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ABsSTRACT: To develop design guidelines for bond of glass-fiber-reinforced plastic (GFRP) rebars to concrete,
a total of 102 specimens were constructed and tested subjected to monotonic static loading. The research program
was inclusive of the experimental testing of 48 beam specimens, 18 pull-out specimens, and 36 hooked rebar
specimens. The tensile load was applied to the rebars in a gradual increment of load level until splitting of
congcrete, rebar pull-out failure, or rebar fracture occurred. The slip between the rebars and concrete was measured
at the loaded and free ends at each load level. Variables included in the study were concrete compressive strength,
embedment length, clear concrete cover, rebar diameter, concrete cast depth, radius of bend, and tail length.
New criteria for acceptable bond performance of GFRP rebars to concrete were developed and were used to
evaluate the experimental results. Design guidelines for calculating the development lengths for straight and
hooked GFRP rebars to concrete were derived. In addition, confinement factors were calculated to reflect the

influence of concrete cover and casting position.

INTRODUCTION

Corrosion of reinforcing steel is a serious problem in con-
crete structures located in aggressive environments, especially,
if the reinforcing steel is subjected to high stresses. With pas-
sage of time, corrosion produces deep pitting and a severe loss
of cross section of the reinforcing steel. These conditions nor-
mally lead to costly repairs and catastrophic failures. Several
approaches have been chosen to control the corrosion process
such as improving the permeability of concrete by additives
and admixtures and epoxy-coating steel rebars. The latter has
been widely used in bridges and parking garages. However,
with recent discoveries of extensive premature corrosion in
new bridges, there are concerns regarding the long-term per-
formance of such systems (Keesler and Powers 1988).

A completely different approach would be to use materials
that are highly corrosion resistant, such as reinforcing bars
constructed of composite materials (Ehsani 1993). Glass-fiber-
reinforced-plastic (GFRP) rebars that have been produced re-
cently are considered to be an ideal candidate and have great
potential to fill such a need. While glass fibers are highly re-
sistant to corrosion by acids, the combination of wrong types
of glass fibers and resins could lead to premature deterioration
of GFRP bars in alkaline environment such as that in fresh
concrete (Sen et al. 1993). However, many structures con-
structed with these bars have been in service for more than
ten years in extremely aggressive environments with no sign
of deterioration of the rebars (‘‘State-of-the-art’’ 1995). GFRP
rebars offer significant advantages over conventional reinforc-
ing steel bars, namely, high corrosion resistance, high tensile
strength, high strength-to-weight ratio, nonconductivity, ease
of handling and cutting, and economy.

Only a handful of studies recommending design guidelines
for bond of straight GFRP rebars to concrete have been re-
ported in the literature; these are presented in the following.
No design guidelines for bond of hooked GFRP rebars to con-
crete could be found.

Pleimann (1987, 1991) in cooperation with the Marshall-
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Vega Corp. of Marshall, Arkansas, conducted 4 pull-out tests
with No. 2 bars, 19 with No. 3 bars, and 21 with No. 4 bars.
The embedment length was safely assumed to be given by

I =f.AJ42\/Ff! ey}
for E-glass rebar, and
I, = A 38\ ?)

for Kevlar 49 rebar. In these equations, I, = calculated required
embedment length in mm; f, = ultimate strength of rebars
in MPa; A, = cross-sectional area of rebar in mm?; and fi=
28-d compression strength of concrete in MPa.

Faza and GangaRao (1990) investigated the bond behavior
of FRP rebars by testing cantilever beam and pull-out speci-
mens. The results indicated that the basic development length
of FRP rebars should be computed using the expression

Afy
Vi

where f, = effective yield strength of FRP rebars in MPa; and
f¢ is not to exceed 69 MPa (10,000 psi). In that study, the
effective yield strength of FRP rebars, f,,, was taken as 80%
of the ultimate strength of FRP rebars.

In another study by Chaallal et al. (1992), pull-out tests
were undertaken to evaluate bond strength as well as devel-
opment length of GFRP rods embedded in normal strength
concrete (NSC) and high strength concrete (HSC). Develop-
ment length was defined as the minimum embedded length
required to develop the ultimate tensile force, F,, of the rod.
It was concluded that development length can be taken to be
approximately twenty times the bar diameter for both NSC
and HSC.

Bond strength of fiber-reinforced plastic rebars was exper-
imentally investigated by Daniali (1992). A total of 30 con-
crete beams were tested, and results showed that a develop-
ment length of 203 mm (8 in.) was adequate for developing
the ultimate tensile strength of a No. 4 bar. The full strength
of a No. 6 bar could be developed over 457 mm (18 in.) of
embedment length if shear reinforcement were provided along
the entire length of the specimens.

It is noted, however, that each of the above studies consid-
ered only a small number of parameters that influence the bond
performance of reinforcing bars. Consequently, those studies
did not result in comprehensive design guidelines. As a result,
the lack of sufficient design guidelines for bond behavior of
GFRP rebars to concrete is one of the factors restricting their
use in field applications. Moreover, a direct utilization of the

lp = 0.028 ©)]
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ACI 318-89 (“‘Building’’ 1989) for calculation of the devel-
opment length of GFRP rebars is unwarranted due to the in-
herent differences between steel and GFRP rebars in terms of
their tensile strength, modulus of elasticity, and rib geometry.

The primary objective of this research project was to ex-
amine the bond behavior and develop design recommendations
for anchorage of straight and hooked GFRP rebars to concrete.
The present paper focuses on the development of a new cri-
terion for acceptable bond performance and design guidelines
for GFRP rebars to concrete only. Detailed results of the ex-
periments on bond behavior of straight and hooked GFRP re-
bars to concrete are presented elsewhere (Tao 1994).

EXPERIMENTAL PROGRAM

Forty-eight beam specimens, 18 pull-out specimens, and
thirty-six 90° hooked rebar specimens were constructed and
tested under static monotonic loading. Variables in both beam
and pull-out specimens were the following: concrete compres-
sive strength, embedment length, clear concrete cover, and
concrete cast depth. Variables in hooked rebar specimens in-
cluded the following: concrete compressive strength, radius of
bend, tail length, and straight embedment length. The data
collected during each test included the applied load, and the
slip at the free and loaded ends.

Design of Specimens

The specimens were divided into three groups as shown in
Fig. 1, i.e., beam specimens, pull-out specimens, and hooked
specimens. The dimensions of specimens are listed in Table 1.

It has been suggested that the bond strength of rebars is
affected by the unbonded lead length of the rebar (Hadje-Ghaf-
fari et al. 1992). To eliminate this influence, a thin conduit was
selected to prevent the bonding of the first 76 mm (3 in.) of
all rebars to concrete (Fig. 1).

Material Properties

Concrete used in this research program was purchased from
a local ready-mix plant and specified to have nominal com-
pressive strengths of 28 and 56 MPa (4000 and 8000 psi). For
each batch of concrete delivered, sixteen 152 X 305 mm (6
X 12 in.) standard cylinders were cast and cured under the
same conditions as the specimens. Cylinder samples were
tested in compression on the same day that the specimens were
tested.

GFRP rebars used in this research program were supplied
by a U.S. manufacturer. These rebars have around 72% type
E glass mixed with 28% polyester resin by volume. To im-
prove bond strength between rebars and concrete, the longi-
tudinal fibers are wrapped in a helical pattern with a small
strand during manufacturing. The pitch shown in Fig. 2 is
defined as the distance from the center to center of strands.
For all bar sizes, the width of the helical wrap was the same.

To date, there are no standards for the sizes of GFRP rebars.
However, most U.S. manufacturers produce rebars with nom-
inal diameters similar to those for steel rebars. The rebar di-
ameters were measured by the volummetric method, cutting a
representative 152 mm (6 in.) sample, submerging the sample
in a graduated cylinder, and measuring the change in volume.
Assuming a circular cross section, the average area and di-
ameter of the bars were calculated. Diameter measurements
reported in Table 2 resulted in a little difference between the
measured values and the nominal diameters.

The ultimate tensile strength and the modulus of elasticity
of GFRP rebars were measured by subjecting coupons to uni-
axial tension tests. All coupon samples exhibited a linear ten-
sile stress-strain relationship during the entire loading range.
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FIG. 1. TestSpecimens: (a) View of Boam Specimens; (b) View
of Pull-out Specimens; (c) View of Hooked Specimens

TABLE 1. Dimensions of Specimens

Beam Specimens Hook Specimens
Rebar a b c a b
number (mm) (mm) (mm) (mm) {(mm)
(1 (2 3 4 (5) (6)
3 356 254 356 305 203
6 610 508 610 457 254
9 914 508 762 610 305

+ Height of Rib

Angle T > thmeter

Pitch |

FIG. 2. Terms Used in Defining GFRP Rebar Dimensions

Results for the modulus of elasticity and strength are listed in
Table 3 and indicate a mean tensile stiffness of 48,270 MPa
(7000 ksi).

The results in Table 3 show that the ultimate tensile strength
of GFRP bars is sensitive to rebar diameter, and decreases
rapidly with an increase in the diameter of the rebar. This
strength reduction is attributed to the ‘‘shear lag’’ phenome-
non associated with the tensile force resistance of the core
fibers and those at the contact surface of the rebars and the
grips (Wu 1991).

Test Setup and Instrumentation

The beam and hooked rebar specimens were tested in a steel
reaction frame. This test setup provided the same state of
stresses that a rebar in a real beam would experience. For
pullout tests, however, the compressive reaction force was ap-



TABLE 2. GFRP Rebars Dimensions

Property
Measured
Nominal | diameter/
Rebar |Rib height| Pitch Angle | diameter | nominal
number (mm) (mm) ) (mm) diameter
(1) (2) (3) “) 5) 6

3 1.143 17.450 37 9.525 1.016

6 1.295 23.825 25 19.050 0.968

9 2.007 2.700 23 28.575 0.959

TABLE 3. Coupon Test Results for Modulus of Elasticity and
Tensile Strength

Rebar | Sample 1| Sample 2| Sample 3 | Average for 3 samples

number| (MPa) (MPa) (MPa) (MPa)
(1) (2) 3) (4) {5)
3 46540/889°| 47050/972 | 47280/931 46950/931
6 48460/656 | 49060/641 | 48270/607 48610/641
9 50200/531 | 50320/524 | 50040/538 50200/531

*For each pair of entries, the first number indicates the modulus of
elasticity, and the second number is the tensile strength.

plied directly to the surface of the concrete specimens (Ehsani
et al. 1993).

The monotonic static loading was applied along the rebars
in a gradual increment until splitting of concrete, rebar pull
out from the concrete, or fracture of rebar occurred. The ap-
plied load values were measured by two load cells, and au-
tomatically recorded. The slip between the rebars and concrete
was measured through dial gauges and recorded at each load
level (Tao 1994).

ANALYTICAL STUDY

Data from the tests were analyzed to develop design guide-
lines for anchorage of straight and hooked GFRP rebars to
concrete. Due to the absence of concrete flexural cracks in
pull-out specimens, higher ultimate bond stress and greater slip
at loaded and free ends were developed. This clearly indicated
that it is unconservative to rely on data from pull-out tests for
determination of development lengths. It would be more re-
alistic and accurate to use beam test data in such derivations.
Therefore, the test results from pullout specimens were only
used in comparison with beam specimens for the determina-
tion of top bar effects.

For steel rebars, the critical bond stress is defined as the
smaller of that associated with a loaded-end slip of 0.01 in.
(0.25 mm) or a free-end slip of 0.05 mm (0.002 in.). Slips
greater than these limits are usually accompanied by large
crack widths which may not be acceptable (Park and Paulay
1975). Because the slip is usually measured at both the loaded
and free ends of a bar, there will be two stresses each corre-
sponding to the maximum allowable slip at one end of the bar.
The smaller of these stresses will be chosen as the critical bond
stress (Mathey and Watstein 1961). Ferguson et al. (1965)
have also concluded that the embedment length has only a
minor effect on the stress attained by any steel bar until the
loaded-end slip reaches 0.25 mm (0.01 in.).

The above slip limitations for steel rebars cannot be directly
utilized in evaluation of GFRP rebars which differ from steel
rebars in two important aspects. First, lower modulus of elas-
ticity of GFRP rebars results in greater elongation and con-
tributes to the loaded-end slip. Second, the shallower lugs of
GFRP bars cannot resist large bond stresses and result in
greater loaded-end and free-end slips. Thus, new criteria for
bond of GFRP rebars needed to be developed. These criteria
were developed based on load-slip relationships and are pre-

sented in the following section. It is noted that the Poisson’s
ratio for GFRP bars has been reported to be 0.28 (Chaallal
et al. 1992) which is close to that for steel. Therefore, little if
any changes between the bond behavior of steel and GFRP
can be attributed to the Poisson’s ratio.

Straight Rebars

The development of design guidelines for straight GFRP
rebars was based on the experimental results of 66 specimens.
The load values and the slips at loaded and free ends were
measured at each monotonic static loading level. Bond stress,
u, is defined as the shear force per unit surface area of the
rebar, and computed as

u= T/"n'd,,ld (4)

where T = applied tensile force; d, = rebar diameter; and [, =
embedment length. Due to the low modulus of elasticity of
GFRPs, the elastic elongation of the unbonded lead portion of
the bars has to be deducted from the measured slip values.
Therefore, the actual slips, 8,, were calculated as

8,=8,—3, (5)

where 8,, = measured slip at loaded end of rebar; and 8, =
elastic elongation of 178-mm (7-in.) lead length (Tao 1994).
The test results of beam specimens and pull-out specimens are
presented in Tables 4 and 5, respectively. The notation for
beam specimens is as follows: the first number indicates the
concrete compressive strength; the second number, the rebar
diameter; the letter ‘‘B’’ for the beam specimens; the fourth
number, the embedment length in in.; the next letter presents
the rebar casting positions, T: Top, M: Middle, and B: Bottom;
the last number represents the ratio of the clear concrete cover
to rebar diameter. For example, 43B4B2 is a beam specimen
cast with 28-MPa (4000-psi) concrete, No. 3 GFRP rebar, 102-
mm (4-in.) embedment length, bottom rebar, with a clear con-
crete cover of two rebar diameters. For pull-out specimens, the
first number represents the concrete compressive strength; the
second, the rebar diameter; the letter ‘‘P’’ to designate a pull-
out specimen; the next letter identifies the rebar casting posi-
tion; and the last number indicates the embedment length in
units of inches.

In column 3 of Table 4, the measured bond stresses are
listed. These values were calculated from (4), using the max-
imum applied load during the test. As can be seen, some of
these stresses, specially those corresponding to specimens with
short embedment lengths, are high, e.g., 7 to 25 MPa. It is
recognized that such high stress values are not safe for design
purposes because bond behavior of specimens with short em-
bedment lengths is associated with excessive local damage and
slip. For this reason, the current development length equations
for steel reinforcing bars are based on the average bond
stresses over lengths greater than 15 bar diameters (‘‘State-of-
the-art”’ 1992). The same approach was used in this investi-
gation for GFRP rebars. The modes of failure for the speci-
mens are listed in column 12 of Table 4. These include
splitting failure of concrete (S), rebar pullout (P), and rebar
fracture (R).

The ACI Code basic development length expressions for
bond of steel rebars are presented for the commonly encoun-
tered cases. Additional factors are then provided to account
for special considerations due to top bar effects, confinement
of the concrete, etc. A similar approach will be followed here.
Since the effects of top bar and concrete cover are determined
based on the measured bond stresses during the test (reported
in Column 3 of Table S5), these considerations will be exam-
ined next, followed by the basic bond expressions for the more
general conditions.
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TABLE 4. TestData for Beam Specimens

fe Un Ta Ta u, u u Failure
Specimen (MPa) (MPa) (kN) (kN) TJdT, (MPa) K (MPa) (MPa) u*luy, mode
(1) 2) (3) (4) 5) (6) 7) (8) 9) (10) (11) (12)
43B4B2 29.8 11.5 314 304 0.62 9.7 0.0188 8.2 4.9 0.4 R
83B4B2 49.0 12.1 28.8 28.1 0.57 9.3 0.0252 10.5 4.9 0.4 R
43B6B4 35.0 9.9 359 342 0.69 7.9 0.0250 8.9 49 0.5 R
83B6B4 49.0 9.3 346 323 0.65 7.2 0.0325 10.5 4.9 0.5 R
43B8B6 35.0 7.8 346 336 0.68 5.8 0.0341 8.9 4.9 0.6 R
83B8B6 49.0 6.2 355 339 0.69 56 0.0418 10.5 4.6 0.8 R
43B8T6 35.0 6.6 30.6 31.2 0.62 53 0.0373 8.9 49 0.7 R
83B8T6 49.0 7.0 334 33.0 0.67 55 0.0425 10.5 49 0.7 R
46B3B1 27.6 134 46.7 50.0 0.36 9.4 0.0093 39 2.6 0.2 S
46B3B2 27.6 17.1 76.0 74.8 0.57 15.0 0.0059 3.9 39 0.2 P
46B6B2 276 9.3 81.5 80.0 0.61 8.0 0.0110 39 39 04 P
46B12B2 39.2 5.6 83.5 81.5 0.62 49 0.0213 47 4.7 0.8 P
86B12B2 47.7 57 83.5 85.0 0.64 4.6 0.0251 52 4.9 0.9 P
46B16B4 39.2 54 84.6 78.0 0.60 35 0.0299 4.7 4.7 0.9 P
86B16B4 47.7 52 81.1 78.8 0.60 33 0.0350 52 49 0.9 P
46B18B6 39.2 5.1 88.5 83.6 0.64 33 0.0317 4.7 4.7 0.9 R
86B18B6 471.7 4.9 86.6 82.6 0.63 3.0 0.0385 52 4.9 1.0 R
49B4B1 276 10.7 100.2 102.3 043 9.8 0.0060 2.6 1.8 0.2 S
49B4B2 27.6 15.2 146.9 149.2 0.63 143 0.0041 2.6 26 0.2 P
49B8B2 27.6 8.5 156.2 154.2 0.66 1.5 0.0078 2.6 2.6 0.3 P
49B22B2 39.7 4.2 160.8 158.3 0.68 34 0.0206 32 32 0.8 P
89B22B2 44.8 4.0 165.6 159.6 0.69 31 0.0240 33 33 0.8 P
49B26B4 39.7 39 172.0 160.1 0.69 29 0.0242 32 32 0.8 P
89B26B4 473 3.8 173.5 163.1 0.70 2.8 0.0274 34 34 0.9 P
49B30B6 39.7 3.6 165.1 160.8 0.69 25 0.0281 32 32 0.9 R
89B30B6 473 34 172.7 159.8 0.69 24 0.0319 34 34 1.0 R
43B1.5T1 276 20.6 18.3 17.7 0.36 14.5 0.0121 7.9 39 0.2 S
43B1.5T2 27.6 25.5 29.0 294 0.59 23.8 0.0074 79 39 0.2 P
43B3T2 27.6 13.8 284 29.9 0.57 11.6 0.0029 7.9 39 03 P
43B4T2 29.8 12.6 30.7 29.6 0.60 9.5 0.0192 8.2 39 0.3 R
83B4T2 49.0 13.1 294 27.6 0.56 9.2 0.0254 10.5 39 0.3 R
43B6T4 350 89 303 28.6 0.58 6.6 0.0300 8.9 39 0.4 R
83B6T4 49.0 8.2 327 30.9 0.63 6.8 0.0344 10.5 39 0.5 R
46B3T1 27.6 10.7 37.8 40.0 0.29 7.6 0.0116 39 2.1 0.2 S
46B3T2 276 14.2 60.4 65.0 0.46 121 0.0073 39 32 0.2 P
46B6T2 27.6 7.6 62.3 61.7 0.47 6.2 0.0142 3.9 32 0.4 P
46B12T2 39.2 52 61.8 63.8 0.47 3.7 0.0283 4.7 38 0.7 P
86B12T2 47.7 55 68.5 68.3 0.49 36 0.0321 52 39 0.7 P
46B16T4 39.2 5.1 61.7 59.8 0.46 2.7 0.0387 4.7 3.8 0.7 P
86B16T4 47.7 5.0 65.8 63.0 0.48 2.6 0.0444 5.2 3.9 0.8 P
46B18T6 39.2 52 67.7 62.9 0.48 2.5 0.0418 4.7 38 0.7 R
86B18T6 47.7 48 67.2 64.7 0.49 24 0.0481 52 39 0.8 R
49B22T2 39.7 4.1 121.5 127.9 0.52 2.6 0.0270 3.2 2.5 0.6 P
89B22T2 448 3.8 126.5 128.9 0.54 25 0.0298 33 2.7 0.7 P
49B26T4 39.7 37 129.7 119.9 0.52 2.2 0.0319 32 2.5 0.7 P
89B26T4 473 36 124.1 128.1 0.53 2.1 0.0365 34 2.8 0.8 P
49B30T6 39.7 3.6 131.3 124.2 0.53 1.9 0.0369 32 25 0.7 R
89B30T6 473 3.6 130.8 126.6 0.55 19 0.0403 34 2.8 0.8 R
TABLE 5. TestData for Pull-out Specimens The casting position has been shown to significantly influ-
= ence bond strength under monotonic static loading. In the cur-
fe Un Failure rent ACI Code, the top bar effect is accounted for by multi-
Specimen | (MPa) Top bar (MPa) mode plying the development length of steel reinforcement by a
() @ @) (4) ®) factor of 1.3 (‘‘Building’’ 1989). The top bar factor is defined
43PBL.5 322 N 29.4 P as the ratio of the ultimate bond strength reached when pulling
43PML.5 322 Y 28.3 P out the bottom bar to that reached when pulling out the top
43PT1.5 322 Y 28.0 P bar.
gggg& jgg s 18; g Table 6 indicates 21 pairs of specimens in which pullout
83PT6 45.8 Y 8.7 R failure rather than rebar fracture controlled. The distribution
46PB6 322 N 11.5 P of ratios of measured bond strength of bottom bars to that of
46PM6 322 Y 9.6 P top bars reported in Table 6 is shown in Fig. 3. All values are
46PT6 322 Y 9.3 p less than 1.25. Therefore, it is recommended that a factor of
86PB12 458 N 6'(5)' g 1.25 be used to account for the top bar effect.
32%122 :gg z 2.8 P To account for the confinement provided by various con-
49PBS8 322 N 1.2 P crete cover thicknesses, ACI 318-89 specifies confinement fac-
49PM8 322 Y 9.9 P tors of 1.0, 1.4, and 2.0 for steel rebars. The concrete cover
49PT8 322 Y 9.8 p has a significant effect on the type of bond failure for GFRP
33@2222 :g-g 5‘ 2‘3 }1: rebars. If the cover is one bar diameter, a splitting failure will
89PT22 458 Y 40 P occur. If the cover equals or exceeds two bar diameters, a pull
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TABLE 6. Top Bar Factor for GFRP Rebars

Height of con-
Bottom bar Top bar crete below bar | u,@bottom/
specimen specimen (mm) u,@top
(1) () (3) 4)
46B3B1 46B3T1 584 1.25
46B3B2 46B3T2 559 1.20
46B6B2 46B6T2 559 1.22
46B12B2 46B12T2 559 1.07
86B12B2 86B12T2 559 1.03
46B16B4 46B16T4 508 1.06
86B16B4 86B16T4 508 1.04
49B22B2 49B22T2 686 1.02
89B22B2 89B22T2 686 1.04
49B26B4 46B26T4 610 1.04
89B26B4 89B26T4 610 1.04
43PB 43PM 610 1.04
43PB 43PT 762 1.05
46PB 46PM 610 1.19
46PB 46PT 762 1.24
86PB 86PM 610 1.09
86PB 86PT 762 1.13
49PB 49PM 610 1.13
49PB 49PT 762 1.15
89PB 89PM 610 1.08
89PB 89PT 762 1.10
500 600 700 800 (mm)
13 /Max. Recommended Value = 1.25
125 + "
o=
E" *
g 1.2 * .
175}
-
g 115 .
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2
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FIG. 3. Top Bar Effect

as the presence of stirrups have also shown to improve the
confinement in tests of steel bars. However, the effect of this
variable was not studied in this investigation.

The failure mode for all specimens with concrete cover of
one bar diameter was found to be due to concrete splitting.
The distribution of the ratios of measured bond strength in
specimens with concrete cover of two bar diameters to those
with one bar diameter is shown in Fig. 4. A confinement factor
of 1.5 will cover all cases when the concrete cover is one bar
diameter or less. Thus, to account for the influence of concrete
cover, the basic development length /; must be multiplied by
a confinement factor of 1.5 for cases with a concrete cover of
one bar diameter of smaller, and 1.0 when the cover is greater
than one bar diameter.

Having accounted for the effects of top bar and concrete
cover, the following discussions will focus on the evaluation
of bond of GFRP rebars under the commonly encountered de-
sign conditions. An examination of typical load-slip relation-
ships for four specimens with different embedment lengths
shown in Fig. S indicates that various embedment lengths have
only a minor influence on the load values until the free-end

1.6
. / Max. Recommended Value = 1.5
= 1.5
op
5
a *
b -]
g 14
A
£ .
3
&~ 1.3
1.2 A
3 6 9
Rebar Size Number
FIG. 4. Concrete Cover Effect
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FIG. 5. Load-Slip Relationship

slip is 0.064 mm (0.0025 in.) or the loaded-end slip is 0.015
in. (0.38 mm). The beam specimens considered in this figure
were cast with 28-MPa (4000-psi) concrete, No. 9 bottom
GFRP rebars, with embedment lengths varying from 203 to
762 mm (8 to 30 in.), and with a clear concrete cover of two
rebar diameters or larger (i.e., 49B8B2, 49B22B2, 49B26B4,
and 49B30B6). A similar trend was observed in most of the
beam specimens. It is noted that larger slip limits will cause
wider cracks in GFRP specimens compared to ordinary steel
reinforced concrete structures. However, considering the cor-
rosion resistance of GFRP rebars, these wider cracks can be
permitted.

The critical load values corresponding to a free-end slip of
0.064 mm (0.0025 in.), T,;, and a loaded-end slip of 0.38 mm
(0.015 in.), T, were obtained from the test data. The smaller
of these two numbers was considered the critical load, T..

To eliminate the effects of the variation of concrete com-
pressive strength, f;, the above T, T, and T, values were
modified by multiplying them by the factor V/f/fi, where
Siwg = average compressive strength for all specimens with
nominal concrete strength of 28 or 56 MPa (4,000 or 8,000
psi). These adjusted values are reported as T% and T% in col-
umns 4 and 5 of Table 4, respectively.

In the next column in Table 4, the critical load, T¥, is pre-
sented as a ratio of the ultimate tensile capacity of the bars,
T,. For the bottom-cast bars the average ratio is 0.63, and for
top-cast bars, the ratio is 0.51.

The ACI expressions for calculating the development length
of steel reinforcement have undergone significant changes
since the early 1960s. In the ACI 318-63 (‘‘Building’’ 1963),
the bond strength was taken as
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