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Highlights
What are the main findings?

e Bonded fiber-core steel wire ropes (FC-SWRs) effectively enhanced the flexural perfor-
mance of reinforced concrete (RC) T-beams by increasing their crack initiation load,
yield load, ultimate load, stiffness, and energy absorption capacity.

e  Analytical modeling based on the Modified Compression Field Theory (MCFT) accu-
rately predicted the experimental behavior, enabling parametric studies that confirmed
the beneficial effects of increasing FC-SWR diameter and optimizing steel reinforce-
ment ratio.

What are the implications of these findings?

e  The bonded FC-SWR technique provides a promising, durable method for retrofitting
under-reinforced RC beam members, enhancing their load-carrying capacity and
structural resilience while maintaining manageable levels of ductility.

e  This study demonstrates that FC-SWRs can be a viable alternative to conventional
strengthening materials, offering practical solutions for extending the service life of
aging infrastructures with relatively simple application methods.

Abstract: This study experimentally and numerically investigated the effectiveness of
fiber-core steel wire ropes (FC-SWRs) in enhancing the flexural performance of reinforced
concrete (RC) T-beams using a bonding technique. The investigation focused on deflec-
tion, flexural load-carrying capacity, and failure modes, along with key behaviors such as
ductility, stiffness, energy absorption, and steel strain response. Two beams were tested
under four-point bending until failure—one serving as the control specimen and the other
strengthened with bonded FC-SWRs to improve its flexural behavior. Additionally, an
analytical study was conducted using a computer program based on the Modified Com-
pression Field Theory (MCFT), and the results were compared with experimental findings.
The validation of the analytical model enabled further parametric investigations, examining
the influence of the FC-SWR diameter, modulus of elasticity, and steel reinforcement ratio
on flexural performance.

Keywords: RC T-beam; bonding technique; flexural performance; fiber-core steel wire
rope; strengthening
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1. Introduction

The structural integrity and long-term performance of built infrastructure are criti-
cal considerations in civil engineering, particularly for aging load-bearing components
subjected to increasing service loads and environmental stressors. Over time, structural
systems may deteriorate due to material degradation, fatigue, or exposure to extreme condi-
tions, leading to reduced load-carrying capacity and serviceability concerns. Additionally,
as engineering standards evolve, the adoption of new design codes necessitates the reassess-
ment and retrofitting of structures originally built under outdated regulations. Ensuring
the safety, functionality, and longevity of such infrastructure requires effective strengthen-
ing techniques that enhance flexural capacity while maintaining structural efficiency and
economic feasibility.

Concrete structures, in particular, are susceptible to various forms of deterioration,
including damage caused by natural disasters such as earthquakes, fires, and storms [1-4].
Furthermore, structural deficiencies may arise due to design flaws, substandard construc-
tion practices, prolonged material degradation, and increased service loads beyond the
original design parameters [5,6]. Given these challenges, the development and implemen-
tation of advanced strengthening techniques have become essential for improving the
resilience and sustainability of aging infrastructure. Effective retrofitting not only enhances
load-bearing capacity but also mitigates structural vulnerabilities, ensuring long-term
public safety and economic viability.

Among the various strengthening techniques, research has shown that bonding newly
applied materials to existing structures is one of the most widely adopted approaches [7-11].
This method is particularly effective in enhancing structural performance, as it ensures
composite action between the original and reinforcing materials, thereby improving overall
durability and load resistance. In the context of flexural strengthening, the application
of reinforcing materials to the tensioned regions of a reinforced concrete (RC) element
has proven to be the most efficient strategy, as it directly addresses areas experiencing
the highest tensile stresses. This targeted strengthening approach minimizes cracking,
improves stiffness, and enhances the overall flexural capacity, making it a critical aspect of
modern structural rehabilitation efforts.

The increasing adoption of Fiber-Reinforced Polymers (FRPs) in construction has
prompted extensive research on their benefits, particularly their high strength-to-weight
ratio [12-22]. Han et al. [23] evaluated near-surface mounted carbon FRP (NSM-CFRP)
strengthening under monotonic and non-reversed cyclic loading, simulating fatigue con-
ditions in bridge girders. Their study highlighted embedment depth as a critical factor,
with the half-embedded CFRP rod beam (BH) offering significant strength gains and better
energy dissipation, despite the fully embedded CFRP rod beam (BF) exhibiting superior
cyclic durability. Haryanto et al. [24,25] further investigated NSM-CFRP-strengthened
RC T-beams under cyclic loading. Their results showed that BH achieved a 24% capacity
increase, while BF, aligned with code provisions, reached around 38%. Nugroho et al. [26]
extended this research under high-rate cyclic loading, finding that both configurations
reduced flexural damage by minimizing cracks, while CFRP sheets provided a confining
effect that prevented concrete crushing.

Emara et al. [27] conducted a study to assess the shear performance of RC beams
strengthened using a combination of CFRP and engineered cementitious composites. Their
findings demonstrated that the applied strengthening techniques increased the shear ca-
pacity of the specimens by 61.1% to 160.1% compared to the reference beam. Furthermore,
the strengthened beams exhibited 2.31 times greater deformation than the control speci-
men. Mussa et al. [28] investigated the use of CFRP materials for strengthening RC beams
subjected to static and impact loading. Their findings revealed that specimens reinforced
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with both CFRP wrap and strip exhibited an 84.88% increase in load-displacement capacity
compared to the unstrengthened beam under static loading. Alasmari et al. [29] reported
that bonding CFRP laminates to the bottom surface of a high-strength concrete (HSC)
jacket enhanced the yield strength, maximum load capacity, and stiffness of damaged RC
beams. Compared to specimens strengthened with only an HSC jacket, this combined
approach provided superior structural performance. The load capacity of beams strength-
ened with both CFRP laminates and an HSC jacket increased by 41.00% relative to the
unstrengthened beam.

While FRP strengthening offers significant benefits, it also has limitations, primarily
due to the properties of the resins used for fiber bonding. Key issues include debonding
from concrete, poor performance at high temperatures, high epoxy costs, application
constraints in wet or cold conditions, lack of vapor permeability leading to moisture-
related damage, material incompatibility, and difficulty in assessing hidden damage after
earthquakes [30-32]. As an alternative, steel wire rope (SWR) has gained attention due to its
lightweight properties and superior tensile, torsional, and bending resistance [33], making
it a promising strengthening material. Several studies have explored the performance of
SWR-strengthened RC structures [34-39]. Wu et al. [40,41] conducted experimental and
theoretical investigations on the flexural behavior of prestressed RC beams strengthened
with SWRs. Furthermore, Wei and Wu [42] examined concrete columns confined with SWRs,
analyzing their compression behavior and contributing their findings to the guidelines
outlined in JGJ/T325-2014 [43].

These findings emphasize the need for further research to optimize existing strength-
ening techniques and develop new ones. Haryanto et al. [44] investigated the use of two
6 mm-diameter SWRs for externally strengthening RC beams with different end-anchor
configurations, finding that both anchor types provided comparable and significant perfor-
mance improvements. Furthermore, Haryanto et al. [45] reported that varying the number
and diameter of external SWRs could increase the ultimate load capacity by up to 2.5 times.
Notably, specimens with fewer SWRs exhibited superior ductility and stiffness enhance-
ments compared to those with more SWRs, which were prone to slippage at the end anchors.
In a follow-up study on numerically predicting the flexural performance of the previously
mentioned specimens, Haryanto et al. [46] demonstrated a strong correlation between
the numerical model and experimental data, particularly in terms of load-displacement
behavior, ultimate load, and failure modes. The model predicted the load capacity and
corresponding deflection with average discrepancies of only 2.95% and 2.50%, respectively.

Li et al. [47] examined the strengthening effects of prestressed SWRs on hollow-core
slabs. In their study, six specimens were tested to failure under a four-point bending
configuration. The results showed that prestressed SWRs were more effective in improving
the cracking load than mounted steel bars due to the induced prestress in the SWRs.
Building upon this, Miao et al. [48] investigated the application of prestressed NSM-SWRs as
an effective method for strengthening stone slabs. Their study revealed that the composite
action between the SWRs and the stone significantly improved the flexural behavior of
the slabs, demonstrating the adaptability and efficiency of SWRs in enhancing diverse
structural elements. Expanding further on the use of SWRs in structural strengthening,
Haryanto et al. [49] evaluated the performance of RC T-beams strengthened in the negative
moment region with bonded SWRs at varying prestressing levels. Their findings confirmed
the effectiveness of this method, with enhancements of up to 30.00%, 50.00%, and 90.00%
in the crack initiation load, yield load, and ultimate load, respectively. Additionally, the
energy absorption capacity of the strengthened specimens increased, with improvements
reaching up to 56.66% compared to the control beam. Further analysis indicated that the
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numerical predictions closely matched the experimental outcomes, with discrepancies in
ultimate load remaining under 10.00%.

This paper builds upon previous experimental and numerical investigations on the
effectiveness of post-installed reinforcements in enhancing the flexural strength of RC
elements [44-46,49]. Specifically, it aims to evaluate the structural performance of RC
T-beams strengthened with bonded fiber-core SWRs (FC-SWRs) under flexural loading.
The research involves both experimental testing and analytical modeling to assess key
performance parameters such as flexural load-carrying capacity, deflection, stiffness, duc-
tility, crack propagation, failure modes, energy absorption, and steel strain response. By
systematically analyzing these aspects, this study seeks to provide insights into the feasi-
bility and efficiency of FC-SWR strengthening as a potential alternative to conventional
reinforcement techniques. The methodology, results, and discussions are presented in the
following sections.

2. Experimental Program
2.1. Geometry of the Specimens

The beam design in this study focused on achieving bending rupture, using the
geometric data presented in Figure 1 to develop the specimens for the four-point bending
test setup. The RC T-beams were flexurally reinforced with three 13 mm-diameter deformed
steel bars at the bottom of the web, two 12 mm-diameter plain steel bars at the top of the
web, and four 6 mm-diameter plain steel bars in the T-beam flange. The flange width of
400 mm was selected based on common design practices, where the effective flange width
is typically limited to the lesser of one-quarter of the span length (L/4), the beam spacing,
or the actual slab width [50]. With a span of 2400 mm, the L/4 limit is 600 mm, making
400 mm a practical and conservative choice. This width ensures sufficient compression area
in the flange while remaining representative of real-world T-beam behavior. Meanwhile,
two-legged 8 mm-diameter stirrups were uniformly spaced at 40 mm along the shear span
for shear reinforcement. The first specimen, designated as BC, was an unstrengthened
control beam, and its results were used as a reference. Additionally, the second specimen
(BS) was strengthened with two 10 mm-diameter, 2400 mm-long FC-SWRs bonded to the
bottom surface of the web, where tensile stresses are highest.

Flange Web-Top Web Flange Web
400 Longitudinal Bars /~Longitudinal Bars ~ Closed Hoops  ,— U-Stirrups Closed Hoops
r 106~ 06 |/ 2012 /. ©8-100 / ©6-240 8-40
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Figure 1. The dimensions and details of the reinforcement used in the T-beam specimens (all
dimensions in mm): (a) Unstrengthened beam (BC); (b) strengthened beam (BS).
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2.2. Strengthening Procedure

The strengthening procedure commenced with the non-invasive detection of existing
reinforcement within the RC beam using a rebar scanner. Following this, precise drilling
points were marked, ensuring that no direct contact was made with the embedded reinforce-
ment during the subsequent dynabolt mounting process. Boreholes, each approximately
6 cm deep, were then drilled. The resulting cavities were thoroughly cleaned using com-
pressed air to remove residual dust, after which a chemical bonding agent was injected to
promote proper adhesion. Subsequently, the anchorage system—comprising a steel plate
and dynabolt—was installed, and the procedure was completed by tightening the dynabolt
at the upper section of the steel plates. Finally, to bond the FC-SWRs to the existing concrete
surface, a mortar adhesive was applied.

2.3. Properties of Materials

The concrete mix was designed using cylindrical specimens with a height of 300 mm
and a diameter of 150 mm. Compressive tests conducted at 28 days yielded an average
compressive strength of 32.40 MPa, classifying it as normal concrete. In addition, Figure 2a
shows that steel plates and dynabolts, each with a diameter of 8 mm and an average shear
strength of 14.50 kN, were used to fasten and anchor the FC-SWRs. Moreover, as shown
in Figure 2b, the adhesive used for bonding the FC-SWRs to the existing concrete was a
mortar with an average compressive strength of 49.85 MPa.

(b)

Figure 2. Strengthening system: (a) FC-SWRs fastened with steel plates and dynabolts; (b) mortar adhesive.

An FC-SWR typically consists of several strands of steel wires helically wound around
a central fiber core, which serves as the rope’s supporting structure. In this study, the core
was made of synthetic fibers (polypropylene), and its primary functions were to provide
flexibility, maintain the shape of the rope, and act as a reservoir for lubrication. Each strand
within the rope is composed of multiple high-strength, cold-drawn steel wires twisted
together in a specific lay pattern to form a strand. These strands are then twisted together
around the fiber core in a helical fashion to complete the rope structure.

Meanwhile, the mechanical properties, including the ultimate strength and elastic
modulus of the steel reinforcements and FC-SWR, were determined through tensile tests.
The results, presented in Table 1, indicate the average values of yield strength (f, ) and
corresponding strain (gy,;), ultimate strength (f,, ;) and corresponding strain (e, »), and
modulus of elasticity (E).
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Table 1. Mechanical properties of steel reinforcements and FC-SWRs.
. . fi ym Eym Sum Eu,m E

Material Section (MPa) (%) (MPa) (%) (MPa)

Steel reinforcement 8 373.85 0.185 525.33 20.91 201,624
Steel reinforcement 12 394.60 0.211 614.26 14.55 187,596
Steel reinforcement J13 479.71 0.243 742.52 24.55 197,664
Fiber-core steel wire rope 10 - - 743.73 2.85 35,725

Hydraulicpump

Simple support

Rigid floor

2.4. Testing Setup and Instrumentation

Figure 3 presents the test setup and instrumentation. The experimental investigation
employed a four-point bending configuration, wherein a symmetric vertical load was
introduced to the beam through a steel-section distribution beam. This configuration
effectively created a constant moment zone spanning 700 mm at mid-span. The setup
comprised, in descending order, a 1000 kN-capacity electro-hydraulic actuator, load cell,
steel spreader beam, test specimen, and simple supports. A load control rate of 200 N/s
was maintained throughout the test. During loading, crack development was carefully
monitored, with crack positions and orientations marked using an ink pen for clarity.
Concurrently, mid-span deflection was recorded via displacement sensors, and the strain
in tensile steel reinforcements was measured using surface-mounted strain gauges.

Loading frame —

Hydraulic jack
Steel beam

T-beam specimen

—

Simplesupport

150 700 700 700 150

(b)

Figure 3. Experimental setup: (a) Schematic; (b) photograph.
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Several critical response parameters were monitored during testing: applied load,
vertical deflection, steel strain, and crack propagation behavior. Specifically, (1) the applied
force was recorded using a calibrated pressure transducer; (2) vertical displacements
were captured using three linear variable differential transformers (LVDTs), strategically
positioned beneath the left loading point, mid-span, and right loading point; (3) tensile
reinforcement strain was quantified using a 6 mm strain gauge affixed to the mid-length of
the bottom steel bar; and (4) crack formation and growth were tracked visually with the
aid of a crack monitoring viewer.

3. Results and Discussion
3.1. Flexural Load Carrying Capacity

The experimental values of load-carrying capacities are summarized in Table 2. The
control beam (BC) exhibited a lower crack initiation load compared to the strengthened
beam (BS). The application of bonded FC-SWRs increased the crack initiation load by
approximately 40.00%, indicating enhanced resistance to early cracking. Although crack ini-
tiation is generally influenced by the compressive strength of the concrete, which remained
consistent across all specimens, the observed increase was attributed to the additional
tensile strength provided by the bonded FC-SWRs. This strengthening system effectively
delayed the formation of initial cracks, improving the overall structural integrity of the
beam under loading conditions.

Table 2. Flexural load-carrying capacities.

Load Capacity (kN) Deflection (mm)
Beam ID
Cracking Yield Ultimate  Cracking Yield Ultimate
BC 28.20 87.00 111.80 1.60 7.45 31.63
BS 39.60 109.8 192.80 1.98 8.02 40.65

A similar trend was observed for the yield and ultimate loads. The yield load of BS
increased by 26.00% compared to BS, demonstrating an improvement in the beam’s elastic
response before yielding. Additionally, the ultimate load capacity of BS was 72.00% higher
than that of BC, highlighting the significant contribution of bonded FC-SWRs in enhancing
the beam’s ability to sustain higher loads before failure. These results are consistent with
the findings of Haryanto et al. [49], which demonstrated that the bonded system is an
effective strengthening technique for improving both the serviceability and load-carrying
capacity of RC beams.

This improvement is primarily attributed to the ability of FC-SWRs to act as additional
tensile reinforcement in the tension zone. By providing an external force-carrying path,
the FC-SWRs help redistribute tensile stresses more evenly along the bottom surface of the
beam, thereby reducing localized stress concentrations that typically initiate cracking or
premature failure. Stress concentration usually occurs in regions with abrupt changes in
stiffness or where reinforcement is insufficient, leading to crack initiation. The continuous
nature and bonding of FC-SWRs mitigate this by promoting better stress transfer and
delaying crack propagation.

3.2. Load—Deflection Curves

The load—deflection relationships for all beams are shown in Figure 4, where a trilinear
model represents their behavior up to failure. This model captures the beam’s stiffness
changes, cracking progression, and ultimate failure response under loading.
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Figure 4. The graphical curve of the load—mid-span deflection for the beams tested.

The first segment represents the initial stiffness phase, where the beam remains elastic,
resisting deformation with a steep linear slope. The transition to the crack initiation stage
marks the formation of the first visible cracks, reducing stiffness. The second segment,
with a moderate slope, extends from crack propagation to yielding. As cracks increase,
stiffness gradually declines, redistributing stress to the reinforcement. This phase is crucial
in assessing the beam’s ductility and energy absorption. The third segment, with the lowest
slope, represents the post-yielding phase, where the beam undergoes plastic deformations
before reaching its ultimate load capacity. Since this phase determines ductility, it is
key in evaluating structural performance. Additionally, the mid-span deflection at crack
initiation load was found to be 24.00% higher in BS compared to BC, indicating that
the strengthened beam can sustain higher deflections before crack formation, thereby
enhancing their serviceability and long-term structural performance.

The yield load improvement for the strengthened beam has been discussed in the
previous subsection, accompanied by a corresponding increase in mid-span deflection, as
reflected in the second segment of the trilinear model. This phase represents the transition
from crack propagation to yielding, where stiffness gradually decreases due to stress
redistribution in the reinforcement. However, the deflection increase at yield was lower
than that at crack initiation, with BS exhibiting only an 8.00% increase compared to the
control specimen (BC). This suggests that while strengthening improves yield behavior, its
effect on deflection during this phase remains moderate. The presence of bonded FC-SWRs
helps delay excessive deformation but does not drastically alter mid-span deflection at
yield. Additionally, the mid-span deflection at the ultimate load showed a 29.00% increase
in the strengthened beam compared to the unstrengthened beam (BC). This significant
enhancement indicates improved energy absorption capacity in the post-yielding phase,
allowing the beam to sustain higher deformations before failure, which is crucial for
structural resilience and ductility.

3.3. Failure Modes

Figure 5 illustrates the typical failure modes of the specimens. The control beam (BC)
failed due to concrete crushing in the compression zone following the yielding of the steel
reinforcement. Flexural cracks initially formed near the mid-span and later propagated
through the full depth of the constant moment region, ultimately leading to failure. The first
crack was observed at 28.20 kN, followed by multiple flexural cracks until 87.00 kN, which
corresponded to the yield load of the steel reinforcement. Crack propagation extended
through the entire section depth at 111.80 kN, causing the specimen to fail.
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(b)

Figure 5. Failure modes of all types: (a) BC; (b) BS.

Flexural failure, similar to that of the control beam, was also observed in the strength-
ened beam (BS). However, differences were noted in crack initiation, yield, and ultimate
load capacities. Several flexural cracks formed and propagated through the section depth,
while minor shear cracks appeared near the loading point and supports. These shear cracks,
however, did not contribute to the final failure of the specimen. The presence of bonded FC-
SWRs enhanced the beam’s resistance, delaying crack propagation and increasing overall
structural integrity compared to the unstrengthened specimen.

3.4. Ductility Index and Stiffness

Ductility refers to a structure’s ability to undergo inelastic deformation before failure
without a significant loss in strength or resistance. This property is essential because it
allows stress redistribution and provides an early warning of failure through gradual
deflections. The ability of a reinforced member to deform progressively during the plastic
stage is a key factor in reinforced concrete design. Additionally, a ductile structure exhibits
robustness, enabling it to resist accidental loading from local impacts and effectively
dissipate energy under cyclic loading, such as seismic events [51,52].

To quantify ductility in this study, the ductility index is computed at failure load using
Equation (1):

)
_

where mid-span yield deflection (6,) serves as the reference benchmark. This allows for the
evaluation of the effect of FC-SWRs in enhancing the ductility of the strengthened beam
compared to the control beam in this study.

Another essential characteristic of RC structures is stiffness, which describes a beam’s
ability to resist displacement under applied loads [53]. Stiffness is a key factor in ensuring
serviceability, influencing crack formation and deflection behavior. The stiffness of RC
beams is largely affected by applied loads, cracking patterns, and reinforcement config-
urations [54], including bonded FC-SWRs. In this study, stiffness was evaluated under
two conditions: initial and yield stiffness. The initial stiffness, indicative of the beam’s
uncracked elastic response, was quantified as the gradient of the load—deflection curve
prior to the onset of the first visible flexural crack. In contrast, the yield-stage stiffness
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characterized the structural behavior during the transition from elastic to inelastic response
and was determined from the slope of the curve between the occurrence of initial cracking
and the yield point of the longitudinal reinforcement. Table 3 presents the ductility index
and stiffness of the tested beams, highlighting the differences between the strengthened
and control beams.

Table 3. Ductility index and stiffness.

) Ductility Index Initial Stiffness (N/mm) Yield Stiffness (N/mm)
Specimen
Value Ratio Value Ratio Value Ratio
BC 5.40 1 17,625 1 10,051 1
BS 5.19 0.96 20,000 1.13 11,623 1.16

The failure ductility of the strengthened specimen (BS) was 4.00% lower than that of
the control specimen. Previous research has shown that increasing reinforcement often
leads to a reduction in ductile behavior [55] because additional reinforcement restricts
deformation capacity, limiting the beam’s ability to undergo plastic deformation before
failure. This suggests that, in this study, the inclusion of bonded FC-SWRs resulted in a
slight decrease in ductility due to the higher tension reinforcement ratio, resulting in the
loss of the yield plateau in the load-deflection curve, which is typically associated with
ductile response.

Conversely, the stiffness of the strengthened specimen increased by 13.00% in terms of
initial stiffness and 16.00% in yield stiffness compared to the control beam. In unstrength-
ened beams, internal steel reinforcement plays a key role in controlling crack growth, which
directly affects stiffness [54]. However, in strengthened beams, the addition of FC-SWRs
further restricts crack initiation and propagation, thereby leading to a greater increase in
stiffness and improved overall structural performance.

3.5. Energy Absorption

Energy absorption is a key factor in evaluating the fracture work of a structural element
and is typically measured as the area under the load—deflection curve [56]. Figure 6 presents
the energy absorption levels for all specimens in this study, showing that the strengthened
specimen exhibited higher values than the control specimen.

6000 T 100
I Energy Absorption (kN.mm)
5000 | EEEIEnhancement (%)
£ 180
€ ~
< 4000 S
§ 1%° 8§
o L IS
5 3000 g
38 40 &
< €
5 2000 | 5
2
W 1000 | 120
0 0

BC BS
Beam Specimens

Figure 6. Energy absorption of the tested beams.
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The bonded FC-SWRs enhanced energy absorption by 54.00%, primarily due to de-
layed crack formation, increased stiffness, and significant improvements in both yield and
ultimate loads. The inclusion of bonded FC-SWRs strengthens the beam’s load-bearing
capacity, allowing it to sustain higher loads over a longer displacement range. This delay
in crack propagation prevents premature failure, enabling the beam to absorb more energy
before collapse. Additionally, the increase in stiffness restricts excessive deflection, ensuring
a more controlled failure mechanism.

3.6. Steel Strain Response

The moment versus mid-span steel strain curves for the specimens are presented in
Figure 7, showing that the strain variation trends in the longitudinal reinforcement of
the BC were similar to those in the BS beam. However, the steel strain variation can be
divided into three stages. At the initial stage, the strain values increased almost linearly
with the applied load. However, after cracking, a decline in the curve’s slope was observed,
indicating a reduction in stiffness. The steel strain values of the strengthened beam (BS)
were consistently lower than those of the control beam (BC) at the same load levels.

5 —BC specimen -
====BS specimen
O L 1 L
0 500 1000 1500 2000

Strain (ue)

Figure 7. Moment-steel strain curves of the tested beams.

For instance, at a bending moment of 15.00 kNm, the BC recorded 778 e, whereas the
BS beam recorded only 209 e. A similar trend was observed at 25.00 kNm, where the BC
exhibited 1417 pe, while the BS beam showed a lower strain of 973 ue. These observations
indicate that the presence of FC-SWRs significantly influenced the strain distribution in the
tension zone. By sharing the tensile demand, the FC-SWRs reduced stress on the steel bars
and improved the beam’s flexural performance under load.

Unlike BC, where the steel bars alone resisted the tensile load, the BS beam distributed
the load between the steel bars and FC-SWRs, reducing the strain in the reinforcement and
enhancing structural performance. This composite action between the internal steel and ex-
ternal FC-SWRs improved the beam’s ability to control deformation under flexural loading.

4. Analytical Modeling

An analytical calculation was performed using Response-2000 (R2K), a computational
program developed based on the Modified Compression Field Theory (MCFT) [57]. This
method is widely recognized for its efficiency and reliability in predicting the nonlinear
behavior of RC elements under various loading conditions. It has been extensively validated
through experimental studies and is known for its ability to accurately estimate responses
in flexural and shear-critical members [58-61].
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4.1. Constitutive Laws

The analytical models developed using R2K incorporated the nonlinear behavior of
concrete in compression. To enhance this approach, strain-stress relationships formulated
by Popovics [62] and Porasz [63] were integrated through Equations (2)—(4) to refine the
model. In this context, f. denotes the concrete compressive stress in MPa corresponding to a
given strain value ., f! represents the concrete compressive strength in MPa, E_ signifies the
concrete modulus of elasticity in MPa, ¢,y defines the strain at peak compressive strength, n
serves as the curve-fitting parameter, and k accounts for the reduction in post-peak ductility
in high-strength concrete. Moreover, Equation (5) was utilized to incorporate the model
proposed by Bentz [57], which characterizes the nonlinear material properties of concrete
in tension (f;) and was implemented in R2K.

Ec / n
_ (& 2
fC <€00>fcn1+(€c/€co)nk ( )
_og. ft

n=08+15 3)

1.0 ] Lo 1.0
- { A @)

0.67+% if & >10
fi = 045(f1)"* (5)

The stress—strain response of steel reinforcement typically consists of three fundamen-
tal stages: an initial linear-elastic response, a yield plateau, and either a linear or nonlinear
strain-hardening phase leading up to rupture. This monotonic stress—strain curve serves as
the backbone for the hysteretic response models developed by Seckin [64] and Menegotto
and Pinto [65]. Additionally, Equation (6) defines the steel reinforcement stress (f;) in both
tension and compression.

Eses for g5 < gy
fi= fy ) for e, <e&s<egg ©
s — o 7
fu + (fy *fu) (88177,;;) for e < & < gy
0 for gy < &

where &5 represents the reinforcement strain (&5 = |¢s|), &, corresponds to the yield strain,
g5, denotes the strain at the onset of strain hardening, ¢, signifies the ultimate strain, Es
is the elastic modulus, f, represents the yield strength, f, is the ultimate strength, and P
is the strain-hardening parameter. There are two possible strain-hardening phases after
the yield plateau: linear strain-hardening (trilinear, P = 1) and nonlinear strain-hardening
(P = 4), both of which were assigned to the analytical models developed in R2K. The
strain-hardening modulus, which governs the material’s behavior beyond yielding, was

Es, = (fu_fy> @)

Eu — &)

defined using Equation (7).

The FC-SWR stress—strain response implemented in R2K was modeled based on the
behavior of cold-worked steel reinforcement, which lacks a distinct yield phase. Instead,
its response was characterized by an initial linear-elastic branch, followed by a smooth
transition curve leading to a second strain-hardening linear branch. To accurately capture
this behavior, the Ramsberg-Osgood formulation [66] was applied using Equations (8)-(10)
to determine the FC-SWR stress (f;) in tension. In this approach, E; represents the initial



Fibers 2025, 13, 53 13 of 21

elastic modulus, &5 denotes the reinforcement strain, f; is the ultimate strength, and f; is
the stress-axis intercept at zero strain for the second linear branch.

fs = Esesq A+ 1-4 T < fu (8)
{1+ (BSS)C} ¢
_ Esh
A= . )
E(1- A)
B = 10
3 1o

Additionally, a transition coefficient (C) with a representative value of 10 for low-
relaxation steel was adopted to approximate the tensile response of FC-SWR, based on the
uniaxial tension test results shown in Figure 8. This ensured an accurate depiction of the
material’s behavior under loading.
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Figure 8. Stress—strain curves of FC-SWR.

4.2. Model Validation

The two tested specimens were modeled and analyzed to validate the analytical
model’s accuracy. Following this, the predictions generated by the R2K program were
compared with the experimental data. The experimental and predicted load versus mid-
span deflection results across all loading stages are presented in Figure 9, while Table 4
provides a comparison of the ultimate attained load (P,) values and the corresponding
Py xp/Pu,ana Tatio between the two methods.

Table 4. The results’ validation between experimental and numerical methods.

P, (kN) Ratio
Beam ID - - P. v |P
Experimental Analytical u,Exp! S u,Ana
BC 111.80 110.75 1.01
BS 192.80 174.80 1.10

Figure 9 demonstrates that the predicted responses closely replicate the experimental
responses, capturing key behavioral trends. The analytical model effectively predicts the
initial linear-elastic phase, followed by a transitional nonlinear phase, and a reasonably
linear response up to the peak load. This agreement is particularly noteworthy given the



Fibers 2025, 13, 53

14 of 21

complexity of the actual response, where the formation of new cracks and the propagation
of pre-existing ones lead to a gradual reduction in overall beam stiffness. This suggests that
the model is capable of capturing the essential characteristics of RC beam behavior under

flexural loading.
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Figure 9. Load—deflection curve comparisons between experimental and analytical findings: (a) BC;
(b) BS.

However, the analytical model exhibited some limitations near the peak load, where it
tended to underestimate beam ductility. Despite this, the normalized mean square error
(NMSE) for load capacity prediction was calculated as 0.007, which is considered acceptable
from a design perspective. These results indicate that the developed analytical model can
be effectively utilized in design-oriented parametric studies to examine the influence of
FC-SWR diameter, FC-SWR modulus of elasticity, and steel reinforcement ratio on the
performance of beams strengthened using the bonded technique.

4.3. Parametric Study
4.3.1. Effect of FC-SWR Diameter

The behavior of beams with varying FC-SWR diameters was investigated using four
analytical models—one unstrengthened control and three strengthened specimens, each
incorporating two bonded FC-SWRs with diameters of 6 mm, 8 mm, and 10 mm. In this
parametric study, B-01 denotes the control specimen, while B-02, B-03, and B-04 represent
the beams strengthened with FC-SWRs of 6 mm, 8 mm, and 10 mm, respectively, and 1.2%
steel reinforcement ratio. All models were analyzed using a concrete compressive strength
of 25.00 MPa, mortar compressive strength of 45.00 MPa, an FC-SWR modulus of elasticity
of 35,725 MPa, and a steel reinforcement ratio (p) of 1.2%. The predicted load—deflection
response curves for each model are presented in Figure 10.

Additionally, the designation of each model, along with a summary and comparison of
the predicted ultimate attained load (P,) and the corresponding mid-span deflection (J,), is
presented in Table 5. Both Figure 10 and Table 5 indicate that the beams strengthened with
bonded FC-SWRs exhibited greater flexural strength and load-carrying capacity compared
to the unstrengthened beam (B-01). This is particularly evident in the P,, values, where B-02,
strengthened with a 6 mm FC-SWR diameter, demonstrated a 25.00% increase over B-01.
Similarly, B-03, with an 8 mm FC-SWR diameter, showed a 39.00% increase, while B-04,
incorporating a 10 mm FC-SWR diameter, exhibited the highest improvement at 50.00%.
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Figure 10. Load—deflection curves of specimens with varying FC-SWR diameters, analyzed using a
concrete compressive strength of 25.00 MPa, a mortar compressive strength of 45.00 MPa, an FC-SWR
modulus of elasticity of 35,725 MPa, and a steel reinforcement ratio of 1.2%.

Table 5. The effect of varying the FC-SWR diameter on the specimens.

Model ID FC-SWR Diameter P, (kN) % P, Increase Over 5, (mm)
(mm) Control Beam
B-01 - 110.41 - 19.35
B-02 6 137.84 25 35.04
B-03 8 153.24 39 35.42
B-04 10 165.83 50 31.60

Note: The concrete compressive strength was 25.00 MPa, the mortar compressive strength was 45.00 MPa, the
FC-SWR modulus of elasticity was 35,725 MPa, and the steel reinforcement ratio was 1.2%.

The progressive increase in load-carrying capacity with larger FC-SWR diameters
highlights a direct relationship between beam strength enhancement and FC-SWR size.
As the diameter increases, the cross-sectional area and stiffness of the FC-SWRs also
increase, which helps delay crack initiation and improve overall flexural behavior. This
results in greater tensile force capacity, leading to enhanced load resistance and improved
structural performance.

4.3.2. Effect of FC-SWR Modulus of Elasticity

The effect of the modulus of elasticity of FC-SWR materials on the structural perfor-
mance of the specimens was examined by developing and analyzing four models. One
served as the control specimen (B-05), while the remaining three were strengthened with
two 8 mm-diameter FC-SWRs possessing 50%, 60%, and 100% of the elastic modulus
of steel reinforcement, designated as B-06, B-07, and B-08, respectively. All models had
concrete and mortar compressive strengths of 27.00 MPa and 40.00 MPa, respectively, and
a steel reinforcement ratio (p) of 1.2%. The designation of the specimens, along with the
expected ultimate load capacity (Pu) and corresponding mid-span deflection (6,) results, is
summarized in Figure 11 and Table 6.

Figure 11 shows that all models exhibited similar behavior prior to steel yielding;
however, after this point, the beams strengthened with FC-SWRs demonstrated distinct
responses depending on variations in their elastic modulus, which directly influenced their
deformation behavior. As indicated in Table 6, the specimens strengthened with bonded
FC-SWRs experienced a reduction in §;, by 10.00%, 23.00%, and 47.00% for B-06, B-07, and
B-08, respectively, compared to the control beam (B-05).
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Figure 11. Load—deflection curves for specimens with different FC-SWR elastic moduli, analyzed
using an FC-SWR diameter of 8 mm, a concrete compressive strength of 27.00 MPa, a mortar com-
pressive strength of 40.00 MPa, and a steel reinforcement ratio of 1.2%.

Table 6. The effect of varying the SWR modulus of elasticity on the specimens.

FC-SWR Modulus % A, Decrease Over

Model ID Elasticity (MPa) Pu (kN) oy (mm) Control Beam
B-05 - 111.02 20.90 -
B-06 100,000 159.38 18.89 10
B-07 120,000 158.35 16.16 23
B-08 200,000 152.84 11.05 47

Note: The FC-SWR diameter was 8 mm, the concrete compressive strength was 27.00 MPa, the mortar compressive
strength was 40.00 MPa, and the steel reinforcement ratio was 1.2%.

A substantial reduction in ductility—particularly in beam B-08—was attributed to
highly localized strain concentrations near the compression zone. The elevated compressive
strain values observed at the top fiber signaled the onset of concrete crushing before
significant flexural deformation could develop. This behavior indicates a brittle failure
mode in beam B-08, primarily caused by the excessive stiffness of the external reinforcement,
which limited strain redistribution and led to premature crushing on the compression side.
Such findings illustrate a common trade-off in over-strengthened systems: while load-
carrying capacity increases, ductility tends to decrease.

These results suggest that bonded FC-SWRs with a higher modulus of elasticity, when
used as a strengthening material, tend to reduce the ductility of the strengthened specimens.
A similar inverse relationship was reported by Hawileh [67], who observed a decrease in
ductility with increasing elastic modulus. Although both studies confirm this trend, they
differ in the types of strengthening materials applied to the test specimens.

4.3.3. Effect of Steel Reinforcement Ratio

To assess the influence of steel reinforcement ratio (p) on the structural behavior of
the specimens, four analytical models were developed. Two of these models served as
unstrengthened references, while the remaining two incorporated two bonded FC-SWRs
with a diameter of 10 mm. The longitudinal steel reinforcement was varied by altering the
bar configuration: 3D13 (p = 1.2%) for models B-09 and B-11, as well as 3D19 (p = 2.7%) for
B-10 and B-12. Each reinforcement arrangement was examined in both unstrengthened and
strengthened conditions to capture the comparative effects. All analyses assumed a concrete
compressive strength of 20.00 MPa, a mortar compressive strength of 50.00 MPa, and an
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FC-SWR elastic modulus of 35,725 MPa. Figure 12 exhibits the predicted load—deflection
response curves for each model.

300
280F e 2 i
.‘»“. _____________________ n\‘
200 A 1
z ¥
<3 i e =
- 150 :.. 'I _—— —— B 4
8 A
= S/ ~
100+ 7/ ]
i ——B-09 Model
if —-—-B-10 Model
S0, - = B-11 Model ]|
Yy e B-12 Model
O L 1 1
0 10 20 30 40

Midspan Deflection (mm)

Figure 12. Load-deflection curves for specimens with varying steel reinforcement ratios, analyzed
using an FC-SWR diameter of 10 mm, a concrete compressive strength of 20.00 MPa, a mortar
compressive strength of 50.00 MPa, and an FC-SWR modulus of elasticity of 35,725 MPa.

Additionally, Table 7 outlines the model identifiers alongside a comparative summary
of the predicted ultimate load capacity (P,) and corresponding mid-span deflection (6,).
As illustrated in both Table 7 and Figure 12, beams with a steel reinforcement ratio of
1.2%—classified as under-reinforced—exhibited a substantial enhancement in ultimate
strength, with an increase of 39.62% relative to the control specimen. This improvement
demonstrates the significant contribution of bonded FC-SWRs when the internal reinforce-
ment is insufficient to resist flexural tension alone. The added tensile capacity from the
FC-SWRs compensates for the lower steel ratio, effectively delaying failure and increasing
load resistance. In contrast, specimens categorized as over-reinforced, having a steel ratio
of 2.7%, demonstrated a more modest improvement of 21.56%.

Table 7. The effect of different steel reinforcement ratios on the specimens.

Steel Reinforcement

% P, Increase Over

Model ID Ratio (%) Py (kN) Control Beam dy (mm)
B-09 1.2 114.94 - 33.54
B-10 2.7 220.27 25 30.07
B-11 1.2 160.47 39 25.65
B-12 2.7 267.77 50 20.31

Note: The FC-SWR diameter was 10 mm, the concrete compressive strength was 20.00 MPa, the mortar compres-
sive strength was 50.00 MPa, and the FC-SWR modulus of elasticity was 35,725 MPa.

In contrast, specimens categorized as over-reinforced, having a steel ratio of 2.7%,
demonstrated a more modest improvement of 21.56%. This reduced gain in flexural
strength for over-reinforced beams can be attributed to the dominant role of internal
reinforcement, which diminishes the relative contribution of the external FC-SWRs. As the
failure mode shifts toward compression-controlled behavior, the effectiveness of tensile
strengthening becomes less pronounced. Moreover, the redistribution of tensile stresses in
heavily reinforced sections is already optimized by the existing steel, leaving limited room
for the FC-SWRs to improve performance. These findings suggest that the bonded FC-SWR
technique is most beneficial for retrofitting under-reinforced beams, where its contribution
to flexural capacity is more structurally impactful.
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5. Conclusions

This study investigated the flexural performance of RC T-beams strengthened with
bonded FC-SWRs. A four-point bending test was conducted on two specimens: one served
as the control beam, while the other was strengthened with two 10 mm-diameter bonded
FC-SWRs. The experimental results were then verified analytically, leading to the following
key findings:

e  Flexural strengthening of RC T-beams with bonded SWRs proved to be effective, as
demonstrated by the increase in crack initiation, yield, and ultimate loads. Although
the mode of failure remained flexural for both the strengthened and unstrengthened
specimens, the strengthened beam exhibited higher load capacities at each stage of failure,
highlighting the contribution of bonded SWRs in enhancing structural performance.

e  The strengthened beam exhibited increased stiffness due to the additional reinforce-
ment, which restricted crack initiation and propagation; however, this also led to a
decrease in ductility by limiting its deformation capacity.

e  The energy absorption capacity of the strengthened beam improved compared to
the control beam, primarily due to delayed crack formation, increased stiffness, and
enhanced yield and ultimate loads.

e  The steel strain values in the strengthened beam were consistently lower than those
in the control beam at the same load levels, indicating improved load distribution.
This reduction in strain suggests that the bonded FC-SWRs effectively transferred
tensile stresses.

e  The analytical models successfully simulated the flexural behavior of the RC T-beam
specimens, with and without bonded FC-SWRs, demonstrating good agreement with
experimental results.

o The increase in load-carrying capacity was directly proportional to the increase in
FC-SWR diameter, confirming a size-dependent strengthening effect.

e  The use of bonded FC-SWRs with a higher modulus of elasticity reduced ductility,
highlighting the trade-off between strength enhancement and deformation capacity.

o  The effectiveness of bonded FC-SWRs was more prominent in under-reinforced beams,
which showed greater flexural strength gains than over-reinforced specimens.

e  Despite offering valuable insights, this study is limited by the small number of speci-
mens. Future work should involve a broader test matrix to improve statistical validity.
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Abbreviations

The following abbreviations are used in this manuscript:

RC Reinforced concrete
FRP Fiber-reinforced polymer
NSM Near-surface mounted

CFRP Carbon fiber-reinforced polymer

HSC High-strength concrete

SWR Steel wire rope

FC-SWR  Fiber-core steel wire rope

LVDT Linear Variable Differential Transducers
R2K Response-2000

MCFT Modified Compression Field Theory
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