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Abstract

Reinforced concrete (RC) beams form the backbone of modern structures, yet their
performance is increasingly compromised by aging, environmental degradation,

outdated design standards, unauthorised modifications, increased load demands,

impact damage, poor construction quality, and corrosion. These challenges have
significantly heightened the demand for effective structural maintenance and
strengthening strategies. While fibre-reinforced polymers (FRPs) are widely adopted
due to their high strength-to-weight ratio and design flexibility, their limitations—such
as poor fire resistance, environmental toxicity, and incompatibility with concrete
substrates—restrict their applicability. In this context, mortar-based composites,
including Steel-Reinforced Grout (SRG) and High-Performance Fibre-Reinforced
Concrete (HPFRC), have emerged as promising alternatives for enhancing the shear
capacity of RC beams. Despite their potential, research on SRG and HPFRC systems

remains limited, particularly under cyclic and fatigue loading conditions.

This study aims to evaluate the application of SRG and HPFRC jacketing for the
shear strengthening of RC beams. The research begins with a comprehensive literature
review and the establishment of a database containing 218 samples of RC beams
strengthened with mortar-based composites. This database facilitates the analysis of
key design parameters influencing shear strengthening performance and assesses the

accuracy of traditional empirical models for shear capacity prediction.

Subsequently, experimental investigations evaluate the static and fatigue
performance of SRG-strengthened beams, with comparative analyses including
Carbon Fabric Reinforced Cementitious Matrix (CFRCM) and Steel-Reinforced
Polymer (SRP) systems. Unlike these systems, HPFRC, which lacks textile
reinforcements, is studied independently to account for its unique mechanical
properties. Key parameters, such as shear span-to-depth ratio (a/d), textile density,
jacket configuration, and mortar properties, are systematically explored. Results
confirm the effectiveness of all strengthening systems in enhancing shear capacity,
with fully wrapped SRG systems uniquely capable of transforming failure modes from

brittle shear to ductile flexural behaviour. Predictive models for shear capacity and



i

fatigue life were developed for SRG and HPFRC systems based on experimental
findings.

In addition, nine machine learning (ML) models were developed to predict the shear
capacity of FRCM-strengthened beams, with XGBoost achieving the highest accuracy
and stability. Shapley Additive Explanations (SHAP) and Partial Dependence Plots
(PDP) were employed to enhance model interpretability and identify key factors
influencing shear capacity, such as beam depth, concrete compressive strength, and
mortar thickness. A novel finite element analysis (FEA) model for SRG systems was
also proposed, addressing limitations in existing methods by independently modelling
the behaviours of mortar and textile components. This innovation enables accurate
simulation of premature delamination in high-density SRG systems, providing a robust

framework for future design optimization.

This research validates the efficacy of mortar-based composites for shear
strengthening of RC beams, advancing understanding and application in both static
and fatigue contexts. The findings bridge critical knowledge gaps in the performance
of SRG and HPFRC systems, enhance the predictive accuracy of design models, and
offer innovative tools and methodologies to improve the resilience of aging

infrastructure.
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Chapter 1

Introduction

1.1 Background

Reinforced concrete (RC) structures are integral to modern structures, yet their
performance is increasingly compromised due to various factors, including outdated
design standards, environmental degradation, unauthorised design modifications,
aging, increased loads, impact damage, poor construction quality, and corrosion. These
issues have accelerated the demand for structural maintenance and strengthening. For
instance, the 2020 Aegean Sea earthquake near Samos Island revealed significant
damage in buildings constructed before 2010, while those built to newer standards
demonstrated greater resilience (Cetin et al., 2020). Similarly, in the UK, nearly 60%
of residential buildings were constructed before 1960, highlighting the aging
infrastructure's vulnerability and the growing need for retrofitting solutions

(Department for Communities and Local Government, 2012).

A critical concern in RC structures is their susceptibility to brittle failure,
particularly shear failure, which often leads to catastrophic collapse. Shear failure,
typically caused by inadequate transverse reinforcement or poor material quality, can
rapidly propagate and compromise structural integrity. For example, during the 2010
Haiti earthquake, the widespread collapse of UNIH university buildings was attributed
to shear deficiencies in critical structural elements (Eberhard et al., 2010). Such
failures are particularly hazardous during seismic events, where the combination of

lateral and cyclic loads further amplifies the risk of brittle behaviour. Figure 1.1
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illustrates inadequate reinforcement in beams and columns, such as insufficient
stirrups and longitudinal reinforcement, leading to shear failure and structural collapse.
Similarly, as shown in Fig. 1.2, in the earthquake of Samos Island, the cantilever beams
also showed very obvious shear cracks; although the whole buildings did not collapse,
they could no longer be used because of the impossibility of repairment (Cetin et al.,

2020).

Fig. 1.1. Steel bar in the collapsed structures at the UNIH University in Haiti
earthquake (Eberhard et al., 2010).

Fig. 1.2. Overhang damages in Samos Island Earthquake (Cetin et al., 2020).

Fatigue loading presents another significant challenge, particularly for infrastructure
such as bridges subjected to repeated vehicle loads. According to Ryall (2008),
increased traffic volumes and heavier axle weights have accelerated fatigue-induced
deterioration in RC bridges, with load limits in the UK rising from 12 tons in 1904 to
44 tons in 1996 (Fig. 1.3). Repeated cyclic loading, whether from traffic or seismic
events, degrades the bond and stiffness of RC elements, redistributes stresses
unpredictably, and accelerates crack propagation. This compromises the long-term

durability and safety of RC structures, necessitating effective strengthening methods.
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Fig. 1.3. Variation of heavy vehicle load with time (Ryall 2008).

To address these challenges, the development of innovative and reliable
strengthening systems has become a critical focus in structural engineering. Fibre-
reinforced polymers (FRPs) have emerged as a widely adopted solution due to their
high strength-to-weight ratio and design flexibility. However, their resin-based
matrices exhibit poor high-temperature performance, low fire resistance, and
environmental toxicity, limiting their application in certain scenarios (Graeff et al.,
2012; Sakr et al., 2018). As an alternative, mortar-based composites have gained
attention for their superior durability, fire resistance, and compatibility with existing
concrete structures (Laterza et al., 2017; Roberts et al., 2006). Among these materials,
two relatively new options—Steel Reinforced Grout (SRG) and High-Performance
Fibre Reinforced Concrete (HPFRC)—have demonstrated significant potential for
shear strengthening of RC beams. However, research on the shear behaviour of RC
beams strengthened with SRG and HPFRC is limited, particularly under cyclic and
fatigue loading conditions. Bridging these knowledge gaps is crucial for advancing the
application of these innovative materials in structural strengthening and enhancing the

resilience of aging structures.
1.2 Aim and Objectives

This study aims to investigate the shear performance of RC beams strengthened with
mortar-based composites under static and fatigue conditions, focusing on SRG and
HPFRC. To comprehensively evaluate the performance of SRG systems, the study also
examines Carbon Fabric Reinforced Cementitious Matrix (CFRCM,) which belongs
to the same Fabric Reinforced Cementitious Matrix (FRCM) category, and Steel
Reinforced Polymer (SRP), which utilises the same type of textile. In contrast, HPFRC
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is investigated separately, due to its absence of textile reinforcements. The research

objectives are as follows:

a. Comprehensive Literature Review

Conduct a detailed review of the latest research on the shear performance of RC

beams strengthened with mortar-based composites. Establish an experimental

database to evaluate the influence of critical design parameters on strengthening

efficiency and to assess the performance of existing design models in predicting

the shear contribution of mortar-based composites.

b. Experimental Investigation of SRG-Strengthened Beams

Evaluate the shear enhancement provided by SRG systems under both monotonic

and fatigue loading through experimental testing on 29 full-scale RC beams.

Develop predictive models for the shear strength of SRG strengthened beams.

Establish a predictive model for fatigue life based on fracture mechanics.

¢. Experimental Investigation of HPFRC-Strengthened Beams

Assess the shear enhancement provided by HPFRC systems under monotonic and

fatigue loading through experimental testing on 10 full-scale RC beams. Develop

fatigue life prediction models based on S-N curves of strengthened beams.

d. Machine Learning Based Shear Strength Prediction of FRCM Strengthened

Beams

Develop machine learning models for predicting the shear strength of FRCM-

strengthened beams. Evaluate the accuracy and robustness of these models and

compare them against conventional empirical design models.

e. Finite Element Models of SRG Strengthened Beams

Develop finite element models in ABAQUS to simulate the behaviour of SRG-

strengthened beams with shear deficiencies.

The research methodology to achieve these objectives is summarised in Fig. 1.4.
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1.3 Thesis Layout

This thesis is organised into eight chapters, with Chapter 1 serving as the introduction.

Chapter 2 provides a detailed description of mortar-based composites and includes
a comprehensive literature review on their application for strengthening RC beams.
Furthermore, a database comprising 218 strengthened beams is established to evaluate
the parameters influencing strengthening performance and to assess existing shear

strength prediction models.

Chapter 3 presents the experimental work conducted on SRG-strengthened beams
under monotonic loading and proposes a design model that incorporates shear span

ratio for predicting the shear strength of strengthened beams.

Chapter 4 focuses on the experimental investigation of SRG-strengthened beams
under fatigue loading and develops a fatigue life prediction model based on fracture

mechanics.

Chapter 5 explores the performance of HPFRC-strengthened beams under both
static and fatigue loading, proposing a fatigue life prediction model based on S-N

curves.

Chapter 6 compares nine machine learning models developed to predict the shear

strength of strengthened beams, evaluating their performance against each other.

Chapter 7 introduces a novel finite element model for SRG-strengthened beams,

considering the effects of mortar thickness.

Chapter 8 summarises the main conclusions of this research and recommendations

for future work.



Chapter 2

Literature Review

This chapter provides a systematic review of research on the shear performance of RC
beams strengthened with mortar-based composites. It begins with an introduction to
mortar-based composites. A detailed review of the current state of research on mortar-
based composite-strengthened beams under static and fatigue loading, particularly
concerning shear performance, is then presented. Subsequently, the established
database is analysed to identify the influence of various design parameters on the shear
strengthening effectiveness of these systems. Existing empirical models for predicting
the shear strength of strengthened beams are also collected and evaluated using the
database. Finally, the chapter concludes with a summary of the existing literature,

highlighting research gaps and providing the foundation for the direction of this study.

2.1 Shear Strengthening of RC Beams using Mortar-Based

Composite Jackets

2.1.1 Mortar-Based Composites

With the aging of structures, environmental degradation, lack of maintenance, and the
need to meet updated design requirements, structural strengthening has become
increasingly important. Among the advancements in materials, Fibre-Reinforced
Polymers (FRP) have gained popularity due to their high strength-to-weight ratio,
excellent corrosion resistance, and durability against environmental degradation (Tetta

etal., 2016). FRP systems, composed of high-strength fabrics bonded with resin, offer
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several advantages: (i) maintenance-free with a long lifecycle, (ii) superior bending
performance that fully utilises the compressive strength of concrete and the tensile
strength of FRP composites, (ii1) ease of transportation and installation due to their
lightweight nature, and (iv) high durability in corrosive environments (Gonzalez-

Libreros et al., 2017b).

However, the epoxy resin matrix of FRP presents significant limitations, including
poor high-temperature performance, incompatibility with wet surfaces, and inadequate
adhesion to substrates such as concrete or masonry (Tetta et al., 2015). To address these
challenges, researchers have increasingly turned to mortar-based composites for
structural strengthening (Tetta and Bournas, 2016; Ombres, 2015b). Among these, the
Fabric Reinforced Cementitious Matrix (FRCM) which replaces resin with mortar as
the binding matrix for fabrics, has garnered considerable attention. According to
Gonzalez-Libreros et al. (2017a), the term FRCM encompasses several systems: (i)
Textile-Reinforced Mortar (TRM), which employs textiles made of carbon (CFRCM)),
glass (GFRCM), or basalt (BFRCM); (ii)) PBO-FRCM (PFRCM), which uses
Poliparafenilen Benzobisoxazole (PBO) textiles; and (iii) Steel-Reinforced Grout
(SRG), which incorporates Ultra-High Tensile Strength Steel (UHTSS) textiles. As
illustrated in Fig. 2.1, commonly used textiles in FRCM systems include carbon, glass,
basalt, PBO, and UHTSS fibres. This material offers several advantages, including
lower cost, compatibility with labour-intensive construction practices, better fire
resistance, and improved adhesion to substrates such as concrete and masonry
(Marcinczak and Trapko, 2019a). Additionally, they can be applied to wet surfaces or
under low-temperature conditions, making them a versatile solution for structural

strengthening (Wakjira and Ebead, 2019b).

I ||

(a) (c)

A
o
-

Fig. 2.1. Textiles: (a) carbon-fibre textile (Tetta et al., 2018a); (b) glass-fibre textile
(Tetta et al., 2018a); (c) basalt-fibre textile (Tetta et al., 2018a); (d) PBO-fibre textile
(Tetta et al., 2018a); (¢) UHTSS textile (Wakjira and Ebead, 2019a).
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In addition, High-Performance Fibre Reinforced Concrete (HPFRC) and Ultra-high
Performance Fibre Reinforced Concrete (UHPFRC), as other mortar-based composite
materials, have also emerged as promising solutions for structural strengthening
(Jongvivatsakul et al., 2016; Savino et al., 2018). The characteristics of ordinary
concrete include lower tensile strength and ductility, which can be enhanced by
incorporating steel fibres into the matrix (Savino et al., 2018). UHPFRC and HPFRC
exhibit remarkably similar mechanical properties (Buttignol et al., 2017). They utilise
fine powders (silica fume), low water-binder ratios, and superplasticisers, resulting in
a dense matrix with enhanced homogeneity and lower permeability than conventional
concrete (Kang et al., 2010; Ren et al., 2021). The reduced permeability enhances
resistance against ingress of harmful chemicals, leading to superior corrosion
resistance and durability (Amin et al., 2021). HPFRC/UHPFRC exhibits excellent
resistance to damage from freeze-thaw cycles and high temperatures, and the shrinkage
can be minimised to zero through proper heat treatment, thus enhancing durability
against aging (Huang et al., 2022). In addition, the low coarse aggregate content and
high fibre fraction (typically around 2%) improve the stiffness and ductility of
structures (Said et al., 2022). HPFRC/UHPFRC demonstrate superior compressive
strengths over ordinary concrete, with HPFRC values spanning 90-120 MPa and
UHPFRC exceeding 120 MPa (Sohail et al., 2021; Nunes et al., 2022). Therefore, these
properties make HPFRC/UHPFRC an ideal material for strengthening beams as a

jacketing device.

2.1.2 Shear Strengthening under Monotonic Loading

In aging RC structures, the shear strengthening of RC beams is one of the most critical
requirements when assessing structural integrity. This necessity arises from several
factors, including insufficient shear reinforcement, corrosion of existing steel
reinforcement, low concrete strength, and/or increased applied loads. The following
sections provide a detailed review of published studies on the use of FRCM, UHPFRC,
HPFRC for the shear strengthening of RC beams.

The earliest research employing similar materials for structural strengthening was
conducted by Basunbul et al. (1990), who reinforced simply supported beams with
rectangular cross-sections using thin layers of steel mesh mortar and concrete. Their
findings demonstrated superior performance for steel mesh mortar compared to

concrete: the first-crack load increased by 24%, mid-span deflection was reduced by
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10%, and the ultimate load of beams strengthened with steel mesh mortar was 28%
higher than that of unstrengthened beams. Similarly, Paramasivam et al. (1994)
investigated the use of thin steel wire mesh mortar layers for strengthening T-shaped
beams. Their results confirmed the effectiveness of this technique, provided proper
treatment was applied to the interface between new and existing materials. The first-

crack load, stiffness, and ultimate load capacity were significantly improved.

Briickner et al. (2008) conducted shear strengthening tests on 12 T-beams using
multiaxial GFRCM. Three unstrengthened beams were used as controls, while the
remaining beams were strengthened with two, four, or six textile layers. Additionally,
six of the strengthened beams incorporated mechanical anchorage systems to delay
debonding of the TRM jackets. The study found that, without anchorage, the TRM
jackets increased the shear capacity of the T-beams by 7%. When anchorage was
applied, the effectiveness improved significantly, with shear capacity enhancements
reaching 14%, demonstrating the importance of anchorage systems in improving the

performance of TRM jackets.

Larbi et al. (2010) investigated the shear strengthening capacity of textile reinforced
concrete (TRC) plates bonded to small-scale rectangular RC beams. Eight tests were
conducted using TRC plates made of three different mortar compositions: hydraulic
mortar with glass fibres, inorganic phosphate cement, and ultra-high-performance
mortar with short metallic fibres. The plates were bonded to the beams with epoxy
resin, excluding debonding mechanisms from their evaluation. Results showed that
TRC plates made with inorganic phosphate cement-glass fibres or ultra-high-
performance metallic fibres effectively improved shear capacity, highlighting the

potential of these advanced materials in structural retrofitting.

Al Salloum et al. (2012) examined the effectiveness of BFRCM jackets in shear
strengthening of small-scale rectangular RC beams. Their experimental program
included ten beams and varied parameters such as mortar type (cementitious versus
polymer-modified), the number of TRM layers (two or four), and textile orientation
(0°/90° or £45°). Results indicated shear capacity improvements ranging from 36% to
88%, with gains increasing with the number of textile layers. The +45° textile
orientation outperformed the 0°/90° configuration, while polymer-modified mortar

was more effective than cementitious mortar. However, all samples in this study failed
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due to shear-compression mechanisms, limiting the full utilization of CFRCM’s

strengthening potential.

Azam et al. (2014) explored the shear strengthening effects of carbon and glass
FRCM systems. Through three-point bending tests on rectangular beams, they
observed that side-bonded and U-wrapped FRCM systems exhibited comparable
performance in terms of strength and failure modes, suggesting that U-wrapping may
be unnecessary when the bond between FRCM and the concrete surface is sufficient.
Additionally, when using a single layer of fabric, no significant differences in shear
capacity improvement were observed between carbon and glass FRCM systems.
However, for carbon FRCM, the strengthening effect was markedly enhanced with two
layers of fabric, regardless of the configuration (shear capacity increased by 26% for
side-bonded and 23% for U-wrapped systems), compared to the single-layer systems
(9% and 5%, respectively).

Tetta and Bournas (2016) evaluated the shear strengthening effects of FRCM
systems (light carbon fibre, heavy carbon fibre, and glass fibre) and FRP systems on
RC beams under varying temperatures. Strengthening configurations included full
wrapping, U-wrapping, and side bonding, with different numbers of textile layers.
Their three-point bending tests revealed that FRCM systems improved the shear
capacity of strengthened beams by 20%—-195%, irrespective of temperature. At
elevated temperatures, the performance of FRCM systems significantly surpassed that
of FRP systems. For instance, as the temperature increased from 100°C to 150°C, the
shear capacity of FRP systems dropped sharply, whereas FRCM systems were only
slightly affected. Among the configurations, full wrapping provided the greatest

improvement in shear capacity, while side bonding was the least effective.

Aljazaeri and Myers (2017) investigated the use of PFRCM jackets to strengthen
rectangular beams with or without internal stirrups. As shown in Fig. 2.2, the FRCM
system was applied in two configurations: U-wrapped continuous and U-wrapped
strips. Results from four-point bending tests indicated that the continuous FRCM
system outperformed the strip configuration under identical conditions. Moreover, for
beams without stirrups, the shear strengthening effect of PBO-FRCM was less
significant than for beams with stirrups. The authors attributed this to the non-uniform

properties of concrete, which, in the absence of internal shear reinforcement, resulted
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in unpredictable crack paths and larger crack widths, thereby reducing the
effectiveness of the PFRCM system. However, this conclusion contrasts with findings
from other studies, such as Gonzalez-Libreros et al. (2017a), who reported that FRCM
systems were more effective for beams without stirrups. A detailed discussion on this

discrepancy is provided in Section 2.2.

Polnt load Polnt load
i PBO-FRCM U-wrapped Strips
A—1100 mm s
Support 1205 mm} 0/2=84'm : Support
Reactlon 86 mm——————+———635 mm——————686 m Reactlon
¥ 2133 miv 4
(a)
Polnt load Point load
PBO-FRCM U-wrapped continuous
b——560 mm——* ——560 mm—+

Support Support
Reactlon' 86 mm - 635 mm + 686 mm eaction

y 2133 mm 4

(b)

Fig. 2.2. Shear strengthening configurations: (a) U-wrapped strips; (b) U-wrapped
continuous (Aljazaeri and Myers, 2017)

Hung and Cheng (2016) investigated the shear strengthening effects of RC
rectangular beams using UHPFRC as a matrix, with or without steel mesh
reinforcement. For comparison, they also strengthened beams with a mortar matrix.
The results indicated that all jackets enhanced shear capacity, with improvements
ranging from 20% to 167%. The UHPFRC-based composite with a single-layer steel
mesh exhibited the best transformation performance. While mortar-based ferrocement
jackets improved the mechanical properties of the original beams, they exhibited
significant detachment when the shear capacity increased by only 6%. Replacing
mortar with UHPFRC effectively mitigated this issue. Moreover, the study highlighted
that UHPFRC -based jackets reduced average crack widths by more than half during
all loading stages compared to mortar-based jackets. However, the dense steel mesh
required in ferrocement systems compromised construction quality, ultimately
affecting the mechanical properties of the strengthened beams. In contrast, UHPFRC
jackets without steel mesh simplified the construction process and outperformed
mortar-based ferrocement jackets in preventing cracks under intermediate damage

conditions.
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Younis et al. (2017) primarily explored the influence of textile types on the shear
strengthening effect of FRCM systems. Three textile materials were tested: PBO fibre,
carbon fibre, and glass fibre. All FRCM systems demonstrated significant
improvements in shear performance, with the shear capacity of strengthened beams
increasing by an average of 51% compared to unstrengthened beams. The failure
deflection of the strengthened beams reached 2.4 times that of the unstrengthened
counterparts. Among the tested systems, carbon FRCM exhibited the best performance,
while PBO-FRCM showed the lowest enhancement.

Sakr et al. (2018) investigated the shear strengthening effects of UHPFRC plates
bonded to one or both sides of RC beams. Their findings demonstrated that UHPFRC
jackets effectively suppressed diagonal shear cracks on the reinforced surfaces,
although diagonal cracks on non-reinforced surfaces became more pronounced. Beams
strengthened with a single 60 mm UHPFRC plate on one side showed a 34% increase
in maximum load-bearing capacity compared to the control beam, while beams
strengthened with two 30 mm UHPFRC plates bonded on both sides achieved a 145%
increase. These results highlight the significant potential of UHPFRC for improving

shear capacity in RC beams.

Sark et al. (2019) further studied the shear behaviour of UHPFRC strengthened
beams. As shown in Fig. 2.3, there were four reinforcement configurations: (a)
UHPFRC plates with a thickness of 30mm on both sides, (b) a plate with a thickness
of 60mm on one side, (¢) 30mm plates on both sides with steel anchors and (d) a 60mm
plate on one side with a steel anchor. Under the four-point bending test, the shear load
enhancement values of the strengthened beams were 145%, 34%, 188% and 120%,
respectively. They found that the effectiveness of a beam strengthened on both sides
was always better than that of a beam bonded on one side. They also found that adding
additional steel anchors greatly enhanced the effectiveness of a beam. For example,
the UHPFRC plate with a thickness of 60mm on one side suffered from premature
debonding, which made it unable to play a complete role, but a steel anchor was able

to prevent this debonding.
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Fig. 2.3. Strengthening configurations: (a) the tensile zone, (b) the compressive zone,
and (c) U-shape (Sark et al., 2019).

Marcinczak et al. (2019) evaluated the shear strengthening capacity of PFRCM
systems applied to T-beams with various anchorage configurations, as shown in Fig.
2.4. Three anchoring methods were used: (a) wrapping the PBO fabric around a GFRP
grid and embedding it into pre-drilled holes, (b) inserting ropes made of PBO fibre and
special mineral mortar into pre-drilled holes, and (¢) attaching a 150-mm-wide PBO
strip. The study found that the PFRCM system increased shear strength by 10-27%.
However, sliding between the fibres and the matrix required proper anchorage to
prevent premature debonding of the mesh. The best strengthening effect was achieved
with anchorage method (c), attributed to the higher axial stiffness of the composite, as

the anchorage provided continuous reinforcement along the beam’s length.

800 L 800 350

Fig. 2.4. Shear strengthening configurations: (a) PBO fabric was wrapped around a
GFRP composite grid and then placed in pre-drilled holes, (b) ropes made of PBO
fibre and special mineral mortar were inserted into pre-drilled holes and (¢) a 150 mm
wide PBO strip was pasted (Marcinczak et al., 2019)

Thermou et al. (2019) investigated the behaviour of SRG-strengthened shear-critical
RC beams. Results from three-point bending tests demonstrated that SRG jacketing
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effectively prevents shear failure by transforming the failure mode from brittle to
ductile, achieving a shear strength increase of 114—160%. This highlights the potential
of SRG jacketing as an effective shear reinforcement technique for RC beams, though
the interaction between the SRG jacket and the RC beam requires further exploration.
Additionally, for U-wrapped configurations, beams with a mechanical anchorage
system exhibited higher load-bearing capacity than those without anchorage. The
study also refined the effective strain expressions proposed by Escrig et al. (2015),

aligning the theoretical predictions more closely with experimental results.

Wakjira and Ebead (2019a) conducted three-point bending tests on shear-critical T-
beams strengthened with SRG jackets. Two configurations were examined: U-wrapped
and side-bonded. Their findings revealed that SRG jacketing increased shear capacity
by 10% to 71%, with the U-wrapped system proving more effective than side bonding.
Beams reinforced with high-density steel textiles (3.14 cords/cm) demonstrated
greater shear capacity improvement (average 45%) compared to those with low-

density textiles (1.57 cords/cm, average 36%).

In a subsequent study, they further examined U-wrapped SRG-reinforced T-beams,
focusing on the effects of shear span-to-depth ratio (a/d) and textile density (Wakjira
and Ebead, 2020). Using a similar experimental setup as their 2019 study, they found
that SRG jacketing increased shear capacity by 21-133%, with an average
improvement of 78%. However, the strengthening effect decreased as a/d increased.
SRG jacketing also delayed the formation of the first crack. For beams reinforced with
high-density SRG textiles, shear failure was caused by fibre-matrix interface and
mortar layer detachment. In contrast, low-density SRG textile failures were due to
debonding between the SRG jacket and the concrete cover. The authors proposed an
analytical model for predicting the shear capacity of SRG-reinforced beams,

incorporating the effects of the shear span-to-depth ratio.

He et al. (2020) investigated the shear performance of RC beams strengthened with
side-bonded BFRCM jackets. Ten beams were tested under four-point bending, with
parameters such as shear span ratio, interface material, reinforcement type, and BFRP
grid installation angle being varied. Results showed that BFRCM effectively enhanced
ultimate load capacity, with shear span ratio having minimal impact on their

contribution. Beams strengthened with 45° basalt grids performed better in limiting
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diagonal crack propagation and mitigating stiffness degradation compared to those
with 0° grids. Additionally, the reliable interface performance between the BFRP grid
and concrete ensured consistent shear failure in all basalt grid-strengthened beams,
while beams strengthened with basalt plates exhibited localised debonding and lower

ductility.

Ramezani and Esfahani (2023) explored the use of industrial waste as a replacement
for mortar in FRCM systems to shear-strengthen RC beams. To evaluate the
performance of this novel CFRCM system, they compared it with beams strengthened
using FRP systems. Their findings indicated that the shear capacity of strengthened
beams improved by 21.3% with FRP and 23.1% with FRCM strips. The comparable
performance of FRP and FRCM systems was attributed to the similar axial stiffness of
the fabrics used in both systems. Additionally, the study highlighted that when a/d was

2.5, all strengthening systems performed better than when a/d was 3.5.

Jo et al. (2024) conducted four-point bending tests on 12 RC rectangular beams to
investigate the effects of textile axial stiffness, internal transverse reinforcement ratio
(0.19% and 0.285%), and application methods (side-bonded and U-wrapped) on the
performance of CFRCM-strengthened beams. The results revealed that the shear
strengthening effectiveness of CFRCM increased with higher textile axial stiffness.
Beams with lower internal transverse reinforcement ratios exhibited greater shear
capacity enhancement. However, no significant performance differences were

observed between the side-bonded and U-wrapped configurations.

The literature review in this part indicates that research on mortar-based shear
strengthening of RC beams has predominantly focused on CFRCM systems. As
relatively newer materials, studies on SRG and HPFRC remain scarce. Furthermore,
the limited research available on SRG lacks comprehensive comparisons with other
strengthening materials. Current findings also reveal several contradictions, such as
the interaction effects between FRCM systems and internal stirrups and the
effectiveness of different strengthening configurations. These inconsistencies
highlight the need for further investigation into the contribution of mortar-based

composite systems like SRG and HPFRC to shear capacity enhancement.
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2.1.3 Shear Strengthening under Fatigue Loading

Research on the shear strengthening of RC beams using mortar-based composites
under static loading is already limited, and studies on their behaviour under fatigue
loading are even scarcer. In particular, SRG and HPFRC systems have yet to be
investigated in the context of the shear fatigue behaviour of RC beams. Given this lack
of research and the material similarities, this section includes a review of the shear
fatigue behaviour of RC members strengthened with FRP systems to provide context

and insight into this domain.

Mazumdar and Mallick (1998) found that the relationship between the fatigue
strength and the ultimate bearing capacity was proportional to the bond length through
the glass fibre-reinforced polymer (GFRP) single-side lap test. In addition, the ratio of
the ultimate bearing capacity to the fatigue strength was fixed even if the bond length
was different. In contrast, Jen and Ko (2010), through single shear tests, concluded
that fatigue strength was inversely proportional to bond length when the adhesive layer

thickness was 1 mm or 1.5 mm.

Xu et al. (1996) observed an opposing trend, noting that increasing adhesive layer
thickness slowed fatigue crack propagation, suggesting a more gradual degradation
process. Conversely, Tamura et al. (2009) expanded on this by examining the influence
of adhesive layer thickness on the fatigue behaviour of FRP-concrete interfaces. Their
results showed that while the static ultimate capacity increased with adhesive layer

thickness, fatigue life was inversely related to it.

These conflicting conclusions have driven further in-depth research into the shear
performance of FRP-strengthened beams. Czaderski and Motavalli (2004) conducted
an experimental study on the fatigue performance of T-beams strengthened with
prefabricated L-shaped CFRP plates. Their results indicated that CFRP strain primarily
accumulated during the early stages of fatigue and gradually increased with prolonged

fatigue loading.

Williams and Higgins (2008) focused on the shear fatigue behaviour of T-shaped
RC beams strengthened with CFRP. Their experimental results demonstrated that U-
shaped CFRP jacketing effectively reduced stirrup stress but had no significant effect
on the stress in bending reinforcement. They also observed that while diagonal cracks

propagated under fatigue loading, the rate of propagation increased with higher load
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amplitudes. However, lower fatigue loads did not significantly affect the shear capacity

of the beams under subsequent static loading.

Chaallal et al. (2010) investigated the fatigue shear behaviour of CFRP-strengthened
T-beams using three-point bending tests. Specimens were subjected to fatigue loading
for up to 5 million cycles at a frequency of 2 Hz, with a load range between 35% and
65% of the ultimate static load. If no failure occurred after the fatigue test, monotonic
loading was applied until failure. By the end of the experiment, specimens
strengthened with one layer of CFRP survived 5 million cycles, with some showing no
visible signs of damage. This highlighted the effectiveness of CFRP strengthening in

extending fatigue life.

Ferrier et al. (2011) developed a calculation method for accurately predicting the
internal forces and deformations of FRP-strengthened beams under fatigue loading.
This model, grounded in the fundamental theory of beam-section mechanics, aligned
closely with experimental results. They concluded that the fatigue-bearing capacity of
strengthened beams was primarily limited by the strength of the concrete and

reinforcement, rather than the strength of the FRP or bonding layer.

Dong et al. (2012) examined the fatigue performance of rectangular beams
strengthened with U-wrapped CFRP and GFRP strips using four-point bending tests.
As shown in Fig. 2.5, each beam was first subjected to two preliminary load cycles to
verify the testing system, followed by sine wave fatigue loads at a frequency of 5 Hz.
The maximum and minimum fatigue loads were 40% and 15% of the ultimate static
load of the reference beam, respectively. The results demonstrated that both CFRP and
GFRP systems significantly improved initial crack load, ultimate strength, crack
inhibition, and rigidity. CFRP-strengthened beams exhibited the highest ultimate
strength and lowest deflection. After 1,000,000 fatigue cycles, FRP-strengthened
beams showed 18-70% lower ultimate deflection compared to unreinforced beams.
However, stiffness degradation in CFRP-strengthened beams was more pronounced

than in GFRP-strengthened beams after prolonged fatigue loading.
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Fig. 2.5. Loading schemes for beams tested (Dong et al, 2012)
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Fig. 2.6. Test set-up (Tzoura and Triantafillou, 2016)

Tzoura and Triantafillou (2016) investigated the shear strengthening effects of
carbon FRCM systems under cyclic loading. The experimental setup, illustrated in Fig.
2.6, involved U-wrapped FRCM jackets applied to T-shaped beam sections. The load
was cyclic and increased incrementally, with displacement amplitudes of 2 mm or 5
mm at a rate of 0.2 mm/s. Results showed that the effectiveness of the FRCM system
did not scale proportionally with the number of fabric layers. Notably, one layer of
fabric provided better performance than two layers in terms of the total fibre volume
fraction. Moreover, increasing the displacement amplitude from 2 mm to 5 mm had no

significant impact on the system's performance.

Pino et al. (2017) evaluated the fatigue performance of beams strengthened with
PBO-FRCM systems using three-point bending tests, though their study was not
limited to shear behaviour. They concluded that the FRCM system improved the
fatigue performance of beams, with the degree of improvement depending on the
number of FRCM layers. However, fatigue life decreased as peak loads increased.
Residual strength tests showed that all strengthened specimens retained at least 95%

of the static ultimate load capacity after fatigue loading.
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Elghazy et al. (2018) studied the fatigue performance of corrosion-damaged RC
beams strengthened with FRCM composite systems. Accelerated corrosion techniques
were used to degrade the tensile steel bars, employing salted concrete as the electrolyte
and creating a dry-wet cycle of three wet days followed by three dry days. After 140
days, the tensile steel bars experienced a theoretical weight loss of 20%. The FRCM
systems tested included carbon and PBO fibres. Four-point bending tests revealed that
the FRCM systems significantly improved the flexural response of corroded beams,
restoring or even exceeding their original load-bearing capacity. The ultimate load of
PBO-FRCM-strengthened beams ranged from 107% to 129% of the control beam's

capacity, while carbon-FRCM-strengthened beams achieved an increase of up to 155%.

Akbari et al. (2018) conducted similar experiments on beams strengthened with
carbon-FRCM jackets. They found that the fatigue endurance limit of the strengthened
beams was approximately 65% of the yield strength of the steel reinforcement (PSY),
and beams subjected to 2 million fatigue cycles retained at least 95% of their
monotonic load capacity. Failure in all strengthened beams was attributed to fatigue
fractures in the steel reinforcement, with no significant damage observed in the FRCM
layers. Although the FRCM system extended the fatigue life of the beams, its direct

impact on fatigue behaviour remained inconclusive.

In a subsequent study, Akbari and Nanni (2020) examined the fatigue behaviour of
beams strengthened with glass-FRCM systems, focusing on the tensile stress limits of
reinforced steel under fatigue loading. The results challenged the ACI 549.4R-13
guideline, which limits tensile stress in steel bars under service loads to 0.8 PSY. Their
experiments demonstrated that fatigue fractures could occur at lower stress levels (0.7

PSY), suggesting the need for revised standards to ensure safety.

The limited studies on the fatigue performance of FRP-shear-strengthened RC
beams have generally confirmed the effectiveness of such systems in enhancing
fatigue resistance. However, conflicting conclusions frequently arise, highlighting
inconsistencies in understanding the mechanisms involved. Notably, no research
currently exists on the shear fatigue behaviour of RC beams strengthened with SRG or
HPFRC systems. This significant gap underscores the urgent need for in-depth
investigations in this area to advance the understanding of these materials' fatigue

performance. By addressing this knowledge gap, research on SRG and HPFRC
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systems can contribute to developing effective retrofitting solutions, improving

structural resilience, and extending the service life of aging infrastructure.

2.2 Evaluation of Design Parameters Affecting the

Strengthening Effectiveness

The literature review above highlights a lack of systematic discussion on the design
parameters affecting the effectiveness of mortar-based composite strengthening. To
address this gap, this section presents a detailed review of the factors influencing the
shear performance of RC beams strengthened with mortar-based composite jacketing.
A comprehensive database was compiled to examine how beam design parameters

impact shear strength enhancement.

2.2.1 Experimental Database

An overview of the studies considered for the development of the experimental
database is presented in Table 2.1 (218 beams from 36 experimental studies), including
FRCM (TRM, PFRCM, SRG) and FRC (SFRC, HPFRC, UHPFRC, ECC, ECC-R)
jacketing systems. Among them, 'ECC-R' represents a system that embedded FRP
grids or welded bar meshes. The literature is sorted based on the publication year, from
the most recent to the oldest. The data range of the strengthening system (SS), the
concrete compressive strength (f,), the shear span ratio (a/d), as well as the mode of
failure as typical parameters influencing shear performance in each literature are also
presented in Table 2.1. The detailed database compiled for the known mortar-based

composites is shown in Table A of Appendix.

Table 2.1. Summary of the studies included in the database.

f Number of Failure mode
No. Reference SS c a/d strengthened
(MPa) beams Shear Flexural

(Wakjira and
1 Ebead, 2020) FRCM 34.0 1.6-3.1 8 8

(Wang et al.,
2 2020a) FRC 28.3 2.6 1 1

(Wang et al.,
3 2020b) FRC 30.0 1.5,2.5 4 4

(Yang et al.,
4 2020) FRC 26.3 2.3,3.0 3 3

(Attar et al.,
5 2020) FRC 30.0 4.5 4 4
g  (Thermouet  ppon 280,230 22 9 3 6

al., 2019)
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Total 218 208 10

The database, apart from the details of the beams and the applied mortar-based
composites, presents the failure modes observed during testing as well as the shear
strength provided by the mortar-based composite jacket Vj4¢c (= Vrgr — Veon; where
Vegr and Vgon are the shear strength of the strengthened and the corresponding
reference beam (control beam)). The ratio V;,¢/Vcoy reflects the contribution of the
mortar-based composite on the strength increase of the control beams. In the following,
graphs are developed which illustrate the impact of the mechanical and geometrical
properties of the strengthened beams on Vj4¢/Vcon. The data are grouped based on
their mode of failure using the classification proposed by Gonzalez-Libreros et al.
(2017a). The shear strengthened beams failed in three distinct modes: 1) flexural failure
where concrete crushing follows the longitudinal steel bar yielding; ii) shear failure
where failure is caused by diagonal tension, fabric rupture, etc.; and iii) shear-
detachment where shear failure occurs when detachment occurs either between the
composite and the beam substrate or within the mortar layer (mostly in the case of
multi-layered composite jackets). In some cases, the application of the mortar-based
composite jackets (fully wrapped) modified the mode of failure from brittle to ductile
flexural failure. The beams that present flexural failure can be considered as the lower

bound of the strengthening capacity (Gonzalez-Libreros et al., 2017a).

In general, the addition of mortar-based composite jacketing systems substantially
improved the shear behaviour of the RC beams (up to 196%), as presented in Fig. 2.7
(The purple curve indicates the percentage of the beams (see the secondary axis) of the
database that corresponds to the data related to each abscissa interval). For FRCM
systems, the shear strength of RC beam was increased by 61% on average, 196% on
the maximum and 4% on the minimum. The average strengthening effect of FRC
systems (80%) was slightly better than that of FRCM system, and the shear strength
of RC beam can be increased from 4% to 190% in the data collected. There is a large
variation of Vj 4¢ /V¢on depending on the system applied and the mode of failure. Most
of the beams were strengthened using FRCM systems (72% of the beams of the
database) and among them the CFRCM is the dominant one (36% of the jacketed
beams). SRG and ECC systems were applied equally to 15% of the beams of the
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database. The less investigated systems seem to be the UHPFRC (2%), SFRC (6%)
and ECC-R (5%) jacketing.

The variation in the observed strengthening efficiency among different mortar-based
composite systems can be attributed to differences in material composition, jacketing
configuration, bond mechanisms, and failure modes. For FRCM systems, the
effectiveness is particularly dependent on the bond quality between the textile and
mortar, as well as the adequacy of mechanical anchorage. Inadequate interfacial
bonding often results in premature debonding or fibre rupture, limiting the contribution
of the composite jacket to overall shear resistance. Moreover, differences within
FRCM systems themselves can be traced to the mechanical properties of the textiles
and their compatibility with the surrounding mortar. Systems using stiffer textiles with
better interfacial adhesion tend to demonstrate superior performance, while those with
poor bond quality or insufficient anchorage are more susceptible to inefficient stress
transfer and failure. By contrast, FRC systems rely on the homogeneous distribution
of short fibres within the cementitious matrix, enabling enhanced crack-bridging,
improved ductility, and greater resistance to localised delamination. This integrated
mechanism often results in more stable and effective shear strengthening, provided

that the fibre content, orientation, and matrix consistency are well controlled.
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Fig. 2.7. Variation of V;4¢/Vcon as a function of the various mortar-based composite
systems.

2.2.2 Design Parameters of the Strengthened RC Beams

In this section, the variation of V) 4 /V¢on as a function of the design parameters of the
beams such as the shear span ratio, a/d, the mean cylindrical concrete compressive

strength, fc, the tensile longitudinal steel reinforcement ratio, pjong» (= Asi/bywd), and
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the stirrup reinforcement ratio, p,, (= 4,,/b,,s) (where s is the stirrups spacing; b,, is
the beam width; Ag; is the sectional area of the tensile reinforcement; A,, is the

sectional area of the stirrups) is presented in Fig. 2.8.

Most of the tested beams have a shear span ratio, a/d, between 2 and 3 (71%) which
corresponds to the ‘shear failure valley’, that is, the transition zone between shear
compression failure and oblique tension failure (Kani, 1964). The variation of
Viac/Vcon as well as the mode of failure seems to be independent from a/d. The
variation of V;4¢/V¢on With the concrete compressive strength, fc, is presented in Fig.
2.8(b). The highest values of strength increase are observed for f. values up to 20MPa
(24%), which are considered representative of old type construction. As observed in
Fig. 2.8(b), there is a trend the effectiveness of the mortar-based composite systems to

decrease as the concrete compressive strength increases.

Regarding the reinforcement detailing of the beams, most of the beams (64%) have
a longitudinal steel reinforcement ratio, pjong p» higher than 0.02, which in some cases
exceed the maximum reinforcement ratio, P,y to avoid flexural failure (Fig. 2.8(c)).
The stirrup reinforcement ratio, p,,, seems to influence the effectiveness of the mortar-
based composite jackets (Fig. 2.8d). Excluding the case of p,, = 0 (no presence of
stirrups in the shear critical region), for p,, values up to 0.0025, which corresponds to
beams strengthened with FRCM systems, the effectiveness of the jacket is reduced
with the increase of the shear reinforcement (i.e. closely spaced stirrups). This is
mainly attributed to the interaction between the internal and external shear
reinforcement (Gonzalez-Libreros et al., 2017a). The beams with p,, between 0.0030
and 0.0035 seem not to follow this trend, which mainly corresponds to the beams
strengthened with FRC jackets. A detailed analysis on the impact of the external shear

reinforcement FRCM system follows in section 2.2.3.
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2.2.3 Design Parameters of FRCM Jacketing Systems

2.2.3.1 Strengthening Configuration

The database contains 164 collected beams strengthened by FRCM systems. The
variation of V; 4¢ /Von as a function of FRCM jacket configuration is presented in Fig.
2.9a. Regarding the notation given to the alternative jackets, ‘FW’ and ‘U’ stand for
the fully wrapped and U-shaped jackets, respectively, whereas ‘SB’ for the side bonded.
‘C’ and ‘S’ correspond to continuous textiles and textile strips, respectively. ‘A’
indicates the presence of a mechanical anchorage system. U-shaped jackets were
applied to 74% of the strengthened beams from which 12% and 48% used continuous
textiles with and without mechanical anchorage, respectively. The rest used textile
strips with (8%) and without mechanical anchorage (6%). Side bonded jackets with
continuous textiles and textiles strips were applied to 14% and 8% of the database
beams, respectively. By excluding the fully wrapped beams (4%), in general the U-
shaped FRCM jackets seem to be more effective when compared to the side bonded
ones. As observed in Fig. 2.9a, the most common mode of failure is shear detachment

(49%), which was observed even in the beams that mechanical anchorage was used
(23%).

The mechanical anchorage systems used in 40 out of 164 beams of the database for
the application of the FRCM jackets are the following: 1) metallic (steel or aluminium)
anchors; ii)) FRCM/FRP insertion anchors; iii) near surface mounted (NSM) anchors;
and iv) horizontal FRCM laminate anchors. Details about the aforementioned
mechanical anchorage systems can be found in the research conducted by Godat et al.,

(2020).
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Fig. 2.9b presents the relationship between the failure modes of the strengthened
beams when the mechanical anchorage systems were adopted. For U-wrapped
strengthened beams, except for NSM anchors, the other three methods can improve
the adhesion between the FRCM system and the concrete surface. Metallic (steel or
aluminium) anchors are an effective method to prevent debonding of the system
significantly, but Aljazaeri and Myers (2017) illustrated that it is ineffective in
preventing the fibre from sliding in the matrix. No detachment failure mode can be
found for FRCM/FRP insertion and horizontal FRCM laminate anchors. In the
research carried by Tetta et al. (2016), T-beams strengthened with the 2-layered carbon
TRM jacket using FRCM/FRP insertion anchors had similar behaviour to the 4-layered
carbon TRM jacketed beams without anchorage system, thus demonstrating the need
of using anchorage systems in providing a more cost-effective strengthening solution.
However, according to Baggio et al. (2014), the use FRCM/FRP insertion anchors in
U-shaped FRCM jacketed rectangular beams increased strength by only 3% compared

with beams without anchors.

As observed by Wang et al. (2019) the lack of effectiveness of such an anchorage
system may be related to the fact that the anchors are intended to restrain out-of-plane
peeling of the composite and do not restrain the in-plane fibre slippage. Moreover,
Gonzalez-Libreros et al. (2017a) demonstrated that although beams with and without
anchors exhibited diagonal tension shear failure, the presence of anchors slightly
changed the inclination of shear cracks around the anchors. In the collected data, only
50% of the samples with NSM anchorage prevented detachment. It is worth noting
that all these detached NSM anchorage samples refer to the U-shaped strip
configuration. However, Marcinczak and Trapko (2019b) demonstrated that NSM
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system was still effective compared with the non-anchored ones, since they had higher
shear capacity and delayed the occurrence of detachment. The failure mode observed
was the gradual crack’s development, leading eventually to jacket debonding. In the
case of side-bonded jacketing, metallic anchors could not prevent the detachment of

the jackets (Fig. 2.9b).
2.2.3.2 Failure Modes

In this section, the failure modes of the FRCM strengthened beams under the various
jacketing configurations are discussed. Figure 2.9a shows the observed failure modes
for each scheme, and the corresponding schematics are presented in Figure 2.10.
Additionally, Fig. 2.11 illustrates the typical failure modes attributed to fibre rupture

or detachment of the jacket.

Side Bonded U-shaped Fully Wrapped

sz Concrete
= Jacket

Fig. 2.10. Cross-sectional strengthening schemes.
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Strengthening Arca  the beam's cover

Detachment Zony/
/)

F Shear Creak
y

N Detachment of the mortar-
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Front view Top view

(b) Shear-detachment failure
Fig. 2.11. Failure modes: (a) shear-fibre rupture; (b) shear-detachment.

Fully wrapped beams: In most cases, failure occurred due to fibre rupture.

Although debonding is most likely to happen first, shear capacity is controlled by the
rupture of the textile (Tetta and Bournas, 2016; Thermou et al., 2019). The fully
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wrapped configuration creates a larger contact area and bonding strength between the
jacket and substrate, enhancing the interface friction and transfer of frictional forces
between the strengthening system and concrete. Furthermore, the fully wrapped
configuration creates a tight wrapping layer that serves as a protective barrier for the
concrete surface, reducing the risk of surface delamination and damage. These factors
make the mortar-based composite jacket less prone to premature detachment and
increase the likelihood of transforming the beam's response from shear to flexural
failure. In case of shear failure, noticeable diagonal cracks can be observed on the
jacket, especially near the supports and load application points, with fibre rupture
commonly occurring at the crack initiation location at the bottom of the beam
(National Research Council, 2004). Fig. 2.11(a) illustrates a typical shear failure mode
caused by fibre rupture.

U-shaped beams: Most U-wrapped beams without mechanical anchorage systems

failed due to detachment of the composite, which can be further classified as follows:
(a) detachment of the textile from the jacket-beam interface accompanied by the
peeling of the beam’s cover; (b) complete extraction of some fibres in the textile; (c)
detachment of the jacket itself accompanied by the detachment of the mortar-
fabric/mortar layers or the delaminated or slipped multi-layer textiles. Fig. 2.11(b)
illustrates the potential detachment mode in this failure scenario, with the left side
presenting the frontal view and the right side showing the top view. It is worth noting
that in this failure mode, shear diagonal cracks on beams can be observed after the
jacket is removed. In general, the detachment of mortar-based composite jacketing
does not affect the concrete surface of RC beams (Thermou et al., 2019; Wakjira and
Ebead, 2019a), but a few researchers mention that the concrete cover peels off (Awani
et al., 2016; Tetta et al., 2015). In addition, Younis et al. (2017) observed that fibre
slippage was more likely to occur in fabrics with higher density since the closely
spaced fibres may prevent the uninhibited flow of the mortar, leading thus to a reduced
bond quality. The beams failing in this mode often demonstrate significantly
constrained ductility (National Research Council, 2004). Another key failure mode
similar to that of a fully wrapped reinforcement configuration is the rupture of the fibre
(Zhang et al., 2019); this appears to be more common in systems with anchors. In the
case of U-wrapped jackets with anchors, there is another failure mode in which the

anchorage is separated, or the surrounding area of the anchorage is damaged (Tetta et
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al., 2016; Marcinczak et al., 2019). This phenomenon is also common in FRP systems

(Chen and Teng, 2003a).

Side bonded beams: Detachment was the mode of failure observed for the side

bonded beams. Almost all specimens had 45° diagonal cracks at the load location when
failure occurred (Wakjira and Ebead, 2019b). Younis et al. (2017) observed the
following detachment patterns: (i) longitudinal stripping of the jacket at the top; (ii)
debonding of the jacket in the vertical direction, that is, the detachment along with the
whole depth of the beam at the load position; (iii) longitudinal peeling of mortar-based
composite system at the bottom; and (iv) the peeling of the jacket in the inclined
direction, which is more common on the inclined mortar-based composite system
strips. Based on the data collected, anchoring does not have a significant impact on the
failure mode of side bonded jackets. Therefore, to avoid premature detachment of the
strengthened beams, certain design codes for externally bonded FRP composite
materials design prohibit using side bonded jackets (National Research Council, 2004).
Based on the review, this approach may need to be adopted also for the case of FRCM

systems.

In addition to the influence of the strengthening configuration on the failure mode,
the reinforcement ratio of longitudinal and transverse bars (pjong,» and py,) in the
beam also has an impact. As shown in Fig. 2.8(c) and (d), increasing p;ong,» and py,
leads to a slight decrease in the probability of detachment of the strengthening jacket.
This decrease can be attributed to the fact that a higher reinforcement ratio enhances
the load transfer mechanisms within the beam, thereby reducing localised stress
concentrations. This improved load transfer capacity reduces the strain and stress on
the strengthening jacket, thereby reducing the risk of detachment. Furthermore, a
higher piongp and p, contributes to better control of deflection and crack
development in the beam, which enhances the overall structural integrity and limiting
concrete’s cover peeling. The reduced deflection also mitigates the discrepancy in load
displacement response between the strengthening system and the substrate, thereby

further preventing detachment.
2.2.3.3 Design parameters of the FRCM system

The variation of V}4¢/V¢on With the nominal ultimate strain of the textiles as provided

by the manufacturer (gf,), the web reinforcement ratio of the textile (pf), the axial
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rigidity of the textile (Efpy), the FRCM reinforcement ratio (p¢y,), and fep, / f (Where
fem 18 compressive strength of the mortar) is depicted in Fig. 2.12. The web
reinforcement ratio (pf) and the FRCM reinforcement ratio (P, ) are defined as

follows (Gonzalez-Libreros et al., 2017a):

pr = 2ntywr/bysy (2-1)

Pem = 2temWr /by Sy (2-2)
where n is the number of textile layers applied; tr is the thickness of the textile;
tem(= (n + 1)t,,) is the total thickness of the FRCM composite (t,, is the nominal
thickness of a single mortar layer); wy is the width of FRCM strips; and sfis the
longitudinal distance of FRCM strips (if the textiles are applied as continuous, then

Regarding &5, apart from glass and basalt fibre, the rest of the materials have two
or more different values for €¢,,. Most of the beams (53%) were strengthened with
textiles that had &f,, in the range of 1.5-2.0% (Fig. 2.12(a)). 87% of the strengthened
beams had a web reinforcement ratio py < 0.0045 and 48% had py < 0.0015 (Fig.
2.12(b)). The variation of V;4¢/V¢on seems not to be directly related to the amount of
web reinforcement confirming similar observations made in other studies (Escrig et
al., 2015; Ombers, 2015a). The increase of ps has a slight impact on the CFRCM
jacket shear strength (average: V) c/Vcon = 0.86), a significant impact on the B-
and GFRCM jacket shear strength (average:Vjsc/Vcon = 1.10 and 0.69) and
almost no effect on the PFRCM and SRG (average: V;ac/Vcon = 0.25 and 0.62).

The interaction between internal transverse steel reinforcement (stirrups) and the
externally bonded FRCM jackets has not been studied in detail. Similar to the approach
adopted for FRP jacketing (Ary and Kang, 2012), the ratio of the axial stiffness of the
transverse steel reinforcement to that of the FRCM composite (Espy, /Efpy; where
Efpy, 1s axial rigidity of the textile index of FRCM composites; Ef is the elastic
modulus of the textile fibres in GPa; Es is the elastic modulus of steel reinforcement)
is used to evaluate the interaction between stirrups and the FRCM system. In Figs.
2.12(c) and (d), the relationship between Er¢ps and Espy,/Erpr with Vyc/Veon is
presented, respectively. The E¢p s, which expresses the axial rigidity of the textile, for

most of the jackets lies between 0.052-1 (89% of the beams). For similar axial rigidity
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values, the PFRCM system seems less effective than the rest of the FRCM systems
(C-, G-, BFRCM and SRG). When internal shear reinforcement is present, the increase
of Espy /Efpy (i.e., more stirrups for the beam) renders the contribution of the FRCM
system less effective. Using the experimental data shown in Fig. 2.12d, and after
applying exponential curve fitting to the data (51 beams), the following empirical

expression is derived:

-0.3
Verem/Veon = 0-383(E5Pw/EfPf) (2-3)
Equation (2-3) should be treated with caution since it is based on a limited amount of
data.
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Regarding the FRCM reinforcement ratio, most of the specimens (79%) receive pgm,
values between 0.06-0.18 (Fig. 2.12e). In general, the increase of p.,, leads to
increased shear capacity for the beams. This is attributed to the fact that an increase in
Pem corresponds to an increase in the thickness of the FRCM mortar, which increases
the cross-sectional area (especially the width) of the RC beam, thereby improving the
shear capacity of the beam. The impact of the cementitious matrix compressive
strength, fom, on Vjac/Veon is presented in Fig. 2.12f. 91% of the studies used fe,,, /fc

between 0.5-2.5. As observed in the Fig. 2.12f, there is not direct correlation between

Jem/ fe 0 Viac/Veon-

2.2.4 Design Parameters of FRC Jacketing Systems

The database presented in Table A contains 54 collected beams strengthened by the
FRC (ECC, ECC-R, SFRC HPFRC and UHPFRC) systems. Figures 2.13(a) and (b)
present the variation of Vj4¢ /Vcon With the fibre type and the fibres' volume fraction.
Since some studies do not provide information on the specific fibre types and volume
fractions, only the specimens for which full details are provided are presented in Figs.
2.13a and 2.13b (46 and 31 beams were used in Figs. 2.13a and 2.13b, respectively).
Most FRC systems use steel fibres (57%), followed by PVA and PE fibres (28% and
15%, respectively). A smaller percentage of FRC jacketed beams, especially in the
cases that steel or PVA fibres are used, fails due to detachment compared with FRCM
strengthened beams. Tanarslan et al. (2021) demonstrated that the FRC system can
offer a better bonding effect with the beam surface to prevent the occurrence of partial
detachment. As seen in Fig. 2.13a, the shear strength increases for PE, PVA and steel
fibre systems ranges between 5% to 88%, 10% to 89% and 15% to 187%, respectively.
Most studies use a volume fraction of fibres between 1.5-2.0% (83% of the samples in
Fig. 2.13b). Although the number of specimens is small, it seems that there is a trend

between the increase in strength as the volume fraction of fibres increases.

Fig. 2.13c shows the variation of V;4¢/V¢on With the type of jacketing configuration.
The most common strengthening configuration in FRC system is side bonding (SB),
which accounts for 65% of the beams, whereas 8% correspond to one side bonding
and the rest (57%) to two side bonding. SB (two sides) jackets have a greater potential

to improve shear strength, and V; 4 /V¢oy increase by up to187%, while for SB (one
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side) jackets, the strength increased ranges between 33% and 124%. For U-wrapped
beams (35% of the samples), V; ¢ /Vcon ranges from 13 to 157%.

The impact of the ratio of the width of the jacket to the width of the beam,
by rrc/bw, on Viac/Veon is presented in Fig. 2.13d. The term by, ppc refers to the
width of the FRC jacket, which corresponds to the total width of the two sides. 64%
of the studies used by, rrc /by, between 0.2-0.6. Detachment failure is observed for
by rrc/ by less than 0.4. Due to the limited number of data and the large dispersion of
the results no solid conclusions can be drawn about the impact of b, grc on the shear

strength increase.
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2.3 Shear Resistance of Beams Retrofitted with Mortar-

Based Composites

2.3.1 Analytical Models for FRCM Jacketing Systems

The total shear strength of FRCM strengthened RC beams (Vjq,) comprises shear

strength contributions from concrete (V,), steel stirrups (V;) and FRCM jacket (Vercn):
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Vshear = Ve + Vs + Verem < Vramax (2-4)
Vshear shall not exceed the shear limit value (Vg4 mqx), Which corresponds to the

crushing of diagonal compression columns in the web of the member (Eurocode 2,

2005).

According to Eurocode 2 (2005) and ACI 318 (2008), the shear strength contribution
from concrete (V) is:
VE? = 0.12k(100p10g0f.) " bud s
> 0.035k3/2£.%/%p,,d
VAT =0.167./f.b,d (2-6)
where k =1 + \W < 2.0 (with d in mm) is a factor that considers the size
effect. According to EC2 (Eurocode, 2004), the shear strength contribution from

stirrup (V;) can be calculated as:

A
VS = TW nywd (2'7)

where f,,4 is the design yield strength of the shear reinforcement, A, is the shear

reinforcement area, z = 0.9d is the inner lever arm, and s is the stirrup spacing.

The shear strength contribution of the FRCM jacket, Vrgcu, can be calculated using
the analytical models presented in Tables 2.2. These models can be categorised into
two types: those based on the characteristics of the fibres and those based on the

properties of the FRCM composite as a whole.

Specifically, models 1-4 (Triantafillou and Papanicolaou, 2006; Escrig et al., 2015;
Thermou et al., 2019; Tetta et al., 2018b) are based on fibre’s properties. Model 1
(Triantafillou and Papanicolaou, 2006) initially proposed a truss analogy model to
predict the shear strength of FRP jackets, calibrated with experimental data specifically
for fully wrapped FRCM-strengthened rectangular beams, and later extended it to
other configurations such as U-shaped wraps (Gonzalez-Libreros et al., 2017a). In this
model, the effective fibre strain (&.55) is assumed to be 0.5 times the ultimate strain
(&r4), without considering potential performance differences across configurations. To
address this limitation, Model 2 (Escrig et al., 2015) refined the model by introducing
distinct &5f expressions based on strengthening configuration, linking €.7f to

concrete compressive strength (f¢), fibre modulus (Ef), and fibre reinforcement ratio
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(pf). Model 3 (Thermou et al., 2019) further adjusted the model experimentally,
adding an additional term for undamaged textiles to improve the accuracy of the €, ¢
expression. Additionally, Model 4 (Tetta et al., 2018b) improved on Chen and Teng’s
FRP model (2023) by eliminating the need for fibre modulus (Ef), addressing
challenges in selecting an appropriate modulus when predicting the shear strength
provided by FRCM. Compared to the models proposed by Models 1-3, this revised
model removes the influence of &.¢ and instead introduces the design value of the

effective stress in the jackets.

In contrast, models 5-7 (ACI, 2013; Younis et al., 2017; Ombres, 2015b) that focus
on composite properties aim to synthesize the collective behaviours of textiles and
mortar. Model 5 is provided by ACI 549.4R-13 (2013), which is only standard
considering the shear strength contribution of continuous FRCM U-wrapped or fully
wrapped systems, although it is acknowledged that the standard was developed based
on an insufficient amount of experimental data. This model sets 0.004 as the effective
composite strain. However, this limit has yet to be comprehensively validated
experimentally. Model 6 (Younis et al., 2017) adopted ACI’s approach, using €.55 =
0.004 and estimating FRCM shear strength by summing the contributions of textiles
and mortar. Model 7 (Ombres, 2015b) used a model initially designed for FRP systems,
applying an effectiveness coefficient (ke) of 0.5 to account for reductions when used
in FRCM, highlighting dependencies on debonding strength, composite modulus, and
optimal bond length.

The analytical models were implemented in the database presented in Table A. For
all the beams of the database, the angle between the concrete compression strut and
the beam axis is perpendicular to the shear force is considered 8 = 45°, whereas the
angle between the fibres and the beam axis is perpendicular to the shear force in all
the applications is @ = 90°. In addition, the expression for the each model’s

experimental value of the effective strain (77 ) that is calculated from the

experimental shear strength appears in Tables 2.2 and 2.3, except for Model 4 which
does not depend on g7, Due to limitations imposed by the analytical models, the

strengthened beams with anchorage systems and/or flexural failure are not considered

in the analysis (Gonzalez-Libreros et al., 2017a).



CHAPTER 2. LITERATURE REVIEW 37

The experimental and the predicted normalised shear stress of the FRCM jacketing

exp pred A
system, Vgpcp, and Vgpc,,, are calculated from:

exp pred
Verem . pred _ Verem

bydfe: ’ FRCM — wdfe

exp

Verem = (2-8)

where Vﬁch(: Viac see Table A) is the experimental shear strength provided by

FRCM jackets; V;nd is predicted the shear strength provided by FRCM jacket which

is calculated by the different models.

Table 2.2. Analytical models for the shear strength contribution of the FRCM

jacket.
Reference _ VErem
Model 1 Virem = 2ntehy —L e, Ef(cotB + cotay)sinay
(Triantafillou & ‘,Svff . o
Papanicolaoul Verem = 2nffhf;feffEf = prhybweessEp; 0 = 455 a0 =90
2006); For Model 1: &,5f = 0.5¢f,
2/3+ 0.65
Model 2 For Model 2: For fully wrapped: &.rr = 0.035 (f < ) &y
(Escrig et al., prfo 55
2015); . . . 2
For side bonding or U-wrapped: &5 = 0.020 (prf) Efu
Model 3 273\
(Tﬁeimou et al For model 3: For textile without damage: €. = 0.010 (j; - ) Efu
2019) ’ 2/30-59 "
For fully wrapped: €, = 0.066 <prf) Efu
72131094
For side bonding or U-wrapped: .5 = 0.015 <ﬁ) Efu
. . .. exp _ Verem
Experimental value of effective strain: e, = ———"" " —— Chy(wr/sE;
Model 4 Verem = 2ntgb, hf ffed(cotesmao + cosay);
(Tetta et al.,
2018b)* Vercw = 2ntybuhy L frea = pybishyfrea; 6 = 45% a = 90°;
ffed - fofed,max
1000 \/Z 1,412
ffed,max = 8.676,Bw nt; 5 B = sin (”7’1) 1<1 > Bw =
2-wy/(sysina)
1+wg/(sfsina)
i(l COS( A)) A< 1
Df =T Sm(z) ;A= Lingx/Le
1-2221>1
A
B h¢/sina for U-wrapped jackets L = qg [H00ont;
max h¢/2sina for side bonding jackets’ B N
hfe =z, — 245 2, = hy — (h - dfb); zy = dgt
Model 5 Verem = nAfffvhf = pbefod;
(ACI, 2013) Ap = 2t5 Wf/Sf; frv = ErrcmEerfs €eff = €rrem < 0.004

exp

. . . V
Experimental value of effective strain: ¢°,, = —ZRCM _
eff nAfEFRCMd
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Modell 6 Verem = ke€eprErrempyrbwd(cotf + cotay)sinay;
%Cln%lﬂtiet al, Virem = KeerrErreupPrbwd; 0 = 45% ag = 90°;
_ fraa [ _1_ lesina ], o024 |Errcmkn [fiSim
Seff - Errcm 3min (0.9d'h ) ’ ffdd - de\/TC tf !
f'etm = 0. 30f’2/ ’
_ (2w \*° L (Eereutn\OS
kb B <1_Wf/4'00) ’ le - ( 2fctm ) ’ ke =05
b= {sf, for strips
~10.9dsin (6 + a,)/sina,, for continous
. . .. _exp _ V;;EM
Experimental value of effective strain: ¢, 1T = XoBrmemp bud
mbres, New 7 — —
(2015b)*** R, =2 Ly = 20017 Fomtmd); Vy = 2nAp frod=2pyby frod

ff = EFRCMSeff; Eeffr = Eprem < 0.004
. . . exp _ ;;EM/FZ—Vm)
Experimental value of effective strain: € 2 FReM? 2z M/
€ff 2nAfEFRCMd

* Dr is the stress distribution coefficient; freqmax is the maximum design stress of the jackets;
B; and B, reflect the effect of the effective bond length and the concrete width ratio of the jacket;
A is the maximum bond length parameter; L., and L, are the available bond length and the
effective bond length respectively; d is the effective height of the FRCM; z;, and zz, are the
co-ordinates of the top and bottom ends of the effective FRCM; df,, is the distance from the
compression face to the top edge of the FRCM; dy; is the distance from the compression face to
the lower edge of the jacket.

** k, is the ‘effectiveness coefficient’, take 0.5; frqq is debonding strength; £, is concrete
characteristic cylindrical strength; f’ .., is average tensile strength of concrete; ;4 and y, are
partial safety factor, which are taken as 1 in this chapter; kj, is the geometric coefficient; [, is
optimal bond length.

*** F, is the ratio of the total length of the strengthened zone to the critical shear span; N is
number of FRCM strips; a is the length of shear critical span.

2.3.1.1 Assessment of the Analytical Models for FRCM Jacketing Systems

The accuracy of the six models in predicting the shear strength of the composite system

is assessed using the following statistical indices: the Average Value (u,), Standard

Deviation (SD) and Coefficient of Variation (COV) of v;;gM / vlf;g]‘\i,,, Mean Absolute

Error (MAE) and Root Mean Square Error (RMSE) between v;ggM and vggcel‘f,, The
calculated m, SD, COV, RMSE, and MAE values for the models are presented in Table
2.3. COV, MAE and RMSE are calculated as follows:

SD
cov = . (2-9)

P

d

MAE = | 5£2M/v;;gM | (2_10)

N

pred exp 1)2

RMSE = i=1(Vrrcm/ VrreM (2-11)

N
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Table 2.3. Results of the assessment of the analytical models 1-7 based on the
selected statistical indices.

) v;};}z /vpred vpred /vexp
Type Formula Failure mode No. M/ _FRCM FRCM/ ZFRCM
4, SD COV MAE RMSE
No detachment 20 0.60 035 0.58 1.22 1.58
Model 1 Detachment 75 0.84 1.06 1.26 1.95 3.21
Total 95 0.79 096 1.19 1.80 2.95
No detachment 20 1.19 0.82 0.69 0.49 0.54
Model 2 Detachment 75 3.12 2.02 0.65 0.67 0.93
Fibre- Total 95 271 198 073  0.64 0.87
properties: No detachment 20 .18 1.11 094 0.73 1.01
Model 3 Detachment 75 8.06 5.43 0.67 0.75 0.79
Total 95 6.64 561 0.84 0.75 0.85
No detachment 20 0.58 0.19 0.32 0.99 1.16
Model 4  Detachment 75 0.70 0.41 0.59 1.09 1.68
Total 95 0.67 038 0.57 1.09 1.60
No detachment 14 2.12 2.80 1.32 1.00 2.01
Model 5  Detachment 45 2.61 130 0.50 0.54 0.58
Total 59 2.50 2.05 0.83 0.65 1.10
Composite No detachment 14 1.78 0.87 049 1.8 2.54
) . Model 6  Detachment 45 236 090 0.38 0.52 0.56
properties-
based Total 59 222 091 041 0.65 1.33
No detachment 14 1.05 2.80 2.67 1.43 3.32
Model 7  Detachment 45 1.61 093 0.58 0.60 0.74
Total 59 1.47 205 1.39 0.79 1.74

2.3.1.2 Models Based on Fibre Properties

Figure 2.14 illustrates the relationship between vIERCf,, and V-, obtained by Models

1-4. Model 1 consistently overestimates the shear strength contribution of the FRCM
jacket (1,=0.79, SD =0.96, COV = 1.19), regardless of whether failure is due to jacket
detachment. This overestimation poses safety concerns for shear design, as it may
result in unsafe structures. Moreover, Model 1 exhibits the highest Mean Absolute
Error (MAE = 1.80) and Root Mean Square Error (RMSE = 2.95), indicating poor
predictive performance. In contrast, Model 2 underestimates the shear contribution (u,

=2.71,SD =1.98, COV =0.73), which ensures structural safety but leads to inefficient

pred
designs, increasing material waste and costs. Notably, the average vFRCM / Verem 1O

beams with detachment (1.19) is lower than for those without detachment (3.12),
highlighting reduced accuracy for the former failure mode. Model 3, developed as an

improvement to Model 2 based on experimental data, was intended to address the
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overestimation of shear strength observed in the previous model. However, the results
revealed that the underestimation issue not only persisted but was further exacerbated.

Consequently, this model exhibited the poorest predictive performance among the
evaluated models (11,=6.64).The average value of vgab,,/vines, for Model 4 is the
smallest (0.67) among the 4 models, leading to an overestimation of the strength which

is unconservative. However, the predicted values for the CFRCM strengthened beams

that failed due to detachment are very close to the experimental ones (Fig. 2.14d).
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Fig. 2.14 Comparison between experimental, vpgr,, > and predicted, vh, oy, , shear

strength for: (a) Model 1; (b) Model 2; (¢c) Model 3; (d) Model 4.

Figure 2.15 presents the experimental value of the fibre effective strain sg? versus

the predicted value of strain 873);;{1 for Models 1-3, as well as their normalised

experimental value of effective strain aiiﬁ/afuversus prEr/ f’g/ 3. Model 4 is not

included since it is not based on €, 5. Regarding sg? VErsus 85;;‘1, the effective strain
of most beams in Model 1 is underestimated (Fig. 2.15a), which implies that €.¢¢

should be larger than 0.5¢¢,,. Although Model 2 used more detailed equations for &,¢f,
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the predicted values of effective strain are underestimated. Model 3 exacerbates this

underestimation, aligning with its poor performance in predicting Vircp-
exp

Since Models 1-3 share a same calculation model of Eeff > their normalised

experimental effective strain values are identical. As shown in Fig. 2.15d, sg? /&ru

has a remarkably decreasing trend as pfE¢/f '3/ ® increases. Interestingly, for a small
number of beams 82;? /€fy €xceeds 1, which implies that the effective strain is larger
than the rupture strain which is not realistic since sg? should be a portion of &f,,. This
is attributed to the fact that e¢%7 is not measured but it results after the implementation

of Models 1-3 for Varb, (= Vj4¢ see Table A).
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experimental effective strain, 82]’5? / gpy versus prEe /'

In summary, Model 1 overestimates the shear strength contribution of the FRCM
jacket, resulting in the highest MAE and RMSE values among all models. Model 4
also overestimates shear strength but achieves more accurate predictions for beams
failing due to detachment. Models 2 and 3, on the other hand, underestimate the FRCM

shear contribution. While this ensures structural safety, it results in inefficient designs,
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leading to unnecessary material use and increased costs. Model 3, despite being an
attempted improvement, demonstrated the poorest predictive performance overall,

emphasizing the need for further refinement in these models.
2.3.1.3 Models Based on FRCM Composite Properties

Since many of the studies included in the database do not provide information on the

elastic modulus of the FRCM composite, only 59 beams from the database are used to

. ex . . red .
compare the experimental, vFR’C)M, with the predicted shear stress values, vaRCM, using
Models 5-7 (Table 2.2) as shown in Fig. 2.16.
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Fig. 2.16. Comparison between experimental, vy,-,,, and predicted, v y,, shear

strength for: (a) Model 5; (b) Model 6; (c) Model 7.

As observed in Table 2.3, Model 5 reaches average Vgaby,/Vinew Tatio (1) of

2.50, SD of 2.05, and COV of 0.83. Fig. 2.16a demonstrates that Model

4underestimates the predicted shear strength. This may be attributed to the low value

of the effective strain of the fibre considered (limited to SZ]C;d = (0.004, see also Fig.

2.17a where g% is compared to 85;;d). Model 7 illustrates the shear strength provided

by FRCM system can be calculated by summarizing the contribution of the textile and
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the associated mortar. Model 6 has y, of 1.48, SD of 2.05 and COV 1.39. As seen in
Fig. 2.16c, in most of the cases the model underestimates the shear strength of the

strengthened beams. Model 6 has a similar behaviour with Models 5 and 7.

Figure 2.17 depicts the experimental value of the fibre effective strain, 82;?, versus

the predicted value, 85;;‘1, as well as the normalised experimental value of effective

strain seff/sfuversus prE:/f' C/ for Models 5-7 Fig. 2.17(d-f) suggests similar to

Models 1 and 2 that, e /€f,, decreases with the increase of pyEpgen/f'¢ 123 ¢ €rr/ EFu

is almost always greater than 0.25 and psEpgcy/ f'g/ 3 is less than 0.05 for nearly all
non-detachment failed beams. The high consistency of these models verifies that
PrErrcm/f ’5/ > has an influence on €05, which is also affected by the failure mode of
the beam. The strengthened beams with ec% /e, >1 correspond to 8.4%, 55.9% and
22.0% (5, 33 and 13 beams) in case of Models 5-7. As discussed in section 3.1.1.1,

exp . VEP (=

€.rr 1s not measured but it is defined after implementing Models 5-7 for Vigey

Vjac see Table A).
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Fig. 2.17. aiﬁ verse 85;;(1: (a) Model 5, (b) Model 6, (c) Model 7; Normalised

experimental effective strain, e577 /&r,, , versus prEppcy/ £/ (d) Model 5, (e)
Model 6, (f) Model 7.

When v;;gM is less than 0.5, Figures 2.16 and 2.17 highlight that Models 5-7, which
are based on the properties of the composite material, outperform Models 1-4, which
rely on fibre properties. This is particularly evident when the detachment failure occurs.
However, when considering the entire range, Models 5-7 do not exhibit a significant
advantage over Models 1-4 in terms of MAE and RMSE. Consequently, the existing
models are unable to provide accurate predictions for the shear strength contribution

of FRCM.

2.3.2 Analytical Models for FRC Jacketing Systems

The total shear strength of fibre-reinforced-cement system strengthened RC beams
(Vsnear) comprises shear strength contributions from concrete (V¢), steel stirrups (Vs)

and FRC jacket (Vrre):

Vshear = Ve + Vs + Vigre (2-12)
Vegrce 1s calculated according to ACI 544 (2018), fib Model Code (2010) and the
Japan Society of Civil Engineers (JSCE) (2007) design codes that are presented in
Table 2.4. The same models can also be found in Yin et al. (2018). In case of Models
8 and 9, V. is defined by Egs. 2-5 and 2-6, respectively, whereas V; is defined
according to Eq. 2-7. For Model 10, V. is given by JSCE (2006):

V5 = BaBpBnfocabwd Ve (2-13)
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where f,q prc = 0.3 fczgzc /ve is the design average tensile strength perpendicular to

diagonal cracks; f,cq = O.ZE; Ba = 4’% < 1.5 B, = 10000y < 1.5; B, =1

for the member without axial compressive force.

The experimental and the predicted normalised shear stress of the FRC jacketing

ex red
system, vFRg and vIERC , are calculated from:

Vexp Vpred
exp _ YFRC ., pred _ 'FRcC (2-13)
FRC bwdfg’ FRC bwdfg

where Vit (= Vjac see Table A) is the experimental shear strength provided by FRC

jackets; Ve is predicted the shear strength provided by FRCM jacket which is

calculated by Models 8-10.

Table 2.4. Analytical models to predict Vggc

Reference Formula
Model 8 2 0.25
(ACI 554, 2018)* Vire = ;fct,FRc (%) bw,rrcdrre
Model 9 Vere = 1/3
(fib Code, 2010)**  18b,, ppcdrrck [IOOplong (1 +7.5 ;’Fﬂ) f’C,FRC]
ct,FRC
Vere = Vo, + 1V,
Model 10 FRC m F
(JSCE, 2007)*** _ 0.18yf7cFrcbw,FRCAFRC n (fva,Frc/tan a)by, Frcz
Yb Yp

*Where f.; prc is the tensile strength of FRC jacket, taken as 0.3 fli,/I?RC; f'crre is

the compressive strength of FRC jacket; by, prc 1s the width of the jacket; dppc is
the effective depth of the jacket;

**k is the is the size effect factor, taken as 1 4+ /200/dpgc < 2.0; friuk 1S the
characteristic value of the final residual tensile strength of FRC obtained from the
crack opening (1.5mm), and frey / fer rrc Would be taken as 0.62 (Gowripalan and
Gilbert, 2000);

*#*where V¢ pre is shear strength contributions from concrete in FRC; Vi ppc is
shear strength contributions from fibre in FRC; Where f,,4 prc = 0.3 fczﬁw / ¥, is the
design average tensile strength perpendicular to diagonal cracks.

In the case of the ECC-R jacketed beams (13 specimens), Models 8-10 cannot be
used to assess this system (Bywalski et al., 2020). Additionally, due to missing
information, the beams in the research of Garg et al. (2019), Sakr et al. (2018), and
Sakr et al. (2019) were not used. In total 39 beams were used to calculate m, SD, COV
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of vERP JuPTe? as well as MAE, RMSE of vhpe? — vEaP as presented in Table 2.5.

Figure 2.18 illustrates the relationship between vFipe” and vak for Models 8-10.
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Fig. 2.18. Comparison between experimental, viab and predicted, vhpe”, shear
strength for: (a) Model 8; (b) Model 9; (c) Model 10.

Table 2.5. Results of the assessment of the analytical Models 8-10 based on the
selected statistical indices.

Vodel b vER? ok vBRe v — 1
m SD cov MAE RMSE
Model 7 39 1.11 0.84 0.76 1.20 1.86
Model 8 39 1.63 1.11 0.68 0.63 0.82
Model 9 39 1.13 0.85 0.75 1.10 1.61

Each of Models 8, 9, 10 rely on a different parameter to assess the shear strength
contributed by the FRC system. Specifically, Model 8 considers the influence of the
shear span ratio, Model 9 introduces the characteristic value of the final residual tensile
strength of the FRC obtained by considering a crack opening equal to 1.5mm, and
Model 10 considers that the shear strength of the FRC comprises the shear strength of

concrete and the shear strength of the fibres. Even though p is larger than 1 in all

models, still there is a certain number of beams where v,f;g<v,§ ;gd (Model 8: 20 beams,
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Model 9: 16 beams, Model 10: 18). Models 8 and 10 seem to be equivalent. However,
the dispersion is high in all models, leaving much room for the development of more

reliable formulas for the various FRC strengthening systems.

Building upon the preceding discussion, Table 2.6 summarises the fundamental
assumptions and configuration sensitivity of Models 1-10. This comparative analysis
underscores the necessity for developing balanced models capable of simultaneously

accounting for both jacketing configuration and bond-dependent behaviour.

Table 2.6. Key assumptions and performance trends of Models 1-10.

Model  Reference Key Distinction Performance
Triantafillou &  Truss analogy; constant €,¢r = 0.5€f,; Overestimation
1 Papanicolaou no configuration sensitivity.
(2006)
. Fibre property-based; &5y depends on f,, Underestimation
2 Escrig et al. E;, an ; considers different wra
(2015) s Py 3 considers ere p
configurations.
Thermou et al. F 1br.e property-based; refines Model 2 by Slgnlﬁcqnt .
3 adding term for undamaged textiles; underestimation
(2019) .
considers wrap types.
i - ; i Slight
Tetta et al. Flbre property-based; replaces Seff.VYIth ight
FRCM 4 jacket stress; wrap type not explicitly —overestimation
(2018b) g
included.
5 ACI 549.4R-13  Composite property-based; constant £, Underestimation
(2013) = 0.004; applies to continuous wraps only
. Composite property-based; adds bond Underestimation
Younis et al. .
6 length and effectiveness factor; wrap type
(2017) .
considered.
Composite property-based; expands on Slight
Model 5 by explicitly accounting for Underestimation
7 Ombres (2015b) debonding strength and optimal bond
length.
Uses empirical formula incorporating a/d  Slight
8 ACI 544 (2018) and tensile strength of FRC. Underestimation
9 fib Model Code  Includes fibre residual strength and Underestimation
FRC (2010) compressive strength.
Combines concrete and fibre Slight
10 JSCE (2007) contributions with f-coefficients for Underestimation

geometry and reinforcement.

2.4 Conclusions and Research Gaps

This chapter has systematically reviewed the current state of research on mortar-based
composites for shear strengthening of RC beams. The findings confirm that mortar-
based composites can effectively improve the shear strength of beams and serve as
reinforcement materials for beams. Among them, FRCM jacketing systems have been
shown to increase shear strength by 4% to 196% (average: 61%), while other mortar-

based composite systems demonstrate enhancements ranging from 4% to 190%
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(average: 80%). Among these, CFRCM systems are the most commonly used,
accounting for over 50% of tested beams, with a maximum reported shear strength
improvement of 196%. Comparatively, PFRCM systems exhibit lower effectiveness

under similar axial stiffness conditions.

U-shaped jacketing is the most widely adopted configuration (74% of beams), with
delamination of the jacket being the predominant failure mode. Alternative anchorage
systems discussed in the literature effectively mitigate delamination for most
configurations, though near-surface-mounted (NSM) anchoring appears to be less
effective. For side-bonded beams, even with anchorage systems, delamination remains
the primary failure mode. Conversely, fully wrapped jackets not only prevent
delamination but also shift the failure mode from shear to flexural, often resulting in

fibre rupture.

Despite these advancements, significant research gaps remain. The majority of
studies have focused on CFRCM systems under static loading conditions, with limited
exploration of alternative materials such as SRG and HPFRC. Critical parameters
influencing the performance of these materials, including textile density, mortar
properties, and reinforcement configurations, have not been comprehensively
investigated. Additionally, there is a lack of comparative studies evaluating the
performance of SRG and HPFRC systems against other FRCM materials, hindering a

holistic understanding of their relative efficiency and application potential.

Another notable gap lies in the absence of research on the fatigue performance of
mortar-based composites. While durability under cyclic loading is a critical factor for
infrastructure such as bridges, the fatigue behaviour of FRCM systems remains largely
unexplored. This lack of understanding limits their application in environments where

long-term performance under repeated loading is essential.

Existing predictive models for the shear capacity contribution of FRCM systems
also exhibit substantial limitations. Many models fail to incorporate key parameters
such as the shear span-to-depth ratio, mortar thickness, and the interaction between
internal and external reinforcement systems. These factors have been shown to
significantly influence strengthening performance, and their omission results in
inconsistent predictions and reduced reliability. Furthermore, while effective strain

limits for fibres are recognised as a critical parameter for defining failure mechanisms,
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such as fibre rupture or delamination, they remain insufficiently defined in the current
models. This restricts the development of accurate and robust predictive tools for

practical design applications.

Addressing these gaps will advance the understanding and application of mortar-
based composite systems for RC beam strengthening, particularly under varying
loading conditions. Future research should focus on these areas to enhance the

reliability and efficiency of these innovative strengthening techniques.



Chapter 3

Effectiveness of SRG Jackets in
Shear Strengthening of RC Beams

under Monotonic Loading

As discussed in Chapter 2, research on the shear performance of Steel Reinforced
Grout (SRG) strengthened beams remains limited, particularly in terms of
comprehensive comparisons with other strengthening systems. The effects of SRG on
failure mode transitions and energy dissipation have yet to be thoroughly investigated,

leaving gaps in understanding its full potential and limitations.

Furthermore, considering the significant role of the shear span-to-depth ratio (a/d)
in influencing shear transfer mechanisms, failure modes, and retrofitting efficiency—
and the conflicting findings in existing literature—this chapter investigates the
efficiency of SRG jacketing in enhancing the shear strength of deficient deep (a/d = 2)
and slender (a/d = 3.5) RC beams under monotonic loading. For comparison, the
performance of Carbon Fiber Reinforced Cementitious Matrix (CFRCM) and Steel

Reinforced Polymer (SRP) strengthening systems is also evaluated.

The experimental program involves 17 asymmetrically loaded beams, with key

parameters studied including a/d (2 and 3.5), matrix type (resin or mortar), textile type



CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC
BEAMS UNDER MONOTONIC LOADING 51

(steel and carbon), number of textile layers (1-3 layers), density of UHTSS textile (1.57
and 3.14 cords/cm) and jacketing configurations (U-shaped and fully wrapped).
Results indicate that all strengthening systems are effective, with fully wrapped SRP
and SRG systems being particularly successful in shifting the failure mode from shear

to flexure.

3.1 Experimental Programme

3.1.1 Specimen Details

The experiments included 17 rectangular RC beams tested under three-point bending
monotonic loading using a simply supported configuration. In contrast to four-point
bending, which generates a region of pure bending between the loading points, the
three-point setup concentrates shear forces within a single shear span, making it more
appropriate for investigating shear-related failure mechanisms. This configuration also
produces a maximum bending moment at mid-span, allowing precise observation of
crack initiation and propagation at a critical location. In addition, the simplified load
path and test arrangement enhance repeatability, while the clearer stress distribution
facilitates the interpretation of shear-dominated responses. This simplification further
aids in decoupling shear effects from flexural behaviour, enabling a more accurate

assessment of the beam's shear performance (Mujika, 2007).

The total length is 1677 mm (660 inch), the effective span is 1100 mm, and the
breadth % height is 102 mm % 203 mm (40 inch x 80 inch). Two different shear span
ratios (a/d) of 2.0 and 3.5 were investigated (Beam series A and B, respectively).
Beams with a/d < 2.5 fall into the classification of deep beams, whereas those
exceeding 2.5 are categorised as slender beams (Shear and Torsion, 1998; Shafieifar
et al., 2018; Jung and Kim, 2008). To directly evaluate the effectiveness of the SRG
and other jacketing systems (such as SRP and CFRCM) considered in this study, no
internal transverse reinforcement was included in the critical span (¢=350 mm for
Series A and a=620 mm for Series B). The remaining span contained 8 mm diameter
stirrups spaced at 140 mm and 40 mm for Series A and Series B beams, respectively
(Fig. 3.1a). Based on cross-sectional analysis and moment distribution considerations,
it was ensured that the shear failure load in the unstrengthened region significantly

exceeds the corresponding flexural capacity, thus preventing premature shear failure
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outside the strengthened zones. All beams had tensile and compressive longitudinal

reinforcements equal to 2 J16 and 2 J10, respectively (Fig. 3.1b).

The specimen dimensions were selected considering laboratory constraints and
established scaling principles for reinforced concrete beam testing, informed by
previous studies under comparable conditions (e.g., Tetta et al., 2018a; Wang et al.,
2020b). Although these beams were scaled down compared to structural members used
in practical applications, literature indicates that maintaining geometric similarity
enables observed failure modes, crack patterns, and shear mechanisms in scaled tests
to remain relevant to full-scale behaviour, despite inherent size effects related to energy
dissipation, fracture mechanics, and aggregate interlock mechanisms (Bazant and Yu,
2005; Carpinteri et al., 1999). Therefore, the present experimental results provide
valuable insights into the shear strengthening mechanisms of reinforced concrete
beams, facilitating meaningful extrapolation to predict the shear performance of larger,

full-scale structural components.

Load U-shaped Fully Wrapped
o8@75 B8@140 102
— 102 102
) 2y ey Ry
a/d=2.0 T N 5

1100 D
1677 ’

Load 08@40

a/d=35 [ 620 ]

1100

1677 = i - o

(a) (b) (c)

203
203
203

Fig. 3.1. (a) Layout of the reinforcement; (b) Cross section; (c) Jacket configurations.

The key parameters of this study include the: (i) shear span-to-depth ratios (2.0 and
3.5), (ii) composite strengthening systems, namely SRG, SRP, CFRCM, (iii) density
of ultra-high tensile strength steel (UHTSS) textiles, 1.57 and 3.14 cords/in (low
density and high density, respectively), (iv) number of textile layers (1-3 layers), and
(v) strengthening configuration (fully wrapped and U-wrapped jackets) (Fig. 3.1c).

The details of the beams tested are shown in Table 3.1. The code name given to the
specimens corresponds to X-YZ-Qi, where ‘X’ is equal to A or B corresponding to the
beam with a/d = 2 or 3.5, respectively. ‘Y’ indicates the material used for the beam
jacketing with N corresponding to non-strengthening, ‘G’ to SRG jacketing, ‘P’ to SRP
jacketing, and ‘C’ to CFRCM jacketing. In case of SRP and SRG jacketing, ‘Z’ is equal
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to ‘L’ or ‘H” which corresponds to the low- (1.57 cords/cm) or high-density (3.14
cords/cm) UHTSS textiles, respectively. ‘Q’ refers to the jacket configuration (‘U’ and
‘W’ for U-shaped and fully wrapped jackets, respectively) and ‘in’ to the number of
layers (‘1°, ‘2°, and ‘3’ for 1, 2 and 3 layers, respectively). For example, B-GH-U2 is
a beam with a/d = 3.5 strengthened with two-layered U-shaped SRG jackets of 3.14

cords/cm density textile.

The comparison of shear strengthening performance among different systems can
rely on their axial stiffness which is defined as (Mandor and El Refai, 2022; Al-Jaberi
and Myers, 2023; Cakir et al., 2023):

¢ = prEr (3-1)
where pr (= 2ntswr /by, sr) is the fibre reinforcement ratio; n is the number of textile
layers applied; t; is the thickness of the textile; wy is the width of FRCM strips; and
sris the longitudinal distance of FRCM strips; b,,, is the width of the cross-section; and

Ef 1s the elastic modulus of the textile.

As shown in Table 3.1, all SRG and SRP systems, whether high or low density
UHTSS textiles were used, had almost identical axial stiffness, allowing direct
comparison between them. In addition, the two-layered CFRCM exhibited lower Sr
than SRGs, whereas in case of the three-layered CFRCM is higher.

Table 3.1. Specimen details

Specimens fe Strengthening Strengthening n Pr Ey S
(MPa) System Configuration (%0) (GPa) (MPa)
Series A (a/d =2.0)
A-N 26.4 Control beam - - - - -
A-GL-U2 26.7 SRG U 2 329 190 625.10
A-GL-W2 26.6 SRG FW 2 329 190 625.10
A-GH-U1 28.5 SRG U 1 3.31 190 628.90
A-GH-W1 27.3 SRG FW 1 3.31 190 628.90
A-PH-UI 28.2 SRP U 1 3.31 190 628.90
A-PH-W1 25.7 SRP FW 1 3.31 190 628.90
A-C-U2 29.4 CFRCM U 2 1.88 252 473.76
A-C-W2 30.5 CFRCM FW 2 1.88 252 473.76
A-C-U3 333 CFRCM U 3 2.82 252 710.64
A-C-W3 32.0 CFRCM FW 3 2.82 252 710.64
Series B (a/d =3.5)
B-N 24.2 Control beam - - - - -
B-GL-U2 24.7 SRG U 2 329 190 625.10
B-GH-Ul1 26.3 SRG U 1 3.31 190 628.90
B-PH-U1 25.0 SRP U 1 3.31 190 628.90
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B-C-U2 26.0 CFRCM U 2 1.88 252 473.76
B-C-U3 259 CFRCM U 3 282 252 710.64

Note: f, = concrete compressive strength on the test day; » = number of textile layers;
py = fibre reinforcement ratio, 2ntw¢ /by, s¢; ty = textile thickness; wy is the width of

FRCM strips; syis the longitudinal distance of FRCM strips; Ef = elastic modulus of
bare fibres; psEr = axial stiffness of strengthening systems.

3.1.2 Material Properties

The specimens were all cast using the same concrete grade. To determine the concrete
compressive strength, three 150 mm concrete cubes were tested on the day of beam
testing, and the average value was taken. The concrete compressive strength testing
was conducted in accordance with BS EN 12390-3 (2013). Table 3.1 presents the
concrete compression strength for each specimen. In the beams, the yield stresses for
the 16 mm- and 10 mm-diameter longitudinal bars were 508 MPa and 538 MPa,
respectively. Additionally, the yield stress of the 8§ mm-diameter stirrups was measured
at 326 MPa. The tensile strength of the steel reinforcement was determined based on
ISO 15630-1 (2019) and ISO 6892—1 (2009). The representative tensile stress-strain
curves for the tested reinforcement bars (16 mm-, 10 mm-diameter longitudinal bars,

and 8 mm-diameter stirrups) are presented in Fig. 3.2.

The same inorganic binder was used in both SRG and FRCM systems which
comprised an eco-friendly mineral geo-mortar with a crystalline reaction geo-binder
base that only needs to be mixed with water (water-cement ratio 1:5) for use. Its 28-
day average bending strength, compressive strength, and bond strength measured
according to EN 196-1 (2005), EN 12190 (2013), and EN 1542 (1999a), respectively,
were reported by the manufacturer to be 8 MPa, 5 MPa, and 2 MPa.
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Fig. 3.2. Tensile stress-strain curves of steel reinforcement bars.

Fig. 3.3. The three types of textiles used in this study: (a) low-density UHTSS textile;
(b) high-density UHTSS textile; (c) carbon textile.

Table 3.2. Properties of the textiles

tr Weight A Density frur Ef &y

(mm) (g/m?  (mm?)  (Cords/cm) (MPa) (GPa) (%)

Steel-Low density 0.084 670 0.538 3.14 3000 190 1.5
Steel-High density 0.169 1200 0.538 1.57 3000 190 1.5
Carbon (10mmx10mm) 0.048 170 - - - 252 2.0

A = cord area; ff, r = tensile strength; &, = fibre’s strain to failure

Table 3.3. Properties of the mortars and resin

Mixture Density fem fr fo Ef

(kg/cm®) (MPa) (MPa) (MPa) (GPa)
Mortar 2050 50 8 2 22
Resin 1600 - - 14 5.3

fem = compressive strength (28 d); ff = flexural strength (28 d); f;, = bond strength
(28 d).

Galvanised unidirectional Ultra-high-tensile-strength steel (UHTSS) textiles were
used which comprised high strength steel 3x2 cords attached to a fibreglass micromesh
for easy installation. The fibreglass micromesh held the cords in place without adding

strength to the composite system (Thermou et al., 2019). Each cord was made by five
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twisted wires, among which two filaments wrapped three straight filaments at a high
twist angle (see Fig. 3.3). The geometric and mechanical properties of a single cord
are shown in Table 3.2 as provided by the manufacturer. This experimental study
explored two different densities of 1.57 and 3.14 cords/cm, and the equivalent
thicknesses per unit width of a single-layer steel fabric, t;, were 0.084 mm and 0.169
mm respectively (see Table 3.2). The spacing between successive cords (i.e. density of
the textile) is considered a key design parameter for the successful application of the
SRG system, since it controls the flow of the cementitious grout through the steel
textile and thus determines the quality of the bond between the textile and the matrix.
The density should be such as to allow uninhibited flow of the cementitious grout
through the steel textile. In case of the SRP systems, the matrix used was a high
wettability epoxy mineral adhesive, consisting of two parts mixed in a ratio of 1:3.
(Table 3.3). The carbon textile used in the CFRCM system was a square grid made of
high-strength carbon fibre with a mesh size of 10x10mm and an equivalent thickness
of 0.048 mm. The mechanical properties of the carbon textile utilised are presented in
Table 3.2. According to the manufacturer, the compressive strength of the mortar was
tested based on EN 12190 (1999b), and the tensile properties of the fabric were tested
based on EN 2561 (1995).

3.1.3 Strengthening Procedure

Except for the control beams, the rest of the beams were strengthened in the shear
critical region. Figure 3.4 presents the basic steps of the SRG jacketing application.
The application procedure for the SRP and SRG/FRCM jacketing systems was similar,
except for the critical region preparation step. In the case of SRG/FRCM application,
the critical region was roughened before jacket installation, whereas this step was not
required for SRP jacketing. U-shaped and fully wrapped jackets were applied, whereas
the number of textile layers varied from 1 to 3 layers. It should be noted that in the
fully wrapped jacket, the fabric was continuous; while in the U-shaped jacket, each

layer was applied individually.

As shown in Fig. 3.4a, UHTSS textiles due to their high stiffness were pre-bent to
facilitate the application. The edges of the beam’s cross section were not rounded;
hence the textile was bent at right angles (Thermou et al., 2019). Regarding the FRCM

system, the surface of the beam was roughened, cleaned, and saturated with water prior
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to mortar application (Fig. 3.4b). The mortar matrix was applied manually with a
trowel directly onto the lateral surface of the specimens. Then, the textile was placed
immediately after the application of the mortar. The mortar was squeezed out between
the steel fibres by applying pressure manually. After applying the first layer of textile,
the next layers were applied following the same procedure. To strengthen the beams,
each layer of mortar was applied with a thickness of 2-3 mm, while the resin layer was

applied with a thickness of approximately 1 mm. In case of FRCM and SRG

applications, the strengthened area was wrapped with plastic film for curing.

Fig. 3.4 Steps of the SRG jacketing application: (a) pre-bending the textile; (b)
roughening and cleaning the surface in the shear critical zone; (c) applying the first
matrix layer; (d) placing the textile; (e) repeating application process until complete;
(f) curing the strengthened area.

3.1.4 Test Setup & Experimental Methodology

All beams were subjected to monotonic three-point loading using a stiff steel reaction
frame. As shown in Fig. 3.5, the rectangular beams employed a vertically positioned
servo-hydraulic actuator with a capacity of 500 kN, and the load was applied at a
displacement rate of 0.02 mm/s. The beams were placed on two steel supports secured
to a solid floor with threaded rods, which were subjected to monotonically increasing

external loads until failure.

An external LVDT (Linear Variable Differential Transducer) was used to measure
the vertical displacement of the beam at the load application position. The remaining

two LVDTs were employed to monitor the settlement at the supports. Strain gauges
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were not installed in the specimens. Instead, a non-contact Digital Image Correlation
(DIC) system was employed to monitor full-field strain development in the shear-
critical regions. DIC compares a sequence of digital images captured before and during
loading, offering advantages such as low cost, ease of use, and robustness under
varying environmental conditions. Its reliability in structural testing has been validated
in prior studies (e.g., Cakir et al., 2023; Sharafisafa et al., 2020). The strengthened
surface was prepared with a white matte base and black speckle pattern for tracking
surface deformation. A high-resolution camera was positioned 1.5 m from the beam,
capturing images at 0.5 Hz throughout loading. The images were processed using
INSPECT Correlate 2023 (Zeiss, 2023), with a subset size of 64 x 64 pixels, following
Dutton et al. (2013), who recommended a minimum of 36 % 64 pixels for accurate
beam strain capture. This setup enabled detailed observation of strain localisation and
crack development without the limitations of discrete strain gauges (Sharafisafa et al.,

2014).

DIC Area

Shear Span = 350 or 620 mm

Fig. 3.5 Test setup, configuration of the DIC at the shear-critical span, and LVDTs
positions.

3.2 Experimental Results and Discussion

Table 3.4 summarises the test results such as the peak load (P,,,) and the
corresponding displacement (8,4, ); the strength increase of the retrofitted beams
(APnax = Prer — Pcon; Where Prpr and P.opy are the peak load of the retrofitted and
the corresponding control beam); the ultimate load P, =(80% Ppa.) and the

corresponding displacement o,; the shear strength of the critical shear span (V; for the
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control specimen it is equal to Vo, for the retrofitted specimens it is equal to Vzgr );
the shear strength provided by the strengthening system V; ¢ (= Vrgr — Veon; Where
Vrer and Vo are the shear strength of the retrofitted and the corresponding control
beam); energy absorption, ¥; and the failure mode. When no descending branch is
present in the load—deflection curve, the ultimate deflection d, is defined as the last
recorded data point. This follows standard practice for retrofitted elements, where
failure is primarily governed by the externally bonded strengthening system (e.g.,

Thermou et al., 2019; fib Bulletin 90, 2019).

Table 3.4. Summary of test results
Series Beam Puax APmax Pu Omax  Ou  V=Vrer Viac Viac/Vrer V= ¥rer Failure Mode
(kN) (%) (kN) (mm) (mm) (kN) (kN) (%) (kN-mm)

A-N 513 - 411 250 396 35.0*% - - 87.1%%* S
A-GL-U2 109.8 114 87.9 353 533 749 399 533 214.5 SD
A-GH-UI 97,5 90 78.0 3.15 395 665 315 474 172.3 SD
A-GL-W2 114.8 124 108.7 24.32 30.8 783 433 553 2636.9 FR
A-GH-W1 107.7 110 85.6 951 973 734 385 525 773.7 SF
A A-PH-U1 1125 119 90.0 3.89 433 76.7 41.7 544 250.6 SD
A-PH-W1 1415 176 113.217.70 31.6 96.5 61.5 63.7 3831.0 FR
A-C-U2 106.7 107 853 396 442 728 378 519 268.1 SD
A-C-U3 1202 134 96.1 442 487 82.0 47.0 573 323.6 SD
A-C-W2 133.8 161 107.1 576 6.41 912 563 61.7 471.6 SD
A-C-W3 140.6 174 1125 730 7.41 959 609 63.5 561.2 SD
B-N 388 - 31.1 141 150 169*% - - 31.5%* S
B-GL-U2 102.6 164 82.1 470 730 44.8 27.8 62.1 272.7 SD
B B-GH-U1 105.0 170 84.0 5.17 6.74 458 289 63.1 309.8 SD
B-PH-U1 1209 211 96.7 598 623 528 358 678 403.2 SD
B-C-U2 1179 204 943 582 6.70 514 345 67.1 385.0 SD
B-C-U3 1224 215 979 562 636 534 365 684 373.0 SD

*V=Vcow for the control specimen ™" ¥= ¥coy for the control specimen

In general, the experimental results demonstrated that the SRG, SRP and CFRCM
systems can improve the shear capacity of RC beams. Additionally, as a/d increased,
the shear strength of the jacketed beams (Vrer) decreased but the shear strength
provided by the strengthening system across all strengthening systems (V4c/Vrer) was
increased. The reduction in V), can be attributed to three factors. As the beam
transitions from deep to slender, the carrying mechanism shifts from arch action to a
truss-like system, inherently decreasing the absolute shear resistance (Tetta et al.,
2018a; Wakjira and Ebead, 2020). In addition, the larger shear span increases the
likelihood of shear damage, impairing the bond between the jacket and substrate,

facilitating detachment. The higher a/d ratio induces pronounced shear concentration
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around beam ends (Lu et al., 2003; Jabbar et al., 2021), contributing to premature
failure of the strengthening system and diminished shear enhancement, as evidenced

by the DIC strain fields of Series B beams in Fig 3.7.

The failure modes are also presented in Table 3.4, where S is the failure caused by
diagonal tension, fibre rupture; SD stands for shear-detachment failure, that is, shear
failure occurs when detachment occurs either between the composite and the beam
substrate or within the mortar layer; SF indicates shear-flexural failure, in which the
beam exhibits some signs of flexural failure, but eventually shear failure occurs due to
sudden detachment of the jacket; and FR represents flexural-rupture failure where

concrete fracture follows the longitudinal steel bar yielding with fibre rupture.

3.2.1 Failure Modes and Crack Evolution Analysis

Series A beams: Figure 3.6 illustrates the failure modes of the Series A beams. The

first column on the left shows the condition of each beam at the end of testing, while
the remaining images present the horizontal and vertical strain fields at peak load,
obtained via Digital Image Correlation (DIC). Note that specimen A-C-U2 is excluded
from the DIC results due to a technical issue. The control beam, A-N, experienced
diagonal tension failure as shown in Fig. 3.6a. A single inclined crack appeared initially,

expanding with increasing load, leading to brittle shear failure.

The U-shaped SRG and SRP jacketed beams failed due to shear-detachment prior
to flexural yielding (Figs. 3.6(b, d, f)). As the load increased, vertical cracks appeared
at the bottom of the beam, followed by rapid deflection and eventual sudden
detachment of the jacket, resulting in failure. Various failure modes were observed; A-
GL-U2 experienced jacket detachment and slippage of the textile fibres, while A-GH-
Ul displayed poor adhesion, leading to detachment between the textile and mortar. In
contrast, the resin matrix in A-PH-U1 exhibited better adhesion, leading to the peeling
of the concrete cover layer. This is because the mortar as a coarse matrix cannot
penetrate the overly fine gaps of high-density fabrics, while the resin as a finer matrix

can more effectively pass through these gaps and bond with the textile.
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