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Abstract

There is a continuous research on the behaviour of joints particularly to increase
shear strength. The conventional way to enhance the joint’s shear strength is to provide
increased dimension with closely spaced transverse/shear reinforcement in the hinge
region. The recommendations on the basis of confinement of joints are incorporated in
national and international codes. This critical confinement in the joint region leads to steel
congestion and also poses difficulty in construction. The provision of confinement at the
joint region helps only upto a certain extent to increase the shear capacity of the joint due
to the poor tensile property of concrete. The confined joints still behave inelastically under
severe seismic loading in spite of acting as rigid panel zone for the development of

desirable failure mechanism.

In the recent years, the use of different high performance materials is being
explored to improve the in-elastic behavior of joint without using special confinement
reinforcement. These high performance materials are available in different forms namely
(1) Fibers such as in discrete forms and as fabric, fiber reinforced polymer, (2) mineral
admixtures in micro and nano size particles, (3) solid form material like plates/sheets/rods,
carbon grids, geo-grids, shape memory alloys. Different chemical admixtures and
adhesives are also widely used in reinforced concrete structural members to enhance the
required strength at the concentrated regions. The research programme is focussed on
different types of high performance materials used in the joint region of the external beam-

column joints tested under cyclic loading.

The feasibility of geo-grid as a reinforcing and confining material in reinforced
concrete structural components is examined under monotonic and cyclic loading. The pre
and post yield behavior of specimens with the derived parameters shows that the geo-grid
can be effectively used as a confinement material in structural engineering. The geo-grid
may become more effective with steel fiber to improve the damage tolerance capacity.

The influence of different fibers with concrete is also investigated under
compression and flexure. The possible use of different fibers and hybrid fibers (to reduce
the higher volume of fibers) to improve the shear resistance capacity of beam-column joint
without critical confinement is examined under cyclic loading. The enlarged hysteretic

loop of FRC composite specimens establishes enhancement of shear strength and post

il



yield stiffness retention of the joint. The energy dissipation and damping characteristics of
FRC composite show that the discrete fiber reinforced concrete can be used in critical joint

region without confinement.

Influence of High Performance Fiber Reinforced Cement Composite (HPFRCC) in
improving the post yield performance of reinforced concrete structural components is
investigated under static and cyclic loading. The moment carrying capacity, post yield
stiffness and energy dissipation behavior of RC specimen show that the HPFRCC can be
effectively used in the RC components at hinge region without critical reinforcement. The
use of fiber hybridization may become more effective in improving the ductile

performance and damage tolerance capacity without increasing the fiber volume.

The influence of precast SIFCON core enabled beam-column joint region is
examined under cyclic loading. The hysteretic behaviour, energy dissipation and damage
index of the specimens show a significant improvement of the post-yield behaviour of the

joint with SIFCON core as compared to other conventionally confined joint specimens.

An analytical model for predicting the shear strength of the beam-column joint is
proposed under the unconfined and confined conditions based on existing experimental
data base. A comparison is also made to predict shear strength with the shear strength of
the model proposed in American Concrete Institute (ACI), New Zealand (NZ) and
Architecture Institute of Japan (AlJ) codes. The proposed equations are closer to
experimental test results of the joint with reasonable co-variance. The proposed model is
further upgraded for SIFCON Core and the SFRC. The modified equation is able to predict

the shear strength of specimen with reasonable accuracy.

The performance evaluation of epoxy filled mechanical couplers connecting the
two cut ends of a reinforcing bar is carried out by conducting the monotonic and cyclic
testing of beam and beam-column joint specimens. The moment-curvature, hysteretic
behavior, stiffness degradation, energy dissipation and damage tolerance capacity of this
coupler enabled specimens are quantified and compared with the conventional specimens.
The pre and post yield behaviour of specimens with couplers at different locations
authenticates its usage in retrofitting work where the buckling of longitudinal
reinforcement is possible. An experimental case study is also carried out on the use of
mechanical couplers in plastic hinge region of columns and the results are compared with

conventional techniques of retrofitting.
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Chapter 1

Introduction

1.1 General

The consideration of seismic loads in design of high-rise moment resisting framed
(MRF) building has now attained more attention due to catastrophic failure in past
earthquakes. The past damage reports also underline the importance of beam-column joints
on the earthquake resistance of a building. In MRF, beam-column sub-joint is the most
important part in dissipating the seismic energy and in transferring the forces from beam to
column and finally to the foundation. These joints are expected to carry significant load
without loss during inelastic deformation under severe loading and are capable to resist
large shear forces by developing the desirable failure mechanism for the ductile
performance. The forces transferred to a joint by the adjacent beam and column elements
are resisted through the diagonal strut and truss mechanism. Post earthquake examination
reveals that the formation of negative and positive plastic hinges at joint face, lesser shear
reinforcement ratio, brittle nature of concrete and inadequate anchorage of flexural
reinforcement into the joint are the prime factors to make the joints vulnerable. Also the
inadequate confinement in the plastic hinge region during higher rotation causes concrete
crushing and spalling which lead the reinforcement to buckle. It is extremely difficult to
perform realistic repair or reinforcement work on badly damaged beam-column joints
because of large deformations and severe damages. Thus, a building suffering from joint
damages is usually considered economically unfit for reuse or requires advanced

techniques to rehabilitate instead of demolition.

The ductile performance of an MRF building depends on the post elastic strength
and stiffness retention with energy dissipation during higher deformation. The
conventional way to enhance the ductile behavior of a structure is by improving the shear
capacity of the joint at possible plastic hinge regions. The shear capacity of a joint can be
increased either by use of high strength concrete or by increasing the percentage of shear
reinforcement at the joint as well as at plastic hinge regions. The increased flexural

reinforcement anchorage length inside the joint is also important to avoid early



reinforcement slip and to transfer the tensile forces from the beam to column without
interruption during higher deformation. The contribution of shear reinforcement and
concrete is vital in resisting the diagonal tension and compression respectively. The
confinement largely helps to confine the concrete in the joint region and to increase the
shear resistance capacity of the joint. The confining shear reinforcement requirement and
its detailing in the joint region build up congestion of reinforcement and create practical
difficulty in concreting work. Moreover, the provision of shear reinforcement in the joint
region only helps upto a certain extent to increase its shear capacity of the joint due to the

poor tensile property of concrete.

The use of different high performance materials in reinforced concrete structure
addresses the above mentioned problems and may be an alternative to increase the shear
resistance capacity of beam-column joints. These materials are available in different forms
and their application depends on the structural requirement. High performance materials
are available in different forms namely (1) Fibers (steel fiber, polypropylene fiber,
polyethylene fiber, poly vinyl alcohol fiber, poly acryl nitrate fiber etc.,) such as in discrete
forms and fabric form, (2) mineral admixtures fly ash, micro silica, ground granulated blast
furnace slag etc., in micro and nano size particles, (3) solid form material like
plates/sheets/rods, carbon grids, geo-grids, shape memory alloys. Different chemical
admixtures and adhesives are also widely used in reinforced concrete structural members
to enhance the required strength at the concentrated regions.The foremost important point
in improving the joint performance is to increase the joint shear strength without critical
confinement. The past few decades’ research paves the clear path to utilize discontinuous
steel fibers in concrete in lesser volume to enhance the shear strength without higher
stirrups ratio. This randomly distributed discontinuous steel fiber increases the tensile
strength and strain capacity by arresting the early crack formation and decreases the rate of
crack formation by bridging the cracks after initiation (Ganesan et al. (2007);
Holschemacher et al. (2010); Adel et al. (2014)). The bridging property of fiber not only
bridges the cracks but also restricts the concrete spalling and crushing that leads to enhance
the strength as well as ductility of concrete. In addition to that, the anchorage behavior of
different fibers such as crimpled, hooked end steel fiber improves the effectiveness of the
fiber bridging ability. Therefore Steel Fiber Reinforced Concrete (SFRC) is an effective
and alternative way to improve the shear strength and inelastic response of the structural
member without special confinement in the joint region. However, the entire performance

of SFRC depends on the uniform dispersion and % volume of fiber in concrete.



To avoid the problems associated with the SFRC, High Performance Fiber
Reinforced Cementitious Composites (HPFRCC) are developed where coarse aggregate is
replaced with fibers and mineral admixtures. Considerable amount of work has already
been carried out to develop different types of HPFRCC, such as Slurry Infiltrated Concrete
(SIFCON), Engineered Cementitious Composites (ECC) etc. In SIFCON, higher volume
of steel fibers are pre-packed layer by layer in mould and after that slurry is poured with a
little pressure. In ECC, minimum of 2% Poly-Vinyl Alcohol (PVA) and Poly-Ethylene
(PE) fibers are used with cementitious materials to prepare the composites. The absence of
coarse aggregates and presence of fine materials like fly ash and silica fume fill the voids
that effectively improves the strength. Many studies have already been carried out on the
mechanical properties such as compressive, tensile and shear behavior of SIFCON and
ECC and the results have shown enhanced shear and ductility response over conventional
FRC. In spite of a better strength and energy dissipation capacity of SIFCON, the effective
and practical application of SIFCON is limited due to construction difficulty. The strain-
hardening behavior of ECC with more than 1% strain capacity in tension enhances the
ductile behavior and damage tolerance capacity of reinforced concrete members without
construction difficulty. The tensile property of ECC has remarkable effect on crack
resistance and ductility of structural components (Victor et al. (1993), (1994) and (1998)).
The effective application of HPFRCC on structural components may eliminate the required
special transverse reinforcement with higher energy dissipation and slower stiffness
degradation capability (Gregor, et al. (2002) and (2003); Shannag et al. (2002) and (2005)).
The proposed study mainly focuses on the possibility of wider application and use of

composite concrete with different types of fiber.

In general, high performance materials significantly improve the tensile property of
concrete due to bridging effect that may be more effective under the confinement. The
conventional confinement in reinforced concrete structural member is provided by the steel
reinforcement that may be sometimes difficult to provide particularly at the joint region
due to heavy congestion of reinforcement. Confinement by the flexible type of
reinforcement may be more effective at the congested region. In the present study, geo-grid
which is a flexible material can be transformed into any shape, as confinement
reinforcement. Earlier, geo-grids are widely used in confining and reinforcing the soil to
add tensile strength and deformation properties. It is also used to confine and increase the
stiffness, bearing capacity of the base course materials and to prevent its lateral movement

in asphalt paved roads. Recently few works have focused on the use of geo-grids in



concrete pavement. The feasibility of geo-grid in plain concrete beam used as tensile
reinforcement and suggestion for grid reinforced concrete in thin layer concrete work is
suggested (Tang et al. 2010). Recently, the flexural behavior of geo-grid reinforced beams
and its deflection and energy absorption is studied and observed to enhance energy

dissipation (Meski et al. 2014).

Another class of high performance materials used for strengthening and retrofitting
work in reinforced concrete structural member is the application of Fiber Reinforced
Polymers (FRP) and the epoxy bonding agent. There is a peculiar problem in the
retrofitting of structural member that is the buckling of main longitudinal reinforcement
due to inadequate confinement at the plastic hinge regions. The practical solution for the
peculiar problem is to connect the two ends of the buckled reinforcement by the
mechanical coupler. In the proposed study, new epoxy filled couplers with a series of
external bolts are used to connect the two ends of the main reinforcement and finally the
retrofitted members are wrapped with different types of FRP layers. The proposed work
addresses the above mentioned concerns particularly related to confinement at the beam-

column joint with the objectives as given in the next section.
1.2  Objectives of the Research

The primary aim of this research is to investigate the inelastic cyclic behavior of
exterior beam-column joints with the use of different high performance materials with the

following objectives:

(1) To investigate the inelastic cyclic behavior of geo-grid confined beam-column joints
with and without steel fiber to improve the shear performance

(2) To investigate the possibility of using steel fibers and fiber hybridization with
minimum shear reinforcement in beam- column joints

(3) To evaluate the effectiveness of high performance fiber reinforced cementitious
composites using different fibers to increase the inelastic response and damage
tolerance capacity of beam-column joints

(4) To study the cyclic behavior of beam-column joints with the use of precast SIFCON
core for the improvement of the joint shear strength capacity

(5) To develop a regression based analytical model to predict the shear strength of
conventional joints, precast SIFCON core enabled joints and SFRC beam-column

joints.



(6) To study the use of epoxy filled mechanical rebar couplers for the retrofit work of
beam-column joint and to retrofit the buckled/yielded reinforcement in structural

members.
1.3 Scope and Methodology

To achieve the aforementioned objectives; a detailed literature review is made to
explore the ongoing research work on the use of high performance materials. An extensive
experimental program is proposed to develop the shear resistance analytic empirical model
of the beam-column joints. The experimental program consists of preparation and testing
of exterior beam-column joint specimens and reinforced concrete (RC) beam specimens
along with companion specimens. The materials used, testing method adopted and

instrumentation used for this study are described below;

The possibility of geo-grid confinement in improving the shear resistance and post
yield behavior of reinforced concrete components is explored by conducting an extensive
experimental program. The geo-grid confined concrete specimens under compression and
flexure are studied to examine its mechanical properties. The efficacy of geo-grid as an
alternative confining material in plastic hinge region or in different structural component
such as reinforced concrete beams and beam-column joints is examined under monotonic
and cyclic testing. The load-deformation test results are interpreted in the form of post
yield response, stiffness retention and energy dissipation.

The influence of fiber reinforced concrete along with hybrid fibers at beam-column
joint region is explored under cyclic loading. The aim of the investigation is to improve the
shear resistance capacity of joint without critical confinement. The test results are
compared with the conventionally confined beam-column joint specimens in terms of
hysteretic curve, strength and stiffness degradation curves, energy dissipation and damage
tolerance capacity.

The use of HPFRCC with different fibers in improving the shear resistance and
post yield behavior of reinforced concrete components without critical confinement is
investigated by conducting an experimental program. The HPFRCC with different fiber
mix ratio specimens under compression and indirect tension is studied to examine its
physical properties. The influence of fiber reinforced cementitious composites with
different fibers and fiber hybridization in plastic hinge region or of different structural

component such as reinforced concrete beams and beam-column joints is examined under



static and reverse cyclic testing. The moment-curvature and hysteretic curve test results are
interpreted in the form of post yield response, stiffness retention and energy dissipation.

SIFCON is a high strength and ductile cementitious composite that may improve
the shear resistance capacity of a structural member. There are a number of constraints and
construction difficulties associated with SIFCON which restrict its application in the
construction work. Precast SIFCON inner core may be an efficient way to be used in cast-
in-place concrete structure at the critical region such as beam-column joint region and may
also eliminate the execution problem. In present study, an extensive experimental program
is made on precast SIFCON core enabled beam-column joint specimens. These specimens
are tested under cyclic loading and the test results are interpreted in the form of hysteretic
curve, strength and stiffness retention, energy dissipation and damage tolerance capacity.
The test results of the specimens show a significant improvement in the post-yield
behaviour of the joint with SIFCON core.

An analytical model for predicting the shear strength of the beam-column joints is
proposed under unconfined and confined conditions based on existing experimental data
obtained from past studies. A comparison is made to predict shear strength with the shear
strength model proposed in American concrete institute (ACI), New Zealand (NZ) and
Architecture institute of Japan (AlJ) codes. The proposed model is further upgraded for
SIFCON Core and the SFRC.

The post failure analysis of different RC structures shows reinforcement buckling
and yielding failure in the damaged region. The conventional way of retrofitting is the
removal of damaged concrete replacing it with fresh concrete but the reinforcement will be
replaced with lap splice or welding. But this conventional practice is not suitable
everywhere and also requires welding in sufficient length to connect the new bars. In order
to address this, in-house made mechanical rebar coupler is proposed to connect the broken
rebars. The efficacy of this coupler in connecting to various diameter bars and at various
locations is examined using RC beams and beam-column joint specimens. This coupler is
used in the RC structural components and tested under static and cyclic loading to
understand its ability to resist the different types of loading with active connection. The
detailed result analysis in the form of moment-rotation curve, hysteretic curve, strength and
stuffiness retention, energy dissipation and damage tolerance capacity is done to manifest

the use of rebar coupler in broken rebar connection.



1.4 Organization of Thesis

The complete investigation work under this thesis is organised in nine chapters namely;

Chapter 1 provides a brief introduction about the seismic importance of beam- column
joints and the problems associated with the joints. An overview is presented on past
studies and the present work focuses on the shear strength enhancement of exterior beam-

column joint using high performance materials.

Chapter 2 presents the experimental investigations carried out on the use of geo-grid
confinement in plastic hinge region of RC beam and beam-column joint specimens. The
construction procedure, specimen details, testing methods are described in detail. The test
results on the mechanical properties of concrete with and without geo-grid under
compression, split tension and bending are explained. The application of geo-grid
confinement on beam-column joint and the cyclic test result with the interpretation are also

explained in detail.

Chapter 3 reports an experimental study on inelastic cyclic behavior of beam-column
joints using different fibers in concrete. The complete details of casting procedure, details
of specimens and the adopted testing methods are explained. The mechanical properties of
concrete with different fibers under compression and flexure are determined and explained.
The application of different fiber reinforced concrete on beam-column joints and result

analysis with discussion of the test results are also explained in detail.

Chapter 4 presents the construction and testing sequence of reinforced concrete beams and
beam-column joint specimens using High Performance Fiber Reinforced Cementitious
Composites (HPFRCC) in plastic hinge region. The physical properties of different
composites and its application in beams and beam-column joints with test analysis and

result are discussed.

Chapter 5 addresses the cyclic behavior of beam-column joints with precast SIFCON
core. The experimental testing and results of beam-column joint with precast SIFCON core
are presented. The experimental findings including the physical properties and cyclic

behavior of joints are also presented

Chapter 6 covers an analytical shear strength model proposed for exterior beam-column
joints under confined and un-confined conditions, SIFCON core enabled condition with
different fiber composites at the joint region. The shear strength model equations are based

on the present experimental work.



Chapter 7 addresses the issues related to retrofitted work at the region of beam-column
joints whereas the possibilities of formation of plastic hinges may exist. The study is based
on using the epoxy filled couplers to connect the two ends of cut/buckled longitudinal
reinforcing bars in the plastic hinge region. The construction and testing details of
mechanical couplers enabled reinforced concrete beams and beam-column joints are

presented. The experimental results from the tests are also presented.

Chapter 8 presents an experimental case study on retrofitting of columns with foundation
using mechanical rebar couplers and testing sequence of reinforced concrete columns with
foundation. This study compares the performance of coupler enabled specimens with
conventionally welded specimens with and without external strengthening. The retrofitting
procedure, connection details and testing details of mechanical couplers enabled reinforced

concrete column are presented. The experimental results from the tests are also presented.

Chapter 9 provides a complete summary and the findings of comprehensive experimental
work carried out under this study. These findings may be directly applicable in the field for
enhancing the seismic performance of structural elements of the buildings as well as for
retrofitting. The recommendations proposed in the thesis may be used to update the codal

provisions.
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Chapter 2

Inelastic Behavior of Geo-Grid Confined R.C
Components under Static and Cyclic Loading

21 Introduction

Geo-grid is one of the constituent materials classified under geo-synthetics,
manufactured by using knitted polyester yarns having high molecular weight and tenacity
with a proprietary coating in different strengths that can be transformed into any shape.
Geo-grids are available in various forms such as poly-propylene based, polyester based,
poly-ethylene based and generally having two ribs i.e. Machine Direction (MD) ribs and
Cross Machine Direction (CMD) ribs. Geo-grid having both the ribs is classified as bi-
directional (BD) or uni-directional (UD). The strength of both the ribs is the same in BD
grids but differs in UD grids. The strength of CMD ribs is lesser than MD ribs which
provides lateral resistance to the MD ribs in UD geo-grids. Geo-grids are widely used in
confining and reinforcing of soil, to add tensile strength and to increase the stiffness and
bearing capacity of the base course materials. Geo-grid confinement may be an alternative
solution for the confinement of reinforced concrete section because of its flexibility, less
labor and efficacy in corrosive environment. A few studies are conducted in the past to
examine the feasibility of geo-grid as flexural reinforcement in concrete beams. However,
an extensive research work is required to prove its worth in construction industry. This
study intends to investigate the feasibility of geo-grid application in structural components
by conducting an extensive experimental program on simply supported beams and exterior
beam-column joints confined with geo-grid. The use of Steel Fiber Reinforced Concrete
(SFRC) is also explored as an alternative to achieve higher shear capacity and to improve

the ductile behavior with minimum amount of transverse reinforcement.
2.2 Early Studies

Numerous experimental studies have been conducted in the past on inelastic
behaviour of beam-column joints using different reinforcement details that suggest the

transverse reinforcement in the joint region, to resist the shear forces other than confining
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concrete (Shyh et al. 2004, Hwang et al. 2005, Jung et al. 1991). The transverse
confinement enhances joint performance and shear strength (Fadel et al. 1991, Surya et al.
2013) It may also enhance the bond behavior, resist the longitudinal reinforcement
slippage (Murthy et al. 2003, Nicholas et al. 2006) and help to enhance the plastic rotation
capacity (Surya et al. 2013). The recommended codal provisions based on ductile detailing
improve the shear resistance but also lead to reinforcement congestion in the joint zone
leading to construction difficulty in practice (Hwang et al. 2004, Shyh et al. 2004, Gregoria
et al. 2012, and Siva et al. 2012). The joint shear behavior can also be improved without
special ductile detailing by using SFRC (Jiru et al. 1992, Giuseppina et al. 2011, Ganesan
et al. 2007, Somma et al. 2008).

SFRC enables to dissipate energy significantly after cracking because of its fiber
bridging property. These unique properties of SFRC may be an alternative for the
enhancement of flexural and shear resistant capacity by eliminating the need of closely
spaced transverse detailing in the plastic hinge region of a structural member (Narayan et
al. 1987, Ei-Niema 1987, Li et al. 1992, Giuseppe 2008, Dinh et al. 2011). The test results
indicate that an optimum quantity of steel fibers in a reinforced concrete element may
change the failure mechanism from brittle shear failure to ductile behavior (Adebar et al.
1997 and Yoon et al. 2002). However, the excessive use of SFRC as per volume fraction
may sometimes lead to fiber segregation and excessive air entrainment (Naaman 1992) and
may reduce its effectiveness. Uneven dispersion of fibers, orientation, aspect ratio and its
anchorage behavior may also affect its behavior (Li et al. 1992, ACI 544-1997, Faith et al.
2007, Bensaid et al. 2010). Therefore, complete replacement of transverse reinforcement
may not be possible by using SFRC in a structural member and its estimation to increase of

shear strength is also difficult (Dinh et al. 2010).

A number of experimental studies based on geo-synthetic materials have been
carried out in the past to improve the behaviour of pavement design although the
application of geo-grid in concrete is limited. Hoe et al. (2001) and Ali et al. (2009) have
studied the use of geo-synthetic materials for the reduction of reflection cracking in asphalt
overlays. Shin et al. (2000) has studied improvement in the bearing capacity of a strip
foundation on geo-grid reinforced sand. Gerald et al. (2003) has conducted experimental
study on the effect of geo-grid reinforcement on unbound aggregates. Xiaochao et al.
(2008) has studied the effect of geo-grids for stabilizing weak pavement sub-grade. Tang et
al. (2008) and Meski et al. (2013) have conducted experimental tests to study the flexural

behaviour of geo-grid reinforced plain cement concrete beam under monotonic loading.
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2.3 Compression and Flexural Behavior of Geo-grid Confined /
Reinforced Concrete Specimens
Standard cylindrical specimens are tested under compression to examine the
confinement effect of geo-grid and its synergetic effect on plain concrete as well as
concrete with steel fibers. Geo-grid reinforced concrete prism specimens are also tested

under flexure to determine the flexure tensile strength.
2.3.1 Compression Behavior of Geo-grid Confined Concrete Specimens

Cylindrical specimens confined with geo-grid of size 150 mm x 300 mm were cast
and tested under uni-axial compression. In order to prepare the geo-grid confined
specimens, a geo-grid cage with nominal steel wires was inserted first in the cylindrical

mould as shown in Figure 2.1 and the concrete was laid afterwards.

Table 2.1 shows the different configuration of compression specimens confined with geo-

grid.

Table 2.1: Details of geo-grid confined compression specimens

Specimen Volume of Steel Fiber (%) Remarks
C1 - Conventional
C2 2 Steel fiber reinforced
C3 - Geo-grid confinement(GC)
C4 1 GC with Steel fibers

The cylindrical specimens were tested under 3000kN capacity compression testing
machine. The concrete used in the specimens was prepared using a mix proportion of
1:1.45:2.25 in Ordinary Portland Cement (OPC) of Grade 43, locally available river sand
as fine aggregate, and well graded crushed coarse aggregate having 20 mm maximum size.
Water-cement (W/C) ratio was kept 0.45 with 0.5% super-plasticizer for better workability.
The hooked end steel fiber (Figure 2.2a) of 35mm length, 0.60 mm diameter with an aspect
ratio of 60 having the nominal tensile strength of 1100 MPa was used to prepare SFRC in
different volumes (Vy = 0.5%, 1% and 2%). In order to equate the density of conventional
concrete a slightly modified concrete mix proportion 1:1.40:2.20 was used to prepare
concrete with 1% steel fiber. Uni-axial geo-grids (Figure 2.2b) were employed with three
variable strengths (100 kN/m, 200 kN/m and 300 kN/m).
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The strength of geo-grid is represented by its tensile strength in machine/main
direction and expressed in terms of kilo Newton per meter (kN/m). The above mentioned
geo-grid strengths are average tensile strengths in machine direction and the strength of
cross machine direction (CMD) rib is 30kN/m. Figure 2.2 shows the details of steel fiber
and geo-grid in MD and CMD and the typical details are shown in Figure 2.2c.

(a) Tubular form (b) Placing the grid

Figure 2.1: Preparation of cylindrical specimens confined with geo-grid

(a) Hooked end steel fiber (b) Uni-axial geo- grid
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(c) Geo-grid details

Figure 2.2: Typical details of geo-grid and steel fiber
Typical stress-strain curve of compression specimens is shown in Figure 2.3.
Initially, a linear behavior is observed, followed by a gradual nonlinear behavior upto the
maximum load. The average compressive strength of conventional specimen (C1) is 27
MPa without any considerable post peak behavior. The average compressive strength of
steel fiber reinforced specimen (C2) is 35 MPa and corresponding strain at failure is 0.025

which is approximately ten times higher than the conventional specimen (C1). The steel
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fibers restrain the spalling and crushing of concrete with enhanced energy dissipation
capacity as shown in Figure 2.4. There is no significant increase in strength of geo-grid
confined specimen (C3) but the failure strain is higher as compared to conventional
specimen (C1). The post peak behavior of geo-grid confined specimen (C3) is considerably
improved as compared to specimens Cl1 and C2. The stress-strain behavior of the
specimens (C4) i.e. confined with geo-grid and steel fiber is significantly improved. The
combined effect of steel fibers with geo-grid confinement increases the compressive
strength upto 42MPa which is approximately 40-50% higher than other specimens of
higher strain. The post peak behavior of specimen C4 clearly shows more ductile failure
pattern of the specimen as compared to other specimens. The post peak degradation is also

gradual with more energy dissipation.
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Figure 2.3: Axial stress—strain behavior of geo-grid confined compression specimens

C1-Conventional C2-Steel fibers ~ C3-Geo-grid confined (GC) C4-GC + Steel fibers

Figure 2.4: Failure pattern of geo-grid confined compression specimens
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2.3.2 Flexural Behavior of Geo-grid Confined Reinforced Concrete
Prisms with Steel Fiber

Twelve sets of prism specimens of size 100x100x500 mm as shown in Figure 2.5
were cast with different configuration to examine the effect of geo-grid on the flexural
strength and its bond characteristics as summarized in Table 2.2. In the preparation of
prism specimens with geo-grid, firstly the concrete cover was laid in the mould before

placing the layer(s) of geo-grid on the concrete cover as shown in Figure 2.6.
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(a) (b)

Figure 2.5: Prism specimens reinforced with (a) single layer (b) double layer geo-grid

Table 2.2: Details of prism specimens with geo-grid and steel fibers under flexure

Specimens Details of Prism Specimens Volu.me of Steel Numl.oer of
Fiber (%) Geo-grid layers
S1 Conventional - -
S2 Steel fibers Mixed specimen 0.5 -
S3 Steel fibers Mixed specimen 1 -
S4 100kN/m geo-grid at the distance of 2.5cm - Single layer

from the bottom.

S5 200kN/m geo-grid at the distance of 2.5cm - Single layer
from the bottom.

S6 300kN/m geo-grid at the distance of 2.5cm - Single layer
from the bottom.

S7 100kN/m geo-grid at the distance of 2cm - Double layer
interval from the bottom.

S8 200kN/m geo-grid at the distance of 2cm - Double layer
interval from the bottom.

S9 300kN/m geo-grid at the distance of 2cm - Double layer
interval from the bottom.

S10 100kN/m geo-grid at the distance of 2.5cm 0.5 Single layer
from the bottom.

S11 200kN/m geo-grid at the distance of 2.5cm 0.5 Single layer
from the bottom.

S12 300kN/m geo-grid at the distance of 2.5cm 0.5 Single layer
from the bottom.
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Figure 2.6: Placing of geo-grid layer during casting of specimen

Prism specimens supported on two rollers with a span length of 400 mm were
tested under two point loading. Linear Variable Differential Transducer (LVDT) was used
to measure the mid span deflection of specimens and flexural tensile strength, f, is

calculated from the maximum applied load using Equation 2.1.

Pl

= 2.1

J.

Note: where “‘P’’ is the applied load; “‘I’’ is the span length; ‘b’ is the breadth of the

specimen, and ‘‘d’’ is depth of the specimen.

Figure 2.7 shows the load-deflection behavior of all prism specimens. The
measured average flexural strength and dissipated flexural energy of prism specimens are

presented in Table 2.3.

Table 2.3: Test results of geo-grid and steel fiber reinforced flexure specimens

Flexural Stress  Flexural Energy

Specimen ID
MPa kN-mm
S1 4.0 33.8
S2 5.0 43.9
S3 5.5 60.4
S4 4.8 226.8
S5 53 219.9
S6 4.9 294.1
S7 7.2 425.0
S8 6.0 475.0
S9 9.2 500.3
S10 5.5 363.5
S11 6.1 468.8
S12 6.6 503.8
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The load—deflection behavior of the first three specimens S1, S2 and S3 is shown in
Figure 2.7a. After initial crack, there is sudden decrease in load carrying capacity of
specimens that clearly indicates brittle type behavior. The conventional plain concrete
beam specimen fails completely in brittle mode with a maximum strength of 4.0 MPa.
Gradual post peak load deformation is observed due to the bridging effect of steel fibers (V
= 0.5%) in specimen S2 with maximum strength of 5.0MPa with 8 mm deformation at
failure. As the volume of steel fiber (Vy= 1%) increases in specimen S3, a remarkable
improvement in post peak performance and energy dissipation capacity of specimen is

noticed as compared to specimen S2.
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Figure 2.7: Load-deflection behavior of geo-grid and steel fiber prism specimens under

flexure
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The load deformation behavior of specimens S4—S6 with single layer of geo-grid as
well as specimens S7-S9 with two layers of geo-grid is shown in Figure 2.7 b and 2.7c. In
these specimens, a different type of load—deflection behavior is observed because of the
embedded grid. The embedded geo-grid in specimens remains inactive until it gets
stressed. After the initial cracking, the tensile forces are gradually transferred to the
embedded geo-grid. As the concrete cracks the entire load will directly be transferred to

the geo-grid and specimens still resist further load.

This load resisting mechanism of geo-grid specimens is categorized into three
different stages as shown in Figure 2.8. The load-deformation behavior of the first stage is
similar to the conventional specimen S1 but the crack propagation is restricted in tension
zone due to embedded geo-grid. In 2™ stage, the applied load is resisted by the geo-grid
with a gradual increase in load capacity. In 31 stage, load starts to degrade after the
yielding of geo-grid and the specimens fail in two halfs. Among the three stages, concrete
contribution is predominant in first stage; later geo-grid contribution is predominant in the
next two stages. Especially higher flexural strength is observed with high strength geo-grid
reinforced prism specimens. A significant increase in flexural strength and deformation

capacity of specimen with geo-grid is observed as compared to specimen without geo-grid.
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Figure 2.8: Three stages of geo-grid reinforced specimens load-deflection behaviour

The effect of resisting the flexure tension by the geo-grid increases as the layer of
geo-grid increases (doubled) which can be clearly observed in the specimens S7-S9 with
limited crack width but with secondary cracks in the mid portion of the specimens as
shown in Figure 2.9. However, the load—deformation behavior is again similar to previous
3-stages pattern. The peak flexure strength of the specimens with two layers of geo-grid
increases from 1.5 to 2.25 times depending on the strength of geo-grid as compared to

specimens with single layer. In these specimens concrete spalling at the mid central portion
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of the specimen is observed at large deflection. This shows the significance of double layer

geo-grid reinforcement under bending.

S1- conventional S2-0.5% steel fibers S3-1% steel fibers

S4-100kN/m geo-grid reinforced S5-100kN/m geo-grid reinforced ~ S6-100kN/m geo-grid reinforced

S7-2 layers of 100kN/m geo-grid S8-2 layers of 100kN/m geo-grid ~ S9-2 layers of 100kN/m geo-grid
reinforced reinforced reinforced

S10-100kN/m geo-grid + 0.5% S11-100kN/m geo-grid + 0.5% S12-100kN/m geo-grid + 0.5%
steel fibers reinforced steel fibers reinforced steel fibers reinforced

Figure 2.9: Failure pattern of flexure specimens

A significant change in the load deformation behavior and pattern of failure is
observed in specimens S10—S12 reinforced with single layer of geo-grid and steel fibers of
0.5%. A complete ductile behavior can be clearly observed from the load—deformation
behavior of geo-grid specimens as shown in Figure 2.7d. These specimens have also
undergone the lesser cracking with no sudden spalling of concrete cover as compared to
other specimens reinforced with single layer geo-grid. Even with the horizontal cracks the
specimen exhibits flexure failure against the brittle failure as observed in previous tested

specimens. The presence of steel fibers supports the geo-grid not only at the initial stage of
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cracking but also supports to resist the applied load and limiting the crack widening as

shown in Figure 2.9.

The load-deformation behavior of specimens S11 and S12 shows that the
specimens after reaching its peak capacity of 15 kN at the deflection of 2 mm, resist the
same load up to the deflection of 35 mm. The presence of steel fibers in concrete increases
the aggregate interlock property and restricts the embedded geo-grid to slip that improves
the post yield deflection. The failure of these specimens is also not sudden as observed in
the previous specimens with geo-grid alone. This shows the effective composite action of
steel fiber and geo-grid under flexure. This combined failure mechanism is clearly depicted
in Figure 2.10. It is clear from the load-deformation behavior as well as failure pattern of
the specimens S10-S12 that synergic effect of geo-grid and steel fibers change the failure
pattern from brittle to ductile but also sustain the peak load to a higher deflection without
significant loss in load carrying capacity. The effectiveness of composite mechanism
completely depends on the strength, type and position of geo-grid in specimens. Hence the
geo-grid can be efficacious in transferring tensile stress across the crack and can act like

continuous fibers in bridging the cracks.

(a) Composite effect of geo-grid (b) Composite effect of geo-grid
(100kN/m) and steel fiber (200kN/m) and steel fiber

Figure 2.10: Enlarge failure pattern view of geo-grid reinforced specimens with steel fibers

Performance of the prism specimens under flexure is also compared in the form of
energy dissipation which is calculated on the basis of area under the load—deformation
curves. Figure 2.11 shows the energy dissipation of the specimens with and without geo-
grid. It is clearly observed from the energy dissipation that the geo-grid with steel fiber
specimens is effective for resisting the flexure tension. The dissipation of energy under
different types of specimen varies from 1 to 10 times in comparison to conventional
specimen (S1). Steel fibers reinforced specimens (S3) exhibit brittle mode of failure but
provide gradual load degradation till the failure occurs. It enhances the specimen to

dissipate 100% higher energy than S1. However, the only use of geo-grid in specimens S4—
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S6 increases the flexure resisting capacity significantly. These performances of specimens
increase to a greater extent by the use of multiple geo-grid layers in specimens S7-S9.
There is a steady absorption in energy with the use of steel fibers with single layer geo-grid
in prism specimens S10-S12. However, the presence of steel fiber restricts the sudden
degradation in load after initial cracks and supports the grid reinforcement enhancing the
inelastic behavior with improved energy absorption capacity as compared to geo-grid
reinforced specimens without steel fibers. The observed energy absorption equals the
measured value of two layer geo-grid specimens. It can be concluded that the use of steel
fibers with single layer geo-grid reinforcement can provide enhanced inelastic behavior

and damage tolerance capacity.
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Figure 2.11: Cumulative energy dissipation of geo-grid reinforced flexural prism

specimens

24 Flexural Behavior of Geo-Grid Confined RC Beam Specimens
with Steel Fibers

Eighteen RC beams with different configurations were prepared and tested under
static loading. The foremost objective of testing RC beam specimens under flexure and
shear was to evaluate the confining effect of geo-grid with different stirrups spacing. The
synergetic effect of steel fibers was also studied with and without geo-grid confinement to
improve the inelastic behavior. The primary testing element of this experimental program
consisted of four types of RC beams with different reinforcement detailing and
configurations.

The detailed configuration of RC beam specimens of type A, B, C and D is

summarized in Table 2.4.
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Table 2.4: Detailed configuration of geo-grid confined RC beam specimens

Longitudinal Transverse Steel
Specimen reinforcement reinforcement fiber .
. . Description
ID top bottom (mm) size spacing
(mm) (mm) (mm) %
Type A Confined
B1 2Nos. 80  2Nos. 100 60 150 - Conventional beam |
B2 2Nos. 80  2Nos. 100 60 150 1.0 Steel fiber reinforced beam-I
B3 2Nos.8@ 2Nos. 100 60 150 o5 Geo-grid confinement in hinge
region with steel fiber.
Type B Moderately confined
B4 2 Nos.8@ 2Nos. 100 60 250 - Conventional beam II
BS 2 Nos.8@ 2Nos. 100 60 250 1.0 Steel fiber reinforced beam- 11
Geo-grid confinement in hinge
B6 2 Nos.8@ 2Nos. 100 60 250 1.0 region with SFRC
Type C Lightly confined
B7 2 Nos.8@ 3 Nos. 100 60 450 - Conventional beam III
B8 2 Nos.8@ 3 Nos. 100 60 450 1.0 Steel fiber reinforced beam- III
B9 2 Nos8O 3Nos.100 60 450 05  Confinedusing 100kN/m geo-
grid with steel fiber.
B10 2 Nos8O 3Nos.100 60 450 05 confinedusing 200 kN/m geo-
grid with steel fiber.
BIl  2Nos80 3Nos.100 60 450 10 confinedusing 100 kN/m geo-
grid with steel fiber.
B2  2Nos80 3Nos.100 60 450 10  confinedusing 200 kN/m geo-
grid with steel fiber.
Type D Confined to Moderately Confined
B13 2 Nos.12¢ 2 Nos.200 80 150 - Conventional Beam IV
Geo-grid (250 kN/m)
B 14 2 Nos.12¢ 2 Nos.200 80 200 - confinement along with 200 mm
stirrups spacing
Geo-grid (250 kN/m)
B 15 2 Nos.12©® 2 Nos. 200 80 200 0.5  confinement along with 200 mm
stirrups spacing
Geo-grid (250 kN/m)
B 16 2 Nos.12¢ 2 Nos.200 80 250 - confinement along with 250 mm
stirrups spacing
Geo-grid (250 kN/m)
B 17 2 Nos.12©® 2 Nos. 200 80 250 0.5  confinement along with 250 mm
stirrups spacing
o)
BI18 2 Nos.l20 2Nos.200 80 200 1o Owelfiber 1% with 150mm

stirrups spacing
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1

Fe 500 grade steel was used for longitudinal reinforcement and Fe 250 grade steel
reinforcement was used for transverse reinforcement in first three types A, B, C (Figure
2.12). The cross sectional sizes of these specimens remained the same but the percentage
of flexural and shear reinforcement differed. In type D specimens Fe 500 grade steel was

used for both longitudinal and transverse reinforcement.

“B1— 2 nos of 8mm # bar G2 nos of 8mm # bar —2 nos of 8mm # bar

IR

0.15m —6mm #@150mmC/C -—6mm #@250mmC/C —6mm #@450mm C/C
o N— — 2nos of 10mm# bar 51— Znos of 10mm#bar | B 27 | —3nos of 10mm# bar
! 0.1m ’ ’ 0.1m o 0.Tm /

Figure 2.12: Reinforcement and cross section details of RC beams specimens (Type A, B, C)

In the first two types, geo-grid confinement was used only in plastic hinge region.
Geo-grid was wrapped around the longitudinal reinforcement of beam specimens with
100mm over lap length as shown in Figure 2.13. The two ends of the grid were tied with
the help of binding wire in the compression zone, since the CMD ribs in bottom and other
two sides will restrict the lateral movement of geo-grid. In the third type of specimen, geo-
grids were completely wrapped between the provided stirrups to avoid practical difficulties
during concreting. Alternative grid strips were removed in compression zone of the beam
specimens as shown in Figure 2.14. In the fourth type, three different spacing of stirrups

were used with and without geo-grid confinement and steel fibers as shown in Figure 2.15.
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(a) Reinforcement (b) Geo-grid positioning (c) Geo-grid cofinement (d) Grid confinement

Figure 2.13: Construction technique of geo-grid confinement in RC beams

Figure 2.14: Typical geo-grid confinement details in Type-C beam

24



~ 1000 7

~ 900 7

Figure 2.16: Typical experimental test setup of Type-A, B and C RC beam specimens

The first three types of beam specimens were tested under single point static
loading as shown in (Figure 2.16) and the fourth type (Figure 2.17) beam specimens were
tested under two point loading in a computerized 3000kN capacity flexural testing machine
under load control with the rate of 50N/s. The corresponding mid-span deflection was

measured using LVDT as shown in Figure 2.16.
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Figure 2.17: Typical details of Type-D RC beam specimens
2.4.1 Load-Deflection Behavior of RC Beams

The load-deflection responses of each tested beam specimens as given in Table 2.5
are presented in Figure 2.18 and the test results are summarized in Table 2.5. The beam
with steel fibers shows different load-deflection behavior with respect to the provided
confinement. The specimens B2 and B5 show remarkable increase in post yield deflection
as compared to conventional beam specimens Bl and B4 respectively. In the specimen B

8, shear strength increases but is unable to manifest the post peak behavior as a result of
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inadequate stirrups. It clearly demonstrates the significance of closer confinement in

ductility of beams with steel fibers
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Figure 2.18: Load deflection curve of all types of RC beams

. Beam specimens with closely spaced transverse reinforcement and the fiber stress
transferring mechanism across the crack help to hold the peak load upto a large deflection
after yield and allow the tension reinforcement to yield. In beam specimen BS5, the higher
spacing of transverse reinforcement restricts the steel fiber composite action as compared
to beam specimen B2. This test result emphasises the importance of transverse
reinforcement ratio with steel fibers since the distribution of steel fiber during concrete
mixing may not be even as expected and not be placed in the expected region of a section
where energy is dissipated. Thus adequate amount of transverse reinforcement is
recommended to make proper and reliable use of fibers to effectively enhance the strength

and deformation capacity of RC member.
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Table 2.5: Summarized average test results of RC beam specimens

Ductility Energy

Spelc]i)men Yield stage Maximum stage Ultimate stage factor dissipation
Py(kN) Ay (mm) Pu(kN) Ap(mm) Py(kN)  Ay(mm) (W) (kN)-mm
Type A
B1 48.0 3.4 49.5 09.1 45.03 12.9 3.8 540
B2 49.0 32 52.2 30.1 48.32 36.0 11.3 1704
B3 51.0 4.0 52.3 329 42.31 45.0 11.3 1976
Type B
B4 50.0 32 514 11.7 46.61 133 4.0 584
B5 51.0 3.5 54.0 13.0 45.00 25.0 7.1 1191
B6 58.0 4.0 58.9 16.4 53.00 34.0 8.5 1856
Type C
B7 44.1 3.1 45.0 43 40.86 4.5 1.4 150
B8 63.8 5.0 64.6 53 57.85 5.8 1.2 230
B9 47.8 3.6 535 6.3 43.61 8.8 2.5 354
B10 45.3 34 51.5 8.4 41.85 12.4 3.8 538
B11 70.0 4.9 73.2 7.3 63.21 11.5 2.4 649
B12 74.1 4.4 79.9 8.1 70.25 15.8 3.6 1056
Type D
B13 261.4 6.6 261 6.6 200 7.2 1.1 1090
B14 2359 6.2 235 6.2 165 10 1.6 1587
B15 269.2 5.8 270 6.0 230 10.4 1.8 2040
B16 270.2 6.3 273 6.7 230 8.2 1.3 1440
B17 250.1 6.1 254 6.5 220 9.8 1.6 1757
B18 280.5 6.1 281 6.5 220 9.6 1.6 1880

The test results also point out the synergetic effect of geo-grid confinement and

fibers on the flexure and shear behavior of RC beams. There is significant improvement in
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load carrying capacity of beam specimen B3 as compared to specimens Bl and B2, with a
stable and improved post yield behavior, as shown in Figure 2.18. In specimen B3 the geo-
grid confinement allows crack formation but restricts its rate of growth and enhances the
efficiency of steel fiber in concrete even with lesser volume as compared to specimen B2.
This can be clearly seen from the failure pattern of specimen B2 and B3. In Type-B, the
geo-grid confinement works more effectively than with closely spaced conventional
transverse reinforcement (Type-A). This is possibly due to the adequate spacing between
the stirrup and the grid confinement. In the Type-A the contribution of stirrup in resisting
the force is predominant because of closer spacing, while in Type-B the confining action of
grid confinement and fibers with stirrups cause synergetic effect and significantly enhances
the post yield behavior. In specimen B6, the measured average ultimate load is 20% higher
than specimens B4 and BS5 respectively. It also contributes higher energy dissipation by
sustaining the peak load upto 30mm deflection, whereas steel fiber specimen does not hold

the peak load after 20mm deflection as shown in Figure 2.18.

The test results of Type-C beam specimens evidently prove the influence of geo-
grid confinement on the shear behavior of RC beams. As expected, conventional specimen
B7 fails in brittle shear due to large spacing of stirrups. The use of steel fiber (Vr-1%) in
beam specimen B8 contributes to an average of 50% increase in shear strength over the
control beam specimen B7, but the specimen again fails in shear. This increase in strength
is due to the increased tensile strain property of fiber reinforced concrete over plain
concrete. The beam specimen B9 shows 20% higher shear strength with prominent post
yield response over conventional and steel fiber specimen. The observed load at failure is
43kN with 9 mm deflection which clearly reveals the synergetic effect of steel fiber and
geo-grid confinement in shear resistance behavior after yield. It is also observed that with
the high strength geo-grid and same % of steel fiber (V;-0.5%) as in case of beam
specimen B10, the extent of deflection after shear cracking is much larger as compared to
lower strength geo-grid. In beam specimens B11, an average of 75% to 100% higher shear
strength is observed as compared to control specimen B7. This increase in shear strength
becomes 10% to 30% higher as compared to fiber reinforced beam specimen BS. It is also
observed that the higher volume of steel fiber works better with geo-grid confinement than
lower volume, particularly in case of shear deficient beam as shown in Figure 2.18. It also
shows constant peak load after yielding upto a certain deflection with a stable post-yield
behavior with gradual post yield degradation. The improved load - deformation

characteristics of beam specimens B11 and 12 confined with high strength geo-grid and
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higher volume of steel fiber (V;= 1.0 %), are compared to other specimens including geo-

grid confined specimens with lesser volume steel fibers.
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Figure 2.19: Load deflection curve of Type D beam specimens

In Type-D the lesser span to depth ratio with increased percentage of longitudinal
reinforcement leads the specimens to fail in shear. Figure 2.19 shows the load deflection
behavior of Type D specimens. The conventional specimen (B 13) exhibits sudden drop in
load after peak as a result of shear crack widening. As discussed earlier the specimen B 16
with geo-grid confinement having higher stirrups spacing shows better load carrying
capacity over B 14. The addition of steel fiber in partial geo-grid confined specimen
improves the load carrying capacity and post peak deflection. In particular the specimen B
18 shows 10% increase in maximum load and shows enhanced post peak behavior over
conventional (B 13) specimen. But the rate of post peak degradation is high as compared to

geo-grid confined specimen.
2.4.2 Cumulative Energy Absorption

In order to examine the ductile behavior, energy absorption is calculated by
estimating the area under the load-deflection curve. The energy absorption capacity of a
component is also a significant parameter for the measurement of its post yield response
and the calculated energy absorption is presented in Table 2.5. In type-A beam specimens
(B2 and B3), the contribution of steel fiber and grid confinement can be clearly understood
as the energy absorption capacity increases 3 to 4 times as compared to conventional beam
specimen (B1). In Type-B beam specimens, the strength enhancement along with higher

inelastic deformation is exhibited by grid confinement with steel fiber. The beam

29



Specimens B6 and B5 show 3 times and 1.5 times higher energy absorption than
conventional specimen (B4). The lightly confined shear deficient beam specimens B7 -
B12 show a meager energy absorption performance. However, the absorption of energy
depends on the strength of geo-grid and % volume of steel fiber. The beam specimens with
higher volume of steel fiber with geo-grid confinement show much higher energy
dissipation than conventional (B7) and steel fiber beam specimen (B8). In type-D
specimens, a marginal enhancement in energy absorption is observed over conventional
beam specimen (B13). The geo-grid confined specimens with and without fibers show
improved energy absorption. The combined effect of geo-grid with steel fiber absorbs

higher energy as compared to merely geo-grid confinement.
2.4.3 Strength and Stiffness Degradation

Stiffness (k) property of a structural element is a measure of the resistance to deformation,

given in Equation 2.2

k= {ﬂ 2.2

Where; P— load, kN, J- deflection, mm

In load-deflection curve the initial slope (tangent) represents the initial stiffness
whereas the slope of line joining the point of origin to the failure point represents the
secant stiffness of the specimens. Normally, the difference between these two stiffness
shows the post yield behavior of a structural component. In this study, the degradation in
stiffness and strength are calculated in terms of post elastic strength degradation over yield
strength [F peges] and post elastic stiffness degradation over yield stiffness [K pegy,] using
the following Equation 2.3 and Equation 2.4 to estimate the inelastic behavior of all tested

beam specimens

deg

-F
E %={1-(FFy):|*100 2.3

y

K-K
Kdeg%{r( - y)}*wo 2.4

y

Where; F — Maximum load of each cycle, kN; Fy- Yield load kN; K — Stiffness of each cycle, kN/mm; K, —
Yield stiffness, kN/mm

The inelastic performances of structural components are measured using the rate of

change in strength and stiffness degradation over the post elastic rotation. Low rate of
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change in degradation shows ductile performance of structural component and vice-versa.
Figure 2.20 shows the stiffness and strength degradation plot over post elastic rotation of
all the four types of RC beam specimens. The degradation plot of conventional specimens
B1 and B4 shows 70% of stiffness degradation before rotation reaches 0.02 radian. The
absence of stirrups in (Type-C) beam specimen B7, the degradation is 60% over the post
yield rotation of 0.005. The effect of reinforcement yielding can easily be understood by
comparing the degradation plot of all the four conventional specimens B1, B4, B7 and
B13. The degradation plot of B7 is nearly a straight line i.e. no yielding behavior whereas
the plot of conventional specimens B1 and B4 is linear upto a certain extent and becomes
non-linear due to yielding of longitudinal reinforcement. The effect of steel fiber can also
be evident from the degradation plot, beam specimen B2 shows more than 80% stiffness

degradation at 0.06 rad., whereas the same degradation occurs in specimen B5 at 0.04 rad.
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Figure 2.20 Strength and stiffness degradation of geo-grid confined RC beams
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The degradation plot of specimen B8 is nearly straight due to the absence of
stirrups i.e. approximately 60% degradation occurs at 0.01 rad. The degradation plot of the
geo-grid confinement specimens shows better post elastic behavior over conventional and
SFRC beam specimens. The specimen B3 shows 90% degradation at 0.07 radian and
specimen B6 at 0.06 radian. In particular, beam specimen B6 shows 1.5 to 3 times higher
post elastic rotation over steel fiber (B5) and conventional (B4) specimens. Two to three
times increase in post elastic rotation of specimens B9 to B12 is observed as compared to
beam specimen B7 and BS. The employed high strength geo-grid with higher volume steel

fiber specimen shows significantly higher post elastic rotation over other specimens.
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Figure 2.21: Stiffness degradation of Type D (moderate to lightly confined) RC beams

Figure 2.21 shows the stiffness degradation of Type D specimens. The early shear
crack formation and brittle failure in specimen B 13 in Type-D show least performance in
strength and stiffness degradation. The degradation plot of beam specimen B 13 is nearly
vertical with high rate of degradation and finally the specimen fails at 0.004 radian. The
other specimens in type D sustain the post yield rotation up to 0.012 radian that reflects the
influence of geo-grid confinement. The rate of strength and stiffness degradation is less in
beam specimen B 15 and B 17 as compared to specimen B 14 and B 16 because of the
presence of steel fiber. It is clearly indicated that the contribution of geo-grid confinement
even with higher spacing stirrups possesses better post yield stiffness retention. The

synergetic effect of steel fibers further enhances the performance of beam specimens.
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2.4.4 Cracking Behavior and Failure Pattern

The formation of cracks and their patterns are monitored in beam specimens during

testing and are marked on the surface of the specimens as shown in Figure 2.22-2.24.

[~ -— SN i R — -

(f) B6-Geo-grid confinement with steel fibers

Figure 2.22: Crack pattern and failure mode of Type-A and Type-B beams

In case of conventional beam specimens; the amount of shear reinforcement
governs the crack formation. The formation of cracks in beam specimens confined with
geo-grid and steel fibers differs with respect to geo-grid confinement, strength of geo-grid
along with volume of steel fiber. Generally, in beam specimens, the first crack is initiated
at mid span region and as the load increases, vertical cracks are formed throughout the
depth of beam specimen till the failure occurs. In beam specimens B2 and B5 with steel

fiber, initially flexural cracks develop and as the load further increases a few more inclined
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cracks are observed. At final stage, multiple micro vertical cracks are also noticed with a
few flexural cracks at the mid span region. As the load further increases, the cracks
become intense and allow the tensile reinforcement to yield and the specimen exhibits
ductile mode of failure. In specimen B3, initial cracks are noticed in the region between
geo-grid confinement and stirrups along with the flexural cracks. In specimen B6,
numerous micro cracks are developed initially in the mid region. At failure, three to four
primary cracks with an average width of 3 mm to 10 mm are measured. It is noteworthy to
mention here that in beam specimen B6, the dominance of dense flexural cracks is noticed

till failure without the development of any inclined crack.
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(c) B9-Geo-grid confinement with steel fibers
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Figure 2.23: Crack pattern and failure mode of Type-C specimens

The relationship between the stirrups and geo-grid confinement under flexure can
be clearly observed from the failure pattern of beam specimens B9 to B12. The geo-grid

confinement increases the post yield behavior along with the existing stirrups and steel
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fibers that are effective in increasing the shear strength of beam specimens. Numerous
inclined cracks are noticed but failure takes place with the widening of single shear crack
as shown in Figure 2.23. The sudden shear failure demonstrates the ineffectiveness of steel
fibers with inadequate shear reinforcement. Specimens with geo-grid confinement and 1%
steel fiber (B11 and B12), show different crack patterns over 0.5% steel fiber specimens
(B9 and B10). The contribution of higher volume steel fiber restricts the formation of shear
cracks at early stage of loading. It is noticed that the contribution of high strength geo-grid
with 1% steel fiber in specimen B12 increases the post yield deflection behavior by the

formation of mid span vertical crack.

B 13-Type- D conventional specimen B 14-Geo-grid confinement with 200mm stirrups

B 15-Geo-grid confinement with steel fibers B 16-Geo-grid confinement with 250mm stirrups

B 17-Geo-grid confinement with steel fibers B 18-Steel fiber reinforced concrete

Figure 2.24: Crack pattern and failure mode of Type-D specimens

Beam specimens of type-D, encounter shear failure as a result of low span to depth
ratio. In conventional specimen, flexural cracks are noticed in the mid region during intial
stage of loading, as the load increases, the inclined cracks occur in the shear span and
finally specimen fails in shear as shown in Figure 2.24. The geo-grid confined beam
specimen B 14 and specimen B15 with steel fibers show inclined cracks in the shear span
region and specimens fail in shear with one primary crack as shown in Figure 2.24. In
specimen B 16 and B 17 flexural cracks occur in mid span region and later inclined cracks
develop in the shear span region as shown in Figure 2.24. The crack pattern of beam
specimens B 14 and B 16 shows that the higher stirrups spacing allows the geo-grid to
perform better than the closer spacing. The addition of steel fiber improves the failure

behavior and damage tolerance capacity of beam specimens.
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2.5 Cyclic Behavior of Geo-grid Confined Beam-column Joint

Specimens

Two types of exterior beam-column joint specimens with different stirrups ratio
were tested under reverse cyclic loading. Fe 500 grade steel was used as longitudinal

reinforcement and Fe 250 grade steel was used as transverse reinforcement.

The complete details of these specimens are given in Table 2.6 in which five
specimens are shear deficient and named as (EJ) and remaining four are retrofitted (REJ) to

explore the efficacy of geo-grid confinement under different applications.

150 Beam —-ﬁh
Beam
. 2 | 3 nos -
- 10mm & T~ =
= 3 nos \ 6mm @ @ 100mm c/c
= ™ 10mm & —_—
1 130 A
130 = Col | 3 nos of 10mm @
2 [ 3 nos of 10mm & - =gumn 2
Column e ®
N — 2 2 nos
- T 12mm @
3 || 2 nos 6mm @ @ 50mm c/c
= 12mm & L T n
e ‘7— 6mm @ @100mm c/c o Ssinh of e
150 6mm O @ 100mm c/c /ﬂ_ °
/vz nos of 12mm & \
TN [T )R[T 1Tk
1200 All dimensions are in "mm" 1200 All dimensions are in "'mm"
(a) EJ1-1S:456-2000 detailing (b) EJ2-1S:13920-1993 detailing

Figure 2.25: Reinforcement details of exterior beam-column joint specimens (a) EJ 1 (b) EJ 2.

(a) EJ l-Conventional_ (b) EJ 3and EJ 4 partial geo-grid confinement
Figure 2.26: Typical details of beam-column joint specimens (a) EJ 1 (b) EJ 3 and EJ 4

In this test sequence, the first two beam-column joint specimens i.e. EJ 1 and EJ 2
were tested as conventional specimens with different spacing of transverse reinforcement
as shown in Figure 2.25. The specimen EJ 3 was confined with geo-grid in addition to
reinforcement details of specimen EJ 1, Figure 2.24. The specimen EJ 4 was similarly
detailed as specimen EJ 3 but with 1% steel fiber. EJ 5 wais similarly detailed as EJ 1 with
2 % steel fibers. The previously tested beam-column joint specimens were repaired and

retrofitted with geo-grid confinement with and without SFRC. The concrete and stirrups in
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damaged portion of the previously tested joint specimens were thoroughly removed and

recast with new lays of geo-grid confinement at different stirrups spacing. Polymer based

cement slurry was used to create better bond between the old and fresh concrete.

Typical sectional details of retrofitted specimen are shown in Figure 2.27 while the

details of the four retrofitted specimens are already given in Table 2.6.

Table 2.6: Configuration of geo-grid confined exterior beam-column joint specimens

. Volume
Specimen Spacing of Transverse of Steel
P D Reinforcement Special Configuration Fiber Description
(mm) (%)
EJ1 100 mm C/C y » Conventional
confinement
o . Conventional
EJ2 50 mm C/C o oint hlng.e Ductile Detailing x confinement with
+ 100 mm C/C in other region. . L
ductile detailing
EI3 100 mm C/C Geo-grid conﬁnement in y Geo-grid
the hinge confinement
Geo-grid
Geo-grid confinement in g
EJ 4 100 mm C/C the hinee 1 confinement +
8e SFRC
EJ5 100 mm C/C x 2 SFRC
150mm C/C stirrup spacing in the . .
REJ 1 hinge region of beam and column Geo-grliihzol:ligln:ment mn x Grid confinement
and 100 mm C/C in other region &
150mm C/C stirrup spacing in the . . Grid confinement
. . Geo-grid confinement in
REJ 2 hinge region of beam and column . 1 +
. . the hinge.
and 100 mm C/C in other region SFRC
200 mm C/C stirrup spacing in
the hinge region of beam and Geo-orid confinement in
REJ3 150mm C/C spacing in column & the hinee x Grid confinement
hinge region and 100 mm C/C in &
other region
200 mm C/C stirrup spacing in )
the hinge region of beam and Geo-erid confinement in Grid confinement
REJ 4 150mm C/C spacing in column & . 1 +
. . . the hinge.
hinge region and 100 mm C/C in SFRC

other region

In cyclic testing of beam-column joint specimens, beam portion was kept 90 deg

vertical and the column portion of the joint was kept in the horizontal position held against
the strong floor. Both ends of the column were supported using hydraulic jacks to apply
axial load as shown in Figure 2.28. This test setup restricted column’s horizontal
movement and supported moment free rotation, and column was under fixed condition.

The joints were tested under displacement controlled hydraulic actuator. One end of the
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actuator was connected to the free end of the beam and the other end was connected to
reaction wall. The cyclic loading was applied in the form of displacement control sine
sweep wave at a very low frequency as shown in Figure 2.28. The amplitude of loading
increased gradually from Smm to the occurrence of failure with an interval of Smm under
displacement control to acquire the inelastic performance of the joint. All the specimens

were tested up to failure and their corresponding load deformation response was recorded
with the help of load cell and LVDT.
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Figure 2.27: Detailed configuration of retrofitted beam-column joint
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Figure 2.28: Experimental Test Setup of beam-column joint under Cyclic Loading
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Comparative cyclic performance of the tested beam-column joint specimens was
evaluated on the basis of hysteresis behavior, load-deformation envelope curve, energy
dissipation, strength and stiffness degradation, moment-rotation relationship and the

damage characteristics with damage index.
2.5.1 Hysteresis Behavior of Beam-column Joint Specimens

The hysteresis behavior of the first five beam-column joint specimens (EJ 1 to EJ
5) under cyclic testing is presented in Figure 2.29 and the results are summarized in Table
2.7. Tt is observed that the load-deformation pattern after the yield of specimens is
significantly improved by the use of geo-grid confinement and it is further improved by the
use of SFRC as compared to conventional specimens with and without ductile detailing.
However, the initial behavior upto pre yielding stage is nearly the same in all the test
specimens. The use of ductile detailing (confinement) helps to improve the post yield load-
deformation behavior of specimen EJ 2 in comparison to other conventional specimen EJ
1. However, the specimen still fails in shear in spite of confined reinforcement at the joint.
There is sharp change in slope of descending branch of load deformation diagram in post
peak region of the specimen. There is marked improvement in the hysteresis behavior of
joint specimens after providing the confinement by the geo-grid. The geo-grid confinement
not only helps in increasing the load carrying capacity of the specimen but also changes the
mode of failure. The post peak behavior of specimen EJ 3 becomes gradual and shows
ductile response before shear failure. The behavior is further improved in beam-column
joint specimen EJ 4 by the use of SFRC at the joint in addition to geo-grid confinement.
There is decrease in rate of degradation of load and stiffness after achieving the post -peak
behavior with uniform distribution of minor diagonal shear cracking at the joint region of
the specimen. The similar type of load-deformation behavior is observed in specimen EJ 5
with increased % of steel fiber. However, a minor reduction in deformation properties of
the specimen is noticed as compared to specimen EJ 4. Therefore lesser volume of steel
fiber can effectively be used along with geo-grid confinement that may help to increase the

load-deformation performance of the joint.

The hysteresis behavior of the retrofitted beam-column joint specimens again
confirms the efficacy of the geo-grid confinement under cyclic loading as shown in Figure
2.30. The tested joint specimens are retrofitted with new layer of geo-grid confinement
with increased stirrups spacing. This shows that the geo-grid confinement works better

even when the spacing of existing stirrups is higher than the conventional specimens. The
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retrofitted specimens (REJ 2 and REJ 4) with grid confinement and SFRC show significant

enhanced performance over the conventional specimens.
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Figure 2.29: Hysteretic curve of beam-column joint specimens with geo-grid confinement
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Figure 2.30: Hysteretic loop of retrofitted specimens with geo-grid confinement

Table 2.7: Cyclic test results of geo-grid confined beam-column joint specimens

Ultimate Displacement*
Maximum
(experimental) calculated
. - . - Ductility*
S.ID Positive Negative Positive Negative A, "
AJA,
P Am Py Am P, A, Pp A,
mm  mm
kN mm kN mm kKN  mm kN  mm
EJ1l 18.60 20  20.01 15 53 50 6.0 50 14.0 58.6 4.2
EJ 2 20.62 15 19.41 15 7.6 55 9.1 55 143 69.0 4.8
EJ3 20.43 20 18.10 15 6.1 80 8.0 80 150 59.0 4.0
El 4 21.12 20  20.80 15 7.4 8 74 85 13.0 78.0 6.0
EJ 5 21.19 15 20.80 15 9.2 70 7.7 70 12.3 745 6.1
REJ 1 22.02 20 19.32 20 5.6 70 49 70  18.0 61.0 34
REJ 2 21.02 20  22.58 20 7.0 75 5.1 75 17.3 710 4.2
REJ 3 22.08 20 2145 20 8.0 70 7.0 70 16.0 72.0 4.5
REJ 4 20.17 20 2237 20 9.4 70 7.4 70  14.0 71.0 5.1
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2.5.2 Load-Deformation Envelope Curves

The member ductility of all the tested specimens is calculated by the load-
deformation envelops of the hysteresis behavior of the joint specimens as shown in Figure
2.31. The ductility parameter is an indication of the response after yield without significant
reduction in peak strength of the specimens. Therefore, sometimes it is slightly
misinterpreted since there is no well defined procedure for defining the yield and ultimate
points in case of curvilinear type load-deformation envelop curves. In this study, a general
procedure is defined for calculating the member ductility as shown in Figure 2.32

(Shannag et al. (2002)) and the calculated values are given in Table 2.7.
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Figure 2.31: Load-deflection envelope curve of geo-grid confined beam-column joint
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Figure 2.32: Procedure for the evaluation of ductility parameter (Shannag et al. (2002))

It is clearly observed that the geo-grid confined specimen with SFRC has much

higher ductility (approximately one and half times) as compared to other conventional
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specimens. The bridging action of steel fiber provides larger deflection without sudden loss
in strength possessing higher ductility. The retrofitted specimens also illustrate
comparative ductile response over other conventional specimens. In particular, the
retrofitted specimens REJ 3 and REJ 4 show better ductile response over other two

retrofitted specimens.
2.5.3 Strength and Stiffness Degradation

The strength and stiffness degradation versus post elastic drift for each tested

specimen is plotted in Figure 2.33-2.34
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Figure 2.33: Strength and stiffness degradation of actual geo-grid confined joint specimens
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The degradation plot elevates the effectiveness of grid confinement in stiffness
retention property. The joint specimen EJ 2 with conventional confinement reinforcement
has low rate of degradation as compared to specimen EJ 1. The influence of geo-grid
confinement is clearly visible from the rate of strength and stiffness degradation over post
elastic drift as shown in Figure 2.33. It exhibits that the loss of 90% stiffness in
conventionally confined specimens occurs at 0.06 radian whereas in geo-grid confined

specimens at 0.08-0.09 rad.

Figure 2.34 authenticates the influence of geo-grid confinement in retrofitting
work. The degradation plots of joint specimens REJ 3 and REJ 4 have low rate of strength
degradation as compared to other two retrofitted specimens REJ 1 and REJ 2. The
retrofitted specimens exhibit 70% loss in stiffness at 0.04 radian which increases to 95% at
0.12 radian. It manifests that geo-grid confinement decelerates the rate of stiffness
degradation and holds the specimens to sustain upto 0.12 rad. This observed response of
retrofitted specimens emphasizes the effectiveness of geo-grid confinement in structural

engineering application along with existing stirrups with higher spacing.

Degradation (%)

=——=REJ3 <=<=<= REJ4

-40 -
Post elastic rotation (rad)

Figure 2.34: Strength and stiffness degradation of retrofitted joint with geo-grid
confinement

2.5.4 Energy Dissipation and Damping Behavior
The energy dissipation capacity of a component is a significant parameter for the
measurement of its response after yielding. Ductile response is governed by higher energy

dissipation in subsequent cycles as deformation increases after yielding where the reverse

of it manifests the brittle shear mode of failure of the component. Cumulative Energy
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Dissipation [CED] parameter relates to cumulative energy after each subsequent cycle. The
energy dissipation in each cycle is calculated on the basis of area enclosed by the
hysteresis loop. The cumulative energy dissipation parameters for all the joint components

with increased cyclic displacement are plotted in Figure 2.35.
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Figure 2.35: Cumulative energy dissipation geo-grid confined joint specimens

It clearly manifests that the conventional joint specimens (EJ 1 and EJ 2) with and
without ductile detailing have much lower ductile performance as compared to geo-grid
confined specimens with steel fibers, however the performance of the joint EJ 2 is
improved with ductile detailing. The geo-grid confined specimen EJ 3 exhibits two times
higher energy dissipation over conventional joint specimens. The dissipated energy of EJ 3
is comparatively lower as compared to EJ 4 possibly because of the presence of steel fiber
along with geo-grid confinement. It shows more stable and consistent energy dissipation
without sudden change or drop. The specimen EJ 5 shows considerably better energy
dissipation as compared to the conventional and geo-grid confined specimen but it is
considerably lower as compared to geo-grid with lesser volume steel fiber specimen EJ4.

It is evident from Figure 2.35 (b) that the geo-grid confinement with higher stirrups
spacing in retrofitted specimens is capable to dissipate higher energy as in the case of
newly constructed specimens which also authenticates that the composite action works
credibly in dissipating energy during cyclic loading. The retrofitted specimens REJ 1 and
REJ 2 show enhanced CED level over conventional specimen EJ 1 and EJ 2.

The equivalent damping coefficient based on the relative energy dissipation (RED)
parameters obtained from the hysteresis behavior of beam-column joint is also calculated

and shown in Figure 2.36. It is evident that the average equivalent damping coefficient
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with conventional confinement of joint specimen is in the range of 8 to 12% and it
increases from 15% to 25% in geo-grid confined specimens with and without steel fibers.
Figure 2.36 (b) shows geo-grid confinement with fibers in the damping behavior of
retrofitted specimens. The increase in damping coefficient reflects the effectiveness of

confinement and load-deformation capability of the specimens.
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Figure 2.36: Equivalent damping coefficient of geo-grid confined joint specimens

2.5.5 Moment-Rotation Behavior

The moment- plastic rotation relationships of all the tested joint specimens are

compared with the specified values in ASCE/SEI 41-06 as shown in Figure 2.37.
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Figure 2.37: Moment-rotation behavior of geo-grid confined joint specimens

The maximum value of moment reaches at the rotation of 0.03 radian and the
range of post peak behavior i.e. no significant loss of moment capacity is noticed in the

rotation of 0.03 — 0.08 radians. The experimentally obtained plastic rotation capacity of
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geo-grid confined beam-column joint specimens is higher than the specified values in
ASCE/SEI 41-06 in which the limit of linear elastic behavior of conventional joints is
0.015 and the range of post peak behavior is 0.015 to 0.02 radians, as shown in Figure 2.42
It is evident that the geo-grid confinement with steel fibers significantly improves the M-©
relationship against the conventional specimens. The geo-grid confinement increases the
moment capacity as well as post peak behavior of specimens which is further improved by
the steel fibers. The higher ductility with better post peak response in the specimen may be
achieved with steel fiber even in higher spacing of transverse reinforcement. The increase
in rotational capacity with lower rate of moment degradation represents the sign of ductile

behavior of joint which is really difficult to achieve by conventional confinement.
2.5.6 Crack Formation Mechanism and Failure Analysis

Crack patterns of tested beam-column joint specimens at failure level under cyclic
testing are shown in Figure 2.38-2.39. Apparently, the specimens fail finally in shear with
different load-deformation characteristics. The crack patterns of conventionally confined
specimens and geo-grid confined specimens with and without steel fiber are distinct in
terms of their failure mechanism. In conventionally confined specimen even with ductile
detailing, the initial flexure cracks develop in beam component of the joint which are
transferred to joint core as the moment or applied load increases. The joint core subjected
to cyclic shear force which is resisted by the shear strength of core concrete is a function of
concrete strength and steel resistance. In case of conventional specimen without ductile
detailing, the shear strength of core concrete is relatively less as compared to confined
concrete; therefore the joints fail in shear with spalling of concrete cover. In conventionally
confined specimen EJ 2, there is a slight delay in shear failure with less intense cracking.
In geo-grid confined specimens, the failure mechanism is the same but the shear resistance
of core concrete increases significantly and further increases with the use of steel fiber in
concrete due to bridging action. Therefore, the shear failures of joint in geo-grid confined
specimen have higher load and deformation as compared to conventionally confined
specimens. The intensity and severity of cracking are also reduced by an increase in
sustaining the shear capacity of the core concrete.

The crack pattern and failure behavior of retrofitted specimens (REJ) are similar to
the above discussed failure mechanism of specimens. The concrete cover of geo-grid
confined retrofitted specimens spall during large drift, as a result of the specimen

undergoing higher volumetric enlargement in the joint core region as shown in Figure 2.39.
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However, the presence of steel fiber holds the cracked concrete portion to be intact with
the core concrete. In specimen REJ 4 the intensity of flexural cracks in the beam hinge
region shows that the synergetic effect of geo-grid confinement and steel fiber allow
flexural cracks to occur in the beam region in spite of joints' failure in shear. This cracking
behavior validates the success of confinement effect of grid confinement under cyclic

loading.

(c) EJ 3-Geo-grid
confinement

(a) EJ 1-IS 456 detailing

(d) EJ 4-Geo-grid confinement +steel fibers (e) EJ 5-Steel fiber reinforced

Figure 2.38: Crack pattern and mode of damage of actual beam-column joints

(a) REJ 1 (b) REJ 2 " (c)REJ 3 (d) REJ 4

Figure 2.39: Crack pattern and failure mode of retrofitted specimens
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2.5.7 Damage Tolerance Capacity

Damage and failure mechanisms are useful in intensity and safety assessment for
reutilization and energy loss assessment (Saurabh et al. (2012). Park and Ang damage
(1999) index calculates the comparison of relative performance of beam-column joint
specimen with different confinements plotted in Figure 2.40. The corresponding damage
index is expressed as

6y , B
D=-""+ = |dE
5 FSHI 2.5

u y

The damage index [DI] values vary from 0 to 1, whereas “0” indicates no damage
and “1” indicates complete damage. In this study it is assumed that the 0 < DI < 0.20
represents elastic behavior or no damage in specimens, 0.20 < DI < 0.40 represents slight
damage, 0.40 < DI < 0.60 represents moderate damage, 0.60 < DI < 0.80 represents severe
damage and DI> 0.8 represents complete damage. It is observed that the DI values of the
joint specimens in elastic region (I) show no damage. Both the conventional specimens
reach moderate damage and other specimens show slight damage level in yield to peak
region (III) as shown in Figure 2.40(a). The beam-column joint specimens reach severe
damage to collapse level during post peak behavior (IV).

It is observed that the joint specimen EJ 1 and EJ 2 with conventional confinement
have similar damage pattern with slight improvement due to ductile detailing of joint. The
damage tolerance level is further improved by the use of SFRC along with geo-grid
confinement in specimen EJ 4. It is observed from the DI plot that the conventional joint
specimens have complete damage at the deformation of 50mm, at the same time the geo-
grid confined specimens are under the limit of severe damage and complete damage is
observed beyond 65 mm in post peak region (IV). Similarly, in displacement range of
25mm to 50mm, the conventional specimens undergo severe damage while the geo-grid
confinement specimens show moderate damage. The measured damage index shows that
the retrofitted specimens have better damage tolerance capacity over conventional
specimens EJ 1 and EJ 2. Figure 2.40(b) shows that the damage tolerance capacity of
retrofitted specimens REJ 2 and REJ 4 competes with the damage tolerance capacity of
SFRC specimen EJ 5. It is interpreted that the geo-grid confined specimens have
undergone damage one level lower as compared to conventionally confined specimens at

the same range of displacement.
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Figure 2.40: Damage index (DI) plot vs displacement of joint specimens
2.6 Findings

An experimental investigation is carried out to study the effect of geo-grid confinement of
concrete specimens with and without steel fibers. Some of the important observations of

the study are summarized as follows;

1) There is a significant improvement in the axial stress-strain behavior of specimens
under compression after confining the specimens by geo-grid as compared to
conventional concrete specimens or even with the steel fibers. The maximum stresses

in the geo-grid confined specimens increase upto 1.5 times and strain 3.0 times
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2)

3)

4)

5)

6)

more/less as compared to conventional specimens. There is a remarkable improvement
in the inelastic behavior of geo-grid confined specimens as the failure stain reaches
upto 0.035 against the failure strain 0.002 as conventional. The geo-grid along with
steel fibers is able to reverse the failure mechanism from sudden brittle failure to

ductile without significant loss of strength.

The effect of geo-grid confinement with and without steel fibers is also observed in the
split tension behavior of respective concrete specimens as tested under compression.
The geo-grid confinement does not contribute to increase the tensile strength of
specimens but also help to sustain the deflection at a larger extent. The observed crack

width clearly proves the effect of geo-grid confinement tension resistant capacity.

The deflection at failure of geo-grid confined specimens increases by about 5-6 times
as compared to the deflections at peak while the conventional specimen does not

reflect any post peak behavior.

In case of type-A beam specimens, remarkable improvement in post yield behavior
and energy dissipation capacity is observed after additional confinement by geo-grid
with low percentage (0.50 %) of steel fibers. The same type of post yield behavior of
beam specimen is also observed with the sole use of SFRC but with higher percentage
(1%) of steel fibers. However, there is no significant effect on increase in yield and
ultimate load capacity of geo-grid confined SFRC beam specimens. The geo-grid with
the use of SFRC maintains nearly the same type of performance in case of type-B

(moderately confined) beam specimens.

The load - deformation behavior of geo-grid confined SFRC beam specimens of type-
C and type-D (lightly confined) significantly improve as the strength of geo-grid and
% of steel fibers increase. There is about 2 to 2.5 times improvement in load and
deformation capacity of geo-grid confined SFRC beam specimens as compared to
control shear deficient beam specimens with remarkable increase in energy dissipation
capacity. It may be inferred from the test results that geo-grid and SFRC are able to

increase the flexure and shear capacity of a deficient beam specimens effectively.

It is observed that the rate of degradation in strength and stiffness of conventionally
confined beam specimens decreases as the amount of transverse reinforcement
increases. The geo-grid confined beam specimens with and without steel fibers show a
gradual and stable loss in strength and stiffness as the post yield rotation increases

even in the specimens with large spacing transverse reinforcement.
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7)

8)

9)

10)

11)

12)

There is a drastic change in the cracks pattern of type-C beam specimens (lightly
confined) with the use of geo-grid confinement and SFRC. The complete shear failure
of control beam specimen gradually changes towards flexural- shear failure as the
specimens confined with geo-grid and SFRC depend on the strength of geo-grid and %
of steel fibers. In type-D specimens the pattern of failure remains same as
conventional specimens but the deflection after shear crack formation shows the

significance of grid confinement.

There is an effective enhancement in the post peak behavior of beam-column joint
specimen confined with geo-grid and steel fibers. The deformation capacity of geo-
grid confined specimen increases upto 1.5 times as compared to conventionally
confined specimens. The bond slippage failure of embedded longitudinal
reinforcement in the joint region reduces due to the confining pressure of geo-grid in
the joint core. There is also remarkable improvement in the ductility of geo-grid

confined specimen with steel fiber.

The geo-grid confined joint specimens with and without steel fibers show lower rate of
degradation in strength and stiffness as the post yield rotation increases even in the
retrofitted specimens with large spacing of transverse reinforcement in the plastic

hinge region.

The energy dissipation capacities of geo-grid confined specimen increase nearly 2
times as compared to other conventionally confined specimens. It is also evident that
the average internal damping coefficient increases by 12 to 15% in geo-grid confined

specimens with and without SFRC.

The specified values of plastic rotation capacity for the linear elastic behavior and post
peak behavior of conventional and confined joints as per ASCE/SEI 41-06 are much
lower as compared to geo-grid confined beam-column joint. The rotation at failure of
geo-grid confinement specimens reaches upto 0.12 radian as against 0.07-0.08 radian
in conventional specimens with and without ductile detailing. In addition, the rate of
strength degradation of geo-grid confined specimen with SFRC considerably reduces

as compared to other specimens.

The geo-grid confined beam-column joint specimens have more damage tolerance
capacity. The observed damage index and mode of failure prove that the geo-grid
confinement can resist upto peak load without severe damage in the joint region. It is

understood that the geo-grid confined specimen has undergone at least one level lower
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13)

damage in comparison to conventional specimens with and without ductile detailing at
the same range of displacement.

This study is focused on the application of geo-grid with steel fibers in RC structural
members to enhance shear capacity particularly in plastic hinge zones. The test results
prove that the geo-grid with steel fiber not only effectively achieves the desired
objectives but also improves the damage tolerance capacity. This study paves the path
of geo-grid in structural components in reinforced concrete but for its versatility and

reliability, more experiment tests are needed under various types of load applications.
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Chapter 3

Cyclic Behavior of Exterior Beam-column Joint
with Fiber Reinforced Concrete

3.1 Introduction

Shear strength of the joint can be enhanced by providing a closely spaced
transverse reinforcement in the plastic hinge region. This critical confinement in the hinge
region leads to steel congestion and construction problem. The joints could at times remain
the weak link even for structures designed in accordance with current model building
codes (Tsons 2006, Vijay et al. 2012). Also the brittleness of conventional concrete matrix
significantly affects the inelastic response of the structural members even though with
closely spaced shear reinforcement. The use of steel fibers in concrete improves the tensile
behavior and enhances the shear strength without critical reinforcement detailing in the
joint plastic hinge region. This randomly distributed discontinuous fiber increases the
tensile strength by arresting the crack formation and by bridging the cracks after initiation
(Ganesan et al. (2007), Holschemacher et al. (2010) and Adel et al. (2014)). Moreover, the
additional anchorage by the different fibers such as crimpled, hooked end steel fiber
improves the effectiveness of the fiber bridging ability. The steel fiber reinforced concrete
(SFRC) improves shear strength and inelastic response of the structural member with
optimum volume of fibers. Otherwise, fibers affect the workability of concrete and lead to
fiber segregation and excessive air entrainment that loses its efficiency in higher
deformation. The entire performance of fiber reinforced concrete (FRC) depends on its
dispersion and location for effective resisting of applied loads (Mohammad (2007)). In the
present study, the inelastic behavior of the joint is evaluated by using fiber reinforced
concrete. The effectiveness of fiber hybridization using poly propylene fiber along with

steel fiber and macro synthetic fiber is also studied.
3.2 Early Studies

Paul et al. (1986) investigated the application of SFRC in joints with higher stirrup
spacing and suggested that the joint with SFRC could be considered in seismic prone areas.

Jiru et al. (1992) studied the influence of SFRC on the cyclic behavior of beam-column
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joint and concluded that the use of SFRC in the joint core might improve the ductility
without steel congestion. Andre et al. (1994) studied the seismic performance of code-
designed fiber-reinforced concrete joints and observed that the crack bridging mechanism
of fibers in concrete improved the shear resistance capacity diminishing the need of closer
confinement in the joint region. The performance of the SFRC is based on the volume and
aspect ratio of fibers. Andre et al. (1995) tested four full scale beam-column joint with and
without SFRC and reported that the use of SFRC in the joint increased the ductile
performance during earthquake excitation. Liu et al. (2006) conducted research on the
seismic behaviour of beam-column joint reinforced with steel fibres and concluded that the
bridging action and tensile behavior of SFRC effectively controlled the cracks formation
significantly arresting the diagonal cracks. SFRC can enhance shear strength and reduces
the steel congestion in the joint region. Ganesan et al. (2007) conducted experimental study
on steel fibre reinforced high performance concrete beam-column joints subjected to cyclic
loading and concluded that the steel fibers in joint increased the stiffness retention,
dimensional stability and imparted ductility. Yung et al. (2007) investigated the effect of
ultra high strength steel fiber reinforced concrete (UFC) in beam-column joint
strengthening and examined the cyclic behavior of UFC beam-column joint and concluded
that the use of UFC improved rebar bond strength and shear strength of joint. Ganesan et
al. (2014) investigated the influence of fiber hybridization on the cyclic behavior of joints
and observed better strength and ductility enhancement and also suggested that the use of
hybrid fibers in concrete could avoid the steel congestion. Bilal et al. (2015) examined the
significance of SFRC and CFRP sheet on the performance of beam-column joint. The test
results stated that the use of steel fiber increased the joint strength than external CFRP
confinement. Dhaval et al. (2015) studied the use of hybrid fiber reinforced concrete on
ductility enhancement of beam-column connection and observed improved ductility and
damage tolerance capacity. The hybrid fiber reinforced concrete could be used in the

seismic prone zone without critical shear reinforcement in the joint.
3.3 Compression and Flexure Behavior of FRC Composites

The mechanical properties of different fiber reinforced concrete composites are
examined under compression, split tension and bending after conducting the standard tests

on cylindrical and prism specimens.
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3.3.1 Compression and Split Tension Behavior of FRC

Standard sizes of 100 x 200 mm concrete cylindrical specimens were used to obtain
the axial stress-strain behavior and split tensile behavior of different concrete composites.
Ordinary Portland Cement (OPC) as cementitious material, coarse aggregate with
maximum size of 20 mm and locally available river sand as fine aggregate were used in
conventional concrete preparation with water-cement ratio of 0.45. Water reducing
admixture (CONPLAST 430) with a volume of 1% was used to increase the workability of
FRC. Four different types of fibers such as hooked end steel fiber, crimpled steel fiber,
macro synthetic fiber and micro synthetic polypropylene fiber were used in FRC
preparation, shown in Figure 3.1. The hooked end and crimpled steel fiber with an aspect
ratio of 60 with nominal tensile strength of 1100 MPa was used. The detailed mix ratio of

fiber composite is given in Table 3.1 and 3.2.

Table 3.1: Detailed mix ratio of concrete and FRC

Specimen Coarse Water Super
P . Cement Sand binder p Fibers
details aggregate . plasticizer
ratio
Conventional
1 1.45 2.25 0.45 0.5 -
concrete
Refer
FRC 1 1.35 2.15 0.45 0.5 Table no
32

A total of nine different types of concrete specimens were prepared, five FRC,
three hybrid fiber reinforced concrete (HyFRC) and one conventional concrete specimen.
The cylindrical specimens were tested under uni-axial compression and strain to be
measured with the help of LVDT. The detailed configuration of the FRC composite is
presented in Table 3.2.

(b) Hooked end steel ) )
(a) Polypropylene fiber b (c) Macro synthetic fiber  (d) Crimpled steel fiber
iber

Figure 3.1: Materials used in FRC preparation
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Table 3.2: Compression and split tensile strength of different FRC composites

) Volume of fiber Compressive tf]]:slge Flexural

IS][))eclmen Description PP*  HSF* CSF*  MSF* strength strength strength
% MPa MPa MPa

FCO Conventional X X X X 30.5 34 4.0
FC1 FRCI X X 1 X 50.6 5.7 8.4
FC2 FRCII x x 2 x 48.0 6.1 8.0
FC3 FRC I X 1 x x 48.1 4.9 7.2
FC4 FRCIV x 2 x x 54.3 5.6 8.4
FC5 FRCV x x x 1 35.8 3.4 6.4
FCo6 Hybrid I 0.2 x 1 x 51.6 5.9 6.8
FC7 Hybrid 11 0.2 x x 1 35.8 5.1 4.8
FC38 Hybrid 11T 0.2 1 x x 422 5.3 7.2

* PP- Polypropylene; HSF- Hooked end steel fiber; CSF-Crimpled steel fiber; MSF-Macro synthetic fiber

The axial stress-strain curves of the compression specimens are shown in Figure
3.2 and the test results are summarised in Table 3.2. The average compressive strength of
conventional concrete specimen FC 0 is 30.5 MPa. The post peak curve of FC 0 shows the
brittle nature of plain concrete. FRC specimens possess better post peak strain behavior
over conventional concrete. The presence of crimpled steel fiber in specimen FC 1 shows
50 MPa peak strength at 0.004 strains, whereas at the same strain the conventional concrete
fails completely. The higher % of crimpled steel fiber in specimen FC 2 shows increased
modulus of elasticity with lesser compressive strength over FC 1. It emphasises that the
presence of higher volume steel fiber controls the cracks effectively and increases the
stiffness behavior. Similar kind of response is observed with specimens FC 3 and FC 4.
The higher volume hooked end steel fiber increases the strength and stiffness over lesser
volume steel fiber specimen FC 3. The comparison of stress strain behavior of crimpled
steel fiber and hooked end steel fiber specimens emphasises that the percentage of fiber
and its anchorage behavior decides the performance enhancement. The observed
compressive strength of SFRC shows 50-65% higher strength over conventional concrete.
The specimen FC 5 (MFRC) shows unique stress strain behavior over other FRC. The
compressive strength of MFRC is comparatively lesser than SFRC but post peak curve
shows steady rate in strength retention without sudden loss in strength. This phenomenon
describes the bridging effect of macro synthetic fiber on the enhancement of post peak

behavior over strength enhancement.
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The hybridization of polypropylene fiber with steel and macro synthetic fiber
shows different behavior over fiber reinforced concrete specimens. The presence of micro
synthetic fiber significantly influences the axial behavior of concrete specimens. The peak
strength of hybrid macro synthetic fiber enabled specimen FC 6 is 35 MPa and also the rate
of post peak degradation is rapid as compared to other hybrid fiber reinforced concrete
specimens. The synergetic effect of hooked end steel fiber and polypropylene fiber shows
lesser compressive strength as compared to FC 7 but shows improved post peak strain
behavior. The compressive strength of FC 8 is 50 MPa which has higher rate of post peak
retention over conventional specimen FC 0.

60
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Figure 3.2: Stress-strain behavior of FRC compression specimens

The observed split tensile strength of concrete composite specimen varies from 11-
14% of its compressive strength. The tensile behavior of MFRC specimen FC 5 exhibits
lesser tensile response over other FRC specimens. The hybrid specimens, FC 6, FC 7 and
FC 8 exhibit better tensile strength to compressive strength ratio than other fiber reinforced
concrete specimens. It shows that the hybridization of fibers increases the tensile behavior

irrespective of its compression behavior.
3.3.2 Flexural Behavior of FRC Prisms

The flexural tensile behavior of all composites is evaluated using a plain concrete
beam with a size of 100x100x500 mm under two point static loading. The flexural
behavior of specimens are plotted against corresponding deflection as shown in Figure 3.3
and test results are summarised in Table 3.2. The flexural strength of conventional concrete
is 4 MPa which is 13% of its compressive strength. In plain concrete specimen load drops

suddenly after initial crack. The fibers in the FRC show different flexural strength to
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compressive strength ratio ( f, /c,) with respect to its anchorage behavior. The average

/. /¢, ratio of crimpled fiber reinforced concrete is 16%, whereas it is 15% for hooked end

steel fiber and 18% for macro synthetic fiber concrete. After initial crack, the presence of
fiber hinders the crack growth and enhances the post peak deformation. FRC specimens
exhibit post peak performance with different rate of post peak strength degradation. The
anchorage of crimpled fiber improves the post peak degradation over hooked end steel

fiber concrete. The f,/c of MFRC is 18% which is better than other FRC but the load-

deflection curve shows rapid post peak degradation over other FRC. It authenticates the

influence of fiber anchorage on the bending behavior.
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Figure 3.3: Flexural behavior of FRC prism specimens

The compressive behavior of hybrid concrete is similar to FRC but flexural

behavior is significantly improved with FRC of 1% fiber volume. The observed average
/. /¢, ratio of hybrid concrete varies from 13-17%. In particular, the specimen FC 7 shows
better flexural response over other hybrid and also the f,/c, ratio is 17% which is 1.3

times higher than FC 6 and FC 8. The micro synthetic fiber significantly improves the
flexural performance and competes with the response of FRC specimen with 1% fiber

volume.

Figure 3.4 shows the comparison of flexural energy absorption of flexural
specimens on the basis of area under load-deflection curves. This energy absorption

defines the post peak performance of different composites. The brittle failure of
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conventional concrete fails to show post peak behavior. The FRC and HyFRC specimens
have tremendous energy absorption capacity over the conventional concrete. The FRC with
higher volume of steel fiber (FC 2 and FC 4) absorbs higher energy than other FRC and
HyFRC. The higher volume steel fiber restricts the crack growth and its propagation after
peak load and enhances the energy absorption behavior. The lesser volume of fiber fails to
bridge the cracks effectively after peak in the cracked region (because of lesser volume in
FC 1 and FC 3); thus it shows comparatively lesser energy absorption over FC 2 and FC 4.
The sudden degradation after peak strength due to the absence of fiber anchorage causes
less energy absorption in specimen FC 5 (MFRC). The energy absorption of hybrid
concrete specimens is lesser as compared to FRC specimen because of the presence of
micro synthetic fiber. It affects the dispersion of steel fiber in concrete and makes the steel

fibers fail in bridging the cracks in the cracked region.
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Figure 3.4: Flexural energy dissipation of FRC prism specimens

3.4 Cyclic Testing of Beam-column Joint specimens with Different

FRC Composites

Ten exterior beam-column joint specimens are cast and tested under cyclic loading
in quasi-static test facility to evaluate the hysteresis behavior of different FRC. The
complete details of beam-column joint specimens with different types of concretes are
given in Table 3.3. The reinforcing details of two conventional specimens with different
transverse reinforcement ratio are shown in Figure 3.5.To quantify the influence of ductile
detailing, the first conventional specimen is detailed as per IS: 456-2000 (unconfined)

whereas the second conventional specimen is detailed as per IS: 13920-1993 (confined).

63



The unconfined reinforcing details are used in preparation of specimens with different
FRC. The FRC is used only at joint region of beam-column connection and the remaining
area is cast with conventional concrete. The beam-column joint test setup and cyclic

loading history are shown in Figure 3.6
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Figure 3.5: beam-column joint reinforcement detailing of (a) HYJ 1 (b) HYJ 2
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Figure 3.6: Experimental test setup and loading history of beam-column joint
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The amplitude of loading is increased gradually from 5 mm/10mm till occurrence
of failure with an interval of 5 mm/10mm under displacement control. The specimens are
tested up to failure and their corresponding load deformation response is recorded with the
help of load cell and LVDT. The test results are examined in terms of hysteresis behavior,
strength and stiffness degradation, energy dissipation and damping, moment-rotation

relationship, failure pattern and damage index.

Table 3.3: Detail of exterior beam-column joint specimen with different configurations

Concrete Reinforcement
Transverse s .
ID . in joint hinge Remarks
reinforcement .
region Beam Column
Type 1 Conventional specimens
HYI1  @6mm@l00mmcic  Comeriom Unconfined
@6mm @100mm C/C and c iional
HYJ2  50mm C/C in the hinge "nvez“ fona Confined
region
Type 2 Fiber reinforced concrete (FRC) specimens
SFRC (1%) -
HYT 3 FRCI Crimpled steel fiber
SFRC (2%) -
HYJ4 FRCH Crimpled steel fiber
34 of SFRC (1%) — Hooked
HYJ S5 @6mm @100mm C/C FRC III °
10mm @ 4 # of end steel fiber
@ top 12mm  SFRC (2%) - Hooked
HYJ 6 FRC 1V and %) end steel fiber
bottom
Macro synthetic steel
HYJ 7 FRCV

fiber (MFRC)

Type 3 Hybrid fiber reinforced concrete (HyFRC)

Macro synthetic

HYJ 8 Hybrid I + Micro synthetic
Hooked end fiber
HYJ 9 ©6mm @100mm C/C Hybrid IT + Micro synthetic
Crimpled fiber
HYJ 10 Hybrid 11

+ Micro synthetic

3.4.1 Crack Pattern and Failure Mode

In conventional specimens HYJ 1 and HYJ 2 fine flexural cracks are noticed along
the beam hinge region followed by shear cracks at the joint region. The spalling of

concrete cover in the beam hinge region along with inadequate confinement leads the
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longitudinal reinforcement to buckle in specimen HYJ 1, as shown in Figure 3.7a. The
buckling of longitudinal reinforcement is because of inadequate confinement during severe
loading. The closer confinement in the hinge region restricts early spalling of concrete and
allows resisting the load to a higher extent without reinforcement buckling in specimen
HYJ 2. The crack pattern of specimen HYJ 2 shows the dense cracks in the beam hinge
region and joint connection with concrete crushing. The absence of reinforcement buckling
and delayed spalling of concrete improve the damage tolerance capacity over HYJ 1,

shown in Figure 3.7.b.

2 2
Reinforcement
- Buckling |

(a) HYJ 1-Unconfined (b) HYJ 2 -Confined
(IS 456 detailing) (IS 13920 detailing)

Figure 3.7: Failure pattern of conventional specimens HYJ 1 and HYJ 2

The presence of fibers in concrete internally improves the aggregate interlocking by
restricting the crack formation at initial stage of loading. As a result of fibers, fine flexural
cracks develop in the plastic hinge region of beams rather than diagonal cracks in the joint.
However, no spalling of concrete cover is noticed, instead of the crack at the beam-
column joint connection which widens during larger deflection. In specimen HY]J 4, the
denseness of flexural cracks is comparatively lesser as compared to specimen HYJ 3 due to
the fiber volumetric difference. In specimen HYJ 3, the crack formation exactly occurs at
joint connection and in HYJ 4 the crack widening is observed in beam region. During
larger deflection the reinforcement at joint connection starts to yield and finally exhibits
ductile failure. Similar trend of cracking behavior is observed with specimen HYJ 5 and
HY]J 6, but as the deformation increases a horizontal crack along the longitudinal direction

of beam is observed as shown in Figure 3.8. The crack widening is severe after 50 mm
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deflection because of the lesser anchorage capacity of hooked end steel fiber over crimpled
steel fiber. The cracking behavior of specimen HYJ 6 is nearly identical with specimen
HY]J 5. The higher volume fiber restricts crack growth and turns the reinforcement to yield
at failure. It is also observed that in specimens HYJ 4 and HYJ 6, the denseness of flexural
cracks in beam is reduced as compared to specimens HYJ 3 and HYJ 5. This implies that
the higher volume of fiber in the concrete increases the tensile behavior and more
effectively bridges the cracks and restricts its formation and propagation. In specimen HYJ
7 enormous flexural cracks are noticed in beam span but the macro synthetic fiber fails to
restrict the formation of shear cracks in the joint region. As a result vast diagonal cracks

are observed in the joint region as shown in Figure 3.8e.

(a) HYJ3 (b) HYJ 4 (c) HYJS
(Crimpled steel fiber-1%) (Crimpled steel fiber-1%) (Hooked end steel fiber-1%)

e x*&‘«ﬁ!
(d) HYJ6 () HYJ 7
(Hooked end steel fiber-1%) (Macro synthetic fiber-1%)

Figure 3.8: Crack pattern and mode of failure of FRC joint specimens

The synergetic effect of polypropylene fiber with steel and macro synthetic fiber
shows diverse cracking behavior. The hybridization of macro and micro synthetic fiber
(HYJ 8) fails to control the occurrence of early shear cracks as a result of poor tensile
nature of composite (Figure 3.9a). The absence of fiber anchorage and less pull out
strength of macro synthetic fiber as compared to steel fiber result in shear crack formation

in the joint. The formation of shear cracks encourages the beam’s longitudinal
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reinforcement slip instead of reinforcement yielding. However the specimens HYJ 9 and
HYJ 10 experience ductile failure with immeasurable fine inclined cracks in the joint

region as shown in Figures 3.9 (b) and (c). This implies the efficient synergetic action of

steel fiber with micro synthetic fiber in improving the tensile stress capacity.

! T PO T AWILLE

(a)HYJ 8 (b) HYJ 9 (c) HYJ 10
(Macro + Micro fiber) (Hooked end +Micro fiber) (Crimpled +Micro fiber)

Figure 3.9: Failure pattern of hybrid fiber reinforced concrete joint specimens

3.4.2 Damage Tolerance Capacity

Modified Park and Ang damage index (1987) is used to examine the damage level
that compares the relative performance beam-column joint specimens with different

configuration. Figure 3.10 shows the damage index versus ductility comparison.
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Figure 3.10: Damage index vs. ductility plot of beam-column joint specimens
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The damage index [DI] values vary from 0 to 1, whereas “0” indicates no damage
and “1” indicates complete damage. In this study it is assumed that 0 < DI < 0.20
represents elastic behavior or no damage in specimens, 0.20 < DI < 0.40 represents slight
damage, 0.40 < DI < 0.60 represents moderate damage and 0.60 < DI < 0.80 represents
severe damage and DI> 0.8 represents complete damage. The inherent crack resisting and
bridging characteristics of FRC specimens show superior damage tolerance capacity
without ductile detailing in the joint hinge regions as compared to conventional specimens.
But in case of specimen HYJ 7, the early diagonal cracks in the joint at early stage of
loading significantly affect the damage tolerance capacity and show lesser DI than HYJ 2.
Hybrid fiber reinforced concrete enhances the damage tolerance capacity as compared to
conventional specimens and shows comparable performance with fiber reinforced concrete
specimens even with lesser volume of fibers. This proves that the use of fibers in
conventional way or by hybridization in concrete effectively improves the damage

tolerance capacity without closely spaced stirrups.
3.4.3. Hpysteretic Behavior of Tested Specimens

Figure 3.11 shows the hysteresis behavior of conventional specimens HYJ 1 and
HYJ 2. In specimen HYJ 1, post peak load degradation starts after 40 mm deflection while
the same is observed after 50 mm deflection in specimen HYJ 2. The degradation is more
gradual in specimen HYJ 2 as compared to specimen HYJ 1 that can be evident from the

load deflection envelope curve as shown in Figure 3.12.
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Figure 3.11: Hysteresis curve of conventional joint specimens HYJ 1 and HYJ 2

The SFRC specimens (HYJ 3 to HYJ 6) having different volume of crimpled and
hooked end steel fiber without critical confinement show higher shear strength and post

yield strength (Figure 3.13) compared to conventional specimens. In FRC, fiber bridges the
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crack well and transfers the stress until the fiber gets pulled out. Thus it enhances the first

and second cycle load as large as 18% over conventional specimens. The volumetric

differences of fiber do not show much difference in the load enhancement as compared to

lesser volume specimens. It shows that irrespective of volume of fiber, the presence of

steel fiber in the cracked region and the pull out strength of fibers decide the performance.
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Figure 3.12: Load-deflection envelope curve of FRC and HyFRC joint specimens
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Figure 3.13: Hysteresis curve of beam-column joint specimens
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(e) HYJ 7- Macro synthetic fiber

In joint specimens the concentration of major cracks is noticed at the joint

connection region than joint shear zone. The presence of fibers and its anchorage property

enhance the shear strength of the joint region that can be clearly understood from the
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hysteresis loop of SFRC over MFRC. The poor anchorage and bonding behavior of MFRC
fails to restrict the crack formation and propagation thus it fails in transferring the stress
across the crack. The shear cracks in the joint region and concrete crushing in connection
region in specimen HYJ 7 show reduced area of loop but has comparable shear strength
enhancement similar to SFRC specimen. It shows that macro fiber has lesser influence on
restricting the crack growth but has considerable load resistance capacity as in case of steel
fibers. The hysteresis curve of specimens HYJ 8 to HYJ 10 shows different behaviors
(Figure 3.14). The peak load of all the three specimens differs irrespective of its
compressive strength as compared to FRC specimens. The mechanical properties of macro
synthetic fiber enabled hybrid specimen are comparatively lesser than other fiber
reinforced concretes. The observed peak load of specimen HYJ 8 is comparable with the
specimen HYJ 9. The measured load at first and second cycle in this hybrid concrete

specimen shows similar response of FRC specimens.
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Figure 3.14: Hysteresis curve of hybrid fiber reinforced concrete joint specimens
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3.4.4 Energy Dissipation and Damping

The Cumulative Energy Dissipation (CED) is calculated by summing the energy
after each subsequent cycle and is plotted against cyclic displacement as shown in Figures
3.15 and 3.16. The equivalent damping coefficient is also calculated on the basis of relative

energy dissipation and shown in Figures 3.15 and 3.16.
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Figure 3.15: Energy dissipation and damping response of FRC and HyFRC joint specimens
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Figure 3.16: Energy dissipation and damping response of FRC joint specimens

The hysteresis loop of specimens HYJ 3 and HYJ 4 shows the volumetric
difference in specimens in terms of enlarged loop area. This shows 30 to 45% increased
energy dissipation over specimen HYJ 1 and 10 to 25% increase in energy dissipation over
specimen HYJ 2. The equivalent damping coefficient of FRC specimens are nearly 25%.
In particular the energy dissipation of HYJ 3 and HYJ 5 is higher at early stage as
compared to specimens HYJ 4 and HYJ 6. It emphasises that, the presence of higher
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volume steel fiber in concrete plays pivotal role in resisting the applied load effectively at

early stage than energy dissipation.

Figure 3.16 shows slow and steady energy dissipation capacity of specimen HYJ 7.
The hysteretic curve of HYJ 7 shows the negative effect of early shear cracks on the
energy dissipation characteristics. At 60 mm deflection the specimen HYJ 7 dissipates one
third level of SFRC specimen’s energy dissipation level. But CED of HYJ 7 at 100 mm
deflection shows comparative performance with SFRC specimens. The fiber hybridization
in specimens HYJ 8 to HYJ 10 shows better energy dissipation over conventional
specimens and exhibits comparative energy dissipation capacity over SFRC specimens.
This authenticates that the fiber hybridization can improve energy dissipation and damping

without increasing the volume of fiber and critical detailing in the hinge region.
3.4.5 Strength and Stiffness Degradation

The post-elastic strength degradation over yield and post-elastic stiffness
degradation over yield stiffness are calculated to estimate the inelastic behavior of test
specimens. The inelastic performances of structural components are measured using the
rate of change in strength and stiffness degradation over the post elastic rotation. Low rate
of change in degradation shows ductile performance of structural component and vice-

versa. Figure 3.17 and 3.18 shows the measured degradation versus post-elastic rotation.
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Figure 3.17: Strength and stiffness degradation of FRC and HyFRC joint specimens

The degradation plot shows that the specimens with FRC and HyFRC illustrate
improved strength and stiffness retention response over conventional specimens. In SFRC

specimens the higher volume steel fiber in HYJ 4 and HYJ 6 shows lower rate of
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degradation as compared to specimens HYJ 3 and HYJ 5. However, the strength and
stiffness retention ability of specimen HYJ 7 signifies the influence of MFRC in improving
the inelastic behavior and stiffness retention capacity. Even though with shear cracks in the
joint region this MFRC restricts the sudden loss of stiffness in the early stage of loading
and improves the retention capacity in the post yield region. Figure 3.17 shows that the
hybrid fiber reinforced concrete joint specimens exhibit better strength and stiffness
retention. The HYJ 8 shows comparable stiffness degradation response with better post
elastic rotation over all other specimens. The steel fiber enabled HyFRC specimens HYJ 9
and HYJ 10 show slow rate of degradation over HYJ 8 but the ultimate post yield rotation

of these specimens is lesser because of reinforcement yielding at 0.06 rad.
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Figure 3.18: Strength and stiffness degradation of FRC joint specimens
3.4.6 Moment-Rotation Behavior

The moment-plastic rotation relationships of all the tested beam-column joint
specimens are compared with the specified values in ASCE/SEI 41-06 as shown in Figure
3.19. The maximum value of moment reaches as the rotation reaches 0.01 radian. The
range of post peak behavior is noticed between 0.01 and 0.06 radians where there is no
significant loss of moment capacity. The experimentally obtained plastic rotation capacity
of the beam-column joint specimens is higher than the specified values in ASCE/SEI 41-
06. The limit of linear elastic behavior of conventional joints is 0.015 and the range of post

peak behavior is 0.015 to 0.02 radians, as shown in Figure 3.19. It is evident that the FRC
and HyFRC in the joint significantly improve the M-¢ relationship against the

conventional specimens. The rate of moment degradation is deliberate as compared to the

moment degradation of control specimens. FRC specimens exhibit better moment
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resistance behavior over the defined range of ASCE 41-06. The higher ductility with better

post peak response of specimen with FRC and HyFRC without ductile detailing in the

hinge region shows increase in rotational capacity with lower rate of moment degradation.

It represents the sign of ductile behavior of joint which is really difficult to achieve by

conventional confinement.
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Figure 3.19: Moment-rotation behavior of FRC and HyFRC joint specimens
3.5. Findings

The objective of this experimental investigation is to examine the influence of

different fibers on the cyclic performance of exterior beam-column joint. The following are

the main observations of the study;

1.

There is a significant improvement in the axial stress-strain behavior of specimens
under compression with fibers as compared to conventional concrete specimens. The
SFRC specimens are able to sustain 66% more stress at four times of failure strain of
conventional specimens. The steel fibers are able to reverse the failure mechanism
from suddenly brittle to ductile with gradual post peak degradation. The effectiveness
of macro synthetic fiber is not significant as compared to SFRC under axial
compression as it fails to resist the applied load effectively.

There is a significant improvement in the flexural tension behavior of FRC beam
specimens. The observed post peak degradation after initial cracking depends upon
fiber volume and its physical property. There is a significant improvement in the peak
load capacity and ultimate deflection of the specimens. The load-deformation

performance and the energy dissipation of SFRC specimens are drastically improved
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with the increase in volume of steel fibers as compared to the hybrid concrete
specimens.

There is an effective enhancement in the post peak behavior of beam-column joint
specimens with fibers. The post peak deformation capacity of SFRC specimens
increases as compared to conventionally confined specimens without significant loss
in strength. The bond slippage failure of embedded longitudinal reinforcement in the
joint region is reduced due to the FRC in the joint core. There is also remarkable
improvement in the ductility of hybrid concrete specimen with steel fiber.

The joint specimens with steel fibers show lower rate of degradation in strength and
stiffness as compared to hybrid concrete specimens with large spacing of transverse
reinforcement in the plastic hinge region.

The energy dissipation capacities of SFRC specimen increase nearly 1.5 times as
compared to other conventionally confined specimens. It is also evident that the
average internal damping coefficient increases by 15 to 30% in specimens with SFRC.
The specified values of plastic rotation capacity for the linear elastic behavior and post
peak behavior of conventional and confined joints as per ASCE/SEI 41-06 are much
lower as compared to beam-column joint with FRC.

The SFRC specimen and hybrid concrete specimens have more damage tolerance
capacity. The observed damage index and mode of failure prove that the FRC can
resist peak load without severe damage in the joint region. It is clearly observed that
the SFRC specimen has undergone two level lower damage in comparison to

conventional specimens with and without confining detailing of reinforcement.
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Chapter 4

Inelastic = Behavior of RC  Structural
Components using High Performance Fiber
Reinforced Cementitious Composites

4.1 Introduction

In high performance fiber reinforced cementitious composites (HPFRCC), the
presence of higher volume of fibers, mineral admixtures and the absence of coarse
aggregate improve tensile strength and post elastic strain by strain hardening and softening
behavior. Different types of composites such as slurry infiltrated fiber reinforced concrete
(SIFCON); engineered cementitious composites (ECC) etc. are classified under this
HPFRCC category. The performance of these composites is different and depends on the
materials used. In SIFCON preparation steel fibers varying from >4-15% in volume have
been used whereas in ECC preparation synthetic fibers such as Poly-Vinyl Alcohol (PVA)
fiber and Poly- Ethylene (PE) fiber varying from 2-3% are preferred. In both the
composites the addition of fine mineral admixtures and chemical admixtures are desired to
fill the pores and to improve the strength without increasing the water content. The
SIFCON composites have superior compression, tension and shear strength that dissipates
higher energy in inelastic range. Many experimental studies have been conducted to
explore the effect of different HPFRCC on structural members under large deformation.
The test results indicate that HPFRCC have higher energy dissipation that enables to retard
the degradation in strength and stiffness of structural member even without the special

confining reinforcement.

In this study, behavior of RC beams and exterior beam-column joints with different
types of HPFRCC i.e. Engineered Cementitious Composites (ECC) and Hybrid
Cementitious Composites (HCC) is examined under cyclic loading. These composites are
prepared by using Polypropylene fiber and steel fibers such as hooked end, crimpled and
brass coated steel fiber varying from 2-3% percentage in volume. The load-deflection
envelope behavior, hysteresis pattern, stiffness degradation, damage tolerance and energy

dissipation are obtained and compared with conventional specimens.
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4.2 Early Studies

Victor et al. (1993, 1994 and 1998) conducted many experimental and theoretical
studies on ECC and its application in structural components. The ECC strain hardening
behavior increased the ductile behavior of this composite over conventional fiber
reinforced concrete. Maalej et al. (1995) proposed a new design for reinforced concrete
flexural members to improve durability using strain-hardening cementitious composite and
observed limited crack widths under service load conditions which were never before
achieved using conventional steel reinforcement and concrete. Hiroshi et al. (2000) used
ECC for seismic structural application and found better damage tolerance and ductility.
The ECC increased the tension strain capacity by 1.5%. Malej et al. (2005) stated that
while using ECC in RC beams the de-bonding was delayed and deflection behavior was
improved. Maalej et al. (2005) studied the characteristics of ECCs subjected to dynamic
tensile loading and high-velocity projectile impact and reported that ECC provided much
higher enhancement in tensile strength enabling to maintain pronounced tensile strain-
hardening behavior with tight crack width of about 0.1 mm. The results from high-velocity
(300-750 m/s) impact tests demonstrated the potential of ECC in shatter resistance with
reduction in damage arising from scabbing, spalling, and energy absorption associated with
distributed micro cracking. Maalej et al. (2010) conducted an experimental study on
improvement of out-of-plane resistance behavior of unreinforced masonry (URM) walls
using ECC with hybrid fibers subjected to point load, uniformly-distributed load and low-
velocity projectile impact. The results showed that ECC strengthening systems were
effective in increasing the ultimate load-carrying capacity of URM walls, improving their
ductility, enhancing their resistance against multiple low-velocity impacts and preventing
sudden and therefore catastrophic failure. Maalej et al. (2012) conducted a review on
potential application of hybrid ECC on various structural applications and suggested that
the hybrid fiber ECC can significantly enhance the performance of structures incorporating
these materials. Sameer et al. (2010) investigated the deflection behavior of concrete
beams reinforced with PVA micro fibers and observed that the presence of micro-fibers in
the composites delayed the development of micro cracks and enhanced the strength and
crack resistance behavior. Giovanni et al. (2010) examined the application of HPFRC in
strengthening of RC beams and observed enhanced strength and stiffness. Sun et al. (2011)
experimentally investigated the application of strain-hardening cement-based composite in
flexure dominant RC beam repairing work and observed dense minor cracks without

concrete spalling and enhanced moment with delayed reinforcement yielding.
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Raymond et al. (2008) studied the behavior of HPFRCC for RC coupling beams in
earthquake-resistant structural wall systems and showed that the HPFRCC can be used in
structural element due to susceptibility to seismic events and its energy dissipating
capacity. Gregor et al. (2002) and Gregor et al. (2003) examined the effect of ECC on
column members under cyclic loading and observed relatively stable inelastic deformation
and large deflection response. Gregor et al. (2003) evaluated intrinsic response of moment
resisting frame using advanced composite materials and introduced intended deformation
mechanism theoretically. Hiroshi et al. (2000) investigated seismic response of ECC using
reinforced concrete beam and observed better crack resisting mechanism and ductile
behavior. Shannag et al. (2002) retrofitted interior beam-column joints with HPFRCC
jackets (Vy = 2%) and observed high load carrying capacity, displacement ductility with
slower stiffness degradation. Afsin et al. (2004) investigated the effect of HPFRCC using
polyethylene and twisted steel fiber in precast coupling beams under cyclic loading
observing higher shear strength and stiffness retention without additional transverse
reinforcement. Shannag et al. (2005) experimentally studied the cyclic response of interior
beam-column joints with HPFRCC using hooked end steel fiber and brass coated steel
fiber. A better ductile and damage tolerance behavior was observed over conventional
specimens. Patodi et al. (2008) studied mechanical properties of steel fiber reinforced ECC
with RECRON 3s fiber reinforced ECC and confirmed that the RECORN 3s fiber
reinforced ECC enhanced behavior under tension and impact over steel fiber reinforced
ECC. The post - yield behavior of ECC using Recron fiber in moment resisting frame was
studied and enhanced ductile performance over steel fiber reinforced ECC was observed.
Fang et al. (2013) studied the behavior of exterior beam-column joints without stirrups
using ECC in the joint zone under reverse cyclic loading and observed higher shear

strength and damping property.
4.3 Behaviour of HPFRCC under Compression and Flexure

Mechanical properties of different concrete composites were examined under

compression, split tension and bending using standard cylindrical and prism specimens.
4.3.1 Compression and Split Tension Behavior of HPFRCC

The axial stress-strain behavior and split tensile behavior of different composites
were studied on cylindrical specimen with a standard size of 100 x 200 mm. Engineered

Cementitious Composites (ECC) and Hybrid Cementitious Composites (HCC) using
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different metallic fibers and synthetic fibers were used in the preparation of composites as
presented in Table 4.1. A total of seven composites were prepared and the results were
compared with conventional concrete specimens. The cylindrical specimens were tested
under uni-axial compression. LVDT was used with a gauge length of 100 mm to measure
the axial strain. In preparation of HCC, hooked end, crimpled steel fiber and brass coated

steel fiber were used with polypropylene fiber in the desired mix ratio.

The detailed configuration of all composites is summarized in Table 4.2.The
nomenclature of HCC is modified on the basis of type of fibres used in hybridization such
as Hooked End Steel Fiber named as (HECC). Similarly, Crimpled and Brass Coated Steel
Fiber in ECC composites are named as CECC and BECC respectively with Recron 3s
poly-propylene fiber as shown in Figure 4.1. The hooked end and crimpled steel fiber of
size 35mm length and 0.60 mm diameter (aspect ratio = 60) with nominal tensile strength
of 1100MPa is used. Conventional concrete specimens are prepared using Ordinary
Portland Cement (OPC) as cementitious material, coarse aggregate with maximum size of
20 mm and locally available river sand as fine aggregate. The water - cement ratio is kept

at 0.45 in accordance with super-plasticizer to provide better workability.

The axial stress-strain curve of all HPFRCC specimens under compression is
shown in Figure 4.2 and the test results are summarised in Table 4.3. The average
compressive strength of conventional concrete CC1 is 27 MPa with sudden degradation in
post yield capacity after attaining the peak stress which shows the brittle nature of plain
concrete. All HPFRCC specimens possess better post peak strain behavior with low
stiffness over conventional concrete because of presence of high volume synthetic fiber. In
specimen CC2 (ECC), observed compressive strength is 25 MPa with ultimate strain of
0.02 which is nearly 1.5 times higher strain than conventional concrete. The compressive
strength of HECC composites i.e. CC3 and CC 4 is also considerably low but initial
stiffness is higher due to effective crack bridging property of metallic fiber over synthetic

fiber in specimen CC2.

There is a significant improvement in compressive strength as well as post yield
behaviour of BECC composite specimens (CC5 and CC6). The stress-strain behaviour of
lesser volume brass coated steel fiber specimen CCS5, exhibits a better response as
compared to higher volume specimen CC6 of the same type of fiber. The compressive
behavior of CECC composite specimens CC7 and CCS8 is further improved due to the

additional anchorage of crimpled fiber over other fibers.
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Table 4.1: Cementitious materials mix proportions conventional concrete and HPFRCC

. - Water
Specimen Coarse Silica Fly . Super .
. Cement Sand binder . . Fibers
details aggregate fume ash . Plasticizer
ratio
Conventional
1.45 2.25 - - 0.45 0.5 -
Concrete
Refer
HPFRCC 1 0.5 - 0.1 0.2 0.45
Table 4.2

(a) Polypropylene  (b) Hooked end  (c) Brass coated (d) Crimpled (e) Steel wool
fiber steel fiber steel fiber steel fiber

Figure 4.1: Materials used in the study

Table 4.2: Mix ratio of different fibers in HPFRCC preparation

Volume of fiber

Specimen Description Poly-  Hooked end Brass coated Crimpled
ID propylene steel fiber  steel fiber  steel fiber
%
CC-1 Conventional - - - -
cC -2 ECC 3 x x x
CC-3 HECC -1 1 2 X X
CC -4 HECC -2 1.5 1.5 X X
CC-5 BECC -1 1 X 2 X
CC-6 BECC -2 1.5 X 1.5 X
CC-7 CECC -1 1 x X 2
CC-8 CECC -2 1.5 x X 1.5

In HPFRCC specimens, a volumetric enlargement is observed and the failure
pattern is in the form of multiple cracks without spalling and crushing of concrete as
shown in Figure 4.3. The HECC composite holds the cracked portion together and
increases the post peak strain property while BECC composites impede the crack growth
and the specimen shows higher volumetric enlargement. The additional anchorage of
crimpled steel fiber in CECC composite increases the strength and also restricts the

volumetric enlargement.
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Figure 4.2: Stress-strain behavior of compression specimens

Table 4.3: Compression and flexural test results

Compressive  Split tensile  Flexural Flexural

Specimen ID strength strength strength energy

(MPa) (MPa) (MPa) (N/mm)
CC1 27.5 3.4 4.0 0.22
CC2 25.5 4.5 5.7 28.3
CC3 22.0 4.2 4.9 26.4
CC4 20.0 3.8 6.0 41.4
CC5s 36.4 4.7 7.0 24.0
CC6 31.0 3.9 5.9 19.6
CC7 35.0 5.6 6.7 39.0
CC 8 344 5.6 7.4 47.2

(a) HECC (b) BECC (c) CECC (d) Conventional

Figure 4.3: Failure patterns of different composites
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The ratio of split tensile strength to compressive strength ratio differs with respect
to composites. The split tensile strength of conventional concrete specimen CCl1 is
approximately 12.5 % while of ECC composite specimen CC2 is 17% of the respective
compressive strength. The addition of steel fiber with synthetic fiber composites shows
different tensile behavior with respect to their anchorage. The tensile strength of HECC
and CECC composite ranges from 19-20% of its compressive strength, but the inadequate

anchorage and lesser length of BECC have only 12% of its compressive strength.

4.3.2 Flexural Behavior of Composite Specimens under Two Point

Loading

The flexural tensile behavior of different ECC composites is evaluated using prism
of size 100100500 mm under two static point loading with centrally located LVDT to
measure the corresponding deflection. The flexural tensile strength vs. deflection of
HPFRCC composite is plotted in Figure 4.4 and the test results are summarised in Table
4.3. The flexural strength of conventional concrete is 4.0 MPa which is 14.5% of its

compressive strength. The average flexural strength to compressive strength ratio ( £, /c,)

of HPFRCC composite specimens is about 20% with an improved and stable post yield
deformation. The type of fibers, volume and anchorage of fibers play vital role in post peak
behavior of HPFRCC composite specimen. Hybrid composite CECC possesses higher
flexural strength due to the synergetic effect of crimpled fiber anchorage with synthetic
fiber. The crimpled fiber anchorage effectively transfers the stress across the cracks and
allows the specimen to deform gradually which can be observed from the post peak
deflection curve of CC7 and CC8 in Figure 4.4. The flexural strength of CECC composite
is nearly 1.8 times greater than conventional concrete. The post yield degradation of BECC
composite specimen has a considerably higher rate than other hybrid composites due to its
anchorage deficiency in bridging the cracks. The flexural energy of HPFRCC specimens is
also calculated on the basis of area under the load-deflection curves. Figure 4.5 shows the
comparison of flexural energy absorption of all HPFRCC composite specimens. The
energy absorption capacity of HPFRCC composite is significantly higher than
conventional concrete. The optimum amount of steel fiber along with synthetic fiber in
cementitious composites may effectively improve the post-yield deformation with

enhanced energy absorption capacity.

85



- - -CC 1 e -
- -cCc2 o
= ~ 404 —--cC3 e 2
s E ---CC4 o s
E, > ---CC5 o
> S 3pd e CcCé6 o P
7’ -
8 B —cC7 i S
g g tioicecs: e e msal
= E 4 e - e o e
= - 204 UAE et
é g & ,-/ el e o ki
Py A0 P S
-2 a .’. J/'(’:.-' 'J"‘K
B = A //"-"
E 104 j!
L/
0 T T T T T 0 —7—
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Deflection (mm) Defection (mm)
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44 Flexure behaviour of RC beam specimens with HPFRCC under
Static loading

Eight types of RC beam specimens composed of different HPFRCC composites at
the mid region with total length of 1.2m were tested under monotonic loading. Cross
sectional detail of beam specimen remains the same in all the specimens but with different
composites in the mid span region. Fe 500 grade steel was used as longitudinal
reinforcement and Fe250 grade steel reinforcement was used for stirrups. The specimens
were tested under single point static loading, shown in Figure 4.6, under load controlled in
flexural testing machine with a test speed of 50N/s with a clear span length of beam
specimens 1050 mm. The applied load was measured using inbuilt data acquisition and

corresponding deflection was acquired using LVDT in three different locations.
The details of HPFRCC composite are given in Table 4.4.

Table 4.4: Detailed configuration of R.C beam specimen with different HPFRCC

D Transverse Composite in  Cross section and
reinforcement hinge region reinforcement details

SB 0 Conventional

SB 1 ECC

SB 2 HECC1 ——

SB 3 HECC2 ™ 2480
@6mm @150mm C/C 2

SB 4 BECCI1 — P

SB 5 BECC2 £

SB 6 CECC1

SB 7 CECC2
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All dimensions are in "mm"

Figure 4.6: Detailed configuration of R.C beam specimen with test set up
4.4.1 Moment-Curvature Behavior of RC Beams

The moment-curvature response of beam specimens is shown in Figure 4.7 and the
test results are summarized in Table 4.5. An early crack is formed at tension zone due to
the brittle nature of plain concrete in conventional specimen SB 0. The propagation of
inclined cracks across the cross section restricts the post yield behavior. The inelastic
response of beam specimen with different HPFRCC is significantly improved and stable as
compared to conventional specimen. The yield moment of HPFRCC specimens is
comparatively higher than the conventional specimen. The composites in the hinge region
resist the applied load and reduce the rate of crack propagation by bridging the cracks. The
HPFRCC specimens experience ductile behavior even though with inclined cracks. The
compressive strength of ECC is lesser than the conventional concrete but the specimen SB
1 shows 13% higher yield moment over conventional beam specimen. The first noticed
crack moment (fcm) of specimen SB 1 and SB 0 is 13 kN-m and 10 kN-m respectively
while in HECC composite specimens SB 2 and SB 3 it is 17 kN-m and 16 kN-m
respectively. The absence of coarse aggregate, high volume fiber and blended dispersion
restricts the crack formation, hinders its growth and allows the tension reinforcement to
yield without significant loss in strength. Thus the HPFRCC beam specimens manifest

enhanced ductile response over the conventional specimen.

The beam specimens (SB 4 and SB 5) with BECC encounter a sudden loss in
moment after attaining the peak load. The uniform mixing of brass coated steel fiber
increases the composite compressive strength but the lesser length and poor anchorage has
lesser resistance in hindering the crack growth. However, higher volume of synthetic fiber
in SB 5 shows improved post yield response over SB 4 but has lesser yield stiffness. The
anchorage of crimpled fiber in the composite results is 1.7 times increased in fcm of
specimens SB 6 and SB 7 over conventional specimen. In all the hybrid composite beams
the first type (SB2, SB4 and SB6) composites have higher strength and stiffness as

compared to second type of beam specimens (SB 3, SB5 and SB7). However, the second
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type composites have better ductile behavior than first type composites. This is possible
because of the volumetric difference of metallic fiber and synthetic fiber. The higher
volume of metallic fiber increases the crack resistance and stiffness and higher volume of

synthetic fiber increases ductility.
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Figure 4.7: Moment-curvature relationship of R.C beams

Table 4.5: Test results of R.C beams with different composites

1D First crack Yield Maximum (kN-mm) ductility
SB 0 09.97 18.0 18.9 1051 5.4
SB 1 13.12 20.0 20.6 1950 11.1
SB 2 16.80 24.0 24.1 1868 6.3
SB 3 15.75 21.7 22.0 2041 8.4
SB 4 17.32 26.0 26.2 1553 5.4
SB 5 15.75 24.7 25.0 1830 6.4
SB 6 17.32 25.5 25.5 1449 6.3
SB 7 16.80 232 24.0 1765 10.2

4.4.2 Stiffness and Strength Degradation

The strength and stiffness degradation plot of beam specimens is shown in Figure
4.8. The HPFRCC enables beam specimens to exhibit steady and low rate of degradation in
strength and stiffness. There is no sudden degradation in strength between the post yield
rotation of 0.02 radian to 0.08 radian except in beam specimen SB 4. The conventional
specimen has 90% degradation at 0.06 radian but the same is observed at 0.08 radian to

0.09 radian with HPFRCC specimens. This steady rate of degradation manifests the ductile
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performance of the beam specimens. The stiffness degradation of all composite specimens

shows similar kind of response, irrespective of fiber volume.
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Figure 4.8: Stiffness and strength degradation response of R.C specimens

4.4.3 Energy Absorption and Ductility

The curvature ductility and energy absorption are calculated to examine the
significance of composite on the ductility enhancement. Ductile behavior of a structural
member is governed on the basis of post yield response and the amount of energy
absorbed. The curvature ductility of beam specimens is calculated after the idealization of
moment-curvature curves as shown in Figure 4.9. The energy absorption is calculated on
the basis of area enclosed by the load-deflection curve. The measured curvature ductility
and energy absorption of beam specimens are summarized in Table 4.5.
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Figure 4.9: Comparison of curvature ductility
A 40% to 85% increase in ductility is observed on an average in fiber reinforced
composite specimens as compared to conventional specimen. The composites with higher
volume of synthetic fiber have higher ductility over composite with lesser volume of

synthetic fiber. The conventional specimen has low ductile performance as compared to
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specimens with HPFRCC as shown in Figure 4.9. The energy absorption in HPFRCC
specimens is more stable and consistent without sudden drop of load, Figure 4.10. The type
of fiber and its proportion governs the ultimate deflection and cumulative energy
absorption. The composite beam specimens are able to show higher energy absorption as

the post yield deflection increases.

2.5
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Cumulative energy absorption
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Figure 4.10: Energy dissipation of specimens

4.4.4 Failure Pattern and Damage Index

Crack patterns of tested beam specimens at failure are shown in Figure 4.11. The
first crack load of conventional beam specimen is 20kN after initiating the vertical cracks
in mid span. As the load increases, the cracks become inclined and wide as shown in
Figure 4.11a. The failure mechanism of conventional beam specimen is flexural-shear
while the HPFRCC composite enabled beam specimens exhibit flexural failure. In
specimen SB 1 very dense flexural cracks are noticed in the composite region. In other
hybrid composite enabled specimens, initially few vertical cracks are formed. This shows
that the metallic fiber in the composites effectively bridges the cracks and restricts their
growth and allowing the primary crack to propagate at a very slow rate towards loading
direction. Figure 4.12 clearly demonstrates the crack bridging mechanism of different
composites. Figure 4.12a shows the absence of effective crack bridging mechanism and
gradual opening of cracks in synthetic fiber based composites (SB 1). Figure 4.12b shows
the effectiveness of steel fiber with proper anchorage restricting the crack propagation in
different stages. The lesser length of brass coated steel fiber without anchorage (SB 6) fails
in restricting the cracks growth as shown in Figure 4.12c. In HPFRCC specimens, inclined
shear cracks are also noticed but the growth of primary vertical cracks leads the specimen

to fail in flexure.
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SB 0- Conventional concrete

SB 1-Engineered cementitious composites (ECC)

\ 9

SB 6-Crimpled + synthetic fiber (CECC-1)

SB 7- Crimpled + synthetic fiber (CECC-2)

Figure 4.11: Failure pattern R.C beam specimens under bending
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(a) ECC (b) HECC (c) BECC

Figure 4.12: Cracking pattern of different composite

Modified flexural damage ratio (MFDR) (Roufaiel et al. 1987) is also used to
quantify the damage tolerance capacity of the beam specimens with and without HPFRCC.

MFDR is the ratio of secant stiffness at the onset of failure (M,/¢) to initial elastic

stiffness(M/¢). The MFDR values vary from 0 to 1, whereas “0” indicates no damage and

“1” indicates the onset of failure of the member. The calculated MFDR of each specimen is

plotted versus ductility as shown in Figure 4.13.
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Figure 4.13: Modified flexural damage ratio vs. ductility comparison

The conventional specimen undergoes complete collapse state at the ductility level
of 5 whereas HPFRCC beam specimens fail at much higher ductility levels. The measured
ductility at collapse stage in HPFRCC beam specimen is nearly two times higher than
conventional concrete beam specimen. A higher volume synthetic fiber based composite

shows high damage tolerance capacity over the lesser volume synthetic fiber.
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4.5 Cyclic Behavior of Beam-column Joint with HPFRCC

This experimental study investigates the influence of different HPFRCC in the
potential hinge region of exterior beam-column joints to enhance its post elastic behavior.
A quantitative assessment was carried out using different HPFRCC on the inelastic
behavior of RC beam-column joints with nine exterior beam-column joint specimens tested
under cyclic loading in quasi-static test facility to evaluate the hysteresis behavior of
different HPFRCC under cyclic loading. In the HPFRCC joint specimen composites were

used only in the joint hinge region and in the remaining places conventional concrete was

used.
Table 4.6: Detail of exterior beam-column joint specimen with HPFRCC
Transverse Concrete Beam Column
1D
Reinforcement in Joint Reinforcement Reinforcement

HYCJ 1 @6mm @100mm C/C Conventional 1

@6mm @100mm C/C &
HYCJ2 50mm C/C in the hinge Conventional 2
region . .

Specimens are Specimens are

HYCJ 3 ECC reinforced with 3 #  reinforced with

HYCJ 4 BECC-1 of 10mm @ attop 4 nos. of 12mm

0]
HYCJ 5 BECC-2 and bottom
@6mm @100mm C/C (Fe 500 grade (Fe 500 grade
HYCJ 6 CECC-1
(Fe 250 grade steel) steel) steel)

HYCJ 7 CECC-2

HYCJ 8 HECC-1

HYCJ9 HECC-2

Among the nine joint specimens two specimens were conventional specimens with
different transverse reinforcement detailing. The first conventional specimen (HYCJ 1)
was prepared with IS: 456-2000 (unconfined) detailing whereas the second conventional
specimen (HYCJ 2) was configured with IS: 13920-1993 (confined) detailing. This was
designed to quantify the influence of HPFRCC on the cyclic behavior of joint without
ductile detailing. The same reinforcing details were used in preparation of specimens with
different HPFRCC as in case of conventional-1 (unconfined) specimen. In HPFRCC beam-

column joints different types of HPFRCC are used only in the joint and in hinge region and
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in remaining places conventional concrete is used. The reinforcing details of two
conventional specimens with different transverse reinforcement ratio are shown in Figure
4.14. The same reinforcing details as provided in conventional-1 specimen are used in
preparation of specimens with different HPFRCC. Figure 4.15 shows the beam-column
joint test setup and cyclic loading history. The amplitude of loading increases gradually
from 10mm to occurrence of failure with an interval of 10mm under displacement control.
The complete details of beam-column joint specimens with different types of concrete

composites are given in Table 4.6.
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1000 ~150—
All dimensions are in "'mm"

(a) HYCJ 1-IS 456:2000 detailing (b) HYCJ 2-IS 13920:1993 detailing
(Conventional-1) (Conventional-2)

Figure 4.14: Typical reinforcement details of joint specimen

Loading history
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Displacement (mm)

1000 mm
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4 \

1000 mm

Figure 4.15: Beam-column joint test setup and loading history
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4.5.1 Hysteresis Behavior

The hysteresis behavior of tested beam-column joint specimens is shown in Figure
4.16. The hysteresis behavior of conventional specimen (HYJ 1) shows meagre post yield
performance over specimen HYJ 2. The post peak degradation of specimen HYJ 2 starts
after 5S0mm whereas in HYJ 1 it is after 40mm. The rate of post peak degradation is also
high in specimen HYJ 1 over the confined conventional specimen (HYJ 2). It demonstrates
the influence of stirrups in the hinge region on the post elastic behavior of structural

components.

The response of HPFRCC in joint without ductile detailing is remarkable in terms
of strength and ductility. The higher tensile strength and tensile strain of ECC improve the
resistance to early crack formation in specimen HYCJ 3 and show tremendous difference
in the hysteresis behavior as compared to conventional. It (HYCJ 3) shows better and
improved inelastic performance and very slow rate of post peak load degradation. Figure
4.16e shows enlarged loop and increased strength of joint specimen HYCJ 4 and HYCJ 5
constructed with BECC. The effect of BECC composite on strength enhancement is
significant because of its perfect blending with synthetic fiber. Moreover, the higher
volume of brass coated steel fiber has less impact on the workability as compared to
crimpled and hooked end steel fiber. The BECC 1 shows 40% and 25% enhanced shear

strength over conventional specimens HYCJ 1 and HYCJ 2 respectively.

The presence of brass coated steel fiber improves the composite compressive
strength. It shows higher shear strength over ECC and other specimens. Also the enlarged
loop of HYCJ 4 and 5 proves that the fiber hybridization has positive influence over ECC
composites. Among the specimens HYCJ 4 and 5 the composite with higher steel fiber
(HYCJ 4) shows wider loop over lesser steel fiber enabled composite. This observed
difference in the loop area due to the volumetric difference demonstrates the role of fiber
dosage in hybridization. In HPFRCC joints, the specimen with higher percentage of steel
fiber shows higher strength and energy dissipation than the composite with lesser volume
steel fiber. An average increase in strength of 40% and 25% is observed with HPFRCC
joint specimens over conventional specimens HYCJ 1 and HYCJ 2 respectively.
Irrespective of compressive strength, HPFRCC specimens exhibit better strength and
ductility. In specimen with CECC composite, the hysteresis loop shows wider loops and
higher strength over conventional specimens and ECC (HYCJ 3) specimen. The area

difference in loop is observed with specimen HYCJ 7.
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Figure 4.16: Hysteresis curves of beam-column joint specimens with HPFRCC

The compressive strength of HECC 1 is lesser but shows comparable cyclic
response. It shows that the tensile behavior due to the presence of fiber plays very
important role in improving the post-yield performance. The hysteretic curve of HECC
specimens looks different than the others and shows reduced loop area over other
composites. Also irrespective of its low compressive strength the synergetic effect of
hooked end steel fiber and synthetic fiber show better shear strength and post yield
response over conventional specimens. This response authenticates that the tensile
behavior of this composites has significant influence than compressive. The HPFRCC
improves the reinforcement bond strength as is evident from the failure of joint specimens.
The composite increases the bond strength and the crack bridging characteristics of fibers

help in improving the tensile strength and can resist the tensile force from the flexural

member.
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4.5.2 Load-Deformation Envelope Curves

The load and deformation characteristics of each specimen with and without
HPFRCC are estimated from envelops of the hysteresis curves as shown in Figure 4.17.
The envelop curve explains the enhanced ductile behavior of HPFRCC over conventional
specimens. It can be understood that the yield strength and ultimate deflection of
HPFRCC specimens are considerably higher over conventional specimens. The post peak
curve response is steady and rate of reduction in post yield strength authenticates the

strength retention capacity of composite over conventional concrete.
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Figure 4.17: Load—displacement envelopes over ductility

4.5.3 Stiffness and Strength Degradation

The stiffness behavior of joint specimens shows the influence of HPFRCC on the
post yield stiffness retention capacity. Figure 4.18 shows that the conventional specimens
HYCJ 1 and HYCJ 2 almost lose 60% stiffness at 0.01 radians whereas HPFRCC
specimens at 0.02 radians. In HPFRCC specimens 80% degradation is observed at 0.05
radians whereas the same is noticeable at 0.03 radians in conventional specimens. As
evident from the Figure 4.18, ECC joint specimen HYCJ 3 has better stiffness retention
over other composites. According to the nature of fiber and the composite strength other
composites such as HECC, BECC and CECC show different stiffness and strength
degradation behavior over ECC. In hybrid composites CECC plays better role in post yield
stiffness retention. The additional anchorage of crimpled fiber effectively works in resisting
the sudden loss in strength and stiffness. The degradation curve of CECC 2 (HYCJ 7) and
HECC 2 (HYCJ 9) demonstrates that the composition with lesser steel fiber volume has
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better post peak strength and stiffness retention over composite with higher volume of steel
fibers. The stiffness response of BECC is commendable as compared to conventional
specimens but not upto the level of other hybrid composites. It shows the deficiency of

fiber anchorage and its ineffectiveness in bridging the cracks.
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Figure 4.18: Stiffness and strength degradation for type 2 joints.

4.5.4 Energy Dissipation and Damping

Figure 4.19 shows the comparison of cumulative energy dissipation of joint
specimens. The energy dissipation of HPFRCC specimen shows a minimum of 50-100%
increased energy dissipation over conventional specimens HYCJ 1 and HYCJ 2
respectively. The enlarged loop of BECC shows 15 kN-m energy at 60mm deflection and

it is considerably higher than other composites at the same deflection. Except HECC, other
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two hybrid composites BECC and CECC show improved energy dissipation over ECC
composite enabled specimens. The dissipated energy of ECC specimen at 60mm deflection
i1s 12.5kN-m and at 70mm deflection the energy level is 16kN-m. But at 70mm deflection,
BECC and HECC show 20kN-m and 15kN-m. The performance of ECC lies between these
two composites. The smaller loop of HECC results in lesser energy dissipation over other

composites but the observed energy dissipation is 100% higher than HYCJ 1.
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Figure 4.19: Energy dissipation plot over displacement of tested specimens
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Figure 4.20: Equivalent damping coefficients over ductility

The equivalent damping coefficient based on the relative energy dissipation (RED)
obtained from the hysteresis behavior of beam-column joint specimens is also calculated

using the following equation 4.2 and the comparison is presented in Figure 4.20.

1 { area of loop } 42

Eeq =

2r | area of triangle

99



It is evident that the average equivalent damping coefficient with conventional
confinement of joint specimen is in the range of 14 to 16% and 15-25% in HPFRCC joint
specimen. The increase in damping coefficient reflects the effectiveness of HPFRCC on

ductility and load-deformation capability of the specimens.

4.5.5 Moment-Rotation Behavior

Figure 4.21 shows the moment - rotation (M-0) relationships of beam-column joint
specimens. It shows that the hybrid composites with lesser volume steel fiber and higher
volume of synthetic fiber possess better post peak moment retention than the composite
with higher volume of steel fiber. This is possible because of the high volume synthetic
fiber blending and its effective stress transferring ability across cracks. The post peak
moment degradation of conventional specimens starts after 0.04 radians but the HPFRCC
shows no evidence of such post peak degradation upto 0.07-0.08 radians. This behavior

authenticates the influence of HPFRCC on the post peak response of structural elements.
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Figure 4.21: Moment-rotation behavior of test specimens
4.5.6 Crack Patten and Failure Analysis

Crack pattern of tested beam-column joint specimens at failure level under cyclic
testing is shown in Figure 4.22. It is observed that the specimens with or without HPFRCC
have different deformation characteristics, crack pattern and failure mechanism. In tested
specimens initial flexural cracks are observed followed by joint connection crack. Two

distinguished failure patterns are observed in conventional specimens.
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(g) HYCJ 7 (h) HYCJ 8 (i) HYCJ 9

Figure 4.22: Crack pattern of HPFRCC joint specimens

The inadequate confinement in the hinge region of specimen HYCJ 1 experiences
concrete cover spalling in the beam hinge region which is followed by reinforcement
buckling at joint faces. Diagonal cracks are noticed in both the controlled specimens after
20mm deflection. In HYCJ 2 the seismic detailing restricts the rebar buckling at joint faces

and crushing of concrete in the connection region is noticed as shown in Figure 4.22. In
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addition to diagonal cracks vertical cracks along beam longitudinal reinforcement are also
noticed. The cracking pattern of HPFRCC specimens is different from the conventional.
The ECC composite in the joint region allows flexural crack formation along the beam
span in the hinge region and as the deflection increases few diagonal cracks are also
noticed in the joint. These cracks are immeasurable and hairline cracks develop as shown
in Figure 4.22c¢. The cracks start at the joint after 40 mm deflection and finally fail. In other
hybrid composite specimens, the concentration of failure is noticed at the joint connection
region. There is no evidence of dense flexural cracks in the hinge region of the joint where
the joint has HPFRCC. The flexural cracks in the beams are also observed above the
composite region. There is no crack at the contact surface of composite and concrete,
which proves the perfect bonding of two different concretes. The crack widening at joint
connection in BECC specimens is considerably faster than other hybrid composite

specimens due to its poor anchorage behavior.
4.5.7 Damage Index

Park and Ang, (1987) damage index is used for the comparison of relative
performance of beam-column joint specimens with and without HPFRCC joint as shown in

Figure 4.23.
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Figure 4.23: Damage index over ductility of all test specimens

The damage tolerance of HPFRCC is considerably higher even without seismic
detailing in the joint region. Figure 4.23 shows that the conventional specimen HYCJ 1
reaches the collapsed stage before ductility 4. The HPFRCC specimens reach the collapse
stage at ductility 4.5 to 7 with respect to the individual composites. The ECC, BECC and
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HECC show high level damage tolerance than CECC composites. The HECC possesses

better damage tolerance over other composites.

4.6 Cyclic Behavior of Shear Deficient Exterior Beam-column Joint

with HPFRCC

This experimental program investigates the effect of different HPFRCC in the
potential hinge region of shear deficient exterior beam-column joints to enhance its post
elastic behavior. Six exterior beam-column joint specimens with different fiber reinforced
cementitious (FRC) composites; steel fiber reinforced concrete (SFRC) and conventional
concrete are tested under cyclic loading. The detailed mix ratios of concrete and fiber

reinforced concrete with composites are presented in Table 4.7 and Table 4.8.

Table 4.7: Concrete mix proportions for SFRC and HPFRCC

. - Water
Specn.nen Cement Sand Coarse Silica Steel Fly binder SuPe:r Fibers
details aggregate fume wool ash ratio Plasticizer
Conventional 1.45 2.25 i - - 045 0.5 .
Concrete
SFRC 1 1.35 2.15 - - - 0.45 0.5 Refer
HPFRCC Table
(Beam) 1 0.5 - 0.1 - 02 045 1 o2
Table 4.8: Compressive and split tensile strength of HPFRCC I composites
Volume of fiber Cylinder Split
Specimen L. Compressive tensile
ID Description  ppx  HSF* BSF*  Strength strength
% MPa MPa
SC -1 Conventional - - - 27 3.8
SC -2 SFRC - 2 - 36 4.8
SC -3 ECC 3 - - 26 4.5
SC -4 HECC 1.5 2 - 39 6.5
SC -5 BECC 1.5 - 2 33 4.5

*Note: PP- Polypropylene; HSF- Hooked end steel fiber;, BSF-Brass coated steel fiber; HECC- HSF
reinforced engineered cementitious composites; BECC- BSF reinforced engineered cementitious composites

The HPFRCC is used only in the joint hinge region and in the remaining portion
cast with conventional concrete. The complete details of beam-column joint specimens
with different types of concrete composites are given in Table 4.9. The reinforcing details
of two conventional specimens with different transverse reinforcement ratios are shown in

Figure 4.24. Fe 500 grade steel is used as longitudinal reinforcement and Fe250 grade steel
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reinforcement is used for stirrups._The joint specimens are tested under cyclic loading with

amplitude of loading that increases gradually from 5mm to occurrence of failure with an

interval of 5Smm under displacement control.

Table 4.9: Configuration of beam-column joints with HPFRCC

Transverse Concrete Beam Column
ID
Reinforcement in Joint Reinforcement Reinforcement
SJ1 @6omm @100mm C/C Conventional 1
@6mm @100mm C/C &
SJ2 50mm C/C in the hinge Conventional 2 All specimens are
region . . All specimens are
& reinforced with 3 nos. P
SI3 SFRC o 10mm & at to reinforced with
P 4 nos. of 12mm @
SJ4 ECC and bottom
@6mm @100mm C/C
SI5 HECC
SJ6 BECC
«—»]50 Beam -—*] 50 -
Beam {
. 2 E_?ﬂnos g
3 = mm ™~ 6mm @ @ 100mm ¢/
§ @_1&1‘0’:}1@ = \ mm mm c/c¢
130 ” l 3 nos of 10mm @ Colisin s 3 nos of 10mm @
Column 3 | e
% 2 nos
- po— - T 12mm & R
L] M2mm @ L ! = 6mm @ @ 50mm c/c
|[>— 6mm @ @100mm c/c 150 N
150 2 nos of 12mm @ ) 6“““/6 @ 100mm c/c /(2 e
% \ g [ 4N g

1200

(a) SJ1 -Control(Unconfined)

All dimensions are in "mm"

1200 All dimensions are in "'mm"

(b) SJ2 —Contro2(Confined)

Figure 4.24: Typical reinforcement details of joint specimen

4.6.1 Crack Pattern and Failure Analysis

Initially flexural cracks are noticed in beam portion of the joint specimens, as the

deformation increases, diagonal shear cracks develop at the joint. In conventional

specimen SJ1, complete brittle nature of shear crack formation initiates through the joint

that accelerates the slippage of embedded longitudinal beam bar from the joint and spalling

of joint cover concrete. In confined specimen SJ2, there is a slight delay in shear failure
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with less intense cracking as compared to joint specimen SJ1. The presence of steel fiber
and the fiber bridging characteristics along with hooked end anchorage in specimen SJ 3
restrict the occurrence of initial shear cracks and reduce the intensity of wider shear cracks

with volume enlargement as compared to conventional specimens, shown in Figure 4.25¢.

(d) SJ4 (e) SIS () SI6

Figure 4.25: Crack pattern and failure mode

The failure pattern of ECC specimen shows considerably different cracking
behavior over earlier specimens. The initial inclined crack occurs at the deformation of
about 20mm with the widening of shear cracks at joint and continues upto the deformation
of 50mm. During higher lateral drift, a number of micro cracks are also observed as shown
in Figure 4.24d. The major failure takes place in HECC joint specimen SJ5 at the beam —
column joint connection. This is due to toughness of hooked end steel fiber composite that

restricts the crack width growth at the joint. The crack formation through energy
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dissipation of beam-column joint is shown in Figure 4.25e. The toughness of joint may be
because of higher tensile strain of composite and significant bridging ability of hooked end
steel fiber. In BECC joint specimen SJ6, the presence of brass coated steel fiber works
effectively in post peak performance and plastic rotation property and even cracks
resistance property. However, due to deficient fiber anchorage strength it cannot bridge the
cracks effectively like hooked end steel fiber as in specimen SJ5. The specimen allows the
widening of shear cracks at the deformation of 35mm and as the deflection further
increases, these cracks also widen and finally the joints fail in shear as shown in Figure

4.25¢.

4.6.2 Hysteretic Behavior

The hysteresis behavior of conventional specimen (SJ1) shows brittle failure since
there is a sudden drop in load carrying capacity after attaining the peak load with higher
rate of degradation as compared to the confined conventional specimen (SJ2). A large hoop
area of specimen SJ2 as compared to specimen SJ1 confirms the importance of
confinement detailing in the joint hinge region. The occurrence of shear cracks at the initial
stage of loading in conventional specimen SJ1 facilitates early slippage of longitudinal
beam reinforcement and spalling of concrete in the joint region which lead to shear failure.
The ductile detailing in the joint region of specimen SJ2 exhibits increased yield loading

capacity and post peak load carrying capacity as compared to specimen SJ1.

The SFRC in beam-column joint specimen SJ3 is able to improve the load carrying
capacity with higher loop area over conventional specimens SJ1 and SJ2. SFRC at the joint
region acts as a potential barrier for crack growth and its propagation. Moreover, the
bridging effect of steel fiber improves the interfacial bond strength of embedded beam
reinforcement and concrete as well as post peak load carrying capacity of specimen SJ3.
The area under every cycle of hysteresis loop (Figure 4.26¢) shows the improved ductile

behavior of specimen SJ3 over conventional specimens SJ1 and SJ2.

The anchorage strength of brass coated steel fiber in BECC is considerably lesser
than the hooked end fiber in HECC, thus it cannot effectively resist the occurrence of
initial diagonal cracks as in the case of specimen with HECC i.e. SJ5. At 80 mm deflection
longitudinal bar failure takes place at one side, Figure 4.26¢. This composite enables to
hold the load upto 100 mm deflections. The BECC joint specimen SJ6 is not able to further
improve the hysteresis behavior over specimen SJ5 but it maintains better post peak load-

deformation behavior than SFRC and ECC specimens respectively.
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The ECC at the joint region significantly improves the load-deformation capacity
as compared to conventional specimens SJ1, SJ2 and SFRC specimen SJ3. The lower rate
in loss of load carrying capacity with increased post peak deformation in specimen SJ4
with ECC is comparatively better than other specimens. Figure 4.27 shows a reduction of
25% ultimate load at deformation of 50 mm in ECC specimen, whereas at the same
deformation 50% and 75% reduction of ultimate load is observed in conventional
specimens (SJ1 and SJ2) respectively. As compared to SFRC specimen SJ3, 25% higher
load is observed at the deformation of 70mm whereas at the same deformation the
conventional specimens (SJ1 & SJ2) completely fail. At 90 mm deflection, ECC joint

specimen completely fails and its load resisting capacity is reduced to 10kN.

The tensile strain of ECC and its crack resisting behavior prevent the early slippage
of embedded beam anchorage reinforcement and improve the post peak load carrying
capacity of specimens as compared to conventional and SFRC specimens. The hysteresis
behavior of HECC joint specimen SJ5 shows comparatively improved performance over
ECC specimen, as shown in Figure 4.26e. The specimen SJ5 reaches its peak load at 20
mm deflection but is able to resist the considerable load upto 100 mm deflection. The
observed load at 100 mm deflection is 48% of peak load and the loop area emphasises the
effectiveness of HECC in preventing early slippage of embedded reinforcement from the
joint and better post - yield behavior. It is noteworthy to mention that in specimen SJ5, one
of the tension sides of the flexural reinforcement fails at 80 mm deflection with a load of
17.5kN and at 100mm deflection, the measured load at tension side is 13 kN. It proves the
effectiveness of steel fiber reinforced hybrid composites on the ductility in specimen SJ4
with ECC in joint region. The sudden drop in load after reinforcement failure in specimen
SJ4 shows the ineffectiveness of composite strength which is improved by the hybrid

composite in specimen SJ5.

It is observed from the test results that there is significant improvement in the post -
yield behavior of specimens with HPFRCC joint as compared to conventional specimens
with and without confinement. The ductility of the specimen SJ5 (HECC) is increased
more than 2 times as compared to conventional specimens as shown in Figure 4.26. The
ultimate deformation of specimens with ECC is about 2 times more as compared to
conventional specimens with much higher residual strength. The specimen with SFRC
joint shows significant improvement in the load-deformation characteristics as compared to
conventional specimens. However, the post - yield performance of SFRC is slightly lower

than the specimen SJ4.
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Figure 4.26: Hysteresis curves of tested specimens
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Figure 4.27: Load—displacement envelopes over ductility

4.6.3 Stiffness and Strength Degradation

Figure 4.28 and 4.29 show the strength and stiffness degradation over post elastic
drift for each test specimens. The specimen SJ3 has considerably lower rate of degradation
than conventional specimens SJ1 and SJ2. Figure 4.21 also shows that the loss of 90%
stiffness and strength takes place at 10% drift i.e. 30% higher than conventional specimen
SJ1 and SJ2. This shows that the SFRC at the joint is effective to further improve the post -

yield behavior of specimen without ductile detailing.

Degradation (%)

Post elastic drift (Radians)

Figure 4.28: Stiffness and strength degradation over drift for SJ1-SJ3

As evident from Figure 4.28, the use of ECC at joint is more effective to reduce the
rate of degradation over the same range of deformation as compared to other specimens,
even specimen with SFRC in joint. Figure 4.29 also clearly demonstrates that the hybrid
cementitious composites with hooked end steel fiber (HECC) have considerably higher
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stiffness and higher post - yield strength as compared to other composite specimens SJ4 and
SJ6. The BECC specimen SJ6 also exhibits better rate of degradation over specimen SJ4,
but not as exhibited by the specimen SJ5 because of scarcity in fiber anchorage capacity.
However, the entire HPFRCC specimens demonstrate more gradual and stable post - yield
response as compared to conventional specimens. The ECC joint specimens lose 90% of
stiffness at 15% drift and it is 1.8 times higher than the measured drift of conventional
specimens. The crack resistance behavior as well as tensile strain capacity of HPFRCC
specimens improves the post- yield stiffness behavior of specimen as well as in restricting

the sudden loss of post - yield strength.

Degradation (%)

Postelastic drift (Radians)

Figure 4.29: Stiffness and strength degradation over drift for SJ4, SJ5 and SJ6

4.6.4 Energy Dissipation and Damping

The relative and cumulative energy dissipation parameters for the beam-column
joint specimens are plotted and shown in Figure 4.30. It is clearly evident from Figure
4.30a that the conventional joint specimens (SJ1 and SJ2) with and without confining
reinforcement have low ductile performance as compared to specimens with HPFRCC.
The energy dissipation in specimens with SFRC and HPFRCC i.e. (SJ3 to SJ6) is more
stable and consistent without sudden change or drop. Figure 4.30a also clearly exhibits
effectiveness of HECC over other HPFRCC joint specimens. The relative energy
dissipation capacity after yield in ECC and BECC joint specimen i.e. SJ4 and SJ6 is
comparatively lesser than HECC joint specimen SJ5. As the displacement increases after
yielding, ECC joint specimens are able to sustain higher energy dissipation capacity as
compared to SFRC specimen. It is evident from Figure 4.25a that ECC joint specimens

have 5 times higher cumulative energy dissipation than conventional specimens. It is
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evident that the average equivalent damping coefficient with conventional confinement of
joint specimen is in the range of 10 to 12% and it increases upto 15-16 % in HPFRCC joint
specimen. The increase in damping coefficient reflects the effectiveness of HPFRCC on

ductility and load-deformation capability.
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Figure 4.30: Energy dissipation and damping coefficient of shear deficient beam-column

joint with HPFRCC

4.6.5 Moment-Rotation Behavior

Figure 4.31 shows the moment - rotation (M-6) relationships of beam-column joint
specimens and the values are compared with the specified values in ASCE/SEI 41-06. The
maximum value of plastic rotation at yield moment is 0.02 radian and there is no

significant loss of moment capacity in the post - peak range of 0.02 to 0.06 radians.
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Figure 4.31: Moment-rotation behavior of test specimens

The experimentally obtained plastic rotation capacity of HPFRCC beam-column

joint specimens is much higher than the specified values in ASCE/SEI 41-06. As per the
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ASCE 41-06, the limit of linear elastic behavior conventional joints is 0.015 and the range
of post - peak behavior is about 0.015 to 0.02 radians, as shown in Figure 4.31. The ECC
joint specimen has significantly improved the M-© relationship against the conventional
and SFRC joint specimens. The HPFRCC significantly increases the moment carrying
capacity as well as post peak behavior of specimens. The moment carrying capacity of
ECC joint (SJ 4) is considerably equal to HECC and BECC upto 0.05 radian, later the rate
of moment degradation is considerably higher than the hybrid composite specimens SJ 5
and SJ6 respectively. The unique toughness property of steel fiber and its anchorage across
the cracks is provided by the hooked end that supports the specimen (SJ 5) to enhance
rotation capacity without significant loss in moment. The performance of BECC joint
specimen SJ 6 is also able to withstand upto 0.15 radian of rotation. It is clearly understood
from Figure 4.30 that steel fiber has played efficient role in maintaining the post - peak
behavior even in higher transverse reinforcement spacing. The increase of rotational
capacity with low rate of moment degradation represents the ductile behavior of joint

which is difficult to achieve by providing the closely spaced stirrups or with SFRC in joint.

4.6.6 Damage Index

Figure 4.32 shows the damage index of shear deficient beam-column joint
specimens. The conventional specimen undergoes moderate damage, severe damage and
complete collapse state at the ductility level of 4, 6 and beyond 6 while SFRC joint

specimen SJ3 undergoes one stage lower damage at the same level of ductility.
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Figure 4.32: Damage index over ductility of all test specimens
The damage index plot of ECC joint specimen SJ4 validates the damage tolerance under

cyclic loading over other specimens. The measured ductility at collapse stage increases

112



about 1.5 times than other specimens. The HECC joint specimen SJ5 reaches moderate
damage at a ductility level of 11, which is about 2 times higher than the conventional
specimen at complete collapse stage. It is inferred that hybrid composite specimens has
50% reduction in damage as compared to conventional and other fiber reinforced concrete

joint specimens
4.7 Findings

This experimental study is focused on the static behavior of RC beams and cyclic
behavior of external beam-column joints with different HPFRCC in hinge region. The
objective of the study is to examine the effectiveness of different HPFRCC in improving of
inelastic behavior of the structural members. The plots of load-deformation characteristics,
strength and stiffness degradation, energy dissipation and equivalent damping, moment-
rotation analysis, crack pattern etc are prepared to evaluate the comparative behavior of the

joints. Following are the main conclusions of the study;
4.7.1 Flexural Behavior of RC Beams

1. The combination of hybrid composites improves mechanical properties and damage
tolerance. The stress strain of axial compression shows 100% higher failure strain
over conventional concrete and the failure pattern authenticates the crack resistance
and damage tolerance of the hybrid composites under compression.

2. The flexural strength of HPFRCC specimens is 19% of its compressive strength.
The post peak deflection and its rate of degradation show the efficacy of the hybrid
fiber in enhancement of ductility and energy dissipation.

3. The HPFRCC enhances the moment and retards the tension reinforcement yielding
by crack bridging property of fibers.

4. The tensile behavior of HPFRCC and the anchorage of hooked end fiber and
crimpled fiber improve the first crack moment and yield moment effectively. This
is because of the tensile strength and strain property of composites. The flexural
tensile property of HPFRCC under bending shows improved post-peak strength and
the ductile behavior.

5. The HPFRCC in hinge region of beam specimen shows slower rate of strength and
stiffness degradation. The composite specimens show that 20% reduction in peak
load capacity is observed over the post elastic drift of 0.02 to 0.07 radian. The loss

of stiffness i.e. 60% to 90% occurs over the post elastic range from 0.02 to 0.08
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4.7.2

radian. This degradation in strength and stiffness plot clearly mentions the
effectiveness of HPFRCC beam specimen over the conventional specimen.

The crack pattern and failure mechanism of HPFRCC specimens manifest a
uniform dissipation of energy with resistance for crack growth and reduced rate of
crack propagation at the hinge region. This slower rate of crack propagation
increases the post peak deformation without loss in strength.

The damage index of different composite specimens manifests that the composite
with higher volume synthetic fiber has better damage tolerance capacity. The
damage level of HPFRCC is much lower than the conventional beam specimen at
the same ductility level. As the ductility level increases beyond 4, the conventional
specimen completely collapses. At the same damage state, ECC joint specimen
undergoes the ductility level of 11 whereas in hybrid composites the ductility level
varies from 6-10. It may be inferred that the HPFRCC specimen becomes 1.5- 2.5
times more damage resistant as compared to conventional specimen.

The higher energy dissipation, slower stiffness and strength degradation, higher
post elastic rotation authenticate the ductile behaviour of HPFRCC with enhanced

damage tolerance capacity.
Cyclic Behavior of Exterior Beam-Column Joints

There is significant enhancement in strength of HPFRCC specimen tested under
split tension compared to conventional concrete. The HPFRCC specimens have
higher tensile strain over conventional concrete. The composite action of hybrid
cementitious composites (hooked end steel fiber reinforced) shows two-fold
increase in strength and incomparable strain over conventional and other
composites. Even with the same mix ratio the hooked end steel fiber enables
composites to have 50% higher compressive strength over conventional and other

composites.

Hysteresis behavior of the HPFRCC joint specimens shows that there is a
significant improvement in the pre and post- peak behavior of external beam-
column joint specimen under cyclic loading. This improvement is not only in the
form of increase in resisting the peak load but also stabilizes the post -peak
behavior with gradual loss of strength and stiffness. The hysteresis performance of
hybrid composite BECC, CECC and HECC joint specimen shows remarkable

improvement as compared to conventionally confined joint specimens. Hybrid
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cementitious composites may be an effective alternative possibility to enhance the
performance of shear deficient seismic joint of the building under earthquake

loading.

The load-deformation envelop curve of HPFRCC joint specimens reveals major
impact on the post-yield behavior than pre-yield load-deformation characteristics.
The ductility and post-yield deformation capacity of BECC, CECC, and HECC
joint specimens are approximately 2 times greater as compared to confined joint
specimens. The other types of HPFRCC joint specimens are also able to improve

the post-yield behavior of the joint with varying effectiveness.

The strength and stiffness degradation plot of conventionally confined joint
specimen as well as SFRC joint specimen show that the peak load is about 1.4
times the yield load over the post elastic drift of 0.02 rad. After attaining the peak
load, reduction of 40% load capacity is observed as the post elastic drift increases
from 0.02 to 0.05 radians in conventional specimens. However, the same loss in
load carrying capacity of SFRC joint specimen is also observed over the post
elastic drift of 0.02 to 0.05. There is a sharp reduction in load capacity of the joint
specimens beyond the post elastic drift of 0.05 rad. There is 60% reduction in yield
load as the post elastic drift increases from 0.05 to 0.08 rad. There is a very sharp
reduction in the stiffness and the specimen loses 80% of stiffness over the post
elastic drift of 0.08 radian. However, this reduction is slightly gradual in case of

SFRC joint specimen.

The strength and stiffness degradation plot of HPFRCC joint specimen shows that
the joints reach at peak load (= 1.2 times the yield load) over the post elastic drift of
about 0.02 radian and further 20% reduction in peak load capacity is observed over
the post elastic drift of 0.02 to 0.05 radian. The specimens further lose in load
capacity (= 0.4 times of yield load) over the post elastic drift of 0.05 to 0.15 radian.
Similarly, the loss of stiffness i.e. 0 to 80% occurs over the post elastic range from
0.02 to 0.05 radian and after that there is a gradual loss of strength from 80 to 90 %
over the post - yield 0.05 to 0.15 radian. The plot clearly mentions the effectiveness
of ECC joint specimen over the conventionally confined specimens as well as

SFRC joint specimen.

The hysteresis damping of HPFRCC joint specimens varies from 8 to 15 % as the
yielding increases. The hysteresis damping of joint specimen SJ5 increases to 15%

at the ductility level of about 6 and gradual loss in hysteresis damping coefficient is
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noticed as the ductility increases from 6 tol8. However, in other HPFRCC
specimens the pattern of variation of hysteresis damping is nearly the same but over
a low range of ductility level. The conventional and confined specimens have a

variation in hysteresis damping from 8 to 12% over the maximum ductility of 8.

The post elastic rotation modelling parameter ‘b or a” for HPFRCC joint specimens
is higher than the conventional and confined beam-column joints as well as values
prescribed in ASCE/SEI 41-06. The value of non-linear modelling parameter “b or
a” as per ASCE/SEI 41-06 for the exterior beam-column joint for non-confirming
‘NC’ (unconfined) conforming ‘C’ (confined) lies between 0.015 — 0.02 while the
same value for HPFRCC joint specimens varies between .02 to 0.06 radian. The
value of residual strength parameter ‘c’ as per ASCE/SEI 41-06 is about 0.2 for the
deformation of 0.015 — 0.02 for the unconfined and confined specimens. The value
of parameter ‘c’ for HPFRCC specimen is about 0.5 to 0.8 over the post-elastic

range of 0.09 to 0.15 depending on the type of HPFRCC.

The crack pattern and failure mechanism of HPFRCC joint specimens manifest a
uniform dissipation of energy with wide spread cracks at the joint. It forms a
horizontal crack at the junction of beam-column joint along with minor cross

diagonal shear cracking which intensifies as the deformation increases.
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Chapter 5

Cyclic Performance Evaluation of SIFCON Core
Enabled Beam-column Joint Specimens

5.1 Introduction

Slurry In-Filtrated CONcrete (SIFCON) is categorized as a High Performance Fiber
Reinforced Cementitious Composite (HPFRCC). SIFCON is a composite made by using
high volume of steel fiber fraction, /'y volumetric percent of fibers) with low viscosity
cement based slurry binder. Higher volume steel fibers (5% to 30%) are used without
coarse aggregate in SIFCON preparation (Homrich et al. 1987; Naaman et al. 1991). In
SIFCON, fibers are preplaced in the frame work with proper orientation and low viscosity
cement rich fine slurry is poured or pumped into the forms with optimum pressure. This
SIFCON composite possesses high strength and ductility to resist dynamic loads
(Schneider et al. 1989). The strength and ductile property of SIFCON composite is mainly
based on five parameters namely (a) strength of cement based slurry binder, (b) volume of
fiber, (c) orientation of fiber aligned normal to loading or parallel to loading, (d) type of
fiber and (e) a leak proof form work. The economical strategy restricts the application of
SIFCON within the critical region of structures. Precast SIFCON element may be an
efficient way to be used in cast-in-place concrete structure at the critical region such as
beam-column joint that eliminates the execution problem. The precast SIFCON is a
composite made with 8% steel fiber by volume with low viscosity cement and mineral
admixtures based slurry binder. In the present study, the pre and post yield behavior of
beam-column joints with precast SIFCON core elements is evaluated under cyclic loading.
The hysteresis behaviour of the SIFCON enabled beam-column joints is compared with
conventionally confined joints on the basis of shear strength behavior, failure pattern and

energy dissipation.

5.2 Early Studies

Lankard (1984) studied the potential benefits of SIFCON in structural applications.
Balaguru et al. (1987) examined the mechanical properties of SIFCON and concluded that

the SIFCON was ductile in compression, tension and flexure. Naaman et al. (1987) studied
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the SIFCON connections for seismic resistant frames using precast and pre-stress
technique and observed better damage tolerance and failure away from the face of column
in joint frame. Mondragon (1988) studied the flexural properties of SIFCON. Naaman et
al. (1989) examined the tensile stress-strain behavior of SIFCON using different volumes
of steel fibers and observed tensile strength ranging from 11 to 16MPa with 1 to 2% strain.
Schneider et al. (1989) reported bridge deck design and slab designing with SIFCON. Due
to high strength, toughness, and ability to resist penetration by fragments and ballistics,
SIFCON was an ideal material for building new hardened military structures, or for
economically upgrading existing facilities. Parameshwaran et al. (1990) studied the
behaviour of 6-8% volume fiber cement mortar in flexure and observed 5 time’s higher
flexural strength and greater ductility over plain concrete and ferrocement specimens.
Naaman et al. (1991) examined the elastic modulus of SIFCON in tension and compression
and achieved tensile strength over 35MPa and elastic modulus of 35GPa using 12 to 27%
fiber volume. Naaman et al. (1992) investigated the influence of SIFCON matrix in R.C
beams and observed better ductility and energy dissipation. He noticed smaller crack width
in the flexural region and suggested improvement in the behavior of tension and
compression zone reinforcement. Wang et al. (1994) studied the shear behavior of
SIFCON using cylinder under torsion and beams under two point loading. The test results
showed that the torsion test provided a reliable lower-bound shear strength that may be
used for design purposes. The fiber size and specimen diameter had a greater effect on
results. The size of cored-cylinder SIFCON specimens for torsion tests should be at least
three times the fiber length to ensure consistent results. Naaman et al. (1995) examined
shear response of dowel reinforced SIFCON and observed better energy dissipation with
400% peak shear slip. Thirugnanam et al. (2000) studied the influence of SIFCON
composite in the beam-column joint of RC frames under cyclic loading and observed
enhanced energy dissipation and ductility over the conventional RC frame. Mohammed et
al. (2009) studied the use of SIFCON in RC corner joint connection and observed

increased joint efficiency and ductility.

5.3 Mechanical Properties of SIFCON under Compression and
Flexure

The physical properties of conventional concrete and SIFCON composites are

examined using standard cylindrical and prism specimens under static loading.
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5.3.1 Stress-Strain Behaviour of SIFCON Composite under
Compression

In order to study the performance difference between steel fiber reinforced concrete
(SFRC) and SIFCON, SFRC with 2% steel fibers was prepared and tested. The water

cement ratio was kept as 0.45 with 1% super plasticizer to increase the workability.

The mix ratio of SIFCON composite and details of conventional concrete mix ratio

are summarized in Table 5.1.

Table 5.1: Matrix for SIFCON compositions under compression and flexure

. Steel Compressive Flexural
Comf];)s"es Cement Sand C.A Fiber gy g« strength strength
% (MPa) MPa
Control 1 1.45 2.25 - - - 27 4.5
SFRC 1 135 220 2 - - 35 -
SIFCON 1 0.7 - 8 0.1 0.1 56 31-36

*Note: C.A- Coarse aggregate; S.W-Steel Wool; S.F: Silica Fume.

Hooked end steel fiber with an aspect ratio (//d) of 60 with 8% of volume fraction
(Vy) was used in preparation of SIFCON core elements. To estimate the compressive
strength of SIFCON composites, cylindrical specimens of size 100x200 mm were cast and
tested under compression. Three LVDTs were used with a gauge length of 100 mm to
measure the strain under compression. The average compressive strength of SIFCON

composite was 56 MPa.

Figure 5.1 shows the stress-strain behaviour of SIFCON composite with 8% of
volume of steel fiber fraction, V, The addition of discrete steel fiber in the concrete
(SFRC) improves strength and post peak strain as compared to conventional concrete. It
can be understood from Figure 5.1 that the presence of steel fiber shows strain softening
behavior whereas the conventional concrete fails abruptly after peak in complete brittle
mode. The fibers in SFRC specimen restrict spalling of concrete and allow the volumetric
enlargement during post peak degradation. Figure 5.2b shows the failure pattern of SFRC
specimen under compression. The stress-strain behavior of SIFCON composite is also in
contrast to the response of conventional and SFRC concrete. The absence of coarse
aggregate and the presence of high volume steel fiber (V) show strain hardening behavior

with enhanced strength and ductility. After attaining the peak load, the strength of
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conventional concrete and SFRC degrades whereas SIFCON

volumetric enlargement as shown in Figure 5.2.
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Figure 5.1: Stress-strain curve under compression of SIFCON composite, SFRC
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Figure 5.2: Failure pattern under compression of SIFCON composite, SFRC and

conventional concrete

5.3.2 Flexural Behaviour of SIFCON Composite

The flexural strength of conventional concrete and SIFCON composite are

evaluated by preparing a standard prism of size 100 x 100 x 500 mm and tested under two

point loading. A weld mesh is also used in SIFCON core preparation for fiber alignment

and for the perfect fiber orientation. This flexural study is carried out on three types of

specimens such as conventional specimen (F0), SIFCON (V, -8%) specimen (F1) and

SIFCON with three weld mesh layers (F2). The specimens are tested after 28 days of

curing under two point static loading.
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After initial crack, conventional concrete specimen encounter sudden failure with a
maximum flexural strength of 4.5 MPa. The higher volume of steel fiber and bridging
effect of hooked end steel fiber in SIFCON composite resist the applied load without any
sudden degradation to a higher extent as shown in Figure 5.3. The response of SIFCON
specimen with weld mesh is similar to the specimen F1 without mesh but shows quite
enhanced strength. The observed flexural strength is seven times higher than the

conventional concrete. Failure pattern of flexural specimen is shown in Figure 5.4.
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Figure 5.3: Load-deflection behavior of SIFCON specimens under flexure

(a) SIFCON (b) SIFCON with mesh

Figure 5.4: Failure pattern of SIFCON specimens under flexure

54 Cyclic Behaviour of Beam- Column Joints with and without
SIFCON Core Element

The test program consisting of six full scale exterior beam-column joint specimens
is constructed with and without SIFCON inner core element. This SIFCON core is a
precast unit with a cross section of 150mmx150mm. The cross section details of SIFCON
core are one half of actual cross section of beam-column joint specimen. The shape of the
core element resembles the exterior joint as shown in Figure 5.5. The length of core
element is as per the plastic hinge length as given in IS 13920:1993. In SIFCON core
preparation 8% steel fibers with weld mesh as fiber aligner are used. In core preparation
fibers are placed layer by layer with cement slurry to avoid slurry infiltration problem and

to eliminate the voids. The weld mesh perfectly helps to keep the fibers in the desired
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direction. The procedure for inserting the core in beam-column joint is shown in Figure
5.5. A pre-hole is made in the core during construction of core element to insert the beam
longitudinal bar anchorage length and is carefully placed into the reinforcement cage. The
core surface is rubbed with steel wire brush before placing the core inside the
reinforcement gauge and a polymer based cement slurry coating is applied to create a
better bond between the precast core and the cast-in-situ concrete during casting. Two
types of specimens are prepared and tested under cyclic loading i.e. (a) flexure specimens
detailed as per Indian Standard code consisting of four specimens and (b) shear deficient
specimens consisting of two specimens. The complete details of beam-column joint
specimens with and without SIFCON core element under cyclic testing are summarized in
Table 5.2. Figure 5.6 shows the detailed configuration of all beam-column joint specimens.
The joint specimens are tested under cyclic loading using automated hydraulic actuator

under displacement control with an interval of Smm as shown in Figure 5.7.

Figure 5.5: Construction technique of SIFCON core enable specimen

Table 5.2: Details of beam-column joint specimens with and without SIFCON core

Reinforcement Reinforcement details Shear
Ast % Fe 500 grad reinforcement L.
Sp.ID ° (Fe grade) detailing Description
Beam Column Beam Column (Fe 500 grade)
Type 1
SP1 0.31 0.7 Unconfined Conventional specimen -
SP2 031 0.7 3% 10mm@& Confined Conventional specimen - II
@top and
SP3 0.31 0.7 bottom 2# 20mm@ Unconfined SIFCON Core enabled -
SP4  0.31 0.7 @top and Confined SIFCON Core enabled - IT
T I bottom
ype 2# 20mm@
SP5 0.83 0.7 @top and Unconfined Conventional specimen - 11T
SP6  0.83 0.7 bottom Unconfined SIFCON Core enabled - 111
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Figure 5.6: Cross section and reinforcement details of Type I and Type II specimens
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Figure 5.7: Test set-up for beam-column joint specimens and loading history

5.4.1 Cracking Behavior and Failure Analysis

The yielding of reinforcement is observed in both the unconfined and confined
conventional beam-column joint specimens SP1 and SP2 along with numerous flexural and
shear cracks at the joint region as shown in Figure 5.8a and 5.8b. These cracks are noticed
after a displacement of 50 mm which widen as the displacement reaches 90mm. The
specimen SP1 fails by yielding of longitudinal reinforcement. In case of confined
specimen SP2, flexural cracks are noticed in the joint region with a few inclined shear
cracks and the beam transfers the load beyond 90mm displacement as a result of ductile
detailing.

The failure pattern of SIFCON core enabled beam-column joint specimens is
completely different from the conventional specimens. The confinement plays a vital role
in failure pattern of core enabled specimen. In SIFCON core specimens SP3 and SP4, the
cracking behavior remains the same upto 80 mm displacement and afterwards the crack in
the beam at the end of the core element propagates differently. This crack widening at the
end of core in beam hinge region decides further performance of the joint. As the
deflection increases beyond 80mm in specimen SP3, spalling of concrete cover takes place
and subsequently buckling of longitudinal reinforcement occurs at 90mm displacement as

shown in Figure 5.9a.
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Figure 5.8: Cracking behavior of Type 1 specimens

(b) Core cracking in SP 4
., ’\ 0 —‘: -

(c) Reinforcement buckling in

(a) Beam bar buckling in SP3 connection SP4

Figure 5.9: Cracking behavior of SIFCON core enable specimen SP4

The buckling of longitudinal bar in beam hinge region restricts further load transfer
to the joint after 110 mm deflection. Finally, failure occurs in beam of the SIFCON core
enabled joint specimen SP3 at plastic hinge region rather than at joint. Another SIFCON
core enabled joint specimen SP4 also experiences similar type of cracking behavior as
specimen SP3 with dense flexural cracks in plastic hinge region of beam as shown in

Figure 5.8d. There is no buckling of longitudinal reinforcement in plastic hinge region of
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beam as in case of specimen SP3. At 50 mm deflection, the crack near the end of the core
region widens, but the additional confinement in specimen restricts buckling of
reinforcement and allows the beam to rotate. This large rotation leads to crack formation in
the SIFCON core and the joint rotates to a higher extent. After 100 mm deflection, the
cracks develop and widen in core along the pushing direction with increase in deflection.
The cracking behavior of core in pushing direction is in contrast with pulling direction and
there is no cracking in pulling direction. It shows crack growth in onset direction and does
not propagate in opposite direction. This cracking behavior buckles the reinforcement near

connection region as shown in Figure 5.9¢.

In Type 2, shear type joint specimens SP5 and SP6, initially a few flexural cracks
are noticed in beam portion but finally the occurrence of diagonal cracks in the joint region
severely reflects on the post yield behavior. The inclined cracks in joint region of specimen
SP5 widen after 20mm deflection and lead the concrete cover spalling to an early stage. As
the displacement increases, the reinforcement loses the contact with the concrete surface
and finally joint collapses as shown in Figure 5.10. The specimen SP6 experiences
extensive flexural cracks as depicted in Figure 5.11. It shows that the core mechanism
restricts the occurrence of early inclined cracks by allowing numerous flexural cracks in
the hinge region. Inclined cracks in joint region are noticed at 30mm deflection, but the

spalling of concrete in joint region occurs.

A | wh,.’},u

(a) Flexural cracks in beam (b) Joint shear failure and beam—column connection failure

Figure 5.10: Failure pattern of specimen SP5
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(a) Shear cracks widening (b) Joint concrete cover failure

Figure 5.11: Cracking and failure behavior of Type-II joint specimen SP6

At failure stage, the concrete in the joint is completely crushed and the core fails
near the joint connection region. The vertical member of the core connects the top and
bottom portions of column as shown in Figure 5.11b and remains active in transferring the
load. There is no evidence of failure or cracking of core in the column and in beam region
except the connection failure. Figure 5.10b shows the dislocation of longitudinal rebar due
to the larger deflection whereas in Figure 5.11b the nonexistence of rebar dislocation is due
to large deflection at failure. It demonstrates the efficacy of the core in resisting the shear

and supporting the reinforcement performance.

5.4.2 Hysteresis Behavior

Figure 5.12 shows the hysteresis behavior of all the tested beam-column joint
specimens. The adequate confinement in the plastic hinge region of joint in specimen SP2
shows increased load and deformation over unconfined specimen SP1. In specimen SP2,
the yielding starts at 30mm deflection and corresponding lateral load of 14kN remains

nearly constant upto a deflection of 110 mm against 90 mm deflection in specimen SP1.

In SIFCON core enabled specimen SP3, yielding occurs at approximately 40 mm
displacement and corresponding load is 20kN that continues upto 80mm deflection without
any significant degradation. The crack widening in the beam hinge region has significant
influence on the post elastic behavior of specimen SP3 that can be understood from the
hysteretic curve shown in Figure 5.12¢. In reference to specimen SP1 and SP2, the
longitudinal reinforcement yields and joint connection fails after 80mm deflection with

flexural cracks in beam hinge region. The ductile detailing in plastic hinge region of
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specimen SP4 demonstrates different nonlinear behavior than SP3. The linear portion of
both the specimens is likely to be the same but the confinement plays vital role in non
linear range. The specimen SP4 develops anticipated primary crack near the end of core in

beam section where specimen SP3 encounters failure.

Figure 5.6d shows consistent load carrying capacity of specimen SP 4 upto 100mm
in both positive and negative sides. Later the rate of load degradation is relatively faster
than positive loading. The observed load at 140mm deflection in “+” ive side is 14kN

(YA

while in “-"ive side is 7.5kN. At the negative side, load degradation is quite higher than the
positive push because of rebar buckling in the connection region as shown in Figure 5.9c.
Generally in SIFCON, the high volume steel fiber restricts uniform crack opening at twin
sides and hence crack opening continues on the onset cracking direction though under
cyclic loading it restricts the rotation of core and encourages the reinforcement buckling
near the connection location in opposite direction. This reinforcement buckling has

remarkable influence on the rate of load degradation in post yield range.

The shear deficient Type II conventional specimen SP5 shows sudden post yield
load degradation after reaching peak load at 20mm deflection. Figure 5.13 shows that there
is no gain in load after 20mm deflection. The hysteretic loop of specimen with core SP6
shows diverse behavior over specimen SP5. The specimen attains peak load at 30mm
deflection and remains the same upto 45 mm deflection. At 60mm deflection the measured
load is more than 50% of its maximum load. The difference can be understood from the

load envelope curve shown in Figure 5.13b.
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Figure 5.13: Load-deflection envelope curves of tested beam-column joint specimens
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Figure 5.12: Hysteretic curve of all test specimens

5.4.3 Strength and Stiffness Degradation

The inelastic performances of joint specimens are measured using the rate of change
in strength and stiffness degradation over the post-elastic range. Figure 5.14 and 5.15 show
the strength and stiffness degradation over post elastic drift of all the tested specimens. In
specimen SP1, nearly 50% degradation reaches at the rotation of 0.01 radian while 70%

degradation at 0.02 radian and finally the specimen fails at 0.03 radian. The conventional
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specimen SP2 shows lower rate of degradation and large drift over specimen SP1. The
maximum 80% stiffness degradation reaches at 0.035 radian and afterwards sudden failure
is observed with the yielding of longitudinal reinforcement. The SIFCON core enabled
specimens SP3 and SP4 show lower rate of degradation over conventional specimens SP1

and SP2.
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Figure 5.14: Stiffness and strength degradation plot of Type I specimens
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Figure 5.15: Stiffness and strength degradation plot of Type II specimens

The specimen SP3 reaches 50% stiffness degradation at 0.02 radian and afterwards
a sudden increase in rate of degradation is noticed as shown in Figure 5.14. In specimen
SP4, nearly 80% of stiffness degradation reaches at 0.045 radian that shows increased
rotation with lower rate of degradation. The degradation plot of SP5 as shown in Figure

5.15 reflects the shear failure of specimen i.e. about 95% stiffness and strength degradation
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occurs at 0.025 radian. The effectiveness of SIFCON core is also shown in shear deficient
specimen SP6 by lowering its rate of degradation in stiffness and strength. The specimen

SP6 shows 70% degradation at 0.025 rad. and 95% degradation at 0.075 radian.

5.4.4 Cumulative Energy Dissipation

The energy dissipation of each specimen can be assessed by computing the relative
and cumulative area of hysteretic loop. Figure 5.16 presents the comparison of cumulative
energy dissipation (CED) level of two types of specimens. The seismically detailed
specimen SP2 dissipates 80% higher CED than conventional specimen SP1. The specimen
SP1 fails at 3.7% drift by yielding whereas specimen SP2 fails at 4.5% drift. The higher
rotation of specimen SP2 helps to dissipate higher energy than unconfined specimen
SP1.The core enabled specimen exhibits extremely different behavior than anticipated. The
problem associated with longitudinal bar buckling at hinge region restricts further load
transfer and hence the hysteresis loop area shrinks in specimen SP3. This effect has a
negative impact on the post yield energy dissipation behavior. As expected, specimen SP4
also demonstrates similar response until 3.7% drift. Afterwards, the confinement
influences large rotation with enhanced energy dissipation capacity over other specimens.
As a result of higher rotation, 30% higher CED level is noticed at failure stage with higher

drift over conventional specimens.

16 35
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Cumulative energy dissipation
Cumulative energy dissipation

Lateral drift (%) Lateral drift (%)

(a) Type I Specimens (b) Type II Specimens

Figure 5.16: Energy dissipation plot of tested specimens

Figure 5.16b shows the energy dissipation plot of specimens SP5 and SP6
respectively. The earlier shear failure in specimen SP5 dissipates lesser energy and shows

50% lesser CED than specimen SP6. The CED of SP6 shows sudden increase in energy
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dissipation after 50mm deflection. This is because of crack formation of core in joint

connection at 50mm deflection. This crack allows the specimens to dissipate higher energy

in the subsequent cycle. Finally observed CED of specimen SP6 shows 50% higher

dissipated energy than conventional specimen SP5.

5.4.5 Moment-Rotation Behavior

Figure 5.17 and 5.18 shows the moment- rotation relationships of all beam-column

joint specimens and the corresponding values are compared with the specified values in

ASCE/SEI 41-06.
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Figure 5.17: Moment-rotation response of Type I specimens
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Figure 5.18: Moment-rotation response of Type II specimens

The specimen SP1, SP2 and SP4 show stable moment carrying capacity upto 0.03

radians whereas specimen SP3 experiences degradation of moment after 0.025 rad. due to
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the early buckling of reinforcement. The specimen SP4 with confinement shows higher
rotation over the other specimens and it reaches upto 0.05 rad. The degradation of SP4
starts after 0.0375 radian at a lower rate as compared to the specified values of
ASCE/SEI41-06. As Figure 5.18 shows, specimen SP5 encounters sudden moment
degradation after 0.01 rad. The rate of degradation is nearly equal to the specified value of
ASCE/SEI41-06. The specimen SP6 shows better moment degradation response over the
specimen SP5. The peak moment reaches nearly at 0.015 radian, later gradual degradation
in moment is observed. At 0.03 rad the SP6 shows 80% moment retention whereas SP5
shows 30% moment capacity. This authenticates the effectiveness of SIFCON core in

resisting the applied shear force and improving the post elastic behavior.

5.4.6 Damage Tolerance Capacity

Modified Park and Ang (1987) damage index is used to examine the damage level
that compares the relative performance of beam-column joint specimen with different

configuration. Figure 5.19 shows the damage index versus ductility comparison.
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Figure 5.19: Modified Park and Ang damage index plot vs. Ductility

The damage index [DI] values vary from 0 to 1, whereas “0” indicates no damage
and “1” indicates complete damage. In this study, it is assumed that 0 < DI < 0.20
represents elastic behavior or no damage in specimens, 0.20 < DI < 0.40 represents slight
damage, 0.40 < DI < 0.60 represents moderate damage and 0.60 < DI < 0.80 represents
severe damage and DI> 0.8 represents complete damage. The conventional beam-column
joint specimens SP1 and SP2 fail at ductility level 4.5 whereas core enabled specimen SP3
completely fails at the ductility level of 3.5. According to the damage index equation 5.1,
the calculation is based on the energy dissipation, yield strength and yield deflection.

These three variables act as primary source to decide the damage level of structural

135



components. In SIFCON core enabled specimen, the failure occurs at 450mm away from
the column face and restricts the load transfer at the joint that may negatively influence the
energy dissipation capacity of the specimen. The presence of SIFCON core in joint region
makes it rigid and the yielding is transferred to beam region above the core. Therefore, the
damage index plot shows early damage in the specimen SP3. Actually there is neither
damage at joint region nor is failure transfer to beam hinge region. The damage index of
specimen SP4 is nearly at equal level as in case of conventional specimen. The exact
damage tolerance response of core enabled specimens SP5 and SP6 can be understood
from the DI plot. The earlier joint shear failure in specimen SP5 reflects the poor damage
tolerance capacity over the specimen SP6. The specimen SP5 reaches collapse stage nearly
at the ductility level of 4.0; however specimen SP6 shows the same damage at ductility

level 5.0.

5.5 Findings

The cyclic behavior of external beam-column joints with SIFCON inner core in joint
region is evaluated. The complete hysteresis behavior of SIFCON core joint specimens is
compared with the conventional joint specimens. Load-deformation characteristics,
strength and stiffness degradation, energy dissipation and equivalent damping, moment-
rotation analysis, crack pattern etc are plotted and evaluated for the study of comparative

behavior of joints. Following are the main conclusions of the study;

1. Hysteresis behavior of the SIFCON core enabled joint specimens show that there is a
significant improvement in the pre and post- peak behavior of external beam-
column joint specimen under cyclic loading. The hysteresis performance of
SIFCON core joint specimen with confinement in the hinge region is particularly
remarkable as compared to other core enabled specimens. The hysteresis behaviour
of core enabled shear deficient specimens also proves that SIFCON core at the joint
may be an effective and alternative possibility to enhance the performance of shear

deficient seismic joint of the building.

2. The strength and stiffness degradation plot of conventionally confined joint
specimens degrade about 70% at 2% of drift whereas the SIFCON core enabled
specimens degrade about 60% at the same amount of drift. The core with ductile
detailing is able to sustain larger deformation (at 4.5% of drift) with lower stiffness

degradation. The conventional shear deficient joint specimens also lose about 90%
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of its stiffness at 2.5% of drift whereas core enabled specimen degrades about 70%

in stiffness with a lower rate of degradation.

The strength and stiffness degradation plot of HPFRCC joint specimen shows that
the joints reach at peak load (1.2 times the yield load) over the post-elastic drift of
about 0.02 radian and further 20% reduction in peak load capacity is observed over

the post- elastic drift of 0.05 radian.

The core enabled specimens show increased energy dissipation over conventional
specimens with different failure mechanisms. The damage in core joint specimens
is also much lower than the conventionally confined joint specimens at the same
ductility level. The conventional specimens completely collapse even at half of the
ductility level of core joint specimens. The core joint specimen becomes 2-3 times

more ductile as compared to conventionally confined specimens.
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Chapter 6

Shear Strength Model for Beam-Column Joints
using High Performance Materials

6.1 Introduction

The shear resisting mechanism of beam-column joints is generally based on either
strut-and-tie approach or empirical/ semi-empirical models. This mechanism is considered
in the combined action of the normal and shear forces through the compressive zone of
beam and column elements. Five main parameters are generally considered for the
development of joint shear strength models namely, concrete compressive strength (f.”),
joint stirrups ratio (ps), beam longitudinal reinforcement (p,), column axial load (V) and
joint index (hy/h.) (Vollum et al. 1999; Bakir et al. 2002 and 2003; Hegger et al. 2003;
Attaalla 2004; Tran et al. 2014). In this study, a joint shear prediction model is proposed by
considering the synergetic action of joint core with other conventional variables. The
results of proposed shear strength model of joint are compared with the models given by
American Concrete Institute (ACI), New Zealand Standard (NZS), and the Architectural
Institute of Japan (ALJ).

6.2 Shear Strength Model for Exterior Beam-Column Joints

The joint shear strength V', is usually composed of two main components, equation 6.1

Vin =V

e YVs 6.1
Vin 1s the horizontal shear strength of exterior beam-column joint. Vjj,,. is the shear
strength of un-confined exterior BEAM-COLUMN joint and, Vj,s is the contribution of
stirrups or confinement in shear strength. Equation 6.2 predicts the shear strength of un-
confined exterior BEAM-COLUMN joint based on the joint index (hy/h.), percentage of

reinforcement (p,), column axial load ratio (n,) and compressive strength of concrete (f.).

These are considered with multiplier constant.

j (el 6.2

N
Vo.=lasp’ xA xfx|1-———
s ' ! [ A, % f,
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where, value of “a” is based on joint index (hyh.). “p;’ is the percentage of beam
reinforcement and on the basis of it the value of power constant “p” is defined. “A;”is the

area of the joint and “f” 1is the axial load constant which is based on the axial load ratio

defined as ( ] “r” is compressive strength constant. Table 6.1 presents the value

N
A*f
of proposed constants used in the joint shear strength model by employing multiple

regression analysis.

Table 6.1: Constants for proposed shear strength model
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The contribution of confinement in shear resistance can be estimated by using Equation
6.3.

2

V. =| sx

Js ><nb anl X sy e .63

_ Astr an anl

S S———— 6.4
A,

J

where, A area of stirrups, Ry: number of bar, Ry: number of leg, fy: vield strength of
Stirrups
The summation of Equation 6.2 and 6.3 gives the joint shear strength model of confined

beam-column joints, equation 6.5
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A comparison is also made between the proposed model and the model given by
American Concrete Institute's building code requirements (ACI), the Concrete structures

standard of New Zealand (NZS), and Architecture Institute of Japan (AlJ).

Joint Shear Strength Model as per ACI 369 R-11

This code provides the following Equation 6.6 for calculating the joint shear force.

V,=0.0834p 14, 6.6

Where, i: 0.75 light weight aggregate and I for normal weight aggregate; A; : is the

effective horizontal area, y : 6 for unconfined joints and 12 for confined joints.
Joint Shear Strength Model as per NZS 3105:1995 (SNZ 1995)

The probable horizontal shear force (V,, ) resisted by interior and exterior beam-column

joints, equation 6.7

V. =0.85,bh et 0.7

pjh ch™j

Where, v, is the horizontal joint shear stress carried by a diagonal compressive strut

mechanism crossing the joint. b; : effective width of the joint, 4: depth of column. The

equation can be re-written as

' N' 1
V= 0.85kf" |1+ ) \/Fbjh <192ff6n L 6.8

Where, b; : effective width of the joint, h: depth of column, &: 0.4 for exterior and 1 for
interior joints, N: axial load on column, f.": concrete compressive cylinder strength, A4,:

gross area of column.
Joint Shear Strength Model as per AIJ] 2010

The recommended nominal joint shear strength in the form of Equation 6.9

V, = k§Fbh, X

141



In Equation 6.9, k is the factor dependent on the shape of in-plane geometry (1.0
for interior connections, 0.7 for exterior connections and T-shape of the joints, and 0.4 for
comer knee connections); @ is the factor for the effect of out-of-plane geometry (1.0 for
joints with transverse beams on both sides and 0.85 for other types of joints); F; is the
standard value of the joint shear strength (as a function of concrete compressive
strength); b; is the effective joint shear width; and 4;: joint depth (0.75A, for T- joints).
The standard value of the joint shear strength (/) is suggested as Equation (6.10); that is:
F=0.8xf,""(N/mm?*) veeen60.10

The effective joint width (b)) is defined as b, =b, +b,, +b,, Where by & by are

smaller one-quarter of column depth and one-half of distance between beam and column
face on. In this study the value of k: 0.7 for T-shape joints, o: 0.85, b;: effective width of

beam-column joint, h;: joint depth (0.754, for T- joints) is considered.
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Figure 6.1: Comparison of predicted shear strength of beam-column joint with existing

experimental data base and codal values
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An experimental database on beam—column joints is compiled for the validation of
proposed Equation 6.4. The comparative results of the proposed model are summarized in
Table 6.2. In the collected experimental data base, the compressive strength (f.”) varies
from 22 to 67 MPa and axial load ratio (a,) varies from 0 to 3. The percentage of beam
longitudinal reinforcement (p;) varies from 0.3 to 2% and (hy/h.) ratio varies from 0 to 2.
The results of the proposed model are also compared with the results of the present
experimental work. The experimental shear strength versus predicted shear strength of the

proposed models is shown in Figure 6.1.

The Coefficients of Variation (CoV) and average values are the main parameters to
examine the effectiveness of proposed model. The CoV for the proposed model is 10%
which is comparatively lower than other existing models for determining the shear strength
of joint. The CoV of ACI, AlJ and NZ model are 48%, 43%, and 35% respectively. The
maximum calculated shear strength values lie within 10% difference limit. The proposed
model is able to predict the joint shear strength with more accuracy. The average result of

proposed model and other models are shown in Figure 6.2.
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Figure 6.2: The average result of predicted shear strength of beam-column joint with
existing experimental data base and codal values
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Table 6.2: Experimental verification of proposed joint shear model with past studies

. V V VACI/ V'h NZS/ V'h AlJ / V'h SP /
Reference |Specimen| h, by, h, | b, | be | f i iho I I I
exp cal Vexp th,exp th‘exp th,exp
1 480 300 | 340 | 340 | 320 | 64.7 | 486 488 | 1.79 0.66 2.32 1.00
) 2 480 300 | 340 | 340 | 320 | 67.3 | 609 516 | 1.46 0.57 1.90 0.85
Esahani et al.
1987 3 440 | 260 | 300 | 300 | 280 | 647 | 542 454 | 124 0.53 161 0.84
4 440 260 | 300 | 300 | 280 | 67.3 | 627 497 | 1.09 0.44 1.43 0.79
1B 480 259 | 300 | 300 |279.5 | 33.6 | 554 52 | 087 035 0.99 0.95
3B 480 259 | 300 | 300 |279.5 | 409 | 591 568 | 0.90 036 1.07 0.96
ESh‘;‘g‘ggt al. 4B 439 259 | 300 | 300 [2795 | 446 | 635 602 | 0.88 0.35 1.06 0.95
5B 480 300 | 340 | 340 | 320 | 243 | 571 571 | 0.94 0.41 1.00 1.00
6B 480 300 | 340 | 340 | 320 | 39.8 | 469 607 | 1.46 0.60 171 1.29
. B1 250 160 | 220 | 220 | 190 30 | 246 217 | 093 037 1.03 0.88
Fuji et al.
1991 B4 250 | 160 | 220 | 220 | 190 | 30 | 273 232 | 084 0.43 0.93 0.85
Megget 1974 |  Unit A 460 255 | 380 | 330 |292.5 | 22.1 | 576 576 | 0.90 0.36 0.94 1.00
1 220 160 | 220 | 220 | 190 | 311 | 249 179 | 093 0.44 1.04 0.72
2 220 160 | 220 | 220 | 190 | 417 | 244 198 | 1.10 0.48 1.31 0.81
4 220 160 | 220 | 220 | 190 | 447 | 236 173 | 118 0.59 1.42 0.73
Kaku et al.
1991 5 20 | 160 | 220 | 220 | 190 | 367 | 220 174 | 115 0.49 1.32 0.79
7 220 160 | 220 | 220 | 190 | 322 | 249 191 | 095 0.42 1.07 0.77
8 220 160 | 220 | 220 | 190 | 412 | 243 201 | 110 0.46 1.30 0.83
Q1 400 200 | 250 | 200 | 200 26 156 163 | 1.63 0.56 1.76 1.05
M“r;}(%;t al. R1 400 200 | 250 | 200 | 200 30 173 171 1.58 0.54 1.75 0.99
s1 400 200 | 250 | 200 | 200 28 163 167 | 1.62 0.55 1.77 1.03
Test Unit1 | 406 406 | 406 | 406 | 406 33 | 82 843 | 054 0.46 1.22 0.97
Test Unit2 | 406 406 | 406 | 406 | 406 30 | 833 757 | 054 0.57 1.20 0.91
. Test Unit3 | 406 406 | 406 | 406 | 406 34 | 826 854 | 0.58 0.50 1.32 1.03
Pentelides et al.
2002 Test Unitd | 406 | 406 | 406 | 406 | 406 | 32 | 927 779 | 050 0.53 113 0.84
Test Unit5 | 406 406 | 406 | 406 | 406 2 | 770 831 | 0.60 0.52 1.36 1.08
Test Unit 6 | 406 406 | 406 | 406 | 406 31 851 768 | 054 0.57 1.20 0.90
HW;‘(‘)%:‘ al. 28-0T0 | 500 380 | 550 | 550 | 465 33 | 1138 | 1117 | 0.64 0.46 1.45 0.98
Va‘;gllf)t al 1 400 350 | 350 | 350 | 350 24 | 400 388 | 1.49 0.51 1.59 0.97
K“"‘zrggozt al. BS-L 450 260 | 300 | 300 | 280 31 316 311 0.74 0.67 1.65 0.99
LVP2 400 200 | 300 | 200 | 200 44 | 514 356 | 077 037 0.92 0.69
LVP3 400 200 | 300 | 200 | 200 24 | 364 334 | 080 0.36 0.85 0.92
Alva et al.
2007 LvP4 | 400 | 200 | 300 | 200 | 200 | 25 | 327 338 | 091 0.41 0.98 1.03
LVP5 400 200 | 300 | 200 | 200 26 | 380 342 | 080 0.36 0.87 0.90
) A0 300 200 | 200 | 200 | 200 32 83 65 1.36 1.05 3.05 0.78
Karayansis et al.
2008 BO 300 | 200 | 200 | 200 | 200 | 32 | 199 155 | 057 0.44 127 0.78
Hcgzg&r);‘ al. RK7 400 150 | 200 | 150 | 150 | 547 | 277 253 | 0.80 0.49 1.00 0.91
275 275 | 300 | 300 |287.5 | 25 149 145 | 2.88 1.02 3.09 0.97
S“Iggleot al. 275 275 300 | 300 [287.5 | 25 199 202 | 2.16 0.76 231 1.01
275 275 | 300 | 300 |287.5 | 25 | 259 254 | 1.66 0.58 1.78 0.98
Avg. 1.14 0.54 1.51 0.95
Result Output
cov 0.48 0.35 0.43 0.11

144




6.3 Model for Contribution of SIFCON Core in Joint Shear
Strength

The presence of SIFCON core in the joint region changes the shear stress resisting
mechanism as shown in Figure 6.3. The core is well packed composite and there is no
stirrup influence to resist the applied load directly. After the failure of core, a sudden

decrease in load is observed as in case of conventional specimens.

Core theory

Conventional
Concrete

SIFCON Core

Joint Connection (JC)
Zone

Figure 6.3: Shear resisting mechanism of SIFCON Core enabled beam-column sub-
assemblage
The load- deformation behavior of both types of SIFCON core enabled specimens
(flexure and shear) underlines the contribution of core in resisting the shear forces. The
shear strength contribution of SIFCON core is evaluated and predicted analytically through
a modified joint shear strength model and the results are validated with present

experimental work. The contribution of SIFCON core is considered as per Equation 6.11

0.6xb_xd N4
Vepre = <be,xde,<(f.,) . 6.11
1000

Where, b., is the breadth of the core; d., is the depth of the core element; f.,” is the
compressive strength of the SIFCON.

The summation of Equation 6.5 and 6.11 gives the core enabled joint shear strength as per

Equation 6.12 given below;

- Yo d x Bl 1N ey wjrd | 0.6xb,, xd,, x\[f.,'
th—LOl{p, A< p (1 1 Xfc'J (fc)}}i-(s { 4 } n,xn, fsyJ+[ 1000 j

o612
In Equation 6.10, the influence of SIFCON core and beam longitudinal

reinforcement is taken into account for shear strength prediction. The proposed model
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shows relatively close response over experimental results with an average of 0.99 and CoV

is 6.5% as shown in Table 6.3. Figure 6.4 shows the comparison of proposed model with

codal values as given in ACI and NZ

S.

Table 6.3: Experimental Validation of proposed model

Specimen | Vj,exp. | Vjnprop. | Vj,prop./
Vihaexp
S1 130 117 0.9
S2 150 146 0.97
S3 210.9 207.9 0.99
S4 195.4 214 1.10
S5 226.7 234 1.03
S6 326.2 322 0.98
average 0.995
Output Cov 0.065
R’ 0.99
700 -
600 4 AU R?=0.4343
[ )
o
~ 500 - Acl
5 R?*=0.0016 ° °
T 400 1 "
;g 300 - R? =’\::467 1
(=7
=
200 1 s1vA-PANKAI # Siva-Pankaj
R?=0.9911 = ACl
100 A NZ
® Al)
0 .

50

100

150 200 250 300 350

Vj experimental (kN)

Figure 6.4: Comparison of predicted shear strength of SIFCON core enabled specimens

and the experimental values with other codal models

6.4 Model for Predicting the Contribution of Steel Fiber
Reinforced Concrete (SFRC)

A number of experimental studies are focused on the use of SFRC as structural

component. Very limited study is carried out to predict the shear strength model for SFRC.

Jiru et al., 1992, has proposed a shear strength model for exterior beam-column joint with

SFRC as follows:

V,=V.+V,+V,

..6.13
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Where, FVj: ultimate shear strength of the SFRC joint; and V. shear carried by concrete and
defined as by Equation.

v, =0.1><(1+ jbjhjhc enn6.14

Where, N is the axial load; b, is the column breadth; A, is the depth of the column; f. is the
compressive strength of concrete; b; is the joint width; A; is the depth of the joint.

The contribution of steel fibers (F) is considered with respect to its aspect ratio,
percentage of fibers and area of the joint as follows

lf
V,=2-Lvbh, erni6.15
f

Where, [ris the length of the fiber; dy is the diameter of the fiber; vy is the volume of the
fiber; b; is the joint width; A;is the depth of the joint.

and (Vs ) shear carried by the joint stirrups and may be defined as
V.= f, 5 -, 616

Where, Ay, is the area of stirrups; § is the spacing of the stirrups; f; is the yield strength of
the stirrup reinforcement.

The contribution of SFRC on the shear resistance depends on the fiber dispersion,
type of fiber, crack bridging capacity of fiber irrespective of compressive strength of
concrete. The experimental study of SFRC shows that the addition of steel fiber varying
from 1-2% in volume enhances the tensile strength and flexural strength of concrete. The
split tensile strength (s, to compressive strength (cy) ratio (s;/ ¢s) of SFRC ranging from 10
-13% and flexural strength (f;) to compressive strength ratio (f; / ¢;) of crimpled fiber
reinforced concrete is 15 - 16%, whereas it is 14 -15% for hooked end steel fiber.

The proposed model to predict the shear strength of beam-column joint with
confinement may also be applicable to predict the shear strength of beam-column joint
with SFRC. The contribution of SFRC with its enhancement in strength is considered
along with compressive strength of concrete, percentage of longitudinal reinforcement and
stirrups in the joint. In addition, column axial load and joint index are also considered. The
proposed Equation 6.17 is as follows;

Without considering the stirrups
N
Vi = (“{Pﬁ x4, Xﬂx[l— Y, ,JX(L 'Xf,)}J .17
g c
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With stirrups
y N . rd’
oelrmamai s oot e

The constant value of f; varies according to the concrete compressive strength and

......0.18

the contribution of beam longitudinal reinforcement is considered with a multiplier that
depends on the unconfined and confined state along with the percentage of reinforcement.

The constants used in the proposed Equation are given in Table.6.4.

Table 6.4: Constants for proposed SFRC shear strength model

= . =
g == g | & 2 B0 9
172} = O L [ < o E;
g = E g %\ = ,.; %\ L ’g (=9 = ’g
= = 9 29 2 98 Tl 28 , : 33 8 8 s
= = = = > 58 e |&®2 B fe R 5 B = )7
2| T2 Bs |Teg T TEHLES
- S £ ‘5 © = g3 a ol ° % o
.8 o .3 m .g é 2 ~—
_:O/ N =y <« > EL'./ N
<1 0.7 <0.5 0.8 0 0.6 20-40 0.125 0-0.4 1
1-1.45 0.9 0.5-2 0.4 0-0.1 0.7 40-50 0.1 %‘2._ 0.7
1.45- 0.1- 0.5-
15 1.0 >2 0.25 02 0.8 06 0.5
02 >70<81 0.075
1.5-1.6 1.1 0 3_ 0.9 0.7-1.9| 04
Unconfined :
>1.6 1.2 Joi >0.3 1 Unconfined 2-2.5 0.3
oint 0.8 .
(10 stirrups) Joint 0.2
(no >3 0.2
stirrups)

The proposed Equation 6.17 is validated with an experimental database of twenty
four RC beam—column joints. A comparison is made to predict the shear strength of
SFRC beam-column joint with available test results as given in Table 6.5 and shown in
Figure 6.5. In the collected data the compressive strength varies from 21 to 81 MPa and
the axial load ratio varies from 0 to 3. The percentage of beam longitudinal reinforcement
varies from 0.5 to 1.85 % and (hy/h.) ratio varies from 0.5 to 1.5.The coefficient of
variation ( CoV) for the proposed model is 9% with 93% average value. It proves the
efficiency of the proposed equation in shear strength prediction. The maximum calculated
shear strength values lie within 20% difference limit. The average result of proposed model

with experimental details is shown in Figure 6.6.
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Table 6.5: Experimental verification of proposed model from available data

SID | by | by | b | be |G| ke | | Ve | | O
Kheni et al. 2014
1 ‘ 240 ‘ 200 | 200 | 200 ‘ 342 | 0.014 | 1.2 ‘ 1.0 ‘ 131 119 | 0.910
Andreu 2012
SF3 ‘ 450 ‘ 350 | 350 | 350 ‘ 36 | 0.084 | 1.28 ‘ 1.0 ‘ 602 590.28 | 0.98
Kwon et al. 2011
NC2
F1.O | 300 | 250 | 250 | 250 | 26.41 0 12 1.0 237 224 0.945
FL.5 | 300 | 250 | 250 | 250 | 28.65 0 12 1.5 245 235 0.960
NCO
F1.O | 300 | 250 | 250 | 250 | 26.41 0 12 1.0 229 212 0.928
FL5 | 300 | 250 | 250 | 250 | 28.65 0 1.2 15 237 230 | 0.973
Tang et al. 1992
SF1 350 | 200 | 350 | 250 | 213 | 0.133 1 12 327 294 | 0.900
SF2 350 200 350 250 32.1 0.133 1 1.5 422 430 1.020
SF3 350 200 350 250 32.1 0.133 1 1.5 296.9 340 1.145
SF5 350 200 350 250 21.3 0.133 1 1.5 221 225 1.018
Ganesan et al. 2007
HFI?R 200 150 200 150 81 0.01 1 1.0 132.74 134 1.009
Siva and Pankaj(2015)
Cl 225 150 225 150 50.6 0.015 1 1.0 99.63 111.5 1.119
C2 225 | 150 | 225 | 150 | 48 0.015 1 2.0 99.63 106 1.063
H1 225 150 225 150 48.1 0.015 1 1.0 104.61 106 1.013
H2 225 150 225 150 54.3 0.015 1 2.0 104.61 118.6 1.134
S1 150 130 150 150 36 0.025 1 2.0 120.31 122 1.016
Junichiro et al. 2012
TI1 200 168 250 250 23.5 0 0.8 1.0 91.93 97.8 1.064
TJ1.5 200 168 250 250 30 0 0.8 1.5 105.06 124.9 1.189
Craig et al. 1984
SP2 | 254 | 203 | 203 | 203 | 346 | 0249 | 125 15 209.8 190 | 0.908
SP4 254 203 203 203 26.5 0.325 1.25 1.5 245.7 206 0.840
SP10 254 203 203 203 38.33 0.224 1.25 1.5 196.7 218 1.112
Balouch et al. 2009
J4 ‘ 300 ‘ 200 | 250 | 200 ‘ 46.2 | 0.08 | 1.2 ‘ 0.92 ‘ 238.45 208 0.873
Avg. | 1.005
Cov. | 0.094
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Table 6.6: Experimental validation of proposed model

th,exp/
Specimen Vj,exp. Vj,prop.
Vinprop.
Ci1 99.63 111.5 1.119
C2 99.63 106 1.063
H1 104.61 106 1.013
H2 104.61 118.6 1.134
S1 120.31 122 1.016
Average 1.06
Cov. 0.05
700
Equation y=a+b*x
1 |Pearson'sr 0.99704
600 |Adi. 0.99381
R-Square Value  Standard Error
—2\ 500 - ;rll;;recem 0.98292 0.01654
& E
§ 400—-
.§ 300
]
= |
=7 200
100
0 T T B T B T T T B T d T T
0 100 200 300 400 500 600 700

th experimental (kN)

Figure 6.5: Comparison of predicted shear strength of SFRC joint specimens and the

experimental values

V] ppredicted
/ vV, experimental
| |
| |
| |
| |

0 5 10 15 20 25
No. of specimens

Figure 6.6: The average result of experimental values of shear strength of SFRC joint

specimens vs. predicted values
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6.5 Numerical Validations

Numerical validations of the proposed models for the evaluation of shear strength
of beam-column joint with different types of core with experimentally obtained values are

given as under;

Unconfined Beam-column joint [Surya et al. 2010]

hy,-275mm ; h.-300; bp-275; be-300; be-287.5; % beam reft.-0.47; hy/h.-0.916; N-25kN;
f.>-25

Parameters

=  “@” is based on hy/h. ratio. The hy/h, ratio in this problem is 0.916 which is less
than 1, hence the “a”is taken as 0.9.

* The percentage of beam reinforcement is given as 0.71; but it is unconfined so
directly “y” can be taken as 0.8.

=  The beta value is taken as 0.75 because the axial load ratio is 0.0133 which lies
between 0.01-0.1.

* The compressive strength is 25MPa; hence “r” is taken as 0.475.

On the basis of Equation 6.2 the shear strength of unconfined BEAM-COLUMN joint as
shown below

Viue = (0-9{0-470'8 x300x287.5%0.75x (1 — 0.0133) X (25)0'475})
Viue =144.8kN ~ 145kN

Confined Beam-column joint [Ehsani et al. 1985]

hy - 440 mm ; h. - 340; by - 259; b, - 300; be - 279.5; % beam reft. - 1.5; hy/h. - 1.46; axial
load ratio: 0.0603; f.’- 44.6; stirrups diameter:12.7mm; yield strength of stirrups: 437MPa.
number of legs: 2 and number of bars: 3 nos.

Parameters

=  “@” is based on hy/h, ratio. The hy/h, ratio in this problem is 1.466 hence the “a”is
taken as 1.25.

» The percentage of beam reinforcement is given as 1.5 also it is unconfined so “y” is
be taken as 0.4.
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Astr X nb X nsl .
P . It 1s 0.9, hence the value of “s”
J

The value of “s” depends on the basis of

chosen as 0.4.

= The beta value is taken as 0.75 because the axial load ratio is 0.063 which lies
between 0.01-0.1.

= The compressive strength is 44.6 MPa; hence “r” is taken as 0.425.

On the basis of Equation 6.4 the shear strength of unconfined BEAM-COLUMN joint as
shown below

Ve = (1:25{1.5% x300x 2795 0.75x (1-0.0603) x (44.6)°**" |
2

v, :(sx{”j }xnbxnslx syJ

Vi =4069.2+132.79kN = 602kN

Beam-column Joint with SIFCON Core [Siva and Pankaj 2015]

hy-275mm ; h.-300; bp-275; be-300; be-287.5; % beam reft.-0.83; hy/h.-0.916; N-25kN;
f.’-25 ; deo-150; beo- 150; f.,” of SIFCON core - 48

Parameters

=  “@” is based on hy/h. ratio. The hy/h, ratio in this problem is 0.916 which is less
than 1, hence the “a”is taken as 0.9.

= The percentage of beam reinforcement is given as 0.833; but it is unconfined so
directly “y” can be taken as 0.8.

=  The beta value is taken as 0.75 because the axial load ratio is 0.011 which lies
between 0.01-0.1.

= The compressive strength is 25MPa; hence “r” is taken as 0.475.

On the basis of Equation 6.2 and 6.9 the shear strength of unconfined BEAM-COLUMN
joint with SIFCON core is shown below

0.6x150x150x~/48

J

Viisircon =(0.9{0.833°Fx300x287.5%0.75%(1-0.01 1)><(25)0'475})+£ oo

V., sircon =322.35kN ~322kN
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Beam-column joint with SFRC [Tang et al. 1992]

hy,-350 mm; h.-350; by-200; b.-300; be-225; % beam reft.-1.81; hy/hc.-1;axial load
ratio:0.133; f.’-32.1; stirrups diameter: 8mm; yield strength of stirrups: 290MPa; Number
of legs:2 and number of bars : 3nos.

Parameters

= “g” is based on hy/h. ratio. The hy/h. ratio in this problem is 1 hence the “a”is
taken as 0.9.

» The percentage of beam reinforcement is given as 1.5 and it is confined so “y” is
being taken as 0.4.

Astr X nb X nsl

A,

J

The value of “s” depends on the basis of . It is 0.76, hence the value of “s”

chosen as 0.4.

= The beta value is taken as 0.7 because the axial load ratio is 0.133 which lies
between 0.1-0.2.

* The compressive strength is 32.1MPa; hence “f;” is taken as 0.125.

On the basis of Equation 6.16 the shear strength of unconfined beam-column joint with
SFRC as shown below

Visrre =(0.9x{1.814x350x225x0.7%(1-0.133)x (32.1x0.125)} )+ (1x87417.6)

Vinsire =430kN

6.5.1 Performance Comparison of Joints with Different Configurations

Unconfined Beam-Column Joint [HY] 1,HY] 2, HY] 6 in Chapter 3]

hy,-225mm ; he-225; by,-150; b.-150; be-150; % beam reft.-0.81; hy/h.-0.1; £.-27.5
Parameters

=  “g” is based on hp/h, ratio. The hy/h, ratio in this problem is 1 which is less than 1,
hence the “a”is taken as 0.9.

» The percentage of beam reinforcement is given as 0.81; but it is unconfined so
directly “y” can be taken as 0.8.

= The beta value is taken as 0.75 because the axial load ratio is 0.015 which lies
between 0.01-0.1.

= The compressive strength is 27.5 MPa; hence “r” is taken as 0.45.
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On the basis of Equation 6.2 the shear strength of unconfined beam-column joint as shown
below

Viue = (0.9{0.810-8 x225x150%0.75%(1-0.015)x (27.5)0-45})
Vihwe =81.4kN (Predicted)
Vihwe =87.17TkN (Experimental)

The joint with confining reinforcement in the joint region. Stirrups diameter:6 mm; yield
strength of stirrups: 250 MPa. number of legs: 2 and number of bars: 2 nos.

=  “@” is based on hy/h, ratio. The hy/h, ratio in this problem is 1 which is less than 1,
hence the “a”is taken as 0.9.

= The percentage of beam reinforcement is given as 0.81; but it is confined so
directly “y” can be taken as 0.4.

=  The beta value is taken as 0.75 because the axial load ratio is 0.015 which lies
between 0.01-0.1.

» The compressive strength is 25.5 MPa; hence “r” is taken as 0.45.

Astr X nb X nsl .
. It 1s 0.33, hence the value of “s”

The value of “s” depends on the basis of

Aj
chosen as 1.
Ve =(09{0.81°x225x150x0.75x (1-0.015) x (27.5)"*}

2
Vjs =(lx{ﬂz6 }x2x2x250]

Vi =95kN (predicted)

|4

Jjh,c

=101.3kN (experimental)

The joint with SFRC in the joint region. Stirrups diameter:6 mm; yield strength of stirrups:
250 MPa. number of legs: 2 and number of bars: 1nos.

=  “@” is based on hy/h, ratio. The hy/h, ratio in this problem is 1 which is less than 1,
hence the “a”is taken as 0.9.

= The percentage of beam reinforcement is given as 0.81; but it is confined so
directly “y” can be taken as 0.4.

= The beta value is taken as 0.7 because the axial load ratio is 0.015 which lies
between 0.01-0.1.
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* The compressive strength is 48.1 MPa; hence “f,” is taken as 0.1.

A, xn,xn

A,

J

The value of “s” depends on the basis of . It is 0.16, hence the value of “s”

chosen as 1.

Visene = (0.9%{0.814x225x150% 0.7 (1-0.015) x (48.1x0.1)} )+ (1x14130)

Vi e = 106kN ( Predicted)
Vi gpe =104.61kN (experimental)

6.6 Findings

An analytical model is proposed for predicting the shear strength of BEAM-
COLUMN sub-joint under unconfined and confined conditions after considering the five
main variables i.e. concrete compressive strength (f.’), joint stirrups ratio (ps), beam
longitudinal reinforcement (p;), column axial load (N) and joint index (hp/h.). The
predicted results are compared with the model as proposed in American Concrete Institute
(ACI), New Zealand (NZS), and the Architectural Institute of Japan (AlJ). The variables in
the proposed equation are determined on the basis of regression analysis of past

experimental data base of beam-column joints.

The coefficient of variance (CoV) of ACI, NZS and AlJ are 0.48, 0.35 and 0.43
with an average of 1.14, 0.54 and 1.51 respectively. The co-variant of proposed model is
0.10 with an average of 0.95. The R? of the proposed model is 0.98 whereas this is 0.83,
0.96 and 0.93 for ACL, NZS and AIJ models respectively. The ratio of slope of R? for
proposed model is 0.96 whereas this is 0.98, 0.50 and 1.39 for ACI, NZS an AlJ
respectively. The covariant and R” for the present experimental data is 0.065 and 0.99.

The proposed model is further modified for the SIFCON core enabled beam-
column joints after considering the contribution of SIFCON core in shear resisting

mechanism. The results are validated with present experimental work with an average of

0.99 and CoV is 6.5%.

A more rational shear strength prediction model is also proposed for SFRC BEAM-
COLUMN joint after considering the contribution of SFRC along with five main variable
parameters. The proposed equation is again validated with other sets of experimental

database with coefficient of variance (CoV) which is 9% with an average of 0.93.
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Chapter /

Influence of Mechanical Rebar Coupler on the
Static and Cyclic Behavior of R.C Components

7.1 Introduction

An extensive experimental investigation is carried out to examine the effectiveness
of mechanical coupler under flexure as well as in beam-column joint in the present chapter.
The proposed coupler may be effective as a practical solution for retrofitting of structural
member with buckled, broken or corroded reinforcement. Threaded bolts used in
mechanical coupler not only hold the existing reinforcing bar in its position but also resist
the externally applied load by applying the laterally confined pressure on existing
reinforcement. The influence of coupler in rebars connection at different locations of
beams and beam-column joints is examined. The test results reveal that the mechanical
coupler using threaded bolt with epoxy (as filler) can be effectively used in retrofitting of
structural member and can be an alternative solution of welding or splicing in the critical

region.
7.2  Early Studies

Many research works were carried out on lap splicing in R.C beams which
suggested different splice length according to the strength of concrete. Ezeldin et al. (1989)
studied the bond behavior of normal and high-strength concrete made with and without
fibers and observed that the addition of silica fume results in higher bond strength but
results in brittle bond failure. Fibers improved post peak behavior and ductility of spliced
beam to a considerable extent and the slip at maximum bond load increased with increase
in fiber content. Azizinamini et al. (1993) investigated the effect of several variables on
bond capacity of reinforcing bars embedded in high-strength concrete and concluded that
proper confinement in splice region proved effective. Additionally it was concluded that
the current trend in ACI of making the splice length longer to compensate for having small
cover and spacing might not be an effective approach. Zuo et al. (2000) investigated the

splice strength of conventional and high relative rib area bars in normal and high-strength
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concrete and observed that the splice strength of bars confined by transverse reinforcement
increased with an increase in relative rib area and bar diameter. The use of stronger coarse
aggregate resulted in an increase in splice strength for bars both with and without confining
reinforcement. Esfahani et al. (1998) proposed bond strength models by considering the
influence of concrete strength, splice length, concrete cover, ratios between side cover,
bottom cover, and the spacing between the spliced bars, rib face angle of the reinforcing
bar, and admixtures in the concrete mix on bond in splices. Bilal et al. (2001) studied the
effect of fiber reinforcement on bond strength of tension lap splices in high-strength
concrete and the test results indicated that the use of steel fibers in the splice region
increased the bond strength, ductility and mode of failure. Harajli (2005) investigated the
effect of confinement using steel, FRC, or FRP on the bond stress-slip response of steel
bars under cyclic loading. The test results showed improved seismic performance and
reduced bond strength degradation when confining the concrete with transverse steel, steel
fiber reinforcement and external confinement using FRP composites within the splice
region. Tarabia et al. (2010) studied the behavior of reinforced concrete beams with lap
splice reinforcement with different stirrups spacing and observed drastic increase in
ductility when transverse reinforcement was used in splice region. Hosny et al. (2012)
proposed equation to predict the required development of length in the lap splice region.
Ahmed et al. (2014) experimented different splice length and diameter of rebars in high
strength concrete RC beams and experienced better ductility with increased splice length

and observed no effect due to the diameter of the bar on ductility.
7.3 Uni-axial Tensile Behavior of Mechanical Couplers

Uni-axial stress-strain tensile behaviour of mechanical couplers is studied on
reinforcing bar of 12 mm and 16 mm with different size of couplers. The length, number of
threaded bolts and wall thickness of coupler differ with respect to the size of the
reinforcing bar. The complete details of test program on mechanical coupler are
summarized in Table 7.1. The interfacial bond strength between the rebar and coupler is
increased by carrying out (a) thread at the inner surface of coupler, (b) using external
threaded bolts and (c) using high strength epoxy at the gap between coupler and
reinforcement. The inner threaded surface of the coupler increases frictional resistance,
external threaded bolt and provides a confining pressure. Moreover, the epoxy increases

the bond strength that helps to reduce the length of couplers. Figure 7.1 provides the cross-

159



section details and Figure 7.2 shows the typical details of rebar coupler. The epoxy in

coupler is only pumped after tightening the bolts.

Table 7.1: Summarized tensile strength results of rebars

Coupler size Bolts .
Rebar Yield Ultimate UTS
size Inner Outer Wall Size of  G¢rensth strength
SI. No dia dia thickness "M No.of poits & /YTS
bolts
mm mm mm mm mm mm MPa MPa
1 10 15 30 7.5 120 4 8 530 585 1.10
2 12 - - - - - - 500 520 1.04
3 12 15 30 7.5 120 6 8 550 660 1.20
4 16 - - - - - - 550 660 1.20
5 16 20 35 7.5 160 8 8 540 620 1.13
Bolt
s Rebar
Filler ‘-'H 6.5mm thick wall
"~ Threaded surface

Coupler-cross section

Figure 7.1: Typical cross sectional details of rebar coupler

Bolt
Epoxy filler

Disconnected rebar

(a) Typical details of coupler for 10 mm and 12 mm diameter rebar

20 e Bolt
H‘*ﬁiﬁ‘-‘Hﬁ ;l; ;'i ;Ii ili ;Ii ~— Epoxy filler
- ! d d s Threaded surface

77774/ e

160 Rebar

All dimensions are in "mm"

(b) Typical details of coupler for 16mm diameter rebar
Figure 7.2: Typical details of coupler

The tensile tests of different diameters of TMT rebar with and without couplers are
carried out under uni-axial tension and the results are summarized in Table 7.1. The uni-
axial tensile stress-strain behavior of reinforcing bars of 12 mm and 16 mm diameter

exhibits complete ductile behavior as shown in Figure 7.3.
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Figure 7.3: Tensile behavior of rebar with and without coupler

The tensile behavior of reinforcing bar of 12 mm diameter with couplers exhibits
nearly similar responses as observed in original reinforcing bar. An initial slip is observed
but as the load increases, the reinforcing bar yields in similar fashion as in case of original
reinforcing bar without failure of coupler that can be evident from the failure pattern of the
specimen shown in Figure 7.4. The yield and ultimate strength of reinforcing bar of 12 mm

with coupler is about 540 MPa and 640 MPa respectively with a 1.2 UTS/YTS ratio.

(a) Control rebar failure (b) Rebar slipping (c) Rebar yielding failure

Figure 7.4: Failure pattern of tensile specimens

A low post-yield deformation is observed under the tensile test of reinforcing bar of
16mm diameter with couplers as compared to original companion specimen. The coupler
specimen starts to slip after attaining the peak load instead of yielding as in the case of
original companion specimen as shown in Figure 7.5. However, the yield and ultimate
strength of coupler specimen is 540 MPa and 620 MPa respectively which is nearly close
of original companion specimens. As per code-of-practice, the considered tensile strength
of reinforcing bar in design is 0.87 f,. A slight improvement in tensile behaviour is also

observed with the increase of length of coupler, number of bolts and strength of epoxy.
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Figure 7.5: Failure pattern of 16mm dia. rebar with coupler under tension
7.4 Behavior of RC Beam Specimens with Coupler under Flexure

Four types of RC beam specimens with different reinforcement configurations were
tested to evaluate the flexure behaviour of coupler as summarized in Table 7.2. The cross
sectional size of the first three types of beam specimens was kept 100 mm x 150 mm with
a span length of 1200 mm. Uniform 6mm diameter (Fe 250 grade) stirrups were provided
at spacing of 150 mm but with different percentage of tension reinforcement (Fe 500
grade) as shown in Figure 7.6a. The cross section size of fourth specimen remained 150
mm x 200 mm with span length of 1400 mm as shown in Figure 7.6b. The couplers were
used at two different locations, one at the centre of span and the other at the corner as

shown in Figure 7.7.

sl
| 2# 8mm@ .
. +— 2# 8mm O
< 'l emmo@ &= ;
ﬂ 150mm c¢/c IS f%ﬁg%/c
———2# 10mm@ / Type 1 i 2#16mm @
: 12mm@ / Type 2 :
16mm@ / Type 3 1'50
(a) Type 1-3 (b) Type 4

Figure 7.6: Typical cross section and reinforcement details of all types of RC beams

One specimen of each type of beam known as conventional specimen was also
tested under similar conditions for the comparison of test results with the coupler beam

specimens. The same type of couplers were used to connect the 10 mm and 12 mm
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diameter longitudinal reinforcement in first two types of beam specimens with a typical
detail of coupler connection as shown in Figure 7.7-7.8. The sequence of coupler
connection at the two ends of reinforcing bar consisted of (a) inserting each end of
reinforcing bar into the coupler, (b) tightening of external bolts (¢) sealing of both sides of

the coupler with a sealant and (d) pumping of epoxy into the coupler through a bolt hole.

(c) LB 162

Figure 7.7: Details of rebar coupler connection in second and third type

(a) Rebar connection using coupler at center in CB 102 and CB122

Six bolted Coupler

150 I

AN
\

(b) Typical details of beam specimen CB 121

y

: 3

All dimensions are in "mm"

1200

(c) Typical details of beam specimen CB 122

Figure 7.8: Typical RC beam specimen’s reinforcement and coupler connection details
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Table 7.2: Detailed configuration of RC beams with and without coupler

Reinforcement | Stirrups Length
. . g . Coupler location in tension
Specimen Configuration | (Fe 250 of the Configuration rebars
(Fe 500 grade) | grade) beam
Type 1
CB 101 60 Control beam I
2 # 80 @ top @
1 2#100 @
CB bottom 150mm Couplers connected the
102 2 clc rebar(@ centre
Type 2
CB 121 Control beam II
60
CB 1 2#80 @ top @ Couplers connected the
122 ) 2#120 @ 1200 mm rebar @ centre
bottom 150mm
c/c
CB 1 Couplers connected the
123 2 rebar @ corner
Type 3
CB 161 60 Control beam III
2 # 80 @ top @
1 2#160 @
CB bottom 150mm Couplers connected the
162 2 c/c rebar @ corner
Type 4
LB 161 60 Control beam IV
2 # 80 @ top
1 24160 @ @ 1400 mm Couplers
f 6]; bottom 120/mm connected the rebar
2 c/C
@ corner

7.4.1 Moment-Curvature Behavior of RC Beam Specimens

The moment-curvature response of each type of beam specimen reflects the
efficacy of the coupler connection in 10 mm diameter rebar as shown in Figure 7.9. The
conventional specimen CB101 shows gradual degradation in moment after peak because of
the inclined shear cracks. In presence of coupler, vertical cracks form and widen at the mid
span that show improvement in the post elastic behavior. The observed curvature at failure
in specimen CB102 shows the enhanced inelastic response of about 25% as compared to
conventional beam specimens CB101. The rebar connected beam specimens withstand
higher deflection without any rebar slip or pull out from the coupler that clearly manifests

the efficacy of the coupler in lower diameter of reinforcing bar.
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Figure 7.9: Moment curvature relationship of (a) Type 1 and (b) Type 2 specimens

The conventional specimen CB 121 exhibits ductile response up to curvature 2
x10* mm™ followed by shear cracks in hinge region. Post yield deflection without any
sudden drop is noticed in beam specimen CB 122 with coupler connection in 12 mm dia.
rebars. The beam specimens (CB 122) at the centrally located coupler encounter sudden
drop in moment at curvature 3x10* mm™ whereas the conventional specimen (CB 121)
fails at curvature 2x10* mm™. It authenticates the effectiveness of the coupler even after
yielding of specimen. Beam specimen (CB 123) i.e. coupler at both the corner shows
reduction in moment after peak due to the formation of early shear cracks. The post yield

behaviour of beam specimens (CB 123) is slightly lower as compared to conventional

specimen.
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Figure 7.10: Moment curvature relationship of (a) type 3 and (b) type 4 beam specimens
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The moment-curvature behavior of beam specimens with and without couplers (CB
161 and CB 162) is nearly the same as shown in Figure 7.10a. In both types of beam
specimens a sharp decrease in moment carrying capacity is observed as curvature
increases. This may be due to the short span of beam specimen with moderate confinement
and higher percentage of tension reinforcement. In long span beam specimens with and
without couplers (LB 161 and 162), nearly the same and stable post-yield behavior is
observed as shown in Figure 7.10b. It proves that the couplers are able to transfer the load

effectively in flexure under large deflection.
7.4.2 Stiffness and Strength Degradation

The post elastic strength degradation over yield load [F peg] and post elastic
stiffness degradation over yield stiffness [K pego,] are estimated the inelastic behavior of all
test specimens. The measured stiffness and strength degradation over post-elastic drift for
all test specimens are shown in Figure 7.11. In conventional beam specimen (CB 101),
there is a reduction of 30% in strength at the post yield rotation of 0.06 radian. However,
the coupler beam specimens (102) sustain a load upto a curvature of 0.10 radian without
significant loss in strength. It underlines the efficacy of coupler under flexure even after

yielding of beam specimens.
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Figure 7.11: Strength and stiffness degradation of (a) Type 1 and (b) Type 2 specimens

The strength and stiffness degradation plots of beam specimens with couplers (122
and 123) are more stable and the rate of degradation is low even at the higher rotation as
compared to conventional specimens (CB 121) as shown in Figure 7.13b. The couplers are

effective to connect the reinforcing bar and able to resist the load under the flexure similar
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to beam specimen without coupler. A higher rate of strength and stiffness degradation after
yielding is observed in conventional beam specimen (CB 161) as compared to coupler
enabled beam specimen (CB 162) as shown in Figure 7.12. At the rotation of 0.02 radian
the loss of stiffness in beam specimen (CB 162) is 60% in comparison to 80% in

conventional specimen.
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Figure 7.12: Strength and stiffness degradation of (a) Type 3 and (b) Type 4 specimens

The stiffness and strength degradation plot of Type 4 specimen shows that the
performance of both conventional (LB 161) and coupler connected specimen (LB 162)
remains comparable even after post yield rotation. The stiffness degradation plot of Type 4
beam specimen (CB 161) unveils the actual response of 16 mm coupler connection under
flexure. The large cross sectional area and increased span length allow the beam specimens

to deflect under flexure without any shear failure.
7.4.3 Energy Absorption

The post yield behavior of a structural member can be estimated in terms of energy
absorption calculated on the basis of area enclosed by the load-deflection curve and shown
in Figure 7.13. The energy dissipation in coupler beam specimens is nearly 2 times higher
as compared to conventional beam specimen (CB 101). The dissipated energy of coupler
specimens (CB 122-1/2) is also comparatively higher as compared to conventional
specimens (CB 123). The shear cracks in the conventional beam specimen (CB 121) of
Type 2 restrict the post yield response and are unable to dissipate higher energy as
compared to coupler beam specimen CB 122. The specimens CB 123 exhibits similar

response as shown by the specimen CB 121 in dissipation of energy. The energy
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absorption of coupler beam specimens of Type 3 (CB 162) and Type 4 (LB 162) is

comparable to respective conventional specimens (CB 161 and LB 162).
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Figure 7.13: Energy dissipation of all test specimens

7.4.4 Crack Pattern and Damage Index

50

The formation of cracks and its propagation are monitored and marked on the

surface of the beam specimens during testing. The observed crack patterns and mode of

failure of all tested beam specimens are shown in Figure 7.14. In conventional beam

specimen CB 101, initially vertical cracks are observed which turn inclined as the load

increases near the point of loading as shown in Figure 7.14a. The widening of inclined

cracks reduces the load carrying capacity of the specimen. In centrally located coupler

beam specimen (CB 102), the cracks initiate at both the ends of the coupler as depicted in

Figure 7.15 and widen towards the loading point.
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CB 101 CB 102

CB 121 CB 122

CB 123 CB 161

CB 162 LB 161

LB 162-1 LB 162-2

Figure 7.14: Crack pattern of RC beam specimens

. “— Coupler connection
Connection edge

Figure 7.15: Cracking behavior of CB 102

As the load continues, the deflection increases, the reinforcement starts to bend at

the edge of coupler without any deformation in coupler and finally the specimen fails in

flexure as shown in Figure 7.16. The close-up view of the coupler connection allows the

reinforcing bar to bend without slip. The conventional beam specimen (CB 121) fails in

shear with the growth of inclined cracks while coupler enabled beam specimen (CB 122)

exhibits vertical flexure cracks as shown in Figure 7.14. The cracking and failure behavior

of coupler beam specimen (CB 122) are nearly the same as exhibited by beam specimen

(CB 102) in Figure 7.15. The cracking behavior and crack formation near the ends of

coupler are clearly shown in Figure 7.16 as marked in black color. There is no indication of

any slip of reinforcing bar at the couplers in specimen CB 122. In corner located coupler
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beam specimen (CB 123), inclined cracks initiate at the ends of the coupler and widen as
the deflection increases as shown in Figure 7.17. The coupler specimen significantly resists
the load and transfers the applied stress effectively through the connection without failure

slip of reinforcing bar as exhibited in Figure 7.18.

(a) coupler connection after failure (b) Close-up view of connection

Figure 7.16: Coupler connection after beam failure

7

(a) coupler connection after failure (b) Close-up view of connection

'~ Connection edge Coupler connection

(c) Cracking behavior and failure pattern of CB 123
Figure 7.17: Cracking behavior and failure pattern RC beams

Figure 7.18: Coupler connection in CB 162 after specimen failure

The coupler beam specimens (CB 161 and 162) of Type 3 and beam specimens
(LB161 and LB 162) show similar kind of cracking and failure pattern. Initially flexural
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cracks are observed in the middle region but as the load increases further cracks are
noticed across the span and finally specimens fail in flexure as shown in Figure 7.19. This
failure pattern proves the active coupler connection in stress transfer without any brittle
failure. There is no significant difference in crack pattern between the control and coupler

enabled specimens.

(a) LB 162

Figure 7.19: Failure pattern of Type 4 beams

7.4.5 Damage Index

Modified flexural damage ratio (MFDR) of beam specimen with and without
coupler is used to compare the damage vs. post yield deformation in the form of ductility

as given in Equation 6.1.

¢ Py
M, M 7.1

y

P PV
M, M,

MFDR =

This MFDR is defined as the ratio between the secant stiffness at the onset of

failure (M,/¢,) and the minimum secant stiffness(M,/¢,). The term (u /) is the initial elastic

stiffness of the member. The MFDR values vary from 0 to 1, whereas “0” indicates no
damage and “1” indicates the onset of failure of the member. The calculated MFDR of
each specimen is plotted against ductility as shown in Figure 7.20. The MFDR results
indicate that the coupler enabled specimens possess better damage tolerance capacity over
respective control specimens. It proves that the proposed couplers are able to effectively
connect the two ends of reinforcing bar and participate actively in stress transfer

mechanism.
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Figure 7.20: Damage index of all type beam specimens

7.5 Cyclic Behavior of beam-column joint specimens with Coupler

Two types of exterior beam-column joint specimens are tested under cyclic loading
in quasi-static test facility to evaluate the hysteresis behavior of coupler enabled joint
specimens under cyclic loading. The complete details of beam-column joint specimens
with different types of coupler connections are given in Table 7.3. The reinforcing details
of both types of beam-column joint specimens (CEJ2 and CEJ3) are the same except the
position of the coupler at the joint as shown in Figure 7.21. In beam-column joint
specimens CEJ 2 and CEJ 3, both the longitudinal reinforcing bars of left side are
intentionally cut near the joint but within plastic hinge region at two different locations
(110 mm and 80 mm). They are connected with the help of couplers with the same
procedure as described in previous section. Figure 7.21 (c) shows the typical coupler
connection in beam-column joint specimens. In cyclic testing of beam-column joint
specimens with and without coupler, beam portion is kept 90° vertical and the column

portion of the joint is kept in the horizontal position held against the strong floor. Both
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ends of the column are supported using hydraulic jacks to apply axial load as shown in
Figure 7.22. The joints are tested under displacement controlled hydraulic actuator. One
end of the actuator is connected to the free end of the beam and the other end is connected
to reaction wall. The specimens are tested up to failure and their corresponding load

deformation response is recorded with the help of load cell and LVDT.

Table 7.3: Detailed configurations of beam-column joint specimens

. Reinforcement . Length of . Coupler location
Specimen Stirrups Configuration . .
configuration the beam in tension rebars
CEJ 1 Conventional specimen -
Couplers connected
CEJ 2 2#120 @ top Coupler'enabled the rebar @ ]qlnt
and bottom of @ specimen faces in pushing
beam and 1000 direction
I 100mm
cotumn c/c Couplers connected
Coupler enabled the rebar @ joint
CEJ 3 . . .
specimen faces in pulling
direction
B __ 2# 120 2 #Bezam & C ]
’Zp &I@mﬂom }\
s
¥
g g
Coupler—
2#12mm &
@
/Y top & bottom
Z 1 ) ]
\ J |
1000 1000
All dimensions are in "mm" All dimensions are in "mm"
(a)CEJ 1 (b) CEJ 2 (c) Typical connection

Figure 7.21: Detailed configuration of beam-column joint with and without coupler
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Figure 7.22: Beam-column joint cyclic test setup

In the three beam-column joint specimens, flexural cracks are noticed initially in
the beam hinge region as shown in Figure 7.23a. As the deformation increases, formation
of diagonal cracks also begins in the joint region as shown in Figure 7.23b. A spalling of
concrete cover in the joint region is observed at a deformation of 60 mm. Afterwards a
sharp decrease in load capacity is noticed in the specimens. The pattern of failure of
coupler enabled specimens CEJ 2 and CEJ3 is nearly the same as conventional specimen.
There are no additional cracks due to the presence of coupler in the hinge region. Figure
7.24 shows the post failure analysis of coupler connection; it authenticates the coupler
activeness in rebar connection. It proves the effectiveness of the coupler in the beam-

column joint region.

The load-deformation hysteresis curves of tested joint specimens are shown in
Figure 7.25. There is minor punching effect in the specimen CEJ 3 due to the formation of
early shear cracks in the joint region that affects the inelastic performance of the joint. It is
also observed from the envelop of load-deformation curves that the performance of coupler
enabled specimens is completely at par with the conventional specimen CEJ 1 even with
improved post-yield behaviour. The coupler enabled specimens are tested up to 80 mm
deformation to ensure the coupler activeness until failure. There is no evidence of
connection failure and rebar slip from the coupler which is observed after the removal and

chipping off the damaged concrete.
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(a) CEJ 1 (b) CEJ 2

Figure 7.23: Failure pattern of CEJ 1 and CEJ 2

(a) Coupler location (b) Rebar buckling (c)Active coupler connection

Figure 7.24: Post failure analysis

Figure 7.26 shows energy dissipation of all the three beam-column joint specimens
with and without coupler. The curves are identical up to a displacement of 40 mm and even
afterwards there is no significant difference. Thus the energy dissipation of coupler
enabled specimens is nearly same as conventional specimen that again confirms the
effectiveness of coupler in connecting the reinforcing bars even in the joint region. Figure
7.27 shows the stiffness and strength degradation plots of coupler enabled beam-column
joint tested specimens. There is no early degradation in stiffness and strength as compared
to conventional joint. The couplers are able to transfer the forces from one member to

another without any slip and failure with better stiffness retention capacity as compared to
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conventional specimen. Again there is no remarkable difference in strength and stiffness
degradation plot of coupler enabled specimen and conventional specimen. The damage
index (DI) vs. post yield deformation curves as shown in Figure 7.28 also exhibits that the
damage tolerance capacity of coupler enabled specimen is comparable to conventional
specimen. In view of the discussed parameters about the effectiveness of coupler under

tension, flexure and shear pave the path for further confidence in the use of coupler in the

retrofitting of buckled reinforcement at the plastic hinge region of structural member.
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Figure 7.27: Stiffness degradation plot
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Findings

The proposed study is focused on the behavior of coupler in rebar connection of

flexural and beam-column joint members and compares the results with the conventional

companion specimens. Four types of beam specimens and two types of beam-column joint

specimens are prepared under different diameters of longitudinal tension bars. These

specimens are tested under static and cyclic loading. Following are the main conclusions of

the study;

1.

The coupler may be a very practical and viable solution for the retrofitting of

damaged structures under earthquake or other environmental reasons to restrain the

load carrying capacity of structural member. The couplers are more effective in

lower diameter of reinforcing bars and the efficacy of the coupler may be restricted

up to a certain diameter of connecting two cut/broken longitudinal bars.
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The proposed coupler configuration is more effective and practical as compared to
conventional type of couplers being used in the field. The external threaded bolts
are able to restrict the slippage as well as apply the confining pressure on existing
reinforcing bar which is the partial substitution of bond length. The efficiency of
the coupler is further improved by filling the space between the coupler and

reinforcement with a high strength epoxy.

The tensile test of reinforcing bar upto 12 mm diameter with epoxy filled threaded
bolts coupler is nearly the same as original reinforcement. However, reinforcement
with 16 mm diameter with the same type of coupler performs identically upto the
yield point as in case of original reinforcement. The post yield behaviour of
proposed coupler is also reasonably satisfactory since limit state of reinforcement

in structural member is 0.87 fy.

The load - deflection plot under flexure test of beam specimens with and without
couplers and the subsequent interpretation of result are in the form of M- analysis,
strength and stiffness degradation plot, energy dissipation and finally damage index

authenticates the effectiveness and efficacy of coupler in flexure.

The hysteresis behavior of beam-column joint specimens with and without coupler
and the subsequent interpretation of results are hysteretic curve, strength and
stiffness degradation plot, energy dissipation and damage index that authenticate

the effectiveness and efficacy of coupler connection under cyclic loading

The practical application of the couplers in axial, flexure and joint members again
requires a systematic experimental test programme. The coupler technology in the
field of retrofitting of RC members is a mile stone in case of structural damage in

earthquakes, particularly where buckling of longitudinal reinforcement occurs.
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Chapter 8

Cyclic Testing of Retrofitted Columns with
Buckled Reinforcement - An Experimental Case
Study

8.1 Introduction

Earthquake damage survey reports of the past reveal that the buckling of main
longitudinal reinforcement of axial members in the plastic hinge region is the most
common mode of failure. It is mainly due to inadequate shear reinforcement, improper
confinement of core concrete and large tie spacing. The repair and retrofitting of buckled
reinforcement at the plastic hinge region of a column/pier under the heavy axial load is a
challenging and realistic task since a large number of buildings need to be demolished due
to this kind of failure. The common retrofitting solution under this situation is to replace
the buckled portion of reinforcement with new reinforcement through welding. The
difficulty in welding is that it requires removal of large intact concrete at both the sides of
the damaged portion of column in order to expose the required length of un-yielded
existing reinforcement for welding of new reinforcement. The present research work
investigates an alternative and innovative approach to retrofit the buckled longitudinal
reinforcement by using an epoxy filled mechanical coupler. External FRP wrapping at the
buckled regions may also be used to provide an external confinement. The effectiveness of
epoxy filled coupler with and without FRP wrapping is evaluated by carrying out cyclic

testing of four retrofitted columns and the results are compared with welded reinforcement.
8.2 Early studies

Many studies were focused on seismic retrofitting of RC columns using RC
jacketing, FRP jacketing with splice and with confining reinforcement and steel caging
(Sengupta et al. 2003, Nagaprasad et al. 2009). In these studies the buckled reinforcement was
removed and replaced by additional reinforcement of splicing in the hinge region with
additional external jacketing. Raj et al. (1993) studied the use of external reinforced

concrete jacketing and steel plate bonding for retrofitting of column but it increased in
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dimension of column section as well as increased dead load on the structure. Hamid et al.
(1997) studied the effect of FRP wrapping in repair of earthquake-damaged RC circular
and rectangular columns with lap splice in the hinge region. In this study the buckled
reinforcement was replaced by lap splice in the hinge region with external FRP
confinement and better stiffness retention and ductility over original specimens were
observed. Frieder et al. (1997) investigated the continuous CFRP wrapping in seismically
damaged column retrofitting work. The columns were retrofitted with CFRP jacketing at
different levels with and without lap splice in the hinge region. The results demonstrated
that the CFRP jacketing exhibited good results and could act as an effective alternative for

the conventional RC jacketing.

Pantelides et al. (2002; 2008; 2009; 2010) has studied the effect of FRP
strengthening on various structural elements such as bridge piers and beam-column joints
and observed strength enhancement using FRP strengthening. Xiao et al. (2003) studied the
effect of partially stiffened steel jacketing in RC column retrofitting and observed
enhanced shear and hysteresis behavior on the retrofitted deficient column. Richard et al.
(2003) examined the CFRP confinement on strengthening and retrofitting of shear
deficient square columns with axial load. The test results showed that the external CFRP
confinement improved the hysteresis behavior and ductility of the shear deficient columns.
Richard et al. (2004) retrofitted the shear deficient square column with CFRP confinement
without increasing the flexural strength and initial stiffness and tested under cyclic loading
with axial load. The test results showed that the external CFRP confinement on the non-
seismically designed column improved the deformation capacity without increasing the
strength. Prota et al. (2005) carried out an experimental investigation on seismic upgrade
of under-designed RC square columns by combining steel spikes and GFRP laminates and
suggested that the proposed method for the seismic strengthening of under-designed
columns as very effective when necessary to relocalize the potential plastic hinges of
columns by increasing their flexural strength. Cem et al. (2006) examined the external FRP
wrapping using various FRP sheets in the plastic hinge regions to strengthen the element
by external confinement. Dandapat et al.(2013) and Rimen et al. (2013) conducted an
experimental study on the localized failure in FRP wrapped cylindrical concrete columns
and studied the effect of imperfections at the interface between concrete and FRP and
observed the presence of imperfect localization of deformation, adverse effect on the

confining capacity of FRP, and reduction of the failure load.
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83 Cyclic Testing of Retrofitted Columns with Buckled

Reinforcement

Four columns with a cross sectional size of 275mm x 275mm with an effective
height of 1.94m were tested under cyclic loading (Surya, 2010) as shown in Figure 8.1.
The damaged columns were retrofitted with different types of schemes as illustrated in
Table 8.1. The methodology adopted for the retrofitting of columns consisted of the
following steps (i) to provide an additional support with the help of hydraulic jack and
bracing before removing the cracked concrete in the damaged portion of the column (ii) the
cracked concrete was completely removed in the affected region (iii) the buckled
reinforcement was cut and removed as shown in Figure 8.2a (iv) after the reinforcement
curtailment, the remaining buckled reinforcement was straightened manually as shown in
Figure 8.2¢, (v) the loose concrete surface was chiseled out and removed from the bottom

foundation surface.

Table 8.1: Detailed configuration of column specimens

S. Column reinforcement& Transverse .
. . . Description
ID Cross sectional size reinforcement
CF1 10mm @@300mm c/c Control specimen

10mm O@300mm c/c + Retrofitted by using

CF2 ) )

6mm @ in coupler region coupler
|& 275mm —>|
CF3 — 2#20mm 1 0omm @G@300mm c/c + Retrofitted by using
275mm ¢ 10mmd 6mm O in welded region welding

CF4 l — 2#20mm 10mm @@300mm c/c + Retrofitted using coupler
6mm @ in coupler region +BFRP jacketing

CFS 10mm @@300mm c/c + Retrofitted using coupler

6mm @ in coupler region + CFRP jacketing

An eight bolt mechanical coupler with a length of 240mm with 4mm wall thickness
was used to connect the two discontinuous ends of the reinforcing bar in the retrofitting
work as shown in Figure 8.3a. In this coupler the inner surface was threaded to create
friction resistance during loading, shown in Figure 8.3a. After connecting the broken
reinforcement the vacuum space was filled with epoxy. This epoxy filler created better

bond and increased the efficiency of frictional resistance.
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(a) Impaired column members (b) Buckled reinforcement

Figure 8.1: Different failure pattern of conventional column members

(c) Straightened buckled bar in column (d) Replacing the column again

Figure 8.2: Step-by-step retrofitting procedure for the buckling of reinforcing bar
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Coupler-cross section

(a) Cross section of coupler (b) Typical coupler

Figure 8.3: Coupler configuration

The tensile behavior of the coupler connection is determined under uni-axial tensile
test. Reinforcing bars of 200mm diameter were connected using a 120mm length coupler
with four bolts (however in retrofitting of column, couplers of 240mm length with 8 bolts
are used) and the vacuum space was filled with epoxy. The specimen resisted 350MPa
before it starts to slip at the bottom portion as shown in Figure 8.4b. The average tensile
strength and strain of the tested coupler specimen is shown in Figure 8.4a. This slipping

behavior can be clearly understood from the stress vs. strain behavior of coupler.

400

300 A

200 1

Tensile strength (MPa)

0 0.02 0.04 0.06 0.08 0.1

Strain (mm/mm)

(a)

Figure 8.4: (a) Stress strain graph of rebar with coupler (b) failure pattern

These couplers were inserted into the main bottom reinforcement and the other end
of curtailed reinforcement of the column section was gradually inserted into the coupler, as
shown in Figure 8.5. After insertion of both the curtailed ends of reinforcement into the
coupler, the bolts were tightened properly. In order to increase stability of the connection,
the vacuum space in the coupler was infiltrated by low viscosity epoxy binder as shown in
Figure 8.5. Now the external support was released and the transverse reinforcement was

inserted in the column member, Figure 8.5d.
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One of the column members was retrofitted using welding technique. An additional
20mm diameter reinforcement bar with a length of 240 mm was used for welding to
connect the curtailed rebar as shown in Figure 8.6. Welding was carried out from inside the

column reinforcement; otherwise the concrete cover will get affected.

(a) Coupler connected  (b) Column member

in bottom portion connected (c) Epoxy infiltration  (d) Extra confinement

Figure 8.5: Coupler connection procedure

(@)

Figure 8.6: Retrofitted specimen using welding technique

After the reinforcement connection, the retrofitted region was filled with fresh
concrete. To fill the concrete at the retrofitted portion, letter box type shuttering was used
in order to avoid the contact problem between the existing concrete cut surfaces at both the
ends with new concrete, as shown in Figure 8.7a-8.7b. Now, the specimens were properly
cured for 28 days in laboratory. Among the four retrofitted columns two were additionally
confined with external two layer of BFRP and CFRP sheet wrap in parallel and
perpendicular direction, as shown in Figure 8.7d-8.7e. Before wrapping the FRP
composites, the column concrete surface at the bottom region was thoroughly ground using

grinding machine. After grinding, a primer coat was applied on the surface to fill the pores
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and voids. After a day of curing, epoxy was applied on the primer surface to affix the FRP
composites. Initially two layers of FRP in parallel as shown in Figure 8.7d to the column
member were wrapped, afterwards FRP in perpendicular (Fig 8.7¢) direction was wrapped

on the existing parallel layer to increase the anchorage.

(a) Letter box form  (b) Concerting (c) Smoothened (d) Epoxy (e) CFRP
work surface for FRP application wrapping
wrapping

Figure 8.7: Concreting and FRP wrapping procedure
8.3.1 Hysteretic Behavior of Column Specimens

Figure 8.8 shows the hysteresis behavior of retrofitted column specimens. The
envelope curves of the five specimens are presented in Figure 8.9. In original specimen
CF1, the yielding occurs at 35 mm deflection with the corresponding lateral load of 24 kN.
The load remains constant in post-elastic range upto 115 mm deflections and afterwards it
begins to degrade. The specimen fails at 140 mm deflection. The retrofitted column
specimen CF2 with the mechanical coupler filled with epoxy shows entirely distinguished
response over original specimen CF1. It shows higher yield load as compared to original
specimen without manifesting of post- yield behavior. The mechanical anchorage
connection through coupler does not behave perfectly as conventional reinforcing bar
under tension since the reinforcing bars start slipping rather than elongated. The load-
deformation behavior of specimen after the yielding entirely depends on the frictional force
between the threaded surface and the reinforcing bar. Figure 8.8b shows a sudden drop in
load at 85 mm deflection and a brittle failure is observed. It is also observed that loop area

of specimen CF2 in each cycle is comparatively lesser than the original specimen CF1.

The column specimen CF3 is retrofitted with welding and it shows better pre and
post yield deformation behavior rather than the original specimen CF. The connected

region effectively transfers the applied load and allows the specimens to deform better than
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conventional specimen CF1. At the deflection of 140 mm, the welded region breaks and
the applied load drops suddenly. The column specimen CF 4, retrofitted by using coupler
and wrapped with BFRP, behaves differently than the retrofitted specimen without FRP i.e.
specimen CF 2. A sudden degradation in load is observed at 80 mm deflection and the
specimen fails completely at 110 mm deformation as observed from the hysteresis loop. It
shows the performance enhancement of rebar connector’s activeness because of external
confinement. Also the loop proves that the specimen encounters coupler failure but not so

sudden as specimen CF2.
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Figure 8.8: Hysteresis curve of all tested specimens
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The specimen CF 5, strengthened with CFRP wrapping shows enhanced post-yield
performance over the other specimens. The higher tensile modulus of CFRP holds the
column at top and bottom portions effectively and allows the coupler to transfer the load to
the foundation. There is no sudden degradation in load or failure of reinforcing bar in
specimen. The envelope curve of specimen CF5 is not only similar to the specimen CF1
but also manifests stable and enhanced deformation capacity even upto 140 mm. The
additional CFRP confinement effectively confines the concrete and restricts the coupler
failure. The effect of confinement holds the connected region actively to transfer the load

and allows to rotate at foundation level.
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Figure 8.9: Envelope curve of all specimens
8.3.2 Stiffness and Strength Degradation

Figure 8.10 shows the strength and stiffness degradation over post elastic rotation
of tested specimens. The retrofitted specimen CF2 manifests lesser post elastic rotation
over the other specimen because of sudden failure of specimen after peak load. The rate of
degradation is stable in welded specimen CF3 even at higher rotation. There is a loss of
70% stiffness over the post yield rotation of 0.045 radian. A low degradation in strength
and stiffness is noticed from the plot of retrofitted specimen CF4 upto the rotation of 0.02
radian. Afterwards due to rupture of fiber and failure of coupler there is rapid increase in
rate of degradation. The retrofitted specimen CF 5 with CFRP exhibits a stable behaviour
as observed in original column CF 1 with very low rate of degradation. The external
confinement enables to hold the coupler intact and allows the specimen to rotate at the
bottom end. Coupler with CFRP wrapping is an effective and viable solution to the

retrofitting of buckled reinforcing bar.
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Figure 8.10: Stiffness and strength degradation of column specimens
8.3.3 Emnergy Dissipation

It can be understood that the dissipated energy level of specimens is nearly the

same upto 80 mm deflections as shown in Figure 8.11.
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Figure 8.11: Energy dissipation curve

Beyond this point the activeness of employed connection plays vital role in
enhancing the post yield response. The retrofitted specimen CF 1 exhibits least energy
dissipation as compared to specimens retrofitted with either welding or FRP. The CFRP
retrofitted specimen CF5 with coupler dissipates highest energy however welded specimen
CF 3 exhibits relatively higher energy as compared to the specimen retrofitted only with
coupler. The post elastic energy dissipation of retrofitted specimen CF5 authenticates the

effectiveness of the adopted technique as compared to the conventional welding technique.

189



8.3.4 Failure Pattern

In original specimen CF1, flexural cracks are noticed during initial loading in the
plastic hinge region as shown in Figure 8.12. Later the cracks in the column hinge region
are too wide at the beginning due to lack of confinement in the plastic hinge region which
leads the specimen to fail in shear. As the loading further increases, concrete begins to
disintegrate and the load is carried by the concrete shifting to its longitudinal
reinforcement. This additional load causes buckling of longitudinal reinforcement near

foundation level as shown in Figure 8.12a.

In specimen CF2, flexural cracks are again noticed in the plastic hinge region of
column upto 80 mm deflection under the cyclic testing of retrofitted column. As the
deformation increases, couplers from both the sides of the reinforcement fail and
specimens divide in two halves as shown in Figure 8.12b. The detached top portion of the
column is lifted to examine the mode of failure of coupler as shown in Figure 8.12c. After
the visual examination, it is observed that the location of failure of specimen is in coupler

at the intersection point of top and bottom reinforcing bar.

In welded specimen flexural cracks are observed during initial stage of loading. As
the displacement increases, the cracks in the hinge region begin to widen followed by
spalling of concrete. As the deformation further increases, the welding fails, subsequently
the load decreases and finally the concrete is crushed in the hinge region as shown in

Figure 8.12d.

In BFRP retrofitted column specimen CF4 with couplers, rupture occurs in FRP
resulting in crushing of concrete at the column foundation level as shown in Figure 8.12e.
one by one failure of couplers takes place in the specimen as the displacement increases
otherwise the type of failure is similar to specimen CF2. In CFRP retrofitted column
specimen with coupler, significant improvement in load-deformation behavior is observed
after yielding. The behavior of specimen CF5 in early stage of loading is similar to
specimen CF1. The external CFRP confinement holds the connection region to remain
active because of its higher modulus and finally the load shifts to foundation level. As the
deformation increases the rotation at foundation increases but there is no de-bonding at the

level of retrofitted portion as shown in Figure 8.12f.
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(¢) CF4

-

(a) CF1 (c) Broken coupler (d)CF3 (f) CF5
Figure 8.12: Failure pattern of column specimens
8.4 Findings

The objective of this experimental investigation is to examine influence of mechanical
coupler in retrofitting of buckled longitudinal reinforcement of column under cyclic

loading. The following conclusion may be drawn from this study;

1. The mechanical coupler with CFRP wrapping may be an effective solution for
connection of two discontinuous reinforcements. This situation frequently arises in
case of retrofitting of column under earthquake in which the plastic hinge forms at

the top and bottom region of column and the main reinforcement buckles.

2. The mechanical coupler without CFRP may also be used for the gravity loads since
there is no slippage in reinforcement at the connecting junction. The efficiency of
the coupler may also be improved by increasing the wall thickness of coupler,

threading with adequate bolts.

3. The external wrapping by CFRP confines the retrofitted portion and increases the
strength of the section that not only allows the coupler to effectively transfer the
load to the foundation but also completely eliminates the shear failure in the hinge

region.
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4. The load-deformation behavior of welded section is significantly improved and
nearly exhibits the same pattern as in case of controlled specimen. The difficulty in
welding at site and removal of large concrete at both the sides of damaged column

to expose the reinforcement for suitable length restricts its practical application.

5. The stiffness degradation shows that the retrofitted specimen with coupler and
CFRP confinement shows slower rate of degradation over the control and welded
specimen. The stiffness retention in the post elastic rotation authenticates the
effectiveness of employed retrofitting technique in RC column buckling

reinforcement and retrofitting work under cyclic loading.

6. This study paves the way for bolted coupler in retrofitting of reinforced concrete
structural components but for its versatility and reliability, more experiment tests
are required using different wall thickness to length ratio under various types of

load applications.
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Chapter 9

Summary and Conclusions

This experimental research aims to investigate the influence of different high
performance materials on the static and cyclic behavior of R.C structural components with
and without confinement. The prime aim of this work is to examine the performance
evaluation of high performance materials used in the joint core of exterior beam-column
joint specimens to enhance the shear resistance and to predict the analytical shear strength
model. A detailed experimental study is planned and carried out by testing the beam-
column joints specimen and other companion specimens under monotonic and cyclic
loading and results are interpreted in the form of hysteretic curve, load deflection behavior,
stiffness degradation, energy dissipation, moment rotation behavior, crack pattern and
damage tolerance behavior. The primary objective of this research is to investigate the
inelastic behavior of exterior beam-column joints with different high performance
materials. The following aspects are covered in the present study i.e. (i) investigation of
inelastic behavior of geo-grid confinement with and without steel fiber as additional shear
reinforcement to improve the shear performance of beams and beam-column joints
component (i) investigation on the possibility of using steel fibers and fiber hybridization
with minimum shear reinforcement in beam-column joints (3) evaluation of the
effectiveness of High Performance Fiber Reinforced Cementitious Composites (HPFRCC)
using different fiber as a means to increase the inelastic response and damage tolerance
capacity of beam-column joints (4) explore the possibility of use of SIFCON precast core
in the beam-column joint region for improving the shear strength capacity and (5)
development of analytical model to predict the shear strength of conventional, SIFCON
precast core enabled and FRC beam-column joints based on regression study of
experimental data. The proposed work also includes a detailed experimental investigation
to examine the effectiveness of epoxy filled mechanical coupler with external bolt system
to connect the two ends of main reinforcing bar in structural members. The outcome of

different high performance materials on structural performance is as follows;

195



9.1 Effect of Geo-Grid Confinement

The feasibility of geo-grid as a partial confinement along-with conventional stirrups
is examined by conducting the monotonic and cyclic tests on reinforced concrete beam
specimens and beam-column joint specimens. The test results on geo-grid confinement at
the plastic hinge regions of reinforced concrete components pave a new path in structural
engineering as an alternative confining material. The test results are evaluated in the form
of load - deflection curves, hysteretic behavior and stiffness retention behavior of geo-grid
confined specimens. It shows that geo-grid confines the concrete and provides better post
yield behavior and also significantly improves the shear capacity of beam and beam-
column joints. The performance can be further improved by using steel fiber in concrete
along with geo-grid confinement. The crack pattern and failure behavior unveil that the
geo-grid confinement can sustain severe deformation and improves the core concrete
strength. The presence of steel fiber in geo-grid confinement helps each other in improving

the inelastic performance with better damage tolerance capacity.
9.2  Effect of Fiber Reinforced Concrete (FRC)

The mechanical properties of different fiber reinforced concrete (FRC) and hybrid fiber
reinforced concrete (HyFRC) are determined under compression and flexure. The
hysteresis behaviour of unconfined RC beam-column joint with FRC at the joint region is
examined under cyclic loading. The axial stress-strain behaviour along-with failure pattern
of different FRC composite manifests the softening behavior in contrast to conventional
concrete. There is significant improvement in flexural behaviour of FRC concrete that
underlines the use of FRC and HyFRC on ductility enhancement. The cyclic testing of
beam-column joints with different FRC improves the shear resistance capacity and changes
the failure mode from shear to ductile even without conventional confinement. The post
peak strength and stiffness retention capacity of conventionally confined specimens is
improved only upto a certain extent because of low tensile strength of concrete. The
enlarged hysteretic loop of FRC composite specimens proves enhancement of shear
strength and post yield stiffness retention of the joint even without confinement. It is
mainly due to tensile nature of composite and stress transferring mechanism across the
cracks. The failure mode of FRC and HyFRC specimens is mainly by yielding of

reinforcement at the joint region that depicts that the specimens can sustain higher
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deformation with better damage tolerance capacity over conventionally confined beam-

column joint specimens.

9.3 Influence of High Performance Fiber Reinforced Cementitious

Composites (HPFRCC)

The influence of HPFRCC with different fiber mix ratio in the hinge region with
moderate confinement is studied by conducting the static and reverse cyclic tests on
reinforced concrete beam specimens and exterior beam-column joint specimens. The
experimental test outputs of HPFRCC reinforced concrete components authenticate the
efficiency of HPFRCC in improving strength and inelastic behavior of RC components.
The investigation results are assessed in the form of moment-curvature curve, hysteretic
behavior, stiffness retention behavior and damage tolerance capacity of HPFRCC
specimens. It shows that the presence of HPFRCC in the hinge region improves the post
yield deflection and shear capacity of beam and beam-column joints without critical
confinement. The presence of fibers and the absence of coarse aggregate in the composites
restrict the early crack formation and by effective crack bridging action improves the
damage tolerance capacity of structural components. The crack pattern and failure behavior
of hybrid composites unveil that the hybrid composites can work effectively under severe
deformation and improve the concrete tensile strength. It shows impressive energy

dissipation and damping characteristic.
9.4 Influence of Precast SIFCON Core on Shear Behavior

The shear strength enhancement of beam-column joint specimens using precast
SIFCON core element is evaluated under the cyclic testing. The compression and flexure
behaviour of SIFCON is also studied after carrying out the standard tests. The test results
indicate that there is a significant improvement in post yield behavior under compression
with consistent increase and the observed flexural strength of SIFCON is nearly seven
times higher than conventional concrete. The reverse cyclic testing of SIFCON enable
beam-column joints specimens has larger shear strength with the change in failure
mechanism. The specimens under cyclic testing have failed at the beam component of the
joint and not at the joint region. There is a radical shift of failure mechanism from shear to
flexure. The confining detailing at the joint region further improves the post yield behavior

of SIFCON core enabled specimen. The inclusion of SIFCON core element in the joint
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region improves the damage tolerance and stiffness retention capacity of joint over

conventional joint.
9.5 Effectiveness of Proposed Shear Strength Model

An analytical model for predicting the shear strength of the beam-column joint is
proposed under the unconfined and confined conditions based on existing experimental
data base from past studies. A comparison is made for the predicted shear strength with the
shear strength model proposed in ACI, NZ and ACI codes. The coefficient of variation
(CoV) is 0.35, 0.26 and 0.33 respectively with average values 0f 0.99, 0.49 and 1.34 while
the values for the proposed model are 0.13 and 0.91. The proposed equations are closer to
experimental test results of the joint. The proposed model is further upgraded by adding
the contribution of SIFCON Core and the modified equation is able to predict the shear
strength of SIFCON core enabled specimen with an average of 0.99 and CoV is 6.5%.

The shear strength model of beam-column joint with confinement may also be applicable
to predict the shear strength of beam-column joint with SFRC. The contribution of SFRC
and its enhancement in strength is considered along with compressive strength of concrete,
percentage of longitudinal reinforcement and stirrups in the joint. In addition, column axial
load and joint index is also considered. The coefficient of variation (CoV) in the predicted
model is nearly 14% with 98% average value. The maximum calculated shear strength

values lie within 20% difference limit.
9.6 Influence of Mechanical Rebar Connection

The influence of mechanical rebar coupler in broken rebar connection in lieu of
conventional methods in RC structural components using RC beams and beam-column
joints with different reinforcement detailing is examined under static and cyclic loading.
The axial tensile stress-strain behavior of rebar coupler under tension is also examined to
investigate the effective connection under direct tension and the tensile test results show
comparative response over conventional reinforcement. The couplers are used in different
locations of beam and tested under static loading with different reinforcement diameter
bars. The output of this experimental program authenticates the efficacy of rebar coupler in
connecting the broken rebars in different location. Rebar couplers are used in different
locations of rebars in beam-column joints within the plastic hinge region and tested under
reverse cyclic loading. The hysteretic behaviour, energy dissipation and post failure

analysis show the activeness of rebar couplers under cyclic loading within the plastic hinge
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regions. This technique provides better damage tolerance capacity and has better stiffness
retention. Also the failure behavior shows that the connection has no influence in failure

mode.
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