Influence of deformability behavior
in prestressed concrete beams using
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B Premature failure can occur in prestressed concrete
beams due to nonductile behavior of carbon-fi-
ber-reinforced polymer (CFRP) tendons.

B This article assesses the influence of deformability
behavior in flexure and serviceability properties of

CFRP prestressed concrete beams.

B Performance of prestressed CFRP beams was as-
sessed by experimental investigation.
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major challenge in the precast/prestressed
Aconcrete industry is premature failure of beams

due to corrosion in steel tendons. Hence, the
use of fiber-reinforced polymer (FRP) tendons in the
construction industry is growing despite their limitations
compared with steel tendons. FRP materials are strong,
light, and noncorrosive but perform poorly with regard
to creep and ductility. FRP’s stress—strain curve is lin-
ear; however, FRP prestressed concrete beams deviate
from this linear relationship beyond service loads. This
is because the beam absorbs some strain energy, which
can be measured as deformability behavior of an FRP
prestressed concrete beam. The strain ratio at ultimate
stage to service stage of the FRP tendon is less than that
of a steel tendon.

Burke and Dolan'? suggest a simplified method for cal-
culating the deformability of FRP prestressed beams that
uses a strain approach. American Concrete Institute (ACI)
440.4R-04° amends the strain approach. Deformability is
measured in terms of deformability index DI and is defined
as the ratio of ultimate strain & to prestressing strain g, at
service stage with the modification due to difference in the
neutral axis of elastic and inelastic behavior.

DI — (1-k)e,,
-2 ¢ ]
g, "

where



k = ratio of neutral axis depth to effective depth
d
a = rational parameter = pdf e
0.85f.

d = effective depth

B, = stress block factor for concrete
p = reinforcement ratio
f. = compressive strength of concrete

Burgoyne* states that beam deformability influences the
moment-curvature graph, which improves the behavior of
the beam in terms of flexure and serviceability.

This paper presents the findings of an experimental in-
vestigation on the influence of deformability behavior in
carbon-fiber-reinforced polymer (CFRP) prestressed con-
crete beams. Experimental results were compared with ACI
440.4R-04 design recommendations, the existing literature,
and proposed design modifications to improve perfor-
mance. In order to study beam deformability behavior, the
other influencing parameters were not varied. Good bonded
condition of the prestressing tendon without nonprestressed
steel at the tension side was considered for the experimen-
tal investigation.

Experimental program

Four beam specimens were cast with varying levels of
prestressing in the CFRP tendon and were then tested in a
laboratory.

Test specimen and setup

The beam specimens are rectangular with dimensions of
150 X 250 mm (5.9 X 9.8 in.) and 3100 mm (122 in.)
long. The beams were cast with void former using poly-
vinyl chloride (PVC) pipe and grout tubes to facilitate the
placing of posttensioning rods and grouting after stressing
the tendon. After the initial setting of concrete, the PVC
pipe and tube were removed. A CFRP tendon used as a
posttensioned rod was placed as a straight tendon and
stressed to 35% to 70% of ultimate load. Figure 1 shows
the simply supported beams with two-point loads consid-
ered in this study. The beam specimen was designed as a
tension-controlled member. The top reinforcement was
considered as a hanger bar to support shear links, and there
are no nonprestressed reinforcements provided at the bot-
tom. Shear stirrups made of 8 mm (0.3 in.) diameter bars
spaced at 150 mm (5.9 in.) were designed to avoid shear
failure during testing. The sandy surface of the tendon was
polished using sandpaper, and a strain gauge strip was at-
tached to the surface of the CFRP rod to measure the strain
during prestressing. Three dial gauges were mounted at the

bottom of the beam to measure deflection during testing
(Fig. 1). One dial gauge was located at midspan, and the
other two dial gauges were 500 mm (20 in.) to the left and
right of midspan. Pellets were fixed on the sides faces of
the beam (in the midspan zone) for 1 m (3.3 ft) in length
to measure the change in the curvature of the beam during
loading. Pellets were fixed at an interval of 100 mm (4 in.)
wide and 50 mm (2 in.) tall. Demountable mechanical
strain gauges were used to measure the strain at each pellet
node.

Test matrix

Four CFRP prestressed beam specimens were considered,
with the following percentages of effective prestress ap-
plied: 35%, 48%, 61%, and 70%. The position and number
of CFRP tendons were also varied to study the behavior of
beams with different conditions. Figure 2 shows the exper-
imental beam specimen configurations. In the specimen no-
menclature, B1 is the specimen number, 2 is the number of
tendons, H signifies horizontal (V is for vertical), and 0.61
is the percentage of effective prestress.

Material properties

The concrete mixture was designed for a cylinder compres-
sive strength of 40 MPa (5.8 ksi) and a cube compressive
strength of 50 MPa (7.2 ksi) and was confirmed by trial
mixture test results. Nine cube and cylinder specimens
were cast and tested at the time of stressing and testing of
the beams. The average test results achieved at 7 days and
28 days for the concrete cube compressive strengths were
50.8 and 61.3 MPa (7.37 and 8.89 ksi), respectively, and
tensile strength were 3.4 and 4.56 MPa (0.49 and 0.66 ksi),
respectively. The modulus of elasticity of concrete derived
from the test results were 37.7 and 38.6 GPa (5470 and
5600 ksi) for 7 and 28 days, respectively. CFRP bars with
a diameter 9.5 mm (0.37 in.) and an area of 71.3 mm?
(0.111 in.?) were used in this investigation. The tensile
strength of CFRP bars was 1896 MPa (275.0 ksi) for the
ultimate strain of 0.0153 and the modulus of elasticity
was 124 GPa (17,984 ksi). Both ends of the CFRP tendon
were connected with a splicer to protect the surface of the
tendon during stressing. The tensile strength of the steel
hanger bar and stirrups was 500 MPa (73 ksi) for the yield
strain of 0.0025, and the Young’s modulus was 200 GPa
(29,000 ksi).

Prestressing of CFRP tendons

Johnson® adopted special measures to protect the surface of
the CFRP tendons during stressing and anchorage. A sim-
ilar system was adopted for this study (Fig. 1). Both ends
of the beam specimen were connected with steel plates that
were 100 X 150 mm (4 X 5.9 in.) and 24 mm (0.94 in.)
thick to transfer the stress uniformly on both sides of beam.
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Figure 1. Beam configurations. Note: All measurements are in millimeters. 1 mm = 0.0394 in.

Threaded studs were connected to both ends of the CFRP E = Young’s modulus of carbon-fiber-reinforced
tendon to connect to a hydraulic jack for stressing. Schmidt polymer tendon

et al.® suggested clamping the anchor by bolting. Hence, a

similar approach was adopted of providing high-strength 0, = elongation of stud

nuts in threaded studs to lock the stress after posttension-

ing the tendons. A hydraulic jack with 99.64 kN (22.40 0, = elongation of CFRP tendon

kip) capacity was used for stressing the CFRP tendon. The

prestressing force on the tendon was attained by con- 0, = elongation of stud

trolling the elongation of the tendon during stressing. Total
elongation of the tendon and strut 6 was determined by the

following equation. Strain gauge strips attached to the prestressing bar were
used to measure the actual strain in the tendon. Immediate-
6= PLI(AE) = 0,+96,+38, ly after stressing the tendon, the cement grout was placed
through the grout tube. The loss of strain in the tendon was
where measured by the strain gauge before load was applied to
a member. Tendon slip and transfer length were measured
P = prestressing load and the tendon was considered in elongation. The effec-
tive prestressing force was calculated after considering all
L = length of CFRP tendon strain loss, as suggested by Tadros et al.” Table 1 shows the
effective prestressing force and corresponding elongation
A = area of CFRP tendon achieved.
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Table 1. Prestressing force and midspan deflection of beam

Elongation, mm

Beam type
CFBI1-2-H-0.61 30 3 164.8
CFB2-2-V-0.48 24 275 129.7
CFB3-1-H-0.35 18 24 475
CFB4-1-H-0.70 34 3 94.5

Effective stressing

Deformability Deflection at ultimate load, mm

1.83 39 31.9
2.36 44 40.2
2.88 34.80 30.95
1.36 22.0 1.8

Note: 8, = elongation of carbon-fiber-reinforced polymer tendon. 1kN = 0.225 kip.; T mm = 0.0394 in.

Beam specimen testing

A two-point load test was conducted for beam specimens
CFB1 to CFB4 on the 498.2 kN (112.0 kip)—capacity test
frame. The simply supported beams were loaded in incre-
ments of 5 kN (1.1 kip) until the first crack appeared in

the beam. The load increment was then reduced to 2.5 kN
(0.56 kip) during the cracking stage. A load cell was used
to measure the applied load and control the increment of
load. Three dial gauges were also used to measure the
deflections during testing. Demountable mechanical gauges
were used to measure the strain in the midspan zone of 1 m
(3.3 ft). Crack meters were used to measure crack widths.
Deflections and crack widths were recorded for each load
increment.

Experimental test results
and discussion

Flexural behavior

The flexural behavior of a member is measured based on
the cracking moment and final failure type at ultimate load.
The failure type is either rupture of the tendon or compres-
sion of the concrete. The experimental cracking moments
were approximately the same as the theoretical calculations
using the ACI 440.4R-04 method (Table 2), hence the
effectiveness of prestressing the tendon and the concrete

Table 2. Moment

Cracking moment M_, kN-m

cr

strength of the beam are achieved as per design calcula-
tions. The failures of beam specimens were observed as
ruptures of CFRP tendons, which resemble the design
consideration of tension-controlled members.

A load—deflection curve (Fig. 2) was plotted for beam
specimens CFB3 (35% prestress) and CFB4 (70% pre-
stress). A beam with a high percentage of prestress pro-
vides a greater cracking moment than a beam with a low
percentage of prestress; however, the ultimate moment is
almost equal for both cases. The failure loads at the ulti-
mate moment of the beams are almost equal. This shows
that the deformability behavior of CFRP tendons does not
influence the flexural strength of the member. However, the
graph of moment curvature did change with respect to the
deformability behavior of the prestressed beam. Swanson
and Dolan?® also predicted the moment curvature changes
with respect to the deformability behavior of the member.
The experimental ultimate moment is less than the theoret-
ical calculation, hence the multiplication of the utilization
factor as suggested by ACI 440.4R-04 should be used to
predict the design ultimate moment.

Serviceability behavior
Deflection The load—deflection behavior of a member is

not perfectly elastic despite the fact that CFRP materials’
stress—strain curve is linear to failure. The experimental

Ultimate moment M, kKN-m

Beam type
CFBI1-2-H-0.61 21.8 225 1.03 45.8 44.45 0.97
CFB2-2-V-0.48 18.2 17.5 0.96 441 435 0.98
CFB3-1-H-0.35 10.6 n.25 1.06 25.8 251 0.97
CFB4-1-H-0.70 16.0 16.5 1.03 252 25.2 0.99

Note: 1 kN-m = 0.738 kip-ft.
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Figure 2. Load-deflection curve of concrete-fiber-reinforced
polymer prestressed concrete beam. Note: E_ = Young’s

modulus of concrete; /g = gross moment of inertia of member.
Tmm = 0.0394 in.; 1 kN = 0.225 Kip.

test results showed that during unloading of beams within
service load, the deflection does not change at the same
rate as the loading. Table 1 shows the ultimate deflec-

tion values of the tested beams. The ultimate deflections
gradually increased with the increased deformability index
value. The deflection of the beams converged faster during
the cracking stage for the beams with a higher percent-

age of prestressing than those with a lower percentage of
prestressing. The load—deflection curve (Fig. 2) reveals that
the 35% prestressed beam deformed better than the 70%
prestressed beam. This is because 70% of the CFRP tendon
strength was used for prestressing and the remaining 30%
was used only for deflection during the cracking stage.
Similarly, the 48% prestressed beam fails in higher deflec-
tion than the 61% prestressed beam.

Deflections of beams by the ACI 440.4R-04 method and
Abdelrahman and Rizkalla’s’ method were compared with
experimental results (Fig. 2). These comparisons revealed
that both methods of deflection calculation underestimate
the experimental deflection value. The deflection error by
these methods was large when the deformability index of
a beam was smaller. The ACI 440.4R-04 maximum least
square error method, compared with the experimental
result (DI equal to 1.35), is 103.44. Hence, the deflection
models for FRP beams using the ACI 440.4R-04 and Ab-
delrahman models need modification to match the experi-
mental results.

Abdelrahman and Rizkalla’s experimental investigation
revealed that the nonlinear deflection curve between the
uncracked and cracked stages varies in relation to the
percentage of prestressing for beams with similar specifi-
cations that had the same percentage of CFRP tendon area.
Further, 50% prestressed beams perform better in defor-
mation than 70% prestressed beams. The influence of these
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deformability parameters on the load—deflection curve may
lead to shifts in the cracking moment and cracked moment
of inertia of members at failure load and the nonlinear
deflection curve pattern changes between the uncracked
and cracked stages.

Influence of effective moment
of inertia /., in deflection

Sunnal'® et al. proposed an improved Branson and Trost'"!?
equation for the effective moment of inertia by using the
reinforcement ratio and bond strength. They added two ad-
ditional rational parameters « and 3 to reduce the moment
of inertia.

where
M_ = cracked moment of resistance
= moment of resistance at ultimate load
I, = gross moment of inertia
I = cracked moment of inertia

Khalfalla'? also proposed two additional rational parame-
ters ¥, and ¥, to reduce the moment of inertia.

3 3
Mcr Mcr
Ieff = [Mn j ‘IIIIA' + 1_[ Mn J '{1216'!’

ACT 440.4R-04 has recommended an additional factor G,
allowing for the nonductile behavior of the CFRP bar to
soften the moment of inertia values.

3 3
M M
I, =| == | B,1,+|1-| == | |1,
7 [M"j ﬁd ! [M”j N
EI’

where
E = Modulus of elasticity of CFRP
E = Young’s modulus of steel

s

If E equals £, then 8, equals 0.5(1 + 1) or 1, which is
similar to the steel tendon 1, equation.



The ACI 440.4R-04 method of effective moment of iner-
tia value depends on the factor 8, and it is derived based
on steel Young’s modulus property. The moment curva-
ture interaction of beams prestressed with FRP tendons
is influenced by deformability, whereas the moment cur-
vature interaction of beams prestressed with steel tendon
is influenced by ductility. The ratio of deformability of
FRP tendons to ductility of steel tendons is not a unique
relationship in terms of Young’s modulus. Further, the
deformability of specific types of FRP tendons chang-

es with the percentage of prestressing and modulus of
rupture of concrete, but the ductility of steel is constant.
Hence, this ACI 440.4R-04 rational approach does not
provide any technical justification for calculating the
deflection.

Influence of neutral axis shift
in deflection

Branson and Trost assessed the effect of prestressing
eccentricity due to shift of neutral axis when a beam is in
the cracking stage. It leads to an increase in prestressing
moment and reduces the deflection’s rate of increase. The
shift of the neutral axis is nonlinear and varies with respect
to member stiffness and the tension stiffening effect of con-
crete due to the prestressed tendon.

Abdelrahman and Rizkalla studied this effect for FRP
prestressed beams. They suggest that the shift of the ef-
fective neutral axis distance of the beam from the extreme
compression fiber during the cracking stage Y, with
respect to M_ /M happens more slowly than with steel
tendons. This leads to a slower increase in prestressed
moment. They proposed the shift of the neutral axis
distance related to the square of M_/M based on experi-
mental test results.

2 2
M M
Yeff — cr Yg+ 1_ cr K-r
. Mn Mn

neutral axis distance measured from extreme com-
pression fiber of beam until first crack in concrete

~
1l

Y

cr

neutral axis distance at ultimate stage

Proposed mathematical model Past research predicted
that changes to the deflection pattern during the cracking
stage are related to the deformability behavior of FRP bars,
the percentage of prestressing, and the shift of the neutral
axis during the concrete cracking stage considering the
fully bonded member. The following mathematical deflec-
tion model is proposed considering various researchers’
recommendations:

*  Vogel, and Svecova'* observed that the pattern of
curvesof I _and Y, . with respect to M_ /M are not
irregular deviations and follow the same pattern of
curve, even under the influence of several parameters.

*  Borosnyoi and Balazs'>'® suggested that the deform-
ability behavior of FRP tendon and the bond strength
between the concrete and FRP tendon influences the
deflection behavior of FRP prestressed beams.

Hence, a numerical analysis was conducted by considering
the pattern of / _and Y _curves by varying the exponents

a and b to study the deflection behavior of CFRP-based
prestressed concrete beams. A new mathematical deflection
model proposed based on the literature study is as follows.

MY MY
I — cr I + 1 — cr ]
Eff [ Mn j g [ Mn j N
MY MY
Kﬁ — cr Yg + l — cr Ycr
h Mn M}’l

Exponents a and b for ; and Y curves are related to the
deformability and bond strength of the FRP tendon.

~

Numerical analysis The experimental results of specimen
CFB4-1-H-0.7 were selected to describe the numerical
method for calculating the optimum a and b values. Trial
values between 3 and 6 were selected for exponent a and
between 1 and 3 for exponent b. The values of a and b
were considered at intervals of 0.1, and the deflection of
the beam for each probable combination of a and b values
was calculated. There are 341 trials of deflection values
for each load increment, and the errors on each trial were
calculated with respect to experimental results. The errors
were either positive or negative values, so the least square
error was calculated for each trial by squaring the maxi-
mum and minimum errors.

Figure 3 shows plots of the least square deflection error
values of all of the trials to assess the convergence of the
lowest least square error. The error curve forms a convex
convergence shape. The deflection error is converging to
the experimental deflection results for the 1,, curve pattern
power coefficient a value of 4.5 to 5.5 for all possible
values of the ¥, 7 Curve pattern exponent b. The error
depends on dual-function parameters a and b. Hence, the
Lagrange dual-function convex optimization method was
used to predict the optimal solutions of exponents a and b
for the global optimum least square deflection error value.
Lagrange stated that there were many local minimum least
square error values for the various combination values of
a and b, hence the lowermost boundary of least square
error due to the dual function value of ¢ and b (Fig. 3)

~
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Figure 3. Least square error convergence for beam

CFB4-1-H-0.7. Note: a = exponent.

were detached from the source trails and then plotted the
same with respect to the values of a + b. This least square
curve was called the lower-bound convergence curve.

The optimal values of a and b correspond to the average
least square error in this convergence region (Fig. 3). The
deflection of beam CFB4 was calculated with the proposed
method using the optimal values of a and b. Figure 2 plots
the load—deflection curve. A similar procedure was adopted
for beams CFB1 to CFB3 and optimum values for a and

b. The load deflection by the proposed method was plotted
for beams CFB1 to CFB4 (Fig. 2). The proposed deflection
calculation was compared with the ACI 440.4R-04 deflec-
tion method (Fig. 2). ACI 440.4R-04 method of calculating
coefficient values of a equal to 3 and b equal to 2 led to
erroneous deflections compared with the deflections from
the experimental results and underestimated the actual
deflection.

Effective moment of inertia I,

The effective moment of inertia curve for beam
CFB4-1-H-0.7 is smoother than that given by the

ACI 440.4R-04 method (Fig. 4). The quicker shift of
effective moment of inertia for the low-deformability-in-
dex FRP beam is due to most of the strain being used
for prestressing the tendon and the balance of available
strain only being used to deform during the cracking
stage. Per the proposed method, the exponent is 4.80
instead of 3, as suggested in the ACI 440.4R-04 method.
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Shift of neutral axis distance Y,

The shift in neutral axis distance for the beam
CFB4-1-H-0.7 is less than that from the ACI 440.4R-04
method (Fig. 5). The slower shift of neutral axis is due

to high-tension stiffening of the beam in the tensile zone
during the cracked stage as a result of a high percentage of
prestressing.

The exponent b is 1.3 instead of 2 as suggested by Abdel-
rahman’s method.’

1.3 1.3
M M
Y(,ﬂ" — cr Yg + l_ cr Y(.r
' Mn Mn

Proposed a and b values

The numerical analysis as described was followed for beam
specimens CFB1 to CFB4 and determined the optimum a

compression Nber. mm

] 440 AR.04 method === Proposed nethod
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Figure 5. The neutral axis shift curve for beam CFB4-1-H-0.7
is slower than that given by the ACI 440.4R-04 method. Note:
b = power coefficient; D/ = deformability index; M_ = cracked

moment of resistance; M, = moment of resistance at ultimate
load; Y, = effective neutral axis distance of member from
extreme compression fiber during cracking stage. T mm =
0.0394 in.
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and b values. Both exponents a and b change with respect
to a member’s deformability index value (Fig. 6). The opti-
mal value of a is inversely proportional to the deformabili-
ty index value of the member. The exponent a is larger at a
low deformability index, which leads to a smoother curve
than what results from the high deformability index. The
high percentage of prestressing of an FRP tendon leads to
less balanced strain of a CFRP tendon g , where & equals
£, & The shift of effective moment of inertia is faster,
leading to a faster increase in deflection and earlier final
deflection than with a high deformability index.

The exponent b is directly proportional to the deformability
index value. The exponent b is larger at high deformability
index values, which leads to a faster rate of shift of neutral
axis due to less of a stiffening effect due to low prestress-
ing values.

The deflection based on experimental and numerical stud-
ies reveals that the deflection of CFRP prestressed beams is
influenced by the beam’s deformability behavior. Detailed

numerical studies are required to calculate the effective
moment of inertia and effective neutral axis distance by
considering many experimental test sample results to refine
the research and select optimum values for exponents a and
b.

Crack width

Experimental results showed that the concrete cracks were
developed below the neutral axis in the constant moment
zone in the region between the two point loads. The first
cracks started near the middle of the support, and then
further crack patterns developed. At a certain load, crack
patterns stabilized and no new cracks developed as the
load on the beam was increased. The existing cracks in the
FRP beam increased in depth instead of forming new crack
patterns.

Deng and Liang'” stated that FRP-reinforced beams exhibit
larger crack widths than beams reinforced with steel bars
due to the low modulus of elasticity of FRP tendon. Simi-
larly, larger crack widths were observed in the experimen-
tal results. Fewer cracks stabilized for the low-deforma-
bility-index beam than the high-deformability-index beam
(Fig. 7). There are four crack patterns for the beam with DI
equal to 1.35, whereas five crack patterns developed in the
beam with DI equal to 2.88. The average crack spacing for
the low-deformability-index beam was 323 mm (12.7 in.),
which is larger than the high-deformability-index beam
value of 258 mm (10.2 in.). Frosch!® stated that the crack
spacing of FRP tendons is greater compared with steel ten-
dons due to the development of less stiffness at the bottom
of the beam.

Weichen and Tan' stated that the crack stabilization load
P is reached more quickly for a low-deformability beam

Beam CFB3-1-H-0.35

Beam CFB4-1-H-0.70

Figure 7. Crack patterns.
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Figure 8. Crack width pattern of beams. Note: D/ = deforma-
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(Fig. 8) due to the high tensile stiffening of the concrete at
the bottom surface in beams with a high percentage of pre-
stress. The ratio of load at stabilized crack pattern to load
at first crack is 1.1 for a low-deformability-index beam
and 1.3 for a high-deformability-index beam. The high-de-
formability beam allows the stabilized crack pattern some
time to settle due to the slow and steady rate of increase of
strain in the FRP bar.

The crack pattern in Fig. 8 resembles the load—deflection
curve pattern. The rate of cracking increases slowly up to
the crack stabilization load and then increases linearly until
failure. The high-deformability-index beam crack width is
larger than that of the low-deformability-index beam.

Mertol et al.? stated that there is no durability require-
ment for allowable crack widths; however, it has to be
restricted according to the serviceability considerations
of the structure. CAN/CSA S806-02?! recommends a
permissible crack width of 0.5 mm (0.02 in.) to meet
serviceability requirements. The service loads corre-
sponding to a 0.5 mm crack width were calculated (Fig.
8). The service load P of the high deformability beam is
1.57 times greater than the first crack load P (Fig. 8). For
the low-deformability beam, P /P is smaller than for the
high-deformability beam; however, the net service load is
larger because the cracked load is larger compared with
the low percentage of prestress. A detailed crack width
study considering many test sample results is required
with respect to the deformability behavior of FRP pre-
stressed concrete beams.

Conclusion
The following conclusions were drawn based on this study:
*  The serviceability behavior of CFRP prestressed

concrete beams is influenced by the deformability
behavior of the beam.
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*  The proposed method is efficient for calculating
the deflection of a CFRP prestressed concrete beam
because it is based on the strain approach for calcu-
lating effective moment of inertia and shift of neutral
axis distance. The proposed load—deflection curve is
derived from experimental results.

¢ The balance strain & on a CFRP bar after prestress-
ing determines the effective moment of inertia of a
beam during the cracking stage. Hence, greater avail-
able balance strain leads to greater beam deforma-
bility, resulting in larger beam deflection and crack
width.

*  The prestressing strain &£ and bond strength of
concrete decide the rate of shift of the neutral axis
during the cracking stage of a beam. The prestressing
strain &, induces additional tension stiffening, which
slows down the rate of shift of neutral axis for the
fully bonded beam. Higher prestressing strain leads
to a slower rate of shift of neutral axis. The resistance
effect of prestressing moment is slower due to the slow
rate of increase of eccentricity, which leads to lesser
deflection and crack width at ultimate load.

e The shift of moment of inertia of an FRP-based pre-
stressed concrete beam is faster compared with a steel-
based prestressed concrete beam due to faster crack
stabilization. Crack stabilization of FRP prestressed
beams is faster for low-deformability-index beams
than for high-deformability-index beams; hence, it
leads to more crack spacing and less crack patterns for
the low deformability index beam. Therfore, a low-de-
formability-index beam reaches faster service load at a
0.5 mm (0.02 in.) crack width than a high-deformabil-
ity-index beam.

* Based on the study described in this article, the authors
conclude that deflection, crack width, crack spacing,
crack pattern, and crack stabilization are influenced
by the deformability behavior of fully bonded FRP
prestressed beams.

e  Detailed experimental and numerical studies of the
serviceability behavior of beams, considering a larger
number of experimental test samples, are required to
validate this proposed model.
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Notation

a exponent

A area of carbon-fiber-reinforced polymer tendon

b exponent

d effective depth

DI deformability index

E, Young’s modulus deformability index of
concrete

E Young’s modulus of carbon-fiber-reinforced
polymer tendon

E, Young’s modulus of steel

f. compressive strength of concrete

I, cracked moment of inertia of member

1, effective moment of inertia of member

I, gross moment of inertia of member

k ratio of neutral axis depth to effective depth

L length of the carbon-fiber-reinforced polymer
tendon

" cracked moment of resistance
f moment of resistance at ultimate load
P prestressing load
p load at first crack

cr
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m

ps

service load
load at crack stabilization stage

neutral axis distance of member from extreme
compression fiber at cracked stage

effective neutral axis distance of member from
extreme compression fiber during cracking

stage

centroid of member from extreme compression
fiber

rational parameter

rational parameter

stress block factor for concrete
softening factor

total elongation of tendon and stud
elongation of stud

elongation of carbon-fiber-reinforced polymer
tendon

elongation of stud

balance strain of carbon-fiber-reinforced poly-
mer tendon after prestressing

prestressing strain of carbon-fiber-reinforced
polymer tendon

ultimate strain of carbon-fiber-reinforced poly-
mer tendon

reinforcement ratio
rational parameter

rational parameter
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Abstract

An experimental investigation was conducted to study
the influence of deformability behavior in carbon-fi-
ber-reinforced polymer (CFRP) prestressed concrete
beams. The moment curvature of CFRP prestressed
beams does not follow the linear stress—strain curve,

showing that there is some amount of energy absorbed,
which influences the serviceability behavior of mem-
bers. Four beam specimens were cast, stressed at de-
formability index values varying from 1.35 to 2.88, and
tested. Numerical analysis was conducted using the
experimental results. It was concluded that the deform-
ability of beam influences the serviceability behavior
of the beam and proposed new deflection model. The
proposed model is an efficient method for calculating
deflection compared with the ACI 440.4R-04 method.
A design chart is suggested for calculating effective
moment of inertia and effective neutral axis distance.
The influence of the deformability index in crack
width, crack spacing, number of crack pattern, and
crack stabilization load are also described.

Keywords

Carbon-fiber-reinforced polymer, CFRP, crack stabi-
lization load, crack width, deflection, deformability,
effective moment of inertia, effective neutral axis.
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