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SUMMARY

I. TITLE

Development and application of FRP rebar for agricultural concrete structure

IO. OBJECTIVES AND SIGNIFICANCE

The deterioration of the structural performance of reinforced -concrete
structures as a result of the corrosion of steel reinforcement is a major
concern. These reinforced concrete structures are used mainly in
infrastructures, and the problem is much more serious in concrete structures
that are in direct contact with water, such as marine structures and concrete
bridges. Although appropriate corrective measures are required, a specific
solution has not yet been proposed. In the USA, for example, 180, 000 out of
a total of 580, 000 bridges, or 319, require immediate repair or reinforcement
due to corrosion defects. Among the alternatives developed to solve the
corrosion problem, FRP reinforcements show great promise as an efficient
solution. FRP reinforcements have high strength and present no risk of
corrosion. They can reduce the dead load of the structure with their high
strength to weight ratio. However, FRP reinforcements are brittle and yield
without any prior plastic deformation. In other words, they have linear elastic
stress—strain characteristics. Steel reinforcements, on the other hand, have
linear elastic characteristics until their initial yield point, which is then
followed by a large amount of plastic deformation and by strain—hardening
characteristics. The plastic deformation continuously distributes the load and,
at the same time, produces a large amount of ductile bending until the

member breaks. Without such plastic deformation of the steel reinforcements

- Vvii -



within concrete structures, even a slight increase in the breaking load could
result in a sudden brittle failure. In addition, plastic deformation is necessary
for the design of concrete structures that are subjected to dynamic loads by
earthquakes, wind, or vehicles, because the plastic behavior distributes the
energy resulting from the deformation of the material and absorbs much of
the energy that is applied to the structure by repeated loads. Therefore,
existing FRP materials are inappropriate as concrete reinforcement when
plastic deformation is required before failure. Thus, the current FRP rebars
are not suitable for concrete reinforcement where a large amount of plastic
deformation prior to collapse is required.

The purpose of this study can be divided into two parts;, development of

FRP rebar and Application of FRP rebar. Each of them is as follows:

—

. Development of FRP rebar

a. Design of FRP rebar

b. Development of FRP rebar manufacturing systems

c. Development of tensile behavior prediction model

d. Evaluation of Mechanical and durability performance of FRP rebar
e. Recommendation of environmental reduction factor for FRP rebar
f. Optimization of surface deformation pattern of FRP rebar

g. Evaluation of bond behavior of FRP rebar

2. Applicability of FRP rebar

a. Evaluation of Flexural performance of FRP rebar reinforced concrete

b. Development of FRP rebar reinforced concrete quality control method
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. CONTENTS AND SCOPE

The content of this research can be grouped into eight major parts. Each of

part is as follows:

1. Evaluation of manufacturing system and material properties of FRP

rebar
a. Tensile strength
b. Strength vurse strain
c. Shear strength
2. Development of tensile behavior prediction model of FRP rebar
a. Introduction of material hybrid model
b. Introduction of geometry hybrid model
c. Development of tensile behavior prediction model
d. Design of FRP rebar
3. Development of manufacturing system of FRP rebar
a. Pultrusion system
b. Filament winding system
c. Braiding system
d. Development of Pultrusion/filament winding/brainding system

4. Evaluation of durability performance of FRP rebar

a. Alkaline and acid environmental exposure
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b. Repeated wetting and drying cycles
c. Repeated freezing and thawing cycles
d. Water absorption

e. Salt environmental exposure

f. UV exposure

g. CaCl; immersion and NaSQ, exposure

5. Quality control method of FRP rebar

a. Standard of diameter and length

b. Recommendation of quality control method

6. Optimization of surface deformation pattern of FRP rebar

a. Geometry variance of surface deformation pattern
b. Bond test

c. Optimization of surface deformation pattern

7. Bond performance of FRP rebar after environmental exposure

a. Alkaline and acid environmental exposure
b. Repeated wetting and drying cycles

c. Repeated freezing and thawing cycles

d. Water absorption

e. Salt environmental exposure

f. UV exposure

g. CaCl; immersion and NaSQ, exposure

8. Flexural performance of FRP reinforced concrete specimens



IV. RESULTS AND APPLICABILITY

1. Research Results

a. Development of FRP rebar design methods

b. Development of FRP rebar manufacturing systems

c. Development of tensile behavior prediction model of FRP rebar

d. Evaluation of physical and mechanical properties of FRP rebar

e. Evaluation of durability performance of FRP rebar

f. Recommendation of environmental reduction factor of FRP rebar

g. Optimization of surface deformation pattern of FRP rebar

h. Evaluation of bond performance of FRP rebar after environmental exposure
1. Evaluation of flexural performance of FRP reinforced concrete specimens

j. Development of quality control specification

2. APPLICABILITY

a. Application of agricultural concrete structure.
b. Application of civil and architecture concrete structure.
c. Application of repair and reinforcement materials of concrete structure.

d. Application of repair and strengthening method of concrete structure.
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Reinforced Polymer
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BAAT G gy r] de| AdWE 1k | wiioll St JEgFS
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ol AT vlaste] AA " o], A, FEo] A% FHES vhxTh o
R oR FAdF F4e mgHEy Hwsle] ZagE FREC FRP #uE
A4 Ae wo FHE oF 25%~50% AT OOERIR oo e 1y g o]
B9 - 984 54<S ¥ FRP gute] #-wde BAEon dwsd
Table 2-13} 2T},

Table 2-1 Advantage and disadvantage of FRP rebar”

Advantages of FRP rebar

Disadvantage of FRP rebar

- High longitudinal strength(varies with sign
and direction of loading relative to fibers)

- No yielding before brittle rupture

- Corrosion  resistance(not dependent on a|-Low transverse strength(varies with sign
coating) and direction of loading relative to fibers)
. - Low modulus of elasticity(varies with type
- Nonmagnetic

of reinforcing fibers)

- High fatigue endurance(varies with type of

- Susceptibility of damage to polymeric resin

. . . and fibers under ultraviolet radiation
reinforcing fiber)
exposure
. . . -D ili f gl fi i i
- Lightweight(about 1/5 the weight of steel) ura bility of ~glass fibers in a  moist
environment

- Low thermal and electric conductivity(for

glass and aramid fibers)

- Durability of some glass and aramid fibers

in an alkaline environment

- High

coefficient of thermal expansion
perpendicular to the fibers, relative to
concrete

- May be susceptible to fire depending on

matrix type and concrete cover thickness
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Fig. 2-1 Stress—strain characteristics of current FRP Rebar’s compared to
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Table 2-2 Qualitative assessment of fibers with respect to chemical

123)

resistance
Carbon fiber Aramid fiber Glass fiber
Environments Gp- HP- HP- HM-

Kevlar E AR
grade | grade | type | type | 9 Technora| _ glass | -glass
pitch | pitch | PAN | PAN

Hydrochloric
. B A A A D B D -
. acid
Acid
resistance Sulphuric acid A A A B -
Nitric acid B A A A B -
Sodium
: A A A A B B C B
Alkali hydroxide
resistance
Brine resistance| A A A A B B C -
. Acetone A A A A A - A -
Organic
solvent Benzene A A A A A A -
ist
resistance Gasoline A A A A A A -

x Al excellent; B: Good; C: passable; D: poor

Table 2-3 Typical properties of carbon fiber

185)

Pitch-based carbon

PAN-based carbon

Properties(unit)

HT(high HM(high HT(high HM(high

tension) modulus) tension) modulus)

Density(g/cm®) 16~17 19~21 1.7~1.8 1.8~2.0
Tensile strength(MPa) | 780~1000 3000~ 3500 3,500 2500~ 4000

Elastic modulus(GPa) 380~400 400~ 800 200~240 350~650

Diameter(m) 9~18 9~18 5~8 5~38
Elongation at break(%) 21~25 04~15 1.3~1.8 04~0.8
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Table 2-4 Typical properties of aramid fiber'™

. . Russian aramid
Properties(unit) Kevlar(29/49) Twaron Technora
SVM
Density(g/cm3) 1.44 1.45 1.39 1.43
Tensile Strength(MPa) 2760/3620 3000 3100 2500~ 3800
Elastic Modulus(GPa) 65/125 80-125 77 130
Diameter(gm) 12 12 12 15
Elongation at Break(%) 4.0/2.3 2.3-4.1 4.6 35
Coefficent of thermal ) )
expansion(10 %/C)

o e

o

[e]
IT

Jo

YA FE 17417] 939 332 Robert Hookeoll 91314 7idtdl A5 2 FRPY
ke 7 Gy AMEEE Afo|tp B gaiggo] RS SO0
AlQOs, CaO, MgO, B:0s5 9 Aoz FAEe 9o FAAAR dgh W&

Table 2-59F 2t} !PEIE yeiqoz ojgvE i
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Table 2-5 Approximate compositions of various glass fibers'®’

Glass Type SiO, Al,O3 CaO MgO B203
E 55.2 8.0 187 46 73
S 65.0 25.0 - 10.0 -

185)

Table 2-6 Typical properties of glass fiber ™

Properties(Units) E-Glass S-Glass AR-Glass
Density(g/cm”?) 2.54 2.49 2.27
Tensile strength(MPa) 3500~ 3600 4100 1800~ 3500
Elastic modulus(GPa) T4~75 85 70~76
Range of diameter(m) 8~12 8~13 8~12
Coefficent of thermal
] e 5.0 2.9 -
expansion(10°/C)

et.

i
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d <3 & (Polyvinyl alcohol: PVA) 45
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Fig. 2-2 Chemical structure of PVA fiber™™

Table 2-7 Typical properties of PVA fiber'™

Properties(unit) PVA fiber
Density(g/cm®) 1.3
Tensile strength(MPa) 2,254
Elastic modulus(GPa) 59.8
Diameter(um) 14.0
Elongation at break(%) 5.0

2}, Algt =4 f-(Ceramic fibers)

Y EFA Y Azxzel dy AEH A= FARE ARHARdE T4
(boron), A g]& 7}g)vlo] =(silicon carbide), &F "] Y(alumina)d-F o] Ut
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ZAEE 05~2GPad =8 FADY ey Agedas o] m$ ko
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A ol A9 olgwa QA &rp Y
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Table 2-8 Group of the common plastics used in the construction
3,4,133)

industry
Thermosetting Thermoplastic
Polyester PVC
Epoxy Acrylic
Vinyl ester Polystyrene
Polyurethane -
Phenolic -
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3) o2~ %] (Vinyl ester resin)
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Table 2-9 Typical properties of matrix’> 18
Material Properties Polyester Epoxy Vinyl ester PVC Nylon
Density(g/cms) 1.28 1.30 - 1.37 1.14
Tensile strength(MPa) 45-90 90-110 90 58 70
Elastic modulus(GPa) 2.5-4.0 3.0-55 3.4 2.4-2.8 1.03-2.76
Possion ratio 0.37-0.40 0.38-0.40 0.37 - -
Coefficent of thermal
. 6 100-120 45-65 - 50 80-150
expansion(10™/C)
Table 2-10 Fiber-resin interface compatibility™'!""*
Fiber Matrix
E-glass Aramid Carbon Polyester Epoxy
Surface energy(10*J/m?) 560 38 70 35 43
Surface roughness smooth rough very rough N/A N/A
Shrinkage at curing(%) N/A N/A N/A 4-8 15
Coefficient of thermal
expansion of 48 -3 0.24 N/A N/A
fiber/epoxy (in/in/"Fx10°)
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Filaments winding  Fiper end

terminology \@ﬂer filaments

Band width
<Section B-B>

QOQP

Fiber Resin Winding band

B
Roving tow

<Section A-A>

_a=Wind angle

Fig. 3-2 The filament winding processg7)

3. B.g o] g (Braiding process)™™

B o] (braiding)> FRP #lvtE Az wf 23 3l 34 A#e 3 A
o i3 AP dEs S7AZE FHom JNEE AJLFolt o] WY Hi
oY, ZYMTH, 48T BYS v FA, G4, 4= 2% A=27]9] 6dA 4

A ow FART. nelol g FRP #vbel Alzto] A1 thbd 4§ 2
¥

Lay in yarns

Braiding Die oul ler cutter

yarns *8—@
Core yarns ( )
Braiding maohmei’_m ] FRP rebar

Fig. 3-3 The schematic of braiding process
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Fig. 3-5 Photo of FRP rebar

2. ¢t& A2 (Pultrusion system)®?

71 9l

3|

A 2=

gk 5ol FRP #uh=

SICE

Al
h= |

telHgl= FRP #lute]

i

!

Ho

o)
oF

0

o)

el

A
3=
W)
o

%)

)A

A% A

KN
=

dEAdor AT 2 HA

43y 2

ki3

&

]

7= o
o}

1

=
=

& 4=
Huw &3

Jo

¥+ (Reinforcement supply)

LS|
=1

V4 A

]

= FRP & u}
A Fo] FRP guls A= AF

3

sol g 74

slo] B 2= FRP €|u}9

SERR

=1
=

2ut

71E

o m

o9

L
n =

AL A wEA

o
TR
)
file)

1o

g Z5-E o]

S eh(Fig. 3-6).

3|

B

00

871 9]

=
=

_33_



Fig. 3-6 Reinforcement fiber supply
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(a) Side view

(b) Plane view

Fig. 3-9 Puller system: (a) side view, (b) plane view
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Horn gears
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(a) Braiding machine; front and side views )
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(b) Yarn carrier with bobbin (c) Track plates and gears

Fig. 3-10 Braiding machine systemm’ 12
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(a) Plane view

(b) Top view

Fig. 3-11 Braiding system: (a) plain view, (b) top view
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Yarn carriers

(b) Two to two braid

(c) Three to three braid

Fig. 3-12 Different method for creating braided structures'" 12
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Table 4-1 Specific area calculation of unimpregnated fibers™
Specific area in fiber longitudinal
Yarn direction
. . Equals to
configuration
Description Notation
Fiber Fiber area As Monofilament area
Yarn Specific yarn area Ay Denier/(9x10°<p), p: gm/cm’
Twist yarn  |Specific twist area A. Asp/cosn
Specific crimp L,
Woven A Asp/(cosn cos)x{(1-(sin“P)/4}
area
Braid Specific braid area As Asp/(cosn coslt cos®)x{(1-(sin’f)/4}
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Table 4-2 Specific area calculation of impregnated fibers™

v Specific area in fiber longitudinal direction
arn
) ) Equals to
configuration
Description Notation
Fiber Fiber area A -
Yarn FRP specific yarn area Ay Agy/(1-Vm)
Twist yarn ~ |FRP specific twist area As A./(1-Vm)
Woven FRP specific crimp area A, Ay/(1-Vm)
Braid FRP specific braid area As As/(1-Vm)
4. %42 (Rule of mixtures)
DuH oz FHWHEL solNelt FRP wrle] Gotd BAS dEssd AL
3 ¢ gon b 2o 4 4-18% 8 5 Y
X=XV, b X Vi o ooo oo e e (4-18)

A71H, XX, X7 27 FRP @wh, Eev £4, 45 @4AZ®), 9%
R(f)sh e 54 dehde, V., V,, VA 27t FRP el £ 54
frol Aol ER V= VIV, V,=V,/V, Vet V,=lolt £38ae)
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Table 4-3 Mechanical properties of fiber and resin used in parametric studies

. _ Matrix Fiber types
Mechanical properties (Vinyl )
inylester E-glass Aramid Carbon

Yield stress(MPa) 90 189 3100 3500
Elastic modulus(GPa) 3.4 71 77 244

Ultimate strain(%) 52 2.64 4.6 1.2
Fiber density(gm/cm®) - 2.62 1.39 2.0
Fiber diameter(10 %m) - 16.5 12 10
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Table 4-4 Mix proportion of hybrid FRP rebars

Type of FRP rebars Carbon Glass Aramid
Hybrid(A) 27 - 73
Hybrid(B) 19 81 -
Hybrid(C) 13.6 34.6 51.8
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Elastic modulus of FRP rebars
(x10°MPa)

Type of FRP rbars

(a) Elastic modulus

I 30/70(core/sleeve) B 20/80(core/sleeve)

[ 40/60(core/sleeve,

Ultimate strain/yield strain

Carbon+Aramid Carbon+Glass Carbon+Glass+Aramid
Type of FRP rbars

(b) Ultimate strain/yield strain
Fig. 4-5 Effect of the type of sleeve yarn on the properties of FRP rebars;
(a) rebar modulus (b) ultimate strain/yield strain(core fiber: carbon,
sleeve fiber: aramid(crimped angle 10°, barading agle 25°),

glass(crimped angle 30° braindig angle 25°))
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Fig. 4-6 Effect of core yarn twist on (a) FRP rebar modulus and (b)
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angle: 0°), aramid fiber(crimped angle: 10°, braiding angle: 25°), glass
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ksl Table 4-59F 2t}

Table 4-5 Input parameter for tensile prediction program

Hybrid FRP Rebar
Structural - : -
level | Mechanical Carbon+Aramid Carbon+Glass Carbon+Glass+Aramid
properties | Braiding| Core | Matrix | Braiding | Core | Matrix Braiding Core | Matrix
. . Vinyl Vinyl . Vinyl
Materials | Aramid | Carbon ester Glass | Carbon ester Aramid | Glass | Carbon ester

Elastic
modulus 0.77 244 0.034 0.75

(MPa)

| oo o | 2a | oom
A0 | x100 | x0 | x0 [0 e 070 e | e |«

Straight
. yam strain| 460 121 4.00 264 121 400 460 264 121 4.00
Fibers (%)

Fiber
density | 139 | 200 | - 262 | 200 | - | 139 | 262 | 200 | -
(g/em)

Fiber
diameter | 120 | 100 - 165 100 - 120 | 165 | 100 -
10°m)

Yarn twist
Vem) | ™

No. of _ _ _
varns % 24 % 24 % 16 8

Yarns

Crimp
Woven a(ngl)e 10 - - 30 - - 10 30 - -

Braiding
angle % - - % - - % % - -
Braid ()

Yamn _ _ _
carriers 24 16 33 7 23 12 5

Fiber
Composite | volume 73 21 - 81 19 - 51.8 346 136 -
fraction(%)
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7. ze] FRP 2l 2 Zelns pAsh: Agel MuEwy 44

[e

;0] FRP #uh 8 <elng P4 Afel MEWY 298 Table 4-13} 4-2
of web ANSATE Ao WMENE AR AT mAZ oE ARstolo}

el ol m/EF TE o] §3tel A 4-192 ANT & vk

A7V, 7=314, D(yarn diameter), k=1—d/D, T=varn twist®!Tt. 2-+4

o 474 pe 4 4202 T & vk

71X, Ag(yarn specific area)™= 2] HEHASZ  Depjer/ p°] th.
2 AFoA= Zo] FRP #vlE At 824+ Tl 00122 4 & 9
A0S Agst9 FeEldf 2 ol =d v Tl 0.1/cme2 2 4-14 0=

2 ALkt g 4k Table 4-63 o] A Ht},

Table 4-6 Twisting angle of fiber yarns

Carbon fiber Glass fiber Aramid fiber
Yarn twist, T(1/cm) 0.000 0.100 0.100
Yarn diameter, D(10 °m) 7.006 0.807 2.052
K 0.995 0.998 0.985
Twist angle(, ) 0.000 0.129 0.059
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Table 4-7 Specific area of unimpregnated fibers

. ) Fiber types
Yarn Specific area in fiber
configuration longitudinal direction
E-glass Aramid Carbon
Yarn Specific yarn area (Asp) 0.011 0.001 0.003
Twist yarn Specific twist area (Ax 0.011 0.001 -
Woven Specific crimp area (Ajy 0.002 0.001 -
Braid Specific braid area (As 0.003 0.001 -

Table 4-8 Specific area of impregnated fibers

Fiber types
Yarn Specific area in fiber
configuration longitudinal direction
E-glass Aramid Carbon
Yarn Specific yarn area (Agy 0.015 0.002 0.004
Twist yarn Specific twist area (As) 0.015 0.002 -
Woven Specific crimp area (Ay) 0.003 0.001 -
Braid Specific braid area (As 0.004 0.001 -
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v Aot AfAe] nAl4 9 packing factor A%

e

ATl AT 2 AFAe vAIAY % packing factors AAst7] 98k
727t vp=1/p, v,= tan(@)?/Ax - DenierT?, % O=v;/v,5 &3] g

Astdomn 1 A3 Table 4-99 2t}

i)

Table 4-9 Specific volume of fiber and fiber yarns and packing factor

Carbon fiber Glass fiber Aramid fiber
Specific volume of fiber (v;) 0.500 0.382 0.719
Specific volume of yarns (vy) 0.000 0.400 0.738
packing factor( @) - 0.954 0.974

ohomel AR, E AR, Heleld Afue) W A4

e

A7l A sholHe= FRP 2wt gas] fated Algd vadd, A4
f o ol =g AeeA Wl melz 237, meloUAL Agd m

9 AR, £ ARA L nelold Faue WES A4 st 474

e,—& cos(a- deg)®, e, =¢,/cos(B- deg)® L e,=¢y/ cos(f- deg)’E A}

43to] AxstR e 1 A= Table 4-103 2t

Table 4-10 Strain of fiber, fiber yarn, woven yarn and braided yarn

Carbon fiber Glass fiber Aramid fiber
Straight yarn(%) 1.210 2.640 4.600
Twist Yarn(%) - 2.640 4.600
Woven yarn(%) - 3.049 4.671
Braided yarn(%) - 3.711 4.707
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Table 4-11 Tensile force of fiber yarn, woven yarn and braided yarn

Carbon fiber Glass fiber Aramid fiber
Twist Yarn(KN) - 808.920 308.607
Woven yarn(KN) 700.526 303.919
Braided yarn(KN) 634.887 275.441
who 3ol A, = AR, meeld Afel ByAS A4

B oATA AEE SRR, FElde W okehrl = fol slsker

2~
= %T?_ 1A
o7 [S) = o o o
Az, Fxzt, BElolYZS A4 Wl AHA, £ A4 9 Heold AHA

Table 4-12 Elastic modulus of fiber yarn, woven yarn and braided yarn

Carbon fiber Glass fiber Aramid fiber
Twist Yarn
, - 0.716 0.721
(x10°MPa)
Woven yarn
- - 0.53674 0.6996
(x10°MPa)
Braided yarn (x10°MPa) - 0.399561 0.6292
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Table 4-13 Output of fiber and resin properties from prediction program

Hybrid FRP Rebar
} Carbon+Aramid Carbon+Glass Carbon+Glass+Aramid
Structural Mechanical
level properties
Braiding Core Matrix | Braiding Core Matrix Braiding Core Matrix
Vinyl Vinyl Vinyl
Materials Aramid | Carbon Glass Carbon Aramid | Glass | Carbon
ester ester ester
Elastic modulus (<10°MPa) 0.77 244 0.034 07 244 0.034 077 075 244 0.034
Fiber Straight yarn strain (%) 460 121 400 264 121 400 460 264 121 400
Fiber density (g/cm’) 1.39 200 - 262 200 - 1.39 262 200 -
Specific yam arca(Aspt ent) | Q0034 | 0003222 - 000627 | 000322 | - | 0000344 | 0002627 | 000322 | -
Yarns
Yarn diameter(10*m) 20624 | 70064 - 08068 | 70064 - 20624 | 08063 | 7.0064 -
Specific twist area (A: am) | 000127 - 00110 000127 | 00110
Constant 09851 - - 09976 - - 0.9851 09976 - -
Twist angle(. ) 0.0592 - - 0128 - - 0592 0.128 - -
Specific vol of yarns
N 0738 - - 0400 - - 0738 0400 - -
(cmi/gram)
Specific vol of fiber
Twist yarns . 0719 - - 0332 - - 0719 0332 - -
(cmi’/gram)
Packing factor 09743 - - 0942 - - 09743 | 09542 - -
Twist yam strain(%) 46 - - 264 - - 46 264 - -
Twist yam tension(KN) 30860 80892 30860 80892
Twist yamn elastic
: 0721 - - 0716 - - 0721 0716 - -
modulus(x10"MPa)
Specific crimp area (A enty, | 0000312 0.000238 0000312 | 0000238
‘Woven yarn strain (%) 46711 - - 3048 - - 46711 30435 - -
Woven _ ,
vam Woven varn tension(KN) 30391 - - 70052 - - 30391 70052 - -
‘Woven yamn  modulus
06996 - - 053674 - - 069% | 053674 - -
(x10°'MPa)
Specific braid area (As 0.000344 - 0.00263 0000344 | 0.00263
Braiding yarn strain (%) 47068 - - 37114 - - 47068 | 37114 - -
Braided
yams Braided yam tension(KN) 21544 - - 63488 - - B4 | 63488 - -
Braiding elastic modulus
. 0.6292 - - 0.399561 - - 06292 | 0.399561 - -
(x10'MPa)
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Table 4-14 Output of hybrid FRP rebar mechanical properties from prediction

program
Hybrid FRP Rebar
Carbon+Aramid Carbon+Glass Carbon+Glass+Aramid
Core | PR b | Rebar | Core | TR | Nprix | Rebar | Core | P | Matrix | Rebar
yarns yams yarns
Vinyl Vinyl Arami| Vinyl
Material Carbon | Aramid - |Carbon| Glass - Carbon | Glas:
ester ester d | ester
Specific area
N 0.103 0.044 - 0147 | 0103 | 0336 - 0439 | 0103 (033G 0044 | - |04&4
Fiber volume
. 210 730 - - 190 810 - - 136 | 346| 518 -
fraction (%)
Elastic
modulus 2440 0623 0034 | 0630 | 2440 | 039 0.034 0437 | 2440 (0399 0629 | 0034 | 0.367
(x10°MPa)
A 44 a9 Ae
2 oAM= duk 2 stolHEl= FRP glukg AAISH7] flste] AlmstelHEl=
9 9 /e selmels mug olgstdrh AR solugs wae e
BE PYSE AgBe] T M AH TAES A Aol g
W J)etetd solnds mae solnds FRP eubel YA A gEe
Mg Agstel stolnel= FRP eube HHe 45e WHHES s o
gekgich. stolmel= FRP kel abd S4e EFiAS Agetel 24sHd
o2 Y] &S kst Adelstd vy Ao
1. 9k CFRP % GFRP 28t Afof 29 EFHE 70:300 = Ag st

2. Sho| B = FRP uHA)E B2i 49 oldu i fel EguE AR soln
U= mUg o g3te] 27T30R Agstglon], JEeA sends md
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Hgsto] enE P ofehmyfe) mz, HAolgZ R RS

7+7F 0.0592°, 10° 2 25° 2 At

. #elng s FRP #HOE B2#% fU4%F 2 ol =HRE Agd
guto A BAMRE ;o FRP elMAIRRE Agstgov] feldash obet

FE Aol dE 242 00597, 307 % 2572 AR ofgtm=d R 747

0.0592°, 10° 2 25° =2 ZAAstth.

ZgHuHA), (B) 2 (09 BAAFE Z+7 0630x10°MPa, 0.437x10°MPa 2
0.367x10°MPa®] t}.
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Fig. 5-4 Traditional grip systems used for tensile test'” 2, 2D
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Fig. 5-5 Anchorage systems used for tensile test of FPR rebar’ 414
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Fig. 5-6 Anchorage developed by Castro and Carino™”
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Table 5-1 Recommendations for tensile test of FRP rebar'”

Steel tubes
Expected
Type of Diameter . Anchorage
. . . ultimate
rebar (mm) Min. outside Min. wall length(mm)
diameter(mm) thickness(mm) load(kN)
CFRP 4 42 35 15~45 250
CFRP 6 42 4.8 45~80 300
CFRP 8 42 4.8 80~140 350
CFRP 10 48 5.0 140~180 450
GFRP 6 42 35 20~40 250
GFRP 8 42 4.8 40~60 300
GFRP 10 42 4.8 60~90 300
GFRP 12 42 4.8 90~120 350
GFRP 14 48 5.0 120~165 400

T3 ACI 44091 9 3]ell A= FRP vkl Algdels #A 9 408 o] gz 174
ol 9o Ha Aol 9 100mm oo 2 e vk w3 A

of( L= 2 5-12¢ we} AAs HA AFdole 250mmolde =z 14
1’4—3’4)

ol
=5
32

g_350""'(5*12)

¢

ACI 40014 FRP 2k 4241717 1514 A85E 2] uia7e
fubel 2427 Beh Hol% 10~14mm A% ZA stolol grkm FAy 9
q_B,él)
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Total length
diameter
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Fig. 5-7 Tensile strength test specimen

Table 5-2 Length and diameter specifications

) Anchor
Type of rebar Bar size Gage length | Anchor length | Total length .
diameter
(mm) (mm) (mm) (mm)

(mm)

Hybrid(A) 4 150 250 800 254

Hybrid(B) 4 150 250 800 254

Hybrid(C) 8 150 300 900 25.4

7}. FRP @lwvke] Azt



Table 5-3 Properties of Epoxy resin

Properties Epoxy resin
Compressive strength(MPa) 38
Tensile strength(MPa) 36
Bond strength(MPa) 9

FRP vbe] 42e gAd A H4% & e A 2 g44315S $A5s
% 7] Slste] Zate] FEBRo| H e LS HHAI

<
5

uhel Aol slgsts THe %1 FRP @vk: wRAZ a9 og o A
_h?_

AFEAS Hrtelr] Yste] 250KN 3o W90l UTMS AH&3S)
UTM= 7r3el 423 FRP @l 3AAE fdel & ngA2 5 g &
A5 7FA AL glol UTMell g A 7]7] 913 fke] A= I8z ahA ok
g FRP #ute] MPFES 437 918t LVDTE @bl 4 A3 tH(Fig.
5-8). ¥ AFAE deld FHEAL FHEZRIHS A&l UTM %
LVDTolA dojx= a5 9 WHAE A HFdHolA 7158 %=5 &3tk FRP
gute] AFAA P 5mm/mine] HEE Itk olgt e FAF T At

et 4 5132 Agste] AFPEE Atk

o714, ¢ @ FRP gvte] S8 (MPa), P : 35 (KN), A : FRP gvle] ©HA
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Fig. 5-8 Tensile test set-up: (a) tensile test, (b) LVDT
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(a) Side view

(b) Plane view

Fig. 5-13 Fracture surface of hybrid FRP rebar(A): (a) side view, (b)

plane view
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(a) Side view

(b) Plane view

Fig. 5-14 Fracture surface of hybrid FRP rebar(B): (a) side view, (b)

plan view
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(a) Side view

(b) Plane view

Fig. 5-15 Fracture surface of hybrid FRP rebar(C): (a) side view, (b)

plane view
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Fig. 5-16 Comparison between analytical prediction and experimental results

of hybrid FRP rebar(A)
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Fig. 5-17 Comparison between analytical prediction and experimental results
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of hybrid FRP rebar(C)

o|24 oAt AdANE vlus] B JdE 2de Averstond kelly &

2 3 Tepfer 223 Blasir] HAate] 47 Aaks BolFouh weby =

n

- 104 -



o T
0
AL T %
Noa S mm o}y
w oo i W oW o MR
5w N 0 T 5 M N E
a ™ % — Y S e o] Ty A= W
woT oz ° 7 B 5 R T EE
RGN g wm o X & b Voo N
o wow oo, W = A o) R x - B R
" & 2 1 w T e BT By
mw W ) _ _mn o N fis = m X DY mK
o & ,H_Ol ,IJI FL ,Iﬁ ~5 dl . dl H_ \umo o - ot} EE
o do o T o 1% a5 N o = A o xr o
2 b oy w R — oo H o u o XA o 1380
o A I N T a T woB =
3 E ol o o = Y = A T EE %o E o o
v TP S A o A I B
o o b e @ 7o T o= i} w3
o PR B M F ol ur & Jp 3
Mo E o TR o T : R MT o O
T Do B & ut B 5w TR s
R Bk o T M BR T ™ Y Y
T T ~ N o= O vl N s DG o Ho o <
Gl o T A 5 r o 9 o X ok £
T = do z IR > X o + = '
~ = iy - - K —_~ T H
o W Xome oy T e = = T N AR Mg 8 3
= X R ) Ly G o W " T H%MA,E
T W T E | o O al T N~ N o k £ oL % = Jw S
B0 _ 5 =) o w0 io° o
a, e oy X N o m o
T - T = T oo In o e T
A e B N <3 o= o o i) 2w E
i =y _ A B = T uo X o5 o T B RN :ﬂ w
& o oK w W0 z I oF 3 BT wos oW X
o u B BT i o3 o 2 o Tow 2 . owF
= % 7 of v PP = RO T ST 5 o
™ E o] Moo B X @ & a8 v T N R
MooE N 03 o 0 X > T o
A s oo W = T = ™ o 3 =~
R I p T oF o S v o W o M I
Al w _MAO o T = =5 W do R T o B =G o]
5 A S ® T . DG T oo %
bW = s o B 5 B il N o T B i N w
x - o w oz A o= 7 T2 3
KN o W oF =~ o = 1z 7| M
1 N T A_u/ > - o W
2 . E < —_— o_u MI 1!
3 B TR
e

- 105 -



. stelBEl= FRP 2jvk(B)= frp7b BAEL SD30% w43 A T3lse

= AAE guter AFAAZAI [y 300MPayt AAME It SGH= TS

= AAEder JQFEFAR HRERT Sy 300MPa 2 3% ol MAE

_Se|n = FRP 2ube] $H-WHES 452 5 b BdL 7EY q3w

W& o] §3te] JurE sholne = FRP #utel uA Wy skt

LR ATeIA AWE AGAE S mde £ o mds) uwshe] 29
Astel SHE ARG weFth mebd ;of FRP ek 4EYIel o3

SenE THFE ARE %o FRP s
TS Selne= FRP @nte] 49 /& % wdn

A e Zuae Agss o] Putgasitan se,

M oAl =T

=
2
Y
lo,
ok
g
o
fr

- 106 -



f

ng FASE Afe ASHe dhas wASUA 35 AEHe

B S FRP s/l 9@ st M 0k Ay
WS FusEs fuh ol ofehv=HfE SenE PHE AP of
Bls g 544 TR augas AF L AR 24 S 95

o W7t s L AsAor Aget ddo] Ao KUNRE

A e 42 tehith,

- 107 -



stol @Al A

o

371 9

MAsE

o

A" S

=]

fLe

i

9]
pad

1

o
RS

1o =2

A
&

H
T

<)

L
= 1

Q/]

pul

T FEvF o RAAAERA ASE

Q
=S

?_

=
7}el 1 Q= FRP 2 vH(Fiber Reinforced Polymer rebar):

2]

=

=

s
T o
[}

A el o

A 14 7

=
£l

|

R

=
B
s

o

i
=y

ul
=

A ALA]
£ CFRP ISO #uh, GFRP Aslan ut

FRP #]1}2]

[e)
0]
AR

L

slolBgl= FRP glnte] =g -

=4
s lell A AbE-= AL

S

ol

S

9
AFRP Technor ]v}¢

7]

~,
o

0

~X

-
e
o

ted 8744

©

9

at7]

7}3

ool A @A AbE = oL

9]

[e]

]

A

3=

k]
pl

&l 3L

1718

)y
8

olB = FRP #uvt9] 45

1. FRP #u}

FRP

|

%

}<tH(Table 6-1).

& =]
2k

=l

%59 FRP #u}

vl
=

AYE RAARZEA

==A
i

AFoF A

- 108 -



g Ag5 3 9l+= CFRP ISO #®l, GFRP Aslan 2/¥F 2 AFRP Technora #®}t

Table 6-1 FRP rebar types

Manufactures Fibers Matrix Diameter(mm) Section

Hybrid FRP rebar

A) Carbon+aramid Vinylester 4.0 Circular

Hybrid FRP rebar .
B) Carbon+glass Vinylester 4.0 Circular

Hybrid FRP rebar |Carbon+aramid .
Vinylester 8.0 Circular

(®)] +g lass

CFRP(Developed) Carbon Vinylester 6.5 Circular
GFRP(Developed) Glass E Vinylester 8.3 Circular
CFRP(ISO) Carbon Epoxy 9.4 Circular
GFRP(Aslan) Glass E Vinylester 9.4 Circular
AFRP(Technora) Aramid Vinylester 74 Circular

AR AHEE I 9= FRP #Hbe] ¥ 542 stolBel= FRP #npebe] H]
FRP 287ttt ISO Rod), FAFZHE 3%
UA3d wrape EHAl A s GFRP 2¥H(P] = Aslan rebar) ¥ v ol
25 o]&dte] o|PHTH Y FHE xHAS A AFRP rH(YE
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Fig. 6-1 Surface characteristics of FRP rebars
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Fig. 6-2 Compressive strength test set-up
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Table 6-2 Effective diameter, and area of FRP rebars

Type of FRP rebars Diameter(mm) Area(mm®)
CFRP(ISO) 0.94 0.69
CFRP(Aslan) 0.94 0.69
AFRP(Technora) 0.74 0.43
CFRP(Developed) 0.65 0.33
GFRP(Developed) 0.83 0.54
Hybrid FRP(A) 0.40 0.13
Hybrid FRP(B) 0.40 0.13
Hybrid FRP(C) 0.83 0.54
L S

FRP #vp7t R7d 2w nlaste] 2 g3 Fo sturt vlso] =2 o Hlge
Aol B w/F @7t A AFolo]a] ek E AlF o] Furk: Zolth. Table
6-32 dtolBr = FRP #ute] HFAdZAAE BT Q. AgAY =
FRP 2|ule] H]Fo] B 1/44=eln 53] stolHa]= FRP @ul= 7]
°] CFRP ISO #¥u}, GFRP Aslan #vle} vlulste] oF 1/29] A& 25&
Atk olek e Az 7]E9] CFRP ISO #vl ¥ GFRP Aslan 2wl

e
=T DI o o

=5

o] ALY S AAsle] qrAle] mlF oz Q3 AA <l FRP #nte] F#ol F
7bak9l7] wj#olt}h, “12iy} AFRP Technora @]u}e] H|F2 2 AtoA] 7t
stolBgl= FRP 8}, CFRP 8}, GFRP #ute} A9l vj=dk vja& BolF gl
t} o] 7" FRP @vlel AFRP Technora @lvbs 25 A9 AgAlel 4=

Az W FAEe Q1Y) wZel Ao TLdd Aol wiEolth
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Table 6-3 Specific gravity of FRP rebars

Type of FRP rebars Specific gravity
CFRP(ISO) 2.30
CFRP(Aslan) 2.00
AFRP(Technora) 1.31
CFRP(Developed) 1.60
GFRP(Developed) 1.74
Hybrid FRP(A) 1.35
Hybrid FRP(B) 1.44
Hybrid FRP(C) 1.40
Steel rbar 7.80

drk B stolBel= FRP #vhe] 57 %= Ald4d3=  Fig. 6-59 #th. CFRP
ISO #¥H193.1MPA)9t GFRP Aslan #]¥}F (319.6MPa)® AFRP Technora 2wt
(136.5MPa)ell H]8te] slolEg]l= FRP #nte] t&74%=x zhzt 431.4MPa(A),
348.1MPa(B), 413.0MPa(C)2 A thd o2 GFRP #rle] &4 weh nlaste]
S 7S yErdeh =3 siE CFRP @kl GFRP 2lute] b4 evs 7h7
4776MPa, 4157MPa2 Ho]ZFo] CFRP ISO #Hte} GFRP Aslan #ul %
AFRP Technora @v} Bt} 953 232 ®HoFYH(Fig. 6-5).0]9 & Aw
T stelBE]= FRP #uke] AZA] 32944 (3-D B#eld)o] oe A IHE
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Fig. 6-5 Compressive strength of control FRP rebar specimens
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(a) CFRP ISO (b) GFRP
- -
(c) AFRP (d) CFRP(D)
- -
(e) GFRP(D) (f) Hybrid (A)
- -
(g) Hybrid (B) (b Hybrid (O)

Fig. 6-6 Compressive failure modes of FRP rebars
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v} A a7 = (Interlaminar shear stress: 1SS)
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Fig. 6-7 Interlaminar shear stress—displacement behavior of FRP rebars
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Fig. 6-8 Interlaminar shear stress of control FRP rebar specimens
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Fig. 6-10 Tensile strain of hybrid FRP rebars: (a) tensile strength,

(b) tensile strain

- 123 -




(a) CFRP (b) GFRP (c) AFRP (d) CFRP(D)

T

(e) GFRP(D) (f) Hybrid(A) (g) Hybrid(B) (h) Hybrid(C)

Fig. 6-11 Tensile failure modes of hybrid FRP rebars
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2 54 2 yYiAs Ao AHE® FRP 2lvte] 4z wE ¢ dd
A AP FAAY FE YER Aoz 4F Hdw B AFAE FAAE
AFRP s Alstas 2% 72 @4 z4v 579 FAAE Adste 45
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FAzAvG 4F, A 929G FANAE 47 3oz st F 51489 FA

AE Aldstan

=

Table 7-1 Conditioning and compressive, interlaminar shear stress, tensile test

of FRP rebars

Temp, |€Xposur [CFRP | GFRP | AFRP | CFRP|GFRP Hybri | Hybri | Hybri
“ | e day | (ISO) |(Aslan) [(Technora)| (D) (D) (A) (B) o)
Control 22°C - 5 5 3 5 5 5 5 5
Alkalinel 60T 50 5 5 3 5 5 5 5 5
exposure 60°C 100 5 5 3 5 5 5 5 5
Acid exposure 60°C 50 5 5 3 5 5 5 5 5
P 60°C 100 5 5 3 5 5 5 5 5
Salt exposure 60°C 50 5 5 3 5 5 5 5 5
P 60°C 100 5 5 3 5 5 5 5 5
Deionized| 60C 50 5 5 3 5 5 5 5 5
water .
exposure 60T 100 5 5 3 5 5 5 5 5
Repeated 10T ~
freezing 4T 75 5 5 3 5 5 5 5 5
and thawing
Repeated 22°C
wetting 2607 50 5 5 3 5 5 5 5 5
and drying
Long-term o
over dry 60T 50 5 5 3 5 5 5 5 5
Repeated Salt 227
wetting—dryin| 60T 50 5 5 3 5 5 5 5 5
g
Repeated Salt 10T ~
freezing-thaw 297 50 5 5 3 5 5 5 5 5
ing
CaCl, solution | 9o 50 5 5 3 5 5 5 5 5
immersion
N a 2 S O 4
solution 22T 50 5 5 3 5 5 5 5 5
immersion
UV exposure | 22T 14 5 5 3 5 5 5 5 5
Total 85 85 51 85 85 85 85 85
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ZnkE ok 60T 9 Qo] 24A17F AZAZ1 5 20T 9] 3% NaCl &9 243 A 3}

- 2Ae d8 Wuow she 5097 255 WEete] A s

dallel w&:AZ F FA-F WES gutthel Hal e s ZAYE Fx
o] Ag g guptkel Hal AW ol A2 gnbshel ¢fste] A&

gite] WtgowM FxEol A FHE WEY o ZAYE FxEY 3
e QAL F vk gk B Aol o9 e AN me o] ol
B2]= FRP #uE ¢F 20T 9] 4% NaCl &Holl 24417 AAA 713 -10T2] 9
SaolA FAAZ|= WHoe® 5097 253 whEslo] A AlEgth. Fig8-32 4

B Ed-gale) NY Riroln

FRP ejuke] zpejad ol digh Aol Hrte Za8E 72
o] FRP #ul7} &7 2l de] === 4 9t}. dutdow
=%5 W FRP 2vbs Z@v o B2 Qste] 1 Aol #asts Aoz 49

A gtk 53] AFRP #lute] A A7 AL e =EHW 1 dso] dAS
Aashe Aoz deA k. wEbA] E AFo A= o]9f e 3o A sholH
2= FRP @vle] 9 #@7ber] 91ske] 1497k 300~800nm ~HEH F 4
ol Al 6.80x10-2W/cm?e] WatHe] w=EAl7]E WS ALgsle] slolH =

FRP #nrte] Aol del digh A4S B7kskaint.
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Fig. 7-1 Compressive test after alkali exposure: (a) compressive strength, (b)

residual compressive strength

- 136 -
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yRoem 100¥ =% Fole 65.0%9 51.9%9 W& AFAHS woFh wat
A agAel A7 wEqHE tRE ALY FS 944 4FE ugse A
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747k 95.3%9F 915%9] wl§- -8 AYgFE HoFo A =EFHE FE

H

go 484 2 Gl 9l Ao BHHT) ol

7b Ao A sl =gk CFRP ISO #lvk % GFRP Aslan 2]vb= 2717 ol
o3k 33 g HoFH

- 137 -



50(

45(

40C _|

O50days BE100days |

35C

30C

25C

200

16C

10C

Compressive strength(MPa)

5(

CFRP GFRP AFRP  CFRP(D) GFRP(D) Hybrid(A) Hybrid(B) Hybrid(C)
Type of FRP rebars

(a) Compressive strength

120

O050days W100days

80

60

Residual strength(%)

20

CFRP GFRP AFRP CFRP(D)  GFRP(D)  Hybrid(A)  Hybrid(B)  Hybrid(C)
Type of FRP rebars

(b) Residual compressive strength
Fig. 7-2 Compressive test after acid exposure: (a) compressive strength, (b)

residual compressive strength
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Fig. 7-3 Compressive test after salt exposure: (a) compressive strength, (b)

residual compressive strength
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Fig. 7-4 Compressive test after deionized water exposure: (a) compressive

strength, (b) residual compressive strength
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Fig. 7-5 Compressive test after repeated wet-dry cycles exposure: (a)

compressive strength, (b) residual compressive strength
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Fig. 7-6 Compressive test after long-term oven dry exposure: (a)

compressive strength, (b) residual compressive strength
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Fig. 7-7 Compressive test after repeated freezing-thawing exposure: (a)

compressive strength, (b) residual compressive strength
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Fig. 7-8 Compressive test after sulfate(Na:SO4) exposure: (a) compressive

strength, (b) residual compressive strength
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Fig. 7-9 Compressive test after CaCly solution exposure: (a) compressive

strength, (b) residual compressive strength
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Fig. 7-10 Compressive test after salt and repeated wet-dry cycles exposure:

(a) compressive strength, (b) residual compressive strength
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Fig. 7-11 Compressive test after salt and repeated freezing-thawing cycles

exposure: (a) compressive strength, (b) residual compressive

strength
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Fig. 7-12 Compressive test after salt and UV radiation exposure: (a)

compressive strength, (b) residual compressive strength

- 154 -



2. A =(ISS)
7h &y 27

dZe g4 =EAZ FRP glnke] ISS AldZ3 5094 =& §F dojug=
FRP #8HA), B), (O #Z 81.7%, 735%, 77.1%= WEtsom, 1009 »=3
Folle 7h7F 787%, 67.9%, 732%% B FAtHFig7-13). ste]Be]= FRP #n}
B)7F duHoz # Uebd 22 FEAfrE eue f4d4 g Ast

_t'?r
7b obnpel =Ry A7) wEelth e CFRP 2wk 81 CFRP ISO @Rk

ak

rlo
tlo

508 =&Fol= BT 90%0l4e i ISSE HoFdorm 1008 =% o+
747} 837%, 815%°] ZHF ISSE HolFol oIz Aol 719 dFs A
&y}, 3 AFRP Technora RIS 50¥ =% F 852%, 100¥ =& %
743%2] ZHF ISSE HolFo] CFRP ulol H|slo= thAFdeES x| qt
Z FeS Hx = skrd =3 erE GFRP #lvl 2 GFRP Aslan 2]#}
S 22y 776%<F 71.7%9] ZHF ISSE HAFor 100d =%

H

FRP #vte] s34 aks Aury w5 Agsdd ogk szt dassl o
ArE CFRP 28 @ GFRP #Hl, AFRP Technora @)®lE X t-gHe] o3k o
gt 2R og A7t FAlC T E AEFS HolFen CFRP ISO 4%
GFRP Aslan 2]vb= 2700l <3t o4y 7} wAyshgl o)

u

- 155 -



120
O050days MW 100days

[o] !
S 100
=
7]
S 8o
)
8 60
=
w
S
g
=
©
S 20
<

0

CFRP GFRP AFRP CFRPD GFRPD  Hybrid(A)  Hybrid(B)  Hybrid(C)
Type of FRP rebars
(a) Interlaminar shear stress
100
] [ ] [50days M 100ceys ——

;o\ 70 [
D el
CL) 60
© P
35
O ¢t
wn
@ of

w0l

10

0

CFRP GFRP AFRP CFRPD GFRPD  HybridA)  Hybid®  Hybrid(C)

Type of FRP rebars

(b) Residual interlaminar shear stress
Fig. 7-13 Interlaminar shear test after alkali exposure: (a) interlaminar shear

stress, (b) residual interlaminar shear stress
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Fig. 7-14 Interlaminar shear test after acid exposure: (a) interlaminar shear

stress, (b) residual interlaminar shear stress
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Fig. 7-15 Interlaminar shear test after salt exposure: (a) interlaminar shear

stress, (b) residual interlaminar shear stress
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Fig. 7-16 Interlaminar shear test after deionized water exposure: (a)

interlaminar shear stress, (b) residual interlaminar shear stress
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Fig. 7-17 Interlaminar shear test after repeated wet-dry cycles exposure: (a)
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Fig. 7-18 Interlaminar shear test after long-term oven dry exposure: (a)

interlaminar shear stress, (b) residual interlaminar shear stress
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(b) Residual interlaminar shear stress
Fig. 7-19 Interlaminar shear test after repeated freezing and thawing cycles
exposure: (a) interlaminar shear stress, (b) residual interlaminar

shear stress
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(b) Residual interlaminar shear stress
Fig. 7-20 Interlaminar shear test after sulfate(Na;SO4) solution exposure: (a)

interlaminar shear stress, (b) residual interlaminar shear stress
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7-21 Interlaminar shear test after CaCl: solution exposure: (a)

interlaminar shear stress, (b) residual interlaminar shear stress
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(b) Residual interlaminar shear stress
Fig. 7-23 Interlaminar shear test after salt and repeated freezing and thawing

cycles exposure: (a) interlaminar shear stress, (b) residual

interlaminar shear stress
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Fig. 7-24 Interlaminar shear test after UV radiation exposure: (a) interlaminar

shear stress, (b) residual interlaminar shear stress
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Fig. 7-25 Tensile strength of FRP rebars after alkaline solution: (a) After
50days, (b) After 100days
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Fig. 7-26 Residual tensile strength of FRP rebars after alkaline solution: (a)
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Fig. 7-27 Tensile strength of FRP rebars after acid solution: (a) after 50
days, (b) after 100 days
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Fig. 7-31 Tensile strength of FRP rebars after deionized water exposure: (a)

after 50 days, (b) after 100 days
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Fig. 7-36 Tensile test of FRP rebars after sulfate(Na:SO4) exposure: (a)
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Fig. 8-10 Absorption of FRP rebars after environmental exposure
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279 9ste] FEgart WAT + Yk WA oF ned FRYFAFE
Agste]l AAA o2 A gselof sholwel= FRP 2uhE m7A)
ZelEe) iy B AHAS FAAND F Aok Ty 8497
4% Aol glol 7 uetebtt 2 £79 FRP elvh virh ksl 4 g3tn 9
o webA B el A AwE steluel= FRP eul 94 #79Y A5E 2
Astol AN AEstelor Bk @A TN HgHT Yk BAIIAFE

24 - gokhd Bhest 2ot

N

UE EE533

FRP Azl digt 948 EL3 9 77|+ “Recommendation for design
and construction of concrete structures using fiber reinforced materials”l =
AlE ATk AATIEN WE AT Aol 4913 S FhEore A9dI=
FRP Aol gk #elAe ¢

T AdE et AAVIES Edeih A2 AAVIES 1996 =3 E o
1997 golz Moso] FagEee] BAFAER A7) f1ste] AA=
Atk A2 AAZIEAME FRP B R AAZEE Atsty] flstel A=
AT ves Rt om 7,& CFRP B AFRPOA = 1158 AR&38HH GFRP
oAM= 135 AREsrdnh. 3 Ao AV EA s L AL Al
gk 71E= AASA=E FRP gut A A1 €& &3 42y &40 JFE
7] fste]l Evhs AW E FRP gvtE 60T &z &9 w=Fste] °F 1
T ARE AASES silen SHE 545 THA A

== 7t skith. FRP gfntol]l ojw 3 1895 Astelx Friet=

=
FRP 2lutg 9| Fggdd w=Fshd 95 A A olsh &2 54 wie ¢



Aol T ¢tdva o Ay Fre =4S JSCE-E 5339 “Testing
method for creep failure of continuous fiber reinforcing materials”ol] | A] & ¢

At

3.yt 14522 wwk A7 7] (CHBDC)

7 FZE FRPE #4437 913 slucte] AA7ES 19899 vt &
330 7]& A3 AAeATE 1991 FRPol 3 7R X7t Z3y
31998 FRPE RHAAZZA AME387] g AA7]Ee] A= AT AA Y
ol A M TeAE W82 RC 7= WA FRP B A7l
gk zlojth. FRP BAAI =7 A&A42 stsS wg v Zwrt Zagvhs A

aEste] Aurte] AAV|EAAE ZE~EYAY AR obd dnk RAAAR

¥ g R
of

=

ml

AX A §HE Pprp- F - = AR A71AM, [, FRP 2lnpe] 54
3l 7% (specific strength: FRP #ul Z%o 5%)olH  drpps AFAFZE
GFRP, AFRP, CFRPlAl 247} 0.75, 0.85, 0.85¢]th. FAIGFE 2% A A=A
FRP 2lule] &atFol] oaix @wAst= &5 Abstgol oaliA] wAste 4%
Ro| H]o]th RO #t& Table 8-13 #th
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Table 8-1 Stress limiting factor for FRP reinforcement

R 0.5 1.0 2.0 or more
F for GFRP 1.0 0.9 0.8
F for AFRP 1.0 0.6 0.5
F for CFRP 1.0 0.9 0.9

FRP Al&e &9 @A g ¥y ofvegt Zeztae ge Autt 7EdME A
Alekal 9l=d GFRP, AFRP 9 CFRPelA 7+7} 0.60~0.75, 0.42~0.85, 0.76~
085011 o9} 2 & Abetsa datsol Hlel oEdth Ed At vE
e ZYP2EYYXE EAolM FRP wdlde] Hoj 38353 ke Table 8-29
2.

Table 8-2 Stress limiting factor FRP prestressed Rebar

Prestressing Rebar Pre-tensioning Post-tensioning
GFRP NA 0.48 [ py,
AFRP 038 fpu 035 fpu
CFRP 0.60 Fpu 060 /pu

FRP A= 935 TAA7= 44 a9l Aurte] AAV|EAE 43
YA ekA] gkth ey A Ee] B EEA FRPE AMg3t7] Yaas o
NS a7 st AR EYME e =9 344 89l 9dtd
ot Aol 7] wio] FRP RAAEe mEZX: iz AL Es okt
443 FRP BAARe] AHES 98l7] $ste]l FRP @ln}, 12 =(grid), ¥de]
5] 8% 5 Table 8-3° #A|A&}Sch

Lo

o
o
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Table 8-3 Condition of use for primary FRP reinforcement and tendons

Applications

Prestressed concrete beams and slabs

Post-tensioned
Stresse

R Grouted Ungrouted | Ungroute | Deck |d wood|Rebarrier
Pre-tensioned

Alkaline | Cement-based | internal |d internal slabs | decks walls
GFRP I P I P P I P P
CFRP p P p P P P p p
AFRP P P P P P P P P

I: inadmissible, P: permissible

oA stajE 7hsAdol gl

4. vz ZaYE g3](ACD

191 v= A ESI = ARrAdEe BAARd i 440 f1d3E A
Hetol 1996d FAdES BAFAEEA FRPE A&l Wi 7l<X A4 (ACT

440R 96)S =33k 2000 1€¥€olE “Guide for the design and
construction of concrete reinforcement with FRP Rebars”’& &3t 2™ 2001

W 29ol&= FRP A5 Ag@¥e dg 7]F9= "Recommended test
methods for FRP rod and sheets”& %35ttt o] ¢ 2 A4+ Ad= F4
YE Fx=o AE&3t7] #13 FRP gnte] b4 Alduys 4871+ At
Sted B2 TS 39y ACIE FRP RAAIRS F7140 74
Ao AAE aEetr] flstel 3473 A AFE AR $

FRP R g Arbate] ofefr Folzl ol #afo]

"
e
o
2
o

oh’.
&
prl
N
rlr

i
ol
iy
rot
(o,
3
oy
H
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A= Aol F79 msxddd a7 &3 ACL YA = F 7HA 9] 84 =

A& L#ste] Table 8-4 22 S AFE AAetar v

Table 8-4 Environmental reduction factor

Exposure Conditions Rebars Cg
CFRP 1.00

Enclosed condition space GFRP 0.80
AFRP 0.90

CFRP 0.90

Unenclosed condition space GFRP 0.70
AFRP 0.80

ACl= e iAol d&Fs mAE & e Ad=z 45 s A

Table 8-5% £ 3§ A= A HS AN FaAFs 38 A=

Table 8-5 Creep/fatigue reduction factors

Rebars Creep rupture stress limit
GFRP 020 f e
AFRP 0.30 f b
CFRP 055 f e
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5. BISE ¥ EUROCRETE

EUROCRETEE Z3#EQ HAAZZA FRPY ALES f3k AAZES AA
Aol A= 1996
“Modification of design rules to incorporate non-ferrous reinforcement”& =¥

stlom AL A-Ay= 19999 BISE=

3l7] 9sle] 1993 pan-European 712 A #3FSit). o]

"Interim guidance on the design
of reinforced concrete structures using fibre composite reinforcement”S =%

itk ol st 22 AATENAN FEEAS ¥ ZYPAEYAE BAAYRNA

2Tk TFEAXE 167052 Aokstgon T AEHAE R RAE
3002 Attt Am AT v, ATH Ay FrH<d o

FFS 1H3I SHAASFE FRP BAARY Fadkol 932 na = de 3
A2l elxE u#ste] =Jstsith Table 8-62 FRP XA 59 Fifol| wE
Am AF D BAAF e e
Table 8-6 Materials and environmental factors(EUROCRETE-BISE)
Rebars Material factor Environmental factor
GFRP(E-glass) 3.60 3.30
AFRP 2.20 2.00
CFRP 1.80 1.67
6. =240 7]+
wm2go]d 7]Fel NS 34739 AAEE WAFE wAA ALgel g BE
Mg aha ot o] 71F9 FLEAL FRP RAAR A7) st Baw

TFAe WM3E Al Aolth o] A= EUROCRTES AHE A= A5

o

plastic(FRP) reinforcement”

ApA| SHA
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e ARl EES] xS B4 VI =F¥ FRP BAAIRS AEUAE
el = AleE o g2 =A% 3% AFe Tl wet 2AE o g
Table 82 #Zt} 12y Table 89 7,42 w=ZAIZt G&FS w2 Fe F2E
ANAX= 1LO7kA F7kste] AHEE & v 242

A=l d3= MaAF p,,2 48 5 dem 2 ¢S Table 8-73 2

2

Table 8-7 Materials and environmental factors(Norwegian standard)

Rebars Tt N env
GFRP(E-glass) 0.8~1.0 05°

AFRP 0.7~1.0 0.9

CFRP 09~1.0 1.0

* GFRP glnb= w2 ZE| By Al

[>

glap g2 el ARSE = AAY Ay

1-011
P>

To® 9N A dste] HE

of
e

T 7., 098 AHEE T

52
*

- 215 -



Table 8-8 Materials and environmental factors

ACI CHBDC JSCE BISE
GFRP: 0.70~0.80 GFRP=: 0.75 GFRP: 0.77
Environmental AFRP: 0.80~0.90 AFRP=: 0.85 AFRP: 0.87
CFRP: 0.90~1.00 CFRP=: 0.85 CFRP: 0.87 GFRP: 0.30
AFRP: 0.50
GFRP: 0.80~1.00 CFRP: 0.60
Sustained stress - AFRP: 0.50~1.00 -

CFRP: 0.90~1.00

Total strength

reduction due to | GFRP: 0.70~0.80 | GFRP: 0.60~0.75 | GFRP: 0.77 GFRP: 0.3
environmental AFRP: 0.80~0.90 | AFRP: 0.42~0.85 | AFRP: 0.87 AFRP: 05
agents and CFRP: 0.90~1.00 | CFRP: 0.76~0.85 | CFRP: 0.87 CFRP: 0.60

sustained stress

. GFRP: <0.70
Specific upper | GERp: 0.14~0.16 | GFRP: 0.60~0.75
tensile stress limits AFRP: <0.70
AFRP: 0.16~0.18 | AFRP: 0.42~0.85 -
due to permanent CFRP: <0.70
load CFRP: 044~050 | CFRP: 0.76~0.85
* CHBDC+= oFA 7= 8734 &S aest A7t AA7IEdd Aol =A sk

ohomhebA @A G ayrE o] Al Al dFe A v

o0
riet

St AEA T AA
2 AFoAE stolHeE = FRP gute] 74 AlgdA9E 7|2 o 2ste] 7]E9
ACT 4409198l ol A Adstar U= 4 2 FHFIATE EUE slolHFY=
FRP @ute] 349 A+E 2A4stax sk ACI 4

dutel AGARE ALEHE EdW SAe 4TS W] ARAVLE

i

(Residual interlimanar shear stress)E ¥ 7}sto] IFAGAFZ=7F 65%0]do] 1L,

ZH Q17 = (Residual tensile strength)®] 74-%- FRP #uprt A EC] QIR
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BAER FE AEHOEHR 75% ool HAS W FAFF AFE 0842
2 A 4 gtha gFAska vk 2 Aol ACIO) o] e 7)ol whEt
TS v - B T HAFHor ZAE TRE HAAA 849 JFS

AR ACI 440919939 7leFs 7]+ o =aho
ATl AbEE ste]lH = FRP #ute] A QFATE A8 A 7ES

Table 8-107} #o] 1 HHE ZAA3A

e

Table 8-10 Limited of environmental factor

Residual compressive Residual Interlaminar Residual tensile .
strength(%) shear stress strength(%) strength(%) Environmental factor
50~57 50~57 50~62 0.70
58~65 58~65 63~74 0.75
65~72 65~72 75~80 0.80
72~80 72~80 81~85 0.85
80~87 80~87 85~90 0.90
87~95 87~95 91~95 0.95
95~100 95~100 96~100 1.00

7}. CFRP ISO 1}k

0900) el 3L 095015Hel AoE vhehigih ey 2aE el A AHE 2 o
Fe A S Qe ARIBRFRANA ARAFLBENGANL BFGGASR
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA SWD SFT W
Type of expososure condtion

(a) Residual compressive strength

100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD SFT W
Type of expososure condtion

(b) Residual interlaminar shear stress

100

Residual strength(%)

AL AC SA DE WD oD FT SL CA S-WD S-FT WV
Type of expososure condtion

(c) Residual tensile strength
Fig. 8-11 Durability test result of CFRP ISO rebar: (a) Residual compressive
strength, (b) Residual interlaminar shear stress, (c¢) Residual

tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD S-FT WV
Type of expososure condtion

(a) Residual compressive strength

100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD SFT W
Type of expososure condtion

(b) Residual interlaminar shear stress

100
90
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70
60
50
40
30
20
10
o L |

AL AC SA DE WD OD FT SL CA SWD S-FT UV

Type of expososure condtion

Residual strength(%)

(c) Residual tensile strength
Fig. 8-12 Durability test result of GFRP Aslan rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD S-FT UV
Type of expososure condtion

(a) Residual compressive strength

100

9
=
(@)
c
o
»
©
>
o
(%)
[0)
o
AL AC SA DE WD oD FT SL CA S-WD S-FT ULV
Type of expososure condtion
(b) Residual interlaminar shear stress
100
o ]
o
& g —
~
5 70
S 6o
250
< 40
3 30
chog 20
10
. ||
AL AC SA DE WD oD FT SL CA S-WD S-FT uv

Type of expososure condtion

(c) Residual tensile strength
Fig. 8-13 Durability test result of AFRP Technora rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA SWD S-FT UV
Type of expososure condtion

(a) Residual compressive strength

Residual strength(%)

AL AC SA DE WD oD FT SL CA S-WD S-FT UV
Type of expososure condtion

(b) Residual interlaminar shear stress

Residual strength(%)

AL AC SA DE WD OD FT SL CA SWD SFT UV
Type of expososure condtion

(c) Residual tensile strength
Fig. 8-14 Durability test result of GFRP Aslan rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD S-FT UV
Type of expososure condtion

(a) Residual compressive strength

100

Residual strength(%)

AL AC SA DE WD oD FT SL CA S-WD S-FT UV
Type of expososure condtion

(b) Residual interlaminar shear stress

100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD S-FT UV
Type of expososure condtion

(c) Residual tensile strength
Fig. 8-15 Durability test result of GFRP Aslan rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA
Type of expososure condtion

(a) Residual compressive strength

100

Residual strength(%)

AL AC SA DE WD oD FT SL CA
Type of expososure condtion

(b) Residual interlaminar shear stress

100

Residual strength(%)

AL AC SA DE WD OD FT SL CA SWD SFT W
Type of expososure condtion

(c) Residual tensile strength
Fig. 8-16 Durability test result of GFRP Aslan rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD S-FT UV
Type of expososure condtion

(a) Residual compressive strength

100

Residual strength(%)

AL AC SA DE WD oD FT SL CA S-WD S-FT UV
Type of expososure condtion

(b) Residual interlaminar shear stress

100

Residual strength(%)

AL AC SA DE WD OD FT SL CA SWD SFT UV
Type of expososure condtion

(c) Residual tensile strength
Fig. 8-17 Durability test result of GFRP Aslan rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength
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100

Residual strength(%)

AL AC SA DE WD OD FT SL CA SWD SFT W
Type of expososure condtion

(a) Residual compressive strength

Residual strength(%)

AL AC SA DE WD oD FT SL CA S-WD S-FT uv
Type of expososure condtion

(b) Residual interlaminar shear stress

Residual strength(%)

AL AC SA DE WD OD FT SL CA S-WD SFT UV
Type of expososure condtion

(c) Residual tensile strength
Fig. 8-18 Durability test result of GFRP Aslan rebar: (a) Residual
compressive strength, (b) Residual interlaminar shear stress, (c)

Residual tensile strength

- 228 -



2k FRP 2l Sl mE 4 ddFAse nla - F7t

ZAYESY =E34S ngste] 24 ¥ FRP gvte] FTHdd 2 4 IA S5

£ a°r4dyshd Table 8-113 2t} Tol A= kel GFRP 2Bk} GFRP
Aslan 2v}F 9 7 CFRP 28k}l CFRP 1SO #ntg 7242t U4 23S 4
Alate] A G FgATE AAstR oY AHE A AFA T LA e
AFES W2 FASA Fa s FAIFATE YEUT £ solHg=
FRP #RHA)E @24k ofgv=AdfE Fo74 84= 3t7] wiEeol CFRP
JS Yeto] CFRP g nkel AFRP
n7b 7HA = 0.859) S G IAFE Vel o stelHel= FRP gvHB)E &
24 FEARE FRTAHALARE 7] wwol frElAdfred FEgs wol 34
o 752 vebgth el stelBe = FRP gn)
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o
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™

uEdE TEE AT ol FANRA A Apast Hol 0859 BEY T
AFE AT 5 At 58 TS tehn
Table 8-11 Environmental factor of developed FRP rebars
Type of FRP rebars Environmental factor
CFRP 0.85
GFRP 0.70
AFRP 0.85
Hybrid FRP(A) 0.85
Hybrid FRP(B) 0.70
Hybrid FRP(C) 0.85
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Table 9-1 Geometry of FRP rebar

Geometry Height: a(mm) Width: b(mm) Type of
Geometry
1.9mm A-1
0.63mm 3.8mm A-2
(a) 5.7/mm A-3
() ) 1.9mm B-1
O O 1.3mm 3.8mm B-2
— ~ 5.7mm B-3
<one orientation rib> 1.9mm c-1
2mm 3.8mm Cc-2
5. mm C-3
1.9mm D-1
0.63mm 3.8mm D-2
(@ 5.7mm D-3
o5 - —
O O 1.3mm 3.8mm E-92
— = 5.7mm E-3
<two orientation rib> 1.9mm F-1
2mm 3.8mm F-2
5. Tmm F-3
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(a) One orientation

(b) Two orientation

Fig. 9-1 Photos of geometry of FRP rebar: (a) one orientation, (b) two

orientation
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(a) Test beam bond specimen

(b) Test set-up for beam bond test

Fig. 9-3 Beam bond test: (a) test beam bond specimen; (b) test set-up for

beam bond test”™!™
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Table 9-2 Physical Properties of Cement

Stability
(%)

Fineness

; Specific gravit:
(em%/g) P & Y

3,488 3.14 0.08

Table 9-3 Physical properties of fine and coarse aggregate

Specific Gravity Absorption

(%)

F.M.

Bulk Bulk(SSD) Apparent

Fine agg. 2.59 2.61 2.63 0.67 2.99

Coarse agg. 2.61 2.62 2.7 0.70

Table 9-4 Mix proportion

W
(kg/m’)

C
(kg/m®)

S
(kg/m®)

SP
(kg/m®)

W/C
(%)

S/a

(%) (kg/m®)

45 60 202.5 450 1000 600 2.52

R
R

| & & A A © 150mmx300mme]
2173 o] bulE v Hsto] AAstAth Al 28
T A= UTMS o] &3kl =
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A7IM, = FAAE, Pu= HAWF#HstE, = FRP @nke]l 274, L= FRP

LvDT '\
FRP rebar

Concrete specimen

Steel

A RS fste] AMEE ZAYES S =+ Table 9-59F o] 30.6MPa2]
Frs HERAT

"
d
>~

Table 9-5 Compressive strength of concrete

. Compressive strength
Specimens No.
(MPa)
1 314
2 31.1
3 29.7
4 29.2
5 31.8
Mean 30.6
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Fig. 9-5 Bond strength-displacement behavior of FRP rebars: (a) one

orientation, (b) two orientation
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Fig. 9-6 Bond strength of FRP rebars: (a) one orientation, (b) two orientation

- 241 -



Bond strength{MPa)

Bond strength{MPal

._._.--'_.---_ u
T
H_d--"*"'-ﬂa._' -
e _.,.-I'.‘ --""-_I
- Y
-
T
&

= o n Hel g0 ECTAT0 == Hegghi] ], 3vm = = Hel givicZrmmd

Widthilmm b

(a) One orientation

.
J--+-_ — Ll ]
L i
T abo,
- L -
2 T

- - Haghti0 E3mm|  —s—Heghil3.Brml  —a —Heighil&. Tmm|

F ;] 4 ] ] T B
Width{mm}

(b) Two orientation

Fig. 9-7 Effect of crimped width on FRP rebar bond strength: (a) one

orientation, (b) two orientation
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Fig. 9-8 Effect of crimped height on FRP rebars bond strength: (a) one

orientation, (b) two orientation
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Fig. 10-1 Geometry of hybrid FRP rebar
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Table 10-1 Compressive strength of concrete

Specimens No. Compressive strength(MPa)
1 36.1
2 37.7
3 375
4 374
5 379
Mean 37.3
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Fig. 10-4 Geometric properties of bundled FRP rebars

(a) Two rebars

A

A
8

(b) Three rebars

_

X2

(¢c) Four rebars

(135)

Table 10-2 Geometric properties of normally spaced rebars, bundled rebars

and equivalent single rebar

(135, 183)

Bundle Normal Bundled Equivalent |Perimeter comparison of bundled rebar with
type spacing rebar single rebar |normally spaced and equivalent single rebar
I il m v
2 2 2
A= Jzch A= J[ZcL A= Jzch .
- Perimeter % same as normally spaced
2 Rebars . .
+ 30% more than equivalent single rebar
P=2rd | P=2rd P=V2rd
A= j} rd" A= j} rd" Af:iL rd® |- Perimeter 16.7% less than normally
3 Rebars spaced
P=3nd P=2J2‘ md | P=V3rd - 44% more than equivalent single rebar
) ) )
Ap= nd Ap= nd Ap= nd - Perimeter 25% less than normally spaced
4 Rebars . .
- 50% more than equivalent single rebar
P=4rd P=3rd P=2rd

Ajs=c/s area of the FRP rebar

P=Perimeter of the rebar

- 250 -



Table 10-3 Pull-out cylinder test results of bundled rebars and comparison

with two rebar bundle™

) Perimeter ) Ratio of
" Perimeter ¢ Pull—out Ratio of Ratio of imeter of
o) -ou erimeter o
Type o of bundled . b atio O_ perimeter of P )
bundle equivalent | Joad(KN) |loads carried equivalent
rebars bundled rebars
rebars rebar
2-rebar P=92rd Vor 48.48 1 1 1
3-rebar P=3nd V3r 63.164 1.30 1.25 1.22
4-rebar P=And o 69.39 1.43 1.50 1.41

Table 10-22 %€ Vijayx= 2 71¢ FRP #ut= 3 HFeoz s9s o §2s
<3 & /B9 FRP gutEs Adsds ol F&ets 349 vl= 3 759 FRP ¢
vk SAA T e sde WAL 7 gk NS FRP #ubset A8ste A
Foll vl getar stk 1y AAF o' Vijaye F-2AE A g Jfe] FRP
glufol] 3k RRAH A= oF 3958KNO 2 F/HE 5 S-3 FRP gulo g 3

W &% dAATE A8 gkt vlulste] of 388% A dHEwoew &
A3 dH AL 7R 3 Ao gutor uHEdS W IFAAFES H&3 zhol
Hlgte]l oF 13.4% A% A vepgoh ™ wels olejsie] FRP v Foat &
Ak @A S 7H FRP gnbe] R EE AGs AT B HesATE
Agatd AL & Atk 2y @A ol¢ 2 AT Y WEATE 2484
Al Skrh wEkA olof e HAE A &3] A= W WS FRP vk &
o] BAAFG A stefor & Peart ek el B A7 FA 3 A9

FRP 2lnte] FAAgE FlM of=7fe] FRP #ute] Hao2 ARSHEAS o

S B5¢ WHOE FRP €ub} ASHAL W RAZEE Naway/h AN o
AAFE olgstel A5T + AW gaAFt WEAF} AHAA Fol @

AATe} F2Arele] AATS Naway’l A AE Table 10-33 o] A A&
=3
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Fig. 10-5 Bond test result after alkali exposure:(a) bond strength, (b) residual

strength
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Fig. 10-6 Bond test result after acid exposure: (a) bond strength, (b) residual

strength
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Fig. 10-7 Bond test result after salt exposure: (a) bond strength, (b) residual

strength
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Fig. 10-8 Bond test result after deionized water exposure: (a) bond strength,

(b) residual strength
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Fig. 10-9 Bond test result after repeated wet-dry cycles exposure: (a)

bond strength, (b) residual strength
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Fig. 10-10 Bond test result after long-term oven dry exposure: (a) bond

strength, (b) residual strength
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Fig. 10-11 Bond test result after repeated freezing and thawing exposure: (a)

bond strength, (b) residual strength
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Fig. 10-13 Bond test results of FRP rebars after CaCl; solution exposure: (a)

bond strength, (b) residual strength
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Fig. 10-14 Bond test results of FRP rebars after salt and repeated wet—-dry

cycles exposure: (a) bond strength, (b) residual strength
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Fig. 10-15 Bond test results of FRP rebar after salt and repeated freezing
and thawing cycles exposure: (a) bond strength, (b) residual

strength
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Fig. 10-16 Bond test results of FRP rebar after UV radiation exposure: (a)

bond strength, (b) residual strength
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Table 11-1 Reinforcement properties of concrete specimens

CFRP | GFRP | AFRP | CFRP | GFRP | Hybrid | Hybrid Hybrid
(IS0) | (Aslan) |(Technora)| (D) () | FRP(A) | FRP(B) | FRPO)
No. of flexural | 4 2 2 4 9 12 4
reinforcement
No. of shear | 10 10 10 10 10 10 10
reinforcement
Diameter(mm) | 94 94 74 9 94 40 40 80
Yield
strength(MPa) 2000 3000 3000
Ultimate
srongth(Mpa) | 2100 | B25 | 170 | 2120 | 120 | 500 | 300 3600
Yield
a0 120 134 105
Ultimate 17 | 1% 3 12 | 200 | 37 262 350
strain(%)
Flasic 10643 | 42982 | 74332 | 110876 | 50002 | 613217 | 421769 | 416180
modulus(MPa) ’ ' ’ ’ T T T

2. NBEA A A%

AN BAAY AFE gske] AgH W 11-29 2ok

Table 11-2 Mix proportion

W/C S/a W C S G Sp
(%) (%) (kg/m®) (kg/m®) (kg/m®) (kg/m®) (kg/m®)
55 37 174 316 856 931 3.792
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Fig. 11-5 Four-point bending test set-up

Table 11-33 #9]

A EE

A 54 AA

1. $=4=
BA% 242 HAste] AgR Fagee
30.6MPa2l == vERITH
Table 11-3 Compressive strength of concrete
Specimens No. Compressive strength(MPa)
1 314
2 31.0
3 29.7
4 29.1
5 31.7
Mean 30.6
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Table 11-4 Ultimate load of FRP rebar reinforced concrete specimens

Load (KN)
Experiment/theory
Theory Experiment

CFRP (ISO) 134.40 105.52 0.79
GFRP (Aslan) 1133 97.31 0.86
AFRP (Technora) 107.73 76.89 0.72
CFRP (D) 136.45 108.43 0.81
GFRP (D) 102.53 82.45 0.81
Hybrid (A) 77.43 84.24 1.06
Hybrid (B) 62.80 76.08 1.21
Hybrid (C) 74.20 76.59 1.03

Table 11-5 Yielding load and deflection of FRP rebar reinforced concrete

specimens
Yielding Ultimate Yielding/ultimate
Deflection Load Deflection Load .
(mm) | (KN) (mm) (kyy | Peflection | Load
CFRP (ISO) - - 1.01 105.52 - -
GFRP (Aslan) - - 2.51 97.31 - -
AFRP (Technora) - - 356 76.89 - -
CFRP (D) - - 1.10 108.43 - -
GFRP (D) - - 2.94 82.45 - -
Hybrid (A) 0.81 53.64 10.41 84.24 12.85 1.57
Hybrid (B) 0.67 54.71 8.13 76.08 12.13 1.39
Hybrid (C) 0.71 53.78 10.09 76.59 14.21 1.42
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Table 11-6 Failure mode of FRP rebar reinforced concrete specimens

Failure mode Moment capacity (N-m)
/ Mexp. | Mexp.
O Op @
/Mn /Md
Theory EXP. M, My MExp.
CFRP
C FS 5.14 0.7 [15133.7/10,593.6 | 11,871.0 | 0.78 1.12
(ISO)
GFRP
C FS 1.797 0.7 [12,142.2| 8,499.6 | 10,947.3 | 0.90 1.28
(Aslan)
AFRP
C FS 1.537 0.7 [12,133.0] 8493.1 | 8650.1 0.71 1.02
(Technora)
CFRP
D) C FS 4.49 0.7 115364.0|10,754.8 | 12,198.3 | 0.79 1.13
GFRP
D) C FS 1.862 0.7 |11,548.2| 8,038.7 | 9,275.6 0.80 1.15
Hybrid
A) L FS 0578 | 0.85 |5807.8 | 4,936.6 | 6,318.0 1.09 1.28
Hybrid
B) L FS 0504 | 0.85 |4,711.7 | 4004.9 | 5,706.0 1.21 1.42
Hybrid
©) L FS 0555 | 0.85 |55629 | 4,7285 | 5,744.3 1.03 1.21
EXP. : experimental result @ : strength reduction factor

C : concrete crushing
L : FRP rebar yielding

FS ! fracture after shear crack

- 299 -




o1
=
ne
o]
0
ol
=

ol
)
r
[

i)
[m

of:

>,
2l
o,
A
1A
k3
ox
ol
ox
rlo

At 9 sto]lH= FRP gulog H
Fig. 11-7914 11-14¢F 2k A@A23% stsAst 2710 FA9 FFAA 2
oy A Wgow Zy|itdo] LAIPon HAAEL FAo FIEE
oA i AT 2y dtFe]l ALKAHow AEsWA Fig. 11-7~
11-14014 £ = = A7 o] daatdoe] wAste] =42l w7} s

Atk 53] stelHP = FRP gute= BAE FALE FAAS] B e o

o
-
N
1
k1
o{d
4
ax
(o
f
2
L
By
ilieA
o,
e
2
_0|L
hh
-2
o
Q‘L
s
i)
i)
i
rr
o,
o%
o
il
oy

ACh
i
il
-4
2,
ol
rir
et
Ho
N
X,
4pr
2
o
fr
ol
ofy
=2
2
otk
ol
)
o
ol
ofy
o
o|\
N
o,
o
[
N
L

- 300 -



-LI‘I'FI".-F_ m-l:r.-' - 1.-:|.-——I

:-—'-
ﬁ—'_ﬁ =

Fig. 11-7 Photo of flexure and shear cracks from CFRP ISO rebar reinforced

concrete specimens

Fig. 11-8 Photo of flexure and shear cracks from GFRP Aslan rebar

reinforced concrete specimens
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(c) AFRP Technora

Fig. 11-9 Photo of flexure and shear cracks from AFRP Technora rebar

reinforced concrete specimens
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Fig. 11-10 Photo of flexure and shear cracks from CFRP(D) rebar reinforced

concrete specimens

Fig. 11-11 Photo of flexure and shear cracks from GFRP(D) rebar reinforced

concrete specimens

Fig. 11-12 Photo of flexure and shear cracks from hybrid FRP rebar(A)

reinforced concrete specimens
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Fig. 11-13 Photo of flexure and shear cracks from hybrid FRP rebar(B)

reinforced concrete specimens

Fig. 11-14 Photo of flexure and shear cracks from hybrid FRP rebar(C)

reinforced concrete specimens
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APPENDIX B: dto|B.8]= FRP #Hule] WA Ad 43

Table B-1 Compressive strength of FRP rebar specimens

Compressive Residual strength . .
Type of FRP rebars | Repeated No. Plain of failure
strength (MPa) (%)
1 236.94 122.7 vertical
CFRP 2 150.83 78.1 vertical
3 148.28 76.8 vertical
Mean 178.68 925 vertical
1 239.24 74.8 vertical/horizontal
2 263.57 82.5 vertical/horizontal
GFRP - -
3 233.38 73.0 vertical/horizontal
Mean 245.39 76.8 vertical/horizontal
1 110.27 80.8 vertical/bearing
2 124.92 91.5 vertical/bearing
AFRP 3 128.41 94.1 vertical/bearing
4 140.51 102.9 vertical/bearing
Mean 126.03 92.3 vertical/bearing
1 361.78 7.7 vertical/bearing
CFRP(D) 2 503.95 105.5 vertical/bearing
3 543.18 113.7 vertical/bearing
Mean 469.64 98.3 vertical/bearing
1 390.82 93.6 vertical/bearing
GFRP(D) 2 369.90 38.6 vertical/bearing
3 316.43 75.8 vertical/bearing
Mean 359.05 86.0 vertical/bearing
1 419.6 - bearing
2 434.6 - bearing
Hybrid(A) 3 410.3 - bearing
4 460.6 - bearing
Mean 431.3 -
1 372.2 - bearing
. 2 340.0 - bearing
Hybrid(B) 3 3317 - bearing
Mean 348.0 -
1 410.1 - bearing
2 406.1 - bearing
. 3 421.0 - bearing
Hybrid(C) 1 4155 - bearing
5 412.3 - bearing
Mean 413.0 -
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Table B-2 Compressive test after alkali exposure(50days, T=607C)

Type of FRP Compressive | Residual strength . )
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 125.10 64.8 vertical
2 116.94 60.5 vertical
CFRP
3 229.43 118.8 vertical
Mean 157.15 81.4
1 175.16 54.8 vertical/horizontal
2 162.80 50.9 vertical/horizontal
GFRP
3 173.50 54.3 vertical/horizontal
Mean 170.49 53.3
1 112.59 825 vertical/bearing
2 112.83 82.7 vertical/bearing
AFRP
3 82.82 60.7 vertical/bearing
Mean 102.75 75.3
1 375.03 84.4 vertical/bearing
2 381.15 84.0 vertical/bearing
CFRP(D)
3 398.47 78.2 vertical/bearing
Mean 384.88 82.2
1 182.90 43.8 vertical/bearing
2 242.20 58.0 vertical/bearing
GFRP(D)
3 — —
Mean 212.55 50.9
1 390.1 90.4 bearing
2 412.4 95.6 bearing
Hybrid(A)
3 406.0 94.1 bearing
Mean 402.8 93.4
1 233.9 67.2 bearing
Hybrid(B) 4 227.3 65.3 bearing
Mean 230.6 66.3
1 350.4 84.8 bearing
Hybrid(C) 2 417.0 101.0 bearing
Mean 383.7 92.9
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Table B-3 Compressive test after alkali exposure(100days, T=607T)

Type of FRP Compressive |Residual strength
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 146.49 75.8 vertical
2 174.77 90.5 vertical
3 150.31 718 vertical
CEFRP 4 163.05 84.4 vertical
5 240.89 124.7 vertical
Mean 175.11 90.6
1 210.06 65.7 vertical/horizontal
2 234.01 73.2 vertical/horizontal
3 204.96 64.1 vertical/bearing
GERP 4 192.22 60.1 vertical/bearing
5 373.12 116.7 vertical/bearing
Mean 242.87 76.0
1 140.51 102.9 vertical/bearing
2 149.34 1094 vertical/bearing
AFRP 3 147.25 107.9 vertical/bearing
4 83.04 60.8 vertical/bearing
Mean 130.04 95.3
1 45452 95.2 vertical/bearing
2 405.60 84.9 vertical/bearing
CFRP(D) 3 440.76 92.3 vertical/bearing
Mean 433.63 90.8
1 341.27 81.7 vertical/bearing
2 369.89 83.6 vertical/bearing
GFRP(D) 3 314.06 75.2 vertical/bearing
4 319.57 765 vertical/bearing
Mean 336.20 80.5
1 274.6 63.7 vertical/bearing
Hybrid(A) 2 328.0 76.0 bearing
Mean 301.3 69.9
1 181.9 52.3 bearing
Hybrid(B) 2 194.4 55.9 bearing
Mean 188.2 54.1
1 357.4 86.5 bearing
Hybrid(C) 2 331.7 80.3 bearing
Mean 311.2 75.3
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Table B-4 Compressive test after acid exposure(50days, T=607C)

Type of FRP Compressive |Residual strength ) )
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 169.30 87.6 vertical
2 158.98 82.3 vertical
CFRP 3 15376 796 vertical
Mean 160.68 83.2
1 203.95 63.8 vertical/horizontal
2 215.03 67.3 vertical/horizontal
GFRP . X
3 203.95 63.8 vertical/horizontal
Mean 207.64 65.0
1 122.13 89.5 vertical/bearing
2 126.78 929 vertical/bearing
AFRP ; :
3 125.85 92.2 vertical/bearing
Mean 124.92 91.5
1 375.03 785 vertical/bearing
2 381.15 79.8 vertical/bearing
CFRP(D)
3 398.47 83.4 vertical/bearing
Mean 384.88 80.6
1 220.02 52.7 vertical/bearing
2 203.51 487 vertical/bearing
GFRP(D)
3 227.10 54.4 vertical/bearing
Mean 216.88 51.9
1 383.8 88.9 bearing
2 379.2 87.9 bearing
Hybrid(A)
3 365.2 84.7 bearing
Mean 376.1 87.3
1 298.6 85.8 bearing
2 273.8 78.7 bearing
Hybrid(B) 3 295.1 84.8 bearing
4 312.8 89.8 bearing
Mean 295.1 84.8
1 377.3 91.3 bearing
2 366.0 88.6 bearing
Hybrid(C) )
3 361.7 87.6 bearing
Mean 368.3 89.2
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Table B-5 Compressive test after acid exposure(100days, T=607C)

Type of FRP Compressive  |Residual strength ) )
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 169.30 87.6 vertical
2 158.98 82.3 vertical
CFRP :
3 153.76 79.6 vertical
Mean 160.68 83.2
1 203.95 63.8 vertical/horizontal
2 215.03 67.3 vertical/horizontal
GFRP
3 203.95 63.8 vertical/horizontal
Mean 207.64 65.0
1 122.13 89.5 vertical/bearing
2 126.78 92.9 vertical/bearing
AFRP
3 125.85 92.2 vertical/bearing
Mean 124.92 915
1 375.03 785 vertical/bearing
2 381.15 79.8 vertical/bearing
CFRP(D)
3 398.47 83.4 vertical/bearing
Mean 384.88 80.6
1 220.02 52.7 vertical/bearing
2 203.51 487 vertical/bearing
GFRP(D)
3 227.10 54.4 vertical/bearing
Mean 216.88 51.9
1 388.6 90.1 bearing
2 379.1 87.9 bearing
Hybrid(A)
3 3579 82.9 bearing
Mean 375.2 86.9
1 259.9 74.7 bearing
2 239.1 68.7 bearing
Hybrid(B)
3 263.3 75.7 bearing
Mean 299.5 73.0
1 331.6 80.3 bearing
2 357.3 86.5
Hybrid(C)
3 345.4 83.6 bearing
Mean 298.5 835
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Table B-6 Compressive test after salt exposure(50days, T=607C)

Type of FRP Compressive  |Residual strength ) .
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 167.01 86.5 vertical
c 2 195.54 101.2 vertical
FRP 3 175.50 90.9 vertical
Mean 179.35 92.8
1 291.34 91.1 vertical/horizontal
2 27592 86.3 vertical/horizontal
GFRP 3 297.07 929 vertical/horizontal
4 95.29 29.8 vertical/horizontal
Mean 239.90 75.1
1 65.83 482 vertical/bearing
2 144.90 106.0 vertical/bearing
AFRP
3 144.93 106.2 vertical/bearing
Mean 118.49 86.8
1 447.39 93.7 vertical/bearing
2 429.55 89.9 vertical/bearing
CFRP(D) 3 440.76 92.3 vertical/bearing
4 360.25 75.4 vertical/bearing
Mean 419.49 87.8
1 290.48 69.6 vertical/bearing
2 311.87 4.7 vertical/bearing
GFRP(D)
3 319.26 76.5 vertical/bearing
Mean 307.20 73.6
1 419.6 97.3 bearing
Hybrid(A) 2 408.4 94.7 bearing
Mean 414.0 96.0
1 302.6 86.9 bearing
2 318.2 914 bearing
Hybrid(B)
3 290.1 83.3 bearing
Mean 303.6 87.2
1 360.8 87.4 bearing
2 334.5 81.0 bearing
Hybrid(C)
3 387.6 93.8 bearing
Mean 361.0 874

- 354 -




Table B-7 Compressive test after salt exposure(100days, T=607C)

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 160.51 83.1 vertical
2 175.24 90.7 vertical
CFRP :
3 159.49 82.6 vertical
Mean 165.08 85.5
1 140.38 439 vertical/horizontal
2 180.13 56.4 vertical/horizontal
GFRP
3 0.0 0.0 vertical/horizontal
Mean 160.25 50.1
1 122.13 89.5 vertical/horizontal
2 103.52 75.8 vertical/bearing
AFRP
3 102.59 75.2 vertical/bearing
Mean 109.41 80.2
1 398.98 835 vertical/bearing
2 392.36 82.1 vertical/bearing
CFRP(D)
3 369.94 715 vertical/bearing
Mean 387.09 81.0
1 216.88 51.9 vertical/bearing
2 311.08 745 vertical/bearing
GFRP(D)
3 276.32 66.2 vertical/bearing
Mean 268.09 64.2
1 370.9 86.6 bearing
2 375.0 86.9 bearing
Hybrid(A)
3 348.8 80.2 bearing
Mean 364.9 84.4
1 289.1 83.0 bearing
2 294.3 845 bearing
Hybrid(B)
3 285.9 82.2 bearing
Mean 289.8 83.2
1 352.6 85.4 bearing
2 326.8 79.1 bearing
Hybrid(C)
3 344.2 83.3 bearing
Mean 341.2 82.6
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Table B-8 Compressive test after deionized water exposure

(50days, T=60TC)

Type of FRP Compressive  |Residual strength . )
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 144.71 74.9 vertical
2 105.61 54.7 vertical
CFRP 3 244.08 126.4 vertical
4 237.83 123.1 vertical
Mean 183.06 94.8
1 315.92 98.8 vertical/horizontal
2 218.09 68.2 vertical/horizontal
GFRP 3 341.02 106.7 vertical/horizontal
4 300.13 93.9 vertical/horizontal
Mean 293.79 91.9
1 106.08 717 vertical/bearing
2 145.16 106.3 vertical/bearing
3 118.41 86.7 vertical/bearing
AFRP
5 137.95 101.1 vertical/bearing
Mean 111.24 81.5
1 374.52 78.4 vertical/bearing
2 330.19 69.1 vertical/bearing
3 418.85 87.7 vertical/bearing
CFRP(D) 4 50038 104.8 vertical/bearing
5 558.98 117.0 bearing
Mean 436.59 91.4
1 387.20 92.7 bearing
2 363.14 87.0 bearing
GFRP(D) 3 383.14 93.0 bearing
Mean 379.49 90.9
1 406.9 94.3 bearing
2 429.1 99.5 bearing
Hybrid(A) 3 427.6 99.1 bearing
4 446.7 103.5 bearing
Mean 427.6 99.1
1 320.3 92.0 bearing
. 2 330.7 95.0 bearing
Hybrid(B) 3 3213 923 bearing
Mean 324.1 93.1
1 371.8 90.0 bearing
2 386.2 93.5
. 3 382.4 92.6
Hybrid(C) 4 3905 946 bearing
5 378.7 91.7 bearing
Mean 381.9 92.5
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Table B-9 Compressive test after deionized water exposure

(100days, T=60T)

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 190.20 98.5 vertical
CFRP 2 163.31 84.5 vertical
Mean 176.76 915
1 154.14 48.2 vertical/horizontal
GFRP 2 230.57 72.1 vertical/horizontal
Mean 192.36 60.2
1 11143 81.6 vertical/horizontal
2 100.50 73.6 vertical/horizontal
AFRP
3 11352 83.2 vertical/horizontal
Mean 108.48 79.5
1 468.28 98.0 vertical/bearing
2 411.21 86.1 vertical/bearing
CFRP(D)
3 364.84 76.4 vertical/bearing
Mean 414.78 86.8
1 243.93 58.4 vertical/bearing
2 237.79 57.0 vertical/bearing
GFRP(D)
3 237.95 57.0 vertical/bearing
Mean 239.89 575
1 349.5 81.0 bearing
Hybrid(A) 2 373.4 86.6 bearing
Mean 361.5 83.8 bearing
1 234.9 675 bearing
2 2215 63.6 bearing
Hybrid(B)
3 219.3 65.7 bearing
Mean 225.2 65.6
1 359.8 87.1 bearing
2 294.3 71.2 bearing
Hybrid(C)
3 314.6 76.2 bearing
Mean 3229 78.2
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Table B-10 Compressive test after repeated wet-dry cycles

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 168.66 87.3 vertical
2 187.39 97.0 vertical
CFRP
3 179.11 92.7 vertical
Mean 178.39 92.3 vertical
1 249.43 78.0 vertical/horizontal
GFRP 2 213.76 66.9 vertical/horizontal
Mean 231.59 725
1 115.62 84.7 vertical/horizontal
2 123.53 90.5 vertical/horizontal
AFRP
3 112.13 82.1 vertical/horizontal
Mean 117.09 85.8
1 439.24 92.0 vertical/bearing
2 42497 89.0 vertical/bearing
CFRP(D)
3 409.68 85.8 vertical/bearing
Mean 424.63 88.9
1 303.22 72.6 vertical/bearing
2 283.09 67.8 vertical/bearing
GFRP(D)
3 309.51 74.1 vertical/bearing
Mean 298.60 715
1 384.6 89.1 bearing
2 386.2 89.5 bearing
Hybrid(A)
3 375.0 86.9 bearing
Mean 381.9 88.5
1 256.9 73.8 bearing
2 255.8 735 bearing
Hybrid(B)
3 243.3 69.9 bearing
Mean 252.0 72.4
1 363.7 83.0 bearing
2 333.0 80.6 bearing
Hybrid(C) .
3 312.2 75.6 bearing
Mean 336.3 81.4
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Table B-11 Compressive test after long-term oven dry exposure

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength(MPa) (%)
1 165.86 85.9 vertical
2 192.10 99.4 vertical
CFRP
3 181.27 93.8 vertical
Mean 179.75 93.0
1 246.24 717.0 vertical/horizontal
2 23873 4.7 vertical/horizontal
GFRP
3 259.87 81.3 vertical/horizontal
Mean 248.28 7.7
1 106.54 78.0 vertical/horizontal
2 109.80 80.4 vertical/horizontal
AFRP
3 113.76 83.3 vertical/horizontal
Mean 110.03 80.6
1 44790 93.8 vertical/bearing
2 420.38 88.0 vertical/bearing
CFRP(D)
3 414.27 86.7 vertical/bearing
Mean 42752 89.5
1 308.25 73.8 vertical/bearing
GFRP(D) 2 305.42 73.2 vertical/bearing
Mean 306.83 735
1 391.7 90.8 bearing
2 403.7 93.6 bearing
Hybrid(A)
3 347.1 80.5 bearing
Mean 380.8 88.3
1 254.8 73.2 bearing
2 283.9 81.6 bearing
Hybrid(B)
3 295.3 84.8 bearing
Mean 278.0 79.9
1 349.9 84.7 bearing
2 315.6 76.4 bearing
Hybrid(C)
3 386.6 93.6 bearing
Mean 350.7 849
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Table B-12 Compressive test after repeated freezing—thawing

exposure
Type of FRP Compressive  |Residual strength ) )
Repeated No. Plain of failure
rebars strength (MPa) (%)
1 153.25 79.3 vertical
2 181.91 94.2 vertical
CFRP :
3 178.73 925 vertical
Mean 171.30 88.7
1 220.51 69.0 vertical/horizontal
2 225.99 70.7 vertical/horizontal
GFRP ; B
3 244.97 76.6 vertical/horizontal
Mean 230.49 72.1
1 114.45 83.8 vertical/horizontal
2 106.54 78.0 vertical/horizontal
AFRP ; B
3 109.80 80.4 vertical/horizontal
Mean 110.27 80.8
1 437.71 91.6 vertical/bearing
2 419.36 87.8 vertical/bearing
CFRP(D)
3 411.72 86.2 vertical/bearing
Mean 422.93 88.5
1 284.66 68.2 vertical/bearing
2 300.86 72.1 vertical/bearing
GFRP(D)
3 294.41 705 vertical/bearing
Mean 293.31 70.2
1 348.7 80.8 bearing
2 395.7 91.7 bearing
Hybrid(A)
3 355.1 82.3 bearing
Mean 366.5 85.0
1 2319 66.6 bearing
2 261.0 75.0 bearing
Hybrid(B)
3 262.1 75.3 bearing
Mean 251.7 72.3
1 336.9 81.6 bearing
2 312.2 75.6 bearing
Hybrid(C)
3 361.9 87.6 bearing
Mean 337.0 81.6

- 360 -




Table B-13 Compressive test after sulfate(Na:SO4) exposure

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength (MPa) (%)
1 169.94 88.0 vertical
2 184.33 95.4 vertical
CFRP
3 167.26 86.6 vertical
Mean 173.84 90.0
1 243.57 76.2 vertical/horizontal
2 256.43 80.2 vertical/horizontal
GFRP
3 269.94 84.5 vertical/horizontal
Mean 256.65 80.3
1 119.34 874 vertical/horizontal
2 116.55 85.4 vertical/horizontal
AFRP
3 124.69 91.3 vertical/horizontal
Mean 120.19 88.0
1 409.68 85.8 vertical/bearing
2 449.48 94.1 vertical/bearing
CFRP(D)
3 472.87 99.0 vertical/bearing
Mean 444,01 93.0
1 335.30 80.3 vertical/bearing
2 348.04 83.4 vertical/bearing
GFRP(D)
3 369.27 88.4 vertical/bearing
Mean 350.87 84.0
1 351.9 81.6 bearing
2 392.5 91.0 bearing
Hybrid(A)
3 389.4 90.3 bearing
Mean 377.9 87.6
1 2829 81.3 bearing
2 295.3 84.8 bearing
Hybrid(B)
3 290.1 83.3 bearing
Mean 289.4 83.1
1 374.1 90.6 bearing
2 358.3 86.7 bearing
Hybrid(C)
3 336.2 81.4 bearing
Mean 356.2 86.2
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Table B-14 Compressive test after CaCly solution exposure

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength (MPa) (%)
1 167.77 86.9 vertical
2 176.31 91.3 vertical
CFRP
3 179.02 92.7 vertical
Mean 174.37 90.3
1 238.47 74.6 vertical/horizontal
2 282.55 88.4 vertical/horizontal
GFRP
3 257.83 80.7 vertical/horizontal
Mean 259.62 81.2
1 116.78 85.5 vertical/horizontal
2 119.34 87.4 vertical/horizontal
AFRP
3 121.90 89.3 vertical/horizontal
Mean 119.34 87.4
1 419.36 87.8 vertical/bearing
2 446.88 93.6 vertical/bearing
CFRP(D)
3 455.03 95.3 vertical/bearing
Mean 440.42 92.2
1 327.75 785 vertical/bearing
2 363.61 87.1 vertical/bearing
GFRP(D)
3 361.25 86.5 vertical/bearing
Mean 350.87 84.0
1 364.7 84.5 bearing
2 371.8 86.2 bearing
Hybrid(A)
3 375.0 86.9 bearing
Mean 370.5 8.9
1 294.3 84.5 bearing
2 288.1 82.7 bearing
Hybrid(B)
3 292.2 83.9 bearing
Mean 2915 83.7
1 389.7 94.3 bearing
2 338.8 82.0 bearing
Hybrid(C)
3 320.6 77.6 bearing
Mean 349.7 84.7
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Table B-15 Compressive test after salt and repeated wet-dry cycles

exposure
Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength (MPa) (%)
1 155.16 80.3 vertical
2 171.85 89.0 vertical
CFRP
3 166.37 86.1 vertical
Mean 164.46 85.1
1 196.56 61.5 vertical/horizontal
2 209.04 65.4 vertical/horizontal
GFRP . X
3 201.15 62.9 vertical/horizontal
Mean 202.25 63.3
1 103.99 76.2 vertical/horizontal
2 119.34 874 vertical/horizontal
AFRP . N
3 110.27 80.8 vertical/horizontal
Mean 111.20 815
1 429.04 89.8 vertical/bearing
CFRP(D) 2 416.82 87.3 vertical/bearing
3 404.08 84.6 vertical/bearing
Mean 416.65 87.2
1 280.41 67.2 vertical/bearing
GFRP(D) 2 270.35 64.8 vertical/bearing
3 295.98 70.9 vertical/bearing
Mean 282.25 67.6
1 375.0 86.9 bearing
. 2 373.4 86.6 bearing
Hybrid(A) :
3 364.7 84.5 bearing
Mean 371.0 86.0
1 229.8 66.0 bearing
. 2 2454 70.5 bearing
Hybrid(B) -
3 226.7 65.1 bearing
Mean 233.9 67.2
1 321.3 77.8 bearing
) 2 3195 774 bearing
Hybrid(C) -
3 363.5 88.0 bearing
Mean 334.8 81.0
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Table B-16 Compressive test after salt and repeated freezing—thawing

cycles exposure

Type of FRP Compressive  |Residual strength ) )
Repeated No. Plain of failure
rebars strength (MPa) (%)
1 143.31 74.2 vertical
2 158.60 82.1 vertical
CFRP :
3 167.13 86.5 vertical
Mean 156.35 80.9
1 204.08 63.8 vertical/horizontal
2 200.38 62.7 vertical/horizontal
GFRP ; B
3 182.04 57.0 vertical/horizontal
Mean 195.50 61.2
1 110.03 80.6 vertical/horizontal
2 97.94 71.7 vertical/horizontal
AFRP ; B
3 103.75 76.0 vertical/horizontal
Mean 103.91 76.1
1 426.50 89.3 vertical/bearing
2 403.06 84.4 vertical/bearing
CFRP(D)
3 401.53 84.1 vertical/bearing
Mean 410.36 85.9
1 272.08 65.2 vertical/bearing
2 251.95 60.3 vertical/bearing
GFRP(D)
3 247.39 59.3 vertical/bearing
Mean 257.14 61.6
1 320.9 74.4 bearing
2 359.9 83.4 bearing
Hybrid(A)
3 343.2 795 bearing
Mean 341.3 79.1
1 210.1 60.3 bearing
2 231.9 66.6 bearing
Hybrid(B)
3 222.5 63.9 bearing
Mean 2215 63.6
1 325.8 78.9 bearing
2 306.3 74.1 bearing
Hybrid(C)
3 284.2 68.8 bearing
Mean 305.4 73.9
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Table B-17 Compressive test after UV radiation exposure

Type of FRP Compressive  |Residual strength . .
Repeated No. Plain of failure
rebars strength (MPa) (%)
1 243.6 76.2 vertical/horizontal
2 280.6 87.8 vertical/horizontal
GFRP
3 256.6 80.3 vertical/horizontal
Mean 260.3 81.4
1 340.8 79.0 bearing
2 338.4 78.4 bearing
Hybrid(A)
3 344.8 79.9 bearing
Mean 341.3 79.1
1 303.7 87.2 bearing
2 275.6 79.2 bearing
Hybrid(B)
3 299.5 86.0 bearing
Mean 292.9 84.1
1 328.4 79.5 bearing
2 336.4 81.4 bearing
Hybrid(C)
3 307.8 74.5 bearing
Mean 324.2 785
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Table B-18 Interlaminar shear stress of FRP rebar specimens

TyplfeeboafrgRP Repeated No. ISS (MPa) |Residual strength(%)| Plain of failure
1 47.37 - vertical
2 47.37 - vertical
3 46.10 - vertical
CFRP 4 43.55 - vertical
5 49.41 - vertical
Mean 46.76 -
1 34.63 - vertical/horizontal
2 41.09 - vertical/horizontal
3 62.82 - vertical/horizontal
GFRP 4 51.95 - vertical/horizontal
5 65.20 - vertical/horizontal
Mean 53.22 -
1 39.90 - vertical/bearing
2 43.65 - vertical/bearing
AFRP 3 35,57 - vertical/bearing
Mean 39.71 -
1 92.37 - vertical/bearing
2 74.71 - vertical/bearing
3 64.52 - vertical/bearing
4 63.84 - vertical/bearing
CFRP(D) 5 98.48 - vertical/bearing
6 68.32 - vertical/bearing
7 75.39 - vertical/bearing
Mean 76.80 -
1 63.09 - vertical/bearing
2 63.30 - vertical/bearing
3 73.63 - vertical/bearing
4 67.81 - vertical/bearing
GFRP(D) 5 68.54 - vertical/bearing
6 81.23 - vertical/bearing
7 73.68 - vertical/bearing
Mean 70.18 -
1 126.1 - bearing
. 2 111.7 - bearing
Hybrid(A) 3 119.3 - bearing
Mean 119.1 -
1 138.6 - bearing
2 99.8 - bearing
Hybrid(B) 3 108.1 - bearing
4 98.4 bearing
Mean 102.0 -
1 109.4 - bearing
2 122.7 - bearing
3 101.5 - bearing
. 4 119.4 - bearing
Hybrid(C) 5 1166 - bearing
6 113.4 - bearing
7 118.9 - bearing
Mean 114.6 -
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Table B-19 Interlaminar shear stress of FRP rebar after alkali exposure

(50days, T=60TC)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 47.20 100.9 vertical
2 42.53 91.0 vertical
CFRP -
3 42.28 90.4 vertical
Mean 44.01 94.1
1 43.04 80.9 vertical/horizontal
2 40.16 75.5 vertical/horizontal
GFRP . ;
3 39.14 735 vertical/horizontal
Mean 40.78 76.6
1 33.02 83.2 vertical/horizontal
2 32.25 81.2 vertical/horizontal
AFRP ; -
3 36.28 91.4 vertical/horizontal
Mean 33.85 8.2
1 74.03 96.4 vertical/bearing
CFRP(D) 2 69.62 90.6 vertical/bearing
3 73.69 95.9 vertical/bearing
Mean 72.45 94.3
1 53.04 75.6 vertical/bearing
2 54.92 78.3 vertical/bearing
GFRP(D)
3 55.66 79.3 vertical/bearing
Mean 54.54 7
1 105.1 88.2 bearing
2 90.7 76.2 bearing
Hybrid(A)
3 96.0 80.7 bearing
Mean 97.3 81.7
1 74.2 2.9 bearing
2 75.5 74.0 bearing
Hybrid(B)
3 75.2 73.7 bearing
Mean 749 735
1 91.7 80.0 bearing
2 89.4 78.0 bearing
Hybrid(C)
3 83.9 73.3 bearing
Mean 88.4 77.1
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Table B-20 Interlaminar shear stress of FRP rebar after alkali exposure

(100days, T=60C)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 40.92 875 vertical
2 34.72 74.3 vertical
CFRP
3 41.77 89.3 vertical
Mean 39.14 83.7
1 30.22 56.8 vertical/horizontal
2 32.86 61.7 vertical/horizontal
GFRP
3 0.0 0.0 vertical/horizontal
Mean 31.54 59.3
1 30.39 76.5 vertical/horizontal
2 28.22 71.1 vertical/horizontal
AFRP
3 29.92 75.3 vertical/horizontal
Mean 29.51 74.3
1 68.94 89.8 vertical/bearing
2 65.20 84.9 vertical/bearing
CFRP(D)
3 67.24 875 vertical/bearing
Mean 67.13 87.4
1 41.82 59.6 vertical/bearing
2 43.18 61.5 vertical/bearing
GFRP(D)
3 0.0 0.0 vertical/bearing
Mean 42.50 60.6
1 9%.1 79.8 bearing
2 96.0 80.7 bearing
Hybrid(A)
3 90.1 75.7 bearing
Mean 93.7 787
1 70.0 68.6 bearing
Hybrid(B) 2 68.6 67.3 bearing
Mean 69.3 67.9
1 91.7 80.0 bearing
2 88.1 76.9 bearing
Hybrid(C)
3 72.0 62.9 bearing
Mean 83.9 73.2
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Table B-21 Interlaminar shear stress of FRP rebar after acid

exposure(50days, T=60T)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 37.44 80.1 vertical
2 48.14 102.9 vertical
CFRP
3 37.95 81.2 vertical
Mean 41.18 88.1
1 38.80 729 vertical/horizontal
2 40.67 76.4 vertical/horizontal
GFRP
3 36.68 68.9 vertical/horizontal
Mean 38.71 2.9
1 32.40 81.6 vertical/horizontal
2 33.18 835 vertical/horizontal
AFRP
3 35.04 88.2 vertical/horizontal
Mean 33.54 84.5
1 66.90 87.1 vertical/bearing
2 77.09 100.4 vertical/bearing
CFRP(D)
3 69.28 90.2 vertical/bearing
Mean 71.09 92.6
1 50.73 72.3 vertical/bearing
2 49.47 70.5 vertical/bearing
GFRP(D)
3 48.42 69.0 vertical/bearing
Mean 49.54 70.6
1 105.1 88.2 bearing
Hybrid(A) 2 104.0 87.4 bearing
Mean 104.5 87.8
1 79.0 774 bearing
Hybrid(B) 2 735 72.0 bearing
Mean 76.2 74.7
1 89.5 78.2 bearing
Hybrid(C) 2 103.2 90.1 bearing
Mean 96.4 84.1
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Table B-22 Interlaminar shear stress of FRP rebar after acid

exposure(100days, T=607C)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 35.74 76.4 vertical
2 42.20 90.2 vertical
CFRP
3 35.97 76.9 vertical
Mean 37.97 81.2
1 30.99 58.2 vertical/horizontal
2 32.60 61.3 vertical/horizontal
GFRP
3 0.0 0.0 vertical/horizontal
Mean 31.80 59.7 -
1 29.92 75.3 vertical/horizontal
2 29.15 734 vertical/horizontal
AFRP
3 — —
Mean 29.54 74.4
1 66.22 86.2 vertical/bearing
2 68.60 89.3 vertical/bearing
CFRP(D)
3 0.0 0.0 vertical/bearing
Mean 67.41 87.8
1 39.93 56.9 vertical/bearing
2 37.73 53.8 vertical/bearing
GFRP(D)
3 — — —
Mean 38.83 55.3
1 945 79.3 bearing
2 934 78.4 bearing
Hybrid(A)
3 84.4 70.9 bearing
Mean 90.7 76.2
1 65.2 63.9 bearing
Hybrid(B) 2 527 51.6 bearing
Mean 58.9 57.7
1 89.5 78.2 bearing
Hybrid(C) 2 89.9 785 bearing
Mean 89.7 78.3
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Table B-23 Interlaminar shear stress of FRP rebar after salt

exposure(50days, T=60T)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 41.86 89.5 vertical
2 43.55 93.1 vertical
CFRP
3 42.53 91.0 vertical
Mean 42.65 91.2
1 45.17 84.9 vertical/horizontal
2 43.64 82.0 vertical/horizontal
GFRP
3 40.41 75.9 vertical/horizontal
Mean 43.07 80.9
1 33.49 84.3 vertical/horizontal
2 33.95 85.5 vertical/horizontal
AFRP
3 33.02 83.2 vertical/horizontal
Mean 33.49 84.3
1 68.26 88.9 vertical/bearing
2 79.81 103.9 vertical/bearing
CFRP(D)
3 75.05 97.7 vertical/bearing
Mean 74.37 96.8
1 54.61 77.8 vertical/bearing
2 55.76 79.4 vertical/bearing
GFRP(D)
3 59.22 84.4 vertical/bearing
Mean 56.53 80.5
1 104.5 87.8 bearing
2 107.7 90.5 bearing
Hybrid(A)
3 103.5 86.9 bearing
Mean 105.2 88.4
1 86.3 84.6 bearing
Hybrid(B) 2 78.0 765 bearing
Mean 82.2 80.6
1 89.0 7.7 bearing
Hybrid(C) 2 975 85.1 bearing
Mean 93.3 81.4
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Table B-24 Interlaminar shear stress of FRP rebar after salt

exposure(100days, T=607C)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 42.03 89.9 vertical
2 41.18 88.1 vertical
CFRP
3 37.10 79.3 vertical
Mean 40.10 85.8
1 45.08 84.7 vertical/horizontal
2 29.97 56.3 vertical/horizontal
GFRP
3 0. 0.0 vertical/horizontal
Mean 37.53 705
1 33.95 85.5 vertical/horizontal
2 30.70 77.3 vertical/horizontal
AFRP
3 0.0 0.0 vertical/horizontal
Mean 32.33 81.4
1 69.28 90.2 vertical/bearing
2 66.90 87.1 vertical/bearing
CFRP(D)
3 0.0 0.0 vertical/bearing
Mean 68.09 88.6
1 51.67 73.6 vertical/bearing
2 51.04 72.7 vertical/bearing
GFRP(D)
3 0.0 0.0 vertical/bearing
Mean 51.36 73.2
1 83.3 70.0 bearing
2 96.0 80.7 bearing
Hybrid(A)
3 98.2 82.5 bearing
Mean 925 YN
1 72.5 71.1 bearing
Hybrid(B) 2 779 76.3 bearing
Mean 75.2 737
1 84.8 74.0 bearing
Hybrid(C) 2 86.8 75.7 bearing
Mean 385.8 749
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Table B-25 Interlaminar shear stress of FRP rebar after deionized

water exposure(50days, T=60T)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 46.86 100.2 vertical
2 39.48 84.4 vertical
CFRP
3 46.61 99.7 vertical
Mean 44.32 94.8
1 37.70 70.8 vertical/horizontal
2 45.42 85.3 vertical/horizontal
GFRP
3 49.84 93.6 vertical/horizontal
Mean 44.32 83.3
1 34.73 87.4 vertical/horizontal
2 32.71 82.4 vertical/horizontal
AFRP
3 35.97 90.6 vertical/horizontal
Mean 34.47 86.8
1 71.66 93.3 vertical/bearing
2 73.35 95.5 vertical/bearing
CFRP(D)
3 70.30 915 vertical/bearing
Mean 71.77 93.4
1 61.53 87.7 vertical/bearing
2 57.86 82.4 vertical/bearing
GFRP(D)
3 58.80 83.8 vertical/bearing
Mean 59.40 84.6
1 106.7 89.6 bearing
2 107.7 90.5 bearing
Hybrid(A)
3 110.4 92.7 bearing
Mean 108.3 90.9
1 95.6 93.8 bearing
Hybrid(B) 2 839 82.2 bearing
Mean 89.8 88.0
1 104.0 90.8 bearing
2 103.7 90.5 bearing
Hybrid(C)
3 102.5 89.5 bearing
Mean 103.4 90.3
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Table B-26 Interlaminar shear stress of FRP rebar after deionized

water exposure (100days, T=607T)

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 41.86 89.5 vertical
2 40.92 875 vertical
CFRP
3 41.94 89.7 vertical
Mean 41.57 88.9
1 36.00 67.6 vertical/horizontal
2 35.83 67.3 vertical/horizontal
GFRP
3 42.20 79.3 vertical/horizontal
Mean 38.01 714
1 31.63 79.6 vertical/horizontal
2 31.16 785 vertical/horizontal
AFRP
3 33.95 85.5 vertical/horizontal
Mean 32.25 81.2
1 68.26 88.9 vertical/bearing
2 69.96 91.1 vertical/bearing
CFRP(D)
3 73.69 95.9 vertical/bearing
Mean 70.64 92.0
1 4591 65.4 vertical/bearing
GFRP(D) 2 53.67 76.5 vertical/bearing
3 52.32 75.0 vertical/bearing
Mean 50.73 72.3
1 96.0 80.7 bearing
_ 2 91.3 76.7 bearing
Hybrid(A) -
3 97.6 82.0 bearing
Mean 94.9 79.8
1 74.2 72.7 bearing
2 72.1 70.7 bearing
Hybrid(B) .
3 75.5 74.0 bearing
Mean 739 725
1 83.3 2.9 bearing
2 85.2 74.3 bearing
Hybrid(C)
3 879 76.8 bearing
Mean 85.5 74.6
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Table B-27 Interlaminar shear stress of FRP rebar after repeated

wet—dry cycles exposure

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 40.84 87.3 vertical
2 42.37 90.6 vertical
CFRP -
3 42.53 91.0 vertical
Mean 41.91 89.6
1 45.08 84.7 vertical/horizontal
2 44.40 83.4 vertical/horizontal
GFRP . X
3 43.89 825 vertical/horizontal
Mean 44.46 83.5
1 33.95 85.5 vertical/horizontal
2 35.04 88.2 vertical/horizontal
AFRP
3 35.35 89.0 vertical/horizontal
Mean 34.78 87.6
1 72.33 94.2 vertical/bearing
2 66.22 86.2 vertical/bearing
CFRP(D)
3 67.58 88.0 vertical/bearing
Mean 68.71 89.5
1 57.86 82.4 vertical/bearing
2 57.54 82.0 vertical/bearing
GFRP(D)
3 56.81 80.9 vertical/bearing
Mean 57.40 81.8
1 99.2 83.3 bearing
2 107.7 90.5 bearing
Hybrid(A)
3 101.9 85.6 bearing
Mean 102.9 86.5
1 89.4 87.6 bearing
2 81.8 80.2 bearing
Hybrid(B)
3 83.9 82.2 bearing
Mean 85.0 83.3
1 98.0 85.6 bearing
2 93.4 81.5 bearing
Hybrid(C)
3 95.9 83.7 bearing
Mean 95.8 83.6
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Table B-28 Interlaminar shear stress of FRP rebar after long-term

oven dry exposure

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 41.43 88.6 vertical
2 43.98 94.0 vertical
CFRP -
3 43.21 92.4 vertical
Mean 42.87 91.7
1 4763 89.5 vertical/horizontal
2 46.53 87.4 vertical/horizontal
GFRP . B
3 45.76 86.0 vertical/horizontal
Mean 46.64 87.6
1 35.81 90.2 vertical/horizontal
2 37.05 93.3 vertical/horizontal
AFRP
3 3457 87.1 vertical/horizontal
Mean 35.81 90.2
1 72.33 94.2 vertical/bearing
2 70.98 92.4 vertical/bearing
CFRP(D)
3 73.69 95.9 vertical/bearing
Mean 72.33 94.2
1 57.23 815 vertical/bearing
2 60.69 86.5 vertical/bearing
GFRP(D)
3 57.86 82.4 vertical/bearing
Mean 58.59 835
1 103.5 86.9 bearing
2 105.1 88.2 bearing
Hybrid(A)
3 110.9 93.2 bearing
Mean 106.5 89.4
1 84.9 83.2 bearing
2 88.3 81.6 bearing
Hybrid(B)
3 90.8 89.0 bearing
Mean 88.0 86.3
1 98.8 86.3 bearing
2 103.2 90.1 bearing
Hybrid(C)
3 101.2 88.3 bearing
Mean 101.1 88.2
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Table B-29 Interlaminar shear stress of FRP rebar after repeated

freezing and thawing cycles exposure

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 38.29 819 vertical
2 38.97 83.3 vertical
CFRP :
3 39.99 85.5 vertical
Mean 39.08 83.6
1 4253 79.9 vertical/horizontal
2 4355 81.8 vertical/horizontal
GFRP : ,
3 42.20 79.3 vertical/horizontal
Mean 42.76 80.3
1 32.40 81.6 vertical/horizontal
2 31.47 79.3 vertical/horizontal
AFRP
3 33.80 85.1 vertical/horizontal
Mean 32.56 82.0
1 68.94 89.8 vertical/bearing
2 62.83 81.8 vertical/bearing
CFRP(D)
3 67.58 83.0 vertical/bearing
Mean 66.45 86.5
1 54.08 77.1 vertical/bearing
2 53.35 76.0 vertical/bearing
GFRP(D)
3 52.62 75.0 vertical/bearing
Mean 53.35 76.0
1 91.8 771 bearing
2 101.9 85.6 bearing
Hybrid(A)
3 100.3 84.2 bearing
Mean 979 82.3
1 81.8 80.2 bearing
2 735 72.0 bearing
Hybrid(B)
3 76.9 75.4 bearing
Mean 774 759
1 96.6 84.3 bearing
2 91.8 80.1 bearing
Hybrid(C)
3 93.3 81.4 bearing
Mean 93.9 81.9
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Table B-30 Interlaminar shear stress of FRP rebar after sulfate(Na:SO,)

solution exposure

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 39.65 84.8 vertical
2 40.16 859 vertical
CFRP -
3 41.52 88.8 vertical
Mean 40.44 86.5
1 4457 83.8 vertical/horizontal
2 44.06 82.8 vertical/horizontal
GFRP
3 43.21 81.2 vertical/horizontal
Mean 43.95 82.6
1 33.33 83.9 vertical/horizontal
2 32.40 81.6 vertical/horizontal
AFRP
3 33.64 84.7 vertical/horizontal
Mean 33.13 83.4
1 69.28 90.2 vertical/bearing
2 66.90 87.1 vertical/bearing
CFRP(D)
3 68.94 89.8 vertical/bearing
Mean 68.37 89.0
1 55.13 785 vertical/bearing
2 55.24 78.7 vertical/bearing
GFRP(D)
3 5891 839 vertical/bearing
Mean 56.43 80.4
1 98.2 825 bearing
2 99.8 83.8 bearing
Hybrid(A)
3 107.2 90.0 bearing
Mean 101.7 85.4
1 88.0 86.3 bearing
2 776 76.1 bearing
Hybrid(B)
3 85.9 84.2 bearing
Mean 839 82.2
1 96.7 84.4 bearing
2 98.0 85.6 bearing
Hybrid(C)
3 94.6 82.6 bearing
Mean 96.4 84.2
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Table B-31 Interlaminar shear stress of FRP rebar after CaCly solution

exposure
Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 42.70 91.3 vertical
2 41.35 88.4 vertical
CFRP -
3 38.97 83.3 vertical
Mean 41.01 87.7
1 46.27 86.9 vertical/horizontal
2 42.70 80.2 vertical/horizontal
GFRP
3 42.37 79.6 vertical/horizontal
Mean 4378 82.3
1 31.63 79.6 vertical/horizontal
2 33.64 84.7 vertical/horizontal
AFRP
3 36.28 914 vertical/horizontal
Mean 33.85 85.2
1 72.33 94.2 vertical/bearing
2 62.83 81.8 vertical/bearing
CFRP(D)
3 65.54 85.3 vertical/bearing
Mean 66.90 87.1
1 56.50 80.5 vertical/bearing
2 59.01 84.1 vertical/bearing
GFRP(D)
3 56.91 81.1 vertical/bearing
Mean 57.47 81.9
1 93.9 789 bearing
2 107.7 90.5 bearing
Hybrid(A)
3 102.9 86.5 bearing
Mean 1015 85.3
1 93.6 91.7 bearing
2 81.8 80.2 bearing
Hybrid(B)
3 80.4 78.8 bearing
Mean 85.6 83.6
1 99.8 87.1 bearing
2 96.0 83.8 bearing
Hybrid(C)
3 95.9 83.7 bearing
Mean 97.2 849
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Table B-32 Interlaminar shear stress of FRP rebar after salt and

repeated wet—dry cycles exposure

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 38.29 81.9 vertical
2 40.16 859 vertical
CFRP -
3 40.92 875 vertical
Mean 39.79 85.1
1 31.63 76.9 vertical/horizontal
2 32.40 78.8 vertical/horizontal
GFRP
3 33.64 81.2 vertical/horizontal
Mean 32.56 79.0
1 33.95 79.6 vertical/horizontal
2 35.04 81.6 vertical/horizontal
AFRP
3 35.35 84.7 vertical/horizontal
Mean 34.78 82.0
1 68.94 89.8 vertical/bearing
2 64.18 83.6 vertical/bearing
CFRP(D)
3 62.83 81.8 vertical/bearing
Mean 65.32 85.0
1 53.67 76.5 vertical/bearing
2 55.24 78.7 vertical/bearing
GFRP(D)
3 54.71 78.0 vertical/bearing
Mean 54.54 7
1 949 79.8 bearing
2 102.4 86.0 bearing
Hybrid(A)
3 97.6 82.0 bearing
Mean 98.3 82.6
1 75.5 74.0 bearing
2 70.0 68.6 bearing
Hybrid(B)
3 76.9 75.4 bearing
Mean 74.2 2.9
1 94.7 82.7 bearing
2 92.2 80.5 bearing
Hybrid(C)
3 939 82.0 bearing
Mean 93.6 81.7
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Table B-33 Interlaminar shear stress of FRP rebar after salt and

repeated freezing and thawing cycles exposure

Type of FRP Residual strength . .
Repeated No. ISS (MPa) Plain of failure
rebars (%)
1 37.61 80.4 vertical
2 37.10 79.3 vertical
CFRP -
3 38.29 819 vertical
Mean 37.67 80.5
1 36.59 68.8 vertical/horizontal
2 35.91 67.5 vertical/horizontal
GFRP
3 35.40 66.5 vertical/horizontal
Mean 35.97 67.6
1 29.30 73.8 vertical/horizontal
2 29.92 75.3 vertical/horizontal
AFRP
3 32.25 81.2 vertical/horizontal
Mean 30.49 76.8
1 65.54 85.3 vertical/bearing
2 57.39 74.7 vertical/bearing
CFRP(D)
3 66.22 86.2 vertical/bearing
Mean 63.05 82.1
1 48.84 69.6 vertical/bearing
2 50.21 715 vertical/bearing
GFRP(D)
3 47.38 67.5 vertical/bearing
Mean 48.81 69.5
1 87.6 735 bearing
2 945 79.3 bearing
Hybrid(A)
3 89.7 75.3 bearing
Mean 90.6 76.1
1 74.2 72.7 bearing
2 66.5 65.2 bearing
Hybrid(B)
3 70.0 68.6 bearing
Mean 70.2 68.8
1 85.4 74.6 bearing
2 83.7 73.1 bearing
Hybrid(C)
3 86.6 75.6 bearing
Mean 85.3 744
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Table B-34 Interlaminar shear stress of FRP rebar after UV radiation

exposure
Type of FRP
Repeated No. ISS (MPa) |Residual strength(%)| Plain of failure
rebars
1 479 86.9 vertical/horizontal
2 45.3 80.2 vertical/horizontal
GFRP
3 439 79.6 vertical/horizontal
Mean 457 82.3
1 85.4 78.9 bearing
2 102.4 90.5 bearing
Hybrid(A)
3 99.2 86.5 bearing
Mean 95.7 85.3
1 86.6 84.9 bearing
2 95.6 93.7 bearing
Hybrid(B)
3 87.3 85.6 bearing
Mean 89.8 83.1
1 97.2 87.1 bearing
2 94.2 83.8 bearing
Hybrid(C)
3 93.3 83.7 bearing
Mean 94.9 84.9
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Table B-35 Tensile test results of hybrid FRP rebars

T f FRP Ulti Yield h Ultimate
ype o Yield strain 1mate ield strengt
R ted No. strength
rebars epeated o (%) strain(%) (MPa) &
(MPa)
1 - 1.98 - 886.7
GFRP 2 - 1.95 - 898.2
Mean - 1.96 - 842.5
1 1.30 3.70 762.8 760.9
2 1.10 3.80 731.9 7479
Hybrid(A)
3 1.10 3.60 712.9 788.8
Mean 1.20 3.70 735.9 765.9
1 1.31 2.51 576.4 300.0
2 1.37 291 554.1 300.0
Hybrid(B)
1.33 2.46 564.9 300.0
Mean 1.34 2.62 565.2 300.0
1 1.09 3.09 404.5 486.2
2 1.01 3.55 465.4 424.3
Hybrid(C)
3 1.04 3.29 434.1 429.3
Mean 1.05 3.31 434.7 446.6
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Table B-36 Tensile strength of FRP rebars after alkali exposure FRP
rebars (50days, T=607C)

Type of FRP rebars Repeated No. Ultimate: strength Residual strength
(MPa) (%)
1 2021.1 92
2 19445 89
CFRP 3 1932.1 38
4 1918.9 88
Mean 1954.1 89
1 770.5 86
GFRP 2 794.5 89
3 7132 79
Mean 759.4 85
1 1627.5 89
2 1609.8 88
AFRP 3 1695.6 93
4 1660.1 91
Mean 1648.2 91
1 1903.2 89
2 1848.6 86
CFRP(D) 3 1934.2 90
4 1912.0 89
Mean 1899.5 88
1 944.5 84
2 900.1 80
GFRP(D) 3 928.0 32
4 9185 81
Mean 922.8 82
1 748.9 97
2 705.8 92
Hybrid(A) 3 721.0 9
4 789.8 100
Mean 742.1 96
1 300.0 7
Hybrid(B) 2 300.0 83
Mean 300.0 80
1 430.8 96
Hybrid(C) 2 436.7 97
Mean 433.7 97
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Table B-37 Tensile strength of FRP rebars after alkali exposure FRP
rebars (100days, T=60T)

Type of FRP rebars Repeated No. Ultimate strength Residual strength

(MPa) (%)

1 1843.2 85

2 18139 83

CFRP 3 1724.0 79

4 1793.3 82

Mean 1793.6 82

1 578.6 65

2 741.3 83

GFRP 3 6324 71

7202 81

Mean 668.1 75

1 1549.0 86

2 1530.1 85

AFRP 3 1641.4 91

4 1601.3 88

Mean 1580.5 87

1 18235 85

2 17654 83

CFRP(D) 3 1801.0 34

1802.3 84

Mean 1798.1 84

1 8974 80

2 880.4 78

GFRP(D) 3 923.7 82

4 914.0 81

Mean 903.9 80

1 709.4 93

Hybrid(A) ’ o1 i

3 724.3 95

Mean 716.3 94

1 300.0 68.5

. 2 300.0 69.1
Hybrid(B)

3 300.0 64.6

Mean 300.0 67.4

1 361.7 81

2 412.1 92

Hybrid(C) 3 420.7 94

4 441.0 99

Mean 418.6 9
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Table B-38 Tensile strength of FRP rebars after acid exposure
(50days, T=60TC)

Type of FRP rebars

Repeated No.

Ultimate strength

Residual strength

(MPa) (%)
1 2003.3 92
2 1995.6 92
CFRP 3 2104.1 97
4 1994.3 92
Mean 2024.3 93
1 852.4 96
2 799.7 90
GFRP 3 864.2 97
4 - —
Mean 838.8 94
1 1840.2 102
2 1695.1 94
AFRP 3 17435 9%
4 1700.2 9
Mean 1744.7 96
1 1981.8 93
2 2001.2 94
CFRP(D) 3 2112.6 99
1920.2 90
Mean 2004.0 94
1 1036.0 92
2 1146.6 102
3 1153.1 103
GFRP(D)
4 1159.0 103
5 1023.7 91
Mean 1103.7 98
1 657.5 36
2 759.5 99
Hybrid(A) 3 810.8 106
4 663.1 87
Mean 722.7 94
1 300.0 82.1
2 300.0 79.2
Hybrid(B) 3 300.0 83.5
4 300.0 80.9
Mean 300.0 814
1 430.3 96
2 437.2 98
Hybrid(C)
3 438.7 98
Mean 435.4 98
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Table B-39 Tensile strength of FRP rebars after acid
exposure(100days, T=607T)

Reveated N Ultimate strength Residual strength

Type of FRP rebars epeated No. (MPa) (%)
1 1790.1 82

2 1873.1 86

CFRP 3 1986.3 91
4 1923.2 88

Mean 1893.2 87

1 7899.1 89

2 7979 89

GFRP 3 760.5 85
4 0

Mean 782.8 88

1 1628.2 90

2 1548.7 86

AFRP 3 1686.1 93
4 1514.1 84

Mean 1594.3 88

1 1970.6 92

2 19439 91

CFRP(D) 3 2018.3 95
4 1893.8 39

Mean 1956.6 92

1 103.6 84

2 938.6 82

GFRP(D) 3 927.1 81
4 9119 -

Mean 907.1 81

1 790.5 103

2 627.2 82

. 3 742.0 97
Hybrid(A) 7 7319 %
5 720.3 94

Mean 722.4 94

1 300.0 79

2 300.0 82

. 3 300.0 84
Hybrid(B) 7 300.0 31
5 300.0 81

Mean 300.0 81

1 436.4 93

. 2 475.4 106
Hybrid(C) 3 1336 97
Mean 429.3 96
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Table B-40 Tensile strength of FRP rebars after salt exposure
(50days, T=60TC)

Type of FRP rebars

Repeated No.

Ultimate strength

Residual strength

(MPa) (%)
1 1998.5 92
2 2004.1 92
CFRP 3 1986.2 91
4 2011.4 92
Mean 2000.1 92
1 816.5 91
2 796.3 89
GFRP 3 832.1 93
4 821.2 92
Mean 816.5 91
1 1849.3 102
2 1639.7 91
AFRP 3 16389 91
4 1673.2 92
Mean 1700.3 94
1 1939.8 91
2 2054.1 96
CFRP(D) 3 2034.6 95
1965.5 92
Mean 1998.5 94
1 1005.9 89
2 1034.5 92
GFRP(D) 3
4
Mean 1020.2 91
1 726.4 94.8
2 701.2 91.6
Hybrid(A) 3 742.7 93.1
4 746.0 97.4
Mean 729.1 95.5
1 300.0 96
) 2 300.0 91
Hybrid(B)
3 300.0 80
Mean 300.0 89
1 4249 95
2 415.4 93
Hybrid(C) 3 445.8 100
4 424.8 95
Mean 427.7 96
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Table B-41 Tensile strength of FRP rebars after salt exposure
(100days, T=60C)

Type of FRP rebars

Repeated No.

Ultimate strength

Residual strength

(MPa) (%)
1 1926.3 88
2 2000.1 92
CFRP 3 1899.6 87
4 19104 88
Mean 1934.1 89
1 678.0 76
2 743.8 83
GFRP 3 710.9 80
4 706.4 79
Mean 709.8 80
1 1648.9 91
2 1467.6 81
AFRP 3 1534.8 85
4 15135 84
Mean 1541.2 85
1 1767.2 83
2 1965.8 92
CFRP(D) 3 1900.2 89
1934.8 91
Mean 1892.0 89
1 940.5 84
2 954.2 85
GFRP(D) 3 899.0 80
4 890.5 79
Mean 921.0 82
1 693.8 90.6
2 698.0 91.1
Hybrid(A) 3 675.1 83.1
4 678.3 88.6
Mean 686.3 89.6
1 300.0 83.7
. 2 300.0 83.1
Hybrid(B) 3 300.0 2.9
Mean 300.0 84.9
1 415.3 95.5
2 395.2 90.9
Hybrid(C) 3 424.7 97.8
4 427.7 98.4
Mean 415.7 95.7
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Table B-42 Tensile strength of FRP rebars after deionized water
exposure (50days, T=60C)

Type of FRP rebars Repeated No. Ultimate strength Residual strength

(MPa) (%)

1 2040.2 94

2 1854.3 85

CFRP 3 2148.3 99

4 1935.9 89

Mean 1994.7 92

1 754.4 85

2 796.0 89
GFRP 3
4

Mean 775.2 87

1 1620.0 90

2 1647.9 91

AFRP 3 1798.3 99

4 17282 96

Mean 1698.6 94

1 1995.7 93

2 1946.5 91

CFRP(D) 3 1996.5 93

2019.6 95

Mean 1989.6 93

1 1019.9 91

2 985.6 88
GFRP(D) 3
4

Mean 1002.7 89

1 763.6 100

Hybrid(A) 2 066 2

3 782.7 102

Mean 751.0 98

1 300.0 92

Hybrid(B) 2 300.0 96

Mean 300.0 9

1 462.1 103

2 441.3 99

Hybrid(C) 3 388.3 87

4 485.3 109

Mean 443.8 99
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Table B-43 Tensile strength of FRP rebars after deionized water
exposure (100days, T=607C)

Type of FRP rebars Repeated No. Ultimate strength Residual strength
(MPa) (%)
1 1997.2 92
2 1859.6 85
CFRP 3 1949.5 39
4 1931.8 89
Mean 1934.5 39
1 734.1 32
2 664.2 74
GFRP 3 679.9 76
4 669.8 5]
Mean 687.0 7
1 1710.5 95
2 1622.9 90
AFRP 3 1711.8 95
4 1745.1 96
Mean 1697.6 94
1 1931.9 90
2 1837.1 86
CFRP(D) 3 1868.4 87
1866.1 87
Mean 1875.9 88
1 967.5 86
2 902.1 80
GFRP(D) 3 886.6 79
4 723.8 64
Mean 870.0 7
1 667.4 87
2 771.3 101
Hybrid(A)
3 670.6 88
Mean 701.3 92
1 300.0 74
Hybrid(B) 2 300.0 98
Mean 300.0 86
1 421.3 94
2 421.6 94
Hybrid(C) 3 469.2 105
4 404.0 90
Mean 429.0 96
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Table B-44 Tensile strength of FRP rebars after repeated wet-dry

cycles exposure

Type of FRP rebars Repeated No. Ultimate strength Residual strength
(MPa) (%)
1 2169.3 100
CFRP 2 1989.4 91
3 21195 97
Mean 2092.7 96
1 855.5 96
2 830.0 93
GFRP 3
4
Mean 842.7 9
1 1754.4 97
2 1723.6 95
AFRP 3 1785.3 99
4 0
Mean 1754.4 97
1 1973.6 92
2 1993.5 93
CFRP(D) 3 1992.7 93
0
Mean 1986.6 93
1 1020.3 91
2 1116.8 99
GFRP(D) 3 1080.1 96
4 1035.7 92
Mean 1063.2 95
1 721.1 9
Hybrid(A) ’ 6327 &
3 669.9 87
Mean 674.5 88
1 300.0 82.7
. 2 300.0 82.2
Hybrid(B)
3 300.0 89.4
Mean 300.0 84.8
1 450.1 101
2 4185 A
Hybrid(C) 2 394.1 88
3 373.6 84
Mean 409.0 92
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Table B-45 Tensile strength of FRP rebars after long-term oven dry

exposure
Ultimate strength Residual strength

Type of FRP rebars Repeated No. (MPa) %)
1 2117.1 97

2 1996.0 92

CFRP 3 1985.7 91
4 1959.9 90

Mean 2014.7 92

1 818.6 92

2 854.9 96

GFRP 3 726.3 81
4 0

Mean 799.9 90

1 1758.7 97

2 17154 95

AFRP 3 1731.9 96
4 1729.3 96

Mean 1733.8 96

1 2095.3 98

2 1893.8 39

CFRP(D) 3 2082.7 98
1899.8 39

Mean 1992.9 93

1 1019.0 91

2 1024.7 91

GFRP(D) 3 0
4 0

Mean 1021.9 91
1 733.3 95.7
2 763.4 99.7
Hybrid(A) 3 746.6 97.4
4 701.1 91.5
Mean 736.1 96.1

1 300.0 105

2 300.0 100

Hybrid(B) 3 300.0 75
4 300.0 111

Mean 300.0 98

1 408.8 92

2 433.7 97

Hybrid(C) 3 473.2 106
4 431.7 97

Mean 436.9 98
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Table B-46 Tensile strength of FRP rebars after repeated freezing and

thawing cycles exposure

T CERP e Reneated N Ultimate strength Residual strength
ype o rebars epeated No. (MPa) %)
1 1919.2 33
2 1983.4 91
CFRP
3 2076.9 95
Mean 1993.2 91
1 790.3 89
2 778.8 87
GFRP
3 816.9 92
Mean 795.3 89
1 1863.9 103
2 1562.7 86
AFRP
3 1722.8 95
Mean 1716.5 95
1 2004.1 94
2 1897.2 89
CFRP(D)
3 2032.8 95
Mean 1978.0 93
1 958.6 85
GFRP(D) 2 933.2 83
Mean 945.9 84
1 7285 95
2 759.0 99
Hybrid(A)
3 621.5 81
Mean 703.0 92
1 300.0 87
2 300.0 32
Hybrid(B)
3 300.0 85
Mean 300.0 85
1 402.9 90
2 377.3 85
Hybrid(C)
3 444.8 100
Mean 408.3 91
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Table B-47 Tensile strength of FRP rebars after sulfate(Na:SOy4)

exposure
Type of FRP rebars Repeated No. Ultimate strength Residual strength
(MPa) (%)
1 1930.7 89
2 1973.9 91
CFRP 3 20854 96
4 2050.6 9
Mean 2010.1 92
1 837.6 9
GFRP 2 911.0 102
Mean 874.3 98
1 1788.4 99
AFRP 2 1705.3 9
Mean 1746.8 97
1 1835.8 86
2 2072.8 97
CFRP(D) 3 1909.7 89
4 2087.5 98
Mean 1976.5 93
1 991.1 88
GFRP(D) 2 945.0 84
Mean 968.1 86
1 707.7 92.4
2 736.3 97.4
Hybrid(A)
3 704.4 92.0
Mean 716.1 93.9
1 300.0 87.6
2 300.0 87.4
Hybrid(B)
3 300.0 92.7
Mean 300.0 89
1 435.0 97.4
2 4273 95.7
Hybrid(C)
3 421.3 94.3
Mean 436.0 95.8
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Table B-48 Tensile strength of FRP rebars after CasCle exposure

Type of FRP rebars Repeated No. Ultimate strength Residual strength
(MPa) (%)
1 1979.9 91
2 2081.4 95
CFRP
3 1899.6 87
Mean 1987.0 91
1 830.5 93
2 708.1 79
GrRe 3 852.9 96
Mean 7972 89
1 1799.0 99
AFRP 2 1730.1 96
Mean 1764.6 98
1 1977.8 93
CFRP(D) 2 1910.8 89
Mean 1944.3 91
1 898.7 80
GFRP(D) 2 913.6 81
Mean 906.1 81
1 728.3 95.1
2 686.7 89.7
Hybrid(A) 3 731.7 95.5
4 697.8 91.1
Mean 7111 92.8
1 300.0 87
Hybrid(B) 2 300.0 94
Mean 300.0 91
1 409.8 92
Hybrid(C) 2 434.8 97
Mean 422.3 95
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Table B-49 Tensile strength of FRP rebars after salt and repeated

wet—dry cycles exposure

T ¢ FRP reb R Ultimate strength Residual strength

ype o rebars epeated No. (MPa) %)
1 1888.1 87

2 21785 100

CFRP 3 1920.3 33
4 0

Mean 1995.6 92

1 725.8 81

2 683.1 77

GFRP 3 699.9 78
4 0

Mean 704.6 79

1 1660.6 92

2 1587.8 33

AFRP 3 1748.6 97
4 0

Mean 1665.7 92

1 1922.8 90

2 1963.5 92

CFRP(D) 3 1914.5 90
0

Mean 1933.6 91

1 9136 81

2 911.1 81

GFRP(D) 3 905.3 81
4 0

Mean 910.0 81

1 657.0 86

Hybrid(A) 2 666.1 87
Mean 661.5 86

1 300.0 80

Hybrid(B) 2 300.0 77
Mean 300.0 79

1 407.3 91

Hybrid(C) 2 363.7 81
Mean 385.5 86
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Table B-50 Tensile strength of FRP rebars after salt and repeated

freezing and thawing cycles exposure

Ultimate strength Residual strength
Type of FRP rebars Repeated No.

(MPa) (%)

1 2000.8 92

2 1827.9 34

CFRP 3 2016.1 93
4 0

Mean 1922.0 83

1 693.1 78

2 7351 82

GFRP 3 685.5 7
4 0

Mean 704.5 79

1 1690.8 93

2 1623.6 90

AFRP 3 1648.0 91
4 0

Mean 1654.1 91

1 1874.7 33

2 2019.0 95

CFRP(D) 3 1857.4 87
0

Mean 1934.0 91

1 857.2 76

2 908.8 81

GFRP(D) 3
4

Mean 883.0 79
1 675.7 88.2
Hybrid(A) 2 665.6 86.9
3 653.4 85.3
Mean 664.9 86.8
1 300.0 5.2
2 300.0 73.8
Hybrid(B) 3 300.0 81.6
4 300.0 789
Mean 300.0 714

1 380.9 85

Hybrid(C) = ozl o
3 396.0 89

Mean 376.4 84
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Table B-51 Tensile strength of FRP rebars after UV radiation

exposure
Yield Ultimat Residual
Type of FRP € Hmate
Test No.
rebars strength| strain |strength| strain |strength| strain
(MPa) | (%) | (MPa) (%) (MPa) (%)
1 - - 810.5 1.83 90.8 92.7
2 - - 712.1 1.58 79.8 81.3
GFRP
3 - - 795.3 1.79 89.1 92.6
Mean - - 772.6 1.73 86.6 88.5
1 695.7 1.22 718.3 347 93.8 939
2 630.0 0.94 656.7 3.26 85.7 88.2
Hybrid(A) 3 683.3 0.99 691.7 3.27 90.3 88.4
4 641.8 1.05 667.8 3.21 87.2 87.0
Mean 662.7 1.07 683.6 3.32 89.2 89.8
1 474.4 1.09 300.0 2.10 83.9 80.3
Hybrid(B) 2 507.2 1.23 300.0 2.61 89.7 99.8
Mean 490.8 1.15 300.0 213 86.8 81.5
1 374.4 0.95 389.8 271 87.2 82.0
Hybrid(C) 2 403.2 |1.170.91| 404.3 3.22 90.3 975
Mean 388.8 0.92 397.0 2.92 88.9 88.3
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APPENDIX C: ¢4gvt 2 3fo]Bgl= FRP #Ht¢] 3 A @45
Table C-1 Bond test result of FRP rebar specimens
Type of FRP T N Diameter | Embedment Max bond Residual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 9.44 -
CFRP 2 94 470 1016 -
3 ' ' 8.85 -
Mean 9.48 -
1 16.74 -
GFRP(A) 2 9.4 470 1786 -
3 ' ' 1753 -
Mean 17.37 -
1 14.04 -
2 14.86 -
AFRP 9.4 47.0
3 1553 -
Mean 15.86 -
1 23.94 -
2 23.42 -
CFRP(D) 9.4 47.0
3 24.35 -
Mean 2391 -
1 23.83 -
2 23.16 -
GFRP(D) 8.3 415
3 22.13 -
Mean 23.04 -
1 289 -
) 2 274 -
Hybrid(A) 4.0 20.0
3 27.7 -
Mean 279 -
1 23.7 -
) 2 22.6 -
Hybrid(B) 4.0 20.0
3 24.2 -
Mean 235 -
1 28.0 -
2 26.6 -
Hybrid(C) 8.3 415
3 23.3 -
Mean 259 -
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Table C-2 Bond test result after alkali exposure (60T, after 25days)

Type of FRP Test N Diameter | Embedment Max bond | Residual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 7.18 75.7
2 8.02 84.6
CFRP 9.4 47.0
3 7.76 81.9
Mean 7.65 80.1
1 12.01 69.0
GFRP(A) 2 9.4 47.0 11.23 64.6
Mean 12.34 709
1 11.54 2.9
AFRP 2 9.4 47.0 10.67 67.2
Mean 11.10 69.9
1 17.34 72.5
2 20.49 85.7
CFRP(D) 9.4 47.0
3 18.23 76.2
Mean 18.69 78.1
1 16.40 71.3
GFRP(D) 2 8.3 415 15.98 69.5
Mean 16.25 70.6
1 19.8 70.6
2 26.6 94.9
Hybrid(A) 4.0 20.0
3 20.4 72.8
Mean 22.2 79.4
1 17.3 73.7
2 169 72.1
Hybrid(B) 4.0 20.0
3 16.2 69.0
Mean 16.8 716
1 20.4 78.4
2 219 84.4
Hybrid(C) 8.3 415
3 17.1 65.8
Mean 19.8 76.2
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Table C-3 Bond test result after alkali exposure (60C, after 50days)

Type of FRP T N Diameter | Embedment Max bond Residual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 5.98 63.0
2 6.23 65.7
CFRP 9.4 47.0
3 5.60 59.1
Mean 594 62.7
1 795 45.7
2 751 43.1
GFRP(A) 94 47.0
3 0.0
Mean 7.73 44.4
1 8.79 55.4
AFRP 2 9.4 47.0 8.35 52.6
Mean 857 54.0
1 17.47 73.1
2 15.86 66.3
CFRP(D) 9.4 47.0
3 14.47 60.1
Mean 15.93 66.6
1 9.91 43.1
2 9.81 42.6
GFRP(D) 8.3 415
3 10.21 444
Mean 9.98 434
1 19.9 71.3
2 186 66.7
Hybrid(A) 4.0 20.0
3 182 65.2
Mean 189 67.7
1 116 49.5
Hybrid(B) 2 4.0 20.0 11.1 47.2
Mean 114 48.4
1 164 63.3
2 16.8 64.9
Hybrid(C) 8.3 415
3 177 68.3
Mean 16.9 65.2
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Table C-4 Bond test result after acid exposure (60T, after 25days)

Type of FRP Test No. Diameter | Embedment Max bond | Residual bond
rebars (mm) | Length (mm) | stress (MPa) | stress(%)

1 7.06 74.4
CFRP 2 9.4 47.0 8.41 88.7
Mean 7.73 81.5
1 12.01 69.0
GFRP(A) 2 9.4 47.0 12.68 729
Mean 12.34 70.9
1 13.60 85.7
AFRP 2 9.4 47.0 12.65 79.7
Mean 13.12 82.7
1 18.10 5.7
CFRP(D) 2 9.4 47.0 19.72 82.5
Mean 1891 79.1
1 16.40 71.3
GFRP(D) 2 8.3 41.5 16.09 69.9
Mean 16.25 70.6
1 23.6 84.2
2 25.0 91.9

Hybrid(A) 4.0 20.0
3 22.2 79.1
Mean 23.8 85.1
1 184 78.3
Hybrid(B) 2 4.0 20.0 16.2 68.9
Mean 17.3 73.6
1 19.7 75.8
2 22.6 87.0

Hybrid(C) 8.3 41.5
3 22.5 86.6
Mean 216 83.1
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Table C-5 Bond test

result after acid exposure (60T, after 50days)

Type of FRP Test No. Diameter | Embedment Max bond | Residual bond

rebars (mm) | Length (mm) | stress (MPa) | stress(%)
1 5.95 62.7
CFRP 2 9.4 47.0 6.15 64.8
Mean 6.05 63.8
1 8.25 474
GFRP(A) 2 9.4 47.0 9.15 52.1
Mean 8.70 50.0
1 10.33 65.1
AFRP 2 9.4 47.0 9.54 60.1
Mean 9.94 62.7
1 14.00 58.6
CFRP(D) 2 9.4 47.0 16.95 70.9
Mean 1547 64.7
1 12.89 56.0
GFRP(D) 2 8.3 41.5 10.50 45.9
Mean 11.73 51.0
1 8.3 474
GFRP(A) 2 9.4 47.0 9.2 52.1
Mean 8.7 50.0
1 16.1 574
Hybrid(A) 2 4.0 20.0 159 56.7
Mean 159 57.0
1 11.6 49.4
Hybrid(B) 2 4.0 20.0 12.3 52.3
Mean 11.9 50.8
1 145 55.9
Hybrid(C) 2 8.3 415 146 56.3
Mean 14.6 56.1
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Table C-6 Bond test result after salt exposure (60T, after 25 days)

Type of FRP Test No. Diameter | Embedment Max bond Residual bond
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 7.78 821
CFRP 2 94 47.0 6.53 68.9
Mean 7.15 754
1 14.10 81.0
2 11.74 67.4
GFRP(A) 9.4 47.0
3 11.44 65.8
Mean 12.43 71.4
1 13.02 821
AFRP 2 9.4 47.0 12.49 8.7
Mean 12.76 80.4
1 17.97 752
CFRP(D) 2 9.4 47.0 19.56 81.8
Mean 1877 785
1 16.82 731
2 15.77 68.6
GFRP(D) 8.3 415
3 0.0 0.0
Mean 16.29 70.8
1 21.4 76.6
Hybrid(A) 2 4.0 20.0 231 82.3
Mean 22.3 79.5
1 16.6 70.5
2 17.9 76.3
Hybrid(B) 4.0 20.0
3 14.4 61.3
Mean 16.3 69.4
1 211 81.2
Hybrid(C) 2 8.3 415 19.1 73.3
Mean 201 7.3
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Table C-7 Bond test

result after salt exposure ( 60C, after 50 days)

Type of FRP Test No. Diameter | Embedment Max bond Residual bond
rebars (mm) Length (mm) | stress (MPa) stress(%)

1 6.05 63.8
CFRP 2 94 47.0 5.31 56.0
Mean 5.68 59.9
1 8.01 46.1
2 10.77 61.9

GFRP(A) 9.4 47.0
3 0.0 0.0
Mean 9.39 54.0
1 11.59 731
AFRP 2 94 47.0 10.47 66.0
Mean 11.03 69.5
1 14.78 61.8
CFRP(D) 2 9.4 47.0 15.22 63.7
Mean 15.00 62.7
1 11.10 48.3
2 11.86 51.6

GFRP(D) 8.3 415
3 0.0 0.0
Mean 11.48 49.9
1 16.5 59.0
Hybrid(A) 2 4.0 20.0 15.6 55.7
Mean 16.1 57.3
1 12.3 52.3
Hybrid(B) 2 4.0 20.0 10.6 451
Mean 115 48.9
1 14.6 56.1
Hybrid(C) 2 8.3 415 14.4 55.4
Mean 145 55.7
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Table C-8 Bond test result after deionized water exposure

(60C, after 25days)

Type of FRP Test No. Diameter | Embedment | Max bond | Residual bond
rebars (mm) Length (mm) | stress (MPa) stress(%)

1 7.81 82.3
CFRP 2 9.4 47.0 8.43 88.9
Mean 812 85.7
1 11.77 67.7
2 13.16 75.6

GFRP(A) 9.4 47.0
3 0.0 0.0
Mean 12.47 71.6
1 13.53 85.3
AFRP 2 9.4 47.0 1291 81.4
Mean 13.22 83.4
1 1821 76.2
CFRP(D) 2 9.4 47.0 1813 75.8
Mean 1817 75.9
1 16.98 73.8
2 17.35 75.4

GFRP(D) 8.3 41.5
3 0.0 0.0
Mean 17.16 746
1 23.5 83.9
Hybrid(A) 2 4.0 20.0 22.6 80.7
Mean 230 82.3
1 179 76.3
Hybrid(B) 2 4.0 20.0 175 74.4
Mean 17.7 754
1 21.1 81.0
Hybrid(C) 2 8.3 41.5 20.8 80.1
Mean 20.9 80.5
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Table C-9 Bond test result after deionized water exposure

(60°C, after 50days)

Type of FRP Test No. Diameter | Embedment Max bond | Residual bond
rebars (mm) Length (mm) | stress (MPa) stress(%)

1 6.81 71.8
CFRP 2 9.4 47.0 6.01 63.4
Mean 6.41 67.6
1 9.61 55.2
2 9.10 52.3

GFRP(A) 9.4 47.0
3 0.0 0.0
Mean 9.35 53.8
1 9.69 61.1
AFRP 2 94 47.0 8.88 55.9
Mean 9.29 58.6
1 16.31 68.2
CFRP(D) 2 94 47.0 17.98 752
Mean 17.15 7.7
1 11.05 481
2 12.94 56.3

GFRP(D) 8.3 415
3 0.0 0.0
Mean 12.00 522
1 16.1 575
Hybrid(A) 2 4.0 20.0 15.4 55.0
Mean 157 56.2
1 14.5 61.5
Hybrid(B) 2 4.0 20.0 11.2 477
Mean 12.8 54.6
1 155 59.8
Hybrid(C) 2 8.3 41.5 14.9 575
Mean 152 58.7
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Table C-10 Bond test result after repeated wet-dry cycles exposure

Type of FRP T N Diameter | Embedment Max bond | Resudual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 8.19 86.4
2 10.60 106.1
CFRP 8.3 415
3
Mean 9.40 99.2
1 15.19 87.3
2 15.72 90.4
GFRP(A) 9.4 47.0
3 0.0 0.0
Mean 15.46 88.8
1 15.33 96.6
2 14.32 89.7
AFRP 9.4 47.0
3
Mean 14.83 93.5
1 20.45 85.5
2 20.02 83.7
CFRP(D) 5 94 470
Mean 20.24 84.7
1 15.24 66.3
2 25.81 112.2
GFRP(D) 8.3 415
3 17.63 76.7
Mean 19.56 85.0
1 25.4 91.0
2 24.0 86.0
Hybrid(A) 4.0 20.0
3 23.6 84.6
Mean 24.3 87.2
1 19.9 84.7
Hybrid(B) 2 4.0 20.0 189 80.4
Mean 194 82.6
1 24.7 95.0
2 19.8 76.3
Hybrid(C) 8.3 415
3 22.4 86.1
Mean 22.3 85.8
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Table C-11 Bond test result after long-term oven dry exposure

Type of FRP T N Diameter Embedment Max bond Resudual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 13.48 -
2 10.49 -
CFRP 8.3 415
3 9.64 -
Mean 11.21 -
1 14.89 85.6
2 17.87 102.7
GFRP(A) 94 47.0
3 18.43 105.9
Mean 17.07 98.1
1 16.00 -
2 16.84 -
AFRP 8.3 415
3 —
Mean 16.42 -
1 21.02 87.9
2 19.71 82.4
CFRP(D) 8.3 415
3 19.34 80.9
Mean 20.02 83.7
1 19.47 84.6
2 23.71 103.1
GFRP(D) 8.3 415
3 23.33 1014
Mean 2217 96.4
1 27.3 97.3
2 276 93.9
Hybrid(A) 4.0 20.0
3 27.1 97.1
Mean 27.3 97.8
1 20.9 83.9
2 29.9 84.7
Hybrid(B) 4.0 20.0
3 174 73.9
Mean 194 82.5
1 22.3 85.7
Hybrid(C) 2 8.3 415 25.6 98.3
Mean 23.7 92.0
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Table C-12 Bond test result after repeated freezing and

thawing exposure

Type of FRP Test N Diameter | Embedment Max bond | Resudual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 8.38 88.4
2 571 60.2
CFRP 94 47.0
3
Mean 7.01 739
1 14.92 85.8
2 14.73 84.6
GFRP 9.4 47.0
3 0.0 0.0
Mean 14.83 85.2
1 13.72 86.5
2 12.84 80.9
AFRP 9.4 47.0
3
Mean 13.28 83.7
1 17.42 72.4
2 19.99 83.6
CFRP(D) 5 94 47.0
Mean 18.71 78.3
1 17.13 74.5
2 19.80 86.1
GFRP(D) 8.3 415
3 0.0 0.0
Mean 18.46 80.3
1 234 83.4
Hybrid
2 4.0 20.0 24.8 88.4
(Aslan)
Mean 24.1 859
1 20.0 85.2
Hybrid(B) 2 4.0 20.0 184 78.3
Mean 19.2 81.8
1 21.0 80.8
Hybrid(C) 2 8.3 415 235 90.5
Mean 22.3 85.6
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Table C-13 Bond test result after sulfate(Na:SO4) solution exposure

Type of FRP T N Diameter | Embedment Max bond | Resudual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 7.80 82.2
2 6.21 65.5
CFRP 9.4 47.0
3
Mean 7.01 739
1 14.67 84.3
2 13.47 774
GFRP(A) 94 47.0
3 0.0 0.0
Mean 14.07 80.8
1 12.12 76.4
2 10.83 68.2
AFRP 94 47.0
3
Mean 11.47 72.3
1 1898 79.4
2 19.29 80.7
CFRP(D) 3 9.4 47.0
Mean 19.14 80.0
1 17.81 87.1
2 15.83 715
GFRP(D) 8.3 415
3 0.0 0.0
Mean 16.82 82.3
1 229 81.8
Hybrid
2 4.0 20.0 25.4 90.8
(A)
Mean 24.2 86.3
1 182 715
Hybrid(B) 2 4.0 20.0 20.6 87.4
Mean 194 825
1 22.3 85.8
Hybrid(C) 2 83 415 22.2 85.3
Mean 22.3 85.6
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Table C-14 Bond test results of FRP rebars after CaCly, solution

exposure
Type of FRP Test N Diameter | Embedment Max bond | Resudual bond
est No.
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 721 76.0
2 6.53 68.8
CFRP 94 47.0
3
Mean 6.87 725
1 13.76 79.1
2 13.45 77.3
GFRP(A) 3 94 47.0
Mean 13.60 78.2
1 12.61 79.5
2 1357 85.5
AFRP 9.4 47.0
3
Mean 13.09 825
1 1895 79.2
2 16.81 70.3
CFRP(D) 5 94 47.0
Mean 17.88 74.8
1 19.74 85.8
2 16.84 73.2
GFRP(D) 8.3 415
3 0.0 0.0
Mean 18.29 79.5
1 24.4 87.3
Hybrid
) 2 4.0 20.0 22.2 79.1
Mean 23.3 83.2
1 20.2 86.1
Hybrid(B) 2 4.0 20.0 185 85
Mean 19.5 82.3
1 21.1 81.1
Hybrid(C) 2 8.3 415 21.6 83.1
Mean 214 82.1
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Table C-15 Bond test results of FRP rebars after salt and repeated

wet—dry cycles exposure

Type of FRP Test No. Diameter | Embedment Max bond | Resudual bond
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 6.59 69.5
2 7.08 74.7
CFRP 9.4 47.0
3
Mean 6.83 72.0
1 13.56 719
2 13.58 78.0
GFRP(A) 94 47.0
3 0.0
Mean 13,57 78.0
1 11.69 73.7
2 1353 85.3
AFRP 9.4 47.0
3
Mean 12.61 79.5
1 19.36 81.0
2 18.84 788
CFRP(D) 5 9.4 47.0
Mean 19.09 79.8
1 1859 80.8
2 18.56 80.7
GFRP(D) 5 8.3 415
Mean 18.58 80.8
1 214 76.4
Hybrid(A) 2 4.0 20.0 25.2 90.0
Mean 233 83.2
1 16.8 71.6
Hybrid(B) 2 4.0 20.0 20.3 86.5
Mean 18.6 79.0
1 20.6 79.4
Hybrid(C) 2 8.3 415 225 86.6
Mean 216 83.0
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Table C-16 Bond test results of FRP rebar after salt and repeated

freezing and thawing cycles exposure

Type of FRP Test No. Diameter | Embedment Max bond | Resudual bond
rebars (mm) Length (mm) | stress (MPa) stress(%)
1 6.95 73.3
2 6.93 73.1
CFRP 9.4 47.0
3
Mean 6.94 732
1 14.52 83.4
2 12.47 7.7
GFRP(A) 3 94 47.0
Mean 13.49 715
1 11.25 70.9
2 12.78 80.1
AFRP 9.4 47.0
3
Mean 12.02 75.8
1 18.13 75.8
2 1751 73.2
CFRP(D) 5 9.4 47.0
Mean 17.82 745
1 19.12 83.1
2 17.80 774
GFRP(D) 5 8.3 415
Mean 18.46 80.3
1 22.3 79.6
Hybrid(A) 2 4.0 20.0 24.0 85.8
Mean 232 82.7
1 17.8 75.7
Hybrid(B) 2 4.0 20.0 18.1 710
Mean 179 76.4
1 215 82.8
Hybrid(C) 2 8.3 415 20.7 79.6
Mean 211 81.2
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Table C-17 Bond test results of FRP rebar after UV radiation exposure

Type of FRP Diameter | Embedment Max bond Resudual bond
rebars Test No. (mm) Length (mm) strength strength(%)
(MPa)

1 155 89.3
GFRP 2 9.4 47.0 13.7 78.8
Mean 14.6 84.1
1 234 83.6
Hybrid(A) 2 4.0 20.0 229 82.0
Mean 23.2 82.8
1 189 80.2
Hybrid(B) 2 4.0 20.0 20.6 874
Mean 19.7 83.8
1 229 88.2
Hybrid(C) 2 8.3 415 19.4 74.6
Mean 21.2 81.4
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APPENDIX D: Nonflex 8|43 34 Z2 19L& oL I=2Z

A B A4 2%

D-1. B2 ( p=0.0057)

-BEAM TYPE -

Beam Type = Reinforced Concrete Beam

-EFFECTS INCLUDED -
* Shear effects are not included.

* Effects of reinforcement area are included.

-BLOCK DATA -
Total Number of Blocks = 1

1 5.90E+00 5.90E+00

~-REINFORCEMENT ARRANGEMENT -

* Tensile Rebars

Total Number of Tensile Rebars = 1

Rebar No. Depth Sectional area/bar No. of bars/layer

Mateiral 1D

1 4.33E+00 6.80E-02 3
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-LOADS -
Self-Weight = 0
Load Type = 4-Point Load (Shear Span = 59 )

-DATA FOR MATRIX MATERIALS -
* No. of different matrices = 1
* Matrices in Compression
Matrix ID. = 1 Matrix Type No.= 2

Modulus of Elasticity = 3.64E+03
At peak : stress = 4.00E+00 strain = 2.10E-03

At inflection pt.: stress = 3.20E+00 strain = 2.88E-03
At asymptotic pt.: stress = 1.00E+00

* Matrices in Tension

- Matrix ID. =1 Matrix Type = linear ascending

- concave descending
Modulus of Elasticity = 0.00E+00
At peak: stress = 2.37E-01 strain = 8.00E-05

-DATA FOR REINFORCING REBARS-
* No. of different rebars = 1

* Rebar Properties

- RebarlD = 1 Type = strain—hardening

strain at yield = 0.002037 yield stress = 60
strain at strain hardening = 0.00859 strain at failure = 0.0716
stress at failure = 1075
initial modulus = 29450 hardening modulus = 1168
-SPAN -
* Span = 17.7

- 418 -



* Inner Span = 4.425 Outer Span = 4.425
* Number of Integraion Points in : (1).Inner Span = 10 and (2).

Outer Span = 10

-FLEXURAL RESPONSES OF THE BEAM -

load deflection
0.00E+00 0.00E+00
3.56E+00 9.15E-04
5.21E+00 2.30E-03
5.82E+00 3.48E-03
6.54E+00 4.75E-03
7.35E+00 6.18E-03
8.22E+00 7.60E-03
9.13E+00 9.08E-03
1.01E+01 1.06E-02
1.10E+01 1.21E-02
1.19E+01 1.35E-02
1.28E+01 1.50E-02
1.37E+01 1.64E-02
1.47E+01 1.79E-02
1.56E+01 1.94E-02
1.66E+01 2.09E-02
1.75E+01 2.24E-02
1.79E+01 2.35E-02
1.79E+01 2.36E-02
1.79E+01 2.36E-02
1.79E+01 2.37E-02
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1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.80E+01
1.80E+01
1.80E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01

2.37TE-02
2.38E-02
2.38E-02
2.39E-02
2.39E-02
2.40E-02
2.40E-02
241E-02
2.41E-02
242E-02
2.42E-02
2.43E-02
2.43E-02
3.72E-02
3.80E-02
3.88E-02
3.96E-02
4.04E-02
412E-02
4.19E-02
4.27E-02
4.35E-02
443E-02
4.50E-02
4.58E-02
4.66E-02
4.74E-02
4.82E-02
4.90E-02
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1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01

4.98E-02
5.05E-02
5.13E-02
5.21E-02
5.29E-02
5.37E-02
5.45E-02
5.52E-02
5.60E-02
5.68E-02
5.76E-02
5.84E-02
591E-02
5.99E-02
6.00E-02
6.00E-02
6.01E-02
6.01E-02
6.39E-02
6.40E-02
6.41E-02
6.42E-02
6.42E-02
6.81E-02
6.81E-02
6.82E-02
6.83E-02
6.83E-02
6.864E-02
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1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01
1.79E+01

7.30E-02
71.55E-02
7.55E-02
71.56E-02
197E-02
7.98E-02
8.51E-02
8.52E-02
8.53E-02
8.53E-02
8.54E-02
8.55E-02
8.55E-02
9.18E-02
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D-2. 274 ( p=0.0051)

-BEAM TYPE -

Beam Type = Reinforced Concrete Beam

-EFFECTS INCLUDED -
* Shear effects are not included.

* Effects of reinforcement area are included.

-BLOCK DATA -
Total Number of Blocks = 1

Block No. Height Width Material ID
1 5.90E+00 5.90E+00 1

~-REINFORCEMENT ARRANGEMENT -

* Tensile Rebars

Total Number of Tensile Rebars = 1

Rebar No. Depth  Sectional area/bar No. of bars/layer  Mateiral ID

4.33E+00 5.96E-02 3 1
-LOADS -

Self-Weight = 0
Load Type = 4-Point Load (Shear Span = 5.9 )
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-DATA FOR MATRIX MATERIALS-

* No. of different matrices = 1

* Matrices in Compression
Matrix ID. = 1 Matrix Type No.= 2
Modulus of Elasticity = 3.64E+03
At peak . stress = 4.00E+00 strain = 2.10E-03
At inflection pt.: stress = 3.20E+00 strain = 2.88E-03
At asymptotic pt.: stress = 1.00E+00

* Matrices in Tension

- Matrix ID. =1 Matrix Type = linear ascending

- concave descending
Modulus of Elasticity = 0.00E+00
At peak : stress = 2.37E-01 strain = 8.00E-05

-DATA FOR REINFORCING REBARS-
* No. of different rebars = 1
* Rebar Properties
- RebarlD = 1 Type = strain—hardening
strain at yield = 0.002037 yield stress = 60

strain at strain hardening = 0.00859 strain at failure = 0.0716

stress at failure = 1075
initial modulus = 29450 hardening modulus = 1168
-SPAN -
* Span = 17.7

* Inner Span = 4.425 Quter Span = 4.425
* Number of Integraion Points in : (1).Inner Span = 10 and (2).

Outer Span = 10
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-~-FLEXURAL RESPONSES OF THE BEAM -

load deflection
0.00E+00 0.00E+00
3.54E+00 9.13E-04
5.09E+00 2.28E-03
5.59E+00 3.42E-03
6.19E+00 4.66E-03
6.89E+00 6.02E-03
7.65E+00 7.43E-03
8.44E+00 8.86E-03
9.25E+00 1.03E-02
1.01E+01 1.18E-02
1.08E+01 1.32E-02
1.17E+01 1.46E-02
1.25E+01 1.61E-02
1.33E+01 1.76E-02
1.42E+01 1.90E-02
1.50E+01 2.05E-02
1.58E+01 2.20E-02
1.61E+01 2.30E-02
1.61E+01 2.38E-02
1.61E+01 2.46E-02
1.60E+01 2.54E-02
1.60E+01 2.62E-02
1.60E+01 2.70E-02
1.60E+01 2.78E-02
1.60E+01 2.86E-02
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1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.60E+01

2.94E-02
3.02E-02
3.10E-02
3.18E-02
3.25E-02
3.33E-02
3.41E-02
3.49E-02
3.57E-02
3.65E-02
3.72E-02
3.80E-02
3.88E-02
3.96E-02
4.04E-02
411E-02
4.19E-02
4.20E-02
4.35E-02
443E-02
4.50E-02
4.58E-02
4.66E-02
474E-02
4.81E-02
4.89E-02
4.97E-02
5.05E-02
5.12E-02
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1.60E+01
1.60E+01
1.60E+01
1.60E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01
1.59E+01

5.20E-02
5.28E-02
5.35E-02
5.43E-02
5.51E-02
5.59E-02
5.66E-02
5.74E-02
5.82E-02
5.82E-02
5.83E-02
5.83E-02
5.84E-02
5.84E-02
6.29E-02
6.30E-02
6.31E-02
6.31E-02
6.32E-02
6.69E-02
6.70E-02
6.71E-02
6.71E-02
6.95E-02
7.32E-02
71.33E-02
7.34E-02
7.34E-02
71.35E-02
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1.59E+01 1. 77TE-02

1.59E+01 8.29E-02
1.59E+01 8.30E-02
1.59E+01 8.30E-02
1.59E+01 8.31E-02
1.59E+01 8.32E-02
1.59E+01 8.32E-02
1.59E+01 8.85E-02
1.59E+01 8.85E-02
1.59E+01 8.86E-02
1.59E+01 8.87E-02
1.59E+01 8.88E-02
1.59E+01 8.88E-02
1.59E+01 9.41E-02
1.59E+01 9.41E-02
1.59E+01 9.42E-02
1.59E+01 9.43E-02
1.59E+01 9.44E-02
1.59E+01 9.45E-02
1.59E+01 9.45E-02
1.59E+01 1.01E-01
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D-3. ®ZH( p=0.0061)

-BEAM TYPE -

Beam Type = Reinforced Concrete Beam

EFFECTS INCLUDED -
* Shear effects are not included.

* Effects of reinforcement area are included.

-BLOCK DATA -
Total Number of Blocks = 1

Block No. Height Width Material 1D

1 5.90E+00 5.90E+00 1

- REINFORCEMENT ARRANGEMENT -
* Tensile Rebars

Total Number of Tensile Rebars = 1

Rebar No. Depth Sectional area/bar No. of bars/layer Mateiral ID

4.33E+00 7.719E-02 3 1

-LOADS -

Self-Weight = 0
Load Type = 4-Point Load (Shear Span = 59 )
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-DATA FOR MATRIX MATERIALS-
* No. of different matrices = 1
* Matrices in Compression
Matrix ID. = 1 Matrix Type No.= 2
Modulus of Elasticity = 3.64E+03
At peak . stress = 4.00E+00 strain = 2.10E-03
At inflection pt.: stress = 3.20E+00 strain = 2.88E-03
At asymptotic pt.: stress = 1.00E+00
* Matrices in Tension
- Matrix ID. =1 Matrix Type = linear ascending
- concave descending
Modulus of Elasticity = 0.00E+00
At peak : stress = 2.37E-01 strain = 8.00E-05

-DATA FOR REINFORCING REBARS-

* No. of different rebars = 1
* Rebar Properties

- RebarlD = 1 Type = strain—hardening

strain at yield = 0.002037 yield stress =
strain at strain hardening = 0.00859 strain at failure =
stress at failure = 1075
initial modulus = 29450 hardening modulus
-SPAN -
* Span = 17.7

* Inner Span = 4.425 Quter Span = 4.425

* Number of Integraion Points in : (1).Inner Span = 10 and (2).

Outer Span = 10
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- FLEXURAL RESPONSES

0.00E+00
3.58E+00
5.34E+00
6.09E+00
6.93E+00
7.88E+00
8.88E+00
9.92E+00
1.10E+01
1.20E+01
1.31E+01
1.41E+01
1.52E+01
1.62E+01
1.73E+01
1.84E+01
1.94E+01
2.00E+01
2.00E+01
2.00E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01

deflection

0.00E+00
9.17E-04
2.33E-03
3.56E-03
4.92E-03
6.34E-03
7.80E-03
9.30E-03
1.08E-02
1.23E-02
1.38E-02
1.53E-02
1.68E-02
1.83E-02
1.98E-02
2.14E-02
2.29E-02
241E-02
2.42E-02
2.42E-02
243E-02
2.43E-02
2.44E-02
2.44E-02
2.45E-02
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2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.02E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01

2.45E-02
2.46E-02
2.46E-02
247E-02
247TE-02
2.48E-02
2.48E-02
2.49E-02
2.49E-02
2.50E-02
2.50E-02
2.51E-02
2.51E-02
2.52E-02
2.52E-02
2.53E-02
2.53E-02
2.54E-02
2.54E-02
4.60E-02
4.68E-02
4.75E-02
4.83E-02
491E-02
4.99E-02
5.07E-02
5.15E-02
5.23E-02
5.31E-02
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2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01
2.01E+01

5.39E-02
547E-02
5.95E-02
5.63E-02
5.71E-02
5.79E-02
5.87E-02
5.94E-02
6.03E-02
6.11E-02
6.11E-02
6.12E-02
6.12E-02
6.13E-02
6.13E-02
6.60E-02
6.60E-02
6.61E-02
6.83E-02
6.83E-02
6.84E-02
7.31E-02
1.32E-02
7.32E-02
7.33E-02
71.34E-02
7.34E-02
7.35E-02
791E-02
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Muoisture Sensitvity and Aging Properties of Fiber Reinforced
Polvmer Reinforcing Bar for Concrere Structures

3 L
Wor, Jong-Fil - Park, Chan-Gi

Abstract

Fiber reinforced polyimer (FRFS ranboraing bar drebari copsbting of glos, carlbsm, or aramid fibers embedal in a psin sach
an vimsd esder, oposy. of padyesier has enenged as i of the most promBieg o affenkile solutims in ihe comosion problke
of deel winlorcemeni i wnscunl conorae. FRP sebar offers excelens cormesbon resiaance, gs well as the sdvariages of high
Aiffrezss b sezgghl i when compared to coneatbong s oo Dfer advarmages of IRP resar ncliak: geid Gafgpee prop-
anies, datiage MRTWCE. Son-magndic propestios, s of inspomdion sid ludling, bre esepy consumplion Suing -
ricwgm of e maenals. This stedy sine ot cvaleation of the war sheoplios, @ seasiivity and aooebewel azing
perlivmany of FRI* rehar Two tppes of CFRP-, GFRP sebar amd ore 1ype of AFRP sebar seie evabiatad. The offect of mos-
e and weathering o perfanmance of TP rehors were imeedigiled anmgh sccebaraiod sests simalating (he 2lizct of wei-dry
o Freeeeshaw cpoks s wedl as warm s and v dry, The saker ibserplion bebowinr wos. ohaereed by mizans of sigiple
gravimainc merEaenels i oler 1 slady ke diffmicn of the deonios] wiks ad dbadise solugm, Ak, the scoskemed
aging perfonron was invesigad trough e ik compeeaine, and shar beam ess. They wire shiran io poses sooept:
ohke monlen: srsiliviy, waker shoarpiion asd aging perfsmene.
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Development of Ductile Hyvbrid FRIP Reinfoecing Bar and Prediction
Muodel of Tensile Behavior

HERT -y
Won, Jong-Pi - Park, Chan-Gi

Ther cxmmosbon of sio] rebiars his bees (he major cawse of (he Seieronsion i6 renfimond concretr snscares, FRE senloning
bar irohary was deveboped a2 solve e probkan of ach sieel nehar FHP sobar in eorirete sinactores oy be wsed a5 2 soh.
stimis of sheel rebars for the coses in which aggnsse arimement produce high skl commios, or Bgamvwigh b an mpor
Lari Faior in desige and coneanectien. FRP o lun ondy lisearly sbstic hehavion whevees, sies] ndue R lisear gbwiic
bhavior ug ke the vigkd print Folrsed by lanpe plistic deformation. and sk bardereng. Witk plasne deformation. o el
Increne i bead ia conrdle dnsiungs sing FRE rolars can caise calasrophic collaper withont any waming. This, the cusrent
FHF rehars aie ml sasilable (e comareie: minforcement which a kige ameunt of plasic defirmation pooy 1 colligse &
recired. This iy repiesies. e devcipment of duciike hysnd FRP rebor. The desinble mechanicsl propeny of duole
bynd FRI rebar was obiaimed from b islcpraiad dovign besed on the maenial bybrid asd geoneiic hybid corcepis. Using
thew: comerpts, analvtical mode] was developed W gredicl the snovssizan carves with differam cosibisatios of fher makeriak
aad gromcing confipuraton, This moad i esed w optisnic: the desgn of bybrid PRP rebeor. Hybeid FRF il was lestod for
kil sweapth asd the fel el oompured with e analyical model. The ke meolin shomed thea s hybrid FRE s
SIEs SN (Ui o limcely dladic with o defindie vield poin Sollswed by plastic deformation Als. makscal model of
hytnid FRP rehar can chsssdy prisfit the heburvior of the hybnd FRP rebar.
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Bond Performance of FRP Reinforcing Bar for Conerete
Stractures after Chemical Environmental Exposure

LIE 3 W I
Park. Chan-Gii - Won, Jong-Fil

Absiract

FRF reinfurcing barsinctars) are produced thrsigh a varicty of masufaciunng process iscludes pulirusion,
ard filamen windisg and Braiding et Dach manuibctunng methsd produces o different surfuce condstion
of FRP rebar. The suface properties of FRP rebar is om impomam property for mochanical bond with
concria. Comend methods of providieg surfece deformation 1o FRF rebers include helical weapping, surfsce
sand coatisg and rib mobling. The problem with the helical weapping method is thet & can sot provide
encugh surface deformation for good bond and it con be easily sheasd off from the FRP rebars. Send coaling
end rib molding provide surfece deformation only to the ower FRP skins, Thercfore, FEF rebar has abow
6% of bond sirengih of sieel rebar,

The main objeclive was to evaluate the bond propenies of FRP rehar after emvirosmesinl expossee. Five
types af FRF rehar mcludes CFRP 180, GFRF Aslan, AFRF Techaora, CFRF{Eorea), and GFRPTKarea)
rebars performed direct bond 1ests. Alwo, FRF rebar bond specimens were subjiected %o exposure conditions
inchading alkaling sedation, eeid solstion, wll solution and delonized water eic Accordisg so bond lest
mesubts, CPRPTKorea) and GFRPKosea) rebass were fund o have betier bond swengih with eonereie than
prevasus FRP rehars, Also, FRFYKorea) rebar bad more then abost M i bond sirmgih of seel rebar

Revworils © Bond Broidieg, Helcal weapping, Palirenion, Fifimest windleg, A, Sead comtéing
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Recommenddations of Envirommental Reduction Factor of FEP Rehar for
Darability Design of Concrele Stnacture
-G Pk ", oy Pl Wen'™, and Joo- Won Karge™
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T Rerasbvned Mk 5 A0, Aopeptesd Julp 1B, 040

ABSTRACT

The commomoa of sed rebars be e the mapw coee of roadord concrels deteriorien. [FRPUFaer- rembonosd
pobymer! pebar b emergad s one of e Mot ronssing wed afforsble wlitions m the conesion proésms o
sedl rERlATEL i uneenre cofercke. Heswir, FAP pder = prove bo deleriomie dus o oiher depradation
mechantars Tun ot for sk The high skalinity of coscrete, for instzace, i @ pesible Gepradaion seusc:
Thirelore, B [SA, byen, Carach, DR sic e psing avionmental redcson Somr. Mdvegh Sty dosign
padebres wre deon inoreep incheding UEA [aee Coedls, UK, de mossmediios. e owllcentn (Bat
el take s acooari the g -term bebavor of FRP renfacerent wen: ol el dicfred
Ths soey fooses o recommendation of ermroarerl edstion (ador of FAF mhar, Ervdmonmeni reduction
?mrmhﬂmm-wmmrmh#umﬂqwdmmﬁm
inchadrg alkabre solonce. s soivdon, sl sohitin éad deemsd water #ic The wier sisontion behewior wan
observed by paess of drpht grnises meereents md duebliy popeis. wee nvestigaisd b pefaeniey
Dimille; comgewssivy oad shirt bam jesis Beed on fhe spermenial result ervirooeents] sademion Dk of
Iedeid FAP reeaid), and K01 ond {FRF mebor wes decded s 038 Alw, bobeid FEP nobifBl ial GFSP ndmr
ey dicided e 37 for the erwinonmenial redection Saor
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Bond Performance of Duetile Hybrid FRI' Reinforcing Bar
After Accelerared Emvironmental Exposures

HER" -
Vion, Jeng-Fi « Park, Chan-Gi

Mbsiract

The il obe i bemefit o the FRF eoierial in perkops tae Bt s 1 e reod comode i e iaTe wii s de B, FRP
b bt owes bord periormmce than el retar sally, FRP refor s ol 0% of Borad sl of skeel robir. Widhout
et boad b concmiz, dhe fll compraiin acens herpen e nRnoeTEeT i Goncres i can ool e achicved. Theee-
fore, FRF refans rmasd sk o wirface deformasiam thar previde good and 1 coereks, Cirred it of provafing wr-
hh-mmmunmummmmaﬂq.mpﬂmﬁhuuﬂ
wezpping swind i tha it can oot proside enoagh safice defTaation Fer g el ad it can b ity sheard <FF from e
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The properties of hybrid FRP rebar for concrete structures

FEE o & 7" e EE g
Wor, Jemg-Fil Park, Chan=Gi - Hwang, Kum-5Sik Yoon, Jong-Hwan

ABSTRACT

The parpazion of sleel rebars has been the major cause of the reinforced concrebe detericration.
It iz FHPF reber that s developed o scive problem of such seel rebar. FRP rebar in concrete
siruclures shoold be used as a sohstituie of seel rebars for char cases in which sggressive
sovimmnmenl prduce high steel comosion. or Dgheweight is en impomant design {acor, or
ransportation cost increase significantly wich the weight of the marers®s. But FRP rehar have
anly Enearly elastic behovior: whereas, sieed rebar has linear easpe behavice up o the viekd
point fallowed by large plastic deformotion and =croin Randening. This, the current FRE rebars
&ne mol suitshle concrete remilorcement where o lorge amoest of plaste deformation prar Lo
collapse = nequaned

The mmn chgeeove of this sudy was o develop new vpe of bvbnd FRP rehar The
mansfacre of the hyhnd FRP rebee wos achieved pultruses, broching and Gloment  wirching
techiigess. Tensile sl mterlaiminnr =hear tesr fesults of hybed FIP rebar con pooade ils
enevdlent tensile strermch-seenin befwvinr sl mileclamirar stress-siram Behavor
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Interlaminar Shear Stress and  Tensile behavior of Ductile Hybrld FEF
(Fiber Reinforced Polymer) Heinforcing Bar
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Development and Durability Charactersstics of FRFP Reinforcing Bar for
Concrele Strucheres

HEg - - 438 B8 - 2EY(HEW)
Won, Jong Pil - Park, Chan Gi - Yoon, Jong Han - Hwang, Kum Sik « Che, Yong Jin

Abstract

The corrosion of steel reinforcing barjre-bar) has been the major cause of the
reinforced comcrete deterioration. FRP(Fiber-reinforced polymer) reinforcing bar has
emerged as one of the most promising and affordable solutions to the corrosion
problems of steel reinforcement in structural concrete. In this study, long-term
durability performance of FRP rebar were evaluated. The mechanical and durability
properties of two type of CFRP- and GFRF re-bar were investigated, the FRP re-bars
were subjected to alkaline solution, acid solution, salt sclution and deionized water.
The mechanical and durability properties were investigated by performing tensile and
short beam tests. Experimental results confirmed the desirable resistance of FRP re-bar
to aggressive chemnical environment.
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