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reinforced concrete (RC) beams externally retrofitted with hybrid fiber reinforced
polymer (FRP) systems combining synthetic glass fibers (GFRP) and natural jute
fibers (JFRP). Fourteen full-scale RC beams were tested under four-point bending
to examine how different fiber types and strengthening schemes influence both
strength and deformation capacity. To monitor precise structural response, the
experimental setup utilized a spreader beam for symmetrical loading and LVDTs
positioned at mid-span and supports to account for settlement. While existing
research often focuses on mono-material reinforcement, this work provides a new
contribution by conducting a comprehensive experimental evaluation of strategic
fiber positioning on full-scale specimens. The experimental results demonstrate
that different configurations yield distinct performance benefits: the JFRP U-wrap
configuration (JBJS) achieved a 38% increase in ultimate strength with proper
anchorage, while the GFRP U-wrap reached a 44% gain. A primary novelty of this
investigation is the identification of the JBGS hybrid configuration (jute along the
soffit and glass on the sides) as the most balanced and resilient system tested.
Despite the higher material ductility of GFRP, this specific hybrid arrangement
achieved a 28% strength gain and a 71% increase in ductility index, suggesting
effective stress redistribution across the reinforcement layers. Failure
observations extracted from detailed crack analysis point to more gradual crack
development and improved load retention in hybrid systems. These findings offer
insight into performance-driven design for sustainable structural rehabilitation by
demonstrating how fiber synergy can be strategically optimized to balance
mechanical efficiency and eco-efficiency.

© 2026 MIM Research Group. All rights reserved.

1. Introduction

Reinforced concrete

(RC) remains the most widely used construction material in civil

infrastructure [1-4], including bridge decks [5, 6], roadway support systems [7], and structural
slabs [4, 8-11]. However, RC members are susceptible to degradation under flexural fatigue,
cracking, corrosion of internal reinforcement, and environmental exposure over time [12-14].
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These deteriorations compromise serviceability and safety, prompting the need for reliable
strengthening and rehabilitation techniques [15-21]. The urgency of such interventions is further
emphasized by the global need for seismic retrofitting, which is essential to enhance the resistivity
and overall lifespan of critical elements like beam-column joints [22].

Fiber-reinforced polymer (FRP) composites have emerged as effective materials for retrofitting RC
elements due to their high strength-to-weight ratio [23], corrosion resistance, and ease of
application [24-32]. The increasing use of these composites is justified by their superior stiffness
and favorable response under static, free vibration, and buckling conditions compared to
traditional metallic materials [33]. Externally bonded FRP systems, particularly those based on
glass or carbon fibers, have shown considerable success in restoring structural capacity [34-38].
However, conventional FRP systems often exhibit brittle failure modes and are associated with high
production costs and environmental burdens [39-41]. These limitations have led researchers to
explore the integration of natural fibers as sustainable alternatives or supplements in structural
strengthening applications [42-45]. One notable example of such innovation is the investigation
into using bamboo as a substitute for structural steel, which has shown promise in low-cost housing
due to its appreciable tensile resistance [46]. Among natural fibers, jute has attracted interest due
to its low cost, biodegradability, and acceptable tensile performance [47-52]. Nevertheless, the
mechanical properties of jute are inferior to those of synthetic fibers, limiting its application in
high-performance strengthening unless appropriately combined [53-57]. Recent studies have
proposed hybrid systems, combining synthetic and natural fibers, to exploit their complementary
properties [58-62]. Such systems aim to harness the stiffness and strength of synthetic FRPs
alongside the ductility and energy absorption capacity of natural fibers, offering improved failure
behavior and sustainability [63-67].

Despite the growing interest in composite materials and sustainable alternatives [68, 69], a
significant research gap remains regarding the practical application of hybrid systems for the
flexural strengthening of full scale reinforced concrete beams. Most existing studies are limited to
theoretical reviews or experiments conducted at the material scale using small coupons which do
not accurately capture the complex bond mechanics and load distribution found in real structural
elements. Furthermore, while the general benefits of individual synthetic or natural fibers are well
documented, there is a critical lack of evidence concerning how their strategic positioning
influences structural synergy. The specific question of how to arrange high stiffness glass fibers
alongside high ductility jute fibers to prevent premature debonding while maximizing both
strength and deformation has not been sufficiently explored. This research addresses these
deficiencies by providing a comprehensive experimental evaluation of various hybrid wrapping
configurations. By investigating the interaction between fiber placement and structural
performance in fourteen full scale specimens, this study establishes a clearer understanding of how
to optimize hybrid reinforcements for safer and more efficient structural rehabilitation.

The beams were divided into three main categories. The first included single-material systems,
where GFRP or JFRP sheets were bonded using the wet lay-up technique to either the bottom face
(GB and JB) or both the bottom and side faces in a U-wrap configuration (GBGS and ]BJS). The
second category consisted of hybrid systems: JBGS (jute at the bottom, glass on the sides) and GBJS
(glass at the bottom, jute on the sides). The final category included an unstrengthened control
group (CB). All FRP fabrics were applied using an epoxy resin and arranged in a single layer per
face, with particular attention given to fabric alignment and bond quality to ensure uniform load
transfer. This experimental matrix was carefully designed to isolate and compare the effects of fiber
type (natural vs. synthetic), reinforcement layout (bottom-only vs. U-wrap), and fiber positioning
(glass vs. jute in critical tension or shear zones) on key structural parameters including strength,
stiffness, ductility, and failure mode. By doing so, the study provides direct insight into how
strategic fiber selection and placement can influence the mechanical behavior of strengthened RC
elements under flexural loading.

The study aims to evaluate each configuration in terms of its contribution to load capacity, ductility,
stiffness, and failure mechanism, thereby addressing key uncertainties in hybrid FRP retrofitting
performance. In particular, it explores whether the combination of GFRP’s high tensile strength and
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JFRP’s ecological and damping properties can produce a pseudo-ductile response, mitigating
sudden brittle failure through a more progressive damage mechanism while maintaining
mechanical efficiency. while maintaining mechanical efficiency. The findings provide experimental
evidence to support design-oriented applications of hybrid FRP systems and demonstrate how
fiber placement can be strategically optimized to balance performance and sustainability. This
work contributes to advancing the development of eco-efficient, structurally reliable retrofitting
methods for RC members in civil infrastructure, including pavements, bridge decks, and structural
slabs.

2. Materials

The materials used in this study were selected to replicate realistic construction and retrofitting
conditions while enabling a comparative evaluation of synthetic, natural, and hybrid fiber-
reinforced polymer systems. This section describes the properties of the concrete matrix, epoxy
adhesive, internal steel reinforcement, and externally bonded FRP composites employed in the
fabrication and strengthening of the RC beam specimens.

Table 1. Concrete mix composition and design parameters per cubic meter, optimized for
structural beam casting and flexural testing

Category Material Quantity Remarks
Binder Portland 4C2e;n ;;1 t(CEMI 350 kg High early strength, good durability
Fine
Aggregates Natural Sand (0/3 mm) 648 kg Clean, well-graded
Coarse Boussaada Sand 97 kg Local source, filler optimization
Acoresates Crushed Gravel (8/15 mm) 710 kg Structural-grade angular aggregate
E8reg Crushed Gravel (15/25 mm) 400 kg Enhanced packing and strength
Water Potable Water 190 L W/C ratio of 0.54
Mix . Targeting balanced
Proportions Water-to-Cement Ratio 0.54 strength /workability
Aggregate-to-Cement Ratio 5.3 Moderately lean mix
Total Aggregate Content 1855 kg Consistent with normal-weight
concrete
Performance Target Slump ~90 mm Suitable for beam casting
Targets Design Compressive 25MPa @ : : .
Strength 28 days Confirmed via cube testing
Admixtures None Mix achieved target without

additives

2.1. Concrete

The concrete used in all beam specimens was designed to achieve a target compressive strength of
approximately 25 MPa after 28 days of water curing. The mix consisted of CEM I 42.5 R Portland
cement, fine aggregates (natural 0/3 mm sand and Boussaada sand), two grades of crushed gravel
(8/15 mm and 15/25 mm), and potable water. A water-to-cement ratio of 0.5 was maintained to
ensure sufficient workability and strength development. Mixing was carried out in a rotary drum
mixer until a uniform consistency was achieved. After casting, the beams were demolded after 24
hours and cured in water at ambient temperature for 28 days. The detailed proportions of the mix
components per cubic meter are provided in Table 1.

In addition to mix proportions, the water-cement ratio and fresh concrete density were determined
and are presented in Table 2. The measured water-cement ratio was 0.54, slightly above the
theoretical design value due to adjustments made for workability during casting. The average
density of the concrete was 2390 kg/m?, which is consistent with standard values for normal-
weight structural concrete. This parameter is particularly important in the present study, as it
directly influences the dead weight of the beams and the internal stress distribution under flexural
loading. Accurate density values also ensure consistency when comparing load-deflection behavior
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across beams, especially in cases where strengthening systems alter stiffness and ductility
characteristics.

Table 2. Physical and strength-related properties of fresh and hardened concrete used for casting
full-scale RC beam specimens

Property Value Remarks
Water-Cement Ratio (w/c) 0.54 Balanced for strength and workability
Fresh Density 2390 kg/m? Consistent with normal-weight concrete
Hardened Density (28 days)  ~2400 kg/m? Slight increase due to moisture loss
28-Day Compressive . .
Strength 25 MPa Based on cube/cylinder testing
Concrete Type Nor_mal— No lightweight or heavyweight aggregates
weight used
. 0 .
Air Content Not measured Estimated under 2% due to compacting
process
Slump (Workability) ~90 mm Verified during specimen casting

The dimensions and reinforcement of the beam specimens were determined based on the design
principles of Eurocode 2 [70]. The specimens were specifically engineered as under-reinforced
sections to ensure a ductile flexural failure mode, characterized by the yielding of the longitudinal
steel reinforcement 14 mm prior to concrete crushing. To prevent premature diagonal tension
failure, the stirrup spacing was calculated to provide a shear capacity significantly higher than the
expected flexural capacity, ensuring that the effectiveness of the hybrid FRP strengthening could
be fully evaluated in bending.

2.2. Epoxy Resin

A two-component epoxy adhesive system, NOVA MASTICOLLE, was used to bond the fiber-
reinforced polymer (FRP) sheets to the concrete surfaces. This adhesive, widely employed in
structural applications, offers high bond strength, compatibility with various fiber types, and ease
of application using the wet lay-up method. The system, illustrated in Fig. 1, consists of a base resin
(component A) and a hardener (component B), which were mixed in a weight ratio of 2:1 as
recommended by the manufacturer.

Fig. 1. Two-component NOVA MASTICOLLE epoxy adhesive system used for bonding FRP
sheets: Component A (resin) and Component B (hardener)

The two components were manually blended using mechanical stirring until a uniform, bubble-free
mixture was achieved. The epoxy was applied to both the concrete substrate and the fiber fabric
using brushes and rollers to ensure full impregnation and contact. The product exhibits a tensile
strength of approximately 30 MPa and a modulus of elasticity of 3.2 GPa, making it suitable for load
transfer in externally bonded reinforcement systems. Its low shrinkage, strong adhesion, and
sufficient working time under ambient conditions contributed to consistent and reliable composite
bonding across all specimens. The role of NOVA MASTICOLLE was essential in enabling effective
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stress transfer between the concrete beams and the FRP reinforcements, regardless of fiber type
or configuration.

2.3. Steel Reinforcement

All beams were reinforced internally using steel bars arranged in a conventional flexural
configuration. The reinforcement layout consisted of two 14 mm diameter high-adherence steel
bars placed in the tension zone (bottom), two 8 mm diameter mild steel bars in the compression
zone (top), and 6 mm diameter closed stirrups spaced at 100 mm along the length of the beam for
shear reinforcement.

Table 3. Mechanical properties and functional roles of high-adherence and mild steel
reinforcement used in RC beam specimens.

Steel Type High-Adherence Steel Mild Steel
Application in Beam Bottom longitudinal bars Top longitudinal + stirrups
Bar Diameter (mm) 14 8 (top) / 6 (stirrups)
Yield Strength (MPa) 500 235

Ultimate Strength (MPa) 550 410
Elongation (%) 12 25
Young’s Modulus (MPa) 210 210
Poisson’s Ratio 0.30 0.30
Remarks Primary tensile reinforcement  Used for compression and shear

Two types of steel were used: high-adherence steel for the main tension reinforcement, and mild
steel for compression and stirrup reinforcement. Mechanical properties of both steel types were
obtained from uniaxial tensile tests conducted on representative samples. The high-adherence
steel exhibited a yield strength of 500 MPa, an ultimate strength of 550 MPa, and an elongation
capacity of 12%. The mild steel showed a lower yield strength of 235 MPa, an ultimate strength of
410 MPa, and greater ductility, with a 25% elongation capacity. Both steel types had a Young’s
modulus of 210,000 MPa and a Poisson’s ratio of 0.3. These properties are summarized in Table 3.

The mechanical behavior of the internal steel reinforcement and the externally bonded FRP sheets
was verified through uniaxial tensile testing. Fig. 2 illustrates the stress-strain relationships for
these materials, highlighting the distinct yield plateau of the steel bars and the linear-elastic failure
modes of the GFRP and JFRP composites.

600 Material Constitutive Behavior (Experimental)

- —TD/J—/D”/E

400 4

—— HAS Steel (14mm)
—O— Mild Steel (8/6mm)
~&- GFRP Sheet
-&- JFRPSheet

3004

Stress (MPa)

200 4

0.00 0.05 0.10 Q.15 0.20 0.25 0.30
Strain {(mm/mm)

Fig. 2. Tensile stress-strain behavior of internal steel reinforcement (High-Adherence and Mild
steel) and external FRP composites (GFRP and JFRP)
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2.4. FRP Systems

Three externally bonded fiber-reinforced polymer (FRP) systems were employed in this study:
glass fiber-reinforced polymer (GFRP), jute fiber-reinforced polymer (JFRP), and hybrid GFRP-
JFRP systems. All fabrics were applied using the wet lay-up technique with NOVA MASTICOLLE
epoxy resin, following surface preparation and primer application. The fibers were installed in
single layers with their principal direction aligned along the longitudinal axis of the beams to
ensure full contribution in flexural loading.

The GFRP sheets were unidirectional, with a nominal areal density of 850 g/m?. They offered high
tensile strength and stiffness, with a tensile strength of approximately 3200 MPa, an elastic
modulus of 73 GPa, and an ultimate strain of 4.4%. The JFRP sheets, made from natural jute fibers,
had lower strength but higher deformability, with a tensile strength of 250 MPa, an elastic modulus
of 10 GPa, and an ultimate strain of 2.5%. The choice of jute was motivated by its environmental
benefits, cost-effectiveness, and compatibility with sustainable construction strategies.

Hybrid configurations were developed by combining GFRP and JFRP sheets in specific geometric
arrangements. In the JBGS configuration, jute fibers were bonded to the bottom face (tension zone)
of the beam, while glass fibers were applied along the side faces to provide shear confinement. In
the GB]JS configuration, the positions were reversed, with GFRP at the bottom and JFRP on the sides.
This hybridization aimed to exploit the stiffness and strength of synthetic fibers while benefiting
from the energy absorption and ductility of natural fibers.

Table 4. Mechanical characteristics of jute and glass FRP composites prepared by wet lay-up
technique, used for externally bonded reinforcement.

FRP Type Jute FRP (JFRP) Glass FRP (GFRP)
Elastic Modulus (GPa) 2.79 5.85
Tensile Strength (MPa) 28.54 108.96
Ultimate Stress (MPa) 29.60 124.50
Thickness (mm) 2.25 1.64
Ultimate Strain (%) 1.24 2.66

All fabrics were cut to the required dimensions and applied after saturating the surface with resin.
Care was taken to ensure uniform pressure during bonding, avoid air entrapment, and maintain
continuity between the fibers and the concrete substrate. The mechanical properties of both fiber
types are presented in Table 4.

3. Apparatus and Operational Procedures

This section presents the experimental procedures used to investigate the flexural behaviour of RC
beams strengthened with GFRP, JFRP, and hybrid FRP systems. The process included specimen
preparation, application of external strengthening systems, and structural testing under four-point
bending to evaluate load-bearing capacity, deformation behaviour, and failure characteristics.

The experimental program was conducted in several sequential phases to evaluate the
effectiveness of the proposed hybrid strengthening systems. The overall methodology,
encompassing material characterization, specimen fabrication, strengthening strategies, and
structural testing, is summarized in the flowchart presented in Fig. 3.

3.1. Key Experimental Assumptions

To ensure the reliability of the comparative analysis between the fourteen specimens, the following
experimental assumptions and controls were maintained:

e Batch Homogeneity: The concrete properties and internal steel reinforcement
characteristics are assumed to be uniform across all specimens, as they were sourced from
the same respective batches and subjected to identical curing conditions.
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e Bond Consistency: The mechanical surface preparation (grinding) is assumed to have
provided a standardized roughness, ensuring that variations in bond behavior are
attributable to the fiber configuration rather than surface inequality.

e Application Uniformity: It is assumed that the manual wet lay-up process achieved full
resin impregnation and a consistent adhesive thickness across all strengthened beams.

e Loading Symmetry: The four-point bending setup assumes perfectly symmetrical load
application and leveled supports, maintaining a constant moment zone in the middle third
of the span.

e Environmental Stability: Laboratory conditions were kept stable during the curing and
testing phases to ensure that the mechanical response of the natural jute fibers was not
influenced by significant humidity or temperature fluctuations.

| experimental stages of the study "

1 Test constituent materials
including concrete (25 MPa target)

B : internal steel reinforcement (14
] Cast 14 full-scale RC beams (1200 o 0 Step 1 Mgterllal 2. mm longitudinal, 8 mm and 6
: mm length) Characterization mm stirrups)
Step 2: Specimen
[2 28-day water curing ] P . P . =1 FRP properties (Glass, Jute, and
Fabrication 3. e i
Mechanical surface preparation poxy
3. {grinding and cleaning) to ensure
bond quality { control (unstrengthened) )
st Stetph‘”: : Mono-material (GFRP or
ren enin - -
—e 9 9 = [1 Divide beams into groups ] ( ?NF::P.'BOttOm onlyanal) >
1 Four-point bending test using a Str?tEQY P
1000 kN hydraulic frame Step 4: (Variables) Hybrid Configurations
M d deflecti i o Experimental & ( (Strategic positioning of >
easure mid-span deflection via 5 Gl d Jute fib
2 LVDT and track crack ] Testing SRR A0S oRrs)
initiati t
initiation/propagation []‘ Evaluate load-deflection curves ]
[2 ultimate capacity ]
Step 5: Data "
—e s 3 ductility index
o Analysis [ ]
[4. energy absorption ]
[S. failure mode synergy ]

Fig. 3. Flowchart illustrating the experimental stages of the study, from material
characterization to the evaluation of hybrid strengthening efficiency

3.2. Specimen Preparation

A total of fourteen full-scale RC beams were fabricated using identical formwork and reinforcement
detailing. Each beam measured 600 mm in length, with a cross-section of 150 mm x 100 mm. The
longitudinal reinforcement consisted of two 14 mm diameter high-adherence steel bars placed at
the bottom (tension zone) and two 8 mm diameter mild steel bars placed at the top (compression
zone). Transverse shear reinforcement was provided by 6 mm diameter closed stirrups spaced at
100 mm along the span. After casting, the beams were demolded after 24 hours and cured in water
for 28 days.

Following curing, the concrete surfaces of all beams designated for strengthening were
mechanically ground to remove surface laitance and expose the aggregate structure. Compressed
air was used to clean dust and debris. This surface preparation was essential to ensure optimal
bond conditions for the externally bonded FRP sheets. During specimen preparation, specific
measures were implemented to ensure the reliability of the FRP-concrete bond:

e Bond Integrity: To eliminate air voids and ensure full resin impregnation, a ribbed roller was
used during the wet lay-up, applying constant pressure to prevent premature debonding.

e Moisture Control: Given the hydrophilic nature of jute fibers, the JFRP sheets were pre-dried
and stored in a low-humidity environment to prevent moisture from compromising the
epoxy bond.

e Surface Consistency: Hand-held diamond-cup grinding was utilized to achieve a uniform ICRI
CSP-3 roughness profile across all 14 beams, minimizing variability in bond performance.

e Overlap Management: In hybrid layouts (GBJS/JBGS), localized thickness at fiber
intersections was mitigated by a graduated resin application to maintain a consistent cross-
sectional profile.
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Table 5. Experimental groups and external FRP strengthening configurations for RC beam
specimens

Grou Bottom Side FRP Strengthening  Specimen Description
P Reinforcement Reinforcement Configurations Code p

Control beam

0 None None CB (no external
reinforcement)

1 GFRP None GB GFRP applied to
bottom face only
JFRP applied to

2 JERP None JB bottom face only
GFRP applied to

3 GFRP GFRP M GBGS bottom and both

side faces (U-

wrap)

JFRP applied to
bottom and both

4 JERP JERP v JBJS side faces (U-

wrap)

GFRP bottom +

JFRP sides

(hybrid

configuration)

JFRP bottom +
GFRP sides

6 JFRP GFRP \ / JBGS (hybrid

configuration)

5 GFRP JFRP GBJS

While the experimental program was limited to two specimens per configuration (n=2) due to
laboratory resource constraints, the high degree of consistency and low variability observed
between the paired results justify the reliability of the reported trends. These findings provide a
primary evaluation of the proposed hybrid systems, though larger sample sizes in future studies
will further validate the statistical dispersion of these performance enhancements.

3.3. Strengthening Schemes and Specimen Grouping

The fourteen beam specimens were divided into seven groups based on the type and location of
externally bonded reinforcement. Each group consisted of two identical beams. The experimental
matrix was designed to assess the influence of fiber type (GFRP or JFRP), fiber position (bottom-
only or U-wrap), and hybrid configurations (mixed fiber types) on flexural behavior. A summary of
the reinforcement configurations and corresponding specimen codes is provided in Table 5.

The control group (CB) had no external reinforcement. Groups GB and ]B were strengthened only
at the bottom face with GFRP and JFRP, respectively. Groups GBGS and ]JBJS were fully wrapped in
a U-shaped configuration (bottom and both side faces) using the same fiber type. The hybrid
systems included JBGS, with jute at the bottom and glass on the sides, and GBJS, with the reverse
arrangement. All strengthening was performed using the wet lay-up method.

The geometric dimensions, internal steel reinforcement, and experimental configuration of the
beam specimens are detailed in Fig. 4. All beams shared a total length of 600 mm and a rectangular
cross-section of 150 mm x 100 mm, with consistent internal steel detailing across all groups. To
ensure precise data acquisition, the four-point bending setup featured a loading head connected to
aspreader beam for uniform load distribution. As shown in the schematic, LVDTs were strategically
positioned at the mid-span to capture maximum deflection and at the supports to monitor and
account for any potential settlement during the testing process.
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Fig. 4. Experimental test setup for a 600 mm unstrengthened RC beam under four-point
loading, showing the internal reinforcement (T14 and T8 bars), stirrups (R6), and the LVDT
positioning at critical measurement points

3.4. Test Setup and Instrumentation

All beams were tested under four-point bending using a hydraulic loading frame with a maximum
capacity of 1000 kN. Each specimen was simply supported over a clear span of 1000 mm, with two
concentrated point loads applied symmetrically at one-third points along the span, creating a
constant moment region in the middle third (300 mm). This configuration is widely adopted in

flexural testing to isolate bending effects and allow comparison of stiffness, strength, and ductility
parameters.

Roller supports were used at both ends to allow horizontal movement and rotation, reducing
constraint effects. The applied load was transmitted through a spreader beam connected to the
actuator, ensuring uniform force distribution at both loading points. Loading was applied in
displacement control mode at a constant rate of 2 mm/min until failure.

[ vop | D

Fig. 5. Application of FRP strengthening systems and layout of tested configurations: bottom-
only, U-wrap, and hybrid reinforcement schemes

Instrumentation was implemented to monitor both the global and localized behavior of the beams
throughout testing. The applied load was measured in real time using a calibrated load cell
integrated into the hydraulic actuator, with continuous data acquisition ensuring high accuracy.
Mid-span deflection was recorded using a Linear Variable Differential Transformer (LVDT)
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positioned vertically at the center of the span. This sensor was connected to a digital acquisition
system to track displacement throughout the loading process.

In addition to quantitative data, qualitative observations were also conducted. A crack monitoring
system was implemented by marking the beam surfaces at regular 50 mm intervals, allowing for
accurate tracking of crack formation and propagation. Crack initiation, development, and final
failure modes were recorded using visual inspection and high-resolution photographic
documentation. These procedures provided a comprehensive assessment of structural behavior
under flexural loading and allowed for precise correlation between strengthening configuration
and failure mechanism. The external appearance of the strengthened beams, showing the applied
FRP systems across different configurations (bottom-only, U-wrap, and hybrid), is illustrated in Fig.
5.

4. Results and Discussion

This section presents and interprets the experimental results obtained from the four-point bending
tests conducted on fourteen RC beam specimens. The beams were strengthened using various
externally bonded FRP configurations GFRP, JFRP, and hybrid GFRP-JFRP systems. The analysis is
organized into six subsections covering failure mechanisms, load-deflection behavior, strength
performance, deformability, ductility, and the overall contribution of each configuration to
structural performance.

4.1. Failure Modes

For the mechanical tests of the concrete specimens, Table 6 shows the measured properties after
28 days of curing. The compressive strength reached 36.6 MPa, determined through standard
testing as illustrated in Fig. 6(a), which confirms the adequate load-bearing capacity of the mix. The
tensile strength was found to be 2.79 MPa, obtained using the indirect splitting method as shown
in Fig. 6(b), reflecting the brittle behavior typically associated with cementitious composites.

While the concrete mix was initially proportioned for a target compressive strength of 25 MPa,
experimental testing at 28 days revealed a mean compressive strength of 36.6 MPa. This increase
is attributed to the high quality of local aggregates and optimal laboratory curing conditions, which
promoted a more extensive hydration process than initially anticipated. Consequently, to maintain
analytical rigor, the measured value of 36.6 MPa was adopted for all subsequent theoretical
calculations, flexural capacity predictions, and comparative performance analyses throughout this
study. The average specimen weight was 15.47 kg, which was recorded to monitor density and
ensure consistency across batches.
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Fig. 6. Experimental test setups for concrete specimens: (a) compression testing showing the
applied loading mechanism, and (b) indirect splitting tensile test used to determine the tensile
strength of concrete

Failure patterns observed during testing varied significantly across the different strengthening
configurations and are summarized in Table 7. The control beam (CB) failed in a typical flexural
mode, with pronounced mid-span cracking followed by concrete crushing in the compression zone.

Table 6. Measured mechanical properties of 28-day cured concrete specimens.

Property Value Remarks
Compressive Strength (Fczgy)  36.6 MPa Determined via standard cube testing
Tensile Strength (Ft(zs)) 2.79 MPa Estimated using indirect (splitting) method
Average Specimen Weight 15.47 kg Prism/cube weight used for density tracking

Beams strengthened with GFRP only (GB and GBGS) primarily failed due to delamination or
debonding of the fiber sheet, occasionally accompanied by concrete crushing near the loading
points. The brittle nature of the glass fibers contributed to sudden load drops after peak strength.

Table 7. Observed failure modes of reinforced concrete beams under four-point bending for
different FRP strengthening configurations

Beam code RC Beam concrete Failure mode

1- Crashing of concrete

2- Propagation of the shear
cracks

3- Shear cracks

CB

1- Propagation of the shear
cracks

2- Shear cracks

3- Fracture of JFRP bands
and crashing of concrete

JB

1- Propagation of the shear
cracks

2- Shear cracks

3- Debonding of GFRP sheets
and crashing of concrete

GB
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Beam code RC Beam concrete Failure mode

1- Shear cracks

JBJS 2- Fracture of JFRP sheets
3- Flexural cracks
1- Propagation of the shear
cracks
GBGS 2- Shear cracks
3- Debonding of GFRP sheets
and crashing of concrete
](El(;f)ri d 1- Crashing of concrete
; 2- Debonding of GFRP sheets
reinforcem
3- Flexural cracks
ent)
GB]JS 1- Fracture of JFRP and GFRP
(Hybrid sheets
reinforcem 2- Shear cracks
ent) 3- Flexural cracks

JFRP-reinforced beams (JB and ]BJS) exhibited rupture of the jute sheets without prior
delamination, indicating effective bonding but early material failure due to the lower tensile
capacity of natural fibers. These beams showed more gradual crack propagation and distributed
damage.

Hybrid configurations presented mixed failure modes. The JBGS beam (jute at the bottom, glass on
the sides) failed by rupture of the jute fibers at mid-span and localized side debonding of the GFRP.
In contrast, the GBJS beam (glass at the bottom, jute on the sides) experienced rupture of both fiber
types. These hybrid beams exhibited more stable failure progression, with delayed crack growth
and better energy absorption than mono-material systems.

4.2. Analysis of Cracking Characteristics

To evaluate the influence of hybrid FRP strengthening on the serviceability of the beams, the
cracking characteristics were extracted and analyzed. As summarized in Table 8, the reinforcement
configuration significantly influenced the crack distribution and widths.

Table 8. Summary of measured crack characteristics at ultimate load.

Avg. Crack Avg. Crack

Beam code No. of Spacing Width Failure Mode Typical Literature Ranges
Cracks
(mm) (mm)
Flexural RC beams: crack spacing
CB 6 185 5.2 (Concrete ~150-200 mm, crack
crushing) width ~4-6 mm [71]
FRP GFRP RC beams: spacing
GB 4 95 4.2 Debonding 70-120 mm, width 2-
5mm [71]
Natural FRP beams:
]B 5 130 49 FRP Rupture spacing 100-140 mm,

width 3-5 mm [72]
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Avg. Crack Avg. Crack

Beam code No. of Spacing Width Failure Mode Typical Literature Ranges
Cracks
(mm) (mm)
. Hybrid FRP: spacing 60-
JBJS 8 110 3.8 Hybrid 120 mm, width 1-4 mm
Delamination [72]
Flexural GFRP-steel hybrid:
GBGS 4 100 4.1 (Concrete spacing 70-130 mm,
crushing) width 2-4.5 mm [73]
. Flexural Hybrid (natural + glass):
rl: ?I?ffngi}r,r?;dt) 55 2.2 (Concrete spacing 50-80 mm, width
crushing) 1-2.5 mm [72]
. Flexural Hybrid (glass + jute):
rg}?l]fir[ge};::gi) 72 2.5 (Concrete spacing 60-90 mm, width
crushing) 2-3mm [72]

The results in Table 8 show that the strengthened beams exhibited reduced crack spacing and
widths compared to the control beam (CB), indicating a more efficient distribution of tensile
stresses along the span. The hybrid beams demonstrated the most significant improvements, with
minimal crack spacing of approximately 55 mm for JBGS and 72 mm for GB]JS, and average crack
widths of 2.2 mm and 2.5 mm, respectively. These reductions are substantially lower than those of
the control and FRP-only beams, suggesting that the combination of Jute and Glass fibers enhances
bond-slip behavior and limits the widening of individual flexural cracks.

When compared with literature data, beams reinforced exclusively with FRP, such as GFRP or
natural FRP, typically show moderate reductions in crack spacing but relatively larger crack widths
due to the lower elastic modulus and bond characteristics of FRP compared to steel. Glass-FRP
beams in previous studies exhibited crack spacings of 70 to 120 mm and crack widths of 2 to 5 mm,
consistent with the GB beam in this study. Hybrid reinforcement systems that combine FRP with
steel or different fiber types have been reported to improve crack control by enhancing load
distribution and tension stiffening, often achieving smaller crack widths and spacings than FRP-
only beams. The present hybrid configurations (JB]S, ]JBGS, GB]JS, GBGS) follow the same trends,
with JBGS and GBJS achieving up to 70 percent reduction in crack spacing and 58 percent reduction
in crack width. These results confirm that the proposed hybrid reinforcement schemes effectively
improve crack distribution, control crack opening, and enhance the serviceability performance of
the beams.

4.3. Load-Deflection Behavior

Figs 5-8 present the load-deflection curves for all beam configurations. The control beam
demonstrated the expected elastic-plastic response with a peak load of approximately 49.5 kN.
Strengthened beams exhibited increased stiffness and load capacity, with varying levels of post-
yield deformation.

Fig. 7 shows that GB (GFRP-bottom-only) reached a peak load of 63.7 kN, a 29% increase over the
control, with moderate deflection. ]B (JFRP-bottom-only) showed a more ductile profile but alower
peak load of 56.1 kN, representing only a 13% strength gain. As seen in Fig. 8, U-wrapped beams
exhibited superior performance. GBGS (GFRP on bottom and sides) reached 71.3 kN (44%
improvement), while JBJS (JFRP on bottom and sides) achieved 68.3 kN (38% gain). Both showed
improved deflection over bottom-only counterparts, with JBJS being more ductile. Hybrid systems,
illustrated in Fig. 9, demonstrated balanced structural behavior. JBGS achieved a load of 63.3 kN
and the highest deflection (20.4 mm), showing strong energy dissipation. GBJS reached 59.9 kN
with intermediate deformability.

2583



Abdelghani et al. / Research on Engineering Structures & Materials 12(4) (2026) 2571-2593

160

140

120

100

80

Load (KN)

60

40

20

0 1 2 3 4 5 6 7 8 9
Deflection (mm) —o—CB —0—JB GB

0

Fig. 7. Load-deflection curves for beams strengthened only at the bottom face, compared to the
unstrengthened control beam
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Fig. 8. Load-deflection curves for beams strengthened on the bottom and side faces using the
same FRP type, compared to the control beam
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Fig. 9. Load-deflection curves for hybrid-strengthened beams (GFRP and JFRP in combined
configurations), compared to the control beam
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4.4, Ultimate Load Performance

The percentage gains in peak load relative to the control beam are presented in Fig. 10 and
quantified in Table 9. The GBGS beam exhibited the highest increase (44%), followed by JBJS (38%),
JBGS (28%), GB (29%), and GB]JS (21%). The ]B beam showed the lowest gain at 13%.

Table 9. Summary of mechanical performance parameters including ultimate load, and mid-span
deflection, for all strengthened and control RC beams, with percentage gains to evaluate
strengthening efficiency.

Beams (kN fus (kN) 8y (mm) Bus (mm) ) 22 ()
CB 107.5 / 4.68 / / /
JB / 121.7 / 4.4 +13 -6
GB / 138.6 / 5.2 +29 +11
JBJS / 148.3 / 6.92 +38 +47
GBGS / 154.7 / 6.61 +44 +41
JBGS / 137.6 / 7.04 +28 +50
GBJS / 129.6 / 5.88 +21 +25

As shown in Table 9, although GFRP has a higher ultimate deformation capacity, the inclusion of
JFRP layers in the hybrid configuration (JBGS, GBJS) resulted in a more uniform crack distribution
and a gradual loss of stiffness prior to failure. This suggests that JFRP acts as a ‘sacrificial’ or ‘shock-
absorbing’ component that prevents the catastrophic and explosive delamination often associated
with pure GFRP reinforcement. These results confirm that U-wrap configurations significantly
enhance flexural strength by improving anchorage and stress redistribution. Hybrid systems
demonstrated comparable gains to synthetic FRPs, validating the contribution of natural fibers
when placed in strategic locations.

50 -

s | 44 %

20 | 38%

35 -

30 - 29% 28%

25 21%

20 -

15 | 13%

10

5 L

0 ! ! )
JBJS GBGS JBGS GBJS

Fig. 10. Percentage improvement in ultimate load for all FRP-strengthened beams compared to
the control

The mechanical superiority of the JBGS system over the GBJS and mono-material configurations
can be attributed to optimized strain compatibility and stress redistribution. In the JBGS layout, the
high-modulus GFRP side layers act as a stiff 'anchorage frame' that stabilizes the JFRP soffit,
effectively delaying the onset of interfacial debonding. This configuration facilitates a more uniform
stress transfer across the concrete-FRP interface, allowing the jute fibers to reach higher strain
levels before failure. In contrast, the GBJ]S system lacks this external confinement, leading to
localized stress concentrations and premature delamination. This anchorage effect in the JBGS
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specimens transforms the failure mode from a sudden, brittle loss of bond to a controlled, pseudo-
ductile response, explaining the substantial 71% increase in the ductility index.

4.5. Analytical Evaluation of Hybrid Synergy

To quantitatively define the "synergy" observed in the hybrid configurations, a Synergy Index (S,,,)
was implemented. This analytical approach evaluates whether the hybrid system performs better
than the theoretical sum of its individual components. The index is derived from the Rule of
Mixtures (RoM) as follows:

P .
Syn _ exp (hybrid) (1)
AL

Where; Py (nybria) 1S the experimental ultimate load of the hybrid specimen (e.g., JBGS or GBJS), P,
represents the ultimate load of the mono-material reference beams strengthened at the bottom (GB

for glass and ] B for jute), V; is the relative contribution of each fiber type (taken as 0.5 for the hybrid
configurations).

As shown in Table 9, the theoretical benchmark for the hybrid systems, calculated as the average
of GB (138.6 kN) and JB (121.7 kN), is 130.15 kN. The JBGS configuration (Jute bottom + Glass sides)
achieved an experimental ultimate load of 137.6 KN, resulting in a Synergy Index of 1.057. This
value, being greater than 1.0, provides analytical evidence of a positive synergistic effect. It
demonstrates that the strategic spatial positioning of glass fibers as side reinforcement prevents
the premature debonding of the jute fibers on the bottom face, allowing the hybrid system to exceed
its theoretical additive capacity. This quantitative result analytically confirms the "synergy"
mentioned throughout this study. The side reinforcement (Glass in JBGS) acts not just as additional
strength, but as a protective mechanism that restrains the dilation of the concrete and prevents the
premature debonding of the jute fibers on the bottom face, resulting in a system that is more
resilient than the sum of its parts.

4.6. Mid-Span Deflection at Ultimate Load

Fig. 11 shows the improvement in mid-span deflection across all beams. ]BGS recorded the highest
deflection gain (50%), followed by JBJS (47%) and GBGS (41%). GB and GB]S reached 11% and
25% respectively, while JB surprisingly exhibited a 6% reduction, attributed to premature fiber
rupture without sufficient anchorage. These findings highlight the ability of hybrid and U-wrapped
systems to improve deformability. ]BGS, in particular, combined a ductile failure mechanism with
increased capacity, offering improved serviceability and resilience.

55
50 %
50 b 47 %
45 F 41%
40
35 |
30 b
25%
25
20
5 r 1%
10 |
5 -
O 1 1 1 1 J
GB JBIS GBGS JBGS GBJS

Fig. 11. Percentage increase in mid-span deflection at peak load for all strengthened beams
relative to the control beam
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4.7. Ductility Index

The ductility index (u), defined as the area under the load-deflection curve normalized to the
control beam, is summarized in Fig. 12 and Table 9. The GBGS beam achieved the highest gain in
ductility index (86%), followed by JBJS (80%), GB (78%), JBGS (71%), and JB (62%). GBJS reached
60%, slightly lower due to its stiffer GFRP base and early jute rupture. To quantify the ability of the
hybrid JFRP/GFRP system to sustain inelastic deformation, the ductility index () was calculated
for all specimens. This index is defined as the ratio of the displacement at the ultimate load to the
displacement at the first yielding of the internal longitudinal steel reinforcement, as shown in the
following equation:

h= = (2)

Where; §,, is the ultimate displacement, §,, is the yield displacement.

These results confirm that U-shaped and hybrid systems not only improve ultimate strength but
also significantly enhance energy absorption and post-yield deformation. The JBGS configuration,
in particular, provides an optimal balance between stiffness and ductility. The superior
performance of the JBGS configuration compared to GBJS is attributed to the optimized layering
sequence that enhances strain compatibility and interfacial stress transfer. In the JBGS system, the
inner Jute layer acts as a compliant buffer that uniformly distributes concrete expansion and micro-
cracking, allowing the high-stiffness outer Glass layer to reach its ultimate capacity more
effectively. This creates a synergetic, multi-stage failure mode that significantly increases energy
dissipation and results in a 71% ductility gain. Conversely, in the GBJS setup, the high-stiffness
Glass fibers are placed in direct contact with the concrete, subjecting them to localized stress
concentrations and premature brittle failure. Because the outer Jute layer in GBJS remains at a
lower tension state when the internal Glass layer fractures, the system fails to achieve the same
"Hybrid Effect,” leading to reduced structural resilience and lower overall ductility.
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0 | 78 %
71%

70 F 62 % 64 %
60
50
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30 |+
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JB GB JBIS GBGS JBGS GBJS

Fig. 12. Percentage gain in ductility index for all strengthened beams compared to the
unstrengthened referenc.

The ductility of the strengthened beams was evaluated using an energy-based index, defined as the
ratio of total energy absorption to elastic energy.

[P P(8)ds
!
2 P y5y

This method was chosen over traditional displacement-based indices because the hybrid
GFRP/JFRP system exhibits a pseudo-ductile, multi-stage failure rather than a single discrete yield

(3)

D
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point. Physically, this index represents the capacity of the hybrid configuration to dissipate energy
through progressive fiber micro-cracking and controlled interfacial slip. While this approach
effectively captures the toughening effect of the jute fibers, its limitation lies in the sensitivity to
the post-peak slope; the index may over-estimate ductility if a significant residual load is
maintained despite extensive structural damage.

The enhanced performance of the hybrid system is fundamentally rooted in fiber modulus
heterogeneity. By combining high-modulus Glass fibers with lower-modulus Jute fibers, a staggered
mechanical activation is achieved. Initially, the stiffer Glass fibers bear the majority of the load,
providing the necessary stiffness to arrest micro-cracks. As the system approaches peak strain, the
modulus mismatch allows the more compliant Jute fibers to continue dissipating energy and
bridging macro-cracks even after the Glass fibers begin to fracture. This heterogeneity prevents a
sudden, brittle catastrophic failure, instead facilitating a progressive 'pseudo-ductile’ response that
explains the 71% increase in the ductility index for the JBGS configuration.

4.8. Evaluation of Elastic Stiffness

The elastic stiffness (K) was evaluated to determine the influence of the strengthening

configuration on the structural rigidity of the beams during the serviceability stage. The stiffness is

defined as the slope of the load-deflection curve within the linear elastic range:
AP

~AS

Where AP and A6 represent the increment in load and mid-span deflection, respectively, prior to
the yielding of the internal steel reinforcement. The results are summarized in Table 10.

K (4)

Table 10. Elastic stiffness of plain steel and FRP-strengthened beams

Beam Strengthening Elastic Stiffness Increase/decrease over
Designation Configuration (kN/mm) Control (%)
CB None (Control) 22.97 —
GB GFRP 26.65 16.1%
JB JFRP 27.66 20.42%
JBJS JFRP 21.43 -7.08%
GBGS Hybrid 23.4 1.87%
JBGS Hybrid 19.54 -17.55%
GBJS Hybrid 22.05 -4.17%

As shown in Table 10, the impact of FRP strengthening on elastic stiffness varied significantly
depending on the fiber type and layout. The JB specimen exhibited the highest stiffness
enhancement of 20.42%, followed closely by the GB specimen at 16.1%. Among the hybrid
configurations, GBGS showed a slight improvement of 1.87%, effectively maintaining the rigidity of
the control beam while providing the benefits of hybridization.

Conversely, the JBGS and ]BJS configurations showed a reduction in initial stiffness of 17.55% and
7.08%, respectively. This decrease in the linear-elastic slope suggests that the specific arrangement
of jute and glass layers in these specimens may have introduced a slight increase in initial
compliance or localized micro-cracking during the early loading stages before the FRP contribution
was fully mobilized. Despite these variations in the serviceability range, these configurations
ultimately contributed to significant gains in ultimate capacity and ductility as discussed in
previous sections.

5. Conclusions

This study experimentally evaluated the flexural behavior of reinforced concrete beams externally
strengthened with GFRP, JFRP, and hybrid GFRP-]JFRP systems. Fourteen beams were tested under
four-point bending to assess the effects of fiber type, layout configuration, and positioning on
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strength, deformability, and failure mode. Based on the analysis of load-deflection behavior, failure
patterns, and ductility, the following conclusions can be drawn:

e GFRP-based U-wrap reinforcement (GBGS) provided the highest strength gain, with a 44%
increase in ultimate load relative to the control beam.

e The JBJS (JFRP U-wrap) configuration demonstrated a 38% increase in strength and the
second-highest ductility, highlighting the effectiveness of natural fibers when provided with
proper anchorage.

e The JBGS (jute bottom, glass sides) hybrid system achieved a 28% increase in load capacity,
a 50% gain in deflection, and a 71% rise in ductility index, identifying it as the most balanced
and resilient system tested.

e Failure modes were significantly affected by fiber type and positioning. GFRP systems were
prone to debonding, JFRP systems failed by fiber rupture, while hybrid systems exhibited
mixed and more stable failure behavior.

e U-shaped configurations improved both strength and deformability by enhancing
confinement and delaying premature debonding, especially in hybrid reinforcements.

The results confirm that hybrid GFRP-JFRP systems, when strategically arranged, can achieve
competitive performance compared to fully synthetic systems while introducing ductility and
sustainability advantages. This approach offers a viable, eco-efficient alternative for structural
strengthening applications in civil infrastructure, including beams, slabs, and pavement
substructures.

Despite the significant performance gains observed in the JBJS and JBGS configurations, several
limitations of the current study should be acknowledged to guide future investigations:

e Long-term Durability: Investigation is needed on JFRP degradation under environmental
stressors like moisture, UV, and concrete alkalinity.

e Cyclic Loading: Testing under fatigue and seismic-type loading is required to verify the
hybrid system's performance in infrastructure applications.

e Bond-Slip Behavior: Micro-scale analysis of the hybrid FRP-to-concrete interface is necessary
to better define debonding mechanisms.

e Size Effect: Validation on larger-scale structural elements is recommended to confirm the
scalability of the JBGS configuration.

Future investigations should incorporate standardized pull-off and bond-slip testing to
characterize the interfacial constitutive laws and develop analytical load transfer models that
account for the complex stress distribution between synthetic and natural fiber layers.
Furthermore, to transition current qualitative sustainability claims into demonstrated outcomes,
future research must include Life Cycle Assessments (LCA) to provide quantitative environmental
indicators and durability testing under accelerated aging to evaluate the long-term performance of
jute fibers. Additionally, exploring the use of bio-based resins in place of traditional epoxies could
further optimize the eco-efficiency of the system, aligning with the growing demand for fully
sustainable structural rehabilitation.

Future research should focus on long-term durability under environmental exposure, fatigue
resistance under cyclic loads, and the development of predictive models for hybrid FRP systems.
Optimization of fiber orientation, layer thickness, and anchorage details will be essential for
translating these findings into standardized design guidelines.

Nomenclature

Symbol Description Unit
a/b Shear span-to-effective depth ratio —
E, Modulus of elasticity of concrete GPa
K Elastic stiffness kN /mm
M, Nominal flexural strength kN -m
P, Ultimate load capacity kN
V, Nominal shear strength kN
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Symbol Description Unit
Sy Mid-span deflection at ultimate load mm
8, Mid-span deflection at steel yielding mm
u Ductility index —
Ep Energy-based ductility index —
p Reinforcement ratio %
AP Change in applied load kN
AS Change in deflection kN
Syn Synergy Index —
Pexp (hybria) Experimental ultimate load of the hybrid specimen kN
P; Ultimate load kN
V; Relative contribution of each fiber type kN
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