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ABSTRACT

Flexural strengthening of reinforced concrete structures using fiber-
reinforced polymers is an effective technique for rehabilitation and
performance enhancement. However, premature failure modes, including
debonding of the FRP laminate from concrete and concrete cover
delamination at the tensile face, limit utilization of FRP capacity. A two-
phase experimental program was conducted. Twelve RC beams were
fabricated and tested under four-point bending. In the first phase, eight
beams comprised four groups: reference beams, beams strengthened using
externally bonded reinforcement on grooves, near-surface mounted beams
without anchorage (NU115), and NSM beams strengthened using the Bar-
Anchor-Fiber technique (NA115). In the second phase, four NSM beams
strengthened with BAF were fabricated with anchorage lengths of 150 and
200 cm (NA150 and NA200) to evaluate anchorage length effects. Results
demonstrated that BAF completely eliminated CCD and significantly
enhanced ultimate load capacity and ductility. NA115 load capacity
increased by up to 71% compared with reference beams. Increasing
anchorage length improved flexural capacity and ultimate deformation,
with NA200 exhibiting the highest performance. Accordingly, the end-
anchorage system of HMFRP bars and bar length in the Bar-Anchor-Fiber
configuration play decisive roles in fully mobilizing CFRP capacity, while
BAF provides an effective solution for enhancing the load-carrying
capacity of FRP-strengthened RC structures.
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Introduction

Fiber-reinforced polymers (FRP)
constitute one of the most important composite
materials firmly established in the modern
construction industry. They are employed in a
wide range of forms and configurations,
including laminates, fabrics, strips, and I-
shaped or box-shaped sections. Among the
available application techniques, externally
bonded reinforcement (EBR) remains the most
commonly used method due to its ease of
installation and its effectiveness in enhancing
the flexural capacity of reinforced concrete
(RC) members.

However, a principal drawback of the
EBR technique is the premature occurrence of
debonding, in which the FRP sheet separates
from the concrete surface. This failure mode
can cause the strengthening system to fail
before a substantial portion, or even the full
capacity, of the FRP material is mobilized. To
address this undesirable behavior, various
alternative techniques have been proposed,
including grooving-based methods such as
externally bonded reinforcement on grooves
(EBROG), holing techniques, mechanically
fastened EBR (MF-EBR), near-surface
mounted (NSM) installations, and other
approaches. Although these methods have been
shown to delay debonding failures, many of
them remain susceptible to another unfavorable
failure mode characterized by the separation of
the entire concrete cover together with the
strengthening system from the tensile face of
the strengthened member, commonly referred
to as concrete cover delamination. This failure
mode becomes dominant particularly when
high percentages of FRP reinforcement are
employed and results in a significant loss of
load-carrying capacity of the strengthening
system.

To eliminate both undesirable failure
modes, a novel strengthening system, known as
the Bar—Anchor—Fiber (BAF) system, was
proposed by Banijamali and colleagues in 2015.
Despite its simple mechanism and ease of
fabrication, the BAF system has been shown to
effectively prevent the occurrence of these
unfavorable failures. Accordingly, the present
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study employs the BAF system and compares
its performance with that of conventional FRP
strengthening techniques. Given that one of the
key parameters governing the mobilization of
tensile forces and the effectiveness of this
system is the effective length of the reinforcing
element, the performance of the BAF system is
evaluated for different lengths of the
strengthening component.

Research Methodology

The primary objective of this study was to
evaluate the effectiveness of the Bar—
Anchorage—Fiber system in eliminating the
concrete cover detachment (CCD) failure mode
and enhancing the flexural performance of
fiber-reinforced polymer—  strengthened
reinforced concrete beams. To achieve this
objective, a comprehensive  two-phase
experimental program was designed and
conducted.

In the first phase, the experimental
methodology was formulated to examine the
influence of different strengthening techniques-
including the Externally Bonded
Reinforcement on Grooves method, the Near-
Surface Mounted method without anchorage,
and the NSM method incorporating BAF
anchorage- on the structural behavior of RC
beams. In the second phase, the effect of rod
length (115, 150, and 200 cm) within the
NSM+BAF  strengthening scheme  was
investigated to assess its role in improving load-
carrying capacity and deformation
characteristics.

A total of twelve RC beam specimens
were fabricated with identical geometry,
reinforcement layouts, and concrete properties.
The only experimental variables were the
strengthening technique and the rod length. All
specimens were tested under four-point
bending until failure. During the tests, crack
initiation and propagation, failure modes, and
the effects of mechanical restraint and
transverse fibers were visually monitored. In
addition, load- displacement responses were
recorded to quantify flexural strength, ductility,
and energy absorption capacity.

Experimental Results
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In the first stage of the study, the results of
four-point bending tests conducted on beams
strengthened using different techniques were
evaluated, including the reference group (REF),
the grooving-based strengthening group, the
near-surface mounted group without anchorage
(NU115), and the NSM group strengthened
with the BAF system (NA115). For each group,
the average failure load and maximum
deflection were determined, and the
corresponding failure modes were identified.

Initially,  visual inspections  were
performed to examine cracking behavior, crack
initiation and propagation, failure locations and
mechanisms, as well as the contribution of
mechanical restraint and transverse fibers to
performance enhancement.  Subsequently,
laboratory data were collected to construct
load—displacement curves, from which the
ultimate load-carrying capacity of each
specimen was determined.

Conclusion

This experimental study examined the
effectiveness of different flexural strengthening
techniques for reinforced concrete beams, with
particular emphasis on the role of the Bar—
Anchorage—Fiber system in mitigating concrete
cover detachment failure. The results indicated
that strengthening with CFRP using the
Externally Bonded Reinforcement on Grooves
method enhanced load-bearing capacity and
delayed crack propagation compared with the
reference specimens. However, premature
localized debonding between the CFRP and the
concrete surface limited the full utilization of
the reinforcement capacity.

Beams strengthened using the Near-
Surface Mounted technique without anchorage
(NU115) demonstrated improved resistance to
environmental effects and achieved higher load
capacity relative to the REF and EBROG
specimens. Nevertheless, their structural
performance remained governed by CCD
failure, which restricted the contribution of the
CFRP reinforcement, particularly under higher
load levels.

In contrast, the implementation of the
BAF system effectively suppressed CCD
failures. Specimens with an anchorage length of

115 cm (NA115) exhibited a substantial
increase in load-bearing capacity and a
transition in failure mode from brittle CCD to a
mixed tensile—shear response. Furthermore,
increasing the anchorage length to 150 and 200
cm led to additional improvements in flexural
strength, ductility, and energy absorption
capacity, enabling more effective utilization of
the CFRP reinforcement. These findings
underscore the critical role of anchorage length
in mobilizing the reinforcing bars and in
transforming the failure mechanism from
sudden brittle behavior to a more controlled and
predictable response.

Overall, the results confirm that the BAF
system  provides a highly effective
strengthening strategy for RC beams by
overcoming the primary limitations of
conventional EBR methods. Through improved
stress transfer and enhanced anchorage
efficiency, the BAF system significantly
increases ultimate load-carrying capacity,
ductility, and structural safety, offering a
reliable  solution for the  long-term
strengthening and durability of RC structures
subjected to flexural demands.
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