Fiber Composite Bar for Reinforced
Concrete Construction
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reintoreetnent Tar conerete structuzes. The resnliombcieed that the plastic bars perfiormed
reasanably well inshe hoams wstod,

INTRODUCTLION

ONCHRETE I THE mioal w idely gsed constructon material e the world today.

Bocouse of iy I oot woilabilioe, wsd ooed mechanicd propertics, con-
crete will be an integral part of hridpe and Pulding construction for m. vears
0 Crme,

The relatively hish compressive strength of concrete makes it an weal materl
for resisting compressive forces tesadting from the apphcd loads oo siocre.
However, the tensile strength of vonerete is ot as goad as ils compressive
strength; normally. the rensile strength of conerewe s about ane-tenth of ity com-
pressive strength. Bueause in ahvose all tepes of structures both LOLIpression und
tension lorces are present. in order for conerets o ettectively resist the applied
foads its tensile streneth owest be upgraded. Tradidenally, steel reinforcing har
hus been used 10 conerete constroction wearry the internal fension forees result-
ing from the appheasion vt external loads. This methed of construcnon i
plained ina simple cxample that follows,

The cantilever beam, shown in Figure 1000 s subjocted oo concemsated load
al its end. The bending moment resulting tront the activons of the concentrared
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Figure 1, Flain and remforced concrefe cantilever beam.

l:lmfl and the weight of the beam ereates ension stresses normal b the cross se-
tion of the beant above the neutral asis and compression stresses below the nea
tral uxis. The combination of shear and hendiog siresses ahove the neutral asis
results in principle ension stresses on inelined planes with respect o the plane
of the cruss section. As soon as the ougnitude of the principle 1ens1on stresses
creved the capaciry of the conorew inlension, the cuncrete will crack pc['pcndic.-
ular o the direction of wasion stresses and the beam will fail catastrophically
[Ligure I(b)]. )
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In order o prevent such a catastrophic faiture. ntcc]_ |'c.i|11'nrruing_lmrsf al1jd..vthr-l
rups are pluced inside the concrete bewm to Carry the HILCI'[?_?H tersion Imc‘m J\IZ'I{
10 prevent excessive opening of the ¢racks after they have _mrmcd IF]_ngrr: li_c ].l'
The lomgitudinal reinforcements prevent fexural tmlur_c ol the br::m}. the Imn?—
verse reinfbreements or stirrups prevent shear failure of the beam. [tis nated that
even with lonaiiudinal and transverse reinforcements the beam will crack. How-
ever. in this case. the cracks are wery fine and do not present any L..'Iilpgi.ﬂ' to the
load carrying vapacity of the beamt as shown in Figuee e} nthe rcmtf'rl'r.'t'd o
crete bean. the moment created by the applicd load, £, and the \,w.-.m;_zht ni_lhu
beam. wf. Ix resisted by an internal moment developed h\f Thf-' cnn;hmcd actions
of the compression foree in the concrete. €, and the tension toree n the fongitu-
dinal sieel rebar, ¥ [Figure (o))

wl®
Moment created by the applicd load = P+ 3 th
i N i T
Internal resisting moment = G = Ff {2
Feuilibrium of the applicd and resisting moments reguires tha
ol 2
PL+ 7, — Cdor H (3
where
F = apphed load
L = length af beam
w = weight of beam per unit Jength
(= compression force in comerele
T = tension foree i steel _ _ . o
d = distunee between the lines of action of compression and ension lores

Knowing the strength propertics of steel and _cunm_‘ctc_aud using Equanon (3]__ i
designer can caleulute the reguired amount of longitudinal steel rebars to be qauni
in the beam. The principles of equilibriun can also be used w obtain [!li.‘ rcqmrcd
amount of rensverse remforeements, The Tull discussion ol dcmgn_ ol reinlorecd
conerele beams s boyond the scope of this paper and will pol be discussed here.
Hoewever. this subjeet is diseussed in detail in References [1] through 3.

CORROSION OF STEEL REINFORCEMENT

Lven though sieel reinforcemnent has heen used in conerele structurnes lur 1'1.11[13:
years, there as always boen o magor problem with this rype ol constrution:
namely. the currosion of the reinforcemient. The corrosion problent is particu-
Jarly of congern in structures locuted in aggrossive cn*.—ﬁrnmnunp such as coistal
and murine structures, bridges tespecially where salt and deicing chemicals are
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used ). chemical plants. water and wastewater teatment facilitics. ote. Corrosion
o reinforeement can result in costly repairs and safety hazards. Rust from the
corroded rebar takes a larper wolume than the tron from which # is formed. re-
sutimg in expansive forces that cause cracking and spatling of conerete und ulti-
matety the fuilure of the structure. Billions of dollars are spent every year fo re-
place or repair conerele structuees that are deteriorated duc o the corrosive
effects of salt, ucids, and other aggressive clements {4],

The corrosion phenomenun becamie of tremendous concern when extensive
salting of bridges and highways began in the late 1960 (4], Salting has drasti-
cally reduced the service life of many of the bridees in the United States, Accord-
ing w0 the cighth annuad report of the Seeretary of Transportition w the Congresy
of the United States on “Highway Bridge Replacement and Rehabilitation Pro-
gram” (HBRRP) more than 40 percent of the nation's 573,607 inventoricd high-
way bridpes ure classitied as either steacturally or functionatly deficient [5). The
deterionation in many of these hridges his been caused by corrosion. The defi-
cient bridges must be cither replaced or reconstiucted in some manner o ade
quately serve the present and future traific needs. The estimated cost of bringing
all deficient bridges up to current standards s reported at $52.4 billion dollars,
Prudent and efficicnt use of wvailable funds for reviving the nation's triansportation
systems requires that every clfort be made to prevent prentaure deteriorztion of
SUTUCTUESs caused by corrosion.

FIRER COMPOSITE REBAR FOR CONCRETE CONSTRUCTION

An clfective approach to climinate the corrosion problems in concrete strug-
Lures would be o ernploy corvosion-resistant plastic rebars instead of steel rebars.
The recent advancements in the felds of plastics and fber conposites have
resulted in the developruent of fiber-reinibreed plastic rebars that surpass the
strength and fatigue properties of steel, Other features of these rebars include Tow
welght (L34 that of steel) and economy. The cost of Glass-Fiber-Reinfirced-
Plastic (GFRP) rebars is about the same as that of epoxy-coated steel rebars. In
addivon, plastic rebars possess exeellent electrical msuluting propertics. There-
tore, they are ideal for use i airports w help solve radar inferference prohlents
and other pluces where presence of steel could cause interference with electrical
or magnetic fields,

EXPERIMENTAL STUDY

In order o invesligate the feasibility of using plastic rebars in licy of steel m
comerete construction. an experimental study was conducted on several conerete
beams reinforeed with plastic bars. The following sections describe the muate-
tials, tests. and the resulis,

Plastic Rebars

Glass-Fiber-Reinforeed-Plastic (GFRP) rebars and stirrups were used as rein-
torcement. These rebars are manutaetured using the pultrusion process. The bars
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comtain approximately 76 percent E-Glass by waight and 24 pereent resin. The
individual fibers have a tensile strength in excess of SK000 psi 13450 MPa)and
range from 3 w3 microns in digmeter 6], The fibers are Romded with a therme-
setting vitylester resin, The dats on the mechanical properties ot the rebigrs wis
providud by the nunutacturer [6]. Based on tesks of o large nomiber of bars wih
difficrent dizmeters. & mean tensile strepefh of 180 MPu (171 ki and 2 mean
madulus of clasticity of 336 GPa (77 x WP ksi) were obtained tor the rebars.
The standard deviations for the tensile streneth and modulus ol clasteity were
386 MP1 (56 ksid and 88 GPa (128 x 10% ksiy, respectively. The stress-strai
hehavior was Hoear to failure, Figure 2 shows o typieal stress-strain relationship
for the bars with the mean tensile strength smel modulus of clasticity. To improve
the bond behavior of GERP rebars to conerete, additional strands of gliss fibers
are wornnd around the bars in a spiral during the manufacturing process © creale
a rough {ribbed) surtace. Figure 3 shows u typical GFRE rebar and u stirrup.

Test Sprcimens

The static strength of concrete beams reintored with GERP by und stirrups
was investigated with tests of five rectangular beams aml one “T-beam. Fuiuures
404y and diby show o typical rectangular beam and the T-beam. Tables 1 and 2
surnmarize the design details of the beams. In order to separately obserye the be-
hasior of longitading? iNexural) reinlurcements and trunsverse (shear) reintoree-
ments. beans FL F2 and F3 were constructed with GFRP longitudinal rebars and
conventional steel stirrups: beans SLS2 and 53 were constructed with longitudi-

1.2 1 -
. } | i
o i : L .
i
1 B /
Ca 4= - },/I — — _|
- .
D = . [p—— } P— . ___i
3 ' | |
3 T - .- -— - . ——
3t ‘
-
Py nE - - - L — - ———
:1 3 H .
Ty 05 - - . —— PR !
Eo ; ! !
]
| .
_ . -
i ;
I I
" i i
“ 1
1
. - T - . b o ———
b LTRG 5530 B25n 1 T3S0 12550 AEFHN [ elh]

H.CADETHA N

Figure 2. Strezs-strain refatignstug of GFRFP redar.
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Figure 3. Tymcal GFAP Bar ang stirrutr,

nal steel rebars amd GFRE ey Jnde ; i
) i _ P Girade & steel with o measured vield sires
of 30 MPa (685 ksin was used inoall bemns, ! e

Instrumentation and Test Provedure

At hewrms were sinph sipported and wene subjected oot egual oncen-
trated Lo 0y eI8 inL s apaat. and sy mmetricalls plaved about the midspan
Che l:_md wirs appliod by micans of o iyedralic juck in small incrmm'm\.u 1 tc.aIT'-‘i'l]I
ure of th: hf:;im. The dedlection ar midspan of uch beam was mc;nm'wl.i u}xljrl I [tv\, )
Lincar Variable THerental Transducers 11 VDT Ater vuch in-:rm.[] ‘nt i:l f('
Lo Lthe detlection and the Toid were measured wd recorded B

Test Results

T'he hn.’hx_ik_'ia:r of each beam was chaseeterizcd byoids Toad v deflection e
SPOTISG T failure. A comparisun was made between he theorcticl v 1-ru li ‘tr':i
M uTum lovad wred the mcisered muasdinom liad winvestieu e the oh -Eqi:- aL \k-t
ol the plastic rebars as reimforcenem e concrete e, ] T

Th.t-_ -J‘_‘utl wacdetlection curve Tor seam FL s shown in Faure 5, The hebayior
wits initially fincar elastic. Ara tvad of 40 KN 9 kipe, -.‘m]‘crctc. L.:ruckcd‘-inl Icn]-
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Tablie 2. Design details of tesf beams with longitudinal steel bars and GFRP stirrups.

Concrete

Comoressive
Strength MPa {ksi)

Stirrup Spacing

Mo, of Stirrup Diameter

Lengitudinal Bar

mm {in.]

mm {in.)

Bars

Diameter mm {in.)}

Beam

33 (4.5)
33 (4.5}
30 (4.3)

75 (7%
150 (5)

10 (0.4]
10 (0.4
1010 4)

22 [0 87
22 0.87)

1

o2

30 12)

22 0.87)

53
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Figure 5. Load versus midspan defiection of beam 11,

APPLED LOAD {KN)

sion (hottom Tace of Beam) and the stifness of the beam reduced. resulting in
lareer deflections. The loading wus continued until the conerete crushed incom

prossion ar a load of 378 kN (83 kips). The theoretical maximum load, £, is
shown o the same figure with the horzontal Hoe. This load was caloulited based
on the thearies tor the analysis of concerete beamns reimforced with steel birs, But
using the mechanical properties of GERP rebars. The theoretical and measured
maximum loads were reasomnahly close, indicating that the plastic bars electively
reinforced the beam and also that the classical theorics for analvsing concrete
beams reinfurced with steel bars can be used with good accuraey w predict the
behavior of concrete beams reinforeed with plastic bars. lension cracks were
uniformly distributed along the beam. The actua] width of the wnsion cracks
were nol measored. however, they seemed o be slightly larger than those for
bearnis reintorced with steel rebins, This is attributed w0 the lower medulus of
ghasiicity of GFRP reburs. The large number of fine distributed cracks indicated
a good mechanical bond between the GFRP rebars and congrete. Figure 6 showe
the failure of the beam at the conclusion of the test.

The load s, deflection to fwiiure of beam F2 (T-beam} is shown in Figare 7.
The behayior was penerally similar to that of beam FL The stiffness redoved after
the conerete cracked at a load of 31 kN (7 kips). The loading was then contisued
up i 222 kN 030 kipsd; at that point the beam was completely unloaded and then
reloaded. The load-defection curve exhibited a slight hysteresis loop upan
undoading and then reloading. but the loop closed almost at the same point at
which the bearn had been unloaded. indicating that under ¢velic frepeated ) Ioad-
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ing the load carrving capaciny of the beant does not decrease signiticanily. In ad-
dition, due o the prefeet lincsr elastic behavior of the plastic rebars, subsrantil
deflection recovery was observed upor unloading of the beane A complete in-
westigation of the bebeor of this tvpe of heam under ovelic loading requires
fatizue testing, This was heyond the scope of the present study. The Toading was
then continued until Bulure was reached at a load of 323 kKN (95 kipsp. The theo
rencal maximun load is not <hown on the fivure because the ' T-beam failed pre-
maturely when @ section of the oulstandiange part of the Bange broke Jocally in wen
sion under the load point. This oceurred due te the accidentad anussion of the
transverse rehars in the top flange durmg the conslruction.

Figure  shows the Joad vs, deflection respomse of beum 13, The area ol rein-
forcement i) this bemn wus significently smaller than the fiest two beams. The
stilness of the beam reduged ter concrete cracked i ension i load of 24 kKN
t3.4 kips). Alter eraching. the kad v deflection response wax almaost lincar until
the failure was reached at i load of 133 KN (30 Kipst, The theoroteal suasimuam
load. £, shown with the horizontad lne, i reasomahly close te the meusared
value. The failure of this bea wus reached when the plastic bars ruptured. as
shown in Figure 90 The eracking bebavior of this beam was difterent fronn that in
beams B oand F2. The cracks were larger in size and tewer in mnuibers. Two

3
ye
n3

e ner 13T IR R criwks, near the loading points. became sutficiently open o result in the ruprure
Figure 6. Beam F1 at failure. of bars end spliming of the heam in three segments as can be seen from Figure
160
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Figure 9. Haam F3 al failura.

9, Thiw tailure wode in the underreinforeed beam F3 was doe 1o the Jow duculity
of GFRP rehars. Satistactory design provedures need 1o be developed o present
failure of beams by tupwire of GFRE bars.

Al S-serics boams were reinforeed with longitudinal steel rebars and GERP
stirrups. The chwsed-loop GERP stirrups, with o leg dismeter of 10 mm (4 in,
were placed an 75 mun (3 ino B30 mm 16 inckoand 300 moo (12 im0 inlervals in
Deams S S2 and §3. respectively. Plots of load vs. deflection tor beams S1. 82
and §3 e shown in Figures 10 through 120 respectively. The Toad detlection
curses of all heams were initiully Tinear. After cach bean crached at o load ot ap-
prosiouely 36 kN8 kipsi, the stiffness reduced resuling in barper deflection.
The lmeuar behavior theo continued woti] the longitudinal steel rebar vielded
ahout 200 kN (45 kipsi, This resulted in turther reduction in stiffness and o pro-
pressively nundinear Toad-deflection response until tailure was reached by crush-
ing ot conerete in compression. Nonge of the beams Taded o shear. melicuting that
the GFRP sticrups effectively resisted the shear forees moall beams. In addition.
o major distress shue o shear stresses ot large shear vracks were obsen cid. The
number wnd pattern of shear cracks were similar w those i beams I anif F3
which had comentiooal steel strrups. The actual crack widths were nol
measwred, howerer, they were comparahle to those in beams with sweel stirrups.
The theoretical masimum loud. 2. is show o with the horizontal loes in Figures
100 through 12, Because <train hardening of Jongitudingd stecl was 1goored an
caleulating the theoretival maximum ok, the caleulated Loads are sluhbtly
srmaller than the measuced salues. ALl S-series beams fnled when conerele
ceushad 1 compression. A tvpical bewin (heam 82 s shawn al luiture in Figure
1%

APPLED LOAD (KN)

APPLED LOAD (kN)
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Figure 10. Load versus midspan defiecrion of beam 31,
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Figure 11, Load versus midspan deflection of beam 52,
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Figure 12. Load versus migspan deflection of beam 53,

Figure 13. Beam 52 at failure
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CONCLUSIONS AND FUTURE STUDMES

The preliminary results from the tests of concrete beams reinforeed with fiber
composiie rebars and stirrups indicate (hat great potential exists for the use of
synthetic rebars in concrete structures, especially in areas where corrosion 15 a
problent. Because the modulus of elasticity of GFRP rebars is about one-tourth
that of steel. plustic rebars deflect four Line as much as steel. Therefore, deflec-
tion might become the limting design ¢riterion for certain structural elements.
The hond berween the GFRP rebars and conerete was good in the beams tested.
and mo Filute was observed due to debonding of the rebars and conerere.

Before field application of fiber composite rebars, however, additional studies
must be undertaken to address several key issues such as creep. relaxation. and
fatigue bhehavior of concrete members eeinforced with GIRP rehars, Other
studies may inelude & comprehensive investigation of the bond bebavior of GFRP
hars and concrete as well as establishing a rationul approach for determining the
minimum required development length of these bars. 1o addition. the success of
fiber compusite materials for civil engineering applicalions requires & cluse col-
Jahoration between matctials scientists and civil engineers. Such collaboration
should result in the development of fiber composite materials with the desired
properties for civil engingering type applications.

NOTAITION
applicd load
length of beam
weight of beam per unit length
compressive force in concrete
tension force in steel bar
¢ distance between the lines of uction of compressive and tension torces

r= =z
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