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Abstract: Fiber reinforced polymeric plastic (FRP) materials have many advantages over conventional structural
materials, i.e., high specific strength and stiffness, high corrosion resistance, right weight, etc. Among the various
manufacturing methods, pultrusion process is one of the best choices for the mass production of structural plastic
members. Since the major reinforcing fibers are placed along the axial direction of the member, this material is
usually considered as an orthotropic material. However, pultruded FRP (PFRP) structural members have low modulus
of elasticity and are composed of orthotropic thin plate components the members are prone to buckle. Therefore,
stability is an important issue in the design of the pultruded FRP structural members. Many researchers have
conducted related studies to publish the design method of FRP structures and recently, referred to the previous
researches, pre-standard for LRFD of pultruded FRP structures is presented. In this paper, the accuracy and
suitability of design equation for the local buckling strength of pultruded FRP I-shape compression members
presented by ASCE are estimated. In the estimation, we compared the results obtained by design equation,
closed-form solution, and experiments conducted by previous researches.
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1. INTRODUCTION

A7 shEe} A8 (Fiber  Reinforced  Polymeric
Plastic, FRP)< @9ls®d A% 9 Aol =3, o
ol Zrom, Yol & wE g, &4
A 7 7] wiitel HE Aokl A-&st
7] S1gh vekst Ak MdE vk 1 tfaAQl
o2 dHdHE 2}QlY ¥ (filament winding process)
o= A#gE FRPE 83 Aoty lHtiu

& (pultrusion process) .= A2}t FRP
R g F2E Sl Stk

A oz AAE FRP (Pultruded FRP,
PFRP)= Ao A BAAARE 7197}
o] = AHETol TIHAA IdetHA AHKHCR
dAg dHS Alets WHORA, F2E& FAE
BAACE e e At W T shuE e
A Qlth(Joo, 2010; Choi et al., 2012). &3 Az
o] 544 PFRP FAl= HAS Ao|dkat o]
Azbe]= W] A5l 9z Aol HE vE A

FolurA  A' i A3 2= 9)
Aol AT 2ARE 2ER wgAt go.  HOIWE ARlnhotopioE FHATL 5 3Arh(Yoon,
1993; Choi, 2009; Joo, 2010).
F80y: PFRP, stsATAFAA, a2, 49, A2
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PFRP= W 7%8& ARl Hlsto] A&l o
AT v7E 2o, wHol gk we AR A Y
o] Q7] el OLZXHE A7) flEiM = =
=ol tigt &= uHsfof sk 12yt PFRP A
= TAARD AAMl FRIEA] ¢rol BHEAR 1A
AEE AFEs7]7) e Aotk

olgdt wAIHE syl skl A AR

siaae] it AdaiilS 483ke] PFRPS} &

o Ame FHa=e] i Aws BAsH] 9
& o77F 8% 3(Yoon, 1993, Lee, 2003), PFRP
o A S4e 19 A=24E 9% 94 A=
of ot AF7F e E O™ (Choi, 2009; Choi et al.,
2011), 435 oA (energy method) = ©]
23t hEA AR el dist A7} o] FoFltt
(Zureick and Steffen, 2000; Kollar, 2003; Joo, 2003;
Chae, 2005; Joo, 2010). EZ o]e]d ATAF}z
< "= E 5388 (American Society of Civil Engineers,
ASCE)ellA = olyi=|gel st siAy 4 7]& <
TolA TS A AHRE wPOR e AYATE
A (Load & Resistance Factor Design, LRFD)°ll 7]
%3t PFRP FA19] 47171 (pre-standard) & A A|
3+ 1} QUtHASCE, 2010).

o] AollM= 18 WS Zh= PFRP A1l df
3l 7] AH(Yoon, 1993, Choi, et al., 2011)°4]
as =R A3} ASCE (2010)0]4 A
G5A AAA aHshE SR A9 W A
g el &S dysta, A7 vlaste] AAA 9

Y L 499 S FEsgck

2. LOCAL BUCKLING STRENGTH OF PFRP
I-SHAPE COMPRESSION MEMBERS

2.1 ASCE Design Manual

ASCE°lA #IAIgH PFRP A9 54 &Al87)
H 5 dEA A= 71E A9 (Yoon, 1993; Zureick
and Steffen, 2000; Kollar, 2002; Kollar, 2003)°4] |
Alsta Sl AdAR 9 o A= olyAIR el
gt A ATE o r AAHTE VE AT
(Zureick and Steffen, 2000; Kollar, 2002)°]4]<= PFRP
13 o g5A ZUAY AFH(=AEE 8]

S8l Fig. 1o HebA 2134 %Lol st Ak W
A A (simply support, SS), dtF°| At A = W
o Z#Ae} EHHO HIH(junction)i= THEAIA,
T8l EW®A Y WeiERE Ard(free) &2 7HY sk
2 ()3 ol el A ()elA F,,= EWA49
=R#H=FSE, G, PFRPY % E&E&*M]T, b
o] F = WAL FAE SJrfeith
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Fig. 1 Boundary Condition of Uniaxially Loaded Plates
(Kollar, 2002)
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2t;
e By Zpzmr)

=
7Hge wem Hgste] 4
(Zureick and Steffen, 2000).

R = (1)

<

2 VELEs virEr
— + +2G;,
_\6 (—vigrr)  (I—vpvn)
Fz’rw_ 2 (2)
h
%]

4 @ F, = B SRATYE, 5 2]
W AR, B BRE BAAS b, B0
A tha Ao ol v, 1y, e Lol Ut
Ty Fols bl ai B Fol, 1 ¥R F
AE &w| gt

ASCE (2010)°l|4] Aokt Zx]2] =5
2 (e 2z A&ste] Fetes ARl
TSt A ()0l 1—v vy AR Awold A A
294 09~1.09] HWHHYE  YEPATKZureick and
Steffen, 2000; ASCE, 2010). wehr] EH3o =ri-zia
BEAS 1y, e 12 7P 2 (3)3 o] A
QFstar Sl

ol :ﬁ
M
ol
b
rlr

R

2
T
(F) | VEE+v, 1Ep+2G,,
F =

carw h 2
%]

ASCE(2010)7} Agkst stz dAlFA AR oA, 2
(I)J,]_ 2 (3)OETE1 T3 FERFFP = Folrrek
of it o9 AAve uHT ey HA=ZAE
(Euler buckling strength)2} B w3} AA|S =S A<t
ata itk
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ASCE(2010)7}  AlQkst sz A A A ol A
PFRP St5Al= Aldnlel] tisto] 2] (4)9} o] Agh

skal Qlal, F-A1e] %714 %(initial out-of-straightness)
of W AEFAhe A (5)9F #ol nstEE ARl
e, ey HIFAEE AEPAF 0.7, =
TR e A AT 0.8 =9t gtk

— < min|14 1A, 300 (4)
PD
5
¢y =1 750070 (%)

2 (@M ke FFasEAS(effective  buckling
coefficient), L& A Zol, r& W2, A =
AR, P stsAlT7E BYEA &2 JT_’Xo48
of ok s ulshth 3 2 (5)olA ¢,
71dgke] dist AEFAAT, s 271 Al &gt
HAHIAE on|sict

T8t Ak (factored load)ol] tisle] @ d# =
B, HRHEAE 9 AF0.)E B9 S5
55 4 (6)F o]l 1Esta, ARESs(serviceability
load)ell tiste] 27143%s st dAA=A LS} Al
F03)5 BT G EE A ()% 2ol 1d
ste= qigstar Slck

B ol T

[‘

P, < A$P, =\GF, A, < 0.TNFiA, (6)
7_[_2
— L A <03FA (7)
975750 KLQ g — 9T LYy
%)

21 (6)lA P ATkl <gt 4FE, A 3
FZGol mE AP A (time effect factor), ¢,
AEFLRATE Gulst =3 2] (7)0lA P AR
shzoll ot EEE on|sitt

2.2 Closed-Form Solution

AdafHo] <9 PFRP E=AQ FRFIFAE
Fig. 33} 22 TwE d5F9o| At #24i
=75l tigt o] MaEefok sty uH A A
oy wolEe o3t Awold e =4

2}

GEA A, dkEe] AEtE Al S TR
AAZARD ZdElelA 8 4 QlthChoi, 2009;
Choi et al., 2012).
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Fig. 2 Orthotropic Plate(Choi, 2009; Choi et al., 2012)

Fig. 3o Yehd H3A #Heie] A7 HEE
o2 22 7PgAES A8-3tK(Yoon, 1993; Choi,
2009; Joo, 2010).

(1) & FAskeE Ames ol
1\‘]0]]:]—

(2) #Z skzol AstE7] doll= &4ds FHs
A gt

(3) # A= FH3} doje H]

(4) T2 AL o] FAo ]

(5) &8 F7= 45t

(6) W% o] FHA st {7 wjg 2k

(7) & FA W] Ak (transverse shear)ol] o3t

ol

{0

1wl A
A}

v

ol

o Agako] 4 (8)3 2 A
o) 4 & %Olé}fﬂ 4 @9 2e AYAL f

)= SP%O] ZHO}E]XI A=

&8 w  2(Dp+2D) o'w Dy 51 w_ P 8w
at ag! a’b? oo’ b4 87]4 a® og
(8)
w = (A,coshan+ A,sinhan
+ A,cos Bn+ Aysin Bn)sinmé 9)
G G G Gl o
05625076;514270 (10)
Gy Ciy Gy Cp| | 45 0
Ciy Cuy Cis G [ 4,] 10

2 ®)elA g9k ne A Wy

= -
x, = A
Zij'-‘ﬂ Dlla DZQ‘— 15 2‘:‘0]‘6‘}:0“ EH?_ JLJ‘-_PJ %70]‘}\3, DGG
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MEHRY, ot 2l Aol bz W9l FE uid
a4 @A 4, (-1, 2,3, 4)% WOl B

ARG Y= AT, o, s A7 2 @®)el o
Sk e Hoigk 9 HAghel i UH7H "}Fg 9]“]3}
A (10)ol4 ¢ (i=1~16)= 49 12} A
28] Algroltt.

21 (10)9l4 4, (i=1, 2, 3, 42 Fko] 0o] x| &
+ @ll(non-trivial solution)& T-3t7] {8 = AT
g HZk(determinent)©] 00] Fi=
(cigenvalue problem)E 3AsHoF g} ojw, 1f7
© ¥ H2AT kb H AFNEE }Jrng%
vepdith 18 @ dS5AE A w849 ske
o] AlstEA] = WO AAxRTL a@;‘]* A
]X]"ITD}‘(SFT)-’]' YRR AR FF) AFole] 'R

%7 (Elastically Restrained)©]l, &= o3 h=#]%]
(SSy)F R AGAA(FSy) Atele] 'z, o
of thst AAZzAA wWE IRAEAE Adst 22
FFAL 47 A (1D)~(14) 9 2k

AAAEA

SFr=—(x*+¢?) (11)
- (Bx*sinhacosB—ar*coshasingd) =0

FFr=2apx+ ("' —a*)') sinhasing (12)
+aB(x*+4?) coshacosf=0

SSy:aﬁ(x2+w2)cosh%cos§:0 (13)

FSy=apB(a sinh% cosg-kﬁcosh%sinﬁ) =

o

(14)

2 (AD)~(14)°A, v, vE 7 o, g D FHEFA
half-sine =419] 4=, o] Zole] tjst Zeo] n
Wag 3k usEsug Aoty Awolural etz
o] SRabEE 2 (1)-(14)°] vehdl Ao} 22
A2 AL olgaiel N 5 Yow, ofe] 7
H Ao tiste] ojm] ¥ vl QUth(Yoon,

HO

1993; Joo, 2010). Fig. 3& 2% Waoz ¢l3&eo)
Z-gah= AwolwAl 18 v gEAjo|n| Fig. 4=
FRFFo]l uhgsly] A3 39 18 W] Fys

R Ro),
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Fig. 4 Buckled Mode Shape of Orthotropic I-Shape
Compression Members (Choi, 2009; Choi et al.,
2012)
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T TPIAEE F7E E8)8tKYoon, 1993; Choi,
2009; Joo, 2010).
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(1) 2t deirse
A o=

) Fzol WAy A 7 #HeAE Abo]9] Zhe
=AY Sl JA st

(3) AN ZF o] g RHES Fi

2 0ol4.

eI MO Bgst

To] 25 diFola, AR 9ghd dAn T
7} Addel A dAsirta 7HdehH, PFRP 19w
aEAL SRR AL A (158 #on, Ha7t
= 4 16)7 Eh

S8y SEr\
(e v o) =0 1)

P, °\/E,Ey
or 7_ min b 2
g 12(1_VLTI/TL)(7)

(16)

21 (15)0l A ot dA £, we A2t EWA|SF 5
bz FRA] F5 ofnh EE 4 (16)01]/\1 T
FrHEdE, P ldrﬂr%o}?;, i = WA 9}
By 5 242 fFassAsEs dvlst, fasdsAT
= #o H=ATe} A ZJ_O]«] ﬂr7ﬂﬂ 1% > (garland
curve)5 ZHdste] ettt 18 A FAo o]
=245 TZH Zole 1&1_4 o= Fig. 59
ZTHChoi et al., 2012).
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(Choi et al., 2012)

3. COMPARISON OF EXPERIMENTAL AND
ANALYTICAL RESULTS

3.1 Experimental Results

71 ATolA Yoon(1993)> H|d A AE(Vinylester)
4 EZ o AE(polyester) HX-& ARGsto] TRk
Wi ZdolE Zth% A Zst PFRP 13 w S Ao
et A=A EAYS AAER O, Choi et al.(2011)
= %Y o] PERP 18 @ UFAE AP a4
B3 half-sine curved 7NFE daste] H=4=A
AAsrolth g 247t AfA ] gk s
%Lf]- ]-1:/\]64 tﬂ 761;}71-1:/\]64 %% EOH ZH_,L-/]
2 AAE Aty 71E ATl F3s A=
AL Fig. 76 YeERleH, Az gt A
Table 1, @ F4 U H=45E Table 20 4
SFSLE Table 1, 2014 Vi~Vi0, P1~P21& 77}
Yoon(1993)°] 3t nldo| At W Eo|AE X
FRP| AgAzo|n], P22E Choi et al.(2011)°] 2%t
A3dae] Fatol.

oo o 12 > % o 1
Flo b Lo oo mlo

3.2 Analytical Results and Discussion

o] delde 2%l el ASCES =H-#=4d7
A(B)7 g el 94' SRR e A8st
o Table 29 H=FslsS THAOR Hyo] 3
=279k vlwsgith S-S Table 19 93
7<4 Mxlo X%Q_O].oq -3 ].gig_tq aﬁldgjq_‘:‘ Table 3
of Agelstglon, nlal A3k= Table 40 Felskoith
Table 3¢4 £, (A= A¥AI, f, (B)= ASCE 44
Ag AL An, £, (O dsidel st dis
ovlatd, ZEaATs 288 sk

A4 A5t ASCE A4 B AU F EaA)
frasgzAsrt d A7) e, Le A8 23
Ao =] o8 AujEdeH, BE Aol
A gdaiH el gt A¥rt ASCE Al o3t A

B} ok 1.45u) o] A7 UEFHTHC/B). B3 ASCE
A st A= A¥Ade] wlE] <F 1.018
~2.1508) =l & YERNI(A/B), U3 He o5t 2
W= AgA e Bls) oF 0.705~1.1418) #Fo]E e
ATHA/C). wetr ASCE AAWel oJs Ayt A4
sl o3t Azrch *PEHX*OE 7 skt 4%7“:

Hrre = goy nE
ZH 7] witel kS 4 741—%— TrE%L T C}l%—% 3}

Qe
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Table 2. Test Results (Yoon, 1993; Choi et al., 2011)

Specimen h and b t P,
Designation (mm) (mm) (kN)
Vi 546
V2 516
_— 305 13
V3 650
V4 570
V5 254 13 712
| V6 254 10 259
(a) Yoon (1993) (b) Choi et al. (2011) V7 313
Fig. 7 Local Buckling Test —] 203 13
V8 803
Table 1. Mechanical Properties (Yoon, 1993; Choi et al., Vo9 203 10 345
2011)
Specimen B, I Cr ) V10 152 10 468
Designation (GPa) (GPa) (GPa) P1 573
A4l 18.8 11.1 33 0.309 —
V2 16.5 9.6 42 0.301 P2 525
V3 18.0 10.7 33 0.326 P3 519
V4 17.6 9.1 2.9 0.307 —
P4 501
V5 18.0 9.4 3.2 0.309 305 5
N0 18.0 9.8 42 0.305 P5 502
V7 18.1 10.5 43 0.331 R — —_—
V8 175 12.9 3.5 0.325 P6 499
V9 17.7 8.9 3.8 0.310 P7 516
V10 17.6 8.6 3.6 0.298 —_—
Pl 16.3 8.4 37 0.302 P8 521
P2 15.5 73 4.4 0.297 P9 612
P3 14.9 8.5 3.2 0.300 —_—
P4 18.2 10.0 43 0.290 P10 601
254 13 —
P5 18.4 8.1 35 0.295 P11 520
P6 18.4 8.8 3.1 0.340 _—
P7 16.7 7.0 35 0.320 P12 560
PS8 16.1 9.1 35 0.300 P13 236
P9 18.7 8.3 5.1 0.323 -
P10 17.5 7.6 5.3 0.298 P14 )54 0 246
P11 16.0 6.8 3.2 0.305 P15 248
P12 16.5 8.6 2.9 0.277 -
P13 17.1 6.4 42 0.315 P16 246
P14 16.9 73 4.1 0313 P17 307
P15 17.7 8.1 4.0 0.280 S
P16 15.7 10.0 3.6 0.299 P18 203 0 354
P17 17.5 75 3.1 0.310 P19 330
P18 21.4 7.2 2.9 0.305 S—
P19 20.2 7.4 3.1 0.305 P20 326
P20 18.0 7.9 2.9 0.300 P 152 10 390
P21 18.1 6.1 33 0.295
P22 32.7 13.1 53 0.260 P22 150 10 790
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Table 3. Experimental and Analytical Results

Specimen fez fa fos

Designation (A, MPa) (B, MPa) (C, MPa)
Vi 47.24 26.16 50.02
V2 44.65 33.30 54.07
V3 56.24 26.16 49.31
V4 49.32 22.99 43.67
V5 74.42 37.25 68.81
Vo6 3491 28.22 46.66
V7 107.27 80.52 136.43
V8 105.95 65.54 127.08
V9 58.57 40.81 68.87
V10 107.34 71.41 122.78
P1 45.25 29.34 48.47
P2 4543 34.89 52.07
P3 4491 25.37 43.89
P4 43.35 34.09 56.13
PS5 43.44 27.75 47.43
P6 43.18 24.58 45.59
P7 44.65 27.75 45.35
P8 45.08 27.75 47.65
P9 63.96 59.36 89.51
P10 62.81 61.69 89.12
P11 54.35 37.25 62.23
P12 58.53 33.75 62.24
P13 31.81 28.22 42.37
P14 33.15 27.55 42.75
P15 33.42 26.87 43.09
P16 33.15 24.19 41.74
P17 52.12 33.29 58.60
P18 60.10 31.14 58.09
P19 56.03 33.29 59.98
P20 55.35 31.14 57.38
P21 89.45 65.46 108.36
P22 183.68 107.55 194.06

Table 4. Comparison Results between Experiments and

Analyses
phemn | A | oac | os
V1 1.806 0.944 1.912
V2 1.341 0.826 1.624
V3 2.150 1.141 1.885
V4 2.145 1.129 1.900
\A 1.998 1.082 1.847
Vo6 1.237 0.748 1.653
V7 1.332 0.786 1.694
V8 1.617 0.834 1.939
V9 1.435 0.850 1.688
V10 1.503 0.874 1.719
P1 1.542 0.934 1.652
P2 1.302 0.872 1.492
P3 1.770 1.023 1.730
P4 1.272 0.772 1.647
P5 1.565 0.916 1.709
P6 1.757 0.947 1.855
P7 1.609 0.985 1.634
P8 1.625 0.946 1.717
P9 1.077 0.715 1.508
P10 1.018 0.705 1.445
P11 1.459 0.873 1.671
P12 1.734 0.940 1.844
P13 1.127 0.751 1.501
P14 1.203 0.775 1.552
P15 1.244 0.776 1.604
P16 1.370 0.794 1.726
P17 1.566 0.889 1.760
P18 1.930 1.035 1.865
P19 1.683 0.934 1.802
P20 1.777 0.965 1.843
P21 1.366 0.825 1.655
P22 1.708 0.947 1.804

4. CONCLUSION

o] Aol A= FH ASCE°|A #|¢tst PFRP H-A)
o] SEAIATEAY F 18 @A A=A =)
=75l gt AANC] AEE Hrkskr] $lete]
Adsy 9 714E A (Yoon, 1993; Choi et al.,
20110014 =38t A Az}el v wit2lsith ASCE
oA AA S I%‘ % A FHFTAEE Y
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AR W3 e FRABRES
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