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■ In the past few decades, carbon-fiber-reinforced 
polymers (CFRPs) have been researched and imple-
mented in concrete structures to address problems 
related to environmental durability and increase the 
service lives of bridges. This paper addresses a gap 
in the research and application of CFRP prestressing 
elements in large-scale bridge beams.

■ Eight full-scale American Association of State High-
way and Transportation Officials (AASHTO) Type I 
prestressed concrete beams pretensioned with CFRP 
cables, CFRP bars, or steel prestressing strands were 
tested under monotonic and fatigue loading to eval-
uate the flexural behavior, load-deflection behavior, 
and ultimate capacity of the beams.

■ The experimental results were compared with analyti-
cal predictions and indicated that the flexural behav-
ior and capacity of the beams can be accurately pre-
dicted with analytical models. The results also show 
that the CFRP prestressed concrete beams exhibit 
enough cracking and deflection to provide advanced 
warning of potential failure.

Today’s highway bridge construction almost exclu-
sively uses steel prestressing strands for prestressed 
concrete beams. Prestressing steel is susceptible to 

corrosion-induced degradation when exposed to aggressive 
environments. Corrosion can result in the deterioration of 
the serviceability and strength of highway bridge beams. 
These concerns have led to the use of nonmetallic pre-
stressing elements made of glass-fiber-reinforced polymer 
(GFRP), aramid-fiber-reinforced polymer (AFRP), and 
carbon-fiber-reinforced polymer (CFRP) materials, which 
are collectively referred to as fiber-reinforced polymers 
(FRPs). Among FRPs, CFRP has the greatest potential to 
replace steel strands and provide corrosion-free prestressed 
concrete bridge girders when combined with corrosion-re-
sistant transverse reinforcement. Completed examples of 
CFRP prestressed concrete beam implementations in the 
United States include the Pembroke Avenue Bridge and 
Plum Creek Bridge in Michigan. Examples in progress 
include the Interstate 64 South Side High Rise Bridge and 
Laskin Road Bridge in Virginia.1 Although the initial cost 
of CFRP is higher than that of GFRP and AFRP, all three 
FRP types exhibit higher tensile strengths than prestressing 
steel, and CFRP stands out as a viable option because of its 
high modulus of elasticity and better creep performance. The 
durability properties of CFRP are also excellent compared 
with other FRPs. The strength reduction of FRP exposed 
to different environmental (alkaline, moisture, saline, and 
ultraviolet) and mechanical (fatigue and stress rupture) 
effects was found to be less than 23% for CFRP (ultraviolet), 
55% for AFRP (stress rupture), and 28% for GFRP (alkaline 
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at 140°F [60°C]).2 A recent study by Benmokrane et al.3 on 
the durability performance of prestressing CFRP exposed to 
elevated temperature and an alkaline environment found that 
under extreme conditions (a 7000-hour immersion in an alka-
line solution at 140°F), the reduction in tensile strength was 
only about 7%. This paper investigates the flexural behavior 
of American Association of State Highway and Transporta-
tion Officials (AASHTO) Type I CFRP prestressed concrete 
beams based on full-scale experimental results.

Background and motivation

For the past two decades, prestressing concrete with CFRP 
has been an area of active research and this technology is 
developing through research studies and implementation 
projects in bridge beams and piles. An experimental database 
of concrete beams that were prestressed with prestressing 
CFRP was compiled to assess the state-of-the-art of exper-
imental research on CFRP prestressed concrete beams and 
identify research gaps.4 The database includes 264 beams that 
were independently reported in 41 publications from around 
the world. Figure 1 summarizes the distribution of some of 
the key parameters in the experimental database that influ-
ence the flexural behavior of these beams. The figure shows 
that the previous experimental studies focused primarily on 
pretensioned beams. This is mainly because pretensioned 
beams are more common than their post-tensioned counter-
parts in highway bridges. Most of the tested beams (96%) had 
heights of less than 20 in. (508 mm). This is in contrast to the 
industry standard prestressed concrete bridge beams, where 

20 in. is closer to the lower bound of what is typically used. 
In addition, most of the tested beams had a rectangular cross 
section with a span length less than 30 ft (9.1 m). I-beams 
with a composite cast-in-place concrete deck slab are most 
commonly used in bridge construction, with a trend toward 
using decked bulb-type girders. Small-diameter (less than 
0.5 in. [12.7 mm]) CFRP cables and bars were used in the 
previous experimental studies, some of which are no longer in 
production. The experimental database sheds light on one of 
the gaps in the continuum of research on the flexural behavior 
of CFRP prestressed concrete beams: the lack of experimental 
data on large-scale composite prestressed concrete girders for 
bridge construction prestressed with 0.5 in. or larger diame-
ter prestressing CFRP, which is representative of the current 
construction practice.

Small-scale specimens can be easily fabricated, are not costly, 
and can be tested without heavy moving, rigging, or testing 
equipment, allowing experimental testing of several param-
eters in the same study. However, the design and fabrication 
processes of small-scale beams do not always use convention-
al materials, industry standards, and equipment. As such, al-
though small-scale beams are useful for investigating a larger 
number of design variables, large- or full-scale testing is 
necessary to understand the material and system performance 
issues that may be encountered in real practice. Some of the 
features of CFRP prestressed concrete beams that cannot be 
effectively captured in small-scale testing include aggregate 
size, anchorage placement, coupler positioning, and coupling 
of CFRP with steel prestressing strands.

Figure 1. Distribution of key parameters from previous experimental studies. Note: H = height of beam; L = span length. 1 in. = 
25.4 mm; 1 ft = 0.305 m.
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Because of the linear elastic nature of prestressing CFRP 
up to failure, there are two possible failure modes for CFRP 
prestressed concrete beams: tension controlled (rupture 
of prestressing CFRP) and compression controlled (con-
crete crushing). Previous experimental studies consistently 
demonstrated that the deformation at ultimate load is less for 
beams pretensioned with prestressing CFRP than for beams 
prestressed with steel prestressing strands if both beams 
are designed as tension controlled (failure by rupture of the 
prestressing reinforcement). The lower deformation can be 
attributed to the low rupture strain of CFRP compared with 
that of steel (about 2% for prestressing CFRP compared 
with about 6% for prestressing steel). The brittle failure and 
the lower deformation of CFRP prestressed concrete beams 
because of inherent CFRP material properties are a concern in 
design; however, if both steel and CFRP prestressed concrete 
beams are designed to fail by crushing of concrete (compres-
sion-controlled), the deformation at ultimate load was found 
to be very similar.5

Nearly all highway bridge beams are designed with a com-
posite concrete deck, and compression-controlled design 
(crushing of concrete) of CFRP prestressed concrete beams 
with a composite deck poses several challenges. First, 
a large amount of prestressing reinforcement would be 
required to induce such failure, which would increase the 
cost of the beams. Second, the concrete section size would 
have to be reduced, creating an unrealistic (nonstandard) 
highway section.6 This is because when a deep section is 
used, the strain in the prestressing CFRP exceeds the rupture 
strain before the concrete reaches its ultimate compressive 
strain. Therefore, the section depth must be reduced until a 
compressive failure is achieved before rupture of the pre-
stressing CFRP. However, one advantage of designing CFRP 
prestressed concrete beams for concrete crushing failure is 
the improved deformability of CFRP prestressed concrete 
beams using partial prestressing and using both bonded 
and unbonded prestressing CFRP.7,8 In addition, the vertical 
arrangement of prestressed and nonprestressed CFRP was 
found to induce progressive failure and thus increase the de-
formability of the CFRP prestressed concrete beams failing 
due to the rupture of prestressing CFRP.9 Grace and Singh8 
recommended that beams be designed for concrete crushing 
failure because of the higher deformability achieved com-
pared with prestressing CFRP rupture. However, all of these 
conclusions regarding the deformability of the beams rely on 
energy-based models that are insensitive to the magnitude 
of the ultimate deformation of the member.10,11 This may be 
appropriate for applications where energy absorption is a 
primary design consideration (for example, seismic design); 
however for bridge beams, deformation before failure is a 
more important consideration than energy dissipation. As 
such, a definition of deformability that is based on defor-
mation before failure may be more suitable. Studies have 
shown that the inclusion of distinct deformation parameters, 
such as ultimate and cracking deformations, in the deform-
ability index provides a reasonable measure of the perfor-
mance of CFRP prestressed concrete beams.5,12

This paper investigates the flexural behavior of tension-con-
trolled (failure due to CFRP rupture) AASHTO Type I CFRP 
prestressed concrete beams with composite action from a rein-
forced concrete deck based on full-scale experimental results. 
The tension-controlled failure is the most realistic design for 
CFRP prestressed concrete beams, and it is the most common-
ly used design approach.4 The flexural behavior is discussed 
in terms of load-deflection and load-strain responses as well 
as failure modes. In addition, the flexural behavior of CFRP 
prestressed concrete beams is compared with an identically 
designed prestressed concrete beam using steel prestressing 
strands. This paper also discusses the additional requirements 
for the construction of CFRP prestressed concrete beams if 
a practice similar to that of prestressed concrete beams using 
steel prestressing strands is followed. Current formulations 
to predict the nominal strength of CFRP prestressed concrete 
beams are also evaluated against the experimental data. In 
addition to providing valuable experimental data on full-
scale beams, the evaluation of existing formulations and the 
additional requirements in CFRP prestressed concrete beam 
construction provided in this paper are expected to advance 
the current research on this topic.

Experimental program

The experimental program included the design, construction, 
testing, and analysis of seven full-scale CFRP prestressed 
concrete beams (three beams with CFRP cables and four with 
CFRP bars) and one prestressed concrete beam using steel 
prestressing strands. The test beams were AASHTO Type I 
with a 39.5 ft (12.0 m) span length and an 8 in. (200 mm) 
thick composite concrete deck. Two flexural loading condi-
tions were considered: monotonic flexure and flexural fatigue. 
Table 1 shows the test matrix for the experimental program. 
The two CFRP prestressed concrete beams that were tested 
under flexural fatigue were subjected to 2.3 million cycles. 

Table 1. Test matrix

Type of  
prestressing 

Type of 
loading

Number of 
repetitions

Beam  
identification

CFRP cable 
(Ca)

Monotonic 
(M)

2 Ca_B_M#

Flexural 
fatigue (F)

1 Ca_B_F

CFRP bar 
(Ba)

Monotonic 
(M)

2 Ba_B_M#

Flexural 
fatigue (F)

1 Ba_B_F

Monotonic 
(M)

1 Ba_Pd_M

Steel strands 
(St)

Monotonic 
(M)

1 St_B_M

Note: CFRP = carbon-fiber-reinforced polymer.
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The beam identification presented in Table 1 includes the 
following information in this order: 

1.	 prestressing CFRP type (CFRP cable labeled Ca, CFRP 
bar labeled Ba, or steel cable labeled St)

2.	 type of loading (static monotonic loading labeled M or 
cyclic fatigue loading labeled F)

3.	 the repetition number if more than one test was conducted

4.	 bond designation (fully bonded labeled B or partially 
debonded labeled Pd)

For example, Ca_B_M#1 is a beam prestressed with CFRP 
cables (Ca), fully bonded (B), and subjected to static mono-
tonic loading (M), and it is the first repetition of two identical 
tests. The two identical monotonic loading specimens were 
fabricated to ensure the repeatability of the ultimate capac-
ity using the same construction and testing procedures. Six 
beams (one with prestressing steel and five with prestressing 
CFRP) were tested monotonically to failure without any prior 
fatigue loading. All of the prestressed concrete beams were 
fabricated at a precast concrete facility and transported to the 
structural laboratory at the University of Houston for testing.

Materials

Two types of prestressing CFRP reinforcement were used: 
0.5 in. (12.7 mm) diameter CFRP bars with solid circular 
cross sections and 0.6 in. (15.2 mm) diameter CFRP cables, 
which consist of seven individual wires twisted together into a 

single strand similar to a steel prestressing strand. In addition 
to the CFRP reinforcement, one beam was prestressed with 
0.6 in. diameter steel strands (Table 2).

A tension test was performed according to ASTM D720513 
on the prestressing CFRP used in the experimental program 
to characterize the guaranteed and ultimate (or rupture) load 
and strain. Ten specimens with a length of 60 in. (1520 mm) 
were prepared from the batch of prestressing CFRP used 
in the beams. A potted-type anchorage system that consists 
of a highly expansive material enclosing the prestressing 
CFRP inside a steel tube was used at the gripping locations. 
Figure 2 shows the schematic of the specimen with the 
anchorage lengths for both the CFRP cable and the bar. Each 
specimen was instrumented with one strain gauge with a 
strain limit of 5% and an extensometer with a gauge length of 
2 in. (50 mm) to measure elongation. A loading frame with 
a tensile loading capacity of 110 kip (490 kN) was used for 
testing. Applied load and corresponding specimen elongation 
were recorded using a data acquisition system. The applied 
load was also recorded using the built-in data acquisition 
system of the test frame. Besides the tensile strength and 
tensile strain, the modulus of elasticity of the prestressing 
CFRP was calculated based on the measured data according 
to ASTM D7205.13 Table 2 presents the material properties of 
the reinforcement obtained from these tests.

The concrete had a design 28-day compressive strength of 
4 ksi (28 MPa) for the deck and 9 ksi (62 MPa) for the beams. 
All beams were fabricated using self-consolidating concrete. 
During each casting, 16 standard-size cylinders (4 × 8 in. 
[100 × 200 mm]) were cast to determine the concrete strength 

Table 2. Properties of prestressing material used

Prestressing material type Guaranteed load, kip Rupture load, kip Modulus of elasticity, ksi Rupture strain, %

CFRP cable 66.8 73.7 21,670 1.9

CFRP bar 50.9 54.9 20,630 1.3

Steel strands 52.7* 58.0 29,000 1.00†

Note: CFRP = carbon-fiber-reinforced polymer. 1 kip = 4.448 kN; 1 ksi = 6.895 MPa.

* Yield strength.

† Yield strain.

Figure 2. Schematic of tensile test specimens with anchorages: carbon-fiber-reinforced polymer cable and carbon-fiber-rein-
forced polymer bars. Note: CFRP = carbon-fiber-reinforced polymer. 1 in. = 25.4 mm.
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according to ASTM C39/C39M.14 The cylinders were kept in 
cylinder molds in the same environmental conditions as the 
beams until the day of testing. The average concrete strengths 
for the beam and the deck were 10.7 and 9.1 ksi (73.8 and 
62.7 MPa), respectively, for the CFRP prestressed concrete 
beams. The average concrete strengths for the beam and the 
deck were 11.2 and 4.2 ksi (77.2 and 29.0 MPa), respectively, 
for the prestressed beam using steel strands.

Beam design

Figure 3 shows the geometry and reinforcement detailing of 
all CFRP prestressed concrete beams. The prestressing CFRP 
was tensioned to 60% of the design strength such that 40% 
reserve strain was available for flexure. The steel prestress-
ing strands were tensioned to 70% of the ultimate tensile 
load. All test beams were designed to fail due to the rupture 
of the prestressing elements. The number of prestressing 
CFRP cables was selected such that the area of the provided 
CFRP (1.73 in.2 [1120 mm2], eight CFRP cables) was close 
to the balanced reinforcement area (1.70 in.2 [1100 mm2] 
based on the guaranteed tensile strength) of a noncomposite 

AASHTO Type I beam. After the composite deck was added 
to the beam, CFRP rupture failure mode controls as the area 
of the CFRP provided becomes 25% of the balanced rein-
forcement area of the composite beam. The area of CFRP 
provided becomes 49% of the balanced reinforcement area 
if the rupture strength of CFRP is used in the calculation. 
Furthermore, to facilitate a direct comparison, the prestressed 
concrete beam with steel prestressing strands was construct-
ed with eight steel strands (with the same diameter as the 
CFRP cable). For the beams prestressed with prestressing 
CFRP bars, the number of bars (12 CFRP bars) was selected 
so that the total load at ultimate is similar to that of the beam 
prestressed with CFRP cables. The detailing and design of 
anchorage zone and shear reinforcement were performed ac-
cording to the AASHTO LRFD Bridge Design Specifications15 
for beams prestressed with both CFRP and steel.

Fabrication of test beams

All pretensioned beams were fabricated at a precasting facil-
ity. The prestressing CFRP bars came in fixed lengths from 
the manufacturer, hence each of the beams pretensioned with 

Figure 3. Elevation view and cross-sectional details of full-scale prestressed concrete beams. Note: CL = centerline; DL = deck 
longitudinal reinforcement; DT = deck transverse reinforcement; T&B = top and bottom. 1” = 1 in. = 25.4 mm; 1’ = 1 ft = 0.3 m.

Elevation view of the beam with shear reinforcement

Cross-sectional view
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CFRP bars had to be placed separately. The CFRP cables were 
received in a spool from the manufacturer, so it was possible 
to cut the cables to the desired lengths and fabricate two beams 
at a time on the same prestressing bed. After the cables were 
cut to the required length for each beam, the anchorages were 
installed on the prestressing CFRP. The relatively low lateral 
and shear strength of CFRP prevents the use of conventional 
anchoring devices used for prestressing steel.16,17 Therefore, 
special wedge anchors were installed on the CFRP cables and 
bars (Fig. 4 and 5). The anchors for both the CFRP cables and 
bars consisted of wedges, a sleeve, and a protective cover, such 
as a braided fabric with steel mesh or a copper sleeve surround-
ing the prestressing CFRP, to prevent localized damage from 
gripping. After the anchorages were placed for both cables and 
bars, the wedges were pushed inside the sleeves using a hydrau-
lic device up to a pressure specified by the manufacturer.

The brittleness of the prestressing CFRP, as well as its low 
transverse strength, restricts the direct application of tension 

through the CFRP anchorage during pretensioning. Therefore, 
the prestressing CFRP cables and bars were connected to 
the prestressing steel through a coupling fixture, also known 
as a coupler or transfer box. The couplers of the prestress-
ing CFRP were connected to those of prestressing steel just 
outside the beam ends in a staggered manner to create the 
space needed for the larger transfer boxes. The prestressing 
CFRP and the steel strands with their respective anchorage 
system were positioned inside the transfer box such that when 
the steel strands are tensioned, the tension is directly trans-
ferred to the CFRP with no significant twist of the transfer 
box. After the prestressing CFRP cables or bars were ten-
sioned, the transverse reinforcement for the girder was fixed 
in place. The transverse reinforcement extended 3 in. (75 mm) 
above the top face of the girder to create composite action 
with the deck slab. Then the forms were positioned and the 
self-consolidating concrete was placed inside the formwork. 
After the concrete cylinders, placed together with the beams, 
attained the target transfer strength of 5 ksi (34 MPa), the pre-

Figure 4. Anchorage for CFRP prestressing cable. Note: CFRP = carbon-fiber-reinforced polymer.

Figure 5. Anchorage for CFRP prestressing bars. Note: CFRP = carbon-fiber-reinforced polymer.
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stressing force was transferred to the concrete by torch cutting 
the steel strands. Then forms for the composite deck were 
attached and the deck reinforcement was positioned inside the 
deck forms. Concrete was then placed inside the deck form to 
cast the composite deck. Figure 6 shows the overall arrange-
ment of the prestressing operation.

Test setup, instrumentation,  
and loading protocol

The beams for both monotonic flexure and flexural fatigue 
were tested under four-point loading in simply supported 
conditions using a 235 kip (1045 kN) servo-hydraulic actuator 
and a spreader beam (Fig. 7). The load cells positioned at the 
supports had a 200 kip (890 kN) capacity. String potentiom-
eters were positioned along the length of the beam (Fig. 7). 
The string potentiometers in the loading region had a 20 in. 
(510 mm) measurement range, and the remaining string 
potentiometers had a 7 in. (180 mm) measurement range. 
Each prestressing CFRP cable or bar was instrumented with 
two strain gauges, one at the midspan and one at the quarter 
span, with a strain limit of 5%. All of the instruments were 
monitored and recorded using a data acquisition system at a 
sampling rate of one sample per second.

For monotonic loading, a seating load was applied to the 
beam to eliminate the initial slack of the load application 
system and to seat the beam on its supports. The beams 
were tested in displacement control at a rate of 0.033 in./min 
(0.84 mm/min). After the first cracking point, the loading rate 
was increased to 0.167 in./min (4.24 mm/min) until 75% of 
the expected beam capacity was reached. Then the rate was 
decreased to 0.120 in./min (3.05 mm/min) until failure.

For the fatigue testing of CFRP prestressed concrete beams, 
the beam was initially loaded monotonically until the appear-
ance of the fourth crack inside the constant moment region to 
simulate an accidental overload (Fig. 8). The load was then 
removed, and the beam was allowed to return to its original 
position. The beam was then loaded to the upper limit of 
the fatigue loading range, 72 kip (320 kN), which induces 
6  fc  psi tensile stress in the outermost tension fiber of the 
CFRP prestressed concrete beam when the gross moment of 
inertia is used in the stress calculation and where fc  is the 
concrete compressive strength. This upper limit of fatigue 
loading was chosen to correspond to the tensile limit of the 
extreme concrete fiber in service loading conditions based on 
the AASHTO LRFD specifications.14 The lower limit of the 
fatigue loading range was 20 kip (90 kN), which was comput-

Figure 6. Overview of the prestressing bed and the staggering of CFRP couplers. Note: CFRP = carbon-fiber-reinforced polymer. 
1 ft = 0.305 m.

Plan view of the prestressing bed

Side view of prestressing bed with details on pretensioning and the staggering of couplers
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Figure 7. Test setup for flexure tests. Note: LVDT = linear variable displacement transducer; P = applied load. 1’ = 1 ft = 0.305 m.

Figure 8. Flexural fatigue testing of carbon-fiber-reinforced polymer prestressed concrete beams. Note: 1 kip = 4.448 kN.

Loading protocol Initial crack pattern
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ed by subtracting the AASHTO fatigue truck moment from 
the value of the upper limit of the fatigue loading. The girder 
distribution factor was taken to be 1, which means that the 
entire fatigue load is assumed to be resisted by the test beam. 
The fatigue loading was applied at a frequency of 1 Hz. Every 
500,000 cycles, the test was stopped and the beam was loaded 
monotonically to the upper limit of fatigue loading. The 
applied load, vertical deflections, prestressing CFRP strains, 
and crack widths were measured. A total of 2.3 million fatigue 
cycles were applied to the beams before monotonically 
loading to failure.

Experimental results and discussion

Prestressing force

The average initial prestressing forces (of all cables and bars 
per beam before transfer) measured from the strain gauges 
and load cells were 37.6, 28.5, and 40 kip (167, 127, and 
178 kN), respectively, for beams prestressed with prestressing 
CFRP cables, prestressing CFRP bars, and prestressing steel. 
This corresponds to 62% and 57% of the guaranteed load for 
prestressing CFRP cables and bars, respectively. For pre-
stressing steel, this load corresponds to 75% of the ultimate 
tensile strength. An average loss of 6% was observed due to 
elastic shortening of the beams prestressed with prestressing 
CFRP cables; for bars, the average loss was 8%. In addition, 

up to the day of testing (average of 129 days), the beams 
prestressed with prestressing CFRP cables, prestressing CFRP 
bars, and prestressing steel experienced total losses of 13%, 
22%, and 19%, respectively, in the initial prestressing force. 
The prestressing CFRP bars exhibited larger prestressing 
losses than the CFRP cables and steel strands.

Camber

The camber measurements of all full-scale beams were taken 
after placing the decks and before testing. The average final 
camber (after placement of the composite deck) was 0.43 in. 
(11 mm) for the three beams prestressed with CFRP cables 
and 0.63 in. (16 mm) for the four beams prestressed with 
CFRP bars. The calculated final average camber (elastic) was 
0.50 in. (13 mm) for the beams prestressed with CFRP cables 
and 0.60 in. (15 mm) for those prestressed with CFRP bars.

Load-deflection behavior

The load-deflection behavior of the CFRP prestressed con-
crete beams was observed to be piece-wise linear with two 
distinct stiffnesses up to failure (Fig. 9). This behavior can be 
described using two distinct points as shown in the figure: the 
cracking point and the ultimate capacity. The initial stiffness 
of the beam decreased after the first cracking point and re-
mained almost constant up to failure. The failure of the beam 

Figure 9. Load-deflection behavior of full-scale pretensioned concrete beams with CFRP or steel prestressing. Note: CFRP = 
carbon-fiber-reinforced polymer. 1 in. = 25.4 mm; 1 kip = 4.448 kN.

0

50

100

150

200

250

0 2 4 6 8 10

A
pp

lie
d 

lo
ad

, k
ip

Net midspan deflection, in.

St_B_M
Ca_B_M#2

Ba_B_M#2

Rupture of prestressing CFRP

Cracking

Crushing of concrete

Steel yielding



31PCI Journal  | September–October 2022

initiated when one of the prestressing CFRP cables on the 
bottom layer ruptured.

Figure 9 compares the load-deflection behavior of the beams 
with prestressing CFRP (Ca_B_M#2 and Ba_B_M#2) and 
prestressing steel (St_B_M). All beams exhibited a linear 
response up to cracking. In addition, the replacement of the 
prestressing steel with prestressing CFRP had a negligible 
impact on the uncracked stiffness and cracking load. This is 
expected because the beam geometry, total prestressing force, 
and eccentricity of the prestressing force were comparable. 
After cracking, the beam with prestressing CFRP cable had 
20% lower stiffness than the beam with prestressing steel. 
This is due to the lower modulus of elasticity of the prestress-
ing CFRP compared with the prestressing steel; however, the 
beam with prestressing CFRP bar exhibited similar stiffness 
to that of the beam with prestressing steel. This is because 
the number of prestressing CFRP bars used in the beams was 
greater than the number of  CFRP cables, and although the 
modulus of elasticity of the CFRP bar used in this research 
was lower than that of steel, it was higher than that of the 
prestressing CFRP cable. The beam with prestressing steel 
exhibited a flat loading region after yielding of the prestress-
ing steel. Beams prestressed with CFRP did not exhibit this 
behavior. Instead, the load continued to increase and the 
secondary stiffness of the beams remained constant. After 
yielding, the prestressed concrete beam with steel prestressing 
strands continued to deflect until failure ultimately occurred 
due to the crushing of the concrete followed by rupture of 
the prestressing steel. In contrast, the capacity of the beams 
prestressed with CFRP continued to increase until failure 
occurred due to rupture of the prestressing CFRP before 
crushing of the concrete. The flexural capacity of the CFRP 
prestressed concrete beams was nearly 1.5 times that of the 
prestressed concrete beam that used steel prestressing strands. 
The deflection of the beam when the CFRP cable ruptured 
was similar to that of the beam prestressed with prestressing 
steel when the concrete crushed; however, the deflection of 
the beam at the CFRP bar rupture was 27% lower than that of 
the beams with CFRP cable or prestressing steel. This can be 

attributed to the difference in the reserve strain (the differ-
ence between the rupture strain and the effective prestressing 
strain) between the prestressing CFRP cable (0.011 in./in. 
[0.280 mm/mm]) and bar (0.005 in./in. [0.127 mm/mm]) 
because the CFRP bar has a lower rupture strain (1.3%) than 
that of the CFRP cable (1.9%) (Table 2). For steel prestressed 
concrete beams, this reserve strain is usually three to four 
times higher than that of CFRP prestressed concrete beams. 
Because the steel prestressed concrete beam failed due to the 
crushing of concrete, the reserve strain was not fully used.

Table 3 presents a summary of the experimental data for the 
monotonic testing of full-scale CFRP prestressed concrete 
beams. The ultimate load and deflection and the cracking load 
are presented. The table shows that the CFRP prestressed con-
crete beams tested under monotonic loading failed at compa-
rable loads. As designed, the combined tensile capacity of the 
prestressing reinforcement (the number of cables multiplied 
by the rupture load of one cable) was similar regardless of the 
prestressing CFRP type used; however, there were differences 
in the cracking load and the deflection of the beams. The differ-
ence in the cracking load was due to the initial prestress (14% 
higher for beams prestressed with CFRP bars) and the concrete 
strength of the girder on the day of testing. The difference in the 
deflection was because of the reserve strain in the prestressing 
CFRP after the initial prestressing as previously explained.

Figure 10 shows the effect of fatigue loading on the stiff-
ness of the two CFRP prestressed concrete beams during 
the fatigue cycles. The figure shows that the fatigue loading 
had an insignificant effect (less than 5%) on the stiffness of 
the CFRP prestressed concrete beams. After completion of 
the fatigue test, both beams were subjected to static mono-
tonic loading up to failure. Figure 10 also shows the ultimate 
capacities obtained from the final monotonic tests of the 
fatigued beams along with the corresponding capacity of the 
beams tested under monotonic loading only. After 2.3 million 
cycles, the ultimate strength of the beams initially subjected 
to fatigue loading (Ca_B_F and Ba_B_F) was within 3% of 
those tested under monotonic loading only.

Table 3. Summary of the monotonic test results for full-scale beam testing

Beam identification Cracking load, kip Ultimate load, kip
Deflection  

at ultimate load, in.
Failure mode

Ca_B_M#1 75 206 8.0

Carbon-fiber-reinforced 
polymer rupture

Ca_B_M#2 88 214 7.6

Ba_B_M#1 76 207 6.0

Ba_B_M#2 86 209 5.8

Ba_Pd_M 85 209 5.2

St_B_M 84 155 7.8 Concrete crushing

Note: 1 in. = 25.4 mm; 1 kip = 4.448 kN.
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Load-strain response

As previously mentioned, each cable in the test beams was 
instrumented with one strain gauge at the midspan of the 
beam. Figure 11 shows the load-strain response of beam 
Ca_B_M#1. The strain gauges attached to the cable stopped 
recording at a load of 160 kip (710 kN). Hence, the curve was 
linearly extrapolated to determine the strain at failure. The ex-
trapolated rupture strain at failure of the beam was 19,795 με, 
which is within 5% of the rupture strain of the prestressing 
CFRP cable, 19,000 με (Table 2). Similarly, the extrapolated 

rupture strain for beam Ca_B_M#2 was 20,500 με, which is 
within 8% of the rupture strain obtained from material testing.

Figure 11 also shows the load-strain response of beam 
Ba_B_M#1. The rupture strain at the time of failure was 
12,300 με, which is 5% lower than the rupture strain given 
in Table 2: 13,000 με. Similarly, the rupture strain in beam 
Ba_B_M#2 was 11,800 με, which is 9% lower than the 
rupture strain obtained from material testing. These results 
demonstrate that these beams were flexurally dominated and 
enabled an analysis using sectional properties as presented 
later in this paper.

Figure 11. Load-strain response of carbon-fiber-reinforced polymer prestressed concrete beams. Note: 1 kip = 4.448 kN.

Ca_B_M#1 Ba_B_M#1

Figure 10. Effect of fatigue loading on beam stiffness and ultimate capacity. Note: 1 in. = 25.4 mm; 1 kip = 4.448 kN.
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Failure modes, crack distributions,  
and crack widths

For all CFRP prestressed concrete beams, failure was due to 
rupture of the prestressing CFRP; however, the steel pre-
stressed concrete beams failed due to crushing of concrete. 
Figure 12 shows the cracking pattern in each beam. As 
expected, the first crack on all prestressed concrete beams 
appeared inside the constant moment region. As the load 
increased, more cracks began to appear and the existing 
cracks widened. The width of the cracks was measured in 
stages up to twice the cracking load and at the final stage. For 
all beams, the cracks were spread over more than a quarter of 
the length from the center of the beam on each side (Fig. 12). 
At the ultimate failure, the CFRP prestressed concrete beams 
exhibited smaller crack widths and tighter crack spacing than 
the steel prestressed concrete beam. Figure 12 shows the 
maximum crack widths measured (at failure load) near the 
soffit of the CFRP prestressed concrete beams. The figure 
indicates that the crack widths of the beams prestressed with 
prestressing CFRP cables is 1.3 to 1.7 times that of the beams 
prestressed with CFRP bars. This is attributed to the higher 
longitudinal elastic modulus of the prestressing CFRP bars. 
In addition, the figure indicates that the beams with higher 
initial prestressing forces exhibit smaller crack widths. Beam 
Ca_B_M#2 had a higher initial prestressing force than both 
Ca_B_M#1 and Ca_B_F. Similarly, beam Ba_B_M#2 had 
a higher initial prestressing force than both Ba_B_M#1 and 
Ba_B_F.

Analysis of test beams

Analytical prediction of load-deflection 
response

The linear elastic behavior of the prestressing CFRP allows 
easy application of the strain-compatibility analysis to CFRP 
prestressed concrete beams to predict the ultimate strength. 
The analytical prediction of the test beams was carried out 
using software that performs the strain-compatibility analysis 
with a layer-by-layer approach.17 The results from the soft-
ware were verified with hand calculations. Before cracking, 
the capacity, as well as the deflection, can be accurately 
predicted using an elastic analysis; however, the behavior 
becomes complex after cracking in the CFRP prestressed 
concrete beams. One of the conventional ways to include the 
effect of tension stiffening is the use of an effective moment 
of inertia I

e
 in the elastic deflection equation instead of a gross 

moment of inertia I
g
. ACI 440.4R-0419 adopts the original 

equation by Branson,20 which includes a softening factor to 
account for the lower modulus of elasticity of the CFRP to 
compute the effective moment of inertia as follows:

Ic =
Mcr

Ma

3

d Ig + 1
Mcr

Ma

3

Icr < Ig

where

M
cr
	 = cracking moment

M
a
	 = moment at which the deflection is to be computed


d
	 = softening factor = 0.5

Ep

Es

+1

E
p
	 = modulus of elasticity of the prestressing CFRP

E
s
	 = modulus of the elasticity of prestressing steel

I
cr
	 = cracking moment of inertia

The applicability of this equation was investigated by Kim21 
and Pirayeh Gar et al.22 It was found that the equation pro-
posed by ACI 440.4R-0419 is sensitive to the ratio of the  
gross moment of inertia to the cracking moment of inertia  
I

g
/I

cr
. This expression, though empirical, provides a reasonable 

prediction for the CFRP prestressed concrete beams having 
an inertia ratio I

g
/I

cr
 less than 25. The I

g
/I

cr
 of composite 

prestressed concrete girders used in bridge construction is 
generally less than 25.

Figure 13 presents a comparison of the experimental data 
with the analytical software predictions. As expected, the 
exclusion of the tension stiffening tends to overestimate the 
deflection behavior of the CFRP prestressed concrete beams. 
The prediction from the integrations of the curvature method 
used by the analysis software is on average within 7% (with 
tension stiffening using Bentz’s 2000 model23) and 11% 
(without tension stiffening) of the experimental test results for 
the ultimate load and within 6% (with tension stiffening) and 
4% (without tension stiffening) for the ultimate deflection. 
Similarly, the ACI 440.4R-04 effective moment of inertia 
method is within 11% of the experimental test results for the 
ultimate load and within 15% for the ultimate deflection.

Deformability

Table 4 presents a comparison of the deformability of the 
beams tested in this study using different approaches. Accord-
ing to the deformability index proposed by Abdelrahman,5 
the prestressed concrete beam using steel prestressing strands 
has 34% and 76% more deformability, respectively, than the 
beams prestressed with CFRP cable and CFRP bar. According 
to the deformability index proposed by Zou,12 the prestressed 
concrete beam with steel strands exhibited 27% less deforma-
bility than the beams prestressed with CFRP cables and about 
equal deformability to the beam prestressed with CFRP bars. 
Similarly, using the deformability index defined in CAN/
CSA-S6-06,24 the prestressed concrete beam using steel pre-
stressing strands showed 2.0 and 4.1 times more deformabil-
ity, respectively, than the beams prestressed with CFRP cable 
and CFRP bar; however, an observation of the load-deflection 
response of the beams leads to the conclusion that these 
indices are insensitive to the actual load-deflection behavior. 
Therefore, a simplified approach defined in ACI 440.4R-04,19 
where the deformability index is the ratio of deflection of the 
beam at the ultimate moment to the ratio of deflection of the 
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Figure 12. Crack distribution and failure mode of test beams at ultimate load. Note: P = applied load. 1 in. = 25.4 mm.



0

50

100

150

200

250

0 2 4 6 8 10

A
pp

lie
d 

lo
ad

, k
ip

Net midspan defection, in.

Ca_B_M#1

Analytical (tension stiffening)

Analytical (no tension stiffening)

ACI 440.4R-04 (2011)

0

50

100

150

200

250

0 2 4 6 8 10

A
pp

lie
d 

lo
ad

, k
ip

Net midspan deflection, in.

Ca_B_M#2

Analytical (tension stiffening)

Analytical (no tension stiffening)

ACI 440.4R-04 (2011)

0

50

100

150

200

250

0 2 4 6 8

A
pp

lie
d 

lo
ad

, k
ip

Net midspan deflection, in.

Ba_B_M#1

Analytical (tension stiffening)

Analytical (no tension stiffening)

ACI 440.4R-04 (2011)
0

50

100

150

200

250

0 2 4 6 8

A
pp

lie
d 

lo
ad

, k
ip

Net midspan defletion, in.

Ba_B_M#2
Analytical (tension stiffening)

Analytical (no tension stiffening)
ACI 440.4R-04 (2011)

35PCI Journal  | September–October 2022

beam at the cracking moment, is adopted here to quantify the 
deformability of the CFRP prestressed concrete beams. This 
definition can also be extended to the ratio of curvature at the 
ultimate moment to the curvature at the cracking moment. Ac-
cordingly, the deformability index DI of the CFRP prestressed 
concrete beams can be calculated as follows:

DI =
Δu
Δcr

where

Δ
u
	 = deflection at ultimate moment

Δ
cr
	 = deflection at the cracking moment M

cr

Table 4 summarizes the deformability indices of the beam. 
The deformability values indicate that this ratio DI is more 
representative of the load-deflection response of the beams 
investigated in this research.

Conclusion

A total of eight prestressed concrete beams (three with 
prestressing CFRP cables, four with prestressing CFRP bars, 
and one with prestressing steel) were fabricated and tested 
under two flexural loading conditions: monotonic flexure and 
flexural fatigue. The following conclusions are made from the 
findings of this study:

•	 CFRP prestressed concrete beams demonstrated a higher 
strength (1.5 times the capacity for the same number of 
prestressing elements) and similar or lower deforma-
bility compared with steel prestressed concrete beams. 
The wide distribution of cracks and large deformation at 
failure for CFRP prestressed concrete beams indicates 
that CFRP prestressed concrete beams provide enough 
warning before failure.

•	 The beams prestressed with prestressing CFRP cables 

Figure 13. Experimental load-deflection values compared with the analytical prediction for the carbon-fiber-reinforced polymer 
prestressed concrete beams. Note: 1 in. = 25.4 mm; 1 kip = 4.448 kN.

Ca_B_M#1 Ca_B_M#2

Ba_B_M#2Ba_B_M#1
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exhibited larger crack widths, 1.3 to 1.7 times larger 
compared with the beams prestressed with CFRP bars. 
In addition, both beams pretensioned with prestressing 
CFRP cables and bars developed a large number of 
cracks before failure, similar to the beam pretensioned 
with steel strands.

•	 Negligible degradation in stiffness or strength was ob-
served up to 2.3 million load cycles in CFRP prestressed 
concrete beams, indicating excellent fatigue performance 
for the induced stress range.

•	 The deformability equation based on the ratio of de-
flections at ultimate moment and cracking moment was 
found to be a reliable indicator of the flexural perfor-
mance of CFRP prestressed concrete beams.

•	 Installing an anchorage system for both cables and bars is 
a tedious procedure that requires trained personnel. The 
size of the couplers controls the spacing and length of the 
prestressing elements.

•	 Both prestressing CFRP cable and bar anchorage systems 
showed acceptable performance in transferring loads, 
including transferring loads from steel strands to CFRP 
elements (using a coupler or transfer box) and anchor to 
CFRP prestressing element (using a wedge and sleeve) 
with no damage to the prestressing CFRP.

•	 A flexural design procedure based on the conditions of 
equilibrium and strain compatibility predicted the capaci-
ty of the CFRP prestressed concrete beams within 10% of 
the ultimate capacity from the experimental testing.

•	 The effective moment of inertia calculated according 
to ACI 4404R-0418 used in deflection estimates pro-
vided a reasonable prediction (within 15%) up to the 
ultimate load.
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Notation

E
p
	 = modulus of elasticity of prestressing 

carbon-fiber-reinforced polymer

E
s
	 = modulus of elasticity of prestressing steel

′fc 	 = concrete compressive strength
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H	 = height of beam

I
cr
	 = cracking moment of inertia

I
e
	 = effective moment of inertia

I
g
	 = gross moment of inertia

L	 = span length

M
a
	 = moment at which deflection is to be computed

M
cr
	 = cracking moment

P	 = applied load


d
	 = softening factor

Δ
cr
	 = deflection at first cracking

Δ
u
	 = deflection at ultimate
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Abstract

Highway bridge beams are subjected to aggressive 
environments, temperature fluctuations, and millions of 
loading cycles throughout their service life. The combi-
nation of all of these effects can result in the reduction 
of the service life of structural components. In the past 
decades, more-durable composite materials, such as 
carbon-fiber-reinforced polymers (CFRPs) have been 
implemented in concrete structures to address problems 

related to environmental durability. To date, prestress-
ing applications of CFRP in beams have been mostly 
investigated for rectangular cross sections, which are not 
representative of the geometry used in modern highway 
bridges. In addition, the construction and detailing 
aspects of CFRP prestressed concrete beams have not 
been investigated outside of laboratory conditions. This 
paper describes an experimental investigation conducted 
on eight 40 ft (12 m) long AASHTO Type I prestressed 
concrete beams with 3 ft (0.9 m) wide composite con-
crete decks and detailed identically to highway bridge 
beams in practice. Three beams were pretensioned with 
carbon-fiber-composite cables, four beams with CFRP 
bars, and one with prestressing steel. The beams were 
tested under monotonic and fatigue loading. All CFRP 
prestressed concrete beams were designed to fail due 
to the rupture of the prestressing CFRP. The CFRP 
prestressed concrete beams exhibit several desirable 
features of the typical steel prestressed concrete beams 
in terms of serviceability and strength.
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Carbon-fiber-reinforced polymer, CFRP, CFRP pre-
stressed concrete beam, flexural behavior, prestressed 
concrete girder.

Review policy

This paper was reviewed in accordance with the 
Precast/Prestressed Concrete Institute’s peer-review 
process. The Precast/Prestressed Concrete Institute 
is not responsible for statements made by authors of 
papers in PCI Journal. No payment is offered.

Publishing details

This paper appears in PCI Journal (ISSN 0887-9672) 
V. 67, No. 5, September–October 2022, and can be 
found at https://doi.org/10.15554/pcij67.5-01. PCI 
Journal is published bimonthly by the Precast/Pre-
stressed Concrete Institute, 8770 W. Bryn Mawr Ave., 
Suite 1150, Chicago, IL 60631. Copyright © 2022, 
Precast/Prestressed Concrete Institute.

Reader comments

Please address any reader comments to PCI Journal 
editor-in-chief Tom Klemens at tklemens@pci.org or 
Precast/Prestressed Concrete Institute, c/o PCI Journal, 
8770 W. Bryn Mawr Ave., Suite 1150, Chicago, IL 
60631. J


