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Abstract: This work aims to address the key issues greatly affecting the engineering applications of pultruded fiber
reinforced polymer (PFRP or PGFRP for glass fiber) composite profiles and their structures, including mechanical
property of material, structural performance and design, environmental durability, and economic performance
evaluation. First, mechanical property of PFRPs has great impact on the core competitiveness of PFRP structures.
Second, PFRP structural members are designed to be conservative in terms of the load-carrying capacity, and
structural deformation is greatly affected by the low mechanical property of material, thus leading to reduced
material efficiency. Additionally, connection method is substantially affected by shear strength of material, and
thus, high strength material is recommended to be included in the standard. Third, environmental durability of
PFRPs is correlated with their mechanical property, while current design method does not sufficiently address the
influence of different fiber and resin systems. Last but not least, structural weight is the key to the evaluation of

economic performance of PFRP structures, and longitudinal elastic modulus is the key to the control of structural
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weight. Based on above issues, four suggestions are proposed for the future development of PFRP composite pro-

files and their structures, including improving the standard system, increasing the material property, updating the

design method, and expanding the application field.

Keywords: PFRP composite profile; mechanical property; structural design method; environmental durability;

economic performance evaluation
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Fig.1 Pultrusion process and pultruded fiber reinforced polymer (PFRP)

composite profiles"”
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Table1 Minimum required characteristic mechanical
properties for FRP composite shapes (ASCE Pre-Standard)""?

) Minimum
#  Mechanical property .
requirement
1 Longitudinal tensile strength/MPa 207
2 Transverse tensile strength/MPa 48
3 Longitudinal tensile modulus/MPa 20 684
4 Transverse tensile modulus/MPa 5515
5 Longitudinal compressive strength/MPa 207
6 Longitudinal compressive modulus/MPa 20 684
7 Transverse compressive modulus/MPa 6 895
8 In-plane shear strength/MPa 55
9 In-plane shear modulus/MPa 2758
10 Interlaminar shear strength/MPa 24
11 Longitudinal pin-bearing strength/MPa 145
12 Transverse pin-bearing strength/MPa 124
Pull-through strength per fastener/kN
13 Plate thickness = 3/8 in 2.89
Plate thickness = 1/2 in 4.00
Plate thickness = 3/4 in 5.56
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R2 RHEIM HFMEEFREME (T/CECS 692)™
Table2 Standard values of mechanical properties of PFRP composite profiles (T/CECS 692)"*!

# Mechanical property M30 M23 M17
1 Longitudinal tensile strength/MPa 400 300 200
2 Transverse tensile strength/MPa 45 55 45
3 Longitudinal tensile modulus/MPa 30 000 23 000 17 000
4 Transverse tensile modulus/MPa 7 000 7 000 5000
5 Longitudinal compressive strength/MPa 300 250 200
6 Transverse compressive strength/MPa 70 70 70
7 Longitudinal compressive modulus/MPa 25000 20 000 15 000
8 Transverse compressive modulus/MPa 7000 7 000 5000
9 Interlaminar shear strength/MPa 28 25 20

10 In-plane shear strength/MPa 45 45 45

11 In-plane shear modulus/MPa 2750 2750 2750

12 Longitudinal pin-bearing strength/MPa 180 150 100

13 Transverse pin-bearing strength/MPa 120 100 70

14 Pull-through strength per fastener/kN kt/3 kt/3 kt/3

Notes: t—Thickness of specimen; k—Coefficient, k=1 kN/mm; M30, M23, M17—Material grade.

R 3 HAXWHKFMAEIRERASEBR LR S SRS & S 2 IE (CEN/TS 19101)"
Table 3 Indicative values for the elastic moduli of unidirectional plies made of E-glass fibres and polyester resin
(CEN/TS 19101)"4

. Fiber volume Longitudinal Transverse In-plane shear Major
fraction (V;)/vol% modulus/MPa modulus/MPa modulus/MPa Poisson's ratio
1 40 32 000 9 000 3000 0.34
2 45 35000 10 000 3300 0.33
3 50 39 000 12 000 3700 0.33
4 55 42 000 13 000 4200 0.32
5 60 46 000 15 000 4800 0.31
6 65 49 000 17 000 5500 0.30
7 70 53 000 20 000 6 300 0.30
x4 BEEEMEIHEEZIE (CEN/TS 19101)™
Table 4 Indicative values for the strength properties of unidirectional plies for combinations of reinforcing fibres and
resins (CEN/TS 19101)*%
4 Mechanical E-glass & S-glass & E-glass & isophthalic Carbon & epoxy
property epoxy (V;=60vol%) epoxy (V;=60vol%) polyester (V;=60vol%) (V;=60vol%)
1 Longitudinal tensile strength/MPa 1020 1620 900 1830
2 Transverse tensile strength/MPa 40 40 40 57
3 Longitudinal compressive strength/MPa 620 690 360 1100
4 Transverse compressive strength/MPa 140 140 68 230
5 In-plane shear strength/MPa 60 60 40 71
6 Interlaminar shear strength/MPa 60 80 76 —
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(a) Flange local buckling of pultruded glass fiber-reinforced polymer
(PGFRP) I-beam?*
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(b) Assumed boundary condition of orthotropic plate
k—Rotational stiffness; t—Plate thickness; d—Section depth; b—Flange
width; L—Flange length; f,—Compressive stress; w(x, y)—Deflection
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Fig.4 Boundary condition of flange plate of PGFRP I-beam™’
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Fig.5 Typical failure modes of bolted connection!"”
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1 IS /1% RS ) GB 50017—20035" £1
FE 1 Q235 A9 8Y D) ik B L TTE hy 125 MPa, 1] ILfi7
B RURF 5 4] 58 3 AT 3k Q235 A9 ) 48%~64%., X T
WER T AN, BT V)R B AR 10% (M) n
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= 10% 244
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P JEAA 5 14 98 2F A 40 L hr B B M B SRR
o 1 P 75 AR BE it M R R AR o A X R [
R85 S5 RO [R) 4 2 28 AU A8 1 S [ A 5 B 5% i)
FAE, AR 5 PR o 35 [ FRAR HE RN RN AR 1 43 )
FLE T W PR B R ARHE RE RS2 e R L, Wk e
e 7 FiR

x5 WEEHIMFEL (T/CECS 692)™
Table 5 Coefficients for environmental effects
(T/CECS 692)""*!

FER N T BHA AN T4 e R B I 5
HRBEmT AMERE I A — B, Bilhan, X F YA
PERL R A 2 60 GPa Y BUIS AT AE R BF RIM I &, L
WAL T KA, ELURE R 2H nl A 455 v B i B
BELT RN IR SEM AR, T A M BRI & TR AR
17 GPa 1Y % 3 437 51 B b4 (91 4 ey 35 388 JC Bk B 2 Al
ANELFN SR BE B N 2H s AR RAS B L) ST, )
FIPRERLE 17 GPa HYH £ B 5 60 GPa F L 5F Al
M EBAFF T APERE, E L SR LAELER
xR 6 ETINERNNEL (ASCE Pre-Standard)!?

Table 6 Adjustment factors for moisture condition
(ASCE Pre-Standard)""?

Reference property Moisture condition

Vinyl ester material

Strength 0.85
Elastic modulus 0.95
Polyester material

Strength 0.80
Elastic modulus 0.90

R 7 HRIMERNNFE S (CEN/TS 19101)M
Table 7 Conversion factor for influence of moisture
(CEN/TS 19101)™

. . . Environmental
Environmental condition Fiber type .
coefficient
Carbon  1.00
Indoor
. Glass 1.25
environment
Basalt 1.25
N Loutd Carbon  1.10
or.ma ou toor Glass 1.40
environmen Basalt 1.40
Wet-dry cycles, water Carbon  1.20

1.60 (High alkalinity, 2.00)
1.60 (High alkalinity, 2.00)

immersion, seawater, Glass
corrosive environment  Basalt

Exposure Conversion

Influence of moisture
class factor

Indoor exposure with service

I 1.00
temperature

Outdoors exposure with service
temperature without:
(i) Continuous exposure to water;
(ii) Permanent immersion in

I 0.85 water;
(iii) Permanent exposure to a
relative humidity higher than 80%;
(iv) Combined UV-radiation and
frequent freeze-thaw cycles

Continuous exposure to water (or
seawater), or permanent
immersion in water (or seawater),
or permanent exposure to a
relative humidity higher than 80%
(material temperature up to 25C)

III 0.60
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1A RE Z T HA — e B SR, X M OC IR 7 [
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A SO 2 80 2T e 7 SCHR IR B, DU Bedis 34
K I E

% 8 JB/R T Hi B BB #E 23°C F1 70°C IR K A B
T 2 A 50 A5 PN ] RS8R . Shao 4
] B 1 2 Fof AS [) &7 4 A AR 55 i 9 7 B A
T AT Y S R BT RS (ST 4R AR R i Vi=58vol%) (1)
YN 16 P74 5 JE ) 85 (N 433 MPa, TG 2T 4 & &
FrBF R (Vi=37vol%) 1) 9N 1] H A 58 B2 0 46 (6 A A
187 MPa, 4385 K 23°C fil 70°C B, X565k
PR WITEA R 2 AL I, o B 35 R A 20
[ o7 fuf1 5 A T 2R BE AR /N TR iR B 5 A A
{LAE 23°C %4k 107 d B 90— 2 SRR 80 dE o Ut
4b, Chu %" F) Ak 56 Rk T 5 Shao %517 A
) f & Ak 45 F AN 3], Chu %5191 SR F 4 7 55 AL A4

B 1) o7 A 5 B ) 4R (B R 927 MPa, 45 b mT LK
W 122 A4 Rk 2 R A 5 T v 1 A A e O R o
H B et 4, BB R 7 28d. 107d F1192d
LA AP, 2R 1) A R R ) BT s R 4 )
M 6.63% . 8.96% Fll 12.64%, /1N 4\ [) i {35 FF
433 MPa I $i7 $F B 4 (7] 28 74 47 36l % 43 51l
9.93% . 15.70% Al 17.09%)., LA b 4% [ A 6] 2%
W EEE W T 2 1 R 5 T P B =2 TR 1 S B
KFR,

R IR T MW 2= H 1E 80°C R AK AT h
D45 B P BF LR 90 ) 25 offy 2 B B % . b Xin
SN GE AERE LA EIK 1202 MPa BRI 1R 25 5
FE, T Gentry 5 PR H i b REAS il 5 AL
775MPa, RIEE LI, Bk 28 d EAE IR 1) —

£ 8 HRHFRAMZAMEZLIREEIE (NEEHRE)

Table 8 Accelerated aging test data of PGFRP composites subjected to water immersion (Longitudinal tensile strength)

Authors Materials Aging D A.ging Longitudinal tensile strength
temperature/C time/d Test data/MPa Reduction rate/%
Unaged 433 -
PGFRP-1 28 390 -9.93
(V¢=58vol%) z 107 365 -15.70
192 359 -17.09
Unaged 187 -
PGFRP-2 23 28 161 -13.90
(V¢=37vol%) 107 164 -12.30
Shao et al™ 192 151 -19.25
Unaged 433 =
PGFRP-1 70 28 278 -35.80
(V; = 58vol%) 107 204 -52.89
192 213 -50.81
Unaged 187 -
PGFRP-2 70 28 91 -51.34
(V¢=37vol%) 107 86 -54.01
192 69 -63.10
Unaged 927 -
" 35 866 -6.63
Chu etal™ PGFRP 23 105 844 _8.95
210 810 -12.64

®9 RFBMZAMEZWIREEIE (N i 5RE)

Table9 Accelerated aging test data of PGFRP composites subjected to water immersion (Longitudinal flexural strength)

Longitudinal flexural strength

Authors Materials Aging temperature/C Aging time/d
Test data/MPa Reduction rate/%
Unaged 1202 -
Xin et al* PGERP 80 28 828 3111
107 942 -21.67
192 760 -36.76
Unaged 775 -
Gentry et al™! PGFRP 80 28 623 -19.69
107 480 -38.05
192 336 -56.64
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EEMRER

HSEREBE LIS, 7E 107 d F 192 d AL I 5
SR BE P BT AR B 9N ] A5 5 EE A RN 21.67%
1 36.76%, /N T 5 B 8% B M 1Y 38.05% F
56.64%. [FIF, 76 28d. 107d F1192d ZiLidMIN,
Xin %1 (1) 1 202 MPa #1 BLH7E 80°C FR5E T AN
it 5 B PR (R 31.11% . 21.67% Fl 36.76%) if /)
F Shao %" ) 433 MPa ¥/ Bl 7E 70°C 355 T B9\
m] Fr A 5 B R (B 35.80% . 52.89% A1 50.81%),
2 TS 5 R SR R R A R R P A /ML
VL300 B i — 25 R B T B R ) M e S
AMEREZ AIFFAE B KRR OC R o

F 10 /R T 20°C. 40°C H180°C 2 /K B k5
W 75 14 7 5 7 b4 1) P B V) 5% JE . Cabral-Fonseca
BN T 2 Rl AS [ 27 i (A R 25 e 0400 1 5 A1
PrET IR, Forh A YR RS 5l 68vol% 114 AL BY
Y198 i 4 38.50 MPa, M 21 4k 1K FR & & 4 69vol%
1 A4 B5 L1 58 B Sk 39.20 MPa., 15 3 Bl A [A] R 55 i
JEF K 3R A BN, WA 9 41 5dE
TIE BH 1R i B R L BE ) T P B9 D) A8 R 0 BT R
TGS B h B AL . b, AR 58 R B
BRI 72 M e 5 I 1 R 22 1R A7 A — o 1) SR Bk
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Table 10 Accelerated aging test data of PGFRP composites subjected to water immersion (In-plane shear strength)®"!

Aging

Longitudinal tensile strength

Materials . Aging time/d
temperature/C Test data/MPa Reduction rate/%
Unaged 38.50 -
PGFRP-1 20 7 30.92 -19.68
(V¢=68vol%) 14 30.07 -21.89
28 33.65 -12.60
Unaged 39.20 -
PGFRP-2 20 7 37.77 -3.64
(V= 69vol%) 14 32.49 -17.12
28 39.49 0.75
Unaged 38.50 -
PGFRP-1 40 7 32.23 -16.28
(V;=68vol%) 14 23.65 -38.58
28 27.60 -28.30
Unaged 39.20 -
PGFRP-2 7 35.36 -9.80
(V¢=69vol%) 40 14 26.24 -33.07
28 30.27 -22.79
Unaged 38.50 -
PGFRP-1 60 7 22.98 -40.32
(V= 68vol%) 14 19.96 —-48.16
28 22.22 -42.29
Unaged 39.20 -
PGFRP-2 60 7 26.71 -31.87
(V;=69vol%) 14 20.85 -46.81
28 23.25 -40.70
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T KF B % B N 2.00x10° kg/m®, 4N Y %5 i g 7.85x
10°kg/m®, BEEITE % Bz & 2450 1.0 DL+
L.OLL. 745 o 2 44 1 55 vp 58 B2 BB 341 ) L/250, Hir
B RUbE G 1) SV R K 50 GPa, A9 R SR AR N
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* 11 IFEEENFEMRIEIT (50 GPa)
Table 11 PGFRP I-beam design (50 GPa)

Span/m Section Flange Plate Deflection Mid-span Beam
depth/mm width/mm thickness/mm limit/mm deflection/mm mass/kg
1 58 50 5 4 3.94 1
2 94 80 10 8 7.96 9
3 140 110 10 12 11.94 20
4 186 140 10 16 15.97 36
5 226 170 11 20 19.62 60
6 272 180 12 24 23.64 88
7 316 190 13 28 27.81 122
8 360 200 14 32 31.74 164
9 396 220 15 36 35.82 218
10 432 240 16 40 39.64 282
11 482 250 16 44 43.80 334
12 506 270 17 48 49.81 413
13 554 280 18 52 51.79 505
14 592 290 19 56 55.80 603
15 642 300 19 60 59.63 686
16 678 310 20 64 63.84 805
17 714 320 21 68 67.95 937
18 764 330 21 72 71.63 1045
19 798 340 22 76 75.99 1199
20 828 360 23 80 79.63 1382

EREG MR, fE1 E 20m BETEEN,
LB Rb T 7 0 A H 2 N T 32 50.65% (1%
H 20 B E, 25 REH 0.04), #
K- B T AF 9 9 1 35 A A B IS 30 GPa (RITFR
[ AT Fm ME R Y e S 0), LIRS BB T
PR 13 B, SR AT E BB A T
Zhy R T F R 57.34% (25 5 R BN 0.04).,
SRIM, 30 GPa Fir 57 BUbF 1% 4K 1F1 /57 £ f =5 1 034 mm,
XT k50 GPa $i 45 4 4 1) B = #1828 mm 42 Ft T
25%. % JE [ N H AT h B AR TR R A 5 R A
Tk 800 mm = 22 47 B, DR TE 5 IR A5 A

A8 1 A R 91 B0 K iz 5% R b i s R B AR
850 mm VAR, HFIATESEE 17 2 20 m 1Y 4 iR
ArBR g BT (3 13), DERTIX 4 AR 2 A 5 45
AN R 64.75% . 68.54% . 77.76% Fil 84.20%

R B8 A8 AR LG A AR BN 45 A T RAs
ST AWM AR LA, 29 1T o0/ O
SRR BT AR ) o PLEF R T R i TR AR,
HM B SA L R WA AR LAF LA b, R
JE S BE M R AR L 2 7 & 207 5 T I/
(AN R 288 Tl 4 i 35 1 55 AU A 1 R A DU BEAIR ) o
P BT R M S50 19 A FE Ik B P45 48 1Y 50%, D) 5 R
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Table 12 Steel I-beam design (210 GPa)

Span/m Section Flange Plate Deflection Mid-span Beam
P depth/mm width/mm thickness/mm limit/mm deflection/mm mass/kg
1 46 20 5 4 3.60 3
2 76 30 10 8 7.54 18
3 104 50 10 12 11.46 43
4 138 55 11 16 15.69 78
5 176 60 11 20 19.78 118
6 210 65 12 24 23.58 179
7 248 70 12 28 27.65 240
8 280 75 13 32 31.55 330
9 318 80 13 36 35.55 415
10 348 85 14 40 39.62 539
11 386 90 14 44 43.56 650
12 414 95 15 48 47.87 811
13 452 100 15 52 51.76 952
14 480 105 16 56 55.85 1157
15 518 110 16 60 59.70 1330
16 546 115 17 64 63.62 1584
17 584 120 17 68 67.46 1792
18 610 125 18 72 71.83 2 096
19 648 130 18 76 75.67 2341
20 674 135 19 80 79.99 2703

3000 p— B 25 A6 1Y) 60% &I A 50% A2 A7, UL 4 A b
=PGFRP beam . N

2500 | =Steel beam 45 K A K DN 45 4 B 120%~150% iR 4 100%-~
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Fig.6 Mass comparison of simply-supported

PGFRP and steel I-beams
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Table 13 PGFRP I-beam design (30 GPa)
Span/m Section Flange Plate Deflection Mid-span Beam
depth/mm width/mm thickness/mm limit/mm deflection/mm mass/kg

1 72 50 5 4 3.95 2

2 108 100 10 8 7.83 12

3 170 120 10 12 11.79 23

4 228 150 10 16 15.78 41

5 282 170 11 20 19.73 66

6 338 180 12 24 23.95 97

7 394 190 13 28 27.90 136

8 448 200 14 32 31.94 184

9 494 220 15 36 35.88 244
10 540 240 16 40 39.58 316
11 602 250 16 44 43.80 377
12 644 270 17 48 47.78 469
13 692 280 18 52 51.83 569
14 740 290 19 56 55.75 682
15 800 300 19 60 59.99 776
16 848 310 20 64 63.68 914
17 892 320 21 68 67.99 1064
18 954 330 21 72 71.75 1188
19 998 340 22 76 75.88 1 366
20 1034 360 23 80 79.95 1571
17* 850 340 23 68 67.84 1160
18* 850 398 25 72 71.78 1436
19* 850 430 29 76 75.56 1821
20* 850 470 33 80 79.54 2276

Note: * indicates re-designed I-beams, considering the largest section that is available in the market.
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Fig.7 Representative PGFRP products
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