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ABSTRACT : The bond hehavior of struight Gluss-Fiber-Reintorced-Plastic (GFRP) re-
inforeing bars @ conerete was experimentally investigared. Results of 48 boum and 18 puli-
out specimens constructed with Now 3, 6, and 9 GERP rebars are presented. The static ten-
sile load was applicd 1o the rebars in a gradual increment of Ioad level unnl splining fzilure
of concrate, rebar pull out faiduee, or rebar fracture occurred . The slip between the rebars
and concrete wus measured 2t the loaded and free ends at each load level. Varizhles in the
study included concrete compressive strength, crmbedment length, clear concrete cover,
rehar diwmeter, wnd conerete cast depth, On the basis of the exparimental results, 1 was
concluded that the ultimare bond stress inercuses with higher concrete compressive
strength and cleur concrete cover. but decreases with targer concrete cast depth. The ulti-
matz hond stress and the loaded end slip of the pull-out specimens were found o be
greater than that of the beam specimens. Beam test data comld be morg realistic and ac-
curate for use in deermiming the development length.

KEY WORDS: Glass-Fiber-Reinforeed-FPlastic {GFRP), rebur, bond strength. rein-
forced concrete. development length, anchorage.

INTRODUCTION

C ONCRETE REINFORCED? WITH steel reinforcing bars is widely used in a
variety of construction projects such as bridge decks. parking garages, e,
However. corrosion of reinforcing steel is a particularly sericus problem in struc-
tures located in aggressive environments. Rust from corroded rebars occupies a
larger volume than the iron from which i is formed. This resules in large internal
pressures which lead to cracking and spalling of concrete. With time. deep pitting
and a severe loss of cross section of the reinforcing steel can rake place. A conibi-
nation of high stress and intense corrosion niay lead w costly repairs or cata-
strophic failure of the structure.

Several methods have been developed and vsed to prevent corrosion of steel
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reinforcement such as the use of additives and admixtures w _mlp_rox-cl the IT__
permeahility of concrete and the use of epnx}-'—umled steel rcbfu 5. T'he ldllbtr h:_l-.‘,\
heen used C:!HCIlSi\'B"_V in bridaes and parking struclures. .Howu::\-_cr, ll'i LAY c.aslc.,s.,
the coating can be damaged during construction. allowing I.I'IOISI'I.]I'_I.,'EO penatrite
the coating and reach the steel bar, The recent discovery ot c.'.;tcnfl'_u pr?1ﬂﬁ_{“n3
corrosion of cpoxy-coated steel rebars in new b'ru;lges points Lo {hu, hhnrtu_‘lml!‘:ga
of this technique {Kessler and Powers. 1988). Whale these .s.r.udl‘m dlrilmj C|D£1L.U'j
sive cnough to cail for a discontinuarion of the use Ut_ cpm_}-—codtﬂ _dTb.fI‘ 1I-.re, l-i
a growing interest in developing more durahh:t materials as replacement for stee
ars NSTTUCTION In SCVEre Cnvironments. .
re}gll;lgsflii;gr—Reinl'nrced—PlasLic {GEFRPY} rebars which have been PfDd}llt;L‘fi in
recent years appear to he a suilabie candidate and have grca.t pnlen[ltal © f’ll 551.uh
a need. These rebars have severul important advantages cwer_lcnm_entmnr.: [;Llnh
forcing steel, namely. high corrosion resistance, high tensile hlrf:ng_l . ]-lhd
strength-to-weight ratio, nonconductivity, euase r_}t handll_ng and cutting. ;u;" :
cconomy (Ehsani, 1993), While glass Fbers are highly resistant 10 corrasion by
acids, the combination of the wrong types of ﬁher§ and resins could lead (o pni;
mature deterioration of GFRP bars in alkaline environment such as [h:iltl 1]:1 Fr:es.
concrete (Sen ot al., 1993), However. many structures constructed “]_r.. .t [t
bars have been in service for more than len years in cxrrc113::!y1 aggressive f:n—
vironments with no sign of deterioration of the rebars (ACI Committee 444),
19'3}?1);1? are a number of 1ssues related to the blchm-inr ol FRPs which need .'ED bc_
addressed. Among these are the larger deflections caused h}i the Iuwe_r _“‘f’fl.“l_ﬁ
of elasticity of FRPs, creep rupture of the flbers at rclau\v?hf lipa .‘.xu.\.hln-nc-‘
stresses, fire resistance. etc. Another factor limiting the use of GFRP rcharhl 1.~..th
lack of information and design guidelines on their bond 1 concrete. P|I‘E1T.Tlldnn
condueted pull-out tests and reported that the bond strength of the rebars im-
proved with bar diameter {Pleimann. 1987 and 1991). . —_
Faza and GangaRao {1990) investgated the bom:l_behm'mr U.E GFII'QF"drc haxs )
testing cantilever beams and pulloul specimens. The results mdl(‘.m.f. E ;:t : Ei
decrease in the hond strength with increasing ]:mbedment length was atiributed
increase in the perimeter area of the rebars,
wltrkllzgih??;lﬁi}' bprhaallal. et al. {1992), pullout tests were undermkcn._ttj
cvaluate bond strength as well as development length of gl:iss fiber compt\mu:
rods embedded in normal sirength concrete [J\’SCI} _and high strc.ngth con; rete
(HSC). Development tength was defined as the minimum ﬁmhe.ddcdklcggl{j 1:::[
quired to develop the ultimaie 1ensile torce. J'_H. of the rad. .It wis conclu ; I\Fs("
development length is approximately twenty times the bar diameter for bot .
and HSC. . - o o
Bond strength of glass-fiber-reinforced-plastic rebirs was experimenta 1_} "
vestigated by Daniali (19923, A otal of 30 conerere beams were Lc—:st_ed ar}q results
showed that a development length of 203 mm (8 in) was adequate for d-.ucl@n;gi
the ultimate tensile strength of 2 No. 4 bar. The full strength of a No. 6 harl coulc
be developed over 457 mm (18 1n) of cmbcdn'lc_nl lcng‘[h if shear remf{.}rt_e??fm
was provided along the entire length of the specimen. Still, the lack of sufficient
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information about bond hehaviar of GFRP rebars 1 cancrere limits their yse in
field applications.

In one of the fitst reported studics on FRP-reinforced concrete beams, the be-
havior of five rectangular beans and one Tobeuam reinforced with GERP rebars
was presented {Saadatmanesh und Lhsani, 1991y, Based on the relarively large
number of narrow cracks in the bearms, 1 was concluded that bond between the
GFRPF rebars and concrele was gaod. No failure was observed due o dehonding
of the rebars and concrete. This study is a cuntinuation of that mvestigation with
the principal objective of cxumining the bond behavior of straight and hooked
GFRP rebars 1o concrete, A total of 107 specimens have been tested, Based on the
experimental resulls, the analyticsl study focused on the derivation of design
equations. ie., basic developruent length cxpressions for straight and hooked
GFRP rebars. Due o space limitation. this paper will discuss the study of the
bond behavior of straight GFRP rebars 1o cuncrete only. The study on bond be-
havior of hooked GERP rebars 10 concrete, and the deselopment of design puide-
lines for bond of GFRP rebars to concrete have been presented elsewhere (Ehsani
et al_. 1995 and 1994;,

RESEARCH SIGNIFICANCE

There is a growing interest in the use of conpusite rehars which can lead 1o
mare durabic structures, However, the luck of data on bond poriurmance has
limited the field application of these materials, The findings of this srudy should
be of interest (o design enginecrs. manufucturers. and those involved in develop-
ment of code provisions,

EXPERTMENTAL PROGRAM

The primary objectives of the rescarch program discussed here were 10 in-
vestigate the influence of several parameters on bond behavior of straight GFRP
rebars w concrete. Forty-eight beam specimens and 18 pull-out specimens were
constructed and tested. Variables in both beam and pull-out tests were conerete
compressive strength, embedment length, ¢lear concrete cover, rebar diameter,
and concrete depih below the bar, For both beam and pull-out tests. the collected
dats inclyded ultimate load under static loading, ultimate bond stress, slip at
iaded and frec cnds, mode of failure, and load-slip refationships.

Design and Construction of Specitnens

The specimens were divided into two gTips, e, beant specimens. and pull-
out speciniens. The test specimens are shown in Figure 1, and the dimensions of
beam specimens are listed in Table 1. It has been suggested that the hond strength
of reburs is affected by the unbonded lead length ol the bar (Hadje-Ghaftari. er
al., 1992). To climtnate this effect, the leading 76 mm (3 im) of each rebar was
covered with a thin conduit 0 prevent its bonding to concrete (Figure 1. The
unbonded region ncar the free end of cach bar was varied su that the desired
bonded length. L. could be obtained. Each heam specimen contained two hars
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Figura 1. Tast specimens: (a) View of beam specimens; (b} View of pu-oul SPECHTIENS.

[Figure {a)]. resulting in two separale 1est specimens. Each pull-out specimen
contained three bars [Figure i(b)]. Thus, six concrete blocks werc construcred w
obtain the 18 test specimens.

The concrete was placed in several lifts. and each layer was compacted with the
aid of an electrical vibrator. Sixteen 152 x 305 mm (6 x 12 iny test cylhnders
were cast from each barch. They werc cured under the same condition as the
specimens. At the end of casting, the 1op surfaces of all specimens and cylinders
were covered with plastic sheets. and allowed to cure for 7 days. At that time. the
plywood forms were removed and the specimens and cylinders were stored under
the same environmental condition until the day of testing. All specimens were
older than 28 days at the time of wsting.

Table 1. Dimensions of beam specimens.

Naminal Rebar

Rebar Size Diameter (mm} a (mm) b (mm}) e {mmj}
Mo. 3 10 355 255 355
Mo. § 19 810 510 10
No. 9 19 915 510 7EQ
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Material Properties

Two hatches of conzrele wers ordered from a lovul reads-1o1x plant. The mixes
were desianed to provide a minimum 28-day compressive strepgth of 28 and 56
M Pa (4000 and S000 psip. Maximom size of the CONCrete agaiegats wis 25 mm
il ink

The GFRP rebars used in the tests were supplied by a LS. manfactirer. The
volumeiric Iraction of the E-glass fibers was approxintcly 72% | the other con-
stituent material in the rehars was a polyester resin matrix which occupied about
1 of the vobume, No. 3. 6, and 9 GFRP rebars were used in this study {Figure
21, Nuring manufacturing, the longitudingd fibers wre wrapped in a helical patero
with 2 snmall strand of fibers o induce deformations on the bar and o improve its
hond behavior. The width of the strand is usually the same for all rebar sizes. As
shown in Figure 3. the pitch is defined as the distance from the center T venier
of strands. Larger diameter rebars had longer pitches.

Although most manutacturers produce GERP rebars in the same amerers as
sice] rebars. there are no standard sizes for composite ruds, Due o i lack of
andards. non-uniformities usually exist in the physical dimensions of GI'RP
rebars. Some rebars may cven have cross sections that are slightly oval shaped
rather than a true circle (Fhsani. 1993), Representative 132 mim {f iny long tebar
samples were cut and subme ceed in a4 graduated cvlinder [0 messure ther
volumes. Rebar diameters were then calculuted from these vitlucs assueming 4 <ir
cular cross section for the hars, These measurements are skighily different from
the nominal vabues ( Table 23 Rib heights were caleulated as an average of one
valf of the difference between the Largest and smallest diumeters lor several poinfs
along the sample. The results are alse prosented in lahle 2.

‘The ultimate tensile strength and the modulus of clasticity of GFRP rehars
were micasured based on the average values from uniaxiil ension tests of three
coupons for each bar size. A linear stress-strain relation for the entire range of

Figure 2. Ma. & 3, and 9 GFAF repars usad im the study.
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Figure 3. Sample for moasunng nb gecmetry.

foading was obtained for all tension tests. The average ultimate tensiie strengths
for Nu. 3. 6. and 9 bars were 931, 641, and 331 MPa (135, 93, 77 ksi1. respuee-
tively. The average modulus of elasticity for No. 3. 6, and 9 bars were 46950,
48010, and 30200 MPa (6810, 7050, and 7280 ksi). respectively,

The design and deveiopment of suitable grips to rest GFRP rehars in tension
fiave presented some difficultics, Because gluss fiber based compasites are very
weak for loads applied transverse t (he fiber direction, the region of the GI'RP
rebar m the grip must be protected against crushing. The grip must arasp the
rehars in a manmer as (o avodd fatlure of the rebar at the grips, allowing the Gilure
tor take place in the rebar away from the grip region (Faza and GangaRao. 1990,
A speciatly constracted set of sand-coated grips similar 1o those used in testing
of GFRP rebars at Wesr Virginia University were employed. The applied loads
arc transmitted from the jack o the GFRP rebary through these grips. The tests
were successful in avoiding excessive slippage andfor rebar failure inthe arips for
all rebar sizes.

The moedulus of clasticity for GFRP rebars is almost constant and averages
ghout 48270 MPa (7000 ksid. flowever. the results point out that the tensile
strength decreases with an increase in the rebar diameter. This reduction in
strength is attributed to the “shear lag™ phenomenon associated with the tensile
force resistance of the core fibers and those at the contact surfuce of the rebars
and the grips {(Wu, 19901, The Poissom's ratio for GFRE bars has been reported
w be 0.28 (Chaallal ot al., 1992 which is close to that fur steel. Theretore, e
it any changes between the bomd behavior of steel and GERP can he attribued w
the Poissons ratio.

Table 2. Rib geometry of GFAP rebars.

Property Neo. 3 Na. & No. 9
Rit Haight. mm 1.3 1.3 20
Fitch, mm 17.5 238 270
Angle. Degree Krs 25 23
Measured Diameter. mrr 9.7 18.4 274
Nominal Diameter, mm 14 19 25
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Figure 4. Tast sef up for bnam specimens.

Test Set Up and Instrumentation

The. beam specimens were tested 1 the steel redetion rame shiwwn in Fieure
71. This test set up resulted in a state of siress similur o that in o conerete hear:)
be.. compression in the wp of the section while the GERP bar 15 nnder I-.-n.aion-
Howc\-'c_r. tor pull-out tests shown in Figure 3, ehe juck wis in direet contuct u.itﬁ
the surface of the specimens, applying a compressive reaction toree o the con-
crete block (Ehsani. et ul., 1993,

Due 1o the J{.JW shear strength of GFRP reburs, care musl by then not oo barm
the rchars during the bundling of the specimens and their positioning in the 1esi
fram_e. The tensile lowd was applied to the rebars using s hydraolic k. The
specimens were loaded under static lewading: and iz gr-adouJim:rmnc_n[ ul-' [

Figure 5. Test set up for Auit-cut specimens.
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level until splitting of concrete. rebar pull out, or fracrure of rchar occurrasl, The
applied load was monitored by a load cell and the results were automatically
recorded and printed at predetermined intervals. Ateach lvad increment. rhe slip
hetween the rebar and conercle was recorded of the loaded and free ends of the
tebar. As scen in Figure 10a), this was obuined through dial gages which wers
attached o the loaded- and free-cnds of the rebar.

TEST RESULTS

The bond behavior of straight GERE rebars to conerete was studied through
testing of 66 specimens. The measurements of the load vilues and slips at loaded
and free ends wore taken at cach increment of swtic loading. The load vulues
were used o determine the corresponding bond stress. Bond stress 15 defined as
the shear foree per unit surface urca of the rebar, and compured as

T

= |
ii y [

atd

where, v = bond stress, £ = applied tension force, &, = diameter of the
rebar, and {, = embedment length.

A typical curve representing the load valucs versus slips at loaded and free
ends for Specimen 46BISTH is shown in Figure 6. Obviously. the slip ar the
loaded end is significantly larger than that an the frec end. The loaded-end slip in-

Slip (mm)
0 1 2 3 4 5 6
40 L] L r L] L L]
Sacant Madulue

Loaded End (akte corraction) 1 150

et > Fram End - ‘_‘______._-—-'
a z
Z F {100 =
= 20 Loaded End thafore comecdion) 'g
- g
g -
19 1%
# shl' r s-ll
0 "l 1 i l‘ A 0
0 .05 0.1 0.15 0.2 0,25
Stip (in.)

Figure 8. Typical lpad vs. siip retationship.

i
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creased with the increase of load values at the beginning of the loading, However,
the free-end slips would not take place until the adhesion resistance between the
rebar and concrete was broken,

As shown previously in Figure 1(a), the dial gage attached © the loaded end of
the rebar measured the movement of 4 point 102 mm (4 in) gway [rom the con-
crete Block relative to the face of the block. Tn addition, the first 76 mm (3 in) of
the rebar was always shielded 1o prevent its bonding to concrete. Theretore. the
measured slip at the loaded end of the rebar included the clastic elongation of the
118 mm {7 in) lead length. Due to the iow modulus of elasticity of GFRPs, this
elongation 15 significant and had to be corrected for, Thos, the actual slip, 6,
was caleulated as the difference between the mecasured slip at the loaded ond,
., and the elastic detormation, §,.

The test data for beam specimens and pull-out specimens are given in Tables
3 and 4, respectively. The noration for beamn specimens 15 as follows: the first
aumber indicates the concrete comprassive strength in umits of ksiz the second
pwnber, the rebar diameter; the letter “B” for beam specimen; the fourth number,
the embedment length in inches; the next letter designates the rebar casting posi-
tion, T: Top. and B: Bottom, and the last number, the ratio of the clear concrete
cover to rebar diameter. For instance, 43B15T1 was a beam specimen cast with
28 MFa (4000 psi} concrete, Noo 3 GFRP rebar, 38 mm (1.5 in) embedment
length, top rebar, with a clear congerete cover ol one rebar diameter.

For pullout specimens. the first number represents the concrete compressive
strengthl; the second, the rebar diameter: the letter “P7 to designate a pull-ow
specimen; the next character identifies the rebar casting position; B: Bottom. M:
Middle, T: Top. and the last number is the embedment length in inches. As
shown in Figure 1. all pull-out specimens had very larpe clear covers on all sides.

In order 1o eliminate the effects of the minor variation in the concrete com-
pressive strength for the 28 and 56 MPa (40KK) and 3000 pxi) specimens, it was
decided to normalize the results with respect to the average concrele Compressive
strength for each group. The procedure carried out was as follows. For each
group of specimens which were tested at approximately the same age. three con-
crete cylinders were tested in compression. For example. for Specimens
43B1.5T1, 43BI.5T2, und 43B3T2. three cyvlinders were tested which resulied in
an average compressive strength of 2765 MPa (4000 psi). This value is reported
in the second column of Table 3 for these three specimens. Neat, an average com-
pressive strength. f.., . was calculated for all specimens with nominal concrete
strength of 28 or 56 MPa (4000 or 80K psiy, These averages were 33 MPa (4510
pst) and 47 MPa (6820 psi}, respectively.

Itis widely accepted that bond fwilure is proportional to tensile strength of con-
crete (Ferguson and Thompson, 1962). Since the tensile strength of conerete is
proportionai to the square root of its compressive strength, bomd expressiens also
include the 77 term (ACI 318-95). For ease of comparison, the maximum load
and bond stresses reported in columns 3 and 4 of Tables 3 and 4 have been mul-
tiplied by the factar ~/f,_ /f, and reported as T7 and w¥, rtespectively. This
eliminated any influence the changes in /7 might have on further analysis of the
test results,
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Tabie 3. Test data for baam specimens.

f. T urn Stmaz  Simar E Faiiure
Specimen MPa kN MPa Tty mm mim KN/mm Mode
43B1.5T" 2785 r4.9 Z1.85 (.50 G.a7 153 q4.6
4301.5T2 £27.65 a1 27.31 C.Ed 0.34 1.13 ' 13.1.
43B3T2 27 .64 33.8 14.82 0.68 0.52 1.85 114 4
43B4B2 29.86 36 0 1°.85 073 0.a% 0.53 mn2.a
43B4T2 29 86 391 '2 BT 0.7a oo 0.53 LERE
43B6B4 3503 431 B.a6 057 a0 054 105.3
43BAT4 36.03 8.7 §.49 07a 2.1 0.56 a9.3
438EB6 35.03 5.4 746 0.2 r.1a 0.62 112.3
43BBTH 35.03 38.3 5209 .77 06.10 0.64 95,1
B3B4EZ 48 85 385 12.00 G.r4 014 0.63 5728
8384712 45.95 391 12.87 .79 016 0.86 8*.3
#3BE84 48.395% 42.3 3927 0.86 0.-0 0.5Z 10E.8
£83B6T4 45 9% 369 6.09 0.7= a1 0.56 956
838285 48 95 74 E.14 078 G 08 aE2 1476
83BsTE 48.95 423 6.95 0 BE L.o8 J.54 111.0
46B3B1 27 .65 68.7 14.453 Ja31 1.33 5.07 *5E.8
48B3 2785 534 1171 o 1.62 5.05 M2 6
468382 27.65 85 4 18 73 0.65 1.1% 2.27 218.9
46B3T2 27865 e 1561 0.54 1.25 4.8" 1731
468EB2 27 B =l 3] 1014 (I 0 EB 2.43 211.5
46B6T2 27 B5 756 8.79 0.58 121 457 1653

4581282 39.16 44.3 517 are .88 q&1 273
4681272 3518 8H.1 4.53 0.67 1.23 2.80 189.1
45016B4 39.16 121.4 37 C.83 1.22 .54 198 8
46B16T4 39.18 114 d 4 72 C.28 1.77 5.34 149 B
4681886 35.16 128 2 470 (.98 0.BE 3.85 149
46B18Ts 3818 130.8 A 78 1.00 0.4an 4.28 143.2
86B12B2 47.71 1a2.7 583 0.78 172 4.75 252.2
86B812T2 47 71 99.6 5.46 0.76 223 54a7 217
asB16B4 47 71 125.4 516 d3e 143 4 54 2058
BEB16T4 47.71 1201 4.94 J49z2 1.59 4.40 158.7
BGR18BE 47.71 1339 4.90 G2 0.75 385 225.2

BEB16TE 47,71 130.8 478 <00 0.53 4.32 72
49B481 2765 109 4 12.50 LA7 1.1E 5.4 331
498482 27.65 155 7 17.07 0e7? 1.44 087 EI7 0
48BBE2 2762 1735 5.51 075 1.44 5.03 4324

4gBzeB? 39.72 1862 381 0.54 107 4 20 280
4982272 3972 1922 3.83 .82 2 E1 376 3421
4082684 39.72 2139 3.8 092 1.43 L.36 g01.5
489B2674 38.72 2051 346 a8 283 7.ov 416.1
43B30B6 39.72 2277 3.33 .98 1.18 317 518.3
49B30TE 3972 230 4 337 089 1.47 3.59 326"
gaBz2B2 £4.75 204 & 4 CE 0.&8 1.16 4.42 516 6
B9B22T2 24,75 196.2 3. 0.54 2.06 5.4 33585
8382664 4475 2211 373 0.95 1.71 34 5748
g9BZaT4 44 73 2131 3.59 0.9z 137 6.33 428.2
83B30B& 4475 2309 357 0.99 0.24 o2 495.3
8863076 44 75 240.2 347 103 *.02 308 4579

JJII'IJ'IJ'U'D:U:U'U'U'U'IJ'UT.IUﬂIlJJ"U'U'O'D]J:U'U'U'U"U'U'U'D'Umm]J:U:U]JDI]J:U:U:U]J:D'U'U(D
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Table 4. Test data for pull-cut specimens.

Top
fe T Ug, Stnax  Simax E; Failure  Bar
Spacimen  MPa kN MPa T./7, mm mm  kN/mm Mecde  Ratio

43PHE1.5 32.2 334 233 0.68 021 1.20 83.5 F 1.0¢
43PM 1.5 32.2 20 281 065 037 138 738 P 1.04
43PT1.5 2.2 e 277 064 039 1EQ 7089 P 1.06
83FBG 45.8 4835 106 [FR= ooy OBt 120.4 R 1.00
83PME 45,8 427 9.4 488 cos 064 98.0 R 1.14
B3FTE 458 40.5 59 d.82 Ja08 064 95.9 A T20
4GPBG 3z2 159 1E 0Bt 099 435 193.0 P 100
46FME 2.2 83.0 9.8 Q.68 125 505 153.7 F 118
46PTH 322 85.8 4.4 0.85 1.1% 508 1233 P 1.23
86FB12 458 1205 B.G 0.92 116 £.37 2391 P 1.00
BEPMIZ 458 1108 6.1 C.e4 226  B.79 Z21.8 P 1.08
BSPT12 458 1063 5.8 0.81 253 7086 220.2 F 1.13
49PB8 322 2:34 "7 0.82 186 7.3 3039 P 1.00
43PME 322 1877 103 0.81 1.8 7.58 2051 P 1.13
48PTA 2.2 1855 102 £.80 200 B.40 2054 P 114
HYFBEZ2 458 2193 4.4 .94 1.51 5.38 518.2 P 1.00
sapME2 458 2037 41 0.88 222 817 283.0 = 1.08
§9PTZ2 458  200.2 40 0.85 217 742 2823 P oY

The fifth colummn in Tables 3 and 4 includes the ratio of TET,. The
denominator represents the ultimate tensile strength of the rebar which is
calculated as the product of the minimum arca tor cach bar rom Table 2 muyl-
tiplicd by the average wnsile strength. The numerator 1s the maxmmum load car-
ried by the rebar during the test. The ratio should be less than or equal o one.
Oceasionally, the ratio is slghtly preater than one, This occurs only when the
mode aof failure 15 due W ension failure of the rebar outside of the specimen and
the strength of the rebar is slightly higher than the average value,

During tests, the slip at both ends of the bar increased wilh an increase in louad-
ing_Tn some specimens which failed by concrete splitting or bar pull out. the load
ws. slip curves exhibited a descending portion: ie.. after the maxiown load was
reached, the bar would continue 10 ship while the load was reduced. As shown in
Figure 6. the maximum slips reported in columns & and 7 of Tubles 3 and 4 cor-
respond Lo Lhose messwred at the maximum applicd load.

One of the witys to compare the performance of different specimens iy in terms
of their sriffness, Becavse the servicee load stresses in GFRP rebars are expected
10 rerwin well below 30% of their wltimate strength, the initial stitfness. £
was detined as o secant modolus passing through the point of 05 7% {Figure 6).
The values of mirial sttfess gre listed in Tables 3 and 4.

The maodes of fuilure for the specimens included splitting failure of congcrete
87, rebar pull our (), and rebar fracture (R}, ws shown in Figures 7 through 9.
respectively, The splitting failure is due to the simall concrete cover which canhot
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Figure 8
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Failure of @ spacimen due to puli out of the rebar.
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Figure 3. Failure of 8 specimoen by fracturo of the rabar betwsen fha grips and the concrete
block,

sustain the circumferential tensile stresses {Park and Paulay, 19751 For shorter
embadment lengths, the pull out failure happens when the slips at loaded and free
ends increase rapidly with only a slight increase in the applied load. This signals
the initial stage of a pull-out failure. If loading of the specimens is continued, the
loads carried by the rebar will star w reduce rapidly. In contrast, under the con-
ditions of longer embedment length and sufficient concrete cover. the load can be
applied along the rebar until the rebar tensile stress reaches its ultmate strength,
This 1 relerred 1o as the rebar fracture mode.

Effect of Concrete Compressive Strength

The transter of the applied load from the rebar 1o concrete is achieved through
the bond mechanism which consists of three components: adhesion, bearing, and
friction. Bond failure could be caused by wensile splitting and shearing of the con-
crete, In these cases, the tensile strength of concrete which is propaortional 1o its
compressive strength is considered a key paramneter {ACI Committee 408, 1962},
The selecnion of the conergte compressive strength at 28 and 36 MPa (4000 and
8000 psi) was intended w0 study the effect of this parameter on bond of GFRP
rebars o concrete,

Splitting failure and rebar pull out are controlled by conerete strength and
depth of cover, but rebar fracture is controlled by the ensile capacity of the
rebars omly. The ultimate bond stress for two pairs of heam specimens which did
not fail by rebar fraciure are presented here. The spectmens in each pair had the
same condirions except for different concrete sirengths. The ultimate bond stress
for these specimens were 46B12T2: 4 83 MPa (700 psi) and 38BI12T2: 5.46 MPa
(792 psij, and 49B22B2: 3.91 MPa (567 psi) and 89B22B2: 4.08 MPa (592 psil.
As expected. for each pair. the ultimate bond stress increasad with the increase
in concrete compressive strength, although this increase was not proportional to
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the square root of the concrete compressive strength. Similar behavior ws
observed in all other specimens which did not fail due W repar fraciure,

ERect of Embedment Length

In order to obtain the lower limir for the required cmbedment lenpth of GERP
rebars. the data [rom several specimens arc compared in Uigure UL All data are
prescnted for bottom bars in beam specimens constructed with 28 MPa (4000
psi) conerete, The embedment leagths tested for the three different bar diameters
ranged as follewing: No. 3, 102 1 203 mm (4 w0 8 iny, No. 6. 7610 457 mm (3
to 18 in): and No. 9, 102 to 762 mm {4 t 30 in). For each specimen. the ratio
of the maximum applied load o the ultimate tensile force of the bar s plotted for
various cmbedment lengths. Ideally, the embedment length should be large
enough so that this ratio can reach 1.0, As shown in Figure 10, as the embedment
length increases, the applied load docs approach towards the tensile capacity of
the rebar. However, none of the tesied specimens had long enough development
lengths to give a T T, equal w 1. .

Tn absence of such data, the test results were extrapolated (o csumate the e
gquired developmont fength. Therefore. it is concluded that the minimum embed-
ment length to develop the tensile capacity of No. 3, 6, and 9 rebars must be taken
as 203, 457, and 762 mm (8, 18, and 30 ind, respectively. Alternatively, the re-
quired development lengths can be expressed as 21 24 and 27 times the bar di-
ameter for No. 3. 6. and 9 rebars. respectively. Because the analysis of the above
data was hased on specimens with botiom bars. for top-cast rebars. the required
embedment lengths should be multiplied by the top bar factor discussed later.

Embedment Length (mm}

0 200 41 600 LK

1 L] L L] / L]
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- 1
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Figure 10. Ratio of maximum applied Jaad fo vitmate tensita force for aifferant embedment
lengths.
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Figure 11. Imtial stiffness and siip for differant concrate covers.

FEflect of Clear Concrete Cover

The mode ol failure observed during testing was strongly dependent on the
clear concrete cover. In all specimens with a conercte cover of one rebar di-
ameter, splitting faiture occurred. When the cover conerete was twice the rebar
diameier. depending on the embedment length. either bar pull o or rebar frac-
ture wus observed.

For o given conbedment length, the ultimare bond stresses inospecimens with o
clear cover equal 10 twice the rebar diameter were larger than those for speci-
mens with a clear cover of one rebar diameter. This s illustrated by comparing
the bond stress of three pairs of specimens, where the only difference berween the
specimens in cach pair was the conerete cover. The ultimate bond stress was
43B1.ATL: 2185 MPa (3169 psi}. and 43B15T2: 27.31 MPa (3961 psi): 46B3BL
1463 MPa (2122 psi) and 46B3B2: 1873 MPa (2716 paa); and for the last pair,
49B4B1: 12.00 MPa (1740 psi) and 49B4133: {707 MPa (2476 psiy.

The comparison of Specimens 43B1L3T] und 43B1.3T2 presented in Figure 1
indicates thar smaller clear concrete cover resubts in lower initial stitfness and
greater slip which is caused by the additional intetnal slip between concrete and
rebar, permitted by the splitting cracks alomyg the rebar (Ferguson, e al.. 1963).
The samc tremd was observed among all other similar specimens.

Effect of Casting Position

The influence of casting position on the hond characteristios s sionificant.
Three concrele depths of 203, 8100 and N6 mm (8. 24, and 40 ind were in
vestigated 1n the pull out specimens, and in some of the beam specimwens. Tup
rebars are defined as horizontal rebars so placed that more than 305 o (12 1)
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of concrete s cast below them (ACL Committes 318, 19957, Due o the bleeding
of water and air trapped beneath the top rebars. the concrete surrcunding these
bars is less consolidated than that of bottom bars, For pull-out specimens cast
with 28 MPa (4000 psi) concrete and No. 6 GERP rebars (40PB6, 46PM6. and
46PTHY, the data indicate that the higher the casting position. the lower the ulti-
mate bond stress. However, the ultimate bond stress developed in specimens with
a casting depth of 610 mm (24 10} and 1016 men (40 1115, 46PM6 and 46PT6, re-
spectively, was nearly the same.

The poor quality of concrete surrounding the top bars also affected the ship of
the bars during the test. Therefore, the initial stiffness of top rebars was lower
than that of boutom bars. as shown in Table 4. The same general trend ways noted
for all specimens which failed either by tensile splitting of concrete or pul! out of
rebar. In the last column of Table 4, the ratios of o} for bottom bars to that for
the middle and top hars in each specimen are listed. As seen, these ratios range
from 104 to 1.23 with an gverage of 113, Therefore, it is recommended that the
provided embedment lengths for top bars should be at least 13 % larger than that
of bottom bars.

Comparison of Beam and Pull-Out Specimens

Thers was a major difference between beam specimens and puli-out speci-
mens. Both concrete and rebar in beam specimens were in tension. However. in
pull-out specimens, the rebar was subjected to tersion forces while the concrete
surrounding the rebar was subjected to compression forces from the reaction of
the juck. The later conditions result in development lengihs which are too short
O Unconservative.

As an example, the ultimate bond stress for Specimens 43B1,.572. 46B6B2, and
49B8R2 can be compared with Specimens 43PML3, 46PB6, and 49PB8 (see
Tahles 3 and 4). Due to the elimination of concrete flexural cracks in pull-out
specimens, the ultimate bond stresses were inereased by 3, 14, and 23 percent for
No. 3, 6, and 9 rcbars, and an average of 13 percent. This clearly indicates that
reliance on data trom pull-out tests for determinatiom of development length can
result in values which are unconservative, Beam test data would be more realistic
and accurate for use in such calculations. Moreover. in pull-out specimens. the
compressive stresses acting on the concrete surface limit the cracking of concrets
and therefore reduce the slip at the loaded end. On the other hand, for beam tests,
the tensile cracks in concrete contributed 1o the measured slip at the loaded end.
As showr in Table 3, the loaded end shp for the above beam specimens were 1.13,
2.43, 303 pum (00443, 00956, and 0.1982 in}. respectively. The slip for the pull-
out specimens were 1.58, 4,35, 731 mm (00624, 0.1711, and 0.287 in}, respec-
tively (see Table 43,

CONCLUSIONS

The bond behavior of straight GFRP rebars was experimentally investigated
with 48 bearn and 18 pull-out specimens. The rebar sizes included in this study
were No. 3. 6, and 9. The bond behavior of FRP rebars is preatly dependent on
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the bar type and manufacturing process. For the bars investigated in this study,
analysis of the st data led o the following conclusions:

1. When the filure is not governed by the fracture of the rebar, the ultimate
bond stress increases with an increase in concrete compressive strength.

2. The applied tensilz load approached the ultimate tensile capacity of rebars.
F. as the embedment length increased.

3. For concrete compressive strength of 28 and 56 MPa (4000 and 8000 psi) in-
vestigated in this study. the embedment length for No. 3, 6, and 6 bottom
rebars is approximately 21, 24, and 27 times bar diameters, respectively. For
top rebars the above embedment lengtl should be muloplied by the top bar
fuctor of 113

4. Splitting failure occurred when the clear concrele cover was one rebar di-
ameter; pull o failore and rebar fracture modes were observed when the
cover concrete was equal to or larger than twice the rebar diameter.

5. The ulumate bond stress and initial stiffness were found to increase with an
increase in clear concrete cover for a given embedment length,

i The ultimate homid stress and loaded end slip in pull-out specimens were sig-
nificantly greater than the valucs observed in beam specimens. Therefore.
heam test data are more realistic and accurate for use in determination of de-
velopment length,
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NOMENCLATURE
. clear concrete cover, in
4. rebar diametcr. in
£ initial stiftness, kipsiin
£ concrete compressive strength for euch specimen, psi
i average of 7 for all 4,000 or 8000 psi concrete, psi
bonded length of the rebar, in
I, embedniem length, in
Ssue  ultimate slip at frec end, in
8. ultimate slip at loaded end. in
T applied tensile load, kips
TY  adjusted ultimate apphied tensile load, kips
T, ultimate tensile capacity of rebar, kips
4 bond stress. psi
¥ adjusted ultimate bond stress, psi
6, loaded end slip after correction fbr elastic elongation of rebar, in
A, elastic elongation of rebar. in
. loaded ¢nd slip measured during testing. in
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