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ABSTRACT

WAKIJIRA, TADESSE G., Doctorate: June: 2022,
Doctorate of Philosophy in Civil Engineering

Title:_Application of Steel Reinforced Composites for Strengthening of Reinforced

Concrete Beams and Columns: Experimental, Analytical, Numerical, and Machine

Learning Based Studies

Supervisor of Dissertation: Usama A. Ebead.

The use of steel reinforced composites (SRC) has emerged as a cost-effective
and promising solution for the strengthening of reinforced concrete (RC) structures.
The strengthening system in SRC comprises a unidirectional fabric made of ultra-high
tensile strength galvanized steel cords embedded within an inorganic matrix or
polymeric matrix to form steel reinforce grout (SRG) and steel reinforced polymer
(SRP), respectively. The studies to date have focused primarily on the application of
SRG to flexural deficient RC beams. Moreover, understanding the shear resistance
mechanism of SRG-strengthened RC beams and generally, inorganic composites has
always been a challenging task, and thus, has not yet been fully addressed.

Another important application of SRC is for retrofitting of seismically deficient
RC columns. To assess the performance of RC columns, and control damages under
lateral loads it is critical to properly define the plastic hinge region, which is the region
exposed to maximum plastic deformation. However, accurate determination of the
plastic hinge length (PHL) remains a challenge.

Accordingly, this dissertation is aimed to examine the application of SRC for
strengthening RC beams and columns based on experimental, analytical, numerical,
and machine learning (ML) based studies. With this aim, this dissertation comprised

seven key studies. The application of SRG for strengthening of shear-deficient RC T-



beams is experimentally and analytically investigated, for the first time, in the first
study. The second study investigates the efficacy of SRG for shear strengthening of RC
rectangular beams focusing on the effect of shear span-to-depth ratio. In the third study,
the use of the near surface mounted technique for the SRG system was experimentally
investigated. The fourth and fifth studies present ML-based capacity predictive models
and reliability analysis of RC beams strengthened with inorganic composites in shear
and flexure, respectively. The sixth study numerically explores the application of SRP
for strengthening seismically deficient RC columns and the effects of key design
parameters on SRP-confined columns. Finally, the last study proposed a robust
ensemble ML-based model to predict the PHL of RC columns. The results of the studies
revealed the high potential of SRC for strengthening RC beams and columns. The

results of all seven studies have been published in peer-reviewed journals.
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CHAPTER 1: INTRODUCTION

1.1. Background

Strengthening of civil infrastructures is usually necessary to address
deficiencies caused by various factors such as a change in the use of a structure, material
degradation, lack of proper maintenance, corrosion of reinforcement bars, and
earthquake-induced damage. Several strengthening techniques have been developed to
upgrade or restore the load-carrying capacity of deteriorated and/or deficient reinforced
concrete (RC) structures and extend their life span. Primarily, composites have been
widely used in laboratory and field applications as an effective strengthening and
rehabilitation system because of their favorable properties, including excellent
resistance to corrosion, high strength-to-weight ratio, and speed and ease of installation,
over traditional strengthening techniques [1]. In this context, an external reinforcement
with fiber-reinforced polymer (FRP) is a well-established structural strengthening and
rehabilitation technique. However, because of the presence of epoxy resin, several
drawbacks, including incompatibility with the parent material (e.g., concrete),
susceptibility to deterioration when exposed to humidity or moisture, low fire
resistance, and difficulty to apply at low temperatures, discourage its use [1,2]. In
contrast, fabric reinforced cementitious matrix (FRCM), also identified in the literature
as textile reinforced mortar, was introduced into the construction market in lieu of FRP
to overcome the limitations associated with the latter [2—7], and it has been shown to
be effective for the strengthening of RC structures when used both as externally bonded
(EB) [8-15] and near-surface embedded systems (NSE) [16-19]. The latter was
introduced as an alternative to the conventional EB-FRCM to delay or suppress the
premature FRCM/concrete debonding commonly observed in an EB-FRCM. In

addition, the hybrid NSE/EB system has also been shown to be an effective technique



when large numbers of fabric layers are required [18].

From an economical point of view, the fibers and fabrics used in both FRP and
FRCM composites are quite expensive. Recently, the increasing interest in the
development of cost-effective and efficient strengthening solutions has led to the
introduction of an innovative composite referred to as steel reinforced composite (SRC)
as an alternative to FRP and FRCM. An SRC makes use of steel in lieu of other
composite fibers used in FRP or FRCM (such as glass, carbon, and polyparaphenylene
benzobisoxazole (PBQO)) [20]. The strengthening system in SRC comprised a
unidirectional fabric made of ultra-high tensile strength galvanized steel cords fixed to
a fiberglass micromesh to facilitate the installation. The steel fabric can be obtained in
different densities based on the number of steel wires distributed in the fabric, and can
also be embedded within either a polymeric matrix to form a steel reinforced polymer
(SRP) composite or geo-mortar to form a steel reinforced grout (SRG) composite.

A state-of-the-art review of the application of SRP for the strengthening of RC
and masonry structures was reported by De Santis et al. [20]. This review indicated that,
typically, SRP provided a comparable or even better enhancement than FRP in the
structural performance of strengthened beams in bending or confinement of columns
[20]. In addition, at the material level, the SRP composite exhibited comparable or
better tensile and bond behavior compared to FRP composites [20]. However, Prota et
al. [21] compared SRP and carbon FRP for flexural strengthening of RC beams, and
reported that SRP exhibited a smaller gain in the ultimate strength (approximately 10%)
compared to carbon FRP, but a greater ultimate deflection (approximately 24%).

The use of inorganic matrix in SRG instead of epoxy adhesives in SRP offers
advantages such as compatibility with the substrate (e.g., masonry, concrete), ease of

application on a wet surface or at low temperature, improved fire resistance, and a



further reduction in cost [2]. Previous experimental results indicated that SRG can be
effectively used for the strengthening of RC beams [22-26], confinement of
substandard concrete columns and concrete cubes/cylinders [27-29], and masonry
structures [30,31]. Regarding SRG-strengthened RC beams, the experimental studies
to date have focused primarily on their flexural strengthening both experimentally
[24,25] and analytically [32]. Therefore, it is vital to investigate the application of SRG
for the strengthening of shear-deficient RC beams.

One of the important factors that influence the shear capacity of RC beams is
the shear span-to-depth (a/d) ratio. Several studies have reported on the influence of the
a/d ratio on the behavior of FRP-strengthened RC beams; however, they reported
contradicting results. Bousselham and Challal [33] reported that the shear capacity
provided by FRP is higher for deep beams than that for slender beams on the basis of
test results for RC beams strengthened with carbon FRP in shear. In another study [34],
the same authors reported that the increase in the shear capacity of beams attributed to
FRP strengthening was substantial in slender beams, whereas it was quite modest in
deep beams. Nguyen-minh et al. [35] reported that the efficacy of FRP U-wraps
significantly increased with an increase in a/d ratio based on the test results of shear-
strengthened RC beams with carbon and glass FRPs. In a similar study, Dias and Barros
[36] reported that the efficacy of the near-surface mounted FRP increased with
increasing beam depth. Li et al. [37] reported that the shear capacity provided by the
carbon FRP was highest in strengthened beams with medium a/d ratios followed by
beams with large a/d ratios, while it is the least in strengthened beams with small a/d
ratios. For FRCM-strengthened beams, Tetta et al. [38] reported that the a/d ratio has
no effect on the shear contribution of FRCM. These contradicting observations show

that further studies are required to fully understand the shear behavior of strengthened



beams with varying a/d ratios. Moreover, there is no study devoted to the influence of
a/d ratio on the behavior of RC beams strengthened in shear with SRG.

The failure of EB-FRCM strengthened beams is mostly attributed to FRCM
debonding [8,18,39-41]. This type of failure limits the strength of the composite. In
contrast, recent studies have demonstrated that the use of the NSE and hybrid NSE/EB
techniques can be an effective approach to improve the concrete/FRCM bond, thereby
delaying or precluding the undesired premature debonding observed in the EB
technique [16-18,42]. As a result, the use of these techniques yielded better utilization
of the FRCM composite [16-18,42]. The NSE technique also provides protection for
the strengthening material, unlike the EB technique where the material is exposed to
weather conditions and is also susceptible to fire and vandalism. This technique
provides similar advantages as that of the near surface mounted technique for FRP in
which the FRP reinforcement bars or strips are embedded in a narrow slit of grooves
made on the concrete cover [43-45]. Therefore, it is important to investigate the use of
the NSE technique for SRG-strengthened beams. Moreover, accurate determination of
the shear capacity of the strengthened beams is imperative for achieving a safe and
economic design. Thus, it is vital to propose an accurate and reliable predictive model
for RC beams strengthened with SRG and inorganic composite in general.

One other important application of SRC is retrofitting of seismically deficient
RC columns and bridge piers, which are key structural members resisting the gravity
and lateral loads in RC buildings and bridges; thus, dictating the overall performance
of the structure. Bridges are important components of the transportation system, sustaining
economic growth, social well-being, and logistics of modern communication [46]. The
safety and serviceability of bridges are therefore paramount. Yet, most existing RC bridges

were built before the 1980s, prior to modern seismic-oriented design philosophies.



Likewise, such bridges were generally designed for gravity loads and their structural
performance would be inadequate during seismic events [47,48]. This is often compounded
by poor structural detailing and quality control, and the use of low-strength materials
[49,50], which makes bridge piers susceptible to deteriorate at relatively low drift levels
[51]. The wvulnerability of bridge piers has also been found to strictly correlate to
unbalanced flexural-shear resistance, particularly for short piers [52]. Previous
experimental studies have shown that the seismic performance of bridge piers depends on
several factors, including the pier aspect ratio (H/d) [53-56], properties of steel
reinforcement bars [57], properties of concrete, transverse reinforcement ratio
[54,55,58,59], longitudinal reinforcement ratio [55], axial load level [54,55,58-62], and
geometry of the pier [63]. However, there is a dearth of studies that explored the combined
effects of and interactions between different factors on the bridge pier performance under
seismic loads [49,64]. Parghi and Alam [64] reported that the volume fraction of internal
transverse reinforcement had an insignificant influence on the lateral load-carrying capacity
of the piers [64]. In contrast, Yeh et al. [54] reported that the increase in the internal
transverse reinforcement ratio increased both the strength and ductility of bridge piers
based on experimental results of RC piers with varying H/d ratios of 3.0, 3.6, and 4.3.
Similar results have been reported by others [58,59]. One other key parameter influencing
the performance of bridge piers is the level of concrete confinement [65]. Therefore, there
is a need to provide a more detailed analysis of the conditions and reasons for the
observations above, while the effects of different design parameters on the seismic
performance of rectangular section piers still need concerted research efforts. Moreover, to
the best of the author’s knowledge, the study on the main effect and interaction effects
of different design parameters on the seismic response of SRP-confined RC columns
has not been reported.

During extreme loads such as seismic events, RC columns experience



significant plastic deformation [50]. These plastic deformations are localized in the
small regions with high moment demand at column ends, commonly known as the
plastic hinge zones [66]. The seismic response of critical members is thus highly
dependent on its deformation capacity in the plastic hinge zone [66] where the extent
of the damage is defined by the plastic hinge length (PHL). The plastic hinge length of
RC columns is dependent on various factors including concrete strength [67,68], axial
load level [69-72], longitudinal reinforcement ratio [68,73,74], yield strength of
reinforcement bars [75], confinement level [68,71,76-78], and aspect ratio [71,73,79].
However, due to several factors including the nonlinearity of material response, strain
penetration, and interaction of independent variables, determining the plastic hinge
length accurately is still remaining a challenge [80]. In the past decades, several
empirical models have been proposed to estimate the PHL of RC members. However,
there exists a large scatter and uncertainty in the estimation of the PHL. One of the
causes for the discrepancy in the existing models is related to the selection of the
significant parameters determining the PHL. There is a lack of consensus on the
importance of various factors in determining the PHL. Sheikh and Khoury [81]
proposed a simple equation for determining the PHL of RC columns subjected to high
axial loads as a function of the cross-sectional depth, ignoring all other factors. Mendis
[73] and Park et al. [82] reported that the PHL is insensitive to the axial load level. In
contrast, other researchers (e.g. [69,70]) reported an increase in the PHL with an
increase in the axial load level. According to Bae and Bayrak [71], the PHL increases
with an increase in the axial load level for axial load levels greater than or equal to 0.20;
however, it is constant as 0.25 times the section depth (0.25h) for low axial load level,
less than 0.20. Babazadeh et al. [83] investigated the effect of slenderness on the PHL

based on experimental results of three large-scale RC slender bridge piers with aspect



ratios up to 12. They reported that the existing models and design guides underestimate
the PHL of slender columns. Ho [68] introduced the effect of transverse reinforcement
ratio on the PHL, in addition to the axial load ratio, compressive strength of concrete,
reinforcement ratio and yield strength of longitudinal bars, and cross-sectional depth of
the member. In addition to the contradictory reports on the significant effect of different
factors on the PHL, the existing models are mainly derived empirically based on limited
experimental results, which often limits the accuracy of the models [84]. Thus, the use
of an alternative and more powerful modelling approach should be considered.
Recently, machine learning (ML) algorithms, a subset of artificial intelligence,
have emerged as a powerful technique to solve different civil engineering problems
[85-95]. This is attributed to their ability to estimate the relationship between the
factors and the response parameter (s) without the requirement for prior assumptions of
the underlying mathematical and physical models, contrasting to most empirical models
[96]. Some of the applications of ML techniques reported in the literature include the
prediction of mechanical properties of concrete [86,88-90], load capacity and failure
modes of RC columns and walls [91,97,98], shear [99-104] and torsional [105]
capacities of RC beams, and seismic damage assessment of RC buildings and bridges
[106-108]. Moreover, successful applications of different ML techniques such as
genetic algorithm (GA) and artificial neural network (ANN) have been reported in the
literature to estimate the load capacity of FRP-strengthened RC beams [109-112].
Perera et al. [109] applied ANN and GA to estimate the shear capacity of RC beams
strengthened with externally bonded (EB) FRP. The predicted shear capacities of the
strengthened beams were in acceptable agreement with the corresponding experimental
results. They investigated the effects of the beam cross-sectional dimensions, modulus

of elasticity of the FRP, yield strength of steel reinforcement, areas of steel



reinforcement and FRP, inclination of the principal FRP fibers, and concrete
compressive strength. A dataset comprised of only 46 RC beams strengthened with EB-
FRP was considered in the developed models [109]. Tanarslan et al. [110] developed
an ANN model based on a larger database of 84 specimens to estimate the shear
capacity of RC beams strengthened with EB-FRP. Moreover, they considered the
effects of the shear span-to-depth ratio and different strengthening configurations for
the first time [110]. It was concluded that the developed model resulted in a higher
prediction capability compared to the existing code equations. Similarly, other studies
showed the efficacy of ML-based models for estimating the shear capacity of RC beams
strengthened with EB-FRP sheets [110,112] and near surface mounted FRP rods [111].
Despite their great capability and promising results, the literature lacks the application
of ML techniques to RC beams strengthened with SRG and inorganic composites in
general. Moreover, it is vital to investigate the application of ML techniques to estimate

the PHL of RC columns and bridge piers.
1.2. Research Objectives and Significance

The use of steel reinforced composites, particularly, SRG has emerged as a
promising technique for the strengthening and retrofitting of RC structures, however,
the experimental evidence focused primarily on their application to flexural-deficient
RC beams. One of the important factors that influence the efficacy of the strengthening
system in shear deficient RC beams is the a/d ratio. However, no study devoted to the
influence of a/d ratio on the behavior of RC beams strengthened in shear with SRG has
been reported. Moreover, the use of the conventional EB technique limits the utilization
of the strengthening system due to the premature debonding failure. Thus, it is
important to investigate an alternative technique for the application of the strengthening

system.



The other important application of SRC is for retrofitting of seismically
deficient RC columns, which are key structural members resisting the gravity and
lateral loads in RC buildings and bridges; thus, dictating the overall performance of the
structure. However, to the best of the author’s knowledge, the study on the main effect
and interaction effects of different design parameters on the seismic response of SRP-
confined RC columns has not been reported. To assess the performance of RC columns
and bridge piers, and control damages under lateral loads it is critical to properly define
the plastic hinge region, which is the region exposed to maximum plastic deformation.
However, accurate determination of the plastic hinge length remains a challenge.

Accordingly, this dissertation is aimed to examine the application of SRC for
strengthening RC beams and RC columns based on experimental, analytical, numerical,
and machine learning based studies. The specific objectives of this dissertation are as
follows:

a) Investigate the structural performance of SRG-strengthened RC beams
critical in shear based on an extensive experimental program that
comprised tests on thirty-three (33) shear-deficient RC beams.

b) Investigate the effect of different factors (e.g., fabric density, bond
scheme, strengthening configuration, and SRG/stirrups interaction) on
the shear strengthening performance of the SRG system.

c) Investigate the influence of the shear span-to-depth ratio on the shear
behavior of slender and deep RC beams strengthened with SRG.

d) Propose an analytical procedure for predicting the shear capacity of RC
beams strengthened with SRG.

e) Investigate the use of the NSE technique for the SRG system and

compare its performance with that of the conventional EB technique.



f) Propose ML-based accurate and reliable models for predicting the shear
and flexural capacities of RC beams strengthened with SRG and
inorganic composites in general.

g) Explore the effects of key design parameters and their interactions on
the performance of seismically deficient rectangular cross-section RC
bridge piers strengthened with SRP.

h) Propose an accurate and reliable ML-based model for predicting the
PHL of rectangular RC columns and investigate the influence of

different factors that influence the PHL.
1.3. Outline of the Dissertation

Considering the objectives of this study discussed above, the dissertation
comprised three main parts, as shown in Figure 1.1. The first part deals with the
experimental and analytical investigations of the application of SRG for strengthening
of RC beams in shear. An extensive experimental program that comprised tests on
thirty-three (33) shear-deficient RC beams was used to experimentally investigate the
efficacy of SRG for strengthening of RC beams in shear. The second part focused on
the application of machine learning for predicting the shear and flexural capacities of
RC beams strengthened with SRG and inorganic composites in general. Finally, the
third part deals with the application of steel reinforced composite, particularly, SRP for
retrofitting RC columns and determining the plastic hinge length of RC columns using

machine learning techniques.
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Grt I: Application of SRG for Strengthening of Shear-Critical \
Reinforced Concrete Beams: Experimental and Analytical Studies

e Study 1: Experimental and Analytical Studies on Strengthening of
RC T-Beams in Shear Using Steel Reinforced Grout (SRG)

e Study 2: Shear Span-to-Depth Ratio Effect on Steel Reinforced Grout
Strengthened Reinforced Concrete Beams

e Study 3: Strengthening of Reinforced Concrete Beams in Shear

\ Using Different Steel Reinforced Grout Techniques /
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Part II: Application of Machine Learning for Predicting the
Capacity of RC Beams Strengthened with Inorganic Composites

e Study 4: Machine Learning-Based Shear Capacity Prediction and
Reliability Analysis of Shear-Critical RC Beams Strengthened with
Inorganic Composites

e Study 5: Explainable Machine Learning Model and Reliability
Analysis for Flexural Capacity Prediction of RC Beams Strengthened

\ in Flexure with Inorganic Composites /

~ Z

/Part II1: Application of Steel Reinforced Composites for Seismic
Retrofitting of RC Columns and PHL of RC Columns

e Study 6: Fractional Factorial Design Model for Seismic Performance

of RC Bridge Piers Retrofitted with Steel Reinforced Composite
e Study 7: Plastic Hinge Length of Rectangular RC Columns Using

\ Ensemble Machine Learning Model /

Figure 1.1. Outline of the dissertation body.
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Chapter 2 (Study 1, 2, and 3) reports on the experimental and analytical studies on

strengthening of RC beams in shear using steel reinforced grout.

Chapter 3 (Study 4 and 5) proposes machine learning based predictive models and

reliability analysis for shear capacity of RC beams strengthened in shear with inorganic

composites, and explainable machine learning models and reliability analysis for
flexural capacity prediction of RC beams strengthened in flexure with inorganic
composites.

Chapter 4 (Study 6) investigates the main and interaction effects of different design

parameters on the seismic response of RC bridge piers retrofitted with steel reinforced

composite.

Chapter 5 (Study 7) proposes machine learning based predictive models for plastic

hinge length of RC columns.

Chapter 6 provides the final conclusions based on the outcomes of this dissertation and

recommendations for future studies.

All studies have been published in different journals such as Composites Part

B: Engineering, Engineering Structures, Case Studies in Construction Materials, and

Journal of Structural Concrete, as listed below.

[1] Wakjira TG, Ebead U. Experimental and analytical study on strengthening of
reinforced concrete T-beams in shear using steel reinforced grout (SRG).
Composites Part B: Engineering 2019;177:107368.
https://doi.org/10.1016/j.compositesb.2019.107368.

[2] Wakjira TG, Ebead U. Shear span-to-depth ratio effect on steel reinforced
grout strengthened reinforced concrete beams. Engineering Structures
2020;216:110737. https://doi.org/10.1016/j.engstruct.2020.110737.

[3] Wakjira TG, Ebead U. Strengthening of reinforced concrete beams in shear
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using different steel reinforced grout techniques. Structural Concrete
2021;22:1113-27. https://doi.org/10.1002/suc0.202000354.
Wakjira TG, Ebead U, Alam MS. Machine Learning-Based Shear Capacity

Prediction and Reliability Analysis of Shear-Critical RC Beams Strengthened

with Inorganic Composites. Case Studies in Construction Materials 2022; 16:

e01008. https://doi.org/10.1016/j.cscm.2022.e01008.
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Wakjira TG, Nehdi ML, Ebead U. Fractional factorial design model for seismic

performance of RC bridge piers retrofitted with steel-reinforced polymer
composites. Engineering Structures 2020;221:111100.
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Wakjira TG, Alam MS, Ebead U. Plastic hinge length of rectangular RC
columns using ensemble machine learning model. Engineering Structures
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CHAPTER 2: EXPERIMENTAL AND ANALYTICAL STUDY ON
STRENGTHENING OF REINFORCED CONCRETE T-BEAMS IN SHEAR

USING STEEL REINFORCED GROUT
2.1. Introduction

This chapter aims to investigate the structural performance of steel reinforced
grout (SRG)-strengthened reinforced concrete (RC) beams critical in shear based on an
extensive experimental program. The experimental campaign comprised a total of
thirty-three (33) RC beams deficient in shear. In addition, an analytical procedure based
on the simplified modified compression field theory (SMCFT) has been proposed to
predict the shear capacity of SRG-strengthened RC beams. A total of three studies have
been conducted in this chapter:

Study 1: Experimental and analytical study on strengthening of reinforced concrete T-
beams in shear using steel reinforced grout.

[1] Wakjira TG, Ebead U. Experimental and analytical study on strengthening of
reinforced concrete T-beams in shear using steel reinforced grout (SRG). Composites
Part B: Engineering 2019;177:107368.

https://doi.org/10.1016/j.compositesh.2019.107368.

Study 2: Shear span-to-depth ratio effect on steel reinforced grout strengthened
reinforced concrete beams.

[2] Wakjira TG, Ebead U. Shear span-to-depth ratio effect on steel reinforced grout
strengthened reinforced concrete beams. Engineering Structures 2020;216:110737.

https://doi.org/10.1016/j.engstruct.2020.110737.

Study 3: Strengthening of reinforced concrete beams in shear using different steel

reinforced grout techniques.
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[3] Wakjira TG, Ebead U. Strengthening of reinforced concrete beams in shear using
different steel reinforced grout techniques. Structural Concrete 2021;22:1113-27.

https://doi.org/10.1002/suc0.202000354.
2.2. Description of Experimental Program

The experimental campaign comprised a total of thirty-three (33) RC beams
deficient in shear grouped into three sets. In the first set of the experimental program,
eleven (11) shear-deficient RC T-section beams are included, while the second and third
sets of the experimental program comprised a total of twenty-two (22) shear-deficient
rectangular beams. A detailed discussion on the specimen properties, strengthening
system, and test setup is presented in this section.

2.2.1. Material characterization

The test beams were cast using a single batch of ready-mixed concrete with a
water-to-cement ratio of 0.45. The average compressive strength (f;) of the concrete
was 34 MPa (SD = 1.2 MPa), which was obtained from direct compression tests
conducted on eight concrete cylinders (100 mm diameter and 200 mm height) as per
ASTM C39/C39M [113] on the day of beam testing. Longitudinal and transverse
reinforcement (outside the test region) was provided by BS 4449:2005 [114] Grade
500B steel deformed bars. The test beams were under-reinforced in shear within the
test region to promote shear failure prior to flexural failure. Two different sizes of
stirrups were used for the T-beams (6 mm diameter bars within the test region for beams
reinforced in shear within the test region and 8 mm diameter stirrups outside the test
region). The longitudinal compressive and tensile reinforcement bars used in T-section
beams were 20 mm and 25 mm diameter deformed bars, respectively. For the
rectangular section beams, both longitudinal compressive and tensile reinforcements

used 25 mm diameter deformed bars. The average mechanical properties of the
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reinforcement bars were determined based on tensile tests conducted on five samples

for each bar diameter, and the results are presented in Table 2.1.

Table 2.1. Properties of the steel reinforcement bars

Diameter Yield Tensile Elastic Yie!d
(mm) strength strength modulus strain
(MPa) (MPa) (GPa) (%)
D6 234 420 207 1.17
D8 535 610 207 0.258
D16 562 633 241 0.233
D20 584 659 216 0.269
D25 588 673 244 0.241

The SRG composite used for the shear strengthening was composed of steel
fabrics embedded within the associated geo-mortar. The steel fabrics were made of
ultra-high tensile strength (UHTS) galvanized steel 3 x 2 cords obtained by assembling
five filaments, of which three were held straight and two wrapped with a high torque
angle around the straight filaments, as shown in Figure 2.1a. The steel cords were fixed
to a fiber glass micro mesh to facilitate the installation as shown in Figure 2.1b and c.
Two different types of commercially available steel fabrics were used in the SRG
composite known by their commercial names as GeoSteel G600 (Figure 2.1b) and
GeoSteel G1200 (Figure 2.1c), indicating the approximate fiber weight in g/m2. The
latter has 3.14 cords/cm, while the former has 1.57 cords/cm. In this study, these fabrics

are considered as low-density and high-density fabrics, respectively.
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3x2

(a) (b)
Figure 2.1. Steel cords (a) and steel fabrics: low-density fabrics, G600, (b) and high-

density fabrics, G1200, (c).

Table 2.2 presents the geometric and average mechanical properties of the steel
fabrics and the associated geo-mortar. The area of the steel fibers per unit width was
0.084 mm and 0.169 mm for the low- and high-density fabrics, respectively [115], as
listed in Table 2.2. The steel fibers had the tensile strength, elastic modulus, and
ultimate strain of 3 GPa, 190 GPa, and 2.0%, respectively [115], as listed in Table 2.2.
The steel fabrics were embedded within a manufacturer recommended eco-friendly
thixotropic mineral mortar, so-called Geolite [115]. The average 28 d tensile strength
of the matrix was 8 MPa, while its compressive and bond strengths were 50 MPa and 2
MPa, respectively, as supplied by the manufacturer [115]. The test on the steel fabrics
showed an average tensile strength of 3134.4 MPa and an elastic modulus of 183.5 MPa
[31]. Moreover, the SRG composite has an average modulus of elasticity of 168 GPa

as obtained from the tensile tests on SRG coupons [31].
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Table 2.2. Properties of the steel fabrics and the associated mortar

Properties G600 G1200 Geo-mortar
Equivalent thickness (mm) 0.084 0.169 —
Area of cord (mm?) 0.538 0.538 -
Fiber weight (g/m?) 600 1200 —
Density (cords/cm) 1.57 3.14 -
Tensile strength (MPa) 3000 3000 8
Modulus of elasticity (GPa) 190 190 22
Ultimate break wrap (%) 2 2 —
“Compressive strength (MPa) - - 50
“Bond strength (MPa) - - 2

“Average of 28 days’

2.2.2. Fabrication of test specimens

2.2.2.1. T-section beams
Figure 2.2a—d show the geometric and reinforcement details of the T-section
beams. The beams had an overall length of 2550 mm and web and flange cross-sectional
dimensions of 180 x 300 mm and 450 x 100 mm, respectively. The test beams were
under-reinforced in shear within the test region to promote shear failure prior to flexural
failure. The internal transverse reinforcement within the shear span was comprised of
either none, 6 mm steel stirrups spaced at 300 mm, or 6 mm steel stirrups spaced at 150

mm, as shown in Figure 2.2a—d.
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Figure 2.2: Beam longitudinal and transverse reinforcement: (a) Group-1; (b) Group-2;

(c) Group-3; and (d) cross-sectional detail outside the test region (units: mm).
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2.2.2.2. Rectangular section beams

The rectangular section beams have an overall length of 2550 mm and a
rectangular cross-section of 180 mm x 400 mm (width x depth), as shown in Figure
2.3a. The flexural reinforcement comprises five D20 bars at the bottom and two D20
bars at the top of the beam (Figure 2.3a). The internal transverse reinforcement
comprises D8 stirrups with 75 mm spacing outside the shear span. The beams were
under reinforced in shear; that is, no shear reinforcement was used in the critical shear
span. Four different shear span-to-depth (a/d) ratios were considered, specifically, a/d
= 3.10 (a = 1035 mm, Figure 2.3a) and a/d = 2.60 (a = 870 mm, Figure 2.3b), both
representing slender beams; and a/d = 2.10 (a = 700 mm, Figure 2.3c) and 1.60 (a =

535 mm, Figure 2.3d), both representing deep beams.
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Figure 2.3: Rectangular beam detail: Longitudinal detail (a)—(d), cross-sectional detail

outside the critical shear span (e), (all dimensions are in mm).

2.2.3. Test matrix and investigated parameters
As discussed earlier, a total of thirty-three (33) beam specimens with either a

rectangular section or T-section are included in the experimental campaign.

2.2.3.1.  Study 1: Experimental and analytical study on strengthening of reinforced
concrete T-beams in shear using steel reinforced grout

The first study investigated the structural performance of T-section RC beams
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strengthened with externally bonded (EB) SRG, for the first time. The test parameters
investigated were as follows: (a) steel fabric density, (b) bond scheme, and (c) amount
of internal shear reinforcement within the critical shear span, SRG/stirrups interaction.
For this purpose, an experimental investigation has been conducted on eleven RC T
cross-section beams. Eight of the beams were strengthened by two layers of EB-SRG
system, and three, which were unstrengthened, were used as reference specimens. The
test matrix for the first study is presented in. The specimens were categorized into three
groups based on the amounts of stirrups within the shear span, as presented in Table
2.3.

Group-1 beams have no stirrup (Figure 2.2a), whereas Group-2 (Figure 2.2b)
and Group-3 (Figure 2.2c¢) specimens are reinforced with 6 mm-diameter double-legged
stirrups spaced at 300 mm and 150 mm, respectively. Outside the test region, the
internal shear reinforcement comprised 8 mm double-legged stirrups placed at 75 mm
center-to-center (c/c), as shown in Figure 2.2a—d. The flexural reinforcement comprised
five 25 mm-diameter bars in two layers at the bottom and six 16 mm-diameter bars in
one layer in the flange, as shown in Figure 2.2d.

The specimens differed from each other by the test variables as follows:

a) Density of the steel fabrics: Low density (1.57 cords/cm) and high density (3.14
cords/cm) steel fabrics;

b) Bond scheme: Strengthening can be performed in side bonded, U-jacketing, or
complete bond schemes. However, the use of a complete/full bond scheme is
not feasible in beams because of the presence of concrete slabs [5]. Therefore,
the first two types of bond schemes, namely side bonded and U-wrapped

schemes were adopted in this study; and
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¢) Amounts of stirrups within the shear zone: Three different amounts of stirrups
(without stirrup, ¢6 c/c 300, and ¢6 c/c 150 mm) are used for the specimens

strengthened with U-jacketing to study the SRG/stirrups interaction.

Table 2.3. An experimental program for Study 1

Stirrups within the test region
Fabric density, Bond scheme

None $6 c/c 300 $6 c/c 150
(Group-1) (Group-2) (Group-3)
Reference (unstrengthen) Bl B2 B3
L,U B1-U-L B2-U-L B3-U-L
H, U B1-U-H B2-U-H B3-U-H
L,S B1-S-L - -
H, S B1-S-H — -

S for side bonded; U for U-wrap; L for low density; H for high density.

As presented in Table 2.3, the reference beams and the strengthened beams are
labeled as BW and BW-X-Y, respectively, where “B”- stands for beam; “W”- refers to
the specimen group (1, 2, and 3 in Table 2.3), “X”- denotes the bond scheme (“S”- for
side bonded, “U”- for U-jacketing); and “Y”- corresponds to the fabric density (“L”-
for low-density fabrics, “H”- for high-density fabrics). Therefore, for instance,
Specimen B1-U-H is a Group-1 beam (without stirrup) strengthened with U-wrapped
SRG comprising high-density steel fabrics
2.2.3.2. Study 2: Shear span-to-depth ratio effect on steel reinforced grout

strengthened reinforced concrete beams

This study further investigated the potential application of SRG as shear
strengthening of deficient RC beams and for the first time examined the influence of
the critical shear span-to-effective depth (a/d) ratio on the shear behavior of both deep
and slender beams strengthened with SRG. For this purpose, an experiment was

conducted on 12 shear-critical rectangular RC beams, as presented in Table 2.4.
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The primary test parameter was the influence of a/d ratio on the performance of
SRG-strengthened beams in shear. Four different a/d ratios were considered,
specifically, a/d = 3.10 and a/d = 2.60, both representing slender beams; and a/d = 2.10
and 1.60, both representing deep beams. Thus, the effectiveness of SRG for the shear
strengthening of both slender and deep beams was investigated in this study. The
second test parameter was the density of the steel fabrics (1.57 and 3.14 cords per
centimeter). The test specimens were grouped into four series (S1: a/d = 3.10; S2: a/d
= 2.60, S3: a/d = 2.10, and S4: a/d = 1.60) on the basis of their span-to-depth ratio, as
shown in Figure 2.3a—d and Table 2.4. Each series was composed of one reference

beam, without SRG strengthening, and two beams strengthened in shear with SRG.

Table 2.4. An experimental program for Study 2

Beam ID Beam series Fabric density

Series 1 (a/d = 3.10)

BS1 S1 -
BS1-L S1 Low
BS1-H S1 High
Series 2 (a/d = 2.60)

BS2 S2 -
BS2-L S2 Low
BS2-H S2 High
Series 3 (a/d = 2.10)

BS3 S3 -
BS3-L S3 Low
BS3-H S3 High
Series 4 (a/d = 1.60)

BS4 S4 -
BS4-L S4 Low
BS4-H S4 High

The specimens were identified using the “BSi-Y” label, where BS stands for

beam series, the numeral i shows the beam series number, and Y stands for the SRG
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fabric density (“L” for low-density fabrics with 1.57 cords per cm density, and “H” for
high-density fabrics with 3.14 cords/cm density), as listed in Table 2.4. Only the first
two characters with beam series number are used for the reference beams, as presented
in Table 2.4. For instance, Specimen BS1-H features a/d = 3.10 and is strengthened

with high-density SRG fabrics.

2.2.3.3. Study 3: Strengthening of reinforced concrete beams in shear using
different steel reinforced grout techniques

In the third study, the use of the NSE technique for the SRG system was
investigated, for the first time, and its performance was compared with that of the
conventional EB technique. For this purpose, thirteen full-scale rectangular RC beams
with identical geometry and internal reinforcement (Figure 2.3b) were constructed and
tested. Twelve beams were strengthened in shear with different SRG systems applied
using either the EB or NSE technique, whereas one beam was used as a reference. The
beams were under reinforced in shear; that is, no shear reinforcement was used in the
critical shear span of 0.87 m, as shown in Figure 2.3b and Figure 2.4a.

The beams were designed to study the effect of the following parameters:

(1) Steel fabric density (1.57 cords/cm and 3.14 cords/cm),

(2) Presence of a U-wrap scheme,

(3) SRG strengthening amounts in a continuous SRG strip (Figure 2.4b) or
discontinuous 190 mm wide strips with 100 mm clear spacing (Figure 2.4c), and

(4) Type of strengthening technique (EB versus NSE for discontinuous

configuration).
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Figure 2.4: Details of tested beams in Study 3 (dimensions in mm).

The test beams and the test parameters are listed in Table 2.5. The reference
beam is labeled as R. The strengthened beams are identified using the notation VWXY':
V denotes the strengthening technique, where “E” and “N” represent EB-SRG and
NSE-SRG, respectively; W denotes the geometric configuration, where “C” and “D”
represent continuous and discontinuous configurations, respectively; X denotes the
strengthening scheme, where “U” and “S” represent U-jacket and side bonded,
respectively; and Y denotes the density of the steel fabrics, where “H” and “L” represent
high-, and low-density fabrics, respectively, as presented in Table 2.5. For instance,
ECUH stands for the specimen strengthened with an externally bonded continuous U-
jacket of SRG made of high-density steel fabrics. It is worth mentioning here that three

of the specimens are taken from Study 2, as listed in Table 2.5.
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Table 2.5. Details of the tested beam specimens in Study 3

SRG configuration, fabric

Beam ID Technique Strengthening scheme density
R Reference - -
ECUH EB U-wrap C,H
ECUL EB U-wrap C, L
EDUH EB U-wrap D, H
EDUL EB U-wrap D, L
EDSH EB Side bonded D,H
EDSL EB Side bonded D, L
ECSH EB Side bonded C,H
ECSL EB Side bonded C, L
NDUH NSE U-wrap D, H
NDUL NSE U-wrap D, L
NDSH NSE Side bonded D,H
NDSL NSE Side bonded D, L

@ Specimens included in Study 2.

2.2.4. Strengthening procedures

The beams in Study 1 were strengthened with the EB-SRG either on the lateral
sides or applied in the U-shape around the web of the beam. The beams in Study 2 were
strengthened with EB-SRG applied in the side bonding scheme, while beams in Study
3 were strengthened with either EB-SRG or NSE-SRG applied in either side bonding
scheme or U-wrapped scheme.

The strengthening system for all strengthened beams utilized two layers of
unidirectional steel fiber sheets in the SRG composite. In the EB-SRG, the concrete
surface was sandblasted and roughened prior to the installation of the SRG, unlike the
NSE-SRG that does not require surface preparation owing to the inherited roughened
surface due to removing the concrete cover during creating the grooves.

Figure 2.7a—c and Figure 2.6a—c show the relevant steps related to the

application of SRG for the EB-SRG and NSE-SRG strengthened rectangular beams,
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respectively. The SRG composite in the NSE-SRG system is installed into pre-cut
grooves opened on the concrete cover of the lateral faces and/or bottom face of the
beam. The strengthening procedure was: 1) the surfaces of the beams were sandblasted
and prepared for the EB-SRG strengthened beams; 2) the prepared surface in the EB-
SRG and prepared grooves in the NSE-SRG beams are further cleaned and dampened
with water; 3) first coat of 4 mm thick geo-mortar is applied on the prepared surface
and grooves as per manufacturers’ recommendation [115], as shown in Figure 2.5a for
the EB-SRG and Figure 2.6a for the NSE-SRG; 4) the steel fabrics are cut as per the
desired size, installed and fully impregnated with the matrix, as shown in Figure 2.5b;
5) the second coat of 4 mm thick matrix and second fabric layer installed and fully
impregnated with the underlying mortar layer, as shown in Figure 2.6b for the NSE-
SRG; 6) the final fabric layer is covered with the mortar (4 mm thick) and finished
(Figure 2.5c and Figure 2.6c); 7) the specimens cured for at least 28-days before testing.

Similarly, Figure 2.7 shows the strengthening procedure for the T-section beams.

(a) Application of first mortar layer
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(b) Installation of first fabric layer and impregnation with an underlying

mortar layer

(c) Finished surface

Figure 2.5: Application of EB-SRG strengthening for rectangular section beams.

(a) Application of geo-mortar in the (b) Steel fabrics being installed and

prepared groove impregnated with the matrix

(c) Final finished surface

Figure 2.6: Application of the SRG composite for the NSE-SRG.
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(a) Bonding the first layer of the steel (b) Application of final mortar layer and
fabrics and impregnating with the surface finishing

matrix

(c) Final finished surface

Figure 2.7: Strengthening procedures for T-section beams.

2.2.5. Test program and instrumentation

The experimental setup for beam testing and the instrumentation used during
the test are shown in Figure 2.8. The test beams were loaded in a three-point bending
apparatus using the displacement control protocol at a loading rate of 0.25 mm/minute.
The load was applied using an Instron 1500HDX static universal testing machine with
a maximum load capacity of 1500 kN and a maximum stroke of 150 mm. The test
specimens were instrumented to monitor different parameters. The reaction at each
support is measured using load cells installed under the beam at each support. The
displacement under the loading point was monitored using two linear variable
displacement transducers positioned under the point of load application on both sides
of the beam. Strain gauges were used to measure the compressive strains in concrete

and tensile strains in the internal reinforcement steel bars.
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For the T-section beams reinforced internally with stirrups, Figure 2.9a—c show
the location of the strain gauges used to monitor the strains in the stirrups. For Group-
2 and Group-3 specimens, the stirrups within the test region were instrumented with
strain gauges (S1, S2, S3, S4, and S5) at their mid-height to monitor the strains
developed in each stirrup as shown in Figure 2.9b and c. A data acquisition system was
used to record the applied load, corresponding deflection, reaction at each support, and

strain gauges readings.

Applied Load

Vary ,

_ Testregion -+|400

Supportﬁ Support

plate plate
52000 2150 5200/ .
d 2550

Figure 2.8: Test setup (all dimensions are in mm).
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Figure 2.9: Positions of strain gauges for internal reinforcements in T-section beams.

2.3. Results and Discussion

This section presents and discusses the experimental results for all three studies.

2.3.1. Discussion of experimental results in Study 1
The test results are presented in Table 2.6 in terms of the ultimate load, P,;
increase in B,; deflection under the loading point at the ultimate load, &,,; increase in
&, relative to the corresponding reference beam; energy absorption ratio; and strains.
The experimental results indicate that the SRG system is effective for strengthening of

shear-deficient RC T-beams, however, its performance varied with the test parameters.
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Table 2.6. Test results from Study 1

Pu APu 6u A6u ec,u gt,u l/)
BeamID Ny %) (mm) (%) %) (%)  (kN.mm) P/¥r
Group-1
B1 204  — 239 _ 0430 0789 2805 -

B1-U-H 349 71 6.17 158 1124 1.356 1452 5.18
B1-U-L 337 65 529 121 1.049 1103 799.9 2.85
B1-S-H 306 50 430 799 0.707 1.293 1034 3.68
B1-S-L 290 42 399 669 0735 1282 734.1 2.62
Group-2

B2 283 - 6.78 - 0.679 1.154 1173 -
B2-U-H 385 36 10.0 475 0.817 1513 2399 2.04
B2-U-L 356 26 852 25,6 1443 1.258 1850 1.58
Group-3

B3 331 - 8.13 - 2.142 1.312 1812 -
B3-U-H 403 22 114  40.7 0497 1.762 2903 1.60
B3-U-L 364 10 926 139 1242 1727 2222 1.23

2.3.1.1.  Load versus deflection response

The responses of the tested specimens are presented in Figure 2.10a—c in the
form of load versus deflection curves for the Group-1, -2, and -3 specimens,
respectively. As shown in these figures, a linear relationship is observed until failure
for all the tested beams. A significant increase in the shear capacity was observed for
all strengthened beams, as can be seen in Figure 2.10a—c and Table 2.6. The reference
beam of Group-1, B1, failed in shear at an ultimate load of 204 kN after the formation
of diagonal shear cracks in the critical shear span. All strengthened specimens failed in
shear at an ultimate load considerably greater than that of B1, as shown in Figure 2.10a.
The ultimate loads attained by the specimens strengthened with U-wrapped SRG,
namely B1-U-H and B1-U-L, were 349 kN and 337 kN, yielding 71% and 65%
increases in B, relative to B1, respectively. Their corresponding specimens

strengthened with side bonded SRG, namely B1-S-H and B1-S-L, failed at ultimate
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loads of 306 and 290 kN representing 50% and 42% increases in B, relative to B1,
respectively. In all of these specimens, the failure occurred because of premature

debonding of the SRG laminate.
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Figure 2.10: Load versus deflection diagrams.

The Group-2 and -3 beams were internally reinforced with 6 mm-diameter
double-legged stirrups placed at 300 mm and 150 mm c/c intervals, respectively. The
reference specimen, B2, failed at an ultimate load of 283 kN, and the strengthened
beams B2-U-H and B2-U-L failed at 385 kN and 356 kN, corresponding to 36% and

26% increases in P, relative to B2, respectively, as shown in Figure 2.10b and Table
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2.6. Specimens B3-U-H and B3-U-L reached peak loads of 403 kN and 364 kN,
representing 22% and 10% increases in the load capacity relative to the reference beam,
B3 (331 kN), respectively, as shown in Figure 2.10c and Table 2.6. The reference beams
B2 and B3 exhibited a typical shear failure, while the failure in the strengthened beams
in both groups was attributed to the peeling of SRG laminate off the concrete substrate.

The deflections at B, under the loading point for the reference specimens B1,
B2, and B3 were 2.39 mm, 6.78 mm, and 8.13 mm, respectively, as shown in Figure
2.10a—c and Table 2.6. For the strengthened beams, the maximum deflections, §,,, at B,
were 6.17 mm, 10.0 mm, and 11.4 mm for Group-1, -2, and -3 beams, which were
increases of 158%, 47.5%, and 40.7% compared to the reference beams, respectively,
as can be seen in Figure 2.10a—c and Table 2.6. The provision of the internal shear
reinforcement within the critical shear span increased the beam deflection at P,,
however, it reduced the increase in §,, attributed to SRG system. The specimens from
Group-1 (140% increase in 8, on average), without stirrups within the test region,
exhibited a greater than 3.8 times increase in the deflection at the ultimate load relative
to that for Group-2 specimens (36.6% increase in &,, on average), as presented in Table
2.6. In addition, an increase in the number of stirrups within the test region in Group-3
specimens further decreased the increase in &, to 27.3% attributed to SRG
strengthening, as presented in Table 2.6.

2.3.1.2.  Effect of investigated parameters on load carrying capacity

Figure 2.11a—c show the effect of the test variables on the load-carrying capacity
enhancement. As shown in these figures, the load-carrying capacity of the strengthened
beams is significantly affected by the test parameters. Specimens strengthened with U-
wrapped SRG exhibited higher gain in P, compared to those strengthened with side

bonded SRG counterparts, as reported from Group-1 specimens, as shown in Figure
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2.11a. For instance, Specimen B1-U-L reached a higher ultimate load of 337 kN with
respect to specimen B1-S-L (290 kN) resulting in a 23% higher gain in B,. The
effectiveness of the U-wrapped SRG in terms of the increase in B, was approximately

1.5 times that of the side bonded SRG on average.
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Figure 2.11: Effect of the test parameters on the percentage gain in the load-carrying

capacity, Study 1.

The SRG/stirrups interaction was found to have a dominating role in the load-

carrying capacity of the strengthened beams. Specimens with the highest internal shear
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reinforcement ratio within the critical shear span exhibited a lower contribution of SRG
than those with fewer or no stirrup, as shown in Figure 2.11b. For instance, the
provision of stirrups within the shear span for beams strengthened with low-density
SRG fabrics decreased the increases in the load-carrying capacity to less than half of
that in the specimens without stirrups, as can be seen in Figure 2.11b and Table 2.6
(comparing B1-U-L, 65%, and B2-U-L, 26%). In addition, the shear capacity
enhancement because of SRG-strengthening was further reduced with an increased
number of stirrups within the shear span, as shown in Figure 2.11b (Group-2 versus
Group-3 beams). For the fabric density, an increase in the density of the steel fabrics
resulted in a greater increase in the load-carrying capacity of the beams, regardless of
the wrapping scheme and the internal shear reinforcement ratio, as can be seen in Figure

2.11c.

2.3.1.3.  Failure modes and concrete crack behavior

All tested beams failed in shear before flexural bar yielding. This can be
observed by the tensile strains in the flexural bars, as shown in Figure 2.12a—c, which
show the load versus tensile strains in the longitudinal reinforcement for specimens of
Group-1, -2, and -3, respectively. In addition, the compressive strains in the concrete at
the ultimate load are below the concrete crushing point (3.5%o), as presented in column
8 of Table 2.6. As shown in Figure 2.12a—c and column 9 of Table 2.6, the SRG system
significantly increased the tensile strains developed in the flexural bars of the
strengthened beams relative to the corresponding reference beams, which indicates that

it was effective in delaying the brittle shear failure.
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Figure 2.12: Load versus strains in the longitudinal tensile reinforcement bars, Study 1.

The failure patterns of the tested beams are shown in Figure 2.13a—h. The
reference beams exhibited a typical shear failure characterized by a main diagonal shear
crack within the test region, as shown in Figure 2.13a and b for Specimens B1 and B2,
respectively. The failure in all strengthened beams was accompanied by debonding of
the SRG laminate from the concrete with or without the concrete cover. The specimens
strengthened with the side bonded SRG failed in shear attributed to the detachment of

the SRG laminate with the concrete cover, as shown in Figure 2.13c and d for
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Specimens B1-S-H and B1-S-L, respectively. Unlike the U-wrapped SRG strengthened
beams, cracks were visible on the surface of the specimens strengthened with side
bonded SRG laminate, as shown in Figure 2.13c and d. The crack propagation of the
specimens strengthened with U-wrapped SRG could not be monitored during the test.
These specimens failed because of SRG debonding with no major cracks observed in
the SRG laminate, as shown in Figure 2.13e-h, with the exception of Specimen B2-U-
H, in which cracks appeared on the surface of SRG that has not increased. The SRG
laminate was carefully removed after completion of the test to examine the actual
cracking patterns and extent on all the strengthened beams. Following the removal of
the SRG laminate, a major diagonal shear crack was observed on the beam surface
beneath the SRG, as shown in Figure 2.13h for Specimen B1-U-H. Specimens
strengthened with SRG comprising high-density fabrics were associated with fabric
slippage, as shown in Figure 2.13g for Specimen B3-U-H, while no fabric slippage was
observed in specimens strengthened with low-density fabric SRG. This can be
explained in terms of the degree of fiber impregnation with the matrix (geo-mortar).
Wider roving spacing in low-density fabrics has a higher degree of fiber-matrix
impregnation, resulting in an improved fabric/matrix bond and, therefore, avoiding

fabric slippage within the matrix.
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Figure 2.13: Crack patterns and failure modes of tested beams in Study 1.

2.3.1.4.  Strengthening efficacy of SRG system
The strengthening efficacy of the SRG system can also be studied in terms of
the energy absorption ratio (i,.), which is the ratio of the energy absorption of the
strengthened beam to that of its corresponding reference beam, as presented in Table
2.6. The energy absorption (y) is defined as the area under the load versus deflection
curve up to B, [116]. The values of i for all the tested beams and 1, values for the
strengthened beams are presented in columns 10 and 11 of Table 2.6. As presented in

Table 2.6, the SRG strengthening system exhibited a significant increase in the energy
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absorption of the strengthened beams compared to that of the corresponding reference
beams. The energy absorptions of reference specimens B1, B2, and B3 were 280.5
KN.mm, 1173 kN.mm, and 1812 kN.mm, respectively. The respective average
increases in ¥ for Group-1, -2, and -3 specimens were 258%, 81.3%, and 41.5% relative
to B1, B2, and B3, respectively. The greatest increase in i was reported for Specimen
B1-U-H (418%) without internal shear reinforcement within the test region and
externally strengthened with U-wrapped SRG composed of high-density fabrics. The
corresponding specimen from Group-2, B2-U-H, exhibited an increase in y of 104%
relative to B2, which is approximately 25% of that for Specimen B1-U-H, while the
increase was only 60% for Specimen B3-U-H from Group-3.

Figure 2.14a—c show the effect of the test variables on the strengthening efficacy
of SRG in terms of 1,.. As can be seen in Figure 2.14a, the SRG system is more effective
for specimens without steel stirrups within the shear span, the Group-1 specimens. For
the specimens internally reinforced with steel stirrups within the test region, an increase
in the amount of internal transverse reinforcement reduced the strengthening
performance, as shown in Figure 2.14a. The average of y,. value for specimens without
internal shear reinforcement within the test region was 4.02. The presence of internal
shear reinforcement within the test region decreased this value by more than half, as
reported for Group-2 beams (.= 1.81 on average). Further increases in the number of

stirrups decreased the average value of ¥, to 1.42.

42



(a) (b) (c)
5 T
(7))
4 2 _ @
T :) 1 Era
> 5 PE T
SR m = < =2
(e == o8
2118 3 ==
: & — & !
11 — ‘
o Ik : ‘ | ‘ = S
157 3.14 B1-S B1-U B2-U B3-U 1.57 3.14
cords/cm cords/cm cords/cm cords/cm

Figure 2.14: Effect of the test variables on the energy absorption ratio of the
strengthened beams: (a) SRG/stirrups interaction, (b) fabric density, and (c) bond

scheme, Study 1.

Regarding the fabric density, an increase in the fabric density resulted in an
increase in the effectiveness of the strengthening system, as shown in Figure 2.14b. In
addition, the U-wrapped SRG bond scheme is more effective than its side bonded
scheme counterpart, as can be seen in Figure 2.14c. Overall, the average of i, value
for specimens strengthened with U-wrapped SRG was 4.02, as opposed to 3.15 for

specimens strengthened with side bonded SRG.

2.3.1.5.  SRG/stirrups interaction
Figure 2.15 shows the effects of the amount of internal shear reinforcement on
the load-carrying capacity of the beams, in addition to Figure 2.11b, which shows the
SRG/stirrups interaction effect on the percentage gain in B,. A reference comparison is
first made between the reference specimens B1 (without stirrup), B2 (6 mm stirrups
spaced at 300 mm intervals), and B3 (6 mm stirrups spaced at 150 mm intervals). The
ultimate load-carrying capacity of Specimen B3 was 331 kN, which is 62% and 29%

greater than those of Specimens B1 (204 kN) and B2 (283 kN), respectively, as shown
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in Figure 2.15. The contribution of stirrups to the load-carrying capacity of the beams
decreased with the provision of an external SRG strengthening system, as can be seen

in Figure 2.15, indicating the SRG/stirrups interaction.
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Figure 2.15: Effect of the amount of internal shear reinforcement on the load-carrying

capacity, Study 1.

As shown in Figure 2.11b and Figure 2.14a, the SRG system becomes less
effective with the provision of stirrups within the test region in Group-2 beams
compared to Group-1 beams. The increase in the internal transverse reinforcement ratio
in Group-3 beams further decreased the gain in B, because of the SRG system. In
addition, the stirrups became less engaged in the strengthened beams compared to the
corresponding reference beams. As discussed in Section 2.4, the strains in each stirrup
within the test region were monitored by strain gauges. It is noted that some of the strain
gauges were malfunctioning. Figure 2.16a—f show the relationship between the load
and strains developed in the stirrups within the test region. As can be seen in these

figures, the SRG system significantly decreased the strains developed in the stirrups,
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however, this effect was more noticeable in the Group-3 specimens with higher internal
shear reinforcement ratios. This observation indicated the interaction between the
internal shear reinforcement and SRG, as also reported for FRP [117,118] and FRCM-
strengthened beams [17,119-121]. In all cases, with the exception of stirrup S2 in beam
B3-U-L, the stirrups yielded before the peak load, as shown in Figure 2.16a—f. Stirrup

S2 in Specimen B3-U-L yielded during the post-peak stage.
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Figure 2.16: Load versus shear strains in stirrups.

2.3.2. Discussion of experimental results in Study 2

2.3.2.1.  Overall response

All specimens exhibited shear failure with the formation of a main diagonal
shear crack. The reference beams BS1, BS2, BS3, and BS4 failed at the respective
ultimate load of 162 kN, 188 kN, 276 kN, and 383 kN as listed in Table 2.7. The

strengthened beams failed at P, significantly higher than that of the reference beam of

the same series. The efficacy of SRG can be shown by the ratio of the increased load-
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carrying capacity of the strengthened beams (4P,) to that of the reference beam. The
average of this ratio was 78% with the highest ratio corresponding to Specimen BS2-H
from S2 strengthened with high-density SRG fabrics, which amounted to 133%.
Figure 2.17a shows the variation of B, with a/d ratio for all the tested beams. It
indicates that the load-carrying capacity of both strengthened and reference beams
decreased with an increase in a/d ratio as also reported in the previous study for
unstrengthened RC beams [122]. The contribution of the SRG to P, is highly influenced
by the test variables. It is observed that increasing the a/d ratio in deep beams increased
the value of AP, provided by the shear strengthening system; however, it showed an
adverse effect in slender beams in which AP, deteriorated with increased a/d ratio, as
can be seen in Figure 2.17b. This is highly consistent with the previous experimental
results of FRP-strengthened beams [37]. Furthermore, AP, due to SRG strengthening
was higher for slender beams compared to that for deep beams. The best performance
of the SRG shear strengthening solution was observed for the S2 beam strengthened
with high-density SRG fabrics, BS2-H, which showed a 133% increase in B,. The
corresponding beams from S1, S3, and S4, namely, BS1-H, BS3-H, and BS4-H,
showed 101%, 75%, and 32% increases in P, respectively, as listed in Table 2.7. On
average, AP, for slender beams was 108%, whereas this value was only 48% for deep

beams.

46



Table 2.7. Test results from Study 2

Beam 1D S0 dFeanbsrilt(y:/ (fﬁ) AP, (%) (nfﬁm) Ady (%) (kNl.pmm) MpOS) s Ve (N)
Series 1 (a/d = 3.10)

BS1 S1 — 162 — 5.62 — 531.3 - 84.0
BS1-L S1 Low 303 87 8.26 47 1313 147 1.596 157
BS1-H S1 High 326 101 8.8 57 1503 183 1.867 169
Series 2 (a/d = 2.60)

BS2 S2 — 188 — 3.97 — 375.6 - 0.595 112
BS2-L S2 Low 399 112 10.2 156 2280 507 1.891 238
BS2-H S2 High 438 133 11.4 187 2813 649 261
Series 3 (a/d = 2.10)

BS3 S3 - 276 - 5.28 - 779.7 - 0.776 186
BS3-L S3 Low 458 66 9.26 75.4 2287 193 1.118 309
BS3-H S3 High 483 75 9.89 87.3 2610 235 1.017 326
Series 4 (a/d = 1.60)

BS4 S4 — 383 — 6.90 — 1427 - 288
BS4-L S4 Low 462 21 8.09 17.29 1999 40 0.763 347
BS4-H S4 High 505 32 9.30 34.7 2510 76 379
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Figure 2.17: Effect of a/d ratio on the load-carrying capacity of the beams (a) and the

increase in P, (b), Study 2.

This trend of the variation in AP, with the change in the a/d ratio can be
explained in terms of the failure modes observed in the beams. Specifically, for a deep
beam, following the formation of the diagonal crack, the arch action dominates, and a

substantial portion of the load is transferred directly from the point of the load
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application to the support by the diagonal compression strut [123]. Thus, the load is
mainly carried by the diagonal compressive strut and SRG reinforcement acts as hoops
to control the vertical deformation of the beam. The contribution of SRG reinforcement
to P, is hence moderate. The influence of the arch action reduces with an increase in
a/d ratio [37], consequently decreasing the contribution of concrete to P, but increasing
the contribution of transverse reinforcement, the SRG system in this case, as also
reported in the previous study for unstrengthened RC beams [122].

Increasing the density of the SRG fabric led to an increase in AP, as presented
in Table 2.7. It was also observed that doubling the fabric density from 1.37 cords/cm
to 3.14 cords/cm does not lead to an enhancement in P, in a linear proportion to the
increased fabric density as one would expect. For example, for S3 beams, the value of
AP, increased from 66% for Specimen BS3-L to 75% for Specimen BS3-H, as
presented in Table 2.7. The average increase in B, was 72% for RC beams strengthened
with SRG composed of low-density fabrics, which increased to 85% for high-density
SRG fabrics. A similar observation was reported by Thermou et al. [29,124]. This can
be explained in terms of the failure modes of the strengthened beams as presented in
Section 2.3.2.4.

2.3.2.2.  Load versus deflection response

The load versus deflection curves of the tested beams featured linear trends until
P, exhibiting a sharp peak load—deflection curve, which is characteristic of shear
failure, as demonstrated in Figure 2.18a—d, which show the load versus deflection (&)
curves at the loaded section for the S1, S2, S3, and S4 specimens, respectively. As
shown in these figures, the beams with lower a/d ratios showed a sudden failure with a
smaller deformation, but a higher B,, compared to that with a higher a/d ratio. The value

of §,, for the reference beams and strengthened beams ranged from 3.79 to 6.90 mm
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and from 8.09 to 11.4 mm, respectively, as listed in Table 2.7.
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Figure 2.18: Load—deflection curves for beams in Study 2.

Compared with the reference of the same series, the strengthened beams
underwent substantially higher deflection at the loaded section, as shown in Figure
2.18a—d and Table 2.7. This result indicates that the SRG system can considerably
improve the deformational capacity of the beams. The increase in &, is higher for
slender beams compared to that for the deep beams, as presented in Table 2.7. Figure
2.19a and b further illustrate the effect of a/d ratio on the load—deflection response of
the strengthened beams. As shown in these figures, the beams with a higher a/d ratio
experienced a higher deflection than that with a lower a/d ratio, which can be attributed
to the increased bending moment with an increasing a/d ratio. For instance, for low-
density SRG strengthened beams, the deflection at the load value of 300 kN
corresponds to 4.82 mm for Specimen BS4-L with the lowest a/d ratio. This deflection

value increased to 5.46 mm, 6.82 mm, and 8.14 mm for Specimens BS3-L, BS2-L, and
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BS1-L, respectively, as shown in Figure 2.19b.
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Figure 2.19: Effect of a/d ratio on the load—deflection response of beams strengthened

with SRG composed of (a) high density and (b) low-density fabrics

2.3.2.3.  SRG strengthening efficacy

The values of ¥ for both strengthened and reference beams are given in Table
2.7. The reference beams BS1, BS2, BS3, and BS4 showed energy absorption values
of531.3,375.6, 779.7, and 1427 KN-mm, respectively, as given in Table 2.7. Compared
to the reference beam of the same series, the strengthened beams showed substantially
higher values of , as listed in Table 2.7. The increase in energy absorption (Ay)
attributed to the SRG strengthening relative to the corresponding reference beam ranged
from 147 to 649% for slender beams and from 40 to 235% for deep beams. As presented
in Figure 2.20, which shows the variation of Ay with a/d ratio, the increase in a/d ratio

resulted in an increased Ay value in deep beams, but a reduced value of Ay in slender
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beams. Hence, the efficacy of the SRG system increased with increasing a/d ratio in
deep beams, but it deteriorated with an increased a/d ratio in slender beams. Moreover,
in comparing deep and slender beams, the strengthening efficacy of the SRG is higher
in slender beams compared to deep beams, as shown in Figure 2.20. Furthermore,
increasing the SRG fabric density increased its strengthening efficacy, as presented in

Table 2.7.

1.57 cords/cm | 3.14 cords/ch
Figure 2.20: Effect of a/d ratio on the increase in the energy absorption of the

strengthened beams.

2.3.2.4.  Failure modes
All tested beams were observed to exhibit shear failure mode in the critical shear
span, with the main crack running diagonally, without flexural yielding of longitudinal
reinforcement. The reference beams BS1 and BS2 failed in an almost identical manner,
namely, a sudden shear failure with the formation of diagonal shear cracks, as shown
in Figure 2.21a for Specimen BS2. For the strengthened slender beams S1 and S2, with
increasing load, vertical cracks appeared on the lower part of the beam within the test

region. When the load increased, a diagonal crack was detected in the critical shear
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span. With a further load increase, the beam deflection increased rapidly and resulted
in failure. The shear failure of the specimens strengthened with low-density fabrics was
attributed to the SRG laminate debonding with concrete cover separation, as depicted
in Figure 2.21b for BS2-L beam. The failure in beams strengthened with high-density
fabrics was accompanied by debonding at the fiber/matrix interface with delamination
of the inner mortar layer, as can be seen in Figure 2.21c and d for Specimens BS1-H

and BS2-H, respectively.

(c) BS1-H (d) BS2-H
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(h) BS3-H (i) BS4-H

Figure 2.21: Failure mode of beams in Study 2.

The reference deep beams BS3 and BS4 were featured with a single principal
crack propagating at an average angle of 43° and 39°, respectively, from the support to
the load application point, as shown in Figure 2.21e for Specimen BS4. The first crack
in Specimens BS3 and BS4 appeared at approximate loads of 118 kN and 205 kN,
respectively. For the strengthened beams, the first crack was observed at the load that
ranged from 160 to 225 kN. The shear failure in the low-density SRG strengthened
beams occurred by debonding of the SRG laminate with the concrete cover separation
at a P, significantly higher than that of the reference beam, as shown in Figure 2.21f
and g for Specimens BS3-L and BS4-L, respectively. Similar to S1 and S2 strengthened

beams with high-density SRG fabrics, the shear failure in BS3-H (Figure 2.21h) and
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BS4-H (Figure 2.21i) strengthened beams was accompanied by fiber/matrix interface
debonding with delamination of the inner mortar layer. This phenomenon can be
attributed to the improved integrity of the SRG fabrics and cementitious mortar with an
increase in the spacing of the fibers in the low-density fabrics resulting in a better bond
between the SRG fabrics and mortar. However, the closely spaced fibers in the high-
density SRG fabrics reduced the bond between SRG fabrics and mortar, resulting in
delamination within the SRG composite in the fiber/matrix interfacial zone.
2.3.2.5.  Strains in longitudinal reinforcement and concrete

Figure 2.22a—d show the strain in the longitudinal bar (&) distribution as a
function of the applied load for the S1, S2, S3, and S4 beams, respectively. In addition,
the compressive strain values of concrete (&) at P, are given in Table 2.7. As shown
by the &, — P curves, the longitudinal bars did not reach the yield strain of 2690 pe in
all the tested beams. In addition, the measured compressive strain values in concrete
were less than 0.35% commonly considered as the crushing strain of concrete, as
presented in Table 2.7, confirming the shear failure. The largest longitudinal strain was
observed in the strengthened beams as compared to the reference beam of the same
series. Furthermore, the concrete in the compressive zone was subjected to higher
strains at B, in the case of strengthened beams, as shown in Table 2.7. Thus, the SRG

system delayed the sudden shear failure.
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Figure 2.22: Strain distribution in main flexural reinforcement with the applied load for

(@) S1, (b) S2, (c) S3, and (d) S4 beams, Study 2.

Figure 2.23a and b show the effect of a/d on the tensile strains of the main

flexural reinforcement of the strengthened beams. The figures show that the tensile

strains in the longitudinal bars at a given load level increased with increasing a/d ratio.

Moreover, tensile strains developed in the bottom bars at a given load level were higher

in slender beams as compared to those in deep beams.
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high-density fabrics, Study 2.

2.3.3. Discussion of experimental results in Study 3
Table 2.8 presents the results of the experiments, including the shear capacity,
;,, the beam deflection under the loading point, percentage increase in the shear
capacity, &,, corresponding to V,,, and the percentage increase in §,, compared with the

reference beam.
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Table 2.8. Test results from Study 3

Beam 1,  Increase Oy Increase Y Increase in &,

ID (kN) V, (%) (mm)  6,(%) (kKN.mm) ¢ (%) (%0)
R 112 - 397 - 375.6 - 0.595
ECUH 261 133 114 187 2813 649 0.574
ECUL 238 112 10.2 156 2280 507 1.891
EDUH 204 82 8.77 121 1674 346 1.918
EDUL 171 53 6.23 57 917 144 0.709
EDSH 166 48 6.47 63 948 152 0.964
EDSL 147 32 596 50 831 121 0.916
ECSH 226 102 9.41 137 1951 419 1.722
ECSL 192 72 691 74 1118 198 1.077
NDUH 250 124 10.8 171 2501 566 2.037
NDUL 203 81 8.05 102 1468 291 1.610
NDSH 245 119 10.1 155 2261 502 1.970
NDSL 198 77 759 91 1344 258 1.375

2.3.3.1.  Shear capacity

All the tested beams exhibited shear failure before flexural failure with the
formation of diagonal cracks in the test span. The reference beam failed at a maximum
shear load of 112 kN, as presented in Table 2.8, whereas all the strengthened beams
failed at a higher shear load than that of the reference specimen; however, the
percentage increase in V;, was influenced by the test parameters.

Figure 2.24a—d show the variation in the shear capacity increase with the test
parameters for the strengthened beams. It can be observed from Figure 2.24a—d and
Table 2.8 that the increase in the shear capacity for the NSE-SRG strengthened beams
varied from 77% to 124%, whereas it varied from 32% to 133% for the EB-SRG. As
shown in Figure 2.24a, the NSE-SRG strengthened specimens showed a higher increase
in V,, compared with the EB-SRG beams regardless of the fabric density and the SRG
application method. For instance, Specimen NDSH, which was strengthened with NSE

side bonded discontinuous SRG strips comprising high-density steel fabrics, failed at a
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shear load of 250 kN representing a 119% increase in V;, relative to R, which is 71%
higher than that of the corresponding EB-SRG strengthened beams, namely Specimen
EDSH. The average increase in shear capacity was 98% for the side bonded and 102%
for the U-wrapped NSE-SRG strengthened beams. The corresponding average values
for the EB-SRG strengthened beams were 40% for the side bonded SRG and 68% for
the U-wrapped SRG. This result is possibly related to the failure modes of the beams.
The NSE technique improved the strengthening performance of the SRG system by
delaying and/or precluding premature SRG debonding. Therefore, premature
debonding failure can be controlled in the NSE-SRG system, unlike in the EB-SRG
where the beams experienced premature SRG debonding. Thus, the SRG strengthening
system was more effective when applied as near-surface embedded compared with that

of externally bonded SRG.
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Figure 2.24b and ¢ show the effect of the strengthening scheme on the shear
capacity gains of EB-SRG and NSE-SRG strengthened beams, respectively. For the
EB-SRG system, the U-wrap SRG resulted in a higher shear capacity gain compared
with that of the corresponding side bonded beam, as can be seen in Figure 2.24b. For
instance, Specimens EDUL and EDUH, which were strengthened with discontinuous
U-jacketed SRG, failed at shear loads of 171 kN and 204 kN corresponding to a 53%
and 82% increase in V,, respectively. The corresponding side bonded SRG-
strengthened beams, namely Specimens EDSL and EDSH, failed at lower shear loads
of 147 kN and 166 kN representing 32% and 48% increase in 1}, respectively. On
average, the U-jacketed EB-SRG showed 36% and 28% higher increase in V,, compared
with those of the corresponding side bonded EB-SRG beams for continuous and
discontinuous SRG strips, respectively. The strengthening scheme did not significantly
influence the strength gain for the NSE-SRG strengthened beams, as shown in Figure
2.24c. The maximum shear load in Specimens NDUH and NDSH were 250 kN and 245
kN, respectively, which are nearly equal. Similarly, the difference in the shear capacity
of Specimens NDUL (203 kN) and NDSL (198 kN) was not significant, as presented
in Table 2.8. On average, the difference in the gain in V;, was only 4.46% for the beams
strengthened with the side bonded and U-wrapped NSE-SRG system. Thus, for the
NSE-SRG system, the effect of the wrapping scheme is negligible compared with that
of the EB-SRG. This result can be explained using the failure modes of the beams. The
use of U-wrap scheme in the EB-SRG allowed it to fail at a later stage compared with
the side bonded EB-SRG. However, for the NSE-SRG, both the side bonded SRG and
U-wrapped SRG strengthened beams exhibited a similar type of failure.

Regarding the strengthening amount, the increase in the SRG reinforcement in

continuous SRG configuration led to a higher increase in 1},, as shown in Figure 2.24d.
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The average gain in V,, were 105% and 54% for continuous and discontinuous EB-SRG
strips, respectively. In addition, specimens strengthened with SRG made of high-
density steel fabrics exhibited higher shear capacity compared with that of low-density
fabrics, as shown in Figure 2.24d and Table 2.8. The axial rigidity of the SRG
composite (K,) was used to perform a better comparison of the effect of different steel
fabric densities and the amount of SRG reinforcement in the shear span (influenced by
the strengthening configuration). The axial rigidity is defined as the product of the
geometric reinforcement ratio of the steel fabrics in the SRG composite (ps¢) and its
elastic modulus (E), as given in Eq. (2.1).
Ksf = psrEsy (2.1)
The geometric reinforcement ratio of SRG is a function of the amount of the
SRG reinforcement, which in turn is influenced by the strengthening configuration, as
given below.

Ngf tsf (22)
by,

psf = F

The reduction factor, F in Eq. (2.2) indicates the proportion of the critical shear
span (a) strengthened with the SRG system, as given in Eq. (2.3) for discontinuous
configuration, whereas F is unity for continuous configuration.

g Nerg Wrg (23)
a

where
Wrg and N4 are the width and the number of SRG strips, respectively,
b,, is the beam width,
tsr Is the area of the steel fibers per unit width, as defined earlier, and
ngs is the number of steel fabric layers (2 in this study).

Figure 2.25a—c show the effect of the axial rigidity on the percentage increase in 1}, for
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low- and high-density EB-SRG strengthened beams; Figure 2.25¢ shows variation in
the increase in 1, with K, for the NSE-SRG strengthened beams. As shown in these
figures, an increase in K,; results in an increase in the gain in V;,; however, the result
shows a non-proportional relationship between K, and the gain in ;,. An increase in
the SRG amount in the continuous strip leads to an increase in the axial rigidity of SRG
compared with the discontinuous strips, which in turn increases the strength gain, as
shown in Figure 2.25a—c. An increase in the fabric density results in a higher axial
rigidity, which in turn increases the shear contribution of the SRG composite; this result

is consistent with those of the FRCM-strengthened beams [12].
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Figure 2.25: Effect of the axial rigidity on the percentage increase in V,,,, for the
specimens strengthened with (a) high-density EB-SRG, (b) low-density EB-SRG, and

(c) NSE-SRG, Study 3.

2.3.3.2.  Observed failure modes
Figure 2.26a—g show the representative failure patterns of the strengthened
beams. It should be noted that the values of the load marked on the beams in these

figures are the applied load values and not the shear load. The failure mode of the
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reference specimen is a typical shear failure pattern with the formation of diagonal shear
crack. The failure in the strengthened beams depends on the test parameters, namely
the strengthening technique and the type of the SRG application method (for EB-SRG),
as shown in Figure 2.26a—g. This is discussed below.

i) SRG debonding: the common failure mode observed in the EB-SRG beams was
debonding of the SRG laminate. Debonding occurred at the fiber/matrix
interface in the specimens strengthened with high-density SRG fabrics, as
shown in Figure 2.26a for Specimen EDUH and Figure 2.26b for Specimen
ECUH. However, the failure of the beams strengthened with SRG comprising
low-density steel fabrics involved debonding of SRG with cover concrete, as
can be seen in Figure 2.26¢ for Specimen ECUL. In both continuous and
discontinuous EB-SRG, the use of a U-wrap strengthening scheme delayed the

occurrence of SRG debonding failure by allowing the beam to fail at a later

stage compared with the side bonded EB-SRG.

(c) ECUL - | (d) NDUH
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(e) NDUL (f) NDSL

(g) NDSH

Figure 2.26: Crack pattern and failure modes of beams in Study 3.

i) Complete/partial rupture of steel fabrics: for the NSE-SRG beams, failure was
followed by fabric rupture without any sign of SRG debonding, as can be seen
in Figure 2.26d—f for Specimens NDUH, NDUL, and NDSL, except for
Specimen NDSH. Failure in Specimen NDSH involved partial debonding of the
first two SRG strips, as shown in Figure 2.26g. The application of SRG
composite using the NSE technique provided inherent anchorage for the SRG
laminate and hence mitigated or delayed the premature debonding failure
observed in the EB-SRG strengthened beams. Consequently, the NSE-SRG

resulted in better utilization of the composite.

2.3.3.3.  Shear load versus deflection response
The shear load versus deflection under the load for the NSE-SRG and EB-SRG
strengthened beams is shown in Figure 2.27a and b, respectively. The deflection was
linear until the peak shear load in all the tested beams. The maximum deflection

corresponding to V;, in all the strengthened beams was larger than that of the reference
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(3.97 mm). The values of §,, were 11.40 mm and 10.8 mm for the EB-SRG and NSE-
SRG strengthened beams, respectively. The NSE-SRG strengthened beams had higher
values of §,, compared with the EB-SRG beams, as presented in Table 2.8. The
strengthened beams showed considerably higher deflection relative to the reference
beam, as can be seen in Figure 2.27a and b and Table 2.8. This result confirms that the
SRG strengthening can substantially increase the deformation capacity of the
strengthened beams. The specimens strengthened with NSE-SRG showed a higher
increase in &, compared with the EB-SRG counterparts, as given in Table 2.8. On
average, the increase in §,, was 130% for EB-SRG strengthened beams and 72% for the

NSE-SRG strengthened beams.
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Figure 2.27: Shear load versus deflection under the loading point for (a) EB-SRG and
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(b) NSE-SRG strengthened beams.

2.3.3.4.

Strains in longitudinal reinforcement and concrete

Figure 2.28a and b show the relationship between the shear load and the strains

developed in the flexural tensile bars for beams strengthened with continuous and

discontinuous SRG strips. It can be observed from the figures that shear failure in all

the beams occurred prior to flexural yielding, except for Specimen NDUH that failed

after the yielding of flexural bars. Furthermore, the strains developed in the concrete at

V,, were below the concrete crushing strain of 0.35%, as presented in Table 2.8. In

addition, NSE-SRG increased the strains developed in the tensile reinforcement

compared with the EB-SRG beams.
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Figure 2.28: Shear load versus tensile strain developed in the flexural bars for beams
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strengthened with (a) continuous SRG strip and (b) discontinuous SRG strips, Study 3.
2.3.3.5.  SRG strengthening efficacy

The energy absorption for the reference beam is 375.6 kN-mm, as presented in
Table 2.8. The strengthened beams exhibited substantially higher values of 1) compared
with the reference beam. The increase in ¥ (Ay) ranged from 121% to 649% for the
EB-SRG strengthened beams and 258% to 566% for the NSE-SRG strengthened
beams. Figure 2.29a—d show variations in the increase in 1 with the test parameters.
The value of Ay is higher in the NSE-SRG strengthened beams than in the EB-SRG
beams, as shown in Figure 2.29a. Hence, the use of the NSE technique resulted in a
higher strengthening efficacy of the SRG. Moreover, the U-wrap scheme in the EB-
SRG significantly increased the strengthening capability of the SRG system, except for
Specimen EDUL where the difference in Ay was only 23%, as shown in Figure 2.29b.
However, the difference in the increase in 1 was insignificant in the NSE-SRG beams
with side-bonded or U-wrap scheme, as shown in Figure 2.29¢ and Table 2.8. It can be
observed from Figure 2.29d that increasing the strengthening amount in continuous EB-
SRG increases the gain . Furthermore, as presented in Table 2.8, an increase in the

density of the SRG fabrics increased its strengthening efficacy.
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2.4. Analytical study

Despite numerous studies into the behavior of RC beams, the assessment of
their shear behavior remains a challenging task when compared to that of their flexural
behavior [125-132]. The modified compression field theory has demonstrated its
capacity to provide a realistic simulation of the shear behavior of RC beams [133]. It
uses the principles of equilibrium and compatibility, and the constitutive relations of
cracked concrete. Unlike the fixed-angle truss model, the MCFT considers the changes
in the shear crack angle with various parameters, as well as the contribution of the
concrete tensile stresses. However, it requires solving a number of equations iteratively
[134,135]. To decrease the number of required iterations, Bentz et al. [135] developed
the simplified MCFT (SMCFT), which is adopted here for predicting the shear capacity
of SRG-strengthened RC beams. The MCFT-based models were developed in three
stages, as discussed below.

2.4.1. SRG-strengthened T-section RC beams

In the first stage, the MCFT is applied to EB-SRG strengthened T-beams in
Study 1. Figure 2.30a—d show the MCFT-based model for RC T-section beam
strengthened with an externally bonded SRG. As shown in Figure 2.30b, the vertical
imbalance between the diagonal tension stress, f;, and diagonal compression stress, f5,
is carried by the transverse reinforcement, namely stirrups and an externally bonded

SRG.
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Figure 2.30: Modified compression field theory-based model for RC beams

strengthened with an EB-SRG.

psyfsy + psrgfe,srg =1, sin® 6 — f cos® @ (2.4)
where,

psy is the reinforcement ratio of the stirrups;

Psrg 1S the geometric SRG fabric reinforcement ratio;

fsy is the yield strength of the stirrups within the critical shear span;
fe,srg 1S the effective stress in the SRG; and

6 is the inclination angle of the principal stress from the horizontal.

Similarly, the longitudinal imbalance (in the horizontal direction in Figure
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2.30b) between f; and £, is carried by the flexural reinforcement as follows:
Psxfsx = facos? O — fi sin? 6 (2.5)
where p, and f;, are the reinforcement ratio and yield strength of the tensile
flexural bars, respectively.
From the geometric conditions in Figure 2.30c, the following compatibility

equations hold true based on the MCFT:

&+ ¢
tan2g = =2

&y + & (2.6)

and
&1 = &t &+ & (2.7)
Combining Egs. (2.6) and (2.7), the strains in the transverse direction (,) and
longitudinal direction (&,) can be determined in terms of the principal tensile strain (&,)
and principal compressive strain (&,) as follows:

g tan?0 — ¢,

— 2.8
&x 1+ tan2 6 (28)

& — & tan? 0
== 2.9
& 1+ tan26 29)

From Mohr’s circle for stresses, as shown in Figure 2.30d, Eq. (2.10) can be
obtained.

cot@

v= W+ oee (2.10)

From Egs. (2.5) and (2.10), the following equation holds true

Psxfsx =v/tan — fi (2.11)

where v is the shear strength of the beam.
From Egs. (2.4) and (2.10), the shear strength of the SRG-strengthened beam

can be given as follows:
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v = ficotd + (psyfsy + psrgfe,srg) cotd (2.12)
The shear strength can also be expressed using the following equation based on

the SMCFT [135]:

V= 'B\/E + (psyfsy + psrgﬁa,srg) cot@ (213)
where f. is the compressive strength of concrete, and £ is the tensile stress
factor of the cracked concrete given by Eq. (2.14) as per the SMCFT [135].

B 0.4 1300
14+ 1500¢€, 1000 + S,,

B (2.14)

where S, is the crack spacing estimated by Eq. (2.15) in terms of the vertical
distance between longitudinal reinforcement (S,) and the maximum dimension of
aggregate (ay).

388,
¥ a,+ 16

> 0.855, (2.15)

Therefore, the shear strength of RC beams internally reinforced with stirrups
and externally strengthened in shear with the SRG system is given as follows:
V= ﬁ\/ﬁ + (psyfsy + psrgfe,srg) cotf (2.16)
From Egs. (2.11), (2.12), and (2.13), the strains in the longitudinal direction is

given as follows:

_veotf —B+/f, tanf

(2.17)
ES pSX

Ex

The inclination of the diagonal compressive stress is given by Eq. (2.16) as per

the SMCFT [135]:

Sxe
_ _ < 750 2.18
9 (29+70008x)><<088+2500>_75 (2.18)

where Eg and pg, are the elastic modulus and reinforcement ratio of the tensile
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flexural reinforcement, respectively.

For determining the effective stress in SRG, the method of Chen and Teng [136]
was adopted, which was originally developed for FRP-strengthened beams and recently
applied to FRCM-strengthened beams [137,138]. Per the Chen and Teng [136] model,
the effective stress in the strengthening system is given by

fesrg = Dsrgfmax,srg (2.19)

Where fiaxsrg and Dg,, are the maximum SRG stress and stress distribution
factor, respectively.

The maximum SRG stress at debonding failure is given by Eq. (2.20) but should

not exceed the tensile strength of SRG steel fibers (f; ¢¢):

E fo
fmax,srg = 0.4276,0. s;g £ < ft,srg (MPa, mm) (2.20)

srg
where g, is the factor that shows the composite-to-concrete width ratio, which

is equal to 1/+/2 for continuous configuration and /3, is the factor that shows the bond
length, as given by:

__(sinmA/2, A<
b= { 1, A>1 (2.21)

The stress distribution factor is determined as given in Eq. (2.22) in terms of the

normalized maximum bond length parameter (A = Ly,4x/Le):

T—2
i A>1
Dsrg =912 1-cos A/2 Q<1 (222)
A sinmA/2 -

where L, is the available bond length, L,,,, = ds4 for the U-wrapped bond

scheme, and L, is the effective bond length, as given by
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Esrg tsrg

Le
VI

(2.23)

The SMCFT-based analytical procedure is summarized in Figure 2.31, and the

MATLAB subroutine is used to determine the shear strength and then the shear capacity

of each strengthened beam. The theoretically predicted shear capacity (V;,) of the

strengthened beams and the ratio of the theoretically predicted shear capacity to its

experimental value (V,,/V.,) are presented in the last two columns of Table 2.9. The

model satisfactory predicted the shear capacity of SRG-strengthened beams with an

average ratio of V, /V,, of 0.92 and a standard deviation of 4.07%.
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Figure 2.31: Analytical procedure for shear capacity of SRG-strengthened beams based

on SMCFT [135].
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Table 2.9. Comparison between the experimental and predicted shear capacity of

SRG-strengthened T-section beams

Beam Vex Dsx Psy  Psrg f;’,srg Vsrg v Vin Vin
ID (kN) (%)  (%0) (%) (MPa) (kN)  (MPa) (kN) /V,,
B1-U-H 209 4.113 - 3.76 457 113 3.22 192 0.92
B1-U-L 200 4.113 - 1.87 672 83.9 2.82 168 0.84
B1-S-H 181 4.113 - 3.76 367 91.7 2.93 175 0.97
B1-S-L 173 4.113 - 1.87 583 73.4 2.68 160 0.92

B2-U-H 231 4.113 1.047 3.76 457 111 3.52 210 0.91
B2-U-L 212 4113 1047 187 672 82.7 3.13 187 0.88
B3-U-H 239 4113 2094 3.76 457 110 3.82 228 0.95
B3-U-L 218 4.113 2.094 187 672 81.6 3.43 204 0.94

In addition, Figure 2.32 shows the prediction of the model in terms of the
Vin/Vex ratio, the values of which are classified according to the modified version of
the demerit points classification (DPC) [139] proposed by Collins [140]. The DPC is
used to evaluate the prediction of the model in terms of the safety, accuracy, and
economic aspects. According to the modified version of the DPC, a penalty is assigned
to each range of the V,/V,, ratio according to Table 2.10. Therefore, the safety,
accuracy, and economic aspects of the proposed model are assessed in this study using
the modified DPC strategy [139] as shown in Figure 2.32. As can be seen in this figure,
the predictions are safe for all the specimens. None of the predictions are extra
conservative or dangerous. The prediction of all the strengthened beams, apart from
Specimen B1-U-L, whose prediction was conservative, fell within the appropriate
safety range as shown in Figure 2.32. These results indicated that the proposed

analytical model resulted in a safe and accurate prediction of the strengthened beams.
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Figure 2.32: Prediction capability of the model based on the modified DPC [139] for

strengthened T-beams.

Table 2.10. Criteria for the modified DPC [139]

Vin/Vex Classification Penalty (PEN)
>2 Extra dangerous 10

1.176 < Vi [Vor <2 Dangerous 5

0.869 < Vi [Vor < 1.176 Appropriate safety 0

0.5 <V, /Ver <0.869 Conservative 1

<0.5 Extra conservative 2

2.4.2. SRG-strengthened rectangular section RC beams: Effect of the strengthening
technique

Consider the NSE-SRG strengthened RC beam in Figure 2.33 with no internal

shear reinforcement within the critical shear span. Following the same procedure

presented in Section 2.4.1, the shear strength is given by:
v = Bf! + Psrgfosrg COLO. (2.24)

The first part of Eq. (2.24) represents the contribution of concrete to the shear

strength, while the second part represents the shear strength contribution of SRG. The
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effective stress developed in SRG is determined by adopting the method proposed by
Chen and Teng [141], which was originally developed for RC beams strengthened with

FRP, as discussed in Section 2.4.1.
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Figure 2.33: SRG-strengthened beam shear model based on the MCFT [133].

This model has been shown to provide a reasonable prediction for the effective
stress developed in FRCM [137]. Accordingly, the value of f; ., is given as follows:

fe,srg = Dsrgfu,srg (2.25)

where Dy, is the stress distribution factor and f,,4x s 1S the maximum stress
in SRG given by Eqg. (2.26), which should not exceed the tensile strength of the SRG
steel fibers:

Esrg fc,

srg

< ftsrg- (MPa - mm) (2.26)

fmax,srg = 0.4278,,B,

For the NSE-SRG strengthened beam without SRG debonding, the value of

fmax,srg is given as:
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Esrg fcl

srg

fmax,srg = 0.724p,,B., < ft,srg (MPa-mm) (2.27)

The effective depth of the SRG strengthening in rectangular RC beams is taken
as dgrg = 0.9d.

The specimens in Study 3 are used to investigate the prediction capability of the
model. The proposed model gives accurate predictions for both EB-SRG and NSE-SRG
strengthened beams with an average V;,/V., ratio of 0.98 and a standard deviation of
0.078. The modified DPC [139] was also used to further evaluate the capability of the
model, as shown in Figure 2.34. As can be seen in Figure 2.34, the prediction results of
all the beams are within an appropriate safety region. Therefore, the model resulted in
safe and accurate predictions of the shear capacity of both the NSE-SRG and EB-SRG

strengthened beams tested in this study (Study 3).
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Figure 2.34: Prediction capability of the adopted formulations for rectangular beams in

Study 3.
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2.4.3. SRG-strengthened rectangular section RC beams: Effect of shear span-to-
depth ratio
As discussed previously, variation in a/d ratio significantly affects the shear
strength of both the reference and strengthened beams. In addition, the contribution of
the SRG to the beam capacity varies with a/d ratio. Thus, Eq. (2.24) is modified as
follows to reflect the influence of a/d ratio on the shear capacity of both the reference

and strengthened beams:
v =R B+ Rsrgpsrgfe,srg cotd (2.28)
where R, and R, are given in Egs. (2.29) and (2.30), respectively:

p {(4.6/){)’7,a/d <25 (2.29)
¢ (1.28p%*Y,a/d > 2.5

B {2.025 R.a/d < 2.5 (2.30)
srg Rc3/4’ a/d > 2.5

where y = a/d ratio and n = 2.5/ is the ratio of the boundary for the slender
and deep beams (2.50 based on ACI-ASCE Committee 445 [142]) to the a/d ratio.

The model is used to predict the shear capacity of RC beams with varying a/d
ratios included in Study 2. The ratio of the predicted to experimental shear capacities
featured an average and standard deviation of 0.99 and 0.068, respectively. The
coefficient of correlation between the predicted shear capacity and experimental shear
capacity is 97%. The predictions of the model were further assessed on the basis of the
modified DPC method, as shown in Figure 2.35. As shown in Figure 2.35, the
predictions of all specimens lay within the range of appropriate safety. Thus, the

proposed model gives safe and accurate predictions
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Figure 2.35: Prediction capability of the model based on the modified DPC [139] for

beams included in Study 2.
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2.5. Conclusion

An extensive experimental program that comprised thirty-three (33) RC beams
(11 T-section beams and 22 rectangular section beams) is used to experimentally
investigate the shear strengthening performance of SRG composite applied using either
EB or NSE technique. Three independent studies were investigated in which the first
study focused on the effectiveness of SRG in strengthening of shear-deficient RC T
cross-section beams. The parameters of the first study were set as follows: (a) fabric
density, (b) amount of internal shear reinforcement in the test span, and (c) bond
scheme. In this regard, a total of eleven RC T-beams were designed, fabricated, and
tested under monotonically increasing three-point bending until failure. Moreover, an
SMCFT-based analytical procedure is proposed to predict the shear capacity of the
strengthened beams.

In the second study, the shear behavior of RC beams with varying a/d ratio and
shear strengthened with EB-SRG was investigated. Twelve rectangular section RC
beams with dimensions 180 x 400 x 2550 mm, including four reference beams without
SRG and eight shear-strengthened beams were prepared and tested until failure under
displacement-controlled three-point bending. The beams were tested as a simply
supported system with a clear span between supports of 2150 mm and varying shear
span (535, 700, 870, and 1035 mm). The influence of varying a/d ratio and the density
of the SRG steel fabrics (1.57 cords/cm, 3.14 cords/cm) on the load—deflection curve,
load-carrying capacity, deformational characteristics, and failure mode of the
strengthened specimens were analyzed. A wide range of a/d ratios ranging from 1.60
to 3.10 at 0.5 intervals representing both deep beams (a/d = 1.60 and 2.10) and slender
beams (a/d = 2.60 and 3.10) were considered. Besides, an analytical model that

considers the effect of a/d ratio was proposed based on the SMCFT.
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The third study reported the results of experiments on the shear performance of

RC beams strengthened in shear using different techniques for an SRG system. The

experiment involved 13 rectangular RC beams with dimensions of 180 mm % 400 mm

x 2550 mm subjected to monotonically increasing three-point loading. Two different

techniques were used, namely, the NSE and the conventional externally bonded

technique. Moreover, the effects of the fabric density, strengthening scheme (side-
bonded versus U-wrapped SRG), and strengthening amount in a continuous or
discontinuous configuration on the strengthening performance of the SRG system were
examined. In addition, an analytical model was proposed to predict the shear capacity
of the strengthened beams considering the effect of the strengthening type.

The results of the studies support the following conclusions:

e The use of SRG can significantly increase the shear capacity of RC beams deficient
in shear. Enhancements achieved in the shear capacity ranged from 10% to 71% for
the T-section beams, while it ranged between 21% and 133% for the rectangular
beams.

e Regarding SRG fabric density, the enhancement in B, increased with increasing
SRG fabric density because of increased axial stiffness; however, the increase was
not in a linear proportion with the increased fabric density.

e The U-jacketing bond scheme was more effective than the side bonded scheme in
increasing the load-carrying capacity of the beams. For the T-beams, on average,
the efficacy of the SRG system decreased by 22% because of the change in the bond
scheme from U-jacketing to side bonded.

e The SRG strengthening also delayed the formation of the first crack. The first cracks
in the SRG-strengthened specimens occurred at a higher load level compared to that

in the reference beam.
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The efficacy of the SRG appeared to be dependent on the test parameters.

As observed from the first study, the presence of internal transverse reinforcement
within the critical shear span was observed to increase the shear capacity of the
beam comparing the reference beams, however, it decreased the strength gain of the
SRG strengthening system. An overall average of the increase in P, was 68% for
specimens without internal transverse reinforcement, and 31% for specimens
reinforced with steel stirrups within the test span. This value further decreased to
16% with an increase in the amount of internal transverse reinforcement.

As observed from Study 1, the experimental results clearly indicated the
SRG/stirrups interaction in terms of the strength gain, as well as the strains
developed in the internal shear reinforcement. Given the applied load, the strains in
the stirrups were significantly greater in unstrengthened specimens. Therefore, it
appeared that the presence of the SRG eased the strains in the stirrups.

The experimental results in Study 2 demonstrated that the behavior of strengthened
RC beams is affected by the a/d ratio. The increase in P, attributed to the SRG
system increased with an increase in a/d ratio for deep beams but decreased with
increasing a/d ratio for slender beams. The results also showed the higher efficacy
of the SRG system in the shear strengthening of slender beams than deep beams.
On average, the increase in B, for slender beams was 108%, whereas this value was
only 48% for deep beams, as observed from Study 2.

As observed from Study 3, the strength properties of the SRG steel fiber can be
better utilized by employing the NSE technique. The failure mode of the
strengthened beams can be changed from SRG laminate debonding failure to SRG
fabric rupture failure using the NSE technique. The failure of the NSE-SRG

strengthened beams was mainly characterized by fabric rupture, unlike the EB-SRG
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beams where failure was attributed to premature SRG debonding. Thus, the former
represents a better utilization of the SRG system. The increase in V;,,, relative to
the reference beam ranged from 81% to 124% for the NSE-SRG strengthened
beams and 32% to 82% for the corresponding discontinuous EB-SRG strengthened
beams, as observed from Study 3.

Finally, an analytical procedure was proposed to predict the shear strength of T-
section as well as rectangular RC beams strengthened with either the NSE-SRG or
EB-SRG taking the type of the strengthening technique and a/d ratio into

consideration. The proposed model resulted in an acceptable prediction capability.
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CHAPTER 3: MACHINE LEARNING-BASED CAPACITY PREDICTION AND
RELIABILITY ANALYSIS OF RC BEAMS STRENGTHENED WITH

INORGANIC COMPOSITES

3.1. Introduction

The use of supervised machine learning (ML) techniques for modeling different
civil engineering structures has recently acquired considerable attention owing to its ability
to determine the relationship between the input variables and response(s) without prior
assumptions of the underlying mathematical and physical models [96] in contrast to most
empirical models. It has been successfully applied to solve different problems including
damage assessment of bridges [107,143-145] and buildings [146], prediction of the
material properties [89,93,147,148], and load-carrying capacity and failure mode of RC
members [49,103,111,149-157]. A review of the application of different ML techniques in
structural engineering is conducted by Salehi and Burguefio [85].

Previously, single ML models were mainly adopted in the literature including
artificial neural network [158-161], decision trees [162], and support vector machine
[148,163]. Generally, a single learner might not be sufficient; thus, multiple base learners
can be combined to generate a strong model. In this context, ensemble learners combine
multiple base learners (aka weak learners) to produce a more stable and accurate prediction.
In ensemble models, new predictions are obtained by combining predictions from each base
learner. Ensemble models can be formed by training base learners in parallel (e.g., random
forest) or sequentially (e.g., gradient boosting and extreme gradient boosting). Successful
applications of ensemble learners have been reported in the literature (e.g. [97,103,164—
167]). However, the literature lacks the application of ML models for predicting the
capacity of RC beams strengthened with SRG and inorganic composites in general.

Therefore, this dissertation presents a pioneer ML-based model for predicting

the shear capacity of RC beams strengthened in shear and flexural capacity of
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strengthened RC beams in flexure. The dissertation also presents a review of the

existing analytical models for RC beams strengthened in shear as well as flexure using

inorganic composites. The developed ML models are compared with the existing

models and guideline equations. Finally, a reliability analysis is performed to calibrate

the resistance reduction factor to achieve a specified target reliability index. Thus, the

research presented in this chapter is aimed to address the following aspects:

Develop accurate and reliable ML models for determining the shear capacity
of RC beams strengthened in shear with inorganic composites.

Develop accurate and reliable ML models for determining the flexural
capacity of flexural strengthened RC beams strengthened in flexure with
inorganic composites;

Compare the prediction accuracy of the developed model against that of the
existing analytical models; and

Calibrate a resistance reduction factor to achieve a specified target reliability

index of the developed models based on reliability analysis.

The following two studies have been conducted in this chapter:

Wakjira TG, Ebead U, Alam MS. Machine Learning-Based Shear Capacity
Prediction and Reliability Analysis of Shear-Critical RC Beams Strengthened
with Inorganic Composites. Case Studies in Construction Materials 2022; 16:
e01008. https://doi.org/10.1016/j.cscm.2022.e01008.

Wakjira TG, Ibrahim M, Ebead U, Alam MS. Explainable machine learning
model and reliability analysis for flexural capacity prediction of RC beams
strengthened in flexure with FRCM. Engineering Structures 2022;255.

https://doi.org/10.1016/j.engstruct.2022.113903.
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3.2.  Overview of ML Models
This section presents an overview of the ML models used in this study.

3.2.1. Single Al models

3.2.1.1.  Kernel ridge regression
Kernel ridge regression (KRR) is a nonlinear regression that maps data into
different dimensional spaces (x; = @; = @(x;)) using kernel trick. It addresses the
limitations of the well-known least square (LS) method using ridge regression (linear
least squares with 12-norm regularization) and kernel function. Thus, it extends the
ridge regression to include nonlinear problems using a nonlinear map. For nonlinear
regression, KRR transforms the nonlinear regression in the original space into a linear
regression in a higher dimensional space using a nonlinear kernel function. The widely
used kernels include linear, polynomial, hyperbolic tangent (sigmoid), and radial basis
function (RBF) kernels [168].
The KRR regression can be formulated as [169]:
y=Ka+e¢ (3.1)
where ¢ is the error vector and a is the KRR unknown vector determined by
minimizing Eqg. (3.2).
fl@) =05y —Ka)"(y — Ka) + 0.52a"Ka, 1 > 0 (3.2)
where A is the regularization parameter.
The solution with respect to a can be given by [169]:
a=(K+ L)ty (3.3)
The KRR solution in Eq. (3.3) can be rewritten as:
y=(K+A)a (3.4)

The kernel type and parameters a and A are optimized to find the best model.
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3.2.1.2.  K-nearest neighbors

The K-nearest neighbors (KNN) is a non-parametric model that can be used for
classification as well as regression problems. The KNN regression approximates the
relationship between the input features and target variable using the observations of K
nearest neighbors. To make a prediction for a query point, the algorithm firstly
measures the distance between the training data points and the query data point using
Euclidean distance and orders the calculated distance in ascending order. The algorithm
then identifies the K training data points closest to the query data point, represented by
N,. Finally, the target value for the query data point is estimated as the weighted mean
of all the training responses in N,. The size of the neighborhood K needs to be
optimized.

3.2.1.3.  Support vector regression

Support vector machine (SVM) is one of the supervised ML technigques with
associated algorithms primarily applied for classification problems using the structural
risk minimization principle [170]. It can also be used to efficiently perform non-linear
regression by indirectly mapping the original input vectors into a very high-dimensional
feature space, using kernel functions [170]. The class of SVM used for regression
problems is known as support vector regression (SVR). Given n number of training
examples {(x;, y:)} =1 € R™ X R, SVR estimate the regression function f(x) in Eq.
(3.5) by minimizing the regularized risk function in Eq. (3.5(3.5)a) subject to Egs.

(3.5b) and (3.5¢) [171].

fx)=w.¢(x)+Db (3.5)
U T £ -

Tw,§,6) = 5 lIwll? + CEZ(& +E),i=12 .0 (3.53)

Ww.p(x)+b)—y; <e+&,i=12,...,n (3.5b)
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yi—w.px)+b)<e+¢&,i=12,..,n (3.5¢)

x; e XS R", yeYCR (3.5d)
£.6 20 (3.5¢)
where,

&; and & are slack variables,

w and b are weight vector and the bias, estimated by minimizing Eqg. (3.5a)
subject to Egs. (3.5b) and (3.5¢) [171],

€ is Vapnik’s insensitive loss that serves as a threshold, in which the
absolute values of errors less than ¢ are ignored, and

C is a regularization parameter.

The prediction in SVR is given by [168,172]:

f(x) = Z (a; — a;)K(x;,x) + b subjectto0 < a; < C,0
ie sV (3.6)

where K (x;, x) is the kernel function, a; and «; are the Lagrange multipliers,
and SV denotes support vectors, which are subsets of training data.

The widely used kernels are [173,174]:

e Linear kernel: k(X;, X;) = (X;, X;).

e Polynomial kernel: k(X;, X;) = (y(X;, X;) + r)d, y > 0 and d as a polynomial
degree.

e Hyperbolic tangent (sigmoid) kernel: k(X;, X;) = tanh(y(X;, X;) + 1), y > 0.

e Radial basis function (RBF) kernel: k(X;, X;) = e‘ﬁuxi_xfuz, where o is the
width of the kernel.

In this study, all the above four kernel functions are considered. The other two

hyperparameters that greatly affect the SVM predictive capacity are the regularization
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parameter C and e-insensitive zone [175]. These hyperparameters are also optimized in

this study.

3.2.1.4.  Decision trees

Decision tree also known as classification and regression tree or CART for short
IS a non-parametric supervised ML algorithm that resembles a flowchart-like structure.
The CART algorithm predicts the response following the decision from the root node
to the leaf, in which each internal node or decision node denotes the test, while each
leaf or terminal node represents the outcome of the test.

It can be used to solve both classification and regression problems in the form
of a tree structure [162]. In regression, given n observations of training dataset
{(x1,v1), (x2,¥2), ..., (xn, V1) }, decision tree iteratively splits the training data into a
set of terminal nodes. The algorithm then fits a regression tree in each node using the
feature, which produced the highest information gain at each node [162]. The main
hyperparameters of the CART; namely, the maximum depth of the tree, minimum
number of samples at the internal node, minimum number of samples at the leaf node,
and maximum number of input features at each node are optimized to determine the
best model.

The decision tree model is easy to interpret and visualize. However, a single
tree may not be adequate to effectively learn the model. Furthermore, decision tree
suffers from the problem of generalization and high variance and bias. The ensemble
of CARTS can be used to overcome these problems.

3.2.2. Ensemble models

Ensemble learners integrate several base learners to enhance the generalization
ability over a single model [176]. Bagging and boosting ensembles are widely used

techniques for improving prediction performance. They are commonly applied to tree-

91



based learners although they can be applied to other learners also such as artificial
neural networks [176]. The basic idea behind the ensemble model is to combine
multiple base learners in computing the final response rather than relying on an

individual model.

3.2.2.1.  Random forest

Random forest is an ensemble model that constructs several decision trees in
parallel as a committee to generate independent outputs, and finally computes their
mean to generate the final output in order to ultimately increase the prediction accuracy
of the underlying algorithms [177]. In this sense, random forest follows a two-step
process: (a) construct T number of decision trees (estimators) and (b) compute the
arithmetic mean of the prediction across the estimators to generate the final prediction
in the case of regression and a majority vote in the case of classification problems.

Each decision tree predictor in the random forest regression (RFR) algorithm
uses bootstrap samples, which are randomly selected samples from the original training
dataset with replacement. Moreover, random subsets of input features are considered
when splitting nodes in the decision tree on the best split among a random subset of the
features selected at every node [178]. The split at each node is performed in two steps.
Firstly, a random subset of input features is selected from the bootstrap sample [178].
The best subset feature is then selected to perform the decision split at each node of a
decision tree [178]. Figure 3.1 shows a simple schematic of the RFR algorithm. The
final prediction of RFR is made by averaging the predictions of each decision tree

predictor, as shown in Figure 3.1.
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Figure 3.1: Learning process of random forest regression algorithm.

3.2.2.2.  Extremely randomized trees

Extremely randomized trees (ERT) algorithm is another type of tree ensemble
learners that can be applied to both classification and regression problems [179]. Its
main difference with the random forest is that it uses the complete training dataset to
grow the trees, unlike random forest that uses bootstrap samples. Besides, ERT adds
randomization in selecting the split points of each node [179]. Similar hyperparameters
are used for the extremely randomized trees as that of random forest.

3.2.2.3.  Gradient boosted trees

Gradient boosted trees (GBT) is one of the powerful boosting algorithms, which
combines a sequence of weak learners; particularly classification and regression trees
in an additive model. Figure 3.2 illustrates the learning process in the boosting

algorithm. The GBT is mathematically expressed as follows:
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T
B =) fix) (37
t=0

where T is the number of base learners (CARTS) and f; is the set of all possible

decision trees.

L Training data set X J

T
‘ FOO =) fikia) ]
1

Figure 3.2: Schematic of boosting algorithm.

Given a training dataset {(xy, y1), (X2, ¥2), ..., (5, ) } with n observations and
a differentiable loss function L(y;, F(x)), gradient boosted trees regression (GBTR)
performs the following steps [180]:

1) Initialize the model with a constant value that minimizes the loss:

Fy(x) = in > L(y, 3.8
2 (1) argpmm; 71, 9) (3.8)

2) Fort =1toT do:
a. Determine the negative gradient of the loss or pseudo residuals, given

the previous ensemble F;_;:
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= OL[y;, Fr—1(x;)]
o 0F;_1(x;)

3.9)

b. Fit CART to 7, values and create terminal regions Ry, forj =
1,2, ...,J¢ where j, is the number of terminal nodes.
c. Forj=1,2,...,j; compute the output value for each leaf that minimizes
the loss:
pje = argmin > L(yi,Fe_y(x) + p)
P xieRy 3.10)

d. Update the estimator of F(x):

Jt
F() = Fos () 40 ) pjeluer, () (3.1)
j=1

where v is the learning rate [180].

3) Output Fr(x).

3.2.2.4.  Extreme gradient boosting
The extreme gradient boosting (xgBoost) algorithm developed by Chen and
Guestrin [181] is an improved form of gradient boosting algorithm. The xgBoost adds
a regularization term in the objective function in order to reduce model complexity and
prevent overfitting. The base learners (trees) in the xgBoost are built sequentially by
minimizing the objective function [181] in Eq. (3.12), which contains the loss function

and regularization term:

PRICEATSIICD (3.12)
1 T

) =yT+§AZWJ? (3.13)
j=1

where y is the complexity of each leaf, w; is the weight of leaf j, and 4 is the
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penalty parameter.
3.3.  Hyperparameter Optimization

The performance of the model is considerably affected by the selection of the
model parameters. The optimal hyperparameters are selected with the use of
hyperparameter optimization or tuning, which refers to the process of searching for the
best values of the hyperparameters. In this study, a grid search optimization technique
is adopted to efficiently optimize the hyperparameters. It is an optimization algorithm
that exhaustively searches the optimal hyperparameter combinations considering all
combinations of the user-defined hyperparameters [182]. In addition, the development
of a reliable model requires the validation of the model by external data that was not
included as part of the model development to address the problem of overfitting. In this
study, a standard technique of detecting overfitting known as the K-fold cross-
validation is used to prevent overfitting, where K refers to the number of groups that a
given data is to be split into. In this approach, the data is randomly split into K disjoint
subsets that have approximately the same number of observations, and then the network
is fitted using the K — 1 folds and validated using the remaining one-fold. Thus, each
fold, in turn, serves as a validation set. In this study, a commonly used ten-fold (K =
10) cross-validation, which splits the data into ten groups is adopted, as shown in Figure
3.3. The 10-fold cross-validation uses the following learning and validation steps:

(a) Split the data into ten subsets of equal sizes {D;, D,, ..,D;,}, as shown in

Figure 3.3;

(b) Use nine sets of the data to train the model and the remaining one set of the data
to validate the model, as shown in Figure 3.3; and
(c) Repeat steps (a) and (b) with each subset {D;, i = 1,2,..,10} used exactly once

as the validation set, as shown in Figure 3.3.
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The final performance of the model is then computed by averaging the cross-

validation performance of the 10 models.

Complete Dataset
(100%)

Combination of | - o Test Dataset
e | Training Dataset (80%) (20%)

1 2 3 K  Performance Index (PI)

7 —~ PI
A -
G - - 7L
S~ e

Training

Best 7 L Test Dataset
Hyperparameters % Validation (20%)

K
1
j=1

K — 1: training folds and
1: validation fold

(K times)

‘ Final Score ‘

Figure 3.3: Conceptual schematic of 10-fold cross-validation adopted in this study.

3.4. Model Performance Measures

The performance of the ML-based model is usually measured with the use of
different statistical indices. Different statistical performance indices; namely, mean
absolute percentage error (MAPE), root mean squared error (RMSE), mean absolute
error (MAE), and coefficient of determination (R?) are used in this study, as given

below.

1 n
MAPE = —z
n i=1

Vi — 5/i| (3.14)
Vi

1 N
MAE=—2 ly: — 9]
N i=1 yl yl

(3.14a)

97



N 3.14b
RMSE=\/%Z?=1(3’i_Yi)2 (3.140)

XL —9)° (3.14c)
2is (i = ¥)?
where y is the observed value, y is the predicted value, and ¥ is the arithmetic

R?=1

mean of y values.

3.5.  Model Explainability

Despite their widespread applications, ML models remain mostly black boxes
[149]. In this context, explainability is an important step as it is, often, not apparent. To
this end, a unified framework referred to as the Shapley Additive exPlanations (SHAP)
approach has recently been introduced to interpret the predictions of ML models [183].
However, a limited number of studies have investigated the explainability of such
complex ML models in structural engineering applications [149,164,184].

The SHAP approach also enables the identification and prioritization of
important factors that determine the response variable using SHAP values that are
consistent and individualized to each prediction. Given a prediction from a model f (x)
with Q input features, SHAP develops an explanation model g(x') that is a linear
function of binary variables in Eq. (3.15) using simplified inputs x’ that map the

original inputs through the mapping function (h,) in Eq. (3.16) [183]:

Q
90 = g0+ ) duxi (315)
i=1

x = h,(x") (3.16)
where ¢; € R are the feature attribution values, and ¢, represents a constant
value when all inputs are missing.
In Eq. (3.16), x"€ {0, 1}, thus h,, maps 1 or O to the original input space, where

0 indicates the input is excluded in the model, while 1 indicates the input is included in
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the model.

As described in [183], there exists a single solution to Eq. (3.15) with three
desirable properties, namely, local accuracy, missingness, and consistency. The first
desirable property, which is local accuracy ensures that the explanation function results
in the same values as the original model, f(x) = g(x') whenever x = h,(x").
Missingness ensures that the missing feature has no impact on the model (x; =0
implies ¢; = 0). Finally, consistency states that if a given feature has a larger impact
in model f’ than model f, then the importance measure in the model ' should always
be larger than that in model £, as shown in Eq. (3.17).

if fx(2") = fx(2'\D) = £ (2") = f(z"\D) for all inputs
z'e {0, 1}M (3.17)
then ¢; (", x) = ¢;(f, x)

where z'\i denotes the setting z; = 0, and z’ < x’ represent all z" vectors.

According to Lundberg and Lee [183], the unique solution that satisfies the three
desirable properties is given by:

1z'|!(M —|z'] = 1)!
M!

bilf)= )

zZ'cx!

[fe(z") = £ (z'\D)] (3.18)

where |z'| is the number of non-zero entries in z', f,(z") = fi(hy(2")) =
E[f(2)\Zs] is the expected value of the model f conditioned on a subset S of the input
features, and S is the set of non-zero indices in z'.
3.6. Preparation of the Dataset and Description of Input Parameters

It is well understood that the first step in the ML model involves the collection
of a relevant experimental database. The database for RC beams strengthened in shear

as well as flexure are discussed below.
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3.6.1. RC beams strengthened in shear with inorganic composites

In this study, a database of 173 RC beams strengthened with different types of
inorganic composites is developed based on an extensive literature review [2,8,185-
194,10,195-198,12,38-40,119,120,124]. The experimental database covers a wide
range of beam geometries, concrete strengths, internal shear and flexural
reinforcements, fiber types, strengthening configurations, wrapping schemes, and
mechanical properties of the fibers. Three types of wrapping schemes are used in the
database; namely, side bonded (SB) scheme in which the composite is bonded to the
two sides of the beam, U-wrapped (UW) scheme.

The development of an accurate shear model requires the incorporation of all
parameters affecting the shear capacity of RC beams strengthened with inorganic
composites. Thus, in this research, a comprehensive set of parameters (a total of 17
parameters) are considered, unlike most of the existing models that were developed
based on a limited number of parameters. These parameters are the width of the web
(by,), effective depth of the section (d), shear span-to-effective depth ratio (a/d),
concrete compressive strength (f;), flexural reinforcement ratio (ps,), yield strength of
reinforcing flexural bars (f,), reinforcement ratio of stirrups (ps, ), yield strength of
stirrups (fs,,), and characteristics of the strengthening system including the fabric type,
tensile strength of the fibers (fz,), elastic modulus of the fibers (E), effective depth
(hse) (Figure 3.7), thickness of the composite (tr), number of strips (N¢) and width of
each strip (W) (for discontinuous configuration), number of fabric layer(s) (ns), and
wrapping scheme. The variables W¢, Nf, ng, and t; are used in the model in terms of
the FRCM reinforcement ratio (o) as given by:

=2
Pr a b,
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where a is the shear span.

Thus, fourteen (14) parameters are used as the final input vectors of the ML
model. Five different types of fabrics are included in the collected experimental
database; namely, carbon (C), basalt (B), glass (G), polyparaphenylene
benzobisoxazole (PBO), and steel (S). The G, C, PBO, B, and S fabrics are identified
with values 1, 2, 3, 4, and 5 in the ML model. Similarly, all the three wrapping schemes;
viz., FW, UW, and SB schemes are included in the database and assigned values of 1
for the SB and 2 for the UW/FW schemes.

Table 3.1 presents a summary of the geometry and internal reinforcement
properties of the experimental tests included in the database along with the descriptive
statistics of each parameter, while Table 3.2 provides a summary of the characteristics
of the strengthening system. Besides, Figure 3.4 illustrates the statistical distribution of
the database in terms of the input parameters versus experimental shear capacity (V,)

plots.

Table 3.1. Geometry and material characteristics of RC beams strengthened in shear

Geometry Concrete Internal reinforcement
References
by, d a/d fe Psx fox Psy fsy
(mm) (mm) (MPa) (%) (MPa) (%) (MPa)
[185] 180 419 298 46.2 3.20 555 — -
[186] 150 159 252 20 1.30 578 — -
[187] 150 3075 3.25 375 2.17 480 — -
[40] 102 177 2.60 221?;68_ 2.23 547 — -
[188] 300 254 276 28-283 0.79 5172 — -
0.0- 0.0-
[119] 150 250  3.00 36 5.03 520 0.50 294
2.78- 29.2- 1.86- 0.23-
[120] 150 225 30 383 579 457 0.32 446
[189] 200 385 263 14-152 3.26 571 - -
[190] 150 256  3.91 23.2 3.20 500 - -
0.0- 0.0-
[191] 250 317  3.15 61 3.72 494 0.75 365
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2.6—

[38] 102 177 %55 20238 220 547 - -
Geometry Concrete Internal reinforcement
References
bw d a/d f;‘, Psx fsx psy f:qy

(mm) (mm) (MPa) (%) (MPa) (%) (MPa)
2] 150 272 285 253 150 575 014 275
[192] 120 372 269 25534 420 500 042 500
[39] 152 248 300 5o 304 690 027 276
[193] 120 204 318 0 260 510 - -
[194] 150 320 250 r 160 545 - -
[195] 150 270 222 28 150 515 - -

213 0.22-

[12] 150 230 300 507 616 545 o 527
8] 150 289 190 30 139 595 - _
[10] 150 242 331 4595 433 526 027 526
[124] 200 273 220 23328 o 500 - _
[196] 180 3295 288 34 414 588 061201_ 234
[197] 180 334 40 3 261 584 - -
[198] 180 334 260 34 261 584 - -
Mean 160 276 272 305 269 5438 009 1290
STD 41 66 046 101 132 443 016 2035
Minimum 102 159 160 101 075 4572 0 0
Maximum 300 419 490 61 616 690 075 527

Table 3.2. Summary of the strengthening system included in the database for RC

beams strengthened in shear

Fabric E fru Wrapping  p hee
References type (éPa) ({}Pa) scherme ((f;/o > (fn )
201- 2.950—
[185] C 962 38 SB 0.20 377.1
[186] B 31.9 0.623 SB 1.20-3.40 1431
[187] G,C 75-230 2.3-38  SB,UW 0.49-1.18 276.75
[40] C 225 3.8 SB, FW 1.86-5.59 159.3
[188] B, G,C, 90-270 2.61-58 FW 0.28-0.35 228.6
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PBO

[119] C 230 3.8 SB 1.92-3.84 225
[120] PBO 270 5.8 uw 0.30-1.20 202.5
[189] C 74-225 1448 UW 1.86-3.80 238.5
Fabric Ef fru Wrapping oy hse
References 1y pe (GPa) (GPa)  scheme (%o) (mm)
[190] G 75 0.574 FW 1.50-2.20 230.4
[191] C 230 3.8 SB 0.70-1.41  285.3
[38] C 225 3848 UW 1.22-6.80 159.3
[2] C 225 3.35 FW 0.60-1.30 2448
[192] G 75 0.574 uw 1.80-5.50 252
[39] PBO 127 1.664 uw 0.61-2.42 2232
[193] G 74 1.102 SB, UW 0.20-1.20 183.6
[194] C 225 3.375 uw 0.60-2.60 220
[195] C 240 4.3 SB, UW 0.40-2.90 243
[12] C,S ;Zg_ 3.8 uw 0.63-3.60 207
[8] C,G,PBO 80-270 2.6-58 SB 0.40-0.63  260.1
[10] PBO 270 5.8 uw 0.34 300
[124] S 190 2.8 Uw, FW 0.84-2.54 2455
[196] S 190 3.0 SB, UW 1.87-3.76  229.5
[197] S 190 3.0 uw 1.87-3.76  300.6
[198] S 190 3.0 SB, UW 1.22-3.76  300.6
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Figure 3.4: Correlation between the input parameters and the shear capacity.

3.6.2. RC beams strengthened in flexure with inorganic composites
A database of flexural strengthened rectangular RC beams in flexure with
inorganic composites collected from the literature [9,11,22,24,26,199-208] is used in
this study. A total of 132 RC beams strengthened in flexural are included in the
developed database. A wide range of beam geometries, mechanical characteristics of
materials (concrete, steel, and strengthening composite), fabric types (carbon, PBO, and
steel), and reinforcement areas for both internal steel reinforcement and external

strengthening reinforcement are considered in the database, as shown in Figure 3.5.
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However, the mechanical characteristics of strengthening mortar are not reported in
most of the studies, thus, its effect on the flexural capacity of the strengthened beam is
not considered herein. Different input variables including the width of the web (b,,),
effective cross-sectional depth (d), concrete compressive strength (f;), yield strength
of steel bars (f,), area of steel reinforcement in the tension (A, ) and compression (As.)
zones, elastic modulus of fibers (E;), number of fabric layers (n;), width of the
composite plate (by), and thickness of the fabrics (t;) are considered in this study. The
width of the composite plate, the thickness of the fabrics, and the number of fabric
layers are represented in terms of the area of composite reinforcement, A = benyt;.
Thus, the final input vector comprises a total of nine parameters. It is worth mentioning
here that the response of two beams strengthened with an equivalent Az, but different
numbers of fabric layers in the composite may vary due to the difference in the behavior
of the strengthening system with the change in the number of fabric layers. However,
the current model does not consider such an effect on the flexural response of the
strengthened beams. Table 3.3 presents the statistical distribution of the input
parameters of the experimental database used in this study, while the range of each
input variable is clearly illustrated in Figure 3.5. In addition, Figure 3.6 shows an 8 x 8
matrix in which the diagonal of the matrix shows the histogram for the distribution of
each variable, whereas the lower and upper triangular matrices show the scatter plot

and Pearson correlation coefficient (r) between the input variables, respectively.
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Table 3.3. Distribution of input parameters for RC beams strengthened in flexure

Description ::)r;e:rtneter Mean STD Min Max Q1 Q2 Q3
Geometry b,, (mm) 250.2 1159 120 400 150 176 400
d (mm) 218.7 66.24 129 450 210 210 217
Concrete f. (MPa) 40.86 14.44 15.1 67.5 29.13 42.38 49.0
nternal fy (MPa) 4964 8513 267 604.2 468.3 517.2 537
reinforcement Ag (mm?*) 3313 1341 157 6029 2125 339.1 461.6
Ag, (mm?*) 1593 165.3 0.00 6029 0.00 1005 157.1
FRCM Ar (mm?)
reinforcement f 26.39 18.71 6.75 108 13.80 23.0 31.96
E; (GPa) 2347 4845 735 271 206 270 270
Fabric type  Carbon, PBO, Steel

STD: standard deviation; Max: maximum; Min: minimum; and Q1, Q2, Q3: 25th, 50th, and 75th percentiles
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Figure 3.5: Distribution of the input variables.
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Figure 3.6: Details of the dataset used for RC beams strengthened in.

To mitigate the problems associated with low learning rates of the network at
the extreme values, the database is normalized into a range within [0, 1], as follows:

Xorvin — Xoni
xn — orig min (320)

Xmax — Xmin

where,
Xorig and x,, are the original and normalized value of the variable, respectively,
and

Xmax aNd X are the maximum value and minimum value of the variable.
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3.7. Review of Existing Models and Design Guideline
3.7.1. RC beams strengthened in shear with inorganic composites

Figure 3.7 shows the details of RC beam strengthened in shear. In most of the
existing design models [2,120,188,209], the shear capacity of the FRCM-strengthened
RC beam is evaluated as a simple superposition of the capacity provided by concrete,
stirrups, and FRCM system, as follows:

V=V +Vs+V; (3.21)
where I, Vs, and V; denote concrete, stirrups, and FRCM contributions to shear

resistance, respectively.

/y_sf% E FRCM strips b,

K a y
A

Figure 3.7: Details of RC beams strengthened in shear within the shear span with UW

FRCM.

Seven existing models for the shear capacity of RC beams strengthened in shear
with inorganic composites, particularly, FRCM are considered in this study. The first
four models [2,120,188,209] generally differ in the evaluation of the FRCM
contribution. In two of the models; namely, Triantafillou and Papanicolaou [2] and
Escrig et al. [188] models, the shear capacity provided by the FRCM system is
determined as a function of the FRCM fiber properties, while ACI 549 [209] and

Ombres [120] models are based on the properties of FRCM composite. Model-1
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through Model-4 fail to consider FRCM/stirrups interaction. Moreover, the models do
not account for the variation of the shear crack with both applied load and axial tensile
strain in the flexural reinforcement bars. As a result, Wakjira and Ebead [138] proposed
an analytical procedure based on the MCFT [135], in which the shear capacity of the
FRCM-strengthened beams is determined in an iterative procedure considering the
effect of FRCM/stirrups interaction and change in the shear crack angle. In another
study [210], the same authors used a simplified compression field theory combined with
probability and statistical techniques to develop a non-iterative simplified shear design
equation for FRCM-strengthened beam.
3.7.1.1. Model-1: Triantafillou and Papanicolaou [2]

According to Triantafillou and Papanicolaou [2], the shear capacity provided by

the FRCM is given as follows, assuming that the FRCM fibers are made of continuous

rovings parallel and perpendicular to the beam axis:

hye = 0.9d (3.22a)
geff = O.SSfu (322b)

where py is the reinforcement ratio of FRCM, h, is the effective depth of the
Jacket (Figure 3.7), d is the effective depth of the beam section, and &.¢¢, ¢, and Ef
are the effective strain, ultimate strain, and the elastic modulus of FRCM fibers,
respectively.

3.7.1.2. Model-2: Escrig et al. [188]
Escrig et al. [188] proposed the following equation for determining the shear
capacity provided by the FRCM:

Ve = 2ns€,rrEptrhso(cota 4 cot ) sin® a (3.23)
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12/3\ "2
Eerr = k1 <pCfEf> Efu (f¢ in MPa, Ef in GPa) (3.23a)
0.020; SBorUW
ki ={0035, FW (3.23b)
I = {0.550; SB or UW (3.23¢)
27 10.650; FW
6 = 45° (3.23d)

where n; is the number of fabric layers, and a is the inclination of the fiber with
respect to the longitudinal axis of the beam. In Egs. (3.23b) and (3.23c), FW, UW, and
SB indicate the wrapping scheme; particularly, full, U-, and side bonded wrapping,
respectively.
3.7.1.3. Model-3: Ombres [120]

Ombres [120] proposed a formula to predict the contribution of FRCM, which

IS given by:
Vi = kegersEfremprbwd(cota + cot0) sina (3.24)
fraa 1 l,sina
Eeff = Efrcm[ ~ 3min(0.9d; hw)] (3:242)
0.24 Efrcmkb\/ fckfctm (3 24b)
ffdd = r ) '
Vfd\/z f
fetm = 0-30fck2/3; (3.24¢)
L = I:Efrcmtf (3.24d)
2fctm
= [z 05 (3.24e)
b— [1+wf/400] ’
k. = 0.5; (3.24f)
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b (3.249)

_ {Sf; discontinuous FRCM configuration;
~ 10.9d sin(a + 6)/sina; continuous FRCM configuration

wy/b < 0.33 (3.24h)
where 6 is assumed to be 45°, k., is the effectiveness coefficient, [, is the optimal
bond length, k,, is the geometric coefficient, wy is the width of FRCM strips, and s¢ is
the spacing of FRCM strips for discontinuous FRCM configuration.
3.7.1.4. Model-4: ACI 549 [209]

According to ACI 549 [209] guideline, V; is given by:

Ocrf = €effrreMEFRCM (3.25a)
€eff,FReM = Erremu < 0.004 (3.25b)

In the above equations, 0., €.rf rremr EFrcmur @Nd Epgpey are the design

tensile strength, effective strain, ultimate strain, and elastic modulus of the FRCM

composite.

3.7.15. Model-5: Wakjira and Ebead [138]

The above models [2,120,188,209] fail to consider FRCM/stirrups interaction.
Moreover, the models do not account for the variation of the shear crack with both
applied load and axial tensile strain in the flexural reinforcement bars. As a result,
Wakjira and Ebead [138] proposed an analytical procedure based on the modified
compression field theory [135], in which the shear capacity of the FRCM-strengthened
beams is determined in an iterative procedure considering the effect of FRCM/stirrups
interaction and change in the shear crack angle. Based on this model, the shear capacity

of FRCM-strengthened RC beams is given by:
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V = B\flbud + (Rspsyfoy + psfr)bd cot 8 (3.26)

where R, is the FRCM/stirrups interaction factor, g is the tensile stress factor
of the cracked concrete, f; is the effective stress in FRCM, and 6 is the shear crack
angle from the longitudinal axis of the beam determined based on the simplified
compression field theory (SCFT) [135].

3.7.1.6. Model-6: Wakjira and Ebead [210]

Despite its accuracy, Model-5 [138] above involves an iterative procedure to
determine the shear capacity of FRCM-strengthened beams. Thus, in another study, the
authors [210] used an SCFT combined with probability and statistical techniques to
develop a non-iterative simplified shear design equation for FRCM-strengthened

beams. Accordingly, the shear capacity of FRCM-strengthened beams is given by:

, 0.84
v = 0.855(]"6)0'384 Psx + 1'286(psyf:9y)
\l (3.27)
+ 3.608K,*"7 (in MPa)
V= v (3.27a)

where v is the shear strength of FRCM-strengthened beam and K = p(Ey is the axial
stiffness of the FRCM system [210].
3.7.2. RC beams strengthened in flexure with inorganic composites

In existing formulae, a cross-sectional model was adopted to estimate the
flexural capacity (M) of FRCM-strengthened RC beams [211]. From the equilibrium of
stresses in Figure 3.8, the flexural capacity of the FRCM-strengthened RC beam can
be given by:

Bicu )

Bic
M, = Astfy (d - 12u> + AgcEscésc ( 2 —d,
(3.28)

.Blcu

112



where,

Ag. and A, are the reinforcement area of compressive and tensile steel bars,
respectively,

B, is the concrete stress block parameter (Figure 3.8),

d and d, are the distance between the extreme fiber of the beam and the center
of the tensile and compressive steel bars, respectively, (Figure 3.8),

c, 1s the neutral axis depth (Figure 3.8),

fy is the yield strength of internal steel reinforcement bars,

E,. and &, are the elastic modulus and tensile strain of the compressive
reinforcement bars, and

ds, Ar, Ef, and &, are the effective depth, reinforcement area, elastic modulus,

and effective strain of the FRCM reinforcement.

’
.df l-—bw—q bi—l f::’ b-a—lfﬁ ALE!
T TT T T sEs€
r i N
) Cy |Eg 7LC Sl‘iu C:ﬂ1fc!316u1
A da v _
h f (@-058c,)|  (d-d)
A (d; - 0.56,c,)
Esy L T= Ak L 1
IV . -

Figure 3.8: Cross-section and internal stress and strain distribution of RC beams

strengthened with FRCM in flexure.

According to Bencardino et al. [212], Eq. (3.28) can be approximated as shown
in Eqg. (3.29) with the following three assumptions: (a) the tensile reinforcement bars

reached their yielding point at the ultimate load, (b) the strains in the FRCM is equal to
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the debonding strain (g, = &4¢p), and the moment arms of the steel reinforcement and
FRCM are equal to 90% of the effective depth and height of the beam, respectively.
M, = 0.9dAgf, + 0.9hE;Areqep (3.29)

where h is the cross-sectional height of the beam. The load capacity of the
FRCM-strengthened beams can then be determined based on the loading configuration.
It is worth mentioning here that this simplified equation that does not consider the
contribution of compressive reinforcement bars.

The available models for the flexural capacity of RC beams strengthened with
FRCM vary mainly in the formulations for estimating the values of debonding strains,
€qep- Five models adopted in the literature for determining the effective/debonding
strain in the FRCM reinforcement are discussed below.

3.7.2.1.  Model-1: Jung et al. [211]
Jung et al. [211] suggested the following expression for the debonding strain of

FRCM composite based on the Teng et al. [213], originally proposed for FRP system:

Ee/ fe
Edeb = apﬁWBL (3.30)
oy
t, =ty X \/n—f (3.30a)
2—Dbs/b
By = [Pl bw (3.30b)
1+ bs/b,,
1,  Lr>L,
Br=1 . Tlf (3.30c)
SmZ_Le'Lf <L,

L, = |t (3.30d)
e \/E .
where a,, is a coefficient that is experimentally calibrated to be 0.729 and Ly is

the bond length.
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3.7.2.2.  Model-2: Bencardino et al. [212]
Bencardino et al. [212] suggested the following empirical equation for
determining &4, based on the results of a nonlinear regression analysis for steel FRCM

strengthened beams.

—0.52

Eqep = 2.24(Efty) (3.31)
They also used the fracture mechanics approach to come up with another

formula as shown in Eq. (3.32).

, , 1
Sdeb=K ZGf E (332)

where Gy is the fracture energy at the debonding surface. It is required to perform
flexural tests on RC beams in addition to single/double shear test for the FRCM to
determine the coefficient K, which limits the application of this equation in determining
Eqep- Thus, only Eq. (3.31) is adopted in this study.

3.7.2.3.  Model-3: Ceroni and Salzano [214]

Ceroni and Salzano [214] examined the influence of different factors on the
debonding strains of FRCM systems based on the results of 856 single and double shear
tests on concrete (347) and masonry (509) elements bonded externally with FRCM.
Based on the results of a non-linear regression analysis on the collected data, the authors
suggested the following equation to determine the debonding strain in the FRCM

system bonded to concrete elements.

(fcr)l.ls
(Brap)™

3.7.2.4.  Model-4: Mandor and EIl Refai [215]

Edeb = 0.008 (333)

Mandor and El Refai [215] have recently investigated the debonding strains in

the FRCM strengthening system used for flexural members. Based on the results of the
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sensitivity analysis, axial stiffness of FRCM (ErAs), compressive strength of the
concrete substrate, and tensile strength (f,) of the concrete substrate were identified as
the three most important factors that influence debonding strains in FRCM. Finally, the
authors proposed three simple optimized models for determining the debonding strains
in FRCM, as follows:

1.191 0.056 _(0.032F/
fet fem el fe)

Egep = 0.77 _ (3.34)
e (EfAf)O 091
fct1-2328(0.035fc’) (3.35)
Egep = 0.77 (E 4 )0.083
fof
fcmO.ZSe(o.osefc’) (3.36)
Egep = 0.95 (E 4 )0.153
fof

where f_,,, is the compressive strength of FRCM mortar.

In the first equation, the debonding strain is given as the function of the
compressive and tensile strengths of concrete, compressive strength of FRCM mortar,
and axial stiffness of FRCM. Based on the results of the analysis, the authors concluded
that the exclusion of the compressive strength of FRCM mortar has no significant effect
on the predicted debonding strains. Among the proposed equations, the first two
equations were reported as the best predictive equations, while the third equation
showed the least predictive performance. Moreover, the second equation showed the
least coefficient of variation (0.26). Hence, the second equation is considered in this
study.

3.7.2.5.  Model-5: ACI549.4-20 Model [216]
The ACI 549.4-20 [216] guideline suggests the following expression for

determining the value of &4, interms of the design tensile strain (e¢4) and ultimate

tensile strain (&,) of the FRCM composite:
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Edeb = Efa = &y < 0.012 (3.37)
The design tensile strain and tensile modulus of the FRCM composite are
obtained by testing FRCM coupons. Thus, it is required to perform a test on the FRCM
coupons to use this equation. Therefore, this model has been excluded from the current

study.
3.8. Results and Discussion

3.8.1. RC beams strengthened in shear with inorganic composites
For RC beams strengthened in shear, six ML models; namely, SVR, CART,
RFR, ERT, GBT, and xgBoost are investigated. The optimized hypermeters for each

ML model are presented in Table 3.4.

3.8.1.1.  Performance of ML models

The performance of ML models is presented in Table 3.5 in terms of the MAPE,
MAE, RMSE, and R?. In addition, Figure 3.9a—f compare the predicted (V,;.q4) and
experimental (V;,,,) shear capacities based on the proposed ML models in which the
solid line shows the perfect match between V,,,, and V,,.4, While the hidden lines
denote the 20% overestimation or underestimation of the shear capacity. As can be seen
in these figures, the predictions provided by all models are in good agreement with the
corresponding experimental values (R? > 0.943 for all models). It can also be observed
from the same figures that the xgBoost model produced the best prediction for the shear
capacity compared to all other models. A strong correlation exists between the
experimental and predicted shear capacities based on the xgBoost model as evidenced
by the value of R? of 0.995 and 0.984 for the training and test datasets, respectively, as
can be seen in Figure 3.9f and Table 3.5. The GBT model was the second best model
in predicting the shear capacity of the strengthened beams, as shown in Figure 3.9e and

Table 3.5.
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Table 3.4. Optimized hyperparameters

Models Parameters

SVR Kernel = RBF, C =50, £ = 0.00001, gamma = 'auto'
CART  Maximum depth = 7, maximum features = 8, minimum sample leaf = 1,
minimum sample split =3

RFR Number of estimators = 6, maximum features = 6, maximum depth = 10,
minimum sample leaf = 1, minimum sample split = 3

ERT Number of estimators = 12, maximum features = 13, maximum depth = 8,
minimum sample leaf = 1, minimum sample split = 2

GBT Number of estimators = 138, maximum features = 8, learning rate = 0.15,

maximum depth = 5, subsample = 0.3, minimum sample split = 2,
minimum sample leaf = 1
xgBoost Number of estimators = 440, learning rate = 0.5, subsample = 0.4,
maximum depth = 8, reg lambda = 1, reg alpha = 0, y = 0, colsample by
node = 1.0, colsample by level = 0.9, colsample by tree =1

Table 3.5. Performance indices for the proposed models

Training dataset Test dataset
Models \7APE MAE  RMSE .2 MAPE MAE RMSE ,
(%) (kN) (kN) (%) (kN) (kN)
SVR 669 797 1455 00968 1001 13.76 1929  0.952
CART 458 686 1223 0978 936 1456 2098  0.943
RFR 709 860 1221 0978 7.96 1282 1948  0.951
ERT 383 435 703 0993 737 1144 1661 0964
GBT 350 430 678 0993 848 1050 1355  0.976
xgBoost 1.84 2,62 594 0995 616 823 1096  0.984
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Figure 3.9: Comparison of experimental and predicted shear capacities of the

strengthened beams based on (a) SVR, (b) CART, (c) random forest, (d) extremely

randomized trees, (e) gradient tree boosting, and (f) xgBoost.
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3.8.1.2.  Comparison of the proposed and existing models

Moreover, performance evaluation of the ML models showed a very small
difference between the experimental shear capacities and the corresponding predicted
values using the xgBoost model in the training and test phases as indicated by the
RMSE of 5.94 kN and 10.96 kN, respectively. For the SVR, CART, RFR, ERT, and
GBT models, these values were 14.55 kN, 12.23 kN, 12.21 kN, 7.03 kN, and 6.78 kN,
respectively, for the training dataset and 19.29 kN, 20.98 kN, 19.48 kN, 16.61 kN, and
13.55 kN, respectively, for the test dataset (Table 3.5). Thus, the xgBoost model showed
the highest predictive capability with the highest R? and least MAE, MAPE, and RMSE
followed by the GBT model (Table 3.5). The superior predictive performance of
xgBoost, as an improved version of gradient tree boosting, is associated with the
enhanced aspects of the loss function and loss optimization. On the contrary, the CART
model showed the least predictive performance on the test dataset with the lowest R?
(R? = 0.943) and highest RMSE (20.98 kN), as shown in Figure 3.9a—f and Table 3.5.

The prediction performance of the proposed xgBoost model is compared with
that of the existing models and design guideline formulae discussed in Section 3.7. As
discussed earlier, Ombres [120] and ACI 549.4R [209] models are based on the
properties of the FRCM composite, while Triantafillou and Papanicolaou [2], Escrig et
al. [188], and Wakjira and Ebead [138,210] models are based on the fiber properties.
Out of the total number of beams included in the database, Ergqp, is not reported for 78
beams. As a result, the Ombres [120] and ACI 549.4R [209] models are validated
against 95 beams only. Moreover, Wakjira and Ebead [138,210] models are proposed
for FRCM-strengthened RC beams with a/d > 2.5, thus they are evaluated against 128
beams out of 173 beams. Figure 3.10a—f show the scatter plots of the experimental

versus predicted shear capacities based on the existing models. As can be observed in
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these figures, Model-1 overpredicted the shear capacity for large number of beams,
while the shear capacity for most of the beams are underestimated by Model-2, -3, and
-4, as shown in Figure 3.10a—d. However, the predictions provided by Model-5 and
Model-6 are scattered around the equity line that shows the perfect match between the
predicted and experimental shear capacities, as shown in Figure 3.10e and f. As shown
in Figure 3.10a—f, Model-5, which is based on the modified compression field theory

provided the best predictions among the existing models followed by Model-6.
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Figure 3.10: Predictions of the shear capacity based on the existing models.
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Figure 3.11 compares the experimental shear capacity and the corresponding

predicted values based on the existing and proposed xgBoost models. As can be

observed in this figure, the predictions provided by the proposed model lied within

+20% error margins for all beams except two, while most of the predictions are highly

overestimated or underestimated for the existing models. Besides, the statistical

performance indices for the existing and proposed xgBoost models are listed in Table

3.6 and further illustrated in Figure 3.12 in terms of the MAE and RMSE.
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Figure 3.11: Comparisons of shear capacity predictions based on existing and proposed

xgBoost models with £20% error bounds.
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Table 3.6. Performance of different shear models

Mean of STD of
Model Model D Sample  RMSE MAE y ea/  Virea/
size (kN) (kN) pre pre
Vexp Vexp
Triantafillou and Model-1 173 87.02 6530 1.28 0.81
Papanicolaou [2]
Escrig et al. [188] Model-2 173 81.60 60.66 0.66 0.26
Ombres [120] Model-3 95 97.17 7386 053 0.25
ACI 549.4R [209] Model-4 95 97.21 7783 049 0.21
\[’l’;g'ra and Ebead Model-5 128 37.84 2797 094 0.22
\[’;’fgi"a and Ebead Model-6 128  50.29 37.60  0.90 0.28
XgBoost — 173 7.80 4.30 0.99 0.06

The proposed xgBoost model substantially reduced the RSME by 91%, 90%,

92%, 92%, 79%, and 85% compared to Model-1, -2, -3, -4, -5, and -6, respectively, as

shown in Figure 3.12 and Table 3.6. Similarly, the proposed model provided a

significantly lower MAE compared to others, as shown in Figure 3.12 and Table 3.6.

The mean of the Vyyeq/Vexp ratio is 0.99 for the proposed xgBoost model compared

with mean values of 1.28, 0.66, 0.53, 0.49, 0.94, and 0.9 for Model-1 through Model-

6, respectively, as listed in Table 3.6. The predictions provided by the proposed xgBoost

model was less scattered as evidenced by the standard deviation (STD) for the

Virea/Vexp ratio value of 0.06 compared to STD values of 0.81, 0.26, 0.25, 0.21, 0.22,

and 0.28 for Model-1, -2, -3, -4, -5, and -6, respectively, as listed in Table 3.6.
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Figure 3.12: Comparison of the predictions of the shear models in terms of the RMSE

and MAE.

The prediction capability of the proposed xgBoost model and existing models
was also evaluated in terms of the MDPC method [139]. Figure 3.13a—g compare the
prediction capability of the proposed and existing models based on the MDPC method
in which ‘AS’, ‘C’, ‘EC’, ‘D’, and ‘ED’, donate the appropriate safety, conservative,
extra conservative, dangerous, and extra dangerous regions, respectively. As can be
seen in these figures, the predictions provided by Model-1 [2] are most scattered and
biased with the least predictive capacity, while the predictions of Model-4 [209] mainly
lie in the conservative and extra conservative regions. Among the existing models,
Model-5 [138], which is based on the modified compression field theory provided the
best predictions followed by Model-6, as can be seen in Figure 3.13a—g. Table 3.7
presents the number of beams in each range and the total penalty as per the MDPC
method [139] for all models. As can be seen in Figure 3.13a—g and Table 3.7, the
predictions for 98% of the beams, based on the proposed xgBoost model lie in the
appropriate safety region compared to only 22%, 18%, 16%, 3%, 51%, and 34% of the
beams for Model-1, -2, -3, -4, -5, and -6, respectively. Thus, the proposed xgBoost

model exhibited superior predictions with a total penalty of 12 compared to the total
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penalty of 559, 220, 125, and 190 for Model-1, -2, -5, and -6, respectively, as listed in
Table 3.7. Model-3 and Model-4 are evaluated against 95 beams only and are associated
with total penalties of 144 and 157, respectively, as listed in Table 3.7. This observation
evidenced that the proposed xgBoost model is capable to yield accurate and safe

predictions with superior prediction capability compared to the existing models.
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Figure 3.13: Prediction capability of the proposed and existing models based on the

MDPC method [139].

126



Table 3.7. Predictive performance of the models based on the Modified Demerits Points Classification [139]

Vi /Vox >2 [1.176 —2] [0.869-1.176] [0.5-0.869] <0.5

Shear model S_ample E A - E Total

Siz€ Criteria xtra Dangerous ppropriate Conservative xtra . penalty
dangerous safety conservative

Penalty 10 5 0 1 2

Triantafillou and 173 N 26 45 38 54 10 559

Papanicolaou [2] Penalty 260 225 - 54 20

. N — 7 32 83 51

Escrig et al. [188] 173 Penalty - 35 - 83 102 220
N - - 15 16 64

Ombres [120] 95 Penalty - B - 16 198 144
N — — 3 27 65

ACI1549.4R [209] 95 Penalty - B B 27 130 157

Wakjira and Ebead N — 15 65 46 2

[138] 128 Penalty — 75 _ 46 4 125

Wakjira and Ebead N — 25 44 53 6

[210] 128 Penalty — 125 _ 53 12 190
N — 2 169 2 -

xgBoost 173 Penalty - 10 B 5 B 12

N: number of samples in the specified range
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3.8.2. RC beams strengthened in flexure with inorganic composites

Seven different types of data-driven ML models are evaluated to determine the final best
predictive model for the flexural capacity of RC beams strengthened in flexure. In the proposed
ML models, the flexural capacity of the strengthened beams is directly determined from the
properties of the composite fibers without the need for the estimation of debonding strains and
experimental results of the strengthening composite.

3.8.2.1.  Performance of ML models

Figure 3.14a—d show the scatter plots for the predicted (M,,,..4) versus experimental (M,,,)
flexural capacities using the single ML models, while Figure 3.15a—c compare the experimental
and predicted flexural capacities of the strengthened beams based on the ensemble ML models.
Generally, all developed ML models showed a good correlation between the experimental and
predicted flexural capacities with R? > 93.1%. Among the single models, KNN showed the least
predictive performance on both the training and test sets, while SVR showed the highest predictive

performance followed by CART, as can be observed in Figure 3.14a-d.
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Figure 3.14: Experimental versus predicted load capacity of flexural-strengthened beams based on

single models.

For all the ensemble models, as illustrated in Figure 3.15a-c, the predicted flexural
capacities are well concentrated closely around the 45-degree diagonal line that represents a perfect
match between the predicted flexural capacities and the corresponding experimental values. This
can also be observed in Figure 3.16a—c which show the residual of the predicted flexural capacity
of the beams, which is the difference between M,,,, and M,,., on the normalized training and test
datasets. The figures also provide the coefficient of determination for both the training and test
datasets. The residuals for all ensemble models are distributed around zero, as can be seen in Figure
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3.16a—c. In addition, the proposed ensemble models resulted in a strong correlation between the

predicted and experimental flexural capacities as can be evidenced from the values of coefficient

of determination, R? > 98.2%, as can be seen in Figure 3.15a-c and Figure 3.16a—c. This

observation showed that the proposed ensemble models are effective in predicting the flexural

capacity of FRCM-strengthened RC beams.
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Figure 3.15: Experimental versus predicted load capacity of FRCM-strengthened beams based on

ensemble models.
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The performance metrics discussed earlier are computed and listed in Table 3.8
for all models. The results in Table 3.8 suggested that the predictive performance of all
ensemble models is higher than that of the single models (KRR, KNN, SVR, and
CART). The CART and SVR models showed a comparable prediction performance on
the training set, while the latter performed better on the test set, as listed in Table 3.8.
The KNN resulted in the lowest coefficient of determination (97.2% and 93.1% on the
train and test sets, respectively) and the highest RMSE (4.80 kN and 8.43 kN on the

train and test sets, respectively), as listed in Table 3.8.

Table 3.8. Performance indices of different ML models

Training dataset Test dataset
Model

RMSE MAE MAPE R?Z RMSE MAE MAPE R?

(kN.m) (kN.m) (%) %) (kN.m) (kN.m) (%) (%)
KNN 480 310 587 972 843 515  9.30 93.1
KRR 445 356  7.86 976 471 337  7.32 97.8
SVR 397 272 577 981 444 304 601 98.1
CART 395 258 586 98.1 514 368 844 97.4
RF 371 267 552 984 430 351  7.92 98.2
GBT 252 184 391 99.2 319 233 473 99.0
xgBoost 2.41 155  3.17 993 270 177 325 99.3

Among the investigated ML models, the xgBoost model outperformed all other
models on both the train and test sets as suggested by the performance metrics in Table
3.8. The statistical metrics for the xgBoost model are 99.3% (R?), 2.70 kN.m (RMSE),
1.77 KN.m (MAE), and 3.25% (MAPE) on the test set, as listed in Table 3.8. The value
of the coefficient of determination for the GBT, RF, CART, SVR, KRR, and KNN
models was 99.0%, 98.2%, 97.4%, 98.1%, 97.8%, and 93.1%, respectively, compared
to R? value of 99.3% for the xgBoost model on the test set, as presented in Table 3.8.

Among the ensemble models, the RF model showed the least performance on both the
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train and test sets. The following section compares the performance of the proposed
xgBoost model with that of the existing models in predicting the flexural and load

capacities of flexural deficient RC beam strengthened with FRCM.

3.8.2.2.  Comparison of the proposed and existing models

The predictive performance of the proposed model; particularly, the xgBoost
model and the existing models for the FRCM-strengthened RC beams are compared
herein. A total of four models proposed by Jung et al. [211], Bencardino et al. [212],
Ceroni and Salzano [214], and Mandor and EIl Refai [215] are used for the comparison
purpose, as discussed in Section 3.7.2. Model-1 [211] is the most general model
developed based on the Teng et al. [213], originally proposed for the FRP system.
Hence, it is validated against the complete database. Model-2 [212] is developed for
steel FRCM,; thus, it is applied to RC beams strengthened with steel FRCM only (a total
of 30 beams). The ACI 549.4-20 guideline [216] is based on the elastic modulus and
strains in FRCM composites obtained from the test results of FRCM coupons; however,
these values are not reported in the majority of the specimens included in the database.
Thus, this model [216] is excluded from the comparative study.

Figure 3.17a—¢ illustrate the experimental versus predicted flexural and load

capacities based on the existing models [211,212,216-219] and the proposed xgBoost.
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Figure 3.17: Experimental versus predicted load capacity of FRCM-strengthened

beams based on the existing models.

The flexural capacity of the strengthened beams is determined using the existing
and proposed models, while the load capacity is determined based on the loading and

boundary conditions of the beams. The equity solid line in these figures represents the
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perfect match between the experimental and predicted responses. Besides, Table 3.9
presents the evaluation of the existing and proposed models in terms of the average,
STD, and coefficient of variation (COV) of M,,..4/M,,, ratio. Among the existing
models, Model-4 [215] showed the best predictive performance with an average of
Myyea/Mexp ratio of 0.799 + 0.162 and COV of 0.203, as listed in Table 3.9. As
discussed earlier, Model-2 [212] was applied to only 30 specimens strengthened with
steel FRCM in the collected database. The average of My,..q/M,,, ratio based on
Model-2 [212] was 0.738 £ 0.134 with COV of 0.182. As can be observed in Figure
3.17a—d and Table 3.9, Model-1 [211] tends to highly overestimate the flexural capacity
of the strengthened beams with an average of M,,.q/M,,, ratio of 1.257 + 0.286 and
COV of 0.228. The proposed model showed superior prediction ability compared to the

existing models, as can be seen in Figure 3.17a—e and Table 3.9.

Table 3.9. Evaluation of existing and proposed models based on Mpeq/Meyp, ratio

Model Mean STD Ccov
Model-1 [211] 1.257 0.286 0.228
Model-2 [212] 0.738 0.134 0.182
Model-3 [214] 0.755 0.205 0.272
Model-4 [215] 0.799 0.162 0.203
Proposed xgBoost 1.002 0.048 0.048

STD: Standard deviation; COV: Coefficient of variation

3.8.2.3.  Model exPlainability using SHAP approach
A unified SHAP approach is used to explain the outputs of the xgBoost model
and highlight the most significant factors and their interactions in determining the
flexural capacity of RC beams strengthened in flexure. In this approach, the SHAP
value, which is the average marginal contribution of each factor is assigned to each
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factor. The factor with large absolute SHAP values is deemed most significant. A
typical single prediction plot using the xgBoost model is shown in Figure 3.18 (in a

natural logarithmic scale), in which the base value denotes the average of the observed

response values (éziljf In M,,,,). The length and color of the bar in Figure 3.18 show
the degree of significance and direction (negative or positive) of the effect of each
factor. As can be observed in Figure 3.18, the internal reinforcement ratios (As;)
showed the highest effect followed by FRCM reinforcement area and width of the beam

section. All factors in Figure 3.18 showed positive influences; thus, contributing to the

increase in the base value.

higher = lower

base value

0.1607 0.3607 0.5607 0.7607 0.88 0.9607
Asc =0.7656 I fy =0.6204 fc=07195 bw=1 Af=0.5512 Ast = 06831

Figure 3.18: Explanation of flexural capacity of RC beams strengthened with FRCM in

flexure for Specimen CC1 strengthened with PBO-FRCM in [201].

The distribution of the Shapley values for each factor across the entire dataset
is shown in Figure 3.19a. In this figure, each point represents a Shapley value for a
feature and an individual observation in the dataset. The position of each dot on the x-
axis represents a Shapley value for each factor, which shows the influence of each factor
on the flexural capacity of the strengthened beams, while the y-axis provides the factors
in their order of importance. The color in Figure 3.19a shows the value of the factors.
For instance, the high value of the internal steel reinforcement area and FRCM area

increase the predicted flexural capacity of the strengthened beams.
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The global significance of the factors is determined as the average of the
absolute Shapley values across the entire dataset (in Figure 3.19a) for each factor and
plotted in descending order of their importance in Figure 3.19b. As can be observed in
this figure, the four most influential features are the area of the internal tensile steel
reinforcement (Ay;), width of the beam section (b, ), area of the composite, and
effective depth of the beam section. On the contrary, A, is the least influential feature
compared to all other factors for the flexural capacity prediction using the proposed
xgBoost model. Moreover, the direction of the effect of each factor is shown in the
same figure. All factors showed positive effects on the flexural capacity of the
strengthened beams, as shown in Figure 3.19b. Furthermore, Figure 3.20 shows the
effect of the internal/external reinforcement interaction on the flexural capacity of the
strengthened beams based on the results of SHAP feature dependence analysis. As can
be observed in Figure 3.20, a negative interaction is observed between the

internal/external flexural reinforcement.
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Figure 3.19: Summary plot for elucidating the global feature influences of the input

features (the color represents the value of the factor varying from low (blue) to high
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(red)) (a) and global importance of the input features (b).
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Figure 3.20: SHAP dependency and interaction plots.

3.9. Reliability Evaluation

Reliability analysis is used to estimate the level of safety of a system in terms
of its failure probability. Accordingly, structural reliability analysis measures the
performance of structures. In this study, the structural reliability analysis is performed
for the proposed xgBoost model to calibrate the resistance (strength) reduction factors
to achieve specified target reliability indices.

The reliability index (B) can be given by Eq. (3.38), while Eq. (3.39) defines
the safety margin (g) in terms of the resistance (R) and load effect (Q):

B=¢ (1-Pp) (3.38)
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g=R-0Q (3.39)

where Py is the probability of failure and ¢~ is the inverse of standard normal

cumulative distribution.

Thus, the probability of failure is the probability that a particular combination

of R and Q will result in a failure state which corresponds to a negative value of g. The

ultimate limit state load cases as per ACI 318 [220] is used in this study considering

only dead load (Pp,) and live load (P,,):

$R, = 1.4Pp,, (3.40a)

®Ry

> 1.2P,, + 1.6P,, (3.40b)

The following steps are followed in this study to determine the reliability index:
Load distribution: both dead load and live load are assumed to follow a normal
distribution [221]. According to Szerszen and Nowak [221], the bias factor for
dead load is taken as 1.05 with a coefficient of variation (COV) of 10% for cast-
in-place concrete, whereas the bias and COV for a 50 year live load are taken
as 1.0 and 18%, respectively. To determine the nominal live load, dead load to
total load ratios (a = Pp;/(Pp, + P)) of O to 1.0 at 0.1 intervals are
considered in this study. A total of 250 million simulations was generated using
Monte Carlo simulation for each a. The actual mean is determined as the
product of the nominal mean and bias.

Resistance distribution: the experimental data is used to determine the bias
factor and COV of the resistance distribution, while the nominal resistance
distribution is determined based on the governing load combination in Eqgs.

(3.40a) and (3.40b).
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e The reliability index is then determined in terms of the failure probability in Eq.
(3.38) where Pg is determined based on the ultimate limit state in Eq. (3.39),

where Q is the sum of dead load and live load.

The selection of the target reliability index depends on the consequences of
failure [222]. According to [222], the target reliability index is taken between 3.5 and
4.0 for brittle/sudden failure, while it is taken between 3.0 and 3.5 for flexural
members.. Thus, two levels of target reliability (5 = 3.5 and B = 4.0) are considered
in this study in order to represent the range of target reliability indices in design manuals
for shear failure. A target reliability index of 3.5 is considered for the flexural capacity
of RC beams strengthened in flexure with FRCM.

The resistance reduction factor is calibrated using the least square method:

1 n
LSM = gz(ﬁi — pr)? (3.41)

where LSM is the least square mean, f3; is the reliability at a particular ¢ and B

is the target reliability, as defined earlier.

3.9.1. RC beams strengthened in shear with inorganic composites
Several values of resistance (strength) reduction factor (¢) ranging from 0.80 to
0.95 at 0.01 intervals were considered. Similarly, the load ratio ranged between 0.0 to
1.0 at 0.1 intervals. The results of the reliability analysis for the proposed xgBoost
model are illustrated in Figure 3.21a and b in terms of reliability indices versus
resistance reduction factor and load ratio, respectively. As can be seen in these figures,
the reliability index varies with the load ratio and ¢. Most of the reliability indices are

greater or equal to 3.0, as shown in Figure 3.21a and b.
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Figure 3.21: Reliability index for the proposed xgBoost model.

Moreover, Figure 3.22 illustrates the LSM, versus ¢ responses for target
reliability indices of 3.5 and 4.0. As can be observed in these figures, LSM,, initially
decreased with an increase in ¢ and subsequently increased with an increase in ¢. The
minimum LSM, corresponds to resistance reduction factors of 0.91 and 0.87 for target
reliability levels of 3.5 and 4.0, respectively, as shown in Figure 3.22. Thus, the
calibrated resistance reduction factor is 0.91 to achieve a target reliability index of 3.5,

while a reduction factor of 0.87 is selected to yield g = 4.0 for the developed xgBoost
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model. A lower strength reduction factor of 0.75 is used in the ACI 318 [220] for the
shear failure of pristine RC beams compared to ¢ = 0.91 for xgBoost model proposed
in this study for FRCM-strengthened RC beams to achieve the same target reliability
level of 3.5. A design example is presented in the following section using the calibrated

resistance reduction factor (¢ = 0.91) for B = 3.5.
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Figure 3.22: Calibration of strength reduction factors to achieve target reliability index

of B = 3.5 and B = 4.0 for the proposed xgBoost model.

3.9.2. RC beams strengthened in flexure with inorganic composites

A range of capacity reduction factor ¢ = 0.750:0.01: 0.95 was analyzed and
the value of 8 corresponding to each ¢ is determined and results plotted in Figure 3.23a.
As expected, the value of B increases with a decrease in ¢, as shown in Figure 3.23a.
The larger safety margin corresponds to a smaller value of the resistance reduction
factor. Figure 3.23b shows the variation of LSM with the change in ¢ for a target
reliability index of 3.5. As shown in this figure, the minimum LSM corresponds to a
capacity reduction factor of 0.92. Hence, a reduction factor of 0.92 is recommended to

achieve a target reliability index of 3.5 for RC beams strengthened in flexure with
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FRCM based on the proposed xgBoost mode. A design example is provided in
Appendix A to illustrate the design of the FRCM system for flexural strengthening of

RC beams based on the calibrated ¢ using the proposed xgBoost model.
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Figure 3.23: Reliability index and calibration of strength reduction factor for the

proposed xgBoost model.

3.10. Design Example
3.10.1. Shear deficient RC beam

Consider a simply supported shear deficient rectangular RC beam of dimensions
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180 X 400 mm (b X h) and a clear span of 1000 mm subjected to two factored point

loads of 200 kN on each clear span. Figure 3.24 shows the cross-sectional dimensions

and reinforcement details of the beam in the shear span. Assuming the following

material properties and internal reinforcement, the FRCM strengthening amount needs

to be designed.

Material properties and internal reinforcement details:

Concrete: f, = 30 MPa,

Yield strength of longitudinal bars: f;,, = 550 MPa,

Yield strength of transverse bars: f;,, = 350 MPa,

Flexural reinforcement: 6 bars with 20 mm diameter arranged in two layers
(Figure 3.24),

Internal transverse reinforcement: 8 mm stirrups spaced at d/2 = 165 mm
(Figure 3.24), and

FRCM properties: uni-directional steel fabrics with elastic modulus and tensile

strength of 190 GPa and 3000 MPa, respectively [223].

The factored load (V,) at the supports is 200 kN. The shear capacity of the

unstrengthened beam is 169 kN using the SCFT. The design is carried out as follows:

Provide one layer of externally bonded U-wrapped steel FRCM reinforcement
with nominal fiber thickness of 0.084 mm (Table 3.10) and determine the shear
capacity of the beam using the proposed xgBoost model, which is available at:

https://github.com/twakjira/FRCM-shear-strengthened-beam. Based on this

design, the predicted nominal shear capacity of the beam is 197 kN. Considering the

resistance reduction factor of 0.91 calibrated to achieve a reliability level of 3.5 as in

ACI 318 [220], the factored resistance (V) = ¢V, = 0.91 x 197 KN = 179 kN, which
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is less than the applied factored load (200 kN).

Increase the FRCM reinforcement: by increasing the FRCM fabric layers to
two, the nominal shear capacity of the beam is increased to 248 kN, as listed in
Table 3.10. Thus, V. = ¢V, = 0.91 x 248 kN = 225 kN > V,, which implies
that the provided strengthening system is adequate to resist the applied shear.
Check for ductile failure: using section analysis the flexural capacity of the
beam is determined to be 256 kKN.mm, which corresponds to a load capacity of
256 kN.

Comparing the results in steps (ii) and (iii), it can be observed that the flexural
capacity is larger than the shear leading to shear failure, which is not ductile;
hence, increase the FRCM reinforcement by increasing the nominal thickness
of the fabric. Using two layers of steel fabrics with a nominal thickness of 0.169
mm, the nominal shear capacity is increased to 290 kN (Table 3.10), which
correspondsto V,. = ¢V,, = 0.91 x 290 kN = 263 kN, which is greater than the
load capacity for flexural failure (256 kN).

Therefore, use two layers of steel FRCM fabrics with a nominal thickness of

0.169 mm, tensile strength of 3000 MPa, and elastic modulus of 190 GPa. The designed

steel fabric is known by its commercial name as GeoSteel G1200 [223].
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Figure 3.24: FRCM-strengthened beam section.
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Table 3.10. Design example for FRCM-strengthened beam

Internal reinforcement FRCM properties Resistance
g,};‘) foe  Psy  fyy  Fabric Wrapping ¢ n  Pr he V, @V,

(MPa) (%) (MPa) type scheme (mm) (%0) (mm) (kN) (kN)
317 550 034 350  Steel UW 0084 1 0933 297 197 179
3.17° 550 0.34 350 Steel uw 0.084 2 1.867 291 248 225
3.17° 550 0.34 350 Steel uw 0.169 2 3.756 291 290 263

3.10.1. Flexural deficient RC beam

A simply supported RC bridge beam is seriously damaged due to corrosion on

its bottom face (Figure 3.25). The beam is estimated to have lost 20% of its flexural

reinforcement due to corrosion. Design the required strengthening reinforcement for

strengthening of the beam and recovering its flexural capacity.

E |
e
250 mm

=

\ Corroded steel bars D

Figure 3.25: Schematic of the beam and cross-sectional detail.

Details of the existing beam:

e Cross-sectional dimension: 200 x 250 mm (b,, x d).
e Concrete strength: f = 30 MPa,

e Yield strength of steel bars: f;,, = 420 MPa,

and

200 mm

Longitudinal tension reinforcement: 4 bars with 14 mm diameter,
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Longitudinal compression reinforcement: 2 bars with 14 mm
diameter.

Flexural capacity of the beam before strengthening:

Nominal flexural capacity before damage: M,, = 58.1 KN.m

Nominal flexural capacity after damage: M,,; = 46.48 KN. m

Try two layers of carbon fabric based inorganic composite:

Selected fabrics: bi-directional carbon fabrics with the following properties:

Grid spacing: 10 x 10 mm,
Area of fiber per unit width in both the weft and warp directions:
047 mm?/mm, and

Elastic modulus: E; = 240 GPa.

Flexural capacity of the strengthened beam:

Ap = netebp = 188 mm?, Ag, = 523.39 mm?, A, = 307.88 mm?

Determine the nominal flexural capacity using the proposed xgBoost
model. A web-based application, which is under development using
the proposed xgBoost model is available at
https://beamcapacity.herokuapp.com/. The predicted nominal
flexural capacity of the strengthened beam (M, ,,.,,) IS determined
to be:
My new = 65.75 kN. m

Check the flexural capacity of the strengthened beam against that of
the original beam before damage:

M, pew = 65.75 kN.m > M, = 58.1 kN.m, OK
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e Determine the design flexural capacity:

My vy = GMy e = 0.92x 65.75 KN.m = 60.49 kN.m

3.11. Conclusions

Despite several experimental studies aimed to understand the structural
response of RC beams strengthened with inorganic composites, there are limited
analytical or numerical studies. Moreover, there exists a large discrepancy in the
predictions of the shear capacity and flexural capacity of shear/flexural-strengthened
RC beams using the existing models.

To this end, data-driven ML-based models to predict the shear capacity of RC
beams strengthened in shear as well as flexural and load capacities of RC beams
strengthened in flexure with inorganic composites are presented in this chapter for the
first time. The developed ML models account for several input parameters that
characterize the beam geometry, concrete strength, internal shear and flexural
reinforcements, and strengthening system. The findings of the studies in this chapter
showed the successful implementation of machine learning techniques to predict the
shear capacity and flexural capacity of RC beams strengthened with inorganic
composites in shear and flexure, respectively.

The following conclusions can be drawn for RC beams strengthened in shear
with inorganic composite:

e The developed ML-based models are shown to be effective in predicting the
shear capacity of the strengthened beams. Among the ML models, xgBoost is
the most efficient algorithm in predicting the shear capacity with stable and
accurate predictions. The experimental shear capacity and predicted values

based on the xgBoost model showed the least margins of error and strongest
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correlation with a coefficient of determination (R?) of 0.995 and 0.984, for the
training and test datasets, respectively.

Among the existing models, Model-5, which is based on the modified
compression field theory resulted in the highest predictive accuracy. The
comparisons of the proposed models with the existing formulae confirmed the
superiority of the xgBoost model over other models. Moreover, the proposed
xgBoost model resulted in the most stable, accurate, and safe predictions.
Furthermore, the safety, accuracy, and economical aspects of the predictions
provided by the proposed and existing models were compared using the
Modified Demerits Point Classification method. The proposed xgBoost model
provided safe and accurate predictions compared to all other models. Model-1
highly overpredicted the shear capacity of the strengthened beams with more
scatter, while Model-4 highly underpredicted the shear capacity of the
strengthened beams. The predictions provided by the proposed xgBoost model
lie in the appropriate safety region for 98% of the beams compared to only 22%,
18%, 16%, 3%, 51%, and 34% of the beams for Model-1, -2, -3, -4, -5, and -6,
respectively.

Finally, the reliability analysis was performed to calibrate the resistance
reduction factors that meet two different levels of target reliability indices (8 =
3.5 and 4.0) for shear capacity prediction of shear-strengthened beams using
the proposed xgBoost model. Based on the results of the analysis, resistance
reduction factors of 0.91 and 0.87 are calibrated to achieve target reliability
levels of 3.5 and 4.0, respectively, for RC beams strengthened in shear. A design

example is provided using ¢ = 0.91 for B = 3.5.
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The following conclusions can be drawn for RC beams strengthened in flexure:

Among the existing models, Model-4 [215] resulted in the most accurate
predictions with an average of My,..q/Me,, ratio of 0.799 + 0.162 and
COV of 0.203. Model-1 [211], which is the most general model
developed based on Teng et al. [213] model for the FRP system,
provided unsafe predictions for most of the strengthened beams with an

average of My,..q /Mgy, ratio of 1.257 + 0.286 and COV of 0.228.

Generally, all the developed ML models showed good prediction
accuracy. The xgBoost model achieved the best predictive ability with
the least RMSE, MAE, and MAPE values and the highest R? on both
the training and test datasets. The value of R? using the xgBoost model
was 99.3% and 99.2% for the training and test datasets, respectively.

A comparative study between the proposed and existing models
revealed the superior predictive capability and robustness of the
proposed model. The predicted flexural and load capacities of the
strengthened beams based on the existing models are highly scattered
and unsafe.

Based on the results of SHAP, it is noted that the area of internal tensile
steel reinforcement, area of strengthening reinforcement, and width and
depth of the beam section have the most significant influences on the
flexural capacity of the strengthened beams.

A capacity reduction factor ¢ = 0.92 is calibrated to achieve a

reliability index S = 3.5. A design example is provided to illustrate
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the design of the strengthening system for flexural deficient RC beams

based on the proposed xgBoost model and calibrated reduction factor.

The present study can contribute to the state-of-the-art for design and
shear/flexural strengthening of RC beams. However, the results of this study are limited
to the parameters investigated. Therefore, future research is recommended to
investigate the application of data-driven ML models to predict the failure mode of RC

beams strengthened in shear/flexure.
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CHAPTER 4: FRACTIONAL FACTORIAL DESIGN MODEL FOR SEISMIC
PERFORMANCE OF RC BRIDGE PIERS RETROFITTED WITH STEEL-
REINFORCED POLYMER COMPOSITES
This chapter reports the following study:
Wakjira TG, Nehdi ML, Ebead U. Fractional factorial design model for
seismic performance of RC bridge piers retrofitted with steel-reinforced polymer
composites. Engineering Structures 2020;221:111100.

https://doi.org/10.1016/j.engstruct.2020.111100.

4.1. Introduction

Bridges are important components of the transportation system, sustaining
economic growth, social well-being, and logistics of modern communication [46]. The
safety and serviceability of bridges are therefore paramount. Yet most existing reinforced
concrete (RC) bridges were built before the 1980s, prior to modern seismic-oriented design
philosophies. Likewise, such bridges were generally designed for gravity loads and their
structural performance would be inadequate during seismic events [47,48]. This is often
compounded by poor structural detailing and quality control, and the use of low-strength
materials [49,50], which makes bridge piers susceptible to deteriorate at relatively low drift
levels [51]. The vulnerability of bridge piers has also been found to strictly correlate to
unbalanced flexural-shear resistance, particularly for short piers [52]. Previous
experimental studies have shown that the seismic performance of bridge piers depends on
several factors, including the pier aspect ratio (H/d) [53-56], properties of steel
reinforcement bars [57], properties of concrete, transverse reinforcement ratio
[54,55,58,59], longitudinal reinforcement ratio [55], axial load level [54,55,58-62] and
geometry of the pier [63].

The influence of the aspect ratio (assumed as the ratio of the height of the pier to
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its diameter) was investigated by Mostafa et al. [53] who studied the seismic performance
of two-column bridge bents with hinged bases considering three different aspect ratios of
2.5,4.5, and 6.64. They found that the bridge piers with H/d ratios of 4.5 and 6.64 exhibited
flexural controlled failure mode, with large levels of ductility and drift prior to failure. In
contrast, the pier with the lowest H/d ratio (2.5) experienced a combined shear-flexural
failure and reached lower ductility and drift levels. This specimen also did not reach
maximum flexural capacity due to high shear demand at the pier base caused by the smaller
aspect ratio [53]. In a similar study by Cassese et al. [48], piers with an H/d ratio of greater
than or equal to 2.5 experienced flexural failure with damage involving mainly concrete
crushing and longitudinal bar buckling, whereas specimens with low aspect ratios of H/d =
1.5 and H/d = 2.25 exhibited shear failure after yielding of the flexural reinforcement bars.

Mo and Nien [58] investigated the effect of the axial load, aspect ratio (H/d = 3.0
to 3.6), and internal shear reinforcement spacing on the seismic performance of high-
strength concrete (50 to 70 MPa) bridge piers. Based on test results of six pier specimens,
they reported that an increase in the axial load resulted in higher flexural capacity, but
reduced the ductility of the pier [58]. In a similar study, Shao et al. [59] reported that
excessive axial compression could deteriorate the ductility of the pier because of premature
concrete crushing. Similar results were reported by Esmaeily and Xiao [60], Holub [61],
and Yeh et al. [54,56].

However, there is a dearth of studies that explored the combined effects of and
interactions between different factors on the bridge pier performance under seismic loads.
Reza et al. [49] performed a parametric study to examine the influence of the mechanical
properties of concrete and reinforcement bars, spacing between internal ties, and the
longitudinal reinforcement ratio on the load-carrying capacity of rectangular bridge piers
under shear and flexure loads. Similarly, Parghi and Alam [64] examined the effect of

different variables on the seismic behavior of flexural dominated fiber-reinforced polymer
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(FRP)-confined circular piers. Based on numerical analysis carried out on 81 piers, they
concluded that the pier seismic performance was mainly affected by the H/d ratio. The
authors also reported that the volume fraction of internal transverse reinforcement had an
insignificant influence on the lateral load-carrying capacity of the piers [64]. In contrast,
Yeh et al. [54] reported that the increase in the internal transverse reinforcement ratio
increased both the strength and ductility of bridge piers based on experimental results of
RC piers with varying H/d ratios of 3.0, 3.6, and 4.3. Similar results have been reported by
others [58,59].

The performance of piers also depends on their geometric shape. Based on
experimental results of hollow RC columns confined with FRP, Kusumawardaningsih and
Hadi [63] reported that circular columns performed better than rectangular section columns.
Moreover, Su et al. [224] reported that the effect of the mechanical properties of concrete
and longitudinal reinforcement bars on the performance of piers was more pronounced for
piers with rectangular section than that in piers with circular section. Therefore, there is a
need to provide a more detailed analysis of the conditions and reasons for the observations
above, while the effects of different design parameters on the seismic performance of
rectangular section piers still need concerted research efforts.

One other key parameter influencing the performance of bridge piers is the level of
concrete confinement [65]. Inadequately confined RC columns possess insufficient
ductility to dissipate seismic energy during earthquake events [225]. RC bridge piers could
also become deficient due to corrosion of reinforcement bars and changes in service loads
[226]. Different confinement and retrofitting techniques have been reported in the literature
to improve the performance of seismically vulnerable bridge piers, including steel [227],
CFRP [65,226,228-231] and GFRP [232] jackets. Steel jackets have been observed to
increase the size and weight of the pier and reduce clearance, and are susceptible to

corrosion [65]. In contrast, FRPs have excellent corrosion resistance and a high strength-
154



to-weight ratio. Elgawady et al. [65] tested deficient rectangular bridge piers with aspect
ratios of 2.0 and 1.5, confined with CFRP and steel jackets. The test parameters were the
amount of CFRP reinforcement, configuration of CFRP jacketing, and type of retrofitting
material (CFRP and steel jackets). The retrofitted specimens exhibited higher displacement
ductility and energy dissipation, which increased with an increase in the amount of CFRP
reinforcement.

Yet FRPs tend to be more costly, have low impact resistance, and can be vulnerable
to fire events and high temperatures. This motivated the development of cost-effective
retrofitting materials without compromising the mechanical strength. For instance, steel-
reinforced polymer (SRP) composites, with research dating back to 2005 [31, 33], utilize
high-strength steel fabrics, have been introduced as a cost-effective and promising
alternative strengthening solution [20,22,197,233,234].

The present study deploys numerical analysis and factorial design of experiments
(DOE) to investigate the effects of key parameters and their interactions on the seismic
performance of deficient rectangular section RC bridge piers confined with SRP. The
independent variables investigated include concrete compressive strength (f), longitudinal
reinforcement ratio (p;), aspect ratio, internal transverse reinforcement spacing (Ss;), yield
strength of reinforcement bars (f;), and number of SRP layers (n). The study should
provide guidance to practitioners on using SRP for retrofitting a large portfolio of ageing

RC bridge piers that are deficient in terms of seismic performance.
4.2. Bridge Pier Geometry and Model

4.2.1. Geometry of bridge pier
A rectangular bridge pier with deficient design simulating bridge piers built before
the 1970s was selected from the literature [65,228]. Figure 4.1 shows the pier geometry

and its reinforcement detailing. A rigid foundation was assumed at pier-footing, similar to
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previous studies (e.g. [49,64,235]). The piers were subjected to lateral displacement applied
at its top with a constant axial compression load, and restrained in the out-of-plane motion,
allowing for movement in one horizontal direction only. The bridge pier specimens were
635 mm x 1000 mm in cross-section with varying height. The pier specimens were
internally reinforced with transverse reinforcement of D10 (10 mm diameter) and varying
longitudinal bar diameter (19 mm, 25 mm, and 30 mm), as shown in Figure 4.1. The height
of the pier was adjusted to investigate the effect of aspect ratios of 4 to 7, implying flexural
dominated piers [236]. Similarly, the longitudinal reinforcement ratio was explored by
adjusting the area of longitudinal reinforcement (4,,;), as shown in Table 4.1. The spacing
of internal transverse reinforcement of the pier was also varied, as shown in Figure 4.1 and
Table 4.1, to study its effect on seismic performance. The pier specimens were retrofitted
with steel-reinforced polymer. Retrofitting of RC columns can be performed in full
confinement covering the entire height of the column (e.g. [237-240]) or partial
confinement (e.g. [241-243]). In this study, the full confinement method was consistently
employed with the SRP fiber direction perpendicular to the pier axis, as shown in Figure
4.1. Details of the steel fabrics will be discussed in Section 4.3. A constant axial
compression load of 2,540 kN, corresponding to an axial load level P /(f¢ A,), which ranges
from 10% (f. = 40 MPa) to 16% (f, = 25 MPa), was applied on top of the pier, as shown

in Figure 4.1.
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Figure 4.1: Pier geometry and reinforcement details.

Table 4.1. Factor levels used in a three-level fractional factorial design

Lower Intermediate Upper
S:N. Factors level (-) level (0) level (+)
Concrete compressive
1 strength, £/ (MPa) A 25 32.5 40
5 Yield strength of steel, f, B 250 400 550
(MPa)
Reinforcement ratio of
3 longitudinal bars, pg; (%) ¢ 145 2.75 4
4 Tie spacing, Sg; (mm) D 200 300 400
5 Aspect ratio, H/d E 4 55 7
6 SRP layers number, n F 2 3 4

4.2.2. Fiber element section model
Recent advances in computational tools permitted sophisticated modeling of the
nonlinear behavior of bridges subjected to seismic excitation, enabling researchers to use
refined analysis. Fiber-based modeling is the most recent and widely used method to
simulate the nonlinear inelastic behavior of structural components [244-248]. This

approach was therefore utilized for simulating the piers in this study. The pier specimens
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were modeled in the SeismoStruct program [249] using displacement-based non-linear
fiber beam-column elements. This program has been demonstrated to accurately predict the
performance of bridge structures under seismic loading, accounting for geometric
nonlinearities and material inelasticity [250-252]. The fiber beam-column elements are
discretized into nine finite frame elements, as shown in Figure 4.2a. The first element was
assumed to have a length equal to that of the plastic hinge (L,), given by the following
equation according to Berry and Eberhard [67]:

d
L, = 0.05L + 0.1fy—’j < 0.25L (4.1)
Cc
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Figure 4.2: Finite element model for bridge pier.

As shown in Figure 4.2b, the section used for the bridge pier was discretized into

concrete fibers and longitudinal steel fibers. The concrete fibers were further discretized
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into core fiber for concrete confined with SRP and internal transverse reinforcement, and
cover fiber for concrete confined with SRP only (Figure 4.2b). The section was divided
into 200 fibers. The total weight of the superstructure was assumed lumped at the pier top;
as commonly used in modeling bridges [251].
4.2.3. Constitutive material models

The constitutive behavior of concrete was simulated after the Mander et al. [253]
model, further augmented by [254]. The confining effect of transverse reinforcement was
accounted for using a confinement factor of the section core based on Mander et al. [253].
The confinement pressure provided by the SRP jacket was determined based on the
formulations proposed by Ferracuti and Savoia [255]. This model is based on the
constitutive relationship proposed by Mander et al. [253] and Spoelstra and Monti [256]
for concrete in compression and Yankelevsky and Reinhardt [257] model for confined
concrete in tension. A three-dimensional displacement-based inelastic frame element type
was used to account for the material non-linearity. The sectional stress-strain state was
determined by integrating the response of the individual fibers, accounting for the
inelasticity along the member length and its cross-section. Moreover, the constitutive
behavior of reinforcement bars was simulated after Menegotto and Pinto’s [258] nonlinear

model, as modified by Filippou et al. [259].
4.3. Parameters Studied and Design of Experiment

This study considered six key design parameters that influence the seismic
performance of SRP-confined deficient rectangular section piers, namely: a) concrete
compressive strength (f/); b) yield strength of steel bars (f;); c) internal transverse
reinforcement spacing (Ss;); d) longitudinal reinforcement ratio (o, = Ay;/bh); €) aspect
ratio (H/d); and f) number of SRP layers; where d is the depth to centerline of the outermost

tensile bars, H is the pier height, b and h are the cross-sectional width and depth of the pier,
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respectively.

To investigate the significance of the main effects and interactions of the six
parameters on the seismic performance of the bridge pier, a 3% fractional factorial DOE
was performed on the six factors, with the superscript k being the factors and 3 the levels
of each factor employed [260]. Factorial designs are widely used to identify the important
factors affecting the response in multi-variable studies [260]. Moreover, this is considered
the most efficient design method to investigate the significance of the combined effect of
two or more factors on the response [260]. The fractional factorial design was used in this
study to examine the main effects of the factors and two-way interactions, thus requiring
78 factor combinations. The factorial design was conducted at a 95% confidence level and
a significance level of 5%, using a two-sided confidence interval.

Table 4.1 presents the levels applied in the factorial design, which were selected
based on a literature survey [49,65,228,229,236]. The effect of the longitudinal
reinforcement ratio (from 1.45 to 4%), yield strength of steel bars (250 MPa to 550 MPa),
concrete compressive strength (25 MPa to 40 MPa), internal transverse reinforcement
spacing (200 to 400 mm), aspect ratio (4 to 7), number of SRP layers (2 to 4), and their
interactions on the seismic performance of rectangular cross-section SRP-retrofitted piers
were investigated. ACI 318-11 [261] limits the yield strength of the reinforcement bars to
be used as concrete confinement to 550 MPa; accordingly, this study varied the yield
strength between 250 MPa and 550 MPa. The SRP retrofit was composed of commercially
available unidirectional steel fabrics embedded within an eco-friendly epoxy mineral
adhesive [115]. The properties of the steel fabrics are presented in Table 4.2. The steel
fabrics are made of UHTS galvanized 3x2 (5 wires) steel micro-cords containing 3.14 cords
per centimeter [115]. As listed in Table 4.2, the fabrics have an approximate fiber weight
(vf) of 1200 g/m?, an equivalent thickness per unit width (t¢) of 0.169 mm, an actual cord
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area (Ay) of 0.538 mm?, tensile strength (f£) of 3000 MPa, ultimate elongation (&¢,,¢) of

2%, and elastic modulus (E;) of 190 GPa [115].

Table 4.2. Properties of the steel fabrics

. tr Af Density fru E; o
Material (mm) (mm2) v (9/m2) (cords/cm) (MPa) (GPa) ry (%)
G1200 0.169 0.538 1200 3.14 3000 190 2

tr = equivalent thickness; A = area of cord; y,, = net fibre weight; f;,, = tensile strength; E; = modulus
of elasticity; &¢,, = ultimate elongation.

4.4. Pushover Analysis

Generally, pushover analysis is an effective method for performance-based seismic
design. In a performance-based approach, a structure is designed to achieve different
performance levels under different levels of ground motion [55,262]. The extent of the
damage and repair effort are quantified with engineering limit states that can be reflected
in terms of strain limits of the steel bars and concrete [55,248,263,264]. This study uses
pushover analyses to examine the main effects and interactions of different parameters on
the seismic performance of SRP-jacketed rectangular section piers at different limit states.
Three strain limits were considered as three performance criteria. These limits include the
initiation of a) crushing of core concrete, b) longitudinal bar yielding, and c) longitudinal
bar buckling.

Concrete core crushing was considered to occur at the ultimate concrete
compressive strain (e.,), which is reached when the confining reinforcement fractures
[75,253]. Lam and Teng [265] proposed a model to predict the ultimate compressive
strain of concrete confined with FRP, which was modified by Teng et al. [266]. This
model was further refined by Jiang and Teng [267] to eliminate the deficiency of the
Teng et al. [266] model in predicting the response of weekly confined specimens. Based
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on the Jiang and Teng [267] model, Teng et al. [268] proposed an equation to predict
the ultimate compressive strain of FRP-steel confined concrete accounting for the effect
of both transverse steel reinforcement and retrofitting composite, which was further
modified by Lin et al. [269]. According to Lin et al. [269] model, the ultimate

compressive strain of concrete confined by FRP-steel is given by:

Ecu = Eco (1.75 + 6.5p,%80p 145 + O.85ai,s (1+ O.465p6)> 4.2)

co
where,

fis is the effective lateral confining pressure provided by the transverse
steel reinforcement,

Pe = Efrup/Eco 1S the strain ratio [270],

& rup = fru/Ef 18 the rupture strain of the composite,

., 1S the unconfined concrete compressive strain,

feo 1S the unconfined concrete compressive strength,

px 1S the confinement stiffness ratio of FRP as defined by Teng et al.

[270]:

E

fPf

Pk =+ > 0.01 (4.3)
K fCO/SCO

where,
pr is the jacket volumetric ratio, which is given by p, = 2nts(b +
h)/bh for rectangular or square column [271],
The coefficient « in Eq. (4.2) is given by [268]:
a = 1.59 + 15.1(K;/Ksteel) (4.4)
where,

Ky = psEf and Kyieep = 2k Egps, are the confinement stiffness of FRP
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and transverse steel following Mander et al. [253] and Teng et al. [268],

E elastic modulus of the steel bar,

ps: 1S the ratio of the volume of transverse confining steel to the volume
of confined concrete core.
The effective lateral confining stress of transverse steel reinforcement in the x

and y directions are given by [253].

fl’sx = kepst,xfyt (4.5)
flls,y = kepst,yfyt (4-6)
where,

fye is the yield strength of transverse steel reinforcement,

Pstx and pg ,, are the volumetric reinforcement ratio of transverse steel
reinforcement in the x and y directions, respectively,

k. is the confinement effectiveness coefficient as defined by Mander et
al. [253]. For rectangular columns, k, is given by [253]:

U RY A YA
(1 i=16bidc)<1 2bc)<1 2dc)

1_pcc

4.7

k, = >0

where,

b. and d, are core dimensions to centerlines of transverse bars in the x
and y directions, respectively, where b, > d,,

w; is the ith clear distance between adjacent longitudinal bars,

j is number of longitudinal bars,

s" is vertical clear spacing of transverse steel bars,

Pcc = Ag1/b.d. 1S the ratio of the volume of the longitudinal steel to the
volume of confined concrete core,
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Ag is the total area of longitudinal reinforcement.

The steel strain at yielding of the longitudinal bar (&,,) was taken as the ratio of the
yielding stress to the elastic modulus of the steel bar. Different formulations were
proposed for determining the strain at buckling limit state [62,67,272,273]. According
to Berry and Eberhard [272], the strain in the longitudinal bar at the onset of

longitudinal bar buckling (e;,) is given as a function of the effective confinement ratio

(Derr = Pstfye/ 1), EQ. (4.8).
€pb = Xo + X1Pers < 0.15 (4.8)
where y, and y, are constants.

In another study, Berry and Eberhard [67] calibrated the values of y, = 0.045
and y; = 0.25 empirically based on experimental results of RC columns. Goodnight et
al. [62] developed a more refined estimate for determining the value of &, based on
the experimental results of large scale RC bridge columns. This equation considers the
effect of axial load level on the strain at the onset of longitudinal bar buckling as given

below:

P
epp = 0.03 + 700p5t% ~0.1
S

. i,

(4.9

Studies on the performance limit states at longitudinal bar buckling of retrofitted
columns are rather scarce [274]. Bournas and Triantafillou [274] studied the onset and
evolution of longitudinal bar buckling of RC columns confined with FRP and textile
reinforced mortar (TRM). They concluded that the confining composite had no effect
on the strain at the onset of longitudinal bar buckling. Thus, Eq. (4.9) was used in this

study to determine the value of &, for each specimen.
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4.4.1. Effect of key design parameters on base shear

A pushover analysis was performed for each combination of three levels of the six
factors, for a total of 78 pier specimens. Typical pushover analysis result for a high level of
each factor is shown in Figure 4.3. This figure also indicates the three limit states, namely
yielding of the longitudinal bar, concrete core crushing, and buckling of longitudinal bar.
The main effect and possible interactions of input parameters on the response variable can
be examined using analysis of variance (ANOVA) [260]. This method allows to determine
which factors have a significant influence on the response [260] and distinguishes the
prevailing factors and interactions that influence the response variable from the less
important factors and interactions. Thus, ANOVA analysis was used to investigate the main
influence and possible interactions of the six factors at a significance level (a) of 5% using
a two-sided confidence interval. Accordingly, the conclusions were made based on the P-
value, in which each effect with a P-value less than a was considered as a significant effect
on the response at 95% confidence. The P-value is the smallest level a at which the data
are significant [260]. Table 4.3 presents the results of ANOVA analysis for the lateral
bearing capacity at different limit states. In addition, the degree and direction of significant

effect were evaluated by a normal probability plot of standardized effect at 95% confidence.
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Figure 4.3: Typical pushover response curve.

Table 4.3. Effect of key design parameters on base shear at different limit states based

on ANOVA
S.N. Design parameters P-values at different limit states
Yielding Crushing Buckling
Main parameters effect
1 f;  Concrete compressive strength 0.0057 0.0015 0.1464
2 fy  Yield strength of steel <0.0001 <0.0001 <0.0001
3 ps;  Longitudinal reinforcement ratio  <0.0001 <0.0001 <0.0001
4 S,  Tiespacing 0.9647 0.0356 0.0798
5 H/d  Aspect ratio <0.0001 <0.0001 <0.0001
6 n SRP layers number 0.8456 0.722 0.043
Two-way interaction
7 fé x fy 0.8154 0.3962 0.4046
8 f: X pg 0.9733 0.7731 0.332
9 fl % Se 0.6575 0.9679 0.4775
10 f; xH/ 0.8505 0.546 0.7911
11 f/xn 0.7678 0.5531 0.3388
12 fy X Psi 0.0002 0.0015 0.0014
13 fy X Sst 0.7807 0.5819 0.3844
14 fy x H/d 0.0013 0.0042 0.0056
15 fy xn 0.9839 0.9616 0.7242
16 Ps1 X St 0.7444 0.832 0.6762
17 pst X H/ 0.0013 0.0027 0.0036
18 Ps XN 0.8318 0.9093 0.3088
19 See X H/d 0.8552 0.436 0.4788
20 Sge XN 0.895 0.3384 0.4739
21 H/d x n 0.7397 0.7596 0.702
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4.4.4.1. Factorial design at first yielding of longitudinal reinforcement
As presented in Table 4.3, the main effects of f, f,,, ps;, and H/d have P-values of

less than the significance level of 5%. Therefore, these factors produce significant effects
on the yielding base shear, which is the base shear at the first yielding of longitudinal bars.
However, both the internal transverse reinforcement and SRP jacket exhibited insignificant
effects on the yielding base shear. Previous research [49] also observed that internal
transverse reinforcement did not influence the yielding base shear. The normal probability
plot of the yielding base shear in Figure 4.4 shows the standardized effects of the design
parameters relative to a distribution fit line. The standardized effects test the null hypothesis
that the effect is zero. In the normal probability plot, the factors with no significant effect
on the response were fitted to a line, whereas the significant factors fell some distance away
from the fitted line. In addition, the normal probability plot shows whether the response
increased or decreased with an increase in each factor and the interaction between factors.
Positive effects, which are on the right side of the fitted line in the normal probability plot,
increase the response with an increase in the value of the factor, while negative effects
decrease the response with an increase in the value of the factor. It can be observed in

Figure 4.4 that the main effects of f, py;, and f,, have a positive standardized effect on the

yielding base shear, meaning that the base shear increased with an increase in these factors.
However, the base shear decreased with an increase in the value of H/d as the main effect
of H/d had a negative standardized effect on the base shear. Moreover, the distance from
the fitted line shows the degree of the importance of the factor. For instance, the aspect
ratio was located farthest from the fitted line with a negative effect, signifying the highest
effect on the base shear and therefore causing a sharp decrease in the yielding base shear.
Concrete compressive strength had a slightly smaller effect and is thus closer to the fitted

line on the positive side, meaning that an increase in f; slightly increased the yielding base
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Figure 4.4: Normal plot of the standardized effects for the design parameters for base

shear at yielding of longitudinal reinforcement, @ = 0.05.

Interactions between different design parameters are complex relationships among
those parameters’ effects and thus are not independent in their effects on the response. The
ANOVA results suggest the f;, x pg, Hid x f,, and H/d x pg, interactions significantly
affect the base shear at yielding. Moreover, as can be observed in Figure 4.4, the combined
effect of £, x py; showed positive standardized effect on base shear. The influence of aspect
ratio was so high that the combined effects of H/d x f,, and H/d x py; were skewed to the
negative side of the fitted line. Thus, H/d x f,, and H/d x p, interactions decreased the base
shear at the initiation of yielding.

Figure 4.5a shows the percentage contribution of the design parameters to the
yielding base shear. It can be observed that the aspect ratio had the highest influence on the

yielding base shear, followed by the yield strength and reinforcement ratio of longitudinal
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steel bars. The contributions of the main effect of /' and f,, x pg;, H/d x £, and H/d x p,
interaction effects were less than 5%. The variation of yielding base shear with the change
in the aspect ratio of the pier is shown in Figure 4.5b. The variation in base shear was less
pronounced in piers with a high H/d ratio (Figure 4.5b). Figure 4.6a—c show the contour

plots of H/d versus pg,;, H/d versus f,,, and p,; versus f,,, respectively, to predict the yielding

base shear.
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Figure 4.5: Base shear at yielding of longitudinal reinforcement.
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Figure 4.6: Contour diagram of (a) H/d versus pg;, (b) H/d versus f,,, and (c) ps; versus

f, for predicting base shear at yielding of longitudinal reinforcement.

4.4.4.2. Factorial design at the initiation of concrete core crushing

The base shear at concrete core crushing was mostly affected by the longitudinal
reinforcement ratio, aspect ratio, compressive strength of concrete, spacing of internal
transverse reinforcement, and yield strength of reinforcing steel (Figure 4.7). This figure
also shows that the aspect ratio was farthest from the fitted line and had the strongest
negative effect. Moreover, the interaction effects of f,, x pg;, H/d x f,,, and H/d x pg; were

significant, as can be observed from the P-values in Table 4.3 and Figure 4.7.
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Figure 4.7: Normal plot of the standardized effects for the design parameters for base

shear at the concrete core crushing, @ = 0.05.

The crushing base shear increased with an increase in pg, f,, f¢', and f;, X pg, which
all had positive effect on base shear, as shown in the normal probability plot of Figure 4.7.
However, the aspect ratio and its interaction with £, and p,; showed negative influence on
the crushing base shear. Similarly, spacing of internal transverse reinforcement showed a
negative effect on crushing base shear, as shown in Figure 4.7. The enhancement in base
shear due to an increase in pg; and f;, can be further observed from the contour plots of base
shear in Figure 4.8a—c, where the crushing base shear decreased with the increasing aspect
ratio of the pier. The effects of parameter interactions on the crushing base shear were less
significant than the main effects, as shown in Figure 4.9a. The longitudinal reinforcement
ratio had the highest contribution of 36%, while the contributions of H/d and f,, were 35.4%
and 22.6%, respectively. The effects of the design parameters were more pronounced in

piers with a smaller aspect ratio (Figure 4.9b).
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4.4.43. Factorial design at the initiation of longitudinal reinforcement buckling

The ANOVA analysis provided in Table 4.3 shows that all main factors, except
concrete compressive strength and spacing of internal transverse reinforcement, had a
significant influence on the buckling base shear. Moreover, ANOVA results suggest that
interactions of H/d x f,,, f,, X pg;, and H/d x p; play vital roles in the buckling base shear.
The influence of £, on the buckling base shear was not significant.

The normal probability plot in Figure 4.10 shows that the aspect ratio farthest from
the fitted line in the negative direction affected the buckling base shear the most. The
contribution of H/d to the buckling base shear was 37.99% (Figure 4.11a). Moreover, f,
and pg; were the most critical parameters with positive effect on the buckling base shear
(Figure 4.10 and Figure 4.11a). The contribution of f, x pg, was the highest of the
interaction effects (Figure 4.11a). Specimens with lower H/d ratio exhibited more variation
in buckling base shear with a change in design parameters (Figure 4.11b). The interaction

effects of H/d x pg,, H/d x £, and £, X pg, can also be clearly observed in Figure 4.12a-c.
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Figure 4.10: Normal plot of the standardized effects for the design parameters for base

shear at longitudinal bar buckling, « = 0.05.
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Figure 4.11: Base shear at longitudinal bar buckling.
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f, for predicting base shear at buckling of longitudinal reinforcement.

4.4.2.

Factorial design of lateral displacement at different limit states

Table 4.4 presents the influence of design parameters and interactions at different

limit states. The yielding displacement was most significantly influenced by f, pg, f,, and

the aspect ratio, while the effect of transverse reinforcement (internal ties and SRP) was

negligible. Moreover, the interaction effects of f'x H/d, f,, x pg, f, X H/d, and pg % H/d

had an important effect on yielding displacement. Figure 4.13 illustrates the normal

probability plot of the standardized effects. The aspect ratio had the highest positive effect
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on the yielding displacement, which also increased with an increase in pg; and f,,. Similarly,
the py, x H/d, f, x HI/d, and f, x pg, interactions had significant positive effect on the
yielding displacement. In contrast, concrete compressive strength and its interaction with
the aspect ratio had a negative effect on the yielding displacement. As presented in Table
4.4, the crushing displacement was affected by all factors. Moreover, the interactions of
effects of interactions of f' x f,,, f/x H/d, f/ x n, f, x H/d, and H/d x n significantly

influence the crushing displacement, as listed in Table 4.4.
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Figure 4.13: Normal plot of the standardized effects for the design parameters for

yielding displacement, @ = 0.05.
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Table 4.4. Effect of key design parameters on lateral displacement at different limit
states based on ANOVA

S.N. Design parameters P-values at different limit states

Yielding Crushing Buckling

Main parameters effect

1 f;  Concrete compressive strength <0.0001 <0.0001 <0.0001
2 fy  Yield strength of steel <0.0001 <0.0001 <0.0001
3 ps  Longitudinal reinforcement ratio < 0.0001  0.0001 < 0.0001
4 S, Tiespacing 0.8648 0.0041 < 0.0001
5 H/d  Aspect ratio <0.0001 <0.0001 <0.0001
6 n SRP layers number 0.8548 <0.0001 0.0032
Two-way interaction

7 fe Xfy 0.4029 0.0084 0.5155

8 fi X pg 0.9166 0.5203 0.2279
9 fi xSgt 0.9542 0.2494 0.4654
10 f/ xH/d 0.023 0.002 0.0241
11  f! xn 0.8572 0.0106 0.2235
12 f, Xpg 0.0051 0.1824 0.0197
13 fy XS& 0.8831 0.0755 0.0106
14  f, xH/d <0.0001 0.0003 0.0001
15 f, xn 0.9505 0.1282 0.5561
16 pg X Sgt 0.5557 0.5725 0.1706
17 pg x H/ 0.0013 0.9354 0.0523
18  pgxn 0.8382 0.4778 0.2045
19  Sg x H/d 0.7952 0.8933 0.3295
20 S %xn 0.8766 0.4137 0.2671
21 H/d x n 0.6283 0.0005 0.082

ANOVA analysis also suggests that the effects of all factors on the buckling
displacement were significant, as can be observed from the P-values in Table 4.4.
Moreover, the f/x H/d interaction and interactions of yield strength of steel with pg;, S,
and the aspect ratio significantly influenced the displacement at the initiation of
longitudinal bar buckling.

Figure 4.14a—c show contributions of the parameters to the lateral displacement at
different limit states. It can be observed that the aspect ratio had the highest contribution at

all limit states, which was more than 80% and 65% for the buckling and crushing
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displacements, respectively. The contribution of H/d to the yielding displacement was
57.4%, while f, had 35.5% contribution (Figure 4.14a). The effect of f, on the lateral
displacement was higher in the yielding limit state compared to the other limit states. In the
crushing and buckling limit state, the contributions of f/, f,, ps;, and S, ranged from 0.21
to 13.1% (Figure 4.14b and c). The number of SRP layers had the least significant effect
on the buckling displacement. The range of displacement was broader with increasing H/d

ratio (Figure 4.15a—c).

Figure 4.14: Percentage contribution of each parameter to (a) yielding, (b) crushing,

and (c) buckling displacements.
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4.4.3. Factorial design of displacement ductility factor
The displacement ductility factor (us) is a vital performance indicator in
performance-based seismic design. The displacement ductility factor can be defined as the
ratio of the concrete core crushing displacement (5.) to the yielding displacement (6,)

[49].
py =2 (4.10)

Figure 4.16 shows the range of displacement ductility factors for different H/d
ratios. It can be observed that the range of ductility factor was less for piers with the highest
H/d ratio. ANOVA results in Table 4.5 suggest that the main effects of all factors
significantly influenced the ductility factor. Moreover, Figure 4.17 shows the degree and
direction of the effects of each factor and its possible interactions. The compressive strength

of concrete and number of SRP layers had positive effects on the ductility factor, whereas
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the spacing between internal transverse reinforcement, f,, pg;, and the aspect ratio had
negative effect on the ductility factor. This is consistent with previous test results in which
the ductility of the pier increased with an increase in the number of CFRP strengthening
layers [58] and a reduction in the internal transverse reinforcement spacing [54,58,59].
Similarly, interactions of f,, x n, f/ x f,,, and f' x py, decreased the ductility factor of the
pier. However, the interaction of f,, x p,, had a positive effect on the ductility factor (Figure
4.17). The yield strength of reinforcing rebar had the highest contribution to displacement

ductility, followed by the longitudinal reinforcement ratio (Figure 4.18).
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Figure 4.16: Range of displacement ductility factors for different H/d ratios.
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Table 4.5. Effect of key design parameters on the displacement ductility factor

S.N. Design parameters P-values

Main parameters effect

1 f! Concrete compressive strength <0.0001
2 fy Yield strength of steel < 0.0001
3 Psi Longitudinal reinforcement ratio < 0.0001
4 Sst Tie spacing < 0.0001
5 H/d Aspect ratio <0.0001
6 n SRP layers number <0.0001
Two-way interaction

7 fe X fy 0.0009
8 fe % pgr 0.0094

9 JAR 0.2033
10 f; x H/d 0.2405
11 fi xn 0.3552
12 fy X Psi 0.412

13 fy X Sst 0.0039
14 fy x H/ 0.0057
15 fy xn 0.0038
16 Pst X St 0.0797
17 pst X H/ 0.0066
18 Psi X N 0.1425
19 Sse x H/ 0.194

20 See X N 0.014

21 H/d x n 0.9115
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4.4.4. Factorial design of drift ratio

The total drift ratio is used to study the effect of the design parameters on the

deformational capacity of SRP-jacketed piers. The influence of key design parameters on

the total drift ratio at different limit states is listed in Table 4.6. ANOVA suggests that the

effects of £, pg., f,, and H/d were significant on yielding drift ratio, while the spacing of

internal transverse reinforcement and number of SRP layers showed insignificant effect, as

listed in Table 4.6. As shown in Figure 4.19a, the yielding drift ratio increased with an

increase in pg, f,,, and H/d. Similarly, the £, x H/d, and pg, x H/d, and f,, x pg, interactions

had positive significant effect on yielding drift ratio, as shown in Figure 4.19a. However,

the yielding drift ratio decreased with an increase in concrete compressive strength. The

interaction of f with H/d and f;, also had a negative effect on the yielding drift ratio, as

shown in Figure 4.19a.
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Figure 4.19: Normal plot of standardized effects for drift ratio at (a) yielding, (b)

crushing, and (c) buckling limit states.
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Table 4.6. Effect of key design parameters on drift ratio at different limit states based
on ANOVA

S.N. Design parameters P-values at different limit states

Yielding Crushing Buckling

Main parameters effect

1 f;  Concrete compressive strength <0.0001 <0.0001 <0.0001
2 fy  Yield strength of steel <0.0001 <0.0001 <0.0001
3 ps  Longitudinal reinforcement ratio  <0.0001 <0.0001 < 0.0001
4 S, Tiespacing 0.5272 <0.0001 <0.0001
5 H/d  Aspect ratio <0.0001 <0.0001 <0.0001
6 n SRP layers number 0.4619 <0.0001 0.0006
Two-way interaction

7 fe X fy 0.034 0.3213 0.2367
8 f x pg 0.7396 0.0439 0.0739

9 fe x Sst 0.9872 0.62 0.2494
10 f/ xH/d 0.0137 0.7367 0.2075
11  f! xn 0.8066 0.6613 0.0963
12 f, Xpg 0.0001 0.6635 0.0073
13 fy XS& 0.6151 0.0351 0.0024
14  f, xH/d <0.0001 0.5207 0.0012
15 f, xn 0.882 0.1694 0.5577
16 pg XSg 0.5008 0.2531 0.0856
17 pgy X H/d 0.0007 0.1924 0.3198
18  pgxn 0.8415 0.2838 0.1028
19 S xH/d 0.6591 0.7618 0.48

20 S xn 0.69 0.5663 0.12

21 H/d x n 0.2942 0.6099 0.1203

All factors had a significant effect on the crushing drift ratio (Figure 4.19b and
Table 4.6). The crushing drift ratio increased with an increase in f,,, n, f;, and H/d, as
shown in Figure 4.19b. In contrast, the spacing between internal transverse reinforcement,
psi» and interaction of f/x pg, and £, x S, had a negative effect of the crushing drift ratio,
as shown in Figure 4.19b.

ANOVA analysis also suggests that the effects of all factors on the buckling drift
ratio were significant (Table 4.6). As shown in Figure 4.19c, the buckling drift ratio

increased with an increase in H/d, f,, ps, f¢, and number of SRP layers. Similarly, the
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interactions of £, x H/d and f,, x py showed a positive significant effect (Figure 4.19c).
However, the spacing between internal transverse reinforcement and its interaction with f,
had a negative effect on buckling drift ratio (Figure 4.19c). As shown in Figure 4.19c, the

aspect ratio had the highest effect on the drift ratio at all limit states.
4.5. Conclusions

This study explores the behavior of seismically deficient rectangular section RC
bridge piers retrofitted with external steel-reinforced polymer composites. The seismic
performance of the piers was numerically investigated. A six-factor, three-level fractional
factorial design of experiments at 95% confidence was used to perform a parametric study
to investigate the main effects and possible interactions on the seismic performance of the
SRP-confined rectangular section piers. The main finds of this study are summarized

below.

e The effects of longitudinal reinforcement ratio, yield strength of steel, concrete
compressive strength, and aspect ratio on the yielding base shear were found to
be highly significant. However, the effects of spacing of internal transverse
reinforcement and number of SRP layers on the yielding base shear were found
insignificant.

e The results of the factorial analysis showed that only three of the factor
interactions, namely f,, x pg;, H/d x f,,, and H/d x pg; had significant effect on
the base shear.

e The effect of the spacing of internal transverse reinforcement on the crushing
base shear was significant. However, it had no significant influence on the base
shear at the onset of longitudinal bar yielding and buckling.

e The parametric study showed that the ductility of the pier was enhanced with

increased f,' and higher number of SRP layers, whereas the spacing between
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internal transverse reinforcement, H/d ratio, f,,, and p,; had a negative effect on
the ductility factor.

e The interactions of f, x n, f/' % f,,, and f. x py decreased the ductility factor
of the pier, while the interaction of f,, x pg; increased the ductility.

e The pier aspect ratio had the highest contribution to the base shear under all
limit states. Moreover, the range of variation in base shear with the change in
the value of the design parameters was higher in piers with a lower H/d ratio.

e The lateral displacement at all limit states was mostly affected by the aspect
ratio of the pier, whereby bridge piers with a higher H/d ratio showed wider
scatter of displacement compared to those with a lower H/d ratio.

e The aspect ratio of the pier showed the highest positive effect on the total drift
ratio followed by f,, at all limit states. The interactions of £, x H/d and f,, x pg
showed a positive significant effect on the total drift ratio at the onset of
longitudinal bar yielding and buckling.

The crushing and buckling drift ratio increased with an increase in the number of

SRP layers, but it decreased with an increase in the spacing between internal transverse

reinforcement.
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CHAPTER 5: PLASTIC HINGE LENGTH OF RECTANGULAR RC COLUMNS
USING ENSEMBLE MACHINE LEARNING MODEL
This chapter is based on the following study:
Wakjira TG, Alam MS, Ebead U. Plastic hinge length of rectangular RC
columns using ensemble machine learning model. Engineering Structures

2021;244:112808. https://doi.org/10.1016/j.engstruct.2021.112808.
5.1. Introduction

During extreme loads such as seismic events, RC columns experience
significant plastic deformation [50]. These plastic deformations are localized in the
small regions with high moment demand at column ends, commonly known as the
plastic hinge zones [66]. The seismic response of critical members is thus highly
dependent on its deformation capacity in the plastic hinge zone [66] where the extent
of the damage is defined by the plastic hinge length (PHL). The plastic hinge length of
RC columns is dependent on various factors including concrete strength [67,68], axial
load level [69-72], longitudinal reinforcement ratio [68,73,74], yield strength of
reinforcement bars [75], confinement level [68,71,76—78], and aspect ratio [71,73,79].
However, due to several factors including the nonlinearity of material response, strain
penetration, and interaction of independent variables, determining the plastic hinge
length accurately is still remaining a challenge [80].

In the past decades, several empirical models have been proposed to estimate
the PHL of RC members. However, there exists a large scatter and uncertainty in the
estimation of the PHL. One of the causes for the discrepancy in the existing models is
related to the selection of the significant parameters determining the PHL. There is a

lack of consensus on the importance of various factors in determining the PHL. Sheikh
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and Khoury [81] proposed a simple equation for determining the PHL of RC columns
subjected to high axial loads as a function of the cross-sectional depth, ignoring all other
factors. Mendis [73] and Park et al. [82] reported that the PHL is insensitive to the axial
load level. In contrast, other researchers (e.g. [69,70]) reported an increase in the PHL
with an increase in the axial load level. According to Bae and Bayrak [71], the PHL
increases with an increase in the axial load level for axial load levels greater than or
equal to 0.20; however, it is constant as 0.25 times the section depth (0.25h) for low
axial load level, less than 0.20. Babazadeh et al. [83] investigated the effect of
slenderness on the PHL based on experimental results of three large-scale RC slender
bridge piers with aspect ratios up to 12. They reported that the existing models and
design guides underestimate the PHL of slender columns. Ho [68] introduced the effect
of transverse reinforcement ratio on the PHL, in addition to the axial load ratio,
compressive strength of concrete, reinforcement ratio and yield strength of longitudinal
bars, and cross-sectional depth of the member.

In addition to the contradictory reports on the significant effect of different
factors on the PHL, the existing models are mainly derived empirically based on limited
experimental results, which often limits the accuracy of the models [84]. Thus, the use
of an alternative and more powerful modelling approach should be considered.
Accordingly, this study leveraged the capacity of ensemble learners by combining the
performance of various base learners in an attempt to propose an accurate and reliable
model for predicting the PHL of rectangular RC columns. Furthermore, this study used
the SHAP approach to interpret the predictions of the ML model, rank the input factors
in their importance, and identify the most important factors and interactions on the
prediction of the PHL of RC columns for the first time. In addition, the proposed ML-

based model is compared with twelve existing models and guideline equations and
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provided higher accuracy in predicting the PHL.
5.2.  Overview of Existing Formulations and Design Codes

The plastic hinge deformation involves a complex mechanism and various
uncertainties [275]. The most commonly used formulations for the PHL are presented
in Table 5.1 and discussed in this section. Sheikh and Khoury [81] proposed a simple
equation for determining the PHL of RC columns subjected to high axial loads as a
function of the cross-sectional depth, ignoring all other factors, as given in Eq. (5.1). In
most of the other formulations [50,67,75,79,275-277], the PHL has the following form,
as listed in Table 5.1:

L, = kiL + k,d, (5.1)

where L is the shear span, d,, is the diameter of the longitudinal bars, and k;
and k, are the model coefficients.

In the above expression for the PHL, the first term accounts for the bending
along the length of the column, while the second term reflects additional fixed-end
rotation and deflection due to tensile strain-penetration of longitudinal reinforcement

into the joint or footing.
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Table 5.1. Existing expressions for plastic hinge length of ordinary RC members

S.N. Reference Plastic hinge length, L, Eq.
1 Sheikh and Khoury [81] L, =1.0h (5.2)
2 Priestley and Park [79] L, = 0.08L + 6d, (5.3)
3 Paulay and Priestley [75] L, = 0.08L + 0.022f, d,, (5.4)
4 Priestley et al. [50] L, = 0.08L + 0.022f,d; < 0.044f,d, (5.5)
5 Panagiotakos and Fardis [276] L, =0.12L + 0.014ayf,d, (5.6)
6 Lu et al. [275] L, = 0.077L + 8.16d, (5.7)
f;
7 Berry and Eberhard [67] L, = 0.05L + 0.1d, —y (mm, MPa) < 0.25L (5.8)
Ji
L f;
8 EN 1998-3 (2005) EC8 [277] L, = 307 0.2h +0.11d, —y (mm, MPa) (5.9)
Ji
P
L, = (0.3P—O +3p, — o.1) L +0.25h > 0.25h
9 Bae and Bayrak [71] where P, = 0.85fc’(Ag _ As) + Ayf, and (5.10)
Ps = As/Ag

P
10 Ning and Li [80] L, = (0.042 +0.072 P—) L + 0.298h + 6.407d, (5.11)

0

NP/ po\05
11 Ho [68] L, = 20\/P/P, <—”> (—S) + 0.6 |h (5.12)
fy Pst
s . 1 L

12 Biskinis and Fardis [278] L, =0.2h <1 + §minimum (9, E)) (5.13)
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Priestley and Park [79] proposed an expression for the PHL in which the values
of k, and k, are 0.08 and 6, respectively, as given in Eq. (5.2). Paulay and Priestley
[75] incorporated the effect of yield strength of the longitudinal bars (f;) on the
deflection due to strain penetration, in which k, = 0.022f,, as given by Eq. (5.3). In
addition, they reported that the PHL of a typical column can be taken as half of its
section depth, L, = 0.5h. Priestley et al. [50] suggested an upper limit for the PHL
proposed by Paulay and Priestley [75], as given in Eq. (5.4). Panagiotakos and Fardis
[276] proposed a new expression for the PHL for RC columns subjected to cyclic loads
in which k; = 0.12 and k, = 0.014ay;, where constant ag; represents the fixed-end
rotation due to slippage of longitudinal bars, Eq. (5.5). The value of ag; is unity if the
slippage of longitudinal reinforcement bars from its anchorage zone is possible and zero
otherwise [276], as listed in Table 5.1. Lu et al. [275] proposed a modified version of
the Priestley and Park [79] model for the PHL based on a survey on large experimental
data of RC columns and regression analysis. According to Lu et al. [275], the modified
values of k, and k, are 0.077 and 8.16, respectively, as given in Eq. (5.6). In Eq. (5.7),
Berry and Eberhard [67] incorporated the effect of the concrete strength (f.) on the
deformation caused by tensile-strain penetration in which k; = 0.05 and k, =
0.1fy/\/ﬁ. Moreover, Berry and Eberhard [67] provided an upper limit for the PHL,
L, < 0.25L, as listed in Table 5.1.

In Eurocode 8 [277], a term is added to the expression for PHL given in Eq.
(5.1), to account for the effect of cross-sectional depth for seismic resistant members
without longitudinal bars lapping in the plastic hinge region, as given in Eq. (5.8). Bae
and Bayrak [71] studied the effect of axial load level (P/P,) and longitudinal
reinforcement ratio on PHL and proposed a new expression for PHL as a function of
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P /P,, reinforcement ratio of longitudinal bars, shear span, and cross-sectional depth of
the column, as given in Eq. (5.9). Ning and Li [80] used a probabilistic approach to
estimate the PHL of RC columns and suggested a new expression for PHL in terms of
axial load level, shear span, cross-sectional depth, and diameter of longitudinal bars, as
given in Eq. (5.11). Ho [68] introduced the effect of transverse reinforcement on the
PHL, as given in Eq. (5.12). In the equation proposed by Biskinis and Fardis [278], the
PHL is given as a function of the cross-sectional depth and aspect ratio only, as given
by Eq. (5.13) in Table 5.1. This model has been adopted in the fib Model Code [279].
5.3. Data Preprocessing

For this study, the experimental database of RC columns (a total of 133 RC
columns) was obtained from [80]. Twelve (12) variables that characterize the geometry
of the column, aspect ratio, mechanical properties of concrete and internal steel
reinforcements, diameter of longitudinal bars, and axial load level are considered as
input parameters, as listed in Table 5.2 along with their descriptive statistics. These
variables include cross-sectional width (b) and depth (k) of the column, shear span (L),
aspect ratio (L/h), compressive strength of concrete (f,), diameter of longitudinal bars
(dp), reinforcement ratio (p,) and yield strength (f;) of longitudinal bars, spacing (S;)
and yield strength of transverse reinforcement bars (fi:), reinforcement ratio of
transverse bars (pg;), and axial load ratio (P/P,). The range of each parameter can be
clearly observed in Table 5.2. For instance, f¢, f,, dj,, and aspect ratio were in the range
of 24.8-175 MPa, 339-572 MPa, 8-32 mm, and 1.8-10.71, respectively. In addition,
Figure 5.1 shows the relationship between the independent variables and the

experimental plastic hinge length (L, ..p) 0f the RC columns included in the database.
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Table 5.2. Description of input and output variables in the experimental database of RC columns and their distribution

Parameter Unit pu o Min Q1 Q2 Q3 Max
b  Cross-sectional width mm 274 107 150 150 300 305 610
h  Cross-sectional depth mm 288 107 140 200 305 350 610
L  Shear span mm 1713 408 630 1500 1800 2010 3050
L/h  Aspect ratio — 6.70 249 18 574 656 7.50 10.71
f;  Concrete compressive strength MPa 70.3 309 248 410 726 913 175
Input dp Longitudinal bar diameter mm 16.8 5.07 8.00 12.00 19.0 20.0 32.0
parameters  p,  Longitudinal reinforcement ratio % 231 091 082 206 23 274 6.1
fy  Yield strength of longitudinal bars MPa 498 44.7 339 469 508 537 572
S Spacing of transverse bars mm 936 289 50.0 75 100 100 220
ps:  Transverse reinforcement ratio % 211 126 0.32 100 190 3.00 6.72
fsc  Yield strength of transverse bars ~ MPa 531 159 325 463 530 531 952
P/P, Axial load ratio — 035 0.19 0.00 020 0.35 0.50 0.77
Output ,  Plastic hinge length mm 307 123 700 248 299 381 741
parameter

u: mean; o standard deviation; Min: minimum; Max: maximum; and Q1, Q2, Q3: 25" 50" and 75" percentiles
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Figure 5.1: Variation of the PHL with the input parameters.

5.4. ML models

In addition to the ML Models discussed in Section 3.2, stacking ensemble is
used in this study. Stacking (also known as stacked generalization) is another technique
of ensemble learners, which combines multiple base learners (often heterogeneous
learners) via a meta-model and combines the result of all base learners to produce the
final prediction with better accuracy than the single model [280,281]. According to
Wolpert [280], stacking can be considered as a more sophisticated version of cross-

validation. It has been successfully implemented for regression problems [282].
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Stacking ensemble model can also be used to compare and select the best models among
the base learners. Here, the base learners are trained in parallel based on the complete
training dataset. The cross-validated predictions (10-fold cross-validated prediction of
the base model, in this study) returned by the base models are then combined by training
a meta-model based on the outputs of individual base learner features. In this context,
stacking requires two things; namely, multiple base learners and a meta-model that
combines the base learners. In this study, the three best models are stacked using linear
SVR as a meta-model to improve the predictions obtained from the models, as shown

in Figure 5.2.

Base Learner Meta-model Final Prediction

Extreme
Randomized Trees

Gradient Boosting Linear SVR

xgBoost

Figure 5.2: Structure of a stacking ensemble learner used in this study.

5.5. Model Performance

In this study, the following four performance indices are considered; namely,
RMSE, MAE, Nash-Sutcliffe model efficiency coefficient (NSE), and index of
agreement (d) [283]. The NSE and index of agreement are presented mathematically

by Eq. (5.14) and Eq. (5.15), respectively.
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Y —90)? (5.14)

NSE =1- ——, —o<NSE<1
i=1 (Vi = ¥)?

n C_5)2
d=1-— Zl=1(3_ll yi) . o<d=1 (5.15)
Yy =yl + 19 —¥D

where y and y are the target values and the corresponding predictions,
respectively and y is the average of y values.

The Nash-Sutcliffe model efficiency coefficient represents the goodness-of-
fitness of the model, where NSE = 1 represents a perfect agreement between the
predicted and observed values. Similarly, the value of the index of agreement ranges
between 0 and 1, with O and 1 representing no correlation and perfect fitness,

respectively.
5.6. Results and Discussion

5.5.1. Evaluation of existing models

Firstly, the predictions of the PHL using the existing equations (discussed in
Section 5.2) are investigated. The prediction capability of the existing models is
summarized in Table 5.3 in terms of the statistical distribution for the predicted (L, )
to experimental (L, ..,) PHL. Moreover, the factors considered in each model are
included in the same table. Large discrepancies in the significant parameters considered
in the existing models can be observed in this table. In addition, the relationships
between the predicted and experimental PHL are shown in Figure 5.3a-l. In this figure,
the solid equity lines represent a perfect match between the predicted and experimental
PHL. As can be seen in Figure 5.3a—I and Table 5.3, the existing models are unable to
capture the actual or observed PHL. The models proposed by Panagiotakos and Fardis
[276] and Biskinis and Fardis [278] showed the least standard deviation for the

Ly pre/Lpexp Tatio, as listed in Table 5.3. However, both models have significantly
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underestimated the experimentally observed PHL, as shown in Figure 5.3a-l. Even at
the third quartile, the average of L, ,,-c /Ly exp Was only 0.47 for the Panagiotakos and
Fardis [276] model, as listed in Table 5.3. Similarly, the predictions of the PHL based
on the Priestley and Park [79] and Berry and Eberhard [67] models are significantly
underestimated, as shown in Figure 5.3b and g, respectively. Conversely, most of the
predictions by the Ho [68] model are overestimated compared to the experimental PHL,
as can be seen in Figure 5.3k and Table 5.3. Although the Lu et al. [275] model resulted

in the average Ly yre /Ly exp ClOSE t0 ONe, as listed in Table 5.3, its accuracy was greatly

hindered by a large standard deviation value for the L, ;¢ /Ly exp ratio.
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Table 5.3. Predicted to experimental PHL of RC column (L, e /L

p,€xp

) based on existing models

S.N. Reference

Design parameters

Statistical parameter on Ly, pre /Ly exp

AL g fodyop B Sw pu fu yp A 0 Min QL Q2 Q3 Max
1 Sheikh and Khoury [81] X 099 0.36 041 0.77 0.97 111 286
2 Priestley and Park [79] X X 0.87 0.40 039 0.61 0.80 0.99 274
3 Paulay and Priestley [75] X X X 1.17 052 050 0.83 1.07 132 3.74
4 Priestley et al. [50] X X X 1.15 051 050 0.83 1.06 1.31 3.74
5 Panagiotakos and Fardis [276] X X X 042 0.17 0.17 031 0.39 047 1.30
6 Lu et al. [275] X X 0.98 043 044 0.70 0.89 1.13 3.05
7 Berry and Eberhard [67] X X X X 0.71 0.34 0.27 0.48 0.64 0.82 242
8 EN 1998-3 (2005) EC8 [277] X X X X X 0.83 0.36 0.31 0.58 0.78 0.98 2.60
9 Bae and Bayrak [71] X X X x 073 037 021 046 0.69 091 1.98
20  Ning and Li [80] X X X x 110 039 049 080 101 1.27 331
11  Ho[68] X X X X X X x 119 061 048 0.88 1.10 1.35 599
12 Biskinis and Fardis [278] X X 0.61 0.26 0.27 043 056 0.71 2.00

u: mean; o standard deviation; Min: minimum; Max: maximum; and Q1, Q2, Q3: 25™, 50", and 75™ percentiles
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Figure 5.3: Experimental versus predicted PHL based on existing models.

Table 5.4 summarizes the statistical performance indicators for the existing
models. In addition, Figure 5.4a and b compare the predictions of the existing models
in terms of MAE, RMSE, NSE coefficient, and d. Among the existing models, Ning
and Li [80] model provided the least RMSE and MAE, followed by Priestley et al. [50]

model for the RMSE, as shown in Figure 5.4a and Table 5.4. Ho [68] showed the highest
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agreement index of 0.77, as shown in Figure 5.4b and Table 5.4. However, it has a lower
NSE coefficient compared to many of the existing models. Ning and Li [80] showed
better performance accuracy in terms of both NSE coefficient (NSE = 0.42) and agreement
index (d = 0.76), as shown in Figure 5.4b and Table 5.4. Thus, it is observed that Ning
and Li [80] outperformed the other models in predicting the PHL, as can be seen in
Figure 5.4a, Figure 5.4b, and Table 5.4. Priestley et al. [50] model provided the second
best performance among the existing models, as can be observed in Figure 5.4a, Figure
5.4b, and Table 5.4. The predictions of the existing models are compared with that of

the proposed ensemble model in the following section.

Table 5.4. Performance measures for existing models

Model performance indices

S.N.  Reference MAE RMSE NSE __ d

1 Sheikh and Khoury [81] 77.15 1142  0.16 0.71
2 Priestley and Park [79] 94.73 1225 -0.07 0.59
3 Paulay and Priestley [75] 80.80 97.83 0.37 0.72
4 Priestley et al. [50] 79.30 96.52 0.39 0.74
5 Panagiotakos and Fardis [276] 190.1 216.6 -2.34 0.46
6 Lu et al. [275] 81.11 1041 0.24 0.66
7 Berry and Eberhard [67] 128.3 1615 -0.86 051
8 EN 1998-3 (2005) EC8 [277] 101.6 1336 -0.25 0.59
9 Bae and Bayrak [71] 123.1 156.4 -0.71 0.62
20 Ning and Li [80] 74.89 9356 0.42 0.76
11 Ho [68] 93.65 1249 -0.08 0.77
12 Biskinis and Fardis [278] 143.6 1749 -1.20 051
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Figure 5.4: Comparison of proposed and existing models.
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5.5.2. Predictions of the proposed model
The input and output vectors in the database are randomly split into the training
dataset and test dataset, which contains 80% and 20% of the database, respectively. The
hyperparameters for each model are optimized and validated through grid search with

10-fold cross-validation using scikit package in python [284], as discussed in Section
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3.3, and the result is presented in Table 5.5. The predictions of the SVR, RFR, ETR,
GBR, and xGBoost are compared with the experimental results in Figure 5.5a—e. In
these figures, the solid line represents a perfect match between the predicted and actual
value of the PHL, while the hidden lines represent 20% underestimation/overestimation
of the PHL. Moreover, Table 5.6 lists the performance of the models in terms of the
RMSE and MAE for both the training and test datasets. It can be observed that the
xgBoost model provided the best predictions for PHL compared to other models, as
shown in Figure 5.5a—e and Table 5.6. Support vector regression showed the least
performance with the highest RMSE and MAE of 64.79 mm and 41.27 mm,
respectively, for the training dataset and 64.39 and 48.47, respectively, for the test
dataset, as listed in Table 5.6. The three best models; namely, xgBoost, GBR, and ETR

are stacked via a linear SVR meta-model to obtain better accuracy.

Table 5.5. Hyperparameters for each model

Model  Tuned hyperparameters

SVR Kernel = ‘rtbf’, C =35, £ = 0.00005, y = 'auto’

RFR Number of estimators = 10, minimum sample split = 3, minimum sample
leaf = 1, maximum depth = 7, maximum features = 6
ETR Number of estimators = 15, maximum depth = 8, minimum sample split =

2, minimum sample leaf = 1, maximum features = 5

GBR Number of estimators = 170, maximum depth = 4, learning rate = 0.085
subsample = 0.3, minimum sample split = 2, minimum sample leaf = 1,
maximum features = 7

xgBoost Number of estimators = 436, maximum depth = 5, learning rate = 0.057,
reg alpha = 0, reg lambda = 1, y = 0, colsample by level = 0.9, colsample
by node = 0.9, colsample by tree = 1, booster = 'gbtree’, subsample = 0.3
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Table 5.6. Performance measures for different ML models

Model Train dataset Testing dataset
RMSE MAE RMSE MAE
SVM 64.79 41.27 64.39 48.47
RFR 33.06 26.14 37.50 32.48
ETR 18.48 13.28 32.97 26.91
GBR 14.95 12.16 30.82 25.76
xgBoost 8.69 6.25 29.39 23.35
Stacking Ensemble 13.94 10.98 24.95 19.21

Figure 5.6 shows the scatterplot for experimental versus predicted PHL based
on the stacking ensemble model. It can be observed that the proposed stacking ensemble
model accurately predicted the PHL with a high coefficient of determination (R?) value
of 0.98, as shown in Figure 5.6. Moreover, as listed in Table 5.6, the stacking ensemble
model showed the least RMSE and MAE for the test dataset compared to all other
models. To show the accuracy of the proposed stacking ensemble model, the obtained
PHL predictions were compared with those predicted by the existing models discussed
in Section 5.2. Figure 5.7 compares the predictions for the PHL based on the proposed
and existing models. As can be seen in this figure, the proposed stacking ensemble
model was superior to all existing models in predicting the PHL. Moreover, Figure
5.8a—m show the distribution of the predicted to experimental PHL ratio based on the
proposed and existing models. The proposed stacking ensemble model provided the
most stable, safe, and accurate predictions, as shown in Figure 5.8a-m. It can also be
observed in Figure 5.4a and b that the proposed model resulted in superior predictive
performance with the least RMSE and MAE and highest agreement index and NSE

coefficient compared to all other models.
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Figure 5.5: Comparison of the PHL predictions based on (a) SVR, (b) RFR, (c) ETR,

(d) GBR, and (e) xgBoost.
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Figure 5.8: Histogram of predicted to experimental PHL ratio.

Figure 5.9 shows the Taylor diagram basis relationship between the standard

deviation (STD) and correlation coefficient of the experimental and predicted PHL

based on the existing and proposed models. In this figure, the observed data point is
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represented by a blue point in the horizontal axis. As shown in Figure 5.9, the proposed
stacking ensemble model provided substantially higher prediction capability, with the
highest correlation with the experimental PHL. Moreover, the standard deviation for
the predicted PHL based on the proposed model is closer to that of the experimental
PHL, which confirms the consistency of the proposed model in predicting the PHL for
the complete dataset, as shown in Figure 5.9. The correlation coefficients based on the
existing models are substantially lower than that of the proposed model. The proposed
stacking ensemble model provided the most accurate and robust predictions for PHL.
The Ning and Li [80] model provided the best prediction accuracy among the existing

models, as shown in Figure 5.9.
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Figure 5.9: Comparison of predictions of existing and proposed models using the Taylor

diagram.
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5.5.3. Explainability of the ML model and feature importance

The regression process of the PHL for each observation in the database can be
explained by the SHAP approach. As discussed earlier, the SHAP value allows the
interpretation of each prediction by decomposing it into the sum of the effects of each
input feature. In this study, a tree-based SHAP [285] is used to interpret the predictions
of the xgBoost model that showed the highest performance. Figure 5.10 shows a typical
prediction plot of the PHL based on SHAP values. In this figure, the base value
represents the mean of the experimental results, while the length of the bar represents
the SHAP value for each input parameter, which shows the degree of significance of
the parameter in predicting the PHL. Hence, the prediction of the model is the result of
the interpretation function. The figure also shows the direction (positive or negative) of
the effect of the input parameters on the predicted PHL. The factors that tend to increase
the response are shown in red bars, while blue bars show the factors that tend to lower
the response. As can be seen in Figure 5.10, the axial load ratio has the highest positive

effect on the predicted PHL.

higher = lower
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o > ( ( ( (({
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Figure 5.10: Explanation of plastic hinge length for Specimen H60-7.5-C0-2-45 in

Barrera et al. [286].

Figure 5.11 shows the summary plot of SHAP values in which the input factors

are ordered according to their importance. In this figure, the color represents the factor
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value varying from low (blue) to high (red), while the dot points represent the SHAP
values of an instance for each factor. As can be seen in Figure 5.11, the axial load ratio
plays the most critical role in determining the PHL and is the most dominant parameter.
The other two most significant factors are f and S, as shown in Figure 5.11.
Moreover, the high level of all parameters except L/H, L, fs, and f,, has a positive
influence on the PHL, as shown in Figure 5.11. These results can also be observed in
Figure 5.12 which shows the global importance of the input variables which is
measured using the mean absolute value of the SHAP values associated with each input
variable. The figure also shows the direction of the impact of the input variables using
blue and red bars for negative and positive impacts, respectively. Furthermore, the
SHAP value can be used to identify the significant interaction between the input factors.
The SHAP dependence plots in Figure 5.13a—c reveal the most relevant interaction for
the top three significant factors in predicting the PHL. For instance, axial load ratio and
Ss: mostly interact with the diameter of longitudinal reinforcement, as shown in Figure
5.13aand b. Moreover, there exists significant nonlinear interaction between f. and pg;

(Figure 5.13c).
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5.7. Conclusions

The performance of RC columns plays a vital role in the overall performance of
structures (e.g., RC bridges and buildings). Identification or proper definition of the
plastic hinge region over which the plastic deformation is localized establishes a key
step for the seismic performance assessment of RC columns. The extent of the plastic
hinge zone can be defined using plastic hinge length. Accurate prediction of the plastic
hinge length is thus crucial in assessing the seismic performance of RC members and
evaluating their ductility and damage extend. Several formulations have been proposed
for predicting the PHL of RC members. However, there exist large discrepancies among
the existing formulations and guideline equations for the PHL. To this end, this paper
presents a novel ensemble machine learning (ML) model for predicting the PHL of
rectangular RC columns. The cross-sectional dimensions of the column (width (b) and
depth (h)), shear span (L), aspect ratio (L/h), compressive strength of concrete (f),
axial load ratio (P/P,), diameter of longitudinal bars (d,), longitudinal reinforcement
ratio (p,), yield strength of longitudinal bars (f,), transverse reinforcement spacing
(Ss¢), yield strength of transverse reinforcement (fi;), and transverse reinforcement
ratio (ps;) are considered as input parameters for the machine learning models. The
efficacy of five ML models including support vector regression, extremely randomized
trees, random forest, gradient boosting, and extreme gradient boosting are compared in
predicting the PHL. The three best models are stacked via a linear SVR meta-model to
improve their predictions. The hyperparameters of each model are optimized using a
Grid search with 10-fold cross-validation. The prediction capability of the proposed
ensemble model is compared with those of existing formulations and guideline

equations for the PHL. Moreover, the SHAP approach is used to interpret the prediction
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of the ML model and identify the most significant factors that influence the prediction

of the PHL. The following conclusions can be drawn from this study:

Existing equations for the PHL are mainly empirically developed using a
predefined form and are based on a limited number of influential factors.
Moreover, there exists a great discrepancy between the existing equations in
terms of the significant factors used in determining the PHL. Among the
existing models, Ning and Li [80], which is based on a probabilistic approach
showed better predictions for the PHL.

Among the five models, xgBoost showed the highest performance, while
support vector regression exhibited the least performance in predicting the PHL.
The stacking ensemble model improved the prediction accuracy of the base
learners.

The comparison of the proposed stacking ensemble model against the
experimental results for the PHL showed that the proposed procedure is able to
yield accurate and stable predictions.

The comparative results of the proposed model with the existing model and
guideline formulae revealed the superior prediction capability of the proposed
stacking learner-based ensemble model, with a significantly higher NSE
coefficient and index of agreement compared to that for the existing models. In
addition, the proposed model showed significantly lower RMSE and MAE. The
prediction capability of the existing model is further compared using the Taylor
diagram, which confirmed the superior prediction capability of the proposed

model.
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The results of the SHAP analysis revealed that the axial load ratio, compressive
strength of concrete, and spacing of the transverse reinforcement are the three
key parameters governing PHL prediction using xgBoost.

The high values of all parameters except axial load ratio, yield strength of
longitudinal and transverse steel reinforcement, and column shear span increase

the PHL prediction using xgBoost.
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CHAPTER 6: SUMMARY AND RECOMMENDATION FOR FUTURE WORK

6.1. Summary

In this dissertation, the efficacy of steel reinforced composites for strengthening
of RC beams (rectangular and T-section) deficient in shear, as well as seismically
deficient RC columns and bridge piers, have been investigated based on experimental,
analytical, numerical, and machine learning based studies. An extensive experimental
program that comprised a total of thirty-three (33) shear-deficient RC beams was used
to investigate the applicability of SRG for strengthening of RC beams. Besides, the
effect of different parameters such as steel fabric density, bond scheme, strengthening
configuration, amount of internal shear reinforcement within the critical shear span
(SRG/stirrups interaction), and shear span-to-depth (a/d) ratio was investigated. In
addition, the use of the NSE technique for the SRG system was experimentally
investigated and its performance was compared with that of the conventional EB
technique. In addition, an analytical model based on the simplified modified
compression field theory (SMCFT) has been proposed to predict the shear capacity of
SRG-strengthened beams. The proposed model considers the effect of different factors
such as the strengthening technique and shear span-to-depth ratio.

Moreover, machine learning (ML) based accurate and reliable predictive
models were proposed to predict the shear and flexural capacities of RC beams
strengthened with different types of inorganic composites for the first time. A reliability
analysis is performed to calibrate a resistance reduction factor to achieve a specified
target reliability index for the design of both shear and flexural strengthened RC beams
based on the proposed ML-based models.

In addition to RC beams, the application of SRC for strengthening of seismically
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deficient RC columns and the main/interaction effects of important design parameters

on the seismic performance of the strengthened columns was numerically investigated.

A proper definition of the plastic hinge region over which the plastic deformation is

localized establishes a key step for the seismic performance assessment of RC columns.

However, there exist large discrepancies among the existing formulations and guideline

equations for the PHL. To this end, this thesis presents a novel ensemble machine

learning model for predicting the PHL of rectangular RC columns.

The results of the study support the following conclusions:

In the first study, the efficacy of SRG for strengthening of shear deficient RC T-
beams was investigated. The test parameters were: (a) fabric density (1.57
cords/cm, 3.14 cords/cm), (b) amount of internal shear reinforcement, and (c) bond
scheme. Enhancements achieved in the shear capacity ranged from 10% to 71%.
The average increase in the shear capacity was 45% and 36% for RC beams
strengthened with low-density and high-density SRG fabrics, respectively. On
average, the efficacy of the SRG system decreased by 22% because of the change
in the bond scheme from U-jacketing to side bonded. The experimental results
clearly indicated the SRG/stirrups interaction in terms of the strength gain, as well
as the strains developed in the internal shear reinforcement. An analytical procedure
was proposed to predict the shear capacity of SRG-strengthened beams and resulted
in a safe and accurate prediction capability.

The second study investigated the behavior of slender and deep RC beams with
varying a/d ratios (1.60, 2.10, 2.60, and 3.10) and shear strengthened with an
externally bonded SRG. The test parameters were a/d ratio and fabric density.
Overall, the load capacity of the strengthened beams was found to increase by 21—

133%, with an average of 78%. The SRG strengthening also delayed the formation
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of the first crack. The experimental results demonstrated that the behavior of
strengthened RC beams is affected by the a/d ratio. The increase in load capacity
attributed to the SRG system increased with an increase in a/d ratio for deep beams
but decreased with increasing a/d ratio for slender beams. On average, the increase
in the load capacity for slender beams was 108%, whereas this value was only 48%
for deep beams. The shear failure of beams strengthened with high-density SRG
fabrics was attributed to fiber-matrix interface debonding with delamination of the
inner mortar layer, whereas the failure in the low-density SRG strengthened beams
occurred by SRG debonding with concrete cover separation. An analytical model
for predicting the shear capacity of an SRG-strengthened beam that considers the
effect of the shear span-to-depth ratio is proposed.

In the third study, the use of the NSE technique for the SRG system was
experimentally investigated and its performance was compared with that of the
conventional EB technique. Moreover, the effects of the fabric density,
strengthening scheme, and strengthening amount in a continuous or discontinuous
configuration on the strengthening performance of the SRG system were examined.
The increase in the shear capacity of the strengthened beams relative to the
reference beam ranged from 32 to 132%. The experimental result showed the
strength properties of the SRG steel fiber can be better utilized by employing the
NSE technique. The failure of the NSE-SRG strengthened beams was mainly
characterized by fabric rupture, unlike the EB-SRG beams where failure was
attributed to premature SRG debonding. Thus, the former represents a better
utilization of the SRG system. An analytical procedure based on the SMCFT was
proposed to predict the shear strength of RC beams strengthened with either the

NSE-SRG or EB-SRG considering the type of the strengthening technique and
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resulted in acceptable prediction accuracy.

The fourth study presented novel ML-based models for predicting the shear
capacity of RC beams strengthened with inorganic composites in shear. The
proposed best predictive model provided safe and accurate predictions compared to
the available models and guideline equations. The findings of this study showed the
successful implementation of machine learning techniques to predict the shear
capacity of FRCM-strengthened shear-critical RC beams. In addition, based on the
results of the reliability analysis, resistance reduction factors of 0.91 and 0.87 are
calibrated to achieve target reliability levels of 3.5 and 4.0, respectively. A design
example is provided using ¢ = 0.91 for S, = 3.5.

The fifth study proposed explainable ML-based model for predicting the flexural
and load-carrying capacities of flexural strengthened RC beams using inorganic
composites for the first time. In addition, the use of a unified SHAP approach is
investigated to explain the predicted response and rank the input features and their
interactions for the flexural capacity of FRCM-strengthened beams. Based on the
results of SHAP, it is noted that the area of internal tensile steel reinforcement, area
of FRCM reinforcement, and width and depth of the beam section have the most
significant influences on the flexural capacity of the strengthened beams. A capacity
reduction factor ¢ = 0.92 is calibrated to achieve a reliability index B = 3.5.
The sixth study investigated the application of SRP for retrofitting of seismically
deficient RC columns and bridge piers. Moreover, the main and interaction effects
of key design parameters on the performance of SRP-confined columns at different
damage limit states, including concrete core crushing, longitudinal reinforcement

yielding and buckling, and ductility performance is investigated. Results show that
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the lateral load-carrying capacity and ductility performance of SRP-confined RC
bridge piers were significantly influenced by the pier aspect ratio, materials
properties, and amount of transverse and longitudinal reinforcement. Moreover, the
resistance to buckling base shear, and overall ductility increased with increasing
number of SRP layers.

Finally, the seventh study leveraged the power of ensemble learners to predict the
PHL of rectangular RC columns. Furthermore, a unified SHAP approach was used
to explain the predictions of the developed ML model and identify the important
factors and interactions that influence the prediction of the PHL of RC columns for
the first time. A comparative study of the prediction of the proposed model with
twelve existing models and guideline equations showed the superiority of the

proposed model in predicting the PHL.
6.2. Recommendation for Future Work

This study showed the potential application of SRC for strengthening of

deficient RC beams as well as confinement of seismically deficient RC columns and

bridge piers. To mitigate the premature debonding failure observed in the conventional

EB-SRG, an NSE-SRG technique was investigated. Future study is recommended to

explore the following:

Explore the use of other techniques including hybrid NSE/EB technique for SRG
strengthened beams, particularly when large number of SRG fabric layers are
required.

Investigate the effect of other factors affecting the shear strengthening performance
of the SRG system such as the presence of end anchorage.

Investigate the application of data-driven ML models to predict the failure mode of
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RC beams strengthened in flexure and capacity and failure mode of RC beams
strengthened in shear.

Investigate the efficacy of SRC for strengthening of flexural dominated RC
columns and columns with circular cross-section.

Perform life-cycle analysis of SRG-strengthened RC beams and columns and

compare it with other strengthening system.
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