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Unidirectional Fibre content ~ Density Longitudinal ~ Tensile strength

advanced composite (% by weight)  (kg/m®)  tensile modulus (MPa)

materials (GPa)

Glass fibre/polyester 50-80 1600-2000 20-55 400-1800
GFRP laminate

Carbon/epoxy CFRP 65-75 1600-1900 120-250 1200-2250
laminate v

Aramid/epoxy AFRP 60-70 1050-1250 40-125 1000-1800
laminate
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Criterion Fibre composite sheets made of:

E-glass fibres Carbon fibres Aramid fibres
Tensile strength Very good Very good Very good
Compressive strength Good Very good Inadequate
Young’s modulus Adequate Very good Good
Long-term behaviour Adequate Very good Good
Fatigue behaviour Adequate Excellent Good
Bulk density Adequate Good Excellent
Alkaline resistance Inadequate Very good Good
Price Very good Adequate Adequate
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Strength Partial safety factor
Concrete in flexure or in axial compression, y, 1.50
Steel reinforcement, y, 1.05¢
FRP tensile strength, y;, 1.25
FRP-to-concrete bond strength, 1.25

%ys = 1.15 in BS 8110 (1985).
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Category Model Average  Standard  Coefficient  Percentage of  No.of
deviation  of variation  exceedence tests
Shear-capacity- Oehlers (1992) 235 049 2% 03% 44
based models
Jansze (1997) 1.50 0.45 30% 13% 39
Ahmed and van Gemert (1999) 1.15 0.25 21% 27% 39
Smith and Teng’s model (Vsens = 1.4 V) 1.67 035 21% 28% 44
Smith and Teng’s model (Vg ens = 1.5 V) 1.56 033 21% 44% 44
Concrete tooth Raoof and Zhang: lower (1997) 147 0.52 36% 19% 44
models
Raoof and Zhang: upper (1997) 1.06 031 29% 43% 44
Wang and Ling: lower (1998) 1.20 0.35 29% 28% 44
Wang and Ling: upper (1998) 0.88 0.16 18% 8% 44
Raoof and Hassanen I: lower (2000) ) 0.65 41% 18% 44
Raoof and Hassanen I: upper (2000) 1.13 043 38% 38% 44
Raoof and Hassanen II: lower (2000) 1:57 0.60 8% 17% 44
Raoof and Hassanen IL: upper (2000) 1.09 0.35 N% 40% 44
Interfacial stress- Ziraba et al. 1 (1994) 4.39 3.64 74 % 14% 44
based models
Ziraba et al. 11 (1994) 1.63 0.55 34% 13% 44
Varastehpour and Hamelin (1997) 0.59 0.20 34% 98 % 44
Saadatmanesh and Malek (1998) 34 2.83 87% 21% 39
Tumialan et al. (1999b) 1.83 1.28 70% 26% 39
r-v Jyoer
Category Model Average  Standard  Coefficient  Percentage of ~ No. of
deviation  of variation exceedence tests
Shear-capacity- QOehlers (1992) 2.09 027 13% 0% 25
based models
Jansze (1997) 1.21 035 29% 21% 23
Ahmed and van Gemert (1999) 1.06 023 2% 40% 23
Smith and Teng’s model (Vs ng = 1.4 Vo) 1.48 0.18 12% 04 % 25
Smith and Teng's model (Vi eng = 1.5 Vo) 1.38 0.17 12% 1.2% 25
Concrete tooth Raoof and Zhang; lower (1997) 1.32 0.38 8% 19% 25
models ‘ /
Raoof and Zhang: upper (1997) 0.95 0.26 21% 58% 25
Wang and Ling: lower (1998) L3 0.27 1% 32% %5
Wang and Ling: upper (1998) 0.81 0.13 16% 93% 25
Raoof and Hassanen I lower (2000) 141 0.36 25% 12% 25
Raoof and Hassanen [: upper (2000) 0.96 021 2% 51% 25
Raoof and Hassanen II; lower (2000) 143 042 30% 16% 25
Raoof and Hassanen II: upper (2000) 0.96 0.23 24% 57% 25
Interfacial stress- Ziraba et al. 1 (1994) 3.54 325 2% 2% 25
based models
Ziraba et al. 11 (1994) 1.54 045 29% 11% 25
Varastehpour and Hamelin (1997) 057 0.14 25% 100 % 25
Saadatmanesh and Malek (1998) 299 330 110% 21% 23
Tumialan et al. (1999b) 1.63 1.53 94% 34% 13

Y=Y Joyo=



Category Model Average  Standard  Coefficient ~ Percentage of ~ No. of
deviation  of varlation  exceedence tests

Shear-capacity- QOehlers (1992) 2.69 051 19% 0% 19
based models }
Jansze (1997) 191 0.18 9.7% 0% 16
Ahmed and van Gemert (1999) 1.28 021 16% 93% 16
Smith and Teng’s model (Vg = 14 V,) 192 036 19% 0.6% 19
Smith and Teng's model (Vyp grg = 1.5V,) 179 (.34 19% 1.0% 19
Concrete tooth Raoof and Zhang;: lower (1997) 1.66 0.63 38% 15% 19
models
Raoof and Zhang: upper (1997) 120 033 21% 28% 19
Wang and Ling: lower (1998) 130 041 2% 2% 19
Wang and Ling: upper (1998) 097 0.15 15% 57% 19
Raoof and Hassanen I: lower (2000) 1.87 0.85 46% 15% 19
Raoof and Hassanen I: upper (2000) 135 0.54 40% 26% 19
Raoof and Hassanen II: lower (2000) 176 0.74 2% 15% 19
Raoof and Hassanen II: upper (2000) 125 041 3% 21% 19
Interfacial stress-  Ziraba et al. 1 (1994) 6.67 343 51% 49% 19
based models
Ziraba et al. 11 (1994) 1.74 0.66 38% 13% 19
Varastehpour and Hamelin (1997) 0.60 026 43% 93% 19
Saadatmanesh and Malek (1998) 359 202 56% 99% 16
Tumialan et al. (1999b) 2.10 0.76 36% 74% 16
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Cover separation (pultruded) A Cover separation (wet lay-up)
o Interfacial debonding (pultruded) = Interfacial debonding (wet lay-up)
o Mixed mode (pultruded) o Mixed mode (wet lay-up)
— —  Cover separation (average) All plate-end failures (average)
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A Cover separation (pultruded) A Cover separation (wet lay-up)
Interfacial debonding (pultruded) = Interfacial debonding (wet lay-up)

o Mixed mode (pultruded) ¢ Mixed mode (wet lay-up)
— — Cover separation (average) All plate-end failures (average)
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& Cover separation o Interfacial debonding l

o Mixed debonding — Smithand Teng’s model (1.4V,)
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Ratio o Average Standard Coefficient of Percentage of No. of
deviation  variation exceedence  tests
Oexp/Oapic 0427 2.58 0.79 31% 23% 7
1.100 (average)  1.00 0.31 31% 50 % 7
0.544 (95 %) 2.02 0.62 31% 5.0% 7
0.4 2.75 0.85 31% 1.9% 7
M.,/ Mg, 0427 1.56 0.57 37% 16 % 8
1.100 (average) 1.04 0.16 15% 41% 8
0.544 (95 %) 1.38 0.42 30% 18 % 8
0.4 1.61 0.61 38% 16 % 8
r-0 Jguer
Ratio o Average Standard Coefficient of Percentage of No. of

deviation  variation exceedence  tests

Oexp/Oapic 0427 1.69 0.35 21% 2.3% 9
0.720 (average)  1.00 0.21 21% 50% 9
0.478 (95 %) 1.51 0.31 21% 5.0% 9
0.4 1.80 0.37 21% 15% 9
Moy /Mgy 0427 1.24 0.23 19% 15% 9
0.720 (average)  1.00 0.15 15% 50% 9
0.478 (95 %) 1.18 0.19 16 % 18 % 9
0.4 1.27 0.26 20% 15% 9

r-7 Jou



Ratio o Average  Standard Coefficient of Percentage of No. of
deviation  variation exceedence  tests

Ooxp/Oaic 0427 2.08 0.72 35% 6.8 % 16
0.887 (average)  1.00 0.35 35% 50% 16
0.379 (95 %) 2.34 0.81 35% 5.0% 16
04 2.22 0.77 35% 5.7% 16
Meyy /Mgy 0427 139, 044 32% 19% 17
0.887 (average)  1.02 0.20 19% 46 % 17
0.379 (95 %) 147 0.51 35% 18% 17
04 143 048 33% 18 % 17
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Ju _ h
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All 199 262 1.15 f—cf = 1.15+2.16if 0.87
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Richart ef al. (1928) 0.74 0.09 11.6
Mander et al. (1988) 0.77 0.11 14.3
Karbhari and Gao (1997): I 0.96 0.09 9.5
Karbhari and Gao (1997): 1I 1.27 0.20 15.3
Mirmiran et al. (1998a) 0.91 0.11 114
Samaan et al. (1998) 0.90 0.09 10.1
Miyauchi et al. (1999) 0.87 0.08 9.3
Saafi et al. (1999) 0.93 0.09 9.4
Toutanji (1999) 0.74 0.06 8.6
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Carbon Wrapping Coupons 37 0.014 0.002 16.3 71
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Model Retrofit details Axial Ideal Max Ductility® , Observations at

column load (kN) flexural measured end of test

strength (kN) lateral
load (kN)
CS-A As built 654 600 560 +3,-2 Shear cracking
and rupture of
steel hoops
CS-ISI-RT  Individual shell jacketing with 654 600 640 212 in both Horizontal cracks
four layers for the ends and directions at large ductility
three layers for middle levels
portion

CS-CSI-RT  Continuous shell jacketing with 654 600 600 212 in both Delamination of
four layers for the ends and directions jacket at bottom
three layers for middle of column

portion

44" for push direction and ‘~" for pull direction.



Column Concrete Longitudinal  Retrofit details ~ Calculasted ~ Max  Ductility” Failure mode
cylinder  steel details lateral strength measured iy
strength according to lateral
(MPa) ACI318-89  load (KN)
(1989) (kN)
C1 365  Lapspliced  None 507 583 115 Lap splice failure
bars
C2 383  Lapsplied  Passive 507 8§14 46,7 Not tested to failure
bars
C3 385  Lapsplied  Active 507 894 16 Not reported
bars
C4 366 Continuous ~ None 50.7 76 +4,-3  Concrete failure and longitudinal bar
bars buckling
G5 365 Continuous ~ Passive 50.7 872 16 Not reported
bars
R1 349  Lapspliced  None 1027 9.5  £15  Lap splice failure
bars
R2 357 Lap spliced ~ Direct wrapping 1027 1388 46, -5 Not reported
bars
R3 33 Continuous ~ None 1325 161.5 12 Flexural shear cracks within and
bars beyond plastic hinge region and
longitudinal bars separated from
core concrete
R4 356  Continuous  Direct wrapping 1325 214 16 Not tested to failure
bars
R5 362  Continwous  Modified to oval 132.5 2268 16 Not tested to failure
bars section followed

by wrapping
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