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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outdated design standards, unauthorised modifications, increased load demands,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



CHAPTER 2. LITERATURE REVIEW 15

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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™ Shear Creak
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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).
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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.

0.30 0.30 ‘

Model 5 Model 6
0.25 [ = No detachmen 0.25 [ = No detachmenT
Detachment Detachment

20.20 2020
& &
%0.15 : %0.15 ]
£0.10 £0.10

0.05] &8 0.05| =

(] [ ] 0 "
0.00 17 0.00 7=
0.00 005 010 015 020 025 030 0.00 005 010 015 020 025 030

@) sty (MPa) (b) Vigty (MPa)

0.30

Model 7 |
0.25 [ = No dctachmch
Detachment

=0.20
&
%0.15

O
S
€50.10

0.054 :

L
0.00 2%
0.00 005 010 015 020 025 030

() ety (MPa)

. . : ex : red
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
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(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



CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC
BEAMS UNDER MONOTONIC LOADING 56

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.



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

61

T 5 >

i
r

L
N
5 1
|
4
]
A
(i

:1§
Vi

o

L
=
—
a.
s
e




62

CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC

BEAMS UNDER MONOTONIC LOADING

a4

2 101-Hd-V

2 1N-Hd-V IN-Hd-V )

JJO pajaad 1Ae]
I9A0D puB JUdWYIRIOP

2 IM-HD-V

IBPUIED S0BLEMS OUL . oot

RO DY \N

IN-HO-V ()

§
:

90 T
2 10-HDV

80

0T
[%]

JUAWIYILIP JBIIOW
puUe 3[11%9)




CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC

BEAMS UNDER MONOTONIC LOADING

63

[

%

]

X

32

[4\\0 U

MDDV (0))

€00V (w)

A

2 IM-HdV

IAM-Hd"V



CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC

BEAMS UNDER MONOTONIC LOADING

64

"oan[rey Jeays 03 3urped] 3o39el oy Jo JuduyorIop
UdpPpNS PAOUALIAAXI [ M\ -HO-V J[IyM 7o93s Jo Surpark 1dye aunydni a1q1y Aq pa[rey [ M-Hd-V PUB ZM-TD-V ‘A[[eoy10adS “uoneuriojop suro3uo
urmore wIsAs IS 10 DYS oy Pim ‘qurod Suip[Ri£ oy Juryoear [un JuIUIPIM A[[enpeisd ‘PIuLIof SYOBID [BINXI[] ‘Swedq pajayoel padeys
-1 Y3 0} paredwoo INOTALYAQ A[BINP & Pake[dsip ((3 @ ©0)9°¢ 'S ‘TM-Hd-V ‘TM-HO-V ‘TM-TD-V) sweaq JyS pue DYS padderm K[y oy,

7070V OD *em-0-v (D em-0-v () 1007V (W) FIM-Hd-V () '1N-Hd-V ¢) 'ITM-HD-V (3) ‘zh-T1D
-V (P) ‘I1N-HD-V (0) <iZ2N-1D-V (9) IN-V (B) :sweaq y Sa119G Jo dan[rey je ueds Jeays [BIII1I0 JY) Ul SINOJUOD UIRIS PUB SOpow dInjie *9°¢ *S1

oV b))

D[ORIO OBJINS AQ
patueduioooe
JuWIYORIIP

-

‘2 €MDV '3 €MDV EM-DV )




CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC

BEAMS UNDER MONOTONIC LOADING

65




CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC

BEAMS UNDER MONOTONIC LOADING

66

"SI0A®] JO IoqUINU dwes dY) J0J uoneIngyuod
paddeim ATy o3 yam paoe(dar sem uonemn3uod padeys-) Y} UdYM SOPOW dIN[IRJ S,WISAS NDYAD UI UOIIBLIBA JYSI[S € Sem 1Y) ‘A[3unsaiduy
"SYOBID AU} WO Jepow Y} JurtAowdl uodn paSewepun PauUIBUAI J[1IXA) Y} AIN[IB} JUSWYORIOP JOYY "d0BLINS AU Y} unenoudd syoeid jo
9OUILINDD0 Y} PAIBUIWI[D YIIYM ‘€ M -D-V PUB €)-D-V JO WSIUBYIIW JIJSURI] SSOIIS Y} IO} PUB SSOUIIS S,WIBQ Y} ISLAIOUI JOYIINJ 03 pakojdwd
SeM 913X} 2IqQIJ U0QIED JOAR[-92IY) B ‘UONIPPE U "Wedq Y} JO dIn[Iej oY) Ul PIj[nsal A[9jewinn eaIe yorIo Y} Ul 9[IIXd) PUB Ie}IOoW Y} Y30q JO
JUSWIYOLBIOP Y[, "UOIZAI [BONLIO-IBAYS AINUD ) SSOIOB POPUIIXD ey} Jey) Jorld [euoSeIp e ojul passaidord syoerd oy} ‘Appuanbasqng "pasearour peoj
oy} se uonedo] uonedrdde peo ay 1e pue 1oddns oY) Jeou pado[aAdp SYOBID ‘(TA-D-V PUB 7N-D-V) SWAISAS paIdke[-0m) U} JO 3sed a3 uf “(
-1)9°¢ s3I, ur pa3o1dap se ‘aunjre} JudWYILIIP-ILAYS pAIQIYXd suonein3iyuod paddeim A[ny pue padeys- y10q ‘swedq paudypSuans-INDYAD 104

'€N-0-9 () 'zN-0-9 (3) “1N-Hd
-d4 (P) ‘1N-HO-9 (@) ‘izN-1D-9 (9) IN-9 (e) :sweaq g soL12§ Jo dInjrej e ueds Jeays [O1LID J) UI SINOJUOD UTRI)S PUB SIpOW dn[Ie] °L € “SIg




CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC
BEAMS UNDER MONOTONIC LOADING 67

In DIC diagrams, the control beam A-N displayed pronounced diagonal cracking in
both horizontal and vertical directions, in addition to flexural cracks that were not fully
developed. All strengthened beams exhibited extensive strain distribution within the
critical region compared to the control beam. Notably, A-GL-W2 and A-GH-W 1 which
failed in flexure showed wider strain distribution, with the jacket preventing the
formation of diagonal cracks. However, oblique cracks still formed in U-shaped SRG
and SRP jacketed beams. Due to fact that UHTSS textiles comprise unidirectional
cords, SRP- and SRG-strengthened beams presented considerable strains only in the

horizontal direction, while CFRCM systems displayed larger vertical strains.

Series B beams: For the Series B beams (shear span-to-depth ratio of 3.5), the

control beam B-N failed in a typical diagonal tension mode with sudden shear cracking
and formation of large diagonal cracks (Fig. 3.7a). For the strengthened beams (Figs.
3.7b-1), shear failure occurred for all cases with detachment of the jacket from the
substrate (including part of the concrete cover layer). The failure modes mirrored those
of the corresponding specimens with a/d = 2.0. Among the SRG and SRP systems, B-
GH-UI peeled off the least amount of cover layer at failure while B-PH-U1 peeled off
the most. This is because the epoxy resin provides higher adhesion compared to the
mortar matrix, resulting in larger portions of the concrete cover being peeled off at
failure. Regarding the CFRCM systems, no peeling off of the mortar portion from the
CFRCM surface was observed for B-C-U3 at failure, while such partial phenomenon

occurred for the two-layered CFRCM system (B-C-U2).

In order to better comparation, Figure 3.7 also illustrates the horizontal and vertical
strain fields observed at peak load for the beams with a/d=3.5, obtained using DIC.
The control beam, B-N, showed more incomplete vertical deformations than A-N at
peak load. In contrast to Series A beams, Series B strengthened beams exhibited larger
areal deformations, primarily on one side near the support. This can be attributed to
the altered shear force distribution near the beam ends due to the end restraint effect
of the supports. The higher shear span ratio in Series B led to more concentrated shear
forces near the supports, causing easier damage in sections adjacent to them. For B-C-
U2 and B-C-U3, it can be observed that increasing the number of fabric layers further
optimised the stress distribution. The three-layered CFRCM jacketed beam showed

smaller deformations at peak load without any mortar peel-off at the surface.
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To summarise, the potential of closed SRG jackets to modify the response of shear
deficient beams from brittle to ductile was demonstrated (i.e. A-GL-W2 and A-PH-
W1). Irrespective of the jacketing system applied herein (i.e. SRG, SRP, CFRCM) and
the shear-to-span ratio (a/d =2 and 3.5), all beams strengthened with U-shaped jackets

failed due to shear-detachment.

3.2.2 Load-deflection Curves.

Figure 3.8 depicts the load-deflection responses of the series A beams (a/d = 2.0)
strengthened by SRG, SRP, and CFRCM jackets. The control beam failed in shear at
a peak load of 51.3kN (corresponding displacement of 2.5mm). All the U-shaped SRG
jacketed beams failed in shear with a strength increase in a range of 90% to 114% (Fig.
3.8a). Regarding the fully wrapped jacketed beams, A-GL-W2 (low-density UHTSS
fully wrapped jacketed beam) showed a small drop in strength at 75kN, which
indicated some degree of textile detachment, while the SRG system still contributed
to the shear resistance up to the peak load (124% higher than the control beam).
However, A-GH-W1 (high-density UHTSS fully wrapped jacketed beam) failed due
to detachment of the jacket (shear-detachment) at a load 110% higher than the control
beam. In case of the U-shaped CFRCM strengthened beams, which all failed in shear,
the strength increased by 58% and 77% for the two- and three-layered U-wrapped
beams (A-C-U2 and A-C-U3), respectively. The fully wrapped A-C-W2 and A-C-W3
beams exhibited higher strength increase of 130% and 192%, respectively. Meanwhile,
Fig. 3.8c shows that the SRP reinforced beams A-PH-U1 and A-PH-W1 had different
results, with A-PH-U1 failing in shear due to jacket detachment, while increasing
strength by 119%. The SRP fully wrapped beam, A-PH-W1, showed a transition from
brittle to ductile failure mode, with strength and deflection increasing by 176% and

608%, respectively.

Figure 3.9 depict the load-deflection responses of the strengthened beams, using
identical jacket configurations for a/d = 2.0 and 3.5. In beams with a/d=2.0 (deep
beams), the predominant mechanism governing the shear resistance is that of the arch
action, whereas for the beams with a/d=3.5 (slender beams), the dominant mechanism
shifts towards beam action, resembling a truss analogy mechanism. The peak loads of
series B strengthened beams (except B-GL-U2) demonstrated a slight increase

compared to the Series A beams. This increase is because the slender beams distribute
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a smaller portion of shear force across the strengthened region under the same load,
thereby delaying shear failures to some extent. Furthermore, the strengthened beams
in Series B exhibited substantially larger deflections and lower stiffness compared to
Series A beams due to increased moments associated with the higher a/d (Wakjira and

Ebead, 2020).
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Fig. 3.8. Load-deflection curves for all tested specimens with a/d=2 (Series A beams):
(a) SRG; (b) CFRCM; (c) SRP strengthened beams.

160 160
Series A (a/d =2.0) Series B (a/d = 3.5)

120 120
2 & 2
é 80 80 é
= —— AN —BN =
5 ——A-GL-U2 ——B-GL-U2 3

——~. ——A-GH-UI Y. —— B-GH-U1
40 40
—— A-PH-U1 —— B-PH-Ul
—— A-C-U2 ——B-C-U2
——ACU3 | (a) ——B-C-U3 | (b)
0 " s " s " s " s
0 2 4 6 8 0 2 4 6 8 10
Deflection (mm) Deflection (mm)

Fig. 3.9. Effect of a/d on the load—deflection response of beams: (a) Series A (a/d =
2.0); (b) Series B (a/d = 3.5).

3.2.3 Energy Absorption

The energy absorption (¥) of the strengthened beams was defined as the area under
the load-displacement curve of the beam up to the point of failure (Ebead, 2015). For
beams that failed in shear, the ¥ value was calculated up to the peak load, while for
beams with ductile performance (i.e. flexural failure), ¥ was calculated up to the
ultimate point (80% of the peak load). The ¥ results for all tested beams are presented
in Table 3.4. Additionally, the relationship between the energy absorbed by the jacket

(¥ ac) (i.e. difference between the energy absorption of the strengthened beam (Wggr)

Ny
S

Load (kN)
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and that of the control beam (¥¢oy)), and the beam’s textile axial stiffness (psEr) is

presented in Fig. 3.10.
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Fig. 3.10. Energy absorption vs axial stiffness for the strengthened beams.

With an increase in the a/d ratio, the B series strengthening systems exhibited
greater energy absorption compared to the A series. Notably, for beams failing in a
ductile mode (such as A-GL-W2 and A-PH-W1), the W), values surpassed those
associated with beams failing due to shear-detachment. In comparison to the control
A-N, the energy absorption of these beams increased by up to 4298%. This indicates
that fully wrapped SRG and SRP jackets can significantly enhance the resilience of
shear-deficient RC beams. Moreover, no significant differences were observed
between the U-shaped SRP and SRG systems, irrespective of whether they belonged
to the A or B series. Additionally, the energy absorption of CFRCM showed a
proportional increase with the axial stiffness of the fabric. Both fully wrapped and U-
shaped configurations displayed a consistent linear increase in slope, aligning with
previous findings (Lu et al., 2024). In summary, the fully wrapped SRP and low-
density SRG systems, particularly SRP, exhibited remarkable ductility, suggesting
their potential effectiveness in reinforcing structures to withstand seismic and other

high-intensity loads in practical engineering applications.



CHAPTER 3. EFFECTIVENESS OF SRG JACKETS IN SHEAR STRENGTHENING OF RC
BEAMS UNDER MONOTONIC LOADING 71

3.3 Parameters Affecting the Performance of the

Strengthened Beams

3.3.1 Effect of the Shear Span-to-depth Ratio

Figure 3.11 depicts the impact of a/d on the enhancement of shear strength (V;4¢/Veon)
for all jacketed beams. As observed, Vjac/Vcon increases as a/d increases. The

strength increase in the B-PH-U1 surpasses that of A-PH-U1 by 102%. The smallest

increment is observed in the two-layer low-density SRG system (B-GL-U2 vs A-GL-

U2), albeit still reaching 50%.

240 T T T
| | Series A (a/d =2.0)

[ Series B (a/d =3.5)
200 F
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Fig. 3.11. Effect of the a/d ratio on Vjuc/Vcon.

For Series A beams (a/d=2, deep beams), after the formation of diagonal cracks,
arch action predominates. The majority of the load is directly transferred from the load
application point to the support through diagonal compressed struts, meaning the load
is primarily carried by diagonal compressed struts (Wakjira and Ebead, 2020). The
influence of arch action diminishes with the increase in the a/d ratio, reducing the
concrete's contribution to shear strength. However, this is offset by an increase in the
contribution of the strengthening system acting as lateral reinforcement on the beam
(Tan et al., 2008). Moreover, for deep beams, inclined cracks are oriented more
obliquely relative to the fibre alignment (vertical direction) of the fabrics. Hence,
stresses along the fibre orientation are less effective in impeding crack propagation
and widening. With increasing shear span-depth ratio, the angle between the fibres and
crack opening direction is reduced, decreasing the proportion of shear force undertaken

horizontally by the fabrics, which thereby elevates the percentage of shear contribution
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provided by the strengthening system (Li and Leung, 2016). Overall, the fundamental
mechanism governing this behaviour lies in the transition from arch action to truss
action as the a/d ratio increases. This shift reduces the direct contribution of
compressive struts within the concrete to shear resistance, thereby increasing the
reliance on the effectiveness of the external strengthening system for shear force

transfer.

3.3.2 UHTSS: Effect of the Textile Density and the Matrix Type

The impact of the UHTSS density on V}4¢/V¢on of beams strengthened with UHTSS
textiles’ systems is shown in Fig. 3.12a. In Series A beams, the V;4¢/V¢on of the low-
density U-shaped SRG jacketed beam (A-GL-U2) was 24% higher than that of the
high-density counterpart (A-GH-U1), while the fully wrapped low-density SRG
exhibited a 14% higher shear strength. These findings suggest that a UHTSS density
of 3.14 cords/cm obstructed the passage of mortar, resulting in reduced adhesion of the
textile to the matrix and poor strengthening performance. This low adhesion also
caused debonding at the interface between the textile and matrix, as well as
delamination of the internal mortar layer, leading to decreased composite integrity and
premature detachment of jackets (Wakjira and Ebead, 2020; Wakjira and Ebead,
2019a). However, both B-GL-U2 and B-GH-U1 highlighted nearly identical shear
strength enhancement. The deficient performance of B-GL-U2 may be attributed to
defects in the strengthening application. Hence, it can be concluded that in case of the
SRG strengthening system, the use of high-density (>3.14 cords/in) UHTSS textiles
results in poor adhesion. This is in agreement with previous research where it was
concluded that due to the small gaps between the cords in case of the 4.72 cords/cm
density UHTSS textiles imposed difficulties in the penetration of the mortar. Thus, it
is recommended to use a UHTSS textile density of less than 3.14 cords/cm (4 cords/in)

for optimal results in the SRG system.

With respect to the matrix influence on high-density UHTSS systems (Fig. 3.12b),
the resin-based system (SRPs) showed greater shear strength enhancement than the
mortar-based system (SRGs), irrespective of the series. This implies that the fine resin
substrate could impregnate the gaps in the high-density UHTSS textiles more

effectively than the coarser mortar, thereby providing superior adhesion.
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Fig. 3.12. Effect of the UHTSS textile density and the system matrix.

The inverse relationship between textile density and strengthening effectiveness can
be attributed to matrix infiltration mechanics and interfacial bonding behaviour. When
the textile density exceeds a critical threshold (e.g., >3.14 cords/cm), a “barrier effect”
occurs, in which the tightly packed cords form narrow micro-channels that impede the
penetration of mortar. This insufficient matrix impregnation leads to the formation of
voids and inter-yarn discontinuities, which act as stress concentrators and reduce the
mechanical interlock between the textile and the surrounding matrix. As a result, the
effective contact area is diminished, decreasing the interfacial shear transfer capacity
and compromising the composite action. These local weaknesses can trigger premature
debonding or delamination under shear, ultimately reducing the overall effectiveness

of the strengthening system.

3.3.3 Effect of the Fibre Type and Number of Layers of Textile

To assess the impact of different fibre types and the number of textile layers, Fig. 3.13
illustrates the V;4¢/Vcon of varied CFRCM and SRG in A series, grouped based on
distinct strengthening configurations. Among the tested setups, A-C-W3 demonstrated
the most significant improvement in shear strength, reaching up to 174%, while A-
GH-U1 exhibited the least favorable result at only 90%. Despite the lower axial
stiffness of the two-layered CFRCM compared to SRG, it can still achieve similar or
even superior shear strength enhancement. However, Fig. 3.8b indicates that the
CFRCM system lacks the ability of the SRG jacket to induce a ductile failure mode in
the beam. Additionally, the three-layer CFRCM, designed to mitigate shear failure,
still manifested shear-detachment failure. Concerning the impact of the number of

layers, two- and three-layered U-wrapped beams demonstrated strength increases of
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58% and 77%, respectively. In contrast, fully wrapped beams with two- and three-
layered CFRCM jackets exhibited even higher strength increases, at 130% and 192%,
respectively. Therefore, an increase in the number of textile layers contributes to

enhancing the shear strengthening effectiveness of the FRCM system.
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Fig. 3.13 Effect of the fibre type and layers of textile.

Therefore, the performance variations observed among different fibre types and
configurations can be attributed to differences in mechanical properties, interfacial
bonding capacity, and stress distribution efficiency. The relationship between the
number of textile layers and strengthening effectiveness follows composite mechanics
principles, whereby multilayer systems promote a more distributed stress field and
mitigate localised stress concentrations that could otherwise lead to premature failure.
In addition, layered systems provide redundancy, meaning that failure of a single layer

does not compromise the integrity of the entire strengthening system.

3.4 Prediction of the Shear Strength of SRG-Jacketed

Beams

The shear span-to-depth ratio has a significant impact on the shear strength of RC
beams. However, existing models rarely consider the influence of shear span-to-depth
ratio, especially in the case of SRG jacketing. Wakjira and Ebead (2020) developed a
model to predict the shear strength of U-shaped jacketed SRG beams considering the
effect of a/d. This model, however, does not account for side bonding, full wrapping,
and fibre rupture failure. Additionally, Wakjira and Ebead's model (2020) requires the
knowledge of the longitudinal reinforcement strains, which may impose challenges in

the implementation of the model.
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Therefore, a model is developed to predict the shear strength of SRG-strengthened
beams with no transverse reinforcement. This model could be also applied in cases of
sparsely spaced and corroded links, considering that the contribution of the internal
transverse reinforcement is negligible. To develop and validate the model, an
experimental database was compiled using experimental results from this study and
existing literature (i.e. Thermou et al., 2019, Wakjira and Ebead, 2020, Wakjira and
Ebead, 2019a, Ombres and Verre, 2021). The strengthened beams included in the
database did not have any anchoring mechanisms and transverse reinforcement, and

all experienced shear failure.

Table 3.5 presents the main mechanical properties, experimental results, and
predicted results of 25 SRG-strengthened beams in the database. The model uses
Eurocode 2 to calculate the shear strength provided by the concrete beam (V) and
estimates the shear strength provided by the SRG (Vsg) based on the model of Chen
& Teng (2003a). The shear span-to-depth impact factors R. and Ry for V; and V)4,
respectively, were introduced through Wakjira and Ebead's model (2020). This model
eliminates the need for longitudinal steel strain in calculations, and incorporates side
bonding, full wrapping, and fibre rupture failure of SRG jackets. The shear strength of

the strengthened beams (V) can be calculated as:

V=RV + RfVspg (3-2)
The shear strength contributed by the concrete beam is typically calculated using

the model in EC2 (2005):

VES? = 0.18k(100py0ng5f.) " bud (3-3)
where, f, is the compressive strength of concrete obtained from cylinders; d is the

depth of the cross-section; pjong,p 1 the area ratio of the tensile reinforcement; and

k=1+,/(200/d) < 2.0 (withdin mm) is a factor that considers the size effect.

The shear strength of SRG jackets (Vsge) is calculated by the model proposed by
Chen & Teng (2003a and 2003b). This model initially developed for FRP systems, but
existing research (Wakjira and Ebead, 2020, Rossi et al., 2022, Tetta et al., 2018b) has
demonstrated its applicability to FRCM systems. The V)4 can be calculated as:

w
Vsrg = 2nteby he, —fffed (cotBsina, + cosag) (3-4)
S
f
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where ay is the angle between the fibres and the beam axis perpendicular to the shear
force, taken as 90°; 6 is the angle of the critical shear cracks to x-axis, taken as 45°.
ffea 1s the effective stress of SRG at failure; hy, is effective hight of SRG , = z,, — z;;
z, = 0.9d — (h — dfb); Z; = dy¢, in which z, and z; are the co-ordinates of the top
and bottom ends of the effective FRCM; dg), is the distance from the compression face
to the top edge of the FRCM; and d. is the distance from the compression face to the

lower edge of the jacket.

The effective stress of SRG is given by Tetta et al. (2018b):

f}ed = fofed,max < f}u,jac (3-3)
where Df is the stress distribution coefficient; and ffeqmax 1S the maximum design

stress of the jackets.

Regarding the SRG strengthened beams with detachment failure (Chen and Teng,

2003a), the maximum design stress of the SRG is calculated as:

Ef\/F

ntf

ffed,max = 0.4276,Bw (3-6)

The effective bond length and the concrete width ratio of the jacket, §; and (5, are

given as
1,A>1
= A
A {sin (%),A <1 (3-7)
2 — wr/(s¢sina)
fr\°>f
ﬁw=j1+w/ . (3-8)
¢/ (Spsina)
where A is the maximum bond length parameter, given by:
A = Lipgx/Le (3-9)

where L,,,, and L, are the available bond length and the effective bond length,

respectively, given by the following:

L B h¢/sina, for U-shaped jackets
max | hs/2sina, for side bonding jackets (3-10)
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L = Efntf
= E (3-11)

The expression of the stress distribution coefficient (Dy) for side bonding and U-

shaped jackets is:

A
% 1- cosn()IT) <1
Dy = sin () (3-12)
-T2 s
A

According to (Chen and Teng, 2003b), the expression of the stress distribution
coefficient (Dy) for fully wrapped jackets is:

142z /2
2

Regarding the SRG strengthened beam with fibre rupture failure, the maximum

Dy = (3-13)

design stress of the SRG is calculated as:

freamax = frujac (3-14)
where ffy jac 1s the ultimate stress of jackets. It is worth noting that Eq. (14) was
originally proposed for only fully wrapped jackets exhibiting the fibre rupture failure
mode (Spinella, 2019). However, recent studies have reported the possibility for U-
shaped jackets also experiencing this failure mode (Tetta et al., 2018b). Therefore, this
study endeavours to extend its applicability to both fully wrapped and U-shaped
jackets. Considering the limitation of the data, further validation is necessary to
confirm its effectiveness. According to Kang and Ary (2012), the strength of FRCM
can be calculated by the following formula when jacket debonding failure does not

occur:

frujac = Erésre < frur (3-15)
where &gg; represents the effective strain of FRCM, considering only the fibres

distributed along the main direction of the textile (Vertical); and f,, f is ultimate stress

of fibres. According to the strengthening configuration, €5g; can be calculated as:
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2/3 0.65
(0.035 £ Eryf, for fully wrapped jackets
PrEr '
€srRG = 2/3\ 055 (3-16)
0.020| = &ry,f, for U-shaped jackets

PrEr
In Eq. (3-16), Ef and f, are expressed in GPa and MPa, respectively. SRG is the

ultimate strain of fibres.

Substituting Eq. (3-3) and Eq. (3-4) into Eq. (3-2), the final expression for the shear

strength of the strengthened beam is obtained:

V= RCI/C + Rfl/]AC
1/3 (3-17)
= R.0.12k(100p;onyfz) "~ bwd + Re2ntsbyheefreq
Based on regression analysis of the data, the influence factors of a/d on the beam and

SRG jacket (R, and Ry) are:

B {(2.47/)()77, a/d <25
¢~ 10.86n'2%,a/d > 2.5 (3-18)

3 {1.39 R, a/d <25

0.7R.3*,a/d > 2.5 (3-19)

Where y = a/d,n = 2.5/y.

Table 3.5. Experimental database of SRG strengthened RC beams and predicted

shear strength.

bw d a/d fe t we/ss Py E; Efuf Vexp Vipre Vred
(mm) (mm) (MPA)  (mm) (%) (GPA) &N)  KN) Ve

Present study
A-GL-U2 102 177 2.0 222 0.084 1.00 0.329 190 0.015 749 62.2 0.83
A-GH-U1 102 177 2.0 22.1 0.169 1.00 0.331 190 0.015  66.5 62.2 0.94
A-GH-W1 102 177 2.0 22.7 0.169 1.00 0.331 190 0.015 734 62.7 0.85
B-GL-U2 102 177 35 20.5 0.084 1.00 0.329 190 0.015 4438 41.5 0.93

B-GH-U1 102 177 3.5 222 0.169 1.00 0.331 190 0.015 458 42.6 0.93
Thermou et al. (2019)

BULI1 200 270 22 233 0.084 1.00 0.084 190 0.015 1402 1357 097
BUL2 200 270 22 233 0.084 1.00 0.168 190 0.015 136.6 1602 1.17
BUMLI 200 270 22 233 0.084 1.00 0.084 190 0.015 1460 1714 1.17
Wakjira & Ebead (2020)

BSI-L 180 334 3.1 34.0 0.084 1.00 0.187 190 0.015 157.1 1803 1.15
BS1-H 180 334 3.1 34.0 0.169 1.00 0.376 190 0.015 187.7 209.6 1.12
BS2-L 180 334 2.6 34.0 0.084 1.00 0.376 190 0.015 2375 2187 092
BS2-H 180 334 2.6 34.0 0.084 1.00 0.376 190 0.015 260.8 2240 0.86
BS3-L 180 334 2.1 34.0 0.084 1.00 0.187 190 0.015 3089 249.0 0.81
BS3-H 180 334 2.1 34.0 0.169 1.00 0.376 190 0.015 3257 269.1 0.83
BS4-L 180 334 1.6 34.0 0.084 1.00 0.187 190 0.015 347.0 3235 093
BS4-H 180 334 1.6 34.0 0.169 1.00 0.376 190 0.015 3793 3793 1.00
Wakjira & Ebead (2019a)

BI1-U-L 180 335 2.8 34.0 0.084 1.00 0.187 190 0.015 2079 1762 0.85

B1-U-H 180 335 2.8 34.0 0.169 1.00 0.376 190 0.015 200.8 1875 0.93
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B1-S-L 180 335 2.8 34.0 0.084 1.00 0.187 190 0.015 1823 1863 1.02
B1-S-H 180 335 2.8 34.0 0.169 1.00 0.376 190 0.015 172.8 2079 1.20
Ombres & Verre (2021)

BC-2L 200 263 34 14.4 0.084 1.00 0.168 197.0  0.020 91.8 105.0 1.14

BD-1L-3S 200 263 34 14.4 0.084 0.29 0.024 197.0  0.020 537 59.1 1.10
BD-1L-4S 200 263 34 14.4 0.084 0.43 0.036 197.0  0.020  63.7 65.2 1.02
BD-2L-3S 200 263 34 14.4 0.084 0.29 0.048 197.0  0.020 77.8 634 081
BD-2L-4S 200 263 34 14.4 0.084 0.43 0.072 197.0  0.020  53.1 71.6 1.35

Note: Vex, = the experimental shear strength; Vs = the predicted shear strength
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Fig. 3.14 Comparison between predicted and experimental shear strength.

Table 3.5 presents the shear strength of SRG-strengthened beams obtained using the
proposed model, and the ratio of predicted to experimental results (Ve /Vexp). A
comparison between experimental and predicted shear strengths is illustrated in Fig
3.14. The results indicate that the proposed model accurately predicts the shear
capacity, and the predicted values are conservative in most cases. The average and
standard deviation (SD) of V. /Vexp are 0.99 and 0.15, respectively, with a correlation
coefficient (R?) between predicted and experimental shear capacities of 95.84%. In
addition, the predicted shear strength values for the five beams tested in this study are
consistently lower than the experimental results, a trend that contrasts with the more
varied distribution observed in beams collected from other literature sources. This
discrepancy may be attributed to the fact that the specimens tested in this study have
the smallest effective depth and width in the entire database. Although the Eurocode 2
model accounts for size effects through the coefficient K, this factor may not fully
capture the nonlinear scaling effects associated with smaller cross-sectional
dimensions. Bazant and Planas (2019) emphasised that as beam size decreases,
fracture energy dominates failure mechanisms, increasing crack tip energy release
rates and enhancing arching action, which can lead to the underestimation of shear

capacity in small beams by prediction models. Moreover, it is worth noting that the
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validity of this model should be carefully evaluated for low-strength concrete, as
empirical formulas may not reliably represent the actual behaviour of concrete with

strengths below 17 MPa (Eurocode 2, 2005).

In this study, the influence of a/d is accounted for through the inclusion of correction
factors R and Ry, as shown in Egs. (3-18) and (3-19). These factors were derived from
regression analysis of the experimental data, reflecting the distinct effects of a/d on the
shear capacity of beams (arch or truss action) and the contribution of SRG jacketing.
While the current model effectively incorporates these influences, the influence of a/d
in other formulations remains less explored and warrants further investigation.
Moreover, the high R? value observed between the predicted and experimental results
not only indicates the model’s ability to accurately capture the key parameters
influencing shear strength but also reflects the limitations inherent to the dataset and
assumptions. Considering the restricted dataset, further validation with a broader range
of experimental configurations and material properties is required to fully assess and

enhance the model’s performance.
3.5 Conclusions

This chapter experimentally investigated the shear strengthening effectiveness of RC
beams with different a/d ratios through external bonding of SRG under monotonic
loading. Through a comparison with the performance of CFRCM and SRP-
strengthened beams, the efficacy of the SRG system was analysed. The main

conclusions drawn from this study are as follows:

* All systems effectively enhanced the strength capacity of shear deficient RC
beams. For beams with a/d=2.0 (Series A beams), the strength increased by 90-
124% and 119-176% for SRG and SRP systems, respectively. The shear strength
increases in CFRCM strengthened beams was 107-174%. For beams a/d=3.5
(Series B beams), the strength increased by 164-170% and 221% for U-shaped
SRG and SRP systems, respectively, while the shear strength increase in U-shaped
CFRCM was 204-215%.

* As the shear span ratio increased, a decrease in the shear strength of the
strengthening system was observed, while the proportion of shear contribution

provided by the strengthening system increased. This is related to the dominant
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shift in the load-carrying mechanism of the beam from an arch effect to a truss
effect when transitioning from deep beams (Series A) to slender beams (Series B).

* Regarding the SRG systems, the utilization of UHTSS with a density of 3.14
cords/cm posed certain challenges in terms of the mortar's ability to penetrate the
small gaps between successive cords. As a result, it is advisable to opt for textiles
with lower density for similar applications. On the contrary, the implementation
of UHTSS with a density of 3.14 cords/cm proved to be highly effective in the
SRP jacketing application (i.e. resin matrix). In comparison, CFRCM and SRP
systems demonstrate an advantage in shear strength enhancement, while the SRG
system holds an advantage in improving ductility.

*  All U-shaped jacketed beams exhibited shear-detachment failure independently of
the type of jacket (SRG, SRP, CFRCM). However, in the case of SRP jacketing,
detachment occurred by tearing off large parts of the concrete cover and concrete
core due to the high adhesion offered by the resin matrix. The fully wrapped beams
were able to modify the failure mode from brittle to ductile and demonstrated a
high energy absorption capacity.

* The proposed analytical model, accounting for the influence of a/d, effectively
predicts the shear capacity of SRG-strengthened, stirrup-free RC beams in the
database. The average and standard deviation (STD) of V¢ /Vexp are 0.99 and
0.15. However, its applicability to low-strength concrete (below 17 MPa) should
be approached with caution. Considering the limited dataset, further experiments

are necessary to expand the database and validate the model.



Chapter 4

Effectiveness of SRG Jackets in
Shear Strengthening of RC Beams

under Fatigue Loading

Based on the existing literature, research on the fatigue response of shear-deficient
RC beams strengthened with Steel Reinforced Grout (SRG) systems remains scarce.
To further evaluate the performance of SRG strengthening systems, this chapter
investigates the shear behaviour of SRG-strengthened beams under fatigue loading,
providing valuable insights into failure modes and generating data to support fatigue
design. For comparison, the performance of Carbon Fiber Reinforced Cementitious
Matrix (CFRCM) and Steel Reinforced Polymer (SRP) strengthening systems is also

evaluated.

A total of nine beams were tested: two control beams and seven U-shaped SRG-
strengthened beams. The key research parameters include shear span ratio (2.0 or 3.5),
UHTSS textile density (1.57 or 3.14 cords/cm), fibre type (UHTSS or carbon), and
matrix type (resin or mortar). The results confirm the effectiveness of the strengthening
systems and highlight the significant influence of the a/d ratio on fatigue behaviour.
Beams with smaller a/d ratios experience higher shear stresses, accelerating fatigue

damage and leading to earlier failure. Additionally, high-density UHTSS textiles
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exhibited poor bonding with mortar, resulting in premature failure. A prediction
method for the shear fatigue life of SRG-strengthened beams is also proposed based

on fracture mechanics.
4.1 Experimental Programme

4.1.1 Specimen Details and Test Setup

The experimental program comprised 9 rectangular RC beams, divided into two series
(A and B) based on their a/d ratios of 2.0 and 3.5, respectively. Series A included five
beams, while Series B included four beams. Each series included one control sample,
while the remaining beams in each series were strengthened with a U-shaped FRCM
system. In this fatigue study, only U-shaped strengthened beams were considered.
Because fully wrapped configurations, though effective, are impractical in real
engineering applications. Fully wrapped beams were included in the static tests
primarily to prevent premature debonding of the strengthening system and to evaluate

the ultimate performance of this configuration under monotonic loading.

The geometric properties and material characteristics of the specimens remain
consistent with those described in Chapter 3. The naming convention is also similar to
that used in the static tests. However, to distinguish the fatigue study specimens, the
symbol ‘U’ (indicating the U-shaped configuration) has been omitted. For instance,
the specimen labelled A-C-3 in this chapter corresponds exactly to A-C-U3 in Chapter
3, both representing a beam strengthened with three layers of CFRCM. The detailed

information for the beams tested in this chapter is provided in Table 4.1.

Table 4.1. Applied fatigue load range of beams.

Prax Applied fatigue load (kN)

(kN) P, P,  Amplitude Mean
A-N - 51.3 154 359 20.5 257

A-GL-2 2-layed low density SRG 109.8 329 769 44.0 54.9

Series Beam Type of strengthening

(a/diz.O) A-GH-1 1-layed high density SRG 97.5 29.2 682 39.0 48.8
A-PH-1 1-layed high density SRP 1125 33.7 787 45.0 56.3

A-C-3 3-layed CFRCM 120.2  36.0 84.1 48.1 60.1

B-N - 38.8 11.6 272 15.5 19.4

B B-GL-2 2-layed low density SRG 1026  30.8 71.8 41.0 51.3

(a/d=35) B-GH-1  l-layed high density SRG ~ 105.0  31.5 73.5 42.0 52.5
B-PH-1  1-layed highdensity SRP 1209 363 84.6  48.4 60.5
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4.1.2 Test Setup and Procedure

As shown in Figure 4.1, All beams were tested under the three-point loading using a
stiff steel reaction frame, in which a vertically positioned servo-hydraulic actuator with
a capacity of 500 kN was employed. The beams were placed on two steel supports
secured to a solid floor with threaded rods. Additional constraints were applied at the
beam ends to prevent unexpected rotation during fatigue testing. Specifically, two
wooden plates were positioned on each side of the supports and clamped against the
beam to restrain lateral movement and ensure stability throughout cyclic loading. The
beams were subjected to fatigue loading until failure, with a maximum cycle limit of
2 million cycles (Chaallal et al., 2010). If the beams did not fail under fatigue loading,

they were then tested under monotonic loading.

During fatigue testing, all specimens were loaded at a frequency of 4 Hz (Banjara
and Ramanjaneyulu, 2020; Garcez et al., 2021). This relatively low frequency was
chosen to reduce the occurrence of hysteresis effects, lack of full recovery between
successive cycles, and undesirable heating (Gagani et al., 2019). Moreover, it has been
demonstrated in studies that the loading frequency of vehicles ranges from 0.159 to
8.724 Hz when traveling at speeds between 2 km/h and 110 km/h (Oudah and El-Hacha,
2012), while traditional RC building structures usually experience frequencies in the
range of 1 to 5 Hz (Garcez et al., 2021). Therefore, the selection of 4 Hz can provide

a more realistic simulation of traditional RC structures.

g a--e _° ° 560
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..

@ & Prevent Unintended Rotation e

Fig. 4.1 Three-point bending test set-up of beams.
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According to fib 2001 (2001), the range of applied fatigue loads (P; to P,) can be
calculated as P; = Pyeqn(1 — DAF) and P, = Pyeqn(1 + DAF) , where DAF
represents the dynamic amplification factor and ranges from 0.25 to 0.4; Pyean
corresponds to 50% of the total shear resistance (P4, ) of the specimens. The value of
Ppeak for all specimens was obtained from previous studies on beams with the same
strengthening configuration under static loading conditions (El-Saikaly and Chaallal,
2015), and detailed results of the static loading tests can be found in the Chapter 3. The
DAF was selected as 0.4, lead to a fatigue load range of 30% to 70% P4, for each

beam. Table 4.1 shows the applied fatigue load range and strengthening configuration

of beams.

Similar to static tests, an external Linear Variable Differential Transducer (LVDT)
was employed at the load application point to monitor the vertical deflection of the
beam during loading. Two LVDTs were placed on the beams (on both sides) at the
support location to ensure that there was no unexpected movement of the beam.
Additionally, Digital Image Correlation (DIC) technology was utilised to capture the
strain distribution of the beams tested. To achieve this, the shear critical region of each
beam was painted with a speckle pattern using a special brush and black ink. A high-
performance camera was placed to capture deflection changes of the speckled region
at the rate of one photo every 8 cycles in the first 10,000 cycles, and the subsequent
cycles were recorded every 1000 cycles. Subsequently, the high-resolution speckle

images were analysed using DIC software.
4.2 Results and Discussion

Table 4.2 presents a summary of the test outcomes, including the concrete compressive

strength of all beams on the test day (f;), the fatigue life (Nf), the total deflection (&)

and the stiffness degradation () at the last cycle, as well as the failure mode. Due to
limitations in the machine, the load for the first 30 cycles was slightly lower than
setting. The symbols used in Table 4.2 correspond to the following failure modes: S
represents shear failure, that is, the failure caused by diagonal tension, fibre rupture,
etc; 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. In general, the experimental results demonstrated that, apart from the
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single-layer high-density SRG system, all jacketing increased the fatigue life of RC

beams with shear defects.

Table 4.2. Summary of test results

. . N é Failure
Series Specimens (Nﬁ’a) (cycles) (mm) (‘f/i) Mode
A-N 24.7 75 3.81 56.0 S
A-GL-2 25.0 227 4.74 40.4 SD
A A-GH-1 25.1 29 3.79 22.9 SD
A-PH-1 27.1 2,165 4.23 37.3 SD
A-C-3 253 152,654 6.08 38.9 SD
B-N 24.4 12,525 1.61 30.4 S
B B-GL-2 26.7 21,935 3.71 26.9 SD
B-GH-1 27.2 25 3.79 53.7 SD
B-PH-1 26.0 60,895 7.01 44.8 SD

Note: S is shear failure; SD stands for shear-detachment failure.

4.2.1 Failure Modes and Crack Evolution Analysis

Figure 4.2 provides a comprehensive visualisation of both the final failure states and
the strain evolution in the tested beams. The first column presents the physical
condition of each beam at the end of testing, while the subsequent images show
transverse strain fields obtained from DIC at two critical stages: the onset of visible
damage and the point near or after failure. All beams demonstrated shear-dominated
failure, and no fracture of the longitudinal steel reinforcement was observed upon

removal of the protective layer.

The control beams, A-N and B-N, demonstrated an identical failure mode,
characterised by a characteristic diagonal tension failure within the shear span between
the points of load application and support. Although due to the different stress and
strain responses of deep beams (A series) and slender beams (B series), the number of
load cycles that B-N endures is much greater than that of A-N. Throughout the cyclic
loading process, the gradual accumulation of damage led to a progressive decline in
the shear bearing capacity of the A-N. This deterioration initiated the formation of
diagonal cracks within the central region of the strengthening zone. Subsequently, in
an exceptionally short span of time, the cracks swiftly propagated across the entire
cross-section, ultimately culminating in the beam's failure during the 74™ cycle
and12530" cycle for A-N and B-N, respectively. DIC diagrams indicate that the
control beams A-N and B-N, although lacking visible cracks at the 30th and 12,000th
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cycles respectively, exhibited strain patterns in the mid-section of the shear-deficient

region that closely resembled the final inclined shear crack.

The failure modes of reinforced beams in Series A are shown in Figs. 4.2(b-¢). The
beams strengthened by the SRG system (A-GL-2 and A-GH-1) exhibited similar
failure modes. Upon multiple loading cycles, small cracks started to appear in the
middle region of the SRG jacket, and as the cycles progressed, these cracks gradually
expanded and formed a main crack perpendicular to the ground. Eventually, along this
crack, a substantial detachment of the textile-mortar layer within the SRG jacket
occurred, leading to the sudden failure of the beam. Furthermore, noticeable shear
diagonal cracks were observed on the surface of the beam after removing the SRG
system. This detachment-shear failure can be attributed to the significant disparity
between the stiffness of the SRG system and the beam, which affects the stress
distribution and causes differential responses between the strengthening system and
the substrate, resulting in detachment. In addition, the beam reinforced with two layers
of low-density SRG, BML, failed in the 213" cycle, demonstrating the effectiveness
of the SRG system in enhancing fatigue performance. On the other hand, the beam
reinforced with one layer of high-density SRG, A-GH-1, failed after only 26 cycles,
significantly fewer than A-N. This can be primarily attributed to the small gaps present
in the high-density UHTSS, which hindered the infiltration of mortar, thus affecting
the adhesion between the textile and mortar, ultimately leading to premature
detachment of the jacket. Moreover, A-MH-1 experienced much higher loads than A-

N, accelerating its accumulation of damage.

The SRP-strengthened beam (A-PH-1) experienced a resemble shear failure of the
SRG system, but the detachment occurred between the SRP jacket and the substrate.
It is noteworthy that A-PH-1 failed after 2164 cycles, which is significantly better than
the SRG system. This indicates that the resin, the fine matrix, can penetrate the gaps
in UHTSS more effectively than mortar, enhancing the adhesion between the textile
and the matrix and significantly delaying the detachment of the strengthening system.
This phenomenon also explains why detachment primarily occurs at the SRP-substrate

interface rather than at the textile-matrix interface in the SRP system.
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In the case of the CFRCM system in series A, A-C-3 failed after 152,647 cycles.
Unlike the SRP and SRG systems, CFRCM jacket’s surface did not exhibit prominent
cracks during cycling. However, it experienced cracks on the upper surface of the
beam's strengthening region. Around the 80,000"" cycle, distinct cracks emerged on
both sides of the protective layer, spanning almost the entire region. Over time, these
cracks gradually widened, and at the 152,647™ cycle, the CFRCM jacket suddenly
detached, resulting in beam failure. During detachment, a significant portion of the
beam's cover layer was peeled off, exposing the undamaged longitudinal
reinforcements. Although the three-layer CFRCM system had higher stiffness
compared to the SRP and SRG systems, considering the substantial difference in
fatigue life, it can be concluded that CFRCM demonstrates the most effective

enhancement in fatigue performance.

For the strengthened beams in Series B (Figs. 4.2(g-1)), shear failure occurred for
all cases with detachment of the jacket from the substrate (including part of the
concrete cover layer). The failure modes of SRG strengthened beams in series B
mirrored those of the corresponding specimens with a/d = 2.0. In the SRP-strengthened
beam B-PH-1, significant detachment of the SRG jacketing, along with a substantial
portion of the protective layer from the substrate, was observed around 53,000 cycles.
Despite this, the beam did not completely fail and continued to bear the designated
load with noticeable increased beam’s deflection was evident. Ultimately, the beam
experienced complete failure at 60,895 cycles. The specimen strengthened with a
single layer of high-density SRG system, B-GH-1, still failed prematurely due to early
detachment, occurring as early as the 28" cycle. In contrast, both B-ML-2 and B-PH-
1 significantly improved the fatigue life of the beams. Additionally, regardless of
whether it was from Series A or Series B, the SRP system exhibited extensive peeling
of the concrete cover layer at failure. This phenomenon was less common in the SRG-
reinforced systems, where failure primarily involved separation between the mortar
and the UHTSS textile. This observation further underscores the superior adhesive

properties of the resin in bonding the substrate to the UHTSS.

In the DIC results, all strengthened beams exhibited more distributed strain patterns
compared to the control specimens, indicating that the composite systems effectively

reduced stress concentrations at crack initiation zones. This contributed to a more
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uniform stress distribution and delayed the onset of failure. Furthermore, beams in
Series B showed significantly lower strain levels prior to failure than those in Series
A. The smaller inclination angle between the principal strain direction and the fibre
alignment in Series B resulted in reduced tensile demand along the fibres, thereby

mitigating stress accumulation and delaying jacket debonding.

4.2.2 Fatigue Behaviour

Figure 4.3 presents the load-displacement response, as well as the displacement (J) at
Py, stiffness degradation (f) with an increase in a number of cycles under the fatigue
of the control beam and the strengthened beams. The left plots show the load-
deflection behaviour for various cycle intervals up to the cycle just before failure.
Since the applied load reached a stabilised state by the 30" cycle, the load-
displacement curves for all specimens, except A-GH-1, were plotted starting from the
30" cycle. Due to the premature failure of A-GH-1 after only 29 cycles, its curve was
plotted starting from the 18" cycle. On the right plots, § and S for each cycle are
automatically determined and computed using Python. The stiffness (K) is calculated
as the ratio of the load range (P, — P;) to the corresponding displacement range
(Omax — Omin) (Banjara and Ramanjaneyulu, 2019). As the number of cycles increases,
the stiffness decreases, and f can be defined as:
B = M x 100% (4-1)
Ky
Where K, is the stiffness of each cycle, K; is the stiffness of the first cycle.

The overall response of all tested beams exhibits a typical accumulation pattern of
damage under fatigue loading, resembling the behaviour of typical reinforced concrete
(RC) beams in the several previous studies (i.e., Xia et al., 2022; Al-Rousan and Issa,
2011). The specimens demonstrated an accelerated rate of damage propagation,

characterised by three distinct stages in the overall response:

* Initial stage: during the initial cycles, the deflection and strain of various
components, including the longitudinal reinforcement, strengthening system, and
concrete, underwent a rapid increase due to the emergence of a significant number

of initial cracks;
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e Stable stage: the response shifted into a stable phase marked by a notable

deceleration in the accumulation of damage. During this stage, the rate of increase

in deflection and the degradation of stiffness decelerated. This stable phase

persisted until the commencement of the final, brief stage preceding failure;

* Final stage: the tested beams experienced a sudden and marked surge in both

deflection and stiffness degradation, ultimately leading to failure.

These three stages represent the characteristic fatigue response of the beams as they

undergo progressive structural degradation. As shown in the load—deflection curves in

Fig. 4.3, the initial, stable, and final stages are indicated in red, blue, and green,

respectively, to illustrate their temporal evolution. Moreover, as the beams approach

failure, there is a clear increase in deflection and a significant reduction in stiffness, as

reflected in the decreasing slope of the ascending load segments.
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Fig. 4.3. Fatigue behaviour of tested beams.

In series A (a/d = 2.0), the control beam A-N displayed substantial gaps in both the

ascending and descending phases of the load-deflection curve, which indicates a higher

level of damage in the control beam, emphasizing the importance of reinforcing

systems. In contrast, the strengthened beams exhibited smaller gaps in their load-

deflection curves. Particularly noticeable in A-PH-1 and A-C-3, their gaps remain

minimal even when approaching failure, indicating that the strengthening systems
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significantly enhance the toughness of the beams, thereby reducing the permanent
deformation generated in each cycle. However, A-GH-1 demonstrated widder gaps in
the load-deflection curve after 20 cycles. This behaviour can be attributed to premature
separation between the high-density UHTSS and the mortar, resulting in accelerated
damage accumulation and eventual failure of the BMH beam. The changes in
deflection and load degradation with increasing cycles exhibited a similar pattern
across all specimens. For instance, in the case of A-GL-2, J increased from 1.74 mm
in the first cycle to 2.80 mm in the 17th cycle, corresponding to a S of 12.5%. This
period represented the initial stage of rapid stiffness degradation due to the generation
of initial cracks. From cycle 18th until cycle 215th, BML entered the relatively stable
second stage, with J and /5 reaching 4.07mm and 28.5%, respectively. Finally, the beam
underwent rapid deterioration within 13 cycles until it failed, with ¢ and f reaching

4.75 mm and 40.4%, respectively.

In Series B, the amplitudes of deflection and stiffness degradation during the final
stage were higher compared to Series A. This suggests that an increase in the a/d ratio
led to a slower rate of damage development during the stable stage, resulting in
smoother curves and an extended fatigue life. Except for B-GH-1, all beams in Series
B experienced significantly higher fatigue life compared to Series A. This phenomenon
can be attributed to the fact that slender beams distribute a smaller portion of shear
force in the reinforced area under the same load, thereby delaying shear failure to some
extent. Although B-GH-1, similar to A-GH-1, failed due to noticeable premature
detachment, their responses were significantly different. As shown in Fig. 4.3¢, A-GH-
1 exhibited detachment at the 18th cycle, with the degree of detachment gradually
increasing, leading to a progressive increase in deflection and a decrease in stiffness
until failure. In contrast, B-GH-1 showed no significant detachment before the 24"
cycle, but detachment suddenly appeared at the 24" cycle, resulting in rapid failure.
This difference in response can be attributed not only to the difference in adhesive
force generated by the mortar but also to the fact that inclined cracks in the deep beams
(Series A) are more inclined relative to the fibre alignment of the fabric (vertical
direction), resulting in greater stress along the fibre direction and causing earlier

detachment.
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Moreover, when comparing the control beams, the strengthened beams demonstrate
increased deflection and reduced stiffness degradation upon failure. This difference
can be attributed to the improved beam ductility achieved through the implementation
of strengthening systems, which enhanced the beam's ability to undergo greater
deformations when subjected to seismic or other extreme loading conditions, thereby
mitigating the risk of failure. The enhanced ductility of the beams contributes to their
superior performance and structural integrity, highlighting the effectiveness of the

strengthening techniques in enhancing the overall resilience and safety of the beams.

4.2.3 Strain Response of Strengthened Beams

Strain measurements obtained through Digital Image Correlation (DIC) have been
shown to align well with those recorded by conventional strain gauges, confirming the
reliability of DIC in structural applications (Dutton et al., 2014). Therefore, this study
utilised DIC to capture the transverse strain variations in the strengthened beams. The
strain for each sample, as shown in Fig. 4.4, represents the average of five equidistant

points in the mid-section of the critical shear zone.

Series A
(asd = 2.0)

Series B
(ard =3.5)

Fig. 4.4. Strain measurement points of strengthening system.

Figure 4.5 depicts the jacketing strain versus the number of cycles, and this strain
includes the slippage of the strengthening system. Due to the limitations of the servo
loading control system, the beams were sometimes loaded beyond failure until
complete destruction. Consequently, the high-speed camera images captured at the
point of failure may not accurately reflect the exact state at failure. Thus, the strain
values at failure shown in Fig. 4.5 represent indicative trends rather than precise data.
As shown in Fig. 4.5, the strain responses in all reinforcement systems exhibited a
similar three-stage pattern, consistent with the deflection and stiffness degradation

responses. Initially, during the early cycles, the strain increased rapidly, followed by a
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relatively stable phase. Finally, just before failure, the strain increased sharply. When
comparing the strain patterns of different reinforcement types within Series A and B,
itis evident that the CFRCM system exhibited the highest strain, while the SRG system
showed the least, demonstrating the superiority of the SRG system in controlling
deformation. Furthermore, Series B displayed lower strain levels before failure
compared to Series A, underscoring the impact of the shear span-to-depth ratio on

beam response.
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Fig. 4.5. Jacketing strain versus number of cycles.

4.2.4 Energy Dissipation

The energy dissipation (¥;) was calculated for each cycle as the area enclosed by the

load-deflection hysteresis loop during cyclic loading (D’Antino et al., 2015). To

facilitate comparison, the cycle numbers for all beams were normalised, i.e., expressed

as a ratio of the cycle number (/) to the total number of cycles (Nio:).

T T T T 20 T T T T

20
Series A Series B
_ AN _ B-N
E — A-GL-2 E ——B-GL-2
= 15— A-GH-1 1 S5 B-GH-1 g
Z |l— aPHo1 4 B-PH-1
= A-C-3 -
2 ]
N N
2 2
a a
> >
2 54 8 5
2 2
0 T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8
(a) Cycle (N/N,,) (b) Cycle (N/N,,))

Fig. 4.6. Energy dissipation verse cycles curves: (a) Series A; (b) Series B.

The energy dissipation versus cycles for each beam is presented in Fig. 4.6. A three-

stage trend similar to that observed in ¢ and £ was noticed in the ¥; measurements of

the tested beams. However, one notable exception was observed in the case of A-GH-

1, which entered the third stage earlier in its overall fatigue life compared to the other

specimens. This premature transition can be attributed to the inferior adhesion of the

high-density SRG system again. Specifically, at 16 cycles (N/Nw»=0.55), A-GH-1

exhibited a certain degree of detachment, leading to a sudden dissipation of energy.

Furthermore, the control beams A-N and B-N exhibited the lowest level of energy
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dissipation among all the beams, due to the absence of a strengthening system,
resulting in the lowest capacity for energy absorption. Additionally, control beams
were subjected to the lowest applied load, and the fluctuations in P, and P; during the
cyclic loading impact the value of the area enclosed in the load- deflection curve. In
contrast, among the strengthened beams, both the SRP and CFRCM systems
demonstrated lower energy dissipation compared to the SRG system, which indicates
that these two systems effectively delayed the deterioration of the beam, resulting in
longer fatigue life. When comparing the responses of Series A and Series B, it is clear
that the increase in the a/d ratio (Series B) led to a more gradual development of
damage and a smoother energy dissipation curve during the stable stage. This resulted

in an extended fatigue life for the beams in Series B, except for the outlier B-GH-1.

4.3 Prediction of the Fatigue Life of SRG Jacketed Beams

4.3.1 S-N Curve

S-N curves are widely used to assess the fatigue life of concrete structures, where S
refers to the cyclic stress level (Gallego et al., 2014, Xia et al., 2022). In the case of
shear failure mode, the dominant factor leading to failure is no longer the longitudinal

reinforcement, therefore, S can be calculated as follows (Mahal et al., 2013):

On Py
s=-"= 42
f}u Brax (4-2)

Where o}, is the maximum applied fatigue stress; ff,, the ultimate strength of the beam.

In general, the relationship between S and N can be considered as Gallego et al. (2014):

S=A—-aLogN (4-3)
Where A and a are the parameters calculated by the least squares method based on the
experimental data. Based on this, Mode Code 2010 proposed an S-N relationship

equation for concrete without shear reinforcement (Walraven, 2010):

1
=1-— 4-4
§=1-15LogN (4-4)

Figure 4.7 illustrates the S-N relationship of the beams under fatigue loading.
Although this method is the mainstream approach for fatigue life prediction (Gallego
et al., 2014, Xia et al., 2022), it is evident that it is not suitable for this project. The
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limited number of current tests is insufficient to determine whether the S-N curve can

be applied to predict the fatigue durability of SRG shear-strengthened beams.
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Fig. 4.7. S-N relationship of SRG strengthened beams.

4.3.2 Fracture Mechanics Model

In the linear elastic fracture mechanics, the Paris Law is a power law that relates the
debonding growth rate per cycle, da/dN, to the stress intensity factor range, AK =
Kinax — Kmin (D’Antino et al., 2015). Based on experimental observations of FRP-
concrete double-lap shear specimens, Diab et al. (2009) proposed a fracture mechanics
model grounded in the Paris Law, which links the debonding growth rate to the energy

ratio for FRP strengthened concrete members:

Fatigue\ ™
s_; s (GF - ) 8, (4-5)
where the coefficients m4, nq, and f§ are determined from experimental data; G,f atigue
and G represent the energy release associated with the maximum load of the cycle
and the fracture energy associated with the debonding phenomenon under quasi-static

monotonic loading, respectively. The coefficient Sz accounts for the phenomenon of

. . . Fati
reduced crack propagation rate as the debonded area increases. Since Gpa ‘9% has not

been extensively studied, Carloni and Subramaniam (2013) noted that G,f atigue 5nd

Gr are directly related to the applied load during cyclic loading and the load-bearing
capacity in quasi-static tests, respectively. They also observed that the strain

distribution across the width of the FRP plate remains unchanged under fatigue loading.
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Consequently, Carloni and Subramaniam (2013) refined this model to incorporate the

effects of load amplitude and mean applied load:

da (a,/AP : Pmean>n1 - (4-6)

aN - M Br

Prax
Where AP = P;, — P;; the coefficients m; and n; are derived from experimental data;
the coefficients § is taken as 1 (D’Antino et al., 2015). The frequency factor a
accounts for the dependence of fracture characteristics on loading frequency.

According to D’Antino et al. (2015), the value of @ is 1 at 5 Hz and 0.96 at 3 Hz; for
this study at 4 Hz, a is approximately 1.

This model is based on the fracture mechanics properties of the strengthening
system and the substrate, making it applicable to various RC elements, such as FRP-
reinforced beams and joints (Li et al., 2021, Carloni and Subramaniam, 2013). In
addition, D'Antino et al. (2015) have extended this model to predict the fatigue life of
FRCM-concrete joints, and this study aims to extend it to the fatigue life prediction of
SRG-strengthened beams for the first time. To simplify calculations, it is assumed that
at the point of fatigue failure, the entire effective bond length (L, ) of the SRG system
debonds, and the degradation of the effective bond length increases linearly with the
number of fatigue cycles. At the point of sample failure:

da L
dN N
According to Chen and Teng (2003a), L, can be calculated as

Efntf
L,= |[— 4-8
/\/ﬁ (4-8)

Where Ef is the elastic modulus of the fabric. Figure 4.8 illustrates the relationship

(4-7)

between L,/N and \/m /Pnax Oof SRG strengthened beams. Due to the
significant differences in adhesion between the high-density SRG and the substrate,
and the low-density SRG and the substrate, their fatigue responses are notably different.
Therefore, in the analysis of the relationship between L, /N and m /Ppeak »
these two groups are treated separately to predict fatigue life (Ngx for high-density and
Ng for low-density SRG strengthened beams). It is important to note that the model
proposed by Diab et al. (2009) has not been extensively studied, and the data obtained
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in this study are insufficient to fully characterise the coefficients and validate the
equation. Consequently, the two fatigue life prediction expressions in Fig. 4.8 should
be considered preliminary examples of this model's application, and further research
and validation are necessary to establish the model's robustness. For instance, the
relationship between degradation of the effective bond length and the number of
fatigue cycles should exhibit a three-phase change consistent with stiffness reduction
and deflection behaviour, so whether this degradation can be simplified to a linear

relationship to achieve accurate predictive results remains a subject for further

investigation.
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Fig. 4.8. Relationship between L, /N and /AP * Ppean/Ppear 0f SRG strengthened
beams.

4.4 Conclusions

This chapter investigates the performance of RC beams reinforced with SRG, SRP,
and CFRCM under fatigue loading. The experimental program involves testing 9 full-
scale beams subjected to a 4Hz load ranging from 30% to 70% of P Based on this

study, the following conclusions can be drawn:

e Series A, the control beam failed after 75 cycles. Except for the high-density SRG
system, all strengthening systems extended the fatigue life of shear-deficient RC
beams. The high-density SRG reinforced beam failed after only 29 cycles due to
poor adhesion from the prevention of mortar penetration by high-density UHTSS.
In contrast, the SRP system showed significantly improved performance, failing

after 2165 cycles compared to 227 cycles for the low-density SRG system. This
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suggests that resin, as a dense matrix, is more effective for bonding with UHTSS,
reducing stress concentration and enhancing fatigue performance. The CFRCM
system exhibited the best strengthening effect, failing after 152,654 cycles,

despite its higher stiffness compared to the other systems.

* In Series B, the control beam failed after 12,525 cycles. The high-density SRG
system, similar to Series A, showed poor performance, failing after 25 cycles due
to inadequate adhesion. The SRP system demonstrated significant improvement,
with the beam failing after 60,895 cycles, highlighting the resin's effectiveness in
bonding with UHTSS. The low-density SRG system also performed better in
Series B than in Series A, with the beam failing after 21,935 cycles, showing that

lower-density UHTSS allows better mortar penetration and adhesion.

* Comparing Series A and Series B reveals that the a/d ratio significantly impacts
the fatigue performance of strengthened RC beams. The SRP system, with its
excellent bonding properties, consistently outperformed the SRG system,
especially under high cycle loads. The CFRCM system in Series A exhibited the
highest fatigue life, indicating its potential for long-term structural reinforcement.
In addition, similar trends were observed in terms of deflection, stiffness
degradation, strain in the strengthening system, and energy dissipation of the
tested beams with cycles increasing: in the first stage, initial cracks appeared,
leading to rapid degradation of the beams; subsequently, the beams entered a long
stable period with slow linear damage accumulation; finally, the degradation rate

of the beams accelerated abruptly until failure.

* A prediction formula for the shear fatigue life of SRG strengthened beams based
on the fracture mechanics is proposed. However, due to limited data, further
validation of its effectiveness is necessary. This can be achieved through
additional experimental fatigue testing on beams with varied configurations, as
well as numerical simulation using calibrated finite element models to verify the
consistency of predicted fatigue life against observed failure patterns and

cumulative damage progression.



Chapter 5

Effectiveness of HPFRC Jackets
under Monotonic and Fatigue in
Shear Strengthening of RC Beams

Loading

As a mortar-based composite, High-Performance Fibre Reinforced Concrete (HPFRC)
has gained attention for structural strengthening and repair due to its excellent
mechanical properties, durability, and resistance to environmental degradation. Unlike
the FRCM systems discussed in Chapters 3 and 4, HPFRC jacketing enhances stiffness,
strength, and crack control through fibre bridging mechanisms. However, based on the
literature review, research on HPFRC-strengthened beams remains limited,
particularly regarding their fatigue shear behaviour. To address this knowledge gap,
this chapter analyses RC beams strengthened with HPFRC jackets under both static
and fatigue loading conditions. The experimental program investigates 10 beams,
focusing on two key parameters: the shear span-to-depth ratio (a/d = 2.0 and 3.5) and

HPFRC thickness (10mm and 20mm).
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The results show that under static loading, HPFRC jacketing increased the shear
strength of RC beams by 95% to 130%, with the strengthening effect decreasing as the
a/d ratio increased. Under fatigue loading, the HPFRC jackets significantly improved
the beams’ fatigue life. Similar to the observations in Chapter 4, the beams exhibited
a three-stage behaviour in terms of deflection, stiffness degradation, and energy

dissipation.
5.1 Experimental Programme

5.1.1 Specimen Details

The experimental investigation assessed ten RC beams under three-point bending
conditions. Out of this set, five beams were subjected to monotonic loading tests, while
the remaining five, identical in specifications, were tested under fatigue loading.
Within the subset of five beams subjected to monotonic testing, three beams were
characterised by a a/d of 2.0 (Group A), and the remaining two had a a/d of 3.5 (Group
B). As shown in Fig. 5.1, the geometric properties of the specimens remain consistent
with those described in Chapter 3 and 4. All beams, except for the two control beams,
were strengthened in the shear-deficient regions using U-shaped HPFRC jacketing.
When applying UHPFRC jackets, the near-surface mounted (NSM) technique is
utilised. In this method, the concrete cover in the beam's strengthening area is removed,
and grooves are created where the UHPFRC jacket is directly cast during the
strengthening process. Compared to the externally bonded (EB) technique, the NSM
approach offers several advantages, including enhanced protection of UHPFRC
reinforcement from environmental degradation and a reduced risk of debonding
between the strengthening material and the concrete substrate (Chellapandian et al.,

2017).

Figure 5.1c illustrates two strengthened configurations: HPFRC jackets with 10 mm
and 20 mm thicknesses. All the beams except the four control beams were strengthened
in the shear critical zone. Grooves with a depth equal to the cover thickness (10 mm)
in the shear critical area of the retrofitted beams were created (Fig. 5.2a). The grooved
surface was then roughened, cleaned, and water-saturated before HPFRC was applied.

Next, the jacket's mould was out in place in the critical zone, and the HPFRC was
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poured (Figs. 5.2b and c). The mould was removed after two days, and the beams were

covered with plastic film and cured until the testing time (Fig. 5.2d).
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Fig. 5.1. Beam Details: (a) Layout of the reinforcement of the beams; (b) Cross section;

(c) Strengthening configurations.
"

Fig. 5.2. Steps of the hybrid jacketing application: (a) create a grooved beam; (b) fix
the jacketing mould; (c) pour HPFRC; (d) curing.

Table 5.1 summarises the tested beams under monotonic loading tests, which were
labelled as ‘X-UY’. ‘X’ denotes the beam group, where ‘A’ indicates the beam with a
shear span of 2.0, while ‘B’ indicates the beam with a shear span of 3.5. ‘U’ refers to
U-shaped jackets; ‘Y’ corresponds to the beam jacketing configuration, in which ‘N’
represents the control beam, ‘10’ denotes beams with 10 mm HPFRC jacketing, and
‘20’ corresponds to beams with 20 mm HPFRC jacketing. The specimens tested under
the fatigue loading are identical; however, the symbol ‘U’ has been omitted in their

naming for distinction.

Table 5.1. Details of the specimens.

Name Jacketing Type
Group A (a/d =2.0) A-N Control beam

A-U10 10 mm HPFRC

A-U20 20 mm HPFRC
Group B (a/d =3.5) A-N Control beam

A-U10 10 m HPFRC
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5.1.2 Material Properties

The properties of concrete and steel reinforcement are detailed in Section 3.2. In the
HPFRC system, steel fibres were incorporated into the High-Performance Concrete
(HPC) with a volume fraction of 1.66%. According to the manufacturer, the 28-day
standard compressive strength and elastic modulus of the HPFRC can reach 106.5 MPa
and 43 GPa, respectively. The geometric and mechanical properties of HPC (Kerakoll,
2024a) are detailed in Table 5.2, while Table 5.3 summarises the properties of the steel
fibre (Kerakoll, 2024b), with all data sourced directly from the manufacturers.

Table 5.2. Properties of the HPC used according to the manufacturer.

Mixture Density fem fr fb E;
(kg/em3) (MPa) (MPa) (MPa) (GPa)
HPC 2270 110 14 2 34

f.m = compressive strength (28 d); 2 fr = flexural strength (28 d); 3 f,, = bond strength

(28 d); * E,4 = elastic modulus

Table 5.3. Properties of the HPC used according to the manufacturer.

Shape Diameter  Length fru Ef Efu
(mm) (mm) (MPa) (GPa) (%)
Steel Fibre  straight rigid 0.2 13 3100 200 1

fru s = tensile strength; &f,, = fibre’s strain to failure

5.1.3 Test Setup

All beams were tested under three-point bending using a rigid steel reaction frame
equipped with a vertically positioned servo-hydraulic actuator with a capacity of 500
kN. The beams were placed on two steel supports, which were secured to a strong floor
using threaded rods. Additional constraints were applied at the beam ends to prevent
unexpected rotation during fatigue testing. Vertical displacements during loading were
monitored using a LVDT positioned at the loading point, while two additional LVDTs
were placed on the supports to monitor settlement. Furthermore, Digital Image
Correlation (DIC) technology was employed to capture strain distribution in the shear-

critical regions of the tested beams.

Static Loading Test: Consistent with Chapter 3, the tests were conducted under

displacement control at a rate of 0.02 mm/s. A high-speed camera captured images of

the critical shear regions every 2 seconds to enable subsequent DIC analysis.
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Fatigue Loading Test: Following the method described in Chapter 4, the beams

were subjected to cyclic loading until failure, with an upper limit of 2 million cycles.
If a beam did not fail under fatigue loading, a subsequent monotonic loading test was
performed until failure. The fatigue load range for each beam was set between 30%
and 70% of Pmax at a frequency of 4 Hz. For Digital Image Correlation (DIC), images
were captured at a frequency of one image every 8 cycles during the initial 10,000
cycles and subsequently recorded every 1,000 cycles. High-resolution speckle images
were analysed using DIC software to assess strain distribution. The fatigue loading
parameters were selected to minimise hysteresis effects, avoid undesirable heating,
and realistically simulate the loading conditions of conventional reinforced concrete

structures. Further details and justification are provided in Section 4.1.2.

5.2 Results and Discussion

5.2.1 Static Tests

Table 5.4 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)/Pcon ; Where Prpr and Pgoy are the peak load of the
retrofitted and the corresponding control beam); the ultimate load P,=(80%P,,4) and
the corresponding displacement ou; the shear strength of the critical shear span (V; for
the control specimen it is equal to V oy ; for the retrofitted specimens it is equal
to Vggr ); the shear strength provided by the HPFRC system Vege (= Vrpr — Veon'
where Vigr and Voy are the shear strength of the retrofitted and the corresponding
control beam); the displacement ductility (us); and the failure mode. The ‘SH’ in

failure mode corresponds to shear failure.

Table 5.4. Summary of monotonic loading test results.

fe Puax APmax  Pu Omax 0d V. Vere VircdV pg Failure
(MPa) (kN) (%) (kN) (mm) (mm) (kN) (kN) (%) Mode

A-N 264 513 - 41.1 250 396 35.0% - - - SH

A A-UI0 30.6 1137 122 91.0 493 630 77.58 425 55 1.72 SH

A-U20 28.4 117.8 130 942 434 6.53 803% 453 56 2.04 SH

B-N 242 388 - 312 141 150 16.9* - - - SH

B-U10 26.7 755 95 60.4 434 543 329% 16.0 49 206 SH

Series Beam

. $
* VCONa VRET'
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The displacement ductility (us) of a structural element quantifies its deformation
capacity and is defined as the ratio of displacement at ultimate load (J.) to the
displacement corresponding to the yield load (J,) (Shang et al., 2020). In accordance
with the recommendations outlined in ASCE/SEI Standard 41-06 (2007), the
displacement ductility was conceptually formalised by approximating the
experimental load-deflection curve with a bilinear model. As depicted in Fig. 5.3, the
yield point for non-ideal elasto-plastic elements was identified based on the energy
equivalence method, which subsequently facilitated the derivation of the displacement
ductility for the tested samples (Shang et al., 2020). The ductility indices were not
calculated for control beams A-N and B-N because they did not exhibit ductile

behaviour.
Pl Peak Point
; . Ultimate Point

Py (80%Pym)l- — - - — — £ AYicld Point "N

=

E

]

N .- o
Deflection
Fig. 5.3. Determination of yield and ultimate point.
150 150

Series A (a/d =2.0) Series B (a/d =3.5)

120 : 120
Z» / i F
= =
g 60 A /A/ ’\ 60 S
= /7 =

™~ A
30 — AN 30
——A-Ul0 ——B-N
—A-U20 ——B-U10
o - (a) - (b) .
0 2 4 6 0 2 4 6 8
Deflection (mm) Deflection (mm)

Fig. 5.4. Load-deflection curves under monotonic loading: (a) Series A; (b) Series B.

The load-deflection curves for 5 tested beams under monotonic loading are shown

in Fig. 5.4. Regarding series A (a/d = 2.0), the control beam failed in shear at a peak
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load of 51.3kN (corresponding displacement of 2.5mm). The HPFRC jacketing has
substantially increased the peak load capacity of RC beams. Specifically, beams A-
U10 and A-U20 demonstrated peak load increases of 122% and 130%, respectively,
compared to the control beam A-N. This marked improvement is attributed to the fibre
‘bridging effect’, which facilitates the distribution of stress across developing cracks,
thereby fortifying the structural integrity and delaying the onset of failure. Furthermore,
the greater peak load observed for the 20 mm HPFRC jacketing (A-U20) compared to
the 10 mm jacketing (A-U10) can be technically explained by improved fibre
distribution and reduced fibre aggregation in thicker jackets, resulting in enhanced
mechanical interlock and more effective crack bridging. Additionally, the increased
jacket thickness notably improved the stiffness of beam A-U20 by increasing its

effective moment of inertia and restraining deformation more effectively.

In Series B (a/d = 3.5), the 10mm HPFRC jacketing (B-U10) led to a 48% increase
in peak load. With the escalation of the a/d ratio (from 2 to 3.5), there was a noticeable
decline in ¥, APuax and Vjuc/V, highlighting the diminished reinforcement efficacy of
HPFRC as a/d increased. This phenomenon occurs because the beam changes from a
deep to a slender shape, shifting the main way it supports weight from an arch-like
structure to more of a truss system, which decreases its ability to resist shear forces
(Tetta et al., 2018a; Wakjira and Ebead, 2020). In detail, for Series A beams (a/d = 2,
deep beams), arching action dominates after the formation of diagonal cracks. The
majority of the load is directly transferred from the point of application to the support
via the diagonal strut, indicating that the diagonal strut primarily bears the load
(Wakjira and Ebead, 2020). The influence of arching action diminishes with an
increase in the a/d ratio, thereby reducing the contribution of concrete to shear strength.
In addition, the larger shear span increases the likelihood of shear damage, impairing
the bond between the jacket and substrate, facilitating detachment (Wakjira and Ebead,
2020). Compressive struts in deep beams (a/d = 2) can effectively transfer loads
directly to the supports, enabling the HPFRC jacket to bridge and restrain diagonal
cracking with greater efficiency. In contrast, slender beams (a/d = 3.5) exhibit more
dispersed shear cracking and elevated shear stress concentrations near the supports,
which can weaken the bond at the jacket—substrate interface and lead to premature

debonding. These phenomena are supported by the localised strain patterns captured
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in Fig. 5.5 through Digital Image Correlation (DIC), which clearly highlight regions

of early damage initiation.

As shown in Fig. 5.4, all strengthened beams demonstrated a pseudo-ductile
behaviour and maintained the peak load while the beam deformed due to ‘bridging
effect’. This observation suggests the HPFRC system’s pivotal role in augmenting the
energy absorption and dissipation capabilities of the beams, directly impacting beams
seismic performance resilience. This ‘pseudo-ductile behaviour’ is characterised by a
gradual reduction in load-carrying capacity after the peak load, instead of a sudden
brittle failure, due to the strain-hardening properties of HPFRC. The fibres embedded
in the HPFRC matrix bridge developing cracks, enabling the material to sustain load
beyond initial cracking. This enhances energy absorption capacity and promotes a
more controlled and ductile failure mode (Bandelt and Billington, 2016). Such
behaviour is particularly advantageous in seismic applications, where improved energy
dissipation and deformation capacity are critical for structural resilience. From Table
5.4, the displacement ductility range of the strengthened beams lies between 1.72 and
2.06. Furthermore, the ductility increases with the augmentation of the UHPFRC
jacket thickness and the ratio of a/d. This observation not only underscores the
enhanced potential of the reinforcement system attributable to the increased thickness,
but also validates the influence of altered load transfer mechanisms, resulting from

variations in a/d, on ductility.

Figure 5.5 provides a comprehensive visualisation of both the final failure states and
the corresponding strain evolution of the tested beams. The first column shows the
physical condition of each specimen at the end of testing, while the subsequent images
present the horizontal and vertical strain fields captured via Digital Image Correlation
(DIC) at peak load. These DIC results offer valuable insights into the shear behaviour
of HPFRC-strengthened beams, revealing more uniformly distributed strain fields in
critical regions—highlighting the capacity of HPFRC to redistribute stresses and delay
the onset of localised failure. As illustrated in Fig. 5.5, damage in all beams was
localised within the shear-critical region. The control beams (A-N and B-N) exhibited
typical diagonal tension failure along the shear span connecting the load and support

points (Figs. 5.5(a, d)).
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In the context of a higher a/d (3.5), B-U10 mirrored the control beam's failure mode.
This is because the beam's changes to slender beams, leading to uneven stress
distribution and a predisposition for cracks to propagate along singular paths of
weakness (Mangalathu and Jeon, 2018). Consequently, the capacity of HPFRC to
induce multiple cracking is mitigated, diminishing its potential to alter failure

dynamics significantly.

5.2.2 Fatigue Tests

Fatigue test results are summarised in Table 5.5, including the concrete compressive
strength of all beams on the test day (f,), the fatigue life (N), the total deflection (&),
the stiffness degradation () at the last cycle and the energy dissipation (¥ ) at the last
cycle, as well as the failure mode. Furthermore, as previously stated, the fatigue load
range encompasses a span of 30% to 70% of B,,,,. Consequently, based on the

outcomes of static testing, the loads applied to each beam are also delineated in Table

5.5.

Table 5.5. Summary of fatigue loading test results.

. P, P, fe N 6 B Y, Failure
Series  Beam \ ) (kN)  (MPa) (cycles) (mm) (%) (kN-mm) Mode
AN 154 359 247 75 381 560 85  SH

A A-10 341 796 237 90 434 252 118 SH
A20 353 825 312 951 699 478 136  SH

BN 116 272 244 12525 161 304 256 SH

B-10 22.7 52.9 26.9 48786  4.79 48.8 7.42 SH

The results indicate that HPFRC jacketing enhanced the fatigue life and maximum
deflection of shear-deficient beams, irrespective of their classification as Series A or
B. Sample A-10 showed a fatigue life similar to that of the control beam, but it also
demonstrated a 20% increase in the number of cycles. However, given the significantly
higher load applied to A-10 in comparison to the control beam, it can be contended
that the HPFRC system in A-10 maintained its effectiveness. Within Series A,
increasing the thickness of HPFRC from 10mm to 20mm resulted in a substantial
improvement in the fatigue behaviour of the RC beams, with the fatigue life increasing
by almost 10 times. This improvement is attributed to the superior fibre distribution
achieved with the thicker jacket, which aligns with observations from static loading
tests. Furthermore, as the a/d ratio increased from 2.0 to 3.5, the performance of the

10mm strengthening system also improved. In Series B, B-10 exhibited even more
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significant improvements in fatigue life (4 times) and maximum deflection than A-10,
which is not only due to the different load-carrying mechanisms arising from varying
a/d but also because the extended coverage of HPFRC provides a more pronounced

enhancement in fatigue performance.

Figure 5.6 presents the load-displacement response, as well as the displacement ()
at cap P sub h and stiffness degradation (f) with an increase in a number of cycles
under the fatigue of the control beam and the strengthened beams. The left plots show
the load-deflection behaviour for various cycle intervals up to the cycle just before
failure. As the applied loads stabilised by the 30th cycle, load-displacement curves for
all specimens are shown from this cycle. Beam A-20 exhibited significant cracking
during the 14th cycle but continued normal operation after the 15th; thus, its curve
starts from the 14th cycle to capture this change. The various of ¢ and f with the
number of cycles are demonstrated on the right plots. Similar to the fatigue response
of FRCM-strengthened beams, the specimens exhibited an accelerated rate of damage
propagation, characterised by three distinct stages throughout the loading process: the

initial stage, the stable stage, and the final stage.
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Fig. 5.6. Fatigue behaviour of HPFRC strengthened beams.

In Series A, a notable decrease in the slope of the load-deflection curves was

observed for the control beam A-N, with f reaching 56.0% at failure. However, the

application of HPFRC significantly slowed down the rate of stiffness degradation in
the beams, with £ values of 25.2% and 47.8% for A-10 and A-20 at failure, respectively.

This indicates that the rate of damage accumulation in the strengthened beams

decreased, enabling better resistance to structural deformation. A-20 beam exhibited a

more pronounced increase in deflection and stiffness degradation during the ‘stable
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stage’ compared to other beams, due to premature crack formation that expedited the
damage progression and thus partially negated the fatigue performance enhancement
provided by HPFRC. This phenomenon may be attributed to imperfections in the
reinforcement process. In Series B, the amplitudes of deflection and stiffness
degradation during the final stage were higher for B-N and B-10 compared to Series
A. This suggests that an increase in the a/d led to a slower rate of damage development

during the stable stage, resulting in smoother curves and an extended fatigue life.
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Fig. 5.7. Energy dissipation verse cycles curves.

The energy dissipation (¥;) versus normalised cycles for each beam is presented in
Figure 5.7. The energy dissipation (¥;) was calculated for each cycle as the area
enclosed by the load-deflection hysteresis loop during cyclic loading. To facilitate
comparison, the cycle numbers for all beams were normalised, i.e., expressed as a ratio
of the cycle number (N) to the total number of cycles (Nwr). A three-stage trend similar
to that observed in ¢ and £ was noticed in the ¥; measurements of the tested beams.
A consistent three-stage trend was observed in the ¥; measurements. An exception
was beam A-20, which showed an early spike in ¥; at the 14th cycle, coinciding with
the onset of diagonal cracking at the transition between the initial and stable phases.
This premature energy release is likely due to local imperfections in reinforcement.
Nonetheless, the beam withstood loading until the 951st cycle, demonstrating the
HPFRC jacket’s effectiveness in crack bridging and fatigue life extension. Overall, all
strengthened beams dissipated more energy than the control, while those with higher
shear span-to-depth ratios exhibited lower per-cycle energy loss, suggesting enhanced

fatigue resistance.
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To gain a deeper understanding of the damage progression in the tested beams,
vertical strain (&,,) distributions were analysed using Digital Image Correlation (DIC)
at different cycles. Among them, although lacking visible cracks at the initial cycle,
exhibited strain patterns in the mid-section of the shear-deficient region that closely
resembled the final inclined shear crack. The presence of HPFRC optimised strain
distribution, making it more dispersed compared to control beams. Increasing HPFRC
thickness and the shear span-to-depth ratio also enhanced ductility, as indicated by the

overall increase in vertical strain.
5.3 Fatigue life Prediction of the HPFRC Jacketed Beams

S-N curves are widely used to assess the fatigue life of concrete structures (Mahal et

al., 2013, Gallego et al., 2014, Xia et al., 2022):
S =A—aLogN (5-1)

where S refers to the cyclic stress level. A and a are the parameters calculated by the
least squares method based on the experimental data. Since no stirrups were arranged
in the reinforcement zone of the tested beams, the stress amplitude of the stirrups
cannot be calculated. Therefore, ‘S’ can be represented by the fatigue shear strength
attenuation coefficient of the inclined section (Mahal et al., 2013, Gallego et al., 2014,
Xia et al., 2022):

o P
S = max — h
f}u Pref

(5-2)

where 0,4y is the maximum applied fatigue stress; fr,, is the ultimate strength of the
RC beam; Py, is the applied maximum fatigue load; Py..r is the design static shear

ultimate strength of beams.

Currently, research on predicting the shear strength of HPFRC/UHPFRC jacketed
beams is limited, with existing models primarily focused on bottom-bonded
strengthening configurations (Noshiravani and Briihwiler, 2014, Ji and Liu, 2020). As
shown in Fig. 5.9, the bottom bonding system exhibits delayed cracking upon failure,
resulting in the formation of an intermediate crack-induced debonding (ICD) zone
between the crack initiation point and the support. Within this zone, high shear stress

leads to the development of numerous diagonal flexural-shear cracks, while the pry-
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out stress also reaches its maximum, causing premature detachment of the

-
)

l
« 1o HPFRC

strengthening system’s ICD zone.

V' AT

7 < - AT

Fig. 5.9. Fatigue shear failure diagram for bottom bonded HPFRC-RC beam.

Based on these, Ji and Liu (2020) proposed a prediction model that considers the
length of the ICD zone and the bending moment of the UHPFRC layer. However, in
the U-shaped configuration, the side parts integrated with the bottom part prevent the
formation of such a zone, rendering this model inapplicable. Furthermore, the relevant
design codes primarily focus on the specification of HPFRC/UHPFRC as structural
elements, with a lack of guidance on their use as reinforcement systems. Yin et al.
(2018) have applied the shear design model for HPFRC proposed by the JSCE (2006)
to bottom bonding jacketing. Therefore, this paper adapts this model for predicting the
shear strength of the U-shaped HPFRC reinforcement system. Since no stirrups are

present in the strengthened area, P..r comprises shear strength contributions from

concrete (V) and FRC jacket (V) 4¢):
Preg = Ve + Vire (5-3)

where V; is the shear strength of the substrate, Vj,. is the shear strength of the

strengthening system. the shear strength contributed by the concrete beam is typically

calculated using the model in EC2 (2005):

VES? = 0.18k(100p00f.) " bu (5-4)

where, f, is the compressive strength of concrete obtained from cylinders; d is the

depth of the cross-section; p;on4 is the area ratio of the tensile reinforcement; and k =

(200/d) < 2.0 (with 4 in mm) is a factor that considers the size effect.
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In U-shaped jackets, Vgg 1s combined with 3 parts: 2 side parts and 1 bottom part.
The shear strength of each component is determined by isolating the shear contribution

from the cementitious matrix and fiber, as per JSCE (2006):

VFRC = Vm + VF = (0.18 ’fcbejd] + fvdbejZ (5-5)

where V,, is shear strength contributions from concrete in HPFRC; Vi is shear strength

contributions from fibre in HPFRC; b, s and hy are the width and hight of each part,

respectively; f. is the compressive strength of HPFRC; f,4r = 0.3 fjc/ 3 is the design
average tensile strength perpendicular to diagonal cracks; z = dpgc/1.15 is the
distance from the location of the compressive stress resultant to centroid of tensile

reinforcement for each part; dpgc = 0.9hpp( 1s the effective depth of each part.
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Fig. 5.10. S-N relationship of HPFRC strengthened beams.

According to the calculation results, the S-N relationship of HPFRC-strengthened
beams is depicted in Fig. 5.10, alongside the S-N expression derived from the three
tested beams. It is worth noting that analysing the S-N relationship requires a
substantial amount of data (Akbari Hadad and Nanni, 2020). However, as this study is
the first investigation into the shear fatigue behaviours of HPFRC-strengthened beams,
further analysis is limited by the lack of additional data. Moreover, based on the S-N
expression, it is expected that an increase in S would lead to a gradual decrease in N.
While this trend holds true for Series A alone, as observed in Fig. 5.10, it appears to
be mitigated when considering specimen B-10. This deviation can be attributed to the

varying fatigue responses associated with different shear span ratios. Therefore, in the
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future, with a sufficient amount of data, distinct S-N expressions could be derived by

grouping the data based on shear span ratios.
5.4 Conclusions

The experimental study presented in this chapter investigated the static and fatigue
performance of RC beams strengthened with U-shaped HPFRC jacketing, focusing on
the effects of HPFRC thickness (10mm and 20mm) and shear span-to-depth ratio (a/d

= 2.0 and 3.5). Key findings are summarised as following:

e Static Loading: HPFRC jacketing increased the shear strength of RC beams by
95% to 130%. Strengthening effects were more pronounced with increased
HPFRC thickness, especially in deeper beams (a/d = 2.0), while a reduced
enhancement was observed as the a/d ratio increased. The strengthened beams
exhibited partial detachment but maintained a shear failure mode, with fibre

bridging contributing to crack control.

* Fatigue Loading: HPFRC significantly improved the fatigue life of RC beams,
extending the number of cycles by up to 951 cycles in beams with a/d = 2.0, and
up to 48,786 cycles in beams with a/d = 3.5. The typical diagonal tension failure
mode persisted across all specimens. The beams experienced three distinct phases
of deflection, stiffness degradation, and energy dissipation, related to damage

accumulation.

* Fatigue Life Prediction Model: A predictive model for fatigue life was
developed based on maximum fatigue load and ultimate shear strength under
static loading. Further validation with additional data is required to refine the

model's accuracy.



Chapter 6

Shear Strength Prediction of FRCM
Strengthened Beams using Machine

Learning Approach

The predictive accuracy of existing models for the shear capacity of FRCM-
strengthened RC beams remains limited, as highlighted in Chapters 2. Analytical
models derived from regression analyses often fail to capture critical parameters such
as shear span-to-depth ratio, mortar thickness, and the interaction between internal and
external reinforcements. These oversights result in inconsistent predictions that
undermine their practical applicability. Similarly, traditional empirical models are
constrained by their dependence on specific experimental datasets, limiting their

generalizability to diverse structural and material configurations.

Machine learning (ML) provides a powerful alternative for addressing these
limitations. Unlike traditional regression-based or empirical models, ML algorithms
can adaptively learn complex relationships between input variables and shear
performance, yielding significantly higher predictive accuracy and robustness.
Furthermore, ML methods enable interpretability through tools like SHAP (Shapley
Additive Explanations) and PDP (Partial Dependence Plots), which elucidate the
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relative importance of input parameters and provide insights into the underlying

mechanisms affecting shear capacity.

In this chapter, a comprehensive study was conducted to address the shortcomings
of traditional models using ML techniques. A database of 174 FRCM-strengthened RC
beams was compiled, combining 162 beams from the database established in Chapter
2 with 12 beams tested in Chapter 3. Two beams from the original dataset were
excluded due to construction defects reported by Younis et al. (2017) and Aljazaeri and
Myers (2017), resulting in a final dataset of 172 specimens. Using this comprehensive
database, nine different ML models were developed and evaluated to determine the
most effective algorithm for predicting the shear capacity of FRCM-strengthened
beams. These models were compared with the seven traditional empirical models
outlined in Section 2.3.1, representing one of the first large-scale comparative analyses

of predictive models for this purpose.

To bridge the gap between research and practical applications, a user-friendly
graphical user interface (GUI) was developed, enabling engineers and practitioners to
utilise the optimised ML models for shear strength prediction in FRCM systems. This
chapter not only demonstrates the potential of ML in improving predictive accuracy
for FRCM-strengthened beams but also establishes a framework for future analytical
approaches and design optimization in structural strengthening using mortar-based

composites.
6.1 Background and Literature Review

With the further development of artificial intelligence, machine learning (ML) has
become an important tool to help solve many problems in the field of civil engineering
(Abdalla and Hawileh, 2011; Abdalla et al., 2015; Wakjira et al., 2022a). Contrary to
most empirical models, it can determine the relationship between input variables and
target value without assuming basic mathematical and physical models in advance.
Several studies, such as Abuodeh et al. (2020), Li et al. (2018), Naderpour et al. (2018),
Tanarslan et al. (2012), have used ML to study the shear strength prediction of FRP
strengthened beams. However, the research on the performance of the FRCM
strengthened beams using ML is limited. Wakjira et al. (2022b) used seven different
ML models, such as kernel ridge regression (KR), support vector regression (SVR),
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regression tree (RT), random forest (RF), gradient tree boosting regression (GTBR),
K-nearest neighbours (KNN), and extreme gradient boosting (XGBoost), to predict the
flexural bearing capacity of FRCM strengthened beams. Their database contained 132
beams, and was based on beam geometry, mechanical properties of concrete and
stirrups, performance of FRCM (fibre’s type and elastic modulus), and reinforcement
areas of internal and external FRCM reinforcement. The prediction results show that
all ML models have good prediction effects compared with existing traditional design
models. Wakjira et al. (2022) also studied the ML model’s prediction effect of on the
shear strength of FRCM strengthened beams. Compared with the previous research on
flexural properties, they added input variables such as the strengthening configuration
of the FRCM jacket and the tensile strength of the fibre. The results showed that
XGBoost performed best in the six ML models used (i.e. the same models used in

study).

Furthermore, Ombres et al. (2024) explored the application of ANN to predict the
bond strength of SRG systems, proposing an analytical formula for bond capacity
based on ANN methods. Similarly, Ke et al. (2024) employed a genetic algorithm-
enhanced backpropagation neural network (GA-BPNN) to predict the shear capacity
of near-surface-mounted (NSM) FRP-strengthened beams. Building on parameter
analysis of GA-BPNN and existing models, they developed a design-oriented strength
model for calculating shear capacity in NSM FRP-reinforced beams, further optimised
through genetic algorithms. Nguyen et al. (2024) further utilised ANN models to create
a predictive tool specifically for assessing the shear strength of RC beams strengthened
with FRCM composites, and they also illustrated the E; as the most critical factor
influencing shear capacity in these beams. It can be observed that research on FRCM-
strengthened beams remains limited, with most studies primarily focusing on ANN
models and flexural strength prediction. This highlights the need for broader
comparative studies across various ML models to enhance shear strength prediction

accuracy for FRCM-strengthened beams.

ML models are often considered as ‘black boxes’, lacking explanation for the
contribution of physical variables and eigenvalues. Several factors, however, can
impact ML decisions, including the database, model selection, feature selection, and

hyperparameter tuning. If prediction results are not adequately explained, users may
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not trust them. Hence, elucidating the characteristics of the constructed model is
imperative to enhance transparency and comprehension, especially in the context of
model verification, regulatory compliance, ethical considerations, trustworthiness
assessment, and model diagnostics (Rengasamy et al., 2022). In this regard, Lundberg
and Lee (2017) proposed a method called ‘Shapley Additive Explanations (SHAP)’ to
interpret the output of ML models, focusing on feature importance. In addition to
SHAP, Partial Dependence Plots (PDP) provide insights into the relationship between
individual input features and the predicted outcome by illustrating how a single
variable impacts model predictions, averaging out other features’ effects (Goldstein et
al., 2015). This study uses PDPs to further interpret the influence of critical parameters
on shear strength predictions, enhancing model transparency and comprehensibility.

The details of this study are presented in the following.
6.2 Database and Input Parameters

Table 6.1 summarises the input parameters used in existing analytical models (Section
2.3.1) and in machine learning studies aimed at predicting the shear strength of beams
strengthened with externally bonded reinforcement (i.e., FRP and FRCM systems).
Almost all models incorporate parameters such as by, d, f. and f,., as these are directly
related to the beam’s cross-sectional dimensions and material strength, which
fundamentally govern shear capacity. Specifically, b, and d represent the width and
effective depth of the beam, determining the shear area and lever arm length,
respectively. Increasing either parameter enhances the beam’s ability to resist shear
forces. However, Traditional models often overlook the influence of the a/d ratio, yet
this parameter has a marked impact on shear behaviour. Studies demonstrate that a/d
dictates the transition between deep and slender beam behaviour, affecting how shear
forces are transferred through the beam (Chaallal et al., 2002; Li et al., 2001). A lower
a/d typically results in arch action, enhancing shear capacity, whereas a higher a/d
shifts the response towards truss action, reducing shear strength. In this study, the mean
yield strength of stirrups (f,w), rather than the design yield strength, is used in machine
learning and tradition models to evaluate the actual material performance in an
experimental context. The mean yield strength more closely reflects real-world data,
and most existing studies report only the mean values, making it a practical choice for

consistent comparisons.
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The ratios of longitudinal reinforcement (p;ong,p), stirrups (py, ), and fibres (pr) play
a dual role: they capture the interaction effects between the FRCM jacket and internal
reinforcement while also directly influencing the overall shear capacity. Specifically,
Piong,b> Pw» and py determine the reinforcement’s contribution to shear resistance,
with p; summarizing information about fibre quantity, width, and thickness (i.e., n,
Wr/sf, tr), thus reducing feature complexity. In addition, the interaction between the
FRCM jacket and the internal reinforcement, particularly stirrups, is a crucial factor in
predicting shear strength accurately. However, current models lack detailed analysis

on this interaction.

In terms of fibre properties, ultimate strain ru and the modulus of elasticity Er of
the fibres are selected because they define the deformation capacity and stiftness of
the FRCM. Although most traditional models include effective strain &;to account for
possible FRCM detachment, this value is typically derived from ultimate strain, and
no universally accepted model exists for directly calculating & in FRCM systems. It
is noteworthy that even if the &g was considered as a percentage of & (e.g. 0.5&u as
in the model proposed in Triantafillou and Papanicolaou (2006)), the distinct features
of machine learning algorithms are likely to render this assumption negligible in terms
of its impact on the final results. Therefore, ultimate strain €y is chosen as a more
reliable and consistent input in this study. Additionally, the fibre type and strengthening
configuration (SC) significantly affect the load transfer efficiency between the fibre
layer and the substrate. Study conducted by Gonzalez-Libreros et al. (2017a) shows
that a fully wrapped configuration provides higher shear capacity than side-bonded
configurations due to increased confinement and reduced detachment risk. However,
due to the complexity of anchorage (such as anchorage method, material properties,
and construction conditions can all impact effectiveness), its inclusion could introduce
substantial uncertainty into the model. Additionally, studies, such as Escrig et al. (2015)
and Tetta et al. (2016), have reached varied conclusions regarding the limited impact
of anchorage on shear performance. To reduce overall model uncertainty and avoid
potential overfitting due to an excessive number of parameters, end-anchorage was not
included as an input variable in this study. Unlike FRP systems, the mortar used in

FRCM systems possesses inherent thickness and strength, contributing to shear
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strength—a factor often overlooked in existing research. Hence, this study
innovatively incorporates t.» and f., as parameters to further refine the predictive
accuracy. Therefore, the model incorporates 14 eigenvalues: bw, d, a/d, fc, fiw,
Piong,bs Pw Pfr Efus Efy tem, fem, fibre type and SC. The objective is to predict the shear
strength of FRCM-reinforced beams, with the experimental shear strength (Vexp)
serving as the target value for training the model to generate the corresponding

predicted value (Vpre).

Descriptive statistics of the database is presented in Table 6.2, detailed parameters
of all samples are available in the database, and Fig. 6.1 illustrates the statistical
distribution of the database in terms of input parameters versus experimental shear
capacity (Vexp). In the collected data, there are three reinforcement configurations: U-
shaped (U), side bonded (SB) and fully wrapped (FW), and five fibre types: basalt (B),
carbon (C), glass (G), PBO (P) and steel (S).

6.3 Machine Learning Models

This section outlines the nine ML models used in this study to predict the shear

capacity of FRCM strengthened RC beams, as described below.

6.3.1 Linear Regression

Linear regression (LR) model is a supervised machine learning algorithm, which
evaluates the correlation between dependent and independent variables and determines
their linear relationship (Liang and Song, 2009). Linear regression is mainly fitted by
the least squares method, but it may be fitted by other methods, including minimizing
the ‘lack of fit” in some other specifications or minimizing the penalty version of the
least squares loss function in ridge regression. Since the study includes 14 predictors,
the model is called multiple linear regression (MLR), in which a hyperplane in the
model is fitted to a 14-dimensional space with 14 independent features. The dependent

variable, ¥, is defined as (Liang and Song, 2009):

Nt
Y=Fo+ ) B, (6-1)
i=1

where X; is the independent variables, and f; is the partial regression coefficient, S is

the intercept term, and N; is the number of predictors.
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6.3.2 K Nearest Neighbour

K Nearest Neighbour (KNN) regression is a nonparametric algorithm, which, in an
intuitive way, approximates the correlation between independent variables and
continuous outcomes by averaging the observed values in the same neighbourhood,
where K is the number of nearby points of a test point X (Wakjira et al., 2022b). In
practice, the algorithm first measures the distance between X and the training data
points and arranges them in ascending order of distance. Finally, the target values of
K training data points closest to X are selected for weighted averaging to obtain the
target value of X. The KNN model in this paper is developed by setting K as 3, and
Fig. 6.2 shows the details of data processing of KNN algorithms.

Fig. 6.2. 3-NN model.

6.3.3 Support Vector Machines

Support Vector Machine (SVM) is a machine learning method created by Vapnik based
on Statistical Learning Theory (STL) (Wakjira et al., 2022b). The algorithm used for
regression is called Support Vector Regression (SVR), which solves the regression
problem as a set of linear equations, provides a faster training process, and higher
stability and modelling accuracy. According to Vapnik (1999), for training samples
{(x1, v1), (x2, ¥2) ... (xXn, ¥n)}, the linear regression function established by SVR in the

high-dimensional feature space is:
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N¢
=Bo+ ) X (62)
i=1
fG) = " p(x) + b (6-3)

where ¢ (x) is a nonlinear mapping function (hyperplane), w is the weight vector, and

b is the bias term.

After considering the linear insensitive loss function (boundary), &, relaxation

variables, &;, and regularization parameter, C, the regression Eq. 6-4 is solved as:

FG) = ) (@ — a K x) +b (6-4)
i=1

where a; and @, are Lagrange multipliers (0 < a;, a; < C); k is a kernel function,
including linear kernel, polynomial kernel, hyperbolic tangent (sigmoid) kernel and
radial basis function (RBF) kernel. The kernel was chosen due to its capability of
capturing intricate, nonlinear associations among input features, demonstrating
superior performance compared to other kernel alternatives (such as linear and
polynomial kernels) in preliminary evaluations (Burges, 1998). In this study, the RBF

kernel is used, and the expression is:
_1 2
K(x;x;) = ezo? ¥l (6-4b)
where o is the width of the kernel. Fig. 6.3 exhibits a schematic view of the SVR model.

Y SVR Model

e — deviation

Boundary Line

Hyper Plane
(Regression Curve)

Fig. 6.3. SVR model.
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6.3.4 Artificial Neural Network

Artificial neural network (ANN) is an approach simulating the function of human brain,
which is composed of many interconnected artificial neurons (Chou and Tsai, 2012,
Hammoudi et al., 2019, Liu et al., 2021). In the study, each processing element has
multiple input parameters, and only one output is sent. Multilayer perceptron (MLP),
as a type of ANN, is used: the first layer is for receiving input; the last layer is for
generating output; the middle layers have no connection with the external world and
are called the hidden layers. Each neuron is connected to each neuron in the next layer,
and there is an input value and a weight, IWj;, between them. Figure 6.4 shows the MLP

model with only one hidden layer.

ANN Model

Input Hidden Output
Layer (i) Layer (j) Layer (k)

Fig. 6.4. MLP model.

6.3.5 Decision Tree

Decision tree (DT) is a supervised rule-based nonparametric algorithm that generates
a tree model from training data, similar to a flow chart (Fig. 6.5). It predicts the value
of target variable by learning simple decision rules inferred from data characteristics.
The tree can be regarded as a piecewise constant approximation. which devices the
feature space into several disjoint regions with smaller similar response values

(Wakjira et al., 2022b).

Compared with other models, DT has the advantages of easy interpretation and

visualization. However, this model will create biased trees when some categories are
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dominant and is prone to overfitting. Ensemble models can reduce the occurrence of
these issues. The models introduced later in this paper all are ensemble models
combined with multiple decision trees, such as XGboost and random forest (Topgu et

al., 2009).

DT Model

((Roor

=

frtemal

Inte )
(&)de 3/

Leaf )
Nodey

The black arrows show the path from the Root Node to
Leaf Node 4. The path length is 4

Fig. 6.5. DT model.

6.3.6 Random Forest

Random Forest (RF) is an application of bagging algorithm to create an ensemble of
decision trees. This algorithm constructs multiple DTs in parallel to generate
independent outputs and finally calculates their mean value to generate the final output,
thus improving the prediction accuracy. In addition, there is a positive correlation
between the accuracy and the number of trees. Moreover, RF as a bagging algorithm,
has two selection processes when constructing trees: one is to select random sample
data from training with guidance method, and the other is to select random feature
attributes from the original at tribute data set (Mai et al., 2021). This makes the RF
model insensitive to outliers and noise data and overcomes the problem of overfitting
in DT to some extent. Figure 6.6 shows a simple schematic diagram of the RF
algorithm, where its final prediction is made by averaging the predictions of each DT

predictor:

T
1
Y:T; Y, (X") (6-5)
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where Y;(X") is the output of each individual decision trees, which is trained on X'

unknown instances, and T is the number of DT trees.

RF Model

Dataset (X, V)

[ Average all predictions ]—» Virea= Vigrea

Fig. 6.6. RF model.

6.3.7 Extreme Gradient Boosting

Extreme gradient boosting (XGBoost) is a tree enhancement system, which combines
multiple weak learning models, uses the ‘greedy’ method to learn each base tree, and
continuously forms new decision trees to fit the residuals of previous predictions,
constantly reduces the residuals between the predicted value and the real value, thus
improving the prediction accuracy. To fix the limitation of weak learners, fit the first
learner to the complete input dataset, and then fit the rest of models to the residual.

According to Younis et al. (2022), the XGBoost can be expressed as Eq. 6-6:

T
V= Lfis +£i00) + () (6-6)

where Y;_; is the prediction result after the i-/ iteration, f;(x;) is the calculated

residual from i DT tree, and 2(f) is the regularization as shown in Eq. 6-6b:

0(F) =N + 3 2ll0l? (6-6b)

where N represents the total number of leaf nodes and w is the score of each leaf node.

y and 4 are controlling factors employed to avoid overfitting (Dong et al., 2020).
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Figure 6.7 shows the learning method of this algorithm, and it is worth noting that
XGBoost does not use any weighted sampling technology when DT tree splitting.
XGBoost is considered easier to use for small datasets running on CPUs than deep

learning algorithms.

Xgboost Model

Dataset (X, V,y,) ( >

o m e J . e m i [
Tree 2 Treen
// \ // \\

Residual
12 (X)
I I
[ Sum all prediction s ]—» Virea= Y. /i (X, 6))

Fig. 6.7. XGBoost model.

6.3.8 Light Gradient Boosting

Light Gradient Boosting (LGBoost) is a multiple decision tree algorithm developed by
Microsoft Research Institute (Yan et al., 2022). The main difference between LGBoost
and XGBoost is the tree structure. When splitting trees, LGBoost uses gradient based
one-sided sampling (GOSS), which selects segmentation based on all instances with
large gradient (i.e., large error) and random samples of instances with small gradient
(Ke et al., 2017). To maintain the accuracy of information, GOSS keeps the instances
with large gradients and randomly discards the instances with small gradients.
Therefore, GOSS has achieved a good balance between improving the speed and
maintaining the accuracy of the learning decision tree by reducing the number of data
instances. In addition, LGBoost also creates an exclusive function bundle (EFB): in a
sparse feature space, many features are almost exclusive, which means that they rarely
take non-zero values at the same time; EFB bundles these functions to reduce
dimensions to improve efficiency while maintaining a high level of accuracy (Ke et

al., 2017). These two features enable LGBoost to implement a highly optimised
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histogram-based decision tree learning algorithm, which has great advantages in

efficiency and memory consumption.

6.3.9 CatBoost

CatBoost is a gradient enhancement algorithm that uses dynamic enhancement to
avoid overfitting (Yegulalp, 2017). Its main difference from XGBoost and LGBoost is
also the splitting on each DT. CatBoost provides a new technology called Minimum
Variance Sampling (MVS), which is a weighted sampling version of random gradient
lifting. In this technique, weighted sampling occurs at the tree level rather than at the
split level. The observation results of each tree are sampled in a way that maximizes
the accuracy of the split score, and finally a balanced tree grows. The tree is symmetric,
and in each layer, the feature with the least loss is selected to segment the pair, and it

is used for nodes in all layers.

The models chosen for this study cover a range of different types, allowing for a
comprehensive selection of the best-performing model for the current database. A
summary of the models’ advantages, disadvantages, and characteristics is provided in

Table 6.3.

Table 6.3. Summary of Machine Learning Models.

Advantages Disadvantages Characteristics

LR Simple and Limited to linear Provides a
interpretable; efficient  relationships; low baseline for
for linear relationships; accuracy with complex or ~ comparison
low computational cost nonlinear data

KNN Nonparametric and Sensitive to outliers and Captures local
intuitive; performs high-dimensional data; non-linear
well with local patterns computationally intensive  patterns
in small datasets with large datasets

SVR Effective for high- Computationally Good for high-
dimensional spaces; demanding; sensitive to dimensional
robust with appropriate kernel and parameter data
kernel choice; works selection
well with non-linear
patterns

ANN Models complex, Prone to overfitting; Flexible for
nonlinear relationships; requires substantial data complex
adaptive learning and  and tuning; limited patterns

suitable for large
datasets

interpretability
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DT Easy to interpret and Prone to overfitting; biased Rule-based,
visualise; fast for with imbalanced data; interpretable
training and prediction  lacks accuracy for model

complex patterns

RF Reduces overfitting; Limited interpretability Aggregates DTs
robust to outliers and due to multiple trees; for better
noise; suitable for slower than single trees; accuracy

high-dimensional data  higher memory usage
XGBoost High accuracy; reduces Tuning can be challenging; Fast, suitable

bias and variance; higher memory use; may for complex
effective for complex  overfit if not properly data
interactions regularised

LGBoost Optimised for large Less interpretable; Fast and
datasets; efficient sensitive to data memory-
memory usage; faster ~ preprocessing and efficient
training than XGBoost  parameter tuning

CatBoost Handles categorical Slightly lower adoption; Native
features natively; slower training than categorical
avoids overfitting with  LGBoost; performance feature support
minimal tuning; robust  varies based on data
to noisy data balance

6.4 Model Development

All algorithms except XGBoost, LGBoost and CatBoost used in this study are
implemented using the Scikit-learn module in Python, and XGBoost, LGBoost and
CatBoost are based on their own packages, respectively. The dataset is randomly split
into two parts, 70% (119 samples) for the training dataset and 30% (52 samples) for
the test dataset. Afterwards, all input variables are standardised to eliminate the effect
of internal composition differences on the results. All models are trained using the
same randomly assigned train-test dataset. In addition, the hyperparameter values of
an algorithm determine the predictive performance and generalization ability of the
model, so the choice of hyperparameters is vital. And grid search is often used as a
hyperparameter tuning technique, with the K-fold cross-validation algorithm at its core.
This study uses 10-fold cross-validation (K=10): the training dataset is divided into 10
independent equal sizes without replacement groups, and each time uses 1 group of
training data sets as the validation dataset, while the remaining 9 groups are used for
training; the cross-validation is repeated 10 times, and a total of K performance metrics
are generated each time, and the average is taken as the final score of the model under

the current hyperparameters. Relying on this final score, the hyperparameters for



CHAPTER 6. SHEAR STRENGTH PREDICTION OF FRCM STRENGTHENED BEAMS USING
MACHINE LEARNING APPROACH 142

optimal performance of the model are found. Table 6.4 describes the optimised
hyperparameters in all ML models, parameters not listed are the same as the default

values in Scikit-learn, XGBoost, LGBoost and CatBoost.

Table 6.4. Optimised hyperparameters in all ML models.

Parameters

LR -

KNN K=3

SVR Kernel = RBF, Regularization parameter (C) =500, Gamma = 0.07

ANN Hidden layer sizes = (8, 8, 16), Maximum number of iterations =
10000, Initial learning rate = 0.1

DT Maximum depth = 6, Maximum features = 5

RF Maximum features = 6, Number of estimators = 18, Number of jobs
=20

XGBoost Learning rate = 0.1, Number of estimators = 900, Maximum depth =
3, Minimum child weight = 1, seed = 0, Subsample = 0.7, Colsample
by tree = 0.9, gamma = 0.1, regression alpha = 0.05, regression
lambda = 0.05

LGBoost Learning rate = 0.08, Maximum depth = 3, Number of estimators =
1800, subsample = 0.6, Colsample by tree = 0.8

CatBoost Iterations = 4000, Learning rate = 0.2, L2 leaf regularization = 1,

Bagging temperature = 0.1, Depth = 4, Random subspace method =
0.1, One-hot maximum size=2, Fold length multiplier = 1.2, Border
count = 128

Each machine learning model evaluates its performance by calculating the five
statistical parameters of the actual and predicted shear capacity provided by FRCM
strengthened beams (Ve and Vy.): linear regression coefficient (), bias (b),
coefficient of determination (R?), mean absolute error (MAE), root mean square error

(RMSE), mean of Vjre/Vexy (14,) and Coefficient of Variation (CoV) of Viyre/Vexp.

6.5 Results and Discussion

In this section, the prediction ability of the developed ML models (LR, KNN, SVR,
ANN, DT, RF, XGBoost, LGBoost and CatBoost) to the shear strength of FRCM
strengthened beams is studied. In addition, this paper also compares the prediction
effect of the existing traditional models (models 1-7 (Triantafillou and Papanicolaou,
2006; Escrig et al., 2015; Thermou et al., 2019; Tetta et al., 2018b; ACI, 2013; Younis
et al., 2017; Ombres, 2015b)) with the developed ML models.
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6.5.1 Performance of Machine Learning Models

Figure 6.8. illustrates the relationship between V... and V,,,, obtained by the nine ML
models, in which the purple points represent the data in the training set, the green ones
represents the data in the test set, the black dotted line represents the perfect match

between V. and V¢, , and the red solid line represents the real or actual linear

xp >
matching effect of all data. The performance of the 9 ML models for the training, test
and total data is presented in Table 6.5 based on the selected statistical indices. As
shown in Fig. 6.8a, the LR model shows a poor prediction effect (a = 0.69, R*=0.77),
which indicates that the relationship between the selected 14 eigenvalues and the shear
strength of the FRCM strengthened beam is not a simple linear relationship. While the
rest of the models, except KNN, show good predictive performance (R’ >93.9%, Table
6.5). Among the single models (LR, KNN, SVR, DT), DT has the best performance
considering both test and training sets (R’ are 0.96 and 0.96, respectively), and the
predicted values are well concentrated around the 45-degree diagonal indicating a
small dispersion. The MAE values for training and testing are 11.215 kN and 16.751
kN, respectively, and the RMSE is 19.072 kN and 21.056 kN. These low error metrics

indicate that the model provides accurate predictions with minimal deviation from the

experimental values, highlighting its reliability.

Regardless of training set and test set, the ensemble models (ANN, RF, XGBoost,
LGBoost and CatBoost) show better correlation (R’ > 96%) and stability than other
models. Among them, XGBoost emerges as the most suitable based on its overall
performance. It achieves the highest R’ and the lowest MAE and RMSE values
(98.98%, 5.36kN and 10.07kN, respectively), underscoring its superior prediction
accuracy and stability. While ANN and CatBoost also deliver commendable results,
they fall short of XGBoost’s benchmarks. Furthermore, models like LGBoost, known
for their analysis speed, do not exhibit a significant advantage in this context due to

the modest size of the research database.
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Figure 6.9 illustrates a boxplot of the 10-fold cross-validation accuracy for the
training set, where K = 10 represents the number of folds in the cross-validation
process. In each iteration, one of the 10 parts serves as the validation set, while the
remaining nine parts are used for training, with this process repeated 10 times. The
accuracy is calculated as the mean of accuracies obtained across all folds. The boxes
show the interquartile range, the horizontal line in the middle refers to the median, the
triangles are the mean, the diamonds indicate outliers, and the upper and lower
whiskers show 1.5 times exceeding the difference between first and third quartiles,
respectively. In the training set, the individual cross-validation training accuracy
ranged between 53.5% and 96.5%, excluding LR and outliers. The average accuracy
across all models ranges from 54.7% to 82.6%. Among them, the LR model has the
largest dispersion and the lowest accuracy. Models KNN, ANN and DT also showed
lower accuracy (average = 70.2%, 75.1%, and 73.1%). On the other hand, XGBoost
and LGBoost showed the best accuracy (average = 82.6% and 82.0%).
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Fig. 6.9. 10-fold cross-validation performance for training data

6.5.2 Robustness and Stability Analysis of Boosting Algorithms

To mitigate potential biases from single dataset splits, a robustness and stability
evaluation of the models was essential. Building on the analysis in the previous section,
which showed that XGBoost delivered the best performance, and given the similarities
between XGBoost, LGBoost, and CatBoost, this section further evaluates the
robustness and stability of these three models. The dataset was randomly split 100

times, with 70% used for training and 30% for testing in each iteration. Key metrics
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between Vexp and Vyre — R? MAE, RMSE, u,, and CoV of Vex/Vp —were recorded

after each modelling. Additionally, training time (TT) was measured to assess

computational costs. Table 6.6 summarises the statistical results from these trials.

Table 6.6. Results of the robustness and stability analysis of boosting algorithms.
Parameter u SD Min Q1 Median Q3 Max
R? (%) 96.97 3.11 78.75 97.05 97.67 98.15  99.1
Up (%0) 100.98 1.29 97.94 100.19 100.87 101.53 106.41
CoV (%) 12.41 4.94 8.28 10.19 11.16 1247  39.68

XGBoost MAE (kN) 7.2 1.16 5.16 6.45 6.99 7.65 11.25
RMSE 16.42 5.78 9.5 13.61 15.28 17.19  46.1
(kN)
TT (s) 1.64 0.28 0.97 1.5 1.64 1.78 2.29

R? (%) 92.2 6.55 67.67 93.53 94.52 95.51  96.54
typ (%0) 102.01 1.22 98.67 101.21 109.97  102.61 106.82
CoV (%) 15.20 1.41 12.62 14.56 15.21 1572 24.96
LGBoost MAE (kN) 14.37 1.19 11.99 13.61 14.25 15.05 18.42
E(I\N/I)SE 26.37 9.14 18.59  21.18 23.41 25.44  56.87
TT (s) 0.105 0.028  0.075 0.083 0.094 0.12 0.175
R? (%) 93.84 8.46 69.06  95.81 97.37 9797  99.05
typ (%0) 10093  1.28 98.72 100.10  100.72  101.51 105.73
CoV (%) 12.65 3.21 7.96 10.41 11.31 13.00 27.96

CatBoost MAE (kN) 7.4 1.95 4.59 6.08 6.78 7.81 13.8
RMSE 21.29 12.69  9.76 14.24 16.21 2048  55.63
(kN)
TT (s) 3.05 0.24 3.05 3.36 3.51 3.62 4.25

XGBoost exhibited the highest robustness, with an average R? of 96.97% and the
lowest variability across dataset splits (SD = 3.11%), indicating consistent
performance regardless of data partitioning. Its CoV was also the lowest at 12.41%,
reflecting stable predictions across various test sets. Moreover, XGBoost achieved a
good balance between accuracy and efficiency, with an average training time of 1.64
seconds, further emphasizing its superiority in both predictive power and
computational cost. LGBoost, while offering the fastest training time (0.105 seconds
on average), delivered the least accurate predictions (¢, = 102.01%) and exhibited the
highest CoV (15.20%). This suggests LGBoost is more sensitive to data splits and
provides reduced stability compared to XGBoost. In addition, CatBoost had the
longest training time (3.05 seconds) and greater variability, signalling lower stability

than XGBoost.

In conclusion, XGBoost proved to be the most reliable and robust model, offering a

well-balanced performance between accuracy and computational efficiency. While
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LGBoost’s speed is advantageous, its high variability makes it less suitable for smaller
datasets. However, it may become more applicable as the dataset grows. CatBoost’s
strength lies in its ease of use, with minimal parameter tuning required, but its higher
computational cost and lower stability make it less favourable than XGBoost in this

context.

6.5.3 Comparison of the Proposed and Existing Models

In this section, the predicting ability between the proposed ML models and the existing
analytical models mentioned in Chapter 2 is compared. Since XGBoost demonstrated
the best performance among the ML models in terms of accuracy, stability, and
computational efficiency, it was selected as the representative model for comparison
with existing analytical models. In Models 1-7, the strengthened beams with anchorage
systems and/or flexural failure are not considered in the analysis due to limitations
imposed by the analytical models (Gonzalez-Libreros et al., 2017a). Therefore, the
numbers of specimens used in this comparison is 105. In addition, since many of the
studies included in the database do not provide information on the elastic modulus of
the FRCM composite, only 58 beams are used in case of Models 5-7. To facilitate
comparison, XGBoost’s results are also listed. Figure 6.10 illustrates the relationship

between Iy, and V., obtained by Models 1-7 and XGBoost, and their calculated a,

b, R?, RMSE, and MAE values are presented in Table 6.7.
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Fig. 6.10. Comparison between experimental,Vz,,, and predicted, V,,.., shear strength
for: (a) Model; (b) Model 2; (c) Model 3; (d) Model 4; (e) Model 5; (f) Model 6; (g)
Model 7; (h) XGBoost.

As shown in Fig. 6.10, all analytical models show greater dispersion and worse
prediction effects than XGBoost. Within the subset of models based on fibre properties
(Models 1-4), Model 4, anchored in the jacket’s effective stress, registers the highest
R? at 64.7% yet remains less precise than XGBoost. Model 1, achieving the analytical
models’ closest regression coefficient to 1, demonstrates poor stability due to its high
CoV, MAE, and RMSE. Furthermore, many data points in Models 1 and 4 are

significantly overestimated (Figs. 6.10 (a, d)), which raises safety concerns in practical
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engineering applications. Models 2 and 3, link the effective strain of fibre with

fcz/ 3 / prEy, rank as the least precise, frequently underestimating shear strength. This
limitation in Model 1’s prediction accuracy is expected, as it simplistically assumes
sy 10 be 0.5, without adjusting for configuration variations or detachment effects.
When initially proposed, Model 1 was based on a limited data, and its authors
suggested treating this value as indicative until further testing becomes available
(Triantafillou and Papanicolaou, 2006). Models 2 and 3 improved upon Model 1 by
linking &5 to fcz/ 3 / prEr, but this relationship is grounded in studies of FRP’s
effective bond length and lacks adequate validation for FRCM applications (Escrig et
al., 2015). Moreover, these models were derived from limited experimental data,

which likely contributes to their reduced accuracy on broader datasets. Similar issues

exist with Model 4, which was initially designed for FRP systems.

Table 6.7. Results of the assessment of Models 1-7 and XGBoost based on the
selected statistical indices

a b Iy R CoV MAE RMSE
% % Y% (kN) (kN)

Model 1 096 2640 11809 5132 3893 4793  67.39
Model 2 042 2329  51.52 4428 4549 6626  80.62
Model 3 0.43 1133 53.01 2640 7240 7327  88.79
Model 4 0.88 978  96.09 6470 3193 3098  61.17
Model 5 0.60 -0.65  59.13 5510 4245  59.65  70.94
Model 6 0.66 -895 5634  60.07 3885  61.17  70.26
Model 7 049  -31.81 7833 3457 5372 5755 6846
XGBoost 0.98 333 100.81 9898  9.75 5.36 10.07

Moreover, Models 5-7, based on FRCM composite properties, also display limited
accuracy, heightening the risk in engineering applications. Model 5 sets the
composite’s effective strain at 0.04, based on minimal testing, and the guidelines
indicate that this value requires further validation (ACI549, 2013). The results in Fig
11(e) suggest that this strain limit may be too low for practical applications (u,=
59.13%, CoV = 42.45%). Model 7 builds on Model 5 by adding the mortar’s shear
contribution, effectively doubling the contribution without an explanation for this
adjustment. While Model 7 somewhat reduces the tendency to underestimate (u,=
100.31%, CoV = 53.72%), it introduces a new issue, with many data points now
showing a tendency to overestimate. In Model 6, the brittle nature of cement-based

composites leads to non-uniform and locally high tensile stresses across shear cracks
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in FRCM, resulting in partial failure before complete failure of the composite.
Consequently, FRCM jackets exhibit lower efficiency than FRP jackets, and Model 6
accounts for this by introducing an ‘effectiveness coefficient’ of 0.5. However, the
overall accuracy remains unsatisfactory, as shown as shown by its error indices (u,=
56.34%, CoV = 38.85%), in Fig. 6.10f , where Model 6 performs similarly to Models
5 and 7. The XGBoost model markedly enhances prediction accuracy compared to all
traditional models, notably reducing CoV, MAE, and RMSE across all analytical

models, showcasing the superiority of ML models.

0.0

Standard Deviation (kN)

3,
0 10 20 30 40 50 60 70 80 b0 100 110
Standard Deviation (kN)

Fig. 6.11. Taylor diagram visualization for the predicted shear strength using the ML
models and the empirical models.

For a further detailed comparison, the Taylor diagram shown in Fig. 6.11 has been
developed which graphically indicates the accuracy of the models in predicting the

shear strength. According to Taylor (2001), in Taylor diagrams:

*  The horizontal distance of each model point from the origin represents the
standard deviation of the model’s predictions relative to the experimental
values, showing how well each model captures the variability in the data.

Ideally, a model with a standard deviation close to that of the experimental data
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(represented by the purple ‘True’ point) is preferable, as it suggests that the

model can replicate the range of observed responses.

* The radial line from the origin through each model point indicates the
correlation coefficient between predicted and experimental values. Higher
correlation (closer to 1) implies a stronger linear relationship, showing that the

model’s predictions align more closely with experimental trends.

* The distance from each model point to the ‘True’ point reflects the Root Mean
Square Error (RMSE), which captures the overall prediction error. A smaller
RMSE distance indicates higher model accuracy, as it reflects less deviation

from the actual observed values.

The graph clearly demonstrates the effectiveness of the development models and
visualises a series of points on the polar diagram. All machine learning models (shown
in the zoomed section except LR) are clustered closer to the ‘True’ point compared to
traditional empirical models (Models 1-7), indicating that ML models generally
provide higher accuracy in predicting shear strength. In addition, the XGBoost and
CatBoost show the best performance, as they are closest to the ‘True’ point. This
implies that these models not only capture the variability in the data well (similar
standard deviation) but also maintain a high correlation with experimental values and

low RMSE, making them the most accurate predictors in this context.

6.6 Interpretations of XGBoost

6.6.1 Shapley Additive Explanations (SHAP) Interpretations

Previous studies were unable to address the interpretability of the ML models, but post
interpretation is necessary for complex models. Therefore, this part uses the emerging
SHAP method to reveal the potential reasoning behind the prediction and the
interaction between each variable and the results for all data. In this method, the SHAP
value, that is, the average marginal contribution of each factor, is allocated to each
factor. The factor with the largest absolute SHAP value is considered the most
important. In addition, because XGBoost has the best prediction effect, this paper uses

the SHAP method to explain the output of XGBoost model.
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Fig. 6.12. SHAP global explanation on XGBoost: (a) Beam’s properties; (b) FRCM
solution properties

Figure 6.12 depicts the global interpretation of the XGBoost model, where the
eigenvalues are represented by colour. Blue represents the lower values, whereas red
represents higher values. Fig. 6.12a shows the influence of beam characteristics on the
prediction effect, in which d, f. and p. play a major role. Like the experimental
observation results, for these three inputs and f,, the larger value can positively affect
the shear strength of the strengthened beam, while the lower value would exert a
negative influence. On the other hand, a/d and p;4 4 ,have the opposite effect. For the
properties of FRCM composites (Fig. 6.12b), tem, pr and fen are the three main
contributing factors. It is worth mentioning that, in the development of the model, U-
shaped, side bonded and fully wrapped jackets are represented by “1°, 2’ and ‘3°. The
results in SHAP show that the use of fully wrapped configuration improves the shear
capacity of the reinforcement beam, because it can prevent jacket’s detachment to a

certain extent.

0 5 15 20 25 30 35 40
Mean ( SHAPIValue) (Average Impact on Model Qutput)

Fig. 6.13. Mean absolute SHAP values of XGBoost.
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Fig. 6.14. SHAP dependency and interaction plots of XGBoost: (a) pf VS piong,p; (b)
Pr VS Pw

Figure 6.13 depicts a graph illustrating the average SHAP values for each input
value, arranged in descending order of importance. In the graph, the input parameters
appear in y-axis, while their corresponding mean absolute SHAP values are presented
in the x-axis, where d shows the highest average SHAP value. However, as the highest-
ranking parameter in FRCM performance, ¢ only ranks sixth in the overall ranking.
Some studies have confirmed the importance of mortar’s effect for the performance of
FRCM systems, but the related mechanisms and in-depth research, especially in terms
of shear strengthening, are still very limited (Ombres, 2015a; Minafo and La Mendola,
2018). In addition, Fig. 6.14 shows SHAP dependency and interaction plots for
selected pairs of input parameters. In these plots, the x-axis represents the value of the
ps, the y-axis corresponds to the SHAP values, and the colour scale represents the
values of the second parameter involved in the interaction (i.e., pjong,p in Fig. 6.14a
and pw in Fig. 6.14b). Figure 6.14 reveals that as pf increases, the distribution of SHAP
values exhibits a trend towards higher magnitudes, albeit without a clear linear
relationship. Additionally, samples with higher SHAP values for p,, and p;ong pare
predominantly found within the lower SHAP value distributions for ps. This suggests
a minor negative interaction between the internal and external reinforcement within

the XGBoost model, although this phenomenon is not pronounced.

In summary, the SHAP value analysis in this study elucidates key determinants of
shear strength in FRCM-strengthened beams, such as d, f, pw, fiwa, and py, alongside
the unexpected yet substantial role of the 7., challenging prevailing assumptions.
Furthermore, the interaction between internal and external reinforcements has been

corroborated to some extent. These findings hold the potential to inform future
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research, guiding enhancements in the engineering practices and design guidelines for

FRCM-reinforced beams.

6.6.2 Partial Dependence Plots (PDP) Analysis

To complement the SHAP analysis and further investigate the influence of input
variables on the target value, Partial Dependence Plots (PDP) were used. PDP are a
technique used in machine learning to visualise the relationship between a target
response and selected input features, while averaging the effect of all other features.
PDP shows the marginal effect of a specific input variable on the predicted outcome,
providing insights into how changes in that feature influence the model's predictions.
The horizontal axis represents the values of the specific feature being analysed, while
the vertical axis shows the corresponding partial dependence (it indicates the effect of

the feature on the predicted shear strength).

Figure 6.15 presents the PDPs for the XGBoost model used in the present study to
predict the shear strength of FRCM-strengthened RC beams. It is important to note
that the observed curves are not smooth; rather, they are derived from discrete data
points available in the training dataset, inherently leading to non-continuous results.
The reason for these curves being non-smooth also lies in the nature of the XGBoost
model and the type of data used. XGBoost is a tree-based algorithm, which results in
discontinuous decisions and step-like responses when predicting outcomes, especially

when compared to models like neural networks.

As shown in Fig. 6.15, the shear strength of FRCM strengthened beams significantly
increases with an increase in by, d, f.. This trend is consistent with fundamental
mechanics principles. Increasing the width and effective depth of the beam section
results in a larger shear area and an increased lever arm, respectively, both of which
enhance shear capacity. These observations align with traditional shear design
equations, where shear strength is directly related to cross-sectional dimensions.
Conversely, shear strength decreases as the a/d increases. This phenomenon occurs
because the beam changes from a deep to a slender shape, shifting the main way it
supports weight from an arch-like structure to more of a truss system, which decreases

its ability to resist shear forces (Tetta et al., 2018a; Wakjira and Ebead, 2020).
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FRCM parameters, such as py, £, and €7, show a generally positive impact on shear
strength, though their influence is less pronounced compared to geometric parameters.
This is because the effectiveness of FRCM strengthening on overall beam capacity is
shaped by complex interactions with the beam’s inherent parameters, such as substrate
compressive strength, stirrup configuration, and longitudinal reinforcement
(Gonzalez-Libreros et al., 2017a). These factors may influence the contribution of
FRCM parameters. Moreover, traditional models often overlook these interactions,
which can substantially impact the prediction results. Notably, as mentioned in Chapter
2, side bonded configurations are more prone to detachment, which affects
strengthening effectiveness, whereas fully wrapped configurations provide better
resistance to detachment and thus superior strengthening. Additionally, they also
claimed that basalt and carbon textiles have been shown to offer better strengthening

compared to PBO. There two phenomena are also reflected in the PDP results.

Furthermore, Fig.6.15 also highlights the limitations posed by the current dataset,
which lacks sufficient data to provide a smooth, continuous curve across all parameter
ranges. This limitation could be addressed by expanding the experimental database
with additional tests or by generating data using reliable finite element models once

they are developed.

6.7 XGBoost Based Shear Strength Prediction Tool of
FRCM Strengthened Beam

This study presents an XGBoost-based predictive model for estimating the shear
strength of RC beams strengthened with FRCM systems. The model was trained on a
comprehensive experimental database integrating diverse test results from the
literature, utilizing 14 input parameters representing geometric dimensions,
reinforcement ratios, matrix characteristics, and textile configuration details. XGBoost
was selected due to its superior capability in handling nonlinear interactions,
multicollinearity, and sparse data—conditions commonly encountered in structural
retrofitting scenarios. Model development followed rigorous machine learning
protocols, including 10-fold cross-validation for hyperparameter optimisation. To
evaluate robustness and generalisation, the dataset was randomly split 100 times into

training and testing subsets. XGBoost consistently achieved high predictive accuracy



CHAPTER 6. SHEAR STRENGTH PREDICTION OF FRCM STRENGTHENED BEAMS USING
MACHINE LEARNING APPROACH 157

and minimal performance variability, confirming its reliability under stochastic

conditions.

A comprehensive benchmarking campaign was conducted against eight machine
learning algorithms (e.g., support vector regression, decision trees, neural networks)
and seven analytical models proposed in existing design codes and scholarly literature.
Results indicated that XGBoost achieved the highest predictive accuracy and
robustness across all metrics. To improve interpretability and enhance engineering
relevance, SHAP and DPD methods were employed, confirming that variables such as
the shear span-to-depth ratio and textile reinforcement index contributed consistently

with theoretical expectations.

This work constitutes the first application of machine learning to predict the shear
behaviour of FRCM-strengthened RC beams, thereby filling a critical research gap.
Prior ML-based structural models have largely focused on flexural behaviour or FRP-
based systems, with limited attention to shear-critical cases involving mortar-based
composites. The integration of interpretable machine learning, robust validation, and
a physically grounded parameter set represents a methodological innovation, offering
a reproducible and extensible framework for future structural modelling in retrofitting

applications.

To bridge academic innovation and engineering practice, the trained XGBoost
model was embedded in a user-friendly graphical user interface (GUI). This tool
allows engineers to input the 14 key variables and instantly retrieve shear strength
predictions, bridging the gap between advanced modelling and engineering practice.

The tool is freely accessible at https://github.com/13y37ith/XGBoost-Based-Shear-

Strength-Prediction-Tool-of-FRCM-Strengthened-Beams, promoting broader use in

academic research and preliminary design. Given that the model is trained exclusively
on experimental data, predictions should be considered informed estimates and
validated through additional testing when applied to novel strengthening

configurations, as illustrated in Fig. 6.16.
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6.8 Conclusions

This Chapter introduces nine ML models—Linear Regression (LR), K-Nearest
Neighbour (KNN), Support Vector Regression (SVR), Artificial Neural Network
(ANN), Decision Tree (DT), Random Forest (RF), Extreme Gradient Boosting
(XGBoost), Light Gradient Boosting (LGBoost), and CatBoost—to estimate the shear
capacity of FRCM-reinforced RC beams. Utilising a dataset of 175 samples. 14
variables are used as input value, encompassing structural, material, and reinforcement

attributes, to construct these models. Key insights from this research include:

e ML models demonstrate potent capabilities in predicting shear capacities, with
XGBoost outperforming others in effectiveness, stability, and accuracy,
evidenced by its high R, CoV, MAE and RMS (98.98%, 9.75%, 5.36kN, and
10.07kN, respectively).

e Robustness and stability analysis showed that XGBoost outperformed
LGBoost and CatBoost, with the highest average R? (96.97%) and lowest
average CoV (12.41%), indicating strong stability across random dataset splits.
XGBoost balanced predictive accuracy with computational efficiency, while
LGBoost, despite its speed, showed higher variability, and CatBoost had higher

computational costs with moderate stability.

e Comparative analysis with existing empirical models reveals the superior
precision of ML approaches, notably the XGBoost model, which significantly

reduces prediction errors.

e SHAP analysis identifies beam depth, concrete compressive strength, and
stirrup reinforcement ratio as paramount influences on shear capacity.
Surprisingly, mortar thickness emerges as a notable factor, despite limited

existing research on its impact.

e PDP analysis shows that in the XGBoost model, the shear strength of FRCM-
strengthened beams significantly increases with b, d, f., while decreasing with
a/d. FRCM parameters (py, £y, and ¢5,) positively impact shear strength, though

their influence is secondary to beam geometry.
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Given the limitations of the current dataset, potential discrepancies between
experimental and real-world beams, possible variations in mortar thickness
during application, and other factors, findings in this study should be
interpreted with caution. Expanding the database through additional testing or
reliable finite element modelling could help validate and refine these insights

for practical applications.



Chapter 7

Finite Element Modelling of SRG

Strengthened RC beams

This chapter focuses on the finite element modelling (FEM) of Steel SRG strengthened
RC beams. A critical evaluation of existing FE models, identifying their strengths and
inherent limitations is carried out. These models frequently simplify SRG as a
homogeneous composite, overlooking key factors such as mortar thickness and
UHTSS textile density, which are essential for accurately predicting the shear response
of high-density SRG systems under complex loading conditions. A refined FEA model
is introduced to overcome these shortcomings, employing a micro-modelling approach
for SRG systems. The model distinguishes between the mortar matrix and UHTSS
textile, representing them as separate components. Three-dimensional solid elements
are utilised for the mortar, while embedded truss elements simulate the steel cords. A
novel bond-slip constitutive model is also developed to more accurately represent the

interface behaviour and gradual detachment mechanisms.

The refined model is validated using experimental data from eight RC beams
presented in Chapter 3, encompassing fully wrapped and U-shaped SRG
configurations. The model’s accuracy is evaluated by comparing its predictions for
ultimate load, displacement, and failure modes with experimental results. Furthermore,
its capacity to replicate complex behaviours, including stiffness degradation caused by

minor detachment and distinct post-peak responses, is rigorously examined. By
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addressing the limitations of existing models and introducing a robust framework for
SRG-strengthened RC beams, this chapter contributes to the advancement of reliable

and precise numerical tools for structural analysis.

Finite element validation under fatigue loading was not conducted in this chapter
due to limited available experimental data and the inherent complexity of accurately
simulating fatigue-induced failure mechanisms. Experimental investigations of SRG-
strengthened beams subjected to fatigue remain scarce, precluding rigorous validation.
Moreover, fatigue failure involves complex, time-dependent bond degradation
processes between the strengthening system and concrete substrate, which are
inadequately captured by bond-slip constitutive models originally developed under
monotonic loading. Thus, the applicability of static bond-slip relationships to fatigue
conditions remains uncertain. Given these limitations, fatigue modelling is identified
as an essential focus for future research, necessitating targeted experimental studies

and the development of dedicated fatigue-oriented finite element models.

7.1 Presentation of Existing FE Models of SRG
Strengthened Elements

In Chapter 3, the effectiveness of SRG systems for shear strengthening of beams has
been thoroughly validated, and their potential for altering failure modes is further
demonstrated. However, research involving finite element modelling (FEM) of SRG-
strengthened beams remains relatively scarce. The first notable study, conducted by
Bencardino and Condello (2015), aimed to evaluate the effectiveness of various
bilinear bond-slip laws for simulating the FRP-concrete interface in SRG-strengthened
beams. These bond-slip laws are summarised in Table 7.1. Using the general-purpose
finite element software Abaqus (2011), they simulated an SRG-strengthened beam
subjected to flexural loading. The concrete, internal reinforcement, and external
strengthening were modelled using tetrahedral, truss, and shell elements, respectively.
The concrete material selected was of the damage-plastic type, with tensile cracking
and compressive crushing identified as the primary failure mechanisms. The
compressive behaviour followed Hognestad’s simplified stress-strain equation, while
the tensile response remained linear elastic until failure. The longitudinal and
transverse reinforcement were modelled with bilinear elastic-plastic constitutive laws.

Although SRG materials are naturally orthotropic, the model assumed their
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mechanical behaviour to be isotropic. In modelling the SRG, mortar and fabric were
treated as a homogeneous composite, and mortar thickness was neglected. Nonlinear
analyses faced convergence difficulties, especially as cracks initiated, prompting the
use of Explicit Dynamic to resolve quasi-static problems. The results indicated that the
bond-slip law developed by Lu et al. (2005) successfully predicted the structural
behaviour of SRG-strengthened beams, with a peak load error of just 2.6%.

Bencardino and Condello (2016) subsequently applied this model in Abaqus to
simulate five flexural insufficient beams. Experimental results were used to calibrate
the numerical simulations and assess their accuracy. The study parameters included
matrix types (i.e. mortar matrix for SRG and resin matrix for SRP) and strengthening
configuration (U-shaped and fully wrapped). The first specimen served as the control,
while two specimens were U-shaped SRG/SRP jacketed beams. The final two
specimens were strengthened by fully wrapped SRG/SRP jackets. The bond-slip
models for the strengthening system and the substrate were based on Lu et al.’s model.
The results demonstrated that the numerical failure modes were consistent with the
experimental failure modes, with an average error in the ultimate load of
approximately 6.5%. However, the load error reached up to 14%, and the displacement
errors were as high as 32.8%, with the load-deflection curve after peak load not being

reproduced in the simulation.

Table 7.1. Bond-slip laws between strengthening system and substrate
(Bencardino and Condello, 2015).
Model Ko(N/mm3) Tiax(N/mm?) G¢(N/mm) Bw

8%1‘;1;“ Al 016G, /t, +047  LA6FAOBGIIS  0.52£3256;073 .

ct
Monti et al. EqE. 1.5(2 — bs/by,)
1.8 , 2 /—
(2003) 2.5(t,E. + 50E,) Pute 0297 ech 1+ bs/100

Luetal 2.25 — b /b,
76.92 1.58,, 0.308B2./ —
(2005) Bufet B et 1.25 + by /by,

CNR-DT200 0.6 /2 — by /by,
- 2G;/0.25 J —
R1(2013) t,/G, + 25/G, s/ 077 B felex 1+ bs/by, =1

K, = initial stiffness; 7,4, = shear bond strength; G, = fracture energy; G, = shear
modulus of concrete; t, = ideal thickness of adhesive; G, = the young modulus of
adhesive, E, = shear modulus of adhesive; B, = width ratio factor; by = width of
strengthening system.

Ombres and Verre (2019a) also employed this FE model to simulate three SRG-

strengthened bending beams, with a primary focus on anchorage type as a critical
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parameter. Their simulations demonstrated good agreement with experimental results,
achieving a peak load prediction error of 10.5%. Additionally, the predicted cracking
patterns at beam failure showed high accuracy. In 2021, they extended their analysis
to include six U-shaped SRG shear-strengthened beams, reporting that the predicted
ultimate loads and corresponding deflections were within 5% of the experimental
values. The predicted cracking patterns also closely matched the experimental

observations (Ombres and Verre, 2021).

Furthermore, Katsamamakas et al. (2021) utilised the ATENA (Cervenka Consulting,
2018) software to simulate nine shear-strengthened beams. They introduced a novel
approach for modelling shear-strengthened, under-reinforced RC beams with SRG
jackets. Their methodology incorporated embedded truss elements to represent
external steel cords and reinforcement, while mortar and concrete were modelled using
three-dimensional solid elements. In this approach, the SRG was assumed to be
perfectly bonded to the beam, with no consideration for bond-slip effects. Within the
SRG, the fully wrapped jacket with sufficient anchorage length was assumed to
achieve perfect bonding between the steel tendons and mortar. For the U-shaped
wrapped jacket, fib MC2010 (reference) guidelines were used to model bond-slip
behaviour. Their results showed that the average load prediction error was less than
1%, the average displacement error was under 10%, but the maximum error reached
89%. Despite this, the correlation between numerical and experimental energy

absorption was satisfactory, with an average error of 4.2%.

It is evident that numerical simulations of SRG-strengthened beams remain limited,
with most studies concentrated on flexural strengthening. Additionally, Abaqus-based
finite element models frequently treat the mortar and fabric as a composite material
using shell elements in two-dimensional models. However, previous findings from this
study have demonstrated that textile density and mortar thickness play a significant
role in the shear strengthening performance of SRG systems. Specifically, high-density
SRG systems are prone to premature delamination, resulting in diminished shear
strengthening efficiency. Accordingly, Chapter 7 seeks to evaluate the performance of
existing Abaqus finite element models in simulating high-density SRG-strengthened
beams. Furthermore, it introduces refinements to the model to establish a more robust
and reliable framework for simulating the shear response of SRG-strengthened RC

beams.
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7.2 Evaluation of Existing Models

To evaluate the performance of the existing model, numerical analyses were conducted
on a control beam (A-N) and high-density SRG-strengthened reinforced concrete
beams (Group A, a/d =2.0) with U-shaped (A-GH-U1) and fully wrapped (A-GH-W1)

configurations. The experimental results for these beams are provided in Chapter 3.

7.2.1 Geometry

All tested beams were modelled using three-dimensional (3D) finite element (FE)
analysis. Considering the beams' geometric, mechanical, and loading asymmetry, the

entire beam structure was modelled. A view of the FE mesh is given in Fig. 7.1.
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Fig. 7.1. 3D Finite Element mesh: (a) overview; (b) steel cage; (c) U-shaped SRG
jackets.

For the concrete, 8-node brick elements (C3D8) were employed, which are solid
continuum elements featuring eight nodes with three translational degrees of freedom
per node and linear interpolation in each direction. Internal steel reinforcement was
modelled using T3D2 linear truss elements. The external reinforcement system was
modelled using a macro-modelling (MA) approach, which treats the steel fabric and
inorganic matrix layer as a homogeneous composite without distinguishing individual
components. The concrete-to-external reinforcement interface was modelled using a
general contact definition to capture the bonding behaviour accurately. Nonlinear finite
element analysis was performed using a displacement-controlled approach to
effectively capture the softening branch of the load-midspan deflection curve and the

debonding process.

The concrete was modelled using 8-node brick elements (C3D8), which are solid

continuum elements characterised by eight nodes with three translational degrees of
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freedom per node and linear interpolation in each direction. Internal steel
reinforcement was represented using T3D2 linear truss element. The external SRG
reinforcement system was modelled using a macro-modelling (MA) approach, which
simplifies the system by treating the UHTSS textile and inorganic matrix as a single
homogeneous composite material, without distinguishing individual components.
Given the significantly smaller thickness of the SRG jackets compared to the beam
width, shell elements with linear interpolation functions (S4R) were employed. These
elements are well-suited for structures where one dimension (thickness) is much
smaller than the other dimensions (Ombres and Verre, 2019b). The concrete-to-
external reinforcement interface was modelled using a general contact definition to
capture the bonding behaviour accurately. Nonlinear finite element analysis was
performed using a displacement-controlled approach to effectively capture the

softening branch of the load-midspan deflection curve and the debonding process.

7.2.2 Material Models

7.2.2.1 Concrete

The behaviour of concrete was simulated using the Concrete Damage Plasticity (CDP)
model, which has demonstrated superior capability in capturing both elastic and plastic
characteristics compared to the smeared cracking (SCM) and brittle cracking (BCM)
models (Godat et al., 2020). The CDP model incorporates two primary failure
mechanisms: concrete crushing under compression and cracking under tension. Given

its robustness, the CDP model was selected for this study.

Ot porenassney O [y

& &t

(a) (b)
Fig. 7.2. Behaviour of concrete under uniaxial load: (a) compression; (b) tension.

The uniaxial responses of concrete under compressive and tensile loading are
depicted in Fig. 7.2. The response of concrete under uniaxial compression was

modelled using the well-known stress-strain relationship proposed by Hognestad
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(1951), as specified in the Code for Design of Concrete Structures (GB50010, 2010).

The constitutive relationship is established using the following equations:

o, =(1—d.)E.g (7-1)
n
e ve B
do={ MeTlrx (7-2)
1- > xc=1
a.(x, —1)? + x,
_ fe
pC - ECEC’T (7-3)
Ececr
n,=—— 7-4
¢ Ecgc,r - f;: ( )
&
Xe =— 7-5
¢ Eer (7-3)

Where o, represents the compressive stress of concrete; €. presents the strain when
compressive stress reaches o.; o, (=f;) is the ultimate compressive stress; and &, is
the compressive strain corresponding to o,,. If the calculated &, ,. is less than 0.002, it
is taken as 0.002. p, is the parameter values of the descending section of the stress—
strain curve under uniaxial compression; €., denotes the ultimate compressive strain
of the concrete; d. is the damage evolution parameters of concrete under uniaxial
compression. The coefficient n, is used to account for material properties; when its

calculated value exceeds 2.0, it is capped at 2.0.

The tensile behaviour of concrete is modelled with a linear elastic branch up to its
tensile strength (f;). After cracking initiates, the response transitions into a linear
softening phase. The post-cracking behaviour under direct strain is modelled using
tensile hardening, which defines the post-failure stress-strain relationship of cracked

concrete. The constitutive relationship of concrete under uniaxial tension is shown

below:
o = (1 —dy)Ec& (7-6)
1—p:(1.2 —0.2x>) xe <1
s 1= a;(x; —plc)l-7 + x; e =1 .
o =L (7-8)
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— Et
Xp = P (7-9)
Where g, represents the tensile stress of concrete; €; presents the strain when tensile
stress reaches o;; gy, (=f;) is the ultimate tensile stress; and &, is the tensile strain
corresponding to oy,; &, denotes the ultimate tensile strain of the concrete; d; is the
damage evolution parameters of concrete under uniaxial tensile. Based on the ACI 318
(2008), Poisson’s ratio for concrete was taken as 0.2 for the beams considered, and the

tensile strength f; and elastic modulus E. of concrete were calculated using the

following equations:

E. = 4700,/f. (7-10)
fi = 0.35./f. (7-11)

The CDP model employs five key plastic damage parameters in this framework: the
dilation angle set at 38°, the flow potential eccentricity assigned a value of 0.1, the
ratio of initial biaxial compressive yield stress to initial uniaxial compressive yield
stress defined as 1.16, the ratio of the second stress invariant on the tensile meridian
to that on the compressive meridian specified as 0.667, and a viscosity parameter with

a value of zero.
7.2.2.2 Inner Reinforcement

The steel reinforcement demonstrates elastoplastic behaviour with strain hardening.
Its linear elastic phase is described by an elastic modulus (210 GPa) and a Poisson's
ratio (0.3). The yield and ultimate strain values characterise the steel reinforcement,
with the average values derived from tests on three samples summarised in Table 7.2.
A perfect bond was assumed using the embedded region interaction model in Abaqus.
The concrete beam was modelled as the host region, while the reinforcement was

defined as the embedded region.

Table 7.2. Mechanical properties of the internal steel reinforcement

Diameter [y fu gy &y
(MPa) (MPa)

16 mm 528 619 0.0028 0.03

10 mm 538 626 0.0051 0.04

8 mm 326 505 0.0302 0.09

fy = yield stress; f,, = ultimate stress; &,, = yield strain; &, = ultimate strain.

7.2.2.3 SRG System
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As shown in Fig. 7.1c, shell elements were employed to model the SRG system. In
this model, the contribution of the mortar was neglected (Katsamamakas et al., 2021).
Shell elements are particularly suited for modelling structures where the thickness is
significantly smaller than the other dimensions (Taie et al., 2024). In this study, the
high-density SRG layer, with a thickness of 0.169 mm (excluding the mortar thickness),
was significantly thinner than the other dimensions, justifying this modelling approach.
Although the mechanical behaviour of SRG systems is inherently orthotropic, with
strain predominantly aligned in the transverse direction, this characteristic was not
considered in the model. Instead, a brittle, elastic isotropic representation was
employed. The material parameters for the high-density SRG system, as reported by
Thermou et al. (2021), included an elastic modulus of 172,900 MPa, a Poisson’s ratio
of 0.3, and an ultimate tensile strength of 3011 MPa.

As shown in Fig. 7.1c, shell elements were utilised to model the SRG system, with
the contribution of the mortar matrix omitted (Katsamamakas et al., 2021). Shell
elements are well-suited for modelling structures with a thickness significantly smaller
than their other dimensions (Taie et al., 2024). In this study, the high-density SRG
system, with a thickness of 0.169 mm (excluding the Mortar’s thickness), was
significantly smaller compared to its other dimensions. While SRG systems inherently
exhibit orthotropic mechanical behaviour (Ombres and Verre, 2019b), with strain
primarily oriented in the transverse direction, this feature was simplified in the model
by adopting a brittle, elastic isotropic representation. The material parameters for the
high-density SRG system, as reported by Thermou et al. (2021), included an elastic
modulus of 172,900 MPa, a Poisson’s ratio of 0.3, and an ultimate tensile strength of

3011 MPa.
7.2.2.4 Bond-Slip Model at SRG-Concrete Interface

To simulate the SRG-concrete interface, a cohesive surface was defined. This model
identifies potential separation zones and describes their interaction through the relative
displacement at each contact point, following the traction-separation approach. The
traction-separation model is assumed to be bilinear, exhibiting an initial linear elastic

behaviour before damage initiation, which is modelled by a linear softening branch.
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Fig. 7.3. Traction-separation response: (a) model I; (b) model II and III.

As illustrated in Fig. 7.3, this model accounts for two failure modes in two-
dimensional modelling: opening (Mode 1) and sliding (Mode II) (Bencardino and
Condello, 2016). The first mode is driven by normal stress, while the second is
governed by shear stress. The local behaviour at the SRG-concrete interface is
represented using the bilinear bond-slip law proposed by Lu et al. (2015). This law is

expressed through the following relationship:

TmaxS/ So s < Sy
T={Tmax(Sr —5)/sf —s0 S0 <s<s5f (7-12)
0 S > s
So = 0.01958 f .. (7-13)
So = Gf/Tmax (7-14)
ko = Tmax/So (7-15)

where T and s represent the local interface shear stress and relative slip, respectively;
So corresponds to the slip at which the bond strength is achieved; sy is the slip value at
which the interface shear stress reduces to zero. The definitions and equations for 7,4y,

kqy and G, are provided in Table 7.1.

7.2.3 Solution Approach

Modelling brittle materials like concrete and masonry often encounters challenges due
to structural instability caused by crack propagation or strain softening (Bencardino
and Condello, 2016). These phenomena hinder convergence in traditional static
solution methods, such as the Newton-Raphson or arc-length techniques. The
difficulties arise from localised damage, where displacement increments near the
damaged zone dominate the response, making the global displacement norm

insufficient to accurately capture the failure process.
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To address these challenges, the explicit dynamic method is employed for quasi-
static problems, as recommended by Chen et al. (2015). This nonlinear analysis
approach integrates the equations of motion in the time domain using the central
difference method, where the discrete mass matrix plays a critical role in ensuring
computational efficiency and accuracy. In this specific finite element procedure, two
key parameters govern the analysis: the kinetic energy-to-internal energy ratio and the
variable mass scaling factor. To obtain a solution analogous to static conditions, the
kinetic energy-to-internal energy ratio during the analysis must not exceed 5% (Chen
et al., 2015). The variable mass scaling function adjusts the mass of elements at the
beginning of each step and periodically throughout the analysis. In this study, a mass
scaling value of 0.00005 was applied, resulting in accurate predictions for the static

response.

To ensure the reliability of the finite element results, a mesh refinement study was
performed using mesh sizes of 1, 5, 10, 15, 20, 25, 30, and 40 mm for the concrete
domain, internal reinforcement, and SRG jackets. Very fine meshes (1-5 mm) yielded
only marginal improvements in predicting ultimate load and mid-span deflection
(within 1-2%) while significantly increasing computational time, often exceeding 10
hours. In contrast, coarse meshes (25—40 mm) led to notable accuracy loss, with peak
load deviations up to 21% compared to the 5 mm reference, and failed to capture
localised failure mechanisms such as jacket debonding. Meshes in the 10-25 mm range
provided a good balance between accuracy and efficiency, with deviations within 3—
5% compared to 5 mm meshes and computation times of 3—5 hours. As circular-section
models exhibited greater sensitivity to mesh coarseness and showed larger deviations
under identical conditions, square-section specimens with a 10 mm mesh were
primarily adopted in this study to achieve more accurate and computationally efficient

results.

7.2.4 Model Validity

To assess the reliability of the proposed finite element (FE) model, the load—midspan
deflection curves predicted by the simulations were compared with the corresponding

experimental results, as presented in Fig. 7.4.
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Fig. 7.4. Comparison between experimental and numerical force—displacement
curves: (a) A-N; (b) A-GH-UI; (c) A-GH-W1

Figure 7.4a depicts the experimental and numerical load—deflection responses for
the control beam (A-N) in Group A, demonstrating excellent alignment between the
two datasets. Figures 7.4b and 7.4c illustrate the comparison between experimental
and simulated responses for high-density SRG shear-strengthened beams within the
same group. For the U-shaped SRG-strengthened beam (A-GH-U1), the numerical
predictions closely matched the experimental response, although the FE model slightly
overestimated the peak load by approximately 17.9%. In contrast, the fully wrapped
SRG-strengthened beam (A-GH-W1) revealed significant discrepancies between the

numerical and experimental responses.

These discrepancies are primarily attributed to the limitations of the macro-
modelling approach used in this section. Specifically, modelling the SRG system as a
homogeneous composite with shell elements neglects critical local mechanisms, such
as interfacial bond degradation, mortar compaction, and stress concentration around
textile cords. Additionally, the simplified representation does not account for

variations in UHTSS textile density and mortar thickness, both of which have been
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shown to substantially influence load transfer, cracking behaviour, and failure modes.
As such, the roughness observed in the validations highlights the inherent constraints
of conventional macro-modelling when simulating high-density SRG systems, further

justifying the refined micro-modelling approach introduced in subsequent sections.
7.3 Proposed model Considering Mortar Thickness

7.3.1 Geometry

To address the limitations of existing FE models, which do not account for the
influence of mortar thickness and UHTSS textile density, this study develops an
enhanced model to more accurately simulate the shear behaviour of SRG-strengthened
beams. Concrete and reinforcement were modelled using C3D8 and T3D2 elements,

respectively, consistent with the methodologies outlined in the section 7.2.

(a)

Fig. 7.5. Modelling the SRG system in ABAQUS by MI approach: (a) U-shaped; (b)
fully wrapped.

For the SRG system, a micro-modelling (MI) approach was employed (Verre, 2022),
where the mortar and UHTSS textile were modelled as separate components. The
mortar, having mechanical properties similar to concrete, was modelled using C3D8
solid elements. The UHTSS textile, which consists of high-strength steel cords in the
transverse direction and fibreglass micromesh in the longitudinal direction, was
represented in the model with each steel cord modelled individually using T3D2
elements. The fibreglass micromesh, which serves to hold the steel cords in place and
does not contribute to the composite's strength, was omitted from the model. Figure
7.5 illustrates the finite element resolution for the external reinforcement. Notably, the

configuration mirrors the experimental setup: in U-shaped jackets, each textile layer is
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modelled as discrete and independent (Fig. 7.5a); in fully wrapped jackets, the textile

layers are represented as continuous and uninterrupted (Fig. 7.5b).

7.3.2 Material Models

The constitutive models for concrete, longitudinal steel bars, and stirrups are consistent
with those outlined in Section 7.2.2. In the SRG system, the mortar matrix is treated
similarly to concrete due to its comparable mechanical properties, and the same
compressive and tensile constitutive relationships are applied. The mechanical
properties of the mortar are detailed in Table 3.3. According to ACI 318-08 (2008), the
ultimate tensile strength of the mortar matrix (f.;;) is derived from its ultimate

compressive strength (f_,, ) using Equation (7-16).

fome = 0.62\/fom (7-16)
To ensure the accuracy of the FE results, five tensile specimens of each type of
UHTSS textiles were prepared and tested (Fig. 7.6). The tests were conducted under
tensile loading, with axial strain recorded using a video gauge. Displacement control
was applied at a rate of 1.25 mm/s, and both ends of the specimens were firmly
clamped. Table 7.3 presents the experimentally determined values for elastic modulus,
tensile strength, and ultimate strain, while Fig. 7.7 illustrates the corresponding stress-

strain curves obtained from the tests.

Fig. 7.6. Test setup of tensile tests on the UHTSS textile.
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Fig. 7.7. Load-displacement curves: (a) low density UHTSS textile (1.57 cords/cm);
(b) high density UHTSS textile (3.14 cords/cm).

Table 7.3. Mechanical Properties of UHTSS.

E; (GPa) (CoV) frus (MPa)(CoV) &7y (%) (CoV)
1.57 cords/cm  200.6 (0.09) 3116.3 (0.08) 2.0 (0.10)
3.14 cords/em  184.8 (0.02) 2474.8 (0.03) 1.7 (0.03)

7.3.3 Modelling of interface performance

In the SRG system, the fabric is assumed to be perfectly bonded to the matrix
(embedded region), with no allowance for fabric-matrix interface sliding (Mercedes et
al., 2021). The bond-slip behaviour between the mortar and the substrate is modelled
using the constitutive law proposed by Feng et al. (2022) for FRCM systems applied

to beams. The shear strength (7) and interface slip (s) are defined as follows:

TmaxS/ So s < S
= 7-17
{Tmaxso(su - S)/(Su - 50) So < s <S8y ( )
Tmax = Ocm(as X eX/bs + Cs) (7-18)
So = Oem(—0.013eX/7989 4+ 0.016) + (—29310.74eX/10844194 4 29310.8) (7-19)
Su = 0em(0.0044eX/709% 4 0.0092) + (—0.76e*/ 7052 4 0.44) (7-20)

where s,, represents the ultimate interface slip, a,,, denotes the uniaxial compressive
strength of mortar, y is the interface roughness parameter, and ay, by, and c, are fitting
parameters. According to Tian et al. (2019), for f,, = 40 MPa, the fitting parameters
for various roughness levels are listed in Table 7.4. Experimental results indicate that
the interface of high-density SRG with concrete is relatively weak. Therefore, the
constitutive data corresponding to the minimum bond strength is used for high-density
SRG, while the data set corresponding to a roughness of 1.32 is selected for low-

density SRG systems.
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Table 7.4. Fitting parameters in the bond-slip law.

X a, b, c,
0.57 -0.1048 -0.9590 0.0849
1.32 -0.1048 -0.9590 0.0849
3.33 -0.1048 -0.9590 0.0849

7.3.4 Model Validity

To validate the model, numerical analyses were conducted on the two control beams
and six SRG-strengthened beams presented in Chapter 3, with results compared
against experimental data. Figure 7.8 presents the typical failure modes obtained from
finite element analysis (FEA) and highlights their consistency with the experimentally
observed failure modes and DIC damage assessments discussed in Sections 3.11 and
3.12. The agreement between the numerical and experimental results demonstrates the

reliability of the FEA model in predicting the failure behaviour of the tested beams.

EEEmEEE
H

(b) B-N

(c) A-GL-W2 (d) A-GH-W1

Fig. 7.8. Failure modes: (a) A-N; (b) B-N; (c) A-GL-W2; (d) A-GH-W1; (e) A-GL-
U2.

For the control beams (A-N and B-N), both exhibited characteristic shear cracking,
closely aligning with experimental observations. In the case of fully wrapped beams,
the ductile failure mode of A-GL-W2, characterised by extensive damage areas,
corresponds well to the patterns captured in DIC analysis (Fig. 7.8c). This suggests
that the fully wrapped configuration optimised the stress-strain response and
effectively reduced stress concentrations. Conversely, the high-density textile in A-
GH-WI resulted in poor adhesion, causing sudden debonding and leading to
detachment-shear failure. This failure mode was marked by significant stress

concentrations compared to A-GL-W2 (Fig. 7.8d). For U-shaped SRG-strengthened
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beams, as exemplified by A-GL-U2 (Fig. 7.8¢), no substantial damage was observed
on the mortar surface. However, the top view revealed pronounced stress
concentrations in the beam's cover layer. This pattern aligns with the experimentally
observed detachment at the top surface and subsequent delamination of the cover layer

during failure.

Table 7.5 presents a comparison of the ultimate loads obtained from experimental
tests (Pmax:) and finite element analysis (FEA) results (Puaxys). The results show
excellent agreement between the experimental and numerical predictions, with an
average Pmax//Pmax: ratio of 99.6% and a coefficient of variation (COV) of 0.032.
Similarly, the midspan deflections corresponding to the peak loads (Omax: for
experimental results and dax s for FEA) are consistent, with an average dmax,#Omax, ratio

of 107.5% and a COV of 0.091.

Table 7.5. Summary of test results

Series Beam Puaxt  Pumaxy Puaxf/Pmax,t Omax,t Omax.f Omax,f/Omax,t

(kN)  (kN) (%) (mm)  (mm) (%)

A-N 51.3 49.5 0.96 2.50 2.44 0.98
A-GL-U2 109.8 105.9 0.96 3.53 3.60 1.02

A A-GH-U1 97.5 97.4 1.00 3.15 3.59 1.14
A-GL-W2 114.8 121.6 1.06 2430 27.28 1.12
A-GH-W1 107.7 106.8 0.99 9.51 8.79 0.92

B-N 38.8 39.8 1.03 1.41 1.78 1.26

B B-GL-U2 102.6  101.7 0.99 4.70 5.10 1.09
B-GH-Ul1 105.0 103.0 0.98 5.17 5.53 1.07

The load-displacement curves, shown in Fig. 7.9, further validate the alignment
between the experimental and FEA results. Specimens A-N and B-N, serving as the
control beams for Groups A and B, exhibit differences of only 4% and 3% between
Prax f/Pmax,s, respectively. It is noted that the load-deflection curve for A-N is detailed
in Section 7.2.4. In Group A, the fully wrapped strengthened specimens demonstrate a
strong agreement between FEA predictions and experimental results. For instance, the
ultimate loads for A-GL-W2 and A-GH-W1 differ by only 6.00% and 1.00%,
respectively, from the experimental values. The predicted load-displacement curves
closely follow the experimental trends, effectively capturing the significant stiffness
reduction observed around 70 kKN due to minor detachment. Furthermore, the FEA
results successfully replicate the post-peak behaviours of these specimens. A-GL-W1

exhibits a plateau-like response after reaching the peak load, with both numerical and
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experimental curves maintaining a consistent trend without a significant decline (Fig,

7.9¢). In contrast, A-GH-W1 demonstrates a sudden drop following the peak load

caused by detachment, which is accurately reflected in the FEA results (Fig, 7.9d).
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Fig. 7.9. Experimental versus numerical load—deflection response of the tested beams:
(a)A-GL-U2; (b) A-GH-U1; (c)A-GL-W1; (d)A-GH-W1; (e)B-N; (f)B-GL-U2; (g)B-
GH-UI.

For U-shaped SRG-strengthened specimens, the numerical load-displacement
curves for all four samples from Groups A and B (A-GL-U2, A-GH-U1, B-GL-U2 and
B-GH-U1) exhibit similar bilinear responses. These responses include an initial
ascending branch leading to peak strength, followed by a sharp descending branch.
The differences between Pyaxsand Ppay, for these specimens are minimal, at 4%, 0.1%,
2%, and 1%, respectively, demonstrating the reliability of the FEA model in predicting
the structural performance of strengthened beams. Nevertheless, the FEA model shows
limitations in accurately simulating the post-peak pseudo-ductility observed in U-
shaped strengthened beams in Group B (B-GL-U2 and B-GH-U1). This pseudo-
ductility in experiments may arise from the increased shear span (620 mm) and
reduced shear force, which result in a gradual detachment process of the SRG system
rather than a sudden failure as observed in Group A. This behaviour involves complex
interfacial mechanisms, such as progressive bond degradation, interfacial slip, and
friction, which lead to a slow reduction in load capacity after the peak. However, the
simplified bilinear bond-slip model used in the FEA does not adequately represent
these gradual degradation processes, instead predicting an abrupt load drop after the

peak, failing to replicate the experimentally observed gradual reduction.
7.4 Conclusions

This chapter provides a comprehensive review of existing finite element (FE)
models for SRG-strengthened beams and evaluates their performance. The findings

reveal that modelling SRG as a homogeneous composite neglects critical factors such
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as mortar thickness and UHTSS textile density, which significantly influence bonding
and stress distribution. These limitations hinder the accurate simulation of shear
responses for high-density SRG systems. To address these shortcomings, the existing
FE models were refined by adopting a micro-modelling (MI) approach. Embedded
truss elements were introduced to represent external steel cords, while three-
dimensional solid elements were employed to simulate the mortar matrix. Additionally,
a novel bond-slip constitutive model was implemented, specifically designed to

capture the adhesive behaviours between mortar and concrete.

The proposed FE model was validated using experimental data from eight RC beams
presented in Chapter 3. The validation demonstrated the model's capability to
accurately predict both the failure modes and the strengthening performance of the
tested beams. The average ratios of Ppax/Pmax,: and Omax /Omax,c Were 99.6% and 107.5%,
respectively. For fully wrapped beams, the numerical analysis effectively captured the
stiffness reduction observed around 70 kN due to minor detachment. Moreover, it
accurately reproduced distinct post-peak behaviours: for A-GL-W1, the numerical and
experimental load-deflection curves exhibited a plateau-like response with no sharp
decline after the peak load; while for A-GH-W1, a sudden drop due to detachment was
well-represented. For U-shaped SRG-strengthened beams in both Group A and Group
B, the model successfully simulated the characteristic bilinear detachment-shear

failure mode observed in all samples.



Chapter 8

Conclusions and Recommendations

for Future Work

The degradation of existing structures due to aging, environmental conditions,
insufficient maintenance, or the need to meet current design standards pose significant
risks to their structural integrity, particularly for critical infrastructure such as bridges.
Structural strengthening interventions are essential to prolong service life and ensure
the safety and reliability of these systems. Fibre-reinforced polymers (FRPs) have
gained widespread adoption as a strengthening solution due to their high strength-to-
weight ratio and design flexibility. However, the resin-based matrices used in FRPs
exhibit significant limitations, including poor high-temperature performance, low fire
resistance, and environmental toxicity, which restrict their applicability in certain

scenarios.

In recent years, mortar-based composites have emerged as an advanced and
sustainable alternative for retrofitting deficient masonry and concrete structures. These
materials offer several advantages, including compatibility with concrete or masonry
substrates, excellent performance under high temperatures, high corrosion resistance,
minimal cross-sectional modification, and ease of application. Given these attributes,
mortar-based composites present a promising alternative to FRP systems for structural

strengthening.
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This study evaluates the application of mortar-based composite jackets for shear
strengthening of reinforced concrete (RC) beams using a combination of experimental

testing, machine learning (ML), and finite element analysis (FEA).

8.1 Conclusions

8.1.1 Experimental Investigations

The experimental component of this study focuses on two mortar-based composite
systems: Steel-Reinforced Grout (SRG) and High-Performance Fiber-Reinforced
Concrete (HPFRC).

For SRG systems, the shear performance of strengthened beams under both static
and fatigue loading was evaluated. Additionally, for comparative purposes, the
performance of Carbon-FRCM (CFRCM) and SRP (Steel Reinforced Polymer)
systems was also studied. The main parameters investigated include shear span-to-
depth ratio, textile type, number of textile layers, strengthening configuration,
substrate type, and UHTSS textile density. A total of 17 beams were tested under static
loading, while 9 beams were tested under fatigue loading. Based on the experimental
data, two predictive models were developed: a shear strength model considering the
influence of the shear span-to-depth ratio and a fatigue life prediction model based on
fracture mechanics. Notably, this is the first study to systematically compare SRG with
other strengthening systems and to investigate the shear performance of SRG-
strengthened beams under fatigue loading. Unlike SRG, HPFRC does not incorporate
textiles, resulting in distinct performance characteristics. Therefore, its investigation
was conducted separately in Chapter 5. The study on HPFRC-strengthened beams
under static and fatigue loading focused on two key parameters: shear span-to-depth
ratio and HPFRC jacket thickness. The main conclusions from Chapters 3, 4, 5 are

summarised as following:

* The experimental results confirm that all mortar-based strengthening systems
effectively enhanced the shear capacity of RC beams. For SRG systems, the shear
capacity increased by 90—124% in beams with a shear span-to-depth ratio (a/d) of
2.0 and 164-170% in beams with a/d =3.5. For CFRCM systems, the increases

ranged from 107% to 215%, while SRP systems exhibited similar performance
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with increases of 119-221%. These findings demonstrate the significant potential

of mortar-based composite systems for addressing shear deficiencies in RC beams.

* The shear span-to-depth ratio significantly influenced the performance of all
strengthening systems. As the a/d ratio increased, the overall shear strength
contribution of the strengthening systems decreased. However, the proportion of
the shear capacity provided by the external strengthening systems increased. This
trend reflects a shift in the load-carrying mechanism from an arch effect in deep

beams (a/d =2.0) to a truss effect in slender beams (a/d = 3.5).

* Fully wrapped SRG jackets were particularly effective in altering the failure mode
of the strengthened beams from brittle shear failure to ductile flexural failure.
These configurations demonstrated higher energy absorption and improved
ductility, making them an ideal choice for applications requiring enhanced
structural resilience. However, in U-shaped configurations, detachment failure
remained the predominant mode across all strengthening systems (SRG, CFRCM,
and SRP). For SRP systems, the high adhesion of the resin matrix resulted in
detachment involving large portions of the concrete cover and core, demonstrating

the strong bond achieved by this system.

*  The density of the UHTSS textile in SRG systems was found to be a critical factor
influencing performance. High-density textiles (3.14 cords/cm) posed challenges
in mortar penetration, leading to poor adhesion and premature failure under fatigue
loading. In contrast, low-density textiles (1.57 cords/cm) provided better mortar

penetration and adhesion, enhancing the overall performance of the SRG system.

* Under fatigue loading, SRG, SRP, and CFRCM were all effective shear
strengthening systems. For beams with a/d = 2.0, the CFRCM system exhibited
the highest fatigue life, surviving up to 152,654 cycles, followed by the SRP
system with 2165 cycles and the low-density SRG system with 227 cycles. Beams
with a/d = 3.5 showed similar trends, with the SRP and CFRCM systems
consistently outperforming SRG systems. The experimental results also revealed
three distinct phases of fatigue behaviour: an initial rapid degradation stage with
crack formation, a stable phase with slow damage accumulation, and a final stage

of accelerated degradation leading to failure.
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* Predictive models were developed to estimate the shear capacity and fatigue life
of SRG strengthened beams. The proposed model incorporating the influence of
the a/d ratio accurately predicted shear capacity, achieving an average Ve /Vexp
ratio of 0.99 with a standard deviation of 0.15. A fatigue life prediction model for
SRG-strengthened beams based on fracture mechanics was also proposed,

although further validation with additional data is required to confirm its reliability.

* For HPFRC systems, shear strength improvements ranged from 95% to 130%,
with thicker jackets (20 mm) and lower a/d ratios yielding more pronounced
strengthening effects. Under fatigue loading, HPFRC significantly extended
fatigue life, reaching up to 48,786 cycles for beams with a/d = 3.5. The study
developed a fatigue life prediction model based on the maximum fatigue load and
ultimate shear strength under static loading, providing a framework for evaluating

HPFRC systems' durability.

8.1.2 Design Guidelines for the Shear Strength of FRCM

Strengthened Beams

To evaluate predictive models for FRCM systems, a database comprising 218 beams
was established in Chapter 2. This database was used to assess the performance of
seven traditional empirical models, revealing their limited accuracy in predicting the
shear capacity of FRCM-strengthened beams. To address these shortcomings, this
study employed machine learning techniques in Chapter 6 to develop predictive

models.

Unlike traditional regression-based or empirical models, ML algorithms adaptively
learn complex relationships between input variables and shear performance, achieving
significantly higher accuracy and robustness. Using the database and the additional
test results from Chapter 3, nine ML models were developed and evaluated to identify
the most effective algorithm for predicting the shear capacity of FRCM-strengthened
beams. Additionally, tools like SHAP (Shapley Additive Explanations) and PDP
(Partial Dependence Plots) were employed to interpret the ML models, providing
insights into the relative importance of input parameters and the underlying

mechanisms affecting shear capacity.
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In chapter 6, nine ML models—Linear Regression (LR), K-Nearest Neighbour
(KNN), Support Vector Regression (SVR), Artificial Neural Network (ANN),
Decision Tree (DT), Random Forest (RF), Extreme Gradient Boosting (XGBoost),
Light Gradient Boosting (LGBoost), and CatBoost — were introduced to predict the
shear capacity of FRCM-reinforced RC beams using a dataset of 175 samples.
Fourteen input variables, representing structural, material, and reinforcement
properties, were used to construct and evaluate the models. The following main

conclusions can be drawn.

* The results demonstrated the exceptional predictive capabilities of ML models,
with XGBoost achieving the highest accuracy and stability. XGBoost
outperformed other models with a R? of 98.98%, CoV of 9.75%, MAE of 5.36 kN,
and RMSE of 10.07 kN.

* Robustness and stability analyses revealed that XGBoost consistently performed
better than LGBoost and CatBoost. It achieved the highest average R’ (96.97%)
and the lowest CoV (12.41%) across random dataset splits. While LGBoost
offered faster computational times, its predictions were more variable, and

CatBoost, despite its moderate stability, required greater computational resources.

* A comparison with traditional empirical models showed that ML approaches
significantly outperformed these conventional methods. In particular, XGBoost
demonstrated superior predictive accuracy and reduced errors, making it a more

reliable tool for estimating shear capacity.

* SHAP analysis identifies beam depth, concrete compressive strength, and stirrup
reinforcement ratio as paramount influences on shear capacity. Surprisingly,
mortar thickness emerges as a notable factor, despite limited existing research on

its impact.

* PDP analysis shows that in the XGBoost model, the shear strength of FRCM-
strengthened beams significantly increases with by, d, f., while decreasing with
a/d. FRCM parameters (ps, Ey, and ¢,) positively impact shear strength, though

their influence is secondary to beam geometry.

* To bridge the gap between research and practical applications, a user-friendly

graphical user interface (GUI) was developed, enabling engineers and
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practitioners to utilise the optimised ML models for shear strength prediction in

FRCM systems.

8.1.3 Finite Element Analysis for SRG Strengthened Beams

For SRG systems, the finite element analysis in Chapter 7 addresses a critical gap
identified in the literature review. Existing models typically treat the mortar and textile
as a single composite material. However, experimental findings from Chapter 3 reveal
that UHTSS textile density significantly influences the bonding performance of mortar,
a factor not captured by these models. Subsequent model evaluations confirmed that
this approach struggles to simulate premature delamination observed in high-density,

fully wrapped SRG systems.

To overcome this, the proposed model separates the mortar and textile components,
improving the accuracy of the simulations. The results demonstrate the model's
capability to predict both failure modes and the strengthening performance of SRG
systems under practical conditions. The average ratio of numerical to experimental
peak load was 99.6%. Notably, for fully wrapped beams, the model accurately
simulated the stiffness reduction around 70 kN due to minor detachment and replicated
the post-peak behaviour: A-GL-W1 showed a plateau-like response, while A-GH-W 1
exhibited a sudden load drop due to detachment, consistent with experimental data.
For U-shaped SRG beams, the model effectively captured the bilinear detachment-
shear failure mode across all samples. The load prediction error was under 1%, and
displacement error averaged less than 10%, validating the accuracy and reliability of
the enhanced model. These results underscore the robustness of the approach in

replicating the structural behaviour of SRG-strengthened beams.
8.2 Recommendations for Future Work

This study demonstrates that mortar-based composites, particularly SRG and HPFRC
jackets, are highly effective solutions for shear strengthening of reinforced concrete
beams. Building on the findings of this research, several areas warrant further

investigation to deepen understanding and expand the applicability of these materials.

* To minimize interference, no stirrups were placed in the strengthened regions in
this study. However, the interaction between internal reinforcement, such as

stirrups, and external reinforcement, such as mortar-based composite jackets,
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remains insufficiently understood. Future studies should explore how these
reinforcements interact mechanically to contribute to shear resistance, potentially

uncovering synergies that could optimise strengthening designs.

* Detachment failure was the most common failure mode observed in U-shaped
configurations of mortar-based composites, limiting their shear strengthening
effectiveness. Investigating the influence of various anchorage systems, including
variations in anchor geometry, materials, or embedment depth, could help mitigate

detachment failures and improve the performance and reliability of these systems.

e  Current research, including this study, on HPFRC-strengthened RC beams has
been predominantly experimental. Future work should also focus on developing
analytical models to better understand their mechanical behaviour and employing
advanced numerical simulations, such as finite element modelling, to enhance

predictive accuracy and broaden practical applications.

* The performance of mortar-based composites under complex conditions also
merits further exploration. This study examined their behaviour under
conventional conditions at room temperature, but their effectiveness under more
challenging scenarios, such as high temperatures, fire exposure, or corrosive
environments, remains unclear. Extending research to include these conditions
could enhance the resilience and applicability of mortar-based composites in

diverse and demanding engineering contexts.

* Training accurate ML models requires extensive datasets, which are difficult to
generate solely through experimental work. To address this limitation,
mathematical or numerical methods could be used to expand the available data.
For example, the FEA model developed in this study, once validated with
additional experimental data, could generate realistic datasets for ML training,

improving predictive accuracy and robustness.

*  Future research should also focus on optimizing FEA models to better capture the
behaviour of mortar-based composites under varying conditions, such as different
textile densities or adhesive interactions. Further refinements in these models
could provide a more accurate representation of real-world performance,

contributing to better design and analysis practices.
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* Broader applications of mortar-based composites in structural retrofitting should
be investigated, including their use for improving both structural and energy
efficiency in existing concrete or masonry buildings. Evaluating their performance
in real-world engineering projects would provide critical insights into their

practical utility and long-term sustainability.

* The integration of new materials into mortar-based composites presents an
additional opportunity for advancement. Incorporating nanomaterials or ultra-
high-performance additives into the mortar matrix could further improve
mechanical properties, durability, or bonding performance. Research into scalable
production methods for such enhanced composites would be essential to facilitate

their adoption in large-scale construction projects.

*  Further development of new mortar-based composites for application in the shear
strengthening of RC beams should be considered. For instance, combining
UHTSS textiles with HPFRC/UHPFRC warrants investigation to evaluate their
mechanical performance, durability, and bonding characteristics, potentially

unlocking novel strengthening solutions with superior properties.

By addressing these areas, future research can significantly advance the
understanding and application of mortar-based composites, unlocking their full
potential for improving structural resilience and sustainability across a wide range of

engineering applications.
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