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Ninety-deg huoks are commonly used in concrete con-
struction for anchorage of tension reinforcement. The an-
churage capucity of hooked reinforcing burs is provided by
the bond along the straight embedment length, the hook it-
selland the tail length,

Concrele reinforced with steel reinforcing bars has been
used successfully in vivil engincering for decades. However,
the corrosion of these structures. particularly when they arc
located in such aggressive environments as coastal and ma-
ring structures. bridges, chemical plants, water and wastewa-
ler reatiment fucilities, ete. is of concemn (Saadatrnanesh and
Ehsani 19913, Flundreds of millions of dollars are spent cach
Yeur w repair corrosivn-induced damage in concrele strue-
tures. Among methods adopted to prevent or delay the cor-
rosion ol steel reinforcing bars are inclusion of additives and
adimixtures to reduce the permcability of concrete and use of
epoxy-couled steel reindurcing bars. The latter, when (ntro-
duced in the early 1970s. wis expected w be a meajor break-
through in eliminating the corrosion of reintorcing  bars,
However, with the reeent discovery of the extensive prema-
lure corrosion of epoxy-coaled steel reinforcing burs in new
construction [Keexler and Powers 1988}, this hope has all but
vanmished. It s clear that no practical and economical ap-
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prouch currently exists to prevent corrosion of reiforeing
bars. Efficient techniques or new materials are necded 1o
solve this problem.

Recently. glass fiber reinforeed plastic (GFRPY reintore.
1ng hars have been introduced that promise (o be more dura-
ble than steel reinforcing bars, GFRP reinforcing bars offer
sigmficant advantages over conventional reinforeing steel.
such as resistance to corrosion. high strengti, light weight,
case of handiing on the job site. and case of cutting. A mjor
reasan liminng use of GFRP reinforcing bars s lack of infor-
mation on their bond behavior.

Te determine the effect of bond length, bend ungle, bend
radius. and bar diameter on the deformation and strength ol
hooked steel bars, Minor and Jirsa (1 975) examined 80 spee-
1mens containing bars bent 1o ditferent geometric conligura-
troms, The test results indicled that, at g given bar stress, the
larger the angle of bend or the smaller the radius of bend, the
greater the shp, For practical joint design detailing. 90-dep
hooks are preferable w 180-deg hooks and. © reduce slip,
the radius of the hook should be as large as practical.

Bond stress-slip relationships of FRP reinforcing bars in
conerete were stuched by Larralde and Silva {1993), In pull-
out testing, the conerele surrounding the reinforcing bary is
under compression, reducing the possibility of cracking and
increasing the bond strength duc 1o Poisson’s effect, In con-
trist, in conerete beams, the concrete surrounding the rein-
forcing burs is under tension, thus, allowing for cracking ot
lower stresses and reducing friction. Consequently, the nom-
inal bond strength obtained from pullout sty does not re-
flect the actuul conditions in flexural reinforced concrete
members, and is greater than the nominal bund strength ob-
tained from reinforcing bars under tlexural wnsion. In addi-
tion. from the experimental results, U was coneluided that the
anchorage design for sleel reinforcing bags is not directly ap-
plicable to FRP reinforcing bars, Under the same test condi-
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tions, the average nominal bond stress at failure was grearer
for the steel reinforcing bars than Tor the FRP reinforcing
bars. The slips of the reinforcing bars relative to the canerete
surlace were greater (or the FRP reinforcing bars than for
steel reinioremg bars,

The principal objective of this research project was to de-
termine the bond behayior of straight and hooked GURP re-
inforeing bars to conerele. A total of 102 specimens were
tested. Based on these data, anslytical expressions huve been
presented for basic development length of straight and
hooked GFRP reinforeing bars to concrete. Due o space lim-
itation, however. this paper will discuss the study ol bund be-
havior of houked GIRP reinfurcing bars 1o concrete only.
The study on bond behavier of straight GFRP reinforcing
bars 1o concrete. and the development of design guidelines
for bond of GFRP reinforeing hars w conerete, wre presented
clsewhere (Tuo 1994

RESEARCH SIGNIFICANCE
Few cxperimental data are available in the Jwerature on
bond behavior of hooked GFRT reinfarcing bars 1o concrele.
In addition, the guidelines provided in ACL 318-89 for bond
of hooked steel retnforcing bars cannot be directly utilized
for GFRP reinforcing bars due to the major differences that
exist in tensile strength, modulus of elasticity, and deforma-
tion patterns of GFRP and steel reinforcing bars. The study
reported herein provides mformation on the bond behavior

of hooked GERP reinforcing hurs 10 conerete.

R
Fig. 1—Test specimens
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Table 1—Dimensions of test specimens

Reinforcing bar sive '_ 4. im. b, in.
No. 3 12 o A
Nar. b T " W
No. 9 2 12

Mee: |ine = 234 mim,

EXPERIMENTAL PROGRAM

The main purpose of the research reported in (his paper
was W0 investigate the influence of several paramelers on
hond behavior of hooked GFRP reinforcing bars 10 concrele,
Thirty-six specimeny were constructed and tested under stat-
ic monotonic loading. Vanables in the specimens incloded
concrele compressive strength, radius of bend, tail length,
straight embedment length, and reinforcing bar diameter.
The ultimate applied load, ultimate tensile stress, loaded-end
slip, mode of failure, and load-slip relationship were ob-
tuined tront these lests,

Design of specimens

A sketch of a typical test specimen ix shown in Fig, 1, and
the corresponding dimensions are fisted in Table 1.

Each specimen was cast in the position shown in Fig. |.
with the lead-in portion of the hook in a horzontal position
at a distance of threc-cighths of the height & trom the bottom
surface of the specimen. No transverse reinforcement was
used within the specimens.

To eliminate the intfluence of the support reactions an the
loaded end, the first 3 in. (76 mm} of the reinforeing bar was
wrapped in a thin conduit to prevent its bonding to concrete
(Llig. 13, Therefore, by carcful placement of the reinforcing
bar prior o casting, the desired straight embedment length L.
i.c., the distance between the beginning of the bend and the
point of 3 in. (76 mm) from the conerete fuce, was abtained
for all specimens.

The tail length of standard hooked steel reinforcing bars is
12 bar diumeters. To investigate the potennal benefits of
longer tail lengths, some specimens were cast with hooks
with tail tengths L7 20 times the bar diameter.

Because bending of steel reintorcing burs through small
radii could resull in the fracture of the bar, ACI 318-89 re-
quires minimum radii of bend. In GFRP reinforcing bars,
however. it is possible 10 bend the uncured reintorcing bar
during the manulucturing process through smaller radii. For
this study. the ratiox of radius 1o reinfurcing bar diameter
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Table 2—Reinforcing bar dimensions

: R
Iroperty | N A Mo N U
Eits highl. in, U045 1051 1079
Filch. in. {1687 LIRERT 140683
Anple, deg 7 a5 3
Measured
dicmeter, in. 381 734 (Wi
Mumninal diome-
ter, an. 11,373 0,750 1.125
Muwsored dione-
fecfommikd didm 1.014 R ; {145y
wter

Bovae [ = 25 4

Tabie 3—Data for modulus of elasticity
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Table 4—Data for ultimate tensile strength

T "
Averuge for
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har . kw ki ki sabnples. ksi
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were selected as zero and 3 o examing the ctfect of the radi-
us of bend.

Material properties

The conerele used in this study was obtained from a ready-
mix plant and speeilied 10 have a nominal compressive
strength of 4000 and 8000 psi (28 and 56 MPy), The concrete
aggrepale had a muximum size of | in. (25 mmd. Sixleen
standard 6% 12-in, (152 x 303-mm) cylinders were cast at the
satne time @nd cured under the same condition as the speci-
mens for each concrete hatch,

The GERP reinforcing bars used in the rescarch program
wore supplied by a LS. manufacturer in the nominal diame-
ters of 0,375, 0,75, and 1125 in. (10, 19 and 29 mm). These
rewntorcing bars were inanufactured using the pultrusion pro-
cess and were made of polyester resin and Type E glass fi-
bers. with 72 percent glass and 38 percent resin by volume,
respectively, Additionul fiberglass strands were wrapped
around the reintorcing bars in a helical pattern to enhance
bond characteristics. The width of the strands wrapped
around the outside dismeter is usually the same for ail man-
uluctured sizes, Asshown in Fig, 2, the pitcih is defined as the
distunice from center-to-center of the helical strand. Larger
diurneter reinforcing hars had longer pitches,

The reinforcing bar diameters were measured by the volu-
metric method, culting a representative 6-in, (152-mm) sam-
ple. submerging the sample in a graduated cylinder, and
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Fig. 2—Sumple for meosuring rib geometry
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Fig. 3 Tension stress-strain relationship for GERP rein-

foreing bars

measuring the change in volume, The eross-sectional areu of
the bar was calculated by dividing its voiume by the 6-in,
(152-mm) length. Assuming a vircular cross section for the
retnforcing bar, the average diameter was calculated. Diam-
eler measurements taken at different sections resulted in
slight differences between the measured and nominal dism-
clers, which are listed in Table 2.

The ultimate tensile strength and stiffness were measured
by subjecting GFRP bars (o uniaxial tension tests. These bars
had a gage length of approximately 20 in. (508 mm). A typ-
ical stress-strain curve is shown in Fig. 3. All tension tests ol
GERP reinforcing bars showed a similar linear relationship
for the entire louding range. Test resutts for modulus of efas-
ticity and ultimate tensife strength of reinforcing bars arc
presented in Tables 3 and 4, respectively,

As seen in Table 3, the modulus of elasticity for GFRP re-
inforcing bars is almost constant and averages around 7000
ksi (48,270 MPa). But the resulis in Table 4 reveal that the
ultimate tensile strength is sensitive to reinforeing bar diam-
cters, and decreases rapidly with an increase in reinforcing
bar diameter. Since the tensile load was applied along the
GFRP reinforving bar by friction mechanism hetween the
sand-coated grips and reinforcing bar surface. loading was
likely winduce a parabolic and axisymmetric strain distribu-
tion across the eross section of the reinforcing bar {Wy. Gan-
galao, and Prucz 1991). Thus. strength reduction with
reinforcing bar diameter is due to the shear lag phenomenon,
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Test setup and instrumentation

The test serup for the specimens is shown in Fig, 4, Dug o
the law shear strength of the reinforecing bars, care nust be
taken not 1o harn the reinforcing bar during placement of the
specirmens in the test trame.

In earlier studies, the design and development of suitable
arips W pull GFRP reinforcing bars embedded in concerete
have presented some difficulties. Beeduse glass fiber-based
Compsies are very weak Tor loads applied transverse to the
tiber duections, the cegion of the GURP reinfoarcing bar in
the prip must be pratected against crushing (Lhsand, Saadat-
manesh, and Tao 194931 The erip must grasp the reinforcing
bar in sueh a mannes as @ avoid tadlure of the reinforcing bar
at the srips, allowing the Tailure w ke place away from the
grip repiom (Faza and GangaRao 19901 A specially con-
structed st of sand-coaked grips simibar to those used in test-
ing of GIRP reinfercing bars at West Yirginia Unjversity
wis employved, The applicd loads are transmited from the
Juck o the GURP reintforcing bars through these grips, The
tests wiere successiul in avoiding excessive slippage or rein-
forcing bar tailure in the grip region, The sand-comed grips
proved etfective for all reinforcing e sizes.

Monotonic static loading was gradually applied in approx-
nmately constant increments of 100 TR (445 kI until splic
tng failure of concrete or fracture of reinforcing bar was
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reached, The load values were measured by two load cells
and automaticalby recorded by an automatic data acguisition
control system. Meanwhile, <lip was measurad at each load
level during testing by reading o D0001-in, dial gage at-
tached at the loaded end of the reinforcing bar, ax seen in Fig,
5.

TEST RESULTS
Resulis of the 36 specimens were examined w evaluate the

bond behavior of hocked GFRP reinforcing bars to concrete.
Under monotonie static loading, the load values and loaded-
gl =lips were obtained st gach logd increment. The corre-
sponding nominal tensile siress was calenlated as the applied
tensile load divided by the nominad cross section of the rein-
toreing har, or

f = ”., (1
]"Et.l';,

where £, = tensile stress, T = applied tensile Toree, und o), =
reinforeing bar diamerer.

Fig. 6 shows g 1ypical plon of the applied Joad versus the
slip al the loaded end of the reinforeing bar. As seen in the
curve. the loaded end started w slip from he beginning of the
loading. amd continued wntil splitting failure or reinforcing
har Fricture oceurred.

The measured loaded-end slip contains two main compo-
nents: elastic elongation of the reinforcing bar iself, and slip
of the reinforcing bar with respect o the surrounding con-
crete, Note that, due o the relitively high modulus of steel,
the former component is usually ignored in bond studies of
steel reinforcing bars, However, in the case of GFRP bars,
the contribution of this component 10 the wtal measured dis-
placement cannot be ignored,

As shown previously in Fie, 5, the diat gage attached to the
loaded cnd of the reinfercing bar mcasared the movement of
a point 4in. (102 mm away from the conerete block relative
to the tace of the block. In addition. the first 3 in. (76 mm) of
the reinforeing bar was alwayvs shielded to prevent its bod-
ing 1w concrete. Therefore. the measured slip ar the loaded
end of the reinforcing bar included the elastic elongation of
the 7-in. (178-mn1) lead length, Duoe 1o the low modulus of
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Table 5—Test results

Specimen £ opsi 7.7 kips LR f¥ ki Simicers 1N, £, kfin, Failure mode

© 43HAIM SURT 610 0.55 36 T BT 5

LT 51800 .80 053 43 0231 s 5
A3H3 (27 4280 780 6K R 0.1453 268 5
L3HU2T0 4250 X80 1179 R0 01342 413 s
25131213 4250 105 T 094 65 011388 23 RA
BI26 4280 14 T m 13 3.0282 76 Ra,
B3I [T 740 063 &1 O D16T2 128 S
RIS aedl | 590 062 7 1756 129 5
a0I21 sos | 24 T oz 3 0314 43 KRS
ol | S080 T 2 ' Toa b 03163 43 RS
KUKHIZ] el 2.3 021 By 1.4 as RS
KAWL | T 240 nn 22 DA 6 ' RS
6111124 S R 0.6 46 TS o4 ]
36115204 S0A1 T kT 47 e £20) 3
46H127 T a2En T 041 s+ anu It -
26H31210 4280 254 086 sS4 (hWgY 2192 !
J6H3 1213 4280 287 097 0 ase 3624 TRA

T OaeHRI2Ie . a0 244 1o e 04155 T4 1 TRA
86H 3124 “e920 T2 u7s s0 RS IR s

RTTES R w920 13 076 A oouRs 748 3
RHDI SRR 6,90 0.3 e 02513 114 T

T TasHDIL T b6 (23 s 02487 109 RS

T 86HDI2) 69201 6.50 (.22 I3 fr2a32 BT RS
BEHO201 8930 £.50 .22 I BFTEECY e RS

T uHIIZ4 5760 Yy .61 Y] ERETN 1525 s
A9H3204 ST6() 122 11,62 12 01231 1548 )
A9H3 (77 ERII) e 0.7 Er 097 E T
J9HMZ 1 3280 FIR 07y 42 0035 4706 s
JYHI2 13 4240 49| 044 Y et 8367 RA

T I9HILTn 4280 516 iy 52 ER " 9554 RA

O OBSHAIZE f360) - 11 ihhié 34 e 217 5
KH 1204 BEGD w0 a7 15 0879 T a0m2 s
2UHOL 2] ST e TS 1+ 02148 177 S -
AYHE01 STl 142 07 14 a7 | 177 RS N
soni2L prn 1 0.27 14 01,2054 5 RS B
MOHIN201 a0 B4} . 0.27 14 2089 | L4 | RS

clasticity of GERPs. this elongation is signilicant and has 1o
be corrected. Thus, the actual slip was calculated as the dif-
terence between the messured slip at the loaded end and the
clastic deformation, or

3 =8 -8 (2}

Testresules for all specimens are presented in Table 5. No-
tation for the specimens is us follows: the first nwmber indi-
cates the design concrele compressive strength in ksi; the
second number is the reinforcing bar diamerer, the letter “H™
denotes a hooked reinforcing har specimen; the third number
is the ratio of radius 1o reintorcing bar diameter; the next
number Is the ratio of twil length 1o reinforcing bar diameter:
and the last number is the ratio of the development length to
reintorcing bar digmeter. For example, 43H3124 designates
& hooked specimen cast with 4000-psi {28-MPa) conerete,
No. 3 GFRP reinforeing har, where the ratios of radios, tail
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length, and development length 1o reinforcing bar diameter
were 3, 12, und 4. respectivety.

Due to variations in the concrete strength of specimens, it
was necessary Lo normalize the test resuliy with respect o an
AVETIZE CONCTCIC comprassive strength o allow a reasonahle
comparison among specimens. The process for determining
the average cormpressive strength was as follows, Specimens
A6HAI27, A6H2 1210, 46H3 1213, and 46H3 1216, for cxam-
ple. tested at approximately the same time. and three 6 x 12-
in. (152 x 305-mm) cylinder tests resulted in an average
vompressive strength £ of 4280 psi (29.5 MPa), tabulated in
the second column of Table 3. Next, an averapge concrele
compressive strength £, was calculated for all specimens
expected to have a nominal concrete strength of 4000 or
BOMKK psi (28 ar 56 MPa). These averages were 4890 and
od 1{) psi (34 and 47 MPa). respectively.

Earlier swudies have indicated that bond strength varics
with the square reot of the compressive strength (Fergusen
and Thompson 1962}, To compare the tesi results ditectly.
effects of the stight variations in the concrcte compressive
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Fig, 7 (e) and (0)—TFypival cracking patiers and foifure of
specimeny due o splitting of eonerere

strength had to be eliminated. Since the bond strength is pro-
portional (o the square raot of the concrete strengih, the max-

imun applied load values T,

and the corresponding wensile
i , Af. and
lixted as T,% and f* in Columns 3 and 5. respectively. of
Tahle 5,

The ratio T,_# 4T, is Jisted i the Toueth column of Table 5,
The valoes of 7% are the maxinmum Jaad applied along the
reinforcing bar during the test, The values of 1), represent the
ultimate tensile foree of 4 reinforcing bar sample, calculated
as the product of the avernge ultimie tensile sorength report-

stress f; Bave been muluphed by the factor

ed in Table 4, muliplicd by the mimimuom area [or cach rein-
foreing har, culculated fromn the minimum bar diameter
reported in Table 2.0 While this ratia s cxpected wy he less
than or cyual w b, it is oceasionally slighty larger. This hap-
pons wher the reinforcing bare fractures outside the specinwen
and rensile strenath of reinforcing bar is slizhtly higher than
its average ultimale tensile strength reporied in Table 4.
Duriig testing. the slip at the loaded end iy expected 1 in-
crease with an increase in loading. Axs shown in Fig. 6. the
maximum slips listed in Columm 6 of Table 5 correspond o
those measured under maximum applied load and after the
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Fig. 8—Tpical failure of specimenys due to fracture of rein-

ferreinme bers: {o) fracture of retufuorcing bor near bend for
. L . &

speciments with ridy, = 00 (h) fracrave of reinforcing bar out-
&fide coeterete for specimens with tidy, = 3

neeessary reduction for the clastic elongation of the lead
length.

One way 1o compare the performance of difterent speci-
mens 1s 1o terms of e suffness. Because the service load
stresses i (FFRP reinforcing hars are expected to remain
well below 30 pereent of their uliimate strength, the initial
stilfness £; was defined as & secant modulus passing through
the point of (05 T, (Fig. 6) These values are also given in
Table 3.

Failure of hooked reintorcing bar specimens occurred ei-
ther by splitting Tailare of concrete (8) or by tracture of rein-
foreing bar (RA-axial, RS-shear). The failure mode for each
specimen is also fisted in Table 3.

In nearly all splitting failurcs, such as that shown in ig, 7.
the cracking patterns were guite similar, Doring testing, hor-
izontal cracks radiated outward from the reintorcing bar on
the front face and propagated 1o side faces of the specimens.
The vertical cracks appeared on the side faces and continued
to the lop fuce of the specimens with subsequent loading.
The eracks were widened, and imore eracks occurred with ad-
ditional loading, Concrete splitting failure was sudden and
cnded wath the side cover spalling away and reduction in the
load. After removing the spalled side cover from a few spec-
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imens, ¢lose examination w bend region of the bars indicated
that the voncrete ac the inner rudius of the bend was crushed
compietely. This behavior was induced by o wedpe mecha-
nisto that produced intense compressive stresses 1o the con-
crete at the book location.

As seen in Fig, 8 for specitmens with 744, of zero. the re-
inforcing bars fatled in shear at the hook under very low load

levels. For specimens with #4d, of 3. however, two modes of

fallure were observed. When the cover concrete or the
straight embedment length was small. the specunens giled
by splitling of concrete. Otherwise, the mode of Fallure was
due 1o fracture of the reinforeing bar outside of the specimen,

INFLUENCE OF DESIGN PARAMETERS
Effect of concrete compressive strength

The anchorage capacity of hooked reinlorcing bars is pro-
vided by the bord along the straight eribedment length. the
hook itsell. and the tail length, Bood failure could be caused
by tensiie splitting of the conercte wlony the straight pention
of the bae. Thus. the tensile strength of concrete, which is ap-
proximately proportional o the square oot of ity coHnpres-
sive strength. is considered a key parameter in bond hehavior
(ACH Committee 408, £992). To determine the cifect of con-
crete strength on the bond behavior of hooked GFRP rein-
forcing bars. compressive strengths of 4000 and $00¢) psi (28
and 56 MPa) were selected for this study.

For specimens with w2, of 3, Uig. 9 illustrates the influ-
ence o concrele compressive stengh on buond properties,
The six specimens shown in this figure, 43H3124 and
R3H3I124, IGH3124 and R6H3I24, and JYH3I2d and
89H3124, had the same design parameters except (o con-
crele compressive strength, It can be seen that the wensile
stress of the reinfureing bar increases slightly with an in-
crease in voncrete strength, As shown in Fig. 10, however,
vincrete compressive sirength has litle infuence on rensife
stress for specimens with w4, of zero.

Comparison of Specimens 46H3124 and 86H3124 pro-
sented in Fig 11 indicates that higher concrete COMPTessivy
strengih results in greater ininal stiffness and smaller stip.
The influence of concrete compressive strength on tensile
stress of reinforcing bars, initial stiffness, and loaded-end
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slip was found to be similar for all other specimens with
tdentical hook contigurations.

Eifect of hook radius

For steel reinforcing bars, limits have been set for the ra-
dius of curvature of the houk Lo prevent fracture of the rein-
forcing bar. For GERP reinforcing bars, however, this

397

P —

Hl
b




£ . e

S 4

o
z
w

40

20 -

Teasile Gtress of Rekars (ksil

Katias of Taii Length 1o Rebar Ciametar

Fiw I3 Bffect of teail length on tensile stress of refnfore-
ing hars

073, ——— —
% 3
| Wy F
td
0.2 | ol
B ‘
- i
. ]
l'ﬁ.
no 01
2,05
g
n4— ! |
0
Ratios of Teil Length o Rekar Diameter
Fig. T4—FEffect of tail fengtl on loaded-end slip
syc- - veT -
s b
e B
— |
= oaenn - we B
oy
w
X
[
*’;
£ 803
et
I
a4 -
c

12 BT
Ratios of "aill | ength te Renar Diarmeter

Fig I5—Effect of tadl Leagth on initiol stiffocss

linttation docs not apply because the bars are (ormed into
their final shape before the resin is cured (Fhsane 1993 Two
rulios of radius W reinforcing bar diamigier, 3 and wero, were
chosen w study the effect of hook mdius on bond Behavior,
Fig. 12 shows the lowd-slip relation for Specimens B6HD20]
and B6HA204. In this case, all hook geemetry conditions cx-
cept {or hook radius are the saime. As indicated. buth the load
and inilial st ness increased with an increase in the hook ra-
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dius. In addition, for specimens with w/d;, of zero, the rein-
forcing baurs failed in shear at very low load levels ut the
point when the horizontal and vertical legs of the bar inter-
secled. Therelore, although manufacturing of GFRP rein-
forcing bars with sharp bends does nol pase any difficulties,
use of such details should be avoided duc to the low shear
strength of GIRPs. Additional studies are needed to deter-
mine the economy of using larger hook radii for GIRP bars
and their effect on reducing the required development
length.

Effect of tall length

The tensile Toree applied to the reinforcing bar was wans-
ferred o the concrete along the straight embedment length,
the hook. and the partial @il length near the hook bend. Lig,
13 through 15 compare the data for Specimens 43H3124 and
4313204, 46H3124 and 46H3I204, and 49H3124 and
49H3204. As can be scen, atail length of 20 times the bar di-
ameter hiwd no beneficial elfeel on the tensile stress of the re-
inforcing bars, the loaded-end slip, and the initial stifiness,
compared to that of a standard hook with 2 tail length of 12
bar diameters. Therefore, longer (il lengths beyond 124,
had no significant influence on tensile stress and loaded-end
slip. Morcover, initial stiffness is independent of longer wail
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lengths. The tail length of 12 bar diameters is long encugh o
sustain the applied tensile foree during testing for all No, 3,
6. and 9 reintorcing bar specimens. Theretore, hooked GERP
reinforcing bars manufacturcd with tait lengths of 12 tmes
the har diameter are recommended for use in design.

Effect of straight embedment tength
The straight embedment length refers 1o that portion of the

bar between the beginning of the bend and the point 3in. (76
mim} away from the conerete surtace (Fig. 5). As shown in
Fig. 16 through 18, straight embedment length has a signifi-
cant influence on the upphied tensile load. loaded-cod slip,
and iilial stiffness. The specimens considered were cast
with 4000-psi (28-MPa) concrete. The hooked GIRP rein-
forcing bars were selected with w4, of 3 and il lengths of
12 times the bar diameter. Ax expected, the applicd tensile
load and initial stiffness increased with an increase in the
straight embedment length. The Joaded-end slip. howeyer,
decreased with an increase in the straight embedment length.

DESIGN RECOMMENDATIONS
Overall, behavior of the 36 specimens was examined to

develop some preliminary design puidetines. To deterimine
comservitive conclusions, only the response of the speci-
mens with lower strength concrete (Le., 4000 psi) was con-
sidered. Additionally, because hehavior of the specimens
with wd, = () was unsatistactory. these were excluded fram
any further considerations, Similarly, small gains resulting
Irom longer tail lengths were ignored. This resulied ina sub-
sel of specimens with designation 451{312%, where " ran
assume any of the previously deseribed values.

For all specimens in the subsel, rutios of the applied ensile
force to the ulimate tensile cupacity of the reinforcing bar
(T,% 1, for various straight embedment lengths have been
plotted in Fig. 19 A ratio of at least 1.0 would indicate sat-
islactory bond performance, since the failure would he
caused by the fracture of the reinforcing bar at a point away
from the hook. Ax shown in Fig. 19, an increase in the
straight embedment length improves this ratio. The bond ca-
pacity of the hook itself, f.e.. when 144, = O, is not sufficieni
to develop the tensile capacity of the hook. A regression
anaiysis was performed w obtuin the best-ti line pissing
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through all data points in Fig. 19. As shown, a straight em-
bedment length of 11.3 times the bar diameter is adequate (o
provide 4 ratio of 1.0,

ACI 318-89 defines the development length of a hook as
the distunce measured from the critcal section to the back
tuce of the hook. This distance is equal to the sem of the
straight embedment Jength, plus three bar diumeters for the
hook radius and an additional bar diameter for the tail por-
tion ol the reinforcing bar. Theretfore. based on the daia pre-
sented. itis conchuded that the development length of 90-deg
GFRP hooks can be taken as 11,3 + 3 + | = 15.3 times the
bar diameter. Conservatively, it is recommended that the em-
hedrient length be taken as 16 times the bar diameter,

Note that the preceding recommendation does not inelude
any capacity-reduction factor. Furthermore. these recom-
mendations are o be considered in light of the limitations of
the tested specimens. Additional studics are required before
comprehensive design guidelines can be developed.

CONCLUSIONS

Thirty-six 90-deg hooked GFRP reinforcing har speci-
mens wore lested. The efiects of concrete compressive
strength. radius of bend, ait length, and straight embedment
length on bend behavior were studied, From these tests, it is
concluded that:

1. Higher concrete compressive strength results in litde
gainin the maximum tensile stress in the bars., For specimens
with #4d, = 301, however, an increase in the COMMPressive
strength resulted in higher injtial stitffness and lower maxi-
rium <lip at tailure.

2. Strength and stiffness of the specimens with ), = ()
were very low and a minimum rid,, of 3 for GERP hooks is
recommended.

3. Additional til lenath beyond 12 times the bar diameter
had no benelicial eftecet on the tensile siress, slip, and initial
stiffieess of the bar. Therefore, use of a mininum tail length
ol 12 bar diameters is recommended.

4. Increase inthe straight embedment length of the bars in-
creases (ensile stross and indtial stffness, and reduces ihe
slip.
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5. Tt iy recommended that a development length equal 1o
{16 times the bar diameter be used for 20-deg GFRP hooks,
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NOTATION
dy = remfging bar diameter, in.
£, = initia] sufincss, kipsin.

£ = conenete compressive sirength for cach specimen, psi

.f'.u.-_;- = wverage of {7 focall 000 or R00-paa 28 oe 56-MPag con-
crede. psi

= = adjusted miasitmenn tensile stress of reinforeing bacs, kei

L = shaight embedment kength, in.

Lgy = develupment lengah. in.

L = tawblength, in.

v - tudius ot bend. in.

RA = reindurcing har axial fractare

Ry = reinfurcing bar shear iraciuee

Shpgr= Wltmate slip 2 loaded eod, in.

7 = applied tensile load, kips

T = udswed ultimate applied tzosile load, kips

T, = ultimae tensile cupacity uf reinforcing bars. kips

&, = loaded-end slip after comeerion for elastic clengation of rein-

forcing bar. in.

d, = elystw elonganon of reinforing bur. in,
B, = loaded-cnd slip messured dining testing. in.
400
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