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Abstract- Aggressive atmosphere and ground water increases
the risk of corrosion of embedded reinforcement in concrete.
Fiber Reinforced Polymers (FRP) bars and cables have proven as
good answer to the corrosion problem. However, the structural
behavior of concrete prestressed with FRP tendons has not been
fully explored. The purpose of this research work is to assess the
effects of some structural parameters on the behavior of
prestressed concrete bridges with FRP prestressing tendons.
Three-dimensional ~ nonlinear ~ finite  element  method
(3D-NL-FEM) is used. Different models of prestressed concrete
bridge tensioned with FRP cables-subject to four-point load
system have been modeled and structurally analyzed on a
commercial finite element analysis (ANSYS, 2013). A parametric
study was conducted to examine the effects of prestressing
reinforcement ratio, concrete compressive strength, and level of
initial prestressing on the behavior. Three types of FRP cables are
used: carbon fiber (CFRP), aramid fiber (AFRP), and glass fiber
(GFRP). All the studied parameters affect the strength capacity,
ductility and failure modes of the FRP-prestressed beam models.

Index — Prestressed concrete, FRP tendons, carbon fiber,
Flexural Response.

I. INTRODUCTION

The design and construction of FRP- prestressed concrete
structures require more research work necessary to build up
experience on their behavior. The design rules for
FRP-prestressed concrete have not been fully developed in
the current design codes in comparison with steel prestressed
concrete structures. To solve this problem, experimental and
analytical researches on the prestressed concrete with FRP
tendons have been going on to gain knowledge about its
behavior under different loading conditions and different
structural parameters. Many researches [1-9] have
recommended more studies in this field to enhance design
guide lines.

Nabil F. Grace (2003) [10] found that for double tee beam
prestressed with bonded and unbonded carbon fiber tendons,
the ultimate load and the cracking load were, respectively,
approximately 5.3 and 1.4 times the service load. Also Nabil
F. Grace (2008) [11] has investigated primarily addressed the
flexural performance of three concrete box-beam bridge
models reinforced with prestressed CFCC, focusing on the
effects of using unbonded longitudinal post-tensioning. It is
found that, a greater level of total prestressing force prolongs
the development of cracking and reduces the number and size
of cracks that develop under loading, a greater level of total
prestressing force reduces the amount of residual deflection.
Designed as over-reinforced sections, had a failure that was

sudden, without significant warning prior to its failure, while
members with greater total prestressing force could fail
suddenly.

J.W. Schmidt & B. Téljsten (2009) [12] found that No
sufficient mechanical anchor system has been made yet,
despite worldwide efforts to find a competitive FRP tendon
anchorage, Several wedge shapes and different materials have
been used in order to solve the problem of too high principal
stresses at the anchor front and It is seen that no FRP anchor is
yet implementable in external post-tensioning applications,
which means that further improvements are necessary in order
to make FRP pre-stressing systems commercially compete
able.

Nabil F. Grace (2010) [13] found that the level of
transverse post-tensioning forces and the number of
transverse diaphragms did not significantly affect the
load-distribution behavior of the bridge model in the un
cracked-deck-slab phase. However, significant improvement
of the load-distribution behavior was observed in the
cracked-deck-slab phase. Martin NOEL (2007) [15] found
that maintaining a constant reinforcement ratio, the
GFRP-reinforced slab G1 displayed a similar ultimate
capacity but reduced serviceability compared with the
steel-reinforced control slab. Mid span deflections and
flexural crack widths were 3 and 4 times those of the control
slab, respectively, the mode of failure was changed from a
ductile flexural failure to a brittle shear failure due to the low
stiffness of the GFRP reinforcement, the addition of
prestressed CFRP tendons resulted in excellent serviceability
performance regardless of the number of tendons added.

The main objective of this research is to study the effects of
prestressing reinforcement ratio p, concrete compressive
strength f., and level of prestressing (as a percentage of
ultimate tendon resistance) on the flexural behavior of
FRP-prestressed concrete bridges with different types fibers,
such as carbon fiber (CFRP), aramid fiber (AFRP), and
glass fiber (GFRP).

II. NONLINEAR FINITEELEMENT MODELING

Research methodology is nonlinear (3-D) finite element
modeling of prestressed concrete samples with FRP Tendons
has been formulated. The model was analyzed under static
vertical loads and horizontal compression forces at edges
whose results from tendons stressing. The elements were
solid65 for concrete; this element has eight nodes with three
degrees of freedom at each node — translations in the nodal x,
y, and z direction, link8 for prestressing reinforcement, this
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element is a 3D spar element and it has two nodes with three
degrees of freedom — translations in the nodal x, y, and z
directions and beam188 for ordinary reinforcement. Full bond
between the tendons and concrete face is assumed. The tested
model finite element meshing is shown in Fig. (2).

1. VERIFICATION OF THE NON LINEAR FINITE
ELEMENT MODELING

To verify the nonlinear finite element modeling constructed
by the use of the nonlinear finite element analysis program
ANSYS in the analysis of four models identical to those tested
experimentally by Martin Noel (2007) [15] and Nolan
Domenico (1995) [16] are prepared and constructed by the
use of this program, their results are compared to those
obtained experimentally. The comparison between both the
experimental and finite element results is considered the base
in checking the validity of the finite element modeling.

This comparison was carried out through the failure load.
Model 1 is a slab strip with cross section and length
600mmx300mm, and 5000 mm respectively, clear span in
loading was 4500 mm, with shear span 1750 mm, the top mat
and transverse bottom reinforcements were glass fiber bars
(GFRP) 13 mm @150mm., top and bottom clear cover were
kept 30mm, bottom longitudinal direction consist of 6 steel
bars 15mm @ 100mm. Model 2 has the same properties of
model 1 but bottom longitudinal reinforcement consist of 6
GFRP bars 16 mm @ 100mm. Model 3 is a T- Section beam
with total depth 320 mm, width of flange 300 mm, thickness
of flange 80 mm and thickness of web 100 mm. This model
was also post-tensioned with 1 CFRP 15.2 mm tendon at a
depth of 260 mm, clear span in loading was 2800 mm with
shear span 1200 mm. Model 4 has the same properties of
model 3 but with shear span 700 mm.

Deflections and load capacities (A, and P, respectively) of
experimental models versus FE models with differences in
percentage were shown at table (1), it is seen that the FEM
models provided good predictions against the experimental
data, including average errors of 7.3%, and 17.5% for the
ultimate loads and the maximum deflection, respectively.

Table 1 Deflections and load capacities of experimental versus

FEM

Difference % FEM results Experimental | Model
Defl.% | Load | A, P.KkN | Ay Py

% mm mm kN
9.6 7.3 193 154.7 | 176 167 | Model 1
17.5 2.4 91 170 110 166 Model 2
0 1.05 284 | 96 28.4 95 Model 3
13.7 5.4 24.7 155 29 164 Model 4

IV. PARAMETRIC STUDY

In this numerical study all models were rectangular (600
mm x 300 mm) with span 5000 mm, All carbon tendons had
ultimate strength f,; equal 1860 Mpa with modulus of
elasticity E equal 165 Gpa, All aramid tendons had ultimate

strength equal 1860 Mpa with modulus of elasticity equal 70
Gpa, and all glass tendons had ultimate strength equal 1724
MPa with modulus of elasticity equal 50 Gpa according to
(CAN/CSA-S806-02) [14] table 2.

Table 2 Tensile properties of prestressing tendons [14]

Mechanical Prestressing | AFRP CFRP GFRP
properties Steel Tendon Tendon Tendon
Yield 1034-1396 | N/A N/A N/A
Stress(MPa)

Tensile 1379-1862 | 1200-206 | 1650-241 | 1379-172
strength(MPa) 8 0 4

Elastic 186-200 50-74 152-165 48-62
Modulus(GPa

)

Yield Strain % | 1.4-2.5 N/A N/A N/A
Rupture Morethan4 | 2-2.6 1-15 3-4.5
Strain%

Density 7900 1250-140 | 1500-160 | 1250-240
(Kg/m3) 0 0 0

Fig.1 and table 3 show the test specimen details. The effect
of prestressing reinforcement ratio p (corresponding to over,
balanced and under reinforced conditions), concrete
compressive strength f,, and level of prestressing P% on the
flexural behavior of prestressed concrete bridges with fiber
tendons are studied using ANSYS finite element program.
Twenty nine specimens with different types of FRP cables
were numerically analyzed.

The first studied parameter is the prestressing
reinforcement ratio p, where three different values for
different type of FRP. Firstly for CFRP models C1, C2, and
C3 with p values of 0.63 %, 0.494 %, and 0.294 %,
respectively. Secondly, for AFRP models Al, A2, A3, and A4
with p values of 0.63 %, 0.494 %, 0.293 %, and 0.19 %,
respectively. Thirdly, for GFRP models G1, G2, G3, and G4
with p values of 0.63 %, 0.494 %, 0.293 %, and 0.19 %,
respectively. The models have constant prestress level (P =
70% of the strand strength) and concrete compressive
strength fey equai 35 MPa.

The second studied parameter is concrete compressive
strength f.,, where three different values for different type of
FRP. Firstly for CFRP models C5, C6, C7 and C8 with f,
values of 35, 45, 50 and 60 MPa, respectively. Secondly, for
AFRP models 5, A6, A7 and A8 with f, values of 35, 45, 50
and 60, respectively. Thirdly, for GFRP models G5, G6, G7,
and G8 with f,, values of 35, 45, 50 and 60, respectively. The
models have constant prestress level (P = 60% of the strand
strength) and prestressing reinforcement ratio p equal 0.56%.

The third studied parameter is the prestress level P, where
three different values for different type of FRP. Firstly for
CFRP models C9, and C10 with P values of 60 and 50%
respectively, the concrete compressive strength f,, equal 35
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MPa and p equal 0.63 %. Secondly, for AFRP models A9 and

A10 with P values of 60 and 50% respectively and p equal

0.49 %. Thirdly, for GFRP models G9 and G10 with P values

of % and 50% respectively, and p equal 0.49%. The models

have constant concrete compressive strength f,, = 35 MPa.
Table 3 Test specimen details

Spec. feu Furt E p% P%
MPa MPa
C1 35 1860 | 165000 0.63 70
Cc2 35 1860 | 165000 0.494 70
C3 35 1860 | 165000 0.294 70
C5 35 1860 | 165000 0.56 60
C6 45 1860 | 165000 0.56 60
Cc7 50 1860 | 165000 0.56 60
Cc8 60 1860 | 165000 0.56 60
C9 35 1860 | 165000 0.63 60
C10 35 1860 | 165000 0.63 50
Al 35 1860 | 70000 0.63 70
A2 35 1860 | 70000 0.494 70
A3 35 1860 | 70000 0.293 70
A4 35 1860 | 70000 0.19 70
A5 35 1860 | 70000 0.56 60
A6 45 1860 | 70000 0.56 60
A7 50 1860 | 70000 0.56 60
A8 60 1860 | 70000 0.56 60
A9 35 1860 | 70000 0.49 60
Al10 35 1860 | 70000 0.49 50
Gl 35 1724 | 50000 0.63 70
G2 35 1724 | 50000 0.494 70
G3 35 1724 | 50000 0.26 70
G4 35 1724 | 50000 0.19 70
G5 35 1724 | 50000 0.56 60
G6 45 1724 | 50000 0.56 60
G7 50 1724 | 50000 0.56 60
G8 60 1724 | 50000 0.56 60
G9 35 1724 | 50000 0.49 60
G10 35 1724 | 50000 0.49 50
600 mm
-+ >
300 mm

*
Frp tendons with eccentricity 5 cm from C L. ofthe model

Fig: 1 Test specimen details.
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Fig: 2 Finite element models

V. RESULTS AND DISCUSSION

A. Effect of prestressed reinforcement ratio (p)

The results are shown in Table 4, Figure 3 and Figure 4
where (Pe , Ac), (Per , Aep), and (P, , Ay), which are the
coordinates of first cracking point, elastic limit point (or
yield), and ultimate point, respectively are given. Using
information gained from load-deflection relations, the
ductility index (p,), the over strength factor (), the initial
un-cracked elastic stiffness (K;), the plastic stiffness (K) and
the energy absorption index (E.A.l = the ratio of total area
under load-deflection curve to area under elastic part at the
same curve) are listed in Table 5. They are calculated from the
following equations.

Ua = AU/A9| ........... (1)
Q=P,IPy ... @)
Ki = Pe| /Ael ........ (3)

Kp :( Pu Py )/ (Au—Ae) (4)

For the specimens CFRP (C1, C2, C3), the failure modes
were brittle failure, and varied with changing prestressing
reinforcement ratio (p). It can be observed by decreasing this
ratio, failure mode changed from compression at concrete
(C1) to tension at tendons (C3) Table 5. The over prestressing
reinforcement ratio (p =0.63%) leads to significant
improvement in flexural strength capacity with low ductility
and deformability. The use of balanced prestressing
reinforcement ratio (p =0.494%) leads to significant
improvement in ductility, deformability and flexural strength
capacity, the value of deformation capacity is almost
increased by 50% by reducing prestressing reinforcement
ratio from 0.633% to 0.494%, the over strength factor (€2) is
slightly increased with increasing the prestressing
reinforcement ratios (p). The ductility index (pA) of the
CFRP-prestressed beam with balanced (p) is found to be
higher than that of CFRP-prestressed beam with compression
(p) by about 20% and lower than that of CFRP-prestressed
beam with tension (p) by about 24%. The energy absorption
index (E.A.l) of C2 is found to be higher than that of C1 by
about 40% and lower than that of C3 by about 25%.

For CFRP beams, with using of under prestressing
reinforcement ratio (p =0.294%) leads to significant
improvement in the ductility, deformability and low flexural
capacity. Figure 4 show that, the increase of prestressed
reinforcement ratios (p) for CFRP has increased the strength
at the cracking and ultimate loads and also increased stiffness
after cracking.

For the specimens AFRP (Al, A2, A3, A4), the failure
modes are similar to o CFRP. It can be observed by
decreasing the prestressing reinforcement ratio (p), the failure
mode changed from compression (Al) to tension at tendons
(A4). Using of over prestressing reinforcement ratio (p) leads
to significant improvement in flexural capacity with low
ductility and deformability until p%=0.494 which leads to
good characteristics in ductility, deformability and flexural
capacity. The value of deformation capacity of AFRP with (p
%=0.494) is almost increased by 25% by reducing
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prestressing reinforcement ratio from 0.633% to 0.494%. The
ductility index (u,) of the AFRP-prestressed beam with (p
=0.494%) is found to be higher than that of AFRP-prestressed
beam with (p 0.633%) by about 20%. The energy
absorption index (E.A.l) of A2 is found to be higher than that
of Al by about 25%. Using of balanced prestressing
reinforcement ratio leads to high ductility, deformability and
low flexural capacity, while using of under prestressing
reinforcement ratio leads to significant improvement in the
ductility, deformability and low flexural capacity.

Similar to CFRP, the increase of prestressed reinforcement
ratios (p) for AFRP has increased the strength at the cracking
and ultimate loads and also increased stiffness after cracking.
It may be noted, that the value of ultimate load decreased up
to 50% by reducing prestressing reinforcement ratio (p) from
0.633t0 0.19%.

For the specimens GFRP (G1, G2, G3, G4), the failure
modes were brittle failure, and varied with changing
prestressing reinforcement ratio (p). It can be observed by
decreasing this ratio, failure mode change from compression
at concrete (G1) to tension at tendons (G4).Using of over
prestressing reinforcement ratio (p) leads to significant
improvement in flexural capacity with good ductility and
deformability. Using of balanced prestressing reinforcement
ratio (p) leads to high ductility, deformability and low flexural
Capacity. Using of under prestressing reinforcement ratio (p)
leads to significant improvement in the ductility,
deformability and low flexural capacity.

The increase of prestressed reinforcement ratios (p) for
GFRP has increased the strength at the cracking and ultimate
loads and also increased stiffness after cracking. As the
prestressing reinforcement ratio (p) decreased the value of
ultimate load decreased. The deformation capacity of the
GFRP-prestressed beam with p =0.633% is found to be higher
than that of GFRP-prestressed beam with p = 0.494% by
about 12%. The energy absorption index (E.A.l) and ductility
index (p,) of the GFRP-prestressed beam with p =0.494% is
found to be almost equal that of GFRP-prestressed beam with
p =0,633 %.

——a o

Applied loadin kn )
alaxls { deflection in mm)

* Vertical ais (AppliedioadinkN )
* Horizontal axis ( deflectioninmm)

10 0 10 0 £ w s0 60 0 0 o 0 ;,; 0 = 0 &

a1

——G2 —m—Gcs

+ Vertical axis (Applied load in kN )
* Horizontal axis ( deflection inmm)
10 o o 20 =0 20 so s0 70

Fig. 3: Load - Deflections values at variable p

=20

Table 4 Loads-Deflections values at variable p

Speci p% | Py kN Aer Pel Agmm | P kN Ay
. mm kN mm
C1 0.63 | 127.6 3.7 145 6 233 34.6
C2 0.49 107.2 3.5 130 1.7 208 53
C3 029 76 3.5 80 4.6 132 41.5
Al 023 128.4 3.8 140 5.3 205 43.2
A2 0.49 116 3.6 130 55 190 54.5
A3 029 80.7 35 93 4 140 65.3
A4 0.319 65 2.2 73 3.8 107 56.6
Gl 0.63 122 34 140 6.6 190 43.4
G2 0.49 125 4 135 6 170 39
G3 026 75.4 4 81 5.7 127 72.6
G4 0.19 56 2 60 21 90 56.5
Table: 5 Computed structural characteristics for different p and
cables
Speci | p% Ha Q Ki Kp Ky/Ki | E.AA.l | Failure mode
él 0.63 | 576 | 1.61 | 16111 | 3081 0.19 9.27 | compression
C2 0.494 | 6.88 | 1.6 | 12871 | 1721 | 0.14 | 12.66 | balanced
c3 0.294 | 9.02 | 1.65 | 13115 | 1409 | 0.11 | 17.03 | tension
Al 0.63 | 815 | 1.46 | 16667 | 1715 0.1 | 12.12 | compression
A2 0.494 | 9.91 | 1.46 | 15854 | 1224 | 0.08 | 15.71 | compression
A3 0.293 | 16.3 | 1.51 | 16909 766 0.05 | 28.92 | balanced
A4 0.19 | 14.9 | 1.47 | 14898 | 644 | 0.04 | 27.57 | tension
Gl 0.63 | 6.58 | 1.36 | 14737 | 1358 0.09 | 10.13 | compression
G2 0.494 6.5 | 1.26 | 15698 | 1060 0.07 9.67 | compression
G3 026 | 12.7 | 157 | 11408 | 687 | 0.06 | 25.2 | balanced
G4 0.19 | 26.9 1.5 | 19355 551 0.03 | 44.87 | tension
e
P e
i p——
i is (applied oadink )
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Fig: 4 Load-concrete strain relations
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B. Effect of Concrete Compressive Strength (f.,)

To study the effect of concrete compressive strength (f,)
on flexural response, twelve specimens prestressed with three
types of FRP tendons, CFRP, AFRP, and GFRP, with
different concrete compressive strengths were numerically
analyzed. The results are shown in Table 6, Figure 5 and
Figure 6 where (P, Ar), (Per , Ag), and (P, , Ay), which are
the coordinates of first cracking point, elastic limit point (or
yield), and ultimate point, respectively are given. Using
information gained from load-deflection relations, the
ductility index (p,), the over strength factor (Q), the initial
un-cracked elastic stiffness (K;), the plastic stiffness (K;) and
the energy absorption index (E.A.l = the ratio of total area
under load-deflection curve to area under elastic part at the
same curve) are listed in Table 7.

For the specimens CFRP (C5, C6, C7, C8), the failure
mode for these specimens is brittle failure, and be different at
location with changing concrete compressive strength. Failure
location is changed from compression zone at concrete to
tension zone at tendons by increasing concrete compressive
strength. Using of concrete compressive strength with 35 Mpa
leads to significant improvement in the ductility,
deformability and low flexural capacity. As the concrete
strength for CFRP prestressed concrete increased, the p, and
E.A.l decreased. Using of high concrete compressive strength
with (50-60 Mpa) leads to slightly improvement in flexural
capacity with deceasing in ductility index p, and E.A.l by
about 25% and 15% respectively. It may be seen that, using of
concrete compressive strength with 45 Mpa leads to best
characteristics in both flexural capacity and serviceability
stages.

For the specimens AFRP (A5, A6, A7, A8), the failure
mode was brittle similar to the specimens of CFRP and its
location was changed from compression zone at concrete to
tension zone at tendons by increasing concrete compressive
strength. The use of concrete compressive strength (35-45)
MPa leads to low ductility, deformability and flexural
capacity. Using of high concrete compressive strength
(50-60) MPa leads to significant improvement in flexural
capacity, ductility and deformability.

As the concrete strength increased, the deformation
capacity of AFRP- prestressed beam as well as its ultimate
load capacity is increased. The ductility index of the
AFRP-prestressed beam with f,,=60MPa is found to be higher
than that of AFRP-prestressed beam with f,,=35MPa by about
50%. The energy absorption index E.A.l of the
AFRP-prestressed beam with f,,=60MPa is found to be higher
than that of AFRP-prestressed beam with f,,=35MPa by about
80%. The plastic stiffness of the AFRP-prestressed beam with
f,=60 MPa is found to be higher than that of
AFRP-prestressed beam with f,=35MPa by about 45%. It
may be seen that p, and E.A.l increases with an increase in
concrete strength for AFRP prestressed concrete.

For the specimens GFRP (G5, G6, G7, G8), the failure mode
is similar to the specimens of AFRP. Using of high concrete
compressive strength (50-60) Mpa leads to significant
improvement in flexural capacity, ductility and deformability.
Using of concrete compressive strength (35-45) Mpa leads to
low ductility, deformability and flexural capacity. As the
concrete strength increased, the deformation capacity of
GFRP- prestressed beam as well as its ultimate load capacity
is increased. The values of deformation capacity and energy
absorption index E.A.l are almost twice by reducing
increasing f., from 35MPa to 60MPa. The ductility index of
the GFRP-prestressed beam with f,,=60MPa is found to be
higher than that of GFRP-prestressed beam with f.,=35MPa
by about 85%. The plastic stiffness of the GFRP-prestressed
beam with f,=60MPa is found to be less than that of
AFRP-prestressed beam with f.,=35MPa by about 30%.

Table 6 Loads-Deflections values at variable f,

Speci. feu Po kN | Ay Pel Ag Py Ay
Mpa mm | kN | mm | kN mm
C5 35 107 3.4 117 5 209 | 485
C6 45 112 3.3 130 6.2 235 | 60.5
c7 50 113.6 2.9 140 8.2 245 61
C8 60 118.4 3.3 145 8.7 250 | 624
A5 35 105.6 35 116 6 180 49
A6 45 110 35 120 5.3 200 | 58.5
A7 50 112 34 120 4.7 210 | 59.8
A8 60 117.6 3.9 125 245 61
G5 35 100.4 3 110 5 170 | 49.1
G6 45 110.8 3.2 120 45 185 | 60.6
G7 50 115 34 125 5 195 87
G8 60 110 3.6 120 5.6 210 99
Table 7 Computed data at variable f,

Speci. Ua Q Ki Kp Ky/Ki | E.A.l | Failure mode
C5 9.7 1.78 | 15811 | 2106 | 0.13 | 17.36 | compression
C6 9.76 1.8 | 15663 | 1933 | 0.12 | 19.37 | compression
C7 744 | 175 | 13725 | 1988 | 0.14 | 15.24 tension
C8 717 | 1.72 | 13679 | 1955 | 0.14 14.8 tension
A5 8.17 | 155 | 13810 | 1488 0.1 14.06 | compression
A6 11.04 | 1.67 | 16216 | 1503 | 0.09 20.17 | compression
A7 12.72 | 1.75 | 17910 | 1633 | 0.09 | 23.61 | compression
A8 12.2 196 | 18382 | 2142 | 0.12 25.38 | compression
G5 9.82 | 155 | 15278 | 1360 | 0.09 | 16.59 | compression
G6 13.47 | 1.54 | 17910 | 1158 | 0.06 | 22.28 | compression
G7 174 1.56 | 18657 853 0.05 32.33 | compression
G8 1768 | 1.75 | 16438 | 963 0.06 | 36.18 | compression
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Load-tendon stress relations are drawn in Fig. 7, which
shows that CFRP tendon capacity has not fully used in
specimens C5 and C6 (waste of prestressing), but fully used in
C7 and C8 specimens. For AFRP and GFRP specimens
tendons capacity has not fully utilized.

e e e
* Vertical s ggiiedioud i
oe—————

Fig. 7: Load-tendon stress relations

C. Effect of prestressing Level (P)

To study the effect of prestress level of on flexural
response, nine specimens of CFRP, AFRP, and GFRP
strands, with prestress levels, 70%, 60%, and 50% were
investigated. Concrete strength f,,=35 MPa and tendon
eccentricity e=50 mm, while prestress reinforcement ratio p is
chosen 0.63% for CFRP, and 0.49% for AFRP, and GFRP to

obtain compression failure. Results are listed in Table 8,
Table 9, and load- deflection relations are plotted in Fig. 8.

For the specimens (C1, C9, C10, A2, A9, A10, G2, G9,
G10), the failure mode for these specimens was brittle failure,
differs at location with changing prestressing force. Failure
location is changed from compression at concrete to tension at
tendons by increasing prestressing force. The use of high
prestressing force (70%) leads to significant improvement in
flexural capacity with low ductility and deformability. The
use of prestressing force (50%-60%) leads to significant
improvement in ductility, deformability and flexural capacity.

The prestressing levels in FRP cables have significantly
affected the load-deflection responses of the prestressed
beams. From the results it is observed that the ultimate
deformation capacity increases for the lower prestressing
level.

On the other hand the ultimate load capacity slightly
increases by increasing prestressing level. The energy
absorption index of the CFRP-prestressed beam with P =50
%is found to be higher than that of CFRP-prestressed beam
with P = 60 % by about 25% and higher than that of
CFRP-prestressed beam with P = 70% by about 45%. The
ductility index of the CFRP-prestressed beam with P =50% is
found to be higher than that of CFRP-prestressed beam with P
= 60 %by about 20% and higher than that of
CFRP-prestressed beam with P = 70 % by about 50%.

The energy absorption index of the AFRP-prestressed
beam with P =50% is found to be higher than that of
AFRP-prestressed beam with P = 60% by about 20% and
higher than that of AFRP-prestressed beam with P % = 70 by
about 40%. The ductility index of the AFRP-prestressed beam
with P =50% is found to be higher than that of
AFRP-prestressed beam with P = 60 % by about 14% and
higher than that of CFRP-prestressed beam with P = 70% by
about 34%.The energy absorption index of the
GFRP-prestressed beam with P =50% is found to be higher
than that of GFRP-prestressed beam with P = 60% by about
10% and higher than that of GFRP-prestressed beam with P =
70% by about 50%. The ductility index of the
GFRP-prestressed beam with P % =50 is found to be the same
ductility of GFRP-prestressed beam with P = 60% and higher
than that of CFRP-prestressed beam with P = 70 % by about
37%.

It may be seen that p, and E.A.l decreases with an increase
in level of prestressing for all types of fibers.

Table 8 Loads-Deflections values at variable P%

SpeCi P Pcr Acr Pel AeI Pu Au

. % | KN | mm | KN | mm | kN | mm

C1 7 12 | 3.7 | 14 6 23 34.
0 8 5 3 6

C9 6 11 | 35| 12 | 5.2 | 22 | 45.
0 4 5 0 9

C10 5 10 ( 24 | 12 | 52 | 21 58
0 8 0 5

A2 7 11 | 36 | 13 6 19 54.
0 6 0 0 5
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A9 6 | 10 3 11 | 47 | 17 | 55.
0| 3 0 0 6
Al10 5|94 |34 | 10 | 46 | 16 | 63.
0 2 0 2
G2 7] 12 4 13 6 17 | 39
0 5 5 0
G9 6 | 10 | 33 | 11 | 47 | 16 | 48.
0| 3 2 0 9
G10 5192 35| 10 | 53| 15 | 54.
0 0 0 7
Table 9 Computed data at variable P%
Speci. Ha Q Ki Ko Ko/Ki E.Al Failure
mode
c1 5.76 161 | 16111 | 3081 | 019 | 9.27 | comp.
c9 8.83 176 | 16026 | 2334 | 015 | 154 | comp.
C10 1115 | 179 | 15789 | 1799 | 011 | 204 | comp.
A2 9.08 146 | 14943 | 1237 | 0.08 | 1472 | comp.
A9 11.83 | 155 | 15714 | 1178 | 0.075 | 195 | comp.
Al0 1374 | 158 | 15379 | 998 [ 0.065 | 23.87 | comp.
G2 65 126 | 15698 | 1060 | 0.068 | 9.67 | comp.
G9 10.4 143 | 15929 | 1097 | 0.069 | 16.38 | comp.
G10 10.32 15 13889 | 1012 | 0.073 | 1815 | comp.

* Horlzontalaxls  deflectioninmm)

Z‘ * Vertical axis (Appliedload ik )

Fig. 8: Load-deflection

The Load-Concrete Strains are shown in Fig. (9), it is
observed that concrete resistance has fully utilized at all
specimens for all types of fiber tendons. The Load - Tendons
Stresses are also shown in Fig. (10), for carbon tendons, it is
observed that tendon capacity had not fully consumed at all
specimens so we can say all of them are not economically
viable. For aramid tendons it is observed that tendon capacity
had not fully utilized at all specimens. The most economic one
is A2 which utilized about 81% from tendon capacity. For
glass tendons it is observed that tendon capacity had not fully
utilized at all specimens. The most economic one is G2 which
utilized about 83% from tendon capacity.
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Figure 10: Load-Tendon Stresses

VI. CONCLUSIONS

1- The flexural prestressing reinforcement ratio p, concrete
compressive strength f,, and initial prestressing force P%
affects the flexural behavior and failure modes of the concrete
beam models.

2- The increase of flexural prestressing reinforcement ratio p
for all types of FRP tendons increases load carrying capacity,
due to vital role of the tension prestressing reinforcement in
reducing crack width and prevent crack from developing at
low load levels.

3- For CFRP, and AFRP tendons, the optimum flexural
behavior attained at p =0.494 % for best characteristics in
both strength and ductility, while for GFRP tendons, the high
strength and ductility achieved at p = 0.633%.

4- For all types of fiber tendons, as the concrete compressive
strength increased, the load-carrying capacity increased.

5- For CFRP tendons to achieve high strength and ductility,
the concrete compressive strength (f,,) equal 45 MPa. While
for AFRP, and GFRP tendons, the optimum characteristics in
both strength and ductility achieved at f, equal (50-60) MPa.
6- For CFRP, AFRP and GFRP tendons the optimum flexural
behavior attained at P = (50%-60%) with significant
improvements in ductility.

7- Design of tension failure assumption in not recommended
for all types of FRP tendons.
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8- Design of balanced failure assumption is recommended
only for CFRP tendons at concrete compressive strength
equal 45 MPa with level of prestressing force (P) ranging
from (50-60)%.

9- Design of compression failure is recommended for all types
of FRP tendons at p=0.56 and P=60%. The preferable value
of f., for CFRP tendons equals 45 MPa, and 60 MPa for
AFRP and GFRP tendons.

10- Design for resisting dynamic loads and extreme loading
conditions such as earthquakes is preferred for all types of
tendons at f, equal 35 MPa, but the preferable values of P
and p respectively, for CFRP tendons equal 50% and 0.633,
for AFRP tendons equal 70 and 0.294 and for GFRP tendons
equal 70% and 0.19.
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