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ABSTRACT

Earthquakes are responsible for the death and injury of many thousands of people each year.
These deaths primarily occur because the buildings in which they are housed do not have
sufficient seismic resistance and therefore collapse killing the occupants. Although we have
made tremendous progress in understanding how earthquakes impact buildings and
developed building stock with very high levels of collapse resistance, in low-income countries,
a considerable proportion of the building inventory still has major structural deficiencies, such
as poor-quality concrete and improper detailing of reinforcement. Such deficiencies mean
that these structures are still at significant risk of failure during earthquakes. To remedy this
situation, it is necessary to retrofit these at-risk structures; however, to do this requires cheap
and effective retrofitting technologies. Existing retrofitting techniques do exist, but they are
often time-consuming to install, expensive or impractical and therefore restrict how quickly
the building stock of a region can be strengthened. This study investigated the behaviour of
unstrengthened and strengthened full-scale exterior reinforced concrete (RC) beam-column
joints (BCJs) under cyclic load. The retrofitting schemes considered were the Externally
Bonded (EB) Glass Fibre-Reinforced Polymers (GFRP) sheet, and the Near-Surface Mounted
(NSM) U-shaped steel techniques. Four specimens were designed, built and tested. All four
had the same initial specification, with the first specimen being a control which represented a
typical connection that had been designed to an outdated Turkish building code, the second
specimen was strengthened with u-shaped steel bars using the NSM method. The third
specimen was retrofitted with GFRP sheets using the EB method, and the fourth specimen
was strengthened using a hybrid method incorporating both of the above-mentioned
techniques and developed as part of this thesis. The experimental findings showed that the
retrofitted beam-column joints had significantly improved strength, had slightly improved
stiffness, and the EB and hybrid methods had significantly greater energy dissipation and
ductility compared to the control specimen. According to the experimental results, the
specimen strengthened using the NSM method showed an increase in strength of 15.3% (but
no noticeable increase in ductility) the EB method showed an increase in strength of 21.8%
and an increase in ductility of 29.7%, while the hybrid method showed an increase in strength
of 37.0% and an increase in ductility of 31.6%. For all retrofitted specimens, there was also a
shift in the failure from the joint region to the beam ends and significantly less damage within
the connection, especially for EB and hybrid methods. This change in performance (strength,

ductility and shifting of plastic hinge to the beam) would protect a structure from failing due
iii



to soft storey collapse. Finally, a finite element (FE) model was developed using ABAQUS
software. This model was capable of simulating the connection loaded with a monotonic load
and showed good agreement with the envelope curve of the experiments and therefore can

considered to be a suitable design technique for these types of connections.
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CHAPTER 1. INTRODUCTION

1.1 GENERAL

Earthquakes are one of the most costly and deadly natural hazards that societies face.
Historically, countless earthquakes have been responsible for the death and injury of
thousands of people and the collapse of numerous buildings around the world. Whereas
events like the 2011 Christchurch and Tohoku earthquakes have shown that modern seismic
design does offer good protection from these events there are many existing reinforced
concrete (RC) buildings (in both high and low income countries) that have not been built to
the latest code. In fact, in low income countries a considerable proportion of the building
inventory have major structural deficiencies such as poor quality of concrete, insufficient
flexural strength, and improper reinforcement detailing (Helal, 2012; Goksu et al., 2014; and

Barbosa et al., 2017) that leave these structures susceptible to failures during earthquakes.

The Kahramanmaras (2023) earthquake profoundly impacted 11 provinces in Turkey, resulting
in significant damage to numerous buildings and the deaths of many people. Based on on-site
investigations conducted in these provinces, the causes of structural damage in reinforced
concrete buildings aged 6-26 years were evaluated in relation to design and material defects.
The primary factors contributing to the structural damages were inadequate stirrups in
structural elements, short column, strong beam-weak column, infill wall failures, soft story
type collapse, substandard concrete quality, and steel reinforcement corrosion (Turan et al.,

2024 and Vuran et al., 2024).

Post-Earthquake surveys show that most of the catastrophic failures leading to building
collapse and the deaths of occupants occured due to insufficient capacity of the beam-column
connections (Zhao et al., 2009 and Gautam & Chaulagain, 2016). Therefore, in such buildings
constructed to conform to old building codes, beam-column connections generally do not
have sufficient transverse steel reinforcement in the junction area, the beam reinforcement
has inadequate anchorage, and/or the strong column-weak beam criterion has not been
implemented. In these cases, these joints are vulnerable to brittle failure due to the
earthquake producing large shear stresses in the column-beam junction (Ghobarah and Said,

2002) resulting in fracture that may lead to collapse (Sakthimurugan and Baskar, 2021).

After a major earthquake, public structures such as schools, hospitals, libraries, and

courthouses play a pivotal role in maintaining services to citizens such as providing
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accommodation to the affected communities or caring for the injured. As such these
structures should have the most current level of seismic protection irrespective of their age.
For this reason, existing structural deficiencies of public buildings should be effectively

addressed.

1.2 RESEARCH SIGNIFICANCE

It is widely recognised that beam-column connections are crucial in the moment-resisting of
RC frame structures during earthquakes. The current codes include a comprehensive
description of the appropriate design and detailing of joint shear reinforcement. Nevertheless,
it is also widely recognised that numerous pre-existing buildings built to previous codes, lack
shear reinforcement, particularly in the joint regions. Reinforced concrete beam-column
connections are generally the most susceptible components during an earthquake and many
experience shear damage at the joint (Fayaz et al., 2022). Therefore, there is a requirement
for practicable and effective methods to retrofit reinforced concrete beam-column

connections that are not detailed to current seismic design codes.

Many conventional reinforcing methods for structural strengthening are documented in the
literature. Some of these procedures are critiqued for being time-consuming, labour-
intensive, and involving complicated details. Reinforcement of essential buildings, such as
schools, is particularly time sensitive. To avoid disrupting education and training, such
structures must be reinforced quickly and effectively. Furthermore, after a major earthquake,
public structures such as schools, hospitals, libraries, and courthouses play a pivotal role in
maintaining services to citizens such as providing accommodation to the affected
communities or caring for the injured. As such, these structures should have the most current
level of seismic protection irrespective of their age. For this reason, it is essential that existing

structural deficiencies in public buildings should be effectively addressed.

Externally Bonded (EB) and Near Surface Mounded (NSM) methods are two of the most widely
used reinforcement techniques (Akbarzadeh ve Maghsoudi, 2010 and Zhou et al., 2013). Many
studies have investigated the EB FRP reinforcement process in recent years due to its high
strength-to-weight ratio, superior corrosion resistance, and ease of installation. Many
experimental investigations have demonstrated the effectiveness of FRP reinforcement in
improving the seismic resistance of inadequate beams and columns (Lee ve Lopez, 2020 and
Vahidpour et al., 2022). Likewise, the first experimental investigation of the NSM approach

was carried out using CFRP strips in grooves drilled into concrete specimens (Blaschko and
2



Zilch, 1999). Several experimental studies have been conducted to evaluate the flexural
behaviour of RC beams reinforced with NSM bars or strips made of FRP materials (e.g., Al-
Mahmoud et al., 2009; El-Hacha and Gaafar, 2011; Badawi and Soudki, 2009; and Singh et al.,
2014). By using these two methods, element-wise reinforcements have been performed and
their effectiveness has been proved. However, there are still not enough studies for critical

areas such as beam-column joints.

1.3 PROBLEM DEFINITION

Earthquake forces generate large shear forces in the joint area, as well as oblique primary
tensile stresses, which cause cracking and eventually disperse the concrete in the joint area.
To handle these stresses in an appropriate way, extra stirrups should be employed in the joint
area. When reviewing earthquake regulations, it is advised that some of the extra
reinforcement utilised in the reinforcing zone at the column's end be continued in the joint
area. However, because it is difficult to install the stirrups needed by the codes in this zone, it
is frequently overlooked, and no stirrups are installed in the joint zone. As a result, the bulk of
current buildings' beam-column junctions are severely inadequate in terms of earthquake

resistance.

In a conventional moment-resisting frame system, three categories of beam-column
connections can be identified: interior, exterior, and corner. External beam-column
connections are deemed the most crucial elements during seismic events for the following

reasons (Fayaz et al., 2022):

e Since the external joints are located at the edge or corners of the building, they are
under the direct effect of earthquake forces. In this case, the beams and columns at
these joints are subjected to larger bending moments and shear forces compared to
the interior joints.

e External beam-column connections are essential for the structural stability. If these
joints are damaged, the structural system of the structure is severely weakened, and
this may cause the overall collapse of the structure.

e |nexternal joints, beams are connected to columns only on one side and the other side
is free. This causes the forces on the joint to be distributed over a smaller area and the
stress at the joint is greater. In internal joints, the forces are absorbed by the columns

on both sides along the beam and a better force distribution is achieved.



e In external corner joints, the direction of earthquake forces encountered by beams
and columns is more complex. Forces along two different axes act on the joint, making
the design and performance of the joint more critical.

e The ductility (deformation capacity) of external joints is generally lower than that of
internal joints. This increases the likelihood of the joint experiencing a sudden failure

during an earthquake.

For these reasons, exterior beam-column joints should be specially considered in moment
resisting frame systems and extra attention ought to be taken in the design to ensure that

these joints provide adequate strength and ductility against earthquake forces.

It is necessary to develop easy, economical, and effective methods to increase the bearing
capacity of the joints and to prevent sudden collapse in earthquakes. It is also important that
the retrofitting is carried out quickly without evacuating the buildings and without disturbing
the occupants. To prevent collapse due to joint failure, the basic principle is to ensure the
formation of a joint in the beam without significant damage to the joints. If this is achieved, a

ductile behaviour is achieved.

The improved performance of reinforced concrete joints presents significant challenges and
practical obstacles. Reinforced concrete and steel jackets for retrofitting have been
extensively utilised for decades. Nonetheless, these techniques have faced criticism for their
labour difficulty, extended implementation period, and challenging details. Furthermore, the
application of RC jackets augments the size and self-weight of structural components,

resulting in architectural complications.

1.4 AIMS AND OBJECTIVES
1.4.1 Aim
To develop and validate a numerical design procedure for increasing the shear strength of RC

beam-column joints strengthened with steel bars and GFRP sheets.

1.4.2 Objectives
(i) To determine the current deficiencies in exterior RC beam-column joint, what are the
important mechanism that lead to these deficiencies.
(ii) To review current state-of-the-art retrofitting technologies and assess the efficiency,
effectiveness, and practicality of them and to propose a potential method of improving

them.



(iii) To develop an experimental programme to determine the best retrofitting strategy.

(iv) To test a number of specimens to determine the increase in performance that can be
achieved by different retrofitting techniques.

(v) To develop a finite element model of the best retrofitting technique with the aim of
checking the feasibility of a future parametric study as part of the development of a

design procedure.

1.5 RESEARCH METHODOLOGY

A review of the existing literature was conducted to investigate the behaviour of deficient
joints as well as the effectiveness of retrofitting procedures. To achieve the aims described
above, two methodologies were used: experimental and numerical (finite element method)

investigations.

Experiments were conducted to assess the impact of various strengthening methods; (EB) and
(NSM) were tested. The project includes the manufacture and testing of four external RC
beam-column joints. Two types of loads were used in the tests. The first is a constant axial
load operating on the top section of the column, while the second is a reverse cyclic load
applied to the beam end. Variables investigated in this experimental investigation include the

type of strengthening approach used.

The efficacy of the suggested reinforcement strategy was thoroughly examined through
comprehensive analyses of both global and local structural behaviour, including load-
displacement response, crack propagation patterns, and deformation characteristics.
Furthermore, detailed evaluations were conducted on failure modes (such as joint shear
failure, and beam flexural failure), strength capacity under cyclic loading, stiffness degradation
across various drift levels, ductility ratio as a measure of deformation capacity, and energy

dissipation characteristics.

A finite element analysis was performed to evaluate the strengthening techniques used in this
project. This research entailed developing a finite element model for beam-column
connections using ABAQUS software to predict the behaviour of the tested specimens. The

model's findings were validated by comparing them to those of the experimental study.

In conclusion, a numerical model was established to ascertain the joint shear strength of

beam-column connections for both unstrengthened and strengthened examples.



1.6 THESIS LAYOUT

The thesis comprises seven chapters. Each chapter contains the following contents:

>

Chapter 1 introduced the role of existing reinforced concrete frames subjected to cyclic
loading and the importance of this study.

In Chapter 2, the seismic performance of existing reinforced concrete exterior beam-
column joints is reviewed as are the various existing studies investigating their
performance. The various collapse mechanism of external joints observed in recent
earthquakes are presented together with the various mechanisms that lead to
inadequate performance. Experimental retrofitting research is also reviewed together
with the various advantages and disadvantages of the different methods.

Chapter 3 describes details of the experimental programme followed, e.g. material
properties, manufacturing of the specimens, strengthening phases of the specimens,
instrumentation, test setup and loading procedures.

Chapter 4 presents the results and findings of the experimental studies. Including load-
displacement graphs, drift ratio, and an assessment of the specimen behaviour
including changes in stiffness, energy dissipation capacities and ductility ratios
together with the reinforcement strains of the joints during the test.

Chapter 5 presents a comprehensive overview of finite element modelling through the
utilisation of ABAQUS software. This includes the various types of elements, material
constitutive models, as well as the geometry and boundary conditions. The findings
from the experiments presented in Chapter 4 were used to validate the present
findings.

Chapter 6 contains the conclusions from this research, and recommendations for

further research.



CHAPTER 2. LITERATURE REVIEW

2.1 GENERAL

The subsequent evaluations of structures that collapsed as a result of the earthquake (Kocaeli,
Turkey, 1999; Kahramanmaras, Turkey, 2023) established that inadequate building techniques
were responsible for the adverse consequences. An aftermath survey of these events
uncovered many examples of residential and commercial buildings that had collapsed and had
been constructed with insufficient seismic detailing. This chapter will review the various
mechanisms that lead to inadequate performance as well as current-state-of-the-art
strengthening techniques with a view of informing an experimental programme that can

provide the data to develop better strengthening techniques.

According to Mertol & Tunc (2023) and Ince (2024), a study conducted after the earthquake
in Kahramanmaras region of Turkey in 2023 revealed that the structures that had collapsed or
suffered significant damage were built between the period from 1975 to 2000. It was
confirmed that the design and construction of these structures did not completely adhere to
the seismic codes in effect at that time. The collapsed buildings and their damage patterns
indicate various deficiencies in the construction process. These include inadequate
development length, violation of bending stirrup ends at 135°, deficiencies in construction
materials, insufficient reinforcement ratio, inadequate transverse reinforcement, lack of
transverse reinforcement in the connection, corrosion, insufficient shear capacity, short
column design, soft and weak story, noncompliance with confinement zones, strong beam-
weak column, discontinuous frames, and issues related to building inspection. Their study
showed that buildings in this event most often experienced collapse or damage due to
insufficient joint resistance. This emphasised the significant negative impact of insufficient

beam-column connections on the seismic response of reinforced concrete framed buildings.

Figure 2.1 illustrates an instance of structural deterioration in beam-column joints in standard
RC framed structures following the Kocaeli earthquake in 1999. The figure reveals that while
the beam and column components were undamaged, the joints suffered severe damage. As
shown in this picture of a building under construction, it is useful to place transverse
reinforcement at the beam-column joints because the transverse reinforcement along the
column protects the integrity of the joint. In addition, as a result of the inspection carried out
after the Kahramanmaras earthquake, it is shown in Figure 2.2 (a) that there is no transverse

reinforcement in the beam-column joint area and in Figure 2.2 (b) that there is insufficient
7



transverse reinforcement in the reinforced concrete elements. Ince (2024) stated that when
an element lacks sufficient shear capacity, it leads to brittle shear failure instead of ductile
behaviour. Ductile behaviour refers to the capacity to undergo deformation. In order to
achieve ductile behaviour in reinforced concrete buildings, it is crucial for structural elements
to fully utilise their capacity without experiencing brittle failure. Therefore, it is essential that
reinforced concrete parts like as columns, beams, and column-beam connections possess
adequate strength and ductility to achieve their full shear capacity. Hence, to ensure ductile

behaviour, it is crucial to have appropriate and adequate transverse reinforcement details.

Figure 2.1. After Kocaeli earthquake (1999), damage to RC moment-framed buildings. (Sezen
et al. 2003).

(a) (b)
Figure 2.2. (a) Insufficient transverse reinforcement in the beam-column joint, (b)
Inadequate transverse reinforcement in RC elements (Ince, 2024).



2.2 SEISMIC PERFORMANCE OF EXISTING EXTERIOR RC BEAM-COLUMN JOINST

Various studies have confirmed that the failure mechanism and seismic response of reinforced
concrete joints are significantly influenced by the type of anchorage for beam bars (Pampanin
et al. 2002; Akguzel and Pampanin 2010; Hassan 2011; Shayanfar et al. 2016; De Risi and
Verderame 2017).

Figure 2.3 (a) shows that in RC beam-column joints with 90° hooks, once diagonal cracking
occurs, the joint core will resist more load due to stabilised diagonal struts. This can lead to a
hardening behaviour in this region when the principal tensile stress in the joint area reaches
its maximum value, corresponding to more severe diagonal cracks. The failure mechanism of
RC beam-column joints featuring 180° hooks (see in Figure 2.3 (b)), differs significantly from
those featuring 90° hooks bent inward. Specifically, the joint behaviour transitions to a
"concrete wedge" brittle failure mechanism (Pampanin et al., 2002) once diagonal cracking
occurs, as a result of the interaction between diagonal shear cracks and stress concentration
at the hook anchorage location (shown in Figure 2.3 (b)). For RC beam-column joints where
90° hooks are bent away from the joint region, as depicted in Figure 2.3 (c), the failure process
is almost the same as those with 180° hooks. In this type of beam bar anchoring connections,
the column cover may fracture due to the first shear crack propagating along the longitudinal

bars of the beam.

Hence, the diagonal concrete struts in the joint core are unable to be transfer their load,
leading to an early joint failure compared to RC joints with longitudinal bars bent inwards. The
lack of an effective node in joints with 90°-hooks bent away or 180°-hooks hinders the
activation and development of the diagonal compression strut. For RC beam-column
connections where the beam's longitudinal bars end at the joint area with a short
development length, as depicted in Figure 2.3 (d), the bond mechanism between the concrete
and the beam's longitudinal bars is crucial. The fracture initiates in the anchorage length of
the bar, around the midpoint of the column's depth. This detail could cause the bond to fail
before the diagonal compressive strut mechanism is fully developed. Therefore, the maximum
joint strength is anticipated to be lower than that of reinforced concrete joints with 90° hooks

bent inward.
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Figure 2.3. Different types of anchorages of RC joints based on the experimental studies
conducted by (a) Realfonzo et al. (2014); (b) Padmanabham et al. (2022); (c) Gergely et al.
(2000); (d) Genesio et al. (2010).

Cosgun et al. (2020) investigated the effect of anchorage of longitudinal beam reinforcement
on the performance of the joint in their study. The test programme considered three distinct
elements: the longitudinal reinforcement of the beam anchored within the joint using hooks
at an angle of 90 degrees, hooks at an angle of 180 degrees, and a straight bar without any
hooks (shown in Figure 2.4). To replicate the state of connections in deficient reinforced
concrete buildings that are already in existence, each test specimen was manufactured using
low strength concrete and plain bars. For the initial set of experiments, four specimens of RC
beam-column joints at a 2/3 scale were subjected to quasi-static load application and
displacement control to evaluate the performance of the joints featuring the previously

mentioned anchorage details.
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Figure 2.4. Joint conditions with different anchorage details of RC joints: (a) 180-degree
angle bent beam bars; (b) 90-degree angle bent beam bars; (c) End-hook anchorage; (d)
Straight bar without any hooks (Cosgun et al., 2020).

The load was applied in a cyclically inverted manner. A comparison was made between the
specimens' responses in terms of load-drift and displacement hysteretic behaviour (illustrated
in Figure 2.5). According to this graph, the bearing capacity of specimen J1 is approximately
13 kN, 8 kN for specimen J2, 7 kN for specimen J3, and 5 kN for specimen J4. The detrimental
impact of the deficient anchorage details on the seismic performance of the joints was

discovered to be extremely significant.
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Figure 2.5. Comparison of the load-displacement relationships for J1-REF, J2, J3 and J4
(Cosgun et al., 2020)

2.3 PARAMETERS AFFECTING SHEAR STRENGTH OF RC BEAM-COLUMN JOINST

The type of connection and the progression of the failure modes have an impact on the shear
performance (and hence capacity) of beam-column junctions. Experimental studies have
revealed key characteristics that influence the behaviour of unconfined external beam-
column junctions, either directly or indirectly. Kim and LaFave (2007), Hassan (2011), Tran
(2016), and Parate & Kumar (2019) investigated the effect of various factors on joint behaviour
under cyclic loading, such as the column axial load to column capacity ratio, concrete
compressive strength, reinforcement confinement within the joint, beam reinforcement ratio,
and joint aspect ratio. In the following section, the impact of three of those parameters—
namely the compressive strength of concrete, the joint reinforcement confinement, and the

column axial load—are thoroughly examined.

2.3.1 Impact of the compressive strength of concrete

Kim and LaFave (2007) developed a database of experimental investigations on RC joints to
investigate the impact of compressive strength of concrete on joint response. The study
examined a wide range of concrete compressive strengths, ranging from 19 to 89 MPa, for

exterior joints. Three important points, A, B and C, were identified in relation to the joint

12



reaction. Point A marks the onset of diagonal cracking on connections, point B represents the

yielding of longitudinal reinforcement bars, and point C denotes the crushing of concrete.

As shown in Figure 2.6, the joint shear stress is positively influenced by the compressive
strength of the concrete at both Point B and Point C. A corresponding degree of correlation is
noted between the compressive strength of the concrete and the joint shear stress at both
Point B and Point C, covering all joint types and failure modes under consideration.
Furthermore, by enhancing the load-bearing capacity of the beam, bars within the joint region
and the column and beam compression zone, an increase in concrete strength also enhances

the resistance of the joint.
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Figure 2.6. (a) Yielding of the longitudinal reinforcement (Point B); (b) Crushing of the
concrete (Point C) (Kim and LaFave, 2007).
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Parate and Kumar (2019) examined the shear strength at the beam-column joint for various
codes. While holding all other parameters constant, they examined the impact of four distinct
compressive strengths of concrete (20, 40, 60, and 80 MPa) on the shear strength of the joint.
It was observed that as the compressive strength of the concrete increased, so did the
predictions of the code for joint shear strength (as illustrated in Figure 2.7). The external joint
experienced a relative change in joint shear strength between codes ranging from 22% to 47%

in response to changes in concrete compressive strength.
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Figure 2.7. Effect of concrete compressive strength on the joint shear strength for exterior
joint (Parate and Kumar, 2019).

2.3.2 Impact of the joint reinforcement confinement

A joint confinement index was proposed by Bonacci and Pantazopoulou (1993) to investigate
the possible effect of joint transverse reinforcement on joint shear-resistance. This index is
calculated by multiplying the volumetric joint transverse reinforcement ratio with the joint
transverse reinforcement vyield stress, and then dividing the result by the concrete
compressive strength. In this study, the confinement by longitudinal beam, longitudinal
column, and joint transverse reinforcement was calculated using the idea proposed by Bonacci
and Pantazopoulou (1993). The volumetric column reinforcement ratio was calculated by
dividing the total volume of the longitudinal column reinforcement within the joint panel by
the volume of the joint panel, defined as the product of the column's width, depth, and the
beam's height. This study calculated the volumetric beam reinforcement ratio by dividing the

total volume of the beam reinforcement (inside the joint panel) by the product of the beam
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width, column depth, and beam height. The volumetric ratio of joint transverse reinforcement
was determined by dividing the entire volume of the joint transverse reinforcement, situated
between the upper and lower beam reinforcements, by the product of the width, depth, and
spacing between the upper and lower beam reinforcements. Confinement by reinforcement
refers to the normalisation of the product of each volumetric reinforcement ratio and

reinforcement yield stress by the compressive strength of concrete (Kim and LaFave, 2007).

Kim and LaFave (2007) performed a study utilising the aforementioned joint confinement
index. Figure 2.8 illustrates that the correlation coefficients for the influence of joint
transverse reinforcement on joint shear stress and strain at Point C for exterior connections
with J-type failure were 0.70 and 0.74, respectively. The findings indicate a correlation
between the degree of joint transverse reinforcement and the joint shear strength of external
joints of the J-failure type. In this instance, both the longitudinal reinforcement of the joint
and the beam are contained within the elastic range. In all other instances, no relationship

seems to exist between the joint transverse reinforcement index and the joint shear stress.
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Figure 2.8. Effect of connection transverse reinforcement on confinement (point C): (a)

Normalised joint shear stress; (b) Joint shear strain (Kim and LaFave, 2007).
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2.3.3 Impact of the column axial load

The relationship between the axial load level applied to the column and the shear strength of
RC beam column connections is complicated because of the numerous variables that control
the shear resistance of these joints. Pantelides et al. (2002), Haach et al. (2014), and Shafaei
et al., (2017) investigated the effect of column axial load on the beam-column joint in their

studies. Their studies are reviewed in detail below.

A study was conducted by Pantelides et al. (2002) to investigate the behaviour of four half-
scale RC exterior joints in shear-critical mode. Due to the fact that the specimens were
designed for use in buildings developed during the 1960s, they were unable to adhere to the
most recent seismic design standards. The longitudinal reinforcement in the beam was
augmented to avoid premature deterioration of the beam, resulting in a shear failure mode
in the joint. No transverse reinforcement was present in the joint core, and the longitudinal

reinforcement bars of the beam were not sufficiently anchored in the connection.

Specimens of beam column joints were exposed to cyclic quasi-static loading at the beam end.
At the top of the columns, a uniform axial compressive force of 0.1f.’Ag was applied to the
initial two specimens and 0.25f.'A; was applied to the remaining specimens. Each of the four
specimens failed due to the development of cracks in the joint which in turn limited the joint's
shear capacity. A negligible degree of variation was detected in the maximal lateral load
experienced by each specimen. The impact of column axial load compression on the strength
with respect to cyclic load capacity was not significant. However, a clear distinction can be
observed in the displacement ductility of specimens subjected to 0.1f.'Ay axial load versus
those subjected to 0.25f.'Ag axial load. The ductility of the specimens exposed to the lesser
axial load was 1.69 times greater than that of the beam column exterior joints subjected to
the higher column compression. The relatively brittle nature of the specimens subjected to a
0.25f.’'Ag axial load is confirmed by the lower drift ratio at ultimate displacement in

comparison to the specimens subjected to a 0.1f. Ay axial load.

Haach et al., (2014) tested three exterior beam column joints with identical geometrical
properties by applying varying levels of axial loads to the columns. They also compared the
obtained results with certain theoretical approaches for predicting failure. The geometrical
qualities of three outside beam-column connections are evaluated by subjecting them to a
variety of column axial loads. The experimental results clearly showed that the joint strength

is significantly impacted by the axial load of the column structures. And also, the observed
16



cracking pattern indicated that increased column axial stresses resulted in reduced ductility of
the joint, delayed deformation of the transverse reinforcement, and caused cover rupture on

the outer side of the joint.

Shafaei et al., (2017) conducted an experiment to analyse the seismic behaviour of exterior
reinforced concrete (RC) beam-column junctions with typical features found in mid-rise RC
frame buildings in developing nations like Iran, built before the 1970s. Three half-scale
external RC beam-column joints underwent testing with incremental lateral cyclic loading. The
tested specimens consisted of one unit with seismic reinforcement detailing following ACI
318-11 criteria, and two units with non-seismic reinforcement detailing typical of 1970s
construction practices in underdeveloped countries like Iran. Two typical deficiencies were
examined in the non-seismic units: the absence of transverse steel hoops and insufficient
bond capacity of the beam's bottom reinforcing bars in the joint region. The test results
indicated that specimens lacking seismic detailing exhibited considerable reductions in
strength and stiffness relative to the seismically detailed specimen. This was mostly
attributable to joint shear failure or bond failure of the beam's bottom reinforcement bars.
The specimens without seismic detailing demonstrated a 30% reduction in average strength
and ductility, and a 60% decline in energy dissipation capability relative to the specimen with
seismic detailing. The dimensions and reinforcing features of the specimen are depicted in

Figure 2.9.

Moreover, ElI-Nageeb et al. (2022) examined the impact of column axial stress level on
connection strength by means of the nonlinear finite element analysis program ABAQUS. The
research is based on a verified model of a tested exterior beam-column connection. Multiple
connections have been simulated given different degrees of column axial stress and varying
concrete strengths. This work demonstrates that raising the axial stress level in the column
causes a postponement in the onset of joint fractures and enhances the strength of the joint.
Nevertheless, the axial stress level of the column greatly enhances the shear strength of the
joint, up to a specific threshold that is determined by the strength of the concrete. Beyond
this threshold, a decrease in the joint strength is indicated. Thus, the degree of improvement
in the joint capacity under various axial stress levels should be directly proportional to the
uniaxial strength of the concrete. The influence of raising the axial stress level on the shear

strength of the joint is particularly evident when using medium or high-strength concrete.
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et al., (2017): (a) Specimen C1; (b) Specimen C2; (c) Specimen C3.
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2.4 STRENGTHENING TECHNIQUES

Earthquake engineering has a long history of needing to strengthen structures after they have
been completed (retrofit). This is because each new earthquake, reveals previously unknown
deficiencies in regional construction practices. Furthermore, many low-income countries lack
the expertise to implement good code based seismic engineering practice even when good
codes exist, or they lack the necessary regulatory enforcement to ensure that what is required
by the codes is actually implemented. Some of the different methods are concrete jacketing,
steel jacketing, Externally Bonded, Near Surface Mounded techniques etc. and the more usual

ones are now described with a view of determining the best for further investigation.

2.4.1 Concrete Jacketing Technique

Concrete jacketing is a widely used technique to enhance the strength of RC beam column
joints by the application of a new layer of concrete and additional reinforcement around the
joint. Surface preparation is the initial step in the process, which includes the roughening of
the current concrete and the removal of defective sections to ensure a strong bond between
the previous and new concrete. To enhance the shear and flexural strength, as well as the
ductility, of the joint, additional longitudinal and transverse reinforcement, such as stirrups or
ties, is incorporated. An additional layer of high-strength concrete is then placed to surround
the reinforcement. However, despite its successful improvement of the structural capacity
and seismic performance of the joint, this approach has several disadvantages. A key
drawback is the substantial enlargement in the cross-sectional area, which might constrict the
available space and disrupt architectural elements or current mechanical systems.
Furthermore, the use of concrete jacketing introduces a significant amount of dead weight to
the structure, which needs to be taken into consideration during the entire design process.
Additionally, this technique is laborious and time-consuming, frequently necessitating
elaborate formwork and prolonged curing periods (Karayannis et al., 2008). Furthermore,
inadequate workmanship during the process of surface preparation or incorrect adhesion
between the old and new concrete might result in diminished efficacy or premature failure.
Finally, the enlarged dimensions of the joint might have an adverse impact on the visual appeal
of the building, thereby rendering this approach less appropriate for constructions where

visual appeal is a primary factor.
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2.4.2 Steel Jacketing Technique

Steel jacketing is a technique employed to augment the structural integrity of beam-column
connections by enclosing the joint with steel plates or sections. This jacket is formed by bolting
or welding these steel components together and securing them to the existing concrete at the
joints. This approach offers the benefit of achieving substantial enhancements in shear
strength and ductility without extensive enlargement of the cross-sectional area, rendering it
appropriate for situations with limited space allocation. Nevertheless, steel jacketing has
several drawbacks. A major issue of concern is corrosion (Engindeniz et al., 2005), especially
in humid or seaside atmospheres. Failure to adequately protect the steel with paints or
maintenance can result in corrosion and a gradual loss of its structural integrity, therefore
undermining the efficacy of the jacket. Fire protection poses an additional obstacle, since steel
becomes weaker at elevated temperatures, requiring the application of fireproofing
techniques like coatings or wraps. However, this might escalate the expenses and complexity
of the design. Furthermore, the effectiveness of steel jacketing heavily relies on the
implementation of appropriate anchorage and detailing (Engindeniz et al., 2005). Insufficient
anchorage can lead to inefficient weight transfer, slippage, or even overall failure of the jacket.
The installation of steel jacketing necessitates skilled technicians, particularly for welding or
bolting, and errors in these procedures might diminish the overall efficacy of the
reinforcement. Finally, while steel jacketing is generally faster to install than concrete
jacketing, the presence of steel plates can still impact the aesthetics of the structure and may

require additional finishes or cladding to achieve a desirable appearance.

2.4.3 Externally Bonded (EB) Technique

The Externally Bonded (EB) method is a structural engineering approach that strengthens and
rehabilitates existing structures by applying external reinforcement. This technique utilises
composite materials, usually Fibre Reinforced Polymers (FRP), to improve the load-carrying
capacity, stiffness, and durability of structural components such concrete beams, columns,

slabs, and walls.

The main aim of the EB approach is to strengthen faults or inadequacies in current structures.
Structures can deteriorate over time owing to ageing, environmental exposure, higher loads,
or changes in usage demands (Frangopol and Soliman, 2019). The EB approach provides a
practical option to strengthen these structures, allowing them to comply with current design

standards and support increased loads without requiring substantial renovation.

20



Furthermore, the EB approach is crucial for repairing and rehabilitating deteriorated or
damaged structures (Li et al., 2021). Engineers can restore structural integrity, reduce
cracking, and prevent further deterioration by using composite materials like Fibre Reinforced
Polymers (FRP) as external reinforcement on damaged parts. This method helps prolong the
lifespan of the structure, reducing the necessity for expensive and intrusive repairs or
replacements. The EB technique is used to reinforce structures in situations like seismic
retrofitting or improving resilience to environmental elements such as corrosion or severe
weather (Sbahieh et al., 2022). Engineers can customise the strengthening solution by
selectively using external reinforcement to enhance the structure's resilience to harsh

circumstances and potential threats.

The key consideration in this method is proper surface preparation to ensure adequate
bonding between the existing structure and the FRP materials. This typically involves cleaning
the surface to remove dirt, grease, oil and loose particles. Any existing coatings, sealants, or
surface irregularities that may affect bonding are addressed. FRP materials, such as CFRP or
GFRP sheets, strips, or fabrics, are then applied to the prepared surface using suitable
adhesive systems. Pressure is applied using rollers or hand tools to ensure close contact
between the FRP and the substrate and to remove trapped air or voids. The FRP materials are
laid in multiple layers, typically with overlapping edges to ensure uniform coverage and
optimum load transfer. Despite its many advantages, the Externally Bonded (EB) method also

has some disadvantages. The pros and cons of this technique are described below.
Advantages of the EB method:

In comparison to traditional methods such as steel jacketing or concrete overlay, the EB
approach provides a faster and more efficient way to strengthen structure elements such as
beams, columns, beam-column connections, and shear walls. This can reduce the downtime

of the structure while minimising disturbance to occupants or activities.

Carbon fibre reinforced polymers (CFRP), aramid fibre reinforced polymers (AFRP), and glass
fibre reinforced polymers (GFRP) are examples of high-strength reinforcement materials that,
according to Laseima et al. (2020), can substantially improve the structural performance and
load-bearing capacity of beam-column joints. This enables the implementation of greater

design loads or enhanced resistance against external forces, including wind and seismic loads.
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It has been investigated by researchers through experimental studies that EB strengthening
increases the ductility and durability of structural elements such as beams, columns, beam-
column joints, making them more resistant to earthquake loads and environmental factors
(e.g., Karayannis and Sirkelis, 2008; Zamani Beydokhti and Shariatmadar, 2016; Lee and Lopez,
2020; and Vahidpour et al., 2022). The use of corrosion resistant reinforcing materials reduces

the risk of deterioration and extends the service life of the structure.

The EB approach is non-invasive to the current structure as it consists of placing reinforcement
materials around rather than inside the joint. This lessens the necessity for disruptive
construction activities like demolition or excavation and lowers the risk of harm to nearby

building elements.

The EB method can be applied on a wide range of structural elements. It can also be applied
to different types of structures, such as concrete, steel or masonry. This versatility makes the

method suitable for retrofitting existing structures with various design constraints.
Disadvantages of the EB FRP method:

The effectiveness of the EB method depends on the bond between the reinforcement
materials and the existing structure. Poor surface preparation, inadequate adhesive
application, or environmental factors can compromise the bond quality, leading to reduced

strengthening effectiveness or premature failure (Tatar and Milev, 2021).

The compatibility between the reinforcement materials and the existing structure must be
carefully evaluated to ensure optimal performance and durability. Differences in material
properties, coefficient of thermal expansion, or stiffness can lead to compatibility issues and
potential long-term problems, such as delamination or debonding (Tatar and Hamilton, 2016

and Tatar and Milev, 2021).

The cost-effectiveness of the EB technique in comparison to standard strengthening methods
is determined by factors such as building size, design complexity, and availability of
experienced labour and specialised materials. Initial costs may be elevated, particularly for

extensive projects or constructions facing distinctive obstacles.

2.4.4 Near-Surface Mounded (NSM) Technique
Recently, NSM FRP bars have emerged as an effective option for enhancing the flexural and

shear strength of inadequate concrete, masonry, and timber elements.
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Figure 2.10 depicts that the NSM FRP reinforcement bar may consist of round, square,
rectangular, or oval rods, as well as strips. For the sake of brevity, the term "bars" is used to
refer to all cross-sectional configurations, while "strips" is reserved for thin narrow strips.
Different cross-sectional geometries offer a variety of advantages and practical application
options. For instance, square bars optimise the sectional area for a specified square groove
dimension, while round bars are more accessible and facilitate easier anchoring in prestressing
applications. Narrow strips optimise the surface area to cross-sectional area ratio for a
specified volume, thereby reducing the likelihood of debonding, but necessitate a thicker

cover for a given cross-sectional area (De Lorenzis and Teng, 2007).

i

Figure 2.10. Types of FRP bars for NSM applications (De Lorenzis and Teng, 2007).

e

The term 'near' is used to differentiate this structural retrofitting technique from those
employing FRP composites with external bonds. As shear or flexural reinforcement, FRP bars
are utilised in the NSM strengthening technique. Embedment is achieved by cutting a groove
into the surface of the to be reinforced member along the intended direction and to the
intended width and depth. Epoxy or cement substance fills in part the groove. The paste is
then forced to flow around the bar and totally fill the area between the bar and the groove by
means of the FRP bars with round, square or rectangular cross sections being inserted in the
grooves and lightly pressed. The surface is then levelled once more once the grooves have
filled with more paste. The groove should be dimensioned to guarantee sufficient adhesive
around the bars; typical groove dimensions for various types of FRP bar are referenced
(Abdullah, 2016). For FRP round bars, the minimum dimension of the grooves should be at
least 1.5 times the diameter of the FRP bars, as shown in Figure 2.11. The minimum groove

dimension for FRP rectangular bars is 3.0ar x 1.5bf (where ar and br are the width and height
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of the FRP/steel bar, respectively) provided by Le Hoang et al., (2019). To prevent overlapping
of tensile tensions around FRP bars, the distance between grooves on FRP bars should be
greater than twice the groove's depth. To minimise debonding failure of FRP bars, a clear
edges distance four times the depth of the NSM groove should be provided (ACI 440.1R-15,
2015).

FRP round bar FRP rectangular bar ) " FRP strip
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Figure 2.11. Variety of NSM FRP bars and minimum dimensions of grooves (Le Hoang et al.,
2019).

Although the Near Surface Mounted (NSM) approach offers many benefits, it also comes with

drawbacks. Below are the pros and cons of this method.
Advantages of the NSM method:

Nanni et al., (1999) claimed that The NSM strengthening method may be more advantageous
than externally bonded reinforcing (EBR) methods in specific circumstances due to its superior
reinforcement anchoring systems, resistance to external corrosion, and reduced surface

preparation and installation time.

First, EBR cannot mobilise the maximum tensile strength of FRP materials because of their
premature debonding, according to previous research (Spadea et al., 1998). Several anchorage
systems have been proposed (Khalifa et al., 1999) to increase the efficacy of the EBR
technique. The NSM retrofitting technique enables the anchoring of FRP reinforcing

rods/strips into RC members to achieve reliable anchorage.

A further benefit of NSM embedment is that it considerably decreases the likelihood of
damage caused by vandalism, fire, mechanical damage, and ageing. When these composites
are subjected to high and low temperatures, their reinforcing performance can be negatively

impacted and decrease considerably (Di Tommaso et al., 2001).
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Disadvantages of the NSM method:

The NSM approach is limited in its application to existing structures, especially those with
restricted access or space constraints. Adding NSM FRP retrofitting to existing concrete
elements might be difficult in constructions with limited access to the concrete surface or
where drilling slots for rod insertion is not possible due to structural or architectural

constraints.

Ensuring adequate anchorage of the FRP rods or bars within the concrete matrix is crucial for
the effectiveness of the NSM method. However, achieving proper bonding and anchorage may
be challenging, especially in deteriorated or poorly consolidated concrete substrates. Factors
such as surface contamination, inadequate surface preparation, or insufficient concrete cover
can compromise the bond between the FRP reinforcement and the surrounding concrete

(Hosen et al., 2015).

Inadequate bonding between FRP rods or bars and the concrete substrate increases the
danger of delamination or debonding over time. This might happen owing to poor surface
preparation, insufficient adhesive penetration, or cyclic loading conditions. Delamination
compromises the effectiveness of the strengthening intervention and can result in reduced

structural performance or premature failure of the reinforced element (Su et al., 2022).

In addition, Table 2.1 shows the advantages and disadvantages of the techniques mentioned

above.
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Table 2.1. Comparison of Strengthening Techniques for RC Beam-Column Joints

Technique Advantages Disadvantages
-Significantly - Bulky: Increases member size,
improves shear/flexural affecting aesthetics/space.
strength and ductility. - Labor-intensive: Requires formwork,
fac::::;?:‘eg - Uses familiar materials curing, and skilled workmanship.
(concrete, rebar). - Adds dead load to the structure.
- Long-term durability if - Risk of poor bond between old/new
properly executed. concrete.

- Corrosion risk, especially in humid

- Space-efficient: Minimal cross- environments.
section increase. - Requires fireproofing (additional
Steel - Rapid installation cost).
Jacketing (bolting/welding). - Anchorage failures if poorly
- High shear/ductility detailed.
enhancement. - Aesthetic concerns (may need
cladding).

- Lightweight: No significant L
- Debonding risk if surface

dead load.
. prep/adhesive fails.
- Corrosion- )
. - Material costs (CFRP >
resistant (CFRP/GFRP).
EB FRP steel/concrete).

- Fast installation, minimal ) ]
. ) - Low fire resistance (polymer
disruption. )
. ) matrix).
- Versatile (applicable to o .
- Limited ductility compared to steel.
concrete/steel/masonry).

- Grooving complexity: Requires
- High bond & P y:Ted

. precise execution.
strength (embedded in

- Limited applicability in confined
grooves).

NSM FRP - Protected from
vandalism/environment.

spaces.
- Delamination risk if bonding is

o o inadequate.
- Minimal aesthetic impact.

- Higher skill requirement for
- Better anchorage than EB FRP.

installation.
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2.5 FIBRE REINFORCED POLYMER

Fibre Reinforced Polymer (FRP), also known as Fibre Reinforced Plastic, is a composite material
composed of a polymer matrix and high-strength fibres. This combination produces a material
with enhanced mechanical properties, including high strength and stiffness, while remaining

lightweight.

Fibre-reinforced polymers can be produced in multiple configurations, including structural
shapes, reinforcing bars, deformation systems such as externally wound fibres and sand
coatings, along with fabric coverings for both structural and non-structural elements
(GangaRao et al., 2007). FRP composites are produced by combination fibres with polymers,
either through the saturation and curing of polymer layers or by adhering prefabricated
laminates. Three commercially accessible kinds of fibre-reinforced polymers (FRPs) for

retrofitting are aramid FRP (AFRP), carbon FRP (CFRP), and glass FRP (GFRP).

Aramid FRP (AFRP): Aramid fibres, commonly known in the market as Kevlar, are illustrated in
Figure 2.12 (a). The structure of Aramid fibre is inherently anisotropic and typically exhibits a
yellow hue. Aramid fibres are costlier than glass, exhibiting moderate stiffness and suitability
for tensile applications (such as cables and tendons), however demonstrating weaker
compressive strength. Aramids possess higher tensile strength, significant stiffness, high

modulus, and low weight and density (Glinaslan et al., 2014).

Carbon FRP (CFRP): Carbon fibres exhibit anisotropic properties. Carbon fibre, depicted in
Figure 2.12 (b), is manufactured at 1300°C. Carbon fibres provide high strength, exceptional
creep resistance, chemical resistance, low conductivity, low density, and a high elastic
modulus. The disadvantages of carbon fibres are their high cost and anisotropic nature,

coupled with low compressive strength (Glinaslan et al., 2014).

Glass FRP (GFRP): Glass fibres, as depicted in Figure 2.12 (c), exhibit isotropic properties and
are the most commonly utilised filaments. Various types of glass fibres are utilised in GFRP,
with the predominant varieties being E-glass (electrical), S-glass (high strength), and C-glass
(alkali-resistant) (Glinaslan et al., 2014). The characteristic properties of glass fibres are high
strength, low cost when compared to other FRPs (Meikandaan and Murthy, 2017), and good

water resistance and resistance to chemicals.
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(a) (b) ()

Figure 2.12. (a) Typical Aramid FRP (AFRP) (Kandekar and Talikoti, 2019); (b) Typical Carbon
FRP (CFRP) (Ginaslan et al., 2014); Typical Glass FRP (GFRP) (Rageh et al., 2022).

2.5.1 Mechanical Properties

The mechanical properties of FRP composites are determined by the proportion of fibres and
matrix materials, the manufacturing process, the mechanical properties of constituent
materials, and the orientation of the fibres within the matrix. Fibres may be designed as
"Continuous Form" (aligned and continuous fibres are generally straight and long as well as
parallel to one another) or as "Woven Form' (fibres produced in a cloth form and providing
strength in multiple directions) or as "Chopped Form" (fibres are typically irregularly and
discontinuously arranged and short, also known as fibreglass) (Abbood et al., 2021). Figure
2.13 illustrates the comparative behaviour of FRP and steel under tensile stresses, highlighting
that the stiffness of CFRP exceeds that of GFRP and AFRP in the stress-strain relationships.
CFRP and GFRP are utilised in advanced applications for the retrofitting of concrete structures.
The typical material properties of carbon, glass, and aramid fibre-reinforced polymers (FRP)

are given in Table 2.2.

6 -

. -

AFR

Mild steel

0.02 0.04

Figure 2.13. Typical stress-strain relationships for various FRPs and standard steel
(Mohammadizadeh et al., 2009).
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Table 2.2. Typical characteristics of carbon, glass, and aramid fibres (Mohammadizadeh et

al., 2009).
Type of | Thickness Ultimate tensile Elastic Ultimate tensile
fibre strength modulus elongation
mm MPa GPa %
Carbon | 0.10-0.25 2100 - 6000 215-700 0.2-2.3
Glass | 0.06—0.30 1900 - 4800 70-90 3.0-55
Aramid | 0.10—-0.30 2900 - 4100 70-130 2.5-5.0
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2.6 LITERATURE REVIEW ON RETROFITTED EXTERIOR BEAM-COLUMN JOINTS

Strengthening RC beam-column connections is a difficult task with numerous practical
problems. Various methods applicable to concrete elements have also been used to make
connections, the most typical of which is the fabrication of RC or steel jackets Alcocer and Jirsa
(1993). RC jackets and some steel jackets, such as steel "cages," necessitate extensive work
and artistic craftsmanship. Furthermore, concrete jackets expand the size and weight of
structural members. Steel plates that are flat or corrugated have also been tested (Ghobarah
et al., 1997; Aboutaha et al., 1999; and Campione et al,, 2015). In addition to corrosion
protection, these elements necessitate particular attachment via the use of epoxy adhesives
in conjunction with bolts or special grouting. Since these strengthening techniques are time-
consuming, require a lot of labour, and lead to an enhance in the size of the structural
elements, alternative strengthening methods have been researched by Hollaway and Leeming

(1999).

EB and NSM methods are two of the most used types of strengthening techniques
(Akbarzadeh and Maghsoudi, 2010; Zhou et al.,, 2013). Many studies have looked at the
process of EB FRP retrofitting in recent years because of its high strength-to-weight ratio,
superior corrosion resistance, and ease of installation. Many experimental investigations have
demonstrated the effectiveness of FRP retrofitting in improving the seismic resistance of
inadequate beams and columns (e.g., Chen and Teng, 2003; Mofidi and Chaallal, 2014;
Venkateswarlu and Natarajan, 2015; del Rey Castillo et al., 2018; Mai et al., 2018; Lee and
Lopez, 2020; and Vahidpour et al., 2022).

The NSM technique was first employed in Finland in the 1940s to strengthen a bridge deck
slab by inserting steel bars into grooves (Asplund, 1949). The first experimental investigation
on the NSM approach was carried out utilising CFRP strips in grooves carved into concrete
specimens (Blaschko and Zilch, 1999). Several experimental studies have been conducted to
evaluate the flexural behaviour of RC beams reinforced with NSM bars or strips made of FRP
materials (e.g., Al-Mahmoud et al., 2009; El-Hacha and Gaafar, 2011; Badawi and Soudki,
2009; and Singh et al., 2014). FRP retrofitting has several advantages, including high strength,
lightweight, corrosion resistance, and potentially great durability, but it is expensive and not
widely available. Furthermore, FRP bars have low ductility. Steel bars, on the other hand, are
widely available, less expensive, and exhibit appropriate ductility, long-term durability, and

bond performance (Rahal and Rumaih, 2011). Garrity (2001) employed NSM strengthening
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applying steel bars on arch bridges. Almusallam et al. (2013) studied the experimental and
numerical behaviour of RC beams enhanced in flexure using NSM steel or GFRP bars and
discovered that NSM bars increased RC beam flexural capacity. In addition, mounting of steel
bars inside the groove on concrete beams and columns, to improve their flexural capacity, has
been observed in previous investigations (Hosen et al., 2014; Hasan et al., 2016; Alavi-
Dehkordi et al., 2019; and Askandar and Mahmood, 2019). Moreover, the preparation of U-
shaped or L-shaped FRP bars is not possible in the laboratory and field environment. These
different shapes of FRP bars must be prepared by the manufacturer. Steel is employed as a
reinforcing material due to its economic feasibility. It offers a cost-effective and structurally
efficient solution. In addition, it can be given a shape and implemented effortlessly in the field

area.

A comprehensive review of existing literature related to the topic reveals that NSM bars/strips
and EB FRP jacket techniques are generally applied separately on RC beam-column joints.
There are not enough studies in the literature on the NSM and EB FRP jacketing hybrid
methods applied on RC beam-column connections. Retrofitting strategy using EB, NSM and

EB+NSM around the beam-column joints are examined in detail below.

2.6.1 Antonopoulos and Triantafillou (2003)

Antonopoulos and Triantafillou (2003) conducted an extensive experimental study on
reinforced concrete joints reinforced with fibre-reinforced polymer (FRP) under cyclic loading.
An investigation was conducted on the impact of characteristics including the FRP ratio,
mechanical anchorage, and joint reinforcement on the effectiveness of the evaluated
retrofitting procedures. This study involved 18 tests on two-thirds scale exterior RC shear
deficient sub-assemblages. Each specimen was identical in size and reinforcing configuration
and were intended to be shear deficient, simulating a substandard RC beam-column
connection. Two specimens were equipped with one shear reinforcement in the joint,
whereas the remaining specimens had no joint shear reinforcement. Additionally, 3 out of 16
specimens without transverse reinforcement in the connection had a transverse beam on one
side to replicate the confinement provided by the transverse elements meeting at the joint.
The characteristics of the specimens that were tested are displayed in Figure 2.14 (a).
The specimens were reinforced utilising glass and carbon FRP sheets and strips with varying
amounts of FRP reinforcement on the beam column joints (see in Figure 2.14 (b)). The results

highlight the crucial function of mechanical anchorages in preventing premature debonding.
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They also provide valuable insights into a variety of characteristics, including the area fraction
of FRP, FRP distribution between the beam and column, column axial load, internal joint steel

reinforcement, early damage, carbon versus glass fibres, and sheets versus strips.
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Figure 2.14. (a) Reinforcement details; (b) Details of the FRP application process
(Antonopoulos and Triantafillou, 2003).
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2.6.2 Karayannis and Sirkelis (2008)

Findings from an experimental study on exterior RC connections retrofitted with a
combination of CFRP and epoxy resin were presented by Karayannis and Sirkelis (2008). The
specimens that were not reinforced were divided into two groups: one lacking transverse
reinforcement (Group A) and the other using transverse reinforcement in the joint (Group B).
Figure 2.15 (a) displays the setup and the reinforcement plan for the unstrengthened
specimens in Group A. Group B specimens were the same as those in Group A, but they had
additional transverse reinforcement in the form of four 8 mm transverse reinforcements
added to the connection area.

Two specimens from each group were first exposed to moderate cyclic stresses. The third
specimen was reinforced using CFRP sheets before the application of any loads. The CFRP
sheets were applied to restrict the critical zones of both the column and the beam, as well as
the joint zone, in accordance with the configuration depicted in Figure 2.15 (b).

In this study, the average concrete compressive strength specimens were 36.4MPa (cylinder
strength), and the steel bars used were of grade S500. The CFRP sheets were utilised the
SikaWrap® Hex 230 C and Sikadur®330 (epoxy based impregnating resin and adhesive). The
CFRP sheets have a thickness of 0.12mm and the primary fibre direction is 0 degrees
(unidirectional).

The proposed reinforcement technique significantly improved load-bearing capacity, energy
absorption, and ductility, while also changing the failure mode from connection failure to
flexural hinging in the beam. The test findings indicated that the seismic response of
specimens exposed to significant damage might be regained by fixing the damaged joint
utilising epoxy injection. Furthermore, the energy absorption and strength exceeded those of
the control specimen. The test found that the Carbon Fibre Reinforced Polymer (CFRP) impact

on shear strength is influenced by the existence of connection reinforcement.
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Figure 2.15. (a) Test set-up and the reinforcement configuration of the specimens; (b)
Strengthening scheme using CFRP sheets (Karayannis and Sirkelis, 2008).

2.6.3 Shrestha et al. (2009)

Experimental findings of exterior RC connections strengthened with FRP composites were
examined by Shrestha et al. (2009). Two sets of external connections were examined. The
initial group had a monotonic load and included three connections (one control and two
strengthened with FRP), whereas the second group was tested with cyclic loading and
included two connections (one control and one reinforced with FRP). FRP sheets and strip
were used to reinforced of the specimens. The reinforcement configuration and the
application scheme are shown in Figure 2.16 (a) and (b). In their setup, hinge supports were
attached to both ends of the column and anchored to a rigid testing apparatus. The column
was exposed to an axial load of 180 kN (equivalent to 8% of the column's gross axial load
capacity and indicative of a typical floor load) via a hydraulic jack connected to one end of the
column via a system of high-strength Macalloy bars.

Tests showed that FRP effectively improved the load-carrying capacity and deformation of
these joints once exposed to either cyclic or monotonic loads. Furthermore, the tests
facilitated a deep understanding of the strength and behaviour of FRP. Wrapping beams or
columns at the ends of the FRP strengthening prevented full debonding of the FRP. However,
it was recognised that preventing localised debonding of the FRP at the shear cracks is
necessary to improve the efficiency of the FRP strengthening. The FRP strain data showed that

the full potential of the FRP was not achieved due to the gradual separation of the FRP strips.
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Figure 2.16. (a) Reinforcement configuration; (b) Details of the FRP application (Shrestha et
al., 2009).

2.6.4 llki et al. (2011)

The behaviour of FRP reinforced connections utilising smooth bars and low-strength concrete
(the mean measured cylinder strength was 8.3 MPa for the testing days) was investigated by
llki et al. (2011). The dimension of specimens and reinforcement information are illustrated in
Figure 2.17 (a). Two series of eight exterior joints at full scale were constructed, each lacking
transverse reinforcement in the connection zone. The tested specimens comprised a column,
an in-plane beam, a transverse beam, and a slab. They were exposed to a cyclic load at the
beam end in addition to a constant column axial load. The application of the FRP and the

reinforcement scheme are illustrated in Figure 2.17 (b).
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The joint core was enveloped by the first piece, which is a square FRP sheet; the second piece
was affixed diagonally to piece 1 in order to provide adequate anchorage for piece 1 to the
specimen. It was concluded that using FRP sheets alone was insufficient to prevent the
longitudinal bars of the beam from slipping. The implementation of FRP sheets as a retrofit
for junctions after welding rehabilitation of anchorage bars resulted in a substantial

postponement of strength degradation.
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2.6.5 Del Vecchio et al. (2014)

Six beam-column corner junctions were tested under lateral loads by Del Vecchio et al. (2014).
Their specimens were built without transverse reinforcement at the connection zone to
ensure shear failure would happen at the core see in Figure 2.18. This research investigated
the behaviour of unconfined joints that do not comply with current seismic codes and the
effectiveness of externally bonded FRPs as a retrofitting method. Their findings indicated that
all the reinforcement techniques employed were effective in enhancing strength compared to

the control group prior to the sheets being detached.
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Figure 2.18. Details of the specimen (Del Vecchio et al., 2014).

2.6.6 Singh et al. (2014)

Singh et al. (2014) demonstrated the impact of retrofitting beam-column junctions with CFRP
jackets on their strength after undergoing three distinct stress levels. Nine RC beam-column
junctions were evaluated in the presence of static loads. CFRP reinforcement has been applied
to beam-column junctions that have been subjected to three distinct levels of stress (see in
Figure 2.19). The garments are presented in two layers, arranged in an L-shape and oriented
at a 45-degree angle to the joint. In comparison to the control beams, the ultimate load-
bearing capacity of the retrofitted beams increases by 7-12%, and the yield load for each of

these exterior beam-column connections rises by 15%. Compared to stress level 1, the
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stiffness up to the first fracture load was increased by 17.36% and 26.94% for stress levels 2

and 3, respectively.
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Figure 2.19. CFRP wrapping technique with details (Singh et al., 2014).

2.6.7 Mahmoud et al. (2014)

This work describes experimental research on the structural behaviour of RC exterior beam-
column junctions that were repaired using CFRP (Mahmoud et al., 2014). The current
experimental programme involves testing ten half-scale specimens separated into three
groups, each representing a different probable flaw, together with a detailed control
specimen. The identified issues are the lack of transverse reinforcement in the connection
core, inadequate bond length for the main reinforcement of the beam, and a poorly spliced
implanted column at the joint (see in Figure 2.20 (a)). Three distinct strengthening methods
were employed to repair the damaged beam-column junctions, which included externally
bonded (EB) CFRP sheets and strips, as well as near surface mounted (NSM) CFRP strips are
shown in Figure 2.20 (b). The failure mode, such as ultimate capacity, mode of failure, initial
stiffness, ductility, and the ultimate strain in the reinforcing steel and CFRP, were assessed
and compared between the control group and the CFRP reinforced specimens. The test
findings indicated that the suggested CFRP reinforcement configurations were the most
suitable option for retrofitting the initial two flaws based on the analysed failure criteria. The
third group's results demonstrated that reinforcing the joint with NSM strip technique

improved the structural performance of specimens compared to the control specimen. In
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contrast, strengthening the joints with EB CFRP strips and sheets did not restore the joints'
capacity.
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Figure 2.20. (a) Details of reinforcement and dimensions for the control specimen, JO; (b)
Schematic configuration for the three groups of specimens tested (Mahmoud et al., 2014).
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2.6.8 Zamani Beydokhti and Shariatmadar (2016)

This study aims to provide the findings of an experimental analysis on the performance of
shear-deficient external beam-column connections that were repaired using carbon-fibre-
reinforced polymers (CFRPs) (Zamani Beydokhti and Shariatmadar, 2016). The joints lacked
transverse reinforcement, so they are referred to as non-seismic (NS) joints illustrated in
Figure 2.21 (a). Four NS-grade joints were subjected to reversed cyclic loads and compared
with one Seismic joint (S-grade specimen) shown in Figure 2.21 (b). The experimental
programme consisted of three distinct phases: the damaging phase, the repairing phase, and
the retesting phase. During the third step of the test, the repaired specimens were retested
until they attained their maximum capacity. Findings are compared based on strength,
ductility, energy dissipation, and stiffness deterioration. The joints' repair-ability performance
level was determined by assessing the damage index. Repairing joints with CFRP laminates is
not feasible when damage exceeds the repair-ability performance threshold. CFRP laminates
do not enhance the seismic performance of damaged beam-column junctions in this scenario.
The joints investigated in this study will be repaired up to a maximum of 1.5% story drift ratio.

The application of CFRP sheets for the retrofitting of specimens is illustrated in Figure 2.22.
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Figure 2.21. Reinforcement details of the specimens (Zamani Beydokhti and Shariatmadar,
2016): (a) non-seismic design; (b) seismic design.
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2.6.9 Mostofinejad and Akhlaghi (2017)

Six half-scale RC beam-column subassemblies were built for this study lacking any transverse
reinforcement in the joint area by Mostofinejad and Akhlaghi (2017) (see in Figure 2.23 (a)).
They aimed to examine how genetically modified (GM) materials impact the seismic
performance of outside RC beam-column connections that lack strength but are reinforced
with CFRP sheets using the externally bonded reinforcement on grooves (EBROG) approach.
The study also examines how well FRP fans can avoid splitting failure of the concrete cover.
The retrofitting methods are depicted in Figure 2.23 (b). The study found that using the EBROG
approach along with FRP fans at the end of FRP sheets completely prevented debonding. It
was possible to postpone brittle shear failure of the beam-column joints and move the beam
plastic hinge away from the column interface in certain situations. Furthermore, utilising CFRP
composites through the EBROG approach significantly improved the seismic capacity of the

test specimens in terms of strength, stiffness, ductility, pinching width ratio, and energy

dissipation.
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Figure 2.23. (a) Reinforcement details of the specimens; (b) Specifications of all the test
specimens (Mostofinejad and Akhlaghi, 2017).
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2.6.10 Akash and Jayasree (2018)

A method is proposed by Akash and Jayasree (2018) in this study for retrofitting exterior
beam-column junctions of reinforced concrete columns (RCC) using Near Surface Mounted
(NSM) GFRP strips and externally bonded GFRP sheet in various orientations (30°, 45°, and
60°) (as illustrated in Figure 2.24). Every specimen was exposed to reverse cyclic loading
testing. The assessment of beam-column junctions encompassed an examination of their
stiffness degradation, energy absorption, ductility, and strength. The results indicate that all
of the above properties were substantially improved in the NSM retrofitted specimens with a

30° orientation.
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Figure 2.24. (a) Dimensions of the beam-column joint specimen; (b) Reinforcement details of
the specimen; (c) Crack pattern of BCIC specimen; (d) BCIN30 specimen; (e) BCJIN45
specimen; (f) BCJN60 specimen; (g) BCJEB specimen; (h) Delamination of BCJEB specimen
(Akash and Jayasree, 2018).
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2.6.11 Saqan et al. (2018)

An experimental study was conducted to assess the seismic behaviour of rigid frames
reinforced with EB CFRP sheet and NSM CFRP bars by Sagan et al. (2018). Three rigid frame
specimens were tested under cyclic loading. All three examples were the same size and had
the same internal reinforcement shown in Figure 2.25 (a). One specimen was utilised as a
control, while the other two specimens were reinforced using CFRP fabric and NSM bars to
achieve the same capacity at initial yielding. CFRP wraps were utilised to secure the primary
CFRP sheets and NSM bars on the reinforced specimens and to hinder the debonding of the
FRP reinforcement. The retrofitting methods for specimen SSP-2 and SSP-3 are given in Figure
2.25 (b) and (c), respectively. The test findings showed that both methods delay the point at
which the internal steel reinforcement starts to give way, leading to higher flexural strength
in the structures, increased energy absorption, and less stiffness loss. Results indicated that
reinforcing with CFRP fabric leads to less cracking, more energy dissipation, and less strength
loss post-yielding compared to reinforcing with NSM bars, which results in higher ultimate

strength.
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2.6.12 Wang et al. (2019)

This study presents an experimental investigation aimed at strengthening earthquake-prone
RC beam-column connections using CFRP, as conducted by (Wang et al., 2019). Testing was
conducted on six exterior RC beam-column connection specimens to determine an efficient
strategy for enhancing the seismic performance of these joints in relation to their lateral
strength and ductility. The six specimens at a 2/3 scale consisted of one specimen without
seismic design (ND), one specimen with seismic design (D), and four specimens labelled as
"NDSL", "NDSC", "NDSB", and "NDSB2" retrofitted using various methods. Figure 2.26 depicts
the application of the strengthening methods.

These schemes investigated the use of EB CFRP sheets and NSM CFRP strips for strengthening.
The test findings demonstrated that incorporating CFRP reinforcement can greatly enhance
the seismic performance of a structurally weak beam column connections. The utilisation of
NSM CFRP strips in beams and joints efficiently shifts the plastic hinge away from the joint
area, resulting in a ductile failure mode (beam flexural failure), showcasing the efficacy of this

seismic retrofit technique.
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Figure 2.26. Strengthening applications (Wang et al., 2019).

2.6.13 Laseima et al. (2020)

This research was investigated the seismic performance of full-scale outside reinforced
concrete (RC) beam-column joints that have been upgraded with externally bonded CFRP by
Laseima et al. (2020). Two comparable RC beam column junctions were constructed and

tested without transverse reinforcement at the joints illustrated in Figure 2.27 (a).
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The connections were subjected to cyclic loading with controlled displacement to evaluate
their seismic performance. The initial junction was inspected as the control specimen, and the
subsequent specimen was reinforced with CFRP sheets depicted in Figure 2.27 (b). The column
and beam's square shape near the joint area was altered to squircle segments with rounded
edges. The experimental results show that energy dissipation, strength, and ductility capacity
are significantly enhanced by 61.8%, 208.9%, and 61.8%, respectively, as a result of retrofitting
beam-column junctions with CFRP. This demonstrates that CFRP is suitable for retrofitting.
The debonding potential of the CFRP reduced and the restricting influence of the CFRP rose
due to the transition from square to squircle segments in the beam and column. The

experimental results were confirmed by employing a 3D nonlinear finite element (FE) model.
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specimen around the joint (Laseima et al., 2020).

2.6.14 Davodikia et al. (2021)

Davodikia et al. (2021) utilised the grooving method to apply CFRP composites and examined
its effectiveness in preventing the separation of FRP composites during shear strengthening
of RC beam-column joints. Four scaled exterior concrete beam-column junctions were
constructed in the laboratory for this study. There are two control specimens, one with special
seismic characteristics following ACI requirements and the other without seismic information
shown in Figure 2.28 (a) and (b). Both retrofitted specimens do not have seismic features and

are retrofitted using CFRP composites. One specimen has CFRP composites applied on the
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concrete surface conventionally, whereas another specimen has CFRP composites installed on

the concrete surface using the grooving method illustrated in Figure 2.28 (c) and (d).

The specimens were exposed to cyclic loading with progressively increasing amplitudes. The
findings were evaluated by analysing hysteretic curves, envelope curves, energy dissipation,
stiffness degradation, and cracking patterns. The findings indicated that the approach used
eradicates the separation problem and led to a notable enhancement in load-bearing capacity,

ductility, and energy dissipation.
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2.6.15 Sakthimurugan and Baskar (2021)

Sakthimurugan and Baskar (2021) carried out in two stages with a total of 19 beam column
connection specimens. Three connections were examined as control specimens, the other
eight joints were preloaded with 50% of average ultimate load of control specimens and
strengthened afterwards in the first stage of work, and the last eight joints were preloaded
with 60% of average ultimate load, thereby inducing a certain level of damage. The dimension
and details of the reinforcement are depicted in Figure 2.29. These specimens were reinforced
utilising Basalt FRP (BFRP) material. Additionally, the beam-column joints were modelled using
ANSYS software, and the numerical analysis demonstrated that BFRP enhanced the
performance of the strengthened specimens. The ANSYS results closely aligned with the

experimental results.
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Figure 2.29. Details of the specimens (Sakthimurugan and Baskar, 2021).

2.6.16 Zaferani and Shariatmadar (2022)

Experiments were conducted in this research to examine the repair and retrofitting of external
RC beam-column junctions utilising FRP composites by Zaferani and Shariatmadar (2022). In
the development of the examined joints, the seismic design details for the panel zone are
disregarded (see in Figure 2.30 (a) and (b)). The programme evaluation was conducted in three
phases. Initially, the specimens were subjected to varying degrees of harm through loading.
The damaged specimens were subsequently strengthened and repaired using FRP composites
and the NSM and hybrid EBR + NSM techniques illustrated in Figure 2.30 (c) and (d). In
conclusion, the retrofitted joints underwent cyclic loading until they ceased to function. The

objective of this research was to examine the impact of the retrofitting techniques that were
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implemented on the strength, rigidity, and ductility of compromised RC joints. In pursuit of
this objective, a total of eight RC beam column connections were cast and evaluated,
comprising seven non-seismically designed (NS) joints and one seismically designed (S) joint.
A comparison was made between the experimental outcomes obtained for the strength,
reduction of stiffness, and cumulative dissipated energy of the NS specimen and the S
specimen. The outcomes demonstrated that the hybrid retrofitting techniques that were
suggested are capable of restoring the depleted capacities of connections and may even

elevate them to levels surpassing those of the seismic control specimen.
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2.6.17 Hashemi and Riahi (2022)

An experimental study was conducted to assess three reinforcement techniques for RC beam-
column junctions involving NSM steel bars and CFRP strips under cyclic loads by Hashemi and
Riahi (2022). These solutions enhance the strength of joints and avoid the creation of plastic
hinges near the column while minimising damage to the floor slab. Specimens of a reinforced
concrete beam-column connection from an intermediate moment-resisting frame were built
at half scale, along with a control specimen. The details of reinforcement and the
strengthening schemes are shown in Figure 2.31 (a) and (b) and Figure 2.32 (a) and (b). The
tests were conducted under cyclic loading in accordance with the guidelines outlined in ACI
374.1-05, while maintaining a constant axial load on the column, to analyse their seismic
performance. The experimental findings revealed that the suggested ways could enhance joint
capacity by up to 30% compared to the control specimen. Additionally, two of the strategies
increased joint ductility by eliminating the plastic hinge from the joint core. Furthermore, the
modified specimens showed a 100% improvement in energy dissipation and exhibited
reduced pinching hysteresis behaviour. To prevent debonding of CFRP strips, it is necessary to
enhance the penetration depth of the strips into the core material based on the observation
in one of the specimens. The anchorage method of the additional steel rebar inside the joint

core was effective in transferring forces to the column correctly.
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Figure 2.32. Details of retrofitting: (a) RS-SJ-US specimen; (b) RS-FJ-FW specimen (Hashemi
and Riahi, 2022).

2.6.18 Wang et al. (2022)

Wang et al. (2022) investigated an experimental study and numerical modelling using ANSYS
software on the behaviour of RC beam-column connections with three series of exterior joints
using EB CFRP jackets to improve the shear capacity under steady axial and a quasi-static cyclic

load. The reinforcement phases utilised in this study are shown in Figure 2.33.

The characteristics include the CFRP reinforcement ratio and arrangement, transverse beam-
to-joint panel width ratio, transverse beam-to-joint panel height ratio, transverse beam
position, and number of transverse beams. A new dimensionless index, termed
"strengthening efficiency," was introduced to assess the residual effect of a CFRP-
strengthening system weakened by transverse beams compared to the increase in joint shear
capacity relative to the one-way counterpart. The findings from 44 nonlinear finite element
models, validated against experimental data, demonstrated the efficacy of the CFRP
strengthening method across a broad spectrum of parameters. The distinct variations in the
functions of the parameters were uncovered, and the underlying causes of these variances
were examined. The shear mechanism of the joint panels retrofitted with CFRP was analysed
using the proposed strut-and-tie model. According to their results, the strengthening
efficiencies of 3D connections ranged from 25.3% to 87.5%. The findings validated the efficacy
of the CFRP fortification method across a considerable range of parameters examined;
however, the contribution of transverse beams to the CFRP was found to be detrimental.
Relocating the transverse beams away from the interior edge of the joint panel resulted in a

significant increase in the strengthening efficiency of the vertical sheets.
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The course of fracture propagation in the joint panel and the strain distributions in the vertical

sheets both corroborated this result.
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Figure 2.33. Strengthening programmes (Wang et al., 2022).
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2.6.19 Ansari et al. (2023)

This study examines the performance of external RC beam-column connections reinforced
with CFRP sheets when subjected to reversed cyclic loads (Ansari et al., 2023). The aim of this
study is to compare two different strengthening strategies. One specimen was reinforced
using the external bonding reinforcement (EBR) method, while the other two specimens were
reinforced using manually fabricated FRP bars with the NSM method. One example contained
only side bars, whereas the other utilised L-shaped bars along with side bars for
reinforcement. FRP rods were created manually using cores made of wood or steel, which
were then wrapped with CFRP sheets of varying widths. The behaviour of the reinforced
specimens was compared to a reference specimen without reinforcement. The details of
reinforcement and the application of EB method are illustrated in Figure 2.34 (a) and (b),
respectively. In addition, Figure 2.35 (a) and (b) indicates the application schemes of the NSM
technique. The findings indicate that utilising manually produced FRP bars with NSM
technology, particularly on both sides of the specimen, is more efficient in reinforcing the
outer beam-column joints than the EBR approach. Additionally, the specimen including solely
side NSM rebars exhibited superior energy-based characteristics, but the specimen with both

L-shaped and side NSM rebars performed better in load capacity-based parameters.
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Figure 2.34. (a) Reinforcement specifications, (b) The application of EB method (Ansari et al.,
2023).
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Figure 2.35. The NSM applications (Ansari et al., 2023).

2.6.20 Farhang et al. (2023)

The numerical and experimental investigations were conducted on the CFRP shear
strengthening of full-scale RC 3D exterior beam-column joints exposed to a combination of
reversed lateral stresses and the absence of transverse rebars at their joint core by Farhang

etal. (2023).

In this study, concrete with 12 MPa (average compressive strength) was used to investigate
the effectiveness of various retrofitting techniques on beam-column connections. A control
beam-column joint was constructed without any reinforcement, while two joints were
reinforced using specified patterns of single-layer and three-layer CFRP sheets (as depicted in
Figure 2.36). Following this, cyclic load—displacement, failure mode, ductility, secant stiffness,
energy dissipation, and energy absorption curves were calculated and compared for each
specimen. Following this, the experimental specimens were modelled using the finite-element
method in ABAQUS and subjected to non-linear analysis; the resulting analytical results were
then compared to the experimental ones. During an alternative stage of the research,
adjustments were made to the specific concrete compressive strength, the beam longitudinal
tensile reinforcement ratio, and the compressive axial force exposed to the column. These
modifications resulted in the generation of eight simulated numerical specimens, which
underwent non-linear analysis and were subsequently compared. In addition to preventing

shear diagonal failure at the rear of the column-transverse beam joint, the strengthened
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specimens improved lateral load capacity by 11 to 15%, energy absorption by 10 to 20%, and
energy dissipation by 2.2 times in comparison to the control specimens with the same
parameters. Furthermore, it was noted that augmenting the specific compressive strength of
concrete from 12 to 30 MPa resulted in a 31% average increase in lateral load capacity and a
46% average increase in absorbed energy. Conversely, an applied axial force that was doubled

caused an 11% average decrease in lateral load capacity.
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Figure 2.36. (a) Details of the reinforcement, (b) Strengthening application, (Farhang et al.,
2023).
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The reviewed studies highlight critical advancements, challenges, and trends in strengthening

exterior RC beam-column joints using various retrofitting techniques. Key takeaways include:
Common Retrofitting Methods:

e Externally Bonded (EB) FRP (e.g., CFRP sheets/strips) is widely adopted for its high
strength-to-weight ratio, corrosion resistance, and ease of installation, but faces

challenges like debonding and dependency on anchorage.

e Near-Surface Mounted (NSM) techniques (steel bars or FRP strips) improve flexural
capacity and ductility while minimizing member size changes, though they require

precise groove preparation.

e Hybrid EB+NSM systems show superior performance in restoring strength and
ductility compared to individual methods. However, studies on hybrid EB+NSM

applications for joints are still limited.
Performance Enhancements:

o Retrofitted joints exhibit 20-200% increases in load capacity, energy dissipation, and

ductility, with failure modes shifting from brittle joint shear to ductile beam hinging

e Anchorage innovations (e.g., EBROG grooves, FRP fans) mitigate debonding,

enhancing strain utilization.
Material and Practical Considerations:

e Low-strength concrete poses challenges but can be effectively retrofitted with multi-

layer CFRP or NSM steel.

o Steel reinforcements remain cost-effective for NSM due to ductility and availability,

while FRP offers lightweight alternatives.

2.7 SUMMARY
Based on the literature review and existing understanding of the seismic behaviour of shear-
deficient externally reinforced concrete beam-column connections, the following conclusions

can be made:
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Reinforced concrete beam-column joints in existing older buildings are particularly vulnerable
to shear failure when subjected to seismic activities. This vulnerability is well-documented
through a combination of experimental beam-column joint tests and post-earthquake field

reports, which consistently highlight the structural inadequacies in these critical regions.

Several crucial factors influence the performance of external reinforced concrete beam-
column joints, including the ratio of the axial load on the column to axial strength, the
compressive strength of the concrete, and the confinement supplied by the shear

reinforcement in the joint.

Existing reinforced concrete structures are often classified into three primary areas of
structural deficiency: columns, beams, and the integrated frame system that combines these
components. Every individual component provides a crucial function in maintaining the
stability and strength of a building, and any vulnerability in these areas may compromise the
overall structural integrity of the construction. Among these deficiencies, probably the most
widespread and critical problem is the absence of confinement in the beam column joint. The
primary cause of this particular deficiency can be attributed to the lack or inadequate

transverse reinforcement, such as stirrups or ties, which are crucial for providing confinement.

In order to improve the seismic performance of exterior RC beam-column connections, several
rehabilitation techniques, including steel and reinforced concrete jacketing, have been
explored and integrated into the construction process. These methods are called traditional
techniques and are associated with numerous difficulties in practical applications. These
retrofitting techniques are time-consuming, require a lot of labour, and lead to an increase in
the size of structural elements and gravity loads imposed on the building. Of the various new
methods reviewed, two methods stand out as worthy of further investigation. These are the
EB and NSM methods. Neither method is perfect because both methods have some

disadvantages and therefore need further research.

Both NSM and EB are effective in improving the seismic performance of beam-column joints,
especially in structures that were not originally designed to meet modern seismic codes;
however, NSM can suffer from inadequate bonding between the new reinforcement and the
concrete, while the EB method can suffer debonding/delamination of the FRP. There are few
studies on the use of these two methods together; and current research just presents the

results of experiments without suggesting a design method. In this thesis, a hybrid method is
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developed by combining EB and NSM methods to see if it can overcome these shortcomings
followed by a method of numerically simulating the behaviour of this type of joint and, hence

facilitating their design.
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CHAPTER 3. EXPERIMENTAL PROGRAMME

3.1 GENERAL
In the last chapter it was demonstrated that there are many buildings with inadequate seismic

resistance and that these buildings need to be strengthened using a retrofitting technique.

This chapter describes the experimental investigation conducted on exterior RC beam-column
connections that were exposed to cyclic loading in order to determine the optimal retrofitting
strategy. The equipment for testing and loading procedure, the properties of the materials
used in the construction and strengthening method, and the details on the manufacturing of
the beam-column joint specimens are provided. The instrumentation utilised for strain
measurement, global and local deformation, and load, as well as the equations employed to

analyse the experimental data, are also given in this chapter.

3.2 MATERIAL PROPERTIES

3.2.1 Concrete

This thesis focuses on old school buildings in Turkey and the specimens were designed
according to Turkish Earthquake Code (TEC 1998). According to current research, the concrete
strength in existing school buildings is below 20 MPa (Inel et al., 2008; Kanit and Altin, 2010;
Bilgin, 2015), but according to the TEC 1998, the minimum compressive strength of concrete
should be 20 MPa. In this study, the beam-column connection specimens were designed and
built with normal-weight concrete, targeting a concrete cylinder compressive strength of 20
MPa and using a maximum aggregate size of 20 mm as this represents the best baseline to

establish current capacity of these sorts of buildings.

Within the scope of this study, concrete was prepared in laboratory conditions and the
physical properties of aggregates need to be determined before designing concrete. In this
section, specific gravity, dry specific gravity, apparent specific gravity, and water absorption

rate of fine and coarse aggregates are calculated and sieve analysis is carried out.

3.2.1.1 Determination of physical properties of aggregates

EN 1907-6:2022 is a European standard that specifies the methods for determining the
physical properties of aggregates used in concrete design. Aggregates are a key component in
concrete, influencing its strength, durability, and overall performance. The physical properties
(mentioned above) of aggregates defined by this standard are essential in ensuring the quality

and performance of the concrete mix. The procedure outlined in the next paragraph was

59



followed for fine and sharp sand and the values obtained. The pycnometer method was used
to determine the physical properties of fine sand and sharp sand. The volume of the

pycnometer is 1000ml.

Samples of 500 grams of both fine materials were taken and soaked in water for 24 hours. The
excess water on the water saturated materials was removed and the material is saturated to
dry surface with the help of a dryer. Sufficiently dried fine aggregates were placed into the
cone-shaped container in 3 stages and 25 metal rod impacts were made at each stage. The
filled container was turned upside down and divided into two by tapping with a spatula. The
saturated material on the dry surface maintains its shape when the container is turned upside
down without the grains holding on to each other as required by the specification. There is
almost complete collapse, but the top is still visible, and the slopes have a specific angle. After
this procedure, the weight of the material saturated on the dry surface was measured (A). The
material is then placed in the pycnometer and water is added. The water and material were
thoroughly mixed with the help of a metal rod and the lid of the pycnometer was tightly
closed. Additional water was added to the pycnometer and wipe off the foam with a napkin.
At the end of these procedures, the weight of the pycnometer, water and material was
recorded (B). Then the pycnometer and the weight of the water were measured together (C).
Finally, the dry weight of the material was measured after 24 hours in the oven at (110 £ 5)°C
(D). Materials were measured using a Mettler PM4600 Deltarange Balance. The range of this
device is 0.01g for measurements of 600g and below and 0.1g for measurements above this
value. The weights for fine sand and sharp sand are given in Table 3.1 and Table 3.2
respectively. Some images of the test phase are shown in Figure 3.1. The same procedures
were repeated for the fine sand. Specific gravity, dry specific gravity, apparent specific gravity,
and water absorption rate can be calculated using Equation (3.1), (3.2), (3.3) and (3.4),
respectively. The physical property values obtained for fine sand and sharp sand were

illustrated in Table 3.3.

Specific Gravity = [A_(g_c)] (3.1)
Dry Specific Gravity = [A_(L;_C)] (3.2)
Apparent Specific Gravity = [D_(Z_C) (3.3)
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Water Absorption Rate = [%] x 100 (3.4)
Table 3.1. The weights of fine sand.
Material A B C D
Weight of Weight of
& '8 . Weight of
saturated & | pycnometer+saturated Weight of oven dr
v
) surface dry & surface dry fine pycnometer+water | y
Fine Sand i fine sand
fine sand sand+water
(g) (g) (g) (g)
484 1639 1341 477.97
Table 3.2. The weights of sharp sand.
Material A B C D
Weight of Weight of Weight of
saturated & | pycnometer+saturated Weight of oven dry
surface dry & surface dry sharp pycnometer+water sharp
Sharp Sand
sharp sand sand+water sand
(g) (g) (g) (8)
425 1597 1341 419

(a) Saturated sharp sand

Figure 3.1. Images of the test phase for sharp sand.
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(b) Saturated & surface dry sharp sand




i i

(c)P ter + wat (d) Pycnometer + saturated & surface dry
c) Pycnometer + water

sharp sand + water
Figure 3.1. Images of the test phase for sharp sand (continue).

Table 3.3. The physical property values obtained for fine sand and sharp sand.

Dry Specific Specific Apparent Water
Gravity Gravity Specific Gravity | Absorption Rate
Material
Ops Os ba S
kg/m3 kg/m3 kg/m3 %
Fine Sand 2570 2602 2656 1.26
Sharp Sand 2479 2515 2571 1.43

The following instruction was followed for coarse aggregate-1 and coarse aggregate-2 and the
values were obtained. Coarse aggregate-1 represents aggregates 10 mm gravel while coarse

aggregate-2 stands for aggregates 20 mm gravel.

Samples of 500 grams of both coarse materials were taken and soaked in water for 24 hours.
After the water in the aggregates was drained, their surfaces were dried properly with the
help of a napkin. After these procedures, the weight of the saturated surface dry aggregate in
air was measured first (W1). Then the weight of the saturated aggregate suspended in water
with the basket was measured (W;) and then the weight of the basket suspended in water
was measured (Ws3). Finally, the dry weight of the material was measured after 24 hours in the
oven at (110 = 5)°C (Wa). The weights for coarse aggregate-1 and coarse aggregate-2 are given
in Table 3.4 and Table 3.5 respectively. The same procedures were repeated for the coarse

aggregate-2. Specific gravity, dry specific gravity, apparent specific gravity and water
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absorption rate can be calculated using Equation (3.5), (3.6), (3.7) and (3.8), respectively. The

physical property values obtained for coarse aggregate-1 and coarse aggregate-2 were given

in Table 3.6.
Specific Gravity = [L] (3.5)
W1—(W2—W3)
o o W,
Dry Specific Gravity = [—Wl_(WZ_W3)] (3.6)
. Lo W,
Apparent Specific Gravity = —W4_(WZ_W3)] (3.7)
Water Absorption Rate= [W] x 100 (3.8)
4
Table 3.4. The weights of coarse aggregate-1.
Material W, W, W3 W,
Weight of )
Weight of ] )
saturated Weight of basket Weight of
saturated i
surface dry . suspended in oven dry
Coarse . suspended in
aggregate in . water aggregate
Aggregate-1 air water with basket
(8) (8) (8) (g)
500 367.12 68.14 486.2
Table 3.5. The weights of coarse aggregate-2.
Material Wi W, W3 W,
Weight of
g Weight of . .
saturated turated Weight of basket Weight of
saturate
surface dry . suspended in oven dry
Coarse ) suspended in
aggregatein . water aggregate
Aggregate-2 i water with basket
air
(8) (8) (8) (8)
500 375.08 68.14 488.36
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Table 3.6. The physical property values for coarse aggregate-1 and coarse aggregate-2.

- g Apparent
Dry Specific Specific Soecific Water
ifi
Gravity Gravity P . Absorption Rate
Material Gravity
Ops s ba S
kg/m3 kg/m3 kg/m3 %
Coarse Aggregate-1 2419 2487 2597 2.84
Coarse Aggregate-2 2530 2590 2692 2.38

3.2.1.2 Sieve analysis of fine and coarse aggregates

For the sieve analysis of fine and coarse aggregates to be used for the concrete designed

within the scope of this study, analyses were carried out in accordance with BS-1377-2-1990

regulation. Sieve sizes in accordance with this regulation were used during the analysis phase.

Sieve analysis results of aggregates used in concrete design are shown in Appendix-A Table

A1, Table A2, Table A3, Table A4 and granulometry curves are illustrated in Appendix-A Figure

A1, Figure A2, Figure A3 and Figure A4 for fine sand, sharp sand, coarse aggregate-1 and coarse

aggregate-2, respectively. In these granulometry curves, the log-10 scale is used only for the

X-axis. Furthermore, Figure 3.2 shows the sieve sizes used in the sieve analyses.

(a) Sieve sizes for fine aggregates

Figure 3.2. Sieve sizes for fine and coarse aggregates.

(b) Sieve sizes for coarse aggregates
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Within the scope of this thesis, TS 802-2016 regulation is used for concrete design and
calculations are made for C20 concrete. For the concrete to be used, D max is the maximum

aggregate size in the concrete and this value is determined as 20mm.

Determination of the percentage for the concrete mixture, suitable slump values, water
content value depending on the maximum aggregate size, water/cement ratio, and exposure
classes in the regulation were taken into consideration before the concrete design. All figures

and tables used in the concrete design phase are given in Appendix-A.

Within the scope of this study, it is aimed to design the compressive strength of concrete as
20 MPa. For this purpose, the target compressive strength (fom) for f=20 MPa was determined
as 26 MPa by using the Table A5. For the determination of the water cement ratio, the
water/cement ratio was calculated as 0.59 for fcm =26 MPa by using the Equation (3.9) below

in the non-air-entrained concrete graph using Figure A5.
The ratio of water/cement =y = 1,1318¢~0:025% (3.9)
where x refers to fem.

In Table A6, the slump value for columns, beams and reinforced concrete structures is given
as minimum 50 mm and maximum 100 mm. For this study, the slump value is targeted to be
between 80-100 mm and the amount of water was determined as 202 kg/m3 for the maximum

aggregate size of 20 mm (Dmax=20 mm) in Figure A6.

In order to determine the maximum water cement ratio and minimum amount of cement at
the concrete design stage, XC1 (due to carbonation corrosion) was selected for C20/25
concrete grade from the exposure class in Table A7 and the maximum water cement ratio was

determined as 0.70 and the minimum cement amount was determined as 250 kg.

In this study, another method for determining the amount of cement in concrete, the Graf
method, was utilized. The Graf formula is a formula that explicitly takes into account the effect

of the mechanical strength of the cement. This formula is shown in Equation (3.10).

fem = Jee (5)2 (3.10)

T Kg \w

In this formula, fecis the norm strength of concrete (N/mm?3), fom is the target compressive

strength, Cis the content of cement, W is the water content, the KG value varies between 4
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and 10 and is independent of the age of the concrete (Akman, 1990). The cement content was

found to be 361.35 kg by accepting a KG value of 4.

The amounts of fine and coarse aggregates in the mixture are determined with the help of
unit volume equation. The total volume of aggregates in the mixture (Vaggregate) is found. Fine
and coarse aggregates forming the mixture fine aggregates separately by using their % values
in the mixture (all-in-aggregate) volumes are determined. The volumes of the aggregates are
multiplied by their unit volume weights to determine their weights. Calculations 1 m3 made

for concrete which is given in Equation (3.11).
Veoncrete = Vcement + Vwater + Vaggregate + Vair=1 rTl3 (311)

The total air content for non-air entrained concrete corresponding to the maximum aggregate

size of the aggregates in Figure A7 was found to be 2%.
Air quantity in volume; 1m3 x % = 0.02 m3is considered.

For a 1 m3 concrete design, the cement volume is found to be 0.1147 m3 using the cement
specific gravity (6¢) of 3150 kg/m?3 for a cement content of 361.35 kg. Likewise, for the water
volume, the specific gravity of water (6w) is assumed to be 1000 kg/m3 and the volume of

water is calculated as 0.2020 m? for 202 kg.

Separate volumes of the fine and coarse aggregates that make up the aggregate were
determined. Using Equation (3.11), the equation to obtain the aggregate volume is written as

follows.
Vaggregate = 1 M3 - (Vcement + Vwater + Vair)
Vaggregate= 1 m3 = (0.1147 m3 + 0.2020 m3 + 0.02 m3)
Vaggregate = 0.6633 m3

Calculations were made to obtain the appropriate mixture in accordance with the data
obtained from sieve analysis. Cumulative passing of fine and coarse aggregates and
determination of the percentage for the concrete mixture are shown in Table 3.7 and Table

3.8, respectively.
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Table 3.7. Cumulative passing of fine and coarse aggregates.

Cumulative passing (%)

Sieve Size Coarse Coarse
Fine Sand Sharp Sand
Aggregate-1 Aggregate-2
28 100 100 100 100
20 100 100 100 82.13
14 100 100 100 39.42
10 100 100 92.16 4.49
6.3 100 100 37.32 0.17
5 99.89 99.50 20.49 0.02
3.35 99.20 92.80 6.97 0
2 98.48 80.76 3.13 0
1.18 97.89 71.37 1.65 0
0.6 86.59 59.30 0.13 0
0.425 64.67 53.04 0.05 0
0.212 16.97 30.92 0.04 0
0.15 7.50 17.45 0.03 0
0.063 0.08 0.48 0 0
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Table 3.8. Determination of the percentage for the concrete mixture.

Percentage
Fine Sharp Coarse Coarse Reached Value
Sieve Size
Sand Sand Aggregate-1 | Aggregate-2 for mixture
10 15 35 40 100
(mm) % % % % %
28 10 15 35 40 100
20 10 15 35 32.85 92.85
14 10 15 35 15.77 75.77
10 10 15 32.26 1.80 59.05
6.3 10 15 13.06 0.07 38.13
5 9.99 14.93 7.17 0.01 32.09
3.35 9.92 13.92 2.44 0 26.28
2 9.85 12.11 1.10 0 23.06
1.18 9.79 10.71 0.58 0 21.07
0.6 8.66 8.89 0.04 0 17.60
0.425 6.47 7.96 0.02 0 14.44
0.212 1.70 4.64 0.01 0 6.35
0.15 0.75 2.62 0.01 0 3.38
0.063 0.01 0.07 0 0 0.08

Accordingly, the granulometry curve of the mixture formed by using 10% fine sand, 15% sharp
sand, 35% coarse aggregate-1, and 40% coarse aggregate-2 by volume is within the limits of
use and close to the ideal granulometry which is shown in Figure 3.3. In addition, care should
be taken to ensure that the prepared mixing curve is between the 3rd and 4th zones. The

desired limits and the yellow line representing the granulometry of the mixture are presented

in Figure 3.4.
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Figure 3.3. Limits of the aggregate grain size distribution curve for concrete with aggregate
maximum grain size of 32.0 mm (31.5 mm) (TS 802, 2016).
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Figure 3.4. Limits of the aggregate grain size distribution curve and the granulometry of the
concrete mixture.

After determining the volume of aggregates in the concrete mixture, separate weights of the

fine and coarse aggregates that make up the aggregate are determined using Equation (3.12)
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and Equation (3.13). Dry weights of aggregate and dry surface saturation weights of aggregate

are depicted in Table 3.9 and Table 3.10, respectively.
Waggregate, DS = 6D5 X Vaggregate (312)
Waggregate, s = 65 X Vaggregate (313)

Table 3.9. Calculation of aggregate dry weights.

Material Weight of aggregates Unit
(Waggregate, DS)
Fine Sand 170.46 kg
Sharp Sand 246.64 kg
Coarse Aggregate-1 561.57 kg
Coarse Aggregate-2 671.25 kg

Table 3.10. Calculation of aggregate dry surface saturation weights.

Material Weight of aggregates Unit
(Waggregate, s)
Fine Sand 172.59 kg
Sharp Sand 250.22 kg
Coarse Aggregate-1 577.36 kg
Coarse Aggregate-2 687.16 kg

The amount of excess water is obtained using the water absorption rates for the weights
calculated for each aggregate using the data in Table 3.9. This calculated water should be
subtracted from the total amount of water used. Otherwise, the excess water will cause errors
in the calculation of the concrete mixture. The moisture content of the aggregates was
determined before casting and given in Table 3.3 and Table 3.6 on the previous pages and the

amount of excess water for 1 m* concrete was calculated and presented in Table 3.11.

Table 3.11. Calculation of water absorbed by fine and coarse aggregates for 1 m3 concrete.

Material Amount of water absorbed Unit

Fine Sand 2.15 litre
Sharp Sand 3.53 litre
Coarse Aggregate-1 15.94 litre
Coarse Aggregate-2 16.00 litre
Total Absorbed Water 37.62 litre
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As a result of the calculations and corrections, the quantities in Table 3.12 were obtained for
1 m3 concrete mixture. The water cement ratio for the concrete mix prepared for this study

was calculated as 0.56 (water=202/cement=361.35).

Table 3.12. Quantities for 1 m3 concrete mixture.

Quantity
Material Type
(kg/m3)
Cement Portland Cement 32.5R 361.35
Water City water 164.38
Fine sand Yellow building sand 172.59
Sharp sand Washed concreting sand 250.22
Coarse Aggregate-1 10 mm washed gravel 577.36
Coarse Aggregate-2 20 mm washed gravel 687.16
2213.07

3.2.1.3 Properties of cement
Portland Cement 32.5R (BS EN 197-1 CEM Il) was used in the mixtures. The physical, chemical,
and mechanical properties of the cement provided by the manufacturer are given in

Appendix-A Table A8.

3.2.1.4 Determination of mechanical properties of concrete
To assess the concrete properties, rectangular beam (100 mm x 100 mm x 500 mm) for the
tensile test and cylinders (100 mm diameter x 200 mm length) for the compressive test were

prepared and cured in the water container in the laboratory for seven days.

Tensile test of concrete : Many laboratory studies have evaluated the tensile strength of
concrete using three main methods: direct tensile tests; splitting tensile tests; and beam

flexural tests (Rashid et al., 2002 and Lu and Li, 2011). The methods are shown in Figure 3.5.
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(a) (b) (c)

Figure 3.5. (a) direct tensile test; (b) splitting tensile test; and (c) beam flexural test.

The tensile strength fc« can approximately be obtained by dividing the tensile strength values
obtained from the split cylinder test (f;tk) by 1.5 and the tensile strength values from the
flexural test result (f.,,) by 2.0 (TS 500, 2000). The relationship between the three methods

mentioned above is as follows;

o f_fa
¢tk =15 2

In this project, the beam flexural test method was used to obtain the tensile strength of

concrete.

Three-point bending test of concrete: Samples of concrete were tested in a three-point
bending test (see in Figure 3.6). The samples tested were 100 mm x 100 mm in cross-section
and 500 mm in length. The flexural tests were carried out in an Instron 5585H testing machine

at a clear span of 400 mm. The samples were constantly loaded at a rate of 1 mm/min.
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Figure 3.6. Three-point bending test of concrete.

According to the test results the bending strength was determined using Equation (3.14);

IY bey
fetr = — (3.14)
where Mb is the maximum bending moment (N), I is the area moment of inertia of cross-

section (mm#), and y is the vertical distance from the neutral axis to where the stress is being

calculated (mm).

During the concrete pouring process carried out within the scope of this thesis, 3 beam
samples were taken for each specimen, and the samples were cured in water for 7 days. All
samples were tested at the end of 28 days. All values after the test and the averaged values
are given in Table 3.13. In Table 3.13, the tensile strength of the concrete was calculated 1.80
MPa (average value obtained after 28 days) and the Coefficient of Variation (CoV) was

calculated 12.27%. Details of concrete tensile test values are given in Appendix-B.
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Table 3.13. The result of concrete tensile strength.

28-Day Result
(MPa)
ST11 2.16
Specimen-1 ST12 2.15 2.11
ST13 2.02
S121 1.69
Specimen-2 ST122 1.77 1.72
S123 1.7
ST31 1.68
Specimen-3 S§T32 1.38 1.59
ST33 1.72
ST41 1.75
Specimen-4 ST42 1.68 1.79
ST43 1.93
Average 1.80

Compression test of concrete: The compression tests were carried out using an Impact brand
automatic console cube and cylinder compression testing machine which is compression

range 0 to 2000 kN. The test equipment is shown in Figure 3.7.

Figure 3.7. The test equipment for concrete compression strength.

9 cylindrical samples (100 mm diameter x 200 mm length) were prepared for each specimen
in order to ascertain the compressive strength of concrete. The samples were then cured in
water for 7 days. The compressive strength of the concrete cylinder is illustrated in Table 3.14
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for the test day, 28 days, and 7 days. Details of concrete compressive test values are given in

Appendix-B.
Table 3.14. The result of concrete compressive strength.
7-Day Result 28-Day Result Test-Day Result
(MPa) (MPa) (MPa)

$11 | 13.14 S14 | 23.61 S17 24.23

Specimen-1 | S12 | 13.27 | 13.06 | S15 | 24.24 23.89 | S18 24.37 24.69
§13 | 12.76 S16 | 23.81 S19 25.47
521 12.5 S24 | 21.88 S27 22.65

Specimen-2 | S22 | 11.85 | 12.19 | S25 | 23.75 | 22.77 | S28 | 25.04 24.11
§23 | 12.22 526 | 22.68 529 | 24.63
$31 | 12.09 $34 | 21.27 S37 22.42

Specimen-3 | S32 | 12.95 | 12.60 | S35 | 22.08 | 21.91 | S38 | 24.56 23.88
$33 | 12.75 S36 | 22.38 S39 24.66
541 | 12.94 S44 | 23.33 S47 24.79

Specimen-4 | S42 | 12.66 | 12.56 | S45 | 24.33 | 23.60 | S48 | 24.62 24.71
543 | 12.09 S46 | 23.15 549 24.72

Average 12.60 23.04 24.35

In Table 3.14, the compressive strength of the concrete was calculated 24.35 MPa (average

value obtained on the test day) and the Coefficient of Variation (CoV) was calculated 1.72%.

In this study, a cylinder sample of concrete was tested to measure the strain of concrete. Two
strain gauges were attached to this specimen and the data was recorded on a computer during
the test. The data obtained as a result of the test and the graphs are shown in Appendix B
Figure B2. As a result of this test, the data obtained from the strain gauges were averaged

and the stress corresponding to the maximum stress was calculated as 0.00235 mm/mm.

3.2.2 Steel

Two different diameters of grade B420C deformed steel bars were used as longitudinal,
transverse, and u-shaped reinforcement. The transverse and u-shaped reinforcement bars
were 8 mm in diameter while 16 mm bars were used as longitudinal reinforcement. The
average values of yield strength (fsy), yield strain (&sy), ultimate strength (fs), ultimate strain
(esu) and elastic modulus (E;s) of the steel reinforcement obtained from three samples are given
in Table 3.15 and stress-strain curve for 8 mm and 16 mm steel reinforcement are illustrated
in Figure 3.8 (a) and (b), respectively. Details of steel reinforcement tensile test values are

given in Appendix-B.

75



Table 3.15. Steel reinforcement properties.

Bar size fsy Esy fsu Esu Esh E
mm MPa | mm/mm | MPa | mm/mm | mm/mm MPa
8 502 0.00249 578 0.103 0.0299 201283
16 471 0.00237 581 0.114 0.0218 198963
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Figure 3.8. Stress-strain curves: (a) 8 mm diameter rebars; (b) 16 mm diameter rebars.
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The tensile tests were carried out on an Instron testing machine with a capacity of 250 kN. The
samples were constantly loaded at a rate of 10 mm/min. An extensometer was used to obtain
the measurement of deformation (strain) values. The samples were 1000 mm length and
tested in accordance with 1SO 15630-1, ISO 6892-1, ASTM A370 and TS 708 standards. The test
set-up for 16 mm steel reinforcement and extensometer are shown in Figure 3.9 (a) and (b),

respectively.

_
[ oo

. Y
. EmNCIE

(a) (b)

Figure 3.9. (a) The test set-up of 16 mm steel rebar, (b) Extensometer.

3.2.3 Glass Fibre Reinforced Polymer

Glass fibre reinforced polymer (GFRP), consisting of a unidirectional woven glass fibre fabric,
SikaWrap® 930G, was utilised for strengthening. The manufacturer provides the following
properties: The tensile strength=1500 MPa, the tensile modulus of elasticity=70,000 MPa, the
strain (laminate elongation at rupture) = 2.14%, fabric width=600 mm, and the thickness of

the fibre fabric= 0.363 mm. Further information can be found in Appendix-C Figure C1.

3.2.4 Epoxy Resin
In this project, two different types of epoxies were used namely Sikadur®30 for NSM method
and Sikadur®300 for EB method. The properties given below for Sikadur®30 and Sikadur®300

were provided by the manufacturer.
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Sikadur®30 (Sika Corporation, Lyndhurst, NJ, USA), an epoxy adhesive, was used to bond the
retrofitting materials to the concrete substrate. Sikadur®30 has two components, namely
component A and component B. Component A is white in colour, while component B is black.
These two components are mixed in a ratio of 3:1 until a uniform light grey colour is achieved.
The density is 1.65 kg/L at 23°C after mixing. The compressive strength is 75 MPa, the tensile
strength is 26 MPa, the shear strength is 18 MPa, and tensile modulus of elasticity is 11,200

MPa, and modulus of elasticity in compression of the adhesive is 9,600 MPa.

Sikadur®300 an epoxy-based impregnating/laminating resin, was used in this project to bond
the retrofitting materials to the concrete substrate and SikaWrap® structural strengthening
fabrics. Sikadur®300 has two components, namely component A (resin) and component B
(hardener). Component A is amber in colour, while component B is pale yellow. These two
components are mixed in a ratio of 100:34,5 by weight. The density is 1.16 kg/L at 23°C after
mixing. The tensile strength= 45 MPa, tensile modulus of elasticity= 3500 MPa, flexural

modulus= 2800 MPa, and elongation at break of the adhesive= 1,5%.

Further information can be found in Appendix-C Figure C2 for Sikadur®30 and Figure C3 for
Sikadur®300.

3.3 DESCRIPTION OF TEST UNITS

A total of four full-scale exterior RC beam-column joint specimens were designed and
constructed according to TEC (1998). The column height is 1800 mm and the beam length
measured from the face of the column is 1500 mm. Both the column and the beam have cross-
sectional dimensions of 250 mm x 300 mm. The dimension of a typical specimen is illustrated
in Figure 3.10. These dimensions were chosen as they are the smallest sizes that could
realistically occur in a building (i.e. full-scale experiment) and small enough so they could be
tested in the Heavy Structures Laboratory at Newcastle university. All specimens were
designed without any transverse steel reinforcement in the joint region (see Figure 3.11). The
beam reinforcement comprises 3916 top and bottom longitudinal bars and ¢8/50/100 mm
transverse bars. The column reinforcement includes 6¢16 longitudinal bars and ¢8/50/100
mm transverse bars. The transverse bars spacing in beams and columns was determined as
100 mm. However, the spacing of the transverse rebars in the columns has been reduced to

50 mm to provide sufficient shear strength in the region where the support conditions will
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occur at the ends of the columns. Likewise, the transverse rebars spacing of the beams has
been decreased to 50 mm to supply adequate shear strength in the region where the load will
be given at the end of the beam. The concrete clear cover of columns and beams is 30 mm.
The 16 mm longitudinal steel rebars, the 8 mm transverse steel rebars and the U-shaped steel
rebars in the beams and columns all have a minimum yield stress of 420 MPa. Mechanical

characteristics of steel bars used in RC beam-column joints are presented in Table 3.15 above.

Anchorage is achieved by extending the reinforcing bars a distance of /, beyond the point of
maximum stress in the bar. This length, known as the development length, can be calculated
for deformed bars using Equation (3.15) in TS 500 (2000).

I, = (0.12 x Jfﬂ x ¢) (3.15)

ctd

When the above equation is applied for ¢16 and C20, the development length was calculated

as 701 mm and is shown in Appendix-D Table D1.

TEC (1998) regulation was used for the calculation of the anchorage length at the beam-
column junction. Formulas for minimum anchorage length values are shown in Appendix-D
Figure D1. In this study, the anchorage length was used as 754 mm and is shown in detail in
Appendix-D Figure D2. In addition, shear link spacing design and the capacity calculations of

the specimens using the XTRACT software for beams and columns are given in Appendix-D.

All the specimens have the same steel reinforcement detailing which is shown in Figure 3.11
and differ only in their retrofitting technique. The S1 specimen had no retrofitting and was
used as a control, while the S2, S3 and S4 specimens used different retrofitting techniques.

The retrofitting technique specifications for the specimens are outlined in Table 3.16.

Table 3.16. The retrofitting technique specifications.

Specimen Name Description Extra bars Wrap
S1 Control None None
S2 NSM method U-shaped steel bars None
S3 EB method None GFRP Sheet
S4 Hybrid method | U-shaped steel bars GFRP Sheet
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300

1800

300

1500

Figure 3.10. The dimension of a typical specimen (units are mm).
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Figure 3.11. Specimen’s dimension and details (units are mm).
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3.4 MANUFACTURE OF THE SPECIMENS

The four concrete beam/column test specimens were horizontally cast utilising a reusable
hardwood mould designed for efficient assembly and disassembly post-casting. The base and
sides of the mould were made from 18 mm hardwood plywood, with the sides supported by
47 mm x 100 mm rectangular wooden blocks (see Figure 3.12 (a)). The inside of the moulds
was then thoroughly coated with Ronseal Trade Polyurethane Varnish (see Figure 3.12 (b)).
The purpose of this is to ensure that the concrete is easily separated from the mould. After
that, the gaps between the plywood sheets were sealed using silicon to prevent bleeding of

concrete that may occur during casting.

The construction of the rebar cage of the columns and beams was performed separately.
Before tying the transverse and longitudinal reinforcements, they were bent in accordance
with the project (see Figure 3.12 (c) and (d)). To construct each reinforcing cage, the
longitudinal bars were connected to the two end transverse reinforcements and all necessary
transverse reinforcements were placed between them. The intermediate transverse
reinforcements were then tied to the longitudinal bars (see Figure 3.12 (e) and (f)). Next, the
beam cage was positioned perpendicular to the column cage in the joint area and tied
together (see Figure 3.12 (g)). Once the column and beam cages were joined into a single
beam-column joint reinforcement cage, strain gauges were instrumented to the steel bars
(see Figure 3.12 (h)). The locations of the strain gauges on the steel rebars and all the steps
involved in the application of the strain gauges are shown in Appendix-E Figures E1.
Afterwards, steel plates were placed on the top and bottom of the column (see Chapter 3.6).
In addition, steel hooks, two at the column ends and one at the beam end, were placed in the
steel cage prior to concreting to ensure proper handling of the test specimen (see Figure 3.12
(i) and (j)). Finally, commercially available spacers were utilised to ensure the appropriate
cover distance between the mould and the reinforcing bars. The concrete was poured and
subjected to mechanical vibration during the pouring process to eliminate voids (see Figure
3.12 (k)). Demoulding the specimen, specimens after casting, samples taken during the
concrete pouring process, and curing process of the samples are given in Figure 3.12 (l), (m),

(n)and (o), respectively.
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(e) Tying of the column reinforcements (f) Tying of the beam reinforcements

Figure 3.12. Details of beam-column joint specimens’ construction.
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(h) Installation of the strain gauges
(g) Combining column and beam
(Phases of the installation of strain gauges
reinforcements
were given in Appendix-E.)

(i) Column lower end detail (j) Column upper end detail
(sketch of the support details were given in  (sketch of the support details were given in

Chapter 3.6) Chapter 3.6)

je=n

(k) Pouring concrete (I) Demoulding the specimen

Figure 3.12. Details of beam-column joint specimens’ construction (continue).
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(n) Samples taken during the concrete

pouring process

(o) Curing process of the samples

Figure 3.12. Details of beam-column joint specimens’ construction (continue).
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3.5 STRENGTHENING APPLICATION

In this project, S1-Control had no retrofitting and acted as the control, while S2-NSM, S3-EB
and S4-Hybrid employed different retrofitting specifications. The schematic representation of
the specimens is shown in Figure 3.13. In addition, the shear capacity of the beam-column

joint calculated by theoretical approaches using these methods is given in Appendix-F.

S51-Control (Control Specimen) S2-NSM (NSM-Steel Method)

Unstrengthened Spccimcn Applicati{)n of NSM-steel
method to the beam-column
joint area

S3-EB (EB-FRP Method) S4-Hybrid (Hybrid Method)

Application of all GFRP sheets Application of both methods

to the beam-column joint area to the beam-column joint area
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H
1
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1

e
+
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2= 2t
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Figure 3.13. Schematic representation of the specimens.
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3.5.1 Application of NSM method

In the NSM-steel method, reinforcing bars were inserted into grooves cut into the concrete
cover of the beam-column connections and bonded with an epoxy adhesive filler. (The
groove's depth must be less than the cover to prevent damage to the existing reinforcement).
Within the scope of this project, implementation phases were followed in the dimensions
shown in Figure 3.14. Before the grooves are opened, reference drawings were made on the
concrete surface according to the dimensions shown in Figure 3.15 (a). Retrofitting started
with a cutting groove of 25 mm x 25 mm in the concrete cover of the specimens. In addition,
the groove's dimension was calculated as 3xdiamater of U-shaped bar (Hassan and Rizkalla,

2004). Furthermore, the distances between the grooves are based on Le Hoang et al. (2019).

The grooves were made using a special concrete saw with two diamond blades (Hilti DC-SE20
wall chaser which has a maximum cut depth of 40 mm and a maximum cut width of 46 mm)
in Figure 3.15 (b) and (c). A hammer and hand chisel were used to remove any remaining
concrete lugs and to roughen the surfaces of the grooves, as shown in Figure 3.15 (d). The
grooves were properly cleaned with a wire brush and a high-pressure air jet shown in Figure
3.15 (e) and (f). Steel bars were bonded to the concrete using epoxy resin. In this project,
Sikadur®30 (Sika Corporation, Lyndhurst, NJ, USA), an epoxy adhesive, was used to bond the
retrofitting materials to the concrete substrate. The mixing ratios and properties of this
product are described in detail below. To ensure the epoxy achieved full strength, the

specimens were allowed to cure for one week.

Sikadur®30 has two components, namely component A and component B. Component A is
white in colour, while component B is black illustrated in Figure 3.15 (g) and (h). These two
components were mixed in a ratio of 3:1 until a uniform light grey colour was achieved. The
density was 1.65 kg/L at 23°C after mixing. The bond strength according to DIN EN 24624
(1992) is 21 MPa with steel and 4 MPa with concrete. The compressive, tensile, shear strength,
and tensile modulus of elasticity and modulus of elasticity in compression of the adhesive are

illustrated in Table 3.17.

To ensure that the method was practical on site (i.e. the epoxy did not flow out of the grooves),
the specimen was lifted into its correct orientation before application of the epoxy. Firstly, the
groove was half-filled with epoxy and then the steel bar was placed inside the groove and

lightly pressed. This forced the epoxy to flow around the inserted steel bar. The position of
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the rebar was visually checked, and the rest of the groove was then filled with epoxy adhesive

filler and the surface was levelled see Figure 3.15 (i) and (j).
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Figure 3.14. The application plan of the NSM method.
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(a) The reference drawings before (b) Hilti DC-SE20 wall chaser and
cutting the grooves for the NSM diamond blades
method.

(c) Cutting grooves using reference  (d) Use a hammer and a hand chisel
drawings with Hilti DC-SE20. to remove any remaining concrete
lugs and to roughen the surfaces of

the grooves.

(e) Cleaning the grooves with a wire  (f) Cleaning the grooves with a high-
brush. pressure air jet.
Figure 3.15. The application process of the NSM method.
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(g) Component A, which is white in (h) These two components are

colour, is mixed with component mixed in a ratio of 3:1 until a
B, which is black. uniform light grey colour is

achieved.
TS

(i) Filling the grooves halfway with (j) Filling the groove with epoxy
epoxy and then inserting the steel  adhesive and levelling the surface.
bar into the groove and pressing it
gently.
Figure 3.15. The application process of the NSM method (continue).

Table 3.17. Properties of Sikadur®30 (at 23 °C) based on the product datasheets.

Characteristic Sikadur®30
Compressive strength (MPa) 75
Tensile strength (MPa) 26
Shear strength (MPa) 18
Tensile modulus of elasticity (MPa) 11,200
Modulus of elasticity in compression (MPa) 9,600
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3.5.2 Application of EB method

Two of the specimens were strengthened via bonding of FRP to the outside of the specimen.
The application process for this is given in Figure 3.16. Detailed information on this procedure
is given in Appendix-F (see page 271). Appendix-F gives detailed information about the
number of layers of fabrics, especially in the column-beam joints. For this study, the
application processes of GFRP fabrics were adopted from those in the literature (Zamani
Beydokhti and Shariatmadar 2016; Laseima et al. 2020). However, a simpler and more efficient
way was finally selected for the application of fibre-reinforced polymer (FRP) fabrics to
strengthen beam-column joints. The chosen method prioritizes speed and ease of installation,
making it highly suitable for situations where rapid retrofitting is needed, such as in post-

earthquake repairs or in projects where minimizing disruption to building occupants is critical.

Before the application of the FRP, the material in the form of fabric was cut in sizes suitable
for the areas where they will be applied in the specimens and made ready. The edges of the
members where the fibre polymer will wrap at 90° were rounded arc with a radius of 20 mm
to prevent stress concentration. The sharpness in the areas where the fibre polymer was
applied was smoothed and the surface was cleaned of dust with an air compressor. After
application, to ensure the epoxy achieved full strength, the specimens were allowed to cure
for one week. For this project, SikaWrap 930G (GFRP), consisting of a unidirectional woven
glass fibre fabric, was used because it is more accessible and economical compared to other
forms of advanced composites available. The tensile strength, the tensile modulus of

elasticity, tensile strain, and thickness of the fibre fabric are given in Table 3.18.

Table 3.18. Properties of SikaWrap 930G based on the product datasheets.

Characteristic SikaWrap 930G
Tensile strength (MPa) 1500
Tensile modulus (MPa) 70,000

Tensile strain (mm/mm) 0.0214
Thickness (mm) 0.363

Sikadur®300 an epoxy-based impregnating/laminating resin, was used in this project to bond
the retrofitting materials to the concrete substrate and SikaWrap® structural strengthening
fabrics. Sikadur®300 has two components, namely component A (resin) and component B
(hardener). Component A is amber in colour, while component B is pale yellow. These two

components were mixed in a ratio of 100:34,5 by weight. An electric single mixer (maximum
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300 rpm) with a spiral paddle was used to mix. Components A and B were continuously mixed
for 4 minutes until a uniform light-yellow colour was achieved. The density was 1.16 kg/L at
23°C after mixing. The tensile strength, tensile modulus of elasticity, flexural modulus, and

elongation at break of the adhesive are given in Table 3.19.
The application process of the EB-FRP method is shown in Figure 3.17.

Table 3.19. Properties of Sikadur®300 (7 days and 23 °C) based on the product datasheets.

Characteristic Sikadur®300

Tensile strength (MPa) 45

Tensile modulus (MPa) 3500

Flexural modulus (MPa) 2800

Elongation at break (%) 1,5
1st Step 2nd Step
Applying "L" shaped 3 layers of Applying 4 layers of GFRP sheets on
GFRP sheets to beam and column the side of the beam-column joint and

the back of the column

zzzzzz

e e

xxxxxxxxxxx

300
T
00
)
B

3rd Step 4th Step =
Applying 4 layers of GFRP sheets on Worapping 2 layers of GFRP sheets to the
the side of the beam-column joint upper and lower parts of the column

300

00

Figure 3.16. The application plan for the EB-FRP method (units are mm).
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Sth Step Final Step (EB-FRP Method)

Wrapping 2 layers of GFRP sheets Application of all GFRP sheets to
on the beam the beam-column joint area

Figure 3.16. The application plan for the EB-FRP method (units are mm) (continue).

The implementation steps shown in Figure 3.16 is an additive process. The final step is the

view after the EB method was applied.

(a) Rounding of the corners to (b) Removing dust from the surface
prevent stress concentration with an air compressor
Figure 3.17. The application process of the EB-FRP method.
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(d) Mixing Sikadur 300 adhesive
material

- o

(e) ApIicatio f the adhesive (f) Uniform distribution of the
material adhesive material

'8

(g) Application completed column-beam joint
Figure 3.17. The application process of the EB-FRP method (continue).

94



3.6 TEST SET-UP

Two separate forces were applied to the test rig. First, the column was exposed to a constant
axial load, and then a cyclic load was applied to the beam end. A hydraulic jack (see in Figure
3.18 (a)) with a capacity of 20 tonnes was used for the axial load. For the cyclic load, hydraulic
actuators of 50 tonnes and 20 tonnes capacity with + 150 mm stroke, shown in Figure 3.19 (a)
and (b), were used to apply pushing and pulling forces to the beam end. Figure 3.20 shows
schematic diagrams of the test setup.

As shown in Figure 3.21, a 20 mm thick steel plate was used at the upper and lower ends of
the column and 4 x 16 mm ribbed reinforcements were welded onto these steel plates. The
bottom plate onto which the column will be placed was previously prepared by wire electrical
discharge machining (EDM) technique to fit on a 50 mm diameter steel roller (see detail C in
Figure 3.21). The procedure for the top plate, see detail B in Figure 3.21, was repeated and
these plates were fixed with steel cages before pouring the concrete. Additionally, a steel
plate 20 mm thick, 600 mm long, and 250 mm wide was fixed to the strong floor for support
of the column bottom end (see detail C in Figure 3.21).

This study specifically examines the exterior column-beam joint regions on the ground floor
of an existing three-story school building designed according to TEC 1998. The beam-column
joints are critical structural elements, particularly in seismic zones, as they are prone to shear
and bond failures during earthquakes. Since school buildings must prioritize life safety,
assessing the performance of these joints is essential for evaluating the structure's seismic
resilience. The ground floor was selected for analysis because it typically experiences the
highest seismic demands due to its position at the base of the structure. Exterior joints are of
particular concern because they often lack the confinement provided by adjacent structural
elements (unlike interior joints), making them more vulnerable to damage. By focusing on this
region, the study aims to identify potential weaknesses in shear resistance, and reinforcement
detailing common issues in Turkish construction.

In the experimental setup, a hydraulic jack (Enerpac brand) which was being controlled by the
Enerpac ZE40 hydraulic power pack (see in Figure 3.18 (b)) was utilized to apply a constant
axial compressive load of 168 kN to the column. This load was carefully selected to simulate
the service-level gravitational load that the ground-floor column would typically experience in
the actual three-story school building. The magnitude of 168 kN corresponds to the

cumulative dead and live loads transferred from the upper floors (second and third levels)
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onto the column, representing realistic structural demands under normal operating

conditions.

The ultimate capacity of the column is derived by summing the individual capacities of the

concrete section and longitudinal steel and it can be calculated using Equation (3.16).

N = (fck X Ag) + (fyk X Ast) (3.16)

where, fo« denotes characteristic compressive strength of the concrete (measured on
cylinders), Ag signifies the gross cross-sectional area of the column, fy stands for the
characteristic yield strength of the longitudinal reinforcement, A indicates total cross-
sectional area of the longitudinal steel.
When calculating the column capacity using Equation (3.16) below, the bearing capacity of the
reinforcement can be neglected since it is quite low compared to the concrete, and only the
effect of the concrete was calculated in this study. In this project, approximately 10% of the
column capacity was tried to be used, but the hydraulic oil pump used could be adjusted to
168 kN and this value was approximately 9.74%.

N =9.74% X% (23MPa x (250mm X 300mm)) = 168000 = 168 kN
In this calculation, for f;, the 28-day average compressive strength (23 MPa (see Table 3.14))
was used while A;(250mm x 300mm) was obtained by multiplying the width and length of
the column.
During the test, the hydraulic pump (see in Figure 3.18 (b)) was set to provide constant oil
pressure to the actuator, and therefore a constant load was subjected to the column. To
ensure that this was the case, the pressure in the hydraulic unit was measured with a bourdon
gauge.
For the cyclic loading applied to the beam end, manual operation of the hydraulic pumps was
employed to apply push and pull forces. The loading was stopped upon reaching the target
displacement value for each cycle, which was precisely monitored using Linear Variable
Differential Transformers (LVDTs) installed at the beam end. Throughout the test, load cells
mounted on the pump ends enabled real-time load measurement, while the LVDTs provided
continuous displacement monitoring. All measurement data, including both load and
displacement values, were recorded simultaneously in a computerised data acquisition
system for subsequent analysis. In addition, the connection at the beam end is illustrated in

Figure 3.22.
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(b)

Figure 3.18. (a) Hydraulic jack was used to impose an axial load on the column, (b) Hydraulic
power pack.

(b)
Hydraulic actuator with 50 tonnes Hydraulic actuator with 20 tonnes
capacity capacity
Figure 3.19. Hydraulic actuators used to apply cyclic loading at the beam end.

97



Axialload

Push ™ s
Pull . '
Laat .

— _u..o.-luu_mmum.u. o .
A0V 28 NNEIPA H LOAT yomman aneapiy |[[* : 00
SaUU01 O¢ 2 sauuol ) T £
Bgemazeza., | | M
. ©
2
1 g
.m . [

=
> I S
=] | |
N = o
e 4
= 3
- O =
- 8
= =
s I m
AP =
: B . ]
" ' o
el neIpAH [Faamamm=n X
SIUD0L. (L § N S
_|_ ~N
= LLmnjoy ‘o8 ™
: T S
i ' o0
W m*mﬁ.!m.!u. . L

a H N
~

98



Loading Plate
300 %250 20

— 1
M I~
M~ P
A A
Support Plaie
Suppaort Plate 300x230 %20
600 250 = 20
= —
' N | Strong floor | o
Front View Side View
75 75 300 75 75 73 150 75
[ 1 » || [ ]
n wn
o / o (=2 = =
= E-%;s gl & &
I o o = -
" 7 =~ [ ®
70

A-A Crosssection

300

Plate Detail

Detail of B

Detail of C

Figure 3.21. Top and bottom support details of the column (units are mm).
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Figure 3.22. Details of the beam end loading plates (units are mm).

In addition, detailed drawings of the test frames are presented in Appendix-G Figure G1,

Figure G2, and Figure G3.

The upper end of the column was restricted from horizontal movement, while rotation was
permitted (Ux = U, = 0). The lower end, the column was restrained from both horizontal and
vertical movement, but rotations were allowed, creating hinged boundary conditions (Ux = Uy

= U; =0). The column ends are illustrated in Figure 3.23.
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(a) (b)

Column bottom end Column top end

Figure 3.23. Column ends.

3.7 LOADING PROTOCOL
The control specimen (and subsequent specimens before retrofitting) was designed to
undergo shear failure within the joint, without reaching the maximum bending capacity of the

beam section.

Testing shear-deficient beam-column connections, according to Wong (2005), requires the
implementation of displacement control based on the inter-story drift ratio. One benefit of
employing drift ratio-based displacement control is that it permits assessment of the shear
capacity of a joint long after joint shear fractures have formed in both diagonal directions,
without causing substantial joint strength degradation caused by excessive cyclic loading.
According to the recommendation in ACI 374.2-13 clause 5.2, it is adequate to undergo a
minimum of two cycles at each deformation level in order to cause damage proportional to
the number of cycles at a particular drift level. In addition, average loading rates were of the
order of between 1 cycle per minute for low loads to 1 cycle per 3 minutes for higher loads in

this study.

In this study, displacement was gradually increased to reach specific inter-story drift ratios of
0.015%, 0.023%, 0.077%, 0.15%, 0.23%, 0.39%, 0.62%, 0.92%, 1.54%, 2.31%, 3.85%, 4.62%,
5.77%, 6.54%, and 7.31%, as shown in Figure 3.24. The inter-story drift ratio given above is

calculated using Equation (3.16) with the distance L being 1300mm (see Figure 3.11).

Inter-story drift ratio=6 /L (3.16)
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where 6 is the vertical displacement of the beam-end and L is the distance from the loading
point to the column face (L= 1300 mm). In addition, the displacement values at the point of

loading for each cycle are given in Table 3.20.
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Figure 3.24. Loading history (a) Displacement (mm), (b) Drift level (%).
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Table 3.20. The displacement values for each step.

Step Displacement (mm) Step Displacement (mm)
0 0 31 12
1 0.2 32 -12
2 -0.2 33 20
3 0.2 34 -20
4 -0.2 35 20
5 0.3 36 -20
6 -0.3 37 30
7 0.3 38 -30
8 -0.3 39 30
9 1 40 -30

10 -1 41 50
11 1 42 -50
12 -1 43 50
13 2 44 -50
14 -2 45 60
15 2 46 -60
16 -2 47 60
17 3 48 -60
18 -3 49 75
19 3 50 -75
20 -3 51 75
21 5 52 -75
22 -5 53 85
23 5 54 -85
24 -5 55 85
25 8 56 -85
26 -8 57 95
27 8 58 -95
28 -8 59 95
29 12 60 -95
30 -12 61 0

Ong et al. (2022) indicated that the loading can be applied either at the end of the column or
the end of the beam (see in Figure 3.25). By applying load at the tip of the beam, it is possible
to eliminate the need to consider the P-A effect on the flexural requirement of the beam-
column joint. The experimental study conducted by Adibi et al. (2017) revealed a significant
P-A effect in the load-displacement curves of both the beam-column joints with and without
retrofitting. Nevertheless, the testing process will become excessively intricate to account for
the P-A effect, as it would necessitate the use of a horizontally moving and consistently vertical

hydraulic jack at the top of the column within the testing frame (Ruiz-Pinilla et al., 2017). Due
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to its insignificance when a low axial force is applied to the end of a column or when specimens
have low column slenderness, the P-A effect is generally disregarded in most testing
procedures of the external joints. The differences in the improvement of the seismic
characteristics between the presence of the P-A effect and its absence is minor, as confirmed

by Adibi et al. (2017).

(a) (b)
Figure 3.25. Drift of the exterior and corner joint under cyclic loading: (a) on beam; (b) on
column (Ong et al., 2022).
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3.8 DATA ACQUISITION SYSTEM

Before the test, the measurements of all strain gauges (10mm, 120 ohm, 2.02 gauge factor
from Micro Measurements), LVDTs (LSC series and Penny and Giles brand), and load cells
(Sensotec 150k) were connected to a National Instruments NI 9219 module in a NI cDAQ-9178
chassis. Throughout the test, the data was then logged simultaneously using National
Instruments LabView software with a sample rate of 1 Hz and was synchronised using time
stamps. The purpose of installing the instruments was to quantify the strain and

displacements that were generated.

3.8.1 Installation of Strain Gauges on Reinforcing Bars

Strain gauges were installed to two longitudinal bars situated on one side of the beam and
column to quantify the strain variation. In addition, one strain gauge was affixed to one side
of the stirrup on the beam. Additionally, for Specimen 2, three additional strain gauges were
implemented on one side of the U-shaped steel. Figure 3.26 depicts the positioning of strain
gauges. Figure 3.26 (a) refers to Specimen 1, 3 and 4 while Figure 3.26 (b) represents to
Specimen 2. The application steps of the strain gauges are shown visually in Appendix-E Figure

El.

SGO1 6 scoz& 5G05 SGO1 # Sggg* SG05

SGO7

SGO3 ' 5004' SC0g SGO3

(a) Specimen 1,3 and 4 (b) Specimen 2

Figure 3.26. The locations of the strain gauges on the steel rebars.

Before the strain gauges were implemented to the reinforcement rebars, the existing cables

on the strain gauges were replaced with Teflon cables (330-FTE 100' STD SILVER-PLATED CU
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TWISTED WIRE) that are resistant to the heat of concrete hydration and water in the concrete.

Moreover, the cable joints were protected with a heat shrink.

M-Prep conditioner A, M-Prep neutralizer 5A, 200 Catalyst, M-bond 200 Adhesive, and M-Coat
JA used for bonding the strain gauges are illustrated in Appendix-E Figure E2 and Figure E3,
respectively. In addition, the properties of the strain gauge (C4A-06-125SL-350/29P) used in
this study are shown in Appendix-E Figure E4.

Each specimen was equipped with LVDTs at four different locations to monitor displacement.
Two LVDTs (LSC series brand) were placed on the top and bottom surfaces of the column end
(x-axis direction), while two LVDTs (Penny and Giles brand) were installed on the top and

bottom of the beam end (y-axis direction). All LVDTs are shown in Figure 3.27 and Figure 3.28.

(a) LVDT location at the top surface of (b) LVDT location at the bottom
the column surface of the column
Figure 3.27. The locations of the LVDTs on the column’s top and bottom end.
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(a) LVDT location at the top of the (b) LVDT location at the bottom of the
beam beam

Figure 3.28. The locations of the LVDTs on the beam end.

3.8.2 Installation of Target Points and Cameras

Six different cameras (4 x Canon EOS 6D Mark Il (6240 x 4160 (26.2 effective megapixels)),
Canon EOS 700D (5184 x 3456 (18.0 effective megapixels)), Canon EOS 50D (4752 x 3168 (15.1
megapixels)), and Canon EOS 4000D (5184 x 3456 (18.0 effective megapixels))) were used
during the experiments to accurately investigate the deformations. In addition, fixed target
points were determined and marked before the experiments. After the specimen to be tested
was prepared, target points were installed at specific points on the specimen. The positions
of these target points were determined and noted using Leica Geosystems TS07 shown in
Figure 3.29 (a). Two total stations were utilised to check the target points for each side of the
specimen in this project.

During the experiment, the cameras were positioned around the specimen under test where
the best view could be obtained. A full circle of photographs around the specimen were taken
before the start of the experiment, every 20 cycles and at the end of the experiment. In all
other steps, photographs were taken of a single face (see Figure 3.29 (b)) and saved on the SD
card inside the cameras. Care was taken to ensure that fixed target points and variable target

points on the test specimen remained in the frame of the photograph.
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(a) (b)
Figure 3.29. (a) Checking target points using Leica Geosystems TS07; (b) The locations of the

cameras.

3.10 SUMMARY

In this section, the experimental setup used to investigate the seismic performance of exterior
RC (reinforced concrete) beam-column joints subjected to cyclic loading is described in detail
and design calculations of the joint shear capacity are presented. These specimens were

designed considering typical beam-column connection details as specified in TEC, 1998.

The materials used for the specimens, such as concrete, steel, glass fibre reinforced polymer

(GFRP) and epoxy resin, are described in detail.

Four identical specimens were prepared for this study, one control specimen and three
reinforced specimens. The other three identical specimens were strengthened with two
strengthening technologies adapted from promising technologies described in the literature,
and the characteristics of the strengthening techniques used were described. These are the
Near Surface Mount (NSM) method, in which steel bars are embedded in grooves drilled in
the concrete, the Externally Bonded (EB) method, which involves the application of GFRP

sheets and a hybrid of the two.

The test setup in which specimens were subjected to a combination of axial loading and
reverse cyclic loading is described in detail. The loading protocol is described in detail,
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including displacement levels and drift ratios. It also covers the instrumentation used during
the test, such as strain gauges attached to the reinforcing bars, target points, and cameras

used to record deformations.

In the next chapter, an experimental protocol was developed, and all specimens were tested,

and the results are presented.
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CHAPTER 4. EXPERIMENTAL RESULTS

4.1 GENERAL

This chapter provides the experimental findings of beam-column junctions in both
unreinforced and reinforced concrete junctions. The report includes the damages identified
and the propagation of damage observed during the testing. The displacement data used in
the calculations presented in this section are the data collected during the experiment from
the displacement meters (LVDTs) placed on each specimen. These displacement data are given
below in response to the load acting on the beam end. The specimens are examined to
compare their performance and determine the effect of the suggested strengthening method
by assessing the strength, stiffness, ductility ratios, energy dissipation characteristics, and

strain measurements at critical locations in the joint area.

4.2 ANALYSIS OF TEST RESULTS

4.2.1 Crack Propagation and Strength

Analysis of Crack Propagation:

Damages in the specimens are generally determined by measuring the width of the cracks in
the joint or beam. For each specimen, crack measurements were performed during the
experiment after each step. Crack measurements could not be performed in cases where the
joint region had completely disintegrated (high drift ratios). For the different experiments,
cracks in the push direction (positive direction) are marked in red, and cracks in the pull
direction (negative direction) are marked in blue e.g., Figure 4.1 (h). At the end of each loading
step, the experiments were paused, and the measurements were repeated. During the
experimental pause, the specimens did not show any signs of relaxation. The values measured
in these analyses are the distances perpendicular to the crack width for the largest width along
that crack. Damage assessment was investigated after the step at which the first crack started
and the damage in the first cycle was analysed for each drift ratio. These cracks are labelled
with the name of the step at which the crack occurred and are presented in crack diagrams
with their corresponding widths. For specimens S1 and S2, damages at the beam-column joint
were considered, while for specimens S3 and S4, damages on the whole beam were focused.
The cracks are drawn to approximate scale. Since the crack measurements were terminated
at 4.62% drift ratio and beyond, only the cracks are shown in the drawings without the crack

names.
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Below, drawings and photographs are shown for each specimen, S1-Control, S2-NSM, S3-EB

and S4-Hybrid respectively, and the crack values measured on the drawings are shown.
Damage Investigations of S1-Control Specimen:

When the damage diagrams of the first specimen were examined, the first hairline cracks were
detected at a 0.23% drift ratio in the push direction in the joint region. At a 0.39% drift ratio,
it was observed that hairline cracks were formed in both push and pull directions in the
corners where the beam and the column were joined in the joint region. At a 0.62% drift ratio,
crack formation continued where the beam was connected to the column, and had a width of
0.4 mm. At a 0.92% drift ratio, shear cracks of approximately 45 degrees started to form in the
beam-column joint area, and it was observed that both push and pull bending cracks were
formed on the beam at the same drift ratio. At a drift ratio of 1.54%, intersecting shear cracks
were observed in the joint area, and the width of the shear crack in the pushing direction was
1.15 mm in the area where the beam was connected to the column. For the same drift ratio,
it was observed that additional flexural cracks formed on the beam. At a 2.31% drift ratio, the
shear cracks in the joint area were observed to progress, and the width of the crack formed in
the previous drift ratio in the push direction at the connection of the beam to the column was
measured at 1.3 mm. In addition, the crack number 29 at the beam-column junction was 0.5
mm. When the specimen was examined at a 3.85% drift ratio, it was found that severe crack
damage had started to occur in the junction area, and this value was 2.3 mm. In addition,
cracks numbered 33 and 39 in the upper corner where the beam is connected to the column
were measured as 1.15 mm and 1.75 mm, respectively. For drift ratios of 4.62%, 5.77%, and
6.54%, it was observed that serious deformations occurred both in the areas where the beam
was connected to the column and in the beam-column joint area. Damages such as the
disintegration of concrete on both sides of the specimen and the formation of severe cracks

on the back face of the column had started.

Figure 4.1 provides damage photographs and drawings of the S1-Control specimen for drift
ratios of 0.23%, 0.39%, 0.62%, 0.92%, 1.54%, 2.31%, 3.85%, 4.62%, 5.77%, and 6.54%.
Moreover, Figure 4.2 displays post-test photographs of the S1-Control specimen to provide a

clearer understanding of the damages.
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(b) Drift ratio: 0.39%, Displacement: 5 mm

Step 25 :0.40 mm

(c) Drift ratio: 0.62%, Displacement: 8 mm

Figure 4.1. Crack propagation of the S1-Control for each drift ratio.
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Step 25: 0.40 mm

Step 25:0.40 mm
Step 33:1.15mm

Step 29 :0.50 mm
Step 33 :1.15mm
Step 37:1.30 mm

Step 29:2.30 mm
Step 33:1.15mm
Step 39:1.75mm

(g) Drift ratio: 3.85%, Displacement: 50 mm

Figure 4.1. Crack propagation of the S1-Control for each drift ratio (continue).
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(j) Drift ratio: 6.54%, Displacement: 85 mm

Figure 4.1. Crack propagation of the S1-Control for each drift ratio (continue).
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(c) (d)

(e) (f)

Figure 4.2. End of experiment pictures of S1-Control.
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Damage Investigations of S2-NSM specimen:

When the damage diagrams of the second specimen strengthened with the NSM technique
were examined, the first hairline cracks were detected in the beam region in the pulling
direction at a 0.39% drift ratio. At a 0.62% drift ratio, crack formation continued in the region
where the beam was connected to the column, and at the same drift ratio, it was observed
that flexural crack number 25 had formed on the beam. At a 0.92% drift ratio, the length and
width of the cracks formed at the previous drift ratio remained constant, but flexural cracks
were observed to form on the beam in both pushing and pulling directions. 1.54% and
2.31% shear cracks were observed in the joint area, and cracks with a width of 0.3 mm in
pushing and 0.6 mm in pulling were observed in the area where the beam was connected to
the column. For the same drift ratio, extra flexural cracks were observed on the beam. When
the specimen with a 3.85% drift ratio was examined, it was observed that the shear cracks
continued to progress slightly in the joint area. However, in the region where the beam is
connected to the column, it was observed that the crack number 23 reached 1.3 mm in the
pushing direction. In addition, severe cracks were observed, especially on the beam at the end
of the reinforced area, and this value was calculated as 5 mm (crack number 37). When the
damages occurred at 4.62%, 5.77%, and 6.54% drift ratios were carefully examined, it was
observed that no serious deformations occurred in the beam-column joint area. This study did
not observe the damage between concrete and epoxy reported in the literature. Conversely,
the epoxy and concrete worked well together, and no separation between the surfaces was
observed. At these drift ratios, it is clearly seen that the damage is transferred from the beam-
column joint to the beam. Damage such as spalling and rupture of concrete, especially on the
beam, occurred on both sides of the specimen. In addition, at the end of the experiment, it

was determined that a concrete rupture and serious cracks occurred behind the column.

Damage photographs and drawings of the S2-NSM specimen are shown in Figure 4.3 for
0.39%, 0.62%, 0.92%, 1.54%, 2.31%, 3.85%, 4.62%, 5.77%, and 6.54% drift ratios. Furthermore,
for specimen S2-NSM, post-test photographs are given in Figure 4.4 which clearly show that
damage occurred in the concrete (rather than the concrete epoxy interface) and therefore did
not lead to debonding of the retrofitted reinforcing bars within the connection as reported in

the literature.
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(c) Drift ratio: 0.92%, Displacement: 12 mm

Figure 4.3. Crack propagation of the S2-NSM for each drift ratio.
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(f) Drift ratio: 3.85%, Displacement: 50 mm

Figure 4.3. Crack propagation of the S2-NSM for each drift ratio (continue).
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(i) Drift ratio: 6.54%, Displacement: 85 mm

Figure 4.3. Crack propagation of the S2-NSM for each drift ratio (continue).

119



(d)

(c)

Figure 4.4. End of experiment pictures of S2-NSM.
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Damage Investigations of S3-EB specimen:

When the damage diagrams of the third specimen strengthened with the EB technique were
examined, the first hairline cracks were detected at a drift ratio of 0.92% in the push direction
on the beam. Flexural cracks formed on the beam in both push and pull directions at a drift
ratio of 1.54%. At a 2.31% drift ratio, in addition to the cracks formed at the previous drift
ratio, it was determined that cracks started to form on the beam near the area where the
retrofit ended. When the specimen with a 3.846% drift ratio was examined, it was observed
that a serious crack with a width of 2 mm (crack number 41) was formed at the top of the
beam in the push direction. 4.62%, 5.77%, and 6.54% drift ratios, no deformations were
observed in the beam-column joint area. At a 7.31% drift ratio, severe damages such as
disintegration and rupture of the concrete on the beam occurred on both sides of the
specimen. Additionally, when the specimen was carefully examined after the experiment, it
was found that the beam reinforcement was deformed due to bending in the beam area
where the At a 2.31% drift ratio, in addition to the cracks formed at the previous drift ratio, it
was determined that cracks started to form on the beam near the area where the retrofit
ended. The EB technique used for the third specimen was found to be particularly effective in
the beam-column joint area. It was observed that the damage transferred from the beam-
column joint to the beam at the end of the retrofit. In addition, as a result of the examination
made at the end of the experiment, it was determined that there were tears in the GFRP fabric

at the top and bottom of the beam at the end of the retrofit.

Figure 4.5 presents damaged images and sketches of the S3-EB specimen at various drift
ratios: 0.92%, 1.54%, 2.31%, 3.85%, 4.62%, 5.77%, 6.54%, and 7.31%. Furthermore, to
enhance comprehension of the extent of damage to specimen S3-EB, visual documentation of

the specimen post-test is presented in Figure 4.6.
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(c) Drift ratio: 2.31%, Displacement: 30 mm

Figure 4.5. Crack propagation of the S3-EB for each drift ratio.
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Step 41:2.0mm

(f) Drift ratio: 5.77%, Displacement: 75 mm

Figure 4.5. Crack propagation of the S3-EB for each drift ratio (continue).
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(h) Drift ratio: 7.31%, Displacement: 95 mm

Figure 4.5. Crack propagation of the S3-EB for each drift ratio (continue).
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Figure 4.6. End of experiment pictures of S3-EB.
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Damage Investigations of S4-Hybrid specimen:

When the damage diagrams of the fourth specimen reinforced with the NSM+EB technique
were examined, the first hairline cracks were detected at a 0.92% drift ratio in the push
direction on the beam. At the 1.54% drift ratio, it was observed that flexural cracks occurred
on the beam in both pushing and pulling directions. At a 2.31% drift ratio, in addition to the
cracks formed at the previous drift ratio, it was determined that cracks started to form on the
beam near the area where the retrofit ended. Examining the specimen with a 3.85% drift ratio
revealed the formation of a serious crack at the top of the beam in the pushing direction,
measuring 3 mm in width (crack number 41). 4.62% and 5.77% drift ratios, no deformations
were observed in the beam-column joint area. At the 5.77% drift ratio, serious damages such
as disintegration and rupture of the concrete on the beam occurred on both sides of the
specimen. The S4-Hybrid specimen had a safety issue due to the torsion that occurred during
loading at the end of the beam during the test phase. Therefore, it could not reach high drift
ratios as in the other specimens. Therefore, the experiment was stopped, and the available

data were analysed.

When the specimen was carefully examined after the test, it was found that the beam
reinforcements were deformed due to bending in the beam area where the retrofit ended. In
the hybrid method used for the fourth specimen, it was found that similar damages occurred
as in the third specimen, and therefore the EB technique was more effective. In addition, this
specimen did not develop the damage that occurred in the second specimen reinforced with
NSM. It was found that the combination of NSM and EB techniques prevented the damage in
the beam-joint area and transferred all the damage to the beam. Moreover, the inspection
conducted after the experiment revealed the presence of tears in the GFRP fabric located at

both the top and bottom of the beam where retrofit was applied.

Damage photographs and drawings of the S4-Hybrid specimen are given in Figure 4.7 for
0.92%, 1.54%, 2.31%, 3.85%, 4.62%, and 5.77% drift ratios. In addition, for a clearer
understanding of the damage of the S4-Hybrid specimen, photographs of the specimen after

the experiment are shown in Figure 4.8.
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(c) Drift ratio: 2.31%, Displacement: 30 mm

Figure 4.7. Crack propagation of the S4-Hybrid for each drift ratio.
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Step 41:3.0 mm)

(f) Drift ratio: 5.77%, Displacement: 75 mm

Figure 4.7. Crack propagation of the S4-Hybrid for each drift ratio (continue).
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Figure 4.8. End of experiment pictures of S4-Hybrid.
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Strength of the Specimens:

In this section, the load-displacement results of the specimens are presented. For each
specimen, envelope curves were prepared and analysed using the displacement values at the
loading point at the end of the beam and the loads corresponding to these values. The loads
were obtained from the load cells connected to the end of the pumps and recorded on a
computer throughout the experiment. The failure mechanisms, damage conditions and crack
development of the specimens will be discussed in the following sections. In the graphs
presented in this section, the horizontal limits expressed by the dashed line indicate the load
required for the beam to reach the yield moment. This yield moment was calculated

theoretically and is given in Appendix-D (page 251).

The load-displacement graph and envelope curve of the first specimen (S1-Control), which is

also described as the reference specimen, are given in Figure 4.9 and Figure 4.10.
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Figure 4.9. Hysteresis curves of the S1-Control.

In Figure 4.10, the red continuous line represents the envelope curve in the direction of

pushing while the blue line stands for the envelope curve in the direction of pulling.
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Figure 4.10. Envelope curves of the S1-Control.

When the test results of the first specimen (S1-Control) was analysed, the load capacity (max
load) of the specimen was measured as 50.8 kN at 42.2 mm displacement (3.85% drift ratio)
in the push (positive) direction and 46.8 kN at 42.5 mm displacement (3.85% drift ratio) in the
pull (negative) direction. In the second cycle (60 mm displacement), the highest load obtained
was 24.0 kN at 64.6 mm displacement (4.62% drift ratio) in the push (positive) direction and
25.8 kN at 64.1 mm displacement (4.62% drift ratio) in the pull (negative) direction. Between
the cycle when the specimen reached the maximum load and the second cycle, the decrease
in strength was about 52.7% in the positive direction and about 44.9% in the negative
direction. During the experiment, it was observed that the load required for the beam to reach
the theoretically calculated yield moment was reached in the pushing direction but not in the

pulling direction.

The load-displacement graph and envelope curve of the second specimen (S2-NSM) are given

in Figure 4.11 and Figure 4.12.
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Figure 4.11. Hysteresis curves of the S2-NSM.

In Figure 4.12, the red continuous line represents the envelope curve in the direction of

pushing while the blue line stands for the envelope curve in the direction of pulling.
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Figure 4.12. Envelope curves of the S2-NSM.

When the test results of the second specimen (S2-NSM) was analysed, the load capacity of the

specimen was measured as 57.4 kN at 34.4 mm displacement (3.85% drift ratio) in the push

(positive) direction and 53.9 kN at 37.6 mm displacement (3.85% drift ratio) in the pull



(negative) direction. In the second cycle of 60 mm displacement cycle, the highest load
obtained was 38.6 kN at 62 mm displacement (4.62% drift ratio) in the push (positive)
direction and 31.5 kN at 63.2 mm displacement (4.62% drift ratio) in the pull (negative)
direction. Between the cycle when the specimen reached the maximum load and the second
cycle in 60 mm displacement, the decrease in strength was about 33.3% in the positive
direction and about 41.6% in the negative direction. During the experiment, it was observed
that the load required for the beam to reach the theoretically calculated yield moment was

reached in the pushing and pulling direction.

The load-displacement graph and envelope curve of the third specimen (S3-EB) are given in

Figure 4.13 and Figure 4.14.
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Figure 4.13. Hysteresis curves of the S3-EB.

In Figure 4.14, the red continuous line represents the envelope curve in the direction of

pushing while the blue line stands for the envelope curve in the direction of pulling.
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Figure 4.14. Envelope curves of the S3-EB.

When the test results of the third specimen (S3-EB) was analysed, the load capacity of the
specimen was measured as 64.2 kN at 44.9 mm displacement (3.85% drift ratio) in the push
(positive) direction and 57 kN at 66.9 mm displacement (5.77% drift ratio) in the pull (negative)
direction. In the second cycle of 60 mm displacement cycle, the highest load obtained was
62.1 kN at 55.6 mm displacement (4.62% drift ratio) in the push (positive) direction and 55.1
kN at 58.1 mm displacement (4.62% drift ratio) in the pull (negative) direction. Between the
cycle when the specimen reached the load capacity and the second cycle, the decrease in
strength was about 3.3% in the positive direction and about 3.4% in the negative direction.
During the experiment, it was observed that the load required for the beam to reach the

theoretically calculated yield moment was reached in the pushing and pulling direction.

The load-displacement graph and envelope curve of the fourth specimen (S4-Hybrid) are given

in Figure 4.15 and Figure 4.16.

134



70

60

50

40

30

20

10

Load, kN
(=)

-10

-20

-30

-40

-50

-60

-70

PUSH
48.35
!
|
|
|
-48.35 Hysteresis curve-54
----Yield Load for Beam-Push
PULL ----Yield Load for Beam-Pull
-100 -90 -80 -70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90 100

Displacement, mm

Figure 4.15. Hysteresis curves of the S4-Hybrid.

In Figure 4.16, the red continuous line represents the envelope curve in the direction of

pushing while the blue line stands for the envelope curve in the direction of pulling.
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Figure 4.16. Envelope curves of the S4-Hybrid.

When the test results of the fourth specimen (S4-Hybrid) was analysed, the load capacity of

the specimen was measured as 65.1 kN at 45.1 mm displacement (3.85% drift ratio) in the
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push (positive) direction and 64.1 kN at 65.2 mm displacement (5.77% drift ratio) in the pull
(negative) direction. In the second cycle (60 mm displacement), the maximum load obtained
was 59.3 kN at 66.9 mm displacement (5.77% drift ratio) in the push (positive) direction and
63.4 kN at 66.5 mm displacement (5.77% drift ratio) in the pull (negative) direction. Between
the cycle when the specimen reached the load capacity and the 60 mm displacement cycle,
the decrease in strength was about 8.9% in the positive direction and about 1.0% in the
negative direction. During the experiment, it was observed that the load value required for
the beam to reach the theoretically calculated yield moment was reached in the pushing and

pulling direction.

A summary of the test results for both directions and the displacement ratios at which they

reached their capacities are presented in Table 4.1.

Table 4.1. The capacities of the specimens for both directions and the drift ratios at which

they reach their capacities.

Capacity Drift Capacity Drift Decrease in strength in the

Specimen in Push . in Pull . second cycle (60 mm

Name Direction Ratio Direction Ratio displacement)
kN % kN % Push (%) Pull (%)

S1-Control 50.8 3.85 46.8 4.62 52.8 44.9

S2-NSM 57.4 3.85 53.9 4.62 33.3 41.6

S3-EB 64.2 3.85 57 5.77 33 34

S4-Hybrid 65.1 3.85 64.1 5.77 8.9 1.0

The load-displacement response obtained in the experiments are given in Appendix-G.
Comparison of Strength Capacity:

In this section, firstly, the load-displacement graphs of the strengthened specimens are shown
by comparing each of the specimens with the control specimen, and then the behaviour of all
specimens is shown on a single graph and the effect of strengthening is examined. The load-
displacement graphs and envelope curves of the specimens are presented in Figure 4.17,

Figure 4.18, Figure 4. 19, Figure 4.20, and Figure 4.21.

In Figure 4.17, Figure 4.18, Figure 4. 19, and Figure 4.20, the black dotted line represents S1-
Control, the orange line S2-NSM, the green line S3-EB and the yellow line S4-Hybrid,
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respectively. In Figure 4.21, the blue line represents S1-Control, the orange line S2-NSM, the

green line S3-EB and the yellow line S4-Hybrid, respectively.
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Figure 4.17. Hysteresis curves of the S2-NSM compared to S1-Control.
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Figure 4.18. Hysteresis curves of the S3-EB compared to S1-Control.
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Figure 4.20. Comparison of the hysteresis curves of specimens.
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Figure 4.21. Envelop curves of the specimens.

Table 4.2 shows the maximum values for pushing and pulling below.

Table 4.2. Comparison of the lateral strength capacity of the specimens.

. F:-nax Fr_nax . . . .
Specimen Difference Pushing | Difference Pulling
(Pushing) (Pulling)
Name (%) (%)
(kN) (kN)
S1-Control 50.8 -46.8 - -
S$2-NSM 57.4 -53.9 12.9 15.3
S3-EB 64.2 -57 26.4 21.8
S4-Hybrid 65.1 -64.1 28.1 37

When Table 4.2 is carefully analysed and the maximum push and pull values obtained from
the test results are taken into consideration, it is seen that the S2-NSM specimen has a
capacity increase of 12.9% for push and 15.3% for pull. Likewise, S3-EB specimen has 26.4%
capacity increase for pushing and 21.8% capacity increase for pulling, while S4-Hybrid

specimen has 28.1% capacity increase for pushing and 37% capacity increase for pulling.

Based on the results given in Table 4.2, in the push direction between S3-EB and S4-Hybrid
specimens, there is no significant difference in the strength reduction; however, in the pull

direction the S4-Hybrid specimen shows a 12% (64.1/57) increase in strength compared to the
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S3-EB specimen. In terms of strength reduction, the hybrid method maintained 58% (37/64.1)
of the maximum capacity at 60mm in the pull direction while the EB method had only 37%
(21.8/57) of the original capacity (i.e. the hybrid method has a 57% (58/37) greater residual
capacity than the EB method).

It is difficult to know the exact reason for the improved performance in the hybrid specimen.
As both specimens failed in the beam and the beams in the two specimens had the same
specification it could be down to variability between samples and therefore, they can be
considered to have the same design capacity. Alternatively, looking at the crack diagrams of
the two specimens, the failure mechanism may be bond failure. In the Figure 4.5, the cracks
in the EB specimen propagate into the section of the beam that is wrapped in FRP which would
reduce the bond. In the case of the hybrid method, the cracks are less and there is also more
reinforcement so for the same amount of debonding there will be a greater moment as there

is more steel.
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4.2.2 Stiffness

Comparison Stiffness of the Joint:

Stiffness is one of the most important parameters for structures. Stiffness is the ability of a
structure to resist deformation when exposed to external forces. It is a measure of the amount
of force required to cause a certain amount of deformation in the structure (Murty et al.,

2012). Figure 4.22 depicts the schematic diagram of effective stiffness and energy dissipation.

Load

Hysteresis loop

|
|
|
)|(+ p Displacement

E , = Hysteretic energy
dissipation per cycle

Figure 4.22. Schematic diagram of effective stiffness and energy dissipation, (Ngo et al.,
2020).

As the cracks propagated in the beam-column joint, the vertical stiffness of the beam gradually
decreased with increasing displacement. In the present research, the effective stiffness can

be calculated using Equation (4.1) (Realfonzo et al., 2014).

:M (41)

Kerri X;F+X;7

where, Fi ... and F;,, 4, are the peak strength in the push and pull direction in the i" cycle,
respectively; and X;" and X; are the displacement corresponding to Fj} .. and Fi o
respectively. The effective stiffness (K,sr) values are given in Table 4.3 and shown graphically
in Figure 4.23. The values given in Table 4.3 are the effective stiffness values obtained in the
first cycle at each drift ratio. In Figure 4.23, the blue line represents S1-Control, the orange

line S2-NSM, the green line S3-EB and the yellow line S4-Hybrid, respectively.
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Figure 4.23. Stiffness of the specimens.

Compared with the initial stiffness of all specimens, the stiffness of all specimens decreased
until the end of the experiment due to cracks, bending in the beam longitudinal reinforcement
and rupture in the FRP material. Unreinforced and reinforced specimens show decreasing
stiffness during the experiment. The decrease in the stiffness of all specimens continued until
approximately 0.077% drift ratio. After this, differences started to be observed. As can be seen
in Figure 4.23, it can be said that the S4-Hybrid specimen is stiffer than the other specimens.
In the stiffness curves of S3-EB and S4-Hybrid specimens, it can clearly be seen that they are
stiffer at other drift ratios except 3.85% drift ratio. The reason for this loss of stiffness for these
two specimens is thought to be the sudden rupture of the FRP material in the beam wrapping
area. Using the values of 5.77% drift ratio towards the end of the experiment, the reduction
in stiffness of all specimens is 97.1% for S1-Control specimen, 96.6% for S2-NSM specimen,
92.4% for S3-EB specimen, and 90.3% for S4-Hybrid specimen compared to their initial
stiffness. The reduction in specimen stiffness is consistent with the damage mechanisms and

distribution presented in the damage investigations.
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Table 4.3. Stiffness values of the specimens.

Kefrf (kN/mm)
Drift Ratio | Displacement | o, o) S2-NSM | S3-EB | S4-Hybrid
(%) (mm)

0.015 0.2 10.5 11.6 11.9 11
0.023 0.3 13.2 11.8 12.4 12.2
0.077 1 8.2 8.5 9.6 10.1
0.15 2 5.9 6.3 6.9 7.6
0.23 3 4.8 5 5.5 6.1
0.39 5 4.1 4.0 4.5 5
0.62 8 3.3 3.3 3.7 4.2
0.92 12 2.7 2.9 3. 3.8
1.54 20 2.2 2.4 26 3
231 30 16 2.1 2.3 2.8
3.85 50 1.2 1.6 1.3 1.4
4.62 60 0.5 0.8 1.1 1.1
5.77 75 0.3 0.4 0.9 1.1
6.54 85 0.2 0.2 0.8 ]
7.31 95 - - 0.4 -
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4.2.3 Ductility Ratios and Energy Dissipation Characteristic

Comparison ductility ratios of the Joint:

The displacement ductility coefficient u is s significant parameter for evaluating the ductility
performance of beam-column connections as defined in Equation (4.2) (Bayrak and Sheikh,
1998).

Au
H=A—
y

(4.2)
where u is the ductility ratio, Ay is the ultimate displacement value, and 4, is the yield
displacement. By idealizing the envelope curve according to the equivalent energy method,
yield displacement and yield horizontal load-bearing capacity values were obtained. The final
displacement value was determined as the displacement value corresponding to a 20%
(Truong et al., 2017 and Shen et al., 2022) reduction of the horizontal load-bearing capacity.
As shown in Figure 4.24, the regions Area-1 and Area-1" had the same areas as Area-2 and

Area-2’, respectively.
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Fl=0.80F"
/ F: max
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A A, | |
A< 1 r L L A"(mm)
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F, ) 3
max Area-2
Y
F

Figure 4.24. lllustration of equivalent energy method.
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The calculation steps of the values calculated using the equivalent energy method for each
specimen are given in Figure 4.25, Figure 4.26, Figure 4.27, and Figure 4.28. The calculated
values are also shown in Table 4.4. The area calculations in the equivalent energy method for

S1-Control are shown in detail and the same calculation steps are followed for the other

specimens.
F* (kN)
A
Area-1'=68.40 kNmm R
22,6 —gr
e
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42,49 N
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Figure 4.25. Equivalent energy method for S1-Control.
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Figure 4.26. Equivalent energy method for S2-NSM.
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Figure 4.27. Equivalent energy method for S3-EB.
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Figure 4.28. Equivalent energy method for S4-Hybrid.
Table 4.4. Comparison of ductility ratios.
Push Pull Percentage
W change
Specimen average
P Fy* ay* Ou* | Mpush | Fy Ay A | Hpun from
Name Control
kN mm mm - kN mm mm - - %
S1-Control | 43.71 | 20.38 | 53.68 | 2.63 | 37.41 | 17.24 | 52.6 | 3.05 | 2.84 -
S2-NSM | 49.29 | 20.56 | 57.94 | 2.82 | 45.06 | 19.6 | 56.6 | 2.89 | 2.85 0.37
S3-EB 58.38 | 21.86 | 80.38 | 3.68 | 49.09 | 22.62 | 83.66 | 3.70 | 3.69 29.7
S4-Hybrid | 59.22 | 21.27 | 76.55 | 3.60 | 59.55 | 20.16 | 78.26 | 3.88 | 3.74 31.6

Table 4.4 shows that there is a very small difference between S1-Control and S2-NSM

specimens in terms of the ratio of ductility considering the paverage Values. For S2-NSM, this

value is 0.37%. However, for S3-EB and S4-Hybrid specimens, there is a significant increase in

ductility. When these specimens are compared with the control specimen, the values for S3-

EB and S4-Hybrid specimens are 29.7% and 31.6%, respectively. As a result, it has been

observed that there is an increase in the ductility ratio when the strengthening methods are

used together.
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Comparison Energy Dissipation of the Joint:

For the calculation of the energy for each cycle, the cross-sectional area method (Liu et al.,
2021), shown visually in Figure 4.29, was used. In this method, taking the counterclockwise
direction as the axis of rotation, multiply the height of each point by the difference of the
distances of the previous and next points from the axis. This process is repeated for all points

and the values are summed to obtain twice the cross-sectional area in Equation (4.3).

Area =3 {Yn(tn_1 = Xns)} (@3)

In this study, two cycles were used for each drift ratio. The values given in Table 4.5 are the
average values for each drift ratio and shown graphically in Figure 4.30. In addition, the values
of cumulative energy dissipation are given in Table 4.6 and illustrated graphically in Figure

4.31.
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Figure 4.29. Cross-section area method.
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Figure 4.30. Comparison of the capacity of energy dissipation of the specimens.

As can be seen in Figure 4.30, the energy dissipated by the specimens with reinforcement with
the joint is higher than that of the unreinforced specimens. It is clearly seen that both
strengthening methods are effective, but the effectiveness of the strengthening application
with FRP stands out in this respect. The highest energy dissipation capacity for S1-Control and
S2-NSM specimens was 3.85% drift ratio. After this value, both specimens were weaker than
the others in terms of energy absorption. Especially the energy dissipation capacity of the
control specimen decreased dramatically. However, although there was a slight decrease in
the next drift ratios (4.62% and 5.77%) in the S2-NSM specimen, it was similar to the value of
maximum energy capacity. In this context, it can be seen that the specimen reinforced with
NSM-steel in the joint area absorbed more energy than the control specimen. A closer
examination of the S2-NSM specimen reveals that after a drift ratio of 5.77%, its energy
dissipation capacity significantly decreases by approximately 42%. The reason for this is
thought to be the formation of serious shear cracks along the column surface around the joint
area. When S3-EB specimen is analysed, it reached its maximum energy capacity at 6.54% drift
ratio and after this value, a decrease in energy capacity was observed. When it comes to the
S4-Hybrid specimen, it reached the maximum energy dissipation capacity at 5.77% drift ratio.
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Table 4.5. Comparison of the capacity of energy dissipation values of the specimens.

Capacity of energy dissipation (kN.mm)
Drift Ratio | Displacement | o, - w0l | s2-NsM | S3-EB | S4-Hybrid
(%) (mm)
0.015 0.2 0.5 0.4 0.3 0.5
0.023 0.3 1.1 1.6 0.9 0.7
0.077 1 154 14.4 9.1 8.2
0.15 2 37 33.9 33.6 31.9
0.23 3 66.4 68 64.7 67.2
0.39 5 121.6 126.7 105.8 96.4
0.62 8 241.5 257.2 224.2 206.6
0.92 12 345.5 450.8 463.9 435.2
1.54 20 860.4 851.3 981.8 1135
2.31 30 1681.6 1963.0 2507.6 2613.8
3.85 50 38134 5787.9 6682.5 7169.6
4.62 60 2449.8 5563.9 8237.1 9096.4
5.77 75 1770.3 4873.6 9507.8 10144
6.54 85 1728.4 2057.1 10599.7 No Data
7.31 95 - - 9334.43 -
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Figure 4.31. Comparison of the capacity of cumulative energy dissipation of the specimens.
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When the graph in Figure 4.31 is analysed, the total energy dissipated by the specimens with
reinforcing in the joint is higher than the unreinforced specimens. When the strengthened
specimens are compared with the control specimen, it can be seen that there is a significant
difference. Especially after 2.31% drift ratio, here, serious differences start to occur in terms
of total energy dissipation capacity. For S3-EB and S4-Hybrid specimens, a significant increase

is observed after 3.85% drift ratio compared to the other two specimens.

When all specimens are evaluated at 5.77% drift ratio, the increase in the total energy
dissipation of the specimens obtained by the retrofitting application is 43% for the second
specimen, 60.4% and 63.2% for the third and fourth specimens, respectively. From this point
of view, it is seen that the cumulative energy dissipation of specimens without transverse
reinforcement in the joint area and therefore without sufficient confinement can be increased
by 40~45% with NSM application and by 60~65% with FRP application. In this context, it is
concluded that the wrapping effect in the joint area greatly increases the energy dissipation

capacity.

Table 4.6. Comparison of the capacity of cumulative energy dissipation values of the

specimens.
Capacity of cumulative energy dissipation (kN.mm)
Drift Ratio | Displacement | o, - v ol | s2-Nsm S3-EB S4-Hybrid
(%) (mm)
0.015 0.2 0.5 0.4 0.3 0.5
0.023 0.3 1.6 2 1.2 1.2
0.077 1 17.4 16.3 10.3 9.4
0.15 2 54.0 50.2 43.9 41.3
0.23 3 120.4 118.2 108.5 108.5
0.39 5 242 244.8 214.4 204.9
0.62 8 483.5 502.0 438.5 411.5
0.92 12 828.9 952.9 902.4 846.7
1.54 20 1689.3 1804.1 1884.2 1981.7
231 30 3370.9 3767.1 4391.8 4595.5
3.85 50 7184.3 9555.1 11074.3 11765.1
4.62 60 9634.1 15118.9 19311.4 20861.5
5.77 75 11404.4 19992.5 28819.2 31005.5
6.54 85 13132.8 22049.6 39418.9 No Data
7.31 95 - - 48753.3 -
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4.2.4 Strain Measurements

In this section, the data obtained from strain gauges during the experiment are discussed. The
locations of the strain gauges are shown in Section 3.8.1 and the application of these devices
to the reinforcement is detailed in Appendix-E Figure E1. Seven strain gauges were used for
S1-Control, S3-EB, and S4-Hybrid specimens, while 10 strain gauges were used for S2-NSM. In
this study, reinforcements with a diameter of 8 mm for transverse reinforcement and 16 mm
for longitudinal reinforcement were used and the yield strengths of these reinforcements are
given in Section 3.2.4. The yield strain for 8 is 0.00249 mm/mm while the yield strain for $16
is 0.00237 mm/mm. Considering these values, all strain gauges were carefully examined and

the drift ratio where the reinforcement yielded was determined (see Table 4.7).

Table 4.7. Performance of strain gauges during the experiments.

Specimen | Gauge . Max Yield |Drift Ratio (%)
Location ) .
Name No strain | (Y/N) at yield
S$G01 | Column | 0.05153 | Yes 2.31
$G02 | Column - Failed -

SG03 | Column | 0.00023 Mo -
S1-Control 5G04 | Column | 0.00161 | Mo -

SG05 Beam | 0.05192 | Yes 5.97
SG06 Beam | 0.05174 | Yes 5.97
SGO7 Beam - Failed -
SG01 | Column | 0.00036 | Mo -
SG02 | Column | 0.05033 Yes 5.77

SG03 | Column | 0.00018 Mo -
SG04 | Column | 0.00119 Mo -

S9-NSM SG05 Beam 0.05184 Yes 2.31
SG06 Beam 0.05226 Yes 2.31
SGO7 Beam 0.05192 Yes 5.77
SG08 Joint 0.02036 | Yes 1.54
SG09 loint 0.00244 Mo -
SG10 loint 0.05256 Yes 1.54
SG01 | Column | 0.00041 | Mo -
SG02 | Column | 0.00073 Mo -
SG03 | Column | 0.00013 Mo -
S3-EB SG04 | Column | 0.00075 Mo -
SG05 Beam 0.00287 Yes 2.31
SGO06 Beam 0.01116 Yes 3.85

SG07 Beam 0.00039 No -
SG01 | Column |8.56E-05| Mo -
SG02 | Column | 0.00066 | Mo -
SG03 | Column |8.56E-05| Mo -
S4-Hybrid SG04 | Column | 0.00068 | Mo -
SG05 Beam 0.00233 No -
SG06 Beam 0.01629 Yes 3.85
SGO7 Beam 0.00057| MNo -
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The results given in Table 4.7 and Figure 3.26 in section 3.8.1, where the locations of the strain

gauges are shown, are evaluated together and commented below for each specimen.

For the S1-Control specimen, the strain gauge SGO1 shows that the reinforcement yielded at
step 40, i.e., cycle 20. This value corresponds to the second cycle of the 2.31% drift ratio. SG02
was probably damaged, and no data could be obtained. SG03 and SG04 showed no yielding of
the reinforcement during the experiment. When strain gauges SG05 and SG06 were analysed,
it was found that the reinforcement with strain gauge SGO5 yielded at step 50 (5.77% drift
ratio in the first cycle at pulling direction), while the reinforcement with strain gauge SG06
yielded at step 52 (5.77% drift ratio in the second cycle at pulling direction). When the strain

gauge of SGO7 was probably damaged, and no data could be obtained.

For the S2-NSM specimen, it was observed that the reinforcements did not yield throughout
the experiment in SG01, SGO3 and SGO04 gauges, but SG02 gauge yielded at step 49, i.e., cycle
25. This value corresponds to the first cycle of the 5.77% drift ratio. When SG05 and SG06
strain gauges on the beam bottom and top reinforcement were analysed, it was found that
the reinforcement with strain gauge SGO5 yielded at step 37 (2.31% drift ratio in the first cycle
at pushing direction), while the reinforcement with strain gauge SGO06 yielded at step 38
(2.31% drift ratio in the first cycle at pulling direction). When the strain gauge of SG07 was
analysed, it was observed that this reinforcement yielded at step 49 (5.77% drift ratio in the
first cycle at pushing direction). When it comes to the results of strain gauges SG08, SG09 and
SG10, which were added to the S2-NSM specimen, were examined, it was observed that there
was no yielding in the u-shaped reinforcement in the centre of the beam-column joint (strain
gauge SG09). However, it was found that the reinforcement with strain gauge SGO08 yielded at
step 33 (1.54% drift ratio in the first cycle at pushing direction) and strain gauge SG10 yielded

at step 34 (1.54% drift ratio in the first cycle at pulling direction).

For the S3-EB specimen, it was observed that the reinforcements did not yield throughout the
experiment in SG01, SG02, SG03, and SG04 gauges. In the same way, strain gauge SG07, which
was placed on the transverse reinforcement in the beam element, was also found not to yield.
When SGO5 and SGO6 strain gauges on the beam top and bottom reinforcement were
analysed, it was found that the reinforcement with strain gauge SGO5 vyielded at step 37
(2.31% drift ratio in the first cycle at pushing direction), while the reinforcement with strain

gauge SGO6 yielded at step 42 (3.85% drift ratio in the first cycle at pulling direction).
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For the S4-Hybrid specimen, it was determined that the reinforcements did not vyield
throughout the experiment in SG01, SG02, SGO3, and SG04 gauges. Likewise, strain gauge
SGO07, which was placed on the transverse reinforcement in the beam element, was also found
not to yield. Once SGO5 and SGO6 strain gauges on the beam top and bottom reinforcement
were analysed, it was found that the reinforcement with strain gauge SG05 did not yield during
the experiment while the reinforcement with strain gauge SG06 yielded at step 42 (3.85% drift

ratio in the first cycle at pulling direction).

In addition, detailed information on strain gauges is described in Appendix-I.

4.3 SUMMARY

This chapter provides the experimental results of unreinforced and reinforced concrete beam-
column junctions. The efficacy of the suggested retrofitting strategy is examined by analyses
of global and local behaviour, failure modes, strength, stiffness, ductility ratio, and
characteristics of energy dissipation. The following findings from the experiment are based on

the observed damage and hysteretic behaviour of the specimens considered.

1. In the unreinforced specimen (S1-Control), the test findings verified the structural
failure of beam-column connections that were inadequately specified and built in
accordance with the Turkish Earthquake Code (TEC 1998). The specimens exhibited a
failure mechanism highlighted by shear damage to the joints, showing as a
combination of local deformation and diagonal cracks.

2. When the unreinforced specimen was examined, it was observed that the first hairline
damage occurred in the beam region at 0.23% drift ratio in the early stages of loading.
At 0.39% drift ratio, the first crack started to form in the beam-column joint region and
lasted until 0.92%. At 0.92% drift ratio, 45-degree shear cracks started to form in the
joint area, and severe cracks occurred in this area at 3.85% drift ratio. For drift ratios
of 4.62%, 5.77%, and 6.54%, it was observed that serious deformations occurred both
in the areas where the beam was connected to the column and in the beam-column
junction area. Once the damage diagrams of the second specimen strengthened with
the NSM technique were examined, the first hairline cracks were detected in the beam
region in the pulling direction at a 0.39% drift ratio. Shear cracks were observed at the

drift ratios of 1.54% and 2.31% in the joint area. When the damages occurred at 4.62%,
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5.77%, and 6.54% drift ratios were carefully examined, it was observed that no serious
deformations occurred in the beam-column joint area. This study did not observe the
damage between concrete and epoxy reported in the literature, but rather the epoxy
kept the introduced steel bonded to the concrete, leading to crushing of the concrete.
At these drift ratios, it is clearly seen that the damage is transferred from the beam-
column joint to the beam. When the third specimen reinforced with the EB method
was examined, the first hairline cracks were detected on the beam in the push
direction at a 0.92% drift ratio. Flexural cracks developed on the beam in both push
and pull orientations at a drift ratio of 1.54%. Cracks began to form on the beam near
the area where the retrofit ended at a 2.31% drift ratio, in addition to the cracks that
were already formed at the previous drift ratio. When the specimen with a 3.85% drift
ratio was examined, it was observed that a serious crack was formed at the top of the
beam in the push direction. 4.62%, 5.77%, and 6.54% drift ratios; no deformations
were observed in the beam-column joint area. Severe damages, including
disintegration and rupture of the concrete on the beam, were observed on both sides
of the specimen at a 7.31% drift ratio; however, only minimal debonding of the FRP
was observed. Analysis of the damage diagrams of the fourth specimen reinforced
using the NSM+EB approach revealed the presence of initial hairline cracks at a drift
ratio of 0.92% in the push direction on the beam. At a drift ratio of 1.54%, flexural
cracks were detected on the beam in both the pushing and pulling directions. At a
2.31% drift ratio, in addition to the cracks formed at the previous drift ratio, it was
determined that cracks started to form on the beam near the area where the retrofit
ended. Examining the specimen with a 3.85% drift ratio revealed the formation of a
serious crack at the top of the beam in the pushing direction. 4.62% and 5.77% drift
ratios, no deformations were observed in the beam-column joint area. At the 5.77%
drift ratio, serious damages such as disintegration and rupture of the concrete on the
beam occurred on both sides of the specimen. The combination of methods employed
for the fourth specimen revealed comparable damage to those observed in the third
specimen, thereby indicating the effectiveness of wrapping when the two methods
were used together. Furthermore, this specimen did not exhibit the same level of
damage as the second specimen equipped with NSM reinforcement. The integration
of NSM and EB approaches was shown to effectively mitigate damage in the beam-

joint region and transmit all damage to the beam. Unfortunately, the post-experiment
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inspection detected tears in the GFRP fabric at both the top and bottom sides of the

beam wherever retrofit was added; however, these were less than the EB method.

. There has been a significant improvement in the global performance of S2-NSM, S3-EB

and S4-Hybrid compared to the original (S1) connection. The S2-NSM specimen has a
capacity increase of 12.9% for push and 15.3% for pull. Likewise, the S3-EB specimen
has a 26.4% capacity increase for pushing and a 21.8% capacity increase for pulling,
while the S4-Hybrid specimen has a 28.1% capacity increase for pushing and a 37%
capacity increase for pulling. In light of these results, the most successful strengthening
technique was the S4-Hybrid specimen in terms of capacity; however, the EB method

also showed a significant increase in capacity.

. The energy dissipation levels of the strengthened specimens are much higher

compared to the control specimen, particularly at drift levels of 2.31% or higher. For
instance, the energy absorbed by the strengthened specimens at a 3.85% drift ratio
was 9555 kN-mm (S2-NSM), 11074 kN-mm (S3-EB), and 11765 kN-mm (S4-Hybrid).
These values represent increases of 33%, 54%, and 63%, respectively, over the
corresponding values for the control specimen (S1-Control).

Experiments indicate that both control and retrofitted specimens exhibit a declining
trend in stiffness. All specimens exhibited a uniform decline in stiffness until reaching
a drift ratio of around 0.077%, beyond which variations became apparent. The S4-
Hybrid specimen exhibits higher stiffness compared to the other specimens. It is
evident from the stiffness curves of S3-EB and S4-Hybrid specimens that they exhibit
higher stiffness for drift ratios other than 3.85%. The decrease in stiffness observed in
these two specimens is believed to be caused by the abrupt failure of the FRP material
at the beam-wrapping region. Based on the 5.77% drift ratio values observed at the
conclusion of the experiment, the stiffness of all specimens decreased by 97.1% for
the S1-Control specimen, 96.64% for the S2-NSM specimen, 92.4% for the S3-EB
specimen, and 90.3% for the S4-Hybrid specimen, in comparison to their initial
stiffness. The reduction in specimen stiffness is consistent with the damage
mechanisms and distribution presented in the damage observations.

No significant difference exists between S1-Control and S2-NSM specimens in terms of
the ductility ratio. For S2-NSM, the average value of pu was 0.37%, while the ductility of
S3-EB and S4-Hybrid specimens were 29.7% and 31.6%, respectively, representing a

significant increase.
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In conclusion, the EB and hybrid retrofitting strategies showed significantly better
performance in terms of strength and ductility and slightly better in terms of stiffness. Of the
3 techniques, hybrid was shown to be the best; however, only marginally so. The next chapter
develops a finite element model that can simulate the behaviour of the control specimen and
the specimen that adopted the hybrid retrofitting strategy as the basis for designing these

connections.
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CHAPTER 5. NUMERICAL PROGRAMME

5.1 GENERAL

This chapter provides a comprehensive account of the development of nonlinear three-
dimensional finite element (FE) models that simulate the behaviour of exterior, reinforced
concrete beam-column joints under monotonic static loading. The finite element models are
constructed using the comprehensive FE software ABAQUS and then verified by comparing

them with the experimental results presented in the previous section.

Within the scope of this study, the envelope curves obtained as a result of monotonic static
loading and the envelope curves obtained from experiments as a result of cyclic loading are
compared. The reason for using non-linear monotonic static loading in the modelling is that
dynamic analysis increases the computational cost (Ridwan, 2016). In addition, most
engineers (especially true in Turkey) use a quasi-static load approach to calculate design
seismic forces. In this method, seismic forces are reduced by a response modification factor
(R in the Turkish Earthquake Code (TEC 1998)- behaviour factor q, in Eurocode 2 (EN1992-1-1
2004)). This factor is dependent on the structural framing system and the ductility of the
connections. The ductility of the connections is defined in the codes as the rotation of the
connection at ultimate load divided by the rotation of the connection at first yield and these
values are obtained by a pushover test (i.e. non-linear monotonic loading). In the literature
there are many examples of researchers used monotonic static loading in numerical analysis
using envelope curves obtained under cyclic loads (Najafgholipour et al. 2017; Diro and Kabeta
2020; Najafgholipour and Arabi 2021; and Abdelwahed et al. 2021). In these studies, very
meaningful results were obtained using this approach, and similar deformations were

obtained on the specimens.

The purpose of the model is both as a tool to provide insight into the experimental results and
to demonstrate the feasibility of a predictive tool for future analysis of similar connections

with the aim of providing design guidance.

The numerical analyses showed that the static loading of the specimen (S1-Control), the
specimen reinforced with NSM (S2-NSM) and the hybrid specimen (S4-Hybrid) using numerical

simulations were close to the experimental results.

Following the validation of the models, the main response characteristics investigated include

the overall hysteresis curve, joint deformation, and crack pattern. Based on the experimental
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and numerical results, the effectiveness of the used strengthening techniques for RC beam-

column connections is evaluated in the next section.

5.2 GEOMETRIC MODELLING, ELEMENT TYPE AND MESH

The implemented 3D finite element models explicitly include the concrete beam-column
junction, embedded longitudinal and transverse reinforcement bars, FRP sheets, epoxy
adhesive, and steel loading plates. Figure 5.1 displays the reinforced concrete beam-column
junction, FRP sheets, epoxy adhesive, and support plates as three-dimensional geometric

entities, with the embedded reinforcement bars shown as one-dimensional entities.

(a) (b)

(c) (d)

Figure 5.1. Components of the numerical model; (a) Epoxy adhesive; (b) U-shaped steel
rebar; (c) concrete part; (d) steel reinforcements; (e) FRP sheet; (f) support plate.
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(e) (f)

Figure 5.1. Components of the numerical model; (a) Epoxy adhesive; (b) U-shaped steel

rebar; (c) concrete part; (d) steel reinforcements; (e) FRP sheet; (f) support plate (continue).

5.2.1 Concrete Joint, Support of Column Ends and Loading Plates

In the finite element analysis modelling, the footings, slabs, columns, and beams can be
approximated in terms of material and represented using C3D8R (8-node linear brick element
with reduced integration and hourglass control) elements in Abaqus. The node has the
capability to simulate and calculate plastic deformation, crushing and cracking values. Figure
5.2 shows the shape and node locations for C3D8R element to model concrete beam-column
jointin ABAQUS (Abaqus Analysis User's Guide, 2016). These first order brick elements possess
three translational degrees of freedom at each node, enabling them to handle trilinear stress
fluctuations. Furthermore, the usage of reduced integration helps to minimise the incidents
of shear and volumetric locking (Ridwan, 2016). In this study, C3D8R element was used for
concrete of the beam-column connection part of the specimen. In addition, for the loading

plates and support of column ends were represented using discrete parts.
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Figure 5.2. C3D8R (Eight-node brick element) (Abaqus Analysis User's Guide, 2016).
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5.2.2 Reinforcement Bars

In Abaqus, using one-dimensional elements to model reinforcement bars is suitable because
the cross-sectional dimensions of the reinforcement bars are much smaller compared to their
length. T3D2 is a 2-node truss element that only resists axial forces (tension or compression)
and is computationally efficient, making it ideal for modelling rebar when bending and torsion
are not significant. The choice of element should align with the specific analysis requirements,
balancing the need for accuracy with computational efficiency.

An investigation was undertaken by Gebreyohaness (2013) to identify the appropriate
element type for modelling reinforcing bars. T3D2 elements exhibited a superior agreement
with actual findings while requiring less computational resources. Therefore, the T3D2 truss

element shown in Figure 5.3 is employed to represent the reinforcing bar in present study.

4

l/ end 2

end 1

Figure 5.3. T3D2 (2-node, 3-dimensional truss element) (Abaqus Analysis User's Guide,
2016).

5.2.3 FRP sheets

In Abaqus, FRP sheets are modelled using by 4-noded linear elastic S4R shell element depicted
in Figure 5.4. The element has three-degrees of freedom at each node: translations in the
nodal x, y, and z directions. The bond between FRP and concrete was simulated using tie
model because no separation between concrete and FRP material was observed during the
experiment. This model gives appropriate results with a good correlation with the
experimental test results. In addition, the fibre direction of FRP sheet is depicted in Figure 5.5.
Moreover, the laminate was modelled using ABAQUS composite modeller and the layup is

presented in Appendix-J.

Figure 5.4. Shell S4R geometry (Abaqus Analysis User's Guide, 2016).

161



4 layers for the back L-shaped 3 layers

of column
l o
e /

wrapping 2 laye wrapping 2 layers
for column for beam

'
wrapping 2 layers — :
for column - >

— —_—
/~——7" 4layers on the
- — joint for each side

4 layers on the
joint for each side L-shaped 3 layers

Figure 5.5. Fiber direction of FRP sheet.

5.2.4 Meshing
Meshing in Abaqus is a critical step in the finite element method (FEM) for model accuracy

and computational efficiency.

Mesh quality has a direct impact on the meaningful and accurate interpretation of results. A
bad mesh can give inaccurate results, which can lead to incorrect interpretations and faulty
engineering decisions. In summary, meshing in Abaqus is a process that directly affects model
accuracy, solution stability and computational efficiency. Meshing ensures accurate
representation of geometry and material behaviour, which increases the reliability of results.
An appropriate mesh is critical to the success of engineering analyses. Details of the mesh
used for concrete, steel reinforcement, epoxy, and fibre-glass sheeting are given in section
5.5. In this thesis, 12.5 mm and 25 mm mesh was selected for concrete elements, a 12.5 mm

for epoxy and a 25 mm for FRP sheets while a 10 mm mesh was chosen for steel rebars.

In the control model (S1-control), the total number of elements are 103816 (97920 linear
hexahedral elements of type C3D8R for concrete, 5896 linear line elements of type T3D2 for
steel bars). In the S2-NSM specimen, the total number of elements are 104230 (97920 linear
hexahedral elements of type C3D8R for concrete (96576) and epoxy (1344), 6310 linear line
elements of type T3D2 for steel bars (5896) and u-shaped steel bars (414)).
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In the hybrid model (S4-Hybrid), the total number of elements are 106222 (97920 linear

hexahedral elements of type C3D8R for concrete (96576) and epoxy (1344), 6310 linear line

elements of type T3D2 for steel bars (5896) and u-shaped steel bars (414), and 1992 linear

quadrilateral elements of type S4R for FRP sheets). The meshing approach used for the models

is shown in Figure 5.6.

MY Y Y X 777

AAAY N\
‘. SE AR ATAE AYAL .Y A S S SRS WS S - -
R e e e R e e A el

A A W a— A R WA AWy

(b)

(a)

(d)

(c)

Figure 5.6. Modelled specimens: (a) Concrete elements mesh; (b) Reinforcement details of

joint; (c) FRP sheet element mesh; (d) Epoxy adhesive element mesh.
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5.3 MATERIAL BEHAVIOUR

5.3.1 Concrete

Plastic Behaviour of Concrete:

The Concrete Damaged Plasticity (CDP) model is one of the most widely used models in
Abaqus for simulating the behaviour of concrete (Ridwan, 2016). It accounts for the plasticity
and damage mechanisms that occur in concrete under compressive and tensile loading. It is
suitable for static and dynamic loading, including cyclic loading in seismic analysis, and is
commonly used for simulating the response of reinforced and plain concrete structures such
as beams, columns, beam and column joints, and slabs. The Concrete Damage Plasticity (CDP)

model was used for plain concrete in this research.

The CDP model was developed on the yield functions that Lubliner et al. (1989) proposed and
were subsequently modified by Lee and Fenves (1998). It integrates both plasticity and
damage mechanics to represent the behaviour of concrete. It allows the material to undergo
plastic (irreversible) deformations and simultaneously accounts for the degradation of the
material's stiffness due to cracking (tensile damage) and crushing (compressive damage). The
ABAQUS documentation provides a comprehensive explanation of the CDP model (Abaqus

Online Documentation, 2006).

The CDP model involves many input parameters to extend the uniaxial stress-strain
characteristics of concrete to the three-dimensional stress space. Main parameters
considered in this study are the dilation angle (), flow potential eccentricity (€), ratio of the
compressive strength under biaxial loading to uniaxial compressive strength (fso/fc0), ratio of
the second stress invariant on the tensile meridian to that on the compressive meridian (K¢),
viscosity parameter (u) (Abaqus Analysis User's Guide, 2016). These are explained at the

following:

e Dilation angle, which defines the direction of plastic flow through the incremental
plastic strain vector. The dilation angle (y)) in the Concrete Damage Plasticity model
falls within the specified range of 31° to 42° (Bilal et al., 2023). In this study, the dilation
angle () was calculated as 32° using Equation (5.1) proposed by Trimarentra et. al

(2018).

p =[0117 x £, + 28.965] (5.1)
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where fc is the compressive strength of concrete and this value is 24.35 MPa in this
study.

e The flow potential eccentricity (¢) defines the shape of the flow potential function, and
the default value in ABAQUS is 0.1.

e The ratio of the compressive strength under biaxial loading to uniaxial compressive
strength (foo/fc0); According to Lubliner et al. (1989), this value is between 1.10 and
1.16, and the default value in ABAQUS is 1.16.

e The yield stress ratio (K:) controls the relative shape of the yield surface in the
deviatoric plane. It defines the ratio of the tensile meridian yield stress to the
compressive meridian yield stress. The value of this parameter is between 0.5 and 1.0.
When the ratio (K¢) is equal to 1, the stress becomes independent of the third
deviatoric stress invariant. The default value of K. in ABAQUS is 0.667 (Abaqus Analysis
User's Guide, 2016).

e This viscosity parameter (u) is used to introduce rate dependency into the model,
helping with convergence in problems where the concrete undergoes severe damage
or where the solution would otherwise be unstable. In the literature, no single value
or method for choosing it (without calibration) exists. Existing studies have chosen the
viscosity parameter via calibration and the results examples of recommended values
are as follows: 0.001 by Dere and Koroglu (2017), 0.007985 by Najafgholipour et al.
(2017), 0.0005 by Demir et. al, (2018), 0.0058 by Raza et al. (2019), 0.01 by Diro and
Kabeta (2020), and 0.0001-0.008 by Abdelwahed et al. (2021). In this study, the
viscosity parameter was calibrated and chosen as 0.003 and the detailed calibration

procedure is explained in section 5.5.
The CDP parameters for modelling in this study are given in Table 5.1.

Table 5.1. Utilised values of the parameters related to the Concrete Damage Plasticity (CDP)

model.
Dilation angle, () | Eccentricity, (€) foo/feo Kc Viscosity parameter, (u)
32° 0.1 1.16 0.667 0.003 (calibrated)

According to EN1992-1-1 section 3.1.3(4) the value of Poisson's ratio (v) may be taken equal
to v=0.2. Moreover, the concrete's unit weight is specifically defined in EN1991-1-1 Annex A.
Density of plain unreinforced concrete can be taken equal to Veoncrete = 2400 kg/m?3.
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Concrete in Compression:

The stress-strain relationship of concrete under uniaxial compression can be characterised by
three distinct areas, namely the elastic (orange line), hardening (blue line), and softening (red
line) phases as shown in Figure 5.7. Under uniaxial compression, concrete initially exhibits a
linear-elastic response until the applied compressive stress reaches 30-40% of its maximum
strength. Following that, the stress-strain curve enters the hardening phase, during which
concrete stress increases until it reaches its maximum compressive strength, while tangential
stiffness gradually declines from its initial value (specified by Young's modulus for concrete)
to zero. Once the ultimate compressive stress is reached, the material response enters the
softening region. This part of the stress-strain curve occurs beyond the point where tangential
stiffness becomes zero and is characterized by a rapid decline in concrete strength as it softens
and loses its load-bearing capacity.

Mander unconfined concrete model was used in the numerical study. In Appendix-D, the

stress-strain relationship of the concrete compressive load was explained in detail.
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Figure 5.7. Mander model for unconfined concrete with phases (Mander et al., 1988).

Figure 5.7 depicts the elastic linear part of the concrete stress-strain behaviour, which is

calculated using the expression in Equation (5.2).

feo = E¢ X Ecelastic (5.2)
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Here, f,o represents the concrete stress in elastic part, Ecelastic denotes the concrete strain
within this elastic region, and E. is the concrete's modulus of elasticity. In this research, the
value of fco was calculated using O.4fc (TS 500, 2000), defining the behaviour of concrete up
to 40% of its strength in the elastic region was significant in determining the effective elastic
modulus. And the elastic modulus of concrete was calculated using the Equation 5.2.

The hardening part between f,y and f. where the stress continues along the ascending

branch up to the peak concrete strength fc at &.. Uniaxial compressive behaviour can be
defined by either experimental tests or existing constitutive models, such as those proposed
by Mander et al. (1988) for unconfined concrete.

The softening part is where the stress has a decreasing trend after the peak of fC When
looking at the Figure 5.7, it can be seen that the hardening zone of unconfined concrete is
approximately parabolic until 2&.. Conversely, the softening region demonstrates a linear
behaviour until Eu‘. Within the scope of this study, the concrete strain at peak stress (€.) was
measured using a strain gauges concrete cylinder and plotting the stress versus strain graph.
The stress-strain graph together with the details of this testing is given in Appendix-B Figure

B2. The final value for &, adopted for this study was 0.0024.

Concrete in Tension:

The definition of the formation of micro-cracks to macro cracks in finite element analysis is
frequently referred to as tension softening, and it is conducted by introducing a crack opening
law. The crack opening law is usually expressed in terms of fracture energy, but it can also be
characterised using a stress-strain or stress-displacement relationship (see Figure 5.8). The
fracture energy (Gy) is a material characteristic that describes the amount of energy required
to open a unit area of a crack, resulting in a stress-free crack (Malm, 2006). The fracture energy
of concrete can be calculated using the Remmel (1998) method as given in Equation (5.3) and

according to Bangash (2001), it ranges from 50 to 200 N/m for ordinary concrete.
— Ie
Gr =65 xIn(1+%) (5.3)

where fc is the concrete compressive strength.
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Figure 5.8. Crack opening with fracture energy of concrete (Bjornstrom et al., 2006).

The region under the unloading phase of the o-w graph in Figure 5.8 represents the fracture

energy. In this work, Gr was computed using Equation (5.3) as 0.08021 N/mm.

Various methodologies can be implemented to describe the brittle behaviour of concrete
through the concepts of fracture energy. The optimal method is to characterise tensile
cracking by a linear approximation, where a linear reduction in strength occurs post-cracking,
as seen in Figure 5.9 (a) (Karlsson and Sorensen, 2006). The brittle behaviour of concrete under
tension can be defined more comprehensively by a bilinear function, as demonstrated by
Hillerborg (1985) and illustrated in Figure 5.9 (b). A more precise approach to characterising
brittle behaviour is to employ an exponential expression, as experimentally demonstrated by

Cornelissen et al. (1986) and illustrated in Figure 5.9 (c).

. 7 (€} W, r
w =2 - 0_3(;_f w, = 3.6—;_1— w. =5.14 %

Jr

(a) (b) (c)

Figure 5.9. Tension softening model: (a) Linear function (Karlsson and Sorensen, 2006); (b)
Bilinear function (Hillerborg, 1985); and (c) Exponential function (Cornelissen et al., 1986).
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In Figure 5.9, ft is the concrete tensile strength, wc is the crack opening displacement at which

stress can no longer be transferred.

Earij et al. (2017) argued that using the bi—linear and exponential tension stiffening laws
(shown in Figure 5.9), has no effect on the predicted post—peak load— deflection response
providing that the same Gyvalue is used. The tail of the exponential law is 1.5 longer than that
of Hillerborg (1985) bi—linear law; yet, the predicted response remains unaffected. To this end,
the numerical response predicted with either of the bi—linear curves shown in Figure 5.9 is
expected to be similar. Hence, the bi—linear tension softening model of Hillerborg (1985) was

chosen due to its wide use in the computational modelling of concrete.
Defining compressive behaviour and tension stiffening:

Defining compressive behaviour and tension stiffening are illustrated in Figure 5.10 (a) and
(b), respectively. Two hardening variables are used to independently characterise the damage
states in compression and tension. These are denoted by efl'h and sfl’h, which represent

equivalent plastic strains in compression and tension, respectively.
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Figure 5.10. Response of concrete to a uniaxial loading condition: (a) Compression, (b)
Tension (Lubliner et al., 1989).

plLh

As illustrated in Figure 5.10 (a), the plastic hardening strain in compression €. was a critical

factor in the determination of the relationship between the damage parameters and the
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compressive strength of concrete in Equation (5.4) - (5.7) (Abaqus Analysis User's Guide,

2016).
0. = (1—d.) x Eg x (g, — eP'") (5.4)
gh = ¢ — g—; (5.5)
el = ¢, — Z—; X (1—1(1) (5.6)
el = M — e x (5.7)

inh . . . . . Lh . . . .
where sé"‘h is the inelastic compression strain, £*" is the plastic hardening strain in

compression, and Ep is the initial elastic stiffness.
As given in Figure 5.10 (b), in concrete damage plasticity models, the plastic hardening strain

in tension sfl'h was derived in Equation (5.8) - (5.11) (Abaqus Analysis User's Guide, 2016).

or = (1 —dy) x Eg x (g, — eP*") (5.8)
et =g, — Z—; (5.9)

el = ¢, — ;—Z X (1_1dt) (5.10)
e = e - e x (5.11)

where sén'h is the inelastic tension strain, ef is the plastic hardening strain in tension. The

CDP models calculated using a value of strain at maximum stress of £.=0.0024. Using this value
the uniaxial compressive stress-inelastic strain relationship for concrete is shown in Figure
5.11 (a).

Damage is usually characterised by the degradation of stiffness and the damage parameters
in both direction (dc) and tension (d:) are assumed to be functions of the plastic strains,
temperature, and field variables (Abaqus Analysis User's Guide, 2016) and could be
determined using Equation (5.12) and Equation (5.13) for compression and tension damage
parameter, respectively. These parameters can take values starting from 0O representing the
undamaged material up to 1 which represents the total loss of strength as shown in Figure
5.11 (b) for compression. Moreover, the tension damage parameter is given in Figure 5.12 (a).

Oc

d,=1-2 (5.12)

Ocu
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dy

Ot

Otu

(5.13)

here, o. and o: represent the post-peak concrete strengths corresponding to the inelastic

strain in compression and tension, respectively while o, and oy denote the ultimate strengths

of concrete in compression and tension, respectively.
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Figure 5.11. The uniaxial compressive stress-inelastic strain relationship for concrete
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according to CDP constitutive model; (b) Definition of damage parameter in CDP model for

uniaxial compression damage.

Relationship of stress—crack opening for concrete in tension is given in Figure 5.12 (b).
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Figure 5.12. (a) Definition of damage parameter for uniaxial tension damage; (b)

Relationship of stress—crack opening for concrete in tension.
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In Figure 5.12, unit of weu is mm. In addition, the concrete model data used in the Abaqus

software are given in detail in Appendix-J.

5.3.2 Steel Reinforcing Bars
The behaviour of reinforcing steel beyond its yield point was characterized using the von
Mises yield criterion combined with an isotropic hardening response. A bilinear stress-strain
model of steel, which was employed in CEB-FIP (2011), was selected for use in this study.
This stress-strain model is shown in Figure 5.13. Young's modulus for $8 and ¢16 rebar are
Es=201283MPa and Es=198963MPa, respectively. Poisson's ratio and reinforcement density
can be taken as 0.3 and 7.85E-09 tonne/mm?3, respectively (EN1993-1-1, 2005). In this study,
the measured values were used for yield strength (fs,), yield strain (&sy), ultimate strength
(fsu), ultimate strain (&s,) of steel, these values were obtained from tensile test of steel. The
stress-strain data were subsequently converted into true stress and logarithmic plastic strain
format using Equations (5.14), (5.15) and (5.16) as outlined in the Abaqus Analysis User's

Guide (2016). In addition, the stress-strain data of the steel for modelling are given in Table

5.2 and
Table 5.3 for $8 and ¢16, respectively.
True Strain = In(1 + &) (5.14)
True Stress = Engineering Stress x eTTue Strain (5.15)
Ef fective Plastic Strain = Total Strain — Elastic Strain (5.16)
.fSU --------------------------------------------- i
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Figure 5.13. Bilinear stress-strain model of steel (CEB-FIP, 2011).
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Table 5.2. Stress and strain values for ¢8 reinforcing steel in ABAQUS.

Engineering | Engineering | True True Effective Effective
Stress Strain Stress Strain True Stress | Plastic True
(MPa) (MPa) (MPa) Strain
c £ c £ c £
0 0 0 0 - -
Yield 502 0.002490 503.25 | 0.002487 503.250 0.0000
Ultimate 578 0.103 637.53 | 0.09803 637.534 0.09554

Table 5.3. Stress and strain values for $16 reinforcing steel in ABAQUS.

Engineering | Engineering | True True Effective Effective
Stress Strain Stress Strain True Stress | Plastic True
(MPa) (MPa) (MPa) Strain
o £ c £ c £
0 0 0 0 - -
Yield 471 0.002370 | 472.12 | 0.0023672 472.116 0.0000
Ultimate 581 0.114 647.23 | 0.10796 647.234 0.10559

5.3.3 Fibre Reinforced Polymer

The FRP jacket was modelled as a laminar orthotropic material. The data required for the

modelling of the GFRP used in this project was not provided by the manufacturer, so the data

provided by Hahn and Tsai (1980) was used. The elastic properties of the materials were

defined as listed in Table 5.4, where E. and Erare the modulus of elasticity in the directions

parallel and perpendicular to the fibre (see Figure 5.14), v is the Poisson’s ratio and G is the

shear modulus. The FRP jacket was modelled using the shell element (S4R) with four nodes

and reduced integration.

HT

Y
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p P
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l"

Transverse direction

(11 47 Longitudinal direction

Figure 5.14. A unidirectional fibre reinforced lamina and principal material axes (Taranu et

al., 2012).
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The unidirectional composite exhibits varying properties along the material axis orientations.
Consequently, this category of composites is orthotropic, exhibiting axes 1, 2, and 3 as axes of
symmetry (see Figure 5.14). The unidirectionally fibre-reinforced composite parts exhibit the
highest strength in the longitudinal direction, while the material characteristics in the
transverse directions (2, 3) are practically uniform due to the random fibre distribution in the
cross-section. Therefore, a unidirectional composite can be regarded as transversely isotropic,

meaning it is isotropic in the 2-3 plane (Taranu et al., 2012).

Table 5.4. Orthotropic elastic properties of the composite used in the jacket (Hahn and Tsai,

1980).

E|_(|V|Pa) ET(MPa) vIT GLT(MPa) GTT(MPa) GTT(MPa)
38600 8270 0.26 4140 4140 3100

The subscript “L” denotes longitudinal direction (or fibre direction), and the subscript “T”
represents the two transverse directions orthogonal to the fibre direction. The damage
initiation and evolution behaviour are also assumed to be orthotropic (Hashin, 1980). Table

5.5 lists the tensile and compressive strength of the materials in the direction parallel to the

It and aLf'C; the tensile and compressive strength of materials in the

direction perpendicular to the fibre orientation, 0{’t and a{’c; and in-plane shear failure

fibre orientation, o

strength, T[T. The superscripts “t” and “c” refer to tension and compression, respectively. The
fracture energies of the fibre and matrix are assumed to be Gf= 12.5 N/mm (Longitudinal
tensile and compressive fracture energy) and Gm = 1.0 N/mm (Transverse tensile and

compressive fracture energy), respectively (Abaqus Analysis User's Guide, 2016).

Table 5.5. Orthotropic damage initiation properties of the composite used in the jacket

(Hahn and Tsai, 1980).

o/ (MPa) a/“(MPa) ol (Mpa) ol *(MPa) t/-(MPa)
1062 610 31 118 72

It is also necessary to evaluate the damage criteria for fibre composite materials. Hashin
Damage Criteria in ABAQUS are widely used for modelling failure in fibre-reinforced
composite materials. These criteria were developed by Hashin (1980) to account for different
failure modes in composite materials, specifically in fibre-dominated and matrix-dominated

regions. ABAQUS uses these factors to estimate damage onset and development in composite
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laminates. The Hashin failure criteria identifies four primary forms of failure in fibre-reinforced

composites:

» HSNFTCRT (fibre tensile initiation criterion)

» HSNFCCRT (fibre compressive initiation criterion)
» HSNMTCRT (matrix tensile initiation criterion)
>

HSNMCCRT (matrix compressive initiation criterion)

Each of these failure modes has its own criteria based on stresses and strains in the material.
For each of these variables indicating the satisfaction of an initiating criterion in a damage
mode, a value below 1.0 signifies non-satisfaction of the criterion, whilst a value of 1.0 or

greater signifies satisfaction of the criterion (Abaqus Analysis User's Guide, 2016).

5.3.4 Epoxy adhesive

The adhesive was modelled using cubic elements (C3D8R) with eight nodes, three degrees of
freedom per node, and reduced integration. A perfect plasticity model with no hardening was
employed to simulate the behaviour of the epoxy adhesive, as represented in Figure 5.15. The
epoxy used in this study has a density of 1.65 kg/|, a tensile strength of 26 N/mm?, and a
Young’s modulus of 11,200 N/mm?, according to the Sikadur®30 product data sheet. Colombi

and Poggi (2006) reported that the elongation at failure and Poisson's ratio are 0.01 and 0.3,

respectively.

ah

Tensile Stress (o)

Strain (&)

Figure 5.15. Normal stress-separation relationship of the interface (Rezazadeh and Barros,
2014).
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5.4 BOUNDARY CONDITIONS, CONSTRAINTS, ANALYSIS TYPE AND LOADING

During specimen manufacturing, it is necessary to determine the boundary conditions
between the concrete and the steel plates mounted at the upper and lower ends of the
column. In this study, tie constraints were used between the concrete and the steel plates.
With this constraint, the members maintain a complete bond and act in a consistent way
throughout the analysis. Boundary conditions simulating the test forces were applied to the
concrete sections at the upper and lower ends of the column. For this purpose, reference
points are assigned to the midpoints of the plates at the top and bottom ends of the column.
Using the interaction segment in the Abaqus software, it is necessary to establish an
interaction between this point and the plates. For this interaction, Rigid Body is selected in
the Type section and the relationship between the reference point and the plates is
established. The purpose of this is to ensure that the loads or constraints defined at these
points are transferred to the entire plate. Therefore, the horizontal movement of the
reference point at the upper plate of the column is constrained (Ux = U; =0), thus simulating
the vertical axial loading applied during the test. Likewise, the lower plate, both horizontal and
vertical translation of the reference point to which the column lower end section (Ux= U, = U,
=0) are constrained. A constant axial force of 168kN was applied to the upper steel plate and
monotonic loading was applied to the beam loading plate using the displacement-controlled

approach.

The tie constraint used between the steel plates used in the column end areas and the
concrete was also used between the beam end and the loading plate. Other surfaces where
tie constraints were used are between the epoxy-concrete and FRP sheet-concrete surfaces.
This is because, as far as observed in the experiments, there was no debonding due to the
adhesive material between these concrete surfaces during the test and these surfaces moved
together. Therefore, bond-slip relationships were not used in this study. The embedded region
technique was utilised to link the degrees of freedom of the truss elements simulating
embedded reinforcing bars and the degrees of freedom of the brick elements in the
surrounding concrete. Utilising this constraint, a region of the model will be embedded in
another region in a way that they will both have the same degrees of freedom. In addition,
this method was used between u-shaped reinforcements and epoxy. In this technique, the
embedded element is selected as the embedded region (steel rebars) whereas the other

element is selected as the host region (concrete/ epoxy).
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In the literature, researchers have used different approaches such as ABAQUS explicit or
monotonic static loading. Although ABAQUS software provides a similar approach to explicit
analyses, Ridwan (2016) stated that the inertia effect in the calculation phase and the
calculations are computationally very expensive and therefore take a long time. When the
studies of Ridwan (2016) and Yimer and Aure (2021) were examined, they showed the
comparison of the envelope curves of the experimental results and numerical analysis results.
On the other hand, when the studies by Najafgholipour et al. (2017), Diro and Kabeta (2020),
Najafgholipour and Arabi (2021), and Abdelwahed et al. (2021) are examined, the envelope
curves obtained from the experimental studies and the envelope curves obtained as a result
of monotonic static loading in numerical analysis are compared and the models are verified.
It can be seen from their work that they obtained close and meaningful results when
comparing the cyclic loading envelope curves obtained from experiments with the help of
monotonic static loading from numerical modelling. For this reason, analyses were performed

under monotonic static loading within the scope of this thesis.

In the loading step, a constant axial force of 168kN was applied to the upper column as the
first step and then the monotonic loading was implemented to the beam loading plate using
the displacement-controlled approach as the second step. Loading steps and boundary
conditions are given in Figure 5.16. In the analyses performed using the displacement control
on the beam loading plate, this value is 85 mm for the S1-Control specimen, the S2-NSM

specimen and the S4-Hybrid specimen.
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_ Loading in first step:
Column axial loading on the top surface

Boundary conditions:
U,=U,=0

Loading in second step:
displacement control at
centre of the loading plate
U, =-85 mm

Boundary conditions:
U,=U,=U,=0

Figure 5.16. Computational simulation of boundary conditions and applied loading to the
specimens.

5.5 CALIBRATION OF THE MODEL
This study examines the influence of factors in the constitutive equations of a damage
plasticity model and calibrates the model by presenting the impacts of various logical values

of the viscosity parameter and doing a mesh sensitivity analysis.

Najafgholipour et al. (2017) proposed the introduction of visco-plastic regularity into the
numerical model as a method to enhance the rate-dependent plastic damage model by
introducing uniqueness to the increasing stress field in the constitutive equations. It was
demonstrated that the considerate selection of the viscosity parameter and its integration
into the model produces a relaxation time for the visco-plastic system of equations, ensuring
convergence in the softening regime. However, varying the viscosity parameter in monotonic
loading scenarios does not significantly affect the behaviour of concrete materials under
uniaxial compression or tension (Lee, 1996). The study conducted by Lee (1996) demonstrated
that optimal results are achieved with lower viscosity parameter values relative to the

simulated time of analysis. A variety of guidelines and recommendations were proposed by
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many scientists to determine the optimal viscosity parameter values in the CDP model, based
upon the type of the predominant internal actions and the extent of nonlinearity present in
different issues (Wosatko et al. 2015 and Ren et al. 2015). Figure 5.17 illustrates the effects of
incorporating extra relaxation time for the visco-plastic system on the analytical outcomes

utilising various viscosity parameter values.
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Figure 5.17. Load-displacement response of finite element analysis for varying viscosity
parameter values.

In this work, viscosity parameter was chosen by choosing a value that best fitted the
experimental results for the S1 control specimen and then this value was held constant for the
subsequent simulations (S2-NSM and S4-Hybrid). In Figure 5.17, the result of three identical
simulations for the S1 control specimen, but using different values of viscosity; namely,
0.0040, 0.0030, and 0.0020 are presented. This figure indicates that the variations in the
responses occur mainly in the softening region and to a much lesser extent in the hardening
zones. From Figure 5.17, it can be seen that 0.003 gives the best response up to peak load, but
underestimates the softening region of the response, while 0.004 is slightly too stiff and too
strong before peak load, but has a better fit after this point. It could be argued that since the
cylinders used to obtain the concrete properties were not the same as the ones cast when the
original test specimens were made that the concrete in the new cylinders may be slightly
softer than the concrete used in the test specimens and therefore a better choice; however,
the peak stress of the new cylinders was matched to the measured peak stress of the original
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concrete cylinders and therefore the peak load is too high when viscosity = 0.004 is used.
Conversely, using viscosity = 0.003 gives a better simulated response up to peak load and a
softer (conservative) response after this value. For this reason, a viscosity value of 0.003 has
been adopted for all simulations ss it is a better match up to peak load and has a conservative

response after this.

In this study, for the concrete a 12.5 mm mesh was adopted for around the connection and
25 mm mesh for the concrete beam and column outside the joint as shown in Figure 5.6 (a).
This non-uniform mesh was chosen because it produced results that matched the envelope
curve reproduced the crack patterns and the propagation of the cracks. Further mesh
refinements were deemed computationally too expensive for no significant improvement in

the results.

5.6 NUMERICAL ANALYSIS RESULTS

The adopted finite element analysis results of the RC beam-column joints (mesh size = 12.5mm
& 25mm and viscosity= 0.003) under vertical loading are provided through force-displacement
curves, ultimate loads, displacements, and cracking patterns that monitor the shear behaviour
of the connections. Figure 5.18 (a), (b), and (c) illustrate the comparison between the force-
displacement curves predicted by simulation and the experimental results of exterior

connection specimens for S1-Control, S2-NSM, and S4-Hybrid, respectively.
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Figure 5.18. Comparison with experimental and numerical results.
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Figure 5.18. Comparison with experimental and numerical results (continue).

Table 5.6. depicts the maximum loads and displacements predicted by the numerical

simulation and the experimental test findings. To describe the overall model accuracy and the

corresponding average overestimation or underestimate of FEA, the error (%) is assessed

according to the relations established by Behnam et al. (2018), as defined in Equation (5.17).

FEA result—Test result

Error (%) = x 100 (5.17)

Test result
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Table 5.6. Maximum displacements and loads obtained from experimental and

computational tests.

Experimental results FEA results Prediction
Specimen | Loading . Displacement . Displacement
. ) Maximu . Maximum . Error for |Error for max
Name Direction at maximum at maximum .
m load load max load |displacement
load load

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

S1-Control Push 50.8 42.2 52.5 38.4 34 9.0

S2-NSM Push 57.4 34.4 59.8 34.0 4.1 1.2

S4-Hybrid Push 65.1 45.1 70.2 48.8 7.8 8.2

From a numerical perspective (see Table 5.6), the FEA results closely approximate the
experimental data. The maximum load prediction errors ranged from 3.4% to 7.8%, indicating
a good correlation between the simulation and actual behaviour. The displacement
predictions at peak load showed higher variability, with errors of 9.0% for the control, 1.2%
for the NSM specimen, and 8.2% for the hybrid specimen. In general, the FEA model
performed close to the experiments in predicting the behaviour of the control specimen and
the retrofitted specimens with all errors being less than 10%. The biggest difference between
experimental and simulated results was for the S4 hybrid specimen. This example is the most
complex containing retrofitted steel bars and fibreglass wrapping and therefore it is not
unexpected that a slightly poorer fit was obtained. Another reason for this difference in
behaviour could be the material properties adopted for the fibreglass were not directly
measured but rather manufacturers values were used, which is a potential source of

inaccuracy.

The finite element analysis indicates that the initial response exhibits slightly more stiffness
compared to the test results. This may result from the influence of certain assumed variables,
including the selection of concrete tensile and compressive properties, as well as uncertainties
associated with experimental procedures, such as potential material deficiencies.
Additionally, natural differences between responses obtained from cyclic loading in
experiments and monotonic loading in the presented analysis may also contribute to the

comparatively limited initial stiffness response of finite element analysis relative to testing.

In Figure 5.18 (a), (b) and (c), Point 1 shows the measurable beam flexural and joint shear

cracking for the control specimen (S1), for NSM specimen (S2) the beam flexural and shear
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cracking, and for the hybrid specimen (S4) the beam flexural cracking. Point 2 shows the
ultimate strength of the specimens and finally Point 3 shows where the ultimate strength

dropped by 20% (Shen et al., 2022) in the control specimen (S1) and NSM specimen (S2).

The precision of the numerical model in representing joint shear behaviour is assessed
through five output parameters that comprehensively characterise overall joint shear
behaviour, including concrete tensile damage (DAMAGET), compressive damage (DAMAGEC),
reinforcement output stress, plastic strain (PE) for cracking pattern, and stiffness degradation
variable (SDEG). The CDP model accurately represents the nonlinear behaviour of concrete
under both tensile and compressive forces. An important and complex element of using

damage plasticity models is the precise characterisation of damage in the constitutive model.

DAMAGET refers to the Tensile Damage Variable. It is a key parameter used in damage
mechanics to track the evolution of damage in materials subjected to tensile loading. This
variable helps in simulating the degradation and failure of materials when they experience
tensile forces, especially in materials where fracture or cracking is the primary mode of failure.
DAMAGET specifically refers to the damage that occurs due to tensile stresses in the material.
It is used to model how a material progressively loses its ability to carry tensile loads due to

the growth of micro-cracks or voids when subjected to tension.

DAMAGEC stands for the Compressive Damage Variable. It is used to model the reduction in
material stiffness when a material experiences compressive stresses beyond its elastic or
plastic limit, leading to progressive failure. It is important for capturing material behaviours
like crushing or compaction in materials that fail under compression, such as concrete, foam,

and other brittle or quasi- brittle materials.

The maximum principal plastic strain value is the primary signal of fracture initiation in the
concrete damage plasticity model. Cracks develop when the maximum principal plastic strain
is positive, with their orientation regarded perpendicular to the maximum principal plastic
strains. Consequently, to clarify the direction of cracking, the output of the maximum principal

plastic strains is examined.

SDEG refers to the stiffness degradation variable, a key indicator of material damage and
failure in simulations. It tracks the progression of material damage by measuring how much
the stiffness of a material has degraded due to the damage model being used. The SDEG
variable ranges from 0 to 1. If SDEG is equal to zero, it means the material is undamaged (no
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stiffness degradation) has occurred. If SDEG is 1, the material is fully damaged, meaning the

material has lost all stiffness and is considered to have completely failed.

Figure 5.19 illustrates concrete damage in both tension and compression, alongside
reinforcing Von-Mises stress output, stiffness degradation, and plastic strain (cracking

pattern) at five important points of joint shear behaviour relevant to S1-Control.

For the S1-Control specimen, the damage and stresses of the beam at a displacement of 60
mm (drift ratio = 4.62%) were analysed. As shown in Figure 5.19, the concrete tensile damage
occurred on the beam and caused severe damage around the joint. Furthermore, the
compressive damage to the joint core occurred. At this stage, no yielding of the beam
longitudinal bars was observed. Measurable flexural cracks in the beam and severe shear
cracks in the joint are clearly visible and confirm the experimental observations reported at
this stage. In addition, plastic strain and stiffness degradation in the joint area are clearly

visible.
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Figure 5.19. FEA output of S1-Control of shear behaviour (4.62% Drift Ratio): (a) Concrete
compressive damage; (b) SDEG (stiffness degradation variable); (c) PE (plastic strain); (d)
Reinforcement Mises stress; (e) Concrete tensile damage; (f) Concrete tensile damage
(experiment).
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According to the experimental results, the beam longitudinal bars (strain gauge number:
SGO5) yielded at a 5.77% drift ratio. In the numerical model, the bars yielded at a 5.77% drift
ratio as well (see Figure 5.20). Therefore, it can be said that the results of the numerical

analyse is in good agreement with the experimental result.
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Figure 5.20. FEA output of S1-Control of shear behaviour (5.77% Drift Ratio): Reinforcement
Mises stress.

Figure 5.21 illustrates concrete damage in both tension and compression, alongside
reinforcing Von-Mises stress output, stiffness degradation, and plastic strain (cracking

pattern) at five important points of joint shear behaviour relevant to S2-NSM.

For specimen S2-NSM, the damage and stresses of the beam at a displacement of 60 mm (drift
ratio = 4.62%) were presented. As shown in Figure 5.21, the concrete compressive failure
occurred on the joint. Concrete tensile damage was also observed in the form of a serious
crack at the top of the beam at the end of the strengthening. Flexural cracks were also
observed on the beam. At this stage, yielding of the beam longitudinal bars occurred.
Moreover, plastic strain and stiffness degradation on the beam and connection are clearly
visible. The damage and stresses confirmed the reported experimental observations. In the
retrofit technique used, significant shear cracks are observed where the reinforcement ends

(see Figure 5.21 (e) and (f)).
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Figure 5.21. FEA output of S2-NSM of shear behaviour (4.62% Drift Ratio): (a) Concrete
compressive damage; (b) SDEG (stiffness degradation variable); (c) PE (plastic strain); (d)
Reinforcement Mises stress; (e) Concrete tensile damage; (f) Concrete tensile damage
(experiment).
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Analysing the epoxy results, it is clear that the epoxy material was damaged (see Figure 5.22
(a)). The maximum stress for the epoxy material was 26 MPa, and the epoxy material was in
the plastic region of the constitutive model in the numerical analysis (see Figure 5.15). When
it comes to u-shaped steel in the epoxy material, the results of the analysis show that these

bars had yielded (see Figure 5.22 (b)).
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Figure 5.22. FEA output of S2-NSM (4.62% Drift Ratio): (a) Epoxy Mises stress; (b) U-shaped
steel Mises stress.

According to the experimental results, the beam longitudinal bars (strain gauge number:
SGO5) yielded at a 2.31% drift ratio. In the numerical model, the bars yielded at a 2.31% drift
ratio as well (see Figure 5.23 (a)). When it comes to U-shaped steel bar, it yielded at a 1.54%
drift ratio in the experiment. However, in the numerical model, the top of the U-shaped steel
bar yielded after a 2.15% drift ratio (approximately 28mm deflection) (see Figure 5.23 (b)).
Therefore, it can be said that the numerical analysis results and experimental results are in
agreement.
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Figure 5.23. FEA output of S2-NSM: (a) Reinforcement Mises stress (2.31% Drift Ratio); (b) U-
shaped steel Mises stress (after 1.54% Drift Ratio-28mm deflection).

Figure 5.24 illustrates concrete damage in both tension and compression, alongside
reinforcing Von-Mises stress output, stiffness degradation, and plastic strain (cracking

pattern) at five important points of joint shear behaviour relevant to S4-Hybrid.
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Figure 5.24. FEA output of S4-Hybrid of shear behaviour (5.77% Drift Ratio): (a) Concrete
compressive damage; (b) SDEG (stiffness degradation variable); (c) PE (plastic strain); (d)
Reinforcement Mises stress; (e) Concrete tensile damage; (f) Concrete tensile damage
(experiment).
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Figure 5.25. FEA output of S4-Hybrid (5.77% Drift Ratio): (a) HSNMTCRT (matrix tensile
initiation criterion); (b) the experimental observation; (c) HSNFTCRT (fibre tensile initiation
criterion); (d) HSNFCCRT (fibre compressive initiation criterion); () HSNMCCRT (matrix

compressive initiation criterion).
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Figure 5.26. FEA output of S4-Hybrid (5.77% Drift Ratio): (a) Epoxy Mises stress; (b) U-shaped

steel Mises stress.
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Figure 5.27. FEA output of S4-Hybrid of shear behaviour (1.54% Drift Ratio): Reinforcement
Mises stress.
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For specimen S4-Hybrid, the damage and stresses of the beam at a displacement of 75 mm
(drift ratio = 5.77%) were analysed. As shown in Figure 5.24, the concrete compressive failure
occurred on the bottom of beam and at the end of the strengthening. Concrete tensile damage
was also observed in the form of a serious crack at the top of the beam at the end of the
strengthening. Flexural cracks were also observed on the beam. At this stage, yielding of the
beam longitudinal bars occurred. Moreover, plastic strain and stiffness degradation on the
beam are clearly visible. The damage and stresses confirmed the reported experimental
observations. The strengthening techniques used transferred the damage from the joint area

to the beam side and strengthened the joint area against shearing.

When Figure 5.25 (a) and (b) are examined, it is clearly seen that the FRP sheet meets the
HSNMTCRT criterion and reaches a value of 1. When the criterion reaches a value of 1, it
means that the material's matrix is no longer able to withstand the tensile stresses, resulting
in failure. This means that tensile forces destroyed the matrix material, causing ruptures.
However, in Figure 5.25 (c), (d) and (e), it is seen that the Hashin damage criteria are not met
and therefore no damage occurred. The results shown in Figure 5.25 are given for Layer-1.

This is because it is the most critical layer where concrete and FRP sheet come into contact.

Analysing the epoxy results, it is clear that the epoxy material was not damaged (see Figure
5.26 (a)). The maximum stress for the epoxy material was 21.2 MPa, and the epoxy material
was still in the elastic region of the constitutive model in the numerical analysis (see Figure
5.15). When it comes to u-shaped steel in the epoxy material, the results of the analysis show

that these bars did not yield (see Figure 5.26 (b)).

According to the experimental results, the longitudinal bars in the beam (strain gauge number:
SGO05) did not yield at a 1.54% drift ratio, whereas they did in the numerical model. This is
because, the strain gauges on the bar were glued closer to the joint area (Figure 3.26) than
the location of yielding in the numerical model, at the location of the strain gauge in the
numerical model, the steel had not yielded, this is likely due to the fibreglass confining the
concrete at this location and thus preventing the concrete from cracking and hence locally

reducing the strains (see Figure 5.27).

In addition, the concrete crack propagation of the S1-Control, the S2-NSM, and the S4-Hybrid
specimens are shown in detail for each drift ratio in Figure 5.28, Figure 5.29, and Figure 5.30,

respectively.
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Figure 5.28. Comparison with numerical model and experimental results for Tensile Damage

Evolution for S1-Control (continue).
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Figure 5.30. Comparison with numerical model and experimental results for Tensile Damage
Evolution for S4-Hybrid.
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Figure 5.30. Comparison with numerical model and experimental results for Tensile Damage

Evolution for S4-Hybrid (continue).

5.7 SUMMARY

The numerical modelling program successfully demonstrated the viability of using Finite
Element Analysis (FEA) to simulate the behaviour of reinforced concrete beam-column joints
strengthened with different retrofitting techniques. The use of ABAQUS software allowed for
an in-depth understanding of the structural performance under monotonic static loads and

validated the findings from the experimental program.

The purpose of the model is both as a tool to provide insight into the experimental results and

as a predictive tool for future analysis of similar connections.

From a numerical perspective, the FEA results closely approximate the experimental data. The
maximum load prediction errors ranged from 3.4% to 7.8%, indicating a good correlation
between the simulation and actual behaviour. The displacement predictions at peak load

showed higher variability, with errors of 9.0% for the control, 1.2% for the NSM specimen, and
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8.2% for the hybrid specimen. In general, the FEA model performed close to the experiments

in predicting the behaviour of the control specimen and the retrofitted specimens.

The Concrete Damage Plasticity (CDP) model, when combined with other constitutive material
models, accurately represented the tensile softening and compressive hardening and
softening behaviour of concrete, as well as the nonlinear response of steel reinforcements.
Modifying factors such as mesh size was tested for convergence and viscosity was investigated
for optimising the ability of the model to accurately simulate both flexural and shear failure
processes. The model calibration process proved essential for accurately replicating the

experimental results.

For the control specimen (S1), the numerical model effectively captured the brittle failure
mechanism resulting from insufficient reinforcement in the joint region. Likewise, for the
NSM-reinforced specimen (S2), the results were very close to the crack propagation obtained
from the experiments, and it was concluded that the effect of using NSM was not as effective
as in the experiments. Conversely, for the hybrid retrofitted specimen (S4), the FEA accurately
predicted the improved performance, with the retrofitted joint demonstrating a more ductile

failure pattern and increased energy absorption capabilities.

In the numerical modelling, especially when the epoxy results are examined, it is clearly seen
that the epoxy material for S2-NSM has passed the plastic limit. It was also found that the u-
shaped steel reinforcement yielded as in the experiments. When the S4-hybrid model was
analysed, it was clearly seen that the severe damage in the experiments occurred at the end
of the EB reinforcement. It appears that the EB technique prevents the damage seen in the
NSM technique due to wrapping. According to the results of the numerical analysis of the S4-
hybrid specimen, it is likely that the epoxy remains in the elastic zone and the u-shaped

reinforcements do not yield.

The FEA results were able to predict the cracking patterns and failure modes observed during
experimental testing. In the unstrengthened specimen (S1), cracks initiated in the beam-
column joint region due to shear forces, leading to a brittle failure mechanism. On the other
hand, for the retrofitted specimens, particularly the hybrid retrofitted joint (S4), the FEA
model predicted the failure at the beam ends rather than the joint itself, indicating the
effectiveness of the retrofitting strategy in shifting the failure location and improving the

overall seismic resilience of the joint.
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The force-displacement curves generated through FEA closely matched those obtained from
the experiments. This confirms that the model accurately predicts the structural performance,

especially in terms of load-carrying capacity, stiffness degradation, and ductility.

Overall, the FEA model demonstrated high reliability in simulating the nonlinear behaviour of

concrete joints, supporting its use for evaluating retrofitted structures.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

6.1 GENERAL

This research focused on developing a retrofitting solution for seismically deficient reinforced
concrete (RC) beam-column joints. An initial literature review highlighted the critical factors
affecting joint performance and offered potential retrofitting strategies, namely: Near Surface
Mounted (NSM) steel bars and Externally Bonded (EB) Glass Fibre-Reinforced Polymer (GFRP)
sheets. Although promising solutions, a number of deficiencies remained. An experimental
programme was conducted to determine and test these potential solutions. Four specimens
were tested, namely 1) an unretrofitted control, 2) NSM, 3) EB, and 4) a hybrid of the two
which is proposed as part of this thesis. Of these specimens, the EB and hybrid methods were
found to offer good seismic performance. A potential method to design the retrofitting details
for these types of joints was investigated using ABAQUS software to simulate the performance
of the hybrid retrofitting technique. This model showed a good correlation with the
experimental results, demonstrating that it is possible to design a simple and effective retrofit

for substandard beam column connections in reinforced concrete buildings.

6.2 SPECIFIC CONCLUSIONS
This research had a number of objectives in the development of the retrofitting strategy and

the success of these is described here:
Determine the factors affecting joint performance:

A comprehensive review of the literature revealed several crucial factors that influence the
performance of external reinforced concrete beam-column joints, including the ratio of the
axial load to axial capacity of the column, the compressive strength of the concrete, and the

confinement supplied by the shear reinforcement in the joint.
Identify potential solutions that may be able to provide sufficient strength:

Many methods were reviewed with the most promising being NSM and EB which are effective
in improving the seismic performance of beam-column joints, especially in structures that
were not originally designed to meet modern seismic codes; however, NSM can suffer from
inadequate bonding between the new reinforcement and the concrete, while the EB method
can suffer debonding/delamination of the FRP. There are few studies on the use of these two
methods together; and current research do not offer a design method. In this thesis, a hybrid

method was developed by combining EB and NSM methods to overcome these shortcomings
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followed by a method of numerically simulating the behaviour of this type of joint and, hence

facilitating their design.
Developing an experimental programme to determine the best retrofitting strategy:

Specimens were designed considering typical beam-column connection details as specified in

TEC, 1998.

The materials used for the specimens, such as concrete, steel, glass fibre reinforced polymer

(GFRP) and epoxy resin, were described in detail.

The study used four identical specimens: one control and three strengthened specimens (S1-
control, S2-NSM, S3-EB and S4-Hybrid). The remaining three specimens were identical to the
control (before retrofit) and were subsequently reinforced using two technologies improved
from promising technologies discussed in the literature. Additionally, the characteristics of the
strengthening procedures used were detailed. These are the Near Surface Mount (NSM)
method, in which steel bars are embedded in grooves drilled in the concrete, the Externally

Bonded (EB) method, which involves the application of GFRP sheets and a hybrid of the two.

The test setup in which specimens were subjected to a combination of axial loading and
reverse cyclic loading was described in detail as was the loading protocol, including
displacement levels and drift ratios. The test procedure also described the instrumentation
used during the test, such as strain gauges attached to the reinforcing bars, target points, and

cameras used to record deformations.

To test a number of specimens to determine the increase in performance that can be

achieved by different retrofitting techniques:

There has been a significant improvement in the global performance of S2-NSM, S3-EB and
S4-Hybrid. The S2-NSM specimen has a capacity increase of 12.9% for push and 15.3% for pull.
Likewise, S3-EB specimen has 26.4% capacity increase for pushing and 21.8% capacity increase
for pulling, while S4-Hybrid specimen has 28.1% capacity increase for pushing and 37%
capacity increase for pulling. In the light of these results, the most successful strengthening
techniques was the S4-Hybrid specimen in terms of capacity; however, the EB method also

shows a significant increase in capacity.

The energy dissipation levels of the strengthened specimens were much higher than those of
the control specimens, particularly at drift levels of 2.31% or higher. For instance, the energy
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absorbed by the strengthened specimens at 3.85% drift ratio was 9555 kN-mm (S2-NSM),
11074 kN-mm (S3-EB), and 11765 kN-mm (S4-Hybrid). These values represent increases of
33%, 54%, and 63%, respectively, over the corresponding values for the control specimen (S1-

Control).

No significant difference improvements exist between the S2-NSM S1 and the Control and
specimens in terms of the ductility ratio, For S2-NSM, the average value of u was 0.37%,
meaning no significant increase in energy dissipation for this retrofitting technique. The
ductility of S3-EB and S4-Hybrid specimens were pu=29.7% and u=31.6%, representing a
significant increase. From the experimental programme, it is clear that both the EB and Hybrid
are sufficient for retrofitting these types of connections, while the NSM method does not give
enough extra capacity and ductility to warrant its use. Without performing the retrofit on site,
it is not possible to determine if the extra capacity that the hybrid method offers is worth the
extra expense and effort over the EB method; however, there is some extra capacity and
ductility that may make this worthwhile. Furthermore, the final drift of the hybrid method was
not found due to safety concerns in the experiment and so the benefits of the hybrid method
may be even greater that was found in this experimental programme. Recommendations on

how to determine the best method are given later.

To develop afinite element model of the best retrofitting technique with the aim of checking

the feasibility of a future parametric study as part of the development of a design procedure:

The FEA program using ABAQUS effectively demonstrated its capability to simulate the
behaviour of RC beam-column connections strengthened with different retrofitting methods.
The analysis replicated the structural performance under monotonic loads both in terms of
loads, drifts (both total drift and drift to yielding), crack patterns and crack propagation, and
failure mechanisms. The model accurately predicted the maximum load-bearing capacity in
the push direction, and the estimates for maximum displacement were within 1%-9% of the
experimental values. The Concrete Damage Plasticity (CDP) model, combined with
constitutive material models, effectively captured the tensile softening and compressive
behaviour of concrete, as well as the nonlinear response of steel reinforcement. Adjustments
to mesh size and viscosity played a crucial role in optimizing the model’s ability to simulate

both flexural and shear failures.
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The FEA model successfully simulated the different failure mechanisms observed in both
unstrengthened and retrofitted specimens. For the control specimen (S1), it accurately
predicted a brittle failure caused by insufficient joint reinforcement. In contrast, the hybrid
retrofitted specimen (S4) showed improved performance, with a more ductile failure pattern
and greater energy absorption. The analysis matched the observed experimental cracking
patterns and failure modes, where unstrengthened joints failed at the joint region due to
shear forces, while retrofitted joints, particularly the hybrid ones, showed failure at the beam
ends. This shift in failure location indicated the effectiveness of the retrofitting strategy in

enhancing seismic resilience.

The force-displacement curves generated by the FEA model closely matched the experimental
data, confirming its reliability in predicting load-carrying capacity, stiffness degradation, and
ductility. Overall, the model demonstrated strong accuracy in capturing the nonlinear

behaviour of concrete joints and supports its use for assessing retrofitted structures.

6.3 RECOMMENDATIONS FOR FUTURE WORK
Based on the findings from this research, the following recommendations are proposed for

future work:

Although the hybrid retrofitting method was the best at increasing capacity and ductility, it
was only marginally better than the EB method and required more effort to apply; however,
due to safety concerns, testing was terminated early when the beam started to twist. In a real
building, this twisting would have been prevented by the slab and so it is possible that the
hybrid method could have even greater benefits as a retrofitting solution. This should be
investigated. Furthermore, the literature suggests that there are cases where EB suffers from
delamination (which was not the case in this thesis), therefore it is recommended that a more
comprehensive test programme is conducted to see where, or if, the hybrid method is

significantly better than EB.

Although the hybrid retrofitting method has proven effective in laboratory settings, further
pilot projects in actual buildings are necessary to assess its practical applicability.
Implementing the method in real-world seismic retrofitting projects would provide valuable
feedback and help address any logistical or practical challenges that may arise during large-
scale applications.
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Further investigation into the use of different FRP materials, such as carbon or aramid fibres,
in the EB technique could provide insights into achieving better structural performance in
different sized beam column connection. Additionally, varying the diameter and placement of
NSM steel bars could lead to optimized designs that further enhance load-bearing capacity

and energy dissipation.

The long-term performance of NSM and EB-retrofitted joints, particularly under
environmental conditions such as moisture, temperature fluctuations, and chemical exposure,
remains largely unexplored. Investigating the durability of these retrofitting methods under

such conditions would ensure their reliability for real-world applications.

The FEA framework established in this study can be utilised for further research on different
retrofitting materials and techniques, as well as for other structural elements. Moreover, it
provides a strong foundation for developing design guidelines for engineers seeking cost-

effective and efficient retrofitting solutions.

Three FE models were produced, and so it is recommended that a parametric study is
conducted where a comprehensive set of FE models are developed with different sized
members, different concrete strength (especially lower than 20MPa as this is often the case
in Turkey where substandard building have been constructed) with different unretrofitted
specifications and different quantities of retrofitting materials (e.g. U bars and fiberglass) with

a view of producing retrofitting design guidelines.

The ABAQUS software used in the numerical modelling in this software applied a monotonic
load. While this is sufficient for producing designs of buildings using a code-based approach a
more representative test would be to use an explicit solver and apply cyclic dynamic loads.
This was beyond the scope of this thesis as this type of analysis is numerically more intensive
and can have convergence issues. It is therefore recommended that a numerical programme
using an explicit solve be conducted to see if the entire experimental force displacement curve

can be replicated and whether this can lead to a better numerical design procedure.
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APPENDICES

Appendix-A
In this section, the results of the analyses of the materials used for concrete, the necessary
tables and figures used in concrete design are given. In addition, information about cement

(provided by the manufacturer) is given.

Table A1, Table A2, Table A3, and Table A4 shows the sieve analysis results for fine sand, sharp

sand, coarse aggregate-1, and coarse aggregate-2, respectively.

Table Al. Sieve analysis results for fine sand.

Sieve Weight | Weight Cumn;peuila’:‘:ve Cumulative | Cumulative
Description Size retained | retained retagr ed passing passing
(mm) (9) (%) () (g9) (%)
6.3 0 0 0 486.93 100
5 0.54 0.11 0.54 486.39 99.89
3.35 3.34 0.69 3.88 483.05 99.20
2 3.52 0.72 7.40 479.53 98.48
1.18 2.85 0.59 10.25 476.68 97.89
. 0.6 55.03 11.30 65.28 421.65 86.59
Fine sand
0.425 106.75 21.92 172.03 314.90 64.67
0.212 232.26 47.70 404.29 82.64 16.97
0.15 46.12 9.47 450.41 36.52 7.50
0.063 36.12 7.42 486.53 0.40 0.08
Pan 0.40 0.08 486.93 0 0
Total 486.93 100 - - -
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Table A2. Sieve analysis results for sharp sand.

Sieve Weight | Weight Cu':,n:ila’:“:ve Cumulative | Cumulative
Description Size retained | retained retaiie d passing passing
(mm) (9) (%) (9) (9) (%)
6.30 0 0 0 547.90 100
5.00 2.72 0.50 2.72 545.18 99.50
3.35 36.72 6.70 39.44 508.46 92.80
2.00 65.97 12.04 105.41 442.49 80.76
1.18 51.45 9.39 156.86 391.04 71.37
0.60 66.16 12.08 223.02 324.88 59.30
Sharp sand
0.43 34.25 6.25 257.27 290.63 53.04
0.21 121.22 22.12 378.49 169.41 30.92
0.15 73.80 13.47 452.29 95.61 17.45
0.06 92.98 16.97 545.27 2.63 0.48
Pan 2.63 0.48 547.90 0 0
Total 547.9 100 - - -
Table A3. Sieve analysis results for coarse aggregate-1.
Sieve Weight Weight Cumu.lal:*:ve Cumulative | Cumulative
Description Size retained | retained r‘;’:;’:‘;e d passing passing
(mm) (9) (%) (9) (9) (%)
14.00 0 0 0 1404.98 100
10.00 110.15 7.84 110.15 1294.83 92.16
6.30 770.50 54.84 880.65 524.33 37.32
5.00 236.50 16.83 1117.15 287.83 20.49
3.35 189.93 13.52 1307.08 97.90 6.97
2.00 53.88 3.83 1360.96 44.02 3.13
Coarse 1.18 20.80 1.48 1381.76 23.22 1.65
Aggregate-1 0.60 21.42 1.52 1403.18 1.80 0.13
0.43 1.11 0.08 1404.29 0.69 0.05
0.21 0.18 0.01 1404.47 0.51 0.04
0.15 0.07 0.005 1404.54 0.44 0.03
0.06 0.44 0.03 1404.98 0 0
Pan 0.00 0.00 1404.98 0 0
Total 1404.98 100 - - -
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Table A4. Sieve analysis results for coarse aggregate-2.

Sieve Weight | Weight Cux;la;;ve Cumulative | Cumulative
Description Size retained | retained retaiie d passing passing
(mm) (9) (%) (9) (9) (%)
28 0 0 0 2924.04 100
20 522.41 17.87 522.41 2401.63 82.13
14 1249.10 42.72 1771.51 1152.53 39.42
10 1021.20 34.92 2792.71 131.33 4.49
6.3 126.48 4.33 2919.19 4.85 0.17
5 4.20 0.14 2923.39 0.65 0.02
3.35 0.65 0.02 2924.04 0 0
Coarse 2 0 0 2924.04 0 0
Aggregate-2 1.18 0 0 2924.04 0 0
0.6 0 0 2924.04 0 0
0.425 0 0 2924.04 0 0
0.212 0 0 2924.04 0 0
0.15 0 0 2924.04 0 0
0.063 0 0 2924.04 0 0
Pan 0 0 2924.04 0 0
Total 2924.04 100 - - -

Figure A1, Figure A2, Figure A3, and Figure A4 shows the granulometry curve of fine sand,

sharp sand, coarse aggregate-1, and coarse aggregate-2, respectively.
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Figure Al. The granulometry curve of fine sand
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Figure A2. The granulometry curve of sharp sand
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Figure A3. The granulometry curve of coarse aggregate-1.
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Figure A4. The granulometry curve of coarse aggregate-2.
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Table A5, Table A6, and Table A7 shows the determination of the percentage for the concrete

mixture, suitable slump values for various structural elements, and according to the exposure

classes maximum permissible water/cement ratio, minimum cement dosage, minimum air

content (%) and concrete class, respectively.

Table A5. Determination of the percentage for the concrete mixture (TS 802, 2016).

. . Target compressive strength, f.,
Characteristic compressive strength, f . i .
(MPa) (Average cylinder/equivalent cube compressive strength)
(MPa)
Concrete Characteristic cylinder Equivalent cube If the standard deviation is unknown
Grade (150%300) (150x150x150)
(mm) (mm) If the standard (150x300) (150x150x150)
compressive strength, |compressive strength,| deviation is known
(mm) (mm)
fex fex cylinder cube
(MPa) (MPa)
C14/16 14 16 18 20
C16/20 16 20 20 24
C18/22 18 22 22 26
C20/25 20 25 26 31
C25/30 25 30 31 36
C30/37 30 37 36 43
C35/45 35 45 43 53
C40/50 40 50 £ —f. 41480 48 58
C45/55 45 55 em = Tk T S 53 63
C50/60 50 60 58 68
C55/67 55 67 63 75
C60/75 60 75 68 83
C70/85 70 85 78 93
C80/95 80 95 88 103
C90/105 90 105 98 113
C€100/115 100 115 108 123
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Table A6. Suitable slump values for various structural elements (TS 802, 2016).

_— Slump Values, (mm
Building elements — P (_ )
Minimum | Maximum
Reinforced concrete foundation walls and
) 30 80
piers
Unreinforced concrete foundations, caissons,
30 80
and substructure walls
Beams, columns, reinforced concrete shear
. 50 100
walls, tunnel side and arch concretes
Concrete slab 30 80
Tunnel base coating concretes 20 50
Mass concrete for dams 20 50

Table A7. According to the exposure classes maximum permissible water/cement ratio,

minimum cement dosage, minimum air content (%) and concrete class (TS 802, 2016).

Minimum
Maximum Minimum Minimum air
Exposure Type of cement .
water/cement strength content Other conditions
classes exposure X content
ratio class 3 (%)
(kg/m”)
No risk of
‘o 0 rsko C12/15
corrosion or
Cl6/20
harmful effects /
XC1 0.70 C20/25 250
XC2 Dueto 0.65 C25/30 260
carbonation
XC3 corrosion 0.60 €25/30 270
XC4 0.55 C30/37 280
X51 0.55 C30/37 300
X52 sea water effect 0.50 C35/45 320
(chloride effect) ’
XS3 0.45 C35/45 320
XD1 0.55 C30/37 300
Sea water
XD2 except chloride 0.50 C35/45 320
XD3 0.45 C35/45 320
XF1 0.60 C25/30 280 - TS 706 EN
XF2 0.55 C25/30 300 al 12620+A1Lin
Effect of freeze- ’ 4.0 accordance with the
XE3 thaw 0.50 C25/30 300 4.0? standard freeze-thaw
] with durability
a
XF4 0.50 C30/37 320 4.0 aggregate
XM1 0.55 C30/37 300
XM2 | Abrasion effect 0.55 C30/37 320
XM3 0.45 C35/45 320
XAl Hazardous 0.60 €25/30 280 Sulfate-resistant
XA2 chemical 0.50 C35/45 320 B)
XA3 | environment 0.45 C35/45 320 cement
a  For non-weather-exposed concrete, the concrete performance shall be determined by appropriate test
method in comparison with concrete with proven resistance to freezing/thawing for the relevant impact class.
b Inexposure classes XA2 and XA3, sulfate resistant cement must be used if the dominant effect is caused by
sulfate . In case of classification of cement in terms of resistance to sulfates, cement classified as medium and high
resistant should be used in XA2 exposure class (if applicable in XA1 exposure class) and high strength cement
should be used in XA3 exposure class.
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Figure A5, Figure A6, and Figure A7 shows the relationship between compressive strength and
water/cement ratio in air-entrained and non-air-entrained concrete, different largest
aggregate grain size and different concrete using naturally formed aggregate approximate mix
water of concrete without chemical admixture and non-air entrained for slump values
guantities, depending on the largest grain size of the aggregate and climatic conditions, the

concrete mixture total air contents to be used in the calculations, respectively.
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Figure A5. Relationship between compressive strength and water/cement ratio in air-
entrained and non-air-entrained concrete (TS 802, 2016).
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Figure A6. Different largest aggregate grain size and different concrete using naturally
formed aggregate approximate mix water of concrete without chemical admixture and non-
air entrained for slump values quantities (TS 802, 2016).
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Figure A7. Depending on the largest grain size of the aggregate and climatic conditions, the
concrete mixture total air contents to be used in the calculations (TS 802, 2016).
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Table A8 shows the physical, chemical, and mechanical properties of PC 32.5R Cement

(provided by the manufacturer).

Table A8. Physical, chemical, and mechanical properties of PC 32.5R Cement (provided by

the manufacturer).

Cement Despatch Quality
Compressive Strength Cement Physical Characteristics Colour
Date Sample ID Desplatch " n "
Point 2CSA 28CSA [ Prism Maker| Prism Density R45 BLAINE | CONS EXPAC | SETINI L* a* b* DeltaE

MPa MPa - g/cm? % g/mm? % mm min - - - -
03.01.2023 08:18 | CLD23000089 | Paper Bag 136 34.9 ss 221 211 432 253 1 120 64.91 06 9.7 3.1
09.01.2023 07:19 | CLD23000363 | Paper Bag 16 345 PB 2.36 227 459 252 2 230
17.01.2023 08:24 | CLD23000512 | Paper Bag 152 37.6 MS 2.22 24.6 415 251 3 365
18.01.2023 08:44 | CLD23000534 | Paper Bag 17.1 38.2 MS 2.19 20.55 480 256 355 64.99 0.4 85 23
23.01.2023 08:34 | CLD23000676 | Paper Bag 14.1 35 CH 2.21 226 455 252 1 330
26.01.2023 08:00 | CLD23000740 | Paper Bag 19.6 39.1 CH 2.2 16.7 559 252 390 66.68 03 9.3 4.1
30.01.2023 08:00 | CLD23000890 | Paper Bag 14.6 359 ss 2.23 22.25 414 24.2 2 230 65.01 0 7.7 2
01.02.2023 08:00 | CLD23000926 | Paper Bag 16 37.3 ss 2.24 19.4 300 256 240
08.02.2023 08:00 | CLD23001124 | Plastic Bag 14.9 35.7 ss 2.25 259 392 256 245
13.02.2023 08:00 | CLD23001285 | Plastic Bag 16.3 34.6 CH 2.2 21 400 25.7 1 200 66.87 0.3 6.4 338
15.02.2023 12:00 | CLD23001343 | Plastic Bag 152 34.4 CH 2.25 19.5 376 24.6 165
20.02.2023 09:00 | CLD23001733 | Plastic Bag 14.1 343 CH 2.24 27.3 386 245 2 180
22.02.2023 09:00 | CLD23001814 | Plastic Bag 13.9 36.3 CH 2.28 28.1 365 24.4 280 64.78 -0.1 6.9 17
27.02.202309:00 | CLD23002150 | Plastic Bag 16 38 ss 2.24 24 438 24.4 1 120 64.85 0.4 7.7 18
01.03.2023 08:00 | CLD23002313 | Plastic Bag 14.9 35.6 ss 2.16 24.2 434 24.2 245
06.03.2023 08:52 | CLD23002667 | Plastic Bag 13 375 P 2.24 29.85 370 24.1 2 340 64.18 06 8.2 16
08.03.2023 07:17 | CLD23002770 | Paper Bag 148 36.5 PB 221 351 501 23.9 280
13.03.2023 10:00 | CLD23003169 | Paper Bag 13.3 36.2 PB 2.21 25.15 525 23.7 3 350 64.91 0.2 7.6 19
15.03.2023 08:00 | CLD23003295 | Plastic Bag 12.8 457 PB 2.23 304 353 238 400
20.03.2023 08:30 | CLD23003622 | Paper Bag 14.6 36.7 CH 2.21 258 375 23.7 1 360
22.03.2023 08:33 | CLD23003759 | Plastic Bag 108 27.4 CH 2.2 3235 355 236 275 63.93 03 7.8 1
27.03.2023 09:00 | CLD23004264 | Paper Bag 14.6 34.2 ss 2.24 21.4 441 24.4 1 295 65.09 03 7.6 2
29.03.2023 08:38 | CLD23004366 | Paper Bag 136 34.9 ss 2.24 18.2 515 24.4 165
03.04.2023 13:39 | CLD23004793 | Paper Bag 14.9 38.9 ss 2.23 19.6 504 255 1 225
04.04.2023 08:06 | CLD23004859 | Plastic Bag 16.3 403 ss 2.25 23.75 510 258 1 226 64.17 0.2 7.4 11
10.04.2023 09:02 | CLD23005413 | Plastic Bag 14.7 358 ss 3 236 392 25 1 224 63.12 02 75 0.4
12.04.2023 14:31 | CLD23005492 | Paper Bag 16.3 39.2 ss 2.22 20 411 253 1 200
17.04.2023 08:30 | CLD23005891 | Paper Bag 16.9 39.4 CH 2.22 17.8 469 26.3 2 197
18.04.2023 09:21 | CLD23006054 | Paper Bag 155 37.3 CH 2.27 18 462 258 1 194 64.04 0.3 76 1
24.04.2023 08:00 | CLD23006558 | Paper Bag 136 35.1 ss 2.25 24 451 24.3 1 212 65.71 0.4 8 2.8
26.04.2023 08:00 | CLD23006661 | Plastic Bag 159 39.2 ss 2.29 223 390 245 1 217
01.05.2023 07:27 | CLD23007157 | Plastic Bag 195 436 PB 2.24 18.05 534 26 1 226
03.05.2023 08:00 | CLD23007237 | Paper Bag 201 442 PB 22 202 455 25 1 221 62.85 0.1 7.3 0.3
09.05.2023 08:11 | CLD23007748 | Paper Bag 18.7 418 MS 2.22 275 331 25 1 200
10.05.2023 08:00 | CLD23007872 | Plastic Bag 19.7 445 MS 2.26 19.8 409 26.8 1 229 61.91 0 7 12
15.05.2023 06:48 | CLD23008358 | Plastic Bag 17.6 402 CH 221 211 528 255 1 201
16.05.2023 06:55 | CLD23008543 | Paper Bag 14.6 358 CH 221 26.45 562 25 1 200 62.62 0 6.9 0.6
22.05.2023 12:05 | CLD23008955 | Plastic Bag 19 40.4 MS 2.15 18.7 429 25 2 210 62.93 0.1 7 0.3
24.05.2023 08:01 | CLD23009111 | Plastic Bag 16.7 425 MS 2.2 263 322 252 195
29.05.2023 08:32 | CLD23009401 | Paper Bag 19.8 432 PB 213 16.3 499 265 0 151
31.05.2023 09:00 | CLD23009511 | Plastic Bag 14 402 PR 2.25 23.75 582 26 0 230 62.2 0 7.1 0.9
05.06.2023 09:00 | CLD23009923 | Plastic Bag 17.2 40.4 PB 221 215 382 26.5 1 182
07.06.2023 08:00 | CLD23010003 | Paper Bag 17 426 PB 2.27 225 361 258 1 188 62.09 0.1 6.8 11
12.06.2023 09:29 | CLD23010497 | Plastic Bag 151 345 CH 2.2 23.75 396 255 0 185
19.06.2023 14:15 | CLD23011215 | Paper Bag 17.1 422 ss 2.23 259 344 255 2 340 63.08 0.1 6.9 0.3
21.06.2023 08:35 | CLD23011387 | Plastic Bag 15 408 ss 2.24 30.8 255 315
27.06.2023 08:51 | CLD23011973 | Plastic Bag 17.8 401 CH 2.24 204 395 26 0 282
28.06.2023 08:13 | CLD23012051 | Paper Bag 221 53.9 CH 2.23 17.15 332 26.3 0 306 60.6 -0.2 7.2 25
03.07.2023 07:44 | CLD23012565 | Plastic Bag 20.9 511 MS 2.66 213 314
05.07.2023 08:08 | CLD23012642 | Paper Bag 204 52.3 MS 2.28 206 315 60.27 01 6.9 2.9
10.07.2023 09:00 | CLD23013112 | Plastic Bag 17.5 4.7 ss 2.25 20.15 357 252 0 295
12.07.2023 08:27 | CLD23013287 | Paper Bag 205 485 ss 2.24 184 359 252 305 61.39 0.2 7.2 17
17.07.2023 14:43 | CLD23013656 | Paper Bag 133 323 MS 2.24 24.8 387 63.69 0.1 7.9 0.9
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Table A8. Physical, chemical, and mechanical properties of PC 32.5R Cement (provided by

the manufacturer) (continue).
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Appendix-B

In this section, the test results of the samples taken from each specimen are given in detail as
the concrete tensile test (three-point bending test) and the concrete compressive test
(cylinder compressive test), respectively. In addition, information on the test results of the

rebars used for the steel cage is given.

Three-Point Bending Test of Concrete

0=f££k=m

fore =22tk = Ltk (75 500, 2000)

F

L/2 L/2

F/2 |

/2

FL/4

Figure B1. Three-point bending test of concrete and diagram of shear and moment.
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Specimen-1 (Control Specimen)

Three-point bending test (BS EN 12390-5:2019)

Casting date: 06/12/2023

Test date:03/01/2024

Age: 28 days
Sample Name ST11 ST12 ST13
Pace rate (mm/min) 1 1 1
Weight (g) 11210 11190 11200
Width (mm) 100 100 100
Thick (mm) 100 100 100
Length (mm) 500 500 500
Test length (mm) 400 400 400
Density (kg/m3) 2242 2238 2240
Max Load (N) 7194.3 7155.0 6716.9
f et (MPa) 432 4.29 4.03
f et (MPa) 2.16 2.15 2.02
fctk,average (MPa) 2.11

Specimen-2 (NSM)

Three-point bending test (BS EN 12390-5:2019)

Casting date: 08/12/2023 Test date:05/01/2024

Age: 28 days
Sample Name ST21 ST22 ST23
Pace rate (mm/min) 1 1 1
Weight (g) 11190 11170 11180
Width (mm) 100 100 100
Thick (mm) 100 100 100
Length (mm) 500 500 500
Test length (mm) 400 400 400
Density (kg/m?3) 2238 2234 2236
Max Load (N) 5647.5 5913.8 5653.9
f et (MPa) 3.39 3.55 3.40
feer (MPa) 1.69 1.77 1.70
fctk,average (MPa) 1.72
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Specimen-3 (EB)

Three-point bending test (BS EN 12390-5:2019)

Casting date: 11/12/2023

Test date:08/01/2024

Age: 28 days
Sample Name ST31 ST32 ST33
Pace rate (mm/min) 1 1 1
Weight (g) 11195 11180 11190
Width (mm) 100 100 100
Thick (mm) 100 100 100
Length (mm) 500 500 500
Test length (mm) 400 400 400
Density (kg/m3) 2239 2236 2238
Max Load (N) 5588.7 4592.4 5740.2
feex (MPa) 3.35 2.76 3.44
f et (MPa) 1.68 1.38 1.72
fctk,average (MPa) 1.59

Specimen-4 (Hybrid)

Three-point bending test (BS EN 12390-5:2019)

Casting date: 13/12/2023 Test date:10/01/2024

Age: 28 days
Sample Name ST41 ST42 ST43
Pace rate (mm/min) 1 1 1
Weight (g) 11280 11160 11090
Width (mm) 100 100 100
Thick (mm) 100 100 100
Length (mm) 500 500 500
Test length (mm) 400 400 400
Density (kg/m3) 2256 2232 2218
Max Load (N) 5833.2 5609.4 6427.6
f et (MPa) 3.5 3.37 3.86
fcer (MPa) 1.75 1.68 1.93
fctk,average (MPa) 1.79
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Compressive Test of Concrete

Specimen-1 (Control Specimen)

Cylinder compressive test (BS EN 12390-3:2009)

Casting date: 06/12/2023

Test date:13/12/2023

Age: 7 days
Sample Name S11 S12 S13
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3726 3745 3691
Diameter (mm) 103 103 103
Height (mm) 200 200 197
Density (kg/m3) 2235.88 2247.28 2248.61
Max Load (kN) 109.4 110.5 106.3
fex(MPa) 13.14 13.27 12.76
fck,average (MPa) 13.06

Casting date: 06/12/2023 Test date:03/01/2024

Age: 28 days
Sample Name S14 S15 S16
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3537 3584 3570
Diameter (mm) 102 102 103
Height (mm) 199 201 201
Density (kg/m3) 2175.16 2182.14 2131.61
Max Load (kN) 192.8 198.0 198.3
fex(MPa) 23.61 24.24 23.81
fck,average (MPa) 23.89

Casting date: 06/12/2023 Test date:20/02/2024

Age: 76 days
Sample Name S17 S18 S19
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3539 3512 3558
Diameter (mm) 102 102 102
Height (mm) 201 197 201
Density (kg/m3) 2154.74 2181.72 2166.31
Max Load (kN) 198.0 199.0 208.0
fex (MPa) 24.23 24.37 25.47
fck,average (MPa) 24.69
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Specimen-2 (NSM)

Cylinder compressive test (BS EN 12390-3:2009)

Casting date: 08/12/2023

Test date:15/12/2023

Age: 7 days
Sample Name S21 S22 S23
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3750 3743 3810
Diameter (mm) 103 103 103
Height (mm) 200 199 201
Density (kg/m3) 2250.28 2257.37 2274.91
Max Load (kN) 104.1 98.7 101.8
f« (MPa) 12.50 11.85 12.22
fck,average (MPa) 12.19

Casting date: 08/12/2023 Test date:05/01/2024

Age: 28 days
Sample Name S24 S25 S26
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3588 3610 3648
Diameter (mm) 102 102 102
Height (mm) 200 201 202
Density (kg/m3) 2195.49 2197.97 2210.11
Max Load (kN) 178.7 194.0 185.2
f« (MPa) 21.88 23.75 22.68
fck,average (MPa) 22.77

Casting date: 08/12/2023 Test date:27/02/2024

Age: 81 days
Sample Name S27 $28 S29
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3575 3595 3580
Diameter (mm) 102 102 103
Height (mm) 202 201 200
Density (kg/m3) 2165.88 2188.83 2148.27
Max Load (kN) 185.0 204.5 205.1
fex(MPa) 22.65 25.04 24.63
fck,average (MPa) 24.11
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Specimen-3 (EB)

Cylinder compressive test (BS EN 12390-3:2009)

Casting date: 11/12/2023

Test date:18/12/2023

Age: 7 days
Sample Name S31 S32 S33
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3741 3701 3688
Diameter (mm) 102 102 102
Height (mm) 201 199 197
Density (kg/m3) 2277.73 2276.02 2291.05
Max Load (kN) 98.7 105.8 104.1
f« (MPa) 12.09 12.95 12.75
fck,average (MPa) 12.60

Casting date: 11/12/2023 Test date:08/01/2024

Age: 28 days
Sample Name S34 S35 S36
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3510 3490 3568
Diameter (mm) 102 101 102
Height (mm) 195 195 198
Density (kg/m3) 2202.84 2233.87 2205.31
Max Load (kN) 173.7 176.8 182.8
f« (MPa) 21.27 22.08 22.38
fck,average (MPa) 21.91

Casting date: 11/12/2023 Test date:01/03/2024

Age: 81 days
Sample Name S37 S38 S39
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3528 3558 3538
Diameter (mm) 102 102 102
Height (mm) 199 201 201
Density (kg/m3) 2169.63 2166.31 2154.13
Max Load (kN) 183.1 200.6 2014
fex(MPa) 22.42 24.56 24.66
fck,average (MPa) 23.88
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Specimen-4 (Hybrid)

Cylinder compressive test (BS EN 12390-3:2009)

Casting date: 13/12/2023

Test date:20/12/2023

Age: 7 days
Sample Name s41 S$42 s43
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3773 3759 3773
Diameter (mm) 102 103 103
Height (mm) 200 199 200
Density (kg/m3) 2308.70 2267.02 2264.08
Max Load (kN) 105.7 105.4 100.7
f« (MPa) 12.94 12.66 12.09
fck,average (MPa) 12.56

Casting date: 13/12/2023 Test date:10/01/2024

Age: 28 days
Sample Name S44 S45 S46
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3532 3531 3555
Diameter (mm) 103 103 102
Height (mm) 193 194 195
Density (kg/m3) 2196.34 2184.40 2231.08
Max Load (kN) 194.3 202.6 189.1
f« (MPa) 23.33 24.33 23.15
fck,average (MPa) 23.60

Casting date: 13/12/2023 Test date:05/03/2024

Age: 83 days
Sample Name S47 S48 S49
Pace rate (kN/s) 2.4 2.4 2.4
Weight (g) 3619 3621 3601
Diameter (mm) 102 103 103
Height (mm) 201 202 200
Density (kg/m3) 2203.45 2151.36 2160.87
Max Load (kN) 202.4 205.0 205.9
fex(MPa) 24.79 24.62 24.72
fck,average (MPa) 24.71
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Figure B2 shows the stress-strain curve of concrete.
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Figure B2. Stress-strain curve of concrete.
Reinforcement Tensile Test
Properties of longitudinal and transverse reinforcement
Tensile test (1ISO 15630-1 & ASTM A370)
Test date:31/01/2024
Sample Name Sample-1 Sample-2 Sample-3 Average
Type Ribbed bar Ribbed bar Ribbed bar | Ribbed bar
Class B 420C B 420C B 420C B 420C
Bar size (mm) 16 16 16 16
Pace rate (mm/min) 10 10 10 10
Weight (g) 1491 1500 1499 1497
Length (mm) 945 948 947 945
Density (kg/m3) 7847.22 7869.61 7872.67 7863.17
Yield Load (N) 93661.5 95110.2 95455.8 94742.50
fsy(MPa) 465.83 473.04 474.76 471.21
Esy 0.00236 0.00237 0.00238 0.00237
Ultimate Load (N) 115791.6 117095.5 117271.8 116719.63
fsu(MPa) 575.90 582.39 583.26 580.52
Esu 0.118 0.110 0.115 0.114
Es(MPa) 197387 200017 199478 198963
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Test date:31/01/2024

Sample Name Sample-1 Sample-2 Sample-3 Average
Type Ribbed bar Ribbed bar Ribbed bar | Ribbed bar
Class B 420C B 420C B 420C B 420C
Bar size (mm) 8 8 8 8

Pace rate (mm/min) 10 10 10 10
Weight (g) 393 386 386 388
Length (mm) 1000 1000 1000 1000
Density (kg/m3) 7818.49 1679.23 7679.23 7725.65
Yield Load (N) 24699.0 25527.9 25452.6 25226.50
fsy(MPa) 491.37 507.86 506.36 501.87
Esy 0.002425 0.00253 0.002525 0.00249
Ultimate Load (N) 29139.2 29021.8 29058.7 29073.23
fsu(MPa) 579.71 577.37 578.10 578.39
Esu 0.11455 0.09736 0.09633 0.103
Es(MPa) 202627.21 200735.74 200539.96 | 201283
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Appendix-C
Properties of SikaWrap®-930G
Figure C1 shows the SikaWrap®-930G product data sheet.

BUILDING TRUST

PRODUCT DATA SHEET
SikaWrap®-930 G

WOWVEN UNIDIRECTIOMNAL GLASS FIBRE FABRIC, DESIGMNED FOR STRUCTURAL STRENGTHENING
APPLICATIONS AS PART OF THE SIKA® STRENGTHENING SYSTEM.

PRODUCT DESCRIPTION CHARACTERISTICS / ADVANTAGES

SikaWwrap®-930 G is a unidirectional woven glass fibre = Manufactured with heat-set weft fibres to keep the

fabric designed for installation using the wet applica- fabric stable

tion process. = Multifunctional fabric for use in many differsnt
strengthening applications

USES = Flexible and accommodating of different surface
planes and geometry (beams, columns, chimneys,

SikaWrap®-930 G may only be used by experienced piles, walls, soffits, silos etc.)

= Low density for minimal additional weight

= Extremely cost effective in comparisen to traditional
strengthening techniques

= Very low electrical conductivity

professionals.

Structural strengthening of reinforced concrete, ma-

sonry, brickwork and timber elements or structures, to

increase flexural and shear loading capacity for:

= Improved seismic performance of masonny walls

= Increasing the strength and ductility of columns

= Enabling changes in use / alterations and refurbish-
ment

= Correcting structural design and / or construction de-
fects

* Inreasing resistance to seismic movement

= Improving service life and durability

= Structural upgrading to comphy with current stand-
ards

= Blast mitigation (accidents or terrorismy)

= Electrical emvircnments that ask for non-conductive

material

PRODUCT INFORMATION

Construction Fibre orientation 0° [unidirectional)
Warp White glass fibres 28 %
Weft White thermoplastic heat-set fibres

2%

Fibre type E-glass fibres

Packaging Fabric length per roll Fabric width
1 roll in cardboard box 2 50 m 600 mm

Product Dets Sheet

Sika\irap™-530 5

February 2020, ersion 0202

2002020000008

Figure C1. SikaWrap®-930G product data sheet.
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Shelf Life

24 months from date of production

Storage Conditions

Store in undamaged, original sealed packaging, in dry conditions at tem-
peratures between +5 °C and +35 "C.
Protect from direct sunlight.

Diry Fibre Density

2.56 gfcm®

Dry Fibre Thickness 0.363 mm [based on total glass content)

Area Density 930 gfm? + 20 g/m:? [glass fibres only)

Diry Fibre Tensile Strength 2 500 M/mm: {measuerd on roving) (EM 2561)
Diry Fibre Modulus of Elasticity in Ten- 72 000 M/mm: [EM 2561)
sion

Diry Fibre Elongation at Break 2.7 % [measured on roving) (EM 2561)
TECHNICAL INFORMATION

Laminate Nominal Thickness 0.363 mm

Laminate Mominal Cross Section

363 mm? per m width

Laminate Tensile Strength Average Characteristic (EN 2561°)
1 500 N/mm: 1 200 N/mm?

Laminate Tensile Modulus of Elasticity  Average Characteristic (EN 2551%)
70 kNfmm? 68 kM/mm?

* modification: ampie with 30 mm
‘Walues in the longitusinal dirsction of the fiones
Singie laryer, minimum 27 samples per test seres

Laminate Elongation at Break Strain 2.14 % (EN 2561)
Tensile Resistance Average Characteristic [ EM 2561)
545 kN/m 436 kNJjm
Tensile Stiffness Average Characteristic EN 2561)
254 MN/m 24.7 MN/m
25.4 kN/m per %o elonga-  24.7 kN/m per % elonga-
tion tion

SYSTEM INFORMATION

System Structure

The system build-up and configuration as described must be fully complied
with and may not be changed.
Concrete substrate adhesive primer  Sikadur®-330

Impregnating / laminating resin Sikadur®-300

Structural strengthening fabric SikaWrap®-920 G

For detailed information on Sikadur®-330 or Sikadur®-300, together with

the resin and fabric application details, refer to the Sikadur®-330 or
Sikadur®-300 Preduct Data Sheet.

APPLICATION INFORMATION

Consumption Wet application with Sikadwr®-300, primer Sikadur®-330
Primer layer 0.6-0.8 kg/m=
Fabric layers 1.0 kg/m:
Refer to the relevant Technical Information Manual for further informa-
tion.
Froduct Data Sheet
SikaWnep™-530 5
Februsry 2020, Version 0202
OIS0 2HILO000I0E

BUILDING TRUST

Figure C1. SikaWrap®-930G product data sheet (continue).
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Properties of Sikadur®-30

Figure C2 shows the Sikadur®-30 product data sheet.

PRODUCT DATA SHEET
Sikadur®-30

Thixotropic epoxy adhesive for bonding reinforcement ‘ €
= High initial and ultimate mechanical resistance.
PRODUCT DESCRIFTION = High abraszion and shock resistance.
Sikadur®-30 is a thixotropic, structural 2-component * Impermeable to liquids and water vapour.
adhesive, based on a combination of epoxy resins and
special fillers, designed for use at normal temperat- ENVIRONMENTAL INFORMATION
ures between +8 "C and +35 *C.
= Conformity with LEED w4 MRc 4 (Option 2): Building
USES Product Disclosure and Optimization - Material In-
gredients.
¥ . = Conformity with LEED w2009 |[ECQc 4.1: Low-Emitting
f;.';‘:',‘;,‘;f’ 30 may only be used by experienced profes- Materials - Adhesives and Sealants.

Adhesive for bonding structural reinforcement, partic-  APPROVALS / STANDARDS
;I:'fh:lllrr:rwhg IEBI. ing works. ity for = IBMB, TU Braunschweig, test report Mo. 1871,/0054,
* Sika® CarboDur® Plates to concrete, brickwork and . 1234: Approval furS’ll:?du-”‘-ED Epoxy adhesive.
timber [for details se= the Sika® CarboDur® Produc IBME, TU Braunschweig, test report Mo. 1734/6434,
Data Sheet. the “Method Statement for Sika® Car. 1955%: Testing for Sikadur*-31 Epoxy mortar in com-
'] = - o - . - .
boDur® Externally Bonded Reinforcement” Ref: 850 binztion with Sikadur®-30 Epoxy adhesive for bond-

41 05 and the “Method Statement for Sika® Car- ing of steel plates.

. . - Awis Tedhnigque N* 3/16-875 (annule et remplace N
gga[.ifl}';?a Surface Mounted Reinforcement™ Ref: 3/10-669) Sika® CarboDur®, Sikail =

= CIT n°290 18/07/2017 (certificato di idoneita tecnica
allimpiego) ; Sika ® CarboDur®, SikaWrap®, Sikadur®.
= Adhesive for structural bonding tested according to
EM 1504-4, ided with the CE-mark.
CHARACTERISTICS / ADVANTAGES - Contrete Saiety Technical Report No.55 Structural
adhesive product specification compliant [FIG 12).
Crefiord Brookes University Test Certificate.

* Steel plates to concrete (for details see the relevant
Sika Technical information).

Sikadur®-30 has the following advantages:

» Easy to mix and apply.

* Mo primer needed.

* High creep resistance under permanent load.

= Wery good adhesion to concrete, masonry, stone-
work, steel, cast iron, aluminium, timber and Sika®
CarboDur® Plates.

» Hardening is not affected by high humidity.

* High strength adhesive.

» Thixotropic: non-sag im vertical and overhead applic-
ations.

= Hardens without shrinkage.

» Different coloured components (for mixing control).

Product Dets Shest
Silacur®-30
July 2022, Version 04.02

Figure C2. Sikadur®-30 product data sheet.
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PRODUCT INFORMATION

Chemical Base Epoicy resin
Packaging & kg [A+B) Pre-batched unit
pallets of 480 kg (80 x & kg)
Shelf Life 24 months from date of production
Storage Conditions Store in original, unopened, sealed and undamaged packaging in dry condi-
tions at temperatures between +5 °C and +30 “C. Protect from direct sun-
ight.
Colour Component Az white
Component B: black
Components A+B mixed: light grey
Density 1.65 kgl #0.1 kg/| [components A+B mixed) (at +23 *C)
TECHNICAL INFORMATION
Compressive Strength Curing Time Curing Temperature (EM 186)
+10°C +35°C
12 howrs - ~&5 N/mm:
1 day ~5% N/mm: ~20 N/mm:=
3 days ~70 Nfmm? ~30 N/mm:?
7 days ~75% N/mm: ~20 N/mm:=
Meodulus of Elasticity in Compression  ~3 600 N/mm? (at 23 *C) [A5THA D B25)

Tensile 5trength Curing Time Curing Temperature |DIM EN 150 527-3
+15°C +35"C
1 day ~20 Nfmm? ~26 N/mm*
3 days ~23 Nfmm? ~27 N/mm*
7 days ~26 Nfmm? ~29 N/mm*
Tensile Modulus of Elasticity ~11 200 M/mm? (+23 °C) (150 527)
Shear Strength Curing time  Curing Temperature [FIP 5.15)
+15°C +23"C +35"C
1 day ~4 N/mmz - ~17 M/mm:
3 days ~15 Njmm: - ~18 N/mm:
7 days ~16 N/mm:= ’_'I:lE N/mm:  ~18 N/mm:
Concrete failure (~15 M/mm:?)
i (DIM EN 150 4624)
Tensile adhesion strength curing time  Substrate Curing tem-  Adhesion [EM ISD 4624, EN

perature strength 1542, EM 12188]

7 days Concrete dry +23 *C =>4 N/mm* *

7 days Steel +23°C »>21 N/mm?

*100% conmete failurs
Shrinkage 0.04 % [FIP: Fédération Internationala de la Précontrainta)
Coefficient of Thermal Expansion 2.5 x 10 per *C [Temperature range: 20 *C to +30 °C) (EN 1770)
Service Temperature —40 °C to +45 *C (when cured at +23 °C)
Glass transition temperature Curing time Curing temperat- TG (EN 12614)

ure

30 days +30°C #52 *C
Product Dmts Sheet
Silaciur®™-30
July 2072, Version 04,02
OZCEIE0A00L000000L

BUILDING TRUST

Figure C2. Sikadur®-30 product data sheet (continue).
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Heat deflection temperature Curing time Curing temperat-  HOT [A5TM-D 548]
ure
3 hours +80°C +53*C
& hours +60 °C +53°C
7 days +35°C #53*C
7 days +10°C +36*C

APPLICATION INFORMATION

Mixing Ratio Component A : Component B = 3 : 1 by weight or volume
‘When using bulk material the exact mixing ratic must be safeguarded by
accurately weighing and dosing each component.
Consumption Refer to Sika CarboDur Method Statement.
Layer Thickness 30 mmn max.
Sag Flow On vertical surfaces it is non-sag up to (FIP: Federation internationale de la
3-5 mm thickness at 35 °C Frécontraints)
Squeezability 4000 mim® at +15 “C at 15 kg [FIP: Fédération Internationale de la Précontrainte)
Product Temperature Sikadur®-30 must be applied at temperatures between +8 °C and +35 °C.
Ambient Air Temperature +B *C min. / +35 “C max.
Dew Point Beware of condensation.
Substrate temperature during application must be at least 3 °C above dew
point.
Substrate Temperature +8 *C min. /35 °C max.

Substrate Moisture Content

M 4 % phw
When applied to matt damp concrete, brush the adhesive well into the
substrate.

Pot Life Temperature Potlife Open time (FIP- Feédération In-
+8°C ~120 minutes ~150 minutes temationale de la
+20°C ~50 minutes ~110 minutes PrEconirainte)
+35 °C ~20 minutes ~50 minutes
The pot-life bains wihen the nesin snd handanar ans mived. It is shorber st high temparaturess and longer ot
low temperstures. The greater the quantity mixed, the shorter the pot-ife. To obtzin longer workability at
high temperatures, the mixed adhesive may be divided into portions. Another method is to gl compon-
ents A48 before mikng them (skhough not below +3 "C).

VALUE BASE Data Sheets (305) before using any products. The 5D5

All technical data stated in this Product Data Sheet are
based on laboratory tests. Actual measured data may
vary due to circumstances beyond our control.

LIMITATIONS

provides information and advice on the safe handling,
storage and disposal of chemical products and con-
tains physical, ecological, toxicological and other
safety-related data.

APPLICATION INSTRUCTIONS

Sikadur® resins are formulated to have low creep un-
der permanent loading. However, dus to the creep be-
havior of all polymer materials under load, the long
term structural design load must account for creep.
Generally the long term structural desizn load must be
loweer than 20-25 % of the failure load.

A structural engineer must be consulted for load cal-
culations for the specific application.

ECOLOGY, HEALTH AND SAFETY

User must read the most recent corresponding Safety

Product Dats Sheet
Sikacur®-30

July 2022, Wersion 04.02
D0 H0E0A00 D000,

SUBSTRATE QUALITY

See the Product Data Sheet of Sika®™ CarboDur® Plates
and Sika®™ CarboDur® BC rods.

SUBSTRATE PREPARATION

See the “Method Statement for Sika® CarboDur® Ex-
ternally Bonded Reinforcement™ Ref: 850 41 05 and
the “Method Statement for Sika® CarboDur® Near Sur-
face Mounted Reinforcement” Ref: 350 41 07.

BUILDING TRUST

Figure C2. Sikadur®-30 product data sheet (continue).
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Properties of Sikadur®-300
Figure C2 shows the Sikadur®-300 product data

sheet.

Sikadur®-300

BUILDING TRUST

Epoxy impregnating / laminating resin for SikaWrap® structural strengthening fabrics

PRODUCT DESCRIPTION

Sikadur®-300 is a 2-part, epoxy based impregnating
laminating resin for SikaWrap® structural strengthen-
ing fabrics.

USES

Sikadur®-300 may only be used by experienced profes-
sionals.

= As an impragnating / laminating resin for the
SikaWrap® fabric reinforcement wet application
method.

= Az 3 substrate primer for the wet application meth-
od.

PRODUCT INFORMATION

CHARACTERISTICS / ADVANTAGES

= Easy to mix.

= Application by impregnation roller.

= Formulated for manual or mechanical saturation
methods.

= Good adhesion to many substrates.

= High mechanical properties.

= Extra long pot-life.

APPROVALS / STANDARDS

= Flat bars and composite mats PN-EMN 196-1, DIN
53452, Sika CarboDwr, IBDiM, Approval No. AT/ 2008-
03-0336/1.

= CE Marking and Declaration of Performance to
EN 1504-4: Structural bonding.

Product Declaration

EN 1504-4: Structural bonding

Chemical Base Epoicy resin
Packaging Part & 22 305 kg pre-batched unit
Part B 7,685 kg pre-batched wnit
Bulk containers Refer to current price list
Refer to current price list for packaging variations
Shelf Life 24 months from date of production
Storage Conditions The product must be stored in original, unopened and undamaged pack-
aging in dry conditicns at temperatures between +5 °C and +30 *C. Always
refer to packaging.
Colour Part A ~amber liquid
Part B ~pale yellow liquid
Parts A + B mixed ~light-yellow liquid
Density Mixed resin ~1,16 kg/
Value at +23 *C.
Froduct Dmts Sheet
Siloaciur®-300
Manch 2022, WVersion 0401
RS040 D00000E

Figure C3. Sikadur®-300 product data sheet.
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Viscosity

Shear rate: 50/

Temperature Viscosity

+15 °C ~2000 mPa-s

+23°C ~700 mPa-s

+i0 "C ~200 mPa-s
TECHNICAL INFORMATION
Flexural E-Medulus ~2800 N/mm? (7 days at +23 °C) (DIM EN 1455)
Tensile Strength ~45 N/mm? |7 days at +23 °C} (150 527)
Tensile Modulus of Elasticity ~3500 N/mma (7 days at +23 °C) [150527)
Elongation at Break 1,5 % (7 days at +23 °c) (150 527)
Tensile adhesion strength Concrete fracture (> 4 Nfmm?| on sandblasted substrate (EM 150 4624)
Coefficient of Thermal Expansion ~g,0x 10+ (#0,2 = 10-) 1/K [EN 1770)

{linear expansion between -20 °C and +40 °C)
Service Temperature =40 °C 1o +45 *C
Glass transition temperature Curing time Curing temperat- TG (EM 12614)

ure

30 days +30°C +53 *C

Heat deflection temperature Curing time Curing temperat- HDOT [A5TH D 648)
ure

7 days +15 °C +13 *C

7 days +23°C +45 °C

3 days +40°C +60 *C

7 days +40°C +56 *C

Resistant to contimuous exposure +45 *C.

SYSTEM INFORMATION

Systemn Structure

= Substrate primer: Sikadwr®-300 / Sikadur®-330.
= Impregnating / laminating resin: Sikadur®-300.

= Structural strengthening fabric: SikaWrap® (type to suit requirements).

APPLICATION INFORMATION

Mixing Ratio Part A : Part B = 100 : 34 5 by weight
Consumption Guide: ~0,4-1,0 kg/m:?
Also refer to:
= Method Statement: SikaWrap®™ manual wet application - Ref. 850 41 03.
= Method Statement: SikaWrap® saturator machine wet application - Ref.
850 41 04.
Ambient Air Temperature +15 *C min. § +40 °C max.
Dew Point Beware of condensation.
The substrate and uncured applied resin must be at least +3 °C abowe dew
point to reduce the risk of condensation or blooming on the resin surface.
Substrate Temperature +15 °C min. / +40 °C max.
Product Data Sheet
Silacur®-300
Karch 2022, Version 0400
CDG0A00H DOOO00E

BUILDING TRUST

Figure C3. Sikadur®-300 product data sheet (continue).
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Substrate Moisture Content

=4 % parts by weight

The following test methods can be used: Sika®-Tramex meter,
CM-measurement or Oven-dry-method. Mo rising moisture according to
ASTM (Polyethylene-sheet).

Fot Life Temperature Potife Open time (EM 150 9514)
+15*°C ~3 hours =6 hours
+23 *C - ~4 hours
+i0 °C ~60 minutes ~50 minutes
The pot-life begins when Parts A+B are mixed. It is shorter at high temper-
atures and lenger at low temperatures. The greater the quantity mixed,
the shorter the pot-life. To obtain longer workability at high temperatures,
the mixed adhesive may be divided inte smaller quantities. Another meth-
od is to chill Parts A+B before mixing (although not below +5 *C).

VALUE BASE tion.

All technical data stated in this Product Data Sheet are
based on laboratory tests. Actual measured data may
vary due to circumstances beyond our control.

FURTHER DOCUMENTS

* Method Statement: SikaWrap™ manual wet applica-
tion - Ref. 850 41 03.

* Method Statement: SikaWrap® saturator machine
wet application - Ref. 850 41 04.

LIMITATIONS

* Sikadur® resins are formulated to have low creep un-
der permanent loading. However due to the creep
behaviour of all palymer materials under load, when
using adhesive for structural applications, the long
term structural design load must account for creep.
Generally, the long-term structural design load must
be lower than 20-25 % of the failure load. A structur-
al engineer must be consulted for design calculations
for specific structural applications.

= Protect from rain for at least 24 hours after applica-
tion. Ensure placement of fabric and laminating with
roller takes place within open time.

= For application in cold or hot conditions, pre-condi-
tion material for 24 hours in temperature-controlled
storage facilities to improve mixing, application and
pot-life limits.

ECOLOGY, HEALTH AND SAFETY

User must read the most recent corresponding Safety
Data Sheets (SDS) before using any products. The 505
provides information and advice on the safe handling,
storage and disposal of dhemical products and con-
tains physical, ecolegical, toxicological and other
safety-related data.

APPLICATION INSTRUCTIONS

SUBSTRATE QUALITY

Substrates must be structurally sound and of sufficient
tensile strength to provide a minimum tensile strength
of 1,0 N/mnv or as required in the design spedfica-

Produc Dais Sheet

Sl e ™-300

March 022, Version 0404
D000 DO0000E

Reference must be made to the Sika® Method State-

ments:

= Method Statement: SikaWrap®™ manual wet applica-
tion - Ref. 850 41 03.

= Method Statement: SikaWrap® saturator machine
wet application - Ref. 850 41 04.

SUBSTRATE PREFPARATION

Reference must be made to the Sika® Method State-

ments:

= Methed Statement: SikaWrap® manual wet applica-
tion - Ref. 850 41 03.

= Method Statement: SikaWrap® saturator machine
wet application - Ref. 850 41 04.

MIXING

Pre-batched unit

Prigr to mixing all parts, mix Part A {resin) briefly using
an electric single or double paddlie mixer (maxim-

um 300 rpm) with a spiral paddle.

Add Part B (hardener] to part A and mix Parts A+B
continuoushy for at least 3 minutes until a uniform mix
has been achieved. To ensure thorough mixing, pour
materials into a clean container and mix again for ap-
proximately 1 minute. Overmixing must be avoided to
minimise air entrainment. Mix full units only. Mixing
time for A+B = ~4 minutes.

Bulk container

Add both parts in the correct proportion into 3 suit-
able clean, dry container and mix in the same way as
for the pre-batched unit. Mix only the guantity which
can be used within its pot-life.

APPLICATION METHOD § TOOLS

Reference must be made to the Sika® Method State-

menks:

= Method Statement: SikaWrap®™ manual wet applica-
tion - Ref. 850 41 03.

= Method Statement: SikaWrap® saturator machine
wet application - Ref. 850 41 04.

CLEAMING OF TOOLS
Clean all tools and application equipment with Sika®

Thinner Cimmediately after use. Hardened material
can only be medhanically remowved.

BUILDING TRUST

Figure C3. Sikadur®-300 product data sheet (continue).
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Appendix-D

Calculation of the development length

Anchorage is achieved by extending the reinforcing bars a distance of /, beyond the point of
maximum stress in the bar. This length, known as the development length, can be calculated

for deformed bars using Equation (D1) in TS 500 (2000).

Iy = (0.12 Jfﬂ x ¢) (D1)

ctd

When the above equation is applied for ¢16 and C20, the development length was calculated

as 701 mm, and the calculation steps are below.

In Equation (D1), fys is the design strength of the reinforcement, f.q is the design tensile

strength of concrete, and ¢ is the diameter of the reinforcement.

fere = 0.35 X v/20 = 1.6 MPa

where, fe: is the concrete characteristic tensile strength, f« is the characteristic compressive

strength.

— fetk
fCtd T 15 (safety factor of concrete) (D3)

1.6
fCtd = E = 10 MPa

_ fyk
fyd " 1.15 (safety factor of steel) (D4)

where, fy is the minimum yield strength according to TS 708.

420

fyd - 1.15 (safety factor of steel) = 365 MPa

Using Equation (D1), [ can be calculated below.
365
Iy = (012 x 22 x 16) = 701 mm

In addition, the development length can be obtain using Table D1.

251



Table D1. Development Length for B420C (TS 500, 2000)

Concrete Class C20 ‘ C25 | C30 | C35 | C40

Diameter (mm) Development Length (/5) (mm)
10 438 381 350 324 302
12 526 457 420 389 362
14 613 533 491 454 423
16 701 609 561 519 483
18 788 686 631 584 544
20 876 762 701 649 604

TEC (1998) regulation was used for the calculation of the anchorage length at the beam-
column junction. Formulas for minimum length values are shown in Figure D1. In this study,
the anchorage length was used as 754 mm. The calculation of anchorage length is shown

below.
the anchorage length=a+b

Here, “b” is chosen as 500 mm because it is desired to use the net value during the cutting

and bending of the longitudinal reinforcement. “a” is calculated as follows.
a = beolumn — (concrete cover + diameter of longitudinal rebar of column)
where, beoiumn is the length of the column.
a =300 mm - (30 mm + 16 mm) = 254 mm
the anchorage length = 500 mm + 254 mm =754 mm = 701 mm

In addition, detail is shown in Figure D2.
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Figure D1. The calculation of the anchorage length at the beam-column joint (TEC, 1998).
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Figure D2. The detail of the anchorage length at the beam-column joint (units are mm).
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Shear links design

Beam;

Beam confinement zone requirements as follow;

sbshb/4=34&=75mm

Sp £8X @ =8x16 =128 mm (¢= min longitudinal rebar diameter)
Sp <150 mm

®8/100 was selected for this project.

—_ / [~ — / T
<50 mm Sb
- ~++
t T A
hp
I i A
Beam Beam central zone Beam
Confinement (Minimum transverse reinforcement Confinement
Zone according to TS-500) Zone
= Zhb = Zhb
B - -
\ L— Sh < hh /4 \ L~

Sp < 8® (® = min. longitudinal rebar diameter)
S, <150 mm

Figure D3. Transverse Reinforcement Requirements for beam (TEC, 1998).

Column;

Column central zone requirements as follow;

So <200 mm

. 250
S, < ="—=125mm
0 2 2

Column confinement zone requirements as follow;
Se = 50 mm

S¢ <100 mm

bmin _ 250 _ g3 33 mm
3 3

IA

Sc

®8/100 was selected for this project.
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si<100 mm §j
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@
g
S.=>50 mm S " < ba
5. < 100 mm S8 < Leolumnf®
Sc < brmin/3 e ’ § <500 mm
S

Leolumn = Free height of the
T column between the beams

Figure D4. Transverse Reinforcement Requirements for column (TEC, 1998).
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Capacity Calculations for Column and Beam Sections

This section calculates the maximum bending moment and shear force values that can be
carried by the beam and column sections used to create the joints studied in the experiment.
These capacity values will be used to evaluate the results of the experimental investigation.
The capacity calculations were performed using the XTRACT software by Chadwell and Imbsen
(2004) for moment capacities and the TS-500 (2000) standard for shear capacity. In addition,
the concrete and steel models used in the Extract program are given following heading. The

shear strength (V;) of the sections was calculated by Equation (D5).
Vr=V+V (D5)

where V is the contribution to the shear strength of concrete and V,, denotes the contribution
of transverse reinforcement to shear strength. The contribution of concrete to the shear
strength was taken as 80% of the cracking strength (V. = 0.8V) and the cracking strength (V)

was calculated by Equation (D6).

V. = (0.65 X f.q X b X d) X <1 + (y X %)) (D6)

where fcqis the tensile strength of concrete, b is the beam/column section width, d is the useful
depth of the beam/column section, N is the amount of axial load, A. is the cross-sectional area,
y is the coefficient used for the effect of axial force on cracking strength. This coefficient is
taken as "0" since there is no axial load on the beam and "0.07" since axial pressure is applied
on the column. fa and f.s of the concrete can be calculated by Equation (D7) and (D8),

respectively.

fete = 0.35 X \[fur (D7)
fea = (%) (08)

where feiis the design tensile strength of concrete, and y.= 1.5 is the safety factor of concrete
(TS 500, 2000). In this calculation, since fu: is calculated in section 3.2.1, this value is used
directly, and the safety factor was not used. The contribution of transverse reinforcement to

the shear strength (V) is calculated by Equation (D9).

_ Asw

Vi = 22X fryq X d (D9)

fywd can be calculated by Equation (D10).
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fwa = (225) (D10)

where Ay, is the total area of transverse reinforcement, s is the spacing of transverse
reinforcement, fywk is the yield strength of transverse reinforcement, fywd is the design yield
strength of transverse reinforcement, and y, = 1.15 is the safety factor of steel (TS 500, 2000).
In this calculation, since fywk is measured in section 3.2.2, this value is used directly, and the

safety factor was not used.

Geometric details of the column and beam sections and reinforcement details of the

specimens in the experimental study are given in Figure D5 and Figure D6, respectively.

300 mm |
|
®
:
8P100 = 616 o
| LN
: ~
l—‘x ) Q
y : Y

Figure D5. Geometric details of the column section and reinforcement placement.

Column dimensions are 300x250 mm. In the columns, 6 longitudinal reinforcements with a
diameter of 16 mm and transverse reinforcements with a diameter of 8 mm were used at 100
mm intervals. In column capacity calculations, an axial load of 9.74% of the column capacity
(168 kN) was applied. In the calculations were used the values found as a result of concrete
compression-tensile tests and steel tensile tests, and nominal column moments and beam
moments are found below. In these calculations, 24.35 MPa, 1.8 MPa, 471 MPa, and 502 MPa

were used for fe ferk, fyk and fywk, respectively.

The moment capacity of the column under this load is M,, = 70.89 kN-m for the strong
direction (y-axis) while M,x = 65.96 kN-m for the weak direction (x-axis). In addition, the yield
moment of the column for the y-axis and x-axis was found to be Myieqy = 66.22 kN-m and
Myieigx = 64.24 kN-m when the first yielding occurred in the longitudinal reinforcement. The

shear force capacity of the column is V,=196.88 kN for the strong direction. The load required
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to be applied to the end of the beam in the experiment to reach the moment capacity of the
column for the strong direction (y-axis) was calculated as 109.06 kN and the load required to

reach the yield moment was calculated as 101.88 kN.

250 mm
- i
e e @
=
8100 —| 6d16 £
(@]
(9p]
> e e o
v |

Figure D6. Geometric details of the beam section and reinforcement placement.

The moment capacity of the beam around its strong axis is M, = 73.26 kN-m. In addition, the
yield moment of the beam was found to be M, = 62.86 kN-m when the first yielding occurred
in the longitudinal reinforcement. The shear force capacity of the beam is V,= 187.56 kN. The
load required to be applied to the end of the beam in the experiment to reach the moment
capacity of the beam was calculated as 56.35 kN and the load required to reach the yield
moment was calculated as 48.35 (62.86 kN-m/ 1.3 m) kN. In addition, moment and shear

capacities of the beam and column are given in Table D2 and Table D3.

Table D2. Capacity of beam.

Moment Capacity Shear Capacity
Beam Max Moment (kNm) | Yield Moment (kNm) | Max Shear (kN)
(250x300 mm)
M; M, Vr
C24.35 73.26 62.86 187.56
Table D3. Capacity of column.
Moment Capacity Shear Capacity
Column Max Moment (kNm) Yield Moment (kNm) Max Shear (kN)
(300x250 mm) | Strong axis | Weak axis | Strong axis | Weak axis Strong axis
M ry M M yield,y M yieldyx Ve
C24.35 70.89 65.96 66.22 64.24 196.88
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Material Models for Concrete and Steel Reinforcement for Analytical Phase

The concrete used during the casting of the specimens for use in the Extract program was
defined by taking into account the results obtained from the compressive strength tests, while
the steel material model for the reinforcement was defined by taking into account the results
of the “tensile” tests performed for the strength of the reinforcement used in the specimens

tested. Existing models in the literature were used for material behaviour.

Material Model for Concrete:

For the concrete material in the analytical model, the Mander unconfined concrete model
(Mander et al., 1988), which is frequently used in structural analysis and whose stress-strain
relationship is presented in Figure D7, was used. This material model is also described in the

information annex 7.B of the earthquake code used in Turkey (TEC, 2007).

fh-----==

Stress, f

v

& 28, &

Strain, €

Figure D7. Mander unconfined concrete model (Mander et al., 1988).

According to Mander unconfined concrete model:

» Fore < (2x¢g)

_ fexrx(e/ec)
f= r—1+(g/eo)" (b11)
» For 2x¢g)<(2%x¢)<¢g,
[ 2XfexXr Eyu—¢&
f= (r—1+2r) X (su—(erc)) (b12)
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where, f. is the compressive strength of concrete, &, is the strain corresponding to the
compressive strength, f is the stress at any point, € is the strain at any point. The value of ris

calculated with the help of the following Equation (D13).

r= (ﬁ) (D13)

where, E, is the initial modulus of elasticity of the concrete. E, (ACl 318-14 section 19.2.2)
can be calculated as follow using Equation (D14).

E. =4700 X /f; (D14)
In this model, concrete values for the compressive strength of unconfined concrete, fc, is

"24.35" MPa, for the modulus of elasticity of concrete, E, "21781" MPa, for the strain at

compressive strength, €., "0.0024", and for the maximum strain, &,, "0.006".

Defined Material Model for Reinforcing Steel:

The stress-strain relationship of reinforcing steel is generally modelled as bi-linear, elasto-
plastic. In this study, the bi-linear model considering the effects of yielding plateau given in
earthquake code (TEC, 2007) was used. This model consists of three regions. The first region
is the "Elastic Region" which reflects the linear behaviour up to the yield strength. In the
second region, increasing strain values remain at constant strength (yield strength) until the
beginning of the yield plateau zone. The region showing this behaviour is the "Fully Plastic
Region". The third zone is the "Hardening Zone", which is expressed by a parabolic curve up
to the failure strain and failure strength. This model described for reinforcing steel is
presented in Figure D8 Figure . The expression of the curves for this model is given by Equation

(D15).
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Figure D8. Typical stress-strain curve of reinforcement material model.

Ese —»e<g,

fx=1 fy —» &y <&y < Egpf (D15)

& — &Esp

— P e ey
&y — Esh ]

where, Es = the modulus of elasticity of reinforcing steel in the linear region, € = strain of
reinforcing steel at a location on the curve, f, = yield strength of reinforcement steel, f, =
tensile strength of reinforcement steel, €, = yield strain, &, = tensile strain, &s» = strain at the
end of the yield plateau.

The material test results (average of three tests) given in section 3.2.2 for ribbed

reinforcement. These data were used for calculations.
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Results of column and beam capacity calculations for analytical studies using experimental

data

Figure D9 shows the moment capacity of the column for the strong axis.

Section Name:
Loading Name:

Analysis Type:

MCYY

XTRACT Analysis Report -

For use only in an academic or research setting.

Column-300x250

Moment Curvature

OYE
PhD
20/05/2025
PhD
Column-300x250-Postexperiment
Page  of

Section Details:
X Centroid:
Y Centroid:

Section Area:

Loading Details:
Constant Load - P:
Incrementing Loads:
Number of Points:

Analysis Strategy:

Analysis Results:
Failing Material:

Failure Strain:

Curvature at Initial Load:
Curvature at First Yield:
Ultimate Curvature:
Moment at First Yield:
Ultimate Moment:

Centroid Strain at Yield:

N.A. atFirst Yield:

N.A. at Ultimate:

Energy per Length:
Effective Yield Curvature:
Effective Yield Moment:
Over Strength Factor:

El Effective:

Yield EI Effective:
Bilinear Harding Slope:

Curvature Ductility:

Comments:

User Comments

Centroid Strain at Ultimate:

=3293E-17 m
-9444E-19 m
T5.00E-3 m"2

168.0 kN
Myy Only
32

Displacement Control

Confined1
20.00E-3 Compression
2543E-19 1/m
15.40E-3 1/m
2943 1/m

66.22 kN-m
70.89 kN-m
7655E-3 Ten
12.96E-3 Ten
49.71E-3 m
44.04E-3 m
20.86 kKN
17.46E-3 1/m
75.07 kKN-m
9442

4.301E+6 N-m"2
-15.12E+3 N-m"2
-3516 %

16.86

Moments about the Y-Awis - KN-m
20

80T _ A

70 e e ey

——

0.00 0.05 0.10 0135 020 0235 030
Curvatures about the Y-Axs - 1/'m

=& Moment Curvature Relation
== Moment Curvature Bilinearization

Figure D9. Moment capacity of the column for the strong axis.
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Figure D10 shows the moment capacity of the column for the weak axis.

Loading Name: ~ MCXX

XTRACT Analysis Report -

For use only inan academic or research setting.

Section Name: Column-300x250

Analysis Type: Moment Curvature

OYE

PhD
20/05/2025
PhD

Column-300x250-Postexperiment

Page  of

Section Details:
X Centroid:
Y Centroid:

Section Area:

Loading Details:
Constant Load - P:
Incrementing Loads:
Number of Points:

Analysis Strategy:

Analysis Results:
Failing Material:

Failure Strain:

Curvature at Initial Load:
Curvature at First Yield:
Ultimate Curvature:
Moment at First Yield:
Ultimate Moment:

Centroid Strain at Yield:

N.A. at First Yield:

N_A. at Ultimate:

Energy per Length:
Effective Yield Curvature:
Effective Yield Moment:
Ower Strength Factor:

El Effective:

Yield EI Effective:
Bilinear Harding Slope:

Curvature Ductility:

Comments:

User Comments

Centroid Strain at Ultimate:

-3203E-17 m
-9444E-19 m
75.00E-3 m"2

168.0 kN
Max Only
31

Displacement Control

Confined |
20.00E-3 Compression
2845E-19 I/m
19.79E-3 1/m
6258 1/m
64.24 kN-m
65.96 kKN-m
B030E-3 Ten
34.50E-3 Ten
40.57E-3 m
55.12E-3 m
39.18 kN
18.87E-3 1/m
61.24 kN-m
1.077

3.245E+6 N-m"2
7776 N-m"2
2396 %

33.16

Moments about the X-Axis - KN-m
70

60
30
40
30
20

10

0.0 01 02 03 04 03 06
Curvatures about the X-Axis - 1'm

——— Mloment Curvature Relation
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Figure D10. Moment capacity of the column for the weak axis.
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Figure D11 shows the moment capacity of the beam for the strong axis.

Loading Name: MXX

XTRACT Analysis Report -

For use only in an academic or research setting.

Section Name: Beam-250x300

Analysis Type: Moment Curvature

OYE

PhD
20/05/2025
PhD

Beam-250x300-Postexperiment

Page  of

Section Details:
X Centroid:
Y Centroid:

Section Area:

Loading Details:
Incrementing Loads:
Number of Points:

Analysis Strategy:

Analysis Results:
Failing Material:

Failure Strain:

-8713E-18 m
-2848E-17 m
75.00E-3 m™2

Mo Only
30

Displacement Control

B420C-Experiment
1140 Tension

Curvature at Initial Load: 0 l/m
Curvature at First Yield: 13.73E-3 I/m
Ultimate Curvature: 5576 1/m
Moment at First Yield: 62.86 kN-m
Ultimate Moment: 73.26 KN-m
Centroid Strain at Yield: J9389E-3 Ten
Centroid Strain at Ultimate: ~ 56.01E-3 Ten
Moments about the X-Awxs - KN-m
N.A. at First Yield: 68.38E-3 m %0
N.A. at Ultimate: 1005 m 70
Energy per Length: 37.60 kN 0
Effective Yield Curvature: 13.85E-3 I/m 50
Effective Yield Moment: 63.42 kKN-m 40
Over Strength Factor: 1.155 30
El Effective: 4.578E+6 N-m”"2 20
Yield EI E flective: 18.10E+3 N-m"2 10
Bilinear Harding Slope: 3954 % 0 - T - T - - - N
0.0 0.1 02 03 04 03 0.6
Curvature Ductility: 40.25 Curvatures about the X.Axis - 1/m
Comments: —&—  Moment Curvature Relation
User Comments == Moment Curvature Bilinearization
Figure D11. Moment capacity of the beam for the strong axis.
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Figure D12 shows the analytical approach for shear force using experimental data for column

and beam, respectively.

Column
Ng
Fu 2435 | N/mm? F 502 N/mm? V. = (0.65 X f x b x d) x (1 + (0.0? X A_c))
fox 1.80 | N/mm’ b 250 mm V. =08x%xV,
b 250 mm d 30 mm V=V.+V,
d 30 mm @ 8 mm
Pw 8 mm ¢ 16 mm Shear Reinforcement: ¢8/100
© 16 mm h 300 mm
h 300 mm s 100 mm .
s 100 mm d 254 mm Shear Force g e !
d 254 mm A, | 10048 | mm? Direction 6416 b
N, | 168000 N e o o
A, | 10048 | mm’ Ay I
Vw = X fywx d - >
s h
v, | 8591 | kN |
v, | 6876 | kN | [ v, [12812] «n | [ v. |19688| kN |
(a)
Beam
Vop = (0.65 X fop X b d
fo | 2435 | N/mm? o 502 | N/mm? r = feux )
fu 1.800 | N/mm? b 250 mm Ve =08 XV
b 250 mm d 30 mm V=V 4T,
d 30 mm Pw 8 mm Shear Reinforcement: ¢8/100
@ 8 mm @ 16 mm b
@ 16 mm h 300 mm h - )
h 300 mm s 100 mm ~ =~
5 100 mm d 254 mm |
d 254 mm A, 10048 | mm?®
N, 0 N @ 6616 @ <
A, | 10048 | mm? A
sSw
Ve = s X f)-‘wx d ® L
L\ 4
v, | 7430 | |
v, | 5944 | kN | [ v, 12812 w | | v, |18756| «kn

(b)
Figure D12. Analytical approach for shear force using experimental data: (a) Column; (b)
Beam.
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Appendix-E

(a) (b)
The surface of the reinforcement  The reinforcement rebar surface is
rebar is levelled with a sand disc. ~ smoothed with fine sandpaper and
cleaned with acetone.

(d)

The surface of the rebar is The surface of the rebar is cleaned

properly dried using a dryer. by means of M-Prep conditioner A.

Figure E1. The installation process of the strain gauge.
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(f)

The surface of the rebar is applied To fasten adhesion, an appropriate
using M-Prep neutralizer 5A. amount of 200 Catalyst is applied

to the back side of the strain gauge

before the superglue (M-bond 200

Adhesive) is applied.

(8) (h)

The appropriate amount of The strain gauge and superglue are
superglue on the rebar is applied. combined.

Figure E1. The installation process of the strain gauge (continue).
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To ensure effective adhesion of The clamp and fabric are carefully

the strain gauges, clamps lifted and checked to see if the
produced with 3D printers are gauge is sticking or not.
tightened and left for at least 30
minutes.

(k) (1)
The cables on the strain gauge are Completely cover the cables and
covered with PTFE tape to cover strain gauge with M-Coat JA.
the bare strain gauge connections
as the M-Coat JA is conductive and
the cable splices are folded back to
fit neatly into the M-Coat JA.
Figure E1. The installation process of the strain gauge (continue).
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Figure E2. M-Prep conditioner A, M-Prep neutralizer 5A, 200 Catalyst, M-bond 200 Adhesive.

Figure E3. M-Coat JA
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GAGE PATTERN DATA - BASED ON ADVANCED SENSORS TECHNOLOGY

GAGE
DESIGNATION RESISTANCE | OPTIONS
(OHMS) AVAILABLE
See MNote 1
C4A-XX-1258L-120-23P 120 = 0.3%
C4A-XX-1255L-120-29F 120 = 0.3%
C4A-XX-1255L-120-33P 120 £ 0.3%
C4A-XX-1258L-120-39P 120 = 0.3%
C4A-XX-1258L-350-23P 350 + 0.3%
C4A-XX-12558L-350-29P 350 = 0.3%
C4A-XX-1258L-350-33P 350 = 0.3%
C4A-XX-1255L-350-39P 350 + 0.3%
Lt
L)l
actual size
DESCRIPTION
P fren
Widely used general-purpose gage.
RoHS
COMPLIANT
Legend inch
GAGE DIMENSIONS ES = Each Section CP = Complete Pattern —
S = Section (S1 = Section 1) M = Matrix millimeter
Gage Length Overall Length Grid Width Qverall Width Matrix Length Matrix Width
0.125 0.233 0.100 0.130 0.31 0.19
3.18 5.91 254 3.30 8.0 49

GAGE SERIES DATA — See Gage Series datasheet for complete specifications

Series

Description

Strain Range

Temperature Range

C4A encapsulated Constantan alloy gages with pre-attached ready-to-
C4A | use cables. Length selections: 23P= 2 wires, 3 ft long; 29P= 2 wires, +3%
9 ft long, 33P= 3 wires, 3 ft long; 39P= 3 wires, 9 ft long.

—60°F to +180°F (-51°C to +B0°C)

Figure E4. Properties of the strain gages

270



Appendix-F
Theoretical Consideration of Shear Strength of Joints
The calculations in this section include calculations at the design stage before the

experiments. The effect of the reinforcement methods used is shown analytically below.

Beam shear force (V), column axial force (N), resulting shear (t,), and axial stresses (ow) in the
joint, and corresponding principal stresses (o; and o) in the joint core are given in Figure F1
(a). The Mohr circle (Mohr, 1900) for these stresses is shown in Figure F1 (b). Because there is
no shear reinforcement in the joint, for control specimens, shear failure is assumed to
correspond to the formation of a diagonal crack in the joint (this assumption may not be valid

for cases of high column axial-compression stress) (llki et al., 2011).

‘ N
- v O
} Vo
s RS o
3 : !
T
Tv e
P ————— ) o \51
. (a1 .
+N Principal joint stresses
External loads Joint stresses
(a)
Diagonal
Loading lf‘ tension limit
- T

(b)

Figure F1. (a) External loads, joint stresses, and principal stresses (llki et al., 2011); (b) Mohr’s
circle (Mohr, 1900).

A diagonal crack is assumed to form when principal tensile stress reaches the tensile strength
of concrete. Consequently, shear failure of the joint is a function of the tensile strength of the

concrete.
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In the 1960s, the American Concrete Institute (ACI)-ASCE Committee 326 (1962) discovered
that the tensile strength of concrete, fux (= 01), is roughly proportional to /f., . Concrete

tensile strength is given as f.x = C+/fcx , Where Cis a constant. ACI-318 (2011) recommends
a value of "0.5" for the C coefficient. However, this coefficient is given as "0.35" in TEC (2007).
In TS-500 (2000), it is stated that the direct tensile strength can be obtained approximately by
dividing the value obtained from the splitting tensile strength test by 1.5 and the value
obtained from the flexural tensile strength test by 2. By using the compressive strength value
calculated in accordance with the material tests of the samples within the scope of the thesis,
it was deemed appropriate to use the coefficient of “0.35” for the tensile strength value in the
calculations. Principal stresses under normal and shear stresses can be calculated by using

Equation (F1), according to Mohr’s theorem (Mohr, 1900):

2
012 = ox;ray T \/(ox;r—oy) +T925y (F1)

where ox = stress on plane parallel to the longitudinal axis of the member which is equal to
the axial stress (on) on the column; g, = normal stress on plane perpendicular to the axis of
the member, which is zero for the joint; and tyy = shear stress, which is shown as t in Figure
(b). Consequently, for the tested joints, Equation (F1) can be rewritten as Equation (F2). The
shear stress is a function of principal tensile stress (o1) and can be obtained by Equation (F3)
by making use of Equation (F2). Assuming failure occurs when o; reaches the tensile strength
of concrete, the shear strength of the joint can be calculated by Equation (F4), where on= N/Aqg
and Ay = gross cross-sectional area of the column, N = column axial force. The contribution of
concrete to the shear capacity of the joints of the control specimens can then be calculated
by Equation (F5), where d = effective depth of the column. The joint shear strengths of the
reference specimens depend only on the contribution of concrete because there is no shear

reinforcement in the joint core.

2
012 = %V x (%N) + !
T, = 07 X \]1—7Z—N (F3)
1
N
Tye = 0.35 X/ fox X Jl ~ 0.35%/For XAg o
VC=TchbCXd (FS)

272



The contribution of concrete to the shear force is 165.2 kN in a shear force direction. Shear
capacity of the FRP-retrofitted joints is calculated by using truss analogy (Paulay and Priestley,
1992). The shear capacity of the joint is assumed to be the sum of the contribution of the
concrete and the FRP. The shear force, which is resisted by the FRP (Ferp) in the direction of
the fibres (diagonal to beam axis) can be calculated by Equation (F6). In this equation, &g is
the effective strain of the FRP sheets, which is assumed to be the minimum of 0.004 or 0.5
Efpult, as suggested by different codes Canadian Standards Association (CSA) (2002) and
Concrete Society (2004). The effective FRP strain, llki et al. (2011) found &7 = 0.004 in his study.
Although the ultimate strain value given by the manufacturer is “0.0155”, Ilki et al. (2011)
considering the joint zone tests, it was suggested that 25~30% of the final capacity should be
taken into account for the joints strengthened with FRP. Ef, Arand &fpuir stand for modulus of
elasticity, effective cross-sectional area of the FRP sheets in diagonal direction, ultimate strain
value given by the manufacturer, respectively. The contribution of FRP sheets to the shear

capacity in a horizontal or vertical direction can be calculated by Equation (F7).
Ferp = &re X Ef X Af totar (F6)
VFRP = FFRP X Sin(90°) (F7)

When determining the number of FRP layers, the point generally considered is to provide a
shear capacity support equal to or more than the calculated concrete capacity value. Within
the scope of this thesis, calculations were made by taking 30% (llki et al. 2011) of the ultimate
strain value given by the manufacturer. Using this value, it was calculated how many layers
the FRP material will be applied. Accordingly, 4 layers of FRP were wrapped to resist the shear
force on the joint area. The contribution of 4 layers of FRP to the shear force is 195.8 kN in a

horizontal or vertical direction (see in Figure A18).

The contribution of NSM steel to the shear capacity of the joints of the retrofitted specimen

can then be calculated by Equation (F8).

1 = A (52 (&) g

where, f, is the yield strength of the transverse reinforcement, y; is the safety factor of
steel, Ay, is the cross-sectional area of shear reinforcement, d is the effective depth of the

column, and s is the spacing of NSM-steel reinforcement.

The contribution of NSM steel to the shear force is 170.8 kN in a shear force direction.
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The total shear capacity of the retrofitted joint (V:) can be calculated by Equation (F9).
Ve =Ve+ Vegp + Vs (F9)

Using Equation (F9), total shear capacity of beam-column joint is 532.8 kN in a shear force
direction. Table F1 shows the actual shear force calculation for the beam-column joint using

the concrete and steel values obtained from the experiments.

Table F1. Nominal shear force capacities (V:) of the joint areas of the test specimens.

Specimen Name V. (kN) Vere (kN) Vs (kN) Vi (kN)
S1 (Control) 165.2 - - 165.2
S2 (NSM) 165.2 - 170.8 336
S3 (EB) 165.2 195.8 - 361
S4 (Hybrid) 165.2 195.8 170.8 531.8

In these calculations, the above steps were repeated and a value of 24.35 MPa for concrete
and 502 MPa for transverse reinforcement were used. Since the material values are known

with certainty, calculations are made without using safety coefficients.

Calculation Steps in Theoretical Consideration of Shear Strength of Joints

The joint shear strengths of the reference specimens depend only on the contribution of

concrete because there is no shear reinforcement in the joint core.

Oyx+0: Oxt0. 2
=5 4 J( & y) +12, (F1)
=t s [ v "

L2 7 5 - 2 v

Ty = 01 X \/1_7? "

1

N

TUC=0.3SXJEX\/1_M -

where, Ay is the gross cross-sectional area of the column, N is the column axial force, and f«

is the compressive strength of concrete.
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Tpe = 0.35 X V24.35 x |1 — — 168000 = 2.6 N/mm?
0.35 X V24.35 X (250 x 300)
V. =1, Xb.Xd (F5)

V. =2.6 X250 X 254 =165.2 kN
The contribution of concrete to the shear force is 165.2 kN in a shear force direction.

The contribution of FRP sheets to the shear capacity in a horizontal or vertical direction can

be calculated by Equation (F6).
Frrp = &re X Ef X Af total (F6)
&re = Errpuir X (30%)
where, &¢ypy¢ is the laminate elongation at break, Ef is the laminate tensile modulus of

elasticity, Ar is the effective cross-sectional area of the GFRP sheets.

30
Sfe =0.0214 x (m) = 0.00642

where, t; is the thickness of the GFRP sheet, [ is the length of the GFRP sheet.

<4

t;=Thickness of the FRP sheet

Fiber direction in the x-axis of the FRP Sheet Fiber direction in the y-axis of the FRP Sheet

Figure F2. Direction of the fibre on the beam-column joint.
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Af = 0.363 mm x 300 mm = 108.9 mm?
Af torar = 108.9 mm? X 4 layers = 435.6 mm?®
Fegp = 0.00642 X 70000 N /mm? x 435.6 mm? = 195758.6 N
Fegp = 195.8 kN
Verp = Frrp X sin(90°) (F7)
Verp = 195.8 X 1 = 195.8 kN

The contribution of 4 layers of FRP to the shear force is 195.8 kN in a horizontal or vertical

direction.

The contribution of NSM steel to the shear capacity of the joints of the retrofitted specimen

can then be calculated by Equation (F8).

Vs = Asw X fyw X (%) (F8)

where f,,, is the yield strength of the transverse reinforcement, Ay, is the cross-sectional
area of shear reinforcement, d is the effective depth of the column, and s is the spacing of

NSM-steel reinforcement.

254 mm
V; = 100.5 mm? x 502 Nmm? X (—)
75 mm

V; =170826.7 N = 170.8 kN
The contribution of NSM steel to the shear force is 170.8 kN in a shear force direction.
The total shear capacity of the retrofitted joint (V;) can be calculated by Equation (F9).
Ve=Ve+Verp + Vg (F9)

Using Equation (F9), total shear capacity of beam-column joint is 531.8 kN in a shear force

direction.
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Appendix-G

Figure G1 shows the plan of the test frame (units are mm).
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Figure G1. Plan of the test frame (Units are mm).
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Figure G2 shows the A-A front view of the test frame (units are mm).
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Figure G2. A-A front view of the test frame (Units are mm).
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Figure G3 shows the B-B cross-section of the test frame (units are mm).
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Figure G3. B-B cross-section of the test frame (Units are mm).
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Appendix-H

Load-Displacement Response

Specimen-1 (Control)

Step Displacement | Load

(mm) (kN)

0 0.000 0.000

Push 1 0.196 2.394
Pull 2 -0.172 -1.474
Push 3 0.120 2.031
Pull 4 -0.144 -1.667
Push 5 0.221 3.359
Pull 6 -0.294 -3.441
Push 7 0.259 3.649
Pull 8 -0.255 -3.346
Push 9 1.188 8.471
Pull 10 -0.964 -9.072
Push 11 1.125 8.331
Pull 12 -1.027 -9.457
Push 13 2.196 12.033
Pull 14 -2.018 -12.817
Push 15 2.255 12.007
Pull 16 -2.086 -12.444
Push 17 3.458 15.624
Pull 18 -3.186 -16.392
Push 19 3.497 14.976
Pull 20 -3.289 -15.983
Push 21 5.316 20.266
Pull 22 -4.947 -22.005
Push 23 5.401 19.631
Pull 24 -5.039 -21.246
Push 25 8.590 27.291
Pull 26 -8.314 -28.609
Push 27 8.795 26.415
Pull 28 -8.378 -27.930
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Step Displacement | Load

(mm) (kN)
Push 29 12.406 32.484
Pull 30 -12.243 -32.909
Push 31 12.734 31.650
Pull 32 -12.468 -32.535
Push 33 18.783 42.690
Pull 34 -19.183 -41.072
Push 35 20.489 39.748
Pull 36 -20.514 -39.860
Push 37 28.580 48.913
Pull 38 -29.264 -46.144
Push 39 29.554 44,964
Pull 40 -29.717 -44.467
Push 41 42.166 50.813
Pull 42 -42.491 -46.764
Push 43 52.005 36.336
Pull 44 -51.543 -37.466
Push 45 62.749 32.637
Pull 46 -60.357 -30.227
Push 47 64.596 24.022
Pull 48 -64.131 -25.768
Push 49 75.340 20.726
Pull 50 -74.736 -23.623
Push 51 76.365 16.155
Pull 52 -75.981 -18.768
Push 53 86.712 14.693
Pull 54 -88.584 -17.481
Push 55 87.640 11.416
Pull 56 -87.556 -14.159

Push 57 0.000 0.000




Specimen-2 (NSM)

Step Displacement | Load
(mm) (kN)

0 0.000 0.000
Push 1 0.237 1.740
Pull 2 -0.091 -2.060
Push 3 0.157 1.531
Pull 4 -0.154 1.923
Push 5 0.335 3.264
Pull 6 -0.233 -3.450
Push 7 0.288 3.034
Pull 8 -0.230 -3.375
Push 9 1.083 8.297
Pull 10 -0.964 -9.010
Push | 11 1.047 8.210
Pull 12 -0.989 -8.799
Push | 13 2.099 12.415
Pull 14 -1.928 -13.056
Push | 15 2.142 12.161
Pull 16 -1.969 -12.970
Push | 17 3.390 15.695
Pull 18 -3.104 -16.663
Push | 19 3.403 15.539
Pull 20 -3.167 -16.427
Push | 21 5.244 20.607
Pull 22 -5.389 -22.126
Push | 23 5.322 19.864
Pull 24 -5.186 -20.920
Push | 25 8.634 27.679
Pull 26 -8.306 -28.472
Push | 27 8.666 26.773
Pull 28 -8.477 -28.164
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Step Displacement Load

(mm) (kN)

Push | 29 11.947 34.657
Pull 30 -11.817 -34.550
Push | 31 12.820 33.710
Pull 32 -12.141 -33.627
Push | 33 18.985 47.372
Pull 34 -19.476 -44.899
Push | 35 19.175 45.767
Pull 36 -19.422 -44.464
Push | 37 26.942 57.111
Pull 38 -24.236 -51.444
Push | 39 28.210 55.975
Pull 40 -28.071 -50.617
Push | 41 34.413 57.355
Pull 42 -37.585 -53.932
Push | 43 48.860 49.363
Pull 44 -49.323 -47.092
Push | 45 56.656 47.246
Pull 46 -57.991 -42.352
Push | 47 61.985 38.255
Pull 48 -63.176 -31.517
Push | 49 71.818 31.025
Pull 50 -73.669 -25.409
Push | 51 75.102 23.028
Pull 52 -75.814 -19.263
Push | 53 85.499 20.726
Pull 54 -85.928 -17.899
Push | 55 86.358 16.294
Pull 56 -86.911 -14.904
Push | 57 0.000 0.000




Specimen-3 (EB)

Step Displacement Load

(mm) (kN)

0 0.000 0.000

Push 1 0.144 1.560
Pull 2 -0.128 -1.674
Push 3 0.134 1.652
Pull 4 -0.216 -2.426
Push 5 0.246 3.171
Pull 6 -0.272 -3.184
Push 7 0.249 3.171
Pull 8 -0.272 -3.202
Push 9 0.966 8.554
Pull 10 -0.886 -9.174
Push 11 0.968 8.514
Pull 12 -0.885 -8.924
Push 13 2.031 12.589
Pull 14 -1.769 -13.712
Push 15 2.090 12.268
Pull 16 -1.805 -13.751
Push 17 3.218 15.898
Pull 18 -2.879 -17.413
Push | 19 3.302 15.882
Pull 20 -2.926 -17.198
Push | 21 4.989 21.057
Pull 22 -4.643 -22.447
Push | 23 5.053 20.702
Pull 24 -4.703 -22.241
Push | 25 8.051 29.285
Pull 26 -7.825 -30.116
Push | 27 8.184 28.548
Pull 28 -7.912 -29.613
Push | 29 11.667 36.619
Pull 30 -11.350 -37.222

282

Step Displacement | Load

(mm) (kN)
Push 31 12.025 35.724
Pull 32 -12.044 -35.783
Push 33 17.993 50.637
Pull 34 -19.197 -44.972
Push 35 18.117 49.466
Pull 36 -19.682 -42.154
Push 37 22.898 60.458
Pull 38 -27.149 -54.606
Push 39 26.223 57.917
Pull 40 -27.624 -51.439
Push 41 44.925 64.235
Pull 42 -47.331 -53.603
Push 43 45.952 59.782
Pull 44 -47.475 -53.224
Push 45 55.433 62.129
Pull 46 -57.079 -55.879
Push 47 55.594 62.139
Pull 48 -58.047 -55.867
Push 49 65.258 62.863
Pull 50 -66.846 -56.969
Push 51 65.480 62.893
Pull 52 -66.898 -56.196
Push 53 70.904 62.989
Pull 54 -74.192 -55.819
Push 55 78.536 52.162
Pull 56 -78.710 -49.862
Push 57 89.859 39.663
Pull 58 -90.864 -37.802
Push 59 94.449 26.517
Pull 60 -94.310 -28.589

Push 61 0.000 0.000




Specimen-4 (NSM & EB)

Step Displacement Load Step Displacement Load
(mm) (kN) (mm) (kN)

0 0.000 0.000 Push 27 7.986 29.468

Push 1 0.227 2.392 Pull 28 -7.141 -33.163
Pull 2 -0.136 -1.601 Push 29 11.101 37.789
Push 3 0.144 1.650 Pull 30 -10.106 -41.664
Pull 4 -0.131 -1.611 Push 31 12.042 37.150
Push 5 0.263 3.146 Pull 32 -10.890 -40.812
Pull 6 -0.263 -3.287 Push 33 17.785 52.861
Push 7 0.270 3.295 Pull 34 -17.153 -55.137
Pull 8 -0.269 -3.335 Push 35 18.640 51.213
Push 9 0.937 8.685 Pull 36 -17.882 -53.547
Pull 10 -0.836 -9.238 Push 37 21.776 60.155
Push 11 0.920 8.831 Pull 38 -22.384 -62.795
Pull 12 -0.835 -9.246 Push 39 27.493 57.686
Push 13 1.926 13.124 Pull 40 -27.176 -60.687
Pull 14 -1.658 -14.237 Push 41 45.068 65.077
Push 15 1.903 13.259 Pull 42 -46.068 -59.761
Pull 16 -1.720 -14.103 Push 43 46.651 61.019
Push 17 3.024 16.785 Pull a4 -46.583 -60.328
Pull 18 -2.730 -18.059 Push 45 55.527 62.008
Push 19 3.129 16.499 Pull 46 -55.888 -60.782
Pull 20 -2.800 -17.739 Push 47 57.072 60.916
Push 21 4.848 21.833 Pull 48 -57.365 -61.357
Pull 22 -4.320 -23.851 Push 49 67.271 61.272
Push 23 4.932 21.424 Pull 50 -65.225 -64.060
Pull 24 -4.396 -23.698 Push 51 66.885 59.303
Push 25 7.925 30.028 Pull 52 -66.472 -63.406
Pull 26 -7.028 -33.361 Push 53 77.941 50.680
Pull 54 78.260 -48.256

Push 55 0.000 0.000
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Appendix-I
Strain Measurement: Figure 11 shows the results of strain gauges for S1-Control. Strain

measurements of S1-Control are below.
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Figure I1. Results of strain measurements on S1-Control.

284



Time, s

[T
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Figure I1. Results of strain measurements on S1-Control (continue).

Referring to Figure 3.26 in Section 3.8.1, SG01, SG02, SG03 and SGO04 represent strain gauges
on the column longitudinal reinforcement, while SG05, SG06 and SGO7 stand for strain gauges
on the beam. This numbering is the same for all specimens and only for the u-shaped
reinforcing steel used in specimen S2-NSM, 3 extra strain gauges were applied. The strain
gauge SGO1 shows that the reinforcement yielded at step 40, i.e., cycle 20. This value
corresponds to the second cycle of the 2.31% drift ratio. SG02 was probably damaged, and no
data could be obtained. SG03 and SG04 showed no yielding of the reinforcement during the
experiment. When strain gauges SGO5 and SG06 were analysed, it was found that the
reinforcement with strain gauge SGO5 yielded at step 50 (5.77% drift ratio in the first cycle at
pulling direction), while the reinforcement with strain gauge SG06 yielded at step 52 (5.77%
drift ratio in the second cycle at pulling direction). When the strain gauge of SG07 was
probably damaged, and no data could be obtained. Figure 12 shows the results of strain gauges

for S2-NSM.
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Strain measurements of S2-NSM are below.
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Figure 12. Results of strain measurements on S2-NSM.
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Figure 12. Results of strain measurements on S2-NSM (continue).
When the strain gauges on the column in the S2-NSM were examined, it was observed that
the reinforcements did not yield throughout the experiment in SG01, SG03 and SG04 gauges,
but SG02 gauge yielded at step 49, i.e., cycle 25. This value corresponds to the first cycle of
the 5.77% drift ratio. When SG05 and SGO06 strain gauges on the beam bottom and top
reinforcement were analysed, it was found that the reinforcement with strain gauge SG05
yielded at step 37 (2.31% drift ratio in the first cycle at pushing direction), while the
reinforcement with strain gauge SGO06 yielded at step 38 (2.31% drift ratio in the first cycle at
pulling direction). When the strain gauge of SGO7 was analysed, it was observed that this
reinforcement yielded at step 49 (5.77% drift ratio in the first cycle at pushing direction). When
it comes to the results of strain gauges SG08, SG09 and SG10, which were added to the S2-
NSM specimen, were examined, it was observed that there was no yielding in the u-shaped
reinforcement in the centre of the beam-column joint (strain gauge SG09). However, it was
found that the reinforcement with strain gauge SG08 yielded at step 33 (1.54% drift ratio in
the first cycle at pushing direction) and strain gauge SG10 yielded at step 34 (1.54% drift ratio

in the first cycle at pulling direction). Figure 13 indicates the results of strain gauges for S3-EB.

287



Strain measurements of S3-EB are below.
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Figure I3. Results of strain measurements on S3-EB.
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Figure I3. Results of strain measurements on S3-EB (continue).

Once the strain gauges on the column in the S3-EB were examined, it was observed that the
reinforcements did not yield throughout the experiment in SG01, SG02, SG03, and SG04
gauges. In the same way, strain gauge SGO07, which was placed on the transverse
reinforcement in the beam element, was also found not to yield. When SGO5 and SGO6 strain
gauges on the beam top and bottom reinforcement were analysed, it was found that the
reinforcement with strain gauge SGO5 yielded at step 37 (2.31% drift ratio in the first cycle at
pushing direction), while the reinforcement with strain gauge SG06 yielded at step 42 (3.85%
drift ratio in the first cycle at pulling direction). Figure 14 shows the results of strain gauges for

S4-Hybrid.

Strain measurements of S4-Hybrid are below.
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Figure 14. Results of strain measurements on S4-Hybrid.
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Figure 14. Results of strain measurements on S4-Hybrid (continue).
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When the strain gauges on the column in the S4-Hybrid were examined, it was determined
that the reinforcements did not yield throughout the experiment in SG01, SG02, SG03, and
SGO04 gauges. Likewise, strain gauge SG07, which was placed on the transverse reinforcement
in the beam element, was also found not to yield. Once SGO5 and SGO06 strain gauges on the
beam top and bottom reinforcement were analysed, it was found that the reinforcement with
strain gauge SGO5 did not yield during the experiment while the reinforcement with strain

gauge SGO6 yielded at step 42 (3.85% drift ratio in the first cycle at pulling direction).
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Appendix-J
Table J1 and Table J2 shows the compression and tension part of the concrete model,

respectively. In addition, the Concrete Damage Plasticity (CDP) parameters are given in Table

J3.
Table J1. Compression part of the concrete model.
Concrete Compression Behaviour Concrete Compression Damage
Yield Stress (MPa) Inelastic Strain Damage Parameter Inelastic Strain
9.74 0.00000 0 0.00000
9.99 0.00000 0 0.00000
11.66 0.00001 0 0.00001
12.54 0.00002 0 0.00002
15.69 0.00008 0 0.00008
18.24 0.00016 0 0.00016
20.24 0.00027 0 0.00027
21.74 0.00040 0 0.00040
22.83 0.00055 0 0.00055
23.57 0.00072 0 0.00072
24.03 0.00090 0 0.00090
24.28 0.00109 0 0.00109
24.35 0.00128 0 0.00128
24.29 0.00148 0.0025 0.00148
24.13 0.00169 0.0091 0.00169
23.89 0.00190 0.0187 0.00190
23.52 0.00217 0.0340 0.00217
23.10 0.00244 0.0515 0.00244
22.63 0.00271 0.0706 0.00271
22.15 0.00298 0.0904 0.00298
21.66 0.00326 0.1106 0.00326
21.16 0.00353 0.1308 0.00353
20.58 0.00386 0.1548 0.00386
17.17 0.00421 0.2949 0.00421
8.64 0.00510 0.6453 0.00510
0.10 0.00600 0.9959 0.00600

Table J2. Tension part of the concrete model.

Stress-Cracking Displacement (fracture energy criterion)

Concrete Tension Behaviour Concrete Tension Damage
Yield Stress (MPa) Cracking Displacement | Damage Parameter (T) | Cracking Displacement
1.800 0.0000 0.000 0.0000
1.500 0.0089 0.167 0.0089
1.200 0.0178 0.333 0.0178
0.900 0.0267 0.500 0.0267
0.700 0.0327 0.611 0.0327
0.600 0.0356 0.667 0.0356
0.500 0.0564 0.722 0.0564
0.300 0.0980 0.833 0.0980
0.100 0.1396 0.944 0.1396
0.010 0.1583 0.994 0.1583

292




Table J3. Concrete Damage Plasticity (CDP) parameters.

The material parameters of Concrete Damage Plasticity (CDP) model for concrete class C24.35

The Parameters of CDP Model
Material's Parameters C24.35 Dilation Angle () 32
Eccentricity (€) 0.1
Concrete Elasticity =fvo/f o 1.16
E. (MPa) 21781 K. 0.667
Poisson's ratio 0.2 Viscosity Parameter 0.003
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Figure J1 shows the fibre direction and thickness of FRP sheets on the joint for the x-axis and
the y-axis, respectively. In addition, fibre direction of FRP sheets on the joint is given in Figure

12
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Ply Name Region Material Thickness csys Angle Points
1v Pyt GFRP_Sheet 0.363 <Layup> 0 3
2v Ply-2 (Picked) GFRP_Sheet 0.363 <Layup> 0 3
3v Ply-3 (Picked) GFRP_Sheet 0.363 <Layup> 0 3
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v Ply-7 (Picked) GFRP_Sheet 0.363 <Layup> % 3
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5¢ Pl GFRP_Sheet 0.363 <Layup> % 3
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8 v Ply-8 (Picked) GFRP_Sheet 0.363 <Layup> % 3
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(b)
Figure J1. Showing fibre direction and thickness of FRP sheets on the joint: (a) in the

direction of the x-axis; (b) in the direction of the y-axis.
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Layup: "T-Shaped-Center-Front"
2 Total thickness: 2.904000.
Plot of plies 1 to 8, of 8.

1

Figure J2. Fiber direction of FRP sheets on the joint.

Figure J3, Figure J4 and Figure J5 show the comparison with numerical model and
experimental results for Tensile Damage Evolution for S1-Control, S2-NSM, and S4-Hybrid,

respectively.
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