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Comportamento di travi in calcestruzzo armato rinforzate

con materiali compositi inorganici

RIASSUNTO

Il deterioramento delle strutture in calcestruzzo armato (RC) invecchiate, la crescente domanda di rinforzo
flessionale dovuta al cambio di destinazione d’uso degli edifici, alle azioni sismiche e all’aggiornamento delle
normative di progettazione hanno intensificato la necessita di tecniche di rinforzo efficaci e durevoli per la capacita
flessionale. | metodi tradizionali di rinforzo spesso risultano carenti in termini di duttilita, compatibilita e prestazioni
a lungo termine. In questo contesto, I'impiego dei compositi cementizi fibrorinforzati inorganici (FRCC) € emerso
come una valida alternativa, offrendo un comportamento meccanico migliorato, una maggiore sostenibilita
ambientale e una migliore compatibilita con gli elementi in calcestruzzo esistenti.

La presente tesi indaga le prestazioni strutturali di travi in calcestruzzo armato rinforzate con sistemi ibridi FRCC
composti da fibre di acciaio riciclato e fibre di polietilene (PE). Sono state studiate due configurazioni di rinforzo:
rinforzo inferiore e a “U-jacketing”. La ricerca prende awio dalla caratterizzazione del materiale attraverso prove di
flessione a tre punti e prove di compressione, seguite da prove di flessione a quattro punti su provini di travi
rinforzate, al fine di valutare il comportamento flessionale, i quadri fessurativi e le modalita di rottura.

Per la valutazione dello sviluppo delle fessure durante il carico & stata impiegata la tecnica della Digital Image
Correlation (DIC), che ha consentito di acquisire dati di deformazione a campo pieno. Inoltre, & stato sviluppato e
calibrato un modello agli elementi finiti sulla base dei risultati sperimentali per valutare le proprieta del materiale
e il comportamento delle travi. E stato inoltre condotto uno studio parametrico per analizzare I'influenza della
resistenza a trazione del FRCC, della resistenza a compressione del calcestruzzo e del diametro dell’armatura
longitudinale sulla risposta strutturale di travi in calcestruzzo armato a scala reale.

| risultati hanno confermato che entrambi i metodi di rinforzo con FRCC sono in grado di fornire un incremento
della capacita flessionale fino al 40% e di migliorare il comportamento post-fessurativo delle travi. In particolare, il
rinforzo a U-jacketing ha determinato una maggiore distribuzione delle fessure, una capacita di deformazione
superiore e una migliore stabilita nella fase post-picco. Questi risultati dimostrano I'efficacia dei sistemi FRCC a
base di acciaio per il rinforzo strutturale e ne evidenziano il potenziale come soluzione sostenibile e ad alte

prestazioni per il miglioramento delle strutture in calcestruzzo armato esistenti.

PAROLE CHIAVE: FRCC; U-jacketing e rinforzo inferiore; Flessione a quattro punti; Fibre di acciaio; ABAQUS; DIC.



Performance of RC beams strengthened with inorganic

composite materials

ABSTRACT

The deterioration of aging reinforced concrete (RC) structures, the increasing demand for flexural
strengthening due to the change of use in buildings, seismic actions and updated design codes have
intensified the need for effective and durable strengthening techniques for flexural capacity. Traditional
retrofitting methods often fall short in terms of ductility, compatibility, and long-term performance. In this
context, the use of inorganic fiber-reinforced cementitious composites (FRCC) has emerged as a
promising alternative, offering improved mechanical behavior, environmental sustainability, and
compatibility with existing concrete members.

This thesis investigates the structural performance of RC beams strengthened with hybrid FRCC systems
composed of recycled steel fibers and polyethylene (PE) fibers. Two strengthening configurations are
studied: bottom reinforcement and U-jacketing. The research begins with material characterization
through three-point bending and compression tests, followed by four-point bending tests on retrofitted
beam specimens to evaluate flexural behavior, crack patterns, and failure modes.

Digital Image Correlation (DIC) was employed to capture full-field strain data and analyze crack
development under loading. Additionally, a finite element model was developed and calibrated using the
experimental results in order to evaluate the material properties and behavior of the beams. Moreover, a
parametric study was performed to evaluate the influence of FRCC tensile strength, concrete compressive
strength, and longitudinal reinforcement diameter on the structural response of real scale RC beams.
The results confirmed that both FRCC strengthening methods are bale to provide an increase in flexural
capacity up to 40% and improve the post-cracking behavior of the beams. U-jacketing, in particular,
resulted in more distributed cracking, higher deformation capacity, and improved stability during the post-
peak phase. These findings demonstrate the effectiveness of steel-FRCC systems for structural retrofitting
and highlight their promise as a sustainable and high-performance solution for enhancing existing RC

structures.

KEYWORDS: FRCC; U-jacketing and bottom reinforcement; Four point bending; Steel fibers; ABAQUS;
DIC.
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Chapter 1 | Introduction

1. INTRODUCTION

The continuous aging of reinforced concrete (RC) infrastructure and the increasing frequency and intensity
of seismic events around the world have amplified the urgency for effective and sustainable structural
strengthening solutions[1]. Many existing RC buildings and bridges were designed according to outdated
codes and lack the ductility and energy dissipation capacity necessary to withstand modern seismic
demands. As retrofitting and upgrading these structures becomes more critical, the development and
application of advanced materials play a pivotal role in ensuring public safety, reducing economic losses,

and extending the service life of built assets.

Among the available retrofit technologies, the use of composite materials has gained widespread attention
due to their high strength-to-weight ratio, ease of application, and excellent durability. Traditionally, fiber-
reinforced polymer (FRP) composites bonded with organic resins such as epoxy have been employed for
strengthening RC elements. However, these materials present several limitations under extreme
environmental and mechanical conditions, including poor fire resistance, susceptibility to ultraviolet
degradation, and limited performance at elevated temperatures—conditions often encountered during and

after seismic events[2].

To overcome these challenges, inorganic composite materials, particularly Fiber-Reinforced Cementitious
Composites (FRCCs), have emerged as a promising alternative. FRCCs are a class of high-performance
materials characterized by a cement-based matrix embedded with discontinuous fibers. In this research,
steel fibers are employed as the reinforcing phase within the cementitious matrix. The incorporation of
steel fibers distinguishes this system from conventional FRP composites that typically use glass or carbon

fibers embedded in the resin[3].

The use of steel fibers in FRCCs brings several critical advantages, particularly in the context of seismic
strengthening. First, steel fibers exhibit superior ductility and toughness, which are essential for energy
dissipation under cyclic loading. Unlike glass or carbon fibers, which are brittle and prone to sudden
rupture, steel fibers can undergo significant plastic deformation, thereby enhancing the post-cracking
behavior of the composite. This ductile response is critical in maintaining the integrity and load-carrying

capacity of RC members during seismic events[4].
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Second, steel fibers offer better bond performance with the cementitious matrix due to their mechanical
anchorage and surface roughness, reducing the likelihood of fiber pull-out under high strain rates. This
enhances the composite's ability to distribute stresses and control crack widths more effectively than
traditional FRPs. Additionally, steel fibers are thermally stable, providing superior fire resistance compared
to glass or carbon fibers bound in polymer matrices, which may degrade or combust at elevated

temperatures[5].

Moreover, steelfiber-reinforced systems are inherently compatible with existing concrete in terms of
thermal expansion, modulus of elasticity, and chemical composition. This compatibility reduces the risk
of interface debonding or differential movement, further improving the long-term durability and reliability
of the strengthening system under both static and dynamic loading[6]. Furthermore, one of the most
compelling advantages of FRCCs in seismic strengthening lies in their enhanced ductility and crack control
capabilities. Unlike traditional strengthening techniques, which may lead to brittle failure modes or
localized stress concentrations, FRCCs contribute to a more distributed cracking pattern and improve
post-yield behavior of structural members. This results in enhanced deformation capacity, increased

energy dissipation, and delayed onset of failure—key performance indicators during seismic events[7].

For this matter, several structural strengthening strategies have been developed and implemented, each
with distinct mechanisms and levels of effectiveness. The selection of a suitable technique often depends
on factors such as structural accessibility, performance objectives, construction constraints, and the
specific deficiencies of the member. Among the commonly adopted methods in seismic retrofitting are
U-jacketing and bottom reinforcement retrofitting, both of which can be effectively integrated with

advanced composite materials such as steel-FRCCs[8], [9].

U-jacketing is a widely used technique for enhancing the flexural and shear capacity of RC beams,
especially in regions where full wrapping is impractical due to floor slab constraints. In this method, the
composite material such as steel-FRCC is applied in a U-shaped configuration around the three accessible
faces of the beam (two vertical sides and the soffit). This jacket acts as an external reinforcement,
improving confinement, delaying crack propagation, and enhancing the load-bearing capacity. When used
with a ductile and crack-controlling material like FRCC, the U-jacketing not only strengthens the section
but also enhances energy dissipation during cyclic loading, making it highly effective against seismic
actions. Moreover, the cementitious nature of the FRCC ensures compatibility with the existing concrete

surface, promoting better adhesion and durability over time[10].
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In contrast, the bottom reinforcement method is a more intrusive but highly targeted technique,
particularly suitable for addressing deficiencies in flexural capacity. In this method, the bottom cover or a
segment of the tension zone of the beam is selectively removed to expose the internal reinforcement or
to create space for placing new high-performance strengthening layers. After surface preparation, steel-
FRCC layers are cast directly onto the newly exposed surface, bonding monolithically with the original
structure. This approach allows the new material to work integrally with the original beam, directly
counteracting tensile stresses that dominate during bending under seismic loads[11]. Both shapes are

shown in figurel.1.

L~

—

(a) Bottom Reinforcement (b) U Jacketing
Figure 2.1 Strengthening Shapes

The advantage of the bottom reinforcement approach lies in its ability to maximize mechanical interlock
and stress transfer efficiency, particularly when the strengthening layer is strategically placed within the
most critical tension region. Combined with the high ductility, strain-hardening behavior, and crack-
bridging capacity of steel-FRCCs, this method significantly enhances the flexural performance and post-
yield behavior of the beam. Additionally, it minimizes the risk of debonding or delamination that may

occur in externally bonded solutions under repeated seismic loading[11].

1.1. Motivation

In regions where current structure does not demonstrates enough flexural capacity due to change in use,
recurring seismic activity or updated design codes, the long-term performance of retrofitted structures-
not just their immediate post-event response-has become a key concern for infrastructure resilience
planning. Yet, most strengthening systems are evaluated in terms of ultimate capacity, with limited insight

into their residual performance, reparability, and integration into life-cycle design strategies.
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Steel-FRCCs offer a unique opportunity in this context. Their distributed cracking behavior, energy
dissipation capacity, and crack bridging mechanisms suggest the potential for damage-tolerant designs,
which could reduce repair demands and downtime. However, current literature lacks performance
metrics tailored to such criteria, especially when FRCCs are applied as structural interventions through
U-jacketing or bottom reinforcement. This motivates a broader investigation into FRCC strengthening
techniques for increasing the flexural capacity of the retrofitted structures. Also, distinct fibers used in
this material and the effectiveness of the fiber ratio is a crucial subject which needs to be studied in depth
in order to understand the behaviour of the FRCC material.

Additionally, while this material offers promising properties and behaviour, there is no standard or design
codes as a reference. Furthermore, the lack of enough validations of this material in the current literature,

resulted in more necessity in FRCC analysis.

1.2. Objectives

This dissertation investigates the performance of RC beams retrofitted with steel-FRCCs, focusing on their
flexural capacity. Through experimental testing and analytical modeling, the research aims to assess the
improvements in flexural strength, ductility, and energy absorption provided by different FRCC systems.
By comparing the retrofitted performance with unstrengthen counterparts, the study provides insights
into the mechanisms by which steel-FRCCs enhance flexural capacity, and identifies the parameters that

govern their effectiveness.

Moreover, the findings contribute to the ongoing effort to establish robust, sustainable, and resilient
retrofitting strategies for RC structures. The integration of steel-FRCCs into practical engineering solutions
holds the potential not only to reduce seismic vulnerability but also to support the transition toward

greener and more durable infrastructure systems.

Furthermore, a parametric analysis is implemented for distinct FRCC tensile capacities, various concrete
grades and several diameters of tensile longitudinal reinforcement. This practice widen the perspective
in the primary affecting parameters of RC beams strengthened with FRCC material. Also, due to the actual
sizing (full scale beam with real structure sizing) used in this analysis, it suggests a robust simulation for

practical cases.
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1.3. Structure of the Dissertation

This thesis is structured into five chapters. Chapter 1 introduces the background and motivation for the
study, outlines the key research questions and objectives, and presents the structure of the work. Chapter
2 provides a concise literature review on the seismic strengthening of reinforced concrete structures,
discussing conventional and advanced strengthening techniques. It also includes a general overview of
fiber-reinforced polymers (FRP) and fiber-reinforced cementitious composites (FRCC), covering their
mechanical characteristics, advantages, and application potential in structural retrofitting. Chapter 3
details the experimental testing, including material characterization and beam flexural testing with four
point bending to evaluate the structural performance of strengthened elements. Chapter 4 presents the
numerical modelling of the beams, incorporating both material and structural simulations, and concludes
with a parametric study on the behavior of full-scale beams under various strengthening configurations.
Finally, Chapter 5 discusses the key findings, and concludes with reflections on the study’s contributions

and suggestions for future research.
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2. LITERATURE REVIEW

2.1. Strengthening for Flexural Loading

Flexural strengthening is pursued when existing structural members—most commonly reinforced concrete
(RC) beams and slabs—no longer provide adequate bending resistance relative to current performance
requirements. In practice, insufficient flexural capacity manifests as excessive deflection, wide tensile
cracking, reduced stiffness, and limited ductility, all of which compromise safety and serviceability. The
need to upgrade flexural performance typically arises from three dominant drivers: change of use,
evolution of design codes, and seismic actions. Across these contexts, the objective is to increase ultimate
moment capacity and deformation capacity while controlling service-level responses (deflection and crack

width), often with minimal interruption to building operations.

2.1.1. Change of Use

When a structure undergoes a change of use, its original design assumptions regarding applied loads,
functional requirements, and service conditions are no longer valid. Most buildings are designed for a
specific purpose, such as residential occupancy, office use, or storage, each of which corresponds to a
prescribed set of dead and live loads defined by design codes[12]. When the use of the structure
changes—for instance, when a residential building is converted into an office, a warehouse, or a
laboratory—the imposed loads can increase significantly. Offices and laboratories often demand higher
live loads due to greater occupant density, heavier equipment, or specialized installations. Similarly, the
introduction of storage areas, archives, or mechanical facilities may add large concentrated loads or
continuous distributed loads that were not accounted for in the initial design. This increase in loading
elevates the bending moments and shear forces experienced by beams and slabs, leading to excessive
flexural demand relative to their original capacity[13].

Beyond loading changes, aging effects play a key role in reducing the inherent capacity of the structure
at the time of functional transformation. Over time, reinforced concrete members may suffer from steel
corrosion, concrete cracking, loss of bond between reinforcement and concrete, and general material
degradation due to environmental exposure[14]. These effects reduce the effective cross-sectional

properties and stiffness of structural members, compromising their ability to resist flexural stresses.
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Consequently, when a building is repurposed, the combination of higher applied demands and lower
residual capacity makes strengthening necessary to ensure safety and serviceability[15].

Flexural strengthening in such cases aims to restore and enhance the bending resistance of critical
members. Externally bonded reinforcement systems using fiber-reinforced polymers (FRP) are often
adopted due to their high strength-to-weight ratio, ease of application, and minimal added dead load.
Alternatively, near-surface mounted (NSM) reinforcement, steel plate bonding, or inorganic overlays with
fiber-reinforced cementitious composites (FRCC) can be employed to provide additional tensile capacity
and improve crack control. These techniques not only increase ultimate flexural strength but also help to
control deflection and limit serviceability issues under sustained loading. Proper attention to anchorage,

bond quality, and compatibility with the existing substrate is essential to ensure effective performance[16].

2.1.2. Updated Design Codes

The continuous evolution of structural design codes and assessment standards has created an additional
and important motivation for flexural strengthening. Many existing structures, particularly those
constructed in the mid to late twentieth century, were designed according to codes that differ substantially
from present-day requirements[17]. Modern codes incorporate more comprehensive and realistic load
models, higher safety and importance factors, stricter durability provisions, and explicit checks for
serviceability and robustness. When older structures are reassessed using these updated criteria,
deficiencies in flexural capacity often become evident. Typical shortcomings include inadequate
longitudinal reinforcement ratios, inefficient bar arrangements, and limited effective depth, which may
compromise the member’s ability to resist current design bending moments.

To address these deficiencies revealed by modern design codes, strengthening interventions are typically
directed towards achieving measurable improvements in flexural resistance, stiffness, and ductility, while
ensuring compliance with updated detailing provisions. The primary goal is to restore or enhance the
load-carrying capacity of members so that they can safely sustain the revised design bending moments
and service-level demands. Achieving this objective requires not only an increase in the ultimate moment
strength but also adequate control of deflections, crack widths, and overall deformation capacity[18],
[19].

The choice of strengthening method is often governed by a balance between structural efficiency,
constructability, and long-term durability. In practice, interventions may take the form of externally applied
reinforcements, overlays, or section enlargements, each aiming to provide additional tensile capacity and

to optimize the stress distribution across the section[20]. Regardless of the technique, special attention

8
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must be given to the transfer of stresses between the existing substrate and the added material, since
bond performance and anchorage detailing largely determine the effectiveness of the strengthening
system. Premature failures—such as debonding, anchorage slip, or local crushing—can undermine the

expected gains, making detailing and quality control critical aspects of implementation[21].

2.1.3.  Strengthening For Seismic Actions

Seismic events pose a significant threat to the safety and serviceability of existing reinforced concrete
(RC) structures, especially those designed before the enforcement of modern seismic design codes. Many
older buildings exhibit vulnerabilities such as inadequate reinforcement detailing, insufficient ductility,
poor confinement in plastic hinge regions, and inadequate lap splice lengths. These shortcomings often
result in brittle failure modes under seismic loading, leading to structural collapse which is shown in
figure2.1. The need for strengthening such buildings against seismic actions has driven extensive
research and development of both traditional and advanced retrofitting techniques, with the goal of

enhancing structural resilience during earthquakes[22].

Figure 2.1 Column failure due to seismic actions

In response to these deficiencies, structural engineers have developed a wide range of strengthening
techniques to rehabilitate and improve the performance of aging RC structures. Strengthening not only
aims to restore or enhance the original capacity of the structure but also to meet updated performance
objectives, extend the service life, and ensure the safety of occupants and surrounding infrastructure.

The process of strengthening existing RC structures follows a methodical and engineering-driven approach
that begins with a thorough understanding of the structure’s current condition. Initially, a preliminary
assessment is carried out, involving a detailed review of available architectural and structural drawings,

past maintenance records, and previous retrofit interventions. This is followed by a visual inspection to

9
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identify obvious signs of structural distress such as cracking, spalling, deformation, corrosion stains, and

water ingress[23].
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Figure 2.2 Visual inspection of structures showing early signs of distress

In many cases, surface-level observations are insufficient to assess the true extent of deterioration or
internal damage. Therefore, the next stage involves more detailed and often intrusive inspections using
both non-destructive and destructive testing techniques. Non-destructive testing (NDT) methods such as
ultrasonic pulse velocity, rebound hammer, ground penetrating radar, and half-cell potential testing are

employed to evaluate material uniformity, locate reinforcement, and assess corrosion activity[23].

Figure 2.3 ultrasonic pulse velocity testing to assess internal integrity of concrete

Following the condition assessment, a comprehensive structural evaluation is conducted to analyze the
existing load-carrying capacity of the structure under current and projected loads. This involves developing

analytical or numerical models based on actual geometry, material properties, and reinforcement

10
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detailing. Finite element analysis or other suitable structural analysis methods are used to simulate
various loading scenarios, including gravity loads, wind loads, and seismic actions.

Once the critical vulnerabilities are identified, a suitable strengthening strategy is formulated. One widely
used technique is section enlargement or jacketing, where additional concrete, steel, or fiber-reinforced
cementitious composite (FRCC) material is added around beams, columns, or slabs to increase their
cross-sectional area and improve strength and stiffness. Concrete jacketing involves placing additional

reinforced concrete around an existing member with adequate surface preparation and bonding[24].
=)

(@) ©

Figure 2.4 RC column being retrofitted using jacketing to improve confinement and load capacity

In some cases, strengthening requires the addition of new structural elements such as concrete shear
walls, steel braces, or new frames to increase lateral stiffness and load redistribution. In situations where
the existing foundations are inadequate, foundation interventions such as underpinning, micro-piling, or
footing enlargement may be necessary[25].

The implementation of strengthening measures must be carried out with precision and adherence to
detailed specifications. Surface preparation is critical to ensure proper bonding between the new and
existing materials. Once the materials are installed, structural health monitoring systems, such as strain

gauges, displacement sensors, and crack monitors, may be integrated to evaluate performance over time.
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Figure 2.5 structural health monitoring systems
Strengthening of existing RC structures demands a nuanced and context-specific approach that integrates
structural assessment, advanced materials, and carefully selected retrofitting techniques. Whether

through traditional methods like concrete jacketing or innovative solutions such as externally bonded
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FRPs, near-surface mounted reinforcements, or fiber-reinforced cementitious composites, the goal
remains the same: to restore or enhance the structural capacity, ductility, and durability of deficient
elements. The combination of thorough diagnostics, analytical modeling, and modern material systems
enables engineers to tailor strengthening strategies that not only address current performance gaps but

also prepare the structure for future demands, including seismic resilience and extended service life.

2.2. Traditional Strengthening Techniques

The retrofitting of reinforced concrete (RC) structures involves a wide array of strengthening techniques
tailored to address various structural deficiencies such as inadequate flexural strength, insufficient shear
resistance, low ductility, or poor serviceability. These techniques fall into traditional or advanced
categories and are selected based on the type of structural deficiency, accessibility, cost constraints, and

particularly the expected seismic performance[26].

2.2.1. Concrete Jacketing

Concrete jacketing is one of the oldest strengthening methods used to increase the cross-sectional area
and reinforcement content of existing structural members, especially columns. This method typically
involves casting a new layer of concrete with added reinforcement around the existing member. It
enhances axial, shear, and bending capacity and significantly improves confinement and ductility under
seismic loading. However, it also increases the dead load and requires thorough surface preparation to
ensure proper action between old and new concrete[27]. Figure 1 shows a typical concrete jacketing

application around a column.
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Figure 2.6 Concrete jacketing of an RC column
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2.2.2. Steel Jacketing

Steel jacketing is another conventional technique used to encase RC columns or beams with steel plates
or angles, which are either bolted or welded. It improves shear capacity and provides lateral confinement.
This method is effective for rapid retrofitting, especially in seismic zones. However, the major drawbacks
include corrosion susceptibility of steel and the need for protective coatings, as well as the complex labor

involved in welding or bolting steel components[28].

Figure 2.7 Steel jacketing of a column

2.2.3. Post-Tensioning

Post-tensioning introduces external forces into the structure by applying tensioned steel tendons. This
method reduces deflection, enhances crack control, and increases overall strength. It is typically used in
long-span structures like bridges or floor slabs. The process is labor-intensive and must be executed with

precision, especially for anchorage and tensioning systems[29].

Figure 2.8 Applied Post-tensioning cables
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2.3. Fiber Reinforced Polymer (FRP)

2.3.1. Introduction

Fiber-Reinforced Polymer (FRP) composites are a class of advanced materials composed of high-strength,
continuous fibers embedded within a polymer matrix. The combination results in a lightweight, high-
performance material capable of resisting significant tensile forces. FRP composites have gained
widespread use in civil engineering, particularly for retrofitting and strengthening of reinforced concrete
(RC) structures, due to their favourable mechanical properties, corrosion resistance, and ease of
application. Their use reduces the need for heavy machinery, limits labour time, and enables non-intrusive
rehabilitation of existing infrastructure[30].

The core principle behind FRP performance lies in the synergy between its constituents. Fibers, such as
carbon, glass, basalt, or aramid, provide the tensile capacity, while the polymer matrix distributes stress
among fibers, protects them from mechanical and environmental damage, and contributes to overall
durability. The matrix also helps maintain the integrity of the composite under varying loads and

environmental conditions[30].

Fibre

Figure 2.9 Cross-sectional schematic of a unidirectional FRP composite

2.3.2. Types of Fibers and Matrix Materials

The mechanical behavior and durability of FRP systems are heavily influenced by the type of fibers used.
Carbon fibers (CFRP) are widely adopted due to their high tensile strength, excellent fatigue resistance,
and low weight. They exhibit minimal creep and high modulus of elasticity, making them ideal for
structural applications where stiffness is essential. Glass fibers (GFRP) are more affordable and widely
available, offering moderate strength and good corrosion resistance, but they tend to have lower stiffness

and are more vulnerable to long-term degradation in aggressive environments. Aramid fibers (AFRP) are
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known for their impact resistance and fatigue strength, although their performance under UV exposure

and alkaline environments is limited. Basalt fibers (BFRP) are emerging as a sustainable alternative,

offering better thermal and chemical stability than GFRP with an intermediate cost-performance

balance[31], [32].

a)CFRP b)GFRP c)BFRP d)AFRP
Figure 2.10 Different Fibers

The matrix material in conventional FRPs is typically a thermosetting resin, such as epoxy, vinyl ester, or
polyester. Epoxy resins dominate the field due to their superior bonding ability, mechanical strength, and
chemical resistance. However, their use presents challenges under elevated temperatures, exposure to
fire, and harsh chemical environments, where degradation of the resin compromises the performance of
the entire system. Furthermore, organic polymers are often not compatible with the high pH of concrete,

potentially leading to interface degradation over time[33].
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Figure 2.11 Stress-Strain curves of some FRP materials and steel
FRP materials are inherently anisotropic, with their tensile strength and stiffness concentrated along the
direction of the fibers. For instance, CFRPs can exhibit tensile strengths exceeding 3000 MPa and elastic
moduli up to 230 GPa, surpassing conventional steel reinforcement in tension. However, their
performance in compression and transverse directions is significantly lower, making the design process
more complex. Unlike ductile materials like steel, FRPs fail in a brittle manner, without yielding or warning,

necessitating conservative safety factors and well-defined failure mechanisms in structural applications.

15



Chapter 2 | Literature Review

The density of FRP composites is generally low (1.6-2.0 g/cm3), reducing dead load and facilitating
transport and installation. Their electrical insulation properties and non-magnetic behavior allow their
application in sensitive environments, including hospitals and laboratories. FRPs also exhibit high
resistance to corrosion and fatigue, especially in marine and industrial atmospheres, which further

supports their use in aging infrastructure[34], [35].

2.3.3. Strengthening Techniques Using FRP

The most common applications of FRP materials in structural strengthening involve two key techniques:
Externally Bonded Reinforcement (EBR) and Near-Surface Mounted (NSM) systems. In EBR systems, FRP
laminates or sheets are adhered directly to the surface of structural elements using epoxy adhesives. This
method is simple, widely practiced, and well-suited for enhancing flexural and shear performance in
beams. However, it is susceptible to debonding failures and premature delamination, especially under
cyclic or dynamic loading conditions[36].

Alternatively, NSM systems involve embedding FRP rods or strips into pre-cut grooves in the concrete
surface, followed by filling the groove with a suitable adhesive. This technique provides enhanced
mechanical anchorage, improved bond strength, and better protection against mechanical and
environmental damage. NSM systems have shown higher efficiency in certain conditions, particularly for

shear strengthening or applications where surface space is limited[37].
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Figure 2.12 NSM and EBR FRP Reinforcement in RC Beam
Both methods are effective in increasing the moment capacity, shear resistance, and ductility of RC
beams. They also contribute to improved crack control and deformation compatibility, particularly under
service and ultimate load conditions. However, the final performance is significantly influenced by surface

preparation, adhesive properties, fiber orientation, and loading conditions[37].
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2.4. Fiber Reinforced Cementitious Concrete (FRCC)

2.4.1. Overview and Material Composition

Fiber-Reinforced Cementitious Composites (FRCCs) represent a high-performance category of cement-
based materials that integrate discontinuous, short fibers into a cementitious matrix to overcome the
brittle nature of conventional concrete. In traditional cementitious materials, cracking initiates and
propagates rapidly once the tensile strength of the matrix is exceeded. FRCCs, however, are designed to
provide a ductile response under tension, characterized by distributed micro cracking, strain hardening,
and enhanced toughness. These unique behaviours make FRCCs particularly suitable for structural
strengthening and retrofitting applications, especially in cases where inorganic, durable, and thermally
stable materials are required[38].

The effectiveness of FRCCs stems from their careful material formulation. The matrix is typically based
on Portland cement, often blended with pozzolanic additives such as silica fume, fly ash, or ground
granulated blast furnace slag. These supplementary materials refine the microstructure, enhance matrix-
fiber interaction, reduce brittleness, and improve long-term durability. Coarse aggregates are intentionally
omitted from FRCC mixes to ensure homogeneity and to facilitate uniform fiber distribution. Instead, fine
aggregates—usually silica sand or crushed quartz particles less than 1.2 mm in diameter—are used[39].
Water-to-cementitious material ratios are kept relatively low (often between 0.25 to 0.35) to ensure high
strength and low porosity, with superplasticizers used to retain workability. The addition of fibers is the
critical feature that transforms the behavior of the composite. A wide variety of fiber types can be used in
FRCCs, including polymeric (polypropylene, polyvinyl alcohol), glass, carbon, basalt, and metallic fibers.
Among these, steel fibers are of particular interest in structural applications due to their excellent
mechanical properties and high stiffness, which allow them to effectively bridge cracks and contribute to
post-cracking strength. The aspect ratio (length to diameter) of steel fibers typically ranges from 50 to

100, and the volume fraction commonly varies between 0.5% and 2.5%[38].

Figure 2.13 Typical FRCC with steel fibers
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2.4.2.  Steel Fibers and Matrix Interaction Mechanisms

The use of steel fibers in FRCCs significantly improves the material's load-carrying capacity, especially in
tension and shear-dominated applications. These fibers act as crack arrestors, delaying crack propagation
and enabling strain-hardening behavior. Upon the initiation of micro cracks in the matrix, steel fibers
bridge the crack openings and carry tensile stress, allowing multiple cracks to develop in a distributed
fashion rather than a single dominant crack. This phenomenon enhances not only the tensile capacity
but also the energy absorption, post-cracking ductility, and serviceability performance of structural
members[40].

Steel fibers come in various geometries, including straight, crimped, twisted, and hooked ends. Hooked-
end fibers are particularly effective because they provide mechanical anchorage within the cement matrix,
thereby enhancing pull-out resistance and improving the bond performance at the fiber-matrix interface.
The performance of the composite is highly dependent on the nature of this interaction, which comprises

three main bonding mechanisms: chemical adhesion, frictional resistance, and mechanical interlock[41].

Straight Hooked Crimped Double Ordinary
duoform duoform
Paddled Enlargod' Irregular Indented
ends
Steel fibre shapes

Figure 2.14 Distinct types of steel fibers
Chemical adhesion refers to the bond formed through the hydration products that attach to the fiber
surface during curing. Frictional resistance becomes active once the matrix starts to crack and sliding
begins at the interface, while mechanical interlock, enhanced by fiber deformation, resists fiber pull-out
and contributes to load transfer across cracks. The synergy of these mechanisms determines the fibber's

effectiveness in restraining crack widening and controlling crack patterns[42].
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Figure 2.15 lllustration of steel fibers bridging micro cracks
The fiber-matrix interface zone, often referred to as the Interfacial Transition Zone (ITZ), is crucial in
defining the performance of FRCCs. Proper dispersion, alignment, and embedment of fibers are essential
for maximizing the composite’s performance. In practice, achieving uniform fiber distribution and avoiding
clumping requires careful control during mixing and casting. Moreover, matrix design must be compatible

with the selected fiber type to prevent fiber debonding or premature pull-out under service loads[42].

2.4.3.  Tensile Behavior and Mechanical Properties

A defining feature of high-performance FRCCs is their remarkable tensile response. Unlike conventional
concrete, which fails in a brittle manner once cracking begins, FRCCs exhibit a strain-hardening behavior
under uniaxial tension. Initially, the composite responds elastically. When the matrix cracking strength is
reached, a first crack forms. Rather than causing immediate failure, stress is redistributed to surrounding
fibers, which continue to carry load, allowing additional micro cracks to form. This continues until the
material reaches its peak tensile strength, after which strain localization and softening eventually

occur[43].

Table 2.1 Typical Tensile Properties of Steel Fiber-Reinforced FRCCs

Property Typical Value Range
First Cracking Stress 3-5MPa
Ultimate Tensile Strength 5- 15 MPa
Tensile Strain Capacity 0.5 - 2.5% (up to 5% in ECCs)
Elastic Modulus 15 -40 GPa
Fiber Volume Fraction 0.5-2.5%
Property Typical Value Range
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This tensile behavior is responsible for the material’s high energy absorption and ductility. The crack
spacing is typically small, and the crack width is narrow—often below 100 microns—resulting in superior

durability by limiting ingress of harmful agents such as chlorides and moisture[44].
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Figure 2.16 Tensile stress-strain behavior of FRCC showing elastic stage, strain hardening, and softening
compared to plain concrete.
The exact mechanical performance depends on the fiber characteristics (length, geometry and stiffness),
matrix composition, fiber orientation, and curing regime. Steel fibers, with a modulus of elasticity of
approximately 200 GPa, are particularly effective in enhancing the elastic stiffness and ultimate strength

of the composite, making them an ideal choice for structural retrofitting tasks.

2.4.4.  Durability, Fire Resistance, and Environmental Performance

One of the fundamental advantages of FRCCs over organic matrix systems such as epoxy-based fiber-
reinforced polymers (FRPs) is their inherent durability and fire resistance. FRCCs are composed entirely
of inorganic materials, which are non-combustible, chemically stable, and compatible with concrete
substrates. Unlike epoxy resins, which can degrade at temperatures as low as 60-80°C, FRCCs maintain
their integrity at elevated temperatures and are suitable for fire-critical infrastructure[2].

Furthermore, the inorganic matrix ensures compatibility in thermal expansion and shrinkage behavior
when bonded to RC substrates, minimizing interfacial stress development over time. FRCCs are also
immune to ultraviolet radiation, moisture ingress, and chemical attack, making them highly durable in

aggressive environments[45].
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These properties make FRCCs an ideal solution for strengthening historical or monumental structures
where reversibility, material compatibility, and long-term durability are essential. Their use eliminates the
long-term aging, debonding, or softening issues associated with synthetic resin systems, enhancing the

sustainability profile of the strengthening intervention[46].

2.4.5. Recycling of Tyre cords

The automotive industry's rapid growth has become a major contributor to global waste generation. One
significant by-product is used tyres, which are composed of rubber, textile, and steel cords. Due to the
non-biodegradable nature of rubber, improper disposal of tyres presents serious ecological hazards. When
dumped in landfills, these tyres can release toxic chemicals into the soil and groundwater, posing risks

to local ecosystems[47].
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Figure 2.17 Tyre Components

To counter these environmental threats, recycling end-of-life tyres has emerged as a more sustainable
and eco-conscious solution. This approach supports the principles of a circular economy by reducing
waste, conserving raw materials, saving energy, and cutting greenhouse gas emissions—ultimately leading
to less environmental pollution. The recycling process typically includes shredding and separating the
tyres into their core components: rubber, textile fibers, and steel cords[48].

Recycled rubber can be repurposed for various applications, while the recovered steel—once considered
scrap—is now finding renewed value in the construction sector. Recent research has demonstrated that
steel fibers extracted from recycled tyres can effectively replace conventional industrial steel fibers in
structural uses, such as enhancing the shear capacity of reinforced concrete beams. These recycled steel
fibers have also been shown to improve the toughness and post-cracking behavior of cement-based
materials, while reducing their brittleness. Moreover, the use of recycled steel fibers offers a notable

economic advantage, as they are significantly more affordable than their industrial counterparts[49].
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2.4.6. Application in Strengthening of RC Beams

In structural strengthening applications, FRCCs can be used as overlays, jacketing systems, or sprayed
layers on RC elements to enhance flexural and shear capacities. When applied to the tension zone of RC
beams, steel fiber-reinforced composites provide additional tensile resistance after concrete cracking,

thereby increasing ultimate load capacity, reducing deflection, and enhancing energy dissipation[50].
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Figure 2.18 FRCC Configuration as Strengthening
The inclusion of fibers also leads to better crack control and improved serviceability by limiting crack
widths under service loads. For seismic applications, the strain-hardening and energy-absorbing behavior
of FRCCs improves ductility and resistance to repeated loading. Their use has also been explored in hybrid
systems combining steel rebars and textile reinforcements for increased performance[51].
Given these advantages, FRCCs—especially those reinforced with steel fibers—are now considered a

strategic material for future infrastructure maintenance, retrofitting, and resilience improvement projects.

2.5. Previous Studies

Mu et al. investigated the flexural performance of RC beams retrofitted with sprayed Fiber-Reinforced
Cementitious Composites (FRCC), focusing on both intact and pre-cracked conditions. The study used
20 mm and 30 mm thick sprayed overlays applied to RC beams and monitored crack behavior using
Digital Image Correlation during flexural testing. Results showed that a 30 mm FRCC layer restored over
85% of original capacity in damaged beams, significantly increased load-bearing performance, and
improved crack control and ductility, demonstrating the effectiveness of FRCC for structural rehabilitation
under flexural demands[50].

Zhang et al. explored the seismic retrofitting of precast RC beam-column joints using Engineered
Cementitious Composites (ECC) reinforced with Shape Memory Alloys (SMA). Full-scale joint specimens

were subjected to reverse cyclic loading, and their responses were compared against conventional and
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ECC-only counterparts. The SMA-ECC hybrid joints exhibited superior energy dissipation, reduced
residual drifts, and improved ductility, highlighting the potential of combining smart materials with FRCC
to enhance seismic resilience and self-centering capabilities[52].

Atmajayanti et al. examined the flexural strengthening of RC T-beams using bonded fiber-core steel-wire
ropes (FC-SWR). In four-point bending tests, beams reinforced this way showed increased crack initiation
load, yield strength, ultimate load, stiffness, and energy absorption. An analytical model based on
Modified Compression Field Theory accurately predicted performance. FC-SWR strengthening enhanced
flexural response by up to 50%, with improved crack control, although higher rope stiffness reduced
ductility[53].

Khattak et al. conducted experimental and numerical studies on continuous RC beams strengthened in
sagging or hogging regions using Fabric-Reinforced Cementitious Matrix (FRCM) systems. Two-span
beams with two layers of carbon- or PBO-based FRCM in sagging zones saw 17-28 % increases in load
capacity, while hogging strengthening achieved 9-17 % gains. Numerical models (ATENA) accurately
predicted capacities (within 12%), though deflection was slightly underestimated, emphasizing the role of
interface bond-slip behavior[54].

Tian et al. explored the flexural synergistic effect of ECC overlays on damaged RC beams under repeated
loading. They retrofitted pre-cracked beams with ECC strips and subjected them to cyclic loading tests,
closely monitoring load—deflection responses and crack patterns. The retrofit significantly improved
ultimate load capacity (~30%), reduced crack widths, and enhanced strain-hardening behavior,
demonstrating ECC’s effective rehabilitation potential for structurally compromised beams[55].
Chidambaram & Agarwal conducted an experimental study on RC beams incorporating high-performance
FRCC or hybrid FRCC at hinge regions. Seven types of FRCC, including hybrid fibers, were embedded in
26 beams tested under monotonic flexure. They found superior post-yield stiffness, improved ductility,
and reduced damage ratios compared to conventional RC, confirming FRCC’s capability in enhancing
flexural resilience[56].

Wasef et al. evaluated RC beams strengthened with textile-reinforced strain-hardening geopolymer
composites (TR-SHGC) under static flexure. Ten beams were tested—including EB and NSEEB
techniques—with varying textiles and composite types. Results showed NSEEB-SHGC overlays enhanced
ultimate load and ductility by ~67%, and a proposed flexural capacity model calibrated accurately with
observed behavior[57].

Baraghith et al. investigated the shear and flexural behavior of RC dapped-end beams strengthened with

precast strain-hardening cementitious composite (P-SHCC) plates. Under static loading, strengthened
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specimens showed 20-35 % improvement in shear capacity and finer crack distributions in flexure,
attributed to P-SHCC's strain-hardening and mechanical interlock with the substrate[58].

Mandor & El Refai studied continuous RC beams strengthened in both hogging and sagging regions using
FRCM. Experimental and analytical results showed sagging strengthening improved mid-span flexural
capacity by ~25 %, while hogging region strengthened beam-column connections improved hogging
moment resistance by 18 %. Bond-slip behavior and anchorage were identified as critical for
performance[59].

Liu et al. examined the flexural behavior of composite beams created using 3D-printed Engineered
Cementitious Composite (ECC) layers over recycled fine aggregate concrete (RFAC) cores. Beams with
varying ECC overlay thicknesses (15 mm, 30 mm, and 45 mm) were tested under flexure to evaluate
structural performance. Results showed that beams with 30 mm and 45 mm ECC layers achieved flexural
capacities comparable to RC beams with a steel reinforcement ratio of 0.2%, along with significant ductility
improvement. The study emphasized the importance of interfacial bonding between the ECC and RFAC
layers in maintaining composite action[60].

Bai et al. investigated the flexural performance of composite beams using 3D-printed U-shaped ECC
formworks filled with recycled concrete. The study assessed different ECC formwork geometries and
thicknesses under monotonic flexural loading to determine their impact on load capacity and ductility.
Beams with 20% ECC formwork height and 30 mm sidewall thickness demonstrated similar performance
to traditional RC beams (with 0.3-0.4% reinforcement ratio), while also showing increased peak
displacements and improved energy absorption. However, interfacial bond strength between the ECC

shell and concrete core was a key limiting factor in structural efficiency[61].
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3. EXPERIMENTAL TESTING

The experimental tests conducted in this thesis are a part of series of tests which has been done and
continued over the recent years. Even though some of these tests are performed before this study, some
of the results are used for validation and calibration of FEA. All the experimental tests of this campaign
are illustrated in table3.1. The first test in the series is the flexural test on an unstrengthened RC beam,
which serves as the reference specimen to evaluate the baseline performance. It provides essential data
on cracking load, ultimate load, and ductility before any strengthening intervention. The second and third
tests focus on beams strengthened with EBR and NSM CFRP systems, respectively. The tests were
performed to compare their effectiveness in improving load capacity and controlling crack propagation.

The fourth and fifth tests involve RC beams strengthened using a FRCC applied in a U-jacketing
configuration with two different steel fiber ratios, 1.1% and 2.0%. These tests aimed to assess how
increasing the steel fiber content affects the flexural response, post-cracking behavior, and energy
absorption capacity of the beams. The sixth and seventh tests, conducted within the scope of this thesis,
introduce a hybrid strengthening approach combining steel fibers and PE fibers. In Test 6, a U-jacketing
configuration with 1.1% steel fibers and 1.0% PE fibers was applied, while in Test 7, the same hybrid

composite was used as a bottom reinforcement layer.

Table 3.1 Experimental test Campaign

Correlation with

Number Experimental Test Status
current study
1 RC Beam (Flexural Test) Completed Before Used
2 RC Beam Strengthened with CFRP EBR Completed Before Used
3 RC Beam Strengthened with CFRP NSM Completed Before Used
RC Beam Strengthened with FRCC U Jacketing (1.1% Steel
4 Completed Before Used
Fiber ratio)

RC Beam Strengthened with FRCC U Jacketing (2% Steel
5 Completed Before Used
Fiber ratio)

RC Beam Strengthened with FRCC U Jacketing (1.1% Steel
6 Completed In This Thesis Used
Fiber + 1% PE Fiber)

RC Beam Strengthened with FRCC Bottom reinforcement
7 Completed In This Thesis Used
(1.1% Steel Fiber + 1% PE Fiber)
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3.1. Material Characterisation

The starting point of experimental test is the material characterisation which is done in the form of three
point bending. The results obtained from this test is used to understand the behavior of material itself in
a proper way. Afterwards, the properties taken from this part is taken to the beam testing for proper

analysis of the beams.

3.1.1.  Geometry and Material

The specimens used in this test are three rectangular cubes with 40 x 40 mm cross section and 160mm
length. Due to uncertainty in the test three similar specimens have to be tested and the average of results

can be considered as the final value. The dimensions of the specimens are shown in figure3.1.
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Figure 3.1 Specimen Dimensions
The material used in this test is FRCC with 2.1% fiber ratio (1.1% steel fiber + 1% PE fiber). The composite
material used is consist of recycled steel fibers from tyre cords, PE fibers and an ultra-high-performance
cementitious mortar. The matrix in this application is “MAPElI PLANITOP HPC”, an ultra-high
performance, Shrinkage-compensated, free-flowing, and self compacting cementitious mortar.
Incorporating recycled steel fibers aligns with the principles of a circular economy, helping to lower

greenhouse gas emissions and minimize environmental impact while fostering sustainable structural

solutions. The configuration of the steel fibers are shown in figure 3.2.

T ——

Fiber und | b) Fiber sizing
Figure 3.2 Steel fibers

2
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As it can be seen in the figure 3.2 b, the steel fibers configuration are hooked end which enhances the
quality of bond between the mortar and the fibers. Moreover, the properties of steel fibers are shown in

table 3.2.

Table 3.2 Mechanical properties of steel fibers

Tensile Strength (Mpa) 2000

Modul of Elasticity (Mpa) 200000

Furthermore, Polyethylene (PE) fibers are lightweight synthetic fibers with high tensile strength and
excellent resistance to moisture and chemicals. When incorporated into cementitious composites, they

improve crack control, ductility, and overall durability, making them suitable for long-term structural

applications.

a) Fiber sizing b) Fiber Bundle
Figure 3.3 PE fibers
After all the raw materials are ready, the mortar and water are added to the mixer and will be mixed for
8 minutes. After that, the fibers are added to the mixure over time and 5 to 10 minutes is given to provide
an even texture for the FRCC. It should be noted that due to the water absorbing nature of the PE fibers,
the amount of required water for the mortar is more than the standard value. The procedure and the final

outcome of FRCC is shown in figure 3.4.

a) Mixing mortar with fibers b) FRCC Texture
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Figure 3.4 FRCC 2.1%
Following this, FRCC is poured into the prepared molds and in order to remove the excess air tarpped
inside, manual methods plus a vibrator is used to provide a good quality for the specimen. Finally, the
specimens require 21 days to be cured properly, however, due to some urgencies, the test was done 12

days after the casting. As a result, it resulted in lower mechanical properties for FRCC and reduction in

poperties should be considered.

a) Before using vibrator b) After using vibrator c) Final Specimens

Figure 3.5 FRCC 2.1% Casting

3.1.2. Testset up

The three-point bending test is a widely used experimental method to determine the flexural properties of
materials such as composites, mortars, and concrete. In this test, the specimen is supported at two
points, creating a simply supported beam configuration, while a concentrated load is applied at the mid-
span through a loading nose. This setup induces both bending and shear stresses, with the maximum
bending moment occurring at the mid-span.

The three-point bending machine consists of a rigid loading frame, two adjustable supports to hold the
specimen, and a loading actuator or crosshead that applies the force at a controlled rate. A calibrated
load cell measures the applied load, while deflection at the mid-span is recorded using a displacement
transducer or the machine’s built-in displacement sensors. Data acquisition software is typically used to

capture the load—deflection response throughout the test.
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Figure 3.6 Three Point bending Machine

This test allows for the determination of important parameters such as the flexural strength, which
corresponds to the maximum load sustained before failure, and the modulus of elasticity, calculated from
the slope of the initial linear portion of the load-deflection curve. Additionally, it provides valuable
information on the material’s cracking behavior, ductility, and failure mode, such as brittle fracture, fiber
pull-out, or delamination. The simplicity of the setup and the ability to simulate real bending conditions
make the three-point bending test an effective choice for characterizing cementitious composites and
fiber-reinforced materials.

The test was done for three specimens up to failure and after the test was done, all specimens were cut
into half from the major crack position and then were used for the compression test (with the same
machine only different head) in order to obtain the compressive strength of FRCC 2.1%. The Tested

Specimens that the ones prepared for compression test are shown in figure 3.7.

. LSS

a) Specimen under test b) All tested Specimens c) Preparation for compression test

Figure 3.7 Tested Specimens
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The six prepared specimens are then put into the machine again for the compression test. The figure 3.8

demonstrates the set up for the test.

a) Testing Machine b) Tested Specimens

Figure 3.8 Compression test

3.1.3 Results

The three-point bending tests conducted on the specimens exhibited a typical load-displacement
response characteristic of fiber-reinforced cementitious composites. In the initial stage, all three samples
showed a linear elastic behavior up to a displacement of approximately 1.5 mm, indicating a similar

flexural stiffness and confirming the consistency of material properties and specimen preparation.
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Figure 3.9 Load vs Displacement curve of three Point Bending
Beyond the elastic range, each specimen reached a distinct peak load, corresponding to the flexural
strength of the material. Among the three tests, Test 2 reached the highest peak load of approximately
7.5 kN, followed by Test 3 at about 6.8 kN, while Test 1 exhibited the lowest peak load of around 6.3 kN.

This variation, although present, remains within an acceptable range for experimental composites and
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may be attributed to minor differences in material distribution or local defects. The displacement at peak
load was around 1.5-2.0 mm, suggesting a semi-brittle failure mode typical of inorganic composite
materials.

After reaching the peak, all specimens demonstrated a gradual softening behavior rather than a sudden
drop in load, highlighting the presence of residual load-carrying capacity even after the initiation of flexural
cracks. This post-peak behavior can be attributed to the fiber bridging effect, which delayed complete
failure and allowed the material to sustain additional deformation. The residual strength converged across
all tests, with the load gradually decreasing to around 1 kN at 6 mm displacement and approaching zero
near 10 mm.

The overall shape of the curves reflects the energy absorption capability and ductility improvement
imparted by the fibers. Test 2, with the highest peak load, also exhibited a slightly larger area under the
curve, indicating superior toughness compared to the other two specimens. The absence of abrupt brittle
failure and the presence of a long softening tail confirm the beneficial role of fiber reinforcement in
improving post-cracking behavior, enhancing both ductility and crack resistance.

The compression test results presented in Table 3.3 show the residual compressive capacity of the
specimens after they were previously tested in three-point bending. The average maximum compressive
force recorded was 110.6 kN, corresponding to an average compressive strength of 71.5 MPa. Despite
prior flexural loading, the specimens retained a significant portion of their compressive strength, indicating

good damage tolerance and post-bending structural integrity.

Table 3.3 Compression test results

Max compressive Strength

Specimen Max Force (kN)

(Mpa)

1 120 75

2 93 58

3 111 70
4 108 67.5

5 119 74
6 113 70.6
Average 110.6 71.5

Among the six specimens, Specimen 2 exhibited the lowest compressive strength of 58 MPa (93 kN),
which is noticeably below the average. This reduction is likely due to more severe cracking or internal

micro damage accumulated during its bending test. In contrast, Specimens 1 and 5 showed the highest
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residual compressive strength values, reaching 75 MPa and 74 MPa respectively, suggesting that they
experienced less extensive damage during flexural loading.

The variation between specimens remains within a reasonable range, except for Specimen 2, which is
considered an outlier. Overall, the results demonstrate that prior bending-induced damage did not
completely compromise the compressive performance of the material. The retention of over 90% of the
original compressive strength for most specimens highlights the robustness of the FRCC and its ability to

sustain multiple loading types without catastrophic degradation.

3.2. Beam Testing

Following the material characterization of FRCC 2.1% material, the scaled beams with U-jacketing and
bottom reinforced with FRCC is the next test case. The test is conducted with four point bending machine

and 2 beams are tested in total. Moreover, the DIC results are shown in the last section.

3.2.1. Geometry and Materials

The beams length are 1500mm and cross section of 180 x 100 mm. the beams are consist of 1308
stirrups and 2@8 for top and bottom steel longitudinal reinforcement. Moreover, the concrete cover is

20mm. All the details are shown in figure3.10.
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Figure 3.10 Geometry of the Beam
The concrete grade chosen for the beams is C25/30 and all the properties required for the concrete are
shown in table3.4. Furthermore, the FRCC 2.1% for strengthening is characterized in section3 and same

material is used for the beams.
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Table 3.4 Concrete C25/30 mechanical properties

p (kg/me) f. (Mpa) f. (Mpa) E. (Gpa)
2450 25 33 34

The reinforcement steel used is B450C. The density (p), the characteristic yield strength (f.), the
characteristics ultimate strength (f.), the Characteristic yield strain (€,), the Characteristic ultimate strain
(Ew) and the modulus of elasticity (E) of this conventional reinforcing steel according to [62] are

summarized in Table 3-5.

Table 3.5 Steel B450C mechanical properties

P F.. (Mpa) F.. (Mpa) E. (Gpa) Ex (%)
(kg/me)
7850 450 650 210 0.28

The RC beams were already cast and cured under standard conditions for 28 days before the
strengthening process. To prepare them for FRCC application, the existing concrete cover in the
designated strengthening zones was carefully removed using mechanical means. This process exposed
the aggregate surface and, in some areas, partially revealed the longitudinal reinforcement. Removing
the cover ensured better mechanical interlocking and composite action between the original concrete
substrate and the newly applied FRCC layer. By replacing the original cover, the FRCC could bond directly
to the core concrete and reinforcement, minimizing any weak interface that might reduce the

strengthening efficiency.

s y‘f’
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Figure 3.11 Concrete Cover removal
Following the cover removal, the framework in which the FRCC is going to be casted is prepared. Based
on the removed thickness of the concrete and desired outcome thickness of the FRCC, the wooden

framework is around the beams.
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Figure 3.12 FRCC Framework

For the first beam, an FRCC layer was applied only to the tension face (bottom surface), acting as
additional tensile reinforcement and improving the flexural capacity in the critical tension zone. The
second beam was strengthened using a U-jacketing configuration, where the FRCC layer covered not only
the bottom surface but also extended up both vertical sides. In both cases, the FRCC mix consisted of
cementitious matrix with 1.1% steel fibers and 1% polyethylene fibers by volume, cast to a uniform
thickness of 50mm for bottom reinforcement and 30mm for bottom side of the U-jacketing and 20mm
for the sides. Beam are cured unitl 12 days before testing. The preparation process of FRCC is not
mentioned in this section because it was explained in secion 3.1. The visual process of FRCC casting into
the beams are shown in figure 3.13. Also, PE fibers increased the viscousity of the FRCC mixure and as
a result the casting process became more difficult. For solving this issue, a strong vibrator is used to

eliminate voids inside the FRCC and increase the casting quality.
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Figure 3.13 Visual process of FRCC casting

After the casting and curing process was completed, the middle region of each beam—corresponding to
the constant moment zone in the four-point bending test—was prepared for digital image correlation (DIC)
measurements. This optical technique requires a high-contrast, random speckle pattern on the surface

to accurately track deformations during loading.
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Figure 3.14 DIC Zone identification and clearance
To create the speckle pattern, the surface of the beam was first cleaned to remove any dust or loose
particles. Then, a random distribution of small black dots was carefully sprayed over the surface, forming
a unigue, non-repetitive spe+ckle pattern. This pattern ensures that the DIC system can recognize and

track surface displacements and strain fields with high precision.

Figure 3.15 Speckle pattern

The speckle-patterned area was aligned with the field of view of the DIC cameras during the test. High-
resolution images were captured continuously throughout the loading process, allowing the system to
calculate fullfield strain and displacement maps in the constant moment region. This approach provided
detailed insights into the crack initiation, propagation, and deformation behavior of the strengthened

beams.

3.2.2. Testsetup

The four-point bending test is a standard experimental method used to evaluate the flexural behavior of
structural elements such as reinforced concrete beams. In this setup, the beam is simply supported at
two ends while two equal loads are applied symmetrically at one-third of the span length. This loading

configuration creates a constant moment region between the two loading points, minimizing shear effects
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in the central zone. It allows for a clearer observation of flexural cracking, stiffness degradation, ductility,

and ultimate load capacity.

:

Figure 3.16 Four point bending test machine configuration

The test was conducted using a universal machine ‘ITALSIGMA’ with a load capacity of 3000 kN. Since
the estimated failure loads for each specimen were very small compared to the full loading capacity of
the machine, load cells were used for more accurate load measurements. Two steel roller supports were
used to simulate simple supports, while the loading system consisted of a rigid spreader beam that
divided the applied load equally between the two loading points. The clear span of the beam was
1500mm, with the two loading points positioned 400mm from the support, creating a constant moment
region in the middle of the beam.

During testing, the load was applied under displacement control at a rate of 2 mm/min to capture the
complete load—deflection response, including post-peak behavior. Mid-span deflection was recorded using
a linear variable displacement transducer (LVDT), while additional LVDTs were placed at the loading points
to monitor local deformations. For full-field surface strain analysis, a digital image correlation (DIC) system
was employed in the constant moment zone. The applied load, deflection, and strain data were

continuously collected by a data acquisition system throughout the test.
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= : S o
a) DIC camera set up b) LVDT positions
Figure 3.17 Four point bending test set up

Following that the beams are tested up to failure and results obtained from the test machine and DIC are

discussed in the upcoming sections.

S

a) Bottom reinforcement b) U-Jacketing

Figure 3.18 Failure scene of tests

323 Results

The load—displacement responses of the two strengthened beams—one with a 50 mm bottom FRCC layer
and the other with a 30 mm U-jacketing layer—show similar overall trends, with an initial linear elastic

stage, a peak load plateau, and a gradual softening followed by large post-peak deformation capacity.
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Figure 3.19 Force vs Displacement RC beams strengthened with 2.1%FRCC
In the initial elastic region (0-5 mm displacement), both beams exhibited comparable stiffness, indicating
that despite the difference in FRCC thickness, the two strengthening configurations provided similar initial
flexural rigidity before cracking. This suggests that in the pre-cracking phase, the contribution of the FRCC
layer’s thickness is less significant compared to the overall section stiffness dominated by the original RC
section.
After cracking, bottom reinforcement reached a slightly higher peak load of approximately 58 kN, while
U-jacketing peaked near 55 kN. This represents an almost 7% higher peak strength for the bottom
reinforcement. The increased thickness directly enhances the tensile capacity in the most critical zone,
explaining the marginally higher flexural strength.
These results suggest that although the thickness of U-jacketing is much smaller than the bottom
reinforcement, the peak capacities are close to enough to conclude that the U-jacketing provides better

overall performance in terms of ductility and peak capacity.

3.3. Digital Image Correlation Results

Digital Image Correlation (DIC) is a non-contact optical measurement technique used to obtain full-field
surface displacement and strain during mechanical testing. Unlike conventional sensors such as strain
gauges or LVDTs, which provide data at discrete points, DIC captures the deformation of the entire region
of interest (ROI), enabling a more detailed understanding of the structural response. It has become an
essential tool in experimental mechanics for validating numerical models, visualizing crack propagation,

and quantifying local strain concentrations.
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3.3.1.  Principle of Operation

The working principle of DIC is based on optical tracking of a random speckle pattern applied to the
specimen’s surface. Before testing, the ROl is coated with a uniform white base layer, followed by
randomly sprayed black speckles to create a unique high-contrast pattern. This pattern allows the software
to recognize and track small image subsets (known as facets) during deformation.

As shown in Figure 3.20, the DIC system acquires a reference image of the undeformed specimen at the
beginning of the test. During loading, sequential images are captured at defined time intervals. The DIC
algorithm then compares each small facet in the reference image with its corresponding facet in the
deformed images using a cross-correlation function. By identifying the shift of each facet, the software
computes local displacements in the X and Y directions. Numerical differentiation of these displacement

fields yields the strain maps, such as normal strain, shear strain, and principal strain.

Reference Image Deformed Image Displacement Field

Y

>X

!

Strain Field

Figure 3.20 Schematic of DIC working principle

Depending on the application, DIC can be implemented in two configurations:

e 2D DIC, using a single camera, is suitable for planar specimens undergoing in-plane deformation
with minimal out-of-plane motion.
e 3D DIC, using a stereo camera setup, enables full three-dimensional displacement and strain

measurement, including out-of-plane movements.

3.3.2. Test Setup and Implementation

For the four-point bending tests, the middle region of the beam—coinciding with the constant moment

zone—was selected as the ROI. This area was prepared with a random black speckle pattern to achieve
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contrast for image tracking. A high-resolution digital camera was positioned perpendicular to the beam
surface, ensuring the entire ROl remained in the field of view.

As illustrated in Figure 3.17, the camera was mounted on a stable tripod outside the test rig, and the
lighting conditions were controlled to eliminate glare and shadows that could interfere with image quality.
During loading, the camera continuously recorded images at a frequency of 1 frame per 5 seconds,
capturing the gradual development of cracks and surface deformation.

The recorded images were later processed using ZEISS software, where parameters such as facet size,
step size, and correlation algorithm were carefully selected to balance accuracy and computational
efficiency. The output included full-field displacement maps, strain contours, and crack evolution

visualization, providing valuable insight into the flexural behavior of the strengthened beams.

333 Results

In this study, the 2D DIC was conducted using a single camera in the middle section of the beam. At the
beginning, the strain contour at the starting point of cracking in tension part was considered in order to
obtain the max tensile capacity of the FRCC 2.1% material. Based on hook’s law, the maximum stress
before the cracking begins, equal to corresponding strain multiplied to the young's modulus. The young's
modulus of the material is assumed same as the FRCC 2% material which is 16.4 GPa. As shown in
figure 3.21, the max strain of the beam with bottom reinforcement is 0.037% which is happening in
point4. As a result, the maximum tensile capacity of the FRCC 2.1% is calculated as 6.068 MPa. Although,
there might be some inaccuracies (due to the fact that the bottom part is not pure tension) in this method

for obtaining the maximum tensile strength, it is a good initial value for start of the investigation.
_
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Figure 3.21 Strain contour of the bottom reinforced beam
The same analysis was conducted for the U-jacketing and the result is demonstrated in figure 3.22. The

maximum strain obtained is 0.038% which result in 6.232 MPa maximum tensile strength. As the both
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DIC results illustrate, values for tensile strength are close to each other and it confirms that the value is

reliable.
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Figure 3.22 Strain contour of the U-Jacketing

Following that, the principal strain distribution of both beams at failure are shown in figure 3.23 and 3.24.
For the bottom reinforced beam , the strain distribution shows a series of well defined vertical flexural
cracks concentrated primarily within the constant moment region. Moreover, The strain intensity reaches
its maximum near the mid-span, where the bending moment is highest.

In contrast, the U-jacketed beam exhibits a denser network of finer cracks, with lower strain concentration
at each individual crack. The red strain bands are less pronounced, and the cracks appear more evenly
distributed along the constant moment region. This behavior reflects the confinement effect provided by

the U-jacketing, which helps redistribute tensile stresses more uniformly and delays the formation of a

single critical crack.

—

Figure 3.24 Principal strain distribution for U-jacketing at failure
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Comparison:

e The bottom reinforcement results in fewer but wider cracks, indicating higher localized strains
and more brittle crack propagation.

e The U-jacketing leads to multiple, finer cracks with more uniform strain distribution,
demonstrating better control of crack growth and improved ductility.

e Despite being thinner (30 mm vs. 50 mm), the U-jacketing is more effective in controlling crack

propagation and maintaining structural integrity in the post-peak phase due to its confinement

effect.
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4. NUMERICAL MODELLING

To complement the experimental investigations and gain deeper insight into the structural behavior of the
strengthened beams, a comprehensive finite element model (FEM) was developed using ABAQUS. This
numerical simulation aims to replicate the nonlinear flexural response of RC beams retrofitted with both
bottom reinforcement and U-jacketing techniques under four-point bending and perform a parametric
analysis afterwards.

The FEM approach allows for a detailed assessment of stress distribution, crack formation, and damage
evolution, offering a powerful tool to predict behavior beyond what can be directly measured in
experiments. ABAQUS, with its robust capabilities for nonlinear material modelling and contact
interactions, provides an ideal platform for simulating complex behaviors such as cracking, crushing,
debonding, and strain localization in reinforced concrete structures.

The model incorporates realistic representations of concrete, steel reinforcement, and the FRCC, along
with proper boundary conditions, interaction definitions, and material constitutive laws. Calibration was
performed using experimental data to validate the accuracy and reliability of the simulation results,

ensuring the model can serve as an effective extension of the physical testing.

4.1. Bare Beam (Flexural Behaviour)

As an initial step in the numerical investigation, a finite element model of a RC beam without any FRCC
strengthening was developed using ABAQUS to serve as a baseline for validation and calibration. This
model replicates the geometry, reinforcement detailing, boundary conditions, and loading scheme of the
corresponding experimental beam tested under four-point bending. The primary objective of this initial
simulation was to verify the accuracy of the material models, mesh sensitivity, and nonlinear behavior
implementation—particularly the concrete cracking and steel yielding mechanisms. The results obtained
from this unstrengthened RC beam model were compared with experimental force vs displacement curves
to ensure that the simulation framework is reliable before proceeding to the modeling of strengthened

specimens.
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4.1.1. Model and Material

The sizing and dimension of the RC beam is exactly the same as the one used in the section 3.2.1 for
experimental testing. Moreover, the number and dimension of longitudinal and transversal reinforcements
are the same.

For all of the steel reinforcements, B450C steel is used which the properties were shown in table3.5.
Although, the concrete grade used here is also similar as the section before, ABAQUS requires the
concrete damage plasticity (CDP) data to be given.

In finite element modelling of reinforced concrete structures, it is crucial to represent the nonlinear and
anisotropic behavior of concrete with high fidelity. ABAQUS offers a specialized material model called
Concrete Damaged Plasticity (CDP) to capture the complex stress-strain relationships and damage
mechanisms associated with concrete. This model is widely used in structural engineering simulations
due to its ability to simulate both cracking under tension and crushing under compression, along with the
progressive degradation of material stiffness.

Concrete behaves differently under tensile and compressive loading. In tension, it exhibits a brittle
response, leading to cracking and sudden loss of strength, whereas in compression, it can sustain higher
loads with nonlinear plastic deformation before failure. The CDP model accounts for this dual nature by
incorporating two separate stress-strain relationships for tension and compression, along with damage
parameters that reduce the material stiffness as cracking or crushing progresses. This allows for more
realistic simulations of structural elements that experience localized failures, such as bending-induced

cracking in beams.
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Figure 4.1 Stress Strain curve for tension and compression
To effectively utilize the CDP model, ABAQUS requires several input parameters. These include the elastic
modulus and Poisson’s ratio to define the initial linear elastic response of the material. The tensile and
compressive strengths of the concrete are also essential, as they determine the onset of inelastic
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behavior. The model then uses tensile and compressive stress-strain data to capture the post-peak
softening behavior, which is especially important in replicating crack propagation and energy dissipation
in concrete structures.

The young's modulus used for the concrete are obtained based on the Eurocode formulation for concrete

under 50MPa strength. Based on the formula 4.1, the obtained young's modulus is 31,475.8MPa.

f 0.3
E,, = 22000 x (ﬁ) (4.1)
Furthermore, the maximum compressive strength of the concrete was obtained from the concrete grade
(33MPa) and based on the Eurocode, the maximum tensile strength of the corresponding concrete can

be obtained with formula4.2. For the C25/30 concrete, the maximum tensile capacity is 2.56MPa.

Foge = 03X f 3 .2
The plastic flow characteristics of the concrete damaged plasticity (CDP) model are defined by several
key parameters. One of these is the dilation angle (ys), which describes the inclination of the plastic
potential surface in the p—q stress space under high confinement levels and typically falls within the range
of 25° to 40°. Another important factor is the shape parameter (K), representing the ratio of hydrostatic
stress on the tensile meridian to that on the compressive meridian under conditions where the maximum
principal stress is compressive; a common value used for this ratio is 2/3. Additionally, the biaxial-to-
uniaxial compressive strength ratio (ow/0) is included, with a standard reference value of 1.16 based
on literature.

The eccentricity (&) of the flow potential governs the curvature of the hyperbolic function used to describe
the non-associated plastic flow; in most simulations, this parameter is set to a default of 0.1. Another
essential component is the viscosity coefficient, which serves to enhance numerical stability and avoid
issues such as strain localization or convergence failure. Selecting this value requires careful judgment:
overly high values can lead to inaccurate results, while excessively low values may result in computational
difficulties. In this study, a viscosity value of 0.0005 was adopted, in alignment with published guidelines.
Due to the unavailability of direct experimental calibration data for these parameters, values were sourced
from various reliable references in the literature. To ensure the chosen set of parameters did not
significantly bias the simulation outcomes, a sensitivity analysis was conducted using ABAQUS. The

selected parameters and their sources are outlined in Table 4.1.
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Table 4.1 CDP data
Dialation
Eccentricity (¢) strength ratio (cho/cco) shape parameter (K) viscosity coefficient
Angle(y)
25 0.1 1.16 0.667 0.0005

Moreover, the CDP data regarding the concrete and FRCC are obtained using the ABAQUS CDP Generator
software. The principals used in this software are the same what is written in Eurocode and the advantage
provided by this software is the ease of use. The inputs of this software are contained of ultimate
compressive strength (f.), ultimate tensile strength (f.), maximum aggregate diameter (d~.) and mesh
element characteristics length (lo). With try and error of the simulation it was obtained that 1 mm mesh
element characteristics length provides the most smooth and stable result for this study. The value for

d- Was also provided in test set up.

4 ABAQUS - CDP Generator - X
Material Data Plots
Compression Tension
| Carreira & Chu (19... ¥ | Stress-Strain v
Test data
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* Materials with strain softening &,
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@& Ahmed Elkady, University of Southampton ¥25-01 (beta) about

Figure 4.2 ABAQUS CDP Generator software interface
The output of this software is 4 files which provides data for yield stress vs inelastic strain and damage
parameter vs inelastic strain for both compression and tension. In table4.2, CDP data for C25/30
concrete in compression is shown and table4.3 illustrates that of tensile properties. The data obtained
will be used as the direct inputs for the ABAQUS. It should be noted that after the material

calibration the tensile strength changed from 2.56 to 1MPa.
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Table 4.2 Compression CDP data

Compressive yield Damage
Inelastic strain Inelastic strain
stress parameter
9.9 0 0 0
15.64003 1.1474E-05 0.001752 0.000897
26.03605 0.000125 0.15567 0.002194
30.08715 0.00028 0.507953 0.004847
32.33364 0.000506 0.615933 0.006085
33 0.0007949 0.820907 0.010739
27.8628 0.0021947 0.894362 0.015222
21.283 0.0035516 0.92914 0.019654
16.2375 0.004847 0.934994 0.020758
12.6741 0.0060854 0.952096 0.025167
8.31776 0.008451 0.962941 0.029568
3.48604 0.0152221 0.970301 0.033964

Table 4.3 Tensile CDP data

Tensile yield Damage
Inelastic strain Inelastic strain
stress parameter
1 0 0 0

0.70817 0.016486 0.29182 0.016486
0.51083 0.032973 0.48916 0.032973
0.38174 0.049460 0.61825 0.049460
0.29861 0.065946 0.70138 0.065946
0.24460 0.082433 0.75539 0.082433
0.20800 0.098920 0.79199 0.098920
0.18122 0.115406 0.81877 0.115406
0.15964 0.131893 0.84035 0.131893
0.14070 0.148380 0.85929 0.148380
0.12312 0.164866 0.87687 0.164866
0.10639 0.181353 0.89360 0.181353
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4.1.2. Geometry and sections

The whole specimen consists of beam (concrete part), longitudinal reinforcement (tension and
compression rebars), transversal reinforcement (stirrups) and supports (half a cylinder steel element). All
the parts mentioned are 3D deformable, however, the concrete beam and the steel supports are modelled
as the solid elements and the reinforcements are designed as the wire elements. Although, the supports
should be designed as rigid bodies for better modelling, the supports in this model are assigned as the
steel with high young’s modulus which will represents the actual situation with great accuracy and reduce

the complexity of the simulation.

Figure 4.3 Assembled Model

4.1.3. Constitutive Modelling

In the finite element simulation of reinforced concrete beams, the selection of an appropriate analysis
step is critical for capturing the complex nonlinear behavior exhibited during loading. In this study, the
Static General step available in ABAQUS was employed to model the loading phase of the four-point
bending test. This step is well-suited for problems involving progressive loading and material nonlinearity,
as it allows for accurate tracking of the response under gradually increasing loads. Unlike dynamic or
explicit analysis steps, the Static General step assumes quasi-static conditions, which closely resembles

the actual experimental setup where loading is applied slowly and inertial effects are negligible.

45 Edit Step X % Edit Step X

Name: Step-1 Name: Step-1

Type: Static, General Type: Static, General

Basic Incrementation Other
tion | Other
O Fixed

Maximum number of increments: | 1000000
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Description: [ Type: @ Automatic
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Nigeom: On Ed . . .
g Initial Minimum  Maximum

Automatic stabilization: |Use damping factors from previous general step ™ Increment size: |0.01 1615 01

Use adaptive stabilization with max. ratic of stabilization to strain energy: | 0.05

[ Include adiabatic heating effects

Figure 4.4 General Static Step
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An important feature activated in this step is the nonlinear geometry option (Nigeom = ON), which
enables the solver to consider geometric nonlinearities such as large deformations and rotations. This is
particularly important in the modelling of concrete beams, where significant deflections and crack
openings can occur as the load increases, affecting the internal force distribution and overall structural
behavior. Enabling this feature ensures that second-order effects, such as stiffness degradation due to
deformation, are properly captured in the simulation.

To manage contact behavior within the entire model, a general contact interaction was defined. This
approach simplifies the setup process by automatically identifying and applying contact definitions
between all surfaces that may come into contact during the simulation. It is particularly useful in complex
geometries like RC beams where multiple potential contact pairs may develop, especially as cracking and
deformation evolve.
The contact properties for this general interaction were carefully specified to include both normal and
tangential behavior. In the normal direction, a "hard contact" formulation was applied, which prevents
penetration between surfaces while still allowing separation. This is crucial for simulating the realistic
opening of cracks or gaps in concrete when tensile stresses exceed the material's tensile strength.
For the tangential behavior, a penalty friction formulation was used. This method introduces a friction
coefficient to simulate the resistance to sliding at the contact interface which has a value of 0.35. The
penalty method balances accuracy and numerical stability and is appropriate for quasi-static problems

like the four-point bending of concrete beams.
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Figure 4.5 Interaction
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In addition to contact interactions, embedded region constraints were defined to model the bond between
the steel reinforcement and the surrounding concrete matrix. In ABAQUS, the "embedded region"
interaction allows one part (the rebar) to be fully contained within another (the concrete host element),
enforcing compatibility of displacements without requiring explicit surface-to-surface bonding definitions.

This method assumes perfect bond between the two materials, meaning no slip occurs between the rebar
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and concrete during loading. This simplification is widely accepted in structural modelling unless bond-

slip behavior is being specifically investigated.
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Figure 4.6 Embedded region constraints
Together, these interaction definitions ensure a comprehensive and realistic representation of material
interactions during loading. They form a critical foundation for accurately capturing crack initiation, load

transfer mechanisms, and failure progression in the RC beam model.

4.1.4. Mesh and Boundary Condition

To represent the support conditions, the bottom surfaces of the two support rollers were constrained in
the vertical (Y) direction, effectively preventing any downward or upward movement. This setup mimics
the real-world support where the beam rests on two roller bearings, allowing free horizontal movement
(X-direction) while restraining vertical displacement. No constraints were applied in the X-direction to the
supports, allowing for the natural expansion or contraction of the beam.

For the loading mechanism, a vertical displacement was applied to the top surfaces of the loading plates,
positioned symmetrically between the supports to create a four-point bending scenario. Rather than
applying a force, a prescribed displacement was used, which provides better control over the simulation,
especially when dealing with nonlinear behavior such as cracking, strain localization, and post-peak
softening. This method also improves convergence and stability in the simulation, particularly near the

ultimate load and failure zones.

Figure 4.7 Boundary Conditions and Loading
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Following the modelling with mesh section, the concrete beam and steel support was discretized using
C3D8R elements—eight node linear brick elements with reduced integration and hourglass control. These
elements are widely used in nonlinear simulations involving solid structures due to their ability to capture
three-dimensional stress states, cracking, and crushing behavior of concrete. The reduced integration
scheme significantly improves computational efficiency while maintaining sufficient accuracy, especially
when the mesh is adequately refined. These elements are particularly effective for simulating concrete's
complex nonlinear behavior.

For the longitudinal reinforcement bars—both tension and compression rebars— and transversal
reinforcement (stirrups) the T3D2 element type was employed. These are two-node linear 3D truss
elements that carry axial force only. Since reinforcement bars are typically modelled as 1D elements
embedded within the 3D concrete domain, the T3D2 formulation is appropriate. It allows for the efficient
simulation of rebar contribution to the flexural and axial resistance of the beam without unnecessarily
increasing the model complexity or computation time. These elements were embedded into the concrete

mesh using the embedded region constraint to simulate perfect bond between steel and concrete. The

final configuration of the mesh assembly is shown in figure4.8.

Figure 4.8 Mesh

4.1.5. Results

The results of this study are assessed through a direct comparison between experimental data and the
outcomes derived from numerical simulation. This comparison not only validates the numerical model
but also provides a deeper understanding of how mesh density influences the accuracy of the results.

From the figure4.9, it can be seen that the numerical model demonstrates a strong correlation with the

experimental behavior, particularly in the initial elastic and peak load regions. Both mesh configurations
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successfully reproduce the general flexural response of the beam, confirming the accuracy of the
modeling approach and material definitions. The coarse mesh slightly underestimates the peak load but
captures the post-peak plateau with greater stability. In contrast, the fine mesh provides a closer

approximation to the peak response, though it shows a slightly sharper post-peak decline.
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Figure 4.9 Load vs Displacement of RC beam

Figure4.10 a) displays the tensile damage distribution across the beam. Here, the damage is
predominantly concentrated in the lower central region between the two loading points, indicating the
development of flexural cracks. This pattern is consistent with the expected behavior of reinforced
concrete beams under bending, where the bottom fiber experiences tension due to flexure. The
symmetrical spread of the tensile damage also suggests a uniform distribution of bending stress along
the beam’s span.

Figure4.10 b) illustrates the compressive damage profile. As seen in the figure, the upper central region
of the beam exhibits noticeable compressive degradation. The red and yellow zones along the top edge
of the beam confirm localized crushing and material degradation due to high compressive stresses. This
is also in agreement with the failure mechanism of concrete, where concrete crushing typically occurs at

the top fibers when the beam is subjected to downward loading.

a) Tensile Damage b) Cmression aage

Figure 4.10 Damage Contours
Moreover, after calibration of the model with experimental data, young’'s modulus value changed to
34,000MPa from 31,475.8MPa for the corresponding concrete. Also the maximum tensile capacity was

also changed to 1MPa after model calibration. This decrease in the tensile capacity can be due to the
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poor casting quality or other factors such as curing condition, environmental condition and bond

deficiencies affecting the experimental testing.

4.2. Material Characterisation

In the subsequent phase of the numerical investigation, a three-point bending test was modeled using
ABAQUS to simulate the structural response of the specimen under flexural loading. This simulation was
designed to replicate the actual experimental setup and boundary conditions in order to provide a reliable
basis for comparative analysis. The primary goal of this simulation is to calibrate the tensile strength
parameter of the FRCC 2.1% material model by matching the numerical load-displacement response
with that obtained from experimental testing. Given the significant sensitivity of flexural behavior to the
tensile characteristics of the material, accurately estimating the tensile strength is critical for achieving a
validated and predictive numerical model. Therefore, an iterative procedure was followed, in which the
input tensile strength was adjusted and the resulting numerical response was evaluated against the

experimental curve until a satisfactory agreement was reached.

4.2.1. FRCC Damage Data

The tensile stress—strain response of FRCC exhibits significant differences from that of conventional
concrete, particularly in the post-peak region. In conventional concrete, the tensile capacity reaches its
maximum at peak stress, after which a sharp and rapid degradation in tensile strength occurs due to the
brittle nature of the material. Once microcracks initiate and propagate under increasing tensile load, the
concrete matrix lacks internal mechanisms to arrest or redistribute these cracks. As a result, the post-
peak region of the stress—strain curve shows a steep decline, and the residual tensile strength approaches
zero at failure. This behavior reflects the inherent brittleness and low energy absorption capacity of plain
concrete under tension.

In contrast, FRCC materials exhibit a much more ductile behavior due to the presence of discrete
reinforcing fibers distributed within the matrix. After reaching the peak tensile strength, the stress—strain
curve of FRCC shows a moderate drop—typically around 30%—followed by a plateau-like behavior where
tensile strength is maintained at a nearly constant level until failure. This sustained tensile resistance is
attributed to the bridging action of the fibers across microcracks. As cracks initiate and open, fibers
continue to transfer tensile forces, delaying the localization of strain and preventing catastrophic failure.

This post-cracking behavior results in a more stable and ductile fracture process. The enhanced post-
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peak tensile behavior of FRCC improves ductility, crack control, and residual strength, leading to greater
energy absorption, durability, and structural resilience—making it a superior and more sustainable

alternative to conventional concrete.

——FRCC

Conventional Concrete

Stress (MPa)

Strain

Figure 4.11 Tensile strength schematic for FRCC and Concrete

4.2.2. Geometry, Material and overall Modelling

As it was mentioned in the section3.1.1, the cross section of the specimen is 40 x 40 mm and the length
of the specimen is 160mm. In this specimen there is no reinforcement and the material is pure FRCC2.1%
due to the fact that this test is performed in order to obtain material properties of the material.

The step and interactions used in this simulation are similar to the one used in the four point bending
test of the bare beam, however, due to the fact that there is no reinforcement used in the specimens,
embedded region constrain was not used. Mesh elements are all C3D8R as a results of all 3D elements.
Loading and boundary conditions are exactly the same with the four point bending simulation with one
slight difference that the loading body (the surface which the displacement is being applied instead of

loading) is a single half a cylinder instead of two. The rest of the setup is similar between three point

bending and four point bending and discretized view of the simulation is shown in figure4.12.

Figure 4.12 Mesh
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423 Results

Figure 4.13 presents the load-displacement response obtained from the numerical simulation of the
three point bending test for the FRCC 2.1% specimen, alongside the experimental results of three repeated
tests (Test 1, Test 2, and Test 3). In this simulation, the compressive strength of the FRCC mix was set
to 71.5 MPa, as determined from experimental testing detailed in Section 3.1.3. The tensile strength,
which was the primary unknown parameter in this modeling phase, was identified through an iterative
calibration process. After multiple simulation runs and adjustments, a tensile strength value of 6
MPa yielded a numerical response that closely matched the experimental behavior. As
shown in the graph, the numerical curve lies approximately between the three experimental curves,
representing an average response in terms of both peak load and post-peak softening behavior. Although
minor discrepancies are observed in the post-peak region, the overall agreement confirms the validity of
the selected tensile strength. The numerical curve effectively captures the flexural behavior and provides

an acceptable approximation of the material’s actual performance.
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Figure 4.13 Load vs Displacement FRCC 2.1%

4.3. Beam Testing Validation and Calibration for FRCC

At this section, the FEM of the beams under four point bending test are analysed. The modelling process
of the beams are similar as what was done in the section 4.1 for the bare beam with one slight difference
that in addition to the bare beam, there is a new layer of FRCC reinforcement. This layer is implemented
as a substitution for the concrete cover in some sides and it has two distinct configurations. Bottom

reinforcement and U-jacketing are two different shape of FRCC reinforcement that are added to the
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beams. These configurations will have various thicknesses and different materials that will be deeply

discussed in the following.

4.3 1. 1.1% Fiber ratio

The reinforcement material used in this test is the FRCC which consist of 1.1% of steel fibers. The
experimental results of the same beam reinforced with U-jacketing of the same material is present due
to some previous works of experimental test campaign. As a result, firstly the tensile strength of the FRCC
1.1% is calibrated with load vs displacement results that was obtained and following that, the bottom
reinforcement with same thickness and same material was modelled on the beam to observe the
differences between two configurations. The thickness of the reinforcement in both are configurations is
20 mm which was implemented on the beam after the concrete cover was removed. Moreover, the
compressive strength of this material is 98 MPa which was obtained from previous tests of the
experimental test campaign.

After proceeding with the iterative process in order to obtain the tensile strength of the FRCC1.1%,
maximum tensile strength was derived as 5 MPa. Following that, both configurations with the same
thickness are modelled with the finalized tensile strength and results are shown in figure4.14. It should
be noted that the experimental results of bottom reinforcement FRCC 1.1% is not available and the

numerical results are shown as a comparison between two configurations.
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Figure 4.14 Load vs Displacement FRCC 1.1%
Figure 4.14 presents the load-displacement response of the U-jacketed beam strengthened with FRCC
1.1%, comparing experimental results with those of the numerical simulation. The close agreement
between the experimental and numerical U-jacketing curves, particularly in terms of initial stiffness, peak

load (54 kN and 53 kN), and general post-peak trend, validates the accuracy of the FE model. This
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confirms that the selected material properties, including the tensile strength of 5 MPa obtained from
earlier iterative calibration, reliably simulate the behavior of FRCC in structural applications.

Also included in the figure is the numerical simulation of the beam with FRCC reinforcement applied only
at the bottom. This curve shows a notably lower peak load of 44 kN and a more pronounced post-peak
degradation. This contrast highlights the superior performance of the U-jacketing technique, which offers
better confinement, crack control, and energy dissipation through multidirectional FRCC engagement,

compared to the limited effect of bottom-only reinforcement.

4.3.2. 2.0% Fiber ratio

Similar modelling and procedure was conducted for the beam with FRCC 2% as the reinforcement
material. As a result of iterative procedure, the tensile strength was obtained as 8MPa with 30% decrease
in the post peak area up to failure. The load vs displacement curve both bottom and U-jacketing are
shown in figure4.15. The graph compares results of calibrated FRCC 2% material properties, firstly with
the experimental results and secondly, the differences between two configurations. Moreover, the
compressive strength of this material is 98 MPa which was obtained from previous tests of the

experimental test campaign.
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Figure 4.15 Load vs Displacement FRCC 2%
Figure 4.15 displays the load-displacement curves of the U-jacketed beam reinforced with FRCC 2%,
including both experimental and numerical results, along with the numerical response of the bottom-
reinforced beam. The numerical U-jacketing curve aligns well with the experimental data in terms of peak
load of 61 kN, initial stiffness, and post-peak behavior, further confirming the reliability of the FE model

in simulating the FRCC material and calibration of the tensile property.
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Compared to the bottom reinforcement, which reached a peak load of approximately 47 kN and
experienced a more rapid degradation in strength, the U-jacketing configuration clearly provides enhanced
structural performance. The experimental U-jacketing specimen maintained a nearly constant load level
beyond the peak displacement, which reflects the strain-hardening and crack-bridging capabilities of
FRCC 2% under flexural loads.

The increase in fiber content from 1.1% to 2% contributed to higher ductility, improved energy dissipation,
and a more gradual post-peak softening response. This validates the role of fiber dosage in promoting
residual tensile strength and delaying failure, particularly when employed in a confinement-oriented

configuration like U-jacketing.

4.3.3 2 1% Fiber ratio

The material used in this simulation is a combination of 1.1% steel fibers and 1% PE fibers. Unlike the
previous materials that the experimental result was present only for U-jacketing, FRCC 2.1% results are
obtained in section 3.2.3 for both configurations. As previously discussed, the tensile strength of the
material was obtained with DIC analysis and material characterisation test. Both of the previous methods
derived the tensile strength around 6MPa, however, the iterative process was also implemented here to
compare the results. Based on both configurations, the tensile strength obtained is 8MPa which is higher
than previous approaches. As a result, the numerical modelling results for both values for tensile strength
(6 and 8 MPa) will be demonstrated in the following.

Based on the experimental testing, the thickness of bottom reinforcement was around 50mm which is
higher than the expected thickness. This variation is due to the fact that removing the concrete cover and
also adding the FRCC layer with desirable thickness, is a difficult task to be done precisely. As a result,
these variations occur. On the other hand, the U-jacketing has 30 mm thickness on the bottom part and
20mm thickness on the sides. All of the FRCC thicknesses can be seen in figure4.16.

L
N 4

c) Sides of the U-jacketing
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Figure 4.16 FRCC 2.1% thickness
Consequently, the load vs displacement results of the beams with FRCC 2.1% bottom reinforcement is
shown in figured.17. In the initial phase of loading up to 5 mm displacement, all curves display similar
stiffness, indicating good agreement in the elastic range. This suggests that the material properties prior
to cracking were accurately defined in both numerical models.
As the load increases and the beam enters the post-cracking regime, divergence between the curves
becomes evident. The experimental peak load is approximately 57 kN at a displacement of around 11
mm. The numerical simulation with 8 MPa tensile strength closely reproduces both the magnitude and
shape of the experimental curve, including the peak load and post-peak plateau. In contrast, the 6 MPa
model underestimates the peak strength and shows reduced load capacity in the post-peak region, failing
to fully capture the tensile strain-hardening effect observed in the experiment.
The experimental response demonstrates a stable plateau with gradual softening, maintaining significant
load-carrying capacity up to failure at approximately 38 mm displacement. This ductile behavior is well
reflected in the 8 MPa numerical model, which also shows sustained load after the peak.
Overall, the comparison indicates that the iteratively calibrated tensile strength of 8 MPa provides a more
accurate representation of the actual performance of the FRCC 2.1% system within the RC beam.
Although the 6 MPa value was experimentally derived from DIC and direct tests, it underestimates the
structural response. This emphasizes the importance of using both experimental data and numerical
calibration in defining effective material properties for structural simulations.
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Figure 4.17 Load vs Displacement FRCC 2.1% Bottom reinforcement
Following that, the load vs displacement results of the beams with FRCC 2.1% U-jacketing is shown in
figure4.18. In the elastic range up to 5 mm displacement, all curves demonstrate similar stiffness,

indicating that both numerical models capture the uncracked behavior accurately. This agreement
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confirms the appropriateness of the adopted elastic material properties for concrete, reinforcement, and
FRCC in the finite element model.

The experimental specimen reaches a peak load of approximately 54 kN at around 7 mm displacement,
followed by a plateau region and gradual softening. The numerical model with 8 MPa tensile strength
effectively captures this peak load and the subsequent strain-hardening behavior, closely matching the
overall trend of the experimental curve. In contrast, the 6 MPa model under predicts the load-carrying
capacity and exhibits a less pronounced post-cracking response, indicating insufficient tensile contribution
from the FRCC layer when a lower tensile strength is assumed.

The experimental response beyond the peak is characterized by a relatively stable plateau, maintaining
load levels above 48 kN up to failure at approximately 40 mm displacement. This ductile behavior is
effectively captured by the 8 MPa numerical model, which continues to show stable load resistance in
the post-peak regime. Minor fluctuations observed in the numerical curve are attributed to localized strain
effects and numerical convergence during large deformations. In contrast, the 6 MPa model shows early
degradation of load capacity after peak, with a steady decline starting shortly after cracking.
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Figure 4.18 Load vs Displacement FRCC 2.1% U-jacketing

4.4. Full Scale Beam (Parametric Study)

Following the successful calibration and validation of the numerical models with scaled experimental data,
a parametric study was conducted to assess the structural performance of the proposed strengthening
techniques in full-scale applications. Unlike previous simulations, which employed reduced dimensions
for practical testing constraints, this study investigates the behavior of full-sized structural elements to

provide more accurate insights into real-world performance.
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The full-scale reinforced concrete beam modelled in this study has a total length of 5100 mm and a
rectangular cross-section measuring 500 mm in height and 300 mm in width. A concrete cover of 35
mm is applied to protect the reinforcement from environmental effects and ensure durability. The internal
reinforcement configuration consists of three longitudinal bars with a diameter of 14 mm placed in the
upper (compression) zone, and four longitudinal bars with a diameter of 18 mm placed in the lower
(tension) zone of the beam section, conforming to standard structural detailing practices. Moreover, the
transverse reinforcement used are 8 mm thick and the spacing is 100 mm between each stirrups.

Two external strengthening strategies are examined: bottom reinforcement and U-jacketing, both applied
with a uniform thickness of 35 mm. These techniques are evaluated for their contribution to load-bearing
capacity, ductility, and failure behavior of the beam under flexural loading.

This parametric study is intended to evaluate the structural efficiency and applicability of the selected
strengthening methods when scaled to real dimensions, thereby supporting the development of robust
retrofitting solutions for existing concrete infrastructure.

The modelling procedure is exactly same as the FEM of four point bending test with one slight different
that the double symmetry (xy and yz plane) boundary conditions is used in order to reduce the
computational cost. For the easier modelling of the upper longitudinal reinforcement, one of the 14mm

rebars is converted to two 7mm rebars.

Figure 4.19 Full scale beam

4.4.1. Bare Beam Analysis

At the beginning, the RC beam without any strengthening is modelled and also the effect of using
symmetry boundary condition was investigated. As it can be seen in the figure 4.20, the symmetry
boundary condition does not affect the result notably and as it reduces the computational cost
significantly, it does not decrease the accuracy, as a result, the rest of the full scale analysis is conducted

with symmetry boundary condition.
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Figure 4.20 Bare Beam Analysis

4.4.2. FRCC Tensile Property

The first phase of the parametric study focuses on investigating the influence of FRCC tensile strength on
the flexural behavior of full-scale reinforced concrete beams strengthened with U-jacketing and bottom
reinforcement techniques. In this analysis, the geometry and internal reinforcement layout of the beam
remain constant, while the tensile strength of the FRCC used for strengthening is varied.

To capture a broad range of material behavior, five distinct tensile strength values were considered: 5
MPa, 7.5 MPa, 10 MPa, 12.5 MPa, and 15 MPa. These values encompass both conservative and high-
performance FRCC material characteristics, allowing for a comprehensive understanding of how tensile
capacity affects overall load-bearing behavior.

Each configuration was simulated under the same loading and boundary conditions, with results
evaluated in terms of load-displacement response, peak load capacity, stiffness, post-peak ductility and
the percentage of increase in flexural capacity in comparison with the bare beam. This variation provides
insight into the sensitivity of structural performance to the tensile strength of the FRCC material and helps
in optimizing the material selection for retrofit applications. Furthermore, by analysing both U-jacketing
and bottom reinforcement schemes across these tensile strength values, the study aims to determine
whether enhanced tensile strength translates proportionally into improved performance and to what
extent the effectiveness of each strengthening strategy is influenced by the FRCC material properties.
The results shown in Figure 4.21 present the influence of FRCC tensile strength on the load-displacement
behavior of full-scale reinforced concrete beams strengthened using two different techniques: bottom

reinforcement (left) and U-jacketing (right). Each curve represents a beam strengthened with FRCC
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material having a different tensile strength (5, 7.5, 10, 12.5, and 15 MPa), in comparison with an

unstrengthened “Bare” beam.
e Bottom Reinforcement (a):

Increasing the FRCC tensile strength leads to a progressive enhancement in peak load capacity and
however, the improvement is relatively modest but consistent, with load capacity increasing from
approximately 300 kN (bare) to around 370 kN for the 15 MPa case. Moreover, the post-peak slope

shows gradual softening across all cases, indicating stable ductile behavior.
e U-Jacketing (b):

The impact of FRCC tensile strength is much more pronounced in the U-jacketing configuration. Also,
with the increase from 5 MPa to 15 MPa, there is a substantial gain in both load capacity and ductility.
The peak load rises from 300 kN (bare) to over 420 kN with 15 MPa FRCC which demonstrates the

greater confinement and flexural enhancement provided by the U-jacketing system.
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Figure 4.21 Load vs Displacement for distinct tensile strengths

Figure 4.22 shows how the flexural capacity of reinforced concrete beams improves as the tensile strength
of the FRCC material increases, comparing two different strengthening methods: bottom reinforcement
and U-jacketing. As the tensile strength of the FRCC increases, both methods lead to better performance,
but not to the same extent.

In the case of bottom reinforcement, the increase in flexural capacity is gradual. With an FRCC tensile
strength of 5 MPa, the flexural strength improves by about 4.85%, and as the tensile strength reaches 15
MPa, the increase goes up to around 21.56%. This trend clearly shows that stronger FRCC enhances the
contribution of the added layer at the bottom, but the effect is limited since the reinforcement is

concentrated only on one face of the beam.
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U-jacketing, on the other hand, shows a much more significant impact. Starting from a 9.36% increase
at 5 MPa, the flexural capacity rises sharply to over 40% when the FRCC tensile strength reaches 15 MPa.
This is because the U-jacketing setup wraps around the beam sides as well, providing better confinement
and engaging more of the beam cross-section. As a result, the material can better resist cracks and
distribute stress, leading to a much stronger overall response
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Figure 4.22 Increase percentage in flexural capacity with raising the FRCC tensile strength

4.4.3.  Concrete Grade

The second stage of the parametric study examines the influence of concrete grade on the flexural
performance of full-scale reinforced concrete beams strengthened with FRCC-based techniques. While
the existing concrete grade C25/30 used in experimental and numerical validation had a compressive
strength of 33 MPa, the parametric study expands the scope to include a broader range of concrete
grades to assess their impact on global structural behavior.

The selected compressive strength values include 15 MPa, 20 MPa, 25 MPa, 33 MPa, and 38 MPa,
representing low to moderately high-strength concrete typically encountered in practical applications. With
each variation in compressive strength, corresponding material properties such as the elastic modulus
and tensile strength were also updated, following the empirical formulations 4.1 and 4.2. All the properties
are provide in table 4.4. These property adjustments ensure that the simulation accurately reflects
changes in the mechanical behavior of the concrete core material. Both bottom reinforcement and U-
jacketing strengthening schemes were analysed under each concrete grade to evaluate their compatibility

and performance sensitivity to varying substrate strength.

Table 4.4 Concrete mechanical Properties
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Compressive Tensile Young's

Strength (Mpa) Strength (Mpa) modulus (Mpa)

15 1.82 24845.63
20 2.21 27085.18
25 2.56 28960.41
33 3.08 31475.81
38 3.21 32036.35

The load-displacement responses presented in Figure 4.23 demonstrate the significant influence of
concrete grade and the applied strengthening techniques on the structural behavior of full-scale RC
beams. Each subfigure illustrates the load—displacement behavior for a different strengthening
configuration: (a) bare beam, (b) bottom reinforcement, and (c) U-jacketing, with five different concrete
grades ranging from 15 MPa to 38 MPa.

In the bare beam configuration (Figure 4.23a), increasing the concrete compressive strength leads to a
clear enhancement in flexural capacity. Beams with higher concrete grades (33 MPa and 38 MPa) exhibit
superior load-bearing performance compared to those with lower strengths (15 MPa and 20 MPa). This
trend reflects the direct contribution of the concrete core in resisting compressive stresses during bending.
However, despite the increase in peak load, the structural performance remains limited by the absence
of external reinforcement, emphasizing the need for effective strengthening measures in full-scale
applications.

The bottom reinforcement configuration (Figure 4.23b) shows notable improvements in load capacity.
Compared to the bare beam, this method enhances the load-carrying capacity by introducing a layer of
FRCC at the tension face, effectively increasing the section’'s moment resistance. The beams
strengthened with bottom reinforcement and higher concrete grades (33 MPa and 38 MPa) demonstrate
the highest flexural capacities among the group. This synergy between the high-performance FRCC layer
and the improved substrate material illustrates the benefits of targeted reinforcement along the tension
zone of the beam.

In the U-jacketing configuration (Figure 4.23c), the structural enhancement is the most significant among
all cases. U-jacketing not only reinforces the tension zone but also provides lateral confinement and shear
resistance through its side components. Across all concrete strengths, U-jacketed beams display the
highest load capacities, with the 38 MPa beam achieving the maximum value. The consistent

improvement in performance across the range of concrete grades suggests that U-jacketing is less
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sensitive to the base material properties due to its comprehensive confinement mechanism and increased

section stiffness.
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Figure 4.23 Load vs Displacement for distinct Concrete Grades

The bar chart in Figure 4.24 presents the percentage increase in flexural capacity of reinforced concrete
(RC) beams strengthened using two different FRCC-based methods—bottom reinforcement and U-
jacketing—across a range of concrete compressive strengths (15 MPa to 38 MPa). The results indicate
that both strengthening techniques exhibit a clear dependency on the grade of the existing concrete
substrate, with notable variations in performance enhancement.

Starting with the U-jacketing method, it consistently demonstrates superior performance compared to
bottom reinforcement across all concrete grades. At the lowest concrete strength of 15 MPa, U-jacketing
leads to a substantial 24.06% increase in flexural capacity. However, as the concrete grade increases,
the percentage gain from this method gradually declines, reaching 18.55% at 38 MPa. This trend suggests
that the relative effectiveness of U-jacketing is more pronounced in weaker substrates, where the
additional confinement and tensile resistance provided by the FRCC material contribute significantly to
structural performance. As the base concrete becomes stronger, the system’s reliance on external
strengthening diminishes, resulting in lower proportional gains.

In contrast, the bottom reinforcement technique shows a similar downward trend but with markedly lower
flexural improvements. The maximum increase in flexural capacity with this method is 11.88% at 15 MPa
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and drops to 9.51% at 38 MPa. The smaller difference in percentages between concrete grades for this
method implies that bottom reinforcement offers a more uniform but less impactful enhancement, likely
because it contributes directly to tensile capacity with limited effect on compression or shear zones.
Additionally, the modest variation with increasing concrete strength highlights that this method is less

sensitive to substrate quality compared to U-jacketing.
30

24.06 23.30

N
K

22.44

19.60 18.55
11.88 11.75 1077 H Bottom
10.10
9.51
mU
0
15 20 25 33 38
)

Concrete Compressive Strength (MPa

= = [}
S) « ]

o

Increase in flexural capacity (%)

Figure 4.24 Increase percentage in flexural capacity with changing the concrete grade

4.4.4. Tensile Longitudinal Reinforcement Diameter

In this phase of the parametric study, the influence of the tensile reinforcement diameter on the flexural
behavior of real scale RC beams strengthened with FRCC was evaluated. While the reference beam
configuration utilized four 18 mm diameter bars as down side reinforcement (tension side), alternative
configurations with 14 mm and 20 mm diameters were also considered to investigate their impact on
overall structural performance.

For each case, the reinforcement ratio p=As/Ac was computed, where As is the total area of the tensile
reinforcement and Ac is the gross cross-sectional area of the concrete section. The Reinforcement ratio
values are shown in table 4.5. Changes in the reinforcement diameter directly affect the moment capacity,
stiffness, and ductility of the beam, especially under large deformation levels. These simulations help
evaluate how sensitive the structural response is to variations in tensile reinforcement quantity, and to

what extent the FRCC strengthening interacts with different levels of internal steel reinforcement.

Table 4.5 reinforcement Ratio

Rebar Diameter (mm) Reinforcement Ratio (p)
14 0.41
18 0.68
20 0.84
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By analysing the outcomes for beams strengthened using both bottom reinforcement and U-jacketing
with each rebar size, this study provides insight into the synergy between internal and external
reinforcement systems, guiding optimal rebar selection in strengthened full-scale elements.

Figure 4.25 presents the load-displacement response of full-scale RC beams with varying tensile
reinforcement diameters (14 mm, 18 mm, and 20 mm), strengthened using either bottom FRCC
reinforcement or U-jacketing techniques. For each reinforcement size, both the strengthened and
corresponding unstrengthen bare beam configurations (indicated by dashed lines with a “B” in the
legend) are included to facilitate a direct comparison of the impact of FRCC strengthening. This
comparison is essential to quantify the true contribution of the strengthening system relative to the internal
steel reinforcement level.

In the bottom reinforcement configuration (Figure 4.25a), the load—displacement curves clearly show that
increasing the tensile rebar diameter enhances the peak load capacity. For example, the bare beam with
14 mm reinforcement (14B) fails at a significantly lower load compared to the 18B and 20B cases. When
FRCC is applied as bottom reinforcement, all beams exhibit increased peak strength and improved post-
peak ductility compared to their unstrengthen versions. However, the relative improvement is more
pronounced for the 14 mm configuration, which shows a considerable increase in strength. This suggests
that FRCC strengthening is particularly effective in compensating for low internal reinforcement, mitigating
early cracking and premature yielding. Conversely, in the 20 mm configuration, the relative gain in load
capacity is smaller, although ductility still improves. The post-peak behavior of the strengthened beams
also becomes more gradual, indicating enhanced energy dissipation and crack bridging from the FRCC
overlay.

The trend is even more evident in the U-jacketing configuration (Figure 4.25b). This technique
outperforms bottom reinforcement in peak load for all reinforcement diameters. U-jacketed beams
demonstrate not only higher load-carrying capacity but also a more stable and extended post-peak
plateau, particularly in the 14 mm and 18 mm cases. The 20 mm U-jacketed beam achieves a load close
to 410 kN with minimal degradation after peak, underlining the superior confinement and strain-
hardening behavior provided by the U-jacketing scheme. Importantly, the dashed lines of the bare beams
confirm that the greatest percentage increase due to strengthening is seen in the lightly reinforced (14
mm) case, again validating the effectiveness of FRCC in scenarios with deficient steel reinforcement.
The inclusion of bare beam curves also reveals another critical insight: as the internal reinforcement
increases, the gap between strengthened and bare beam curves narrows, especially at higher load levels.

This indicates a diminishing marginal benefit from FRCC strengthening when internal steel content is
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already sufficient to resist flexural demands. However, across all cases, the FRCC layer still improves
ductility and delays failure, suggesting that it enhances serviceability and safety even when strength gains

are marginal.
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Figure 4.25 Load vs Displacement for distinct tensile rebars diameter

Figure 4.26 illustrates the percentage increase in flexural capacity of RC beams strengthened with FRCC-
based bottom reinforcement and U-jacketing as a function of the tensile reinforcement ratio As/Ac,
which varies with rebar diameter. The plotted data provides a direct quantitative measure of how internal
steel reinforcement interacts with the applied FRCC strengthening and how this interaction evolves with
increasing steel content. The reinforcement ratios of 0.41%, 0.68%, and 0.84% correspond respectively
to tensile rebar diameters of 14 mm, 18 mm, and 20 mm, reflecting light, moderate, and high internal
reinforcement conditions.

The chart shows a clear inverse relationship between the reinforcement ratio and the effectiveness of
FRCC strengthening. For both bottom reinforcement and U-jacketing methods, the percentage increase
in flexural capacity decreases as the reinforcement ratio increases. When the steel content is lowest
(0.41%), bottom reinforcement vyields a 15.11% gain, while U-jacketing achieves a significant 29.82%
improvement. These results confirm that FRCC strengthening is most beneficial in beams with low internal
reinforcement, where the external system can contribute substantially to the flexural resistance and
stiffness. The added material enhances crack control, delays yielding, and significantly boosts the overall
moment capacity.

As the reinforcement ratio increases to 0.68%, the efficiency of the strengthening methods declines. The
bottom reinforcement method achieves a reduced gain of 10.10%, while U-jacketing still offers a
respectable 19.60% improvement. This transition indicates that while FRCC strengthening continues to
be effective, its relative contribution becomes less dominant as internal steel begins to take over more of

the flexural load-carrying function.
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At the highest reinforcement ratio of 0.84%, the trend continues, with bottom reinforcement producing
only an 8.19% increase and U-jacketing a 16.45% increase. This behavior aligns with structural mechanics
principles: as the internal steel reinforcement becomes more substantial, the beam becomes less reliant
on external strengthening systems. Consequently, the marginal benefit from FRCC retrofitting diminishes,
particularly for bottom reinforcement schemes that contribute primarily to tensile capacity without offering

significant confinement or shear enhancement.
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Figure 4.26 Increase percentage in flexural capacity with changing the tensile rebar diameter
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5. DISCUSSION AND CONCLUSION

5.1. Discussion

5.1.1. FRCC 2.1% Tensile strength

As it was seen in experimental results and numerical modelling, based on different approaches, distinct
values were obtained for the tensile strength of the FRCC2.1% material. There are various uncertainties
affecting the result of all methods. As a results, the final value for tensile strength cannot be concluded,

however, the result of each method can be discussed and compared. All the results are shown in table5.1.

Table 5.1 FRCC 2. 1% Tensile Strength

Tensile Strength
Approach
(MPa)

Material Characterrization 6

DIC Bottom Reinforcement 6.1

DIC U-Jacketeing 6.2
Beam Testing Bottom Reinforcement 8
Beam Testing U-Jacketing 8

The tensile strength obtained from material characterization is reported as 6 MPa, which serves as a
baseline reference for the other methods. Values derived from DIC analysis during bottom reinforcement
and U-jacketing beam tests are slightly higher, measured at 6.068 MPa and 6.232 MPa, respectively.
This subtle increase suggests that in situ tensile performance, as captured during flexural testing, may
reflect localized enhancements not fully captured in standard characterization procedures.

In contrast, the tensile strengths determined from the calibrated beam testing models for both
strengthening configurations are reported as 8 MPa, marking the highest values among the group. This
suggests that the global behavior observed in beam numerical simulations may require a higher tensile
input to match experimental responses, likely accounting for additional mechanisms such as post-

cracking behavior or composite action at the interface.
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5.1.2.  Effect of fiber ratio on Flexural behaviour

As it was seen previously, the RC beams strengthen with U-jacketing layer of FRCC material were
experimentally and numerically investigated. As a result of beam numerical modelling calibration, the
tensile strength of each material is obtained and shown in tableb5.2.

As it can be seen, the 1.1% fiber ratio exhibited 5.045MPa tensile strength and enhancing the steel fiber
content to 2.0% leads to a substantial increase in tensile strength, achieving a peak value of 8 MPa. This
outcome underscores the critical role of fiber volume in improving the tensile response, as the denser
steel fiber network provides superior crack bridging capacity and post-cracking toughness.

Moreover, a hybrid composition incorporating 1.1% steel fiber and 1% polyethylene (PE) fiber also attains
a tensile strength of 8 MPa, equivalent to the 2% steel fiber mix. This suggests that the hybrid system
benefits from the complementary mechanical characteristics of the two fiber types, steel fibers effectively
controlling wider cracks, while PE fibers contribute to controlling microcracks and enhancing strain
hardening. Furthermore, the results highlight that both increasing the steel fiber content and adopting a
hybrid reinforcement strategy are viable approaches for achieving high tensile performance in FRCC.

Table 5.2 Variation in tensile strength based on distinct fiber ratios

Tensile Strength
Approach
(Mpa)
1.1% steel fiber 5
2.0% steel fiber 8
1.1% steel fiber +1% PE fiber 8

The load vs displacement curve shown in figure5.1 illustrates the experimental result of same materials.
The beam with 2.00% steel fiber demonstrates the highest peak load, reaching approximately 61 kN,
indicating superior initial stiffness and load-bearing capacity. This can be attributed to the high content of
steel fibers, which significantly enhances the tensile resistance and bridging effect across cracks.
Moreover, the post-peak behavior of this beam remains relatively stable, showing gradual load reduction
with increasing displacement, which signifies improved ductility and energy absorption before failure.

In contrast, the 1.10% steel fiber mixture results in a lower peak load, around 54 kN, and exhibits a
steeper drop post-peak, indicating reduced ductility and a more brittle failure mechanism. This behavior
highlights the limitations of lower fiber content in providing sufficient crack control and tensile resistance

under increasing deformation demands.
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The 2.10% hybrid fiber mixture (combining steel and PE fibers) presents an intermediate peak load—
slightly below the 2.00% steel fiber sample—but shows a remarkably extended displacement capacity,
with sustained load resistance beyond 40 mm of displacement. This prolonged ductile response is a key
advantage of hybrid fiber systems. While the peak strength is marginally compromised compared to pure
steel fiber reinforcement, the synergy between steel and PE fibers greatly enhances crack distribution

and strain-hardening behavior, allowing the structure to undergo significant deformation without abrupt

strength loss.

Bare 1.10% ——2.00% 2.10%

70

Load (kN)

0 5 10 15 20 25 30 35 40 15
-10
Displacement (mm)

Figure 5.1 Load vs Displacement for distinct fiber ratios
The effect of fiber ratio on the flexural capacity of U-jacketing strengthened RC beams is presented in the
figureb.2. At a fiber ratio of 1.1%, the flexural capacity increased by approximately 19% relative to the
bare RC beam, indicating that even a modest amount of fibers can contribute to crack control and
improved load resistance. The highest enhancement was achieved at a fiber ratio of 2%, where the flexural
capacity reached an increase of about 34%, signifying that this dosage represents an optimal level at
which fibers are well-dispersed and effectively engaged in bridging cracks and resisting tensile stresses.
Conversely, a further increase to 2.1% resulted in a decline in performance, with the improvement

reduced back to nearly 19%, comparable to the lowest tested ratio.
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Figure 5.2 | oad vs Displacement for distinct fiber ratios
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5.1.3.  Comparison with other flexural strengthening techniques

Finally, the results of all the beams that are tested in the experimental test campaign are shown in
figure5.3. The graph presents the experimental load vs displacement behavior of six reinforced concrete
(RC) beams under flexural loading. These include a bare beam (control specimen without external
reinforcement), two beams strengthened using CFRP with NSM and EBR and three beams reinforced

with FRCC at 1.1%, 2.0%, and 2.1% fiber volume fractions.
e Bare Beam Behavior

The bare beam exhibits a typical ductile response of an under-reinforced RC section, reaching a peak
load of around 44 kN followed by a gradual reduction in load-carrying capacity. The load plateau and

gradual softening signify yielding of reinforcement and subsequent crushing of concrete in compression.
e CFRP-Strengthened Beams: EBR and NSM

The beams strengthened using CFRP exhibit improved performance over the bare beam but vary based
on the technique:

EBR enhances initial stiffness and the load capacity reaches around 42 kN, but shows brittle behavior
with sudden drops in load after peak. The reinforcement likely delaminated or debonded, which is a
common failure mode in EBR systems.

NSM demonstrates a significantly higher load capacity (peaking near 64 kN) and retains the load well
after the initial peak. However, it experiences a sudden drop indicating brittle failure, possibly due to bond
failure between the NSM rod and the concrete cover. Still, it provides superior strength enhancement

compared to both EBR and the bare beam.
e Comparative Analysis

The bare RC beam exhibits the lowest ultimate load of approximately 45 kN with a displacement capacity
around 34 mm, failing in a typical brittle manner with limited ductility. The EBR system shows a moderate
decrease, reaching a peak load of about 40 kN but with lower displacement capacity (22 mm), suggesting
premature debonding of externally bonded laminates as the governing failure mode. The NSM
strengthening demonstrates a higher efficiency, achieving a maximum load of nearly 63 kN,
corresponding to a ~43% increase over the bare beam. However, it failed abruptly at a relatively small
displacement of 11 mm, indicating a brittle failure governed by debonding or rupture of the embedded

reinforcement.
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In contrast, the FRCC-strengthened beams displayed a more balanced performance. At a fiber ratio of
1.1%, the ultimate load increased to 52 kN (approximately 18% improvement over the bare specimen),
though the displacement capacity remained close to that of the control. The beam with 2% fiber ratio
exhibited the best performance, reaching a peak load of 60 kN, corresponding to a 34% increase, while
also maintaining good post-peak ductility, reflecting the fibers’ contribution to crack bridging and energy
dissipation. Interestingly, at 2.1% fiber ratio, the load capacity was slightly lower (54 kN, 19% increase),
but the displacement capacity extended to nearly 40 mm, the highest among all specimens. This indicates
that the use of PE fibers, while not maximizing strength, improved deformability and post-peak energy
absorption, suggesting a shift in the failure mode towards a more ductile response.

Overall, the comparison shows that while NSM produced the highest load capacity, it suffered from
premature brittle failure. FRCC with 2% fibers offered the best balance between strength and ductility,
whereas the 2.1% fiber ratio maximized displacement capacity, albeit at the cost of reduced peak strength.
These findings emphasize the importance of optimizing fiber dosage to achieve desirable combinations

of load capacity and ductility in strengthened RC beams.
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Figure 5.3 Experimental Load vs Displacement for all RC beams

5.2. Conclusion

The research explored the effectiveness of steel- and polyethylene-fiber-reinforced cementitious
composites (FRCCs) as inorganic strengthening systems for RC beams, comparing bottom reinforcement
and U-jacketing configurations through experimental, digital image correlation, and numerical modelling

approaches. The key findings are:
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5.3.

Both strengthening methods—bottom reinforcement and U-jacketing—significantly enhanced the
flexural performance of RC beams compared to the bare RC beam. Bottom reinforcement
increased peak flexural capacity by 10.1%, while U-jacketing achieved a higher improvement of
about 19.6%.

In comparison of 2 strengthening configurations, U-jacketing yields superior peak and post-peak
behaviour and deformation capacity, promoting improved ductility and residual performance. The
displacement capacity improved by nearly 8% for U jacketing in comparison to bottom
reinforcement.

The strain distribution patterns from DIC reveal that U-jacketing controls crack localization better,
producing finer, more uniform cracks, whereas bottom reinforcement shows more pronounced
localized cracking.

The use of hybrid FRCC layers provides a balanced strengthening strategy. Energy absorption
capacity increased by approximately 19% relative to the bare beam, highlighting improvements
in toughness, energy dissipation, and serviceability without relying solely on increasing flexural
strength.

The reinforcement ratio of internal reinforcements affect the effectiveness of the FRCC
strengthening significantly decreasing from almost 30% to 16% for U jacketing and from 15% to
8% for bottom reinforcement as the reinforcement ratio increases. Similarly, as the concrete
grade raises, this effectiveness decreases. Varying from 24% to 18% for U jacketing and from

almost 12% to 9% in bottom reinforcement.

Further Developments

While this study has demonstrated the potential of steel-FRCC systems for flexural strengthening of RC

beams, several aspects remain open for future exploration and refinement. The following directions are

recommended for further development:

Shear Strengthening: This thesis focused primarily on flexural behavior. Future work should
investigate the performance of FRCC strengthening for shear critical elements.

Cyclic and Seismic Loading: Given the ductility and energy dissipation capacity of steel-FRCCs,
additional experimental studies under cyclic and reversed loading would provide valuable insight

into their effectiveness for seismic retrofitting.
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Full-scale Structural Testing: Expanding the current research to include full-scale structural
components—such as slab-beam-column connections, bridge girders, or precast elements—
would improve the practical applicability of the findings for real-world infrastructure retrofitting.
Life-Cycle Assessment (LCA): Integrating environmental performance metrics through life-cycle
cost and impact assessments can offer a holistic view of the sustainability benefits provided by
using recycled steel fibers and inorganic matrices.

Standardization and Design Guidelines: To facilitate broader adoption of FRCC systems in
structural strengthening, the development of simplified design methodologies, standard detailing

practices, and implementation protocols is needed.
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