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B This article reports on an investigation of the flexural
behavior of five 39.5 ft long (12 m) post-tensioned
beams with 0.76 in. diameter (19 mm) prestressing
carbon-fiber-reinforced polymer (CFRP) cables un-
der flexural monotonic and fatigue loading.

B At the ultimate load, the beams with unbonded
cables showed greater deformation compared with
the counterparts with bonded cables; however, the
flexural capacity of the unbonded beams was lower.

B Different analytical models for estimating the flexural
capacity of the beams were assessed against the
experimental results to determine the applicability
of these models to full-scale CFRP post-tensioned
beams.
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tion, rehabilitation, repair, and retrofitting of concrete

structures. Typically, high-strength steel cables are
the main type of reinforcement in prestressed concrete com-
ponents. However, steel corrosion is a problem for structures
exposed to chloride salts. Deteriorating structures require
annual inspection, rehabilitation, and, in many cases, early
replacement. Seven-wire steel cables are commonly used for
concrete prestressing applications and are usually stressed
to a high level exceeding 60% of the ultimate capacity.
Therefore, losing a small area of prestressing strand to cor-
rosion could lead to a substantial loss in strength.

Post—tensioning is effectively used for new construc-

In post-tensioned concrete structures, if the prestressing
steel ducts are left ungrouted, the tendons could be exposed
to water intrusion and atmospheric conditions leading to
corrosion. Even when the prestressing steel is grouted, voids
or cracks can lead to corrosion. Rigid grout is susceptible to
cracking and water penetration, whereas the use of flexible
grout involves practical challenges that currently limit its
widespread adoption.

Corrosion-free reinforcement with mechanical properties
similar to those of prestressing steel has been a research
subject for the last three decades. The main topic of this
research is the use of fiber-reinforced polymers (FRPs) as
alternate, nonmetallic types of prestressing reinforcement.
Among FRPs, carbon-fiber-reinforced polymers (CFRPs) are
the most suitable option because they have a greater tensile
strength and stiffness than other types of FRP. CFRPs have



been used in prestressing applications and have proved to be
a viable alternative to steel strands, especially in aggressive
environments where corrosion resistance is essential.'

Test results consistently indicate that while the overall be-
havior of CFRP-prestressed and steel-prestressed concrete
beams are similar, several significant differences must be
considered. These differences are primarily associated with
the linear-elastic nature of the CFRP reinforcement. The
load-deflection curve of a steel-prestressed concrete beam
exhibits three stages, which reflect the elastic (before and after
cracking) and inelastic properties. However, when CFRP is
used for prestressing, the concrete beam exhibits only two
stages: before cracking and after cracking up to the ultimate
load. Because the modulus of elasticity of CFRP is low
compared with that of steel, the curvatures and deflections
induced in CFRP are larger than those induced in steel under
the same level of flexural loading.? The deformation of CFRP-
prestressed concrete beams at the point of rupture of CFRP
tendons is smaller than that of the steel-prestressed concrete
beams due to strain hardening in steel.’?

As explained in the literature review section, below, a limited
number of studies investigated the behavior of full-scale
post-tensioned beams with unbonded prestressing CFRP.
Previous research showed that under fatigue loading, failure in
these types of beams typically occurs at the anchorage-tendon
assembly, which leads to a premature failure of the system.
Recently, there have been advancements in the tendon-anchor
assembly design, therfore the performance of the assembly
when used in full-scale beams with straight or draped profile
configurations is investigated in this paper. In addition, the
accuracy of the design guidelines to determine the ultimate
flexural capacity of CFRP post-tensioned beams was evaluat-
ed. This area of investigation is important, especially for un-
bonded post-tensioning, because no unified approach has been
established for estimating the tendon stress at ultimate load.

Literature review and previous
experimental studies

Flexural behavior

The flexural behavior of post-tensioned beams with un-
bonded CFRP tendons has not been studied as extensively

as that of prestressed beams with bonded CFRP tendons.
Unbonded post-tensioned beams deform more than bonded
post-tensioned beams as the force is transferred to the tendons
through the anchorages. However, the load-carrying capacity
of unbonded post-tensioned beams is generally less than that
of bonded beams. Moreover, a few wide cracks are formed in
unbonded cases while narrow cracks in bonded cases are dis-
tributed throughout the beam length.* Auxiliary (supplementa-
ry) bonded, unstressed reinforcement is added to the unbond-
ed post-tensioned beams to control crack widths. The failure
of unbonded post-tensioned beams is generally attributed

to concrete crushing, even if the prestressing reinforcement
levels are less than the balanced ratio of the correspond-

ing bonded post-tensioned concrete beams.’ The unbonded
tendons lead to the release of stresses at critical sections, and,
compared with the bonded tendons, they lower the average
stress (and hence the load) along the tendon’s length. As a
result, the ultimate strength of beams with bonded tendons is
greater than that of the unbonded counterparts regardless of
the tendon type (steel or CFRP).

Several experimental studies have investigated the internal ap-
plications of unbonded prestressing CFRP tendons in beams.
Most of these studies had beam lengths ranging from 6.6 to
10.5 £t (2.0 to 3.20 m), with beam depths ranging from 6 to 16
in. (150 to 410 mm) The results showed that unbonded beams
have an energy absorption prior to failure comparable to that
of the steel counterparts.**!1° Heo et al.'” reported that con-
crete crushing always occurred at the ultimate load regardless
of the type of auxiliary (unstressed) reinforcement (CFRP or
steel) used. Maissen and De Smet® showed that continuous
beams with unbonded prestressing CFRP tendons provided
the same level of deformability as those with steel tendons.
However, once the cable ruptures at the hinge forming above
the intermediate supports, the beams prestressed with bonded
CFRP tendons did not redistribute the moment as there was
no reserve capacity.

Previous tests*!!'? have demonstrated that the level of
prestressing, the prestressing reinforcement ratio, and the
presence of unstressed reinforcement in the tensile zone have
significant effects on the deformation of beams prestressed
with bonded CFRP tendons. Selvachandran et al." tested four
bonded post-tensioned beams with CFRP bars designed to fail
in tension under a simply supported condition. The results in-
dicated that the greater the prestressing force was, the greater
the cracking moment was. In addition, the prestressing force
did not affect the ultimate strength of the components, despite
their deformability. Grace et al."* comprehensively investi-
gated the design, construction, and monitoring of the longest
highway bridge span prestressed with a CFRP system in the
United States. They experimentally studied possible failure
modes of the CFRP-prestressed concrete beams and dis-
cussed design, construction, and field monitoring. The results
from experimental, analytical, and field data showed that the
bridge performed as expected under service loads with a high
reserved capacity.

Fatigue behavior

Existing research and design guidelines suggest that flexural
fatigue is not expected to be a governing limit state in the design
of CFRP-prestressed concrete beams because under service
loading conditions, the beams are expected to remain uncracked.
However, accidental overloading of the beam could lead to
cracking. The repeated opening and closing of the cracks due to
overloading could result in a reduced fatigue life of the CFRP
tendons. In previous studies,>'>!6 the beams were typically
precracked before the start of the fatigue cycles. The results
showed that fatigue had no significant effect on the load-car-
rying capacity and stiffness of the beams even under extreme
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environmental conditions. For unbonded post-tensioned beams,
there is no concentration of stresses at the cracks because the
stresses are averaged out along the tendon length. However, the
unbonded tendons experience stress concentrations at the anchor
locations, which may lead to their premature failure. Braimah

et al."” tested five unbonded post-tensioned concrete beams

with bonded non-prestressed GFRP bars under flexural fatigue
loading. It was observed that the failure of the prestressed CFRP
bars at the anchors initiated failure of the post-tensioned beams,
whereas the non-prestressed GFRP bars did not show any failure
during the fatigue loading.

External post-tensioning

An alternative approach for strengthening existing structures
is the unbonded post-tensioning of beams using tendons
placed outside the cross section of the member. Mutsuyoshi
and Machida,'® Grace and Abdel-Sayed,' Elrefai et al.,” Du
and Au,”' and Ghallab® investigated the flexural behavior of
beams with external prestressing CFRP and found that the be-
havior of these beams was similar to that of beams prestressed
with steel tendons. Grace et al.'? investigated the behavior of
multispan continuous CFRP-prestressed concrete bridges with
external longitudinal post-tensioning using draped tendons
and bonded transverse post-tensioning. They reported that a
progressive failure of the CFRP tendons was observed at the
ultimate load stage.

Deformability

Beams that are prestressed with CFRP do not exhibit ductility,
and the behavior under load is bilinear and elastic up to failure.
Traditional definitions of ductility relate some measure of a
beam’s deformation at ultimate (strain, curvature, deformation,
absorbed energy, etc.) to the same measure of its deformation
when the reinforcement yields. Because CFRP reinforcement
does not exhibit yielding, ductility cannot be determined in the
traditional sense. Therefore, deformability has been proposed
as a measure of the performance of beams reinforced or pre-
stressed with brittle reinforcements.>**** Generally, definitions
of deformability relate some measure of a beam’s deformation
at ultimate to its deformation under service loads. To predict
deformability, energy-based models are insensitive to the
magnitude of the ultimate deformation of the component. This
assumption may be appropriate for applications where energy
dissipation is a primary design consideration (for example,
seismic design). For concrete components with brittle rein-
forcement, Naaman and Jeong® developed Eq. (1), referred to
as the ductility index u, , which is based on energy parameters
assuming that the behavior of prestressed concrete beams is
fully elastoplastic. The ductility index is also applicable to
CFRP-prestressed concrete beams.

u = os(g—j (1)

ela

where

E = total energy under the load-deflection curve

tot
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E, = elastic energy, which is a part of the total energy
For bridge beams where energy dissipation is not a consid-
eration, deformability may be a more suitable parameter to
evaluate safety and performance. Studies?*?” show that the
inclusion of distinct deformation parameters, such as deflec-
tion at ultimate and deflection at cracking, in the deformability
index provides a reasonable measure of the performance of
the CFRP-prestressed beams. Abdelrahman et al.*® proposed a
model for the deformability of CFRP-prestressed beams u as
the ratio of the actual deformation at the ultimate state to the
equivalent deformation of the uncracked section at the same
load level as Eq. (2).

—_— Au 2
M= 4, @)
where
a4, = deflection at ultimate load
A4, = equivalent deflection of an uncracked section at the

same ultimate load
Experimental program

The work presented in this paper was completed as a part of
an NCHRP project.”® An article about the work on preten-
sioned beams was recently published in the PCI Journal.”

Test matrix

Five full-scale CFRP-prestressed concrete bridge beams were
constructed and tested under flexural loading. Two different
loading conditions were considered: monotonic flexure and
flexural fatigue. Table 1 shows the test matrix of the full-scale
beams included in the experimental program. Two beams
were grouted to represent the fully bonded case, whereas the
other three beams were left unbonded. Three beams were
tested under static loading up to failure. The other two beams
were tested under four-point bending flexural fatigue loading.
A draped tendon profile was used in the bonded beams, and
both straight and draped tendon profiles were studied in the
unbonded beams. Specimen designations to describe each
specimen were assigned:

e CPouDF = CFRP post-tensioned beam with unbonded
draped cables subjected to the flexural fatigue loading
condition

e CPouSF = CFRP post-tensioned beam with unbonded
straight cables subjected to the flexural fatigue loading
condition

e CPouSM = CFRP post-tensioned beam with unbonded
straight cables subjected to the monotonic flexure loading
condition

*  CPoDM#01 = CFRP post-tensioned beam with bonded



Table 1. Test matrix of beams prestressed with carbon-fiber-reinforced polymer (CFRP) cables

Type of prestressing
CFRP

Beam identifier

Type of prestressing

Prestressing

) Repetitions
CFRP profile

Type of loading

CPoDM#01 Post-tensioned bonded ;
Draped (D) Monotonic (M) 2
CPoDM#02 (Po)
CPouSF Cable Flexural fatigue (F) 1
Post-tensioned un- Straight (S) :
CPouSM Monotonic (M) 1
bonded (Pou)
CPouDF Draped (D) Flexural fatigue (F) 1

Note: CPouDF = CFRP post-tensioned beam with unbonded draped cables subjected to the flexural fatigue loading condition; CPouSF = CFRP

post-tensioned beam with unbonded straight cables subjected to the flexural fatigue loading condition; CPouSM = CFRP post-tensioned beam with

unbonded straight cables subjected to the monotonic flexure loading condition; CPoDM#01 = CFRP post-tensioned beam with bonded draped cables

subjected to the monotonic flexure loading condition (first specimen of this type); CPoDM#02 = CFRP post-tensioned beam with bonded draped

cables subjected to the monotonic flexure loading condition (second specimen of this type).

draped cables subjected to the monotonic flexure loading
condition (first specimen of this type)

e CPoDM#02 = CFRP post-tensioned beam with bonded
draped cables subjected to the monotonic flexure loading
condition (second specimen of this type)

Material properties

The precast concrete used in this research had a 28-day target
compressive strength of 9000 psi (62 MPa) for the deck and
the girder concrete. During each casting, standard cylinders (4
in. [100 mm] diameter and 8 in. [200 mm] in height) were cast.
according to ASTM C31, Standard Practice for Making and
Curing Concrete Test Specimens in the Field.*® These cylinders
were tested according to ASTM C39, Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens,’' to
determine the concrete strength for each beam.

The prestressing CFRP systems (including anchorages)

were acquired from one manufacturer. A 0.76-in.-diameter
(19-mm) seven-wire cable with a 0.289 in.? (186 mm?) effec-
tive area was used. The manufacturer reported that the design
tensile strength was 377 ksi (2600 MPa), the elastic modulus
was 23,200 ksi (160,000 MPa), and the maximum longitudi-
nal strain was 1.6%. Ten uniaxial tensile tests were conducted
on the prestressing CFRP cables in accordance with ASTM
D7205-06, Standard Test Method for Tensile Properties of
Fiber Reinforced Polymer Matrix Composite Bars.** The
cables were instrumented with a noncontact optical extensom-
eter for the measurement of elongations. In addition, five of
the test specimens were instrumented with a contact exten-
someter and strain gauges. The strain gauges were installed
on one of the individual wires along the axis of the cable.
The contact extensometer was removed when the tensile load
on the specimen reached 60% of the expected capacity. The
minimum and maximum tensile strengths were recorded as
106.0 and 110.7 kip (471.5 and 492.4 kN), respectively. The
mean tensile strength was calculated as 109.1 kip (485.3),
and the standard deviation was found to be 1.3 kip (5.8 kN).

Accordingly, the guaranteed tensile strength of the pre-
stressing CFRP cables, defined as the mean tensile strength
minus three standard deviations, was 105.2 kip (467.9 kN).
The characteristic value was calculated as 102 kip (454 kN)
according to ASTM D7290, Standard Practice for Evaluating
Material Property Characteristic Values for Polymeric
Composites for Civil Engineering Structural Application.™

A high-strength, nonshrink cementitious grout was used

for grouting all the prestressing CFRP cables of the two
post-tensioned beams to create the bonded cases. The grout
compressive strength at 28 days was 15,000 psi (103 MPa).
A corrugated polypropylene duct was used for the construc-
tion of all post-tensioned beams. The inner diameter of the
duct was 2 in. (50 mm). The duct size was controlled by the
preattached sockets on the CFRP cable, rather than the cable
diameter. The cables were provided by the manufacturer with
the preattached sockets.

Specimen design and fabrication

All beams were fabricated at a precast concrete plant. The
beams were 39.5 ft (12.0 m) long and 28 in. (710 mm) deep
with an AASHTO Type I cross-sectional geometry having a
36 in. (910 mm) wide, 8 in. (200 mm) thick composite cast-
in-place concrete slab. Figures 1 and 2 present the cross-sec-
tional geometry of the test beams. The beam cross section and
span were selected to result in a shear span-to-depth ratio a/d
of approximately 7.0, which was sufficient to study the flexur-
al behavior of such a system. All the beams were designed to
prevent premature shear failures and ensure a flexural failure.
Figure 3 shows the typical reinforcement details for the beam
with draped cables. Other beams had similar reinforcing
details.

The preattached anchorage system consisted of a threaded
stainless steel socket. The steel socket was 16.5 in. (419 mm)
long with threads on both the outer and the inner surfaces. An
expansive cementitious grout was used to fix the prestressing
CFRP inside the socket, where the internal threads provided
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Figure 1. Typical details for full-scale post-tensioned concrete beams with straight cables. Note: CFRP = carbon-fiber-reinforced

polymer. No. 4 = 13M. Tin. = 25.4 mm; 1 ft = 0.305 m.
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Figure 2. Typical details for full-scale post-tensioned concrete beams with straight and draped cables. Note: CFRP = carbon-fi-
ber-reinforced polymer. 1in. = 25.4 mm; 1 ft = 0.305 m.
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Figure 3. Typical reinforcement details for full-scale post-tensioned concrete beams with draped cables. Note: CFRP= carbon-fi-
ber-reinforced polymer. No. 3 =10 M; no. 4 =13M; no. 5 = 16M; no. 6 = 19M. 1in. = 25.4 mm.

PCIl Journal | January-February 2024




additional resistance against the slippage of the prestressing
CFRP. The cables were instrumented and inserted inside the
ducts. Depending on the available lengths of the duct, cou-
plers were used to connect two pieces of the same duct and
heat-shrinkable tubular sleeves were used for sealing the con-
nection. Both longitudinal and transverse steel were inserted
around the ducts. After completing the reinforcement cages,
the lifting points were added, and the steel forms were placed
onto the casting bed to start casting.

For bonded post-tensioned beams, grouting saddles were at-
tached to the ends and middle of each duct to provide inlet and
outlet points. The ends of each duct were connected to a slip-on
coupler because the available space between the duct and the
socket was not sufficient to encapsulate the socket with grout
and to allow the air to flow out freely. Two outlets and one inlet
were installed on the ducts. The inlet was in the middle of the
beam, and the outlets were at each end of the duct.

The post-tensioning was performed at the precasting plant
immediately after the forms were removed and before the in-
stallation of the slab forms. The target jacking load in each of
the CFRP cables was 60 kip (270 kN), the equivalent of 60%
of the design breaking load provided by the manufacturer. The
threaded stainless steel socket was anchored by a nut. The
expected seating losses were minimum with insignificant slip-
page. In the field, measurements were conducted to determine
the anchorage seating losses, and they were found to be less
than 1.0% of the jacking force. The composite slab was cast
immediately after the post-tensioning. After sufficient curing,
the beams were transported to the structural testing laboratory.

Loading protocols

In the monotonic flexural testing, a seating load of 32 kip
(140 kN) (approximately one-third of the cracking load) was

100

applied to the beam to eliminate the initial slack of the load
application system. The load was then released to 18.2 kip
(81.0 kN) to finalize the seating, and the actual loading proto-
col was initiated. The beams were then tested in displacement
control mode.

In most of the published literature,'”*** beams reaching 2.3
million cycles were identified as “run-out” tests with an appar-
ently infinite fatigue life. The two beams tested under fatigue
loading reached the 2.3 million cycles and were tested mono-
tonically to failure to evaluate their residual capacities. The
fatigue loading was stopped intermittently, and a monotonic
flexural test was conducted within the elastic range to evaluate
stiffness degradation of the beams due to cyclic loading. The
flexural fatigue testing procedure was performed as follows:

1. The beam was loaded monotonically until the first crack
to simulate the accidental overload (Fig. 4).

2. The load was removed, returning the beam to its original
position.

3. The beam was loaded from the lower limits of fatigue
loading (13 kip (58 kN) or 20% of cracking load and
20 kip [89 kN] or 28% of cracking load for CPouSF
and CPouDF, respectively) to the upper limits of fatigue
loading (65 and 72 kip [290 and 320 kN], for CPouSF
and CPouDF, respectively), which constituted the crack-
ing load of the beams. The lower limits of the fatigue
loading were calculated by subtracting the fatigue truck
moment (using a girder distribution factor GDF = 1) from
the cracking moment.

4. Every 500,000 cycles, the fatigue test was stopped, and
the beams were tested twice under monotonic loading
up to the upper fatigue limit. The applied load, vertical

= Fatigue loading

90 4 === |nitial momtonic loading

80 4 First crack

70 A
60 -
50 A
40
30 A

Applied load, kip

20 A I Aniaiia A
Lower limit

10 4

Upper limit

52 kips

Loading protocol

Initial crack pattern

Figure 4. Loading protocol for flexural fatigue testing. Note: 1 kip = 4.448 kN.

PCl Journal | January-February 2024




deflections, prestressing tendon strains, and crack widths
were measured.

5. The fatigue test was resumed until the next target number of
cycles (1 million, 1.5 million, 2 million, and 2.3 million).

6. The beams were then loaded to failure under monotonic
loading after reaching the target maximum number of
cycles.

Instrumentation

All beams were instrumented with various types of sensors

to monitor flexural behavior. Conventional load cells, linear
variable differential transformers, string potentiometers, and
strain gauges were used at different locations to measure

the applied load, deformations, crack widths, and strains.

In addition to conventional instrumentation, a noncontact
measurement system was used to monitor the local and global
behavior of the beams. Specifically, a three-dimensional (3-D)
digital image correlation system and a 3-D point measurement
system were used. Both systems were used, in addition to the
conventional measuring devices, to measure the beam defor-
mation. Figure 5 shows the locations of both systems as well
as conventional sensors used to measure the displacements.

Results
Fatigue loading

Both unbonded CFRP post-tensioned beams, CPouSF
(straight cables) and CPouDF (draped cables), were tested
under fatigue loading. Both beams survived the target fatigue
cycles of 2.3 million, and they were then monotonically tested
to failure. Figure 6 shows the effect of fatigue loading on the
stiffness of both beams. The change in the beams’ stiffness
was not significant when compared with the initial stiffness.

Monotonic loading

Figures 7 and 8 present the load-deflection curves from

the monotonic tests of all five post-tensioned beams. As
mentioned earlier, the parameters included in the experi-
mental program were the bond condition, cable profile, and
flexural loading type. The overall behavior of the beams
was piece-wise linear with two distinct stiffnesses up to
failure. The initial stiffness of the beam reduced after the
crack opening and remained almost constant up to the
ultimate load. Concrete crushing failure was observed at the
ultimate load for all unbonded post-tensioned beams (Fig.
7), whereas the bonded beams failed due to the rupture of
the prestressing CFRP cables (Fig. 8). All the unbonded
post-tensioned beams except for CPouSF reached almost
the same peak load level. CPouSF had a 10% less capaci-
ty compared with the similar CPouSM beam. This finding
shows the effect of the fatigue loading cycles on the concrete
strength. Additionally, the effect of having draped cables on
the capacity was insignificant despite that the capacity of the
beam with draped cables was slightly higher than the beams
with straight cables. This higher capacity was a result of the
higher effective prestressing forces in the beam with draped
cables. Figure 8 shows the effect of the bond condition. The
beams with bonded cables CPoDM#01 and CPoDM#02
showed an approximately 20% higher capacity than the
similar unbonded beam CPouDF. Finally, the influence of
the effective prestressing force is evident when the two
bonded post-tensioned beams are compared, as the beam
with a higher effective prestressing force showed a higher
cracking load and less deflection despite having the same
peak loads as the other beam.

The deflection profiles were obtained from the string poten-
tiometers located along the beam length. Figure 9 shows
the deflection profiles for each post-tensioned beam at two
stages of the experiments: the first stage was at 5 in. (130

3D digital image
correlation system

3D point measurement system ‘

1 1 KR

Figure 5. Locations of noncontact instrumentation and string potentiometers.
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Figure 7. Load-deflection response for unbonded post-tensioned concrete beams with prestressing carbon-fiber-reinforced
polymer (CFRP). Note: CPouDF = CFRP post-tensioned beam with unbonded draped cables subjected to the flexural fatigue

loading condition; CPouSF = CFRP post-tensioned beam with unbonded straight cables subjected to the flexural fatigue loading
condition; CPouSM = CFRP post-tensioned beam with unbonded straight cables subjected to the monotonic flexure loading

condition. 1in. = 25.4 mm; 1 kip = 4.448 kN.

mm) deflection at midspan, and the second was at peak load.
The results showed a concentration of rotation at the con-
stant moment region for all beams. When the net deflection
equaled 5 in. (Fig. 9) at the midspan, the deflection profiles
for unbonded and bonded beams were comparable, with a
slight increase for the bonded beams at other locations. At the

peak load (Fig. 9), the unbonded post-tensioned beams had a
higher deflection, acting similar to a shallow tied arch, which
was similar to the behavior of unbonded post-tensioned
beams with prestressing steel.*> The bonded post-tensioned
beams maintained their deflected shape until the ultimate
load.

PCl Journal | January-February 2024




200 ~
1: Initial Cracking
2
160 2: Tendon Rupture
3: Concrete Crushing
3
120 A
2
3
k-1
©
o
o 80 |
2
a
Q
<
40 A m———Jnbonded post-tensioned beam-CPoSM
e Bonded post-tensioned beam-CPoDM#01
m— Bonded post-tensioned beam-CPoDM#02
0 T T T T T T d

0 2 4 6 8 10 12 14

Net deflection, in.

Figure 8. Load-deflection response for unbonded post-tensioned concrete beams with prestressing carbon-fiber-reinforced
polymer (CFRP). Note: CPouSM = CFRP post-tensioned beam with unbonded straight cables subjected to the monotonic flexure

loading condition; CPoDM#01 = CFRP post-tensioned beam with bonded draped cables subjected to the monotonic flexure
loading condition (first specimen of this type); CPoDM#02 = CFRP post-tensioned beam with bonded draped cables subjected
to the monotonic flexure loading condition (second specimen of this type). 1in. = 25.4 mm; 1 kip = 4.448 kN.
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Figure 9. Deflection profiles of the carbon-fiber-reinforced polymer post-tensioned concrete beams. Note: CFRP = carbon-fi-
ber-reinforced polymer; CPouDF = CFRP post-tensioned beam with unbonded draped cables subjected to the flexural fatigue
loading condition; CPouSF = CFRP post-tensioned beam with unbonded straight cables subjected to the flexural fatigue loading

condition; CPouSM = CFRP post-tensioned beam with unbonded straight cables subjected to the monotonic flexure loading
condition; CPoDM#01 = CFRP post-tensioned beam with bonded draped cables subjected to the monotonic flexure loading
condition (first specimen of this type); CPoDM#02 = CFRP post-tensioned beam with bonded draped cables subjected to the
monotonic flexure loading condition (second specimen of this type). 1in. = 25.4 mm; 1 ft = 0.305 m.

Table 2 shows the deformability indexes calculated from formability index, which is questionable. When the defor-

the two different methods, the energy-based model proposed mation-based method was used, the deformability index was
by Naaman and Jeong® and the deformation-based model higher for the unbonded beams than for the bonded beams.
proposed by Abdelrahman et al.*® A drawback of the energy In addition, the bonded beam with a higher prestressing ratio
method is that it does not differentiate between the unbonded (CPoDM#1) showed a lower deformability compared with the
and bonded beams. When this method was used, the bonded one with a lower prestressing ratio (CPoDM#2).

beams with different prestressing ratios had the same de-
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Table 2. Summary of the test results of the full-scale beams

Predicted load capacity,

Ultimate Kip Deformability index

) > Cracking Failure
Beam identifier . Naaman
load, kip Deflection, | Mmode AASHTO LRFD | Abdelrahman and
in. specifications et al.
Jeong

CPouSM 61 135 9.9 14.4 1.21
Concrete

CPouSF 65 122 7.4 ) 144.7 104.2 10.8 1.33
crushing

CPouDF 72 143 8.9 12.4 1.26

CPoDM#01 81.4 175 5.2 Cable 6.4 1.23

151.6 n/a
CPoDM#02 62.8 174 6.7 rupture 9.5 1.26

Note: CPouDF = CFRP post-tensioned beam with unbonded draped cables subjected to the flexural fatigue loading condition; CPouSF = CFRP

post-tensioned beam with unbonded straight cables subjected to the flexural fatigue loading condition; CPouSM = CFRP post-tensioned beam with

unbonded straight cables subjected to the monotonic flexure loading condition; CPoDM#01 = CFRP post-tensioned beam with bonded draped cables

subjected to the monotonic flexure loading condition (first specimen of this type); CPoDM#02 = CFRP post-tensioned beam with bonded draped

cables subjected to the monotonic flexure loading condition (second specimen of this type); n/a = not applicable. 1in. = 25.4 mm; 1kip = 4.448 kN; 1 ksi

= 6.895 MPa.

During the experiments, the unbonded cable force was
contiously measured and recorded via a load cell attached

to the dead end of a selected cable in each beam while the
strain of the bonded cables was recorded through preattached
strain gauges. Two of the unbonded cables of beams CPouDF
and CPouSM were equipped with the load cells. Figure 10
compares the increase in the cable force with the increasing
applied load for both beams (straight and draped). At the same
applied load level or displacement, the bonded cables experi-
enced a greater increase in the cable force compared with the
unbonded cables. The rate of increase in the unbonded cable
load at the bottom was the same for CPouSM and CPouDF.

180
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120

1
1
Fm—————
1
1

Applied Load, kip
o ©
o O

: | ——CPouSM
30 4 oo i+ =———CPouDF
0 ! ! e CPODM#02

0 10 20 30 40 50
Increase in cable force, kip

Top cable

Additionally, in the top cable, which was straight in CPouSM
and draped in CPouDF, the rate of increase was similar. The
location of the cable significantly affected the cable force. The
force in the bottom cable was almost 60% greater than that in
the top cables.

The unbonded post-tensioned beams failed due to concrete
crushing. Once the beams reached the ultimate point, the
load dropped with a reserve in the load-carrying capacity.
In contrast, the bonded post-tensioned beams failed due to
the rupture of the CFRP cables. Figure 11 shows the failure
modes of the bonded and unbonded post-tensioned beams.

e CPouDF
e CPoDM#02

30 40 50
Increase in cable force, kip

Applied Load, kip

Bottom center cable

Figure 10. Applied load versus increase in cable force for various cables of post-tensioned concrete beams. Note: CPouDF =
CFRP post-tensioned beam with unbonded draped cables subjected to the flexural fatigue loading condition; CPouSM = CFRP
post-tensioned beam with unbonded straight cables subjected to the monotonic flexure loading condition; CPoDM#02 = CFRP
post-tensioned beam with bonded draped cables subjected to the monotonic flexure loading condition (second specimen of

this type). 1 kip = 4.448 kN.
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CPoDM#02

CPoDM#01 CPouDM

Figure 11. Failure modes of post-tensioned concrete beams with prestressing carbon-fiber-reinforced polymer. Note: CFRP =
carbon-fiber-reinforced polymer; CPouDF = CFRP post-tensioned beam with unbonded draped cables subjected to the flexural
fatigue loading condition; CPouSF = CFRP post-tensioned beam with unbonded straight cables subjected to the flexural fatigue
loading condition; CPouSM = CFRP post-tensioned beam with unbonded straight cables subjected to the monotonic flexure
loading condition; CPoDM#01 = CFRP post-tensioned beam with bonded draped cables subjected to the monotonic flexure
loading condition (first specimen of this type); CPoDM#02 = CFRP post-tensioned beam with bonded draped cables subjected
to the monotonic flexure loading condition (second specimen of this type).

The monotonic tests of the full-scale beams were done in was like the behavior exhibited by unbonded beams post-ten-
stages to track crack propagation and allow for crack-width sioned with prestressing steel as documented by Mattock et
measurements. In the unbonded post-tensioned beams, a few al.* However, for bonded prestressed beams, the cracks were
concentrated wide cracks were observed, which branched spread over approximately a quarter of the length from the
into smaller cracks under additional loading. This behavior center of the beam on each side.
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Figure 12 compares the maximum crack-width measurement Evaluation of analytical models for

versus applied loads for both bonded and unbonded post-ten- moment capacity

sioned beams. The crack width in the unbonded beams was

seven times larger than that of the bonded beams. Figure 13 Bonded post-tensioned beams

shows a schematic crack distribution for the full-scale

post-tensioned beams at the ultimate load. An approach like that set forth in the American Concrete
Institute’s Prestressing Concrete Structures with FRP
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Crack width, in.

Figure 12. Maximum crack width for two post-tensioned concrete beams obtained from the digital image correlation system or

point tracking system against the applied load. Note: 1in. = 25.4 mm; 1 kip = 4.448 kN.
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Figure 13. Crack patterns in the monotonic tests of the full-scale carbon-fiber-reinforced polymer (CFRP)-prestressed concrete
beams at ultimate load. Note: CPouDF = CFRP post-tensioned beam with unbonded draped cables subjected to the flexural
fatigue loading condition; CPouSF = CFRP post-tensioned beam with unbonded straight cables subjected to the flexural fatigue
loading condition; CPouSM = CFRP post-tensioned beam with unbonded straight cables subjected to the monotonic flexure

loading condition; CPoDM#01 = CFRP post-tensioned beam with bonded draped cables subjected to the monotonic flexure
loading condition (first specimen of this type); CPoDM#02 = CFRP post-tensioned beam with bonded draped cables subjected
to the monotonic flexure loading condition (second specimen of this type); L = length of the tendon between the anchorages;

P = |load.
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Tendons (ACI 440-4R)* was used to calculate the flexural
capacity of the beams. The calculation started by assuming
a location for the neutral axis and comparing it with the

one obtained from the balanced condition to determine the
failure mode. For sections failing by concrete crushing, the
ultimate compressive strain was assumed to equal 0.003. The
tendons located at the extreme tension layer were assumed
to reach the rupture strength. The forces in the other tendons
and concrete strains were obtained accordingly based on
strain compatibility. For both cases, the rectangular stress
block parameters o, (multiplier for concrete strength) and
B, (multiplier for the neutral axis depth) were calculated ac-
cording to the American Association of State Highway and
Transportation Officials’ AASHTO LRFD Bridge Design
Specifications.*

Unbonded post-tensioned beams

Two models were used to calculate the load in the unbonded
cables at the ultimate point. The first model, adopted by ACI
440-4R, is based on the work done by Naaman and Alkhairi*®
and uses the strain reduction approach. The second model

is that in AASHTO LRFD specifications, which is based on
the work of MacGregor? for prestressing steel and uses the
failure mechanism approach. These models were originally
developed for unbonded prestressing steel tendons with the
assumptions that the steel will not reach the nonlinear stage
and that the elastic modulus of steel can be used to predict
the stress in the tendons.*** Given the linear-elastic nature
of CFRP, these models can be used to predict the load in un-
bonded tendons at the ultimate point according to the proce-
dures described herein.

ACI 440-4R recommends a model for calculating the load
in unbonded CFRP tendons. The total force in the unbonded
tendon fp ,can be calcuated by Eq. (3).

fpf:fpe+Afpf:fpe+!2uEpgce[?] (3)

where

Ji)e = effective stress in prestressing steel at the section
under consideration after all losses

Q, = strain reduction factor

E, = prestressing CFRP tendon elastic modulus

€, = concrete compressive strain

dp = depth of the tendon from the extreme compression
fiber

c = distance from the extreme compression fiber to the

neutral axis

The recommended strain reduction factor Qu can be calculat-
ed by Eq. (4) for one-point loading and Eq. (5) for third-point
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or uniform loading.

1.5
Q= T (one-point loading) “4)
d]
P
3.0
Q= T (third-point or uniform loading) (®)]
P
where
L = length of the tendon between the anchorages

The AASHTO LRFD specifications recommend Eq. (6), a
simplified equation for calculating the stress at the ultimate
state va . for unbonded prestressing steel tendons.

fpszfpe+9oo[dp£_c]gﬁ]y ©6)
where
L, = effective tendon length = Wls/z)
]; . = yield strength of prestressing steel
L, = length of tendon between anchorages
N, = number of support hinges crossed by the tendon

between anchorages or discretely bonded points

Eq. (6) is modified as Eq. (7) to account for the prestressing
CFRP properties and presented for the simply supported

beams.
s g
where
n = modular ratio = ES/E,,f
]; . = ultimate tensile strength of the CFRP tendon
E = prestressing steel elastic modulus

s

Figure 14 plots the experimentally obtained moment
capacities against the predicted capacities from the ana-
lytical procedures. For bonded post-tensioned beams, the
predicted values from both ACI 440-4R and the AASHTO
LRFD specifications showed a good correlation with the
experimental results. However, for the unbonded beams, the
values predicted based on ACI 440-4R were better correlated
with the experimental results. Generally, predictions based
on the AASHTO LRFD specifications were conservative.
The ACI 440-4R model was adopted in the AASHTO Guide
Specifications for the Design of Concrete Bridge Beams
Prestressed with Carbon Fiber-Reinforced Polymer (CFRP)
Systems.*
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Figure 14. Experimental capacities versus the predicted values for post-tensioned concrete beams with carbon-fiber-reinforced

polymer cables. Note: 1 kip-ft = 1.356 kN-m.

Conclusions

This paper presents the results of experiments on five full-
scale beams post-tensioned with prestressing CFRP tendons
and tested under monotonic and fatigue loading. The main
findings include the following:

e The flexural capacity of bonded beams with prestressing
CFRP was 20% higher than the flexural capacity of the
unbonded post-tensioned beams.

e The CFRP-prestressed beams showed significant de-
formability before failure, and the deformability of the
unbonded beams was 10% to 130% greater than the
deformability of the bonded counterparts.

*  The bonded and unbonded beams showed distinctly
different crack patterns. The unbonded post-tensioned
beams showed a few concentrated wide cracks whereas
cracking in the bonded beams spread over almost the
entire beam length.

e The 2.3 million load cycles in fatigue tests did not affect
the stiffness or anchorage performance of the CFRP-
prestressed beams.

e The procedures adopted by ACI 440-4R to predict the
flexural moment capacity of bonded and unbonded
post-tensioned beams correlated well with the test results.
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Notation
ald

= shear span-to-depth ratio

c = distance from the extreme compression fiber to the
neutral axis

dp = depth of the tendon from the extreme compression
fiber

E, = elastic energy, which is a part of the total energy

E = prestressing carbon-fiber-reinforced polymer ten-

of
don elastic modulus

Es = prestressing steel elastic modulus

E, = total energy under the load-deflection curve

]; . = effective stress in prestressing steel at the section
under consideration after all losses

]; ; = total force in the unbonded tendon

]; . = stress at the ultimate state

]; . = ultimate tensile strength of the carbon-fiber-rein-
forced polymer tendon

]; . = yield strength of prestressing steel

GDF = girder distribution factor

L, = effective tendon length

L, = length of tendon between anchorages

L = length of the tendon between the anchorages
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n = modular ratio

N, = number of support hinges crossed by the tendon
between anchorages or discretely bonded points

P =load

a = rectangular stress block parameter multiplying
concrete strength

B, = rectangular stress block parameter multiplying
neutral axis depth

€ = concrete compressive strain

A = equivalent deflection of an uncracked section at the
same ultimate load

a4, = deflection at ultimate load
u = deformability of CFRP-prestressed beams
u,, = ductility index

= strain reduction factor
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Abstract

This article reports on an investigation of the flexur-
al behavior of post-tensioned composite AASHTO
beams under flexural monotonic and fatigue loading.

Five 39.5-ft-long (12-m) post-tensioned beams with
0.76-in.-diameter (19-mm) prestressing carbon-fi-
ber-reinforced polymer (CFRP) cables were studied.
Three beams were post-tensioned with unbonded
cables, and the other two beams were post-tensioned
with bonded cables. The fatigue resistance and the
effect of tendon profile (straight versus draped) were
investigated. The results showed that the two beams
with unbonded tendons survived 2.3 million fatigue
cycles with an insignificant effect on the deformation
and stiffness of the beams. At the ultimate load, the
beams with unbonded cables showed greater defor-
mation compared with the counterparts with bonded
cables; however, the flexural capacity of the unbond-
ed beams was lower. Different analytical models for
estimating the flexural capacity of the beams were
assessed against the experimental results to determine
the applicability of these models to full-scale CFRP
post-tensioned beams.

Keywords

AASHTO beams, carbon-fiber-reinforced polymer,
fatigue, flexure, post-tensioning, prestressed concrete.
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