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Article History: The greatest challenge in strengthening deep reinforced concrete beams is
Received 16 Jul 2026 overcoming brittle shear failure. Premature shear failure limits reliable flexural

strengthening by preventing the full structural capacity of FRP reinforcement from
Accepted 04 Oct 2026 being mobilized. To address this limitation, 36 RC T-beams with low shear span-
to-depth ratios (a/d < 2.5), including under- and over-reinforced sections, were

Keywords: experimentally investigated. The beams were strengthened using externally
RC beam; bonded CFRP and bidirectional E-glass woven roving GFRP composites, the latter
CFRP; systematically evaluated as an economical strengthening alternative. An
GFRP; innovative NSM technique employing epoxy-impregnated rolled FRP sheets
Shear; inserted into pre-cut grooves, acting similarly to conventional NSM FRP bars, was
NSM; also developed. The experimental results showed that the effectiveness of FRP
Flexural; strengthening depended strongly on the reinforcement configuration and the
Strengthening; governing failure mechanism. While selected configurations produced significant
T-Beams improvements in load-carrying capacity, ductility, and energy absorption, the

tested beams predominantly exhibited diagonal cracking and brittle shear-
dominated failure, which limited the full utilization of the FRP reinforcement.
Across the four experimental series, the investigated FRP configurations produced
a maximum 49.01% increase in load-carrying capacity, achieved with the U +45°
configuration, demonstrating the effectiveness of inclined FRP reinforcement in
intercepting shear cracks and improving stress transfer. In terms of ductility, the
configuration combining longitudinal reinforcement for the opening with 45°
cross reinforcement exhibited the most pronounced improvement, with a 220.7%
increase in energy-based ductility relative to the control beam. These findings
demonstrate that, although FRP strengthening can substantially enhance the
structural response of deep RC T-beams, shear remains a critical limiting
mechanism. Integrated flexural shear strengthening is therefore essential to fully
exploit the capacity of FRP systems in shear-dominated deep RC T-beams.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Several damage factors have given rise to the concept of strengthening through jacketing, which
can be defined as a strengthening technique aimed at restoring or enhancing the structural
performance of an element, based on a thorough understanding of its actual mechanical behavior,
particularly in cases where the element is damaged or at risk of reaching a critical state. The
progressive degradation of reinforced concrete structures has become a concerning reality,
highlighting security vulnerabilities that require increased attention in the field of construction and
public works [3]. This highlights the need to address the substantial human and material losses,
which are often exacerbated by the inadequate dynamic performance of structures from the outset
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[4]. This issue is especially critical in regions prone to seismic activity and severe environmental
conditions. In light of these challenges, it is essential to design and construct structures that can
withstand seismic forces while mitigating the inherent degradation mechanisms of construction
materials. As a result, the strengthening and rehabilitation of existing structures have become a
strategic priority to safeguard both human lives and property. Currently, there exists a well-
established body of research dedicated to the strengthening and repair of reinforced concrete
structures, with the aim of developing techniques that restore their mechanical and energy-related
performance [6]. Increasing attention is being directed toward the modernization of existing
structures, with a particular emphasis on identifying alternative solutions to extend the service life
of constructions that are at risk of failure. As highlighted by [10], a comprehensive diagnostic
process, including the classification of the structural condition and assessment of damage severity,
is essential to guide the selection of appropriate reinforcement strategies. The primary objective is
to recover or enhance the structural system's performance and durability [11,12]. Numerous
reinforcement techniques have been developed through experimental studies and subsequently
implemented in practice to validate their real-world effectiveness.

Since the 1980s, numerous studies have investigated the potential of FRPs to enhance the load-
bearing capacity of bridge piers and to control concrete compression through effective
confinement, as highlighted in the works of [12] and [11]. According to the existing literature, FRP’s
have helped mitigate certain risks as they offer increased strength [5], ductility [7], and flexibility
[13] at the engineer’s disposal. Furthermore, several methods of applying these FRPs have been
examined, both in real cases and through detailed studies. The simplicity of execution makes this
technique widely adopted, for example, NSM systems have proven to be an effective and innovative
technique for shear strengthening of shear-deficient reinforced concrete T-beams [14], and
strongly used in safe smart sensing technologies that substantially enhance the understanding,
detection, and prevention of FRP debonding failures in RC beams. An experimental investigation
into the shear strengthening of reinforced concrete beams using basalt fiber-reinforced polymer
(BFRP) strips was conducted by [16]. The study involved 18 reinforced concrete beams (150 mm
x 250 mm x 2000 mm) with varying configurations in terms of fiber orientation, BFRP strip length,
and wrapping schemes. Both experimental and analytical results demonstrated that full-section
wrapping was the most effective technique for restoring and enhancing structural strength. Recent
studies have increasingly focused on structural strengthening strategies [17-21] particularly
through the application of fiber-reinforced polymer (FRP) composites. These materials have
exhibited substantial potential in improving the mechanical performance of reinforced concrete
elements [22]. FRP composites offer numerous advantages, including high tensile strength [23],
lightweight characteristics [24], superior corrosion resistance [25,26], and enhanced confinement
capabilities [27], which contribute to increased structural integrity and resistance to deformation
and chemical deterioration[8,19]. Modern reinforcement techniques, particularly those involving
carbon fiber-reinforced polymers (CFRP) and glass fiber-reinforced polymers (GFRP), have
demonstrated significant potential in enhancing the load-bearing capacity of reinforced concrete
(RC) elements [28,29]. These materials contribute to reducing crack formation and improving both
flexural and shear resistance. This research falls within the scope of sustainable structural
rehabilitation. Most FRP based strengthening strategies primarily aim to enhance flexural
performance [30], particularly in regions subjected to high bending moments, especially the NSM
systems[33]. Recently, the Side Near-Surface Mounted (S-NSM) technique has emerged as a
promising variation of the NSM approach, in which FRP reinforcement is embedded in grooves cut
along the side faces of the member. This technique offers improved ultimate load behavior [34],
enhanced protection against premature debonding, decreased deflection, and better stress transfer
compared to conventional externally bonded systems[36]. Recent destructive earthquakes have
repeatedly demonstrated the vulnerability of existing reinforced concrete (RC) structures [37] and
the critical need for effective structural assessment [38], rehabilitation, and strengthening. Major
seismic events, including the 2019 Durrés earthquakes in Albania and the devastating 6 February
2023 Kahramanmaras earthquake sequence in Tirkiye, have revealed the consequences of
inadequate seismic detailing, insufficient structural capacity, poor material quality, and other
structural deficiencies, resulting in extensive damage and collapse [39]. These observations
emphasize the importance of strengthening vulnerable RC members to improve structural safety
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[40], deformation capacity, and seismic resilience. Seismic events can impose severe cyclic and
lateral demands on existing RC structures, particularly on members with inadequate shear
resistance or insufficient detailing [41]. Shear-critical members are of particular concern because
shear failure is generally brittle and may occur with limited warning, potentially leading to a rapid
loss of load-carrying capacity and severe structural damage. Consequently, the development of
efficient strengthening techniques capable of enhancing both strength and deformation capacity is
essential for improving the seismic resilience of existing RC structures. FRP composites offer
attractive rehabilitation solutions owing to their high strength-to-weight ratio, corrosion
resistance, and ease of application. However, in certain structural configurations, such as short-
span beams or members with low shear span-to-depth ratios (a/d < 2.5), structural behavior is
often governed by shear rather than flexure. In these cases, conventional externally bonded FRP
systems and flexural strengthening alone may be insufficient to prevent brittle shear-dominated
failure. This limitation highlights the need for strengthening strategies specifically designed to
enhance shear resistance, promote effective shear-crack interception and stress redistribution, and
improve deformation capacity. Accordingly, the present study experimentally investigates
different CFRP and GFRP strengthening configurations for shear-dominated RC T-beams, with
particular emphasis on the effectiveness of inclined U-shaped reinforcement, E-glass woven roving,
and an NSM system based on rolled FRP sheets. Although Near Surface Mounted (NSM) FRP
systems have been increasingly adopted to improve bond efficiency and ductility [32] [42], their
application has also predominantly focused on flexural enhancement [43], with limited
consideration of flexure shear interaction. This highlights a critical gap in current strengthening
practices, particularly where design assumptions do not adequately address shear mechanisms and
combined failure modes.

In addition to experimental investigations, analytical and numerical approaches have been
increasingly employed to quantify the contribution of FRP strengthening to the structural response
of reinforced concrete members. Such studies provide valuable insight into the interaction between
FRP reinforcement, concrete, and internal steel reinforcement, while enabling the prediction of
strength and deformation response under different strengthening configurations [44] [45].
Nevertheless, experimental validation remains essential, particularly for shear-dominated
members where crack development, stress redistribution, anchorage, and failure mechanisms can
significantly influence the effectiveness of FRP strengthening. Despite extensive research on FRP-
strengthened RC members, the quantitative behavior of shear-dominated T-shaped deep beams
remains insufficiently documented, particularly across different reinforcement ratios and
strengthening conditions. Most existing studies primarily address flexural strengthening or
conventional beam configurations, providing limited comparative evidence on the interaction
between reinforcement ratio, FRP type, shear-governed failure, strength, and ductility. The present
study addresses this gap through a systematic experimental investigation of CFRP- and GFRP-
strengthened T-beams under under- and over-reinforced conditions. Beyond demonstrating the
effectiveness of FRP, the study establishes quantitative relationships between strengthening
configuration, load-carrying capacity, and ductility, providing practical performance indicators for
engineering selection. The results offer a clearer basis for strengthening decisions while
establishing an experimental reference for researchers developing analytical and numerical
models of shear-critical RC members. A total of 36 beams were tested under four-point loading and
strengthened using CFRP, GFRP jacketing, and Near-Surface Mounted (NSM) techniques. Although
the applied systems enhanced load capacity and ductility [46], most beams exhibited premature
shear failure, indicating that flexural strengthening alone is insufficient in such conditions. The
results highlight the need for combined flexural and shear reinforcement to achieve reliable and
ductile structural performance.

2. Experimental Work

The experimental study of reinforced concrete T-beams strengthened with composite materials
aims to assess their structural performance under monotonic loading. This research focuses on
evaluating the effectiveness of various strengthening techniques, particularly in enhancing the
post-elastic behavior of beams. The study involves reinforcing T-shaped beams as presented in Fig.
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1, with carbon and glass fiber fabrics (CFRP and GFRP respectively), applying different
configurations, and analyzing their Force-Displacement response. A total of (36) reinforced
concrete T-beams, with cross-sectional dimensions as detailed in Fig. 1, were tested.

60 mm

o0 mm

S0mm  100mm 50 mm

Fig. 1. Tested sections

Key experimental parameters include the internal reinforcement ratio Table 1, composite material
type, reinforcement configuration, and a constant shear span-to-effective depth ratio (a/d). Beam
length is (1100 mm, with a shear span (a=300 mm), and effective depth (d=127 mm) for under-
reinforced beams and (d=124 mm) for over-reinforced beams, resulting in (a/d = 2.36) for under-
reinforced beams and (a/d = 2.42) for over-reinforced beams. Special attention is given to low-
strength concrete to assess the real behavior of deteriorated or poorly constructed beams. The
study examines failure modes, the influence of different fiber fabric types (carbon, glass),
reinforcement configurations, and post-elastic behavior in terms of stiffness, ductility, ultimate
load, and energy absorption. Tests were conducted using an MTS Criterion 45 universal testing
machine (maximum load capacity of 300 kN) to ensure precise load application and displacement
measurement. The findings provide critical insights into the efficiency of composite reinforcements
and their impact on the overall behavior of T-beams, helping to optimize their use in real-world
structural applications.

Table 1. Steel reinforcement ratios for all configurations

Steel reinforcement ratios (%) 2.13 2.29
Control beam UBO OBO
Carbone UCB1, UCB2, UCB3 OCB1, 0CB2, 0CB3
. . reinforcement UCB4, UCB5 0CB4, OCB5
Configurations UCB6, UCB7 0CB6, OCB7

Glass reinforcement

UGB1, UGB2, UGB3
UGB4, UGB5, UGB6
UGB7, UGB8

0OGB1, OGB2, 0GB3
0GB4, OGB5, OGB6
0GB7, OGBS

2.1 Description and Characterization of the Materials Introduced

The study focuses on characterizing the materials used in reinforced concrete T-beams

strengthened with CFRP and GFRP, tested under four points bending system.

2.1.1 Characterization Program

The concrete mix used in this study was prepared following standard practice to ensure uniformity
and repeatability, with detailed material characteristics summarized in Table 2. The concrete mix
proportions also reported in Table 3. The mechanical properties of the steel reinforcement were
determined through monotonic tensile testing in accordance with ASTM E8/E8M, as reported in
Table 4.
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Table 2. Concrete mix details

Parameter

Description / Value

Target compressive strength 12.43 MPa
Cement type Ordinary Portland Cement (CEM II/A-P 42.5 N)
Water-cement ratio (w/c) 0.84
Fine aggregates Natural fine sand and washed.coarse sand (0/4),
standard grading

Coarse aggregates

Crushed gravel (5/15), low hardness, irregular
shapes

Admixtures

None

Purpose of mix

Low-strength baseline to evaluate FRP
strengthening efficiency

Batch usage

Each batch used to cast 2 T-beams and 2 prismatic
specimens (150x150x150 mm?)

Standards followed

NF EN 12390-3

Slump

14 cm

Reason for high w/c ratio

Achieve low strength suitable for deteriorated or
poorly constructed beams

Mechanical performance consideration

Aggregates and absence of admixtures deliberately

limit strength
Table 3. Concrete mix proportions
Constituent Quantity (kg/m?)
Cement 246
Fine sand 705.56
Coarse sand 213.03
Gravel 960.44
Water 179.4
Target compressive strength 12.43 MPa
Table 4. Properties of steel reinforcement
Reinforcement Diameter Young’s Modulus E Yield Strength fy Role
Type (mm) (GPa) (MPa)
T10 10 200 600 Longitudinal
T16 16 200 550 Longitudinal
T8 8 200 500 Transverse

2.1.2 Composite Materials

In this study, a unidirectional carbon fiber reinforced polymer (CFRP) fabric (Table 5), SikaWrap-
230 C, was employed due to its high tensile strength and stiffness. For comparison, a bidirectional
glass fiber fabric (GFRP, Woven Roving E300) was also used (Table 4). Both composite systems
were bonded to the concrete substrate using Sikadur-330 epoxy resin, selected for its high
adhesion capacity and effective stress transfer, in accordance with relevant application standards.
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Table 5. Mechanical properties of the reinforcement fabrics

Property SikaWrap-230 C Sikadur-330 Woven Roving E300 CFRP Laminate
Fiber o e 0°/90°
Orientation 0% (Unidirectional) / (Bidirectional) /
Tensile
Strength (MPa) 4000 30 22000 N/75 mm 3500
Elastic 230 45 / 225

Modulus (GPa)
Elongation at

Break (%) 170 090 / -5
Thickness 0.129 / 1.2 0.129
(mm)

Technical details were provided by Sika El Djazair SPA and Sarl SPPF Algeria. These materials and
configurations form the basis for evaluating the structural improvements in reinforced concrete
beams using FRP composites.

2.1.3 Design and Preparation of Specimens

T-shaped reinforced concrete beams were designed and tested under four-point bending, as
illustrated in Fig. 2, to ensure a constant bending moment region and representative assessment of
structural performance. This configuration is well suited for evaluating the behavior of reinforced
concrete elements under flexural loading. Concrete proportions were determined using the Dreux-
Gorisse method. Steel reinforcement cages were accurately assembled before casting; concrete was
placed in layers with vibration, then cured under controlled humid conditions.

2.1.4 Reinforcement Preparation

Reinforcement steel bars were selected according to design requirements and available grades,
then precisely cut to specified lengths using a bar cutter.

2.1.5 Surface Preparation and Reinforcement Application

Following a thorough inspection of the concrete surfaces, the areas designated for strengthening
were carefully cleaned and mechanically roughened to remove loose particles and surface
contaminants and to promote effective mechanical interlocking and epoxy adhesion. The CFRP and
GFRP fabrics, as well as the NSM reinforcement systems, were subsequently installed in the
prescribed orientations in accordance with the manufacturer’s recommendations. Particular
attention was given to the alignment, positioning, and continuity of the reinforcement to ensure
proper stress transfer between the FRP system and the concrete substrate. The strengthened
specimens were then maintained under the recommended curing conditions prior to testing.

2.2 Testing Machines Used
2.2.1 Flexural Testing

Based on a review of the literature, it was observed that most reinforced concrete elements tested
are scaled in dimensions, either to study the size effect or due to limitations imposed by the testing
machine’s capacity. These constraints are typically defined by the machine’s load capacity, the
dimensions of the tested specimens, measurement precision, and the versatility to accommodate
various operating conditions. The MTS Criterion Model 45 universal testing machine was used for
our four-point bending tests. The MTS Criterion Model 45 is known for its high precision in
measuring loads and displacements. It employs high-accuracy force and displacement sensors,
enabling it to detect even the smallest variations, which is essential for our tests.

2.2.2 Compression Testing

Compressive strength was evaluated on (150x150x150 mm) concrete prisms using a (2000 kN)
Lindqvist International hydraulic testing machine with AUTOCON control, ensuring reliable results.



Taguia et al. / Research on Engineering Structures & Materials x(x) (xxxx) Xx-xx

2.2.3 Tensile Testing

Tensile tests on steel reinforcing bars (T10 and T16) were performed using an Instron SATEC
machine. This latter provides high precision, flexibility for testing, and compliance with
international standards.

2.2.4 Pull-Off Testing

Pull-off tests were conducted using a Proceq DY-216 device in accordance with ASTM C1583 to
evaluate tensile bond strength, results are shown in Table 6.

Table 6. Pull-Off bond strength results

Specimen Bond Strength 1~ Bond Strength 2 Bond Strength 3 Average Bond

(MPa) (MPa) (MPa) Strength (MPa)
UCB2 0.94 1.55 1.15 1.21
UCB5 0.71 0 1.23 0.64
OCB5 0.53 1.57 0 0.70
UGB2 1.84 2.08 1.8 1.91
UGB5 0.74 1.49 1.48 1.24
OGB7 1.75 1.38 1.43 1.52

3. Design of Test Specimens

A total of 36 T-shaped reinforced concrete beams were fabricated at laboratory scale using low-
strength concrete with a measured compressive strength of 12.43 MPa. This relatively low-strength
substrate provided a mechanically weak condition for evaluating the effectiveness and limitations
of the applied FRP strengthening systems. Beams were cast in accurately dimensioned molds, cured
under controlled conditions, and provided with transverse stirrups at (150 mm) spacing to ensure
stable behavior. Concrete surfaces were carefully prepared prior to strengthening, and external
CFRP/GFRP reinforcements were applied over (820 mm) in various configurations to evaluate
flexural strengthening effectiveness.

3.1 Beam Series and Strengthening Objectives

e The UCB (Under-reinforced Carbon Fiber Beam) was reinforced with two T10 bars in the
tension zone and CFRP applied with different configurations.

e The OCB (Over-reinforced Carbon Fiber Beam) had two T16 bars in the tension zone and
CFRP applied either to the bottom of the flange or on the lateral webs in a U-shape.

e Similarly, the UGB (Under-reinforced Glass Fiber Beam) was reinforced with two T10 bars
and GFRP applied employed with distinct setup patterns.

e Lastly, the OGB (Over-reinforced Glass Fiber Beam) incorporated two T16 bars in the tension
zone with GFRP installed in different reinforcement schemes.

3.2 Control Beams

To compare the performance of strengthened beams, six unreinforced control beams were
fabricated and tested without any external composite reinforcement. These beams serve as a
baseline to assess the efficiency of the various reinforcement configurations.

3.3 Testing and Performance Evaluation

The beam specimens were tested under four-point bending with monotonic static loading. while
load and deflection were continuously recorded to assess structural response and quantify the
effectiveness of external strengthening by comparison with reference beams, enabling
identification of the most efficient flexural strengthening configurations Table 7.
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Table 7. The testing program configurations

Configuration Section

UBO

A

Reference beam
UCB 1 ‘ |
Longitudinal reinforcement on the bottom face

UCB 2

- -

U shaped Longitudinal reinforcement (U-0 configuration)
UCB 3 “ |I
UCB 4 “ | I
U-shaped longitudinal reinforcement (0°/90° configuration)

UCB 5

A

Longitudinal reinforcement for opening (reservation)

UCB 6

A

Longitudinal reinforcement for opening with 45° end anchorage
o ﬁ
opening
UCB 8
U-shaped +45° cross reinforcement + Longitudinal reinforcement for

opening with 45° end anchorage
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The RC beam specimens were simply supported with a span of 900 mm and subjected to four-point
bending, with the two loading points separated by 300 mm. Displacement was precisely measured
using the integrated actuator sensor of the testing frame, ensuring accurate monitoring of mid-span
deflections. Fig. 2 illustrates the experimental setup, showing the positioning of the beam and load
application points. The experimental program was designed to investigate the effectiveness of FRP
strengthening in shear-critical RC T-beams while considering the influence of the longitudinal
reinforcement condition. Two levels of longitudinal reinforcement were adopted, corresponding to
reinforcement ratios of 2.13% and 2.29%. The classification of the specimens as under-reinforced
or over-reinforced was established by comparing the actual longitudinal reinforcement ratio with
the corresponding balanced reinforcement ratio, rather than by the numerical reinforcement ratio
alone. This approach ensured that the two groups represented distinct flexural reinforcement
conditions.

A low shear span-to-effective depth ratio (a/d) was maintained for all specimens to establish a
consistent shear-critical structural framework. Within this framework, the experimental matrix
varied the FRP material and strengthening configuration while maintaining the principal geometric
and loading parameters. This organization enabled the effects of the longitudinal reinforcement
condition, FRP type, and strengthening configuration to be examined systematically. The
experimental design therefore combines two complementary aspects of structural behavior: the
longitudinal reinforcement ratio defines the flexural condition of the section, while the low (a/d)
ratio promotes shear-dominated behavior. The resulting matrix provides a controlled basis for
examining how FRP strengthening modifies strength, deformation, stiffness, and failure
mechanisms under different reinforcement conditions.

4. Responses and Discussions
4.1 Response of Control Beams

UBO and OBO were tested under static monotonic flexural loading at 0.02 mm/s using a 300 kN
force and displacement sensor (displacement limited to 45 mm). Photographs were taken
throughout, and data analyzed. Some beams were reclassified (UCB8/0CB8) due to the absence of
reinforcement; UBO and OBO failed prematurely due to shear.

UBO, an under-reinforced beam, exhibited a typical three-phase behavior. In the elastic phase, the
concrete remained uncracked up to (34.57 kN). The cracked phase followed, during which
deformations increased, stiffness decreased, and plastic deformation of the steel progressed up to
the peak load. In the failure phase, deformation increased significantly, and the beam reached a
peakload of (55.97 kN) with a maximum displacement of (7.92 mm). Failure was governed by shear
mechanisms, followed by crushing of the concrete in the compression zone, with limited ductility.
According to, this failure mode is sudden and occurs at relatively low deflections.

OBO, an over-reinforced beam, demonstrated similar three-phase behavior. In the elastic phase, the
beam remained linear until the first crack appeared at (46.3 kN), maintaining high stiffness due to
concrete compression and steel tension. In the cracked phase, shear-induced cracks in the tensile
zone reduced stiffness as stress redistributed between concrete and reinforcement. Steel
plastification occurred, allowing the beam to carry higher loads despite stiffness degradation. In
the failure phase, OB0 reached a peak load of (70.58 kN) and a maximum displacement of (6.90
mm) before failing in a brittle manner. Failure resulted from tensile steel plastification and concrete
crushing in the flange. The brittle nature of OB0’s failure was due to its over-reinforced condition,
which limited deformation before collapse. Shear-compression failure was observed as diagonal
cracks propagated into the compression zone, ultimately leading to concrete crushing.

4.1.1 Shear Compression Failure Analysis

Shear-compression failure in reinforced concrete T-beams is closely linked to the shear span-to-
depth ratio (a/d), particularly in the range of 1 < a/d < 2.5, where beams are classified as deep and
susceptible to this failure mode. In such cases, diagonal cracks initiate in the tensile zone near
supports or loading points and propagate directly into the compressed zone, bypassing the
formation of secondary cracks typically associated with flexural failure. This crack pattern
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concentrates stress in the compression zone, often leading to premature crushing of the concrete
before the beam can develop its full flexural capacity. The shear capacity in this regime is highly
dependent on the (a/d) ratio, and in this study, it was significantly compromised by the poor quality
of concrete, which limited the contribution of externally bonded CFRP and GFRP reinforcement.
While arching action an internal load-transfer mechanism in deep beams can enhance shear
resistance by mobilizing compressive struts and reducing tensile stress, its effectiveness was
diminished by the low compressive strength of the concrete. As a result, the beams exhibited a
brittle failure mechanism Fig. 2, marked by diagonal crack widening and crushing in the
compression zone, ultimately restricting the composite strengthening systems from reaching their
full potential.

Fig. 2. Failure modes for the UCB series

4.2 Responses of Beams Reinforced with Different Configurations
4.2.1 Load Carrying Capacity and Deflection Responses of Beam Specimens

e UCB Series:

Seven RC beams (2T10 steel in tension) were strengthened with unidirectional CFRP sheets; the
following Fig. 3 shows specimens UCB1 through UCB7.

UCB 1, reinforced with a CFRP sheet at 0° on the web’s lower surface, failed due to compression
and shear, reaching (63.6 kN, 13.63% gain) with a deflection of 7.11 mm, showing minimal CFRP
contribution. UCB 2, with a U-shaped CFRP at 0°, slightly improved strength (57.79 kN, 3.25% gain)
but experienced failure governed by a shear-compression mechanism. UCB 3, with +45° U-shaped
CFRP, showed the highest strength gain (83.06 kN, 48.4%) and improved shear resistance with a

10
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deflection of 9.8 mm. UCB 4, with 0° longitudinal and 90° transverse CFRP, reached (73.24 kN,
30.85% gain) but had premature shear failure due to stiffness mismatch with no delamination
observed. UCB 5, strengthened with a grooved 10 cm-wide CFRP strip, unexpectedly decreased in
capacity (52.34 kN, 6.48% reduction), failing in brittle shear. UCB 6, using grooved CFRP with 45°
anchorage, enhanced shear resistance (73.75 kN, 31.76% gain) with reduced diagonal cracking.
UCB 7, the specimen was strengthened using a grooved NSM reservation without any end
anchorage, in combination with a #45° U-shaped CFRP configuration. The CFRP sheets applied on
the bottom and lateral faces were oriented at +45° to enhance the diagonal shear resistance by
intercepting principal tensile crack paths. Although no mechanical or bonded anchorage was
introduced at the groove ends, the +45° orientation of the U-shaped CFRP inherently provided a
form of indirect anchorage, as the fibers crossed the shear-critical zone diagonally. combining
grooved and #45° U-shaped CFRP, improved ductility and crack control, reaching (62.49 kN,
11.64% gain). The +45° CFRP cross reinforcement proved most effective in reducing shear cracks
and stress concentrations, significantly improving durability and ductility, while composite bar
anchorage at 45° acted as an efficient shear reinforcement mechanism; responses are shown in.

50
—UBD
20 p=2.13% ——ucB1
. —ucB2
UCB3
~ B0 — B4
ﬁ ——UCBs
we 50 ——UCB6
ﬁ AD —LCB7
]
B 30
20
10
0

1) 5 10 15 20 25 30 35 40 45 50
Displacement {mm}

Fig. 3. Load-displacement response curve for UCB

11
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e (OCB Series:

The OCB series studied seven RC beams with two T16 tensile steel bars, strengthened using
unidirectional CFRP fabrics in various configurations. The results Fig. 5 show that OCB 3, with #45°
CFRP reinforcement, exhibited the highest performance, reaching a peak load of 105.23 kN
(49.09% increase over OBO and 88% over UBO) with a displacement of 10.18 mm. This
configuration effectively delayed shear cracks and improved structural integrity. OCB 1 and OCB 2,
both with longitudinal CFRP reinforcement, achieved similar strength gains of approximately 19%
over OBO, with peak loads of 83.81 kN and 84.32 kN, respectively. However, these configurations
were limited by premature failure due to compression-shear interaction. OCB 4, featuring a 0°/90°
U-shaped reinforcement, showed a moderate improvement, with a peak load of 89.81 kN (22.99%
over 0B0, 55.09% over UBO) and a displacement of 8.95 mm, but failed to significantly outperform
OCB 2. 0CB 5 demonstrated a lower performance, with a peak load of 62.78 kN (11.04% lower than
OB0) and minimal CFRP contribution due to dominant shear stresses. OCB 6 and OCB 7,
incorporating composite bars with 45° anchorage, reached peak loads of 74.64 kN and 71.2 kN,
respectively, but their gains were lower than expected due to the limited shear resistance of the
concrete. The study concludes that +45° CFRP reinforcement (OCB 3) is the most effective
configuration for increasing load-bearing capacity, crack control, and ductility. However, the
effectiveness of CFRP reinforcement is strongly influenced by the concrete's compressive strength,
as observed in OCB 4 and OCB 6, where potential gains were restricted by shear stress
concentrations and low concrete strength; Furthermore, the failure mode significantly influences
the overall ductility, as it dictates the element’s capacity to undergo inelastic deformations and
dissipate energy before failure.
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Fig. 5. Load-displacement response curve for OCB

e UGB Series:

This study investigates eight RC beams initially reinforced with 2T10 steel bars in tension and
retrofitted with bidirectional GFRP fabrics in various configurations to evaluate effects on stiffness,
ultimate load, and ductility.

The results reveal significant variation in performance depending on the layout and orientation of
the GFRP Fig. 6. Beam UGB1 achieved a 14.92% increase in peak load compared to the control
(UBO0), yet failure was governed by premature shear-compression rupture, preventing full
exploitation of the reinforcement. A similar brittle failure limited UGB2’s gain to only 1.66%. In
contrast, UGB3, with a U-shaped 45° fiber layout, demonstrated a remarkable 35.38%
improvement, attributed to enhanced transverse confinement and delayed shear crack
propagation. UGB4, using a 0°/90° U-wrap, reached a comparable gain (35.71%), though no
substantial advantage was observed over simpler configurations. UGB5 exhibited the weakest
performance, with a 9.45% decrease in load capacity due to the ineffective engagement of the
grooved GFRP bar, which showed detachment and no deformation. UGB6 and UGB7, despite
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different anchor schemes, yielded similar moderate gains (9.85% and 8.92%, respectively), again
limited by early shear failure and poor concrete crushing resistance. Finally, UGB8, combining an
anchored bar and a 45° U-wrap, achieved the highest performance (82.09 kN, +46.86%), matching
the best CFRP-reinforced beams UCB3, with minimal delamination observed post-failure. These
findings underline the critical importance of reinforcement orientation, anchorage strategy, and
shear mitigation in optimizing the contribution of GFRP systems to concrete beam strengthening.
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oy — | | 5B5
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S
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Fig. 6. Load-displacement response curve for UGB
100
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Fig. 7. Load-displacement response curve for 0GB

e OGB Series:

The OGB series studied eight RC beams initially reinforced with 2T16 steel bars in tension and
subsequently retrofitted with custom-cut bidirectional GFRP fabrics applied in diverse
reinforcement configurations.

Test results for each beam are analyzed individually, allowing direct comparison of structural
performance across configurations Fig. 7. For instance, OGB1 exhibited a 29.29% increase in peak
load (91.26 kN) and a (33.9 %) increase in displacement over the non-strengthened OB0O beam and
63.05% over UBO, with shear-compression failure dominating and the GFRP remaining intact,
indicating premature failure due to concrete limitations and an (a/d) ratio below (2.5), rather than
reinforcement deficiency. 0GB2 showed only an 8.9% improvement (76.86 kN) and similar shear-
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compression behavior, again with no damage to the GFRP. In contrast, OGB3 demonstrated
significant enhancement (94.99 kN, 34.59%), attributed to the optimized 45° fiber orientation and
U-shaped confinement, which delayed shear crack propagation. OGB4 also maintained GFRP
integrity while reaching 90.18 kN (27.77%), similar to OCB4. OGB5 yielded the lowest gain (73.88
kN, 4.68%) but high ductility, with the GFRP bar disengaging from its groove due to shear
domination. 0GB6 and OGB7 recorded modest to no improvements (75.69 kN, 7.24%; 65.03 kN,
7.86%), limited again by premature shear-compression failure. Finally, OGB8 combined the
features of 0GB6 and OGB7, reaching 74.21 kN (5.15%) with minimal GFRP damage but similarly
governed by brittle shear failure. These findings highlight the critical role of fiber orientation,
anchorage method, and the interaction between reinforcement and shear-compression effects in
determining the effectiveness of GFRP strengthening systems. Normalized strength and deflection
(%) for all series, showing the relative performance of each beam compared to its reference are as
follow Table 8 and Table 9.

Table 8. Normalized strength and deflection for UCB and OCB series (%)

Ultimat Deflecti Normalize Normalized

Configurations e load on d strength deflection
(KN) (mm) (%) (%)
UBO Reference beam 55.97 7.93 100 100
UCB1 Longitudinal remfo;acce;nent on the bottom 63.60 711 113.62 89.68
UCB2 Longitudinal reinforcement on the bottom 5779 6.40 103.25 80.79

face + lateral faces (U-0 configuration)
45° cross reinforcement on the bottom face +
UCB3 lateral faces (U +45 configuration) 83.06 9-80 14840 12359

Longitudinal reinforcement on the bottom

UCB4 face + lateral faces at 90° (U 0/90 73.24 8.88 130.84 112.09
configuration)

UCBS Longitudinal remforcement for opening 5234 728 93.52 91.87
(reservation)

UCB6 Longitudinal reinforcement for opening with 73.75 950 131.75 119.90

45° end anchorage
UCB7 Longltudlna.l reinforcement for opening + 45 62.49 8.59 111.64 108.40
cross reinforcement (U configuration)
Longitudinal reinforcement for opening with
UCB8  45° end anchorage + 45° cross reinforcement / / / /
(U configuration)

OB O Reference beam 70.58 6.90 100 100

OCB1 Longitudinal remfo;acce;nent on the bottom 83.81 1119 118.74 162.19

OCB2 Longitudinal reinforcement on the bottom 84.32 753 119.46 109.05

face + lateral faces (U-0 configuration)
45° cross reinforcement on the bottom face +
0CB3 lateral faces (U +45 configuration) 105.23 10.18 149.09 147.57

Longitudinal reinforcement on the bottom

0CB4 face + lateral faces at 90° (U 0/90 86.81 8.96 122.98 129.77
configuration)

OCRS Longitudinal remforcement for opening 62.78 737 88.95 106.73
(reservation)

Longitudinal reinforcement for opening with
45° end anchorage
Longitudinal reinforcement for opening + 45°
cross reinforcement (U configuration)
Longitudinal reinforcement for opening with
OCB8  45° end anchorage + 45° cross reinforcement / / / /
(U configuration)

0CB6 74.64 7.49 105.75 108.58

OCB7 71.20 6.87 100.87 99.48
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Table 9. Normalized strength and deflection for UGB and OGB series (%)

Ultimate . . Normalized
. . Deflection Normalized .
Configurations load (mm) strength (%) deflection
(KN) e (%)
UGB1 Longitudinal reinforcement on the 64.32 934 114.92 117.78
bottom face
Longitudinal reinforcement on the
UGB2 bottom face + lateral faces (U-0 56.90 6.79 101.66 85.67
configuration)
45° cross reinforcement on the bottom
UGB3 face + lateral faces (U +45 75.77 9.90 135.38 124.92
configuration)
Longitudinal reinforcement on the
UGB4  bottom face + lateral faces at 90° (U 75.96 10.25 135.72 129.29
0/90 configuration)
Longitudinal reinforcement for
UGB5 . . 50.68 7.73 90.54 97.49
opening (reservation)
uGBs Lonsitudinalreinforcement for 61.48 7.42 109.85 93.66
opening with 45° end anchorage
Longitudinal reinforcement for
UGB7  opening + 45° cross reinforcement (U 60.97 7.17 108.92 90.49
configuration)
Longitudinal reinforcement for
UGB8 opening with 45° end anchorage + 45° 82.10 8.80 146.68 110.99
cross reinforcement (U configuration)
0GB1 Longitudinal reinforcement on the 91.26 924 129.30 133.90
bottom face
Longitudinal reinforcement on the
0GB2 bottom face + lateral faces (U-0 76.86 6.98 108.90 101.15
configuration)
45° cross reinforcement on the bottom
OGB3 face + lateral faces (U +45 94.99 8.60 134.59 124.60
configuration)
Longitudinal reinforcement on the
OGB4 bottom face + lateral faces at 90° (U 90.18 7.03 127.77 101.81
0/90 configuration)
OGBS Longitudinal reinforcement for 73.89 8.09 104.68 117.23
opening (reservation)
oGBs ~ Lonsitudinalreinforcement for 75.69 7.49 107.24 108.53
opening with 45° end anchorage
Longitudinal reinforcement for
OGB7 opening + 45° cross reinforcement (U 65.03 7.99 92.13 115.77
configuration)
Longitudinal reinforcement for
OGB8 opening with 45° end anchorage + 45° 74.22 8.21 105.15 118.97

cross reinforcement (U configuration)

4.2.2 Responses in Terms of Ductility

The ductility of RC beams strengthened with CFRP and GFRP composites was assessed using two
methods:

e Anenergy-based approach, calculating the area under the load displacement curve to failure.
e A displacement ratio method, comparing ultimate displacement to the elastic limit
displacement.

Results show moderate ductility improvements in strengthened beams; however, shear-dominated
failures, caused by low concrete strength and a shear span to depth ratio below (2.5), limited fully
plastic behavior. CFRP and GFRP reinforcements delayed failure and slightly enhanced energy
absorption. The energy-based approach proved more sensitive to post-elastic behavior, whereas
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the displacement ratio method underestimated ductility in sudden failures, highlighting the benefit
of using both approaches for comprehensive assessment. The results of the four series are as
follows:

e UCB Series:

The results revealed distinct trends across this group. The ductility behavior of the whole under-
reinforced concrete beams strengthened with CFRP configurations was investigated through both
energy-based (U_E) and displacement-based (p_A) indices Table 10. The unstrengthen control
beam (UBO) exhibited a baseline energy ductility of 2.19 and displacement ductility of 1.50.
Strengthened specimens (UCB1 to UCB7) showed varying improvements depending on the CFRP
configuration. Among them, UCB7 recorded the highest ductility values, with (u_E) = 7.01
corresponding to a 220.7% increase relative to UBO, along with a 109.7% increase in displacement
ductility (n_A) = 3.14, reflecting a substantial enhancement in energy dissipation and post-yield
deformation capacity. Similarly, UCB4 and UCB6 showed high energy ductility (6.18 and 5.93,
respectively) corresponding to 182.8% and 171.4% of increase, and relatively high displacement
ductility (2.73 and 2.49) corresponding to 82.3% and 66.1% of increase respectively, suggesting
that CFRP layouts can significantly increase structural ductility in the longitudinal direction.
Conversely, beams such as UCB1 exhibited limited ductility gains of 8.5% in energy-based ductility
and 3.8% in displacement-based ductility. UCB2 and UCB3 demonstrated more substantial gains,
with UCB2 reaching 65% (u_E = 3.61) and 30.0% (p_A = 1.95), while UCB3 increased by 15.7% and
12%, respectively, which is likely due to limited composite action or stiffer reinforcement behavior.
This variation highlights the influence of CFRP application configuration on ductility performance.
Overall, the results confirm that optimized CFRP strengthening in under-reinforced beams can
considerably enhance both energy absorption and deformation capacity, contributing to a more
ductile failure mode and improved structural performance.

Table 10. Ductility for all UCB beams

Max " " Steel
Speci  elastic  Ener Ener A A E A reinforce
P load E &y B &y ( “) y Ug Ha Gain Gain ¢
men oa u y mm (mm) ratio ratio men

(KN) ratios (%)

UBO 34.57 135.01 61.78 6.16 411 219 150 100.00 100.00
UCB1 37.47 143.77  60.61 5.87 3.77 237 156 10856 103.84
UCB2 28.64 129.04 35.77 5.52 283 3.61 195 165.07 12991
UCB3 72.35 616.85 24392 13.49 8.03 253 1.68 115.73 112.05
UCB4 40.37 458.56  74.19 11.30 413 6.18 2.73 282.84 182.33
UCB5 42.72 35437 106.82 11.39 546 332 2.09 151.83 139.30
UCB6 36.49 43243 7293 11.72 471 593 249 27136 166.13
UCB7 39.49 44140 62.98 11.49 365 7.01 314 320.72 209.74

2.13

e (OCB Series:

The ductility of eight reinforced concrete beams was analyzed relatively to OBO served as the
reference specimen with a puz 11.08 and a ps of 4.34. All beams exhibited reductions in ductility
Table 11. OCB1 showed a significant decrease 0of 70.9% in pz and 52.3% in p,, while OCB2 recorded
a 59.3% reduction in pg and a 44.7% drop in p,. OCB3 displayed the lowest energy-based ductility,
with a 74.5% decrease from OB0, and a 60.1% reduction in displacement-based ductility. 0CB4 and
OCBS5 exhibited moderate ductility values, with pz decreases of 66.0% and 41.9%, respectively, and
ua reductions of 51.2% and 30.4%. OCB6 retained more of the original ductility, with a 60.6% drop
in pg and 45.6% in p,. Finally, OCB7 showed the smallest relative decline among all specimens,
with g and p, reductions of 66.9% and 48.2%, respectively. These results indicate that OBO
demonstrated superior energy absorption and deformation capacity, and all strengthened beams
experienced varying degrees of ductility loss, which is attributed to stiffness increase and failure
by shear.
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Table 11. Ductility for all OCB beams

Specime el\l/ilas)éi Energy Energy A A He Ha Steel
n cload B E (m;ln) (mfn) Hg Ha Gain Gain  reinforcemen
u y ratio ratio t ratios (%)
(KN)
OBO 463 71892 6486 1321 3.04 1;'0 4.34 10(?'0 10(())'0

0CB1 73.85 886.10 27536 1481 7.16 3.22 2.07 29.03 47.64
0CB2 63 632.66 14042 1095 456 451 240 4065 55.36
0CB3 86 752.60 266.61 11.66 6.73 282 1.73 2547 3995 2.29
0CB4 73 788.18 209.11 13.59 6.41 3.77 212 34.01 48.88
0CB5 41.27 512.63 79.70 1146 3.79 643 3.02 58.03 69.65
0CB6 54 510.75 117.21 10.03 425 436 236 3931 54.38
OCB7 63 559.66 153.05 10.89 485 3.66 225 3299 5174

e UGB Series:

The reference beam UBO exhibited values of pg = 2.19 and p, = 1.50. Beam UGB1 demonstrated the
most significant improvement, with a pg of 7.44 (239.3%) and p, of 3.00 (100.0%), indicating
exceptional energy absorption and deformation capacity Table 12. Similarly, UGB5 outperformed
all other specimens in terms of ductility, with a pg of 9.74 (344.3%) and a p, of 4.47 (198.0%).
Beams UGB2, UGB3, UGB6, and UGB7 also showed notable enhancements in ductility ranging from
(49.5%) to (191.4%) in pg and (28.0%) to (88.8%) in p,. Conversely, UGB4 exhibited a slight
decrease in energy-based ductility (2.7%) but maintained a comparable p, (1.3%), suggesting
nearly elastic behavior. These results demonstrate that the type of strengthening and configuration
used in UGB1 through UGBS significantly influenced both the energy dissipation capacity and post-
yield deformation, with certain configurations enhancing ductility [72] by more than threefold
compared to the un-strengthened reference beam UB 0.

Table 12. Ductility for all UGB beams

Max " " Steel
Speci elastic Energy Energy Ay A, iy " Gain Gain reinforce
men load E, E, (mm) (mm) ratio ratio ment

(KN) ratios (%)
UBO 3457 135.01 6178 5.35 357 219 150 100 100

UGB1 35.8 507.70  68.23 13.41 447 744 3.00 34054 200.12
UGB2 42 285.11 8547 9.26 483 334 192 15266 12798
UGB3 58 54758 167.65 12.78 6.48 3.27 197 14947 131.47
UGB4 63.68 501.89 23550 12.74 839 213 1.52 97.53 101.29 2.13
UGB5 35 624.21 64.12 18.09 4.04 9.74 447 44553  298.25
UGB6 38.3 35390 75.54 10.55 455 468 232 21440 154.77
UGB7 3636 40247 63.21 11.29 399 637 283 29138 188.88
UGB8 53 415.30 128,50 10.48 580 323 181 14790 120.52

OGB Series:

Beam OBO, with pz = 11.08 and p, = 4.34, served as the reference for comparison. All other beams
exhibited reduced ductility values relative to OB0 Table 13. Specifically, OGB2 and OGB4 showed
the most significant reductions, with p; decreasing by approximately 80% and 73.16%, and p, by
63.87% and 58.9%, respectively. These results suggest a marked loss in both energy absorption
capacity and deformation ability. Moderate reductions were observed in beams OGB1, 0GB3, OGB5,
and OGB8 with pg values reduced by 65.91%, 70.98%, 53.27%, and 50.57% and p, by 52.11%,
56.13%, 38.92% and 34.43% respectively. Beams OGB6 and OGB7 demonstrated relatively better
performance, maintaining pz values at 87.78% and 60.32% of OBO, and p, values at 92.95% and
69.11%, indicating enhanced residual ductility compared to the other specimens. Overall, the
results confirm that OGB6 exhibits the highest ductile behavior among the tested beams even if it's
a decrease but succeeded to restore the ductility, and highlight that in deep beams subjected to
shear failure, 45° with anchorage configuration is the best solution to recover ductility.
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From a practical perspective, the investigated FRP systems should be considered alongside
conventional strengthening solutions such as steel jacketing and alternative composite systems
such as basalt-fiber-reinforced polymers (BFRP). Steel jacketing can provide substantial strength
and confinement but introduces additional weight, corrosion-related concerns, and more
demanding installation procedures. FRP systems, in contrast, offer lightweight and corrosion-
resistant strengthening with relatively simple installation and the possibility of targeting specific
deficient regions. Within FRP-based solutions, CFRP provides high mechanical efficiency and
stiffness, whereas GFRP offers a more economical alternative with greater deformability. BFRP
represents another promising alternative, particularly where durability and cost are important
considerations, although its application to shear-critical deep members remain less extensively
documented.

Unlike studies focused primarily on flexural strengthening, the present investigation addresses the
coupled flexural-shear response of deep T-beams, with particular emphasis on the control of
diagonal cracking and the prevention of premature shear failure. Consequently, the value of the
proposed FRP systems extends beyond a simple comparison of material efficiency. Their practical
significance lies in their potential to provide an integrated strengthening solution capable of
improving both flexural performance and shear resistance within a single intervention. The present
results therefore provide useful evidence for identifying FRP configurations that can serve as viable
alternatives to more invasive conventional methods, while balancing load-carrying capacity,
ductility, stiffness, constructability, durability, and economy. Importantly, for the deep T-beams
investigated herein, the strengthening material alone is not sufficient; the configuration, anchorage,
and ability to control shear cracking remain decisive factors in achieving the desired structural
performance.

Table 13. Ductility for all 0GB beams

Max Steel
Specime  elastic  Energy Energy Ay Ay He Ha reinforceme
Wg TH Gain Gain .
n load E, E, (mm) (mm) ratio ratio nt ratios
(KN) (%)
OBO 46.3 71892 6486 1519 350 11.08 4.34 100 100
0GB1 65 649.10 17181 1271 6.11 378 2.08 34.08 47.89
0GB2 68 41797 18871 10.05 641 221 157 1998 36.13
OGB3 75 650.75 202.28 1244 653 322 190 29.02 43.86
0GB4 65 418.27 140.62 8.95 502 297 1.78 2684 41.10 2.29

0GB5 52.42 587.75 11347 1294 488 518 265 46.73 61.08
0GB6 50.73 810.10 83.26 16.13 4.00 9.73 4.03 87.78 92.95
0GB7 43.91 540.24 80.80 13.24 441 6.69 3.00 6032 69.11
OGBS 56.65 68593 125.19 1451 510 548 285 4943 65.57

5. Failure Modes of All Series

All tested beam specimens exhibited a shear-dominated failure mode. Initially, a single crack
developed near the support and propagated diagonally at approximately 45° toward the loading
point. As the applied load increased, the crack gradually widened, indicating progressive shear
damage. Among the different reinforcement configurations, the specimen strengthened with a 45°
fiber orientation combined with anchorage showed the most effective crack control, significantly
slowing the propagation of shear cracks. At ultimate load, shear cracks became fully developed,
accompanied by concrete crushing in the compression zone, leading to final peak failure.

The effect of FRP orientation is closely related to the shear-transfer mechanism governing the
response of the tested deep T-beams. In shear-critical members, diagonal cracking develops along
trajectories associated with the principal tensile stresses, while the compression strut transfers the
corresponding compressive stresses toward the supports. Consequently, the effectiveness of an
FRP strengthening system depends not only on its mechanical properties but also on its ability to
interact with these principal stress paths and intercept the developing diagonal cracks.
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The 0° longitudinal reinforcement primarily contributes to the flexural response and restrains
longitudinal crack development. However, because its fibers are oriented parallel to the beam axis,
its direct contribution to controlling diagonal shear cracks is limited. In contrast, the *45°
orientation provides a more favorable alignment with the diagonal cracking pattern. The inclined
fibers cross the developing shear cracks and can therefore transfer tensile stresses across the
cracked region, restrain crack opening and propagation, and promote a more distributed stress-
transfer mechanism. This effect becomes particularly significant for the U-shaped *45°
configuration. By extending the strengthening around the web, the U-wrap provides a continuous
load-transfer path across the critical shear region and improves the interaction between the FRP
and the concrete substrate. The inclined fibers intersect the diagonal cracks over their development
path, while the U-shaped arrangement helps transfer the induced tensile forces into the
surrounding concrete and toward the compression region. This combined action delays the
propagation of critical diagonal cracks and reduces the likelihood of premature localized shear
failure. As a result, the FRP can remain engaged over a greater portion of the loading history,
leading to higher load-carrying capacity and improved deformation performance. The superior
response of the inclined U-wrap should therefore not be attributed solely to the higher mechanical
properties of the FRP material. Rather, it results from the compatibility between the strengthening
orientation and the internal stress field of the shear-critical beam. The experimental results
consequently demonstrate that, for deep RC T-beams, the orientation and continuity of the
strengthening system can be as important as the FRP material itself, because an appropriately
oriented system can more effectively intercept diagonal cracking and redistribute stresses within
the critical shear zone.

6. Flexural Stiffness Variation Under Increasing Load

In a four-point bending test of a reinforced concrete (RC) beam, the flexural rigidity EI can be
determined by analyzing the load-deflection behavior using Macaulay’s method. To derive EI,
Macaulay’s brackets are employed to express the bending moment distribution M(x) as a piecewise
function, accurately capturing the internal force variations along the beam’s span. By applying the
fundamental relationship:

2

dy_ 1

and integrating it twice with respect to x, the deflection profile y(x) is obtained. Appropriate
boundary conditions enable the determination of the integration constants. The maximum
deflection at mid-span is given by the expression:

23. Fl" a3
= 2
Omax 24.El (2)

which, upon rearrangement, allows the calculation of EI as a function of the applied load Fj,
geometric parameters, and the measured deflection using the formula from strength of materials
theory:

Smax = 1.15 % 5 (3)

with &y representing the displacement at the point of application of the force.

The mechanical response of a reinforced concrete (RC) beam evolves progressively with increasing
load, and its stiffness is therefore not necessarily constant throughout the loading history. In the
initial uncracked stage, the concrete section contributes to both compression and tension, and the
flexural rigidity can be reasonably represented by the gross-section value, (EI_g). With increasing
load, tensile cracking progressively reduces the contribution of concrete in tension, resulting in a
reduction in the effective flexural stiffness. At higher load levels, the response becomes increasingly
nonlinear due to crack propagation, redistribution of internal forces, and, where applicable,
inelastic deformation of the reinforcement. Consequently, the stiffness derived from a global force-
displacement response should be interpreted in relation to the actual deformation mechanisms
governing each stage of loading.
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For the present experimental investigation, particular attention is required because the tested
members are deep T-beams with a low shear span-to-effective depth ratio (a/d=2.22) and
predominantly shear-controlled failure. Accordingly, the measured mid-span displacement cannot
be considered exclusively as a flexural deformation; it may include significant contributions from
shear deformation, particularly following the development of diagonal shear cracking. Therefore,
the stiffness calculated from the measured force-displacement response is interpreted herein as
an equivalent or apparent stiffness, rather than as a pure flexural rigidity.

The gross-section rigidity, EI_g, is consequently considered only as a theoretical reference
corresponding to the uncracked condition. In contrast, the stiffness calculated at each load level, El,
is allowed to vary with the applied load and is used to characterize the global structural response.
The resulting EI = f(Fi) curves therefore provide a comparative indicator of the stiffness evolution
of the different beam configurations rather than a direct measurement of the intrinsic flexural
rigidity of the section. This distinction is particularly important for the present shear-dominated
specimens. An apparent reduction in EI should not be attributed exclusively to flexural cracking,
since the progressive development of diagonal shear cracks can increase shear deformation and
consequently reduce the global load displacement stiffness. Similarly, variations observed at very
low load levels may partly reflect the sensitivity of the calculated stiffness to small measured
displacements, as well as initial seating and alignment effects within the experimental setup. The
evolution of El should therefore be understood as the combined manifestation of flexural response,
shear deformation, cracking, and experimental effects.

Accordingly, the EI = f(Fi) representation adopted in this study is intended primarily to capture and
compare the evolution of the global stiffness among the investigated strengthening configurations.
This approach provides a useful engineering indicator of how CFRP and GFRP strengthening modify
the structural response while avoiding the assumption that a single constant EI can fully describe
the behavior of a shear-critical deep beam. The interpretation is thus consistent with the governing
failure mechanism and provides a more physically meaningful assessment of stiffness than treating
El as a constant material or sectional property throughout the loading process.

When analyzing the EI = f(Fi) curve obtained for a reinforced concrete beam, several characteristic
phases of structural behavior can be identified. In the first phase, the initial rise of EI appears
curved and nonlinear Fig. 8. This nonlinearity can be attributed to play within the experimental
setup, such as progressive contact between the beam and the supports or loading devices. It may
also reflect intrinsic material behavior, particularly the fact that concrete is not perfectly elastic
under very low loads, with early microcracking or initial nonlinearities.

In the second phase, a continuous increase in EI is observed Fig. 9, which might seem
counterintuitive. However, this evolution is understandable: as long as the beam remains
uncracked, the concrete in tension continues to fully contribute to the global stiffness. Additionally,
as the load is applied, the test setup tends to realign itself, reducing parasitic effects due to friction

or sliding at interfaces. From an analytical point of view, the calculation of EI from EI = % shows

that for very small initial curvatures, the apparent stiffness can be notably high. This stage
concludes with a reduction in rigidity, marking the point of maximum elastic load.

Finally, the third phase is characterized by a decrease in El over two distinct stages Fig. 10, Fig. 11.
The first drop corresponds to the appearance of the first cracks in the constant moment region; the
loss of stiffness is related to the cracking of concrete in tension, which can no longer fulfill its
structural role. During the second stage, the stiffness continues to decline more significantly,
indicating either the propagation of cracks or the yielding of the steel reinforcement. This phase
may also be accompanied by localized plasticity of the steel or creep phenomena, signaling the
approach of the ultimate limit state.

In conclusion, the particular shape of the curve reveals a complex and progressive behavior of the
beam before and after cracking. It highlights the importance of a detailed analysis of initial setup
imperfections, progressive alignment, distributed cracking, and the redistribution of stresses
between concrete and reinforcement. These observations reflect a structured loss of stiffness,
typical of a well-instrumented beam subjected to a rigorous experimental protocol.
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UCB Series:
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Fig. 8. Flexural stiffness variation under increasing load for UCB series
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Fig. 10. Flexural stiffness variation under increasing load for UGB series
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Fig. 11. Flexural stiffness variation under increasing load for OGB series

7. Conclusions

22

The experimental results showed that the tested T-shaped RC beams exhibited
predominantly shear-controlled failure, characterized by the development and propagation
of diagonal cracks in the shear spans. This behavior confirms that, for the investigated deep-
beam geometry (a/d=2.2), flexural FRP strengthening alone cannot prevent premature shear
failure when shear governs the structural response.

Among the investigated strengthening configurations, the 45° U-shaped FRP arrangement
provided the most favorable overall response. The experimental force displacement curves
showed improved load-carrying capacity and deformation performance compared with the
corresponding configurations without inclined shear strengthening. The observed diagonal
cracking also indicated that the inclined fibers were more effectively positioned to intersect
the principal shear cracks.

The results demonstrate that the relatively low-strength concrete substrate can limit the
mobilization of the FRP strengthening system when premature shear failure occurs. The
effectiveness of FRP strengthening should therefore be considered in conjunction with the
mechanical quality of the concrete substrate. Increasing the mechanical capacity of the
substrate is expected to improve stress transfer and allow a greater contribution from the
FRP system; however, this effect requires dedicated experimental investigation using
different concrete strength levels. The relatively low concrete compressive strength is
relevant to the assessment of strengthening efficiency because the concrete substrate plays
a fundamental role in transferring stresses to the externally applied FRP reinforcement. A
mechanically weak substrate may experience premature cracking or shear failure before the
full tensile capacity of the FRP can be mobilized. Consequently, the measured strengthening
efficiency reflects not only the properties and configuration of the FRP system but also its
interaction with the concrete substrate.

The reinforcement ratio had a clear influence on the force displacement response and
ductility of the tested beams. The under-reinforced configurations generally exhibited
greater deformation capacity, whereas the over-reinforced configurations showed a stiffer
response and reduced ductility. For the investigated over-reinforced beams, the addition of
the 45° U-shaped FRP configuration with appropriate anchorage improved the deformation
capacity, demonstrating its potential to mitigate the loss of ductility associated with
increased reinforcement ratios.

A difference in deformation behavior was observed between the CFRP and GFRP
strengthened beams. The GFRP configurations generally exhibited greater deformation
capacity, while the CFRP configurations provided higher stiffness and load-carrying capacity
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within the tested configurations. Accordingly, GFRP may be considered when deformation
capacity is prioritized, whereas CFRP is more appropriate when higher stiffness and load
capacity are the primary objectives.

e The experimental results indicate that strengthening selection should be based on the
governing structural deficiency rather than on flexural capacity alone. For the shear-critical
beams investigated in this study, combining flexural reinforcement with an appropriately
anchored shear-strengthening configuration provided a more effective structural response
than relying on flexural strengthening alone.

e The investigated Woven Roving E300 and rolled-FRP NSM configurations demonstrated
promising strengthening potential within the tested experimental conditions. Their
measured force displacement responses provide a quantitative basis for further
investigation of these systems as alternative strengthening solutions. However, their
applicability to full-scale structures requires additional validation, particularly regarding
anchorage, durability, bond behavior, and variability in concrete mechanical properties.

e The present results provide a sound experimental basis for selecting and applying FRP
strengthening systems in shear-critical RC T-beams under the investigated conditions. The
identified strengthening mechanisms and quantitative performance indicators enable direct
comparison of strengthening configurations. The applicability of these findings to different
concrete strengths, shear span-to-depth ratios, anchorage arrangements, and structural
scales requires further experimental validation, while numerical modelling can extend the
observed trends and support refined engineering design approaches.

o Future research should focus on integrated strengthening approaches that address both
flexural and shear deficiencies in shear-critical RC beams. Particular emphasis should be
placed on optimizing NSM reinforcement configurations, anchorage systems, and hybrid
strengthening schemes combining NSM reinforcement with inclined U-shaped CFRP/GFRP
wraps. Advanced numerical simulations using ABAQUS are being prepared to assess force
displacement behavior, structural ductility, failure mechanisms, and the response under
varying shear span-to-depth ratios. The quantitative experimental results obtained in this
study provide a valuable benchmark for assessing existing FRP design provisions and
refining shear-strength and deformation models, thereby supporting the development of
more reliable design approaches for structural rehabilitation.
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