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Abstract

This dissertation investigates the development of innovative, sustainable, and lightweight
hybrid systems for strengthening reinforced and prestressed concrete structures. The proposed
approaches combine metallic and fiber-reinforced polymer components to overcome the principal
limitations associated with conventional externally bonded strengthening techniques, particularly
premature debonding, stiffness incompatibility, and limited post-yield ductility. By integrating
aluminum alloy fuse elements with PET, GFRP, and CFRP materials in compatible strengthening
configurations, the developed systems improve stress transfer, delay or prevent brittle failure, and
promote a more gradual and ductile structural response. The research demonstrates the potential
of these hybrid solutions to enhance flexural strength, deformation capacity, strain performance,
and overall structural reliability while reducing dependence on labor-intensive mechanical
anchorage. In addition, the use of lightweight and recyclable materials supports more sustainable
rehabilitation practices and provides an effective alternative for extending the service life of

existing concrete infrastructure.
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Chapter 1 - Introduction

1.1 Background

Fiber-reinforced polymer materials have been extensively adopted for the strengthening
and rehabilitation of reinforced concrete structures due to their high tensile strength, low self-
weight, corrosion resistance, and ease of application. Nevertheless, the effectiveness of
conventional FRP strengthening systems is often limited by several critical drawbacks. Among
these limitations, premature debonding is considered one of the most common and significant
failure mechanisms, as it causes separation of the FRP from the concrete substrate before the
material reaches its full tensile capacity. This failure mode reduces the efficiency of the
strengthening system and limits the expected improvement in flexural performance. Furthermore,
because FRP materials behave in a linear-elastic manner until rupture, strengthened members may
experience sudden and brittle failure with little warning. This behavior is commonly associated
with low ductility and limited energy dissipation, which are essential characteristics for ensuring
structural safety and reliable performance under service and ultimate loading conditions.

To overcome these disadvantages, the present studies propose an innovative sustainable
lightweight hybrid strengthening system as an alternative to conventional FRP strengthening
techniques. The proposed system is intended to improve the bond interaction between the
strengthening layer and the concrete substrate, delay premature debonding, and promote a more
gradual failure response. By integrating lightweight strengthening components such as a short
aluminum alloy (AA) fuse in a hybrid configuration, the new technique aims to enhance stress
transfer, increase flexural capacity, and improve deformation capacity. Consequently, the

proposed system is expected to resolve the major limitations associated with traditional FRP



applications while improving the overall flexural behavior, ductility, and structural reliability of
strengthened reinforced concrete members.
1.2 Objectives

This research aims to present a novel strengthening method that solves two of the main
drawbacks of traditional externally bonded CFRP systems: their limited ductility and brittle failure.
The proposed technology aims to offer controlled yielding prior to FRP rupture or debonding by
integrating an aluminum fuse between CFRP laminates within the constant moment region of
reinforced concrete beams.

This novel technique preserves the high strength and durability of CFRP composites while
improving the ductility and energy dissipation capability of strengthened beams. Additionally, the
proposed method seeks to improve structural safety and resilience by changing the structural
reaction from an abrupt brittle failure to a more progressive and predictable failure mode. It is
anticipated that the results of this study will aid in the creation of FRP strengthening systems that
are more dependable and ductile, as well as offer important direction for future design suggestions
and reinforced concrete structure rehabilitation procedures.

1.3 Practical application of the proposed technique
In this section, the important practical implications and applications of the proposed
technique are highlighted. This is relevant to put in perspective to help the reader comprehend
and visualize the complete picture of this multi-faceted study. First off, this study was applied
to a complete range of concrete members namely, prestressed concrete, reinforced concrete of
normal compressive strength grade, low compressive strength grade, all-lightweight concrete,

and normal weight concrete for the purpose of extensively proofing the concept of this



innovative technique. Furthermore, the study is intended to examine a real-world application
of targeting preloaded, pretested, or pre-damaged specimens.

Prestressed concrete beams were manufactured in 2003 at a precast plant in Newton
Kansas. They were then stored for 22 years out in the field subjected to the open environment.
Then they were pulled to the lab and strengthened with the proposed system and tested
monotonically to failure. On the other hand, reinforced concrete beams were tested at first
using the state-of-the-art standard strengthening materials, tested to failure, repaired and
strengthened with the new innovative technique and retested to failure. This include the normal
strength beams, the low strength beams, the all-lightweight concrete beams, and the normal
weight concrete beams.

During the process of repairing the concrete cover for the pretested beams, then the
beams were inverted before the concrete cover repair and soffit strengthening in order to
provide safe access without the risks of working underneath in the structural laboratory at
Kansas State University. This was resorted to avoid building the necessary and significant
temporary structures to support the beams in the normal right side up orientation. However,
field applications on in-service structures always need the externally bonded strengthening
system and the repair material to be placed overhead, thus the effects of gravity during
installation must be taken into consideration. To accomplish this in the field, a complete
formwork system with properly positioned placement openings should be built in order to
access the concrete cover for restoration. A low-slump, highly cohesive concrete repair
material should be utilized. To improve the likelihood of furnishing a strong bond between the
old and the new fresh concrete, fluted mechanical fasteners are proposed to be inserted into

old concrete along the interface. Furthermore, the formwork may be externally vibrated to



encourage filling the concrete cover zone to be repaired. Before installing the FRP
strengthening system, the repaired concrete cover need to be inspected to confirm its integrity
or else it is expected to be removed and recast.

However, during the construction in the lab, these issues did not arise due to gravity
acting for the consolidation of the concrete cover, which makes things closer to the ideal rather
than practical world.

There exist wide range of strengthening techniques including conventional externally
bonded (EB) CFRP, near-surface-mounted (NSM) FRP, steel plate bonding, external post-
tensioning, and section enlargement. This innovative technique is proposed to reduce the
disadvantages of these methods and improve on advantages of them. More specifically, the
present technique control premature debonding and improve ductility. In contrast,
conventional CFRP suffer from linear elastic response with brittle failure in both NSM and EB
systems. Steel plate bonding system is prone to corrosion, as well as being heavy promoting
detachment during the curing process. In addition, external post-tensioning and section
enlargement are labor-intensive and add dead-load to the member.

The proposed technique includes the use of lightweight material such as a sustainable
PET, because it is environmentally friendly which comes from recycled plastic bottles. Also,
by using a market available and sustainable +45° glass sheets, which is made of glass fibers
produced from silica. On the other hand, the aluminum alloy was selected because it is
corrosion resistant, lightweight and ductile material. Thus, the combination of PET or GFRP
material with the aluminum alloy short plate is resistant to debonding offering high ductility.
Hence, those advantages overcome the disadvantages of the other techniques and the other

materials, and that is why the proposed system is economical, practical, and sustainable.



Again, the AA was selected because it is corrosion resistance, lightweight and ductile
material compared to mild steel. When the fuse is applied in the middle of the structure, during
the curing process, the steel will be heavy and will not stick to the beam soffit since its weight
acts against gravity, whereas the aluminum has better outcomes during the resin curing due to
its lightweight.

This application is the first step to prove the concept and further research and more
detailed investigations are needed for the sake of cyclic applications in seismic regions.

Carbon FRP is a conductive material, so with moisture intrusion, it is going to allow
the chance of corrosion in the steel if used as a ductility fuse. On the other hand, aluminum is
more resistance to corrosion compared to steel and the CFRP material is impregnated in epoxy
resin, which is going to shield the carbon fiber material from conductivity. Since the CFRP, in
contact with the metal fuse, is sandwiched between two FRP sheets it is protected against
galvanic corrosion.

1.4 Scope of the dissertation

This dissertation examines the flexural strengthening of reinforced concrete (RC) beams
Using a novel externally bonded Carbon Fiber Reinforced Polymer (CFRP) strengthening method
that includes an aluminum fuse positioned between CFRP laminates inserted in the constant
moment region. Enhancing the ductility of strengthened beams and reduce the premature
debonding while preserving or increasing their flexural strength and stiffness is the key goal.

Chapter Two presents the development and experimental evaluation of a novel, sustainable,
and lightweight hybrid system for strengthening prestressed concrete T-beams. The system

combines short aluminum alloy fuse plates, PET sheets, CFRP bridging sheets, and PET-FRP U-



wrap anchors to improve load transfer, confine critical transition regions, and shift the governing
failure section away from the aluminum plate cut-off points.

Chapter Three introduces and experimentally evaluates a novel hybrid strengthening
system designed to enhance the flexural capacity and post-yield ductility of reinforced concrete T-
beams while preventing premature FRP debonding without mechanical anchorage. The system
combines an aluminum alloy short fuse sandwiched between externally bonded +45° bidirectional
GFRP laminates, whose nonlinear response reduces stiffness incompatibility at the FRP—concrete
interface.

Chapter Four presents the experimental evaluation of an innovative hybrid strengthening
system for improving the flexural capacity, post-yield ductility, and debonding resistance of light
weight reinforced concrete T-beams without labor-intensive mechanical anchorage. The proposed
configuration consists of a short aluminum alloy fuse enclosed between double layers of externally
bonded +45° bidirectional GFRP sheets, together with CFRP bridging sheets that extend the
strengthening action from the constant-moment region into the shear spans.

Chapter Five presents the experimental evaluation of an innovative hybrid strengthening
system for normal-weight and all-lightweight concrete beams. The proposed system replaces
conventional full-length unidirectional CFRP sheets with full-length unidirectional GFRP sheets
sandwiching a short aluminum alloy fuse to improve ductility and control premature debonding.

Chapter Six summarizes the principal findings and contributions of the dissertation and
presents the overall conclusions drawn from the experimental investigations. It highlights the
effectiveness of the proposed lightweight hybrid strengthening systems in improving flexural

capacity, ductility, strain capacity, and resistance to premature debonding in reinforced and



prestressed concrete T-beams. The chapter also provides recommendations for future research and

further development of the proposed strengthening techniques.



Chapter 2 - Innovative Sustainable Lightweight Hybrid System for
Strengthening Prestressed Concrete T-Beams

Mohammad S. Bani Hani, Hayder A. Rasheed
2.1 Abstract

This study examines the structural performance of prestressed concrete T-beams strengthened with
a novel, lightweight and sustainable hybrid system that combines short Aluminum Alloy (AA)
fuse plates and Polyethylene Terephthalate (PET) sheets. Thick Carbon Fiber Reinforced Polymer
(CFRP) sheets are also applied under the loading sections extending into the shear span to act as a
bridging link. This pushes the critical section from taking place at the AA cut-off points way into
the shear span. Two PET-FRP U-wrap anchors are also applied around the intersection of the AA
cut-off points and the CFRP sheets was used to confine that transition area. It is essential to note
that PET offers several benefits, including environmental sustainability and stiffness compatibility
with concrete. Six prestressed T-beams were tested, including one unstrengthened (control)
specimen, another one with only two PET sheets stacked together, and four strengthened
prestressed T-beams using different AA-—PET configurations. The six T-beams were
experimentally subjected to four-point bending until monotonic failure, to assess stiffness, ultimate
capacity, deformation, and failure modes. Load—deflection, load—concrete strain, and load—PET
strain relationships were acquired. The findings show that the hybrid strengthening system
significantly increased the ultimate load capacity exhibiting notable improvements in ductility and
strain capacity. The remarkable tensile deformability of PET layers allowed them to sustain high
strains before failure without debonding. A post-peak load drop was noted, which was ascribed to
the abrupt rupture of the prestressing strands at mid-span. Overall, the proposed AA-PET hybrid
approach offers an environmentally sustainable and structurally effective method for upgrading

prestress concrete elements.

Keywords: Aluminum Alloy (AA), PET-FRP sheets, prestressed T-beams, superior bond, and
ductility.



2.2 Introduction

The field of structural engineering has undergone a revolution with the introduction of
fiber-reinforced polymer (FRP) composites, especially carbon fiber-reinforced polymer (CFRP),
which has become an essential solution for strengthening and restoring deteriorated or
underperforming reinforced concrete (RC) structures. Deploying high-efficiency strengthening
systems is more critical than ever before due to the increasing demand for improved structural
performance driven by aging infrastructure, increased service loads, seismic deficiencies,
functional changes, and exposure to harsh environmental conditions such as fire and aggressive
chemical attacks.

One of the most effective and dependable ways to restore and increase the flexural and
shear capacity of RC components is to use CFRP materials, which are known for their exceptional
tensile strength, corrosion resistance, and light weight. Whether used internally using near-surface
mounted (NSM) procedures or externally as bonded sheets, they are secured employing various
methods to guarantee the full benefit of utilizing those cutting-edge technologies. Systems
strengthened by CFRP have continuously shown revolutionary gains in structural strength. With
an emphasis on the significant impact of CFRP strengthening on the structural behavior, failure
modes, and load-carrying capacities of various RC elements, a thorough and critical review of
previous experimental and analytical studies is presented. It also highlights the state-of-the-art for
various anchorage strategies created to optimize FRP utilization and guarantee long-term
performance. Several experimental and numerical studies have examined how using fiber-
reinforced polymer (FRP) systems affect structural behavior. These investigations evaluated
reinforced concrete elements strengthened using fiber-reinforced polymer (FRP) materials for

increased stiffness, load-carrying capacity, and improved sustainability. The results consistently



show that including FRP greatly improves structural behavior under various loading conditions.
Many researchers have conducted experimental and analytical studies using different techniques
to investigate flexural behavior on FRP strengthened elements. CFRP strengthening technique was
proven to be the method of choice for concrete beam and girder retrofitting. Some of its drawbacks,
however, include its premature debonding failure mode and its lack of ductility. To overcome the
premature debonding, anchorage using U-wraps and fiber anchors have been shown effective. To
overcome the lack of ductility, different hybrid and innovative configurations were introduced.
This section reviews recent studies dealing with both these aspects.

Smith et al. [1] studied the enhancement of load—deflection models for FRP-strengthened
RC members by incorporating anchorage effects. The outcomes of the FRP anchors show
improvement in strain use and mitigate premature debonding. Also, calibrated with experimental
data, the proposed model quantifies anchor influence on flexural performance. Castillo et al. [2]
reviewed experimental data on FRP anchors in Externally Bonded Reinforcement (EBR)
strengthened RC structures, analyzing isolated and integrated systems with failure models. It aims
to identify reliable design methods and pinpoint research gaps for anchor design guidelines. Zaki
et al. [3] evaluated CFRP-strengthened T- and rectangular beams with two CFRP fiber anchor
types. Anchors prevented premature debonding, enabling full flexural capacity—FRP rupture in
T-beams, and concrete crushing in rectangular ones. A validated design method and strain
multiplier for ACI 440.2R-17 were proposed.

Shen et al. [4] used grooved end anchoring to test RC box beams strengthened with Basalt
fiber-reinforced polymers (BFRP). Grooving improved load capacity and lowered cracking
compared to U-strips. It also reduced deflection and curvature ductility by about 33%. The fiber

model approach served as the foundation for developing a predictive model. Zaki et al. [5]
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investigated CFRP-strengthened T-beams with various splay anchor configurations. According to
the results, anchors increased load capacity and postponed debonding. The performance was
significantly improved with optimal anchor amount, fiber content, and spacing. In their work, Zaki
and Rasheed [6] evaluated new flexural anchorage solutions for CFRP-strengthened RC beams.
GFRP sidebars and patches significantly increased flexural capacity; T-beams showed a strength
gain of up to 74% over unanchored specimens. Both approaches performed better than
conventional U-wrap anchorage. Rasheed et al [7] evaluated the impact of anchored CFRP using
bidirectional U-wraps on flexural performance by testing five T-girders. The effectiveness of the
anchoring technique was confirmed by the fact that anchored specimens performed better than
both control and unanchored girders. Esmaeili et al. [8] presented in their study a steel plate
anchorage technique to control FRP debonding in RC beams that have been strengthened with
externally bonded reinforced polymer. Analytical and literature comparisons verify its efficacy in
controlling debonding and enhancing performance, as tests conducted on ten beams demonstrate.
Assad et al. [9] studied RC beams strengthened with CFRP and fiber anchors to control debonding.
Multiple or larger anchors increased strength, while larger anchors decreased strain by acting as
additional reinforcement. Anchors also increased strain utilization and load capacity (~19%). In
their work, Al-Rousan et al. [10] assessed twenty RC slabs with three anchorage systems and
CFRP configurations. Steel plate anchors increased strength by up to 125% and shifted failure to
CFRP rupture, while CFRP increased stiffness, energy absorption, and load capacity by up to
102%.

Alshamrani et al. [11] evaluated the seismic performance of CFRP-strengthened RC beams
with and without carbon fiber anchors under cyclic loading. Anchored thick CFRP sheets

improved behavior, shifting failure to cover delamination. Hysteretic and analytical results closely
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matched experimental responses. Bai et al. [12] investigated RC beams strengthened with hybrid
carbon-polyethylene terephthalate (C—PET) FRP and U-strip anchors under four-point bending.
U-anchors enhanced strength and ductility significantly, with failure modes influenced by stacking
sequence. A refined model accurately predicted the behavior, and design codes were critically
assessed. Breveglieri et al. [13] verified that the hybrid Externally Bonded Reinforcement on
Groove (EBROG ) system with composite anchoring and prestressed CFRP strips, demonstrating
a strength improvement of more than 32% over EBR alone. Numerical modeling and testing
proved that EBROG in anchorage zones avoids debonding, simplifies application, and maintains
better performance.

Ashour et al. [14] investigated failure modes and decreased ductility in CFRP-strengthened
RC beams, validating simplified flexural and shear models against tests, with results aligning with
design guidelines. Esfahani et al. [15] examined the steel tensile reinforcement ratio (ps) factor to
assess the flexural performance of RC beams strengthened with CFRP sheets. The results show
significant strength gains, while design codes exaggerate the enhancement at low ps. Also, the
specimen with High-ps beams close to the maximum code value of pmax show ductile failure. Ha
et al. [16] studied a new retrofit technique that used CFRP rods of trapezoidal sections and U-type
fittings embedded in concrete, which enhances flexural capacity, ductility, and prevents local
failures more effectively than traditional NSM techniques. Dias and Barros [17] used NSM CFRP
laminates to assess the shear strength of T-beams. Except for concrete tension and CFRP quantity,
inclined laminates increased strength more than vertical ones. Nanni's model predicted 61% of
NSM strength, while ACI and fib overestimated EBR. In their work, Lee et al. [18] examined the
shear behavior of T-beams strengthened with CFRP sheets under four-point loading. Partial

delamination caused most specimens to fail in shear-compression. CFRP length, orientation, and
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anchorage all impacted performance. The findings and design code predictions reveal notable
discrepancies. Al-Rousan et al. [19] examined experimentally CFRP-strengthened slabs using
NLFEA in the ANSYS program. The results showed a ductility decreased, and the flexural
capacity improved, influenced by the CFRP layers. Attari et al. [20] assessed the structural and
economic proficiency of RC beams strengthened in flexural using GFRP, CFRP, and hybrid FRP
systems. The analytical and experimental results confirm the uniformity of hybrid Glass—Carbon
fabrics, especially twin-layer configurations, as a ductile, cost-effective solution.

Dong et al. [21] evaluated the flexural and flexural-shear augmentation of RC beams
strengthened with CFRP and GFRP. Strength, stiffness, and post-yielding behavior were all
significantly enhanced by hybrid strengthening. The outcomes of the experiment closely matched
the analytical predictions. Astorga et al. [22] conducted a two-year field and laboratory
investigation. They showed that NSM CFRP reinforcement improved the performance of concrete
bridges. The effectiveness of NSM CFRP for flexural strengthening was demonstrated by lab
experiments, which verified increase in yield and ultimate loads. Al-Rousan et al. [23] evaluated
CFRP repair of high-strength RC beams that have been thermally shocked and have shear
deficiencies. After significant heat damage, CFRP retrofitting restored up to 95% stiffness and
107% strength. The load-deflection and strain behavior seen in experiments was closely matched
by finite element analysis. EI-Gamal et al. [24] assessed RC beams that have been strengthened
flexibly using GFRP and NSM CFRP. Strength increases of 31-133% were seen in 10 beams.
GFRP increased deformability, while CFRP increased strength. The projections made by ACI
440.2R were accurate and conservative.

Rasheed et al. [25] assessed the use of full-length aluminum alloy (AA) plates for

strengthening RC beams and showing ductility improvement. The strength increased by 13—40%
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compared to control unstrengthened beams. The efficiency of AA as a ductile solution was
confirmed by numerical findings that matched the test results. Panahi et al. [26] investigated RC
beams reinforced with a combination of externally bonded FRP sheets and NSM rods, which were
numerically evaluated using ABAQUS. Validated models exhibit enhanced ductility, capacity, and
moment-deflection response. The hybrid system provides a dependable strengthening solution by
overcoming the limits of individual externally bonded FRP sheets and NSM. Rasheed [27-28]
introduced the concept of the short steel ductility fuse sandwiched in between two FRP layers as
targeted ductile strengthening system where the ductility fuse is applied at the critical zone (plastic
hinge region), while the FRP protects the steel fuse against corrosion and provide extended
development close to the supports. Lin et al. [29] examined the hybrid FRP retrofitting of old RC
beams using four-point bending in their work. The outcomes showed that the optimal fiber sheet
configuration and 45° FRP layouts were the most successful, increasing load capacity by up to
30.2%; nevertheless, ductility decreased, particularly when double layers were used. Ali et al. [30]
examined RC beams reinforced with NSM hybrid steel-FRP bars. Hybrid bars outperformed
single-material reinforcements and postponed failure by significantly increasing strength (up to
159.6%), stiffness (149%), and enhanced deformability, particularly when end anchoring was
used.

Xiao et al. [31] used a full length FRP-enveloped steel plate (FESP) system with and
without concrete grooves, showed an increase in stiffness and strength of RC beams. Thinner
plates promote ductility; the failure mode varies with different plate thicknesses. Ren et al. [32]
investigated RC beams strengthened with FRP grid and engineered cementitious composite (ECC)
layers and showed an increment in flexural capacity in proportion to the reinforcement ratio,

though efficiency declines. Improved bonding stopped the separation of the strengthening system.
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Test findings are consistent with their predictive model. In this study, the authors devised on
innovative technique that improves both deficiencies in CFRP strengthening together. The
proposed system provides ductility through a short aluminum alloy fuse, which is lightweight,
noncorrosive and ductile, sandwiched in between two full-length PET sheets that offers low
modulus (matching concrete modulus) and high elongation to failure (preventing debonding). To
push the critical section from the Al fuse cut off points away closer to the supports, a thick CFRP

sheet is overlapped with the Al fuse to develop its action into the shear span.
2.3 Specimen geometry

The experimental T-beams were fabricated using pretensioned prestressed concrete at the
Prestressed Concrete Inc. facility in Newton, Kansas. Each T-beam measured 5,029 mm (16.5 ft)
in length and featured a flange of 457 mm (18 in) in width and 102 mm (4 in) in thickness. The
web showed a tapered profile with a bottom width of 102 mm (4 in) and a width of 152 mm (6 in)
at the flange junction with an overall section height of 356 mm (14 in), consistent with the
configuration depicted in Fig. 1. Prestressing was achieved through the incorporation of two 9.5
mm (3/8 in) diameter high-strength steel strands embedded in the web, positioned at vertical
distances of 51 mm (2 in) and 102 mm (4 in) from the T-beam soffit. Longitudinal mild
reinforcement comprised of four layers of D4 welded wire reinforcement (WWR), strategically
placed at depths of 32, 76, 102, and 178 mm (1.25, 3, 4, and 7 in) from the top surface, to facilitate
the holding of both the shear stirrups and flange reinforcement. The shear reinforcement system
was designed to provide transverse confinement, utilizing D4 WWR in the flange and D6 WWR

in the web, installed at uniform spacing intervals of 102 mm (4 in), as illustrated in Fig. 1.
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Figure 2.1. Cross-section geometry of the T-beam.

2.4 Material properties

The concrete compressive strength for the T-beam specimens was determined through
standard cylindrical compression testing, as reported by the precasting facility. While the T-beams
were initially designed for a nominal 28-day compressive strength of 34.5 MPa (5,000 psi), the
average strength achieved at 28 days was 48.6 MPa (7,043 psi). This measured compressive
strength (f'c) was employed in all subsequent structural analyses and strengthening design
calculations.

The prestressing reinforcement consisted of high-strength steel strands, which were known
to have an elastic modulus of 195,120 MPa (28,300 ksi) and an ultimate tensile strength of 1,862
MPa (270 ksi), in accordance with the material specifications provided by the prestressing facility.
Accounting for all time-dependent and construction-related prestress losses, the average effective
prestressing stress in the strands was estimated at 1,138 MPa (165 ksi).

The PET-FRP sheets used in this study, which were bonded to the whole prestressed T-

beam substrate, are fiber composite made from recycled plastic bottles. This was characterized by
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a significantly low elastic modulus of 5,099 MPa (739.7 ksi), with a rupture strain of 0.07 and a
ply thickness of 2.5 mm (0.098 in). In addition to the sheets, an AA fuse plate was used with an
elastic modulus of 50152.5 MPa (7274 ksi) and a yield strength of 281.3 MPa (40.8 ksi),
sandwiched in the constant moment region in between two PET-FRP sheets. In addition, the CFRP
sheets used in this study, as an extension to the AA fuse into the shear span, were reported by the
manufacturer to have an elastic modulus of 98,181 MPa (14,240 ksi) and a tensile strength of 1,241
MPa (180 ksi), based on a nominal laminate area with a thickness of 2.03 mm (0.08 in). These

properties correspond to an ultimate strain of approximately 0.0126 in/in.
2.5 Strengthening procedure

For practical and safety considerations within the laboratory setting, the T-beams were inverted
and supported on their flanges to facilitate the application of the composite strengthening system.
This orientation enabled easier access and more controlled execution of the strengthening process,
though it does not reflect field implementation practices. Prior to the application of the
strengthening materials, the bottom surface of each specimen was mechanically prepared using an
angle grinder to ensure surface roughness and promote adequate bonding between the concrete
substrate and the composite. Subsequently, two continuous layers of PET-FRP sheets were applied
along the entire span length of the first T-beam, while an AA plate was sandwiched in between the
two PET-FRP sheets in the constant moment region to act as a ductility fuse. Since the AA plate
was not developed enough into the shear span while the PET-FRP at the AA plate cutoff points is
too weak to resist failure by strand rupture, two CFRP strips were strategically positioned to
overlap with AA plate at each of its ends and extend into the shear span such that they terminate

at a section of low moment. Finally, two PET-FRP U-wraps were installed over the CFRP strips
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across the load locations to enhance anchorage and improve confinement at critical shear span

sections, as illustrated in Fig. 2.

o e
P s DI w»wgwm.

Figure 2.2. Prestressed T-beams during surface preparation and sheet installation.

2.6 Strengthening and testing specimens

To fulfill the goal of this study six prestressed T-beams were tested monotonically under
four point bending as can be shown in Fig. 3, with displacement control under a rate of 0.05in/min.
The first beam was tested as a control specimen without any strengthening. The other five
specimens were strengthened externally by using PET-FRP sheets, CFRP partial length sheets with
different sandwiched and NSM short AA fuse plates. In addition, PET-FRP U-Wrap sheets were
also used to confine the transition region between the AA plate and the CFRP sheets at the cutoff
junction. This new system is devised to achieve the aim of this study by increasing the flexural
capacity, controlling the premature ponding and enhancing ductility. Table 1 shows the full details
of the strengthened specimens, which contains the CFRP, PET-FRP sheets, AA plate, and PET-

FRP U-Wrap configurations.
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Figure 2.3. Test setup for prestressed T-beams.

Table 2.1. Details of strengthened specimens.

PET-FRP | Aluminum Alloy plate | CFRP
Specimens ID PET-FRP U-wrap
sheet (AA) sheet
P #0 (Control) wkk kK wEE Hokok
) Sandwiched 102 x 2
P#2 2 plies 1 ply |457x 610 mm PET U-wrap
mm plate
Sandwiched 102 x 6
P#3 2 plies Iply |457x610 mm PET U-wrap
mm plate
NSM 51 x 4 mm AA
P #4 1 ply 1 ply |457x 610 mm PET U-wrap
plate
NSM 51 x 12.7 mm
P #5 1 ply 1 ply |457x 610 mm PET U-wrap
AA plate

AA: Aluminum alloy, NSM: Near-surface mounted. PET-FRP: Polyethylene Terephthalate, CFRP: Carbon fiber

reinforced polymer.

To examine the effectiveness of the different externally bonded hybrid strengthening
materials, namely CFRP sheets, AA fuse plate, and PET-FRP sheets, six prestressed concrete T-

beams were designated as follows:
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P #0: control T-beam (unstrengthened) was the reference beam. It was made entirely of

prestressed concrete with no external strengthening, as shown in Fig. 4.

| 5030 mm (16' 6 ") I

Front View

Figure 2.4. Profile view of P #0 (control T-beam).

P #1: T-beam strengthened with 2 PET-FRP sheets only. In this arrangement, two layers
of PET-FRP sheets were continuously bonded throughout the prestressed T-beam's whole span to
enhance its flexural response, as illustrated in Fig. 5. The main goal of testing this specimen was
to assess the independent impact of sustainable PET-FRP material on the flexural behavior and

deformation of the prestressed member compare to the control beam.

2 Plies of PET sheets
102 x 4572 mm
(4inx 15 ft)

yd

i

4572 mm (15")

5030 mm (16' 6 ")
Front View

Figure 2.5. Profile view of P #1 strengthened T-beam with 2 PET sheets only.

P #2: Hybrid PET-AA-CFRP system, having a thin AA plate. A novel hybrid system was

used to strengthen this specimen, as shown in Fig. 6. Along the whole length of the T-beam, two
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continuous PET sheets were bonded. A short 1219 mm (48 in) AA plate measuring 102 x 2 mm
(4 x 0.08 in), in cross section, was positioned between the PET-FRP layers to cover the constant
moment region, improving flexural capacity, stiffness, and ductility. Furthermore, two partial
CFRP sheets were externally bonded to extend the development of the AA plate into the constant
moment region. These sheets extended 914.4 mm (3 ft) into the shear span while the overlap with
the AA plate at its ends for 305 mm (1 ft) within the constant moment zone. PET-FRP U-wraps
were applied with a total width of 458 mm (18 in), positioned such that 152.4 mm (6 in) wide
covered the constant moment zone and 305 mm (1 ft) wide extended into the shear span, to anchor
the strengthening system at the cutoff points and further provide continuity in the strengthening

system.

458 x 610 mm (18 x 24 in) 102 % 2 x 1219 mm
PET U Wrap (4% 0.08 x 48 in)
i 2 Plies of PET sheets
1 Ply of CFRP sheet 102 x 1219 mm Sandwiched AA plate 102X 4572 mm (4 inx 15 )
(4inx 4 fr) /
| \\ r A A’/ |
I—E ———— ] —_—

_—

457 mm (1'-6") 457 mm (1'-6")

‘ |

| |
1219 mm (4) 1219 mm (4')
4572 mm (15"

5030 mm (16'6 ")

Front View

Figure 2.6. Profile view of P #2 hybrid PET-AA-PET-CFRP system with thin AA fuse.

P #3: Hybrid PET-AA-CFRP system, having a thick AA plate. A novel hybrid system
was used to strengthen this specimen, as shown on Fig. 7. Along the whole length of the T-beam,
two continuous PET sheets were bonded. A short 1219 mm (48 in) AA plate measuring 102 x 6

mm (4 x 0.25 in), in cross section, was positioned between the PET-FRP layers to cover the
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constant moment region, improving flexural capacity, stiffness, and ductility. Furthermore, two
partial CFRP sheets were externally bonded to extend the development of the AA plate into the
constant moment region. These sheets extended 914.4 mm (3 ft) into the shear span while the
overlap with the AA plate at its ends for 305 mm (1 ft) within the constant moment zone. PET-
FRP U-wraps were applied with a total width of 458 mm (18 in), positioned that 152.4 mm (6 in)
wide covered the constant moment zone and 305 mm (1 ft) wide extended into the shear span, to
anchor the strengthening system at the cutoff points and further provide continuity in the

strengthening system.

458 x 610 mm (18 x 24 in) 102 x 6% 1219 mm
PET U Wrap (4% 0.25 X 48 in)
i 2 Plies of PET sheets
1 Ply of CFRP sheet 102 x 1219 mm Sandwiched AA plate 102 % 4572 mm (4 in x 15 i)
(4inx 4 fr) /
[ \\ rs A’/ |
I—E ———— D —————] —_—

—

457 mm (1'-6")

‘ |

457 mm (1'-6")

| | '
1219 mm (4') 1219 mm (4")
4572 mm (15"

5030 mm (16'6 ")

Front View

Figure 2.7. Profile view of P #3 hybrid PET-AA-PET-CFRP system with thick AA fuse.

P #4: To enhance flexural performance and beam ductility while using NSM technology,
this specimen incorporated a thin NSM AA plate with 51 x4 x 1219 mm (2 % 0.16 x 48 in) inserted
in a cut out groove in the constant moment region, while maintaining the same hybrid
strengthening concept as the prior specimens. One single continuous PET-FRP sheet with
dimensions of 102 x 4572 mm (4 in x 15 ft) was externally bonded on top of the AA fuse and

stretched along the whole span. This was done to improve bonding to substrate concrete and encase
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the AA fuse plate providing full development length of non-corrosive FRP. Also, one ply of a

CFRP sheet measuring 102 x 2 x 1219 mm (4 in x 0.08 in x 4 ft) was bonded to the soffit, extending

305 mm (1 ft) into the constant moment zone and 914.4 mm (3 ft) into the shear span. This was

done to develop the AA fuse plate well into the shear span, while avoiding the use of a long AA

plate for ease of installation and handling. Furthermore, PET-FRP U-wraps 458 x 610 mm (18 in

x 24 in) were symmetrically applied at the AA plate cutoff points to provide continuity in the

strengthening system and anchoring it at the load locations to reduce the chance of debonding. The

strengthening approach is illustrated in Fig. 8, which shows the combination of CFRP laminates,

PET-FRP sheets, and NSM AA fuse plate to create an interactive hybrid system for enhancing T-

beam flexural behavior.

458 x 610 mm (18 x 24 1)
PET U Wrap

1 Ply of CFRP sheet 102 x 1219 mm
(4 mx4ft)

~.

I—E

457 mum (1'-6")

| —

S1x4x1219 mm
(2x0.16 x 48 in)

NSM AA plate 2 Plies of PET sheets
/ 102 x 4572 mm (4inx 15 ft)
_— = =

457 mm (1'-6") ‘

1219 mm (4")

I © 1219 mm (49

4572 mm (15')

5030 mm (16' 6 ")

Front View

Figure 2.8. Profile view of P #4 hybrid thin NSM AA-PET-CFRP system.

P #5: To enhance flexural performance and beam ductility while using NSM technology,

this specimen incorporated a thin NSM AA plate with 51 x 12.7 x 1219 mm (2 x 0.5 x 48 in)

inserted in a cut out groove in the constant moment region, while maintaining the same hybrid

strengthening concept as the prior specimens. One single continuous PET-FRP sheet with
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dimensions of 102 x 4572 mm (4 in x 15 ft) was externally bonded on top of the AA fuse and
stretched along the whole span. This was done to improve bonding to substrate concrete and encase
the AA fuse plate providing full development length of non-corrosive FRP. Also, one ply of a
CFRP sheet measuring 102 x 2 x 1219 mm (4 in x 0.08 in x 4 ft) was bonded to the soffit, extending
305 mm (1 ft) into the constant moment zone and 914.4 mm (3 ft) into the shear span. This was
done to develop the AA fuse plate well into the shear span, while avoiding the use of a long AA
plate for ease of installation and handling. Furthermore, PET-FRP U-wraps 458 x 610 mm (18 in
x 24 in) were symmetrically applied at the AA plate cutoff points to provide continuity in the
strengthening system and anchoring it at the load locations to reduce the chance of debonding. The
strengthening approach is illustrated in Fig. 9, which shows the combination of CFRP laminates,
PET-FRP sheets, and NSM AA fuse plate to create an interactive hybrid system for enhancing T-

beam flexural behavior.

458 x 610 mm (18 x 24 in) 51%12.7 x 1219 mm
PET U Wrap (2x0.5x 48 in)
2 Plies of PET sheets
1 Ply of CFRP sheet 102 x 1219 mm NSM AA plate 102 x 4572 mm (4 inx 15 ft)
(dm=x4fi) / /
_ = —

457 mm (1'-6") ‘

‘ 457 mm (1'-6") ‘
I

1219 mm (4") : " 1219 mm 4"
4572 mm (15"

5030 mm (16'6 ")

Front View

Figure 2.9. Profile view of P #5 hybrid thick NSM AA-PET-CFRP system.
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2.7 Numerical solution

A numerical model, developed earlier at Kansas State University using prismatic
properties, was enhanced herein to consider different hybrid reinforcement lamination at different
segments along the beam span. The program was developed using Excel macros to predict the
load—deflection response of strengthened prestressed concrete beams. The beam was discretized
into small segments along its shear-span to numerically integrate for the effective curvature
distribution to realize the non-linear deflection associated with each load level. The moment-
curvature response, for each distinct cross-section, is solved for numerically first using a sectional
(fiber-based) approach, where concrete, prestressing strands, internal mild steel, AA fuse plates,
and externally bonded FRP layers were modeled as individual material fibers, assuming perfect
reinforcement bond. At each moment increment, section equilibrium and strain compatibility were
enforced to compute the corresponding curvature, while accounting for the initial prestressing
force and associated prestress-induced strains. Nonlinear constitutive models were adopted for
concrete in compression (including softening), and in tension (including tension stiffening), and a
bilinear mild steel or a non-linear model for steel strands, were used with appropriate
yielding/rupture limits. The resulting moment-curvature response for each distinct region, is used
when extracting the curvature distribution along the shear-span. At each load increment, the
moment and the corresponding curvature are paired at each segment from the applicable moment-
curvature response to perform the numerical integration. Model parameters were calibrated using
measured material properties and strengthening dimensions, while the predicted response was
validated against the experimental curves. It is worth mentioning here that the AA fuse plate
extending only within the constant moment region was assigned an average stress throughout that

region in the current analysis. This average stress is selected to be half fully developed stress at
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mid span since the stresses at the two AA cut-off points are zero. This way, the analysis can still
effectively assume single segment for the entire constant moment region instead of performing
bond slip analysis.

2.8 Results and discussion

This study discusses the experimental results of testing six strengthened prestressed T-
beams using PET-FRP sheets, AA fuse plates, and short CFRP sheets, with an innovative
strengthening technique. It compares the experimental results with a numerical solution.
Furthermore, this project aims to study the effect of the strengthening scheme on the flexural
performance of the strengthened prestressed T-beams. This work was done by testing an
unstrengthened prestressed T-beam (control), besides five strengthened prestressed T-beams with
an innovative system using a four-point bending test. The study investigates the flexural behavior,
ductility, and the effectiveness of the proposed system in terms of controlling or preventing the
PET-FRP debonding. A thorough analysis of the tested specimens will be provided. Also, the load-

deflection curves for each specimen, load-strains, and failure modes are presented and discussed.

2.8.1 Control T-beam P #0

The control T-beam was used as a reference specimen for benchmarking all strengthened
T-beams. Fig. 10 presents the load—midspan deflection curve for the control T-beam. As we can
see, the graph compares the experimental (blue) and numerical (orange) load-deflection curves of
the control specimen, showing excellent agreement between the two approaches. Both curves
follow almost the same trend, with an initial steep elastic portion and a smooth transition into the
nonlinear stage as displacement increases. The experimental response showed that the ultimate

failure occurred at around 66.7 kN (15 k) load and 59 mm (2.3 in) mid-span deflection. The control
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T-beam failed due to rupture of the prestressing strands, observed with no signs of concrete
crushing at failure. Both curves match closely reaching nearly the same peak load and
displacement, confirming that the numerical model accurately predicts the tested specimens'
overall stiffness, strength, and deformation behavior. This strong correlation validates the
reliability of the numerical approach for representing real experimental performance. Load control

protocol was followed in testing the control beam only leading to the lack of post-peak response.

Load vs Deflection of P #0

0 10 20 30 40 50 60 70 80
Deflection (mm)

P #0 Numerical

Figure 2.10. Load-deflection curve for the control prestressed T-beam (P #0).

2.8.2 T-beam P #1

The applied strengthening system noticeably increased the load-carrying capacity and
ductility, as evident in the load-deflection response of specimen P#1, shown in Fig. 11(a)
compared to the control T-beam. At first, the stiffness was identical for both specimens, due to the
low modulus of PET sheets. However, P#1 showed higher ultimate capacity and ductility at the
peak load. P#1's peak load of about 80 kN (18 k) is higher than the control T-beam's peak load of
about 66.7 kN (15 k), indicating a 20% improvement in ultimate strength. Beyond this peak, P#1

undergoes a sudden and sharp drop in load at a deflection of roughly 79 mm (3.1 in), with a failure
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mechanism characterized by the rupture of the strands at the crack former location at mid span, as
indicated in Fig. 11(b). Similarly, the control T-beam fails by abrupt rupture of the strands but at
a lower deflection 59 mm (2.3 in). Therefore, P #1 exhibits an improved energy dissipation
capacity than the control. It is interesting to observe that no PET debonding took place prior to the
beam strand rupture failure. This may be attributed to the low modulus and very high rupture strain
levels for the PET. Overall, P#1's enhancement and the improved performance validate the
structural effectiveness of the proposed strengthening system. Fig. 11(¢) shows good agreement
between the numerical and experimental response throughout the curves following the same trend.
For the concrete in specimen P#1, the load-strain relationship followed a linear trend at early
stages, as illustrated in Fig. 11(d). The initial slope is steep, reflecting the elastic behavior of the
uncracked section. Then the stiffness gradually decreases as the load increases, and the response
becomes nonlinear due to cracking and progressive stress redistribution in concrete and
strengthening layers. The beam sustains a relatively high load reaching 2000 pe (0.002 mm/mm),
where the peak load of nearly 80 kN (18 k) is attained indicating strand rupture, which was
observed while the PET sheets stay intact.

The strain in the PET sheets started at a steep initial slope, indicating immediate
engagement of the strengthening layers in the tension zone, as illustrated in Fig. 11(e). After
cracking, the curve experienced a concave up response, potentially indicating some bond slip at
mid span. Upon strand yielding, the curve starts plateauing with a slight strain hardening until
strand rupture, which happened at a PET strain of 24000 pe. At around 80 kN (18 k), the strain
reaches approximately 24,000 pe (0.024), highlighting PET’s high tensile deformability. Thus, at
the peak load, the rupture of the first strand is marked by a sharp load drop, followed by another

drop once the second strand ruptured. This graph confirms PET reaching a high tensile strain,
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without debonding, thus, enhancing flexural performance and improving energy dissipation
capacity.

Specimen P#1's moment—curvature response shows a linear elastic behavior with initial
flexural stiffness, followed by a noticeable slope decrease that corresponds to the start of concrete
cracking and stiffness degradation. The section exhibits a nonlinear post-cracking response, with
curvature increasing, while bending moments continue to rise at a lower rate. The curve indicates
the section's ultimate flexural strength, as evidenced by a clear peak moment capacity of roughly
60—70 kN-m (44-52 kip-ft). After this, there is a sharp, abrupt decrease in moment at almost
constant curvature, indicating a sudden failure mechanism with little residual force, caused by the
strands' rupture.

2.8.3 T-beam P #2

Compared to the reference T-beam P #0, the load—deflection behavior of specimen P #2,
as illustrated in Fig. 12(a), shows a significant improvement in ductility and load carrying
capacity due to the strengthening intervention with a thin sandwiched AA plate. Both specimens
exhibit steep and virtually linear stiffness in the initial elastic stage. On the other hand, P #2
consistently recorded higher loads at equivalent deflections, indicating a significant improvement
in the flexural performance, eventually peaking at about 87 kN (19.5 k). This 1s 30% a rise above
the capacity of P #0 (67 kN, 15 k). The AA fuse plate is seen to contribute to a more ductile
response curve as evidenced by reaching failure at 66 mm (2.6 in) instead of the 56 mm (2.2 in)
gained by the P #0 beam.

On the other hand, P #1 showed a higher deflection at failure (79 mm, 3.1 in) than P #2,
perhaps due to a later rupture strand strain for P #1. The strand rupture, which is the governed

mode of failure of P #2 is shown in Fig. 12 (b). Despite the two minor kinks in the response
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curve, P #2 behavior was smooth due to the implementation of the thin AA fuse. As illustrated
in Fig. 12 (c¢), the present numerical analysis follows closely the experimental response.

Fig. 12 (d), shows the load-concrete strain response in specimen P #2, having mostly a
smooth curve that reflect a kink once the external bending overcomes the prestressed force in the
tension zone, causing the main flexural crack to open-up around 700 pe. The fact that the PET-AA
system bridged the crack without any degradation led to the sustenance of the smooth trend right
after the kink. One can also observe that the failure concrete strain is still lower than the crushing
strain, which supports the strand rupture failure mode.

The load-PET strain curve for specimen P #2, as shown in Fig. 12 (e), exhibits a rapid
initial strain uptake, confirming the early and effective fiber engagement. Beyond 10000 pe, the
curve flattens, reflecting AA plate yielding under large deformations. Moreover, at 87 kN (19.5
k), the PET strain exceeds 35,000 pe (0.035 mm/mm), underscoring PET’s exceptional elongation
and ductility contribution. Using the load-concrete strain and the load-PET strain graphs, the
moment-curvature response can be easily extracted as shown in Fig. 12 (f). This graph is seen to
closely follow the trend of Fig. 12 (e), because of the dominance of the PET strain on the curvature
calculation.

2.8.4 T-beam P #3

Compared to the original T-beam P #0, the load—deflection behavior of specimen P #3, as
illustrated in Fig. 13(a), shows a significant improvement in ductility and load carrying capacity
due to the strengthening intervention with a thick sandwiched AA plate. Both specimens exhibit
steep and virtually linear stiffness in the initial elastic stage. On the other hand, P #3 consistently
recorded higher loads at equivalent deflections, indicating a significant improvement in the

flexural performance, eventually peaking at about 103 kN (23 k). This is 50% rise above the
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capacity of P #0 (67 kN, 15 k). The curve is observed to effectively plateau exhibiting a fluctuating
behavior around a flat trend. This fluctuation was caused by the stress transfer and interaction
within the different components of the system, resulting in a more ductile response, as evidenced
by reaching 83 mm (3.3 in) rather than 56 mm (2.2 in) observed in the performance of P #0 beam.
The strand rupture, which is the dominant mode of failure for P #3, is shown in Fig. 13 (b). As
illustrated in Fig. 13 (¢), the numerical solution accurately captured the experimental response up
to 80 kN (18 k), then the experimental behavior undergoes fluctuations, indicating that the forces
transferred between the AA fuse to and the strengthening FRP system were not a smooth and
continuous process because of the thicker AA plate compared with the thin plate used for P #2.
Fig. 13 (d) shows the load-concrete strain response in specimen P #3, with several stages
of force transfer and damage progression. The concrete load—strain response shows extremely
nonlinear behavior. The curve first rises sharply representing the elastic response of the uncracked
beam. At a relatively moderate strain of about 600 pe, the curve peaks at around 103 kN (23 k).
Plateau occurred in the load range of 88-93 kN (20-21 k), indicating a desirable ductile behavior
that makes a clear contribution when using this innovative strengthening technique. One can also
observe that the failure concrete strain remains lower than the crushing strain, which supports the
strand-rupture failure mode. The load-PET strain curve for specimen P #3, as shown in Fig. 13(e),
exhibits rapid initial strain uptake, confirming the instant PET-FRP engagement. Beyond less than
5000 pe, the curve flattens, reflecting the AA fuse plate yielding under large deformations.
Moreover, at 87 kN (19.5 k), the PET strain exceeds 35,000 pe (0.035 mm/mm), underscoring
PET’s exceptional elongation and ductility contribution. Using the load-concrete strain and load-

PET strain graphs, the moment-curvature response was extracted, as shown in Fig. 13(f). This
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graph closely follows the trend in Fig. 13(f) since the PET strain governed the moment-curvature
calculation.

2.8.5 T-beam P #4

When compared to the unstrengthened control P #0, the specimen P #4 showed noticeably
greater stiffness and peak load capacity as shown in Fig. 14(a). Improved post-yield deformation
capability and increased energy dissipation are demonstrated in its plateau. The sudden load drop
near the ultimate deflection 76 mm (3 in) coincides with the rupture event of the strands, followed
by a residual load-carrying capacity provided by the intact strengthening system across the major
flexural crack. Fig. 14(b) shows the governing mode of failure caused by strand rupture. The
numerical solution accurately matches the experimental response of P #4 as observed in Fig. 14(c).

The load-concrete strain response exhibits rapid stiffness rise at low strains, at 200 pe,
followed by a gradual transition into a nonlinear hardening regime dominated by concrete
microcracking and stress redistribution as shown in Fig. 14(d). Overall, the load-concrete strain
showed a similar trend as that observed in the case of beam P #2. This comes as no surprise since
the strengthening systems of P #2 and P #4 are strictly equivalent, with one difference related to
the use of externally bonded sandwiched system for P #2 and NSM AA fuse interacting with a
single PET-FRP system for P #4. It is worth stressing that the AA fuse in both of these beams has
the same identical cross-sectional areas. Fig. 14(e) presents the load-PET strain variation for P #4.
It is evident from this figure that the response follows a classical elastic-linear hardening curve
that could be described as in between the corresponding curves of P #2 and P #3. It is interesting
to observe that the PET-FRP layer exhibited a high-strain values at strand rupture around 39,000
pe without debonding assuring a full composite action between the PET-FRP sheet and beam

substrate. This is caused by the fact that the elastic modulus of PET is closer to that of concrete
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and PET undergoes a very high strain before rupture (~70,000 pe). Additionally, the plateau in the
PET strain ensures the yielding of the NSM AA plate. As illustrated in Fig. 14(f), the moment-
curvature response was derived using the load-concrete strain and load-PET strain graphs. Since
the PET strain controlled the moment-curvature computation, this graph closely resembles the
pattern in Fig. 14(f).

2.8.6 T-beam P #5

The strengthened prestressed beam P #5 displays significantly higher stiffness and peak
load than the control at around 89 kN (20 k) as demonstrated in Fig. 15(a), with a sharp load
reduction at 25.4 mm (1 in) deflection, indicating first-strand rupture. Following the sudden drop,
the curve goes through a second ascending phase before experiencing another sudden drop caused
by the second-strand rupture at about 64 mm (2.5 in) deflection as shown in Fig. 15(a-b).
Eventually, the residual load capacity was held by the strengthening system bridging a failure
plane after substantial degradation. An accurate match is observed between the numerical solution
and the experimental response as can be seen in Fig. 15(c).

The concrete strain develops fast to peak load at 900 pe as illustrated in Fig. 15(d),
reflecting the elastic behavior of the uncracked and the post-cracked stages of loading. Upon
yielding, a flat plateau is observed until about 1400 pe at the first strand rupture. Once the first
strand ruptures, a sudden sharp drop in load is seen followed by a hardening plateau extending
until about 3500 pe (0.0035 mm/mm) at the second strand rupture. It is interesting to observe that
the concrete strain exceeded the minimum crushing strain of 3000 pe specified by the ACI code.

Fig. 15(e) shows the load-PET strain curve sharply climbing until the first yielding load,
indicating early and full engagement of the PET sheet up to 4000 pe. Following that, a slight load-

hardening curve is realized until the first strand rupture at 9000 pe. A sudden drop is then recorded
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followed by a sight load-hardening curve that extended to 39000 pe before the second strand
ruptured. When comparing beams P #3 and P #5, it is evident that the latter underwent staged
strand ruptures (failing each strand at a different deformation level), while the former showed two
successive strand rupture after an extended plateau. This may be attributed to the fact that P #5
had an NSM AA fuse plate, close first strand, that helped the second strand restrain the deformation
until a large deformation level. On the other hand, P #3 had the equivalent-area AA fuse bonded
to PET sheet which was attached to the substrate causing successive slippages to take place until
both strands ruptured. Fig. 15(f), represent the moment-curvature response, which was derived
using the load-concrete strain and load-PET strain graphs. Since the PET strain had dominant
values, it controlled the moment-curvature computation, causing this graph to closely resemble the

deformation pattern of the PET curve in Fig. 15(e).

34



80

-

Load (N)

o5 8888 8¢

Load (Ibf)
c5B88888388

Load vs Deflection of P#1

’: —
0 20 40 60 80
Deflaction (mm)
- ==P# — . .P#
(@)

Load vs Deflection of P#1

[
'
!
L
I
|
I
3 T
0 20 40 60 80
Deflaction (mm)
= = =P#] .o Numerical
(©
Load vs PET Strain of P#1
= TR e -y
— - 1
e ]
¥ L 1
/ -’ ) i
[ '
t 1
]
) et
1
0 0.005 0.01 0.015 0.02 0.025
Strain
= = = Experimental «+ Numerical
(e)

100

100

Load (N)
coB8885238388

(®)

Load vs Concrete Strain of P#1

-l e
Lasese=p==1
-

- |

1
. i
!

0.0005 0.001 0.0015 0.002 0.0023
Strain (mm/mm)

- — = Experimental

(d)

Moment-Curvature of P#1

| S

—

000002 000004 000006  0.00008 0.0001

Curvature @ (1/'mm)

Figure 2.11. Results of P #1, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load- PET strain (f) moment-curvature.

35



Load vs Deflection of P #2

100
ag ==
80 e ,
70 -
o i [
’f-_J, 40 et I
-E 50 ’f' I
40 7 ]
=30 e !
20 |f fam==""
!
0
ol
[V 20 40 &0 a0
Deflection (mm)
- =P P&
(=)
Load vs Deflection of P #2
100
ad s
a0 L
70 T i
% 60 L
é’ -, F I
-§ 50 R i
40 r i
= o5 4 !
il fam==="
w0
7
ol
] 20 40 &0 20
Deflection (mm)
-—=PE Mumericzl
(c)
Load vs PET Strain of P#2
100
a0 —
------ -
&0 I 1
- 70 ._."-f’ ]
@ 80y i
-§ 50 '!
g 40 [F '
El} ‘
0 =
10 |
ot
0 00l 0.0z 003 0.04
Stram (mmmm)
= = =Experimentz] oo Mumerical
(e)

100

0.05

20
&0
0
o 60
450
7%
= 30
0
10
0

!'-
E
0

Momment (-1

==B35383288

Fe e
0.0002 0.001 0.0013 0.002 0.0025
Stram (rmmm)
—— —E@H‘Eﬂmal ...... Mimerica
(d)
Moment-Curvature of P#2
L ammey
_‘-- — 1
s l
]
]
]
!
[
000005 0.0001 0.00015
Curvature & (1/mm)
= = =Expermmental oo Numerical
()

Figure 2.12. Results of P #2, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load- PET strain (f) moment-curvature.
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Load vs Deflection of P #3
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Figure 2.13. Results of P #3, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load- PET strain (f) moment-curvature.
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Load vs Deflection of P #4
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Figure 2.14. Results of P #4, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load- PET strain (f) moment-curvature.
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Load vs Deflection of P%5
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Figure 2.15. Results of P #5, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load- PET strain (f) moment-curvature.
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2.9 Conclusions

The results indicate that the proposed innovative hybrid system significantly enhances the
flexural capacity and ductility of the strengthened T-beams, while potentially contributing to
sustainability through the use of PET made from recycled plastic bottles. The combination of
deformability and flexibility of the PETs and ductility of the AA fuse plate, with the ease of
installation of the CFRP bridging patch, justifies the novel and economic viability of the present
solution, demonstrating synergistic effect that is expected to offer an effective alternative to
traditional strengthening methods. Based on the results obtained and discussions presented, the
following conclusions can be drawn:

1) The AA—-PET hybrid system increased the ultimate beam capacity by 20-50% over the
control specimen, showing its efficacy in mobilizing supplementary tensile resistance under
flexure.

2) Strengthened beams displayed greater deflection and strain limits, with PET layers
achieving up to around 35,000 pe, delaying ultimate failure and sustaining post-yield load
resistance.

3) Multiple localized damage stages (micro-cracking, partial debonding, sheet slippage)
occurred without significant strength loss, enhancing energy absorption prior to these damage
mechanisms.

4) Hybrid strengthening allowed for significant deformation while maintaining load
capacity by delaying concrete crushing and tensile rupture.

5) The AA—PET system is a practical, sustainable retrofitting option for aged RC structures
because the use of PET fibers, from recycled plastic sources, offers both structural and ecological

benefits.
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6) For long span prestress girders crossing rivers etc., a relatively short AA fuse plate was
plausible to apply while supplemented by light weight CFRP sheets for development purposes to

avoid the need to handle a long AA plate, if access is an issue.
2.10 Data availability

Data will be available from the corresponding author upon request.
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Chapter 3 - Sustainable Bond-Compliant Hybrid Strengthening System for
Reinforced Concrete Beams

Mohammad S. Bani Hani , Hayder A. Rasheed

3.1 Abstract

Despite the advancement in fiber reinforced polymer (FRP) strengthening, premature debonding
failure remains as the major drawback of externally bonded carbon FRP systems. This research
introduces a novel hybrid system to enhance the flexural capacity, post-yield ductility and
eliminate the premature debonding failure of reinforced concrete (RC) beams without the need for
labor-intensive anchorage installments. Six RC T-beams were built and tested. The first beam
served as a control. A thick CFRP sheet was used to strengthen two beams with and without epoxy-
filled grooves, to establish the state-of-the-art baseline. Using an innovative technique, three
identical but already tested beams were repaired, strengthened and retested. The proposed
approach creates a compatible strengthening assembly that effectively transmits stresses to the
concrete substrate by sandwiching an aluminum alloy (AA) short fuse in between two laminates
of externally bonded +45° bidirectional glass FRP sheets. The +45° bidirectional GFRP shows a
nonlinear response caused by the low continuously- reducing effective longitudinal modulus,
resulting in controlling the stiffness mismatch at the FRP—concrete interface, especially close to
the supports. Overall, the new system results show an improvement in structural capacity over the
control beam, significantly better true post-yield ductility, and enhanced debonding resistance.
The results further show that the synergistic interaction between the £45° bidirectional GFRP and
the AA short fuse controlled the premature debonding failure mode, and shifted the highly brittle

CFRP response into a ductile and a more compatible solution with the prevailing design
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philosophies. Therefore, this technique has the potential of being a viable substitute for the

traditional FRP strengthening methods without the need for extra mechanical anchorage.

Keywords: Ductile behavior, premature debonding, concrete T-beams, aluminum alloy fuse,

GFRP, CFRP.
3.2 Introduction

The use of advanced composite materials, especially carbon fiber-reinforced polymer (CFRP), for
the strengthening and repairing of reinforced concrete (RC) structures has drastically changed
structural engineering repair practice over the past few decades. The growing problems of aging
infrastructure, rising service demands, seismic deficiencies, functional changes, and long-term
deterioration caused by severe environmental exposures such as fire, moisture intrusion, and
chemical attack can be addressed with CFRP strengthened systems. Therefore, it is now more
important than ever to use effective, long-lasting, and high-performance strengthening procedures
to guarantee structural safety and serviceability. Because of their high strength-to-weight ratio,
corrosion resistance, and improved tensile strength, CFRP materials are known for being
especially well-suited for enhancing the flexural and shear performance of RC components. To
optimize stress transfer and material efficiency, these materials can be applied in near-surface-
mounted (NSM) or externally bonded configurations, using a variety of bonding and anchoring
techniques. Several experimental and analytical studies have shown that CFRP-strengthened
systems have significant increases in stiffness, load-bearing capacity, and overall structural
performance. These gains are frequently accompanied by reduced ductility and premature failure
mechanisms.

To maximize CFRP utilization and ensure sustainable performance across a range of loading

conditions, extensive research has been conducted on the structural response, failure modes, and
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long-term behavior of CFRP-strengthened RC elements [1-8]. Additionally, innovative anchorage
solutions have been developed to shift the reliance on adhesive bonding to adding mechanical
anchorage [9-16].

The main two issues that attracted a lot of attention lately are the lack of ductility and premature
debonding. Several studies were contributed to improve ductility in response through the use of
hybrid FRP to induce progressive failure reflecting pseudo-ductility and U-wrap anchorage to
extend the response of CFRP strengthened beams by delaying debonding thus reflecting more
ductility.

Grace et al. [17] developed a novel pseudo-ductile hybrid fiber-reinforced polymer that combines
glass and carbon fibers for strengthening reinforced concrete beams. It produced higher yield
loads, increased ductility, and improved strengthening performance compared to traditional CFRP
systems. Hawileh et al. [18] conducted an investigation for RC beams strengthened with hybrid
GFRP/CFRP sheets under flexure. Results demonstrate enhanced ductility and strength
improvements compared to CFRP alone, and test results closely matched analytical and ACI
projections.

Other studies were contributed to control or delay debonding using U-wrap anchorage, fiber
anchors and other devices like patch anchors and longitudinal FRP bas anchors.

Smith et al. [9] studied the FRP anchors in control debonding and enhancing the ductility of
strengthened RC slabs. The outcomes showed the anchor placement greatly improved load and
deformation capacity, while successfully converts brittle debonding behavior into a more ductile
structural response. Rasheed et al. [19] studied and compared four FRP-based flexural
strengthening solutions for RC beams. Through concrete confinement effects, all systems achieved

around 50% strength enhancement and better ductility with transverse anchorage preventing
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premature debonding. Al Shboul et al. [20] evaluated the flexural response of RC beams
strengthened with FRP in tension and compression zones. According to the outcomes the U-wrap
anchors eliminate debonding and transferred failure to FRP rupture or FRP buckling, as well as
improved stiffness, load capacity, and ductility. Zaki et al. [21] assessed a full-scale T and
rectangular RC beams strengthened with CFRP sheets using CFRP anchors. According to the
results, the anchors successfully prevented premature debonding, enabling concrete crushing or
FRP rupture to attain maximum flexural capability. Zaki and Rasheed [22] explored a novel
flexural anchorage systems using GFRP sidebars and side patches for CFRP-strengthened RC
beams. The findings demonstrate that by successfully preventing premature debonding, both
anchorage techniques greatly increased flexural capacity and outperformed unanchored and U-
wrap anchored beams.

Additional research suggested the use of different strengthening materials like full-length
aluminum sheets to replace CFRP without solving the debonding issues. Rasheed at el. [23]
investigated the externally bonded aluminum alloy plates of RC beams with and without CFRP
end anchorages. The results demonstrate significant improvements in ductility and strength gains
at about 13—40%, while end anchorages increased ductility by preventing debonding. Rasheed [24-
25] presented the idea of a targeted ductile strengthening system using a short steel ductility fuse
sandwiched between two FRP layers. The ductility fuse is applied at the critical zone (plastic hinge
region), and the FRP provides extended development near the supports and protects the steel fuse
from corrosion.

However, the above solutions did not solve the roots of problem, but rather acted in masking them
with incremental improvements. To introduce a fundamental improvement in the behavior, a

paradigm shift in thinking and application needs to take place. FRP materials are brittle in nature
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and trying to force them to behave in a ductile manner is very limited. Instead, a metallic/aluminum
fuse is proposed herein to attract all the necessary ductility while limiting its application to the
critical plastic hinge zone.

This is possible to accomplish by sandwiching this aluminum fuse in between 2 FRP sheets along
the entire beam span to transfer the stresses efficiently to the substrate. On the other hand,
premature debonding happens due to the stiffness mismatch between the FRP & the concrete
substrate. To fundamentally resolve this issue herein, the authors use +45° bidirectional glass as
the main FRP sheets. These are known to behave in a nonlinear fashion with a low effective
modulus comparable or even lower than that of concrete substrate, thus inhibiting the tendency for

FRP to debond.
3.3 Research significance

This study is intended to confirm the transformative enhancement of the strengthening behavior
of reinforced concrete beams by furnishing post-yield ductility and controlling premature
debonding, without the need to apply a labor-intensive or invasive anchoring systems. The synergy
of the interaction of the various materials in their placement locations within the strengthening
system is anticipated to make a nearly impossible task within easy reach. This is expected to
change the way the FRP strengthening technique is approached in the future by innovatively
designing a material system that acts as a structural component interacting with the main structure
to be upgraded.

3.4 Specimen geometry

As shown in Fig. 1, the T-beams' web cross-sectional measurements were 152 x 306 mm (6 x 12
in), with the flange thickness included in the overall depth. The flange thickness was 102 mm (4

in), and its breadth was 406 mm (16 in). Two #5 steel bars were used to strengthen each specimen
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in flexure, and four #3 steel bars were used in the compression zone, mainly to support the shear
reinforcement cage. #3 stirrups were used as transverse reinforcement, placed 127 mm (5 in) apart
along the length of the beam. Each specimen measured 4,877 mm (16 ft) in total span length and

4,724 mm (15.5 ft) in clear span.

406 mm (16 in)

102 mm (4 in)

J

445

L 204 mm (8 in)

#3 Stirrups @ 127 mm |

Sin) 0.
Gim) o.c 245

}* 152 mm (6 in) +{

Figure 3.1. Cross-section geometry of the T-beam.

3.5 Material properties

3.5.1 Concrete properties

Ready-mixed concrete batch was proportioned to attain nominal compressive strengths of
31 MPa (4.5 ksi). The concrete mix contained ASTM C33 #5 coarse aggregate, type 1L cement,
an air-entraining additive (AIR1), water, and KDOT FAA fine aggregate. Table 1 summarizes the
specific mix proportions and materials used during batching.

Table 3.1. Mix design proportions for normal-strength concrete

Material Batched/CYDS

KDOTFAA 2004 Ib.
ASTM C33 #5 1272 Ib.
Normal-strength Cement 490 1b.
WReducel 21.6 oz
AIR1 2.8 0z
Water 19.36 gal
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Three standard cylindrical specimens were casted from the concrete batch to assess its
compressive strength. A compression testing machine in the Kansas State University Civil
Engineering Laboratory, as shown in Fig. 2 (a and b), was used to test the cylinders, which

measured 102 mm by 203 mm (4 x 8 in) in compliance with ASTM C39 (ASTM, 2011). The
average normal compressive strengths ( f; ) was 30.6 MPa (4.44 ksi) after 28 days. Table 2 show

specific values for compressive strength.

Table 3.2. The test results of the cylinders for compressive strength.

No. Ultimate load (kip) Max stress (ksi)

1 54.78 4.36
28-day 2 55.98 4.46
3 56.36 4.49

Average 4.44

(a) (b)

Figure 3.2. Testing concrete cylinders: (a) before testing, (b) after testing.

3.5.2 Steel bar properties

The longitudinal #5 steel reinforcing bars demonstrated a modulus of elasticity of 200 GPa

(29,000 ksi) and a yield strength of 551 MPa (79.8 ksi) in accordance with the manufacturer's
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material specifications. On the other hand, the #3 bars were used as compression and transverse
reinforcement. According to manufacture specifications, they had a yield strength of 485 MPa
(70.3 ksi), and a modulus of elasticity of 200 GPa (29,000 ksi). Three coupons for each bar size
were tested to establish the stress-strain response as shown in Fig. 3. Then the elastic modulus was
measured from the secant elastic region of each curve. The #5 bars gave an average modulus of
elasticity of 199 GPa (28,866 ksi). #3 bars gave an average modulus of elasticity of 177 GPa
(25,700 ksi). The yield strength was measured from the flat plateau region of the curves. The #5
bars gave an average yield strength of 520 MPa (75.4 ksi). The #3 bars gave an average yield

strength of about 443 MPa (64.3 ksi).
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(S -
g 2 8

@
g 2 8

Stress (MPa)
[
2 2

Stress (MPa)
[

2

b3
=
b3
=

3

2
2

=1
=1

0 001 002 003 004 005 006 0 001 002 003 004 005 006
Strain (ue) Strain (ue)
(2 (b)

Figure 3.3. Stress—strain curves for #5 and #3 steel rebar.

3.5.3 Bidirectional glass properties

The externally bonded FRP strengthening system, that extends the full length of the beams
with improve bond and ductility, was selected to be V-Wrap EG50B bidirectional £45° glass fiber
sheets. This was selected due to its low effective axial modulus that better match the concrete
substrate modulus, as will be shown in the constitutive modeling section. The elastic modulus of

the cured laminate along the fiber direction, is 31,700 MPa (4.6 x 10°psi), with an ultimate strength
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of 620 MPa (89,800 ksi), and a total thickness of 0.864 mm (0.034 in) and an ultimate rupture
strain of 0.0194 as reported by the manufacturer.
3.5.4 Thick carbon properties

CFRP sheets utilized by themselves to strengthen two beams along the full span length as
well as those used to develop the AA fuse into the shear span, have cured laminate properties
reported by the manufacturer as follows. A tensile strength of 1,241 MPa (180 ksi) and an elastic
modulus of 98,100 MPa (14,240 ksi), with a 2.03 mm (0.08 in) thickness. According to these
characteristics, the ultimate strain is 0.0127 mm/mm (in/in).
3.5.5 Aluminum alloy fuse properties

An aluminum alloy (AA) fuse plate sandwiched in the constant moment zone in between
four bidirectional GFRP sheets, two above and two below, was implemented. The tensile strength
of the AA was about 281.3 MPa (40.8 ksi) and an elastic modulus of 68947.6 MPa (10000 ksi).
Several AA plate thicknesses were applied in different strengthening systems. In the beams having
a sandwiched AA plate fuse (NGSPG and NGSPGG), the dimensions were 152 x 2 x 1219 mm (6
x 0.08 x 48 in). On the other hand, the beam having three parallel sandwiched AA strips applied
as a fuse (NGSSQ), the dimensions were 25.4 x4 x 1219 mm (1 x 0.16 x 48 in).
3.5.6 Adhesive properties

The fibers were impregnated and bonded to the concrete substrate using the epoxy adhesive
V-Wrap 770. The epoxy V-Wrap 770 serves as a saturating resin for carbon, glass fiber and AA
plates strengthening systems as well as a primer. In order to create a high-strength composite bond,
the adhesive's components, Parts A and B, were mixed by weight in a 3:1 (A: B) ratio per the

manufacturer's instructions. Table 3 lists physical characteristics of the epoxy adhesive.
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Table 3.3. Properties of V-Wrap™ 770 epoxy adhesive.

Physical Properties MPa psi

Tensile Strength (ASTM D638) 60.7 8,800
Tensile Modulus (ASTM D638) 2,760 400,000

Elongation at Break (ASTM D638) 0.044 0.044
Flexural Strength (ASTM D790) 95 13,780
Flexural Modulus (ASTM D790) 2,620 380,000
Compressive Strength (ASTM D695) 85.8 12,450
Compressive Modulus (ASTM D695) 2,670 387,000

3.6 Repairing and strengthening procedure

Two of the strengthened RC T-beams were virgin beams tested for the first time (N1LT
and N1LTG) using a thick typical CFRP sheet, while three of the strengthened T-beams were
repaired and re-tested (NGSSG, NGSPG, and NGSPGG) using the new novel systems. During the
repairing process, the deteriorated concrete cover and areas of spalling were carefully cleaned on
the substrate and subsequently repaired by inserting fluted masonry nails in the damaged cover
area and applying a high-strength repair concrete with a compressive strength of 34.5 MPa (5000
psi). Holes drilled in the damaged beam soffit were filled with epoxy and while installing the nails
to provide a proper bonding between the existing concrete and the new repair material as shown
in Fig. 4. The high-strength concrete was poured and finished to fully merge with the existing
concrete, restoring the original profile and ensuring composite action between the old and new
concrete. In order to perform the strengthening, all T-beams were inverted and supported on their
flanges in the laboratory for practical and safety reasons. An angle grinder was used to
mechanically roughen the soffit surfaces, of the virgin and repaired beams, to improve the bond

between the composite material and the concrete substrate as shown in Fig. 4. After preparing the
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beams, the strengthening system including different FRP materials and AA fuse plate were

installed as seen in Fig. 5.

‘tMASTERCRAFT -
—_—

5000/PSI

Figure 3.4. Installing mechanical nails, molding and pouring concrete, grinding the beam
substrate.

= 1)L S

& "

Figure 3.5. Repaired RC beams during surface preparation and strengthening system
installation.

3.7 Strengthening design and testing

To achieve the goal of this study, which is to restore, improve the flexural performance and
enhance the ductility, six T-beam specimens were prepared and tested under monotonic four-point
bending, as shown in Fig. 6. The tests were conducted under displacement-control at a constant
rate of 1.27 mm/min (0.05 in/min). One beam served as an unstrengthened control specimen, while
the remaining beams were flexurally strengthened by using GFRP, CFRP, and a sandwiched AA
fuse plate through different strengthening configurations. Table 4 illustrates the strengthening

details, and Fig. 7 shows the specimen designations.
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15'-6" (4724 mm)
Figure 3.6. Test setup for strengthened RC T-beams.
Table 3.4. Details of strengthened specimens
‘ GFRP Aluminum Alloy ‘
Specimens ID CFRP sheet plate Grooving
sheet (AA)
NOLT (Contr()l) Hkk ok koksk skoksk
1 ply (152 x
Hkk koksk koksk
NILT 4572 mm)
1 ply (152 x
skoksk skkesk
NILTG 4572 mm) 2 Grooves (19 x 6.35 mm)
3 sandwiched
: 6 strips (25.4 x Strips sk
NGSSG 4 plies 1219 mm) (254 x 1219
mm)
Sandwiched
NGSPG 4 plics llglfg(rlrfé)x (152 x 1219 mm) o
AA plate
1 ply (152 x Sandwiched
NGSPGG 4 plies Py (152 x 1219 mm) | 2 Grooves (19 x 6.35 mm)
1219 mm)
AA plate

N: Normal-strength concrete, 1L: One layer, T: T-beam, G: Grooved, SS: Sandwiched strips, SP: Sandwiched plate.
AA: Aluminum alloy, CFRP: Carbon fiber reinforced polymer, GFRP: Glass fiber reinforced polymer.
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NOLT NGSSG

L Glass fiber reinforced polymer
T-beam Sandwiched strips
Zero layer Glass fiber reinforced polymer

Normal strength conerete Normal strength concrete

F

NILT NGSPG

Glass fiber reinforced polymer
Sandwiched plate

Glass fiber reinforced pelymer
Normal strength concrete

L T-beam
One layer
Normal strength concrete

[

NILTG NGSPGG

Grooved
Grooved Glass fiber reinforced polymer
T-beam L Sandwiched plate
One layer Glass fiber reinforced polymer

Normal strength concrete Normal strength concrete

F

Figure 3.7. Specimen designations

NOLT (Control): The first RC sample (unstrengthened) served as the control beam; it was
made entirely of reinforced concrete with conventional steel reinforcement as shown in Fig. 8, and
tested under four-point bending with displacement control at a rate of 1.27 mm/min (0.05 in/min).

NI1LT: This specimen was strengthened with one thick CFRP sheet and bonded along the
whole beam substrate with dimensions of 152 x 4572 mm (6 in x 15 ft), as can be seen in Fig. 9,

which is used to improve the flexural performance of the RC beam.

#3 Stirrups @ 127 mm . _|
(5im) o.c.

245

Figure 3.8. NOLT T-beam cross-section.
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#3 Stwrups @ 127 mm |
(3in) o.c.

1 Layer of V-Wrap
C400HM 152 x 4372 mm

- (6inx15fY)

Figure 3.9. N1LT T-beam cross-section.

NI1LTG: To further improve the bond, increase the interaction area, and enhance the overall
flexural performance of the strengthened T-beam, this beam used two grooves with dimensions of
19 x 6.35 mm (0.75 x 0.25 in) filled with thick epoxy putty (primer + fumed silica), and followed
by a thick CFRP sheet continuously bonded along the entire beam soffit over the grooves, with

dimensions of 152 x 4572 mm (6 in x 15 ft), as shown in Fig. 10.

#3 Stirrups (@ 127 mm |
(3in) o.c.

1#3

1 Layer of V-Wrap
C400HM 152 x 4572 mm

\. - ~ (Ginx 15 )

Figure 3.10. N1LTG T-beam cross-section.

NGSSG: For this specimen, a novel hybrid composite strengthening system is designed to
improve both ductility and load-carrying capacity. The innovative technique considered two

bidirectional + 45° glass fiber sheets with dimensions of 152 x 4572 mm (6 in x 15 ft). Then, six
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CFRP strips measuring 25.4 x 1219 mm (1 in x 4ft), extended 914.4 mm (3ft) into the shear span
and (1ft) into the constant moment region applied at both load locations. Then, three AA fuse
strips, measuring 25.4 x 1219 mm (1 in x 4 ft), are located in the constant-moment region as shown
in Fig. 11. Then another six CFRP strips in identical locations to those above the AA fuse strips,
such that the latter is sandwiched at its both ends in between two CFRP strips as illustrated in Fig.
11. Finally, two additional bidirectional = 45° GFRP sheets with the same dimensions to those
bonded to the substrates along the entire beam span. The goal of this multi-layered configuration
was to combine the ductility of the AA strips with the high deformability of bidirectional + 45°
GFRP. On the other hand, the thick CFRP strips functioned as a bridge to develop the stresses at

the AA cutoffs into the shear span, as illustrated in Fig. 12.

4#3
#3 Stirrups @ 127 mm._|
(5in) o.c.
2#5
4 layers of V-Wrap
1 strip of V-Wrap C400HM EG50B 152 x 4572 mm
254x 1219 mm (1 inx 4 ft) (6inx 15 f)
AAfuse plate 254 x4 x 1219 mm 5= — —
= — I — . —

(1inx0.16 inx 4 ft)

Figure 3.11. NGSSG T-beam cross-section.
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254x4x1219 mm
(1inx0161inx4 ft)

i 1 4 Plies of GFRP sheets
3 CFRP strips 25.4 x 1219 mm Sandwiched AA strip :
: 152 x 4572 mm (61mnx 15 fi)
(linx 4 ft)
V‘\ ‘/\‘
— e \

1219 mm (4")

1219 mm (4')
4572 mm (15")

4877 mm (16")

Front View

Figure 3.12. Profile view of beam NGSSG with hybrid GFRP-CFRP strips-AA strips-

GFREP strips.

NGSPG: For this beam, the innovative technique considered two bidirectional + 45° glass

fiber sheets with dimensions of 152 x 4572 mm (6 in x 15 ft). Then, two CFRP sheets were

symmetrically applied at both edges of the constant-moment region, extending 304.8 mm (1 ft)

into the constant-moment region and 914.4 mm (3 ft) into the shear spans. Then, a 152 X 1219 mm

(61n x 4 ft), AA fuse plate was placed in the constant-moment zone above CFRP sheets as shown

in Fig. 13. Lastly, two additional bidirectional + 45° GFRP sheets with the same dimensions to

those bonded to the substrates along the entire beam span. The hybrid system comprising AA,

GFRP, and CFRP also redistributed stresses, delayed brittle failure, and improved the beam’s

flexural response and deformability. as illustrated in Fig. 14.
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443

#3 Stirrups @ 127 mm _|
(5in) o.c.

2#5

1 layer of V-Wrap C400HM

/

152x 1219 mm (6 in x 4 ft) .

AAfuseplate 152 x2x 1219 mm " !

(6inx0.08 inx 4 ft)

4 layers of V-Wrap EG50B
152 x 4572 mm (6 inx 15 ft)

Figure 3.13. NGSPG T-beam cross-section.

254x2x1219mm

(6inx 008 inx4 f)
Sandwiched AA plate 4 Plies of GFRP sheets
1 CFRP sheet 152 x 1219 mm 152 x 4572 mm (6inx 15 fi)
(6nx4fi)
N .
~ e LY
I |
1219 mm (4") 1219 mm (4")

4572 mm (15"
4877 mm (16"
Front View

Figure 3.14. Profile view of beam NGSPG with hybrid GFRP-CFRP sheet-AA plate-GFRP

sheet.

NGSPGG: This sample used the same exact strengthening configuration as the NGSPG

beam, but with grooves measuring 19 x 6.35 mm (0.75 x 0.25 in), filled with thick epoxy putty

(primer + silica fume) along the entire beam length, as illustrated in Fig. 15.
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#3 Stirrups @ 127 mm__| 4#3
(5in) o.c.

245

4 layers of V-Wrap EG50B
152 x 4572 mm (6 inx 15 ft)

1 layer of V—Vv’rap C400HM R  —m————————,
152x 1219 mm (6 inx 4 ft) /l .

AA fuse plate 152 x 2 x 1219 mm
(6inx0.08 inx 4 ft)

Figure 3.15. NGSPGG T-beam cross-section.

3.8 Numerical analysis

A numerical model using Excel macros, developed earlier at Kansas State University,
assuming single continuous strengthening material along the span, was enhanced herein to
consider different hybrid reinforcement systems along partial region of the span. This program
predicts a typical moment curvature and the entire load—deflection response of strengthened
reinforced concrete beams. In the modified version, the moment curvature response, for up to three
distinct regions, is used to define the variation of curvature in each segment along the shear span,
which are integrated to extract the full load-deflection curve. At each moment increment, section
equilibrium and strain compatibility are enforced to compute the corresponding curvature.
Nonlinear constitutive models were adopted for concrete in compression (including softening),
and in tension (including tension stiffening), and a bilinear mild steel was used with appropriate
yielding/rupture limits. At each load increment, the moment and the corresponding curvature are
paired at each segment from the applicable moment-curvature response to perform the numerical

integration. Model parameters were calibrated using measured material properties and
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strengthening dimensions, while the predicted response was validated against the experimental
curves.

It is worth mentioning here that the AA fuse plate extending only within the constant
moment region was assigned an average stress throughout that region in the current analysis, since
the stresses at the two AA cut-off points are zero. This way, the analysis can still effectively assume

a single segment for the entire constant moment region instead of performing bond slip analysis.
3.9 Non-linear +45° constitutive model

The behavior of +45° GFRP laminates in the axial direction is non-linear by virtue of
having a non-linear shear response in the in-plane fiber-matrix direction. This causes the effective
axial modulus of the bidirectional glass material to degrade with loading. Therefore, a non-linear
analysis scheme is developed using classical lamination theory as follows:

The in-plane stress-strain relationships along the fiber-matrix direction is [26]:

01 Q11 012 0 1(€
0, ( =012 Q2 0 [1€2 (1)
T12 0 0 Qs6l V12
_ £ _ Vi2Ex _ V21E; _ B _
Where Q1; = PR Q2 = T—vivp; Q2 = T—v1pvp, " Q22 = PR Qss = G12 (2

Transforming the in-plane stresses and strains to the beam direction [21]:

Oy 01 €x B Ex 611 612 0 €x

oy o =[T]™ {0'1 } = [T][QITI "€ =[Q]{€ =|Q12 0, 0 [{€ (3)
Txy T12 yxy yxy 0 0 066 yxy

cos?0 sin%6 2sin 6 cos 8
Where[T] = sin%6 cos?6 —25sin @ cos 8 4)
—sinfcosf sinfcosh cos?H — sin?0

Q11 = Q11c05*0 + 2(Q15 + 2Q4g) sin?6 cos?0 + Q,,sin*o (5)
Q12 = (Q1 + Qy, — 4Qg¢) sin?0 cos?0 + Q4,(sin*6 + cos*H) (6)
QZZ = Qllsin49 + Z(le + 2Q66) Sin29 COSZB + 022(:0546 (7)
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Q66 = (Q11 + Q22 — 2Q15 — 2Qe6)sin?6 c0s?6 + Qge(sin*6 + cos*)

®)

In order to estimate the in-plane constitutive material parameters, well established

micromechanics formulas are used [21-23]:

Ve = tdryfiber — 0.0124877 — 0367 (9)
tiaminate 0.034

Ey = EfVs + EqVp, (10)

E; = 10443.86 * 0.367 + 580.21 = 0.633 = 4200 ksi (11)

1+€77Vf Ef/Em_l 10548403.23186_
E, = m1 “env, § = E/Emt & = T0443.386 = 0.895 (12)
fiEm 580.21
E, = 580.21 =1289549367 _ 1147 8 ksi (13)
1-1%0.895%0.367
G 1+énVy f _ Gf/Gm—1 _ 422181?.7267_ =09 (14)
12 = m 1-nVy Gr/Gm+ 3 4-22181?:7267_'_1 .
vy = 0.22,v, = 0.37 (15)
Ef 1044386 . _ Em _ 58021 .

2(1+vf) 2(17022) = 211.76 ksi,G,, = v = 25037 4280.27 ksi  (16)

Gy = 4280.27 2222037 _ 490,64 ksi (17)

1-0.90.367

The strain-stress equation for in-plane shear maybe modeled as:

y = G— + At3— substituting the ultimate shear stress and strain, the A factor can be evaluated:
12

0.06 = + 153 > 1=3.85x10"* (18)

420.64

3.10 Results and discussion

This section presents the results of testing a control and five strengthened RC T-beams

using +45° bidirectional GFRP sheets and AA fuse plates as an innovative strengthening technique

compared to standard CFRP sheets. Three of the five strengthened RC-T beams had their cover

repaired after experiencing premature debonding in prior tests, as described above. Thus, the
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present paper introduces improvement flexural capacity, FRP bonding and ductility as important
contributions. A thorough analysis in terms of load-deflection curves, load-strain curves, and the
failure modes for each specimen are presented and discussed below.

3.10.1 Control RC T-beam (NOLT)

The load-deflection curve was used to compare the experimental (blue dashed line) and
numerical (orange dotted line) responses in order to assess the flexural behavior of the NOLT
specimen. As can be seen in Fig. 16 (a), both curves follow the same general trend and are in good
agreement. The post cracking stage ends with 52 kN load at 25 mm deflection, Fig. 16 (a). The
post yielding stage follows a slightly hardening plateau indicating the continuous yielding of steel
reinforcement, Fig. 16 (a). The ultimate load level was attained after an extended ductility up to
around deflection of 90 mm, at a load of about 57 kN. In comparison, the numerical curve closely
traces the experimental response throughout all stages of loading. This beam shows a higher
deflection predicted numerically at failure indicating less ductility captured during the experiment.
The failure is governed by a ductile flexural response controlled by steel reinforcement yielding
as presented in Fig. 16 (b), where the test was stopped due to excessive deflection. The load-strain
responses for the top concrete fiber and the main tension steel rebars were closely captured
numerically when compared with strain gauges readings, Fig. 16 (c-d). It is evident from those
two curves that neither concrete nor steel rebars reached the ultimate failure at the end of the test.
Using the load-concrete strain and load-steel strain the experimental moment-curvature response
is numerically extracted and compared to the numerical predictions as shown in Fig. 16 (e).

3.10.2 RC T-beam (N1LT)
The load-deflection response of the strengthened beam NILT is compared against the

NOLT curve in Fig. 17 (a). It is evident that the addition of one thick layer of CFRP sheet caused
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a noticeably higher flexural strength with no evident signs of ductility compared with the original
beam response curve, which is typical of CFRP strengthening. Failure of N1LT took place after
CFRP suddenly debonded from the beam substrate causing a brittle failure as illustrated in Fig. 17
(b). On the other hand, the numerical load-deflection curve can be seen to exactly match the
experimental response as demonstrated in Fig. 17 (¢). Comparing the localized load-deformation
curves at mid-span for concrete top strain, steel strain and CFRP strain, the numerical solution can
be observed to capture closely the corresponding experimental results as can be seen in Fig. 17 (d-
f). Similarly, the experimental moment-curvature response is computed from the top concrete
strain and the steel strain, indicating accurate numerical prediction as shown in Fig. 17 (g).

3.10.3 RC T-beam (N1LTG)

The load-deflection response for beam N1LTG, having two epoxies filled grooves, reflects
similar behavior compared N1LT without grooves except for debonding at a later load and
deflection values. As for the overall behavior compared to NOLT, similar observations to those
discussed earlier for N1LT can be established as shown in Fig. 17 (a) and Fig. 18 (a). The failure
mode in the case of NILTG was identical to N1LT, which was governed by a sudden CFRP
debonding from the beam soffit as illustrated in Fig. 18 (b). The debonding improvement in beam
NI1LTG is evident in Fig. 18 (¢), as the numerical prediction captures an earlier debonding load
level. The load-strain curves for the concrete mild steel and CFRP at mid-span show a very good
comparison to the experimental data. Nevertheless, the experimental CFRP load-strain experiences
a slight strain lag compared to the numerical curve halfway through the post cracking load range.
This may be attributed to an early localized debonding of the CFRP layer within the constant
moment region that took place prematurely and locally prior to the debonding propagation along

the weaker of the shear spans as illustrated in Fig. 18 (d-f). Using the concrete and steel strain
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curves, the moment curvature response was extracted which is observed to compare well to the

numerical curve as can be seen in Fig. 18 (g).
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Figure 3.16. Results of NOLT, (a) load-deflection, (b) failure mode, (¢) load-concrete strain,
(d) load-steel strain (¢) moment-curvature.
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Figure 3.17. Results of N1LT, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete strain,
(e) load-steel strain (f) load-CFRP strain, (g) moment-curvature.
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Figure 3.18. Results of N1LTG, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load-steel strain (f) load-CFRP strain, (g) moment-curvature.
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3.10.4 RC T-beam (NGSSG)

In this beam specimen, the sandwiched aluminum alloy fuse was mobilized in terms of
three narrow adjacent strips, overlapped with CFRP strips of the same width, which are applied
above and below the AA fuse. The CFRP strips extended 304.8 mm (1 ft) into the constant moment
region and 914.4 mm (3 ft) into the shear span, to bridge the stresses from the AA fuse to the
sandwiching GFRP sheets on top and bottom providing the needed development length without
extending the AA plate into the shear span. It is interesting to mention here that this beam did not
reach its full intended potential ductility and bonding as seen in Fig. 19 (a). This is clearly
evidenced by the premature cover delamination of the repaired and retested beam due to the early
debonding in the interface between old and new concrete Fig. 19 (b), despite applying metallic
nails across that interface. This behavior can be attributed to the fact that a big concrete cover mass
was lost in the original beam test, that had to be replaced significant amount of new concrete during
the retest. Therefore, the strengthening system was not put to the real test as illustrated by the
comparison between the numerical and the experimental responses Fig. 19 (¢). This comparison
along with those of the load-strains reproduces the initial experimental curve, but full short of
capturing the anticipated post yielding trends Fig. 19 (d-f). This reflected in a similar fashion on
the extracted moment curvature response Fig. 19 (g).

3.10.5 RC T-beam (NGSPG)

For this specimen, the AA fuse is applied as a full width plate across the web soffit
matching the width of the two-sandwiching + 45° bidirectional GFRP sheets. This beam reached
its full potential of reproducing the high ductility and control of debonding, despite the use of new
concrete cover adhered to the whole beam substrate. Since that cover repair was in excellent

condition and held very well due to the fact that it did not include large masses of new concrete. It
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is exciting to see the response of this beam tracing closely the trend of the control beam, Fig. 20
(a). The failure mode of this beam was signified by the classical yielding of the AA fuse, followed
by concrete crushing after significant deformation, Fig. 20 (b). The comparison between the
numerical and the experimental curves is very good except for a slight drop in the experimental
yielding plateau close to the ultimate failure which is possibly attributed to some slippage at the
cut off points of the AA fuse. This slight drop cannot be reproduced by the numerical solution,
which is not track localized bond slip behavior, Fig. 20 (c).

The numerical load-concrete strain curve is seen to follow the experimental response in a
reasonably close fashion. However, the experimental concrete strain peaks at around 0.0018
(mm/mm), which is clearly smaller than the crushing strain of 0.003 (mm/mm). This is attributed
to the fact that crushing took place at a section adjacent to the mid-span location of the strain
gauge, causing it to unload, Fig. 20 (d). The numerical load-steel strain curve is seen to also trace
the experimental curve up to the yielding point after which the strain gauge was completely
damaged by collecting unrealistic readings, Fig. 20 (e). This is attributed to the fact that this beam
was tested twice causing the strain gauge functionality to be compromised. As for the load-GFRP
strain curves, the numerical response captures closely the essence of the experimental results
throughout the loading range. It is again observed that the experimental CFRP strain lags behind
the full bond curve half way through the post cracking region due to localized debonding in the
constant moment region, Fig. 20 (f). The top concrete and the GFRP strains were used to trace the
moment-curvature response, while the steel strains were excluded due to their failure at the

yielding level, Fig. 20 (g).
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3.10.6 RC T-beam (NGSPGG)

The present beam with two epoxy filled grooves (NGSPGG), behaved similar to its twin
counterpart specimen without grooves (NGSPG), Fig. 21 (a). There was a minor difference in the
capacity and ductility of the two beams that may be attributed to the added grooves. Nevertheless,
the grooved beam provided extra bonding surface area which may have the potential to delay the
premature debonding failure mode to admit concrete crushing, Fig. 21 (b). It can be further
observed from Fig. 21 (b), that the strengthening system has locally debonded prior to concrete
crushing. However, this debonding was arrested from propagating into the shear-span prior to the
final crushing of concrete. The numerical response closely captured the experimental behavior up
to the strain hardening of the steel rebars, while it did not follow the drop in the later stage of
loading. This can be ascribed to the fact that the numerical algorithm is based on load-control while
the drop can be captured by displacement control only. Introducing displacement control into the
numerical program has algorithm complexities, which is beyond the scope of this research, Fig.
21 (¢). The load-strain relationships are reproduced reasonably well with some minor differences
due to the fact that this beam was repaired and retested, Fig. 21 (d-f). These discussions can be
directly applicable to moment-curvature curve since the latter is extracted using extreme fiber

strain data, Fig. 21 (g).
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Load vs Deflection
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Figure 3.19. Results of NGSSG, (a, c¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load-steel strain (f) load-CFRP strain, (g) moment-curvature
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Figure 3.20. Results of NGSPG, (a, c¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load-steel strain (f) load-CFRP strain, (g) moment-curvature.
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Figure 3.21. Results of NGSPGG, (a, c) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load-steel strain (f) load-CFRP strain, (g) moment-curvature.
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3.11 Conclusion

The findings of this work show drastic differences between the state-of-the-art CFRP
strengthening technique (N1LT and N1LTG) and the proposed innovative system (NGSPG and
NGSPGG). This difference is truly transformative as it shifted a highly brittle yet very strong beam
behavior to highly ductile and reasonably improved contribution in capacity. This has resulted in
compounding the benefits and cancelling the shortcomings of the AA fuse and + 45° bidirectional
GFRP hybrid. Furthermore, this excellent contribution is complemented by enhanced control of
debonding, eliminating the need to mechanically anchor the FRP system. The use of the + 45°
bidirectional GFRP, known to have a non-linear axial behavior with a low effective longitudinal
modulus, produced a mechanically compatible strengthening system to that of the concrete
substrate. It can be noted that these conclusions cannot be claimed for beam (NGSSG), simply
because of the premature delamination of the repaired concrete cover. However, the authors
strongly believe that this beam had the potential to reflect similar transformative improvement
compared to (N1LT and N1LTG). The authors were delighted to see the proposed hybrid materials
action positively impacting the control of debonding and the promotion of more ductile post-yield
response, while sufficiently enhancing the flexural behavior.

3.12 Data availability
Data will be available from the corresponding author upon request.
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Chapter 4 - Bidirectional Glass-Aluminum Ductility Fuse

Alternative System to Upgrade Low Strength Concrete T-Beams

Mohammad S. Bani Hani , Hayder A. Rasheed

4.1 Abstract

Externally bonded FRP systems are widely used to strengthen and retrofit reinforced
concrete members, despite that the efficiency of carbon fiber-reinforced polymer (CFRP)
strengthening is still limited by premature debonding failure. This study assessed an innovative
hybrid strengthening configuration intended to improve flexural resistance and post-yield
deformation capacity while preventing premature debonding, decrease the labor demand and time-
consuming task of installing mechanical anchorage. Six T-beams made of reinforced concrete were
constructed and tested experimentally. As a reference beam, one specimen was evaluated in its
unstrengthened state. To demonstrate traditional state-of-the-art strengthening procedures, two
additional beams were strengthened utilizing a thick CFRP laminate in conjunction with epoxy-
filled grooves. Additionally, three RC beams were repaired and strengthened with the proposed
system and retested. The developed hybrid technique, which is composed of two layers of double
sheets of externally bonded +45° bidirectional GFRP encapsulating a short aluminum-alloy (AA)
fuse. Due to the short AA fuse extending along constant moment region only, bridging CFRP
sheets are used to develop the AA fuse into the shear-span. The nonlinear tensile response of the
bidirectional GFRP due to the low equivalent longitudinal modulus, which lessens the FRP-
concrete stiffness mismatch. The results of the experiments show that the proposed system
dramatically improved debonding resistance, post-yield ductility, and flexural strength compared

to control specimen. The AA-FRP system effectively prevented premature debonding and shifted
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the brittle behavior into a more gradual and ductile structural response. Therefore, the proposed
hybrid approach offers a plausible replacement for traditional externally bonded FRP systems.

Keywords: Ductile behavior, Premature debonding, Concrete T-beams, Aluminum alloy
fuse, GFRP, CFRP.

4.2 Introduction

Over the past few decades, the use of complex composite materials, especially carbon fiber-
reinforced polymer (CFRP), to strengthen and restore reinforced concrete (RC) structures has
significantly changed modern structural engineering techniques. The need for dependable and
effective retrofitting techniques has increased due to growing concerns about the aging
infrastructure's progressive deterioration, the rise in service load demands, seismic inadequacies,
changes in structural functionality, and long-term degradation brought on by harsh environmental
conditions like high temperatures, moisture penetration, and chemical exposure. In this regard,
strengthening systems based on CFRP have become a very practical way to improve and restore
the structural integrity of deficient RC elements. CFRP composites are especially useful for
increasing the flexural and shear capacity of reinforced concrete elements because of their
outstanding mechanical properties, which include a superior strength-to-weight ratio, a remarkable
tensile capacity, and an essential resistance to corrosion. These materials can be installed using a
variety of techniques, most notably near-surface-mounted (NSM) and externally bonded
reinforcement (EBR) systems, which are usually combined with bonding adherences and
anchorage mechanisms to enable effective stress transfer between the composite material and the
concrete substrate.

The use of CFRP reinforcement greatly enhances structural stiffness, ultimate load-

carrying capacity, and overall performance of RC components, according to a large body of
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experimental research and analytical modeling. Numerous anchorage options, including fiber-
based anchoring systems, mechanical anchors, and CFRP U-wraps, have been studied and found
to considerably improve bond performance while postponing or suppressing premature debonding
failures [1-5]. In order to overcome the intrinsic brittleness of conventional externally bonded
procedures and enhance the ductile response of CFRP-strengthened systems, recent research has
also investigated hybrid and novel strengthening configurations [6-13]. As a result, this part offers
a thorough and critical evaluation of current analytical and experimental research that looks into
improving the ductility, controlling debonding and flexural behavior of FRP-strengthened
reinforced concrete members.

Lack of ductility and premature debonding are the two key problems that have received a
lot of attention lately. By using hybrid FRP systems to ensure the full utilization of the
strengthening material, U-wrap anchorage may be applied to control or delay premature
debonding, which reflects more ductility. Several researchers used anchorage to improve the
retention of the FRP system, hence improving ductility.

Zhang et al. [14] experimentally assessed two-span continuous RC beams strengthened
using novel FRP ultra-high-performance concrete (UHPC) hybrid rebars. The results showed that
despite a minor reduction in ultimate load, a great ductility and improved moment redistribution
capability achieved. Ali et al. [15] evaluated the flexural performance of RC beams reinforced with
NSM steel, FRP, and hybrid steel-FRP bars under various end anchorage conditions. Results
showed significant improvements in load capacity, stiffness, ductility, and delaying failure.

Patch anchors, longitudinal FRP bas anchors, fiber anchors, U-wrap anchorage, and other
devices were used in additional experiments to control or postpone debonding. Jacobs and

Williams [16] studied the using of NSM strips and spike-anchored externally bonded FRP sheets
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to assess flexural behavior of damaged RC beams. The findings showed that end-positioned spike
anchors greatly increased strengthening efficiency and offered a useful anchorage guidance which
is broadly applicable to degraded flexural members. Alshamrani et al. [17] evaluated the seismic
response of CFRP-strengthened RC beams with carbon fiber anchors under cyclic loading.
Compared to unanchored specimens, anchored systems showed better hysteretic behavior and
reducing premature debonding under seismic demands.

Further investigation revealed that alternative strengthening materials, such as hybrid
systems and full-length aluminum sheets, may be used in place of CFRP without resolving the
debonding problems. Rasheed et al. [18] examined the feasibility of using externally bonded
aluminum alloy (AA) plates for flexural strengthening of RC beams. The results showed in
comparison to CFRP systems, strength improvement attained, along with improved ductility. As
a targeted ductile strengthening system, Rasheed [19-20] proposed the idea of a short steel ductility
fuse sandwiched between two FRP layers. The ductility fuse is applied at the critical zone (plastic
hinge region), and the FRP provides extended development near the supports and protects the steel
fuse from corrosion.

Nevertheless, the aforementioned fixes did not address the underlying causes of the issue;
instead, they served to conceal them with gradual advancements. A paradigm change in thinking
and application is required to bring about a fundamental improvement in the behavior. Because
FRP materials are inherently brittle, there is very little that can be done to make them act ductile.
Rather, a metallic/aluminum fuse is suggested here to draw in all the required ductility while
restricting its use to the crucial plastic hinge zone. This can be achieved by effectively transferring
the stresses to the substrate by sandwiching this aluminum fuse between two FRP sheets along the

whole beam span. On the other hand, the stiffness mismatch between the concrete substrate and
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the fiber-reinforced polymer causes premature debonding. The authors employ £45° bidirectional
glass as the primary FRP sheets in order to essentially address this problem. They are known to
exhibit nonlinear behavior and have a low effective modulus that is on par with or even lower than
that of concrete substrate, which prevents FRP from debonding.

4.3 Specimen geometry

The cross-sectional measures of the T-beams were 152 x 306 mm (6 x 12 in), as seen in
Fig. 1. The flange measured 406 mm (16 in) in width and 102 mm (4 in) in thickness. Four #3
steel bars were employed in the compression zone, to support the shear reinforcement cage, and
two #5 steel rebars were used as flexural reinforcement in each specimen. As transverse
reinforcement, #3 stirrups were positioned 127 mm (5 in) apart along the beam's length. Each

specimen has a clear span of 4,724 mm (15.5 ft) and a total span length of 4,877 mm (16 ft).

e—— 406 mm (16 in)

Q g{mm (4 in)

443

L 204 mm (8 in)

#3 Stirrups @ 127 mm

Sin) o.c.
(5m) o.c. 255

}47 152 mm (6 in) %

Figure 4.1. Cross-section geometry of the T-beam.

4.4 Material properties

4.4.1 Concrete properties
Batches of ready-mixed concrete were proportioned to achieve nominal compressive

strengths of 20.7 MPa (3 ksi). ASTM C33 #5 coarse aggregate, type 1L cement, water, an air-
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entraining additive (AIR1), and KDOT FAA fine aggregate were all used in the concrete mix.
The precise mix proportions and ingredients utilized during batching are reported in Table 1.

Table 4.1. Mix design proportions for low-strength concrete.

Material Batched/CYDS

KDOTFAA 1992 Ib.
ASTM C33 #5 1264 1b.
low-strength
Cement 432 Ib.
AIR1 2.8 0z
Water 25.76 gal

To evaluate the concrete batch's compressive strength, three typical cylindrical specimens
were cast. The cylinders, which measured 102 mm by 203 mm (4 x 8 in) in accordance with ASTM
C39 (ASTM, 2011), were tested using a compression testing machine in the Kansas State

University Civil Engineering Laboratory, as seen in Fig. 2(a and b). After 28 days of moist curing,
the average low compressive strengths ( fc ) were 19.7 MPa (2.86 ksi). Specific compressive

strength values are displayed in Table 2.

Table 4.2. The test results of the cylinders for compressive strength.

No. Ultimate load (kip) Max stress (ksi)

1 28.53 2.27

28-day 2 35.56 2.83
3 43.91 3.49

Average 2.86
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(b)

Figure 4.2. Testing concrete cylinders: (a) before testing; (b) after testing.

4.4.2 Steel bar properties

According to the manufacturer's material requirements, the longitudinal #5 steel
reinforcing bars showed a yield strength of 551 MPa (79.8 ksi) and a modulus of elasticity of 200
GPa (29,000 ksi). Conversely, the #3 bars served as transverse reinforcement and compression.
They had a modulus of elasticity of 200 GPa (29,000 ksi) and a yield strength of 485 MPa (70.3
ksi), according manufacturer specifications. As seen in Fig. 3, three coupons for every bar size
were tested to determine the stress-strain response. The secant elastic region of each curve was
then used to calculate the elastic modulus. The average modulus of elasticity for the #5 bars was
199 GPa (28,866 ksi). An average modulus of elasticity of 177 GPa (25,700 ksi) was obtained
from #3 bars. The flat plateau area of the curves was used to calculate the yield strength. An
average yield strength of 520 MPa (75.4 ksi) was obtained from the #5 bars. The average yield

strength of the #3 bars was around 443 MPa (64.3 ksi).
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Figure 4.3. Stress—strain curves for #5 and #3 steel rebar.

4.4.3 Bidirectional glass properties
V-Wrap EG50B bidirectional +45° glass fiber sheets were chosen as the externally bonded
FRP strengthening system, which extends the entire length of the beams with improved bond and
ductility. This was chosen because, as the constitutive modeling section will demonstrate, its low
effective axial modulus better matches the concrete substrate modulus. According to the
manufacturer, the cured laminate has an elastic modulus of 31,700 MPa (4.6 x 106 psi) in the fiber
direction, an ultimate strength of 620 MPa (89,800 ksi), a total thickness of 0.864 mm (0.034 in),
and an ultimate rupture strain of 0.0194.
4.4.4 Thick carbon properties
The manufacturer reports the following cured laminate parameters for a thick CFRP sheets
used to strengthen two beams along the entire span length as well as those used to develop the AA
fuse into the shear span. It has an elastic modulus of 98,100 MPa (14,240 ksi), a tensile strength
of 1,241 MPa (180 ksi), and a thickness of 2.03 mm (0.08 in). These features indicate that the

ultimate strain is 0.0127 mm/mm (in/in).
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4.4.5 Aluminum alloy fuse properties

Four +45° bidirectional GFRP sheets were used, two above and two below, sandwiching
an aluminum alloy (AA) fuse plate positioned in the constant moment zone. The AA had an elastic
modulus of 68947.6 MPa (10000 ksi) and a tensile strength of around 281.3 MPa (40.8 ksi). In
various strengthening methods, a variety of AA plate thicknesses were used. The measurements
of the beams with a sandwiched AA plate fuse (NGSPG and NGSPGG) were 152 x 2 x 1219 mm
(6 x 0.08 x 48 in). Conversely, the beam measuring 25.4 x 4 x 1219 mm (1 x 0.16 x 48 in) has
three parallel sandwiched AA strips applied as a fuse (NGSSG).
4.4.6 Adhesive properties

The epoxy adhesive V-Wrap 770 was used to saturate the fibers and attach them to the
concrete substrate. Epoxy V-Wrap 770 is used as a primer and a saturating resin for carbon, glass
fiber, and AA plate strengthening systems. Per the manufacturer's directions, Parts A and B of the
adhesive were combined by weight in a 3:1 (A: B) ratio to produce a high-strength composite
bond. The epoxy adhesive's physical properties are listed in Table 3.

Table 4.3. Properties of V-Wrap™ 770 epoxy adhesive.

Physical Properties MPa psi

Tensile Strength (ASTM D638) 60.7 8,800
Tensile Modulus (ASTM D638) 2,760 400,000

Elongation at Break (ASTM D638) 0.044 0.044
Flexural Strength (ASTM D790) 95 13,780
Flexural Modulus (ASTM D790) 2,620 380,000
Compressive Strength (ASTM D695) 85.8 12,450
Compressive Modulus (ASTM D695) 2,670 387,000
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4.5 Repairing and strengthening procedure

Three of the strengthened RC T-beams (LGSSG, LGSPG, and LGSPGQG) were repaired and
retested utilizing the new novel techniques, while two of the strengthened RC T-beams (L1LT and
L1LTG) were virgin beams tested for the first time using a thick conventional CFRP sheet. A high-
strength repair concrete with a compressive strength of 34.5 MPa (5000 psi) was applied to the
damaged cover area after the deteriorated concrete cover and spalling areas were meticulously
cleaned on the substrate. As seen in Fig. 4, holes were drilled in the damaged beam soffit, filled
with epoxy, and nails were inserted to ensure a good bond between the new repair concrete and
the old concrete. In order to restore the original profile and guarantee composite activity between
the old and new concrete, the high-strength concrete was poured and finished to completely blend
with the existing concrete. For practical and safety concerns, all T-beams were inverted and
supported on their flanges during the strengthening process in the lab. As illustrated in Fig. 4, the
soffit surfaces of both virgin and repaired beams were mechanically roughened using an angle
grinder to strengthen the bond between the composite material and the concrete substrate. As
shown in Fig. 5, the reinforcing system, which included various FRP materials and an AA fuse

plate, was placed after the beams were prepared.
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Figure 4.4. Installing mechanical nails, molding and pouring concrete, grinding the beam
substrate.
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Figure 4.5. Repaired RC beams during surface preparation and strengthening system
installation.

4.6 Strengthening design and testing

As illustrated in Fig. 6, six T-beam specimens were constructed and tested under
monotonic four-point bending in order to accomplish the study's objectives of restoring, improving
flexural performance, and enhancing ductility. The experiments were carried out at under
displacement-control with rate of 1.27 mm/min (0.05 in/min). One beam functioned as an
unstrengthened control specimen, while the other beams were flexurally reinforced utilizing
GFRP, CFRP, and a sandwiched AA fuse plate through various strengthening configurations. The

strengthening details are shown in Table 4, and the specimen designations are displayed in Fig. 7.

Load
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Figure 4.6. Test setup for strengthened RC T-beams.
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Table 4.4. Details of strengthened specimens.

GFRP Aluminum Alloy
Specimens ID CFRP sheet plate Grooving
sheet
(AA)
LOLT (Control) oAk okok stk e ek
1 ply (152 x
kskosk skeskosk skokok
LILT 4572 mm)
I ply (152 x
fokok dkk
LILTG 4572 mm) Grooves (19 x 6.35 mm)
3 sandwiched
. 6 strips (25.4 x strips ok
LGSSG 4 plies 1219 mm) (25.4 x 1219
mm)
Sandwiched
LGSPG 4 plics llglfg(rlrii)x (152 x 1219 mm) o
AA plate
I ply (152 x Sandwiched
LGSPGG 4 plies Py (152 x 1219 mm) | Grooves (19 x 6.35 mm)
1219 mm)
AA plate

L: Low-strength concrete, 1L: One layer, T: T-beam, G: Grooved, SS: Sandwiched strips, SP: Sandwiched plate.
AA: Aluminum alloy, CFRP: Carbon fiber reinforced polymer, GFRP: Glass fiber reinforced polymer.

LOLT

L T-beam

Zero layer
Low strength concrete

—
|
!

=

—

T-beam
One layer
Low strength concrete

Grooved

T-beam

One laver

Low strength concrete

LGSSG

LGSPG

LGSPGG

L Glass fiber reinforced polymer
L Sandwiched strips
Glass fiber reinforced polymer

Low strength concrete

L Glass fiber reinforced polymer
L Sandwiched plate
Glass fiber reinforced polvmer

Low strength concrete

Grooved

Glass fiber reinforced polymer
L Sandwiched plate

Glass fiber reinforced polymer

Figure 4.7. Specimen designation.
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LOLT (Control): As the control beam, the first RC sample (unstrengthened) was evaluated
under four-point bending with displacement-control at a rate of 1.27 mm/min (0.05 in/min). It was

composed entirely of reinforced concrete with traditional steel reinforcement, as illustrated in Fig.

8.

#3 Stirrups (@ 127 mm
(5in) o.c.

—

223

Figure 4.8. LOLT T-beam cross-section.
L1LT: As shown in Fig. 9, this specimen which was strengthened with a single thick CFRP

sheet and attached along the whole beam substrate with dimensions of 152 x 4572 mm (6 in x 15

ft) to enhance the flexural performance of the RC beam.

#3 Stirmups @ 127 mm |
(53in) o.c.

255

1 Layer of V-Wrap
C400HM 152 x 4372 mm

' (6inx 15 )

Figure 4.9. L1LT T-beam cross-section.
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LILTG: This beam used two grooves measuring 19 x 6.35 mm (0.75 x 0.25 in) filled with
thick epoxy putty (primer + fumed silica) to further strengthen the bond, increase the interaction
area, and improve the overall flexural performance of the strengthened T-beam. A thick CFRP
sheet measuring 152 x 4572 mm (6 in x 15 ft) was then continuously bonded along the entire beam

soffit over the grooves, as illustrated in Fig. 10.

43

#3 Stirrups @ 127 mm _|
(Jin) o.c.

1 Layer of V-Wrap
T C400HM 152 x 4572 mm

\‘-. - - (6inx15 )

Figure 4.10. L1LTG T-beam cross-section.

LGSSG: For this specimen, an innovative hybrid composite strengthening system 1is
formed for this specimen to increase its ductility and load-bearing capability. Two bidirectional +
45° glass fiber sheets measuring 152 x 4572 mm (6 in x 15 ft) were taken into consideration by
the novel method. Six 25.4 x 1219 mm (1 in x 4 ft) CFRP strips were then placed at both load
positions, extending 914.4 mm (3 ft) into the shear span and 1 ft into the constant moment region.
Next, as illustrated in Fig. 11, three AA fuse strips measuring 25.4 x 1219 mm (1 in x 4 ft) are
situated in the constant-moment region. Then, as shown in Fig. 11, six more CFRP strips are placed
in the same places as those above the AA fuse strips, sandwiching the latter at both ends between
two CFRP strips. Lastly, two more bidirectional + 45° GFRP sheets along the whole beam span
that have the same dimensions as those glued to the substrates. Combining the great deformability

of bidirectional + 45° GFRP with the ductility of AA strips was the aim of this multi-layered
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arrangement. However, as shown in Fig. 12, the thick CFRP strips served as a bridge to develop

the stresses at the AA cutoffs into the shear span.

4#3

#3 Stirrups @ 127 mm _|
(5in) o.c.

2#5
4 layers of V-Wrap

EGS50B 152 x 4572 mm
(6inx 15 ft)

1 strip of V-Wrap C400HM
254x1219mm (1 inx 4 ft)

AA fuse plate 254 x 4 x 1219 mm _ =
(1inx0.16 inx 4 ft)

Figure 4.11. LGSSG T-beam cross-section.

254x4x1219 mm
(1inx0.161inx 4 ft)
- Sandwiched AA strip 4 Plies of GFRP shests
3 CFRP strips 25.4 x 1219 mm 152 x 4572 mm (6 inx 15 ft)
(linx4ft)
—— = \‘\
1219 mm (4") 1219 mm (4")

4572 mm (15")
4877 mm (16")

Front View

Figure 4.12. Profile view of beam LGSSG with hybrid GFRP-CFRP strips-AA strips-
GFREP strips.

LGSPG: The novel method took into account two bidirectional + 45° glass fiber sheets
measuring 152 x 4572 mm (6 in x 15 ft) for this beam. Next, two CFRP sheets that extended 304.8
mm (1 ft) into the constant-moment zone and 914.4 mm (3 ft) into the shear spans were
symmetrically attached at both edges of the constant-moment region. Next, as seen in Fig. 13, a

152 x 1219 mm (6 in x 4 ft) AA fuse plate was positioned above CFRP sheets in the constant-
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moment zone. Finally, two more bidirectional + 45° GFRP sheets that are the same size as those
bonded to the substrates along the whole beam width. Additionally, the hybrid system made of
AA, GFRP, and CFRP increased the flexural response and deformability of the beam, delayed

brittle failure, and redistributed loads. as shown in Fig. 14.
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#3 Stirrups @ 127 mm _|
(5in) o.c.

2#5

4 layers of V-Wrap EG50B
152 x 4572 mm (6 in x 15 ft)

1 layer of V-Wrap C400HM
152 x 1219 mm (6 in x 4 {t) ~. /
AA fuse plate 152x2x 1219 mm " ¢ 4
(6inx0.08 inx 4 ft)

Figure 4.13. LGSPG T-beam cross-section.

254 x2x1219 mm

(6inx0.08inx4f)
Sandwiched AA plate 4 Plies of GFRP sheets
1 CFRP sheet 152 x 1219 mm 152x4572 mm (6 inx 15 £)

(6inx4fi)
N\

< x

b1 ‘\
' ——— AN

' 1219 mm (4 ' ' 1219 mm (4')

4572 mm (15"
4877 mm (16")

Front View

Figure 4.14. Profile view of beam LGSPG with hybrid GFRP-CFRP sheet-AA plate-GFRP
sheet.

LGSPGG: As shown in Fig. 15, this sample employed the same exact strengthening

configuration as the NGSPG beam, but it had grooves that measured 19 x 6.35 mm (0.75 x 0.25
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in) and were filled with thick epoxy putty (primer + silica fume) down the full length of the

beam.

#3 Stirrups @ 127 mm
(5in) o.c.

— 443

2#5

4 layers of V-Wrap EG50B
152 x 4572 mm (6 inx 15 ft)

=~

1 layer of V-Wrap C400HM
152 x 1219 mm (6 in x 4 ft) /1 ™

AA fuse plate 152 x 2 x 1219 mm
(6inx0.08 inx 4 ft)

Figure 4.15. LGSPGG T-beam cross-section.

4.7 Numerical solution

A numerical model, developed earlier at Kansas State University using prismatic
properties, was enhanced herein to consider different hybrid reinforcement lamination at different
segments along the beam span. The program was developed using Excel macros to predict the
load—deflection response of strengthened pretested reinforced concrete beams. The beam was
discretized into small segments along its shear-span to numerically integrate for the effective
curvature distribution to realize the non-linear deflection associated with each load level. The
moment-curvature response, for each distinct cross-section, is solved for numerically first using a
sectional (fiber-based) approach, where concrete, internal mild steel, AA fuse plates, and
externally bonded FRP layers were modeled as individual material fibers, assuming perfect
reinforcement bond. At each moment increment, section equilibrium and strain compatibility were
enforced to compute the corresponding curvature. Nonlinear constitutive models were adopted for

concrete in compression (including softening), and in tension (including tension stiffening), and a
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bilinear mild steel was used with appropriate yielding/rupture limits. The resulting moment-
curvature response for each distinct region, is used when extracting the curvature distribution along
the shear-span. At each load increment, the moment and the corresponding curvature are paired at
each segment from the applicable moment-curvature response to perform the numerical
integration. Model parameters were calibrated using measured material properties and
strengthening dimensions, while the predicted response was validated against the experimental
curves.

It is worth mentioning here that the AA fuse plate extending only within the constant
moment region was assigned an average stress throughout that region in the current analysis. This
average stress is selected to be half fully developed stress at mid span since the stresses at the two
AA cut-off points are zero. This way, the analysis can still effectively assume single segment for

the entire constant moment region instead of performing bond slip analysis.
4.8 Non-linear +45° constitutive model

The behavior of £45° GFRP laminates in the axial direction is non-linear by virtue of
having a non-linear shear response in the in-plane fiber-matrix direction. This causes the effective
axial modulus of the bidirectional glass material to degrade with loading. Therefore, a non-linear
analysis scheme is developed using classical lamination theory as follows:

The in-plane stress-strain relationships along the fiber-matrix direction is [21]:

01 Q11 012 0 1(€ex
0y (=012 Q2 0 [i€2 (1)
T12 0 0 Qs6l V12
_ £ _ Vi2Er __ Vp1Eq _ B _
Where Q,; = PR Q12 = T—vivy; Q2 = PR Q22 = 1—v1,09." Qss = G12 (2

Transforming the in-plane stresses and strains to the beam direction [21]:
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)
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In order to estimate the in-plane constitutive material parameters, well established

micromechanics formulas are used [21-23]:

Vf — tary fiber _ 00124877 _ 0367

tiaminate 0.034

E; =10443.86 * 0.367 + 580.21 = 0.633 = 4200 ksi

10443.386

1+&nVy _ Ef/Em-1 -
E; = En § = = Tonsene = 0.895
1=gnvy Ef/Em*$ 580.21
14+1%0.895%0.367 .
E, = 580.21 ———="""" — 1147.8 ksi
1-1%0.895%0.367
14&nV  Gp/Gm-1 428027
612 — f f f/rom __ 21176 =09

m -V Gf/Gm+f — 328027 7

211.76

vy = 0.22,v, = 0.37

Ef __10443.86 Em __ 580.21

Gf 2(1+17f) 2(1+40.22) = 21176 ksi,Gp, 2(1+vm) T 2(1+40.37) = 4280.27 ksi
Grp = 4280.27 20 = 420.64 ki

The strain-stress equation for in-plane shear maybe modeled as:
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y = GL + At3— substituting the ultimate shear stress and strain, the A factor can be
12

evaluated:

0.06 = —— + 153 > 1 = 3.85x10* (18)

420.64

4.9 Results and discussion

This section presents the results of testing six strengthened RC T-beams using GFRP
sheets, CFRP sheets, and AA fuse plates, using an innovative strengthening technique. It compares
the experimental results of the strengthened beam against the control beam. Thus, this project aims
to study the effects of the strengthening scheme on the flexural capacity and ductility of
strengthened RC T-beams. This work was done by testing an unstrengthened RC T-beam (control).
Two strengthened RC T-beams with thick CFRP sheets, with and without grooves, and the other
three RC beams used an innovative system evaluated under four-point bending tests to investigate
the effectiveness of the proposed system in terms of flexural behavior and ductility. A thorough
analysis of the tested specimens will be provided. Also, the load-deflection curves for each
specimen, the load-strain curves, and the failure modes are presented and explained, respectively.

4.9.1 Control RC T-beam (LOLT)

The flexural behavior of the NOLT specimen was evaluated by comparing the experimental
and numerical responses using the load-deflection curve. Both curves are in excellent agreement
and follow the same overall trend, as shown in Fig. 16 (a). It can be observed that the post cracking
stage concludes at 50 kN load at a 25 mm deflection, Fig. 16 (a). The post-yielding stage is
followed by a slightly hardening plateau, which shows that the steel reinforcement is continuously
yielding Fig. 16 (a). After an extended ductility up to around 80 mm of deflection at a load of
roughly 57 kN, the ultimate load level was reached. The numerical curve captured the experimental

response at every loading stage. The failure mode noticed by a ductile flexural response controlled
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by steel reinforcement yielding followed by concrete crushing, Fig. 16 (b). When compared with
strain gauge readings, the load-strain responses for the top concrete fiber and the primary tension
steel rebars were accurately represented numerically Fig. 16 (c-d). These two curves make it clear
that concrete and steel rebars ultimately failed throughout the test reaching their crushing and yield
strain, respectively. The experimental moment-curvature relationship is anticipated to have
exhibited some strain hardening after this short plateau, which was not possible to confirm due to
the loss of the strain gauges, Fig. 16 (e).

4.9.2 RC T-beam (L1LT)

In Fig. 17 (a), the strengthened beam L1LT load-deflection response is compared with the
NOLT curve. It is clear that using one thick layer of CFRP sheet resulted in a significantly increased
flexural strength with no obvious symptoms of ductility compared to the original beam response
curve. N1LT failed by CFRP sheet abruptly debonded from the beam substrate, resulting in a brittle
failure, Fig. 17 (b). However, as shown in Fig. 17 (c), the numerical load-deflection curve
precisely matches the experimental response. The numerical solution closely matches the relevant
experimental results when comparing the localized load-strain curves at mid-span for concrete top
strain, steel strain, and CFRP strain, Fig. 17 (d-f). On the other hand, the experimental moment-
curvature response is also calculated from the top concrete strain and the steel strain, demonstrating
precise numerical prediction, Fig. 17 (g).

4.9.3 RC T-beam (L1LTG)

The load-deflection response for beam L1LTG, having two epoxies filled grooves, reflects
similar behavior compared L1LT without grooves in terms of debonding and almost same load
and deflection values. As for the overall behavior compared to NOLT, similar observations to those

discussed earlier for L1LT can be established as shown in Fig. 17 (a) and Fig. 18 (a). The failure
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mode in the case of NILTG was identical to NILT, which was governed by a sudden CFRP
debonding from the beam soffit as illustrated in Fig. 18 (b). The numerical prediction closely
captured the overall behavior up to debonding load level, Fig. 18 (c). The mid-span load-concrete
strain curve was tracked greatly by the numerical analysis, Fig. 18 (d). On the other hand, load-
steel and CFRP exhibit a good match to the experimental data. However, halfway through the post-
cracking load range, there is a minor strain lag between the numerical curve and the experimental
strain results as illustrated in Fig. 18 (e-f). This might be explained by an early localized debonding
of the CFRP layer within the constant moment region that occurred prematurely and locally before
the debonding propagation along the weaker of the shear spans. The moment curvature response
developed using the concrete and steel strain curves, and as shown in Fig. 18 (g), it was found to
match the numerical curve quite well.

4.9.4 RC T-beam (LGSSG)

The sandwiched aluminum alloy fuse in this beam specimen was activated in terms of three
thin adjacent strips that were applied above and below the AA fuse and overlapped with CFRP
strips of the same width. In order to bridge the stresses from the AA fuse to the sandwiching GFRP
sheets on top and bottom and provide the necessary development length without extending the AA
plate into the shear span, the CFRP strips extended 304.8 mm (1 ft) into the constant moment area
and 914.4 mm (3 ft) into the shear span. It is worth mention here that this beam reached its full
intended potential ductility and bonding as shown in Fig. 19 (a). It is clear evident that this beam
failed in ductile manner supported by the steel reinforcement yield followed by concrete rupture
while the novel system still intact, Fig. 19 (b). Therefore, the strengthening system was put into
the real test as evident by the comparison to the numerical analysis capturing the overall behavior

of the experimental response, Fig. 19 (¢). This comparison along with those of the load-strains
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reproduces the majority of the experimental curves, capturing the anticipated post yielding trends
Fig. 19 (d-f). This reflected in a similar fashion on the extracted moment curvature response Fig.
19 (g).

4.9.5 RC T-beam (LGSPG)

For this beam, AA fuse applied with full width across the web to match the width of the
two-sandwiching + 45° bidirectional GFRP sheets. Despite using a new concrete cover that was
bonded to the entire beam substrate, this beam was able to replicate the high ductility and control
of debonding to the fullest extent possible. The cover repair was in great shape and held up really
well, since it did not need a lot of repaired concrete patch. It is attractive to observe how this beam
response closely follows the control beam trend, Fig. 20 (a). The failure mode was indicated by
the AA fuse's traditional yielding, which was followed by concrete crushing following substantial
deformation, Fig. 20 (b). With the exception of a small kinks in the experimental yielding plateau
at the final failure, which may be related to minor slippage at the AA fuse cutoff spots, the
comparison between the numerical and experimental curves is excellent, Fig. 20 (c¢). The
numerical load-concrete strain curve is seen to follow the experimental response in a reasonably
close fashion. However, the experimental concrete strain peaks at around 0.0017 (mm/mm), which
is clearly smaller than the crushing strain of 0.003 (mm/mm). This is attributed to the fact that
crushing took place at a section adjacent to the mid-span location of the strain gauge, causing it to
kick back, Fig. 20 (d). The numerical load-steel strain curve is seen to also trace the experimental
curve up to the yielding point after which the strain gauge was completely damaged by collecting
unrealistic readings, Fig. 20 (e). This is attributed to the fact that this beam was tested two times
causing the strain gauge functionality to be compromised. Regarding the load-GFRP strain curves,

the numerical response accurately reflects the main findings of the experiments over the loading
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range. Due to localized debonding in the constant moment region, it is once more noted that the
experimental GFRP strain lags behind the full bond curve halfway through the post-cracking stage,
Fig. 20 (f). The moment-curvature response was traced using the top concrete and the GFRP
stresses; the steel strains were not included because they failed at the yielding level, Fig. 20 (g).

4.9.6 RC T-beam (LGSPGG)

As shown in Fig. 21 (a), the current beam with two epoxy-filled grooves (LGSPGG)
behaved similarly to its twin counterpart specimen without grooves (LGSPG). The additional
grooves may have contributed to the little variation in the two beams' capacity and ductility.
However, as shown in Fig. 21 (b), the grooved beam offered additional bonding surface area that
might postpone the premature debonding failure mode to allow for concrete crushing. Further
evidence that the strengthening system has locally debonded before concrete crushing may be seen
in Fig. 21 (b). Before the concrete was finally crushed, this debonding was prevented from
spreading into the shear-span. The numerical response did not follow the drop in the later stage of
loading, but it did closely match the experimental behavior up to the steel rebars strain hardening.
This can be explained by the fact that the numerical technique relies on load-control, whereas
displacement-control alone can catch the drop. The algorithmic complexity of adding displacement
control to the numerical program is outside the purview of this study Fig. 21 (¢). Because this
beam was repaired and retested, the load-strain relationships are reproduced quite well, with a few
small variations Fig. 21 (d-f). Since the moment-curvature curve is produced using extreme fiber

strain data, these discussions may be directly applied to it Fig. 21 (g).
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Figure 4.16. Results of LOLT, (a) load-deflection, (b) failure mode, (c) load-concrete strain,
(d) load-steel strain (¢) moment-curvature.
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Figure 4.17. Results of L1LT, (a, c¢) load-deflection, (b) failure mode, (d) load-concrete
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Figure 4.18. Results of LILTG, (a, c) load-deflection, (b) failure mode, (d) load-concrete
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108
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Figure 4.19. Results of LGSSG, (a, ¢) load-deflection, (b) failure mode, (d) load-concrete
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Figure 4.20. Results of LGSPG, (a, c) load-deflection, (b) failure mode, (d) load-concrete
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Figure 4.21. Results of LGSPGG, (a, c¢) load-deflection, (b) failure mode, (d) load-concrete
strain, (e) load-steel strain (f) load-CFRP strain, (g) moment-curvature.
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4.10 Comparison of the experimental responses

Visual comparison of the response of all beams examined in this paper as shown in Fig. 22. It can
be easily seen that the new technique follows the same trend of the control beam compared to the

different behavior of the state-of-the-art strengthening technique.
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Figure 4.22. Comparative results of all beams examined in this study.

4.11 Conclusion

The results of this study show significant differences between the proposed novel hybrid
systems, (NGSSG, NGSPG and NGSPGG), and the state-of-the-art CFRP strengthening systems,
represented by specimens N1LT and NILTG. The observed improvement was transformative,
changing the behavior of the beam from one that was extremely strong but brittle to one that was
noticeably more ductile and had a reasonable increase in load-carrying capacity. This performance

shows that the hybrid system effectively integrated the benefits of the +45° bidirectional GFRP
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and the AA fuse while reducing their respective drawbacks. In addition to the better structural
response, there was no longer a need for mechanical anchorage due to improved control over FRP
debonding. With its nonlinear axial behavior and comparatively low effective longitudinal
modulus, the £45° bidirectional GFRP offered a strengthening system that was more mechanically
compatible with the concrete substrate. Overall, the proposed hybrid material configuration
effectively controlled debonding, promoted a more ductile post-yield response, and provided a

meaningful enhancement in flexural performance.
4.12 Data availability
Data will be available from the corresponding author upon request.
4.13 References

[1] Ceroni, F., Pecce, M., Matthys, S., & Taerwe, L. (2008). Debonding strength and anchorage
devices for reinforced concrete elements strengthened with FRP sheets. Composites Part
B: Engineering, 39(3), 429-441.

[2] Smith, S. T., Rasheed, H. A., & Kim, S. J. (2017). Full-range load-deflection response of FRP-
strengthened RC flexural members anchored with FRP anchors. Composite
Structures, 167, 207-218.

[3] Zaki, M. A., & Rasheed, H. A. (2020). Behavior of reinforced concrete beams strengthened
using CFRP sheets with innovative anchorage devices. Engineering Structures, 2135,
110689.

[4] Al-Rousan, R. Z., Ababneh, A. N., & Hani, M. S. B. (2024). Effect of different anchorage
schemes on the flexural behavior of RC slabs strengthened with CFRP sheets. Construction
and Building Materials, 428, 136348.

[5] Al Shboul, K. W., Salahat, F. H., & Rasheed, H. A. (2024). Effects of U-wrap anchored doubly
FRP strengthened reinforced concrete beams on ductility and serviceability

improvements. Engineering Structures, 314, 118349.

113



[6] Kalyani, G., & Pannirselvam, N. (2023). Experimental and numerical investigations on RC
beams flexurally strengthened utilizing hybrid FRP sheets. Results in Engineering, 19,
101337.

[7]Ren, Y., Guo, R., Liu, A., Xia, M., & Pan, Y. (2025, March). Study on flexural behaviour and
analytical model of RC beams strengthened with FRP grid-ECC composite layers.
In Structures (Vol. 73, p. 108445). Elsevier.

[8] Saeed, I. A., Kalfat, R., Al-Mabhaidi, R., Al-Attar, T. S., & Al-Shather, B. S. (2024, November).
Performance of RC beams strengthened using NSM FRP and cement based adhesives after
exposure to elevated temperatures. In Structures (Vol. 69, p. 107557). Elsevier.

[9] El-Gamal, S., Al Mazroui, S., El Maghawri, S., & Al-Saidy, A. (2025, July). Enhancing the
flexural capacity of reinforced concrete beams using glass fiber reinforced polymer bars
and sheets. In Structures (Vol. 77, p. 109156). Elsevier.

[10] Heydari, P., Mostofinejad, D., Eftekhar, M. R., & Saljoughian, A. (2024, October). Seismic
flexural rehabilitation of RC coupling beams with FRP sheets: Evaluation of EBROG
technique. In Structures (Vol. 68, p. 107076). Elsevier.

[11] Madani, S. A., Hatami, S., Farahbod, F., & Ashtiani, M. J. (2024, July). FRP strip wraps for
enhancing the fire resistance of RC beams strengthened with CFRP sheets bonded using
the EBROG method: An experimental study. In Structures (Vol. 65, p. 106765). Elsevier.

[12] Nguyen, M. H., Ho, M. H., Tran, V. R., Phan, H. N., Nguyen, D. D. N., & Huynh, P. N.
(2024). Flexural performance of reinforced concrete beams strengthened with prestressed
FRP sheets: Experiments and numerical investigations. Case Studies in Construction
Materials, 21, €03475.

[13] Zhang, Z., Liu, D., Abdalla, J. A., Hawileh, R. A., Qin, F., & Xu, X. (2024). Flexural behavior
of reinforced concrete beams externally strengthened with ECC and FRP grid
reinforcement. Construction and Building Materials, 446, 137964.

[14] Zhang, S. S., Liu, Y. X, Ke, Y., & Yu, T. (2025, November). Experimental study on two-
span continuous RC beams reinforced with novel ductile FRP-UHPC hybrid rebars.
In Structures (Vol. 81, p. 110211). Elsevier.

[15] Ali, A., Sharaky, I. A., Khalil, A. H. H., & Attia, M. M. (2025). Effect of NSM end conditions
and materials on flexural response of the RC beams strengthened with novel hybrid steel-

FRP bars. Case Studies in Construction Materials, 22, e04862.

114



[16] Jacobs, R. R., & Williams, C. S. (2023). Evaluation of flexural strengthening methods for
beams with simulated deterioration using spike-anchored FRP externally bonded sheets
and near-surface-mounted strips. Composite Structures, 305, 116463.

[17] Alshamrani, S., Rasheed, H. A., Salahat, F. H., Borwankar, A., & Divilbiss, N. (2024).
Seismic flexural behavior of CFRP strengthened reinforced concrete beams secured with
fiber anchors. Engineering Structures, 305, 117728.

[18] Rasheed, H. A., Abdalla, J., Hawileh, R., & Al-Tamimi, A. K. (2017). Flexural behavior of
reinforced concrete beams strengthened with externally bonded Aluminum Alloy
plates. Engineering Structures, 147, 473-485.

[19] Rasheed, H. A. (2023). FIBER REINFORCED POLYMER AND METAL DUCTILITY
FUSE FOR REINFORCING CONCRETE MEMBERS. International Publication Number
WO 2023/034355 A2.

[20] Rasheed, H. A. (2024). U.S. Patent Application No. 18/687,858.

[21] Jones, R. M. (2018). Mechanics of composite materials. CRC press.

[22] Rasheed, H. A. (2014). Strengthening design of reinforced concrete with FRP. CRC Press.

[23]V-Wrap EG50B High Strength Glass Fiber Fabric Data Sheet, Structural Technologies
Strengthening Solutions, https://www.structuraltechnologies.com/wp-

content/uploads/2024/07/TD_VWrap-EG50B_2016-06-28.pdf

115


https://www.structuraltechnologies.com/wp-content/uploads/2024/07/TD_VWrap-EG50B_2016-06-28.pdf
https://www.structuraltechnologies.com/wp-content/uploads/2024/07/TD_VWrap-EG50B_2016-06-28.pdf

Chapter S - Improved Hybrid Strengthening Technique for Normal

Weight and All Lightweight Concrete T-Beams

Mohammad S. Bani Hani , Hayder A. Rasheed

5.1 Abstract

The application of CFRP strengthening has been established as the method of choice for
upgrading concrete members and structures. Despite the benefits offered by this technique, two
main shortcomings arise namely the lack of ductility and the premature debonding. In this work,
the authors attempt to introduce an innovative hybrid system composed of full length
unidirectional GFRP sheets sandwiching a short aluminum alloy (AA) fuse to replace the full
length unidirectional CFRP sheet. The standard and the new systems are experimentally examined
side by side through a comprehensive campaign that included full scale beam made of normal
weight (NW) and all-lightweight (LW) concrete. The test results showed a significant
improvement in both the overall ductility and the control of the premature debonding for the new
system compared to the lack of ductility and the dominance of premature debonding for the
standard system. This was equally true for both NW and LW concrete specimens. Therefore, the
present system, which is an improvement beyond a similar technique subject to a patent
processing, holds the potential to change the way structural strengthening is conducted in the

future.

Keywords: All-lightweight concrete, GFRP, CFRP, Aluminum alloy, Ductility, Premature

debonding.
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5.2 Introduction

Due to its many structural and practical advantages, lightweight concrete (LWC) has grown
in importance as a building material. Its primary characteristic that sets it apart from normal-weight
concrete (NWC) is its lower density, which makes it particularly helpful in structures when
reducing the dead load is warranted. In multi-story buildings, this weight reduction can have major
benefits, such as smaller structural member sizes, lower foundation requirements, and more
affordable reinforcement needs. All-lightweight concrete normally has a substantially lower
density, typically around 1440-1520 kg/m?, whereas normal-weight concrete typically has a
density of about 2240-2400 kg/m3. Additionally, because lightweight aggregates are porous,
lightweight concrete can offer higher fire resistance and thermal insulation. It is important to
mention that achieving all-lightweight concrete's low density is by substituting natural aggregates
with lightweight sand and coarse aggregates. Expanded shale, clay, slate, or blast-furnace slag are
frequently used to make these aggregates. Lightweight aggregates can absorb a significant amount
of water due to their high porosity. In order to keep them from absorbing the needed water from
the cement paste during hydration, they are presoaked then drained prior to mixing, and the water
placed in pores are considered in the design. Lightweight concrete may produce lower compressive
and tensile strengths than normal-weight concrete with a comparable nominal water-to-cement
ratio if the aggregate's moisture condition is not well regulated. To create lightweight concrete
with strength and durability equivalent to normal-weight concrete, precise control over aggregate
absorption, presoaking, and mixing water is crucial.

It is well established in earlier research that CFRP has been successfully applied to
strengthen both normal weight and all-lightweight concrete. However, both applications suffer

from brittle failure by premature debonding, in addition to the reduced ductility due to the high
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stiffness of CFRP beyond the yielding point of the steel rebars. Various studies attempted to
examine or improve the behavior under these phenomena. The authors attempted to review the
pertinent contributions in this area as highlighted below.

Zhang et al. [1] explored the application of engineered cementitious composite (ECC) as
an interfacial transition layer in order to prevent premature CFRP debonding in flexurally
strengthened RC beams. The outcomes show that while postponing debonding and improving FRP
utilization, the ECC-CFRP system significantly enhanced cracking resistance, yielding, and
ultimate capacities. Jafarzadeh and Nematzadeh [2] studied experimentally and analytically the
strengthening of fire-damaged GFRP-reinforced concrete beams using CFRP sheets while taking
into account a spectrum of factors. Results showed that CFRP strengthening improved and
regained flexural capacity, and the suggested sectional model correctly depicted load-deflection
behavior. Nawaz et al. [3] investigated the flexural performance of all-lightweight (ALWC)
concrete beams externally strengthened with CFRP sheets under various preloading levels, CFRP
layers, and steel reinforcement ratios. Results showed that CFRP enhanced capacity, while the
current design standards overestimate the strength of upgraded ALWC beams. Bai et al. [4]
investigated hybrid carbon—PET FRP laminates for RC beam flexural strengthening, with an
emphasis on laminate modulus and stacking order. While FRP-strengthened samples increased
load capacity but decreased ductility, PET—carbon and carbon-PET-carbon arrangements
provided better strength—ductility balance than other layouts. Alshannag et al. [5] assessed high-
strength, lightweight concrete beams reinforced with steel, polypropylene, and recycled plastic
fiber hybrids. While recycled plastic fibers worked well as an environmentally responsible
substitute for enhancing flexural performance without sacrificing strength, hybrid fiber systems

improved load capacity, toughness, and ductility. Nguyen et al. [6] investigated prestressed FRP-
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sheet strengthening of RC beams across a wide range of design variables, this works combined
experiments and verified numerical simulations. The outcomes showed that bond improvement is
crucial for increasing ultimate capacity, while prestressing postponed cracking and yielding. Hadi
et al. [7] experimentally studied and compared strengthening techniques for RC beams using CFRP
sheet, laminate, NSM, and hybrid FRP. In comparison to the control beam, the hybrid NSM-
laminate technique improved ductility and strain-hardening behavior while producing the
maximum flexural capacity. Li et al. [8] examined the flexural response of lightweight UHPC
beams reinforced with high-strength steel bars or GFRP at different reinforcement ratios. Results
showed that current codes accurately predicted service behavior but overestimated ultimate
moment and deflection, while increasing the GFRP ratio increased strength and stiffness but
decreased ductility. Zaki and Rasheed [9] examined the debonding strain of lightweight concrete
T-beams strengthened with CFRP and compared with normal weight concrete beams. The findings
assess the decrease in debonding strain and suggest changes to the ACI 440.2R-17 design formula
for lightweight concrete. Montaser et al. [10] used CFRP and GFRP laminates to examine the
flexural and shear strengthening of lightweight concrete beams made of polystyrene foam. The
results showed that FRP strengthening increased load capacity, decreased deflection, and
controlled crack widths and propagation, also application of code-based strength predictions for
this kind of lightweight concrete was confirmed. Hosen et al. [11] improved the ductility by adding
steel fibers sustainable high-strength lightweight concrete made with palm oil clinker. The addition
of fibers significantly increased deformability, energy absorption and exhibiting superior
performance under severe loading demands. Shboul et al. [12] studied the debonding behavior of
all-lightweight RC T-beams flexurally strengthened with high-modulus CFRP. The study

demonstrates that premature debonding limits CFRP efficiency in lightweight beams and suggests
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reduction factors to modify ACI 440.2 debonding strain calculations for all-lightweight concrete
applications. Jaber at el. [13] assessed the strengthening and rehabilitation of RC beams under
flexure using low- and high-density BFRP sheets. The results demonstrate considerable
improvements in ductility and increases in flexural strength of 22.6—-80%, with high agreement
between experimental, FEM, and ACI 440.2R-08 predictions.

Wang et al. [14] used numerical analysis and experimental testing to examine the seismic
strengthening of damaged RC frames utilizing CFRP sheets. The success of CFRP wrapping in
recovering seismic performance is demonstrated by the results, which indicate increased load
capacity, stiffness, ductility, and energy dissipation. Choobbor et al. [15] examined strengthened
RC beams using hybrid CFRP/BFRP composite sheets in order to improve strength and ductility.
Compared to CFRP-only strengthening, the results demonstrate 66—75% higher flexural capacity
and up to 108% greater ductility, with FE predictions closely matching experimental results. Galal
and Mofidi [16] addressed the brittle failure of traditional FRP strengthening, and suggested a
hybrid FRP sheet—ductile steel anchor system for RC beams. By encouraging steel anchor yielding
rather than FRP debonding or rupture, the results demonstrate increased flexural capacity and
ductility. Rasheed [17-18] proposed the idea of a short steel ductility fuse sandwiched between
two FRP layers. The ductility fuse is applied at the critical zone (plastic hinge region), and the FRP

provides extended development near the supports and protects the steel fuse from corrosion.

The authors of this work developed a novel technique that promoted a solution for
introducing ductility by sandwiching a short, lightweight, noncorrosive, and ductile aluminum
alloy short fuse between two full-length of V-Wrap EG50 sheets that has lower elastic modulus

than that of CFRP. A thick CFRP short sheet is overlapped with the AA fuse to develop its stresses
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into the shear span, pushing the critical section away from the AA fuse cut off points introducing

a more ductile response.
5.3 Specimen geometry

Six full-scale reinforced concrete T-beams were constructed and tested in the structural
laboratory in Kansas State University. Based on the type of concrete utilized, these specimens were
separated into two groups: all-lightweight concrete and normal-weight concrete. All the six
specimens were similar in reinforcing details for both flexural and shear, with three identical beams
in each group. Two 16 mm diameter deformed bars (# 5) were used for longitudinal reinforcement
in the tension zone, and four 10 mm diameter bars (# 3) were positioned at the top for compression
reinforcement. As shown in Fig. 1, 10 mm diameter stirrups (# 3) were placed throughout the full
length of the beam at a center-to-center spacing of 127 mm (5 in) to prevent shear failure. Every

beam was built with the same total length of 4877 mm (16 ft).

5.4 Material properties

5.4.1 Concrete properties

In this investigation, two distinct concrete mixtures were used: normal-weight concrete and
all-lightweight concrete. To precisely attain the desired compressive strengths for both types of
concrete, a number of small-scale trial mixes were made in the lab using different water-to-cement
(W/C) ratios prior to purchasing the concrete from a ready-mix provider. Table 1 shows the final
mix proportions, scaled up for casting.

As shown in Fig. 2, six cylindrical specimens from each type of concrete were gathered
during casting and evaluated in compliance with ASTM C39 [19]. For both normal-weight and

lightweight concrete, the average 28-day compressive strength (f’c) was found to be 31.408 Mpa
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and 26.039 MPa, respectively. Furthermore, the average density values for the normal-weight and

lightweight concrete were found to be 2239.35 kg/m? and 1514.4 kg/m?, respectively.
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Figure 5.1. Cross-section geometry of the T-beam.

(a) (b)

Figure 5.2. Cylinder testing (a) normal weight, (b) lightweight concrete.
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Table 5.1. Mix design proportions for both light weight and normal weight concrete.

Normal Weight Concrete Light Weight Concrete
Material Quantity/m? Material Quantity/m?
LW sand 1093 kg NW sand 545 kg
Haydite 730 kg Rock C33 546 kg

Cement 279 kg Cement 349 kg
— — Fly ash 74 kg

Air 1 48 g Air 1 I11g
Water 140 L Water 149 L

5.4.2 Steel reinforcement

The tensile test was conducted in compliance with ASTM ES8 [20]. The steel bars with a
diameter of 16 mm had yield strengths of 446 MPa and modulus of elasticity of 184 GPa. The
yield strength of the 10 mm diameter bars was 470 MPa, while the modulus of elasticity was 200
GPa. The yield strength was calculated using the 0.2% offset method, and these stated values match
the average results from three tested specimens. The setup for the tensile testing process is depicted

in Fig. 3.

Figure 5.3. Tensile test for rebar samples.

5.4.3 Fiber reinforcement polymers

Unidirectional high-modulus carbon fiber sheets V-Wrap C200HM, and glass fiber sheets

V-Wrap EG50 were among the materials utilized in this investigation. The carbon fibers were
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impregnated and the FRP sheets were bonded to the concrete surfaces using V-Wrap 770, an epoxy
resin adhesive. Also, a thick V-Wrap C400HM carbon sheets were also placed in between the
GFRP sheets to act as a link bridge, then a thin aluminum alloy (AA) fuse plate sandwiched in the
constant moment zone in between two GFRP sheets with thickness of 2 mm, tensile strength of
144.8 MPa and an elastic modulus of 150152.5 Mpa. To guarantee appropriate adherence, a putty
layer and primer were applied before this bonding procedure. Table 2 summarizes the mechanical
characteristics of the CFRP and GFRP laminate according to the manufacturer's specifications.

Table 5.2. Manufacture’s Mechanical properties for CFRP and GFRP laminates.
Property V-Wrap C200HM V-Wrap C400HM V-Wrap GFRP

Primary fiber 0" (unidirectional) 0" (unidirectional) 0" (unidirectional)
direction 180,000 psi (1,241 180,000 psi (1,241 82,280 psi (567 MPa)
Tensile strength ~ MPa) MPa) 3.87 x 10 psi (26,680
Modulus of 14.24 x 10 psi (98,181  14.24 x 10° psi (98,181 MPa)

elasticity MPa) MPa) 0.04 in. (1.02 mm)
Thickness 0.04 in. (1.02 mm) 0.08 in. (20.3 mm) 2.13%

Elongation at 1.27% 1.27%

break

5.5 Repairing and strengthening procedure

The formwork was made in two parts and then put together to create a mold that was 4877
mm long overall. The longitudinal reinforcement bars were cut in accordance with the size of the
shear reinforcement stirrups. The longitudinal bars and stirrups were then tied together by hand to
create the reinforcing cage. Two strain gauges were placed at the midspan of the bottom
reinforcement to track steel strains during testing. In order to prevent damage during casting, a
protective layer of wax was applied to these gauges, which had an ultimate strain capacity of 5%.

Three beams were cast for each type of concrete after the formwork was treated with a release
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agent and the reinforcement cages were placed. To enhance bond performance, all beam surfaces
were prepped in compliance with ACI 440.2R-17 after curing and a few days before to applying
the FRP system. Using a masonry grinding disk, the soffit (bottom surface) was grinded to the
aggregates level. After that, the surfaces were cleansed with water to get rid of any dust or small
particles that might have a negative impact on adhesion.

After preparation, an electric mixer was used to combine a two-part epoxy at a 3:1 weight
ratio (Part A to Part B) until a good consistency was reached. This mixture served as a basic
material for putty, a primer, and a saturating resin for the CFRP sheets. The putty was made by
progressively mixing fumed-silica with epoxy at a volume ratio of about 1.5:1. This resulted in a
thick paste that could be used to level the surface and fill in gaps. Fully saturated CFRP sheets
were laid along the beam soffit across a length of 4572 mm, stopping just before the supports,
following the application of the primer and putty layers. A ripped roller was used to remove
trapped air in order to assure the perfect bonding at the interface. As advised by the manufacturer,
this procedure was repeated by applying a putty layer in between each pair of CFRP layers. Before
testing, the reinforced beams were allowed to cure for seven days.

It is noteworthy that the same epoxy-fumed-silica putty was used to repair damaged
concrete cover areas in two of the evaluated beams following initial testing failed by CFRP
debonding as shown in Fig. 4. The efficacy of the repair and strengthening strategy was then
assessed by retesting these beams after they had been strengthened utilizing a novel strengthening

technology.
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Figure 5.4. Epoxy repaired beams.

5.6 Strengthening and testing beams

In this investigation, six reinforced concrete T-beam specimens with an overall length of
4877 mm were examined. Based on the type of concrete used, the specimens were divided into
two groups: normal-weight concrete and lightweight concrete. There were three beams in each
group. One unstrengthened beam was chosen as the control specimen for each kind of concrete
and tested without FRP strengthening. As shown in Table 3 and depicted in Fig. 5, the remaining
two beams in each group were strengthened along the beam soffit using either two CFRP sheets
or the innovative strengthening technique. Every beam specimen was examined in Kansas State
University's Department of Civil Engineering's Structural Testing Laboratory. As seen in Fig. 6,
the beams were just supported throughout a clear span of 4724 mm. Using a displacement-
controlled loading methodology, the experimental testing was carried out under four-point
bending. A steel spreader beam received the applied load, which was then distributed into two

similar points that were 1219 mm apart. Two linear variable differential transducers (LVDTs) were
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used to record mid-span deflections. Thus, strain gauges were placed on both the primary flexural
reinforcement and the CFRP sheets at the critical mid-span region along the bottom surface of the

beams.

(b)

254x2x 1219 mm
ILayer of V-Wrap CA0UHM (6inx0.08 in x 4 fi) :
sheet 152 x 1219 mm Sandvwiched AA plate 2 Plies of GFRP sheets
(6inxd fi) 152 54572 min (6inx 15 1)

#3 Stirmups @ 127 mm
(5in) o.c.

254x2x 1219 mm ‘ 2 Plies of GFRP sheets - . ' ¢ -
(6inx008inxd f) 15224572 men (6imx 15 &) 1219 mm (4 1219 mm (4)
Sandwiched AA plate 4572 mm (15"

L 4877 mm (16

(© (d)

Figure 5.5. Testing Matrix (a) control beam, (b) 2-layers CFRP, (c) A-A cross section, (d)
profile view the innovative strengthening system.
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Figure 5.6. Test setup for strengthened RC T-beams
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Table 5.3. Details of strengthened specimens.

GFRP Aluminum Alloy
Beams ID sheet CFRP sheet Thick CFRP sheet plate
(AA)
NW-Control okok ok ok sokok s o
NW-2C oAk 2 Continuous plies ook ok ok
R T | s
NW-GAG | 2 plies ok  dTIASIng 8 1 (152 x 1219 mm)
of CMR into the shear-
AA plate
span
LW-Control otk ok seokok ok
LW-2C otk 2 Continuous plies ook ok
A
LW-GAG | 2plies ok  OTIAEINg 8 1 (152 x 1219 mm)
of CMR into the shear-
span AA plate

5.7 Numerical analysis

In order to account for hybrid reinforcement layouts that vary over the beam span, this
work modified a numerical model that created at Kansas State University utilizing prismatic
section parameters. The load-deflection response of strengthened reinforced concrete beams was
predicted using an Excel macro-based software. The beam was divided into small sections along
the shear span, and the resulting curvature distribution was numerically integrated to determine
the nonlinear deflection at each load level. A fiber-based sectional analysis was used to first
calculate the moment—curvature response for each unique cross-section. Assuming perfect bond
between all reinforcement components, concrete, externally bonded FRP layers, AA fuse plates,
and internal reinforcing steel were modeled as discrete material fibers. To determine the
corresponding curvature, strain compatibility and force equilibrium were met at each instant
increment. A bilinear model with suitable yielding and rupture limits was used to describe the steel

reinforcement, nonlinear constitutive models were adopted for concrete under compression,
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incorporating softening behavior, and under tension, accounting for tension stiffening. The
curvature distribution throughout the shear span was then ascertained using the calculated
moment—curvature equations. The moment at each segment was matched with the associated
curvature from the relevant moment-curvature curve at each load increment, and deflection was
obtained via numerical integration. The predicted responses were validated against the
experimental load—deflection curves after calibrating the model inputs based on the measured

material properties.
5.8 Results and discussion

The experimental and numerical results from the tested reinforced concrete T-beams are
presented and discussed. In terms of load-deflection behavior, observable failure mechanisms,
concrete, steel and FRP strain responses, and moment-curvature relationship, the structural
behavior of the normal-weight (NW) and all-lightweight (LW) specimens are assessed. The
accuracy of the numerical models in simulating the flexural behavior of the beams is evaluated by
comparing the experimental data with the corresponding numerical predictions. Additionally, the
effects of various CFRP and GFRP strengthening and repair configurations on the beams' stiffness,
load-carrying capacity, ductility, and failure characteristics are thoroughly investigated and
analyzed.

5.8.1 NW-Control

The load-deflection curve was used to compare the experimental and numerical responses
in order to assess the flexural behavior of the NW-Control specimen. Both curves, which depict
the elastic behavior of the uncracked and post cracked segments, have a similar initial linear trend,
as seen in Fig. 7 (a). The experimental response keeps hardening after yielding, reaching an

ultimate load of about 75 kN with a mid-span deflection of about 170 mm. The numerical model

129



predicts the experimental response very closely capturing the strain hardening behavior of the steel
rebars by assuming a hardening modulus equal to 6.4% of the original modulus. As seen in Fig. 7
(b), the beam ultimately failed due to steel yielding followed by concrete crushing in the
compression zone.

Due to fracture propagation and stress redistribution inside the concrete section, the load-
concrete strain response first exhibits a linear trend before progressively becoming nonlinear. The
concrete compression zone approached its ultimate strain capacity prior to crushing, as evidenced
by the experimental concrete strain reaching roughly 0.0033 mm/mm, Fig. 7 (c¢). The same figure
highlights the excellent coloration between the numerical and the experimental load-concrete
strain curves, indicating a reliable analysis tool. The load-steel strain curve shows a classical a flat
plateau right after yielding followed by initiation of strain hardening, Fig. 7 (d). The numerical
curve is seen to correlate well with the experimental response except for tracing a bilinear curve
due to the bilinear steel behavior incorporated in the numerical analysis. As for the moment-
curvature response, Fig. 7 (e) which can be easily extracted using the load-concrete strain and the
load-steel strain graphs, and seen to closely follow the trend of Fig. 7 (d), because of the dominance
of the steel strain on the curvature calculation.

5.8.2 NW-2C

Load-deflection response demonstrates that the strengthened specimen NW-2C
significantly outperforms the NW-Control beam in terms of flexural performance Fig. 8 (a).
Nevertheless, NW-2C exhibits a notable increase in load-carrying capacity, reaching a peak load
of roughly 110 kN as opposed to the control specimen's highest load of roughly 75 kN. The beam
experiences a quick and sharp decline in load after attaining the peak load at about 47 mm

deflection, indicating a brittle failure guided by CFRP sheet debonding. Both experimental and
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numerical curves are in good agreement with each other and they captured the same yielding load
of about (80 kN) which is clearly depicted in Fig. 8 (c). Comparing the localized load-strains
curves at mid-span for concrete top strain, steel strain and CFRP strain, the numerical solution can
be observed to be in good correlation with the corresponding experimental results as can be seen
in Fig. 8 (d-f). In similar manner, the experimental moment-curvature response is computed from
the top concrete strain and the CFRP strain, indicating accurate numerical prediction as shown in
Fig. 8 (g).
5.8.3 NW-GAG

This specimen, used an AA fuse located in the constant moment region sandwiched in
between unidirectional GFRP sheets. The load-deflection response shows that the strengthened
specimen (NW-GAG) shows better improved performance than the NW-Control beam in terms of
sustaining an equivalent flat plateau. The initial stiffness of both specimens is comparable, while
NW-GAG exhibits an improvement in load-carrying capacity, reaching a greater peak load of
roughly 90 kN as opposed to roughly 75 kN for the control beam, Fig. 9 (a). The response exhibits
a steady fluctuation with several load kinks after achieving the peak load at around 50 mm
deflection, this can be attributed due to successive slippage between the AA fuse cut off points and
the overlapping thick CFRP sheets extending into the shear-span, due to the direct stress transfer
between the two materials sandwiched in between the GFRP sheets. Finally, a sudden drop caused
by the GFRP sheet rupture, Fig. 9 (b). The numerical model captured the initial stiffness in the
experimental response up to 70 kN load and 25 mm deflection, while there is difference in the
post-yield behavior due to the fact that the numerical model is based on load-control, leading to
difficulty in capturing descending curve, Fig. 9 (¢). The load- concrete strain closely match the

numerical behavior, Fig. 9 (d), while GFRP strain shows no engagements with the load in the

131



elastic range and full engagement after yielding. This may be attributed to the fact that replacing
the concrete cover with putty, which is a soft rather than a hard material causes the putty not get
engaged early the load range by shrinking inwards through shear deformation. This in turn leads
to no engagement of the strengthening system. Later in the loading stage, the putty consolidates to
its full deformation capacity. Thus, starting to engage the concrete beam with the strengthening
system. Therefore, one of the recommendations of this study is to avoid using the fumed silica
putty to replace sizable mass of the concrete cover, Fig. 9 (e). These discussions can be directly

applicable to moment-curvature curve since the latter is extracted using extreme fiber strain data,

Fig. 9 (f).
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5.8.4 LW-Control

The flexural behavior of the LW-Control specimen was evaluated by comparing the
experimental and numerical responses using the load-deflection curve. As seen in Fig. 10 (a), both
curves, which show the elastic behavior of the uncracked and post cracked beam, exhibit a similar
initial trend. The experimental response keeps hardening after yielding, reaching an ultimate load
of about 62 kN with a mid-span deflection of about 150 mm. By adopting a hardening modulus of
6.4% of the initial modulus, the numerical model accurately predicts the experimental response
and captures the strain hardening behavior of the steel rebars. The failure mode of the control beam
is due to steel yielding followed by concrete crushing as shown in Fig. 10 (b). Cracking and stress
redistribution cause the load-concrete strain response to gradually change from its initial linear
trend to a nonlinear curve. The compression zone experienced a large extreme fiber strain nearing
the concrete crushing level, before the strain gauge malfunctioned as evidenced by a snap back
response at strain of 0.0024 mm/mm (excluded from Fig. 10 (c)). A very good correlation is
noticed between the numerical prediction and the experimental load-concrete strain which is
highlighted in the same figure. As for the steel strains, the experimental and numerical responses
demonstrate good agreement, capturing perfect match up to the yielding point as shown in Fig. 10
(d). The experimental strain gauge is seen to fail shortly after initial yielding. The moment-
curvature response, which first shows a consistent a linear elastic correspondence up to yielding,
tracks a short yield plateau reflecting the loss of the steel strain gauge, Fig. 10 (e). The
experimental moment-curvature relationship is anticipated to have exhibited some strain hardening

after this short plateau, which was not possible to confirm due to the loss of the strain gauges.
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5.8.5 LW-2C

The load-deflection graph of the all-lightweight beam, strengthened with two V-Wrap
C200HM CFRP sheets, significantly improved the flexural-strength compared to the LW-Control
beam. The initial stiffness of the strengthened beam is evidently higher than the control beam, Fig.
11 (a). LW-2C reached a peak load of roughly 90 kN compared to the original beam which reached
around 62 kN. Immediately after, the beam experienced a sharp decay in load at about 37 mm
deflection, caused by CFRP sheet debonding Fig. 11 (b). The numerical solution provides an
accurate response that greatly agrees with the experimental behavior, Fig. 11 (¢). In comparison
with the numerical response, the experimental load-strain curves for concrete top strain, steel strain
and CFRP strain generally captured and closely followed the numerical curves as can be seen in
Fig. 11 (d-f). Nevertheless, the experimental capacity fell short of the numerical predictions, which
can be attributed to a higher actual CFRP debonding strain compared to that estimated by ACI
440.13-24 [21]. Similarly, Fig. 11 (g) illustrates the experimental moment-curvature response,
calculated from the top concrete strain and the steel strain, which are seen to terminate earlier than
the numerical analysis.

5.8.6 LW-GAG

This specimen used an AA fuse positioned between two unidirectional GFRP sheets in the
constant moment region. The strengthened specimen (LW-GAG) performs flexurally better than
the LW-Control beam, according to the load-deflection response, Fig. 12 (a). LW-GAG achieved
a higher peak load of around 80 kN, compared to about 62 kN of the control beam. After reaching
the peak load at about 50 mm deflection, the response shows a continuous degradation with
multiple load drops. This can be explained by successive slippage between the AA fuse cutoff

points and the overlapping thick CFRP sheets extending into the shear-span, because of the direct
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stress transfer between the two materials sandwiched between the GFRP sheets. Fig. 12 (b) shows
localized debonding at the mid-span combined with significant concrete crushing causing bending
the top steel rebars. Initially the experimental response up to 80 kN load and 50 mm deflection
was captured by the numerical model, Fig. 12 (c). However, the numerical post-yield behavior
exhibits a hardening line due to the load-control algorithm implemented, which makes it difficult
to capture the experimental decaying curve Fig. 12 (c¢). The numerical load-concrete strain curve
generally followed the experimental behavior reaching the crushing strain of 0.003 mm/mm,
Fig.12 (d). The GFRP strain indicates no participation in resisting the applied load during the
initial stage, followed by full engagement after yielding. This behavior may be attributed to
replacing the concrete cover with fumed silica putty, which is relatively soft compared with
concrete. At the early loading stages, the putty deforms inward through shear deformation and
therefore does not effectively transfer the load to the strengthening system. As loading progresses,
the putty reaches its full deformation capacity and becomes consolidated, allowing the
strengthening system to engage with the concrete beam. Accordingly, this study recommends
avoiding the use of fumed silica putty as a replacement for a substantial portion of the concrete
cover, as illustrated in Fig. 12 (e). Since the moment-curvature curve is derived from extreme
fibers strain data, Fig. 12 (f), these discussions are directly applied in this case to the moment-

curvature response.
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5.9 Conclusions

Both normal-weight (NW) and all-lightweight (LW) reinforced concrete T-beams' flexural

performance can be improved by externally bonded FRP systems, according to experimental

testing supported by numerical analysis. The following conclusions can be made in light of the

findings:

1y

2)

3)

4)

S)

When compared to the corresponding state-of-the-art CFRP strengthening, the sandwich
GFRP-AA short fuse offered notable advantages of increased ductility and complete
control of debonding. This was equally true for normal weight (NW) and all-lightweight
(LW) beams.

It is observed that the flexural capacity offered by the NW concrete beam, with the new
strengthening system, slightly exceeded that of the LW concrete beam while the ductility
in both members was comparable.

The load-strain response of the new hybrid FRP system confirmed the high ductility offered
by this system, with respect to the standard CFRP strengthening, which lacks meaningful
ductility.

The failure mode between the two different strengthening systems drastically varied from
premature debonding for the classical technique to concrete crushing for the new novel
approach.

Due to its soft nature, the use of fumed silica-epoxy putty to replace concrete in repairing
the beam cover was found to be disadvantageous. Therefore, this study recommends

avoiding the application of such putty to replace sizable mass of the concrete cover.
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5.10 Data availability
Data will be available from the corresponding author upon request.
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Chapter 6- Conclusion and Recommendations

6.1 General

This study examined the flexural behavior of reinforced concrete (RC) beams reinforced
with a novel externally bonded Carbon Fiber Reinforced Polymer (CFRP) system that included an
aluminum fuse positioned between CFRP laminates in the constant moment area. By introducing
a controlled yielding mechanism that can improve ductility while preserving the superior strength
characteristics of CFRP composites, the proposed strengthening technique was created to
overcome the brittle behavior frequently associated with conventional CFRP strengthening
systems. The effectiveness of the innovative system in terms of load-carrying capacity, stiffness,
ductility, energy dissipation, strain development, and failure processes were assessed by an
experimental program confirmed with numerical solution. The following sections include the main
findings from this study as well as suggestions for additional research.

6.2 Conclusions

1) The overall flexural performance of the reinforced concrete beams was effectively improved
by the proposed FRP—aluminum fuse strengthening system.

2) When compared to the unstrengthened control beams, the strengthening approach enhanced
the flexural load-carrying capability.

3) The strengthened beams' ductility was greatly increased by the addition of the aluminum fuse.

4) A controlled yielding mechanism that postponed brittle failure was introduced by the proposed
system.

5) By yielding prior to CFRP rupture or premature debonding, the aluminum fuse successfully

served as a ductile component.
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6) The structural behavior changed from a primarily brittle response to a more ductile failure
mode as a result of the suggested strengthening system.

7) Better control of crack propagation led to reduced crack widths and enhanced serviceability.

8) Because of the aluminum fuse's deformability, the reinforced specimens showed better energy
dissipation.

9) Throughout the loading operation, the aluminum fuse and CFRP laminates functioned
effectively as a composite strengthening system.

10) Within the constant moment region, the proposed strengthening configuration enhanced stress
redistribution and postponed premature debonding.

11) The structural response, including load-deflection behavior, strain distribution, and failure
mechanisms, was precisely anticipated by the numerical model.

12) The accuracy of the numerical model was confirmed by the good agreement with the
experimental findings.

13) Existing reinforced concrete structures that need increased ductility and structural safety could
be strengthened and rehabilitated with the help of this novel method.

14) Overall, the proposed strengthening system is considered suitable for practical field
application, provided that appropriate overhead placement is present.

15) The proposed hybrid system provides a lightweight, ductile, corrosion-resistant, and
sustainable alternative to conventional strengthening techniques while controlling premature
debonding.

16) In section 1.3 (Practical application of the proposed technique) in chapter one, a discussion of
the real-world application, which is negatively impacted by gravity, as well as other important

aspects for selecting the present innovative technique are highlighted.

147



17) Epoxy matrix and protective FRP layers electrically isolate the CFRP from the aluminum,
substantially reducing the potential for galvanic corrosion.
6.3 Recommendations and future research
The following recommendations are proposed for future investigations:
1) Examine how the proposed strengthening system responds to seismic and cyclical loads.
2) Analyze the aluminum fuse's fatigue performance under repeated stress.
3) Examine the FRP—aluminum interface's long-term resilience to environmental exposure.
4) Examine numerous aluminum alloys with varied mechanical characteristics.
5) Examine the impact of several aluminum fuses spaced throughout the strengthening length.
6) Expand the proposed method to include slabs, continuous beams, and other structural
components.
7) Examine how the strengthening system responds to fire and high temperatures.
8) To verify the proposed system in real-world settings, carry out extensive testing.
9) Conduct life-cycle and cost-benefit analyses to determine whether the proposed strengthening
method is economically feasible.
10) Create design suggestions that could influence upcoming changes to FRP strengthening

standards and guidelines.
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    G 12 = 4280 . 27   1 + 0 . 9 ∗ 0 . 367  1 − 0 . 9 ∗ 0 . 367 = 420 . 64   k s i


  𝛾 =   𝜏    G 12 + 𝜆   𝜏 3


  𝜆


    0 . 06 =  5  420 . 64 + 𝜆  5 3 →     𝜆 = 3 . 85 x  10  − 4  


    f  c `


   {       𝜎 1      𝜎 1      𝜏 12 } =  [      Q 11    Q 12  0     Q 12    Q 22  0   0  0    Q 66 ]  {       𝜖 1      𝜖 2      𝛾 12 }


    Q 11 =     E 1      1 −   v 12   v 21 ,   Q 12 =     v 12   E 2      1 −   v 12   v 21 =   Q 12 =     v 21   E 1      1 −   v 12   v 21 ,   Q 22 =     E 2      1 −   v 12   v 21 ,   Q 66 =   G 12  


   {       𝜎  x      𝜎  y      𝜏  x y } =    [ T ]  − 1  {       𝜎 1      𝜎 1      𝜏 12 } =    [ T ]  − 1  [ Q ]    [ T ]  − T  {       𝜖  x      𝜖  y      𝛾  x y } =  [   Q - ]  {       𝜖  x      𝜖  y      𝛾  x y } =  [        Q - 11      Q - 12  0       Q - 12      Q - 22  0   0  0      Q - 66 ]  {       𝜖  x      𝜖  y      𝛾  x y }


   [ T ] =  [     cos 2 𝜃   sin 2 𝜃  2  sin ⁡  𝜃  cos ⁡  𝜃    sin 2 𝜃   cos 2 𝜃  − 2  sin ⁡  𝜃  cos ⁡  𝜃     −   sin ⁡  𝜃  cos ⁡  𝜃   sin ⁡  𝜃  cos ⁡  𝜃   cos 2 𝜃 −  sin 2 𝜃 ]


      Q - 11 =   Q 11  cos 4 𝜃 + 2  (   Q 12 + 2   Q 66 )    sin 2 𝜃     cos 2 𝜃 +   Q 22  sin 4 𝜃


      Q - 12 =  (   Q 11 +   Q 22 − 4   Q 66 )    sin 2 𝜃     cos 2 𝜃 +   Q 12  (  sin 4 𝜃 +  cos 4 𝜃 )  


      Q - 22 =   Q 11  sin 4 𝜃 + 2  (   Q 12 + 2   Q 66 )     sin 2 𝜃     cos 2 𝜃 +   Q 22  cos 4 𝜃


      Q - 66 =  (   Q 11 +   Q 22 − 2   Q 12 − 2   Q 66 )  sin 2 𝜃     cos 2 𝜃 +   Q 66  (  sin 4 𝜃 +  cos 4 𝜃 )


    V  f =     t  d r y   f i b e r    t  l a m i n a t e =   0 . 0124877  0 . 034 = 0 . 367


    E 1 =   E  f   V  f +   E  m   V  m


    E 1 = 10443 . 86 ∗ 0 . 367 + 580 . 21 ∗ 0 . 633 = 4200   k s i


    E 2 =   E  m   1 + 𝜉 𝜂   V  f  1 − 𝜉 𝜂   V  f ,   𝜉 = 1 ,   𝜂 =     E  f /   E  m − 1        E  f /   E  m +   𝜉 =     10443 . 386  580 . 21 − 1        10443 . 386  580 . 21 + 1     = 0 . 895


    E 2 = 580 . 21   1 + 1 ∗ 0 . 895 ∗ 0 . 367  1 − 1 ∗ 0 . 895 ∗ 0 . 367 = 1147 . 8   k s i


    G 12 =   G  m   1 + 𝜉 𝜂   V  f  1 − 𝜂   V  f   𝜉 = 1 ,   𝜂 =     G  f /   G  m − 1        G  f /   G  m +   𝜉 =       4280 . 27  211 . 76 − 1        4280 . 27  211 . 76 + 1     = 0 . 9


    v  f = 0 . 22


    v  m = 0 . 37


    G  f =     E  f      2  ( 1 +   v  f ) =   10443 . 86      2  ( 1 + 0 . 22 ) = 211 . 76   k s i


    G  m =     E  m      2 ( 1 +   v  m ) =   580 . 21      2  ( 1 + 0 . 37 ) = 4280 . 27   k s i


    G 12 = 4280 . 27   1 + 0 . 9 ∗ 0 . 367  1 − 0 . 9 ∗ 0 . 367 = 420 . 64   k s i


  𝛾 =   𝜏    G 12 + 𝜆   𝜏 3


  𝜆


    0 . 06 =  5  420 . 64 + 𝜆  5 3 →     𝜆 = 3 . 85 x  10  − 4  


  ’

