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Abstract

ABSTRACT

Rehabilitation of reinforced concrete (RC) structures has become a vital issue. Large number of
structures constructed before 1970 are reported as seismically-deficient due to inadequate detailing
or environmental degradation. Conventional rehabilitation methods such as steel plates and RC
jacketing increases the structural mass, changes aesthetic of the structure, needs heavy equipment,
time consuming and still vulnerable to steel corrosion. On the other hand, fibre reinforced polymer
(FRP) wraps need extra surface preparation and its application on irregular structures is
complicated. Recently, the new sprayed-FRP composites technique is introduced to overcome
these limitations. This study investigates the seismic behaviour of RC circular columns
rehabilitated using sprayed-glass fibre reinforced polymer (sprayed-GFRP) composites. Six large-
scale RC circular columns were constructed in laboratory and tested under a combination of
reversal-cyclic load and a constant axial load. The applied axial load was equal to 20% of axial
load carrying capacity of the column. All specimens were deficient in lap splice length at footing-
column joint and had a diameter of 305-mm with 1,525-mm shear span (length). A 3.0-mm and
6.0-mm thick sprayed-GFRP coating was used for rehabilitation of the specimens. Two specimens
were strengthened without prior loading, two specimens were rehabilitated after being partially
damaged (up to 2.5% drift ratio) and two specimens were rehabilitated after being fully-damaged.
Results showed that sprayed-GFRP of 3-mm thickness is inadequate for rehabilitation of the fully
damaged column. However, it can be used for strengthening and rehabilitation of partially-
damaged columns. Sprayed-GFRP of 6-mm thickness not only increased the drift capacity of the

column but also successfully restored the full capacity of seismically damaged RC columns.
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Chapter 1: Introduction

CHAPTER 1-INTRODUCTION

1.1 General

Earthquake has been a major concern in structural design due to its devastating consequences.
Therefore, researchers around the world have been working agitatedly to improve the design
guidelines for better seismic performance of the structures. Over the last few decades, there has
been a significant improvement in seismic design of reinforced concrete (RC) structures. Newly
constructed structures, particularly, the high rise RC buildings have shown satisfactory seismic
behaviour during recent earthquake events. However, recent advancement in seismic design has
also raised concerns about the seismic performance of existing structures. Several RC structures
constructed throughout the 20" century were reported to be intensively damaged after recent
earthquake events. Additionally, these structures deteriorated due to aging and adverse
environmental conditions. Lately, more than half of the bridges in USA were reported not suitable
for conventional use and in need of immediate repair work (Lee et al. 2008).

Rehabilitation of existing and damaged RC structures is more economic than reconstruction in
many cases. Several rehabilitation techniques have been developed over the last few decades such
as RC or steel plate jacketing; significantly increasing the cross-section of structural members.
These rehabilitation techniques often lead to a large increase in the self-weight of the structure
which consequently causes preposterous expenditure. Also, steel plates and reinforcements used
in these types of rehabilitation work are vulnerable to corrosion. Hence, fibre reinforced polymers
(FRP) materials were introduced in the rehabilitation of RC structures due to their lightweight,
higher strength, substantial durability and corrosion resistance. However, using FRP materials in
retrofitting was perceived as economically-deficient due to high material production cost as well

as complex application process. Moreover, it showed some shortcomings while rehabilitating
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structures with irregular shapes and difficult access (Banthia and Boyd 2000; Lee et al. 2016).
Therefore, researchers have recently developed a new method to repair or rehabilitate RC
structures; namely sprayed-FRP composites rehabilitation technique. In this technique, FRP fibres
of specific length are sprayed over the concrete surface along with resin and catalyst to form a
layer of composite material, with randomly oriented fibers, up to a certain thickness. To date, very
few studies have been carried out to determine the feasibility of this technique. Nevertheless, some
of the studies have reported its easy application and cost effectiveness over other existing

retrofitting methods (Lee 2012).

1.2 Problem Definition

A large number of existing buildings and highway bridges in North America were built when the
standards for seismic design were at an early stage of development. Therefore, the columns in most
of these structures were constructed with inadequate lap splice length and/or transverse
reinforcement compared to those required by the recent seismic design codes. This deficiency
often leads to reduction in flexural strength by concrete cover spalling followed by lap splice
debonding under seismic load (Haroun & Elsanadedy 2005). Recently, the earthquake hazard
levels have been increased for many regions throughout the globe, which also creates some
concern on the seismic performance of existing structures. Moreover, the truck loads have
increased significantly over the years and often the transportation authority had to put restriction
on the traffic volume over the existing bridges. In addition, RC columns are more vulnerable to
long-term structural strength deterioration and durability problems due to its location in buildings
and bridges. Thus, repair and strengthening of columns in existing structures have become very
essential in order to meet the current structural requirement and traffic demand. The rapid

deterioration of RC infrastructure and the limited funding available for maintenance have
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promoted the use of FRP laminates as a sustainable repair and strengthening materials (ACI
440.2R-17). However, FRP sheet rehabilitation systems come with several challenges, for
example: require prior surface treatment, difficulty in application at joints and on irregular shaped

structures, relatively expensive and sensitivity to rough concrete surface (Karbhari 2007).

A proposed retrofitting technique, the sprayed-FRP system, can be used in strengthening of RC
structures to avoid the adverse issues associated with FRP laminates. Previous research
demonstrated that the sprayed-FRP rehabilitation system can considerably increase the load
carrying capacity, ductility and energy absorbing capacity of RC beams (Banthia et al. 2002; Lee
and Hausmann 2004; Lee et al. 2008). Only limited research has been carried out on the seismic
behaviour of sprayed-FRP retrofitted columns. Available research is mostly on square columns
while circular columns can provide more promising outcomes. Under seismic load the FRP
confinement in rehabilitated square and rectangular columns has to resist higher stresses near the
corners whereas in circular columns the external confinement experience uniform stress in all
direction. In-depth research is required on the seismic performance of sprayed-FRP retrofitted
circular columns with inadequate lap splice under different service loading conditions. It is also
important to determine the potential of this new retrofitting technique to satisfy new seismic design
requirements and to restore structures for intended performance. Until now, glass (G) fibre is the
most used type in construction industry because of satisfactory material property and economy.
Hence, the proposed research primarily focuses on retrofitting of seismically-deficient RC circular

columns subjected to seismic load using sprayed-GFRP composites.

1.3 Research Objective

The main objectives of this study were to:
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e Investigate the behaviour of deficient RC circular columns retrofitted with sprayed-GFRP
composites under seismic loading.
e Provide recommendations and design guidelines on retrofitting of seismically deficient
circular RC columns by sprayed-GFRP composites.
The following parameters were included in this study to evaluate the seismic response of deficient
RC circular columns retrofitted with sprayed-GFRP technique.
e Degree of Damage (Intact, Partially-Damaged and Fully-Damaged)

e Sprayed-GFRP composite thickness (3.0 and 6.0 mm)

1.4 Scope of Work

Steel-RC circular columns with continuous spiral as transverse reinforcement were considered in
this study. The columns were designed to fail in flexure. Longitudinal bars were spliced at the
footing-column interface; effects of bar splice at mid-height of the column were not studied. In
strengthening, only sprayed glass fibres with vinyl ester resin were used. The specimens represent
a portion of a column in buildings and bridges located between foundation and point of inflection.
Normally, this region experiences inelastic stress reversals and higher moment than other portions
of the structure during an earthquake event. Therefore, the development of a plastic hinge is
required in this region to dissipate energy induced from the inelastic stress reversals. To simulate
a seismic loading condition, the specimens were subjected to simultaneous reversed-cyclic lateral

loads and monotonic axial loads.

1.5 Methodology
The seismic performance of steel-RC circular columns rehabilitated with sprayed-GFRP
composites was analyzed in this study. Six large-scale circular columns reinforced with steel bars

and spirals were constructed, rehabilitated with sprayed-GFRP and tested under simulated seismic
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loading. The column specimen had 305-mm diameter and 1,725-mm cantilever height (1,525-mm
shear span). A column head measuring 550 x 350 x 400 mm was used to facilitate the application
of simultaneous axial and lateral loads. The fixity of the specimens was ensured by a 1,400 x 900
x 600 mm footing, which was stressed to the laboratory strong floor with four dywidag bars. The
footing with the dowel/starter bars was cast one week before the column to simulate field
condition. The specimen represents a portion of a column between the foundation and point of
inflection located in the first storey of a building. Two specimens were tested up to 2.5% drift ratio
(drift limit according to National Building Code of Canada (NBC 2015)) and two specimens were
tested up to failure before the application of sprayed-GFRP coat to serve as references. These four
specimens were rehabilitated and then retested to failure. Two specimens were first strengthened
and then tested under seismic load up to failure. A spraying unit was used to spray glass fibres
along with vinyl ester resin and catalyst on the specimen surface up to the specified thickness. A
1000-kN capacity actuator with £250 mm stroke was used to apply quasi-static reversed-cyclic
load laterally at the column head. This actuator was mounted on a stiff steel frame and aligned
with the center line of the column. The vertical load was applied using a hydraulic jack that was
attached to a steel rigid beam linked to the laboratory strong floor. A data acquisition system
(DAQ) was used to record the response of the specimen during testing. Specimen load carrying
capacity, ductility and energy absorption capability are analyzed to achieve research objectives.
During column rehabilitation process, three concrete cylinders were strengthened with sprayed-
GFRP of 6-mm thickness, cured for 4-days then tested under compression to determine the
ultimate tensile strength of the system. Sprayed-GFRP samples were collected from rehabilitated
columns and tested following burn-off method (ASTM D2584) to determine the fibre content in

composite.
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1.6 Thesis Outline

This thesis comprises five chapters as follows:

Chapter 1 introduces problem definition, research objectives, specific scopes and the

methodology that was followed to achieve the research objectives.

Chapter 2 contains information about sprayed-FRP composites, the effect of structural
characteristics on the seismic response of steel-RC columns and review and summary of the
previous researches on existing rehabilitation techniques as well as on sprayed-FRP composites

technique.

Chapter 3 illustrates the experimental program with schematic drawings and reinforcement details
of the test columns, the material properties, construction steps, and strengthening process. It also

gives a description of the instrumentation, test set up, and the testing procedure.

Chapter 4 presents the analysis and discussion of the experimental results of the test columns.
The structural performance based on crack pattern, mode of failure, hysteretic behaviour, energy
dissipation, lateral drift-strain relationship and drift components of each column is evaluated and
compared with one another to understand the effect of the variables on the performance of test

specimens.

Chapter 5 provides work summary and the major findings and conclusions regarding the test

results. In addition, recommendations for future works are included in this chapter.

Both flexural and shear design of the test columns along with design of rehabilitation system using

the available design provisions are demonstrated in Appendix A and Appendix B.
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CAHPTER 2 - LITERATURE REVIEW

2.1 General

Rehabilitation of RC structures has become a common issue in construction industry now-a-days.
For example, approximately 56,000 existing bridges in USA are structurally deficient as reported
by the federal highway administration (FHWA 2017). Most of these bridges were built around
early or mid-19" century. Since then, there has been continuous upgrade in design codes and
guidelines, therefore, these bridges have now become structurally deficient to meet the increased
traffic demands. Also, recent advancement in seismic design has created some doubt about the
seismic performance of the existing structures. Building new structures to serve the increased
structural requirements is not only uneconomical but also time and labour consuming.
Rehabilitation of existing structures was found to be the most suitable way to solve this problem.
Strengthening using steel plating technique was used; however, some concern arose regarding the
efficiency of this method due to corrosiveness and heavy weight of steel. Also, the application
process was found substantially complicated. To overcome these complications, the more
lightweight and durable fibre reinforced polymer (FRP) material was implemented in RC
rehabilitation. Recently, rehabilitation with FRP sheet technique became very popular due to its
high corrosion and fatigue resistance, electromagnetic neutrality, low thermal expansion, high
strength and comparatively easy application method (Chajes et al. 1994; Ehsani 1994). However,
researchers were still ungratified with the high cost and labour-intensive surface preparation
process in FRP sheet rehabilitation technique. In addition, researchers found some limitations
while applying the FRP sheets at structural joints and corners. As such, a more convenient and
economic rehabilitation technique is required. Recently, sprayed-FRP composites technique was

developed to overcome the limitations of existing techniques. Few studies reported its propitious
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performance in RC beam rehabilitation but further research is required to establish a proper design

guideline (Banthia and Boyd 2000; Ha et al. 2014; lee 2012).

Lap splice is a very common practice in RC construction and considered a prime issue for
structures in seismic region. Several studies reported the adverse effect of inadequate lap splice in
RC structure under seismic load (Paulay et al. 1981; Lukose et al. 1982). Furthermore, magnitude
of service load prevalently governs the seismic performance of RC columns (Rabbat et al. 1986;
Sheikh and Yau 2002). Rehabilitated structures also need to satisfy the performance requirement
specified by recent codes and design guidelines. Therefore, research is required on sprayed-FRP
composites rehabilitation technique considering lap splice length and service load for better

understanding.

2.2 Concrete Confined with Steel Reinforcement

Steel bars have been very popular for reinforcing concrete for many years due to good bonding
and satisfactory combined behaviour. The contribution of steel transverse reinforcement in
concrete confinement was first studied by Considere (1903). Since then, transverse reinforcement
of different size and shape has been developed by researchers depending on structural
requirements. Continuous spirals or hoops are generally used for circular columns and rectangular
ties or combination of C-shaped ties are used for rectangular column core confinement. The
efficiency of confinement largely depends on the material properties and configuration of the
transverse reinforcement. Moreover, due to discontinuity of transverse reinforcement, the effective
area differs along the line between two successive ties or hoops. A general conceptual model was
developed by Sheikh and Uzumeri (1982) for tied columns under concentric loading and it was
widely accepted by other researchers. Later, Mander et al. (1988) modified the model for

rectangular and circular columns with normal strength concrete under static, dynamic and cyclic
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loading as shown in Fig. 2.1. According to this model, the effective transverse confining stress can

be calculated as,

A hf h i
fi = k@f( (si : > Equation 2.1
N

Where,

k.s : Confinement efficiency coefficient;

Agy, - Total effective cross-sectional area of transverse reinforcing steels in the direction under
consideration;

fyn : Yield strength of transverse reinforcing steel;

d, : Diameter of spiral between bar centers;

s : Center-to-center spacing of adjacent transverse confining steels.

For column with circular hoops,

1 \2
. (1 - ZS_ds) Equation 2.2
© 1= pe
For column with circular spirals,
1-5
P Equation 2.3
1= pec
For rectangular column,
(-2 ) (-7 -70)
k. = =16b.d, 2 b, 2d. Equation 2.4
¢ 1- Pcc

Where,
b, : Core dimensions to centerlines of peripheral hoop in X-direction of rectangular cross sections;

d. : Core dimensions to centerlines of peripheral hoop in Y-direction of rectangular cross sections;
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s’ Clear spacing between adjacent transverse confining steel;
w; : Distance between adjacent longitudinal steel in rectangular cross-sections;

pcc - Area ratio of total longitudinal steel to concrete core.

Columns with circular cross section were reported superior over rectangular section in the strength,
deformability and aesthetic appearance. Improvement in column ductility against seismic loading
was observed when the sharp corners in a rectangular section were replaced by round corners.
Also, increase in the radius of round corners resulted in enhanced strength and ductility of columns

(Hasegawa et al. 1992).

- Effectively
Section A-A confined
concrete
4% 4%
45° 45°
Tie
\/ Vv level | %
A A B B
4% 4%
Side section of Side section of
rectangular column circular column

Figure 2.1: Effective confined area in rectangular and circular column transversely reinforced

with steel ties and hoops (reproduced from Mander et al. 1988)

2.3 Steel-RC Columns under Seismic Loading
Since last century, considerable number of research studies has been carried out to determine the
seismic behaviour of concrete columns reinforced with steel. The strength of a column section is

considered as the combined strength of concrete and reinforcing element in which their
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contribution is calculated separately. The axial load-moment interaction diagram for RC column

cross section is developed on the basis of the following assumptions:

* Plane sections remain plane under bending. Thus, the strain in the concrete and reinforcement
are proportional to the distance from the neutral axis,

* Perfect bond exists between the reinforcement and concrete,

* The tensile strength of concrete can be neglected,

* The area of the concrete displaced by reinforcement in compression will be subtracted.

The interaction diagram consists of two regions based on the failure mode, compression-controlled
and tension-controlled region. Compression-controlled region indicates the state when the extreme
compression fibres of the concrete reach their ultimate strain before yielding of steel. The condition
when vyielding of steel occurs before concrete fibres reach their ultimate compressive strain is
referred to the tension-controlled region. The point between these two regions are termed as
balance point. Balance point indicates the situation when steel and concrete reach their ultimate
tensile and compressive strain simultaneously. Figure 2.2 shows a typical strength interaction
diagram for steel-RC column. To avoid bar congestion in a column section, the maximum
reinforcement ratio was limited to 8% by the design guidelines although many studies suggested
not use more than 6%. The ACI committee 318 (2014) recommended a minimum longitudinal
reinforcement of 1% in a column section to prevent yielding of steel under service load. Although
several studies reported that column with longitudinal reinforcement ratio less than 1% and above

0.25 % did not show yielding at service loading (Choo 2005; Tavassoli 2013).

11



Chapter 2: Literature Review

Compression control Balance

point

Axial Load (P) kN

Tension control

Moment (M) kN.m

Figure 2.2: Typical strength interaction diagram for steel-RC column

2.3.1. Effect of lap splice length

In any moment resisting frame, lap splicing is a common practice due to the limited length of
reinforcing bars. It also helps in concrete scheduling and facilitates reduction in bar size in the
columns of upper stories of a building. Usually, bars are lapped together side way or one over
another to maintain continuity of the structure. The bond strength between two lapped bars is
typically lower than the tensile strength of a monolithic bar. Also, in an earthquake event, the
developed moments lead to significant increase in tensile stresses in the longitudinal reinforcement
in the splice region (Melek and Wallace 2004). Therefore, the lap splice regions are considered the
most vulnerable portion of a column under seismic loads. In practice lap-splice is also used
immediately above the footing to make connection between footing and column reinforcement.
This region carries the maximum moment resulting from structural loads and ground motion.
Therefore, codes suggested assuming plastic hinge formation at the end of the column while

designing the structure to facilitate energy dissipation. However, this increases the possibility of
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bond failure of lap-splice due to yielding of bars in both tension and compression. As such,

adequate lap-splice length should be provided to ensure structural stability and performance.

Paulay et al. (1981) investigated the feasibility of allowing lap splice for columns in seismic
regions. Ten column specimens of octagonal and square cross section were constructed and tested.
These specimens represented the high moment region of a lower storey column in a multistory
frame structure. New Zealand Code for the Design of Reinforced Concrete Structure (DZ 3101-
1980) was followed in designing the specimens. The length of lap-splice varied from 22.5 to 32
times the diameter of longitudinal bars. All specimens were tested under simultaneous axial and
quasi-static lateral load up to failure. Satisfactory performance was observed for column specimens
with lap splice under reversed cyclic load. It was concluded that column having a bar splice length
satisfying New Zealand Code requirement can be used in the region of maximum moment in a

multi-storey building subjected to seismic loading.

Goksu et al. (2014) studied the effect of lap splice length on the behaviour of low strength concrete
columns reinforced with plain steel bars. A total of five specimens (200 x 300 x 1,950 mm) were
constructed with geometric longitudinal reinforcement ratio and volumetric transverse
reinforcement ratio of 1% and 0.8%, respectively. In order to represent the column portion of an
old frame structure, the specimens were reinforced with low strength plain steel bars. Four
specimens had lap splice length equal to 25, 35, 44 and 55 times longitudinal bar diameter and one
specimen was reinforced with continuous bars to serve as reference. The longitudinal bars were
lapped at the connecting portion between column and stub with 180-degree hook at both ends. All
specimens were tested in a displacement-controlled quasi-static manner under reversed-cyclic
lateral loads. No axial load was applied to represent the actual columns in the field under low axial

loads. Insignificant strength degradation was recorded for each specimen prior to reaching higher
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drift levels. All specimens failed after attaining the design flexural strength. Despite of having
inadequate lap splice length compared to code requirement, the presence of 180-degree hook
enabled the specimens to behave in a ductile manner by dissipating high amount of energy under

large lateral load levels. Satisfactory seismic response was recorded for all specimens.

2.3.2. Effect of axial load

Several studies have been carried out to determine the behaviour of RC-columns in seismic region
under constant axial load. Typically, researchers have applied 10 to 30% of column axial capacity
as service load while testing (Melek and Wallace 2004; Choi 2008; Pam and Ho 2010; Ibrahim et
al. 2016).

Rabbat et al. (1986) conducted an investigation to determine the influence of axial load on the
seismic performance of RC columns. Sixteen full scale specimens were constructed and tested
under simulated seismic loads up to failure. Initially a constant axial load was applied to each
specimen without any cyclic load. Later, the specimens were subjected to combined cyclic load
and increased axial load based on their response at the initial stage of loading. At the primary stage
of loading (10% of the column axial capacity) each specimen showed high ductility and energy
dissipation Also, specimens behaved in a satisfactory ductile manner with adequate energy
dissipation when the axial load increased to 20% of the column axial capacity. However, the
energy dissipation capacity decreased with further increase in the applied axial load. At an axial
load equal to 30% of column axial capacity, an increase in flexural capacity was observed while
the dissipated energy decreased.

Melek and Wallace (2004) studied the cyclic behaviour of columns with short lap splice under
different axial load. Six column specimens of 457 mm square cross section were constructed

having lap splice of 20dy, (db is the diameter of longitudinal reinforcement) at the base. All the
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specimens were tested under combined cyclic lateral load and axial load up to failure. The axial
loads (10, 20 and 30% of the column axial capacity, f¢' A,) were kept constant throughout the entire
test. Specimens subjected to lesser axial load showed higher energy dissipation compared to that
of specimens tested under high axial load. At lower axial load (10% of column axial capacity)
specimens maintained their axial load carrying capacity up to higher drift ratio (typically about
10%). However, specimens lost their axial load resistance capacity at a lower drift ratio when the
axial load increased to 20% and 30% of column axial capacity. Test results showed that the axial
load level had no significant impact on the strength degradation rate of the specimens resulting

from the bond slippage of reinforcing bars.

2.4 Fibre-Reinforced Polymers (FRP)

Fibre reinforced polymer (FRP) is a composite material composed of matrix, reinforcing fibres,
curing agent, core material and additive or fillers. Most FRP composites are non-corrosive, non-
conducive and non-magnetic. In addition, FRP composites have high strength-to-weight ratio
compared to conventional steel used in construction. The mechanical properties of the FRP
materials largely depend on fibre quality, orientation, shape, volumetric ratio, adhesion to the
matrix and manufacturing process. The fibres are mainly responsible for strength. Four types of
fibres are available namely carbon (C) fibre, glass (G) fibre, aramid (A) fibre and basalt (B) fibre.
Carbon fibres show higher strength and modulus of elasticity. However, they are very expensive
and have lower impact resistance along with high electrical conductivity. Glass fibres are
comparatively inexpensive, shows reasonable physical and mechanical properties. Aramid fibres
have good strength, impact resistance, fatigue performance and insulation property. Nevertheless,
they show higher creep and susceptibly to corrosion in moist environment. Basalt fibre is a

relatively new material. It has similar chemical composition as glass fibre but shows better strength
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characteristics. Thermosetting and thermoplastic resin are commonly used in FRP production to
achieve weatherability as well as corrosion resistance and to reduce combustibility. Thermosetting
resins are more popular because those cannot be altered by heat or pressure after curing. Epoxy,
vinyl ester and polyester are provided as coating on FRP composites to protect it from adverse
environment. FRP composites have higher tensile strength than conventional steel. However, they
have lower modulus of elasticity. So, the higher strength is quite complicated to fully utilize. The
FRP composites are one sixth times lighter than steel which helps in reducing the construction cost
by minimizing structural self-weight and enabling easy handling during construction (CSA/S806-

12).

2.5 Existing Rehabilitation Techniques

Several rehabilitation methods are available for RC columns such as concrete cladding, steel
caging, steel lining and FRP fabric wrapping. Concrete cladding is used when the column is
seriously damaged or has inadequate seismic resistance. In this method, an RC sheath is provided
along the full or certain portion of the perimeter of the column. This sheath contains longitudinal
and transverse reinforcement which is designed based on capacity requirements. To ensure proper
load transmission, the reinforcements are continued through beam-column joints on both sides.
Special types of concrete such as self-compacting and non-shrinking concrete are used for better
workability and performance. This method gained high acceptance as the engineers and the
construction industry were already familiar with the field application of structural concrete.
Moreover, its versatile appositeness and shape-adaptability made it more popular especially in

seismic-prone countries (Bousias et al. 2007).

In steel caging rehabilitation method, steel plates are glued on the concrete surface around the

column as external confinement. Sometimes steel channels, angles or built-up members are also
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used in place of steel plates. Epoxy adhesives are commonly used as glue. Moreover, screw or
anchor bolts are used to transfer load from column to rehabilitation system if adhesion fails. Some
additional protective measures are considered since the steel used in rehabilitation is susceptible
to environmental corrosion. Steel lining is quite similar to steel caging; however, in the steel lining

method, the column is wrapped with thin steel sheet rather than steel plate (Chail et al. 1990).

The FRP sheet wrapping technique strengthening is carried out by wrapping an FRP fabric around
the column. An epoxy resin is used on concrete surface for bonding between FRP sheets and
column. Significant increase in column compressive strength was recorded in case of FRP sheet
rehabilitation compared to other conventional methods. The FRP sheets resist the lateral pressure
as well as deformation of column under compressive force and thus increase the confinement

capacity (Xiao and Ma 1997; Haroun & Elsanadedy 2005).

2.5.1. Rehabilitation with concrete and steel

Rodriguez and Park (1994) analyzed the effect of RC jacketing on the seismic performance of
structurally deficient columns. A total of four column specimens, 350 x 350 mm cross section,
were constructed. Two specimens were retrofitted with RC jacketing before being subjected to any
kind of loading. The other two specimens were tested both before and after strengthening to
determine the effect of RC jacketing on damaged columns. Each specimen represented the mid-
height portion of beam-column joint between two successive stories of a building. Specimens were
designed with low quantity transverse reinforcement to characterize typical building columns
constructed prior to 1970. The strengthening system consisted of 100-mm thick concrete jacket
reinforced with longitudinal bars and ties. Two types of tie arrangement were used to reinforce the
concrete jacket. All the specimens were tested under simulated seismic load up to failure. The as-

built column showed insufficient ductility and high strength degradation whereas satisfactory
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seismic resistance was recorded in case of retrofitted columns with RC jacket. The damaged as-
built columns were then again tested under combined axial and reversed cyclic load after being
strengthened with RC jacket. Pronounced increase in column strength and stiffness was recorded
due to the application of strengthening system. These strengthened columns also showed
reasonable energy dissipation capacity with slower strength degradation. Overall, the study
concluded that RC jacket retrofitting successfully enhanced the seismic performance of
structurally deficient RC columns even when the column was partially damaged. However, this

method was also reported as labor-intensive which may lead to higher cost and less efficiency.

Chail et al. (1990) tested six rectangular columns with lap splice retrofitted with steel plates under
seismic loading. All specimens had a cross section of 490 x 730 mm and height of 3,657 mm. The
lap splice length was equal to 20 times the diameter of longitudinal bar. Three types of steel
jacketing scheme were investigated: elliptical, rectangular and build-up channels. Based on the
test results, it was evident that the elliptical steel jacket scheme provided the best performance
compared to the other two schemes. It satisfactorily increased the load carrying capacity and
ductility of the columns. Moreover, it prevented sudden failure of specimens generating from the
debonding of lap splices. Lin et al. (2010) also examined the lap splice failure prevention capacity
of steel plate retrofitting technique with octagonal scheme. Three rectangular column specimens
(750 x 600 mm cross section) were constructed including one control specimen. Other two
specimens were retrofitted using octagonal and elliptical scheme. Specimens were tested up to
failure under combined axial and reversed cyclic load. Both retrofitting scheme showed
satisfactory performance. However, the octagonal arrangement required less area and provided

slightly better strength and energy dissipation capacity compared to the elliptical one.
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Choi (2008) conducted a study on the seismic behaviour of circular concrete columns with lap
splice retrofitted with stainless steel wire mesh (SSWM) composite. The SSWM is composed of
stainless steel wire and permeable polymer concrete which creates a light-weight and corrosion-
resistant composite with versatile application possibility. This study included mainly two
parameters: lap splice length and retrofitting height. The specimens had a 400-mm diameter and
2,000-mm shear span. One specimen had no lap while two specimens had different lap splice
lengths (20 and 30dy; db is diameter of longitudinal bar) were constructed and tested in as-built
condition. In addition, three specimens having lap splice length of 20dy were retrofitted at potential
plastic hinge region with SSWM before load application. All specimens were tested under
combined axial and lateral reversed-cyclic load. Specimens without strengthening system failed in
a brittle manner with rapid degradation in column capacity in specimens with lap splice due to
bond failure between lapped bars. However, slight increase in strength and ductility was recorded
as the lap length increased. On the other hand, retrofitted specimens showed gradual strength
degradation with potential hysteresis response. Comparatively, higher load resisting capacity and
ductility was observed due to strengthening. Nevertheless, increase in retrofit height did not
significantly contribute in improving the seismic performance. Based on test results, it was
suggested that SSWM retrofitting can be used for seismic strengthening of circular bridge

columns.

2.5.2. FRP sheet rehabilitation

Carbon (C) FRP and glass (G) FRP sheets have been largely used for structural rehabilitation due
to their superior characteristics. Usually, 0.5 — 2 mm unidirectional FRP laminates are used as
continuous wrap or strip with specific spacing. The sheets provide high strength in the direction

parallel to the fibre orientation but weaker in the perpendicular direction. Under tensile forces, the
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stress-strain response of the FRP sheets is almost linear-elastic up to failure and does not show any
yielding. FRP sheets can be produced to any desired length which eliminates the requirement of
joints in rehabilitation. Several steps are followed in the application of FRP sheets. First, the
concrete area, on which the rehabilitation will be applied, is prepared to get a clean and even
surface. A prime coat is applied on the prepared surface followed by a layer of resin. The resin
works as a binder between the concrete surface and FRP wrap. Then, FPR sheets or fabrics are
wrapped over that surface covering the whole area to be rehabilitated. At last, a resin top coat and

a finish coat is applied on the FRP wrap to prevent environmental deterioration.

Xiao and Ma (1997) theoretically and experimentally studied the effect of prefabricated GFRP
sheet retrofitting on the seismic performance of RC columns with poor lap splice. Three circular
columns of 610-mm diameter and 2,642-mm height was constructed. Two columns were
retrofitted using unidirectional GFRP sheets. The control specimens were retrofitted after being
damaged up to failure. All the specimens were tested under constant axial load and reversed cyclic
lateral load. Rapid degradation in load carrying capacity was observed for the control specimen
due to lap splice failure. It failed in brittle manner without showing enough ductility. On the other
hand, the retrofitted specimens and the control specimen being strengthened showed satisfactory
seismic performance with improved ductility and load resistance. The strengthening system
lowered the rate of reduction in column capacity and prevented the sudden failure of longitudinal

bars in rupture.

Haroun & Elsanadedy (2005) evaluated the performance of carbon and e-glass fibre jacketing in
strengthening circular and rectangular column with inadequate lap splice (20dy). Eight circular and
five square small-scale columns were built and ten of them were retrofitted using different

composite-jacket systems. All the specimens were tested under combination of axial and lateral

20



Chapter 2: Literature Review

cyclic load up to complete failure. Specimens without jacketing failed in a brittle manner without
satisfying the ductility requirement stated in Caltrans Seismic Design Criteria (Caltrans 1999).
Failure occurred at the lap-spliced zone due to premature spalling of concrete cover followed by
rapid reduction in bond strength between spliced longitudinal bars. On the other hand, jacketed
specimen failed in a ductile manner with improved cyclic performance. However, retrofitted
specimens with square cross section failed before reaching the required ductility level mentioned
in design guideline (Caltrans 1999). This occurred as the confining retrofit had weaker bond at the
corners of the square specimens. In case of circular specimens, the resisting stress was uniform
throughout the perimeter of the specimens and they showed adequate ductility before failure. No
variation in column lateral stiffness was observed due to the application of composite jacket. In
conclusion, the dynamic characteristics of bridge column remained unaffected even after
retrofitting. To predict the seismic performance of retrofitted column, a numerical model was
developed based on moment curvature analysis. Using this model, some design guidelines were

proposed for bridge column with inadequate splice length.

Bousias et al. (2007) experimentally compared the seismic performance of columns strengthened
with RC jacketing system or FRP wrapping technique. Test results showed that the latter method
was more effective in increasing deformation and energy dissipation capacity than the former one.
A total of 22 square column specimens with 250 x 250 x 1,600 mm dimension were constructed.
Thirteen specimens had a lap splice at the column base region. All the specimens were tested under
seismic loading until failure. Three specimens were tested up to almost ultimate strength before
retrofitting to evaluate the effect of retrofit on damaged columns. In case of FRP wrapping
rehabilitation, four columns were wrapped with 2 layers and the rest were wrapped with 4 layers

of fibre CFRP sheets. The parameters included in this study were lap splice length, number of FRP
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layers and height of the FRP wrap. Test results showed that the energy dissipation and deformation
capacity do not necessarily depend on the lap splice length when the column has a lap splice length
of at least 15d». The RC jacketing satisfactorily increased the deformation capacity and enhanced
the seismic performance even for the damaged column. Slippage of retrofit was observed due to
lack of bonding provision between old column and new jacket; however, it did not significantly
affect the seismic load resistance of the retrofitted column. CFRP sheet wrapping technique
showed satisfactory performance despite it was applied only in plastic hinge and lap splice region.

However, this method did not prevent formation of plastic hinge and failure outside the wrap.

Gu et al. (2010) evaluated the confinement effectiveness of circular RC columns retrofitted with
different type and amount of fibre-reinforced polymer (FRP). A total of 17 column specimens were
tested under combined constant axial and lateral-cyclic load. Each specimen represented the part
of a bridge column or a building column between the section of maximum moment and the point
of contraflexure. Specimens were divided into two groups. In first group, nine specimens were
constructed with a diameter of 300-mm and a cantilever height (lateral load application point to
footing face) of 850-mm (aspect ratio 2.8). These columns were subjected to a constant axial load
equal to 5% of the column axial capacity. Among them, one specimen was tested in as-built
condition while the other eight specimens were tested after being retrofitted by FRP wrapping. In
the second group, eight specimens had a diameter of 360-mm and a cantilever height of 1,100-mm
(aspect ratio3.1) or 800-mm (aspect ratio 2.2). These columns were tested under a constant axial
load equal to 36% of column axial capacity. Two columns in this group were tested in as-built
condition. Carbon FRP and Dyneema FRP (FRP with polyethylene fibers) sheets with different
number of layer combination ranging from 1 to 3.5 were used in strengthening. Test results showed

that increase in the axial load ratio (P/A,f,") from 0.05 to 0.36 decreased the ultimate drift ratio by
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7%. Again, increasing the axial load level, increased the requirement of FRP jacket confinement
stiffness or number of layers for satisfactory energy dissipation. The ultimate fracture strain of
FRP material showed no impact on the drift capacity of the specimens. For the specimens in first
group, the ultimate drift capacity increased from 2.8% to 15.6% as the confinement ratio
(confinement pressure over unconfined concrete strength) increased from 0 to 0.223. Although, as
the confinement ratio increase further to 0.336, the deformation capacity reduced to 12.5%. Similar

behaviour was also observed for the specimens in the second group.

Raval and Dave (2013) studied the efficacy of external GFRP wrapping system in strengthening
RC columns of circular, square and rectangular cross sections. Fifteen RC column specimens were
constructed with 1,000-mm cantilever height. Five circular columns had a diameter of 170-mm.
Five square and five rectangular columns were constructed with 150 x 150 mm and 110 x 210 mm
cross section, respectively. Nine specimens were tested as control specimens and the other six were
strengthened using one layer of GFRP wrap before testing. The ACI Committee 440.2R (2008)
provisions were followed to design the GFRP wrapping system. All the specimens were tested to
failure under a constant axial load. The control columns failed in a brittle manner with blasting
effect while GFRP wrapped circular column failed without any sign of debonding. Although
release of high amount of energy was observed in form of explosion during the failure of GFRP
wrapped circular columns. Square columns failed by tearing of GFRP layers at one of the corners
due to high stress concentration at these corners. Failure of rectangular columns occurred by
simultaneous debonding and rupture of the GFRP sheets. The failure zone was shifted from corners
to the sides as the column shape changed from square to rectangular. Considerable increase in load
carrying capacity and ductility was observed for all the specimens strengthened with GFRP sheets;

however, the increment was different for different shapes. Column with circular cross section
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showed highest increase in load carrying capacity which was 159% while in case of square and
rectangular column it was approximately 79% and 76%, respectively. Due to superiority in
slenderness resulting from the shape, strengthened circular columns showed higher deformation

capacity compared to the square and rectangular ones.

Hassan et al. (2017) experimentally investigated the performance of high-strength concrete (HSC)
columns subjected to uniaxial eccentricity and strengthened by GFRP fabrics. Seven 200 x 200 x
1,050 mm columns were constructed, strengthened by external GFRP fabrics and tested under
single eccentric load. The main objective was to determine the effect of arrangement and the
amount of GFRP laminates on the performance of steel-RC column. The test parameters included
the number (0, 1 and 2) and arrangement (partial and full wrapping in longitudinal and transverse
orientation) of fabric layers and the value of load eccentricity (25 and 125 mm). Columns tested
under small eccentricity loading were strengthened in partial or full wrapping by single or double
layers of GFRP laminates. On the other hand, columns tested under large eccentricity loading were
strengthened using longitudinal laminates in the tension side along with a partial overlaying wrap
of GFRP laminate in the transverse direction. Results showed that single and double layers of
GFRP laminates increased the strength of HSC columns loaded under smaller eccentricity by 12.5
and 23%, respectively. For columns loaded under larger eccentricity, 41 and 53% increase in load
carrying capacity as well as 54% and 60% increase in flexural capacity was recorded due to single
and double layer of vertical GFRP laminates, respectively. Strengthening decelerated the stiffness
degradation of HSC short columns. A further decrease in stiffness degradation rate was observed
as the number of layers and area of wrapping increased. A significant improvement in ductility
was recorded for the specimens loaded with large eccentricity due to GFRP wrapping. The

longitudinal strains increased by 153 and 111% due to single and double layers of GFRP wrap,
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respectively. For specimens tested under small eccentricity load, GFRP wrap changed the failure

mode from a brittle to a more ductile one.

2.6 Sprayed-FRP Composites Rehabilitation System

The sprayed FRP rehabilitation system composed of resin, catalyst, coupling agent and fibres. A
special type of gun sprays chopped fibres and other components simultaneously on the concrete
surface with a high speed. The final composite consists of randomly oriented chopped fibres of
controlled length in a polymer matrix. The physical and mechanical properties of resin have a great
influence on spraying process as well as on the performance of final composite. Two types of resin
are commonly used worldwide, epoxy resin and vinyl ester resin. Both are thermosetting resin, i.e.
once cured, they cannot be reshaped using heat or pressure. The type of resin that would be used
in matrix is mainly selected based on workability requirement while spraying. Several studies
showed that vinyl ester resin get hardened faster than epoxy resin after application. Catalyst is used
for curing of resin and it is selected based on required gel time. Coupling agent is applied using
brush or roller to ensure good chemical bonding between FRP and concrete surface. Fibres are
mainly responsible for the strength of the composite. A bundle of continuous glass or carbon
filament is fed in the chopper gun to get fibres of desired length. The performance of overall
retrofitting work largely depends on the characteristics of FRP filament used in the process.
Sprayed-FRP composites does not show similar strength or stiffness as unidirectional continuous
fibre laminates but exhibit higher strain at rupture and a nonlinear response before reaching
ultimate capacity (Fig. 2.3). This partial ductile response originates form a combined failure of
fibre pullout and fibre rupture which enables the rehabilitated structure to provided ample warning
before failure. Sprayed-FRP rehabilitation technique can be applied to increase service capacity of

existing structures, restore historical structures, reinforce masonry structure and stabilize structural
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deterioration. Studies reported higher workability of this technique while applying on structures
with complex shape under adverse environmental and accessibility condition (Harries and Young

2003).
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Figure 2.3: Normalized stress versus strain behaviour of FRP materials (reproduced from Harries

and Young 2003)

2.7 Sprayed-FRP Material Property

The properties of the sprayed FRP composite play an important role in the overall performance of
the retrofitting work. Several studies have been carried out to determine the tensile property, elastic
modulus, density, fibre volume fraction, etc. This section summaries the main properties of the

sprayed FRP composites found in the literature.

2.7.1. Tensile strength and modulus of elasticity

The tensile strength of sprayed-FRP composite largely depends on the tensile strength of the FRP
fibres. Several studies reported increase in tensile strength of sprayed-FRP composite with
increasing the fibre length (Lee et al. 2008; Lee et al. 2016). Also, increase in fibre length led to

more linear stress-strain response as a result of improved stress transfer between the fibres and the
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matrix. Decrease in the fibre length made the stress transfer more reliable on the matrix and
consequently, the composite with shorter fibre length showed comparatively less linear stress-
strain response under tensile forces. The ultimate tensile strength ranged between 35 to 108 MPa
when the fibre length increased from 8 to 48 mm. Besides, the modulus of elasticity was found
varying from 5.8 to 11.8 GPa for the same range of fibre length. Figure 2.4 shows the stress-strain

response of sprayed-FRP composites under tensile force for different fibre lengths (Boyd 2000).
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Figure 2.4: Typical stress-strain plot for sprayed-FRP composites under tension (reproduced

from Boyd 2000)

2.7.2. Density

Boyd (2000) reported an increase in the density with the increase of fibre length in sprayed-FRP
composite. The density varied from 1,263 to 1,394 kg/m® when the fibre length increased from 8
to 48 mm. Density of the sprayed composite was found dependent on the degree of compaction.
Composite with shorter fibre length was found more influenced by the degree of compaction as

those fibres can get easily displaced by the roller during compaction.
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2.8 Research on Sprayed-FRP System

Banthia and Boyd (2000) performed a pioneer test to compare between the performance of existing
FRP sheet wrapping technique and new sprayed-FRP technique in strengthening concrete
cylinders under compression. Twenty-six small (height/diameter ratio of 2) and ten large cylinders
(height/diameter ratio of 4) were cast. Among them twenty small and six large specimens were
retrofitted using FRP sheet wrapping technique with single and double layer wrapping of 0-90°
and +45° fibre orientation. On the other hand, three small and two large specimens were
strengthened using sprayed-FRP technique. Sand blasting was carried out for all specimens before
the application of retrofit. Specimens to be retrofitted with sprayed-FRP technique were coated
with a bonding agent before applying the spray. To remove the entrapped air voids and to ensure
a uniform thickness, the sprayed fibre coating was compacted using a rigid aluminum roller at the
end of the retrofitting process. A mixture of polyester resin and 48-mm long glass fibres were
sprayed continuously over the treated surface targeting a constant thickness of 3.5-mm and 20%
fibre concentration. The selection of fibre length was governed by the strength requirement while
the fibre volume was selected to have reinforcement ratio equivalent to two layers of FRP sheet
wrap. This used fibre concentration was found equivalent to one layer of FRP sheet in a previous
research (Boyd 2000). Specimens retrofitted with sprayed-FRP technique mostly failed stridently
by surface fracture accompanied by fibre pull-out. These specimens showed high variability in
results due to non-uniformity in coating thickness and fibre concertation. Results showed also that
both wrapping technique and sprayed-FRP technique increased the load capacity, ductility and
energy absorption capacity significantly. In case of wrapping technique, 0-90° fibre orientation
was found more effective than £45° fibre orientation in enhancing performance of both large and

small specimens. However, considerably higher increase in strength (55%) and energy absorption
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capacity (555%) was recorded for sprayed-FRP technique compared to other technique due to
random orientation of fibres. Moreover, higher toughness was observed for these specimens as the
energy required for de-bonding increased. Nevertheless, the sprayed-FRP technique was found
less effective than wrapping technique for large specimens. This occurred due to the generation of
pure uniaxial compression in mid portion and vertical cracks. Considering placement method, cost
effectiveness and workmanship requirement, it was concluded that sprayed-FRP technique could
be used over other existing retrofitting techniques. Although further investigations were suggested

to include more design parameters and loading conditions.

Furuta et al. (2001) briefly described the outline of sprayed-FRP technique and evaluated the bond
strength between sprayed-FRP and concrete. Moreover, the performance of sprayed-FRP
technique and FRP sheet technique in strengthening concrete structures was compared using
tensile test. Carbon fibres, glass fibres, CFRP sheets and GFRP sheets were used in retrofitting
120 specimens. Length of the chopped fibres ranged from 38 to 50 mm (1.5 to 2 inch) and they
were sprayed with vinyl ester resin instead of epoxy resin for better workability. Carbon and glass
fibres were sprayed targeting a coating thickness of 3.0 mm and 4.5 mm, respectively. Figure 2.2.5
shows the stress-strain response of FRP sheets and FRP-sprayed composites. Specimens
rehabilitated with CFRP and GFRP sheets showed ten and five times higher tensile strength than
the corresponding specimens retrofitted by FRP-sprayed composites. In case of modulus of
elasticity, CFRP sheet retrofitting showed the highest value compared to others. Later, four
concrete column specimens with 300 mm x 300 mm cross section and 1.5 span-to-depth ratio were
built and retrofitted with sprayed-FRP as well as FRP sheet wrapping techniques. These specimens
were tested under asymmetrical bending moment in a cyclic manner and comparison was made

between the performances of different techniques based on the test results. All specimens showed

29



Chapter 2: Literature Review

yielding and sprayed-FRP strengthened specimens finally failed in fracture. Similar performance
was observed for all specimens; however, specimens retrofitted with GFRP sheets showed better
deformability compared to others. Moreover, several bonding and anchorage technique between
FRP and concrete was examined to determine their comparative strength. Sprayed-FRP retrofitted
specimens showed similar or a slightly higher bond strength than FRP sheet wrapped specimens.
Also, increase in bond capacity was observed due to provision of slit on concrete surface. It was
concluded that sprayed-FRP retrofit can offer comparable strength to that of FRP sheets while

strengthening concrete structures.
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Figure 2.5: Stress-strain response of FRP sheets and sprayed composite (reproduced from Furuta

et al. 2001)

Banthia et al. (2002) studied the performance of sprayed-FRP technique in strengthening of
deteriorated structures. This study included experimental testing of beam specimens retrofitted
with sprayed-GFRP and analysis of the response of actual bridge girders rehabilitated by sprayed-
GFRP. Three replaced girders from an old bridge structure were collected among which one girder

was used as control specimens. The second and the third girder were rehabilitated using fibre
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wrapping composed of E-glass fibres and sprayed-GFRP technique, respectively. All three beams
were selected to have similar design configuration with the actual bridge girders. Three-point
loading test was used for all the specimens. Results showed increase in stiffness of beams
strengthened with both types of retrofitting techniques. The ultimate load and the energy
absorption capacity increased by 33 and 174 %, respectively, in FRP sheet rehabilitated beam. In
case of sprayed-GFRP technique, the increment in load capacity was 96% and the energy
absorption capacity increased by 195%. Later, a 7.2-meter single span bridge, constructed in1955,
was strengthened using sprayed GFRP technique to investigate the effectiveness of this technique
in field application. Several strain gauges were attached at the mid-span of the bridge girder and
calibration was done for different loading conditions. The response of rehabilitated bridge was
evaluated through static and roll tests. Retrofitted bridge girder showed decrease in maximum
rebar strain as well as in deflection. It was concluded that the sprayed-GFRP technique was more
cost-effective than other available rehabilitation methods and it had wider applicability in practical
field. It was also stated that the sprayed-GFRP technique can be used to provide protective coating

on the structures to prevent corrosion in adverse environment.

Harries and Young (2003) carried out an experimental study comparing the performance of epoxy-
only sprayed technique and sprayed-FRP technique in strengthening concrete beams. Parameters
affecting their performance and the potentiality of applying these techniques on actual structures
were also investigated. Fibre content (5, 10, and 15% by volume) and coating thickness (3, 6, and
13 mm) were considered as study parameters. All specimens were tested under three-point loading
according to American Society for Testing Materials (ASTM C78 and ASTM C1018)
requirements. Increase in the load carrying capacity and the energy absorption capacity was

observed for all rehabilitated specimens. Specimens covered with only-epoxy of 3-mm and 6-mm

31



Chapter 2: Literature Review

thickness showed 30% and 40% increase in load carrying capacity, respectively, while in case of
13-mm thick coating, the improvement was insignificant. Therefore, the optimum coating
thickness for maximum performance was defined as 6-mm. Minor increases in load capacity was
obtained when fibres were introduced with resin due inadequate bonding at their interface.
However, presence of fibres enhanced the ductile behaviour of beams. Consequently, energy
absorption capacity increased. Sprayed-FRP rehabilitated specimens failed in a more ductile
manner than the plane concrete specimens by the combination of fibre rupture and fibre pull-out.
Adverse acidic environment had negligible effect on rehabilitated specimens. It was concluded
that the quality of rehabilitation work, temperature of epoxy and type of fibres had greater effect
on the response of rehabilitated structure. It was recommended that the upper limit of fibre volume

ratio is 30% and fibre length is 50-mm.

Lee and Hausmann (2004) conducted a research study to determine the feasibility of using
sprayed-FRP technique in concrete beam rehabilitation. Also, the effect of different fibre
characteristics on the performance of rehabilitated beams was evaluated. Pre-cracked and
undamaged RC beams of 100 x 100 x 450 mm dimension were retrofitted with E-glass fibres and
carbon fibres. Parameters included in this study were: type of fibre (E-glass & carbon), coating
thickness (3.2 mm & 6.4 mm), fibre length (13 mm & 26 mm) and fibre concentration (15% &
30%). All specimens were tested up to failure under three-point loading. Test result showed that
both E-glass fibres and carbon fibres coating increased the maximum load and energy absorption
capacity for all the specimens. Carbon fibres coating was found more effective in increasing energy
absorption capacity rather than increasing load carrying capacity due to its higher brittleness than
glass fibres. Specimens strengthened with thicker coating (6.4 mm) performed better than beams

strengthened with thinner coating (3.2 mm). An optimum fibre length of 23 mm was suggested for
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maximum load capacity and energy absorption capacity. Increase in fibre volume caused increase
in load capacity for almost all specimens. A 30 % fibre concentration was found most effective in

achieving satisfactory performance from sprayed-FRP system.

Lee et al. (2008) suggested considering sprayed-GFRP technique over using fibre reinforced
mortar in rehabilitating plain concrete beams. This study also aimed to determine the optimum
fibre formulation and coating thickness for retrofitting beams with sprayed-GFRP system. A total
of 48 rectangular beams of 100 x 100 x 450 mm dimension, rehabilitated with different coating
thickness (3 mm & 6 mm), fibre length (13 mm & 26 mm) and fibre concentration (15% & 30%)
were tested under 3-point bending loading. Some specimens were notched at mid-length according
to American Concrete Institute (ACI 446-01) requirements to represent damaged beams. Mostly,
pull-out failure with loud noise was observed for specimens rehabilitated with sprayed-GFRP due
to incomplete wet-out of fibres by epoxy resin. On the other hand, specimens retrofitted with fibre
reinforced mortar failed so quietly that it was hard to determine the failure point. Sprayed-GFRP
retrofit was found more effective in increasing ductility, load and energy absorption capacities.
Also, it had better bonding to beam surface than fibre reinforced mortar covering. Increase in
coating thickness and fibre concentration caused significant increase in maximum load, load at
failure and energy absorption capacity for un-notched specimens. However, both notched and un-
notched specimens showed minor improvement in performance as the fibre length increased.
Noticeably, the energy absorption capacity of un-notched specimens almost doubled due to

increase in fibre length.

Lee (2012) determined the optimum configuration of materials used in sprayed-FRP technique to
attain maximum performance. Initially, a research was carried out to specify the composition of

sprayed-FRP materials which are equivalent to one layer of FRP sheet in case of developing almost
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equal structural strength after rehabilitation. These configurations were later used in strengthening
beam specimens by sprayed-FRP technique. From the preliminary test data, the optimum fibre
length and fibre-resin mix ratio was found 38-mm and 1:2, respectively. Moreover, sprayed-FRP
coating of 4.2-mm was selected as optimal thickness based on specimen performance. Several
beam specimens were constructed and rehabilitated with sprayed-FRP and FRP sheets. The
selected material configuration from the preliminary study was used in this rehabilitation work.
To investigate the efficiency of these retrofitting techniques on damaged structure, few specimens
were damaged prior to strengthening. All specimens were tested under three-point loading until
failure. Sprayed-FRP and FRP sheet strengthened specimens behaved in a similar manner
throughout the test. Results showed that the design equation for FRP sheet wrapping method can
be used for sprayed-FRP technique. However, a new design equation was also proposed for beam

rehabilitation using sprayed-FRP method.

Ha et al. (2014) proposed a new spraying method for sprayed-FRP technique to overcome the
drawbacks in existing method such as inconsistent fibre load, non-uniform thickness of coating
and incomplete wet out of reinforcing fibres. This advanced multiple layup process was developed
based on technical skills specified by American Composites Manufactures Association (ACMA
2004) for spray work and modified spray-gun calibration technique. Several material parameters
(fibre length, number of strands processed simultaneously, fibre volume), spraying equipment
parameters (heating unit), spraying process parameters (spray operations of the materials i.e.,
chopped glass fibres, resin and mixed stream with the fibres and resin) and gun-motion parameters
(moving gun speed, height of the chopper and spray gun above the substrate, offset distance and
spray-fan pattern of the materials, and the stroke as a lay-down strategy) were considered in

developing this new spraying method. The performance of sprayed-FRP retrofit was assessed
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considering coating thickness, volume fraction of the fibres, and mechanical properties. A constant
thickness of spray was maintained following ACMA (2004) recommendations. The spray fan
width for epoxy resin was recorded as 300 mm. But for chopped fibres with different fibre lengths
and different numbers of strands, the spray fan width ranged from 197 to 310 mm. A spray-line
offset distance of 100 mm was found capable of satisfying the basic requirements for overlapping
spray length stated in ACMA (2004). To ensure a consistent fibre volume throughout the sprayed-
FRP and resin coat, a modified gun-calibration technique was proposed in this study. First the
required fibre weight (fibre and resin mix) was determined from targeted fibre loading. Then the
fibre-resin mix was sprayed for a certain period of time and the fibre volume deposited for a unit
time of spray was calculated by linear regression analysis. An equation was developed relating the
targeted fibre loading to the estimated fibre deposited over unit time. Finally, the equation gave
the number of required spray layup for targeted fibre volume concentration. A coefficient of
variation of 8.6 to 14.4% was obtained from the qualitative analysis of the thickness of final
sprayed FRP product. Study concluded that the final coating thickness could be reduced by 46 to
53% with respect to targeted thickness since the compaction factor of the fibre-resin composite
found varying between 0.4 and 0.53. Advanced spray multiple layup process and matrix digestion
method showed quite similarity while predicting volume fraction of the fibres. The final laminates
showed coefficient of variation of 5.9 to 11.3% and 0.3 to 12.7% for tensile strength and modulus
of elasticity, respectively. Further study was recommended considering long term behaviour of

fibres and resins under alkaline environment.

Peng et al. (2014) studied the performance of sprayed-FRP technique in rehabilitating pre-
damaged RC column. Four square columns of 250 x 250 x 1,000 mm dimension were constructed.

Three of them were first damaged up to yielding of longitudinal reinforcement and then
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strengthened using sprayed BFRP (4.5 mm and 7 mm thickness) and sprayed BF-CFRP (7:3)
hybrid composite (4.5 mm thickness). One column was tested up to failure and used as control
specimen. A combined quasi-static cyclic shear load and constant gravity loads were used to test
all the specimens. Specimens rehabilitated with hybrid BF-CFRP polymer resulted in 30% and
33.9% higher ductility and energy absorption capacity, respectively than the specimens
rehabilitated with only sprayed BFRP. Again 5% and 34.8% increase in ductility factor and energy
dissipation capacity was observed, respectively as the thickness of sprayed BFRP increased from
4.5 to 7 mm. However, the peak load was recorded decreased on average by 6.16%, 11% and 5%
for specimens rehabilitated with 4.5 mm and 7 mm thick sprayed BFRP and 4.5 mm thick sprayed
BF-CFRP hybrid, respectively compared to the original column. Overall, study concluded that,
hybrid sprayed BF-CFRP rehabilitation technique can be used to satisfactorily regain the ductility

and energy absorption capacity of damaged RC columns.

Lee et al. (2016) investigated the seismic performance of rectangular column retrofitted with
sprayed-FRP technique. Initially 160 specimens with different combination of fibre length and mix
ratio of fibre, epoxy and vinyl ester were cast and tested under tensile loading. Based on these test
results, an optimum matrix with fibre length of 38 mm and fibre-resin mix ratio of 1:2 by weight
was selected which can replace one layer of FRP sheet while retrofitting. This matrix was used to
retrofit steel-RC columns using sprayed-FRP technique. Five column specimens of 400 x 400 x
1,400 mm dimension were constructed and tested. The specimens were critical in in shear and four
of them were retrofitted with different combinations of carbon or glass fibres and epoxy or vinyl
ester resins. To increase the workability of spray, a mixture of stronger epoxy resin and vinyl ester
resin was used in place of conventional vinyl ester resin. All five specimens were tested under

seismic loading following a test method developed by the Japan Concrete Institute (2004).

36



Chapter 2: Literature Review

Although, both control and retrofitted specimens failed in shear, significant difference was
recorded in their performance. On average 31% increase in shear strength and 43% increase in
deformation capacity was observed for retrofitted specimens compared to those of control
specimen. It was concluded that, the newly developed sprayed-FRP technique is feasible for
strengthening columns of low to medium rise RC buildings in seismic region. Moreover, seismic
strengthening design equation for sprayed-FRP reinforcement was proposed. Further studies were
recommended to determine optimum thickness of the sprayed coating and to evaluate the de-

bonding mechanism between strengthening material and concrete.

2.9 Design Guidelines

2.9.1 Canadian Standards Association (CSA/A23.3-14a)
The following assumptions are considered during the analysis of a cross-section,
e Plane sections, which are perpendicular to the axis of bending, when subjected to bending
remains plane after bending,
e There is a perfect bond between concrete and steel so that strains in steel and concrete at
the same location are equal,
e Stress-strain diagram may predict the stresses in the concrete and steel,

e The tensile strength of concrete is ignored when the flexural capacity is calculated.

Several recommendations are provided in the CSA/A23.3-14a for flexural design. According to
Clause 10.5.2, yielding of steel at the tension side should occur prior to crushing of concrete to
avoid brittle failure. The maximum compressive strain of concrete is limited to 0.0035 (Clause

10.1.3).
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Clause 10.9.1 states that minimum longitudinal reinforcement should be larger than 1% of the
gross area to avoid sudden failure of the column and should be less than 6% to avoid congestion
of steel. Code recommends not to use less than 6 bars in the circular section of a compression

member (Clause 10.9.3).

The maximum factored axial load resistance for spirally reinforced column, B, .4y, is given by

(Clause 10.10.4),

B max = 0.90P,, Equation 2.5

P, is the factored axial load resistance at zero eccentricity which can be calculated as,

Pro = 0(1¢ch' (Ag - Ast - At - Ap) + d)sfyAst + ¢afyAt
Equation 2.6
- fprAp

Where,

a, . Ratio of average stress in rectangular compression block to the specified concrete strength
(0.85 — 0.0015f) > 0.67);

¢. : Resistance factor for concrete;

¢ : Resistance factor for non-pre-stressed reinforcing bars;

¢, : Resistance factor for structural steel,

4- Gross area of section;

A, : Area of one leg of closed transverse torsion reinforcement;

A, : Area of prestressing tendons;

A, - Total area of longitudinal reinforcement;

for - Stress in prestressing tendons at factored resistance;

f¢ : Specified compressive strength of concrete;
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fy - Specified yield strength of non-prestressed reinforcement or anchor steel.

Factored shear resistance can be calculated as follows (Clause 11.3.3):

V.=V, +V Equation 2.7

Provided that V. should be less then V..., .x

Where,

V. : Shear resistance attributed to the concrete factored by ¢;

I, . Shear resistance provided by shear reinforcement factored by ¢.

Vimax = 0.25¢.f. b, d, Equation 2.8

b,, is the diameter in case of circular section and d,, is the effective shear depth taken as the greater
of 0.9d or 72h.

For shear and torsion, code recommended that maximum spacing of transverse reinforcement
should be less than 0.7d,, or 600 mm (Clause 11.3.8.1). However, when V, exceeds
0.125¢.f; b,,d,,, the maximum spacing shall be reduced by one-half (Clause 11.3.8.3).

According to Clause 11.2.8.2, minimum shear reinforcement can be calculated as,

bys
Ay min = 0.06\/f_c’fl Equation 2.9
y

Where;
s : Spacing of shear reinforcement, measured parallel to the longitudinal axis of the member,

Ay, min - Area of shear reinforcement perpendicular to the axis of a member within the distance s.

According to Clause 7.6.4.2, spiral reinforcement shall have a minimum diameter of 10 mm. The

clear spacing between successive turns of a spiral shall not be less than 25 mm or greater than 75
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mm (Clause 7.6.4.3). Clause 10.9.4 states the allowed minimum spiral reinforcement ratio as given

below,

1.4
7

Equation 2.10
fy

0.50 [Ag 1]
pS - . AC

Where,
A, : Area of core of spirally reinforced compression member measured to outside diameter of

spiral.

Clause 12.17.3.5 states that, in spirally reinforced compression members, the lap splice length of
bars within a spiral, computed as specified in Clauses 12.16.1 (Minimum lap length: The minimum
lap length for compression lap splices shall be 0.073f,,d,, for f,, less than or equal to 400 MPa or
(0.133f, — 24)db for f, greater than 400 MPa, but shall not be taken less than 300 mm) and
Clause 12.16.2 (Lap length for bars of different sizes: When bars of different sizes are lap spliced
in compression, the splice length shall be the larger of the development length of the larger bar or
the splice length of the smaller bar. Bar sizes 45M and 55M may be lap spliced to 35M and smaller

bars), may be multiplied by 0.75, but the lap splice length shall be not less than 300 mm.

Anchorage of spiral reinforcement shall be provided by 1-1/2 extra turns of spiral rod or wire at
each end of the spiral unit (Clause 6.6.3.5). Splices in spirals shall have a minimum 50 bar diameter
lap plus a 90° hook around a longitudinal bar at the free end or shall be welded in accordance with
Clause 6.6.3.6 of CSA/W186 (2016). The reinforcing spiral shall extend from the floor level in
any storey or from the top of the footing to the level of the lowest horizontal reinforcement in the

slab, drop panel, or beam above (Clause 6.6.3.7).
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2.9.2 American Concrete Institute (ACI 318-14)

The ACI 318-14 (ACI Committee 318 2014) has the same assumptions for analyzing the cross-
section expect for the maximum compressive strain of concrete, which is assumed to be 0.003.
The equation to determine maximum nominal load capacity, B., of a concrete column reinforced
with steel according to ACI 318-14 is as below:

For spiral columns (@ = 0.75) (Clause 10.3.6.1)

P, = @P, = 0.850[0.85f, (Ag — Ag) + fyAq] Equation 2.11

For hopped columns (@ = 0.65) (Clause 10.3.6.2)

P, = @P, = 0.800[0.85f, (Ag — Ag) + fyAq] Equation 2.12

Where,

A, - Gross area of concrete section;

Ag: @ Total area of non-prestressed longitudinal reinforcement;

f¢ : Specified compressive strength of concrete;

fy - Specified yield strength of reinforcement.

The reduction factors (15% for spiral and 20% for hooped column) in the maximum nominal load
capacity were considered assuming that there is no perfect axially loaded column. Unintended
eccentricity arises in the column section due to the end condition, inaccuracy of construction, and
normal variation in material properties which affects the column capacity.

Design of shear according to ACI 318-14 has the following requirements:

Factored shear resistance should be computed as follows:

V,=V.+V; Equation 2.13

Where,
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V. : Nominal shear strength provided by concrete;

V; : Nominal shear strength provided by shear reinforcement.

Minimum shear reinforcement should be such that (Clause 11.5.6.3),

bys 50by,s
Ay min = 0.75\/f_c’fl > fw Equation 2.14
y y

Where,
s : Spacing of shear reinforcement, measured parallel to the longitudinal axis of the member;

Ay min - Area of shear reinforcement perpendicular to the axis of a member within the distance s.

According to Clause 10.9.3, the volumetric ratio of spiral reinforcement, p,, should not be less

than the value given by:

Ag f; f¢ .
ps = 0.45 [— — 1] —=>0.12— Equation 2.15
Ach fyt fyt

Where,
ps  Ratio of volume of spiral reinforcement to total volume of core confined by the spiral
(measured out-to-out of spirals);
A, - Cross-sectional area of a structural member measured to outside edges of transverse
reinforcement;

fye - Specified yield strength of transverse reinforcement.

Code limits the value of f,,. to 690 MPa and lap splice of spirals were discouraged if the value of
fyt exceeds 400 MPa. In spirally reinforced or tied reinforced compression members, clear

distance between longitudinal bars shall be neither less than 1.5dy nor less than 38 mm (Clause

7.6.3). For cast-in-place construction, size of spirals shall not be less than 10 mm. diameter. Clear
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spacing between spirals shall not exceed 75 mm., nor be less than 25 mm. Anchorage of spiral
reinforcement shall be provided by 1.5 extra turns of spiral bar or wire at each end of a spiral unit.
Spirals shall extend from top of footing or slab in any story to level of lowest horizontal
reinforcement in members supported above. Where beams or brackets do not frame into all sides
of a column, ties shall extend above termination of spiral to bottom of slab or drop panel (Clause

7.10.4).

In spirally reinforced compression members, lap splice length of bars within a spiral shall be
permitted to be multiplied by 0.75, but lap length shall not be less than 300 mm. (Clause 12.17.2.5).
The volumetric ratio of spiral or circular hoop reinforcement, ps, shall not be less than required by

(Clause 21.4.4)

!

f
ps = 0.12-= Equation 2.16

fir

2.9.3 FRP sheet design (CSA/S806-12; CSA/S6-14; 1S1S-08)

FRP rehabilitation system for columns is usually designed as a confinement around compression
element. The confinement design aims not only to increasing compression capacity of the column
but also improving column ductility (ability to undertake inelastic deformation without adversely

affecting the load carrying capacity) to resist seismic loads (Fig. 2.6).
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Figure 2.6: Stress-strain response of unconfined concrete, steel confined concrete and FRP

wrapped concrete (reproduced from Harajli 2006)

Both CSA/S806-12 and CSA/S6-14 provided design guidelines for FRP sheet confinement
considering good bonding with concrete surface. When good bonding exists between FRP
confinement and column surface, the rehabilitation system also contributes in increasing flexural
capacity. Moreover, the FRP confinement can effectively increase shear capacity of column by
hoop action. In most cases the FRP rehabilitation system is designed as a passive confinement
(start working after concrete being significantly damaged). This confinement action was found
more efficient in case of circular column compared to rectangular column. Because in circular
column the stress on confinement is uniform in all direction. In rectangular column the stress on
near the corners and lower along the sides (Fig. 2.7). Therefore, it is

recommended to round up the corners for rectangular column before applying FRP. Even the
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section can be made circular or elliptical to increase the effective confinement area (CSA/S806-

12, CSA/S6-14).

Effectively |
- confined ——
concrete
Rectangular Circular
section section

Figure 2.7: Effective confined area in rectangular and circular column for FRP (reproduced from

ISIS 2008)

The manufacturer supplies the material properties used in design. However, specified lab tests can
be performed following existing standards to determine mechanical properties under specific
condition. Again, property of FRP system can be estimated using equation 2.17 and equation 2.18

when the property of individual materials is known.

Efrp = ViEr + Vi Ery Equation 2.17
ffrp = fof + Vinfm Equation 2.18
Where, Ef,,, E¢, Ep, are modulus of elasticity of FRP, fibre and resin respectively. f,,, ff, fm are

tensile strength of FRP, fibre and resin respectively. V¢, 7, are the volumetric ratio of fibres and

resin/matrix and Vy+V;,=1.

Material resistance factors are used in design to consider uncertainties in material property and
construction (ISIS 2008). This section is mainly focused on the design method when FRP is used

to rehabilitate compression member.
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In both CSA/S806-12 and CSA/S6-14, the equation for factored load resistance was developed
assuming perfect bonding, material resistance factor, linear strain variation, strain compatibility,
force equilibrium, equivalent concrete stress block and maximum usable strain (for FRP, CSA/S6-
14 limits to 0.006 and CSA/S806-12 limits to 0.007; for concrete 0.0035). Also, shear deformation
was neglected and fibres are assumed to be oriented at an angle 75° to 90° with the axis of the
column. The equation for confinement pressure (f;¢,,,) stated in both codes is given as follow,

firp= WT”M’ Equation 2.19

Where,

t : Confinement thickness;

¢ : Material resistance factor;

furrp - Ultimate tensile strength of FRP;

D : Section diameter for circular column.
= Section dimension in loading direction for rectangular column (CSA/S806-12).
= Diagonal of cross section for rectangular column (CSA/S6-14).

However, CSA/S806-12 states that the hoop strain in FRP confinement should not be more than
0.004 times the modulus of elasticity of confining material. The equations to be applicable
CSA/S6-14 and CSA/S806-12 requires minimum corner radius as 35-mm and 20-mm,

respectively. CSA/S806-12 stated the equation for confined concrete strength (f;.) as follow,

fee =0.85f + kikcfifrp Equation 2.20

Where,
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f7 : Concrete compressive strength, maximum limit 50 MPa to avoid abrupt failure;
ky @ 6.7(kcfirrp) ™",
k. = 1.0 for circular section.

= 0.25 for rectangular section.

CSA/S6-14 stated simpler equation for confined concrete strength as shown in equation 2.21. This
equation usually provides conservative results close to the actual value (Teng et al. 2002, Bisby et
al. 2005).

fee =1+ 2fifmp Equation 2.21

This confined concrete strength is used in equation 2.22 for buildings or in equation 2.23 for
bridges to determine axial load capacity.

B = 085 s ¢ fie (Ag — As) + dsfyAs] Equation 2.22

P =0.80[ a1 fr. (Ag — As) + dsfyAs] Equation 2.23

Where,

a,=0.85-0.0015 f, >0.67,

¢. = Resistance factor for concrete,

¢, = Resistance factor for steel reinforcement
A, = Gross area of concrete section,

A = Area of steel reinforcement,

fy = Yielding stress of steel.
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While designing to increase both axial compression and flexural moment capacity, both Canadian

codes recommended analyzing the section based on stress and strain compatibility as shown in

Fig. 2.8.
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Figure 2.8: Strain diagram on rehabilitated column section (reproduced from ISIS, 2008)
While designing the rehabilitation system for columns under pure compression, first we have to
check and assure that there is no slenderness and flexural effect on the column. Then from equation
2.22 or 2.23 we can determine the required confined compressive strength (f;.) assuming P. = Pf.
Corresponding required confinement pressure (f;r-,) can be determined using equation 2.21 or
2.20. At last using the material properties provided by the supplier, the required confinement
thickness (t) can be determined from equation 2.19. On the other hand, for column under
compression and flexure, first we can assume the thickness of the confinement based on experience
or previous calculations. Then we have to determine strain in each material using strain
compatibility and assuming the failure strain limit mentioned in the codes. Then assuming
equilibrium force condition, we have to determine position of neutral axis from resultant internal
forces corresponding to calculated strain in each material. Based on this neutral axis we have to
validate the assumptions of strain in each material. Upon validation of strain in each material, we

can determine the axial and flexural resistance from cross sectional analysis and compare it with
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required capacity. In both cases, the strain limit and confinement limit should be checked
according to code provision. In case of lap splice region an extra confinement of thickness tf,pex

can be provided. The thickness can be determined using equation 2.24.

NI

tfrpex> 2D Fifro - Pro X \/k—c Equation 2.24

Where, f¢rp=0.004Ef,, < ¢f,

P . . . .
—L > 0.2 where P, = calculated axial capacity of unconfined section

Pro

& = design lateral drift ratio>0.04

Available research data showed that column rehabilitated with FRP confinement are less
susceptible to premature failure of concrete under creep and fatigue. However, ISIS 2008 limited

the sustained load to prevent premature failure as follow,

Poys < 0.85[ a;¢.0.8f, (Ay — As) + fids] Equation 2.25

Where, f; should be less than 0.0015E and 0.8f,,.

Initial strain in concrete and steel plays an important role in strengthening system design.
Unfactored dead load and actual live load effects are considered while determining the initial
strain. Higher initial strain yields higher requirement in confinement area. While designing, the
initial strain in concrete and steel should be considered in design. So, for, no design guideline is

available for designing sprayed-FRP rehabilitation system.
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CHAPTER 3 - EXPERIMENTAL PROGRAM

3.1 GENERAL

The performance of sprayed-FRP technique in seismic retrofitting of RC circular columns is
investigated in this study. Six large-scale column specimens were constructed, retrofitted and
tested under seismic loading scheme. All specimens were constructed as deficient in lap splice
length (20 dp). The experimental program was conducted in two phases. In the first phase (Phase-
1), the performance of 3-mm thick sprayed-GFRP in rehabilitation of circular RC columns was
evaluated. The sprayed-GFRP thickness was increased to 6-mm in the second phase (Phase-2)
based on the results in first phase. Each phase includes three columns; one column was tested up
to 2.5% drift ratio before rehabilitation, another column was rehabilitated after being tested until
failure and the other column was strengthened in intact condition. After rehabilitation, all columns
were tested under simultaneous reversed-cyclic load and constant axial load of 500 kN (20% of
column axial capacity) to study the effect of axial load on structurally deficient columns. In a
moment-resisting frame structure, the inertia of forces generating from an earthquake event are
transferred from one floor to another by columns. Therefore, columns are often subjected to nearly
equal and opposite forces and moments. Hence, the column mid-height can be considered as the
point of contra-flexure for earthquake analysis. In this study, each specimen stimulates a portion
of a column between the foundation and the point of inflection in a moment-resisting frame
structure as shown Fig. 3.1. Sprayed-GFRP samples were collected from each specimen and tested
to determine the actual fibre content in cured composite. Three cylinders were rehabilitated along
with column specimens and tested under uni-axial compression to determine the tensile strength

of cured sprayed-GFRP composite.
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Figure 3.1: Simulated test specimen in moment resisting frame

3.2 Specimen Details

Six large-scale circular column specimens were designed and constructed to evaluate the
efficiency of rehabilitation with sprayed-GFRP technique as shown in Fig. 3.2. These specimens
represented a portion of a column between the foundation and point of inflection in buildings and
bridges. All specimens had a diameter and a span length (distance between footing-column
interface to the point of lateral load application) of 305-mm and 1,525-mm, respectively. A
concrete block of 550 x 350 x 400 mm was constructed monolithically at the top of the column to
facilitate the axial and lateral load transfer from the loading machines to the column. Six 15M steel
bars were used in all columns as main reinforcement (reinforcement ratio of 1.64%) satisfying the
minimum number of bar requirements according to CSA/A23.3-14a for circular column. Each
column was transversely reinforced with size 10M spiral having a constant pitch of 75-mm. All
column specimens had a massive footing (1,400 x 900 x 600 mm) to provide adequate fixity to
the specimens while testing. The footing was reinforced with 15M bars at top and bottom in both
directions. Six dowel bars of size 15M were cast with the footing. The embedded length of these

dowel bars in footing was 575-mm satisfying the minimum required length specified in the
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CSA/A23.3-14a. Moreover, this embedded length was reported to be adequate against slippage in

previous studies (Ali and El-Salakawy 2016; Naqvi and El-Salakawy 2016).

Test parameters included degree of damage (Intact, Partially-Damaged and Fully-Damaged) and
thickness of the sprayed-GFRP (3.0 and 6.0 mm). All the specimens were designated by three
characters. First character represents the degree of damage of specimen at which the strengthening
system was applied, “I” for intact, “PD” for partially damaged and “D” for fully damaged. Second
character indicates the phase of experimental program, “1” for Phase-1 and “2” for phase-2. Third
character refers to the thickness of the sprayed-GFRP composite, 3.0 and 6.0 mm. For example,
11-3 indicates that the specimen is from phase-1 which was strengthened in intact condition and
the thickness of sprayed-GFRP was 3.0 mm. Test matrix of this study is summarized in table 3.1.

Table 3.1 Details of test matrix

Specimen Remarks Sprayed-GFRP thickness
(mm)

PD1-0 Tested up to 2.5% drift ratio 0
D1-0 Tested up to failure 0

11-3 Strengthened and tested up to failure 3
PD1-3 PD1-0 rehabilitated and tested up to failure 3
D1-3 D1-0 rehabilitated and tested up to failure 3
PD2-0 Tested up to 2.5% drift ratio 0
D2-0 Tested up to failure 0

12-6 Strengthened and tested up to failure 6
PD2-6 PD2-0 rehabilitated and tested up to failure 6
D2-6 D2-0 rehabilitated and tested up to failure 6
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Figure 3.2: Typical dimensions of test specimen (all dimensions in mm)

3.3 Material Properties

All column specimens were constructed using ready-mixed normal strength concrete with a target
28-day compressive strength of 35 MPa. The maximum size of the aggregate in concrete was 20
mm and the slump was approximately 100-130 mm. Several concrete cylinders of 100-mm
diameter and 200-mm height were tested following CSA/A23.2-14b guidelines to determine the
average concrete compressive strength. In all specimens, grade 400 deformed steel bars were used
as main and transverse reinforcement. Table 3.2 includes the mechanical properties of steel

reinforcement used in constructing test specimens.
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Table 3.2: Mechanical properties of reinforcing bars (Naqgvi 2016)

Bar size Nominal diameter Area  Modulus of elasticity  Yield strength  Yield strain

(mm) (mm?) (GPa) (MPa) (%)
No. 15M 15.9 200 200 460 0.23
No. 10M 11.3 100 200 420 0.21

The resin solution used in strengthening was manufactured by Polynt Composites Canada Inc. It
was an epoxy bi phenolic vinyl ester resin. Table 3.3 contains the physical properties of resin as
per manufacturer’s literature.

Table 3.3: Physical properties of resin (Polynt Composites Canada Inc., 2017)

Property Value (unit)
Specific gravity 1.03-1.07 (g/cm3)
Viscosity 450-700 (cps)
Gel time 15-25 (minute)
Tensile strength 84 (MPa)
Tensile modulus 3750 (MPa)
Elongation 7.5 (%)
Flexural strength 151 (MPa)
Flexural modulus 3430 (MPa)

Hardener (United Initiators, Inc., 2017) used in rehabilitation was manufactured by United
Initiators, Inc. Continuous roving glass fibers, manufactured by Owens Corning Composite
Materials, LLC. was used in strengthening process. This type of glass fibre was developed to

combine the electrical and mechanical properties of traditional E-glass with the acid corrosion
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resistance of E-CR glass. Roving format prevents mechanical twist of continuous glass fiber
gathered into a single bundle or yarn. Table 3.4 depicts physical properties of glass fiber according
to manufacturer’s literature.

Table 3.4: Physical properties of glass fiber (Owens Corning Composite Materials, 2015)

Property Value (unit)
Diameter 11 (um)
Density 2.6 (g/lcm3)
Tensile Strength 3100-3800 (MPa)
Elastic modulus 80-81 (GPa)
Elongation 4.6 (%)

3.4 Specimen Construction

Plywood sheets were used to construct the formwork of the footing (Fig. 3.3a). Steel reinforcement
cages designed for footing were placed inside the formwork along with four 20 mm diameter PVC
pipes at designed locations. These locations of PVC pipes were selected based on the position of
holes in the laboratory strong floor so that a dywidag bar can pass through both holes and provide
fixity to the specimens while testing. The footing was cast with the starter bars embedded in it
(Fig. 3.3b). Then the column reinforcement cage was tied with the rest portion of dowel bars at the
top of cured footing. A sonotube of 305 mm diameter (inside) was used as formwork for the
column specimens. Plywood was used to build the formwork of the column head (Fig 3.3c). A thin
layer of form-oil was applied to the inner surface of the formwork to facilitate removing of
formwork after casting. Additional, plywood strainers were used to restrain the lateral movement

of the column during casting. The footing was cast one week before the column to simulate the
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actual construction practice. The formwork was removed one week after casting and the specimens
were cured for 28 days using burlap (Fig. 3.3d). Figure 3.3 shows the different stage of
construction. Another two smaller footing (1,400 x 400 x 600 mm) was constructed to support the

hinged frame facilitating the application of axial load.

(a) Steel cages for column footings (b) Casting footing with column reinforcement

(c) Formwork for columns (d) Completed column specimens

Figure 3.3: Stages of specimen construction
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3.5 Patching and Strengthening Process

Several methods are available for the application of FRP materials in rehabilitation of RC columns.
The most commonly used method is hand lay-up technique. However, application of FRP materials
in strengthening of RC structures by spraying method is still limited. This section briefly presents
the devices and techniques which were used in this research for repair and rehabilitation of RC

column specimens.

3.5.1 Repair of damaged specimen

Recommendations stated in CSA/S6-14 and CSA/S806-12 were followed for concrete repair. First,
all the loose, unsound and debris concrete was removed using hammer and chisel (Fig. 3.4 a). High
air pressure was used to remove all dust and dirt from concrete surface (Fig 3.4b). Cement-based
grout (mortar) prepared using non-shrinking cement, manufactured by CPD Construction Products
(2017), and water was used in the repair work.. Table 3.5 shows the material properties of the non-
shrinking grout as provided by the manufacturer.

Table 3.5: Properties of the non-shrinking grout

Property Value (unit)
Specific gravity 2.2
Compressive strength (28 days) 60 (MPa)

The sonotube was adjusted along the length of damaged portion to restore original shape of the
column specimens. Cement mortar was poured through a small hole at the top of sonotube and
light hand vibration was applied to make sure the grout reached all the damaged area. Before
applying the mortar, the concrete surface was made slightly wet to facilitate bonding between old

concrete and new cement mortar. The sonotube was removed after one day as the non-shrinking
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cement mortar hardens very quickly. Further patching was carried out to smoothen the surface (Fig

3.4c). Burlap was used for curing the concrete used in repair work (Fig. 3.4d).

(c) Patching with mortar (d) Curing with wet burlap

Figure 3.4: Stages of column repair/patching
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3.5.2 Devices used in sprayed-FRP technique

Figure 3.5 shows different components of assembled spraying unit used in this study. Different
types of system are available which can be used for sprayed-FRP rehabilitation work. But all these
systems consist almost same components. The system used in this rehabilitation process was
manufactured by Glass-Craft Inc. (Fig. 3.5a). The resin tank was bought separately which contains
the promoted resin (Polynt Composites Canada Inc., 2017). A hose connects the resin tank to the
resin pump. A perforated pipe screener attached at the end of the hose collects promoted resin from
the tank and supplies it to the resin pump. Another tank contains the hardener (United Initiators,
Inc., 2017) which is connected to the catalyst pump through a hose. Both the resin pump and
catalyst pump are connected to a controller through separate hoses (Fig. 3.5b). The controller
consists of several valves and dial gauges, allows the operator to control the mix proportion of
resin with hardener and air pressure at the spray gun (Fig. 3.5¢). An external compressed air supply
unit provided all the required forces for pumping and spraying. Separate hoses of resin and
hardener connects the controller to the spray gun. Another hose supplies air pressure from
controller to the chopper unit mounted at the top of spray gun. These hoses are attached to a broom
for easy operation. Resin and catalyst get mixed when they came out of the spray gun. The chopper
unit cuts and throws fibre using two rollers. One roller has blades attached to its surface which
cuts the fibres to a specific length based on the spacing of the blades. One bundle of glass fibre
was fed between those rollers (Fig. 3.5d). The chopped fibres get mixed with resin-catalyst mixture

in front of the spray gun. All these components are mounted on a wheeled cart for easy mobility.
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(b) Controller

(c) Spray gun

Figure 3.5: Spraying unit

(d) Glass fibre bundle
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3.5.3 Spraying process

Although sprayed-FRP technique was introduced in RC structural rehabilitation at the beginning
of 20" century, still it is in research stage. No codes or guideline is available regarding surface
preparation and application of sprayed-FRP system. In this research, the concrete surface was
brought back to its original shape using cement mortar. The cured concrete surface was left to dry
for one week before spraying. First the controller was connected to an air pressure source. The
valves were to set spray a mix of 98% resin and 2% catalyst. Also, the pressure at the fibre chopper
unit was set targeting a final product of 30% fibre and 70% resin. Trial spray was carried out before
spraying finally on the specimens to make sure everything was working as planned. From the trial
spray the average chopped fibre length was recorded as 26-mm (Fig. 3.6a). First, a primary layer
of resin-catalyst mix was sprayed on concrete surface to create a sticky base for sprayed-GFRP.
After waiting for few minutes, the bundle of fibre was fed at chopper unit. Then chopped glass
fibres and resin-catalyst mixture was sprayed simultaneously until the thickness reached 3-mm all
around the specimen (Fig. 3.6b). Later, an aluminum roller was rolled over the sprayed surface to
achieve a uniform thickness by forcing out the entrapped air from sprayed-GFRP composites (Fig.
3.6¢). The thickness of sprayed-GFRP layer was checked with a special device as shown in (Fig.
3.6d). In case of specimens with 6-mm targeted thickness, the same process was repeated after 30
minutes except no primary layer of resin-catalyst mix was applied. The spray produced a layer of
GFRP composite which consists of two dimensional randomly distributed glass fibres embedded
in resin-catalyst mix. Fibres and resin-catalyst mixture were sprayed from two separate levels of
the spray gun. Chopper unit mounted on the spray gun sprayed the chopped fibres from an upper
level which got mixed with resin and catalyst mixture after travelling a certain distance. This

mixing distance was controlled by the alignment and air pressure of the chopper gun which was
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set through trial spray and based on the experience of the operator. Similar procedure was followed

in rehabilitating the cylinders with sprayed-GFRP.

(@) Fibre length check (b) Spraying

(c) Entrapped air removal (d) Thickness check

Figure 3.6: Stages of spraying
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3.6 Instrumentation

Instrumentation of the test specimens was designed to obtain strain, displacement, rotation and
load during the test. All instruments were attached at suitable locations and were connected to a
data acquisition system (DAQ). The DAQ collected readings of different instruments and recorded
those in a practical unit system. However, the propagation of cracks while testing was monitored

visually and marked carefully at the end of each loading cycle.

3.6.1 Load cells
The data of applied lateral load was collected directly from the load cell embedded in the dynamic
actuator. Another load cell was placed between the hydraulic jack and column head to measure

and record the data of axially applied load.

3.6.2 Linear variable displacement transducers (LVDTSs)

Total of four LVDTs were used in this study to measure the rotation components of the column
specimens (Fig. 3.7). Two LVDTs was attached vertically on both sides of the column in loading
direction to measure the total flexural rotation relative to footing. Both of these LVDTs were
placed directly on the footing surface having their top attached to a threaded rod mounted on
column surface. The actual horizontal distance between these two LVDTs was measured for
specimen. The total flexural rotation was calculated by dividing the difference in readings of the
LVDTs by the measured horizontal distance. The other two LVVDTs were also positioned in the
same way except the bottom of those LVDTs were attached to a threaded rod at a distance 25 mm
above the footing surface. Using the same calculation method as mentioned before, the data of

these two LVVDTs were used to calculate the rotation of hinging region.
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Figure 3.7: Location of LVDTs (all dimensions in mm)

3.6.3 Strain gauges

A total of eight strain gauges were used for each specimen to monitor the strain development in
longitudinal reinforcement corresponding to the applied loads. In order to measure the force
transfer and slippage between the lap spliced bars, these strain gauges were attached on the column
and dowel bars “A” and “D” in the lap splice region. Figure 3.8 illustrates the locations of strain

gauges.
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3.7 Test Setup and Procedure

3.7.1. Column specimens

All specimens were tested in vertical position and were subjected to simultaneous constant axial
load and lateral quasi-static reversed-cyclic load as shown in Fig. 3.9. A 1,000-kN load and 250-
mm stroke capacity dynamic actuator was used to provide cyclic-reversed lateral load at the
column head. The actuator was mounted on a massive steel column with its center line 2,125 mm
above the laboratory floor level. The massive column was prestressed to laboratory strong floor
with eight dywidag bars. A hydraulic jack supported on a hinged frame was used to apply the axial
load. The hinged frame allowed the movement of the hydraulic jack with column head during
testing and thus helped in keeping the axial load constant throughout the test. Two separate RC
footings, prestressed to the laboratory strong floor, were used to support the hinged frame. Before
testing, each specimen was aligned in such a way that the centerline of the column coincides with
the line of action of both lateral and axial load. After ensuring proper alignment, each specimen

footing was prestressed to the laboratory strong floor using four dywidag bars.

The load was simulated in the laboratory by dividing the loading scheme into two main phases;
load-controlled phase and displacement-controlled phase (Fig. 3.10). The load control phase
included two cycles; cracking and service cycle where the rate of applied lateral load was
maintained at 20 KN/min. The cracking cycle was used to determine the cracking load and loading
was continued until the first crack was observed visually. The second cycle represented the service
loading condition which is 60% of the vyield strain for steel bars (CSA/A23.3-14a). In the
displacement control phase, the loads were applied in a quasi-static displacement control mode
following the recommendation of ACI committee 374 report on the acceptance criteria for moment

resisting frames based on structural testing (ACI 374.1-05). In practice, the RC buildings are
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designed to have less applied seismic drift than the specified allowable drift mentioned in National
Building Code of Canada (NBC 2015) i.e. 2.5%. However, the structures might experience higher
drifts during an earthquake event than the designed one. For the displacement-controlled phase,
quasi-static drift reversals were applied in a cyclic manner to ensure the gradual increment of
applied displacement. Each drift step in displacement-control phase was applied in three identical
cycles. To monitor the stiffness degradation of the specimens at different seismic loading stage,
one load-controlled cycle with peak load equal to service load was applied after each drift step.

Figure 3.11 shows an actual image of test setup.

Two specimens were damaged up to 2.5% drift ratio and then retested after rehabilitation; two
specimens were tested up to failure before and after rehabilitation and two specimens were

strengthened in as-built condition and then tested following the loading scheme discussed above.
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Figure 3.11: Actual test setup

3.7.2. Sprayed-GFRP samples

Sprayed-GFRP samples were pulled off each column specimen after testing to determine the actual
fibre content in the composite. Samples were collected from the plastic hinge region. First the
density of collected samples were determined by water displacement method. Data for fibre
density and resin density were collected from material safety data sheet. Using Equation 3.1, the

fibre content in actual samples were determined and results are presented in Table 3.6.

Px
= -1
_ Pec :
Ry = [ x 100 Equation 3.1
Pr

where,

R : Fibre concentration;
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Py - Matrix density;
p. - Composite density;
py - Fibre density.

Table 3.6: Fibre content from density analysis

Specimen Fibre density ~ Matrix density ~ Composite density Fibre content

(g/cm?) (g/cm?) (g/cm?) (%)

11-3 1.305 32.7
D1-3 1.268 28.6
PD1-3 1.337 35.9

2.6 1.051

12-6 1.268 28.7
D2-6 1.346 36.8
PD2-6 1.328 35.1

Moreover, similar samples of 2-gram weight were used to determine fibre content following “Burn
off” method according to ASTM D2584 (Fig. 3.12). Apparatus used in this test were 35-ml
crucibles, digital scale (Fig. 3.12b) and electric furnace (Fig. 3.12d). First the empty weight of
crucible was determined using digital scale. Then the sample was put in the crucible and the
combined weight was recorded (Fig. 3.12a). Difference of these two weights is the weight of
composite sample (w,). Then the crucible with sample in it was put in the electric furnace and the
temperature was set for 550°C. The sample was kept at 550°C for 1 hour and then it was left to
cool down to room temperature. At this point all the resin was burnt off from the sample and only
fibre was left inside the crucible (Fig. 3.12c). Then weight of fibres along with crucible was

recorded. By deducting crucible weight from this weight, weight of fibre (w¢) in collected sample
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was determined. Then equation 3.2 was used to determine fibre content “R;”. Table 3.7 shows the
results obtained from this test. Here “AS” and “OS” indicates that the sample was collected from

actuator side and opposite side considering the orientation of the specimen while testing.

Ry = —x 100 Equation 3.2

W

Table 3.7: Fibre content from Burn-off test

Sample Crucible weight Crucible + Crucible + fibre Fibre content
Sample weight weight
(gm) (gm) (gm) (%)

PD1-3 (AS) 21.28 23.19 21.85 29.7
PD1-3 (OS) 20.28 22.38 20.84 26.7
D1-3 (AS) 20.35 22.33 20.89 27.6
D1-3 (0S) 20.92 22.17 21.29 29.4

11-3 (AS) 21.09 23.09 21.64 27.36

11-3 (OS) 20.37 22.14 20.83 26.07
PD2-6 (AS) 20.37 22.42 20.89 25.6
PD2-6 (OS) 21.09 23.43 21.77 28.8
D2-6 (AS) 21.1 23.32 21.75 29.3
D2-6 (OS) 20.37 23.01 21.17 30.4

12-6 (AS) 21.1 23.64 21.79 27.1

12-6 (OS) 20.37 22.91 21.1 28.6
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(a) Sprayed-GFRP samples

(c) GFRP fibres (d) Electric furnace

Figure 3.12: Burn-off test to determine fibre content

3.7.3. Strengthened cylinders

Three cylinders of 100-mm diameter and 200-mm height were strengthened using sprayed-GFRP
composite (Fig. 3.13a). While spraying the targeted thickness was 6-mm. After spraying, the
cylinders were left for curing for one week. Some portion from top and bottom of the strengthened
cylinders were cut off to get specimen with effective sprayed-GFRP confinement. These cylinders

along with other three control concrete cylinders (cast on the same day and with same batch of
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concrete) were tested under uni-axial compression until failure (Fig. 3.13b). ASTM C39/C39M
method was followed in this test (Fig. 3.13c). Results obtained for the strengthened cylinders were
multiplied by correction factors based on their aspect ratio (height/diameter) following ASTM
C42. Data from this test was used to calculate the ultimate tensile strength of sprayed-GFRP
composites as shown in Table 3.8. The following steps were followed to calculate the ultimate
strength of sprayed-GFRP (ISIS 2008):
- First confined concrete strength (f..) was determined from following equation, cylinder
axial capacity,
P=kepets forAy Equation 3.3
Where, k. = reduction factor = 1; ¢, = 1; ;= 0.85 - 0.0015 f¢'; A,= cross sectional area;
- For known confined concrete strength, confining pressure (f;r,,) Was calculated from
equation 3.4,

]CCIC = f;‘, + Zﬁfrp Equation 3.4

Here, f.=unconfined concrete compressive strength = 43.52 MPa.

- Now ultimate strength f, ¢, was determined using equation 3.5,

2tpfusr i
firrp= % Equation 3.5

Where, t = spray thickness; ¢ = reduction factor = 1; D = diameter of cylinder = 100 mm.
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Table 3.8: Ultimate strength of sprayed-GFRP composites from cylinder tests

Sample t Axial fee fifrp Fufrp Avg
(mm) _ (MPa) (MPa) (MPa) (MPa)
Capacity
(N)
1 6 678894.2 110.153 33.31652 277.6377
2 6 616703.7 100.0624 28.2712 235.5934 235.7882
3 6 555377.8 90.11206 23.29603 194.1336

(b) Cylinders after test

Figure 3.13: Compressive strength test of strengthened cylinders

(c) Testing of strengthened cylinders
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CHAPTER 4 — RESULTS AND DISCUSSION

4.1 General Behaviour

Figures 4.1 to 4.3 show the failure mode of all specimens. Specimen D1-0 and D2-0 showed
similar behaviour throughout the test. For D1-0 the first crack appeared at a lateral load of 37 kN
at a distance of approximately 330 mm from footing surface whereas for D2-0 the first crack was
found roughly 350 mm above the footing surface at 35 kN. With the increasing load both
specimens showed several evenly distributed cracks within a distance of 700 mm from the footing
surface up to service cycle. These crackes mainly followed the position of spiral reinforcement.
For both specimens, concrete cover spalling started at 2.5% drift ratio at the hinging region (300
mm from footing surface); at 3.5% drift ratio, the longitudinal reinforcement was exposed due to
the spallinlg of concrete cover and at 4.5% drift ratio, core concrete crushed at the footing-column
interface and both specimens failed (Fig. 4.1a and Fig. 4.1c). No bar slippage was observed during
the failure. Collected data also imply proper stress transfer between column longitudinal bar and
starter bars. After patching with cement mortar and rehabilitating specimen D1-0 with 3-mm and
specimen D2-0 with 6-mm thick sprayed-GFRP composite, both specimens were tested under
same loading scheme. Rehabilitated specimen D1-3 failed suddenly by rupture of sprayed-GFRP
at the first service cycle while pushing (Fig. 4.1b). The fracture occurred vertically at hinging
region with a length around 300-mm. No concrete crushing was visible during the failure.
Confiment on pulling side failed in a similar manner but at 6% drift ratio. At 8% drift rario,
crushing of repaired concrete was observed along with widening of fracture of the sprayed-GFRP
confinement. Specimen D2-6 showed the first crack at 4.5% drift ratio at footing-column interface.
The crack horizontally propagated at higher drift cycles on both pulling and pushing side. At the

last cycle of 8% drift ratio, the specimen failed without any large crack and abrupt rupture in the
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confinement. Failure of the specimens lateral load carrying capacity mainly occurred due to

flexural comporession failure of the sprayed-GFRP layer at footing-column interface (Fig. 4.1d).

D1-0 at 4.5%

(a) (b)

(©) (d)

Figure 4.1: Failure mode of specimen (a) D1-0 (b) D1-3 (c) D2-0 (d) D2-6
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Specimen PD1-0 showed first crack at 35 kN at a distance approximately 180 mm from footing
surface. But for specimen PD2-0 the first crack appeared at 24 kN nearly at a height of 250-mm
on column surface. However, with the continuation of the test both specimen showed almost
similar generation and propagation of cracks with in a distance of 700 mm from the footing surface.
Both PD1-0 and PD2-0 were tetsed up to 2.5% drift ratio and both specimen showed small degree
of concrete spalling in the plastic hinge region. After retrofitting, specimen PD1-3 was tested up
to failure. The first visible crack on sprayed confinement was observed at 4.5% but the specimen
ultimately failed at 8% drift ratio (Fig. 4.2 a). Fibre pullout and fibre rupture was observed along
the cracked confinement. Specimen PD2-6 also showed the first crack at 4.5% drift ratio. However,
the crack was horizontal and it originated at footing-column interface. Specimen failed at the last
cycle of 8% drift ratio (Fig. 4.2b). Failure pattern was almost similar to specimen D2-6 i.e., no
large crack or rupture of sprayed-GFRP confinement was observed except a horizontal crack along

the base of the column.

8.0%

PD1-3at8.0% |\

(a) (b)

Figure 4.2: Failure mode of specimen (a) PD1-3 (b) PD2-6
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For specimen 11-3, the first visible crack on sprayed-GFRP coating was observed near the footing
surface at 4.5% drift. It initiated from the location of threaded bars which were embeded in column
surface for rotation measurement. Speciemn failed at 6% drift by simultaneous rupture of sprayed-
GFRP coating and concrete crushing (Fig. 4.3a). The fracture occurred vertically and it propagated
around 200 mm from the bottom of the column. Little amount of fibre rupture and fibre pullout
was observed along the fractured coat. Internal reinforcement was exposed due to concrete
crushing. Specimen 12-6 showed the first horizontal crack at 6% drift ratio at footing-column
interface. However, it mainly failed by simultaneous fibre rupture and pullout in the confinement
at 8% drift ratio (last cyale) (Fig. 4.3b). The rupture pattern was almost similar to specimen 11-3
but it was narrower and shorter (around 150-mm). No concrete crushing was visible except spalling
of cover concrete was observed when a portion of confinement was removed to collect sprayed-

GFRP samples.

12-6 at 8.0%

(a) (b)

Figure 4.3: Failure mode of specimen (a) 11-3 (b) 12-6
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4.2 Hysteretic Response

All specimens were tested in the same orientation (same pushing and pulling directions) before
and after rehabilitation. As depicted in Fig. 4.4, Fig. 4.5a and Fig. 4.5¢, specimen D1-0 and D2-0
showed similar lateral load-drift response until failure. The lateral load capacity was nearly
constant from 1.5% drift ratio to 3.5% drift ratio. For specimen D1-0, maximum lateral load of
+77.5 kN (pushing) and -85.4 kN (pulling) was observed at 3.5% drift ratio. In case of specimen
D2-0, the recorded maximum lateral load was +81.9 kN (pushing) and -84.6 kN (pulling) at 2%
drift ratio. For both specimens, the lateral load capacity decreased by 25% at the last cycle of 4.5%
drift ratio and the column failed by concrete crushing while pushing. Both sides were repaired but
more concrete crushing was observed in pushing. The sprayed-GFRP system of 3-mm thickness
was unable to restore lateral load capacity as depicted in Fig. 4.5b. In case of specimen D1-3, the
strengthening system ruptured at +43.2 KN while pushing which is 44.3% lower than column actual
capacity. However, on pulling side the lateral load resistance increased up to -77.2 kKN (at 6% drift
ratio) which is 8.5% less than that of specimen D1-0. Sprayed-GFRP of 6-mm thickness (D2-6)
was not only able to restore the original capacity of the column (pushing side) but it also increased
lateral load capacity by 12.3% (pulling side) (Fig. 4.5d). While pushing, the lateral load resistance
gradually increased up to +66.2 kN at 3.5% drift ratio and in pulling side it gradually increased up
to -95.1 kN at 6% drift ratio. At 8% drift ratio, specimen failed in flexure when the lateral load

capacity dropped by 34%.
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--4-D1-0 —e—D1-3 --+-D2-0 —sm—D2-6

Lateral Load (kN)
o

Drift (%)

Figure 4.4: Lateral load-drift envelop of specimen D1-0, D1-3, D2-0 and D2-6
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(kN)

Lateral Load

Drift Ratio (%) Drift Ratio (%)

(©) (d)
Figure 4.5: Lateral load vs drift ratio response (a) D1-0 (b) D1-3 (c) D2-0 (d) D2-6

Both specimens PD1-0 and PD2-0 showed maximum lateral load at 2% drift ratio. For specimen
PD1-0 maximum lateral load was recorded as +87.1 kN and -77.2 kN (Fig. 4.7a) whereas for
specimen PD2-0 maximum lateral load was found +87.8 kN and -91.4 kN (Fig. 4.7¢). Patching
was carried out on both sides to regain original shape. After rehabilitation with 3-mm sprayed-
GFRP i.e., for specimen PD1-3 the maximum lateral load resistance decreased by 8.7% while
pushing (+79.5 kN at 4.5% drift ratio) but increased by 16.5% while pulling (-89.97 kN at 3.5%
drift ratio) (Fig. 4.7b). However, sprayed-GFRP confinement of 6-mm (specimen PD2-6)
increased maximum lateral load resistance in both direction; in pushing 7.6% (+94.6 kN at 6%
drift ratio) and in pulling 24.3% (-113.6 kN at 4.5% drift ratio) (Fig. 4.7d). Specimen PD1-3
showed gradual increase in lateral load resistance up to 4.5% drift ratio (Fig. 4.6). After that, lateral
load resistance was almost constant until failure. At the last cycle of 8% drift ratio lateral load
capacity dropped by 25% in pulling direction. In case of specimen PD2-6, lateral load resistance

gradually increased up to 4.5% drift ratio. At the last cycle of 8% drift ratio during pulling, lateral
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load resistance dropped by 25% although there was no rupture or large crack on the confinement.

Only a horizontal crack at footing column interface was visible at the end of the test.

--4-D1-0 —e—PD1-3

120

Lateral Load (kN)
o

-+-D2-0 —=—PD2-6

Drift (%)

Figure 4.6: Lateral load-drift envelop of specimen D1-0, PD1-3, D2-0 and PD2-6
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Figure 4.7: Lateral load vs drift ratio response (a) PD1-0 (b) PD1-3 (c) PD2-0 (d) PD2-6

Specimen 11-3 showed similar behaviour to specimen D1-0 maintaining almost constant lateral
load capacity up to last drift cycle starting from 1.5% drift ratio (Fig. 4.8). But it sustained the
lateral load capacity till the second cycle of 6% drift ratio. At last cycle while pushing the lateral
load resistance decreased by 26% as the sprayed-GFRP confinement ruptured. Maximum lateral
load of +82.96 kN (pushing) and -91.8 kN (pulling) was recorded at 3.5% drift ratio (Fig. 4.9a).
On average the sprayed-GFRP strengthening system increased the lateral load carrying capacity
by 7.2% compared to the original column. Specimen 12-6 showed higher increase in lateral load
capacity compared to specimen D2-0 (Fig. 4.8). While pushing maximum lateral load was
recorded as +100.96 kN (at 4.5% drift ratio) and in pulling it was found -110.5 kN (at 6% drift
ratio) (Fig. 4.9b). So, lateral load resistance increased by 23.5% (pushing) and 30.95% (pulling).
Gradual increase in lateral load capacity was observed up to 6% drift ratio. At the last cycle of 8%
drift ratio, specimen failed by confinement rupture and lateral load resistance dropped by 36%

while pushing.
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Figure 4.8: Lateral load-drift envelop of specimen D1-0, 11-3, D2-0 and 12-6
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Figure 4.9: Lateral load vs drift ratio response (a) 11-3 (b) 12-6

4.3 Cumulative Energy Dissipation
Figure 4.10 depicts the cumulative energy dissipation of the specimens in Phase-1 with

corresponding drift ratio. Column strengthened with 3-mm thick sprayed-GFRP (11-3) showed
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11.3% higher cumulative energy dissipation at 4.5% drift ratio and overall it dissipated 77.9%
higher energy before failure compared to specimen D1-0. Yielding of longitudinal steel
accompanied by additional confinement provided by sprayed-GFRP might be responsible for this
behavior. The 3-mm thick sprayed GFRP system (D1-3) was not able to partially or fully restore
the original capacity of fully damaged column (D1-0). The confinement failed at first service cycle.
Speicmen rehabilitated with 3-mm sprayed-GFRP after being partially damaged (PD1-3) showed
considerably higher cumulative energy dissipation than all other specimens in series-1 although at
4.5% drift ratio it was 12.3% lower than specimen D1-0 and 21.2% lower than specimen 11-3.
Again at 6% drift ratio, specimen PD1-3 showed 20% lower energy dissipation than specimen I1-
3. However, the calculated cumulative energy dissipated by PD1-3 was found 116% and 21.4%
higher than specimen D1-0 and 11-3, respectively as it went up to 8% drift ratio. This behavior
might be the result of improper stress transfer by repaired concrete on column surface up to 4.5%
drift ratio. After that the sprayed-GFRP confinement became active due to bulging of concrete and

started contributing in increasing energy dissipation capacity.

@ ]1-3 —e—DI1-0 - @ -PD1-3

Cumulative energy dissipation
(kN.m)
LN
o

Drift

Figure 4.10: Cumulative energy dissipation of the specimens in Phase-1
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Figure 4.11 shows the cumulative energy dissipation response of specimens in Phase-2. Similar to
specimens in Phase-1, specimen 12-6 showed higher energy dissipation than the control specimen
(D2-0) from the initial drift ratios. At 4.5% drift ratio it showed 28% and overall 175.3% higher
energy dissipation than specimen D2-0. 6-mm thick sprayed-GFRP was found adequate to restore
original capacity of fully damaged column (D2-0). Specimen PD2-6 showed similar energy
dissipation to specimen D2-0 up to 4.5% drift ratio (failure of D2-0). However, PD2-6 failed at
8% drift ratio, thus dissipated 155% higher energy than specimen D2-0 at failure. For specimen
D2-6, energy dissipation was found to be 20.5% lower than specimen D2-0 at 4.5% drift ratio.
Similarly, D2-6 it went up to 8% drift ratio and cumulatively dissipated 102% higher energy than
specimen D2-0 at failure. Again, this behaviour indicates improper stress transfer by repaired
column surface up to 4.5% drift ratio. The GFRP confinement came into action when the cover

concrete started to bulge and contributed in energy dissipation.
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Figure 4.11: Cumulative energy dissipation of the specimens in Phase-2
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4.4 Column Rotation Components

The total rotation of column due to seismic load consist of three main components; rotation due to
main crack, rotation due to plastic hinge and rotation due to other components. The main crack
develops at footing column interface also includes strain penetration (strain of column longitudinal
bar that penetrates inside the footing) inside the joint. The plastic hinge was assumed to be formed
with in a distance 350-mm from the footing surface. Cracks which were formed outside the plastic
hinge region and column curvature was included in other components. One set of LVDT’s
recorded the column rotation with respect to footing surface. The total rotation of column was
obtained from actuator drift data. Difference between these two data provided the rotation due to
other components. Another set of LVDT’s was used to measure the rotation of plastic hinge.
Contribution of main crack in total rotation was calculated by taking the difference of the data
gathered from two sets of LVDTSs.

Figure 4.12 shows the rotational components of all specimens. For specimen D1-0, contribution
of main crack (63.35%) was found higher than plastic hinge (21.46%) and other components
(15.19%) as most of the concrete spalling was observed at footing column interface (Fig. 4.12a).
After rehabilitation (specimen D1-3) the contribution of other components (5.8%) further
decreased due to increased confinement in upper portion of column while the lower portion still
experiencing the maximum moment (Fig. 4.12b). There were slight increase in plastic hinge
formation at initial drifts due to sprayed-GFRP confinement but later it started decreasing as the
confinement got ruptured. The rotational components for specimen D2-0 were found similar to the
specimen D1-0 (Fig. 4.12c). However, after rehabilitation (specimen D2-6) the contribution of
main crack was found slightly reduced (by 11.6%) indicating comparatively lower damage

concentration at footing column interface (Fig. 4.12d). The contribution of plastic hinge formation
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increased by 94% compared to specimen D2-0. Again, the proportion of rotation components for
specimen PD1-0 (Fig. 4.12¢) and PD2-0 (Fig. 4.12g) was recorded quite similar to specimen D1-
0. After rehabilitation specimen PD1-3 showed increase in plastic hinge formation (by 55.5%)
whereas the contribution of main crack got decreased (by 20%) (Fig. 4.12f). This resulted from
increased confinement leading to reduced damage at footing-column interface. Similarly, the
percentage of main crack was recorded decreased (by 33%) in specimen PD2-6 but the contribution
of other components got increased (by 114%) (Fig. 4.12h). Because further increase in
confinement distributed the damage over the length of the column. The rotational components for
strengthened specimens 11-3 (Fig. 4.12i) and 12-6 (Fig. 4.12j) were found almost identical to
control specimens D1-0 and D2-0, respectively. This behavior indicates that the confinement was
moderately inactive at lower drift ratios. Although there in slight increase in plastic hinge

formation for specimen 12-6 whereas the portion for main crack got decreased.
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Figure 4.12: Column rotation components
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CHAPTER 5 - CONCLUSIONS AND FUTURE WORK

5.1 Summary

Recent upgrade in seismic design standards and the alarming increase in earthquake hazard level
have created some doubt on the seismic performance of existing structures. The FRP sheets
wrapping technique has already been established as a sustainable repair and strengthening method
for column rehabilitation due to superior characteristics of FRP materials (ACI 440.2R-17).
However, this technique is relatively expensive, sensitive to rough concrete surface (require prior
surface treatment) and its application is complicated on irregular structures (Karbhari 2007). The
proposed retrofitting technique; sprayed-FRP composites system, has offered advantages
compared to conventional FRP jackets, such as strong bond capacity, ease of construction and
installation, and better cost effectiveness (Boyd 2000; Banthia and Boyd 2000). Sprayed-FRP
confinement was reported to increase shear strength, ductility and energy absorption capacity of
square columns (Lee et al. 2016; Peng et al. 2014). However, no research data is available on
seismic behaviour of RC circular columns retrofitted with sprayed-FRP composites.

The seismic performance of steel-RC circular columns rehabilitated with sprayed-GFRP
composites is investigated in this research program. Six large-scale RC circular columns were
constructed and tested under simulated seismic loading. All column specimens have 305-mm
diameter and 1,725-mm cantilever height (1,525-mm shear span). The specimen represents a
portion of a column between the foundation and point of inflection in a building or a bridge. Two
specimens were tested up to 2.5% drift ratio (design drift limit according to National Building
Code of Canada (NBC 2015)) and other two specimens were tested up to failure before the
application of sprayed-GFRP to serve as references. These four specimens were rehabilitated and

then retested to failure. Two specimens were first sprayed with FRP composites, then tested up to
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failure. It should be mentioned that maintaining a uniform thickness of sprayed-GFRP all around

the column was a challenge as it depends on operators experience as well as many other factors

(operation temperature, gun calibration. etc.). However, minimum targeted thickness was ensured

while spraying at plastic hinge location.

The primary objective of this research was to evaluate the seismic response of deficient (in lap

splice length) reinforced concrete circular columns retrofitted with sprayed-GFRP composites

technique. Parameters included in this study were degree of damage and thickness of sprayed-

GFRP composite.

5.2 Conclusions

Based on the experimental results, the following conclusions can be drawn:

Increasing the sprayed-GFRP composites thickness from 3-mm to 6-mm significantly
changed the failure pattern of the GFRP coat. At 3-mm thickness, sprayed-GFRP
confinement failed abruptly, the fracture occurred vertically in the plastic hinge region and
it was apparently wide. For 6-mm sprayed-GFRP, failure was gradual with a horizontal
crack at footing-column interface and the crack width was significantly small.

The GFRP-sprayed coat did not have a significant effect on the stiffness of the tested
specimens. At initial drift ratios, rehabilitated fully-damaged and partially-damaged
specimens showed less stiff response compared to original column. However, for
strengthened intact specimen, stiffness at initial drift ratio was found similar to the original
column.

After rehabilitation, significant increase in energy dissipation capacity was observed for all
specimens except for fully-damaged column rehabilitated with 3-mm thickness.

Comparatively higher cumulative energy dissipation capacity was recorded when the
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sprayed-GFRP thickness doubled. The 6-mm thickness sprayed-GFRP system showed
approximately 153%, 42% and 98% higher cumulative energy dissipation than the 3-mm
thickness counterpart for fully-damaged, partially-damaged and intact columns,
respectively.

For the 3-mm sprayed-GFRP coat, rehabilitated partially-damaged column (Specimen
PD1-3) showed 21% higher cumulative energy dissipation than the strengthened intact
column (Specimen 11-3) as the former went up to 8% drift ratio whereas the latter failed at
6% drift ratio only. Rehabilitated specimens with 6-mm sprayed-GFRP from fully-
damaged (Specimen D2-6) and partially-damaged (Specimen PD2-6) condition showed
similar cumulative energy dissipation which was approximately 16% lower compared to
the strengthened intact (Specimen 12-6) column.

Sprayed-GFRP composites can be used as a practical strengthening system for RC circular
column in seismic regions. Although the observed increase in lateral load capacity for 3-
mm thickness was only 7.2%, increasing the thickness to 6-mm increased the lateral load
capacity by 27.2%. Also 3- and 6-mm thick sprayed-GFRP increased the drift capacity by
33.3% and 77.8%, respectively.

Sprayed-GFRP system of adequate thickness (6 mm) can be used to rehabilitate fully-
damaged columns after an earthquake event. Sprayed-GFRP of 3-mm thickness was found
inadequate to restore the strength of seismically damaged RC columns. However, 6-mm
thick sprayed-GFRP not only restored the full original capacity of the column but also
increased the lateral load capacity by approximately 12%. Moreover, it increased the drift

capacity by approximately 78%.
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Sprayed-GFRP composite system of 3- and 6-mm thickness increased the displacement
capacity of partially-damaged RC circular column by 77.8% while maintaining almost
same or higher lateral load carrying capacity. This new technique can be used to restore
lateral load capacity and energy absorption capacity of partially-damaged columns of

buildings and bridges in seismic region.
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5.3 Future Work

The following are suggestions for further studies on seismic behaviour of deficient RC circular

columns rehabilitated with sprayed-GFRP:

1.

Study the effect of axial load on seismic behaviour of RC circular columns rehabilitated
with sprayed-GFRP.

Analyze the behaviour of circular column deficient in spiral pitch and rehabilitated with
sprayed-GFRP composites under seismic load.

Establish the optimum fibre length, fibre volume and fibre-resin mix ratio for circular
columns rehabilitation in seismic region.

Use carbon and basalt fibre or combination of fibres to evaluate the effect of fibre type on
behaviour of rehabilitated circular columns under seismic load.

Analyze the influence of different parameter related to application process such as, but not
limited to:

a) Gun speed.

b) Height of the chopper and spray gun above the substrate.

c) Offset distance and spray-fan pattern

Research on hybrid system; combination of FRP sheets and sprayed-FRP to optimize the
performance of rehabilitated circular column by utilizing advantages from both technique.
Examine the feasibility of applying sprayed-FRP composites without any prior repair work
or surface patching in circular columns rehabilitation.

Investigate the long-term behaviour of sprayed-GFRP composites used in circular columns

rehabilitation under different environmental condition.
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Appendix A: Design of specimen D1-0

A.1 Design for Flexure
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Figure A.1: Specimen D1-0 reinforcement details
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Appendix A: Design of specimen D1-0

A.1.1 Material and cross-sectional properties

e Concrete properties

fl =35MPa; ¢.=1; E,=4500Vf/ = 26622 MPa;
a;=0.85-0.0015 f, =0.797; B, =0.97-0.0025=0.883; &= 0.0035;

e Longitudinal reinforcement: Steel bars

fy =400 MPa; ¢s=1; E;=200GPa; A,=200mm? g, =0.002;

e Cross section properties

Ag =6 x 200 =1200 mm?, p; =1.64%; d =305mm; R =152.5 mm;

Ag= mR? = 3.1416 x 152.22 = 73061.84 mm?

A.1.2 Calculations required to develop interaction diagram

e Point 1: Pure axial load

Py = ayd.f! (Ay — Ast) + dsfyAse Clause (10.10.4)
P, = (0.797 x 1 x 35 x (73061.84 — 1200) + 1 x 400 x 1200) x 10" = 2485.84 kN

Point 1: M; = 0.0 kN.m; P; = 2485.84 kN

e Balance point
£.,= 0.0035
gs4 = &, =0.002

fsa = f, =400 MPa

Ecu __0.0035 _
= (Ecu + 854) dy = 0.0035+0.002 x262.5 = 167.05mm

a, = Byc, = 0.883 x167.05 = 147.4 mm
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Appendix A: Design of specimen D1-0

{ Loading direction >

F—
Area under
compression R
C.G. of the
area under @
compression
i

- 305 =

Figure A.2: Cross section properties

Concrete area under compression,

))— (R — a)y/2Ra — a?

R

—a
Acompp = R? (cos‘l( 5

= 152.52 (cos-1 (%)) — (152.5 — 147.4)V2 X 152.5 X 147.4 — 147.42

=34980.99 mm?

Distance of the C.G. of A4y, from the center of cross section of the column,

4Rsin3%
Y= 306 —sin6)
Where,
6 = 2 cos™? (1 — 5) = 2 cos™? (1 - ﬂ) = 176.2° = 3.07 rad
R 152.5
31762

4x152.5%sin

—_ 2 -
Yb = 3Go7-sin1762) 67.5mm

Cep = @1 f Acomp = 0.797 X 1 x 35 x 34980.99 = 976.4 kN
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Appendix A: Design of specimen D1-0

. (1 - ﬂ) = 0.0035x (1 -

Ch

42.5
167.05

) =0.0026 > £, = 0.002

fs1 = f, =400 MPa

Foy = PsAs1(fir — a1dof)) = 1 x 200 X (400 - (0.797 x 1 x 35)) = 74.4 kN

97.5
167.05

£z = £y (1—2) = 0.0035x (1 -

Ch

) =0.0015 < &, = 0.002

f.y = Ese5, = 200000 x 0.0015 = 291.4 MPa

Fo = ¢peAsy(fig — a1Pef)) = 1 X 400 X (291.4 - (0.797 x 1 x 35)) = 105.4 kN

£s = £y (1—2) = 0.0035x (1 -

b

207.5
167.05

) =-0.0008 < &, = 0.002

fiz = Ese45 = 200000 x (~0.0008) = - 169.5 MPa

Fos = ¢poAgafss = 1 x 400 X (- 169.5) = -67.8 kN = 67.8 kN (Tension)

262.5
167.05

£ss = £y (1 - f—z) = 0.0035% (1= 222) =~ 0,002 2 &, = 0.002

foa = f; = - 400 MPa

Foy = psAsafsa =1 % 200 X (- 400) =-80.0 kN =80.0 KN (Tension)

P, = Cp+ Fy + Fyy + Fos + Fyy = 976.4 + 74.4 + 105.4 - 67.8 - 80 = 1008.4 kN

My = Cop X yp + Fsy (R —dy) + Fa(R — d3) + Fs(R — d3) + Fou (R — dy)

=976.4 X 67.5 + 74.4 (152.5 - 42.5) + 105.4 (152.5 — 97.5) + (-67.8) (152.5 - 207.5) + (-80)

(152.5 - 262.5) = 92.4 KN.m

Mp _ 924
Pp,  1008.4

=91.6 mm

ep =

Balance point: M, = 92.4 kN.m; P, = 1008.4 kN

e Point 2: ¢c; =305 mm

a, = Byc, =0.883 x 305 = 269.2 mm

)) ~ (R —a)J/2Ra — a?

R

—a
Acompz = R? (cos"1< I

A-5



Appendix A: Design of specimen D1-0

152.5-269.2
152.5

= 152.52 (cos-1 ( )) — (152.5 — 269.2)V2 X 152.5 X 269.2 — 269.22

= 68245.95 mm?

Distance of the C.G. of A4y, from the center of cross section of the column,

0
.3
4Rsin 5

Y= 3(0 —sin6)
Where,

0 = 2cos? (1 - %) =2 cos~1 (1 - %) = 279.9° = 4.88 rad

4x152.5xsin32222

V, = 2— =90.25 mm

3(4.88-sin 279.9)

Cez = @10 f2 Acompz = 0.797 X 1 x 35 X 68245.95 = 1904.9 kN

g1 = £y (1—2) = 0.0035% (1-325) =0.003 > &, = 0.002

Cy 305
fs1 = f, =400 MPa

Fo = ¢peAg (for — ayef)) = 1 X 200 X (400 - (0.797 x 1 x 35)) = 74.4 kN

£z = £cu (1 - ?) = 0.0035% (1 - 2=) =0.0024 > &, = 0.002

fs2 = f, =400 MPa

Fop = ¢poAgy(fig — a1pef)) = 1 X 400 x (400 - (0.797 x 1 x 35)) = 148.8 kN

£z = oy ( — %) = 0.0035x (1 - %755) =0.0011 < &, = 0.002

2

fis = E,e45 = 200000 x (0.0011) = 223.8 MPa

Fos = ¢psAgs(fos — arpef)) = 1 X 400 x (223.8- (0.797 x 1 X 35)) = 78.3 kN

£s = £y (1—5) = 0.0035x (1 - 222) = 0.0005 < &, = 0.002

2

for = Eq£q, = 200000 X (0.0005) = 97.5 MPa

Fop = PsAss(for — aypefS) =1 % 200 x (97.5 - (0.797 X 1 x 35)) = 13.9 kN
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Appendix A: Design of specimen D1-0

Py = Cup+ Fyy + Fyy + Fyg + Fy, = 1904.9 + 74.4 + 148.8 + 78.3 + 13.9 = 2220.4 kN
M; = Coa Xy, + Fsy(R—dy) + Fs;(R —dy) + Fs3(R — d3) + Fou (R — dy)
=1904.9 X 9.25 + 74.4 (152.5 - 42.5) + 148.8 (152.5 — 97.5) + 78.3 (152.5 - 207.5) + 13.9

(152.5 - 262.5) = 28.2 KN.m

M, _ 282

= =12.7 mm
P, 22204

92:

Point 2: M, = 28.2 KN.m; P, = 2220.4 kN

e Point 3: c3 =240 mm

a3 = ,31C3 = 0883 X 240 = 2118 mm

)) — (R — a)J/2Ra — a?

R

—a
Acompz = R? (cos‘l( 2

152.5-211.8

=152.5% (cos_l ( 152.5

)) — (152.5 —211.8)V2 X 152.5 x 211.8 — 211.82

=54150.59 mm?

Distance of the C.G. of A.,p,3 from the center of cross section of the column,

4Rsin3%
Y= 306 —sin6)
Where,
0 = 2cos? (1 — 3) =2 cos™! (1 - ﬂ) = 225.7° = 3.94 rad
R 152.5
4><152.5><sin32225'7
. = 34.14 mm

3(3.94—sin 225.7)
Ces = 1 cfi Acomps = 0.797 x 1 x 35 x 54150.59 = 1511.5 kN

g1 = £y (1—2) = 0.0035% (1-25) =0.0029 > &, = 0.002

3 240
fo1 = f, = 400 MPa

Fo = ¢sAsy (for — aypef)) = 1 x 200 X (400 - (0.797 X 1 x 35)) = 74.4 kN
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Appendix A: Design of specimen D1-0

P—— (1 - %) = 0.0035x (1 - E) =0.002 > &, = 0.002

3 240

fi2 = f, = 400 MPa

g3 = £y (1—2) = 0.0035% (1= ZZ2) = 0.0005 < &, = 0.002

3

fs3 = Esegz = 200000 x 0.0005 = 94.8 MPa

Fos = oAz (fis — a1ef)) = 1 X 400 X (94.8 - (0.797 x 1 X 35)) = 26.8 kN

£ss = £y (1—5) = 0.0035% (1= 222) =~ 0.0003 < &, = 0.002

3

fos = Esegq = 200000 X (- 0.0003) = - 65.6 MPa

Fyp = (eAgafon = 1 X 200 X (- 65.6) = - 13.1 kN

Py = Cus + Fyy + Fyp + Fug + Fo = 1511.5 + 74.4 + 148.8 + 26.8 - 13.1 = 1748.3 kN
Mz = Ce3 Xy3+ Fs1 (R — dy) + Fa(R — dy) + Fs(R — d3) + Fou (R — dy)

=1511.5 x 34.14 + 74.4 (152.5 - 42.5) + 148.8 (152.5 — 97.5) + 26.8 (152.5 - 207.5) +

(- 13.1) (152.5 - 262.5) = 67.9 KN.m

P; 17483

= 38.8 mm

93:

Point 3: M3 = 67.9 kN.m; P; = 1748.3 kN

e Point4: cs =200 mm

a, = fyc, =0.883 x 200 = 176.5 mm

R—a
Acomp4 = R? (COS_l < )) — (R — a)y/2Ra — a?

R

152.5-176.5
152.5

= 152.52 (cos-1 ( )) — (152.5—176.5)V2 x 152.5 x 1765 — 176.5 2

=43820.50 mm?

Distance of the C.G. of A;qmp4 from the center of cross section of the column,
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Appendix A: Design of specimen D1-0

4Sin3%

Y= S oo

3(0 —sin6)
Where,
0 = 2 cos™! (1 - ﬂ) = 2cos~? (1 - L65) = 198.2° = 3.46 rad

R 152.5

4x152.5x5in32232

Vi = 2-=51.96 mm

3(3.46—sin 198.2)
Ces = @ Pefi Acomps = 0.797 X 1 x 35 x 43820.50 = 1223.1 kN

di) _ _ 425\ _ =
) = 0.0035x (1 - 222) = 0.0028 > &, = 0.002

€s1 = Ecy (1 - Ca

fo1 = f, = 400 MPa

Fo = ¢sAsy (fsr — azpef)) = 1 x 200 X (400 - (0.797 X 1 x 35)) = 74.4 kN

£z = £y (1—2) = 0.0035% (1 - Z) =0.0018 < &, = 0.002

4 200

f.n = Eq&s, = 200000 X 0.0018 = 358.8 MPa

Fop = dsAsy(for — arpefS) =1 x 400 x (358.8 - (0.797 X 1 X 35)) = 132.3 kN

g3 = £y (1—22) = 0.0035% (1= 222) =~ 0.00013 < &, = 0.002

4

fis = Eq£¢3 = 200000 X (- 0.00013) = - 26.3 MPa

Fg = ¢psAgafss =1 X 400 X (- 26.3) = - 10.5 kN

£ss = £y (1—52) = 0.0035% (1= 22) =~ 0.0011 < &, = 0.002

4

for = Esegq = 200000 X (- 0.0011) = - 218.8 MPa
FS4 = ¢SAS4f‘S4 = 1 X 200 X (— 2188) = - 438 kN
Py = Coq + Fyy + Fyp + Fog + Fog = 1223.1 + 744 + 132.3 - 10.5 - 43.8 = 1375.6 kN

My = Cey Xy + Fsy(R—dy) + Fs;(R—dy) + Fs3(R —d3) + Fsu(R —dy)
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Appendix A: Design of specimen D1-0

=1223.1 X 51.96 + 74.4 (152.5 - 42.5) + 132.3 (152.5 — 97.5) + (- 10.5) (152.5 - 207.5) +

(- 43.8) (152.5 - 262.5) = 84.4 KN.m

M, _ 844
P, 13756

=61.4 mm

e4 =
Point 4: M, = 84.4 KN.m; P, = 1375.6 kN

e Point5:¢5 =160 mm

as = fycs = 0.883 x 160 = 141.2 mm

))—(R—a)m

R

—a
comp5s Cos R

152.5-141.2

=152.52 (cos‘1 ( e

)) — (152.5 — 141.2)V2 X 152.5 x 141.2 — 141.22

=33087.49 mm?

Distance of the C.G. of A.qps from the center of cross section of the column,

4Rsin3%
Y= 306 —sin6)
Where,
6 = 2cos? (1 — g) = 2 cos™1 (1 — ﬂ) = 171.3° = 2.99 rad
R 152.5

4x152.5xsin322%3

J— 2 —_—
Y5 = 3Goo—sin1713) 70.87 mm

Ces = @ Pefi Acomps = 0.797 X 1 x 35 x 33087.49 = 923.6 kN

g1 = £y (1—2) = 0.0035 (1-225) =0.0026 > &, = 0.002

cs 160
fs1 = f, =400 MPa

Fo = ¢sAsy (fsr — azpef)) = 1 x 200 X (400 - (0.797 X 1 x 35)) = 74.4 kN

&2 = £y (1—52) = 0.0035% (1 - 22) =0.0014 < &, = 0.002

. 160

fiy = E;e5, = 200000 x (0.0014) = 273.4 MPa
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Fop = ¢l (fig — a1ef)) = 1 X 400 X (273.4 - (0.797 x 1 x 35)) = 98.2 kN

E—. ( - ?) = 0.0035x (1 - 21%:05) =-0.001 < &, = 0.002

5

f.s = Esegs = 200000 X (- 0.001) = - 207.8 MPa

FS3 == ¢SAS3f:93 = 1 X 400 X (— 2078) = - 831 kN

o = Eoy ( - ?) = 0.0035x (1 - 2167205) =-0.0022 > &, = 0.002

5

foa = f, = — 400 MPa

Fop = ¢sAsafog = 1 X 200 X (- 400) = - 80.0 kN

Py = Cos + Fyy + Fyy + Fyg + Foy = 923.6 + 74.4 4+ 98.2 - 83.1 - 80.0 = 933.0 kN

Ms = Cos X Vs + Fsy(R — dy) + Fy(R — dy) + Fea(R — ds) + Foy(R — d)

= 023.6 x 70.87 + 74.4 (152.5 - 42.5) + 98.2 (152.5 — 97.5) + (- 83.1) (152.5 - 207.5) +

(- 80) (152.5 - 262.5) = 92.4 kN.m

Ms _ 92% _ 99.0 mm

e = =
57 p; T 9330

Point 5: M = 92.4 KN.m; Ps = 933.0 kN

e Point 6: c6 =120 mm

as = fyce =0.883 x 120 = 105.9 mm

))—(R—a)m

R

—a
A = R? ( -t (
comp6 Cos R

152.5-105.9

=152.52 (cos"1 ( 152.5

)) — (152.5 — 105.9)v2 X 152.5 X 105.9 — 105.92
= 22542.23 mm?

Distance of the C.G. of A.qmpe from the center of cross section of the column,

0
.3
4Rsin >

Y= 306 —sin6)
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Appendix A: Design of specimen D1-0

Where,

9 = 2cos? (1 - %) =2 cos™1 (1 - &59) = 144.4° = 2.52 rad

152.5

3144.4

2_ =90.54 mm

Yo = 3(2.52—sin 144.4)

4X152.5Xsin

Ces = @10 f2 Acomps = 0.797 X 1 X 35 X 22542.23 = 629.2 kN

g1 = £y (1—2) = 0.0035% (1-222) =0.0023 > &, = 0.002

o 120

fo1 = f, = 400 MPa

Fo = ¢sAsy (for — azpef)) = 1 x 200 X (400 - (0.797 X 1 x 35)) = 74.4 kN

£z = £y (1—2) = 0.0035% (1 - Z2) = 0.0006 < &, = 0.002

o 120

f.s = Eq&5, = 200000 X (0.0006) = 131.3 MPa

Fop = ¢peAgy(fig — aypef)) = 1 X 400 x (131.3 - (0.797 x 1 x 35)) = 41.3 kN

g3 = £y (1—2) = 0.0035% (1= Z22) =~ 0.0026 > &, = 0.002

Ce 120/ 7
fs3 = fy = — 400 MPa

FS3 = ¢SAS3f:S‘3 = 1 X 400 X (— 400) = - 1600 kN

£s = £y (1—2) = 0.0035% (1= 222) =~ 0,004 > £, = 0.002

6

fs4 = fy = — 400 MPa
Fs4 = QsAgafsa =1 %200 X (- 400) = -80.0 kN
Pg= Cog+ Fgy + Fgy + Fs3 + F, =629.2 + 74.4 + 41.3 - 160.0 - 80.0 = 504.9 kN

Mg = Coe X Yo+ F1 (R —dy) + Fo(R — d,) + Fs(R — d3) + Fou(R — dy)

= 629.2 X 90.54 + 74.4 (152.5 - 42.5) + 41.3 (152.5 — 97.5) + (- 160) (152.5 - 207.5) + (- 80)

(152.5 - 262.5) = 85.0 KN.m

Mg _ 85.0
Ps 5049

ee = = 168.35 mm
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Appendix A: Design of specimen D1-0

Point 6: Mg = 85.0 KN.m; P, = 504.9 kN

e Point7: ¢z =80 mm

a, = B¢, =0.883 x 80 = 70.6 mm

))—(R—a)m

R—a
Acomp7 = R? (cos_1< B

152.5-70.6

=152.52 (COS_l ( 152.5

)) — (152.5 — 70.6)V2 X 152.5 X 70.6 — 70.62

=12810.31 mm?

Distance of the C.G. of A.4,p7 from the center of cross section of the column,

0
in3 2
4Rsin >

Y= 3(0 —sin6)
Where,

9 = 2cos? (1 - %) =2 cos~1 (1 - %) = 115.2° = 2.01 rad

4x152.5xs5in32222

— 22
Y7 = 3(2.01-sin115.2) 110.79 mm

Cer = @1 cfi Acompr = 0.797 X 1 x 35 x 12810.31 = 357.6 kN

42.5

Eo1 = o (1 - f—) = 0.0035x (1 —25) = 0.0016 < &, = 0.002

f.1 = Eses, = 200000 x (0.0016) = 328.1 MPa

Fo = ¢peAg (fior — aypef)) = 1 % 200 x (328.1 - (0.797 x 1 x 35)) = 60 kN

£z = £y (1—2) = 0.0035% (1 - Z=) = - 0.0008 < &, = 0.002

7

f.y = E.e5, = 200000 x (—0.0008) = —153.1 MPa

FSZ = ¢SASZf:S‘2 = 1 X 400 X (— 1531) = - 613 kN
g3 = £y (1—52) = 0.0035% (1 - %) =~ 0.0056 > &, = 0.002

7

fis = f, = — 400 MPa

A-13



Appendix A: Design of specimen D1-0

Fy3 = ¢pAgsfsz = 1 x 400 x (- 400) = - 160.0 kN

£s = £y (1—5) = 0.0035% (1 - 22%) =~ 0.008 > &, = 0.002

7

fus = f, = — 400 MPa

Fop = deAgafos = 1 X 200 X (= 400) = - 80.0 kN

P, = Cyy+ Fyy + Fyp + Fyy + Foy = 357.6 + 60.0 - 61.3 - 160.0 - 80.0 = 116.3 kN

M; = Co7 Xy7 + Fs1(R — dy) + Fa(R — d3) + Fs3(R — d3) + Fou (R — dy)

=357.6 x 110.79 + 60 (152.5 - 42.5) + (- 61.3) (152.5 — 97.5) + (- 160) (152.5 - 207.5) +

(- 80) (152.5 - 262.5) = 60.4 kN.m

M 60.4
e; = - =——=519.3mm
P, 1163

Point 7: M, = 60.4 KN.m; P, = 116.3 kN

e Point 8: cg =40 mm

ag = fycg = 0.883 x 40 = 35.3 mm

))—(R—a)m

R

—a
A = R? ( -t (
comp8 Cos R

152.5-35.3

=152.52 (COS_l ( 152.5

)) — (152.5 — 35.3)V2 X 152.5 X 35.3 — 35.32

= 4710.48 mm?

Distance of the C.G. of A.4mpg from the center of cross section of the column,

4Rsin3%
Y= 306 —sin6)
Where,
6 = 2cos ! (1 — E) =2cos™ ! (1 — E) =79.56° = 1.39 rad
R 152.5
4><152.5><sin37<256
Vg = =131.47 mm

3(1.39-sin 79.56)
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Appendix A: Design of specimen D1-0

Ces = A1 f? Acomps = 0.797 X 1 X 35 X 4710.48 = 131.5 kN

£ = e (1= 2) = 0.0035% (1 - %%) =~ 0.0002 < &, = 0.002

f.1 = Esegy = 200000 X (— 0.0002) = — 43.8 MPa

Fs1 = ¢psAs1fs1 =1 x 200 X (— 43.8) = — 8.8 KN = 8.8 kN (Tension)

g2 = £y (1—2) = 0.0035% (1= Z2) = - 0.005 > &, = 0.002

8

fs2 = fy = — 400 MPa

Fs» = ¢sAsz fs; = 1 x 400 x (- 400) = - 160.0 kN

g3 = £y (1—2) = 0.0035% (1= Z22) =~ 0,015 > &, = 0.002

8

fs3 = f, = — 400 MPa

FS3 - ¢SAS3f:S‘3 = 1 X 400 X (— 400) = - 1600 kN

£s = £y (1—2) = 0.0035% (1 - 22%) =~ 0,019 > £, = 0.002

8

foa = f, = — 400 MPa
Fop = psAgafsa =1 % 200 X (- 400) = - 80.0 kN

Pg = Cog + Fg; + Fyy + F3 + Fg, =131.5 - 8.8 - 160.0 - 160.0 - 80.0 = - 277.3 kN

For interaction diagram, Pg = 0.0 kN

Mg = Ceg X yg + Fs1 (R — dy) + Fo(R — d3) + Fs(R — d3) + Fou (R — dy)

=131.5 x 131.47 + (— 8.8) (152.5 - 42.5) + (- 160) (152.5 — 97.5) + (- 160) (152.5 - 207.5)
+ (- 80) (152.5 - 262.5) = 25.1 kN.m

For interaction diagram, Mg = 51.3 KN (When P = 0.0 kN, M = 51.3 kN)

Mg 513
=2 ="="=0.0mm

e =
87 pg 00

Point 8: Mg = 51.3 KN.m; Pg = 0.0 kN
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Appendix A: Design of specimen D1-0

Assuming, when the internal axial load resistance is equal to external axial load (20% of column
axial load capacity), resultant axial load will be zero and at that condition the calculated lateral
load will be maximum lateral load capacity.

Applied axial load, Py = 20% X (f; (A5 — As¢) + f,Ast) = 500 kN

Assume ¢ = 119.5 mm

a = fyc =0.883 x 119.5 = 105.46 mm

R —
Acomp = R? (COS_I ( R a)) — (R — a)y2Ra — a?
_ 2 _1 {152.5-105.46
=152.5 (cos (T)) — (152.5 — 105.46)V2 X 152.5 X 105.46 — 105.462

=22414.15 mm?

Distance of the C.G. of A, from the center of cross section of the column,

4Rsin3%
Y= 306 —sin6)
Where,
6 = 2 cos™? (1 — 3) = 2 cos? (1 — M) = 143.8° = 2.51 rad
R 152.5
4><152.5><sin31423'8
y = =90.79 mm

3(2.51-sin 143.8)
Ce = @1 Pcf! Acomp = 0.797 X 1 X 35 x 22414.15 = 625.6 kN

g1 = £y (1—2) = 0.0035% (1 - 222) =0.0023 > &, = 0.002

fs1 = f, =400 MPa

Fo = ¢sAsy (for — aypef)) = 1 x 200 X (400 - (0.797 X 1 x 35)) = 74.4 kN
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Appendix A: Design of specimen D1-0

g2 = £y (1= 2) = 0.0035% (1 - 22) = 0.0006 < &, = 0.002

119.5

f.o = Eses, = 200000 x (0.0006) = 128.9 MPa

Fop = PAgr(fir — a1dof)) = 1 x 400 x (128.9 - (0.797 x 1 X 35)) = 40.4 kN

207.5
119.5

g3 = £y (1—2) = 0.0035% (1= 222) =~ 0.0026 > &, = 0.002
fs3 = fy = — 400 MPa

FS3 == ¢SAS3f:93 = 1 X 400 X (— 400) = - 1600 kN

£os = £y (1—2) = 0.0035% (1= £22) =~ 0,004 > £, = 0.002

fos = f, = — 400 MPa

Fop = ¢poAgafor = 1 X 200 X (- 400) = - 80.0 kN

Check force equilibrium:

Py= Ceg+ Fsy + Fsy + Fo3 + Fou

Or, 500 =625.6 + 74.4 + 40.4 - 160.0 - 80.0

Or, 500 kN =~ 500.4 kN

M= C.Xy+Fg(R—dy)+ F(R—dy) + F3(R—d3) + Fou(R—dy)

= 625.6 x 90.79 + 74.4 (152.5 - 42.5) + 40.4 (152.5 — 97.5) + (- 160) (152.5 - 207.5) + (- 80)
(152.5 - 262.5) = 84.8 kN.m

Lateral load capacity, P, = M/1.525 = 84.8/1.525 = 55.6 kN
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Appendix A: Design of specimen D1-0

(84.8 kN.m, 500 kN)

Axial Load (P) kN

0 20 40 60 80 100
Moment (M) kN.m

Figure A.3: Column interaction diagram for specimen D1-0

A.2 Design for Shear

A.2.1 Material and cross-Section properties

e Shear reinforcement and characteristics:

fy =400 MPa; ¢s=1; E;=200GPa; A,=200mm?* g, =0.002;
Applied lateral shear force, V;, = 55.6 kN
Vi=Ve+Vs
Ve = @cAB fc bwd,
b,,= 305 mm (Clause 11.2.10.3)
d. = 225.8 mm < 0.8h = 0.8 x 305 = 244 mm
d, =0.9d, =0.9 x 225.8 =203.25 mm
> 0.72h = 0.72 x 305 = 219.6 mm (Govern)
From CSA/A23.3-14 Clause 21.3.2.7.2.

B <0.land@, = 45°
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Appendix A: Design of specimen D1-0

From CSA/A23.3-14 Clause 11.3.6.4.

My
(d_v + 7+ 05N,

& = T
84.8x10°0
_( 2196 +55-6X103—0-5X500x103) _ .
== 2X200000X200 =2.397x 10
0.4 1300
B

= X
(1+1500&,) (1000 + S;,.)
Since, 4, > Ay min

Sze =300 mm (as the section contains at least minimum reinforcement)

ﬂ _ 0.4 1300
(1+1500%2.397x1073) = (1000+300)

=.087<0.1

6, =29 + 7000¢, =29 + 7000 X 2.397x 1073 = 45.8° > 45°

V.=1x1x0.087 x v/35 x 305 x 219.6 x 1073 = 34.5 kN

Vimax = 0.25¢.fb,d, =0.25 x 1 x 35 x 305 X 219.6 x 1073 = 586.06 KN > V, = 55.6 kN
V.=V, — V. =556-345=21.1kN

From CSA/A23.3-14 Clause 11.3.5.1

g = PsAypfydycotfy _ 1x200%x400x219.6Xcot45.8
- Ve 21100

=809.7 mm

From CSA/A23.3-14 Clause 11.2.8.2

-by,s
Ay min = 0.064/f —
y

or, 200 = 0.06v/35 %

or,s=739 mm

When s =75 mm

1x200X400%X219.6Xcot45.8

V. =
S 75

=227.8 kKN

A-19



Appendix A: Design of specimen D1-0

V, =V, +V, = 227.8 + 345 = 262.3 kN > V; =55.6 kN
From CSA/A23.3-14 Clause 21.4.4.3
Confinement reinforcement in accordance with Clause 21.2.8.2 shall be provided at both ends of
the columns over a length equal to the largest of one-sixth of the clear height, the maximum cross
sectional dimension, or 450 mm, with the spacing not exceeding the smallest of

e Eight longitudinal bar diameters =8 x 15 =120 mm

e 24tie diameter = 24 x 10 =240 mm

e One-half of the minimum column dimension = 305/2 = 152.5 mm
From CSA/A23.3-14 Clause 21.2.8.1
Buckling prevention ties shall comply with Clause 7.6.5.5 or 7.6.5.6 and shall be detailed as hoops,
seismic crossties or spirals. The tie spacing shall not exceed the smallest of

e Six longitudinal bar diameters = 6 x 15 =90 mm

e 24 tie diameter = 24 x 10 = 240 mm

e One-half of the minimum column dimension = 305/2 = 152.5 mm
From CSA/A23.3-14 Clause 21.3.4.2
The first hoop shall be located not more than 50 mm from the face of a supporting member. The
maximum spacing of the hoops shall not exceed

e d/4=305/4=76.25mm

e eight times the diameter of the smallest longitudinal bars =8 x 15 =120 mm

e 24 times the diameter of the hoop bars = 24 x 10 = 240 mm

e 300 mm
Select 10M spiral pitch = 75 mm

Check for minimum spiral reinforcement from Clause 10.9.4
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Appendix A: Design of specimen D1-0

The ratio of spiral reinforcement shall be not less than the value given by

ps =05 (52— 1)1'4 ;— =05 x (o - 1)1'4 x 22 = 0,009

Ac ) 55154.6

_ Asplsp _ 100 X 3.1416 X265

Ps,prov = Acp 3.1416X 2652
4

=0.02 >0.009 OK

X 75
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Appendix B: Design of specimen 11-3

APPENDIX B: DESIGN OF SPECIMEN 11-3
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Appendix B: Design of specimen 11-3

gc < gcc l CCC
E d: T ﬁ
) I C C
& TS < G
¢ l qj «—F.
5 + d
. -— Fs_]
€ +Terp simE
s —¥ 4—1‘5
W —— |
FRP, FACE
SPRP S gFRP‘r
Strain Force

Figure B.1: Strain and forces on rehabilitated section

Assuming, when the internal axial load resistance is equal to external axial load (20% of column

axial load capacity), resultant axial load will be zero and at that condition the calculated lateral

load will be maximum lateral load capacity.
According to ISIS Design manual 4 (Version 2),
Confined concrete strength, fo. = f¢' + 2firp

_ 2tdffrpu
flfrp_ Df .

Where,

firrp = confinement pressure,

t = thickness = 3 mm,

ffrpu = ultimate stress of confinement = 115 MPa (Lee et al. 2016),

¢ = reduction factor = 1,

D = Column diameter = 305 mm.

fc,c = fC, + 2flfrp= 35+2x % = 39.5 MPa
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Appendix B: Design of specimen 11-3

But here fi¢,, = 2.3 MPa < 0.1f/=3.5 MPa. So, it did not satisfied the confinement limit
condition stated in CSA/S6-06.
From excel sheet the condition for maximum lateral load was satisfied when c= 112.5 mm. so,

Assume, g, = 0.0035

£l = <1 +5 (’;— - 1)) =0.0035 (1 +5(25- 1)) = 0.00575

c

, _ cxg; _ 112.5X0.0035
Erc 0.00575

=68.332 mm

Assumptions,

- f. varies linearly from £, to f,;;

- equivalent rectangular stress distribution for f. < f, with a;= 0.781 and p,=0.855;
- compression and tension steel has yielded,;

- intermediate steel is in the elastic domain;

- FRP in compression is ignored;

fC’+fC’CA
cc

For confined concrete, Ccc = ¢ =

Where, A.. = Area under confined concrete

A, = R? (COS_l (M» —(R=(c—c"))J2R(c—c")—(c—c')?

R

=24472.2 mm?

35+39.5

Coo = 1x x24472.2 = 243.3 kN

For unconfined concrete, C. = ¢ca;f; Ag, o/

Where, Ag .= Area under unconfined concrete

Ag ot = Ac—A,_p . =24472.2-8315.6 = 16156.6 mm?

C. = 1x0.781x35%x16156.6 = 451.0 KN

For bars in compression, Cs = ¢ f,, A5 = 1x460x600 = 276 kKN
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Appendix B: Design of specimen 11-3

For intermediate bars, Fy; = ¢s&5,EsAs;

e .= €ceX(d3—c) _ 0.00575%(207.5—112.5) _
sj3 ~ c - 1125 -

0.0049

Fsj3 = ¢s€sj3EsAgj3 = 1X0.0049%200000x400 = 402.8 KN >¢p, f,, As; = 1X 460x400 = 184kN
So, Fyj3 = 184 kN

Fy; = 184 kN

For bars in tension, Ts = ¢ f, As = 1x460%x200 = 92 kKN

For sprayed-GFRP in tension, Terp = @ prp frrpAsrp,t

Where, Ag,., . = area of sprayed system under tension

=t x (2nR-R 0) = 3x(2x3.1416x152.5-152.5x2.6) = 1688.9 mm?

Terp = 1x115%1688.9 = 193.2 kN
NOW, P, = Coe + Ce + Cy - Fyj - Ty - Tppp= 243.3+451.0+276-184-92-193.2=501.1 kN

2%¥35+39.5
3x354+3%39.5

Moo= Cec (R = (c — ¢) Ztie) = 2433(152.5 — (112.5 - 68.33)

3f¢+3f¢c

) = 31.8 kKN.m

M =C.(R—c+c (1-1)=451.0 (1525 - 1125 + 68.33(1 — =) ) = 353 kN.m

M. = Cs1(R — dy) + Csp (R — dy) = 1x460x200(152.5-42.5) + 1x460x400(152.5-97.5) = 20.2
kN.m

My = Fyj3(ds — R) = 184(207.5-152.5) = 10.1 kN.m

Myps=Ts(ds — R) = 92(262.5-152.5) = 10.12 KN.m

Megp = Trrp R =193.2 x 152.5 = 29.47 kN.m

M, = Mo +Mo+Mcg+Mgj + Myg + Mpgp = 137.045 KN.m

Lateral load = 137.045/1.525=89.9 kN
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