 

ps
frp

 

(k
N

) 

17
.0

5 

19
.0

3 

20
.3

9 

18
.7

1 

18
.3

5 

17
.9

3 

15
.5

6 

19
.3

9 

19
.1

5 

18
.6

9 

18
.1

4 

'D
 

0
\ 



97 

" "f 
'il1nn1';i ffn£llU'U'U~ 1(;1 f)~..r~'HlJPl fh~~ i''UU1m1nm~ rJ'IH)~ It'U 'U ~1 (;1f).:j;; 

f 

Lff~ lJf11 ~.:j~1rJ1ffPlfl f)lJ 1'Vi• 

101 

100 -~ 
'-' 99 
c 

~;;:f 
::;::: 98

"·5 
a~ 
a~ 97 

.,.... 
·c 

96 

95 

82 

82 
,.-, 

~ 
'-' 81 

~§ 
81...;;::; 

a;: 
"7 

ao:; 80 
«­
·c 

80 

79 

Ii CFRP 

.AFRP 

iii GFRP 

Model A 

l1J~ 4.7 n.. 

.CFRP 

.AFRP 

iii GFRP 

Model T 

. 
l.u;i 4.7 '\I 



98 

83 

82 

,-... 81
Z.:.: 
'-' 80c II CFRP
-;l
::: 79 ... ·5 .AFRP

-::: 78..., 
-(to 

WGFRP,..... 
·c 77 

76 

75 

2] 

21 

,...... 20 
~ 
'-' 20
iI§ .CFRP 
::: 19~OS 
;::l 

19iI.". 

ilG ,..... 
·c 18 

.AFRP 

Iii GFRP 

18 

17 

ModelMB 

'nJ~ 4.7 fI.. 

Model Trian 

. ". 
ltln 4.7lmlJ1J1nlJ'Util~-1i''UUllnrmU~lJ'\ltNU'U'U~lftfH 

". .
\llfll,j\l:alftrhtil~-1i''U\lllnrmU~tJ'\ltl-1U'U'U~lfttl-1fhffllltil~~~'ltJ1ff'lfltl1l1Ytiifl"UfI

". . 
CFRP \l::ihil~-1i''U\lWl\rm.nflnqfl ltl-1ft-11.nfltl U'U'U;;lfttl-1nlffllltil~~~'ltJ1ff'lfltl1l1Ytiifl"UfI 

AFRP Uft:: GFRP fllllih~'U 
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d, 0 .d" J 1i1f Q.t': ~ I QJ 

U,,~ GFRP \'I~m'W1111'U'U1I1" fHIYlff'i H'IJ 'W 11fl10l'i'l''U'W 111 'W fl'U'i'il'JflU~ fl~Hfl'WOl'iff'i 
" 

H 
. 	 " 

U'U 'U ~1"tH1I1fll tl 'i um:Ul;;f)'ihfll'i ltl~tJ'UlfitJ'Un'UOl'iYlflfff)'U \'I~~1'Wn't1~tl a,j~0l'i11'Wijfl11:U 

~ • ..!I ... lIJ ~1 .... ~ '11)' <Ii 1 ~\! fl~ fl~U"~ fl11:U 'W 11']ff) Ufl ~ fI 'W 'i ~fI'U11 'W ~ U~ t:U ff11J l'i U'U flflU ~ fl11m111J 1:: ff:U 'W Ol'i ff'i H 

U'U'U~l"t1~i~ flci11f1fl iiiff1:tJ1'if.1'Uf)fl i~utiifl ':h~1Utl'i 1f1,j'1~~li H"~flOl'iOl'i lff7:Ufhci~m'W 

flf)'Wfl~~lff7:umgfl Ol'ifffl ~U'U'U~1"f)~0l'if.1f1f.1f)tJ:tJ111fl'i1~MU 'U'U ~l"fl~litl'i~ ltJ']fumh-3~~1'W 

0l'i111fl111Jff1J'n'Wn'i::w:h~~1utl'i~liH"~flOl'iltf7:Ufhcl'~m'Wflfl'Wfl~~lff7:umgfllf1tJ~ y flflfh 

Q.f 0 Q,I OI!:!!$ 	 ~ OJ" Ij/ .4 QJ I " 0l'i'l''U'W111'Wfl'U'i'l'l'Jfl, x1flflFRP Thickness, ~ flflf)~'i1ff1'Wfl11:Ufl1HFRPlBeam,x3flflf)~'i1ff1'W 

" fl11:utJ11FRP lBeamff1:tJ1'i f.1tf~tli~~~~f) , tlij 

. 
SI 0 .c:tQou!.I

4.5.1. fl11tnl~U1J1JillOMfl11fJYlfJ8t1nUn1JfllO~Y1'ltl"CFRP" 

fll'W "An• 
" \'11 flOl'iYlflfff) 'U ff:U:U ~ j1'W X2iii li H" ~ flfilcl'~i''U'\ll'l111fl'IJ f) ~fl1 'W ~~ iii \.11 ml11I1HU 1 

.... .... 	 ..." 
fl~'W'W ff1Jfll'ifll'if.1f1f.1fltJ flfl Y 74.14 ~ 2.59xl + 39.65x3 

8 I 
I 

+6 	 -1I 

I 


+4 
+ 

Q.J 	

2 
j 

+ 
;;; 
;:s +:sa + + 
til 	 0 I '+ I~ 

+95 100 ++ 105 1 0~~ -2 ++ 

-4 	 ­
+ + 

-6 

Predicted ymodd 

co 
'lJfI~U'U'U~lftfl~ A 
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" . 
~1fl fl'nrlfl111J "hJ";mh~111VHY'nJ~flfll-3 (e) fl1J fhfll';i,] 1'U1vil1ft'li'mJ111,rfl ViU.Y11J 

ihft'l~1t1 CFRP 'UtNLL1J1J ~ l'ntH A~rl1'U1tIHl1flff1Jfll';i 'Vi1J";hijfll';im~ 'il1t1~1t1VH Llid~h.q;'!J'YlH 

ilfl'l Ufflfl'l11ff1Jfll';itfd~'Uff1Jfll';i~'\.vUfflfl'lfl111Jifmi'U1h~1111'1 x.,xl u"~fh y L~tlV1'1~ ~lfl 
ff1Jfll';i~hl' ff11J1H\1J tlfl L ~11 fll';ii'mf111'Ufl1J';i';i'lfl(Y) 'il::;ij1J1fl4'Uldtll~1Jfl1t1~';i1ff1'Ufl111JV11 

FRPlBeam (Xl) U":;,]lfll';i"lflfl1 FRP Thickness (XI) 

• fl1'U "T" 

" 'il1flfll';i 'Yllfl fftl1J ff1J 1J ~11'U x2 U,,:: X) 'li ij ~,,'fiofhft'I i'UU111 irfl'U tI'I fll'U ~ -3 'liU11J1 
Q cv Q,I' .o=S " 'Vi'il1';ifl!11fl'l'U'Uff1Jfll';ifll';if'llflf'lOV fltI Y 81.63 ~ L97x1 

10 

+ 

5 ­

aj ­

e;
::s + + 

'1j 0 I I .,.. 
'r.;; 

<I) 

*~ 79 + 80 81 82 83 

-5 ­
+ 

-10 

Predicted Ymodel 


• JI • 

l'!JVi 4,9f1111Jif1J,.;'Un';i::ar:i1'1ff1'U~flfl1'1ti1J fll';i']1'U1mhft'li'1JUn,irflfitff11Jfhft'l~1VCFRP 

'UtI'ILL1J1J~l"tI'I T 

JI • 

mflm1tlfl111Jffmi'Un';i:a111'1ff1'Uillflfl1'1 (e) fl1J fhfll';i']1'U1Vfi1ft'li'1JU111irflfilff11J 

fhft-lj~1V CFRP 'UO-ljU1J1J~l"tH T ~rl1'U1tu~lflff1Jfll';i 'rf1J"hijfl1';im::~lV~10V1-1jl1il"'U,'!J'YlH 
JI •''''1 Uff"'I"hff1Jfll'.iiiL"'H11Jfll"ifil.fUff"'Ifl111Jif1J,.;'Un';i::trh~ x,u,,::fh y lA'OV1-1jfl ~lflff1Jfll';i 

";1111' 1111' ' ..,!.., ....1 ~ I0 

Yl LV'l ffl1JUtl1JOfl LV'l11 flln1JU111Ufl1J"i"i'lfl(y) ~::1J1Jlfl'U'UL1JO'YllflU""fll FRP Thickness (x,) 
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• f11'U "MB" 
>I 

'ill0m'j'YI~HH)'Uffllll~il'U X2 U"::X3hHhH'I~6fh~·~i'mjnyiJn'U6.:jfl1'U ;.:j 'lJ'l111l1 
>I 

Q Q,I Q,I 	 4 

fHJ1'jWlfl~'U'Uffl101ml'jOfl06tJ 1'16 y = 81.77 +O.062x1 

6 I 
I + 

I 
4 I 
2 ~ + 

0 I 
-; I:::l 0"'d 
'!il 

81b6 
0 

" -2 I 

1 
81.78 81.8 81.82 81.84 

+ 
81.86 

+ 

81.88 8.9 

+ +-4 ~ 

-6 

Predicted Y model 

• 	 >I , 

'j'lH; 4.1 Ofl1111ifll'}~''\.J11';j:a1';h~ tid'U" nfl'l~fl1J 01';j'V11'UltJfh~~i'1J'lhl1Un.yhff'illol~~~1tJCFRP.. 

" ,
'illnmlvJfl1111iflli'Utf'j~11'h~ri1'U"Ofl'1~ (e) fl1J fhm';j'V11'UltJ01~~i'1J'l1111Un.yhff'ill 

01l1'~R'1tJ CFRP 'U6~U1J1J~1"6~ MB ~fll'U1tlHI10ffllm'i 'Vt1J'hiim';jo';j::::'illtJ~16~H'lJli~I'U 
" . 

ltlwNlfl'l Ufffl~'hffl101'ii1d~'Uffl101'in'~Ufffl~fl1111iflli'Utf'i:::11'h~ XIUi:l:::fh y 'R'6th~~ 'ill0 

dtl(.!' 1tI" JI Q J 4 «) .J.,
ffllmn'! ttl fflll1'i01J60 lfl'j, oni'mlll1U01J'i'i't'Jn (y) 'il:::1l1l10'U'U!llfl'YIlm'il'Vtllfll FRP 

Thickness (Xl) 

• 	 fll'U "Train" 


" 
;Jlnm'i'YIflfffl1Jffllll~!l'U XI ilJiiN"fiflOll1'~i'1J'l1111UO'Ufl ~f11'U ;~'lJ1hll1~ 'ill'it'U 1 

QI '" " 4
fH'U'Uffl101'i01'.iOfltlflt.l flfl Y -2.96 O.67~ + 31.3".3 
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6 
+ 

4 ­

'«3 2 ­ + 
'"; 
::I 

"t:I.;;; + 
U + ~ 0 I i I I i I of­

.518 19.5 20 20.5 21 2 
+ 

-2 ­

++ 

Predicted ymodel 

• !II • 

~'llfi 4.11 fl1111 ffll\~\.I,r~:;·H'hUi1'U~flTi'Hfl1J fl1~ fll'Ultltil~~i'1J\hYlUflVitff111th~~~1tJCFRP.. 

.. . 
\llflm 1"'fl1111ffll-W'U,r~:; ..·rh~'jh'U~flTi'1'1 (e) ti1J tllfl1~fll'U ltJti 1~'1i'1J\ln'Ufl-rhff111 

fh~~~1tJ CFRP "mU'U'U~l"V'I Trian ~tll'U1W \llflffllfl1'.i \'I1J'hijflnm:;\lltJ~1VtiH 'liti~'U 
" .

l'llVI'.H'~'1 UU~~'hullflnillrl'UfflJfl1'.iVi'~Uff~'1fl111JtYll-W'U,r~:;,.,.jH x2,X3lm:;tll y '~fltiH~ 
d" 91 ... QI: 001 J..! (VjI • &:l ~ t t 

\llflfflJfl1Hl &~ Ul11l'.if:l1Jflfl &~11 mn1J'Unt'Ufl1JnlJfl (y) ~:;lllJlfl"'UlllVl\'lllfllfl~'.i1ff1'U 

o • Q,I l' " 

fl1111tJl1FRPlBeam (Xl) U":;'YI1fl1~"~fllV~'.i1U1'Ufl1111fl1HFRPlBeam (~) 

.. 
~lflfl1'.i'YIflUV1JUlllJ~!l'U ~ 'liih~"~Vfh~'1i'1JUn'Ufl"V~fll'U ~'1 1liul1J1~~nWl .. 

~ ~ . 
~.:j'U'Uffllfl1~m'.if:lflf:lVtJ flV y = 81.98 - 2.3x. + 25.69x3 

http:Uff~'1fl111JtYll-W'U,r~:;,.,.jH


103 

10 
+ 

'0 
c; 
::; 
:2 
'"U 
~ 

5 

0 

-­

9P 

+ 
I 

92 

+ 

S\4 

++ 

: 

96 98 

+ 
+ 

100 

+ 

102 + 104 1 6 

-5 -­
+ 

+ 

+ 

-10 I 

Predicted ymodeJ 

. " .
l'lJii 4 .12f111lJ fflJ"~\J1fl::'H 'll-UhU \PI fl~\:jn'lJ fllnhl.l1 fJfhtl':Ji'mhm!flYi tff~lJftl tl:J~".ltJ AFRP 

'Uo:Jtl'lJml1f;lo.:J A 

" .
~lflfl'.i loWfll1lJfflJ'W\" 1ll ::wh.:JLhU\PIflfl'l:J (e) n'lJ Y'ilflln'ilu lfJft ltl'lfm.hm:rflYilff~lI 

ftltl''1~''JfJAFRP 'UO'lU'lJ'lJ oU1ClO'l A ~filU1W~ lflffllflll 'n'lJ";hijfll'.ifl'.i::~lfJ~10r.il'l ilhfiulll't'lH 

" • ;: £It .d'l 9J (V'" 1jJ ...QI t I 

l~"l Uff~'111ffllflllUmUfflJflll't'l L'lHtff~:Jfl111lffll'nU1il::'H11'l xl'x3UCl::fIl y ~'flfJH~ ~lfl 

ffllflll~'~ ffllllHl'lJOfl i~·;h fll'.ifmil'Hirfl'lJ'.i'.i~fl (y) ~::ijlllfl~UtrlotvilJf;hfl\PIll'jhufl111l 
fJl1FRPlBeam (x3) uf;l::.yhfllHI~Y'ilFRP Thickness (Xl) 

• fllU "T" 

" ~ lflfln't'l~ffO'lJfflJlI~! lU "-2 Uf;l::x3hjijHCl~Ofhtl'l fmln,irfl'lJO'l fIlU ;'1 hhl 111 1 
tI 

.cit. Q.f Q.f 4 
Yt~1'.jWlfl'lUUffllflllflllilflilOfJ fI'fl Y 81.63 - 0.18x1 

http:fllnhl.l1
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3 
i 
I 
I 

2 
I 

1
! 

+ 

+ 

~ 'u 
t; 
::l 

'"Q
'00 

0 
+ + 

! I 

~ 

~ 81.3 81.4 81.5 81.6 
-] 

+ 
-2 ­ + 

-3 
Predicted ymodeJ 

• >I • 

njf14.13fl111riYlJ'ti'U,f'.i::;'whHY·:1'I,J~nflvuiu mn'h'U1UfhS.:Ii'mhl1lTnf11ff'ilJfhS~~1(J AFRP 
" 

>I • 

~lnmlvJfl11lJd'lJ'j;'U,f'.i::;l1'jH'd1'U~nflH (e) flU rilm'.il11'U1Ufh"'~i'mhl1lTnf11ff'ilJ 

ih"'~~1(JAFRP 'tltHUUU~l'HH T ~fil'U1W~lnfflJm'.i 'nu·:hiin1'.im::;~1(J~1B~1~'1iti~'Ul,j'YIH 
>I • 

i~'111ff~~11fflJm'.iil1r1'UfflJm'.if1i"Uff~~fl11lJd'lJ..;'Un'.i::;w;h~ x,Un::;ril y '~B~l~A 'illnfflJm'.i 

dllJ" '" Q/': QI J.. 0f d •'YIl~ ffllJ1HIUBn ~11 fll'.l'.lU'Ull1'UnU'.i'.i1'jn (y) 'il:::lJlJln'tl'UllJB'YIlfll'.in~fl1 PRP Thickness (x,) 

• fll'U "MB" 
>I >I 

\llnfllnl~ffBUfflJlJ~!l'U JS "n::;x3hjiif.ln~mh"'~i'mhl1lTn'tlB~fl1'U .r~hiihlJlfC'il1'.iWl~~lT'U 
<!I 

fflJm'.ifll'.i(I~(ltl(J flB y 73.84 + 6.06x t 

http:hiihlJlfC'il1'.iW
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15 

10 
JI 

+ 

5 -" + 

'4) 

-;
:::: 
"0 
'Vi 

II.) 

~ 

0 

-5 
72 
-

I 

74 

+ 
+ 

I 

76 

I 

78 

I 

80 

1 

82 

! 

84 

I 

86 
+ 

-10 -

-15 -­ + 

-20 
Predicted ymodel 

II • 

~lflmlvJfll1lJfflJitni'i~'H1H'thuflfl/h,'J (e) fl'U rllfll'iVilUlml1tl-3i'mhm1flnr£Yl1J 

fhtl-3~lt1AFRP 'lJfl'lU'U'U~lt:H)-3 MB ~filU1W~lflff1Jfl1'i 'VI'U'hijfl1'ifl'i~~lmhfldHhhrlu 
II • 

1thn.;J 'll'l'l Uffl'l.;J11fflJfll'iihrlu ff1Jfll'in'l-MUffl'l-3fll1lJff1Jiu.tf'i~'H'h-3 xlUt'l~rll y '~fldH~ ~lfl 

fflJfl1'i~'~ ffl1J1HI'Uflfl'~11 fll'.ii''Ut11'HUfl'U'.in'lfl (y) ~~ij1J1fl~UldflVilfl1'ilYilJrll FRP 

Thickness (XI) 

• fllU "Train" 

... 
fJl'lfJfltJ flfl Y= 13.28 - 1.03x, - 8.84~ + 18.88x3 
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6 

+ 

-4 

+ 
'0 2 ­
c;; 
::I + 

'til 
"0 	 + 

<U 0 + 
~ 	 ; ! i +i 

5 10 15 + +lQ 2~ 
+ 


-2 ­ + 
+ 

Predicted ymodel 

l,j~ 4.15fl111Jff1J~\'\i'j~'Yi·h:nhu~flthul'U fll'j'Vil'Ulmh~'~i'mll'Yi1rfl~U'l'~1Jfha~c;\\'1V AFRP 

'tIf).:JU'U'U~lClf)~ Train 

'" .
~lflmlvJfl111Jff1J\lf'Ui'j~'Yi'jH';;i1'U~flfl'H (e) n'U tilfll'j'Vil'UlfJfha.:Ji''U1l1'Yil1flfilff~1J 

ihli.:Jc;\\'1VAFRP 'tItHll'U'U~lClf)~ Trian ~tll'U1ilHllflff1Jfll'j 'Yi'U ..;hjjfll'jm~~lV~Ttl~H,~!'n'U 
I .J' ~ ~i " (V f.''''tV tI11l'VIHiA"1 UffA.:J11ff1Jfll'j'U11J'Uff1Jfllnl 'l$l1ffA.:Jfl111Jff1J'Yi'U1i'j~'Yi11.:J xl'JS,x3UCl~fll y A'tItlH 

~ ~lflff1Jfll'j~'c;\\' ffl1JTH1'U'tIfl 'c;\\'.j, fll'i'mlml1fl'U'jHlfl (y) ~~jj1Jlfl4'Ulrl'tllvi1Jtilij~'juh'U 
o ,a"," 	 I<V 

fl111JVl1FRPlBeam (x3) UCl~'VIlfll'jClAfllf)~"ff1'Ufl111Jfl1HFRPlBeam (JS)fl'Ufll FRP 

Thickness (Xl) 

4.5.3. m"lU'1HU1J1J;inla~m"lfJflfJatl~U""lfili~~·;1tI"GFRP" 

• 	 fll'U "A" 


'" 
~lflfll'j'VIA ff'tl'Uff1J1JA!l'U Xl UCl~~'~jjfIClA'tIfha~i''U1l1'Yil1fl'U'tI~fll'U 9~'~1l11Jl 
Q <VOl 	 • '" 
'Yi~l'jflllA~'U'Uff1Jfll'jfll'jtlAtlf)tl flf) Y 66.52 + 33.85x

3 
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30 

25 

20 

15"ii) 

~ .g 10 ­
";;; 
'I)

p:: 
5 ­

0 

+ 

+ + 
+ 

+ + 
:+: 
+ 

+ + 
i 	 I 

86 88 90 92 94 + <J6-5 
+ 

-10 

Predicted ymode1 

. 	 '" . 
1'l.H14.16tldllltTlI'ti,.nf')~trhuhw~flA\~ti'U fllnhulunlti~i'mhl1irflfiu:f111fhti~~lU GFRP 

'UtHU'U'U~l~fl~ A 

'" .
'illflmlvJtll11ltTlI'tiutf,)~'I111~ffTW~flti'1~ (e) ti'U fhflln'hulunlti~i'mh'l1irflfi!'n111 

nlti~~lUGFRP 'UfHU'U'U~l~tH A ~tilU1W'illflffllfll,) Vi'Ul1iJfll')m~'illU~lfltiH11hrlUl'll'l'lH 
'" . 

i'i'l'1 Ufffl~11ffllflWU!rluffllfll')n'1.~ufffl~tll11ltTlI'ti'W'fi,)~'I11H X3U~~fh y '~Vtil~~ 'illflffllfll,) 

~,~ ff11llHl'Uflfl '~11 flui'mil'l1irfl'Un"lfl (y) 'il::;iJ1Ilfl~U!rlv!'~1Ifhti~nfflUtll11lUll 
FRPlBeam (Xl) 

• 	 tllU iT 


'" 
91flflU'l'l'i'lffV'Uffllll~!lU Xz llt'l::;x3hjiJfm91Vnlti~i''Ulh'l1irfl'UV~tllU ~~ 'tiih1ll 
4 QI QI'" 4 
'Vt91,)Wl'i'l{lUUffllfll,)fll')fl'i'lflflU tlfl Y = 80 0.04x1 
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+ + 
+ 

i 

80 

I 

80.02 + 

I 

80.04 

i 

80.06 

i 

80.08 
+ 

8Ll 

+ 

Predicted ymodel 

• II • 

'.i..iJVi 4.1 7fl1llJUlJl~\.I1r'.i:; '11 'h:aid'U~O~\H1'U fil'.iVi1'U1tJfhn~ i'mh'l1\J'OVil'IX7lJ fhn~~1tJ GFRP 

II • 

1110 m lvJfl1llJUlJ-n'U n'.i:; '\1'h~ ri1'U ~O~l~ (e) O'U ,ilo1'.i Vi 1'U lUfhn~i''IJ'Ul'11 \J'oVitff7lJ 

fhn~~1tJGFRP 'Utl~U'U'U~U1tN T ~til'U1W~10fflJfil'.i .... 'U'h1jfil'.im:;1I1tJ~1tldT-1 'lhri'UliJ't1H 
II • 

1~'l Uff~~11fflJfil'.iUlri'UfflJfil'.iVi1cNUff~~fl1llJUlJ-n'Un'.i:;'\1'h~ x1U'1."I:;ti1 Y '~tlI'h~~ 1I10fflJfil'.i 

~,~ ffllJ1'.itl'UtlO '~11 fil'.ii''UJ1'11\J'O'U'.iHlO (y) 'ilZ1jlJl0~'UlrltlVi1fil'.i'1."l~ti1 FRP Thickness (Xl) 

• fll'U "MB" 

II 

~10fil'.i't1~fftl'UfflJlJ~!1'U 'S lmZx3'1J1jN'1."I~mhn~i''U'\.hH\J'O'UtlUn'U ~~'1J'IlllJl 
II 

Q -Q,f Q,I 4 

Yi1l1'.iWl~~'U'UfflJfil'.ifil'itl~tltltJ fltl Y 75.56 + 2.5x1 
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20 

10 
+ + ~ + 

'il 0 i i i I 

t; 
.g 75 76 

+ 
77 78 79 80 81 

'Vi + 
III 
~ -)0 -

-20 ­ + 

-30 
Predicted ymodel 

. ,., . 
'l1.Hi 4 ,18t'l11lJ fflJi'l.J1I'l:: 'Vl'h ~ri1'Ufl flA\:lti'U fll'.itl1'U 1(1 illci~ i'mhvl'ljflYi rff~lJ fhci~~1(1 GFRP.. 


,., . 
~lflm1yJt'l11lJfflJi'Un'l~'w:h~ri1'UflflA'1~ (e) n'U ,hfllnh'U1(1ihci~i''U'\.lnnjflYitff~lJ 

fhci~~1(1GFRP 'llfHU 'U'U~UrtH MB ~fl1'U1W ~lflfflJfll'.i l'i'U':hiifll'lfl'l~\l1(J9i1mh~1,] t1'l'U 
,., . 

1,j'YIH'~"l Uff~~11fflJfll'l-nt1'l'UfflJflnYi'~uff~~t'l11lJfflJi'Un'l~'I1';h~ xlu,,::,}, Y 1~fl~H~ \llfl 

fflJfll'l~l~ ffllJ1'.ifl'Uflfl1~11 fll'.ii'mll'11ufl'UnVJfl (y) \l::iilJlfl~'\.Jtrtfltllfll'.itiilJ'}' FRP 

Thickness (XI) 

• t'll'U "Train" 
tI 

\llflfll'l'YI¥lfftl1JfflJlJ;}!l'U Xl ',jiij\m~flfhci~i'mh'l1Ufl'llfl~t'll'U \1~ l,jU1lJ1Vl\l1'.if.U1 
,., 

'" '" 4
¥l~'U'UfflJfll'lfll'lfl~flfl(l t'ltl9=6.83 - 2.13x2 +18.35x3 Y 6.38 - 2.13JS + 18.35x3 

http:t'ltl9=6.83
http:l,jU1lJ1Vl\l1'.if.U1


llO 

2 


-2 

+ 
+ 

-3 
Predicted ymodel 

. " . 
'j1.ln 4.l9fl1111ihl'w'W,f'j~'wh~ff1'U~f1f~\~fl'IJ fI1'jVil'WlfJfhn.:ji''IJ'Unnrflnlff;1Ifhn.:j~1fJ GFRP.. 

'lltHU'IJ'IJ~lft6.:j Trian 
" . 

'ill f1m lvJfl1111 ff1J'ti'W,f'j ::,,111.:jff1'W~ f1fll.:j (e) fl'IJ fhfl1'JVi 1'W1fJfil n.:j i'mlmirfl,hff; 11 

fhn.:j~1fJ GFRP 'II tH U'IJ'IJ ~lft{).:j Trian ~fh'W1ru 'illf1ff1lfl1'j Vf'IJ11iJfI1'jfl'j::'illtJ9i16~1.:jhhrl'W 
" . 

11.l'VlHi~~ Uff~.:j11ff1lfl1'jihrl'W ff1lfl1'jni,*Uff~.:jfl1111ff1li'W,f'j::'1..dl.:j X2,X3 ul:'I~fh y i~6dl.:j~ 
.db'l91 "I'" Q.f: .d ~ Jt ~ • QIQI f 

'illf1ff1JfI1'j'Vll~ ffl111Hl'IJ6f11~11 fI1'J'J'IJ'Wl'H'WfI'IJ'J'll'JfI (y) 'il::1I1Ilf1'll'W!1I{)!Vf1lfl16~'jlff1'W 

o IQI' 9J 
fl1111tJl1FRPfBeam (x3) UI:'I~'Vllf11'jl:'l~fll{)~'jlff1'Wm111f111.:jFRPfBeam (~) 

ff1lfl1'jO~06fJ 

Model 

CFRP AFRP GFRP 

A Y 74.14-2.59x1+39.65x3 y 81.98-2.3x,+ 25.69x3 y = 66.52+33.85x3 

T y = 81.63-1.97x, y =81.63-o.18x1 y 80-0.04xl 

MB y = 81.77+O.062x3 y = 73.84+6.06x1 y = 75.56 + 2.5x. 

Train y= - 2.96-o.67'S+31.3~ y=13.28-1.03xl-8.8'S + 18.8~ y=6.38-2.13'S + 18.35~ 
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I 

""Utltl5 

5.1 'U'mh 

tl~ ty tyTU Vil.! n1n lJifl~n 1 fl1'i fffl'W Wl q ~ fl'i 'i lJ 'lI O~flTU fl OU fll ~1fI'~lJ1'H ~ fl~ ii fl1 'i lfl'~ lJ 

fh,,~~'urjfl'~flOlJiv.ff~'lfu~ Carbon, Aramid, Glass U'fl~1~iifll'ilf1'~lJth"~~':1lJ1f1'~flOlJ iv.ff~ 

i ultlu'U'Uafl'Ww~~H'1i~tJi 'Iiitl'i umlJ ABAQUS fI'!H!m'U~1'HH1~01!fl'i1~..r'H1fi1a~1'U 
JI • • 

U1'H17fl'll0'lfl1UflOUfll~ 1fl'~lJm~fl'vhfl'~lJ fh"'I~1tJ1f1'''flOlJ1V.ff~U~ 'fl: 'lfUf>H-nOltll tJ'UlYitJ'U• 
JI • 

flla'l1'Uu1'H 17fl'll0'lfl1U flf)U fll~lfl'~lJmgflYilf1'~lJfh"'I~1tJ1f1'~m)lJ1v. ffAU~'fl~'lfU" ff1 'Hl'U 
• JI 

.ij'f)1J 'fl~1f)ti1'1fl1Ufl f)U fllA1fl'~lJmgflYiU1lJ1 i 'lilm tJmYitJ'U i UH'U'U~1'fl f)'I i Utl~tyty1UV.UnU)lJil 

1~tl'HV'l'il1fl'U~m1lJ~iirl'flfll'i~"fI'o'Uiulfo'ltl~,j~fll'i ~'Il~flri11HU,,"1iu'U~~ 3 rI'fl~ 1~'il1fl 
fll'i11m 1~..r'il: \lflU1lJ11 tll tJmYitJ'Un'UrI'flfll'i ~"'flf)'Ii U 'U~~ 4 'il lflrl'fl fll 'i!mtJ'UlYitJ'Ufll a'li''U 

: Q,II d Cl do' 0 .d,., J. ,.tl
U l'HU fl'll f) 'Ifl1Uflf)Ufl'iA!fI''i lJm 'flfl 'il lflU'U'U 'il l'fltHV. 'U 1111'U'U 'il 1'fl f) 'I~ fI''i H'lIU 'il1fl t 'i Ufl 'ilJ 

d " I 4 ... "''''1 ., .k I '" I d .-z "'!lid 0
ABAQUS lJfl11lJ\lflAeHU'fl~fl11lJU11'lff)tlf) t" lU'i~"'U'HU'I11A01'il tlJ1V.tJ'IV.f)'il'l t"lJfll'iU1 

d ...... ., !II 0 " I... <I di2 11 
~q'Wtl~H fl'tlA t"tJfll'i fI''i 1'111'U'U 'il1'fl0'lfll'i tl" tlOtJl'll llJl'1f1tJ1tfl'i l~'HrI'fl~ 'Pl'iJlflfll'i fl'l 1'1 

11'U'U ~ 1'fl0'lt.yilJ1~lJ ~'I ,f1tJ i Ufll'i'H lfl11lJ fflJliun'i ~'H 11'1 11 'iJ i'tJ~iirl'fl ~Ofll'i tfI'~lJfha'lfl1U 
d'" d",,,0'l" 0 d ".1"", " '4 ... .;,..1

fl OU fl'iAlf1''i lJm 'flfl t" ~1 m11'U'U 'ill'fl O'l~\lflfl''i H'lIUlJfl11lJ\lfl~0'lU'fl~fl11lJU It'lff)tlf) lJ lfltJ'I'lIU ., 
U f)fl 'il1 flU U'I'IbtJ'H l~"mlJ l:fI'lJ'lIf)'Ifll'ilfl'~lJflla'lfllUflf)U fllAtfl'~lJm g fl~1tJ1f1'~flf)lJ1V.ffA 

l'dO'l'iJlfl1f1'~flOlJ1V. ff~ii'ilfl1UV.'I fll'i tfl'~ lJti 1"'1 ;'I~O'l-n'iJl'itu1'H 1~'" 'HlJ1:fI'lJ'lIO'l fl1'i 1fl'~lJ 
til"nt'I fl11lJ'HU 1 fl11lJfl~H U'fl::fl11lJVl1 ~'Ifll'HfI'~lJtila'l~1tJ1f1'~fl f)lJ 1V.ffA~iifl11lJ 

Of 

mlJl~fI'lJ'iJ::nl i 'H"l~tila'lr'UU1'H17flAllJ~tHfll'iU,,"1 U'I,f1tJ i lftl'i::'H u~lfh1'li~ltJilfl~1V 

• Of 

nl0'1 'iJ lfl1fI'~flOlJ1V.ffAii 'i1fl1U v. 'I fll'i I fI'~lJ til"'I-;'I~f)'1iifll 'iflfl'W 1'H l~"mlJ1:: fl'lJ vi'l 

fl11lJ'HU 1 fl11lJfll'H 1l'fl::fl11lJtJ11'l1f)'11f1'~flOlJ iv. ffA 1V.'i1::~llf1'~lJtila'l1f1'~flOlJ1v. ffAlJlfl .. . .. 
lnu itluMtila':'l'Uunnrfl ith-nlJ ~'iJ::d1ufl1'iffultlftO'lfh' 'Ii;iltJitlVltlnltl'i::lv"ti IlM~11fl''ilJ .. .. 
tila'11tf~flOlJ i v.ffAuoVlnu i tlfl11lJfI'llJ1'i tl'U fll',j l'U\h11ufl~'il::uov fi'':'17U 'Ufll'i ltf'ilJti la'l 

'iJ::~o.:,li lfll',jflfl'W1,tll11lJl::tflJno'UflU Lt1'ilJtila':'''Ifn'Ufll'UflO'Ufll ALfI'~lJl11 g fl 
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5.2.1 fl11ftfltilfldUJ't'IU1't'lllilVl1't'l,..1:;t:nJ"UO,rli:riJflO,..lrtii91 

m'wn~1mh~fll'W flfJ'Un;;mlSlIrH gn~lffs11 flln·U\'1tmf'U lfJfll fUfJ'U ltl'W fll'U 'lfU~ "A" 

ffm·nHl~~ rHlI 1:: ffll'U fJ~ fl111111 'U1'UfJ~1ff'lflfJlI 1'nif",~1-W'ffSlI fhli~fll'UflfJ'U n;"'lffSlIrH gn ~~ 

uff~~1'U~tJ~ 5.1 

ll5 

l 
~ 110 1 
a§ 
~ 105 ... ·5 

a;:; 

:~ 100 1 
95 

o 	 0.2 0.4 0.6 0.8 1.2 1.4 

fl111l'HU1 (mm) 

. 	 ~ 

ItJ'fl5.1 Uff~~fl111liflli'Ui''l::wh~fl1111'H'U1'\1fJ~ FRP tiufhli~i'1J'lh'H,ro 

•.1 dlll"·.d 	 d 11Q1nm1n1Q::rH'U L~11 'fIfl1111'H'W1'\1fJ~ FRP tJn:1J1W 0.5 mm. 1Q::lIfl1111ff1111Hl 'Ufl1'l 

~ v 	 u ~ ~ 
5.2.2 fl11f1fl'tilftdl"'fldl-.1't'11lil~U't'l"'1::i:r"'''UIHdi:r~ft8''''Yfif91 

01'1 fJn~1mh~fl1'Ufl fJ'U n;;llff'illmiin~lff'ilJ ti1a~"'dVlff'U lfJfl1fUfJ'U !tl 'U fl1'U 'lfU~ 

''Train'' flmn'H 1'~ 11111 1:: fflJ'U fJ~O"''llff'l'Ufl11lJ01H''IIfJ ~ 1ff~f1fJ lJ1'Vtiffl tiUfll'Ufl fJ'UO;"" ff'ill 

''Hgo M~uffFl~1'UltJ~ 5.2 
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22 

,...... 
20;Z I.:.t. 

'-' I 
C I 

~:;::t I 
!:t: 18 -r­

"0;:l 

I;;:::l 
~." 

~~ 
r­ 16°C 

14 

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.05 1.1 


. ~ 

ltlfis.2 UffA~A111Jff1J";\..I1'J::'Yrhn)~·nri';I'Ufl111Jfl11~'\ItN FRP nlJfhil~i'lJ'\.htnrfl 

1l1flfln-W~:::L~\..I'~'h ~tl~'Ilff1\..1f1111Jfl11~'\If)~ FRP t1'J:::1J1W 0.8 1l:::i1f1111Jffl1J1'IfJ1\..1 

5.2.3 fl11fln't:llftl11Jrnl't'11ilYll't'l1l1:::iJll'lltH-jiJiJfl81l1'W~fl 

fll'I ufl9hmh~f11\..1f10\..l fllAlff~1Jm~fl~lff~1Jfh~~~1f.1l"\..I1UfI1{lJ0 \..I Ln\..lfl1\..1'ln1A "A" 

ffmnI11~At'l11J1:::ff1J'\IO~ tlA'Ilff1\..1 f1111Jf.I11'\10~1ff~f101J1'WiY~tilJfll\..1f10\..l fllAlff~1Jm~fl fi~ 

UffA~1\..1~t1~ 5.3 

http:fllAlff~1Jm~fl~lff~1Jfh~~~1f.1l
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100.5 

....., 98.5
Z 
.:.t. 
'-' 

~§ 96.5 
;: 

"·5 
~~ 94.5 
'? 
~(G 
r­
·c 

92.5 

90.5 

0.55 0.63 0.71 0.79 0.87 0.95 1.03 

. ~ 

1'1.1\15.3 Uff~~fl111Jff1Jitnf1:l:'I1'jVH1~l1ffrJ'\...!fl11lJeJl1'U~H FRP n'Ufhil~fm.hvl'wf1.. 

• .1 dl'lSl'..l", '1.1 ... 'lI'illf1f111Tt'il:l:nl'l...! t~11 'YI't)~l1ff1'Wfl11lJeJl1'UtJ~ FRP 1:::lJ1W 0.85 'il:::lJfl11lJffllJl1t:1 'W 

., 
5.3 fl1 'i1tAuU,iiUUfha~11J'Ul11UfleufH liY~flf)~1VfUfU1fl":"Uft 

~ . 
f11'HmeJ'Ull1eJ'Ufilil~f'U'\.h"uf1'UtJ~1fffJfltJlJ 1-wiY~'lfi1~ CFRP, AFRPml::: GFRP l~tJ 

fl11lJl'11lJ1::: fflJ 1 Uf1111atJf11cN1fffJfltJlJlwiY~u~{I:::'lfi1~ 11{1::: filil~'U't)~1fffJ~~tJ~m1 ffllJl1 t:lff\ '1.1 

'fl'~~uff~~lUl'1.1~ 5.4 
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105 

"...... 100Z 
C. 

~§ 
;:Ii: 95 -t-CFRP 

""S 
~~ 
~;; 
r 90°C 

......GFRP 

_AFRP 

85 

0 	 0.5 1 1.5 2 2.5 3 


fll1U'tnn FRP (mm) 


lt1~5.4f1 

110 

105 
"...... 

Z 100C. 

..§ 95 
;:Ii: .CFRP

"o;i 90;:la.,.. 
.AFRP"7 

~(t: 85r ..c 

80 iii GFRP 

75 

0.15 0.3 0.5 1.3 2.6 

fll11.n11.n FRP (mm) 

lt1~5.4'U 

. 	 " 
ltli15.4f1111lffllitfsf'jz....rh~f1111l'l1\Jl'UtJ~ FRP U9illZYUfl ti'Ufi1a~f'Uth111:rfl 

"lf1mlT1"zl..1\J 'l{-h1tY~f1tJ1l1"iY9\Wfl CFRP "zijfha~fmrl'11,:rflq~f1".h1tY~f1tJ1l1" 
~ <Q A ~ JJ ~ ~ ~ , ',Y' 1" QI : ., ~ J A0 41

tYfl,,\JfltJ\J flfl111l'H\Jl\JtJ0'1 f.t1t'Villfl111l'H\Jl1l1f1'U\J 11 ""10 'HfI1ll~'j'U\Jl'HUm'Vill'U\J llltJ 

,h't1LtY~llfha~fll\JfltJ\JfI~~ttY~lll11gf1"Z'f'h1'I1'1iti~\JfI1'jitmJ~tJ~1tY~ u9ifla'U ti\J 1tY~f1tJ1l1 'Vi 
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ff~"ll'iJVI GFRP ij ihrr'Ji'1nr1'Hl1fHVi,J~lHrltJ'UU 1V1'UD'Jfl111l'HU1l~1l~U U~tJ~H h~mllfi' tJ 'J 

-rl1l1HU 11~~N'UD~fh i ~~ltJ'UfnlffVlfltJ1l1~ff~~i~!1jlllihrr'JfI1u fl6U n~~Hffllll'H~m11tJ l~D• .. . 
fl111ltl'J~'HiJVI ~1l~lfi1Jfhrr.:Ji'mhmrniil'J1fi'D~m'J 

..." ... J 0 

5.4 fJnVllafJHNanl".il'fl".il~"U'U'lHnaa.:jnl'Hl~tlafJ 

'il1nm"jffn'mU1J1J~1t'ltHfl1UflDUn~91mlll!'H~n~ijm'Jlffllltl1rr.:J~1fJU~U CFRP, AFRP ... .. 
um: GFRP 'il~l~Ul1U1J1J~1t'l6.:Jiifff1'J.;jl.!iM'~lm'Ji'mh'H1:rn1Jnflnu~n~Hfil.! m'Jfff1.:J . .. 
U1J 1J ~1t'lD.:J'il1n1 t1'Jumlll-nD....hm 'Jltl~fJ1JliitJ1J n1Jm 'JVI VI ffD1J 'ill.:J '1uM'D.:Jtl6,j~n1'Jl1uijfl111l 

~ , ..t "I "I~" ... di '''I' "" .. ~ 
\ln~ D.:JUt'l~fl111lU 11'lfD()D LVI !U 'J~911J'H U.:J 1191 Lll ff1lJ1'J ()1J Dn()~fl111ll'H lJ1~ ffll ! l.! f11'J ff'J 1.:J 

U1J1J~lt'lD~'~ n~11fiDhiff11l1'J()1JDn'~UU;r9111~1utl"jiVl,j'l.:J~ij~f'!9iDm'Jm'J lfflll tl 1 rr.:J fI1U 

flDUn~91lffllll'H~fl m'J fffHU1J1J~lt'lD.:Jm'J ()VI()DtJ1l111fl'J1~MU1J1J~1f'!mijtl"j~1tJ'lf.wD~l.:J~.:J '1 l.! 

fl1'J'Hlfl111lffll~un'J:::'H1H~1utl"j~ii~f'!9iDm'Jlffllltllrr.:Jfl1l.!fl6Un~91!ffl1Jl'H~fl 

191tJ~ y fiD film'Ji'ml1'Hirfl1J'J'Jflfl 

Xl fiD FRP Thickness 
~ ~ I ~ 

'S flD D91'J1ff1l.!fl111lf11HFRPlBeam 

. 
iI 0 .ct Q. o uS/'

5.4.1 fl1'nf1HAlUU'\llaf)-3fl110~O(UJ'f1IU'11Jnla-3~'1l1"CFRP" 

fJfl~1Dd1~fI1U "A" lrlm'i1m'JVl91ffD1J m 'J f'!91'JtI'UD~ffllm 'Jm'J ()91()DtJ 191fJ'l'l1m'J-rlff'il.w 
~ ~ .. 

~1utl'J (xl,JS. Ut'l: x3) 9l11lih~u ~1Jl1 'S',jij~f'!~Dtl1rr.:Ji'mh'Hirfl'UD.:JfI1l.!~.:J',jll11l1-rl'il1'JW1 
• do 'OW'Qlo.. QJ' QlW' " 4!!t 

ff1U xIUf'!::: x31l~"9lDmf'!.:J'J1JU1'HUfl'U6.:JfI1Ufl~UUffllm'Jm'J()fl()DfJ flD y = 74.14 2.59x1 + 

39.65x3 
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8 


+6 

+4 -­
+ 

lI,) 

2 + 
-;;; 

­

;:! + 
"C + +'v; 

lI,) 0 I I+ 

<l~ 95 + 100 ++ 105 I 0 
~ 

-2 ­ ++ 

-4 
+ + 


-6 


Predicted Y model 

. " . 
111n 5.5fl1111fflJ'W'lJ£'i~lrhuhu~fl~1~nll fll'iih'lJ1Vfh~~i'lliiT"irflntff~lIfh~~~1[JCFRP 

'Ufl~Ullll~l"fl~ A 

_Id d, .c:lo ~0 

'illflt lJ'YI 5.5'il~tlt'lJ11Ullll'ill"fl~ A 'YIfl1'lJ1fl.1. 'il1flffllfll'i Y = 74.14 2.59xl + 39.65x39$~ 

" .
'il~ 'Vill'hij fll'i fl'i~ 'il1V~1fl VH hhiJ'lJ t 11 'Yl H lfl ., t"V Ufffl~'ll ffll fluihiJ'lJ ffll fll'i n l.fufffl ~ 

Q.I ~ tI I III" 4 dllJ " lIJ " r Q,I:1 1 Q,I 

f11111ffll'Vi'lJ1i'i~'I111.:J XI' x3U"~fl1 Y!flfltJ1~fI 'il1flffllfll'i'YI 1f1 ffl111Hlllflfl Afl11 fll'i'ill'lJl'11'lJfl 

.d J4~IQI 0I , 

ll'iH.!fl (y) 'il~1I111fl'U1HlIflt'Villfl1fl~'ilff1'lJfl1111Vl1FRPfBeam (Xl) U"~'YI1fll'i"flfll FRP 

Thickness (Xl) 'il1fl ffllfll'i V.:Jllflfl '~Vfl'll dUlllfl"m~'YI1l'Ufl~ufi,,~9i1U11'i~iifl "fiflfilfll'ii'll 

: OJ Q,I J ~ Q 1 "Q,I ill Q# Q,.I Cl d' • (V ... 1 ' 
'U Ttl 'Un ~8~fll'U fI ~'lJ X3>XI9$~ \l:a '11 'lJ11fff)flfI" f).:J flll" 1f111ffll11'i ::ff'YI1i 'Uf)~UA"~A1U lJ'i ff1'lJ 

lfl~ fl.:J 'I1111V~f)g'l11~1ffll11 'i:; ff'YIt'Ufl~ u9i,,~9i1u11'i 'I11l1V ~~ fI "fl'i::'YIllA'l'lJ11 1fl~ iifif)fl1fll'i i'll 

'" : '" "1" .K A A ~ 4 ",d",.. '" '" 
U'i.:J ('ill'lJl'11'lJfl AfllIlfl'U'lJ)11lf)tfl'if).:J'I1111tJllJ'lJ (+) '11 'iV fI"m:;'Ylllfl1'lJ"1l'YIllAVfI1fll'i'illUH('i1l 

III • •
""'''1'''' ........ ~ 
'lJ I'll 'lJ fl AfI 'lJf) V".:J )111 fltfI'i fl ~ '11111 tJllJ'lJ( -) 

, .c::\ 'oQlQloIII (V Ql'QI " 4 

ff1'lJ xIU,,:: x311N"9Hlfll".:J'ill'lJl11'Ufl'Uf).:Jfl1UfH'lJUffllfll'fll'HU10f)tJ f1f) Y = 81.98 - 2.3x1 + 

25.69x3 



118 

10 

'i; 

a; 
:::; 

-0 
'Vi 
Q) 

IX 

5 

0 

-. 

9~ 

+ 
I 

92 

+ 

I 

1M 

++ 

! 

96 

! 

98 

+ 
+ 

100 

+ 

I 

102 + 104 

.-.---

Ie 6 

-5 -
+ 

+ 

+ + 

-10 
Predicted ymodel 

. " . 
':itJfi 5.6fl1111ffllli\,llh:;'I1'h:Jth\,l~flt1\uill f11':i'r'i1\,11Ufi1~~i'1I,h'l11l'flfilfflllfh~~~1U AFRP.. 

~lflltJ~ 5.6~:;llf\,l11111l1l~lafH A ~fh\,l1W~lflffllf11':iY = 81.98 - 2.3xl + 25.69x3 

~,rn1l'hijf11':im :;~lfl~1flVH 'lllf!\,I ltJ'rlHltl '1 mu UfftU11ffllf11':iii'lf!\,Iffllf11':i ~1~Ufftl~ . " 
fl1111ffllvr\,l'fi':i:;'I1';h~ XI' xlua:;,h y'~flV1~;l ~lflffllf11':ifii.~ ff1111'Hl1Iflfl i.~11 f11':ii'1I'Ih'l11l'fl 

d JJtAfQl , 0 I 

lIn'fJfl (y) ~::;1I1J1fl'U\,Il11fll'n1lfl1fl~':i1ff1\,1fl1111U11FRPlBeam (Xl) UfI:'rl1f11':ifltlfl1 FRP 

Thickness (XI) ~lflffllfl1':iV~lIflfl '~ijfl11 ii1Yi1lF'mm:'rl1l'Ufl~U~ fI:;~1utJ':i~ijFm~flfhfl1':i i'll 

: Q,I OJ.:!'& cI. "GlOQ,lGl AJ 'Q,I ,
\,11'11 \,I fl'U fl~fl1\,1 fI ~\,I X3>X,0Jfn:;I'll \,I11ffflflflafl~fllla1tlll fflltJ ':i :ff'rl1'Ufl ~ U~a:;~1U tJ ':i ff1\,1 

l fl4 ~N '11111fl~ flg'l1,r 1 ffll tJ ':i: ff'rl i'U fl4 11 ~a:~1UtJ ':i 'I11J1tJii4Na m: 'rl1l~l\,1111 fl~ ij ~mi1f11':i i'll 

U':i~ (i'1I'If1'11Ufl '~1J1fl;f\,l)lrtfllfl4fl4'11111mf!\,I (+)'I17fl f<lam:'rlll~l\,1all~ij,jflfhf11':ii'll U':i ~(i'll
" . . 

'lh'l11l'fl ,~,rflufl~)11imfl7fl4'11111tJ1f!\,I(-) 

. 
'V 0' IIII:(Qo"'~

5.4.3fl11D'1HU1J1J;}UI8~fl11DftD8tJ1UD'11.1flltt~"llf1"GFRP" 

ufl~1mh4fl1\,1 "A" ,rtflt11f11':i'rlflffflllf11l'flflltJlIlfl4ffllf11':iml'tlfltlfltJlfltJ'r'i1f11l''"tl~'l1 
" ~1UtJl' (xI'JS, ua: x3) ~111ii1ttll Ttll'h x)UfI:; JS'lliif<lfl,jflfi1~4f1l'l111"Ufl'Ufl4fll\,1'~ 'll'll1111 

Q , .c::t. '0' Q,I QI 0'1/1 Q,I Q,t QI" 4 

Tt1)1l'W1ff1\,1 x311f<lfl~flmfl4l'lI\,11'11\,1fl'Ufl4f11Ufl~U\,lfl'lIm',jml'tlflt:lfltJ flfl y = 66.52 + 33.85x3 
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Predicted ymodel 

. '" . 
'1'lH15.7f11111nlli'Wtf'1::whuY·;ru~flth3flU mlfi1'W1fJnn;~i'uunn!f1fhf1;llth,;~A'1fJ GFRP ... 

'il1f111.l~ 5.7'i1:::;tM'W';huuU~lmH A ~fi1'W1W'il1f1f111m'1Y 66.52 + 33.85x3'Wu'hiiml 
'" .

m:::'il1fJ~1mh~ ill L'rJ'Wl1.lYll ~ if1 '1 u;w Uf1f1-311f111f1l1il L'ih.Jf1lJf1l1l1i -Nu f1'fl~f11111nlJi'Wtf . '" 
'1:::'K1HX3"tl:::ti1y iA'mh~A 'il1f1f1lJmll1iA' f1111l'Hl1JVf1 i~·;h mli'uu1m!f1Ull'tJf1 (y) 'iI:::iill1f1 

~t.urlv'~lJti1t1~lHb'Wf11111fJl1FRPfBeam (x3) th'W'f1~V~HlJ1fJ~V~11'I!lnll1.l1::iYYlt'IJv~U~tl:::; 
~1U1.l1 'KlJ1fJil~Ntlm::YlU~1'WU1f1~ii~vti1f1ni'UU'1 ~ (i'm1m11'f1 i~ll1f1~'W) ,rlVlf1~V-1'KlJ1fJ 

,{I'W (+) 

_I .... J 
5.5 «llJUtl~1911(uHtlnl1'f1fttltH 

1"'1-Ii'" "" ~of... ...'il1f1f1l1 'ti' lJ'mmll ABAQUS 'Wf1l'11'f1'11:::'K'Wqlflm1ll'IJV~f11'Wf1v'Wm~1f11lH'Ktlf1 

;;1'W1'W 4 milJ 'A'Ufi milJ~it.i'~lff;llnnl~f1~lJ~1f1;llfhc;;-1~1fJf11fuv'WivJ11Jvf mill~lff;ll 
n 1C;;.:J ~1fJV11:::; iJ flUD:: n~lJ~ lff; lin1C;;-1 A'1fJf1tl1ff'-W1U Vfi~ ifuuu;; Ta V -1 ~ f1~H~'W 'iI :::Qf1ffVU . '" 
1 iifJUf11l11 Q f1AV-1 nUNtl mlYlfI DV-1 ii'~'illf1f1l1YlUYl1'W1nW mllJOO1;A 'K C;;-1 'il1f111''W\i~,~film1 

11f111:::Hf111lJnlJ,"'W1i''tIO.:JR1u1.l1~oniiHtl~o'Wq~f1nlJ'tI0-1tl1'W '~UOtl11lJl1'Wl f111lJfJl1 

tl1llJ n~HUD:::'ti'U'fl'tl0-11f1iiJli1';lJnla.:J 'ill f1f1l 1 ftf11!1l" U 'h1ffiiJ1f1; un1a.:J'ti'U 'fltllfuo'W 'iI::: 
'" .

ffllJnt:li'ml1'K11'f1U1f1l1q'fllO.:Jtl~U1fl0011:::iJ'fl ua:::mnff'rl11Jof~llJiilfluri1'Wf111U'K'W1Utl::: 
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jJ QI .QoQl d' 4 ,a Qlct ~ ct 

f11111n 1H'UVnff~m~ 11 ml;l~ ~~11Nl;l"V'Vlq"m~ 11'11 l:HTll'lH 'lUIV'U n'U f1vm~ L'Vlllfl111111'U111 ~V 

f11111nl'l~'U V~iff~ Lff~llti1 i:1~~1J1mfi'U''ll~h] '~,f"lUl,rti1i:1~i'mf111'ljn'UV~f11'U ~~~'U ff1'U m~ 
L~llfl1111 tJl1'UV ~iff~'ff~llti1i:1~ ~~vh '1 ,rti1i:1~i'lJ'lf111'ljn'UV~f11'U ~~~'UV eh~'~ ~"111U'1111n 

~ ~ 

-WlI1'j W1\11 nm'Vl'J 111 'II I:)~fi';m'll 'J ";~1111~IfI tJ '1~Li'lfliJ fI m'J"V'lJff'U 1:)~,~~-n'U phUi.~'1\1::: 't;, '111" "'~ ~ 
~ 

L11111~ ffll'UV~fl1'JLiil:)n'1~iff~f1Vll l'Vlff" '1'Ufl1'J'ff~llti1i:1~";~'1'UU~'UI:)~ti1i:1~tm:::fh '1~~ltJ~';ltJ 
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