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HOJ'II/IMepI)I, ApPMUPOBAHHBIC CTCKIIAHHBIM BOJIOKHOM, UMEIOT MHOI'O IPECUMYIIIECTB 110 CPAaBHCHUIO C apMaTypHoﬁ
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PROPERTIESOFLOCALLY MANUFACTURED
HYBRID FIBER REINFORCED POLYMERS (HFRP) REBARS

ABSTRACT

Glassfiber reinforced polymersrebars (GFRP) have many advantages compared totraditional reinforcing steel such
ashigher strength toweight ratio, higher resistanceto corrosion aswell ashigher resistanceto fatigueloads. One of the
main disadvantages of GFRPbarsisitslack of ductility. Thelinearly behavior of the GFRPbarsup to failure makestheir
application incomparable with conventional steel bars. One solution to provide ductility for FRP is a hybrid FRP
reinforced bars. A pilot trial to manufacture locally HFRP rebars using the Pultrusion method by the produced rebars
consisted of Glassfiber combined with both Carbon and Aramid fiber with three different ratios for each. Tension test
results showed that the locally produced hybrid FRP rebars had a kind of semi-ductile behavior similar to some extent
tothat of conventional reinforcing sted.

KEYWORDS:; Semi-ductility, HFRP, pultrusion.

I ntr oduction and background
Fiber-reinforced polymers (FRP) are increasingly
attracting the attention of civil engineers worldwide
because of such favorable performance characteristics as
high-stiffness, high-strength to weight ratio, high
resistance to corrosion and magnetic neutrality. Fiber

reinforced polymers offer unique advantages for solving
many civil engineering problems in areas where
conventional materials fail to provide satisfactory
performance. Unlike steel, FRP are unaffected by
el ectrochemical deterioration and can resist thecorrosive
effects of acids, alkalis, salts, and smilar aggressive
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Fg. 1. Carbon fiber roving

materials. Due to their superior characteristics such as
high tensile strength, corrosion-resistance, FRP gained
wide acceptance as an alternative material for sted in
applications where steel is subjected to high risk of
corrosion. Several products of FRP are commercially
available worldwide for their use in different civil
engineering applications. Among these products, FRP
rebars were emerged as an alternative solution for
reinforcing concrete elements subjected to corrosive
environments. A variety of fiber-reinforced polymers
(FRP), e.g. Glass, Aramid and Carbon, arenow availablein
form of bars. A marked disadvantage of present day FRP
reinforcement, ascompared to sedl, isitslack of ductility.
Thelinearly dastic behavior of available FRP systemsup
to failure makes their application reinforce concrete
structure incomparable with conventional steel. The
commercially available FRP rebars are produced by
Pultrusion process utilizing continuous monotypic fiber
(usually Glass, Carbon, or Aramid) embeddedin aresin
matrix. It isa continuous process that combines pulling
and extrusion for manufacturing composite sectionsthat
havethe same cross section and shape. In Egypt the FRP
rebars have not been commercially produced yet. One of
the objectives of this study was the possibility of locally
producing hybrid FRP rebarsusing the Pultrusion method
with arandom distribution of thedifferent fiberstypesin
theresin matrix. Thestudy al soincludes the estimation of
the physical and mechanical properties of the
manufactured hybrid rebars (HFRP) taking into
consideration the effect of the different variables
considered in the study.

Fig. 2. aramid fiber roving

19

Fig. 3. glass fiber roving

Resear ch program

In order to achieve the research objectives in this
paper, the Pultrusion method was used to manufacture
locally HFRP rebars using three different types of fibers,
glass, carbon, and aramid. Glass, Carbon and aramid fibers
werewed with total fiber volume fraction of 61 %. Three
replacement ratios by volume were used to replace the
glass fibers by carbon and aramid fibers. These ratios
were V /V, 5/56, 10,6/50,4 and 19/42,6 for carbon and
VIV, 5/55,9/52,6 and 17/44,5 for aramid. Twenty onebars,
circular in cross-section with 8,5 mm diameter, were
manufactured. The research program includes testing
specimens taken from the manufactured bars for the
estimation of the unit weight, fiber volumefraction, and
the tensile strength of the HFRP bars. Each test was
repeated for at least three times and the average results
were considered. Manufacturing process and test results
are presented in the following sections.

Materials

The FRP materials used included carbon, glass and
aramid fibersand polyester asaresin. All materialsused
are available in the local market. The used fibers are
available in the local market in the form of roving only,
Figs. 1, 2, and 3. The properties of carbon, glass, and
aramidfibersaregivenin Table 1. Aspresentedin Table 1,
the carbon fibers have relatively the highest tensile
srength and modul us of e asticity with low ultimatestrain,
whileglass fibers showed thelowest tensile strength and
modulusof el asticity with relatively high ultimate strain.

Table 1
Propertiesof theused fibers
Property Tensile strength Modulus of Elasticity . . o
Type (MPa) (GPa) Ultimate Strain (%)
E-Glass 2400 70 3.4
Kevlar 49 3000 126 2.38
Carbon 3400 225 151
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Fig. 4. A Schematic diagram showing the process of pultrusion of FRP-bars

Table 1 shows also that, the aramid fibers mechanical
properties fall between those of glassand carbon fibers.
The properties of the used polyester resin as provided by
the supplier are; tensile strength 40-60 M Pa, modul us of
elagticity 3,5 GPaand ultimate € ongation 5-6 %.

Manufacturing process

All the bars were manufactured using the pultrusion
method. A random dispersion of the two fiber types was
adopted. The pultruded product is manufactured in 10th
of Ramadan Indugtrial City, 50 km away from Cairo. Figure4
shows a schematic representation of the pultrusion
process. In the pultrusion method the fibers yarns are
pulled from a series of cregls. Yarns areemarginated with
resin (the resin was mixed with peroxidewith the ratio of
1000:1) by weight which was enough for the pultrosion of
the bars. Thiscomposite material isthen passed through
a heated sted die. Heat initiates an exothermic reaction
thus curing the resin matrix. Then, the bar is continuoudy
pulled at constant rate and exits the mould as a hot
constant cross sectional bars. The bars then are cooled
down intheambient air. Finally, the produced bars come
out from the puller mechanism and are cut to the desired
length by an automatic cutoff saw. Asshownin Fig. 5.

gf'-uh_--.-'

Theused number of fiber yarnscontrols thefiber volume
fraction of the produced bars. Therefore, this number should
be calculated initially before manufacturing to producethe
bars with the required fiber volume fraction. The effective
cross-sectional area of each yarn, A, was estimated as
1,20 mm?, 0,26 mn?, and 0,20 for glass, aramid, and carbon
fibers respectively. Theeffective cross-sectiona area of the
used fibersyarns was calculated using the equation:

WhereA\/ istheeffective cross sectiona areaof theyarn,

Wy is the weight of the used fiber yarn, r is the fiber

density, and | isthe length of yarn. The rdation between
fiber volume fraction and number of yarns used in rebars
manufacturing was obtai ned using the equation:

vf:n,/)y
A,

Where

V; isthefiber volume fraction of the bars;
N is the number of yarns used in producing the rebar

crosssection, and A, isthe cross-sectional areaof the bar.
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Fig. 5. Genera layout of pultrusion machine

Hzsecmusn Kaz[ACY, 2009, MNel (11)

249



CTpOUTEABHHE MATEPUAABL U UBACAUC

WA

Table 2
Detailsof themanufactur ed bars
Fiber Type Specimen No. of Yarns Fiber Volume Fraction V;, %
Group Code Used Code
Glass | Aramid | Carbon | Glass | Aramid | Carbon
GF Rebars Glass Fiber GF 32 - - 61 - -
HGAF . HGAF 1 29 18 - 55 5 -
a$ -
Rebars | Aramid Fiber | _HCGAF2 | 27 32 - 52 9 -
HGAF 3 23 61 - 44,5 17 -
HGCF - HGCF 1 29 - 14 56 - 5
a$ -
Rebars Carbon Fiber HGCF 2 26 - 30 50,4 - 10,6
HGCF 3 22 - 54 42,6 - 19
Table 3
Unit weight improvement of HFRP-bar s
Averageunit | Fiber Volume Fraction Vs, % | Vaor Vo/ Vi, % | Percentage of unit
Group wel ghté weight
i 0,
gm/cm Ve Vi Ve Vol Vi Vol Vi improvement, %
GF 2,77 61 - - 0 0 -
HGAF1 2,26 55 5 - 8,33 0 18,41
HGAF2 2,20 52 9 - 14,75 0 20,58
HGAF3 2,08 44,5 17 - 27,64 0 24,91
HGCF1 2,36 56 - 5 0 8,16 14,8
HGCF2 2,2 50,4 - 10,6 0 17,38 20,58
HGCF3 2,14 42,6 - 19 0 30,84 22,74

According to the research program, seven different
types of manufactured bars were produced. These
manufactured barsare divided intothreegroups, Table 2.
The produced bars have a constant diameter of 8,5 mm.
According ACI 440 [2], the suitablefiber volumefraction

(V) ranges from 50 % to 70 %. So, an average fiber
volume fraction (V) of about 61 % was used for bars
production in thisresearch. Table 2 showsthefiber volume

fractions (V) and number of yarns for the different
produced bars.

Unit weight of HFRPrebars

The purpose of thistest isto estimate the unit wei ght
of the manufactured bars. The unit weight of the HFRP-
barsis calculated using the equation:
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Wheregisthe unit weight of theHFRP bars, W isthe

total weight, disthediameter of HFRPbar, and L _isthe

Specimen length. The percentage of unit weight
improvement with respect tothe Glass FRP barsunit wei ght
for the different ratios of Aramid or Carbon fiber to the
total fiber volume fraction in the produced bars is
presentedin Table 3.

Tensilestrength test
Test specimens

Because of the brittle nature of the FRP bars, they
usually fail in the gripped zones when tested in tension
leading to inaccurate results. Therefore, the design and
devel opment of thetest specimensshould include suitable
gripping mechanism to assure that thefailure takes place
away from the gripped zones. In this research the special
precautions mentioned in ACI-440 [4] were applied. The
precautions are to use steel tube end anchors on both
ends of thetested barsto allow for uniform distribution of
the load applied from the testing machine to the test
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Fig. 6. Details of the used anchorage system
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Fig. 7. Dimensions of a typical test specimen
Table 4
Experimental Test Results
Specimen Average Ultimate Average Ultimate Average hflt::dg[us Average L_Ilnmate
Code Load, gt b of Elasticity, Strain,
Ton serength, kigcm Gp %o
GF 6,89 12142 41,43 303
| 6,35 11190 44,29 2,87
HGAF 2 6,43 11331 45,65 2,76
j 3 6,62 11666 50,07 2,67
1 6,13 10803 50,47 247
HGCF | 2 6,43 11331 35,74 2,85
: 3 5,85 10309 65,35 2,81

Special

Fig. 8. Schematic diagram of special assembly Fig. 9. Teat setup and instrumentations
details and dimensions [4]
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for aramid-glass (HGAF 2), F=52%, F;=9% for carbon-glass (HGCF 2), ¥ =350,4 %, Vo= 10,6 %

252 Hzsecmusn Kaz[ACY, 2009, MNel (11)




CTpOUTEABHHE MATEPUAABL U UBASAUC

NN
N

iz

N

specimen. The anchorage system, Fig. 6, composed of a
stedl tube of 28 mm and 20 mm external and interna
diameter, respectively. The sted tube was filled with a
high performance resin grout to assure good bond
between the bar and the steel tube. Figure 6 shows a
schematic diagram of the details of the used anchorage
system. Figure 7 shows a schematic diagram and the
dimensions of typical test specimen.

Test setup

In order to satisfy the minimum requirementsfor the
tension test specimens asrecommended by ACI-440 [4],
the test specimens were provided by a special assembly
that consists of steel tube with screwed ends to attach
the specimen anchor to the load cell as shownin Fig. 8.
Figure 9 shows a schematic diagram of thetest setup for
tensile characteristic measurements.

A universal testing machine of a capacity of 500 kN
was used. A stedl anchor tube of external and internal
diameters of 28 mm and 20 mm respectively, and 350 mm
length was used and constructed so as to transmit |oads
axially from thetesting machinetothetest specimen. Load
cell of an accurate capacity of 50 N and 240 kN was used
and connected to the Data acquisition system that was
used for collecting all required readings during thetest.

Test results

A summary of test results are presented in Table 4.
The load-strain relationships of tested bars are given in
Fig. 10 through Fig. 16. It was observed that the failure of
all test specimens took place in the middle third of the
specimens' length where thefibers broke and the damage
spread throughout the specimens' length, as shown in
Fig. 17. With referenceto Fig 10, itisclear that GFRPbars
showed linear behavior until failure. Thebars al so showed
aclear brittlefailure. For bars manufactured with hybrid
aramid-glassfiberswith aramid-gl assfibers percentages
V,=55%,V, =5% (HGAF1), Fig. 11, the bars showed
linear behavior until about 87 % of the ultimate |oad, where
asudden drop in theload-strain curve occurred. Then the
load-strain rate was shown to be lower than that before
the drop. This behavior indicateslittle bet ductile behavior
compared tothat of the pure GFRP bars. Similar behavior
was shown by the carbon-glass hybrid fiber bars with
V=56 %, V_=5% (HGCF1), Fig. 12, but with better
ductile behavior astheload-strain dropped at about 70 %
of theultimate load. Also bars manufactured with aramid-
glass hybrid fibers with aramid-glass fibers percentages
V,=52%,V, =9% (HGAF2), showed similar behavior as
that for HGAF1 barsbut with better failurecriteria, Fig. 13.
Figure 14 indicates that the bars manufactured with
carbon-glass hybrid fibers, with fibers percentages
V. =50,4%, V_= 10,6 % (HGCF 2), showed ayielding
zoneat load about 65 % of the ultimateload, al so theload-
strain rate was clearly low after yielding. The same
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behavior was observed for bars manufactured with aramid-
glassfibers, with fiberspercentagesV  =44,5%,V, =17%
(HGAF 3), but with higher yield/ultimate loads ratio,
Fig. 15. For bars manufactured with carbon-glass hybrid
fibers, with carbon-glassfibers percentagesV ;= 42,6 %,
V. =19% (HGAF 3), theload-strain behavior waslinear
until a clear yielding occurred at load about 80 % the
ultimateload. After yidding, theload-strain ratewasclearly
low and the load-strain curve deviated clearly towards
thex-axis showing adear semi-ductilebehavior, Fig. 16.

Test results asindicated in this section revealed that
the aramid and carbon fibers improve the behavior and
the ductility of GFRP rebarswhen used with glass fibers
in manufacturing the hybrid fibers-reinforced polymers
rebars.

Comparing theload strain curvesfor the hybrid bars
tothat of theGlassbarsasshownin Figs. 18 and 19 revealed
that, the manufactured hybrid barsfailed in akind of semi-
ductile manner simulating to some extent the behavior of
conventional steel reinforcement. Figures18 and 19 also
indicatethat the effect of carbon fibersismore significant
than theeffect of aramidefibersin improving the behavior
and the ductility of the hybrid rebars in this research.
Also the enhancement in the behavior and ductility of
HFRP rebars dueto theincrease in the percentage of the
carbon fibersin the carbon-glass total content, is more
clear compared to similar increase in the aramid fibers
perentageinthe aramid-glasstotal content, Figs. 18 and 19.

Modulusof elagticity

Figure 20 shows the effect of the different ratios of
aramid and carbon fibersin thetotal fiber volumefraction
on themodulus of dasticity of barsin thisresearch. It is
clear from Fig. 20 that, increasing the aramid or carbon
ratio in the total fiber volume fraction in tested bars,
increases their initial modulus of elasticity compared to
that of pure glassrebars. Thisisbecausethat aramid and
carbon yarns have higher modulus of elasticity relativeto
glassyarns, Table 1. It isalso indicated in Fig. 20 that,
rebars manufactured using hybrid carbon-glass fibers
showed higher modulus of eagticity than those for bars
manufactured using hybrid aramid-glass fibers. The
increasein the modulus of el agticity for the aramid-glass
bars compared to that for pure glass fibers bars was
estimated as 6,9, 10,19 and 20,85 % corresponding to
percentage of aramid fibersin thetotal fibers content of
8,33, 14,75 and 27,64, respectively. Alsotheincreasein
the modulus of elasticity for the carbon-glass bars
compared to that for pure glassfibersbars was estimated
as21,82, 34,54 and 57,74 % corresponding to percentage
of carbon fibersin the total fibers content of 8,16, 17,38
and 30,84, respectively.

Summary and conclusons

This paper studies the feasibility of using locally
available material sand facilitiesin producing hybrid FRP
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Fig. 17. Typical Failure mode of Tested Rebars

8 8
7 7
6 - 6
P = 5
E. 4 £ 4
B
ol L 3
5 HGAF1| | 2
2 - = = —HGAF2
1 —i 1
vvvvvvv HGAF3
0 : 0
0 0.01 0.02 0.03 0.04
Strain
Fig. 18. The Load-strain relationship Fig. 19. The Load-strain relationships
for aramid-glass FRP rebars with different for carbon-glass FRP rebars with different
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Fig. 20. Effect of aramid and carbon fibers on the initidd modulus of elasticity of HFRP rebars

rebars with improved ductility characteristics using glass,
carbon, and aramid fibers. Based on theresultsof thecurrent
research, the following concus ons could be drawn:

1. Hybrid fiber-reinforced polymers rebars
manufactured using aramid-glass or carbon-glass fibers
in thisresearch, havelower unit weight compared to pure
glass rebars and improve their behavior and the failure
criteria. Thepercentagein thereduction in the unit weight
was estimated as 20 % as an average. Also HFRPrebars
showed strength/weight ratio higher than that for pure
glassFRPrebars. Theincreasein the strength/weight ratio
was estimated as 20 % and 11 % for aramide-glass and
carbon-glass rebars, respectively. The optimum increase
inthe strength/weight ratio was recorded for aramid-glass
rebarswith volumefraction of 17 % and 44,5 % for aramid
and glass fibers, respectively.

2. Increasing Carbon or aramid volumefractionin total
fiber content in hybrid rebars, increases significantly their
initial modulus of dasticity, but carbon fibers are more
effective than aramid fibers in increasing the initial
modulus of e asticity of hybrid rebars. Theimprovement
in theinitial modulusof elasticity wasestimated as 11 %
and 38 % for arami d-glassand carbon-glass hybrid rebars,
respectively. The optimum improvement in the initial
modul us of el asticity wasrecorded for carbon-glassrebars
with volumefraction of 19 % and 42,6 % for carbon and
glass fibers, respectively.
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Generaly it can be concluded that using the aramid
fiberswith glass fibersin HFRP rebars is more effective
than using carbon fibers in enhancing significantly the
rebars strength-to-weight ratio. While the carbon fibers
are more effective when used with glass fibers in
enhancing theinitial modulus of elagticity of HFRPrebars.
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