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Abstract

A STUDY ON SPRAYED FIBER REINFORCED POLYMER COMPOSITES FOR
STRENGTHENING OF REINFORCED CONCRETE MEMBERS

by

Qudeer Hussain

B.Eng, Civil Engineering, UET Taxila, Pakistan, 2007
M.Eng, Civil Engineering, UET Taxila, Pakistan, 2010

Extensive research is currently being conducted concerning the use of uni-
directional fiber reinforced plastic (FRP) wraps or laminates in the strengthening and
rehabilitation of reinforced concrete (RC) members. These unidirectional FRP(s)
include carbon, glass, aramid, polyethylene terephthalate (PET) and polyethylene
naphthalates (PEN). As strengthening materials, they offer some advantages over
conventional steel and concrete jacketing such as low weight, high strength and
excellent resistance to corrosion. Over the last few decades, a new method of
strengthening reinforced concrete members by Sprayed Fibre Reinforced Polymer
(shortly as SFRP) composites has been introduced. This method further simplifies the
application procedure to apply fiber using a spraying process. The salient features of
SFRP are quick and easy application as well as the uniform tensile properties in all
directions.

This thesis reports extensive usage of sprayed fiber reinforced plastic (SFRP)
strengthening system on RC members using glass and carbon fibers embedded in a
polyester matrix. In the first step, small scale circular and square columns strengthened
with different thicknesses of SFRP were tested under uniaxial compression to
investigate the increase in the ultimate strength and ductility. It was found that

substantial increases in ultimate load carrying capacity, member stiffness and ductility



can be achieved with SFRP confinement for both circular and square sections. The
efficiency of SFRP for providing the external confinement and the resulting increase in
strength and ductility is greater in circular columns than in square columns. The
obtained experimental results were used to access the performance of existing strength
models developed for unidirectional FRP. It was found that almost all existing models
are conservative to predict the experimental compressive strength of SFRP-confined
concrete. New strength models are proposed based on the obtained experimental data
for both circular and square SFRP-confined columns and a good correlation was found
between experimental and analytical values.

The second phase aims to investigate the effectiveness of externally bonded
SFRP in shear strengthening of RC deep beams under quasi-static loading. Given that
bond between SFRP and concrete surface is the critical link, different anchoring
systems i.e. Through Bolts (TB), Mechanical Expansion Bolts (MB), and Epoxy
Chemical Bolts (EB) were proposed and used to enhance the bond between concrete
surface and SFRP. The proposed anchoring systems are found to be effective to prevent
the de-lamination of SFRP. Test results indicated that SFRP was capable of enhancing
the ultimate load and deflection of RC deep beams provided that adequate anchoring
system is installed. The performance of SFRP strengthening depends on several key
variables such as SFRP material, thickness, strengthening configuration, strength of
concrete, type of anchoring system and length of the anchor bolt.

The third step aims to evaluate a possible use of the SFRP technique to elevate
the shear strength of RC deep beams with web openings. Towards this goal, an
extensive experimental program has been conducted. Both circular and square openings
of different sizes were investigated. Two types of concrete (i.e., low and high strength)
were used to cast the specimens. The deep beams with openings were strengthened with
a variety of SFRP thicknesses and strengthening configurations. The externally bonded
SFRP was remarkably effective to increase the ultimate load of the RC deep beams
with both the square and circular openings and both low- and high-strength concrete
beams. Also, SFRP applied on 3 sides (U-shaped) was more effective than 2-sided
SFRP in shear strengthening. The efficiency of the SGFRP strengthening and MB
anchoring system was lower for the high-strength concrete specimens as compared with

the low-strength specimens.



Then, in a fourth step, the research work was primarily focused on the
development of two-dimensional nonlinear finite element analysis for RC deep beams
(with and without openings) strengthened with SFRP. In the finite element analysis,
realistic material constitutive laws were utilized which were capable of accounting for
the non-linear behavior of materials. The finite element analysis was performed using
computer software WCOMD. The calculated finite element results are found to be in
good agreement with the experimental results and to capture the structural response of
both un-strengthened and SFRP strengthened RC deep beams. A comparison between
the finite element results and experimental data proved the validity of the finite element
models. Further, the finite element models were utilized to investigate the behavior of
RC deep beams strengthened with different directions of SFRP strips and web openings
located at different locations. The finite element results showed that there is
considerable de-crease in the ultimate load carrying capacity when operengs ar
induced in shear span. The SFRP strengthening is found effective to enhance load
carrying capacity of RC deep beams with openings irrespective of openings locations
and shape. The vertical SFRP strips are found to be more effective than horizontal ones.

At the end of this study, an experimental program was conducted to investigate
the behavior of large scale non-ductile RC columns (representing reinforcement
detailing of those structures which were designed against gravity loads only or
constructed prior to the development of modern seismic codes) strengthened using
SFRP. Three types of RC columns (i.e. shear, flexure-shear and flexure dominated)
were strengthened using SFRP jackets and tested under lateral cyclic loading. A
constant axial load was also applied along with lateral cyclic loading. In SFRP, two
types of fiber materials (i.e. glass and carbon) were used for strengthening of RC
columns. The results of SFRP strengthened RC columns were compared with control
or un-strengthened RC columns. SFRP strengthening is found effective for all types of
investigated columns (i.e. shear, flexure-shear and flexure dominated) to increase
strength and ductility. Both types of SFRP (i.e., glass and carbon) jackets greatly

improved the behavior of strengthened RC columns in terms of strength and ductility.
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Chapter 1

I ntroduction

1.1. Overview

The research work presented here in this thesis deals with the seismic
strengthening or rehabilitation of existing reinforced concrete members using
externally bonded Sprayed Fiber Reinforced Polymer (SFRP) composites. By applying
SFRP coating to the external surface(s) of reinforced concrete (RC) members to provide
supplementary reinforcement, it is likely to enhance the ultimate load carrying capacity,

ductility, stiffness and energy absorption capacity of the RC members.

1.2. Problem description

The strengthening of reinforced concrete (RC) structures is frequently required
because of excessive loading as a result of changes in use, modifications to design
codes, improper maintenance or exposure to environmental effects, such as corrosion
and seismic activity [1]. Recent earthquakes all around the world i.e., 1989 Loma Prieta,
1994 Northridge Earthquake, 1995 Kobe earthquake in Japan and 2005 Kashmir
earthquake in Pakistan have caused collapse, or severe damage to a large number of RC
structures that were not designed for seismic forces. The destruction of infrastructure
at large scales was resulted into causalities and economic loss. One obvious solution to
this problem is to simply demolish the deficient structures and replace them with new
ones. Unfortunately, the economics of today’s world make this solution impractical.
The only remaining alternative then, is to improve the load carrying capacity of those
structures which were designed before the development of current seismic codes to

modern standards using most applicable and cheap methods.

1.3. Selsmic strengthening using concr ete jackets

The seismic strengthening of RC member using concrete jacketing has been
successfully used in the last few decades [2].Concrete jacketing is the addition of a
concrete shell surrounding a member that is reinforced to improve the strength and

ductility of the element [3, 4] as shown in Figure 1-1.
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Figure 1-1: Concrete jacketing

However use of concreting jacketing involves some disadvantages such as
increase in volume and weight, artful detailing and laborious work to install at the site.

1.4. Seismic strengthening using steel plates

The use of externally bonded steel elements such as steel plates (Figure 1-2),
angles and strips has been widely used to strengthened reinforced concrete members [5,
6]. The use of steel jacketing does not increase the weight of the structure significantly
and saves construction time when compared with reinforced concrete jacket. The steel
elements can be pre-fabricated, and are more rapidly installed at site and less disruptive

to building occupants [7].
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Figure 1-2: Steel jacketing

Despite of successful application of steel jacketing in seismic strengthening, this
technique involves some disadvantages such as high weight of steel plates causing
problem during installation and corrosion problems during the service life.

1.5. Seismic strengthening using fiber reinforced polymers

Externally bonded unidirectional fiber reinforced polymers (FRP) systems have
been used to strengthen and retrofit existing concrete structures (Figure 3-1) around the
world since the mid-1980s [8]. FRP is a composite material made up of two distinct,
independent elements. The primary structural element is the fibers, which are
encapsulated by a matrix composed of some type of polymer [9]. Externally bonded
FRP systems were developed as alternatives to traditional external reinforcing
techniques such as steel plate bonding and steel or concrete column jacketing. These
unidirectional FRP(s) include carbon FRP [10], glass FRP [11], aramid FRP [12],
polyethylene terephthalate (PET) FRP and polyethylene naphthalates (PEN) FRP [13].
As strengthening materials, they offer some advantages over conventional steel and
concrete such as low weight, high strength and excellent resistance to corrosion. The
higher costs associated with these FRP materials is typically offset by savings in labour

when compared to the difficulty of steel plate jacketing.



Figure 1-3: Application of Carbon FRP to the box girder [14]

Up to now, the bulk of research into FRP strengthening has revolved around the
use of unidirectional fiber fabrics which are epoxy bonded to the concrete surface(s).
These unidirectional fibers are here referred to as “conventional unidirectional FRP”
in this study. In contrast to the conventional unidirectional FRP, strengthening of
concrete members with Sprayed Fiber Reinforced Polymer (SFRP) composites was first
studied at the University of British Columbia [15]. Further this technique was evaluated
in details for the strengthening or retrofitting of un-reinforced and reinforced concrete
shallow beams [9, 16-19]. However, no research activities are found in literature on the
development of material models, and strengthening of RC members such as RC deep
beams with and without web openings and RC columns.

1.6. Objectives of study

The scope of this research was to investigate the effectiveness of the Sprayed
Fiber Reinforced Polymer (SFRP) composites as a seismic strengthening and repair
method for reinforced concrete members such as RC deep beams and RC columns. In
this study, glass and or carbon fibers are sprayed using un-saturated polyester resin on
the concrete surface of RC members representing detailing of existing structures in low
seismicity regions such as Thailand. The main research parameters included were fiber
material, fiber length, thickness of fiber, strengthening orientation and strength of
concrete. In the first step, small scale circular and square unreinforced concrete columns

strengthened using SFRP were tested under monotonic axial loading to investigate the
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stress-strain response of SFRP confined concrete. Further, the efficiency of externally
bonded SFRP composites was investigated to enhance the ultimate load carrying
capacity of reinforced concrete deep beams with and without web openings. Different

anchoring systems to prevent the delamination of SFRP from concrete surface were
also proposed and investigated. Finally, seismic strengthening of large scale reinforced
concrete columns were performed using SFRP composites. SFRP strengthened RC

columns were tested under reverse cyclic loading with constant axial load.

1.7. Dissertation outline

This thesis dissertation is composed of thirteen chapters. A comprehensive
literature review on existing studies conducted on seismic strengthening of RC member
using SFRP is presented in chapter 2. The important experimental and numerical studies
on RC members such as beams and columns are described.

Material properties of different materials such as steel, cement, aggregates,
glass and carbon fiber roving and un-saturated polyester resin are presented in Chapter
3. The sprayed fiber reinforced polymer composites process is discussed in chapter 4.
The mechanical properties of SFRP composites which are determined essentially
following ASTM standards are given in Chapter 5.

A detailed experimental study conducted on SFRP strengthening of un-
reinforced concrete columns is presented in chapter 6, whereas analytical study on these
SFRP strengthened columns is discussed in Chapter 7. Existing strength models
developed for uni-directional FRPs and newly proposed strengthened models to predict
the compressive strength of SFRP confined concrete are also summarized in Chapter 7.

An experimental program to evaluate the efficiency of externally bonded SFRP
to enhance strength and ductility of reinforced concrete deep beams without openings
and with web openings is described in chapters 8 and 9, respectively. Chapter 10 and
11 describes a finite element analysis aiming to develop nonlinear finite element
analysis for RC deep beams strengthened with SFRP.

In chapter 12, an experimental study performed on seismic strengthening of
large scale RC columns is presented. Finally, chapter 13 presents the conclusions of

present research work along with proposal for future research areas.



Chapter 2

Literature Review

2.1 Introduction

As mentioned in Chapter 1, the research work conducted throughout this thesis
involved the use of Sprayed Fiber Reinforced Polymer (SFRP) composites for the
strengthening or retrofitting of un-reinforced and reinforced concrete members. Since
SFRP is a new strengthening technique compared to externally bonded unidirectional
FRP fabrics, there has been limited research performed using this approach. Further the
available research is mostly performed on shallow reinforced concrete beams or girders.
This chapter will discuss the results obtained by researchers around the world on
strengthening or retrofitting of reinforced concrete and masonry members using SFRP
composites.

To the best of author’s knowledge, the effectiveness of externally bonded SFRP
as a means of shear strengthening of RC deep beams and seismic strengthening of large
scale RC columns has not been investigated and this research project is the first of its
kind.

2.2 SFRP strengthening of unreinforced concrete beams

The very first study on strengthening of un-reinforced small scale concrete
beams using externally bonded SFRP composites dates back to 1996 [15]. In this study
unreinforced concrete beams were strengthened using glass SFRP. Beams were sprayed
on tensions side with a 3 mm thick coating of randomly distributed glass fibers at an
estimated fiber content of 8% by volume. Few concrete beams were notched in the
center to simulate service induced damage. The beams were tested under third-points
loading. Authors reported that visually, premature de-bonding of the SFRP coating did
not occur and SFRP coating developed a strong bond with concrete surface. Beams
with SFRP coatings were found to possess a superior load carrying capacity and were
found to absorb fracture energies far in excess of those absorbed by beams without
SFRP coating [15].

The second study reported in the literature was carried out by Lee et al. [20]. In
this study, authors investigated experimentally the structural enhancement of SFRP for
repair and strengthening of plain concrete beams. They also examined how parameters



such as coating thickness and fiber materials affect the load capacity and ductility of
the plain concrete beams. Substantial increases in the load capacity and energy
absorption capability were observed after application of SFRP [20].

Most recently, Kwon et al. [21] tested unreinforced concrete beams
strengthened with SFRP composites. The dimensions of the beams were 150 x 150 x
300 mm and SFRP was applied to the specimens’ bottom surfaces (Figure 2-1). The
research parameters investigated were concrete strength, fiber length in SFRP
composite and fiber volume ratio. Most of the un-strengthened flexural specimens
failed in a brittle manner. The strengthened specimens showed significant changes in
the slopes of their load deflection curves at the deflections where the corresponding un-
strengthened specimens failed. In this study, two types of failure modes were observed:
delaminating and rupturing. The delaminating failure of SFRP was caused by sudden

crack propagation along the interface between the concrete surface and SFRP.

Glass fibers from
the chopper unit
bni-/

o
4

Figure 2-1: SFRP application to beam specimens



2.3 SFRP strengthening of reinforced concrete beams

The first attempt to use SFRP composites for shear strengthening of shallow
reinforced concrete beams is reported by Boyd, [9]. In this study, influence of various
types of SFRP strengthening schemes was investigated to enhance the shear strength of
shallow RC beams (Figure 2-2). The three schemes of SFRP strengthening were A, C
and D (A = SFRP applied onto the two side faces only; C = SFRP applied onto the side
and the bottom faces; D = SFRP applied over all faces of the beam). The results showed
that strengthening scheme C and D were more effective than scheme A. In terms of the
failure modes, all beams strengthened with schemes A and C failed by de-bonding of
SFRP (Figure 2-3), whereas specimens with scheme D failed by rupture of SFRP.
However, in their experiment, no anchoring system has been employed to fix the SFRP

to the beam surface.

Figure 2-2: SFRP spray application on beams
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Figure 2-3: Failure of beams showing de-bonding of SFRP

Lee and Hausmann (2004) [16] investigated the strength and ductility aspects
of damaged and undamaged RC beams retrofitted with SFRP coating and to assess the
feasibility of using SFRP coating for repair/strengthening of RC beams (Figure 2-4).
The dimension of RC beams was 100x100x450 mm. Some of the RC specimens were
pre-cracked to model deteriorated concrete structures. The concrete surface receiving
SFRP coating was sandblasted to remove any debris and etches so that a high quality
of bond between the concrete surface and SFRP coating can be assured. The parameters
under this investigation include coating thickness, fiber volume fraction, fiber material,
and fiber length, pre-cracked and un-cracked specimens. The findings of the
experimental study can be summarized as follows: 1) Coating thickness has a
significant influence on the peak load, ductility and energy absorption capacity of RC
beams. 2) A more ductile failure with a significant increase in energy absorption
capacity was observed with a thicker coating. 3) An appropriate fiber length near 26
mm will maximize the increase in load carrying and energy absorption capacities of RC
beams. 4) Moderate volume fraction of fibers (up to 30%) is desirable for increasing
the ductility and energy absorption of RC beams. 5) Carbon fibers lead to higher
increase in load carry ability and lower increase in energy absorption for both damaged
and undamaged RC beams due to their brittle characteristics compared to glass fibers.
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Figure 2-4: SFRP strengthened RC beams

Ross et al. 2004 [23] performed experimental and analytical study on bridge
girders and channel beams with and without SFRP composites (Figure 2-5). The
channel beam bridge girder sections tested were once a part of the Neil Bridge on
Vancouver Island in British Columbia, Canada. The SFRP used in this investigation
were a mixture of chopped fiber glass strand and polyester resin applied using special
spray equipment to a concrete surface that had been primed with a vinylester resin.
Results show that the use of SFRP as a retrofit material increased the flexural stiffness
of the reinforced concrete channel beam bridge girders [23].

10



Figure 2-5: Application of SFRP on girders

Cristina TC and Junichiro N (2000) evaluated the performance of reinforced
concrete beams strengthened with SFRP composites. In this study, different resin
systems such as Vinyl ester resin, Vinyl ester resin (R806), 50% Vinyl ester resin
(R806) and 50% polyester resin (bb 100) and the polyester resin (bb 100) were
investigated. The authors concluded that SFRP spray process of strengthening and
rehabilitation is a very promising technique, and continued research will undoubtedly

lead to its use in reality [24].

2.4 Anchorage systemsfor SFRP strengthened concr ete beams

As it can been seen that almost all above mentioned studies reported pre-mature
de-bonding of SFRP from the concrete surface. This is mainly because of weak resin
system. Further a number of research efforts has been conducted in the past to prevent
the delamination or de-bonding of SFRP from concrete surface. Few studies are
summarized below;

The effectiveness of anchorage used to enhance the bonding capacity between
the SFRP coating and the application face was first investigated by Lee 2004 [22]. A
series of three point bending tests were carried out on notched un-reinforced concrete
specimens retrofitted with SFRP layers and anchors. Anchorage was introduced using

SFRP slits at 100 mm and 200 mm spacing as shown in Figure 2-6. A substantial

11



increase in ultimate load carrying capacity of beams were observed after SFRP
strengthening. Further it was found that anchorage in the form of SFRP slits is very
useful to enhance the bond between concrete surface and SFRP and load carrying
capacity.

N Figure 2-6: SFRP application in notched beams

Kanakubo et al. (2010) [25] proposed different anchoring methods to anchor
SFRP at the meeting corner of beam and slab such as SFRP slits (No.1), slits and bolts
(No.2), bolts (No.3), and bolts and steel blocks (No.4) as shown in the Figure -7. Th
authors reported that SFRP slits are effective for anchoring SFRP to concrete. Further,
test results indicated a possible occurrence of cracks in SFRP nearby the anchor bolts
in methods No.2 to No.4.

FRP filled slit M 121 4.0 it 2@3 -

_M12@140

No.1 No.2 No.3

Figure 2-7: Anchoring system for corners
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Soleimani (2006) [18] investigated the performance of SFRP for shear strengthening of
RC shallow beams. In their research, an anchoring technique using through bolts and
nuts with a roughened concrete surface was introduced to enhance the bond between
concrete surface and the SFRP (Figure 2-8). Prior to the SFRP application, the concrete
surface was roughened by a sandblasting method and through the use of a pneumatic
chisel. Author concluded that roughening the concrete surface with a pneumatic chisel
and the application of through bolt anchoring system was an effective means to increase
the concrete-SFRP bond.

Figure 2-8: Anchoring system for RC beam

Recently, Kwon et al. [21] investigated the performance of different anchoring
techniques such as U-shaped strips and shear keys to improve the interfacial bond
resistance between the concrete surface and SFRP (Figure 2-9). It was found that,
applying a U-shaped FRP strip in the center of the specimen more effectively controlled
the deformation of the specimen under a flexural load, compared to applying U-shaped
strips at both the ends. By applying shear keys at the bottom of the specimen, the
flexural performance was improved by increasing the bond resistance between the

concrete surface and applied SFRP.
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Figure 2-9: Anchoring system

2.5 SFRP strengthening of columns

Tests on circular reinforced concrete columns strengthened with SFRP
demonstrated that the random distribution of fibres resulted in the increased toughness
against crack propagation, in both directions i.e. parallel to the direction of compression
and circumferentially as the concrete dilated [26]. Typical failure of SFRP strengthened

column is shown in Figure 2-10.
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Figure 2-10: Failure of SFRP strengthened RC column

Shaheen and Shrive (2007) has conducted an experimental investigation to
access strength and strain increases imparted by SFRP technique of plain and steel
reinforced masonry columns under concentric and eccentric loading. In this study
twenty four columns were constructed and two thicknesses of SFRP where attempted
(Figure 2-11). Based on test results, authors concluded that nevertheless, with only
minor increases in strength, large increases in strain capacity were achieved with both

the plain and reinforced columns under concentric axial compression [27].
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Figure 2-11: Glassfiber reinforced polymer spraying process

Kwon et al. [21] investigated compressive response of small scale un-reinforced
concrete columns strengthened using externally bonded SFRP. The test variables were
fiber length, fiber volume ratio, and concrete compressive strength. The authors’
reported that in general, the reinforced compressive specimens showed higher load
carrying capacities and larger strain values at failure than unreinforced specimens,
because of the confining effects of SFRP. Typical failure of SFRP strengthened column
is shown in Figure 2-12.

16



Figure 2-12: Typical failure of SFRP strengthened column

In addition to the experimental investigations, there are few studies on finite element
analysis of SFRP strengthened members. Lee et al. 2005 [28] conducted numerical
studies on damaged reinforced concrete beams and bridge superstructures coated with
SFRP to evaluate the retrofit and strengthening performance of SFRP. A computational
model was developed by implementing a damage constitutive model in a finite element
code to predict the performance of SFRP retrofitted concrete structures during service.
Numerical simulations based on the model were compared with experimental data to

assess the predictive capability of the proposed model [28].
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Chapter 3

Materials
3.1. Concrete materials
This chapter deals with general properties and characteristics of the different
material components used to prepare concrete throughout in this research work.
However specific concrete mix proportions and compressive strength of the concrete is

described in each experimental program.
3.1.1 Cement

Throughout this research work, a single brand of cement was used to prepare
concrete. Cement was manufactures by Siam Cement Group Co. Ltd., Thailand. The
cement is classified as Type 1, Normal Portland Cement. Fresh cement was sued in the
batching and mixing operations to avoid possible detrimental effects or inconsistencies

in test results.
3.1.2 Water

All mixing water was taken directly from the City of Rangsit, drinking water
supply.
3.1.3 Fine aggregates (sand)

Saturated Surface Dry (SSD) clean river sand with a fineness modulus of

approximately 2.55 was used in all concrete mixtures. The concrete sand was purchased

from Rung Sin Co. Ltd., Thailand, and have a relative density of 2.75.
3.1.4 Coarse aggregates (gravel)

Throughout this research program, crushed gravels with a maximum size of 19
mm were used in all mixes. The coarse aggregates were also obtained from Rung Sin
Co. Ltd., Thailand. The relative density and SDD absorption values were 2.71 and

1.24%, respectively. The dry rodded density of gravels was 1555.kg/m
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3.1.5 Reinforcing steel bars

All types of reinforcing steel bars (i.e. Deformed and round bars) used in this

research program was also obtained from Rung Sin Co. Ltd., Thailand.

3.2. SFRP system
This section deals with the general description and characteristics of the SFRP
composite. The SFRP composite include glass fiber roving, carbon fiber roving, un-

saturated polyester resin and catalyst.
3.2.1 Glass fiber roving

The fibers used for the sprayed glass fiber reinforced polymer (SGFRP)
composite was a glass-fiber roving coated with a silicone-based chemicals that enhance
the bonding with the resin. The glass-fiber roving was manufactured by Jushi Group
Co., LTD under the product name “ER13-2400-180 (Figure 3-1). The mechanical
properties of the glass fiber roving provided by the manufacturer are listed in Table 3-
1.

Figure 3-1: Glassfiber roving
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3.2.2 Carbon fiber roving

The fibers used for the sprayed carbon fiber reinforced polymer (SCFRP)
composite was a carbon-fiber roving (Figure 3-2). Carbon fibre roving was
manufactured by Zoltek Companies, Inc., under the product name “Panex35 continuous
tow”’. The mechanical properties of the carbon fiber roving provided by the

manufacturer are listed in Table 3-1.

Figure 3-2: Carbon fiber roving

Table 3-1: Mechanical propertiesof fibers

Properties Fibre material Units
Glass Carbon

Diameter 13 7.2 um

Tensile strength 2000 4137 MPa

Elastic modulus 80 242 GPa

Elongation at break 4.8 - %

3.2.3 Resin and catalyst

The primary resin used for both SFRP was polyester resin manufactured by
QualiPoly Chemical Corporation in Taiwan under the product name “QL-7241". The
catalyst whichwas used to initiate the curing of resin was “ButanoxM-60,
manufactured by Keum Jung AkzoNobel Peroxides Ltd. in China. The mechanical

properties of resin and catalyst provided by manufactures are listed in Table 3-2.
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Table 3-2: Mechanical propertiesof resin and catalyst

Properties Resin Units
QL-7241 ButanoxM-60
Density 1.08 1.17 glen?
Tensile strength 74 - MPa
Tensile modulus 3700 - MPa
Elongation at failure 2.4 - %
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Chapter 4

SFRP Application Process

4.1 Introduction

Traditionally, unidirectional FRP(s) are externally applied on the concrete
surface through resin which acts as a binding agent to bond fibers with concrete surface.
Xiao (2004) [29] presented two types of FRP jacketing, namely in-situ fabricated
jacketing and pre-fabricated jacketing. The first application involves hand or automated
machine placement of epoxy saturated FRP or tows on concrete surface. On the other
hand, in the second technique, preformed FRP laminates are applied to the concrete
surface. Since in this study, sprayed FRP system is used only, the application process

of SFRP technique is discussed next.
4.2 Sprayed fiber reinforced polymer composites (SFRP) application process

Throughout this research program, the FRP spraying process was performed by
means of UltraMax chopper/saturator unit manufactured by Magnum Venus Plastech
(Figure 4-1). This is portable spraying equipment which can be easily used on site.
Basically this spraying equipment is comprised of three main parts, a resin pump which
pumps un-saturated polyester resin from container, a catalyst pump which pumps
catalyst from bottle and shopper/spray unit as shown in Figure 4-2. Further, to run
spraying equipment compressed air source (minimum capacity of ¥nfinute) is
used.

The resin and the catalyst are separately transported into the spray gun. They do
not come into contact until they reach the mixing nozzle at the front of the gun. The
catalyst content can be changed, but it is usually between 1 to 3% of the final mixture.
This proportion will affect the time for curing the SFRP composite and is related to the

temperature of the environment.
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Figure4-1: FRP spray equipment

Figure 4-2: FRP Chopper/Spray unit
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At the nozzle, there are inlets for air and the solvent. Air powers the cupper unit
and the solvent is use to flush the resin and catalyst at the end of each period of
operation. The glass or carbon fibers in the form of roving are brought to the chopper
unit (Figure 4-3). One of the rollers inside the chopper unit has evenly spaced cutting
blades (Figure 4-4) which cut the fiber into a pre-specified length (i.e. 13 mm, 26 and
52 mm). By changing this roller (i.e. the number of blades on the roller) the length of
the chopped fibers can be changed. These chopped glass or carbon fibers are forced out
by air flow (Figure 4-5). The rotation of rollers inside the chopper unit also helps a

smooth flow of fibers (Figure 4-2).

GF Roving

Figure 4-3: SFRP application details

Figure 4-4: Cutting blade
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Fiber roving

Figure4-5: Spraying chopped fibers

The gun sprays the mixture of resin and catalyst with the chopped fiber on the
concrete surface. After the SFRP is applied, an aluminum ribbed roller is used to
remove any entrapped air and to obtain a uniform thickness of the SFRP (Figures 4-6
to 4-8). The final product is randomly distributed fibers encapsulated by a catalyzed
resin. Although the operation of the SFRP spraying equipment is quite simple and

straight forward, being able to produce uniform thickness of placement needs practice.
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Figure4-6: Ribbed aluminum roller

Figure4-7: A ribbed aluminum roller is used to obtain uniform thickness of SFRP on cylinders
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Figure4-8: A ribbed aluminum roller isused to obtain uniform thickness of SFRP on beams
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Chapter 5

SFRP Material Properties
5.1 Sprayed SFRP properties

In this research program Sprayed Glass Fiber Reinforced Polymer Composites
(SGFRP) and Sprayed Carbon Fiber Reinforced Polymer Composites (SCFRP) were
used as the main material for strengthening RC members. SFRP was sprayed by skilled
labor throughout the research program and as a result the quality and properties of SFRP
composites where consistent. Boyd (2000) [16] investigated the effect of fibre length
on the strengthening of RC beams and concluded that a fibre length of around 23 mm
is appropriate to maximize the tensile strength and load carrying capacity of
strengthened beams. Based on his results and discussion, two fiber lengths 13 mm and
26 mm was chosen to be used in this study. The properties of these SFRP materials are

discussed below.
5.1.1 Density

In this study, two different types of fiber lengths (i.e. 13 and 26 mm) were used
for chopped fibers in SGFRP composite and only a single fiber length of 26 mm was
used for chopped fibers in SCFRP composite. The density of different SFRP composites
was determined using ASTM standard methods D792 [30] . The average test results are

summarized in Table 5-1.
5.1.2 Fiber volume fraction

The fiber volume fraction of both SGFRP and SCFRP composites was
essentially determined using ASTM standards D2584 [31]. The average test results are

summarized in Table 5-1.
5.1.3 Tensile properties of SFRP composite

Boyd (200) [9] has determined the tensile properties of SFRP strips following
the ASTM standard D638 [32] with a little modification in the size of tested strips. In
the present study, the same method and similar strip size were used to determine the
tensile strength of SFRP; however, the length of tensile strip was adjusted to fit the
requirements of loading machine (Figure 5-1). For each SGFRP and SCFRP, a total of
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10 tensile strips were cut from the sprayed sheets with five pieces for each thickness
(i.,e.,, 3 and 5 mm). The SGFRP and SCFRP sheets were prepared by spraying fibres
onto a planar surface (Figures 5-2 and 5-3). The tensile strips were tested under the
direct tension using a displacement-controlled loading machine (Figure 5-4). The
applied load and the elongation were recorded by means of the data acquisition unit of
the Universal Testing Machine (UTM). The typical failure of SGFRP tensile strip is

shown in Figure 5-5. The average test values are reported in Table 5-1.

Table 5-1: Mechanical properties of SFRP

Properties Units SGFRP SCFRP
13 mm 26 mm 26 mm

Density g/cn? 1.47 1.20

Fiber volume fraction % 35-45 30-40 60-70

Tensile strength MPa 85 92 104

Modulus of elasticity MPa 10200 10600 9300

Fracturing strain % 1.35 1.30 1.15

Gauge length

S

l |
1 1

J 6
45 60 45

325 =150~ 325———

Figure5-1: Detailing of SFRP tensile strip
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Figure 5-2: Spray processto prepare SFRP sheets

Figure5-3: SGFRP sheets
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Figure5-4: Loading setup totest SFRP tensile strips
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Figure5-5: Typical failure of SFRP tensile strip
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Chapter 6

SFRP Strengthening of Small-size Concrete Columns

6.1 Introduction

Column wrapping with conventional unidirectional FRP composites is a popular
alternative for improving the seismic resistance of columns [33]. In the present
literature, extensive research efforts have been conducted to experimentally investigate
the axial behavior of concrete confined with externally bonded unidirectional FRPs
such as glass, carbon, aramid, polyethylene naphthalate and polyethylene terephthalate.
The improvement to the concrete properties was apparent with increased strength and
ductility correlating to increases to the thickness of the FRP composites. Further,
extensive laboratory researches have been conducted to obtain reliable strength as well
as stress-strain models to predict compressive strength and stress-strain behavior of
FRP-confined concrete. Saadatmanesh et al. 1994 [34] performed an experimental
program on concrete columns confined by FRP and developed an analytical model
based on the stress-strain model of concrete confined by reinforcing bars as proposed
by Mander et al. 1988 [35]. The developed model was capable of predicting the strength
and deformability of FRP-confined concrete. Samaan et al. 1998 [36] proposed a model
to predict the stress-strain response of FRP-confined circular concrete sections. His
model was found to correlate well with experimental results. An experimental program
conducted by Rochette and Labossiere 2000 [12] to investigate the effect of Carbon
FRP and Aramid FRP confinement on the behavior of square and rectangular columns
reveals that confinement could increase the strength and ductility of concrete columns.
Hosotani et al. 1998 [37] proposed an empirical stress-strain model for circular and
square FRP-confined concrete columns. Shehata et al.[38] performed an experimental
study on FRP-confined circular, square and rectangular concrete columns and proposed
equations to predict the ultimate strength and strain of confined concrete for each cross
sectional type. A new stress-strain model for FRP-confined concrete that can predict
not only the ultimate strength, but also the ultimate strain has also been proposed.
Youssef et al. 2007 [39] conducted an experimental and analytical study to examine the
influence of radius of cross sectional corners on the strength of square columns confined

with FRP. Dai et al. 2011 [13] performed a study on the behaviour of concrete confined
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by PET and PEN fibers. He concluded that the stress-strain model proposed by Jiang
and Teng [40] could be applied to predict the compressive strength of concrete confined
by PET and PEN fibers but may overestimate the ultimate axial strain. A modified
model was developed based on the stress-strain model proposed by Jiang and Teng
[40], which could provide a better prediction of the ultimate strength, strain and the
stress-strain behavior of PET- and PEN-confined concrete.

The research work presented in “Chapter 6” is mainly conducted to investigate the
effectiveness of externally bonded SFRP to improve the strength and ductility of
confined concrete. Small scale circular and square un-reinforced concrete columns
strengthened with different thickness of SFRP are tested under uniaxial compression to

investigate the increase in the ultimate strength and ductility.
6.2 Experimental program

The entire experimental program comprised the testing of 12 circular and 12
square columns (Table 6-1). Two specimens for each cross sectional type were un-
strengthened and served as the reference specimen. The specimen notations are given
to represent the cross section type (C for Circular and S for Square), SFRP thickness
(in mm) and fiber length (in mm). For example, in the specimen notation C-6-26, the
first letter C denotes circular section, the second number is the SFRP thickness, i.e., 6

mm, and the last number represents the length of SFRP fibers, i.e., 26 mm.
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Table 6-1: Test program of column specimens

Specimen  Cross Nominal dimensions SFRP Fiber length  Number of
section Diameter/Width x Height  thickness (mm) Specimen
(mm) (mm)

C-0-0 Circular 100 x 200 - - 2
C-3-13  Circular 100 x 200 3 13 2
C-3-26  Circular 100 x 200 3 26 2
C-6-13  Circular 100 x 200 6 13 2
C-6-26  Circular 100 x 200 6 26 2
C-9-26  Circular 100 x 200 9 26 2
S-0-0 Square 100 x 200 - - 2
S-3-13 Square 100 x 200 3 13 2
S-3-26 Square 100 x 200 3 26 2
S-6-13 Square 100 x 200 6 13 2
S-6-26 Square 100 x 200 6 26 2
S-9-26 Square 100 x 200 9 26 2

6.3 Specimen preparation

The dimension (diameter of circular section or width of square section) of the
specimen was 100 mm, whereas the height of both circular and square specimens was
200 mm, i.e., the heighit-depth (h/d) ratio is set to 2.0 as shown in Figure 6-1. The
corners of the square section were rounded off to attain the r&d)usf 20 mm to
avoid the premature rupture of SFRP at the corners (Figure 6-1). The casting of
specimens were performed using steel molds as shown in Figure 6-2. Soleimani and
Banthia [18] investigated the effect of surface roughness on the enhancement of bond
between SFRP and concrete surface. Test results indicated that roughening the concrete
surface by a pneumatic chisel is an effective means to increase the bonding between
concrete and SFRP. In the present study, the column surfaces were roughened using a

chisel and hammer prior to the application of SFRP (Figure 6-3).
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Figure 6-1: Test specimen; circular column (left) and squar e column (right)-dimensionsarein mm

Figure 6-2: Preparation of circular columns
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Figure 6-3: Column specimens with rough surface

6.4 Concrete properties

All test specimens were prepared using the same batch of concrete mix of Type
1 Portland cement as specified in ASTM C150 [41] and natural aggregates with the
maximum size of 13 mm. The target un-confined compressive strength at 28 days was
20 MPa. The mix composition of the concrete is given in Table 6-2. However, the actual
average compressive strength of concrete at the testing age (around 35-45 days) was
slightly higher than the target strength as shown in Table 6-3.

Table 6-2: Concrete mix composition (per cubic meter)

Components Quantity
Cement 265.00 kg
Water 172.25 kg
Sand 689.00 kg
Gravel 1086.50 kg
Water{o-Cement ratio (W/C) 0.65

6.5 SFRP strengthening

Prior to the spraying, an arrangement of iron stand and steel plates welded with rods
are installed at both ends of the specimens for continuous rotation of the specimens
during spraying process (Figure 6-4). SFRP was applied to the specimens by spraying
glass fibers simultaneously with resin onto the specimen surface (Figure 6-5). SFRP
strengthened circular and square columns are shown in Figures 6-6 and 6-7.
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Figure 6-4: Arrangement for SFRP spray process

Figure 6-5: SFRP application process
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Figure 6-7: SFRP strengthened circular columns

6.6 Thickness of SFRP

The actual thickness of SFRP obtained in the spray process is dependent on the
experience of skilled workmen, and may deviate from the desired thickness. The target
thickness was 3 mm, 6 mm and 9 mm for both circular and square columns. After
performing the tests, the actual thickness of SFRP shells for each specimen was
determined using an ultrasonic thickness meter. These SFRP shells were obtained by
removing concrete and the internal surface of shells was cleaned with a wire brush. The
thickness was measured at different locations around the circular and square SFRP
shells and the average values are reported in Table 6-3.
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Table 6-3: Target and actual SFRP thickness

Compressive Target thickness Actual thickness
Specimen strength (mm) (mm)
C-0-0 23.40 - -
C-3-13 23.40 3.00 3.50
C-3-26 23.40 3.00 3.50
C-6-13 23.40 6.00 6.00
C-6-26 23.40 6.00 6.00
C-9-26 23.40 9.00 9.50
S-0-0 24.50 - -
S-3-13 24.50 3.00 3.25
S-3-26 24.50 3.00 3.25
S-6-13 24.50 6.00 5.50
S-6-26 24.50 6.00 5.50
S-9-26 24.50 9.00 8.50

6.7 Instrumentation

6.7.1 Circular columns

Each circular column specimen was instrumented with four strain gauges
(gauge length = 67 mm) at the mid height of the specimen. Two of the four strain gauges
were attached in the horizontal position at the opposite side (i.e., 180 degree apart)
around the perimeter to record the transverse strain of SFRP whereas the remaining two
gauges were attached vertically at the opposite location to record the axial strain in
SFRP. In addition, three vertical linear variable displacement transducers (LVDTS)
were installed at 120 degree apart around the perimeter to measure the axial strains and
three horizontal LVDTs were placed 120 degree apart horizontally at the mid height to

record the average transverse dilation of the specimens (Figure 6-8).
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Figure 6-8: Instrumentation for circular specimens

6.7.2 Square columns

Each square column was instrumented with six strain gauges (gauge length =
67 mm) attached at the mid height. Four of the six strain gauges were attached
horizontally at each corner to measure the transverse strain whereas the remaining two
strain gauges were fixed vertically at two opposite sides (180 degree apart) to record
the axial strain in SFRP. In addition to the strain gauges, six linear variable differential
transducers (LVDTSs) were instrumented to the specimen. Three LVDTs were placed
vertically at each of three sides to measure the average axial strains whereas the
remaining three LVDTs were provided horizontally at each of the three sides to record
the lateral deformation (Figure 6-9). To ensure the safety of instruments, all LVDTs

were removed prior to the final failure of specimens.

Horizontal strain gauge SFRP shell
il 5

Vertical Strain gauge

® Vertical LVDTs

SFRP shell ] Horizontal LVDTs

Figure 6-9: Instrumentation for squar e specimens
6.8 Test procedure
All circular and square specimens were tested under monotonic uniaxial
compression up to failure in a Universal Testing Machine of 2000 kN capacity. The
load was applied at a constant rate of 4 kN/sec and strains were measured at the load

interval of 120 kN by an electronic data logger. Prior to the testing, some arrangements
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were made to accurately measure the data and to avoid any possibility of premature
failure. These arrangements included; 1) all SFRP-confined and unconfined specimens
were capped with sulfur mortar pad at both ends to ensure a full contact surface, which
results in a uniform distribution of load over the entire cross sectional area. 2) the sulfur
mortar cap was trimmed off over the SFRP shell to avoid the possibility of transmitting
the axial load onto the fiber shell area. 3) both ends of all strengthened specimens were
additionally wrapped with two 25 mm wide strips of Carbon Fiber Reinforced Polymer
(CFRP) sheets to avoid premature failure of SFRP shells at the ends. 4) In addition to
the sulfur mortar capping, steel plates of 5 mm thickness were placed at both ends to
ensure the application of load over the confined concrete area and to avoid any
accidental axial load transfer onto the fiber shell especially when the specimen
undergoes a large deformation near the failure (Figure 6-10). Test setup is shown in
Figure 6-11.

Figure 6-10: Typical squar etest specimens
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Figure 6-11: Test setup

6.9 Results and discussions

6.9.1 Overall behavior and stress-strain response

The stress-strain responses of all circular and square SFRP-confined columns
under uniaxial monotonic loading are shown in Figures 6-12 and 6-13. Average values
of tested compressive strength and strains are given in Table 6-4. It can be seen that the
confinement from SFRP jacketing is effective to increase the ultimate strength and
strain of both circular and square specimens. For all SFRP-confined specimens, the
increase in the ultimate strength and strain is observed to vary with the increase in SFRP
thickness. The specimen C-3-26 (3 mm thick SFRP) failed at 156% and 301% higher
compressive strength and axial strain, respectively, compared to the control specimen.
When the thickness of SFRP was increased to 6 mm as in the specimen C-6-26, the
compressive strength and strain were increased by 259% and 536%, respectively. The
highest increase in compressive strength and strain was 370% and 659%, respectively,
recorded for the specimen C-9-26 with 9 mm thick SFRP.
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However, in case of square column specimens, the increase in compressive
strength and strain is generally less than those recorded for circular specimens. The
specimen S-3-26 (3 mm thick SFRP) exhibited a 107% and 203% increase in
compressive strength and strain, respectively whereas the increase in compressive
strength and strain of specimen S-6-26 (6 mm thick SFRP) was 216% and 308%
compared to the un-strengthened specimen. Similar to the circular column, the highest
increase was 337% and 414% for compressive strength and strain, respectively, which
was recorded for the specimen S-9-26 with 9 mm SFRP thickness. In addition, it is
evident from these experimental results (Table 6-4) that the increase in strength and
deformability of SFRP-confined concrete is significant for both fiber lengths i.e., 13
and 26 mm. However, SFRP with fiber length of 26 mm was found to be more effective
to enhance both compressive strength and strain as compared with the fiber length of

13 mm.
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Figure 6-12: Stress-strain curves of circular specimens
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Figure 6-13: Stress-strain curves of squar e specimens
Table 6-4: Test results
Specimen  f ¢ (MPa) f'«c (MPa) flod T o Ecc ecd Eco
C-0-0 23.40 - 1.0 1.10
C-3-13 23.40 53.71 2.30 4.16 3.78
C-3-26 23.40 59.95 2.56 4.41 4.01
C-6-13 23.40 77.00 3.29 6.67 6.06
C-6-26 23.40 84.00 3.59 7.00 6.36
C-9-26 23.40 110.00 4.70 8.35 7.59
S-0-0 24.50 - 1.0 1.09 1.00
S-3-13 24.50 46.21 1.89 3.00 2.75
S-3-26 24.50 46.71 1.91 3.30 3.03
S-6-13 24.50 70.57 2.88 3.90 3.58
S-6-26 24.50 74.94 3.06 4.45 4.08
S-9-26 24.50 97.50 3.98 5.60 5.14

The typical axial stress axial strain and axial stress - transverse strain curves of
SFRP-confined and unconfined specimens are shown in Figures 6-12 and 6-13. As can
be seen, irrespective of the cross section shape and confinement level, the typical axial
stress-strain curve of SFRP-confined concrete is essentially tri-linear, that is, it is
composed of three parts. The first part of the curve is described by a linear line similar

to the curve of the unconfined concrete. The second part is a transitional part, where
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both axial stress-axial strain and axial stress-transverse strain curves of the confined
concrete are softened and exhibited a non-linear behavior accompanied by a large
increase in strain. In the third part, the stress-strain curves of confined concrete increase
linearly again, but with a much lower elastic modulus compared to the first part, until

a sudden failure occurs due to the rupture of the SFRP shell. This observed tri-linear
behavior of SFRP confined concrete has also been reported for unidirectional FRP-

confined concrete [42].

6.10 Failure modes

6.10.1 Circular columns

All SFRP-confined circular specimens failed by the rupture of SFRP shell
caused by the hoop tension associated with the lateral expansion. The failure of the
confined specimens resulting from the rupture of SFRP shell was suddenly brittle and
characterized by a large explosive sound. Prior to the final rupture, intermittent
snapping sounds indicating progressive fracturing of fibers could be clearly observed
in all confined circular specimens.

The typical failure of SFRP-confined circular specimens is shown in Figure 6-

14. The failure is characterized by a fully or partly vertical splitting rupture of SFRP
shells. This failure mode indicates that the hoop tension in the SFRP shell which is
caused by the transverse strain due to the lateral expansion of the specimen exceeds the
composite strength. Figure 6-14(a) shows a fully vertical rupture of SFRP shell in
specimen C-9-26 with the rupture traversing the entire height including the CFRP
sheets. In case of other specimens with less SFRP thickness, i.e., specimens C-6-26 and
C-3-26, the vertical rupture did not propagate across the full height, as shown in Figure
6-14(b) and (c), respectively. A possible reason is that the propagation of vertical
rupture was restrained by CFRP sheets provided at both ends of the specimen. The
confinement from CFRP sheet could arrest the propagation of SFRP rupture if the
thickness of SFRP shell was not large. However, when the thickness of SFRP shell was
increased as in the specimen C-9-26, the restraint from CFRP sheet was not adequate
to inhibit the rupture propagation, thus the vertical splitting rupture spread through the

entire height.
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(a) 9 mm SFRP (b) 6 mm SFRP (¢) 3 mm SFRP
Figure 6-14: Typical failure modes of SFRP confined circular columns

6.10.2 Square columns

The typical failure of SFRP-confined square specimens also occurred due to the
rupture of SFRP shell. Similar to the case of circular specimens, the failure of square
specimens was sudden and explosive. When the final failure was approaching, some
snapping sounds could be heard too. In almost all square specimens, the rupture of
SFRP shell started near one of the corners of the section due to the stress concentration
except in one specimen where the rupture of SFRP shell occurred at the column face
(Figure 6-15). The rupture of confining fibers at the corners due to stress concentration

has also been reported for FRP-confined square columns too [39].

Figure 6-15: Typical failure modes of SFRP confined square columns
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Chapter 7

Strength modelsfor SFRP confined concrete columns
7.1 Introduction

In this chapter, experimental results of both circular and square columns
strengthened using SFRP composites (as discussed in chapter 6) are used to access the
performance of existing strength models developed for conventional unidirectional
FRP. It was found that almost all existing models are conservative to predict the
experimental compressive strength of SFRP-confined concrete. Finally, new strength

models for SFRP-confined circular and square sections are proposed.
7.2 Existing models

In the past 20 years, extensive analytical researches have been conducted on the
development of models to predict compressive strength of circular and square column
specimens confined by unidirectional FRP [10-12]. Currently, there are several strength
models to predict the ultimate compressive strength of FRP-confined concrete. Based
on the experimental results (presented in Chapter 6), the performance of existing
strength models developed for the unidirectional FRP is assessed to examine its
applicability to the SFRP confinement. Some of these models which are collected from
literature are summarized in Table 7-1 and Table 7-2 for circular and square columns,
respectively. Almost all of these models which are developed for FRP-confined
concrete can be expressed in the following form:

ootk @
fc'O fclo
where f/. and f/ are compressive strength of confined and unconfined

concrete, respectivelyk; is the confinement effectiveness coefficient afydis the

lateral confining pressure. This form of the equation was originally proposed by Richart

etal. 1928 [43] with,,, — 4.7 for concrete actively confined by fluid pressure. Later,

Fardis and Khalili 1981 [44] reported that that the model proposed by Richart et al.
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1928 [43] could be used for FRP-confined concrete. The lateral confining préssure
can be related to the strength and amount of FRP in the following way:

For circular columns
(2)

Where f, is the tensile strength of the FRP in the hoop directios the

thickness of the FRP arld is the diameter of core concrete i.e., confined circular

concrete section.
For square columns

| 2f et
fir==0k, 3)

where K,is the shape factor which is defined as the ratio of the effective

confinement area to the total cross sectional area of concrete [45]. The shapl, factor

can be determined by the following expression given by ACI318 [45]:
k, =1—((b—2R)?+(h-2R )*/3A,) 4)

whereAy is the gross sectional area of concrete and can be determined by the

following expression [45].
A, =bh—(4-1)R (5)

D is the diameter of an equivalent circular column. In the ACI strength model
for square sections [45].

The equivalent circular column is defined as a column which has the same FRP
volumetric ratio as that of the original rectangular column. Following this definition,
the diameter of the equivalent circular column can be expressed by the following
equation;

2bh
b+h

D= (6)

Whereb andh are width and depth of square or rectangular section.
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Table 7-1: Existing strength models for FRP-confined circular columns

Sr.No Model Equation for C:C
1 Karbhari and Gao [11] f_c'c_l_{_ Z{LJON
fro
2 Samaan et al. [36] . 60 flo.7
3 Fardis and Khalili [44] A 1. 205[ f, j
fo foo
4 Miyauchi et al. 1997 [46] A 1. 35( f, j
c’o fc,o
5 Saafi et al. [47] f_c'c . 22[ f 084
oo T fL
6 Toutan;ji [48] &_1+3 L 0.85
f ' fo
7 llki and Kumbasar [49] £=1+ 2-227( f, j
fc,o fc’o
8 Lam and Teng [50] fr 1 2.0( f J
feo feo
9 Riad et al. [51] fl =1+1.60(Lj
fc’o fc'o
10 Spoelstra and Monti [52] f_c’c Cons BO[LJO-SO
fo, ' ' fo
11 Mirmiran and Shahawy [53]

Note: Unit in MPa
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Table 7-2: Existing strength models for FRP-confined squar e columns

Sr. Model f!
Equation for—-
No o
1 Shehata et al. [38] f! f
£ =1+085 ',
fCO fCO
2 American Concrete Institute [45] ' ’ ,
Jeo _ 105442054 14 PN o 1
fC’O fC’O fclo
3 Campione and Miraglia [54] y f/
—<=1+2—
fC’O fC’O
4 Kumutha et al. [55] f! f'
=1+ 0.93—',
co co
5 Al-Salloum [56] f’ f'
€ =1+31 LARN
fC’O D fC’O
6 Mirmiran et al. [53] £ or\ %7
=1+ 60(—) '
feo D) fs
7 Lam and Teng [57 f! f/
9157] e 14330
f(.‘,0 fCO
8 Restrepo and De [58] f!
S =a,a,

Note: Unit in MPa.
7.3 Assessment of existing models

The present experimental results (Table)6ate employed to access the
applicability of existing strength models (Tables 7-1 and 7-2) to the case of SFRP-
confined circular and square columns. The comparison of various existing strength

models with experimental results obtained in this study are given in Figures 7-1 and 7-
2. The experimental strength ratiﬁg’cl fc'0 is plotted against the theoretical strength

ratio proposed by various existing models. The performance of the existing models is
evaluated in terms of statistical mean values, standard deviation and coefficient of
variation as summarized in Tables 7-3 and 7-4. It can be seen that almost all existing

models are conservative to predict the experimental compressive strength of SFRP-
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confined concrete. Among these selected models, the predictions of test results by
models proposed by Fardis and Khalili [44], Miyauchi et al. [46] and Toutaniji [48] are
relatively close to the experimental results for circular specimens. Whereas, in case of
square specimens, the theoretical prediction by Shehata et al.’s model [38] is

comparatively close to the experimental results.

5.00 ‘ ‘ ‘
+ Karbhari and Gao [2] : : :
4.50 [-| mSamaan et al. [8] s MR
< Fardis and Khalili [25]
4.00 [-| a Miyauchi et al. [27] L A S
¢ Saafi et al. [28]
3.50 |1 aToutanji [29] " S A
. A
S ollki and Kumbasar [30] A
3 3.00 [ 5 Lam and Teng [31]
= ° e Riad et al. [32] -
= 250 |- . %
% Spoelstra and Monti [33] ¢ A s
3, +Mirmiran and Shahawy [34 Ay 8
= 200 ' T v ®
Hj é A § g +
§ &
1.50 |- ég ——————————
- o
|_
1 s e e
OO s ST
0.00

00 05 10 15 20 25 30 35 40 45
Experimental f' J/f',

n

Figure 7-1: Performance of existing strength modelsfor circular columns
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Figure 7-2: Performance of existing strength modelsfor square columns
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Table 7-3: Performance of existing strength models against test data of circular columns

Model Average Standard Coefficient
deviation of variation
Karbhari and Gao [11] 0.57 0.06 10.5
Samaan et al. [36] 0.59 0.09 15.3
Fardis and Khalili [44] 0.53 0.05 9.4
Miyauchi et al. [46] 0.68 0.03 4.4
Saafi et al. [47] 0.59 0.06 10.2
Toutan;ji [48] 0.74 0.05 6.8
Ilki and Kumbasar [49] 0.55 0.05 9.1
Lam and Teng [50] 0.53 0.06 11.3
Riad et al. [51] 1.91 0.64 33.5
Spoelstra and Monti [52] 0.60 0.05 8.3
Mirmiran and Shahawy [53] 0.51 0.09 17.6
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Table 7-4: Statistical perfor mance of existing strength models against test data of square columns

Model Average Standard Coefficient
deviation of variation
Shehata et al. [38] 0.75 0.03 4.0
American Concrete Institute [45] 0.80 0.14 17.5
Campione and Miraglia [54] 0.43 0.12 27.9
Kumutha et al. [55] 0.49 0.12 24.5
Al-Salloum [56] 0.56 0.11 19.6
Mirmiran et al. [53] 0.54 0.13 24.1
Lam and Teng [57] 0.60 0.10 16.7
Restrepo and De [58] 0.77 0.14 18.2

7.4 Proposed strength models

The relationship between the strength rafjo/ f, and the confinement rati§/ f |

for both circular and square SFRP-confined specimens is plotted as shown in Figure 7-

3. As can be seen, there exists a linear relationship between the compressive strength

of SFRP-confined concrete and the lateral confining pressure. Based on these relations,

new linear compressive strength models for circular and square sections confined with

SFRP are proposed to predict the compressive strength of SFRP-confined concrete. The

new models are based on linear equation as originally proposed by Richart et al. [44]

with modified values of confinement effectiveness coefficierts follows:

For circular columns

e =1+6.40 f
fo fe

co

For square columns

’

% =1+5.90

’
|

’

co co

(7)

(8)

In equations 7 and 8, the lateral confining pressﬂi,reand f' can be

determined from equations 2 and 3 for circular and square section, respectively. The

terms f

FRP
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in equations 2 and 3 is SFRP tensile strength which can be obtained by



testing flat coupons in accordance with the ASTM D638 [32]. The compressive
strengths computed from the proposed equations 7 and 8 are plotted against
experimental results in Figure 7-4 and summarized in Table 7-5. A good correlation is
obtained for both circular and square columns. However, the proposed equations
slightly yield lower values of compressive strength as compared to experimental results,
thus the proposed models are on the conservative side.
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Figure 7-3: Strengthening ratio versus confinement ratio

55



4.5
4
03.5
8 °© g
e
G—
2.5 0O
g i
T
3
<
— 1.5
1
0.5 OCircular Columng
OSquare Columns
o ; ;

0 0.5 1 15 2 2.5 3 3.5 4 4.5 5
Experimental f Jf'

co

Figure 7-4: Theoretical strengthening ratio ver sus experimental strengthening ratio

Table 7-5: Summary of experimental and predicted theoretical results

Experimental results Theoretical results fcecrny T ceexp)
Specimen —¢— e fdf oo f fil oo flec fed feo
C-3-13 23.40 53.71 2.30 455 0.19 51.4 2.20 0.96
C-3-26 23.40 59.95 2.56 5.25 0.22 55.7 2.38 0.93
C-6-13 23.40 77.00 3.29 7.80 0.33 71.4 3.05 0.93
C-6-26 23.40 84.00 3.59 9.00 0.38 78.8 3.37 0.94
C-9-26 23.40 110.00 4.70 14.25 0.61 111.0 4.74 1.01
S-3-13 24.50 46.21 1.89 3.66 0.15 46.11 1.88 1.00
S-3-26 24.50 46.71 1.91 3.17 0.13 43.23 1.76 0.93
S-6-13 24.50 70.57 2.88 6.20 0.25 61.08 2.49 0.87
S-6-26 24.50 74.94 3.06 5.37 0.22 56.20 2.29 0.75
S-9-26 24.50 97.50 3.98 9.58 0.39 81.03 3.31 0.83
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Chapter 8

SFRP Strengthening of RC Deep Beams

8.1 Introduction

One of the important structural element in RC frame structures is deep beam which
is the beam that has a large depth compared to the span length. Deep beams are
commonly used as short span members in many applications such as transferred girder
in tall buildings, footing, beam ledge, corbel, etc. Many experiments have been carried
out to assess the flexural and shear responses of shallow RC beams strengthened
externally with unidirectional FRP laminates and sheets [59-63] with the aims to
examine the performances at both serviceability and ultimate limit state. In addition,
extensive studies have documented attempts to strengthen RC deep beams without web
openings [64, 65] and with web openings [66] using externally bonded unidirectional
FRP. RC beams may be strengthened with externally bonded FRP using side bonding,
U-jacketing or complete wrapping. The failure of almost all RC beams strengthened
with side bonded FRPs and U-wrapped FRP was the de-bonding of FRP [67]; making
the mobilisation of the full FRP tensile strength impossible in this case [67, 68]. In the
past, some attempts have been reported to prevent the de-lamination or de-bonding of
FRP from concrete surface using various materials, configurations, wrapping
techniques and mechanical anchors [69-72]. The SFRP technique was also effective to
increase the shear strength of shallow RC beams. Boyd (2000) [9] investigated the
influence of various types of SFRP strengthening schemes on the shear strength of
shallow RC beams. The three schemes of SFRP strengthening were A, C and D (A =
SFRP applied onto the two side faces only; C = SFRP applied onto the side and the
bottom faces; D = SFRP applied over all faces of the beam). The results showed that
strengthening scheme C and D were more effective than scheme A. In terms of the
failure modes, all beams strengthened with schemes A and C failed by de-bonding of
SFRP, whereas specimens with scheme D failed by rupture of SFRP. However, in their
experiment, no anchoring system has been employed to fix the SFRP to the beam
surface. Soleimani and Banthia (2012) [18] investigated the performance of SFRP for
shear strengthening of RC beams. In their research, an anchoring technigue usin

through bolts and nuts with a roughened concrete surface were introduced to enhance
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the bond between concrete surface and the SFRP. Prior to the SFRP application, the
concrete surface was roughened by a sandblasting method and through the use of a
pneumatic chisel. Their studies concluded that roughening the concrete surface with a
pneumatic chisel and the application of through bolt anchoring system was an effective

means to increase the concrete-SFRP bond.

An extensive review of existing studies on SFRP strengthening reveals that so far
no research effort is conducted on the shear strengthening of RC deep beams using
SFRP and there was limited research data on the prevention of the de-bonding of SFRP
from concrete surface using mechanical anchors. Therefore, the present study (Chapter
8) mainly focused on shear strengthening of RC deep beams using SFRP and the
evaluation of newly proposed anchoring systems to prevent delamination of SFRP from
concrete surface. The proposed anchoring systems are relatively easy to install and can
be applied to the variety of FRP composites. Two types of concrete (i.e., low and high
strength) were used to cast the specimens. The specimens were strengthened with
different SFRP materials (glass and carbon), SFRP thicknesses and strengthening
configurations. The efficiency of the proposed anchoring systems is evaluated in terms

of the prevention of SFRP delamination from concretes surface.
8.2 Description of the test specimens

In the experimental program, RC deep beam specimens were cast and strengthened
by SFRP technique. Beams were designed in such a way to cause shear failure prior to
any flexural distress. A schematic representation of the specimen and reinforcement
details is illustrated in Figure 8-1. All beams were 900 mm long, having a rectangular
cross section of 100 x 300 mm and the effective span length of 750 mm. The flexural
reinforcement consisted of 2 No. 13 (deformed bars with a yield strength of 410 MPa)
with the cross sectional area pjAof 129 mm. Vertical and horizontal web
reinforcements of No. 6 (round bars with a yield strength of 313 MPa) with the cross
sectional area of 28.3 nfrwere provided at 120 mm centercenter spacing. At beam
supports, closely spaced vertical and horizontal stirrups ware provided to avoid local
premature failure. Vertical web reinforcements were provided in the form of stirrups

and horizontal web reinforcements were provided in the form of straight steel bars,
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placed at both side faces of beam. Clear concrete cover of 15 mm was provided on all

beam faces.
P
3754ﬂ
. 175 15
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e =l 15 % 2No. 6
|
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Figure 8-1: Detailing of RC Deep beam (unitsarein mm)
8.3 Test matrix

The experimental program consisted of 17 RC deep beam specimens. The entire
test matrix (Table 8-1) is divided into four groups based on anchoring systems, fibre
material and strength of concrete. Group 1 contained three beams, including one control
specimen and two strengthened specimens. Group 2 and 3 were composed of six and
two beams respectively and their results could be compared with beams in group 1.
Group 4 had six beams that included one control beam. The key study parameters
included SFRP fibre material (glass or carbon), SFRP thickness, concrete strength,
SFRP configuration and anchoring systems. Two different SFRP configurations were
considered in the experiment. In the SFRP configuration A, the sprayed fibres are
applied onto the two side faces of the beam only whereas for SFRP configuration B,
they are applied at both side and bottom faces (Figure 8-2). Beam notations were
assigned to identify the experimental variables and anchoring systems (Table 8-1). For
example, a beam designatiBN-LS-3GA-EBstands for BN: RC deep beams, LS: Low
strength concrete, 3GA: 3mm thick glass fibre (SGFRP) with strengthening
configuration A, and EB: Epoxy bolts (EB) anchoring system. In the beam notation,
number 1 and 2 may be appended to indicate other different details such as embedment
length of anchor bolt, horizontal spacing etc. Details of each specimen are explained in
Table 8-1.
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SFRP

(a) (b)

Figure 8-2: SFRP configurations; (a) SFRP configuration A, (b) SFRP configuration B

8.4 Application of SFRP

Prior to the applicationf SFRP, beams’ concrete surface that will receive SFRP
was roughened uniformly using hammer and chisel to improve the bond between SFRP
and concrete (Figure 8-3). The roughened surface was washed with high water pressure
to remove any dust and loose debris. Two types of SFRP materials were applied onto
the prepared surfaces, namely sprayed glass fibre-reinforced polymer (SGFRP) and
sprayed carbon fibre-reinforced polymer (SCFRP). Lee and Hausmann (2004) [22]
investigated the effect of fibre length on the strengthening of RC beams and concluded
that a fibre length of around 23 mm is appropriate to maximise the tensile strength and
load carrying capacity of strengthened beams. Throughout this study, a fibre length of
26 mm was used for SFRP. The spraying process was performed by means of UltraMax
chopper/ saturator unit manufactured by Magnum Venus Plastech (Figure 8-4). Once
the fibre was sprayed, aluminium ribbed rollers were used to remove any entrapped airs

and to obtain a uniform thickness of sprayed fibre.
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Figure 8-4: Spraying process of FRP
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Table 8-1: Summary of test matrix

Beam Fibre  SFRP SFRP Anchors Horizontal Vertical Embedment
Group Designation thickness configuration spacing of spacing of length of
(mm) anchors anchors anchors
(mm) (mm) (mm)

1 BN-LS-CB - - - - - - -
BN-LS-5GA Glass 5 A - - - -
BN-LS-5GA-S Glass 5 A Slits - - -

2 BN-LS-5GA-EB Glass 5 A EB 120 90 30
BN-LS-5GA-EB1 Glass 5 A EB 120 90 42
BN-LS-3GA-MB Glass 3 A MB 120 90 42
BN-LS-5GA-MB1 Glass 5 A MB 120 90 42
BN-LS-5GA-MB2 Glass 5 A MB 180 90 42
BN-LS-5GA-TB Glass 5 A TB 120 90 -

3 BN-LS-3CA-MB Carbon 3 A MB 120 90 42
BN-LS-5CA-MB Carbon 5 A MB 120 90 42

4 BN-HS-CB - - - - - - -
BN-HS-3GA-MB Glass 3 A MB 120 90 42
BN-HS-4GA-EB Glass 4 A EB 120 90 42
BN-HS5GA-MB  Glass 5 A MB 120 90 42
BN-HS-5GB-MB Glass 5 B MB 120 90 42
BN-HS-7GB-MB Glass 7 B MB 120 90 42

8.5 Concrete properties

Two types of concrete representing low-strength (LS) and high-strength (HS)
concrete were used to cast the specimens. The specimens in groups 1-3 were cast from
low strength (LS) concrete and the specimens in group 4 were made from high strength
(HS) concrete. The target compressive strengths at 28 days for the low and high strength
concrete were 20 MPa and 45 MPa, respectively. The concrete mix proportions are
given in Table 8-2. All specimens were cast in the vertical position to reproduce the
real construction condition (Figure 8-5). The actual concrete strengths at the testing
days (around 35-45 days after casting) were slightly higher than the target design
strengths. For each type of concrete, six cylinders (300 mm in height and 150 mm in
diameter) were cast in steel moulds using the standard procedurBfig3jompressive
strength was determined by testing these standard cylindrical specimens in accordance
with [74]. The average tested compressive strength of concrete at the testing day was
21.45 MPa with the standard deviation of 0.65 for low strength concrete and 46.20 MPa
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with the standard deviation of 1.40 for high strength concrete. Since all specimens in

groups 1-3 and group 4 were cast from the same batch of low strength (LS) and high
strength (HS) concrete, a uniform concrete compressive strength could be assumed for
both strengthened and un-strengthe(eshtrol) beams.

Table 8-2: Concrete strengths and mix proportions

28 day’s target compressive strength

Mix components 20 45

Water (kg/nd) 180 183
Cement(kg/rd) 360 420
Fine aggregate (kgfn 760 686
Coarse aggregates (kghm 1015 1082

Figure 8-5: Concrete casting

8.6 Instrumentation and loading setup

The specimens were tested under a concentrated load applied at the mid span in a
simply supported arrangement. The length of the beam measured from support to
support was 750 mm. The shear span length was 375 mm (Figure 8-6). A load is applied
monotonically through a hydraulic jack of 600 kN capacity at a constant rate of 140 N
per second until failure occurred. The applied load was recorded by a calibrated load
cell placed under the loading piston of the hydraulic jack. Linear variable differential
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transducers (LVDT) were placed under the beam at the mid span to measure vertical
deflection. During the test, the initiation and propagation of cracks were visually

inspected and recorded by photographs. Test setup is shown in Figure 8-6.

Load

L 1

Load cell

| 375 I 375

Figure 8-6: Test setup

8.7 Anchoring systems— Literaturereview

In recent years, the use of unidirectional FRP has become a popular technique for
strengthening and retrofitting purpose. However, FRP exhibited a premature de-
bonding failure prior to the development of the full tensile strength [75&&€nlisted
different methods which were successfully applied to prevent the FRP de-bonding such
as mechanical anchors, near-surface mounted (MSN) installation, wrapping of FRP
strips in different shapes, use of protruding fibre and anchor bolts, using comb-shaped
anchors and mechanical-interlocking anchorage systems. Similarly, for SFRP
strengthened members, the de-bonding failure could be observed especially when the
fibre was applied onto the sides and/or bottom faces only [9]. Soleimani and Banthia
(2012) [18] evaluated the performance of three different techniques to enhance the
SFRP-concrete bond. The results showed that the use of pneumatic chisel for
roughening the concrete surface and the through threaded bolts with steel plates and
nuts was the most effective to improve the SFRP-concrete bond. Karetkalb2005
[25] proposed different methods to anchor SFRP at the meeting corner of beam and
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slab such as SFRP slits, bolts and steel blocks. The test results indicated a possible
occurrence of cracks in SFRP nearby the anchor bolts. Although the above-mentioned
techniques are proved to be successful in SFRP strengthening, there is still a need to
develop a simple and efficient anchoring technique to avoid delamination failure. In the
present study, the efficiency of SFRP slits (discussed in detail in section 8.8.2.1.1) was
evaluated in shear strengthening of RC deep beams, and it was concluded that SFRP
slits were not effective to prevent de-bonding of SFRP from concrete surface. Further,
three different types of mechanical anchoring systems were proposed to avoid de-
bonding of the SFRP. The proposed anchoring systems were evaluated for different
fibore materials (glass and carbon), fibre thickness (3 mm and 5 mm), SFRP
configurations (side faces only and both side and bottom faces) and strengths of
concrete (low and high strength concrete). The SFRP slits and the proposed anchoring

systems are explained in the following section.

8.7.1 SFRP slits

In this study, it is proposed to enhance the bonding by anchoring the SFRP to
the specimens by means of slits made on the beam surfaces. The idea of SFRP slit is
shown in Figure 8-7. The merit of slit anchoring system was mainly due to the low cost
since steel anchoring materials were not utilized. In the sped@8&55GA-S two
slits were made in each shear span by saw cutting into the concrete surface prior to the
SFRP application. The SFRP slits were grooved on the beam surface at an angle
approximately perpendicular to the potential shear crack direction. During SFRP
application, the fibres were first sprayed into slits followed by spraying onto the whole

surface of the specimens.
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Figure 8-7: Details of SFRP dlits

8.7.2 Proposed anchoring systems

In this study, three anchoring systems were proposed, namely, Through Bolt (TB)
anchoring system, Mechanical Expansion Bolt (MB) anchoring system and Epoxy Bolt
(EB) anchoring system (Figures 8-8 to 8-10). Anchoring bolts were installed at different
horizontal and vertical spacing (i.e., in multiples of shear reinforcement spacing).
Horizontal spacing of anchors was selected as being 1.0 and 1.5 times shear
reinforcement spacing and vertical spacing of anchors was selected as 0.75 times shear
reinforcement spacing. The embedment length of the EB and MB anchors was selected
based on the test observation of speciB&ALS5GA-EB (discussed in detail in
section 8.8.2.2.3)The details of spacing and embedment length of the anchors are
summarized in Table 8-1. The details of each anchoring system are explained in the

following sections.
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Figure 8-8: TB anchoring system

Figure 8-9: MB anchoring system

Figure 8-10: EB anchoring system

8.7.2.1 TB anchoring system

The TB anchoring system comprised threaded bolts 6 mm diameter and 50 mm
long, nuts and washers (Figure 8-8). It was installed in the following steps; 1) holes of
7 mm diameter were drilled through the beam section and SFRP; 2) threaded bolts were
inserted into holes; 3) nuts were tightened using washers with an average torque of 8
N.m.

8.7.2.2 MB anchoring system

The MB anchoring system is composed of mechanical expansion anchors (diameter
=7 mm and length = 25 mm), full threaded hex headed bolts (diameter = 4 mm and
length = 35 mm), nuts and washers (Figure 8-9). It was installed in the following steps;

1) 8 mmdiameter and 40 mm long holes were drilled perpendicularly to the beam’s
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side faces at the desired spacing; 2) the drilled holes were cleaned using high pressure
water to remove all loose debris and dust; 3) expansion anchors with bolts, nuts and
washers were inserted into the holes; 4) expansion anchors were tightened through an
average torque of 12 N.m on threaded hex headed bolts; 5) finally, the nuts were

tightened by an average torque of 6 N.m.
8.7.2.3 EB anchoring system

The EB anchoring system is composed of threaded rods (diameter = 6 mm and
length = 60 mm), nuts and wasters (Figure 8-10). It was installed in the following steps;
1) 8 mm diameter and 30 mm long holes were drilled at 120 mm spacing
perpendicularly to the beam’s side surface through SFRP; 2) holes were cleaned and
washed with high pressure water to remove loose debris and dust; 3) epoxy resin
prepared as per manufacturer’s instructions was filled into the holes; 4) threaded rods
wetted with epoxy resin were inserted into the holes; 5) after the epoxy is fully hardened

(2-3 hours), nuts were tightened with an average torque of 5 N.m.
8.8 Test results and discussions

A comprehensive experimental study was performed to investigate the effect of
SFRP strengthening on the ultimate load and deflection of RC deep beams. Different
anchoring systems were investigated to prevent the de-lamination of SFRP from
concrete surface. The experimental results are summarized in Table 8-3. Most of the
strengthened RC deep beams failed by the rupture of SFRP without pull-out of the
anchors. This indicated the effectiveness of the proposed anchoring systems. In the

following sections, the failure modes and test results are discussed in further detail.
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Table 8-3: Experimental results

Beam Ultimate Increase in Mid-span Increase in Failure modes
Group Designation load, P (kN) ultimate deflection deflection
load (%) (mm) (%)

1 BN-LS-CB 122.30 - 1.73 - Shear failure
BN-LS-5GA 122.50 0.20 1.68 - Debonding
BN-LS-5GA-S 136.30 11 1.78 0.03 Debonding

2 BN-LS-5GA-EB 218.92 79 3.00 73 SFRP rupture
BN-LS-5GA-EB1  248.50 103 3.40 96 SFRP rupture
BN-LS-3GA-MB 190.50 56 2.46 42 SFRP rupture
BN-LS-5GA-MB1 236.60 94 3.13 81 Concrete crushing
BN-LS-5GA-MB2 239.20 96 3.13 81 SFRP rupture
BN-LS-5GA-TB 252.20 106 4.13 138 Concrete crushing

3 BN-LS-3CA-MB 221.70 81 2.81 62 SFRP rupture
BN-LS-5CA-MB 274.70 125 2.63 57 SFRP rupture

4 BN-HS-CB 196.40 - 1.67 - Shear failure
BN-HS-3GA-MB  284.60 45 2.23 34 SFRP rupture
BN-HS-4GA-EB 380.80 94 3.25 94 SFRP rupture
BN-HS-5GA-MB  444.70 126 3.54 112 SFRP rupture
BN-HS-5GB-MB 493.20 151 3.06 83 SFRP rupture
BN-HS-7GB-MB 507.50 158 3.24 94 SFRP rupture
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8.8.1 Failure modes

A summary of failure modes of all specimens is provided in Table 8-3. The un-
strengthened (control) beams of low and high strength concrete failed due to the typical
inclined cracks that were formed along the loading and supporting points as shown in
Figures 8-11 and 8-12. A similar failure mode was also reported by Islam et al. 2005
[64]. The SGFRP strengthened beam B8{5GA, without any anchoring system,
failed due to the de-bonding of the fibres as shown in Figure 8-13. The strengthened
specimens with SGFRP slits (BDB-5GA-S) was also failed due to the de-bonding of
SGFRP (Figure 8-14). However, the specimen BINSGA-EB anchored with epoxy
bolts (EB system) failed by pull-out of the anchored bolts (Figure 8-15). The pull-out
failure was supposedly due to the insufficient embedment length of the bolts. This type
of failure can be prevented by using bolts with sufficient embedment length. In general,
several strengthened specimens failed by the rupture of SFRP as shown in Figures 8-
16 to 8-18. However, the failure mode was basically characterized by shear failure since
the internal crack in the main body of the strengthened beams was inclined shear crack,
similar to the control beams. The rupture failure in SFRP indicated the effectiveness of
the anchoring system in fixing the SFRP to the beam surface. Figure 8-19 demonstrated
a typical SFRP rupture failure at the mid span of specimens with strengthening
configuration A, whereas Figure 8-20 showed the inclined SFRP rupture in specimen
BN-HS-5GB-MB with strengthening configuration B. When the thickness of SGFRP
was increased to 7 mm as in the beam BBB7GB-MB, the failure was initiated by
the pull-out of the expansion anchors and followed by the de-bonding of SGFRP. Other
failure modes included concrete crushing at the loading region, which was observed in
beams BNES-5GA-MB1 and BNLS-5GA-EB (Figure 8-21). In these two specimens,
no de-bonding of SFRP occurred.
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Figure 8-11: Failure mode of Beam BN-L S-CB

Figure 8-14: Failure mode of beam BN-L S-5GA-S
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Figure 8-15: Failure mode of beam BN-L S-5GA-EB

Figure 8-18: Failure mode of Beam BN-LS-3CA-MB
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Figure 8-21: Typical concrete crushing failure under loading region

8.8.2 Load carrying capacity and mid span deflections

The load-deflection curves of the SFRP-strengthened specimens are shown in
Figures 8-22 to 8-29. In each group, the peak load of the control un-strengthened
specimen is set as a benchmark, by normalizing its peak load to 100%, and the
performance of other specimens is evaluated in terms of the percentage ratio of the
ultimate load to that of the control specimen. The comparison is shown in Figges 8-
and 8-31. This information is valuable to examine the influence of different SFRP
parameters on the load carrying capacity and mid span deflection at the peak load. The
test results are summarized in Table 8-3 and are discussed in detail in the following
sections.
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Figure 8-23: L oad deflection curves of RC deep beamswith different anchoring systems
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Figure 8-24: L oad deflection curves of RC deep beams with different SGFRP thickness
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Figure 8-27: L oad deflection curves of RC deep beamswith different SCFRP thickness
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8.8.2.1 Beamgroup 1l
8.8.2.1.1 Effect of SFRP slits

To study the effect of SFRP slits, the results of three specimens were compared,
two of them were strengthened with SGFRP and one was the control beam. The load
and deflection curves of these three specimens are shown in Figure 8-22. A comparison
of the normalized ultimate loads is displayed in Figure 8-30. The specimdtS5BN-
5GA without any anchoring system was used to investigate the bonding performance
between SGFRP and concrete surface. As for the specimdtSEBGA-S, SGFRP
slits were provided on the side faces as a means to fix SGFRP to the beam surface. In
Figures 8-22 and 8-30, it can be seen that the specimebhSEBGA without any
anchoring system failed at the same ultimate load and mid-span deflection as that of the
control beam. This indicated that the application of SGFRP without anchoring system
is ineffective, since the premature delamination of SGFRP led to the propagation of
diagonal shear cracks in the beam, bringing about the shear failure similar to the control
beam. As for the beam BNS-5GA-S with SGFRP slits, the ultimate load was
increased by only 11% compared to the control beam. This indicated that the slits
contributed only a relatively minor increase in loading capacity, as compared with the
proposed anchoring system which can elevate the load capacity by 50-150%. The
greater effectiveness of the anchoring system shall be explained in details in the next
section.
8.8.2.2 Beam group 2
8.8.2.2.1 Effectiveness of the anchoring systems

To study the effectiveness of the anchoring system, three specimens in group 2,
namely BNLS-5GA-EB, BNLS-5GA-MB1 and BNLS-5GA-TB were strengthened
with the same SGFRP thickness (5 mm) and strengthening configuration (A). However,
each beam was anchored with different anchoring systems (i.e., EB, MB and TB
systems, respectively) to investigate the efficiency of bolting types in preventing the
de-lamination of SFRP from concrete surface. The load and deflection curves of these
specimens are shown in Figure 8-23 in comparison with the control specime8-BN-
CB. A comparison of the normalized ultimate loads is displayed in Figure 8-30. It can
be seen that specimen BI$-5GA-EB, attained the 79% and 73% increase in the

ultimate load and mid-span deflection, respectively, as compared with the control beam.
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Specimen BN:=S-5GA-MB1 reached the 94% and 81% higher ultimate load and mid-
span deflection, respectively. The TB anchoring system resulted in 106% and 138%
increase in the ultimate load and mid-span deflection, respectively. Based on these
results, the TB anchoring system has been found to be the most effective anchoring
system compared with EB and MB systems.

The failure of beams BNS-5GA-MB1 and BNLS-5GA-TB was due to the
crushing of concrete under the loading point (Figure 8-21), which is a typical
compression failure for deep beam particularly with the low concrete strength. Deep
beam may fail in concrete crushing along the inclined compression strut, or at the
loading points. The compression failure illustrated in these specimens indicated that
both TB and MB anchoring systems were effective to protect the de-bonding of SGFRP.
As a result, a higher increase in the ultimate load and deflection could be obtained. On
the other hand, the specimen RIS-5GA-EB failed by the pull-out of EB anchoring
system at the ultimate load (Figure 8-15). The pull-out of the anchor bolts led to the
final delamination of concrete cover, resulting in a lower increase in the ultimate load
and deflection as compared to TB and MB anchoring systems. The pull-out failure
could be prevented by using a longer embedment length of anchor bolts, which will be

additionally discussed in section 8.8.2.2.3.
8.8.2.2.2 Effect of SGFRP thickness

To investigate the effect of SFRP thickness on the ultimate load and deflection of
RC deep beam, load deflection curves of specimenLBISGA-MB (3 mm thick
SGFRP) and BN-S-5GA-MB1 (5 mm thick SGFRP) along with the control beam are
shown in Figure 8-24 and the comparison of normalized ultimate load is displayed in
Figure 8-30. It can be seen that both ultimate load and mid-span deflection were
elevated with an increase in SGFRP thickness. Beanh BSGA-MB1 and BNLS-
3GA-MB reached 94% and 56% higher ultimate load than the control beam (specimen
BN-LS-CB) respectively. It can be seen that the increase in the ultimate load was almost
proportional to the thickness of SGFRP. No delamination failure mode was observed
in these two specimens. The specinBM-LS-3GA-MB failed by rupture of SFRP
whereas the specimen BNs-5GA-MBL1 failed by concrete crushing. This implied that

the strength increases proportionally to the thickness of SFRP provided that sufficient
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anchoring system is installed to prevent delamination failure.
8.8.2.2.3 Effect of anchor bolt length

As discussed in section 8.8.2.2.1, the failure of beamL.BNGA-EB was initiated
by the pull-out of the anchor bolts and the following delamination of concrete cover,
indicating that the embedment length of the bolts was not sufficient. To further examine
the effect of the embedment length, the length of the bolts was increased from 30 mm
in specimen BN:-S-5GA-EB to 42 mm in specimen BNS-5GA-EB1 while all other
parameters were kept similar to the specimenlBNoGA-EB (Table 8-1). The load
deflection curves of both specimens RS-5GA-EB and BNLS-5GA-EB1 along with
the control specimen (BINS-CB) are shown in Figure 8-25 and the comparison of
normalized ultimate load is displayed in Figure 8-30. It can be seen that bea® BN-
5GA-EB1 achieved the ultimate load of 248.50 kN, which was 14% higher than that of
beam BNLS-5GA-EB (i.e., 218.92 kN). Unlike beam BNs-5GA-EB, there was no
pull-out of the anchors bolts and the separation of concrete cover in be&u®-BGA-
EB1, confirming that the embedment length of the anchor bolts is now adequate to
prevent the premature pull-out failure. It should be also noted that the ultimate load of
beam BNLS-5GA-EB1 is now comparable to those of beam BB5GA-MB1 and
beamBN-LS-5GA-TB. This is because the delamination has been prevented and the
specimens experience failure caused by either concrete crushing or SFRP rupture
instead.

8.8.2.2.4 Effect of anchor bolt spacing

In order to investigate the effect of spacing of anchor bolts on the performance of
SFRP strengthening, the horizontal bolt spacing in specimehB5GA-MB2 was
increased to 180 mm as compared with the 120 mm spacing in the specinie$ BN-
5GA-MBL1. The load deflection curves of both beams BRN6GA-MB1 and BNLS-
5GA-MB2 are shown in Figure 8-26 and the comparison of the normalized ultimate
load is displayed in Figure 8-30. It can be seen that both beams had almost the same
behaviour until the peak load. The increase in the ultimate load was almost the same
despite the difference in the spacing of anchor bolts. When considering the failure
modes of both specimens (Table 8-3), it was found that specimdtSENGA-MB1

failed by crushing of concrete at the loading point whereas specimetSERGA-
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MB2 failed by rupture in SFRP. It can be observed that both failure modes are not
relevant to delamination failure, therefore it might be supposed that the 180 mm spacing
was sufficient to prevent anchorage failure. Thus, a further decrease in spacing, i.e.,
120 mm provided no additional benefits as the failure mode was controlled by either
concrete crushing or SFRP rupture.

8.8.2.3 Beam group 3

8.8.2.3.1 Effect of SCFRP thickness

In this group, two specimens, namely, BS-3CA-MB and BNLS-5CA-MB were
strengthened with 3 mm and 5 mm thick SCFRP, respectively. The SCFRP was fixed
to the specimens by means of MB anchoring system. The load deflection curves of these
specimens along with the control specimen (beanLBMNGB) are plotted in Figure 8-

27 and the comparison of normalized ultimate load is displayed in Figure 8-30. It can
be seen that the ultimate load was increased as the thickness of SCFRP increased. The
ultimate loads of beams BNS-3CA-MB and BNLS-5CA-MB were found to be 81%

and 125% higher than the control beam. As can be seen, the increase in the ultimate
load is proportional to the thickness, similar to the case of SGFRP strengthening. The
failures of these specimens were caused by rupture in the SCFRP without delamination,
thus, the load increase is in proportion to the thickness as expected.

8.8.2.3.2 Effect of SFRP material

In order to investigate the comparative performance of different fibore materials of
SFRP, i.e., between SGFRP and SCFRP, the load-deflection curves of specimens BN-
LS-3GA-MB, BN-LS-5GA-EB1, BNLS-3CA-MB and BNLS-5CA-MB and tle
control beam BN-S-CB are shown in Figure 8-28. As can be seen, the SCFRP
thickness of 3 mm and 5 mm resulted in a respective increase of 16% and 11% in the
ultimate load as compared with the corresponding SGFRP specimens with a similar
thickness. As can be seen from Table 5-1, the tensile strength of SCFRP is
approximately 13% higher than SGFRP. This material strength is consistent with the
observed increase in the ultimate load of the specimens with SCFRP strengthening.
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8.8.2.4 Beam group 4
8.8.2.4.1 Effect of SGFRP thickness

The load deflection curves of all tested high-strength beams are shown in Figure 8-
29 and the comparison of normalized ultimate load is displayed in Figure 8-31. When
comparing between the control low and high strength beam, it can be seen that the high
strength beam (specimen BNS-CB) failed at the ultimate load of 196.4 kN whereas
the low strength one (specimen BI$-CB) failed at 122.3 kN. Since both of them have
identical dimension and reinforcement detail, the difference in the bearing capacity is

basically rooted in the compressive strength of congretee., beam BN-S-CB is
low strength concrete with' = 21.45 MPa whereas beam B¥6-CB is high strength
concrete withs, = 46.2 MPa. A similar observation, that is, a higher shear strength in

higher strength concrete deep beam, have also been reported Oh and Shin 2001 [78].

As can be seen from Figures 8-29 and 8-31, the SGFRP strengthening technique is
also found to significantly enhance the ultimate load and deflection of high strength
concrete deep beams, similar to the low strength concrete case. The graphs demonstrate
an evident increase in both ultimate load and deflection of strengthened specimens as
the thickness of SGFRP was increased. In case of strengthening configuration A, the
increase in the ultimate load over the control beam was recorded as 45%, 94%, and
126% in beams BNHS-3GA-MB, BN-HS-4GA-EB, and BNHS-5GA-MB with 3, 4
and 5 mm SCFRP thickness, respectively (Figure 8-31). Similarly, for strengthening
configuration B, the increase was recorded as 151% and 158% in beahhS-BGIB-

MB and BNHS-7GB-MB with 5 and 7 mm SCFRP thickness respectively. It should
be noted that the ultimate load of B#As-7GB-MB was only slightly increased as
compared to the beam BNS-5GB-MB. This was supposedly due to the fact that at
the ultimate load of BNHS-7GB-MB, the mechanical expansion bolts were pulled out,
followed by a sudden rupture of SGFRP which finally brought about the failure. The
premature de-bonding failure of thick SGFRP inhibited the development of rupture
strength of SGFRP, and thus limited the increase in the ultimate load. The results here
confirmed the importance of providing strong anchoring systems to prevent such de-

bonding failures.
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8.8.2.4.2 Effect of SGFRP strengthening configuration

In Figure 8-29 and 8-31, it can be seen that beanHBMNGB-MB attained 20%
higher increase in the ultimate load as compared with bearl BBGA-MB. This
supported the fact that for the same SGFRP thickness, the strengthening configuration
B provided a better performance than configuration A. It was noted that the increase
in the ultimate load was not significant, indicating that the SGFRP at the bottom face
did not provide a significant direct load bearing mechanism for deep beam. However,
it was still beneficial since it could contribute to an enhanced bonding for the SGFRP

on the side faces.
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Chapter 9

SFRP Strengthening of RC Deep Beamswith Openings

9.1 Introduction

Reinforced concrete (RC) deep beam is a beam with the depth comparable to the
span length. Based on ACI 318-05 [79], an RC beam is defined as a deep beam if the
span lengthe-depth ratio is less than or equal to four. There are several applications of
RC deep beams, such as transfer girders in tall buildings, wall of water tanks, and
footings [80, 81]. Rectangular and circular openings of various sizes are sometimes
made in the web of the beams to allow for the passage of utilities ducts and conduits
for air conditioning and electrical cables. If the web opening is located amidst the load
path that joins the support and the loading points, the opening may disturb the flow of
the load, resulting in a decrease in the shear capacity. A decrease in shear capacity of
RC deep beams with web opening has been demonstrated in previous research works
[82-84]. Despite a number of research works on strengthening RC deep beams, a current
literature review demonstrated no studies on the use of SFRP to increase the shear
strength of deep beams with openings. Furthermore, to our knowledge, no data are
available regarding the behavior of SFRP-strengthened RC deep beams with openings.
Therefore, the primary goal of this experimental program (Chapter 9) was to evaluate
a possible use of the SFRP technique to elevate the shear strength of RC deep beams
with openings. Towards this goal, an extensive experimental program has been
conducted. Both circular and square openings of different sizes were investigated. Two
types of concrete (i.e., low and high strength) were used to cast the specimens. The deep
beams with openings were strengthened with a variety of SFRP thicknesses and
strengthening configurations. The “MB anchoring system” as discussed in “Chapter 8”

was used to avoid de-bonding of the SFRP from the concrete surface.
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9.2 Experimental program
9.2.1 Description of the test specimens and test matrix

A description of the test specimens is shown in Figures 9-1 and 9-2 and summarized
in Table 9-1. The test specimens consisted of a total number of 29 RC deep beams with
web openings of different shapes and sizes. The entire test matrix was divided into six
groups (A, B, C, D, E and F) according to the opening shape and size and the concrete
strength (Table 1). Each group consisted of five beams except group F, which had four
beams. One specimen in each group was used as a control un-strengthened specimen.
The RC deep beams in groups A, B, C and D were made of a low-strength concrete
with a cylindrical compressive strength of 24 MPa, whereas the beams in groups E and
F were made of a high-strength concrete with a cylindrical compressive strength of 45
MPa. All beams had a constant cross section with the width (T) = 100 mm and total
depth (H) = 500 mm. The total span length (L) of the beam was 870 mm, and the shear
span length (defined as half of span length between supports) was 435 mm. Two
opening shapes (i.e., circular and square) were used with two different sizes for each
shape. The size of the square opening was 120 x 120 mm and 180 x 180 mm, and the
diameter of circular opening was 100 mm and 160 mm. In all specimens, one opening
is made at the centre of each shear span (Figures 9-1 and 9-2). Each beam contained
two No.12 bars (deformed bars with a yield strength of 414 MPa) at the bottom face,
and top two No. 6 bars (round bars with a yield strength of 290 MPa) at the top face.
The web reinforcements consisted of round No. 6 bars placed at 110 mm spacing in
both vertical and horizontal directions. Stirrups were used as the vertical web
reinforcement, and straight bars were used as the horizontal web reinforcement. Closely
spaced vertical stirrups were used at both ends of the beams to avoid premature failure
at these locations. The web reinforcements at the opening location were cut, and the
circular molds made of plastic pipe were installed prior to the concrete placement. A
clear 15 mm thick concrete cover was provided on all sides of beams, and the beams
were cast in the horizontal position using molds made of plywood sheets (Figure 9-3).
Each specimen was assigned a designation that represented the strength of concrete, the
fiber thickness, the strengthening configuration, the shape and size of the opening. As
an example, a specimen designationdBBS18 was interpreted as follows: LS = Low-

strength concrete, 3B = 3-mm thickness of SFRP with strengthening configuration B
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and S18 indicated a square opening with a size of 180 x 180 mm.
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Figure 9-2: Group C and D beam detailing
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Table9-1: Test matrix

Size of Concrete Thickness
Type of opening strength  of fiber SGFRP
Group Beam opening (mm) (MPa) (mm) Configuration
A Control LS-S18 Square 180 x 180 24 - -
LS-5A-S18N* Square 180 x 180 24 5 A
LS-3B-S18 Square 180 x 180 24 3 B
LS-5A-S18 Square 180 x 180 24 5 A
LS-5B-S18 Square 180 x 180 24 5 B
B Control LS-S12 Square 120 x 120 24 - -
LS-3A-S12 Square 120x 120 24 3 A
LS-5A-S12 Square 120x 120 24 5 A
LS-5B-S12 Square 120x 120 24 5 B
LS-5C-S12 Square 120 x 120 24 5 C
C Control LS-C16 Circular 160 24 - -
LS-3A-C16 Circular 160 24 3 A
LS-5A-C16 Circular 160 24 5 A
LS-5B-C16 Circular 160 24 5 B
LS-5C-C16 Circular 160 24 5 C
D Control LS-C10 Circular 100 24 - -
LS-3A-C10 Circular 100 24 3 A
LS-5A-C10 Circular 100 24 5 A
LS-5B-C10 Circular 100 24 5 B
LS-5C-C10 Circular 100 24 5 C
E Control HS-S18 Square 180 x 180 45 - -
HS-3A-S18 Square 180 x 180 45 3 A
HS-5A-S18 Square 180 x 180 45 5 A
HS-5B-S18 Square 180 x 180 45 5 B
HS-5C-S18 Square 180 x 180 45 5 C
F Control HS-S12 Square 120 x 120 45 - -
HS-3A-S12 Square 120x 120 45 3 A
HS-5A-S12 Square 120x 120 45 5 A
HS-7A-S12 Square 120x 120 45 7 A

Note: *The beam specimen LS-5A-S18-N does not include anchors.
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Figure 9-3: Concrete casting

9.2.2 SGFRP strengthening

In this experimental program, the SFRP strengthening of RC deep beams was
performed using glass fibers. The specimens were strengthened with three SGFRP
thicknesses (i.e., 3 mm, 5 mm and 7 mm) and three strengthening configurations (i.e.,
A, B and C) (Table 9-1). For strengthening configuration A, the SGFRP was applied
onto side faces of the beam only. For strengthening configuration B, the SGFRP was
applied onto the side and bottom faces (Figure 9-4) in the form of U shape. With the
SGFRP technique, the fibers are sprayed with resin; therefore, it is easy to vary the
thicknesses of SGFRP at desired locations on the sprayed surface. Strengthening
configuration C was similar to configuration A, except the thickness of the SGFRP was
increased around the openings and at the top and bottom edges of the beams as shown
in Figure 9-4. Prior to the SGFRP application, the concrete surfaces were roughened
using a hammer and a chisel to enhance bonding with SGFRP (Figure 9-5). The SGFRP
was applied onto the specimens by a local contractor using an UltraMax
chopper/Saturator unit manufactured by Magnum Venus Plastech (Figure 9-6). After
the SGFRP was applied, an aluminum ribbed roller was used to remove any entrapped
air and to obtain a uniform thickness of the SGFRP.
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Figure 9-5: Roughened surface of concrete beam

90



T L8
il i o

100l
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9.2.3 Material properties

The 28-day cylindrical compressive strength of concrete for specimens in groups A
through D (low strength concrete, LS) was 24 MPa. The 28-day cylindrical compressive
strength of concrete for specimens in groups E and F (high strength concrete, HS) was
45 MPa. The fibers used for the SGFRP was a glass-fiber roving coated with a silicone-
based chemicals that enhance the bonding with the resin.

9.2.4 Test setup and instrumentation

In this experiment, all specimens were loaded to failure under the condition of a
concentrated load applied at the mid span. The testing was performed in a steel reaction
frame with a 2000 kN capacity. The load was applied at a constant rate of 10 kN/minute
using a hydraulic jack with a 600 kN capacity. At the loading location, a steel plate was
placed under the piston of the hydraulic jack to avoid crushing the concrete. A linear
variable differential transducer (LVDT) was attached at the mid span to record the
deflection. The initiation and propagation of the cracks were marked, and their positions
were continuously monitored at different load intervals. Loading set up is shown in

Figure 9-7.
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Figure 9-7: Loading set up
9.3 MB Anchoring system

The MB anchoring system was installed following the procedure as explained in

section 8.7.2.2. A typical installation of the MB anchoring system is shown in Figure
9-8.
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9.4 Experimental results and discussions

9.4.1 Cracking behavior

For the control beams in all groups, flexural cracks were observed near the mid-
span prior to the appearance of diagonal cracks. The cracking load ranged from 35-50%
of the peak load (Table 9-2). As the load increased, diagonal cracks appeared at the
opposite corners of the square opening, or at the top and bottom of the circular openings
(Figures 9-9 to 9-12). As the load increased, the diagonal cracks widened and
propagated in both directions towards the loading and the supporting regions. A further
load increase resulted in the widening of diagonal cracks as well as the initiation of new
flexural and diagonal cracks. From Table 9-2, it can be seen that the opening size had
a great effect on the cracking load. For both square and circular openings, the cracking
load was decreased when the opening size was increased. This relationship, a decrease
in the cracking load due to an increase in the opening size, has also been reported in
literature [66]. As for the SGFRP strengthened specimens, the cracking load could not
be recorded because the SGFRP covered the entire surface of the beams’ webs, making
it impossible to visually observe the crack appearance. However, the rupture of the
SGFRP fiber was observed to start at 90-95% of the ultimate load at the opposite
corners of the square openings and at the top and bottom of the circular openings
(Figures 9-13 and 9-14). As the load increased, the inclined crack rupture in the SGFRP
fiber widened, and quickly propagated towards the loading and supporting regions. For
all specimens, except HS-7A-S12, the beginning of the cracks and the upcoming
ruptures of the SGFRP were similar. In contrast, the specimen HS-7A-S12 failed by
anchor pullout and de-bonding of the SGFRP. This shall be discussed later in section
9.4.3.6.
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Figure 9-9: Failure mode of Beam specimen - Control LS-S18

Figure 9-10: Failure mode of Beam specimen - Control L S-S12

Figure 9-11: Failure mode of Beam specimen - Control LS-C16
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Figure 9-14: Initiation of diagonal cracksin SFRP beamswith circular openings
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Table 9-2: Experimental test results

Cracking load Peak Increased Mid span Increased mid

Group Beam (KN)** load Peak load deflection*  span deflection
(kN) (%) (mm) (%)

A Control LS-S18 50.24 123.22 - 1.78 -
LS-5A-S18-N - 202.24 64 1.50 -
LS-3B-S18 282.57 307.14 149 2.10 18
LS-5A-S18 285.52 306.35 149 2.61 47
LS-5B-S18 313.43 342.55 178 2.38 34

B Control LS-S12 49.50 169.71 - 1.93 -
LS-3A-S12 302.13 321.41 89 3.72 93
LS-5A-S12 344.15 368.08 117 3.84 99
LS-5B-S12 388.08 411.97 143 5.33 176
LS-5C-S12 377.71 397.17 134 4.07 111

C Control LS-C16 38.63 181.20 - 2.50 -
LS-3A-C16 270.80 296.61 64 3.60 44
LS-5A-C16 328.80 364.52 101 3.51 40
LS-5B-C16 376.48 411.90 127 4.02 61
LS-5C-C16 355.89 387.68 114 3.84 54

D Control LS-C10 44.58 197.40 - 2.34 -
LS-3A-C10 320.77 348.66 77 3.62 55
LS-5A-C10 346.28 374.36 90 3.48 49
LS-5B-C10 422.50 453.81 130 452 93
LS-5C-C10 385.78 412.60 109 3.68 57

E Control HS-S18 45.37 163.10 - 3.52 -
HS-3A-S18 215.66 234.41 44 3.34 -
HS-5A-S18 253.49 271.99 67 4.26 21
HS-5B-S18 287.35 314.04 93 3.85
HS-5C-S18 271.47 293.80 80 3.68

F Control HS-S12 49.49 187.91 - 2.08 -
HS-3A-S12 293.89 312.65 66 2.54 22
HS-5A-S12 348.95 370.83 97 2.56 23
HS-7A-S12 380.67 405.40 116 2.36 13

Note: *Values provided for the mid span deflection are measured at peak load. ** For

SGFRP strengthened RC deep, the cracking load is onset of initial rupture of SGFRP.
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9.4.2 Failure modes

The un-strengthened control beams of all groups showed a similar failure mode
regardless of the shape or size of the openings. In the beams with square openings, the
failure occurred when diagonal cracks suddenly formed at the top and bottom corners
of the opening (Figures 9-9 and 9-10). Whereas, for the beams with circular openings,
the failure occurred when the inclined cracks suddenly formed towards the loading and
supporting regions (Figures 9-11 and 9-12). A similar failure mode for RC deep beams
with the square and circular openings was reported by [66, 85]. The SGFRP
strengthened beam LS-5A-S18-N, which did not have any mechanical anchoring
system, failed due to the de-bonding of the fiber as shown in Figure 9-15. However, the
SGFRP-strengthened beams that were anchored with expansion bolts failed by the
formation of inclined crack ruptures in the fiber at the top and bottom corners of the
opening (Figures 9-16 to 9-18). The inclined cracks were initially formed along the load
path direction (Figures 9-13 and 9-14) and then progressed rapidly towards the
supporting and the loading regions of the beams. When the thickness of SGFRP was
increased to 7 mm as in the beam HS-7A-S12, the failure was initiated by the pullout

of the expansion anchors and followed by the debonding of SGFRP (Figure 9-19).

oy

Figure 9-15: Failure mode of SGFRP strengthened beam specimen - L S-5A-S18-N
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Figure 9-18: Typical failure mode of SFRP strengthened beam specimen of group C
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Figure 9-19: Failure mode of SGFRP strengthened beam specimen - HS-7A-S12
9.4.3 Load carrying capacity and mid span deflection

The load-deflection curves of the SGFRP-strengthened RC deep beams with
openings are shown in Figures 9-20 to 9-25. This data can be used to evaluate the impact
of the SFRP on the load carrying capacity and mid span deflection at the peak load of

the beams. The test results are summarized in Table 9-2 and are discussed in detail in

the following sections.
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9.4.3.1 Specimens in group A

Specimens in group A are low strength concrete deep beams with 180 x 180 mm
square opening. The load and deflection curves of all specimens are shown in Figure 9-
20. The control beam failed at the peak load of 123.22 kN. Among the strengthened
specimens, a maximum increase in the peak load of 178% over the control beam was
recorded for beam LS-5B-S18, whereas a minimum increase of 64% was measured for
beam LS-5A-S18-N without MB anchoring system (Table 9-2). The remaining beams
in this group (i.e., L8B-S18 and LS-5A-S18) reached peak loads that were 149%
greater than the control beam. Similar to the load carrying capacity, the mid-span
deflections of the SGFRP-strengthened beams were also increased. A maximum
increase in the mid-span deflection was 47%, for bearfA-$18. Beams L$B-S18
and LS-5B-S18 reached the peak loads at 18% and 34% enhanced mid-span deflections,
respectively.
9.4.3.2 Specimens in group B

Specimens in group B are low strength concrete deep beams with 120 x 120 mm
square opening. The load and deflection curves of all specimens are shown in Figure 9-
21. The control beam Control LS-S12 failed by a typical shear failure at the peak load
of 169.71 kN. This failure load was 38% higher than that of beam Control LS-S18 in
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group A with a larger opening size of 180 x 180 mm. The maximum load increase of
143% was measured for the beam LS-5B-S12 with a 5 mm thick SGFRP and with
strengthening configuration B. The minimum increase in peak load of 89% was
measured for beam LS-3A-S12 with a 3 mm thick SGFRP and with strengthening
configuration A. As shown in Figure 9-21, for strengthening configuration A, 89% and
117% increases in peak load were recorded for beams with 3 mm and 5 mm thick
SGFRP, respectively. For the same SGFRP thickness (i.e., 5 mm), strengthening
configuration B increased the peak load more than configurations C and A,
respectively. Similar to group A, the mid-span deflections of the SGFRP-strengthened
beams also significantly increased. Increases of 93%, 99%, 176% and 111% were
recorded for beams LSA-S12, LS5A-S12, LS5B-S12, and LS-5C-S12 respectively.
9.4.3.3 Specimens in group C

Specimens in group C are low strength concrete deep beams with 160 mm diameter
circular opening. The load and deflection curves of the beams in group C with different
SGFRP thicknesses and configurations are shown in Figure 9-22. For the same
strengthening configuration (i.e., configuration A), the peak load was elevated by 64%
and 101% for the 3 and 5 mm thick SGFRP, respectively. For the same SGFRP
thickness (i.e., 5 mm), strengthening configuration B was more effective than
configurations A and C. The increases in peak load were 101%, 114% and 127% for
the configurations A, C and B respectively. As shown in Figure 9-22, the increases in
the mid-span deflections of 44%, 40%, 61% and 54% were recorded for beams LS-3A-
C16, LS-5A-C16, LS-5B-C16 and LS-5C-C16, respectively. For a 5-mm thick SGFRP,
the highest increase in the mid-span deflection was achieved through configuration B,
whereas the lowest increase was obtained with configuration A.

9.4.3.4 Specimens in group D

Specimens in group D are low strength concrete deep beams with 200 mm diameter
circular opening. The load and deflection curves of all beams in this group are shown
in Figure 9-23. For the same strengthening configuration (i.e., configuration A), the
peak load was increased by 77% with the 3 mm thick SGFRP, and by 90% with the 5
mm thick SGFRP. For the same SGFRP thickness (i.e., 5 mm), the strengthening

configuration B was the most effective as compared to configurations A and C. The
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increases in peak load were 90%, 109% and 130% for strengthening configurations A,
C and B, respectively. As shown in Figure 9-23, the increases in the mid-span
deflections of 55%, 49%, 93% and 57% were recorded for beams LS-3A-CB@-LS-
C10, LS-5B-C10 and LS-5C-C10, respectively. For a 5-mm thick SGFRP, the highest
increase in mid-span deflection was achieved through strengthening configuration B,
whereas the lowest increase was obtained with configuration A.

9.4.3.5 Specimens in group E

Specimens in group E are high strength concrete deep beams with 180 x 180 mm
square opening. The load and deflection curves of all beams are shown in Figure 9-24.
In this group, the control beam failed at the peak load of 163.10 kN. A maximum
increase in peak load was 93% for the beam HS-5B-S18, whereas a minimum increase
in peak load was 44% for the beam HS-3A-S18. The remaining beams in this group
(i.e., HS-5A-S18 and HS-5C-S18) had the peak loads that were 67% and 80% higher
than the control beam, respectively. The mid span deflection at the peak load of
strengthened beams was also increased. A maximum increase in the mid-span
deflection was 21% for beam HS-5A-S18. Beams HS-5B-S18 and HS-5C-S18 reached
the peak loads at 9% and 5% of the enhanced mid-span deflection, respectively.
9.4.3.6 Specimens in group F

Specimens in group F are high strength concrete deep beams with 120 x 120
mm square opening. The load and deflection curves of all beams are shown in Figure
9-25. The control beam Control HS-S12 failed in a typical shear failure at the peak load
of 187.91 kN. A maximum increase in the load was recorded for the beam with the
thickest SGFRP (i.e., 7 mm). As shown in Figure 9-25, the 66%, 97% and 116%
increases in peak load were recorded for the beams with the 3 mm, 5 mm and 7 mm
SGFRP thicknesses, respectively. Similar to group E, the mid-span deflections were
increased by 22%, 23% and 13% for specimens HS-3A-S12, HS-5A-S12 and HS-7A-
S12, respectively.
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9.4.4 Effectiveness of the MB anchoring system

In this study, the MB anchoring system as discussed in section 8.7.2.2 was
utilized to prevent the de-bonding of SFRP from the concrete surfaces. The beam LS-
5A-S18-N, which was tested without any anchoring system, failed by the de-bonding
of the SGFRP as shown in Figure 9-15. Thus, an adequate anchoring system is required
for the effective performance of the SGFRP strengthening technique. In almost all
SGFRP strengthened beams with sufficient anchoring system, no pullout of the anchors
was observed prior to the rupture of the fiber; the only exception was beam HS-7A-S12
whose anchors were pulled out and followed by the de-bonding of the SGFRP (Figure
9-19) from the concrete surface. The pullout of the anchors may be associated with the
thickness of SGFRP and strengthening configuration. The thickness of SGFRP in the
beam HS-7A-S12 was 7 mm, which was higher than other specimens. Since the strength
and stiffness of SGFRP composites varied with the thickness, a more critical demand
on bonding requirement is imposed at the SGFRP-concrete interface. The de-bonding
failure occurred when the bond demand exceeded the anchor pullout capacity. To
prevent such failure, anchoring system with greater pullout capacity or more closely-

spaced anchors should be provided.
9.4.5 Effect of the opening size and shape

From the experimental results, it was evident that the increase in the opening
size, regardless of the shape, led to the reduction in the beam’s shear strength. This
tendency of strength decrease can be observed in both un-strengthened and
strengthened beams. As for the un-strengthened specimens, the comparison of ultimate
loads are shown in Figure 9-26 for square and circular openings. It is obvious that the
shear strength drops when the opening size becomes larger. It is also of interest to note
that the decrease in the ultimate load is more striking in square opening than in circular
opening. For the square opening, when the opening size is increased by 1.5 times, i.e.,
from 120x120 mm to 180x180 mm, the reduction in the peak load was found to be
27.4% and 13.2% for low-strength and high-strength concrete specimens, respectively.
However, in case of the circular opening, a 1.6 times increase in the opening size, i.e.,
from 100 mm diameter to 160 mm diameter resulted in the 8.2% reduction in peak load

only.
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As for the strengthened specimens, the above observation can be applied too. As can
be seen from Figures 9-27 and 9-28, the decrease in the peak load is more highly
noticeable in square opening than in circular opening despite the opening size is
increased by a lower factor, i.e., 1.5 times increase in square opening versus 1.6 times
increase in circular opening. It should also be noted the proportion of the load reduction
is rather comparable for both un-strengthened and strengthened specimens made of
low-strength concrete. However, in case of the high strength concrete, the reduction in
peak load is around 25% in strengthened specimens as compared to only 13.2% in un-
strengthened ones. This implied that the efficiency of SGFRP strengthening may be
lower in case of high-strength concrete. More details regarding the effect of concrete

strength shall be discussed in the following section.
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9.4.6 Effect of the SGFRP strengthening configuration

In this experiment, three strengthening configurations, namely configurations
A, B, C were studied (Figure 9-4). To compare the effectiveness of different
strengthening schemes, only the specimens in groups A, B, C, D and E with 5 mm thick
SGFRP are selected. Specimens with 3 mm thick SGFRP were excluded since there
were only 2 specimens, namely HS-3A-S18 and LS-3B-S18 that had different
configurations. Furthermore, these two specimens cannot be appropriately compared as
they had different concrete strength. In each group, the peak load of the control un-
strengthened specimen is set as a benchmark, by normalizing its peak load to 100%,
and the effectiveness of strengthening configurations A, B and C are computed as the
percentage ratio of the ultimate load to that of the control specimen. The comparison is
shown in Figure 9-29. As can be seen, the strengthening configuration B demonstrates
a consistently superior performance over strengthening configurations A and C. This is
supposedly due to the U-shape (side and bottom faces) SGFRP configuration that
provides better bonding to the concrete surfaces as compared to strengthening
configurations A and C with side faces bonding only. In this figure, it is illustrated that
the SFRP strengthening can effectively increase the ultimate load by more than two
times in case of beams in groups B, C and D. Nevertheless, for the specimens in groups
A and E, the increase in the ultimate load is reduced to 1.5-2.0 times. This experimental
data indicates that the SGFRP strengthening is more efficient with smaller opening size,

circular shape and low-strength concrete.
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9.4.7 Effect of concrete strength

The test results demonstrated that the SGFRP strengthening effectively
increased the ultimate load of the RC deep beams with both low- and the high-strength
concrete. However, the percentage increase in peak load was found to be lower in high-
strength beams than in low-strength ones. As an example, consider the case of 180 x
180 mm square opening, beam LS-5A-S18 failed at the enhanced peak load of 149%,
while the peak load of beam HS-5A-S18 increased by 67% only. Similarly, for SGFRP
strengthening configuration B, a 178% increase in the peak load was observed for beam
LS-5B-S18, whereas the enhancement was only 93% for beam HS-5B-S18.

As for case of 3 mm SGFRP thickness, the increase in the peak load was 89%
for low-strength beam LS-3A-S12 whereas it was only 66% for the high-strength beam
HS-3A-S12. A similar trend can also be seen for beams with 5 mm SGFRP thickness,
where the peak load was increased by 117% for low-strength concrete beam LS-5A-
S12 as compared with 97% for the high-strength concrete beam HS-5A-S12.

It is of interest to examine whether this lower percentage increase in high-
strength beam is due to a higher reference load of control high-strength beam over low-

strength beam. To verify this assumption, the expected increase in the ultimate load of
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the SGFRP strengthened high strength beams are calculated and compared with the
actual load increase obtained from the tests. If the effect of strengthening is assumed to
be independent of concrete strength, the expected load increase of the high strength
concrete beam would be obtained as the sum of 1) the load increase due to the increase
in compressive strength, APE1 and 2) the load increase due to SGFRP strengthening,
APEz. The first part, APE1, may be calculated as;

APE, = PHS—-P,LS (9)

Where BHS and BLS are the peak load of control high strength and low
strength beams, respectively
The second part APE> may also be calculated as;

APE, = R LS— R Lgege (10)

Where RLsrrris the peak load of the SFRP-strengthened low strength concrete
beam.

Thus, the expected load increase is APE = APE1 + APE>, whereas the actual load
increase may be determined as follows;

APA= RHgrp— R Lsere (11)

Where RHsrrris the peak load of SFRP-strengthened high strength concrete
beam.

A comparison of the expected versus the actual load increase is displayed in
Figure 9-30. As can be seen, the actual load increase is lower than the expected values.
This indicates that the SGFRP strengthening is not as effective in high-strength concrete
specimens as in low-strength concrete specimens. The conclusion is in line with the
discussions on the effect of size and shape and strengthening configuration in the
previous sections. The reason is not yet well understood. However, it is supposed that
high-strength concrete, due to its rather brittle cracking characteristics, may induce
more numerous cracks that reduce the anchoring capacity of the MB systems. A more
detailed study should be carried out to clarify this effect.
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9.4.8 Stiffness of the SGFRP strengthened RC deep beams with openings

The experimental results show that the SGFRP strengthening of the RC deep
beams, not only improved the strength and deflection, but also raised the stiffness of
the beams. From the load-deflection curves, the secant stiffness at any point may be
calculated as the ratio between the load and the corresponding deflection. As shown in
Figure 9-31, two values of beam stiffness can be defined, corresponding to two different
load levels S1 and S2. The stiffness at S1 is calculated at the peak load whereas the
stiffness S2 is calculated at the load equal to the peak load of the corresponding control
beam in each group. Thus, for the control beam, the stiffness is calculated only at the
peak load (S1) as shown in the Figure 9-31.

The calculated stiffness values for specimens in groups A to F are summarized
in Table 9-3. From table 9-3, it can be seen that all three strengthening configurations
(i.,e., A, B and C) improved the stiffness of the strengthened beams over the control
beam. In case of square opening, for the specimens with the same SGFRP thickness,
strengthening configuration B renders a higher stiffness as compared with
strengthening configuration A. In Table 9-3, for groups A, B and E, the increases in the
stiffness at the ultimate load of the beams with strengthening configuration A was
calculated to be 70%, 9% and 38%, respectively whereas for beams with the
strengthening configuration B, the stiffness increases were 108%, 12% and 76%

respectively. However, for RC deep beams with circular opening, both strengthening
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configurations A and B resulted in almost similar stiffness increase. Generally, the
stiffness improvement of the specimens varied with the increase in the SGFRP

thickness.
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Figure 9-31: Stiffness calculation
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Table 9-13: Stiffness of the RC deep beamswith openings

Group Beam Stiffness (S1) Increased stiffness Stiffness (S2) - (kN/mm)
(KN/mm) (S1) at peak load (%)

A Control LS-S18 69 - -
LS-5A-S18-N 135 95 114
LS-3B-S18 146 111 173
LS-5A-S18 117 70 172
LS-5B-S18 144 108 192

B Control LS-S12 88 - -
LS-3A-S12 86 2 167
LS-5A-S12 96 9 191
LS-5B-S12 77 12 213
LS-5C-S12 98 11 206

c Control LS-C16 72 - -
LS-3A-C16 82 14 119
LS-5A-C16 104 43 146
LS-5B-C16 102 41 165
LS-5C-C16 101 39 155

D Control LS-C10 84 - -
LS-3A-C10 96 14 149
LS-5A-C10 108 28 160
LS-5B-C10 100 19 194
LS-5C-C10 112 33 176

E Control HS-S18 46 - -
HS-3A-S18 70 51 67
HS-5A-S18 64 38 77
HS-5B-S18 82 76 89
HS-5C-S18 80 72 83

F Control HS-S12 90 - -
HS-3A-S12 123 36 150
HS-5A-S12 145 60 178
HS-7A-S12 172 90 195
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Chapter 10

Analytical Analysis of SFRP Strengthened RC Deep Beams
10.1Introduction

The present chapter is primarily focused on the development of nonlinear finite
element analysis for RC deep beams strengthened with SFRP. In the first step, the
predicted finite element analysis results were compared with experimental results.
Further, the finite element analysis is then employed as a tool to investigate the behavior
of RC deep beams strengthened with externally bonded SFRP strips.
10.2Finite element modeling

Finite element analysis on SFRP strengthened RC deep beams (experimental
program as presented in Chapter 8) is performed by using a computer software
WCOMD (WCOMD, 1998). In the first step, the predicted finite element analysis
results were compared with experimental results. Then, the finite element models were
utilized to investigate the behavior of RC deep beams strengthened with different
configurations of SFRP strips (vertical and horizontal). A summary of beam specimens,
selected from experimental study, for the finite element study is provided in Table 10-
1. The RC deep beams are modeled using two dimensional eight-node reinforced
concrete planer elements. The smeared cracking approach has been assumed in the
modeling of concrete and steel. The SFRP is modeled by planar elements with elastic
brittle properties [86]. Since, no de-bonding of SFRP was occurred in RC deep beams
strengthened with SFRP, and anchored with bolts (Chapter 8), therefore in finite
element analysis SFRP are modeled assuming perfect bonding between SFRP and
concrete. The constitute laws of concrete and steel bars, used in finite element analysis

are briefly explained in the next section.
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Table 10-1: Summary of experimental program and finite element models

Specimen Finite element Strength Fiber  SFRP Anchoring Strengthening
model of Thickness system configuration
concrete
(MPa)
BN-LS-CB FEM-LS-CB 21.45 - - - -
BN-LS-3GA-MB FEM-LS-3GA 21.45 Glass 3 MB A
BN-LS-5GA-MB1 FEM-LS-5GA 21.45 Glass 5 MB A
BN-LS-3CA-MB FEM-LS-3CA 21.45 Carbon 3 MB A
BN-LS-5CA-MB FEM-LS-5CA 21.45 Carbon 5 MB A
BN-HS-CB FEM-HS-CB 46.20 - - - -
BN-HS-3GA-EB FEM-HS4GA 46.20 Glass 3 EB A
BN-HS-5GA-MB FEM-HS5GA 46.20 Glass 5 MB A
BN-HS-5GB-MB FEM-HS5GB 46.20 Glass 5 MB B

10.3Constitutive models of concrete and reinforcing bars

A detailed description of the general formation of reinforced concrete planar

element is available in the literature [87-93]. Here, a brief outline of constitutive models

is presented, to show the key material behaviors. Further details can be found in the
study [92, 93].

10.3.1 Cracked concrete model

The constitutive model of cracked concrete is shown in Figure 10-1, which is

formulated with respect to the crack axis. The model comprised compressive stress

model parallel to the crack, tensile stress model orthogonal to crack and shear stress

model along the crack face. A single model is formulated by combining tensile and

compressive stress models. The relevant constitutive laws are described below.
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Compression Tension

Figure 10-1: Reinfor ced concrete planar element with normal and shear stresses

10.3.1.1 Combined tension compression model for normal stress orthogonal and
parallel to a crack
The combined tension-compression model for normal stress orthogonal and
parallel to a crack is presented in Figure 10-2. On the tension side, the model is
essentially linear up to the tensile strength of concrete followed by a constant tensile

stress until concrete cracks. The tensile post-cracking behavior can be expressed by the

o =1 (‘i] (12)

Where Oy is tensile stress normal to crack, is the tensile strength of

following equation;

concrete, ¢t is tensile strainéw is cracking strain which can be calculated using

expression (13) and paramet€r represents a drop in tensile stress after concrete
cracking. In this study; the value &F is set different for plain and reinforced concrete

i.e., 2.0 and 0.4, respectively [93]. The higher value of represents a more sudden drop
in tensile stress of concrete. The area under the softening curve of thesgestaw
describes a fracture energy required to propagate a crack. It is an important

characteristics of concrete for simulating the crack propagation and localized failure.
&y, =2—- (13)

On the compression side, the elsto-plastic fracturing model [92, 93] was used to

calculate the compressive stress parallel to a crack. The model is capable of combining

116



the nonlinearity of plasticity and fracturing damages to account for the permanent
deformation and loss of elastic strain energy capacity. The relation between

compressive stress and strain can be written as;

o, :a)KOECO(gt —ep) (14)

Where 0, is the compressive stress parallel to the cragkis the fracture
parameter representing the continuum damage as a result of dispersed cracking in
concrete g, is the initial elastic modulus anép is the compressive plastic strain. The

plastic compressive strain and fracture parameter are empirically formulated [92, 93]

as,;

K, = exr{— 0.733 (1— ex;{— 1.25?))} (15)
£, = 25’[5 - ?(1— ex;{— O.SSED] (16)

An additional damage factap is incorporated in the model (Equation 14) to
consider reduced compressive stress due to transverse tensile strain. Figure 10-2 also

shows graphical relation between damage faetoand transverse tensile strain.

Elasto-plastic {racture model on - ( ’ ;)
compression side 4 NEaf,
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Figure 10-2: Compression-tension model for normal stress parallel and orthogonal to a crack
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10.3.1.2 Shear stress transfer model

In reinforced concrete, the crack is assumed to form once the principal tensile
stress exceeds the tensile strength of concrete. At the instant of cracking, shear stress
and strain are zero at the principal planes. As loading proceeds, the principal axes of
stress and strain change, thus imposing shear stress and strain on the cracks generated
in the previous load step. For computing shear stress transmitted along a crack face, the
contact density model [92, 93] is adopted (Figure 10-3). The equation of the shear
envelope can be expressed as;

., = 38( fc')% 17 f ;2 (17)

Whereg is the normalized shear strain which can be defined as;

p= Fr (18)

&y

Wherey., is the shear strain along cracks and is the tensile strain normal to

crack.
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Figure 10-3: Shear stresstransfer model

10.4Model of reinforcing steel bar

In this study, the tri-linear model [92, 93] of reinforcing bar is adopted. The model
of reinforcing bar is shown in Figure 10-4. In Figure 10-4, the dash line rep-resents the

model of bare steel bars. It is assumed that that the embedded steel bars will yield at a
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stress lower than the nominal tested yield strength of bare bar. This assumption is based
on the concept that the behavior of steel bars embedded in concrete is different from
bare steel bars, i.e., steel bars embedded in concrete did not yield uniformly at all
sections throughout the steel bar. The first yield of an embedded steel bar occurs at
crack locations and afterwards yielding extends to other regions. Thus, it can be
assumed that the embedded bar yields at an average stress lower than the nominal yield
strength. The average yield strength of embedded steel bars can be computed using the
following expression [94].

f

f, =1, —i (19)

fy is the average yield strength of embedded steel bar in oengres the yield

strength of bare steel barf, is the tensile strength of concrete afll is the
reinforcement ratio. The middle part of the model is composedstraight line which
joins the average yield point to tA&¢y l-lfy point. Whereas the final part of the model

follows the model of bar steel bars up to the final steetiragioint.

)fy = Yield strength of bare bar

fy = Yield strength of bar embedded
in concrete

Figure 10-4: Modd of steel bar

119



10.5Constitutive model of SFRP

Pimanmas (2010) [86] has modeled FRP rods by assuming a linear behavior up to
tensile strength. The same concept is adopted here and the constitutive model of SFRP
is assumed linear up to the tensile strength of SFRP. Once tensile strength is reached,

the stress is completely released to zero as shown in Figure 10-5.

Figure 10-5: SFRP stressstrain model

10.6 Finite element simulation of test results

The finite element mesh of the RC deep beam is shown in Figures 10-5 to 10-7.
The steel plates at the support and loading location were modelled as elastic elements
with high stiffness in the finite element model. Support nodes were assigned restraint
against vertical movement, whereas loading node was assigned restraint both against
vertical and horizontal movement. The finite element analysis results are further

discussed in detail in the next section.
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ﬁ Support ﬁ Support

Figure 10-6: Finite element model of control beam FEM-L S-CB

Figure 10-7: Finite element model of SFRP strengthened RC deep beam (Strengthening configuration A)

Figure 10-8: Finite element model of SFRP strengthened RC deep beam (Strengthening configuration B)
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10.6.1 Load capacity and deflection behavior

The predicted load versus mid span deflection curves and cracking patterns are
compared with experimental results (Figures 10-9 to 10-17) of selected beam
specimens. A detailed summary of predicted finite element results along with the
experimental values is presented in Table 10-2. It can be seen that there is an excellent
agreement between the experimental and finite element results until failure. The finite
element models can accurately predict the behavior of un-strengthened and SFRP
strengthened RC deep beams. The predicted load versus mid span deflection curves are
also found to be in good agreement, both for low and high strength concrete RC deep
beams. The finite element models are also capable of predicting the increase in the
ultimate load carrying capacity of SFRP strengthened RC deep beams with an increase
in SFRP thickness. Both carbon and glass SFRP strengthened RC deep beams can be
well simulated. This clearly validates the accuracy and reliability of finite element

models.
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Table 10-2: Summary of experimental and finite element results

Finite element  Failure Load (KN) Percentage Deflection (mm) Percentage
model (FEM) Exp. FEM Difference Exp. FEM Difference
FEM-LS-CB 122.27 123.70 1.20 1.65 1.67 1.20
FEM-LS-3GA 190.46  195.00 2.40 1.85 2.00 8.10
FEM-LS-5GA  248.53 25241 1.60 2.34 2.42 3.40
FEM-LS-3CA 221.66 217.50 -1.90 1.90 1.87 -1.60
FEM-LS-5CA 274.7 276.30 0.60 2.10 2.05 -2.40
FEM-HS-CB 196.35 199.10 1.40 1.92 1.90 -1.10
FEM-HS4GA 284.57 283.50 -0.40 2.45 2.50 2.05
FEM-HS5GA 400.25 406.16 1.50 3.54 3.45 -2.54
FEM-HS-5GB  493.18 483.95 -1.90 3.06 3.00 -1.96

10.6.2 Cracking pattern

The finite element program WCOMD is capable of predicting cracks at every
load step. The crack patterns of RC deep beams observed during the experiment and
the predicted finite element results are compared in Figures 10-18 to 10-21. A good
match between the observed and predicted crack patterns can be seen. Similar to the
experimental results, finite element analysis predicts large diagonal shear cracks in the

shear span similar to the experiment.
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10.7 Discussion on finite element analysisresults
10.7.1 Finite element models of un-strengthened low and high strength concrete RC
deep beams
From Table 10-2 and Figures 10-9 to 10-14, it can be seen that finite element models
can well predict the ultimate load carrying capacity and mid span deflection of un-
strengthened low and high strength RC deep beams, respectively. The ultimate load
carrying capacity calculated by the finite element analyses were recorded as 1.20% and
1.40% higher than the measured values for low and high strength beams, respectively.
The mid-span deflection of the finite element model FEBACB was recorded 1.20%
higher than the experimental result, whereas the mid span deflection of the finite
element model FEMAS-CB was 1.10% lower than experimental one. A slight
difference between the predicted and measured values for both ultimate load and mid
span deflections endorse the validity of the finite element models to predict the behavior
of un-strengthened RC deep beams.
10.7.2 Finite element models for glass SFRP strengthened low strength RC deep
beams
The predicted load versus mid span deflection curves of glass SFRP strengthened RC
deep beam models are shown in Figures 10-10 and 10-11 and the results are
summarized in Table 10-2. The predicted ultimate load carrying capacities of the finite
element models strengthened with glass SFRP were in good agreement with values
recorded experimentally. The ultimate load predicted by the finite element models for
beams strengthened with 3 mm and 5 mm thick SGFRP was found to be only 2.40%
and 1.60% higher than experimentally recorded values, respectively. However, the
finite element models of was found to overestimate the mid span deflections. The
predicted mid span deflections by the finite element models EEMGA and FEM-
LS-5GA are found to be 8.10% and 3.40%, respectively, higher than the experimental
ones. Although the predicted mid span deflections are slightly higher than the
experimentally recorded values, it can be stated that the overall behavior of

strengthened specimens can be well simulated by the finite element models.
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10.7.3 Finite element models for carbon SFRP strengthened low strength RC deep

beams

From Table 10-2 and Figures 10-12 and 10-13, it can be seen that the finite
element model tended to slightly underestimate the load capacity and mid span
deflection of the RC deep beam specimen strengthened with 3 mm thick carbon SFRP.
The predicted ultimate load and the mid span deflection of the carbon SFRP
strengthened FEM model FEMS-3CA were 1.90% and 1.60% lower than those
recorded during the experiment. However the finite element slightly overestimates the
ultimate load of 5 mm thick carbon SFRP strengthened specimen. The ultimate load
was 0.60% higher than the experimental value. Similar to the finite element model
FEM-LS-3CA, the predicted mid-span de-flection of the FEM model AHEBV6CA
was lower than the experimental value, in this case around 2.4%. This difference in the
prediction of the ultimate load and deflection is considered to be slight and it can be
said that the finite element model can reasonably reproduce the experimental results.
10.7.4 Finite element models for glass SFRP strengthened high strength RC deep

beams

The comparison of finite element and experimental load versus mid span
deflections of high strength RC deep beams strengthened with glass SFRP is illustrated
in Figures 10-15 to 10-17. A good comparison can be seen. The ultimate load and mid
span deflections can be satisfactorily predicted by the finite element analysis. The
ultimate load of the finite element model FEN&-5GA was 1.50% higher than the
experimental value, whereas only 0.40% and 1.90% decrease in the prediction of the
ultimate loads were found for finite element models FEB14GA and FEMHS-5GB,
respective-ly. The mid span deflection of the model HEB/GA was only 2.10%
higher than the experimentally recorded value, whereas only 2.60% and 1.96% decrease
in the prediction of mid span deflection were observed for the finite element models
FEM-HS-5GA and FEMHS-5GB, respectively. Although some small discrepancies
were observed between predicted and experimental values, it can be concluded that the
presented finite element models are well capable of providing reasonable predictions

for glass SFRP strengthened high strength RC deep beams.
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10.8Effect of SFRP strips

In the previous section, the finite element analysis was performed for the tested
beams and the analytical results were compared with the experimental ones. It can be
seen that the present finite element models are capable of efficiently reproduce the load-
mid span deflections, crack pattern and the failure modes. In this section, the finite
element model has been adopted to further para-metrically examine the behavior of low
strength RC deep beams strengthened with various forms SFRP strips.
Extensive research attempts are available to investigate the behavior of RC beams
strengthened with externally bonded unidirectional FRP strips for RC beams [64, 65,
95-97]. However, no research activity is found in literature on the behavior of RC deep
beams strengthened with SFRP strips. In this finite element analysis, the SFRP strips
were applied in both vertical and horizontal directions with different strip widths as
shown in Figures 10-22 and 10-25. The finite element models of RC deep beams
strengthened with SFRP strips are presented in Figures 10-26 to 10-29. Detailed

summary of predicted finite element results is presented in Table 10-3.
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Figure 10-23: Specimen FEM-LS-V02
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Figure 10-25: Specimen FEM-L S-HO02
Table 10-3: Summary of finite element analysisresults
Specimen Failure Load  Percentage Mid span Percentage
(KN) increase deflection (mm) increase
BN-LS-CB 122.27 - 1.65 -
FEM-LS-V01 143.80 17.60 3.16 91.50
FEM-LS-V02 150.01 22.70 3.16 91.50
FEM-LS-HO1 131.77 7.80 1.67 1.21
FEM-LS-HO2 144.54 18.20 1.78 7.80
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Figure 10-26: Finite element model FEM-LS-VO01

|

Figure 10-27: Finite element model FEM-L S-V02

Figure 10-28: Finite element model FEM-LS-HO1

Figure 10-29: Finite element model FEM -L S-H02
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10.8.1 Effect of direction

It has been observed experimentally that externally bonded SFRP are effective
to enhance the shear capacity of RC deep beams providing that the SFRP is adequately
anchored to the beam surface. Although placing SFRP in strips may pose some
strengthening difficulty, however, the application of SFRP in strips may result in a
reduced material cost compared with SFRP applied on the full surface of RC beams.
The finite element analysis is conducted to examine the influence of the direction of
SFRP strips. The comparison of load-mid span deflection of both directions (vertical
and horizontal) is shown in Figure 10-30. It can be seen from the analysis results that
the vertical SFRP strips are more effective and yields a higher capacity, whereas the
beam with horizontal SFRP strips has lower loading capacity and fails by shear failure.
This is because the vertical SFRP strips limit the opening of diagonal cracks and finally
result in an enhanced shear transfer. The comparison of finite element crack pattern for
both SFRP directions is shown in Figures 10-33 and 10-35. In the beam with vertical
SFRP strips, the inclined cracks are seen not active in the shear span, whereas in beam
with horizontal SFRP strips, the FEM model predicts the inclined cracks concentrated
in the shear span. In the beam with vertical SFRP strips, vertical flexure cracks are
observed near the mid span instead, indicating the yielding of main flexural steel bars.
This demonstrates the efficiency of SFRP vertical strips on the suppression of inclined
shear cracks.
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Figure 10-30: Effect of SFRP strip direction

10.8.2 Effect of vertical SFRP strip width and spacing

This analysis is further conducted to investigate the effect of width of the
vertical SFRP strips on the behavior of RC deep beams. The load versus mid span
deflection behaviors of both finite element models strengthened with SFRP strips, i.e.
FEM-LS-VO1 and FEMLS-V02 along with the control beam are shown in Figure 10-
31. A smaller width, but closer spacing of SFRP vertical strips (i.e., modellFF=M-
V01) results in a higher peak load compared with the beam modelllE=W02 with
larger strip width but more distant spacing. In Figure 10-31, a 16.60% and 22.70%
increase in the ultimate load was found for the finite element modelslFFE=WB1 and
FEM-LS-V02, respectively. Since the SFRP strips with smaller widths were more
closely spaced over the shear span, thus leaving smaller space for the inclined shear
cracks to develop. As a result, inclined shear cracks in the shear span becomes inactive,
promoting the development of flexural cracks at the mid span with the higher ultimate
load instead (Figure 144). As for the beam model HREBWO02, the space between
adjacent strips is larger, allowing the development of some inclined cracks together

with the flexural cracks at the mid span (Figure 145). The mid span deflection of both
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beams was found to be similar. A 91.50 % increase in the mid span deflection was
recorded with both widths of SFRP strips.
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Figure 10-31: Effect of SFRP strip width and spacing

10.8.3 Effect of position of horizontal SFRP strips

The finite element analysis is also performed to investigate the effect of position
of horizontal SFRP strips. Unlike vertical strips, here the width of horizontal SFRP
strips was kept constant, but the position was changed and one more strip was added as
shown in Figure 10-33. The load versus mid span deflection curves of both beams i.e.
FEM-LS-HO1 and FEMLS-HO2 are shown in Figure 10-34 along with the control
beam BNLS-CB. It can be observed that the beam FEMHO1 with two horizontal
strips results in a lower load carrying capacity than the beam [E=MO2 with three
SFRP strips. In Figure 10-34, 7.80% and 18.20% increase in the ultimate load over the
control beam were observed for finite element models with two and three SFRP strips,
respectively. This result indicates that the area near the centroid of the cross section is
essential for the development of inclined shear cracks. In the beam moddl$EM-
HO2, this area is covered by the central strip, thus disabling the propagation of shear
cracks in this area. As a result, the increase in the ultimate is higher than beam model

FEM-LS-HO1 where there is no horizontal SFRP strip covering this area.
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Figure 10-32: Effect of SFRP strip position
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Chapter 11

Analytical Analysis of SFRP Strengthened RC Deep Beams with openings
11.1Introduction

Chapter 11 is primarily focused on the development of nonlinear finite element
analysis for RC deep beams with web openings strengthened using externally bonded
SFRP. In the first step, the predicted finite element analysis results were compared with
experimental results. Further, the finite element models were utilized to investgate th
behavior of RC deep beams with openings, located at different locations and results are
compared with RC deep beam without opening.
11.2Finite element modeling

Finite element analysis on SFRP strengthened RC deep beams with web

openings (experimental program as presented in Chapter 9) is performed by using a
computer software WCOMD (WCOMD, 1998). In the first step, the predicted finite
element analysis results were compared with experimental results. Then, the finite
element models were utilized to investigate the behavior of RC deep beams with
openings, located at different locations and results are compared with RC deep beam
without opening. A summary of beam specimens, selected from experimental study, for
the finite element study is provided in Table 11-1. The RC deep beams are modeled
using two dimensional eight-node reinforced concrete planer elements. The smeared
cracking approach has been assumed in the modeling of concrete and steel. The SFRP
is modeled by planar elements with elastic brittle properties. Since, no de-bonding of
SFRP was occurred in RC deep beams with openings strengthened using SFRP, and
anchored with MB bolts (Chapter 9), therefore in finite element analysis SFRP are
modeled assuming perfect bonding between SFRP and concrete. The constitute laws of
concrete and steel bars, used in finite element analysis are discussed in chapter 10
(Section 10.3-10.5).
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Table11-1: Summary of experimental program and finite element models

HS-5A-S12

Group Beam Finite element model
A Control LS-S18 FEM-Con-LS-S18
LS-3B-S18 FEM-LS-3B-S18
LS-5A-S18 FEM-LS-5A-S18
LS-5B-S18 FEM-LS-5B-S18
B Control LS-S12 FEM-ConiS-S12
LS-3A-S12 FEM-LS-3A-S12
LS-5A-S12 FEM-LS-5A-S12
LS-5B-S12 FEM-LS-5B-S12
LS-5C-S12 FEM-LS-5C-S12
C Control LS-C16 FEM-ConLS-C16
LS-3A-C16 FEM-LS-3A-C16
LS-5A-C16 FEM-LS-5A-C16
LS-5B-C16 FEM-LS-5B-C16
LS-5C-C16 FEM-LS-5C-C16
D Control LS-C10 FEM-ConLS-C10
LS-3A-C10 FEM-LS-3A-C10
LS-5A-C10 FEM-LS-5A-C10
LS-5B-C10 FEM-LS-5B-C10
LS-5C-C10 FEM-LS-5C-C10
E ControlHS-S18 FEM-ConHS-S18
HS-3A-S18 FEM-HS-3A-S18
HS-5A-S18 FEM-HS-5A-S18
HS-5B-S18 FEM-HS-5B-S18
HS-5C-S18 FEM-HS-5C-S18
F Control HS-S12 FEM-ConHS-S12
HS-3A-S12 FEM-HS-3A-S12

FEM-HS-5A-S12




11.3Finite element simulation of test results

The finite element mesh of the RC deep beams with openings is shown in
Figures 11-1 to 11-12. The steel plates at the support and loading location were
modelled as elastic elements with high stiffness in the finite element model. Support
nodes were assigned restraint against vertical movement, whereas loading node was
assigned restraint both against vertical and horizontal movement. The finite element

analysis results are further discussed in detail in the next section.

Figure 11-1: FEM-Con-L S-S18 and FEM -Con-HS-S18

Figure 11-2: FEM-Con-L S-S12 and FEM-Con-HS-S12
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Figure11-3: FEM-Con-LS-C16

Figure 11-4: FEM-Con-LS-C10

Figure 11-5: FEM-L S-5A-S18, FEM -HS-3A-S18 and FEM-HS-5A-S18
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Figure 11-6: FEM-L S-3A-S12, FEM-L S-5A-S12, FEM -HS-3A-S12 and FEM -HS-5A-S12

Figure 11-7: FEM-LS-3A-S12 and FEM-L S-5A-S12

Figure 11-8: FEM-LS-3A-C10, FEM-LS-5A-C10
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Figure 11-9: FEM-L S-5B-S18 and FEM-HS-5B-S18

Figure 11-10: FEM-L S-5B-S12

Figure11-11: FEM-LS-5B-S12
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Figure11-12: FEM-LS-5B-S12

11.3.1 Load capacity and deflection behavior

The predicted load versus mid span deflection curves compared with
experimental results (Figures 11-13 to 11-39) of selected beam specimens. A detailed
summary of predicted finite element results along with the experimental values is
presented in Table 11-2. It can be seen that there is an excellent agreement between the
experimental and finite element results until failure. The finite element models can
accurately predict the behavior of un-strengthened and SGFRP strengthened RC deep
beams. The predicted load versus mid span deflection curves are also found to be in
good agreement, both for low and high strength concrete RC deep beams with openings.
The finite element models are also capable of predicting the increase in theeultimat
load carrying capacity of SFRP strengthened RC deep beams with an increase in
SGFRP thickness for both circular and square openings. This clearly validates the

accuracy and reliability of finite element models.
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Figure 11.26: L S-5C-C16 vs. FEM -L S-5C-C16
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156



350
—HS-5B-S18

—FEM-HS-5B-S18
300

250

Load (kN)
= N)
a1 o
o o

2
Displacement (mm)
Figure 11-35: HS-5B-S18 vs. FEM-HS-5B-S18

350

—HS-5C-S18
—FEM-HS-5C-S18
300

250

Load (kN)
[ [N)
a1 o
o o

=
o
o

ul
o

2 3
Displacement (mm)
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Table 11-2: Summary of experimental and finite element results

Percentage Displacement Percentage
Failure load (kN) Difference (mm) Difference
Finite element Exp. FEM Exp. FEM
Group model
A FEM-Con-LS-S18 123.22 123.33 0.08 1.78 1.79 0.56
FEM-LS-3B-S18  306.35 300.25 -2.03 2.61 2.57 -1.20
FEM-LS-5A-S18  307.14 312.30 1.65 2.06 2.07 0.37
FEM-LS-5B-S18 342,55 345.93 0.98 2.38 2.36 -1.01
B FEM-ConiS-S12 167.67 172.00 2.52 2.44 2.42 -0.95
FEM-LS-3A-S12  320.78 324.95 1.28 3.90 3.96 1.43
FEM-LS-5A-S12  368.08 362.81 -1.45 3.84 3.92 1.93
FEM-LS-5B-S12  411.97 415.68 0.89 5.34 5.26 -1.41
FEM-LS-5C-S12  397.17 404.68 1.86 4.07 4.03 -0.90
C FEM-ConiS-C16 181.65 181.63 -0.01 2.37 2.45 3.40
FEM-LS-3A-C16  296.61 296.98 0.12 4.03 4.11 1.96
FEM-LS-5A-C16  364.25 365.49 0.34 3.67 3.74 1.87
FEM-LS-5B-C16  411.90 427.46 3.64 4.02 3.94 -1.91
FEM-LS-5C-C16  387.68 391.89 1.07 3.84 3.92 1.95
D FEM-ConiS-C10 197.40 196.20 -0.61 2.27 2.29 0.84
FEM-LS-3A-C10  348.66 350.72 0.59 3.80 3.77 -0.82
FEM-LS-5A-C10 372.40 378.47 1.60 3.82 3.77 -1.19
FEM-LS-5B-C10 453.81 457.95 0.90 4.52 4.52 0.09
FEM-LS-5C-C10 412.60 420.00 1.76 3.68 3.70 0.54
E FEM-ConHS-S18 163.00 158.00 -3.16 3.50 3.48 -0.57
FEM-HS-3A-S18 234.41 237.17 1.16 3.34 3.30 -1.15
FEM-HS-5A-S18 278.71 278.26 -0.16 3.70 3.68 -0.46
FEM-HS-5B-S18  313.72 317.92 1.32 3.66 3.69 0.81
FEM-HS-5C-S18 293.80 306.43 4.12 4.18 4.04 -3.46
F FEM-ConHS-S12 187.91 186.00 -1.03 2.39 2.42 0.95
FEM-HS-3A-S12  311.52 319.74 257 2.68 2.67 -0.31
FEM-HS-5A-S12  370.83 376.00 1.38 2.56 2.47 -0.31
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11.3.2 Cracking pattern

The finite element program WCOMD is capable of predicting cracks at every
load step. The crack patterns of RC deep beams observed during the experiment and
the predicted finite element results are compared in Figures 11-40 to 11-47. A good
match between the observed and predicted crack pat-terns can be seen. Similar to the
experimental results, finite element analysis predicts large diagonal shear cracks in the

shear span similar to the experiment in both types of openings i.e. circular and square.

Figure 11-40: FEM-Con- L S-S18

Figure 11-41: Control LS-S18
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Figure 11-42: FEM-Con-L S-S12

Figure 11-43: Control LS-S12
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Figure 11-44: FEM-Con-LS-C16

Figure 11-45: Control LS-C16
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Figure 11-47: Control LS-C10
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11.4Discussion on finite element results
11.4.1 Finite element models of un-strengthened RC deep beams with openings

From Table 11-&And Figures 11-13, 11-17, 11-22, 11-27, 11-32 and 11-37, it
can be seen that finite element models can well predict the ultimate load carrying
capacity and mid span deflection of un-strengthened low and high strength RC deep
beams with openings. In low strength groups (A to B) RC deep beams with openings,
overall, load carrying capacity calculated by finite element analysis is recorded higher
then experimental ones for square opening and lower than experimental ones for
circular openings. The ultimate load carrying capacity calculated by the finite element
analyses were recorded as 0.08% and 2.52% higher than the finite element models i.e.,
FEM-ConlS-S18 and FEM-Con-S-S12, respectively. The mid-span deflection of the
finite element model FEM-CohS-S18 was recorded 0.56% higher than the
experimental result, whereas the mid span deflection of the finite element model FEM-
ConLS-S12 was 0.95% lower than experimental one. The ultimate load carrying
capacity calculated by the finite element analyses were recorded as 0.01% and 0.61%
lower than the measured values for circular openings of 160 mm Dia. (Group C) and
circular openings of 100 mm Dia. (Group D), respectively. The mid-span deflection of
the finite element model FEM-Cd5-C16 was recorded 3.40% higher than the
experimental result, whereas the mid span deflection of the finite element model FEM-
CondlS-S12 was 0.84% higher than experimental one. Unlike RC deep beams with
square opening of low strength concrete, In high strength concrete groups (E and F),
the ultimate load carrying capacity calculated by the finite element analyses were
recorded as 3.16% and 1.03% lower than the measured values for square openings of
180x180 mm and square openings of 120x120 mm, respectively. The mid-span
deflection of the finite element model FEM-CbI®-S18 was recorded 0.57% lower
than the experimental result, whereas the mid span deflection of the finite element
model FEM-ContS-S12 was 0.95% higher than experimental one. A slight difference
between the predicted and measured values for both ultimate load and mid span
deflections endorse the validity of the finite element models to predict the behavior of

un-strengthened RC deep beams with openings.
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11.4.2 Finite element models for SGFRP strengthened RC deep beams with openings
11.4.2.1 Group A

The predicted load versus mid span deflection curves of SFRP strengthened RC deep
beams with openings are shown in Figures 11-14 to 1a&fkb the results are
summarized in Table 11-2. The predicted ultimate load carrying capacities of the finite
element models strengthened with SFRP were in good agreement with values recorded
experimentally. The ultimate load of the finite element model RESVBB-S18 was

2.03% lower than the experimental value, whereas only 1.65% and 0.98% increase in
the prediction of the ultimate loads were found for finite element models [E=BA-

S18 and FEM-S-5B-S18, respectively. However, the finite element models were
found to underestimate the mid span deflections. The predicted mid span deflections by
the finite element models FEMS-3B-S18 and FEM:-S-5B-S18 are found to be
1.20% and 1.01%, respectively, lower than the experimental ones. A slight increase of
0.37% in mid span deflection is observed for finite element model EGEMA-S18
compared with experimental one. Although the predicted mid span deflections are
slightly lower than the experimentally recorded values, it can be stated that the overall

behavior of strengthened specimens can be well simulated by the finite element models.

11.4.2.2 Group B

From Table 11-2 and Figures 11-18 to 11-21, it can be seen that the finite
element model tended to slightly overestimate the load capacity and mid span deflection
of the RC deep beams with openings. The ultimate load of the finite element models
FEM-LS-3A-S12, FEMLS-5B-S12 and EM-LS-5C-S12 was 1.28%, 0.89% and
1.86% higher, than the experimental value, respectively, whereas only 1.45% decrease
in the prediction of the ultimate load was found for finite element model EGMA-
S12. The mid span deflection of the models FEBA3A-S12 and FEM:-S-5A-S12
was only 1.43 and 1.93% higher than the experimentally recorded value, respectively,
whereas only 1.41% and 0.90% de-crease in the prediction of mid span deflection were
observed for the finite element models FEM5B-S12 and FEM-S-5C-S12,

respectively.
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11.4.2.3 Group C
From Table 11-2 and Figures 11-23 to 11-26, it can be seen that the finite

element models tended to slightly overestimate the load capacity and mid span
deflection of the RC deep beams with openings. The ultimate load of the finite element
models FEMLS-3A-C16, FEMLS-5A-C16, FEMLS-5B-C16 and FEM:-S-5C-C16

was 0.12%, 0.34%, 3.64% and 1.07% higher, than the experimental value, respectively.
The mid span deflection of the models FEM-3A-C16, FEMLS-5A-C16 and FEM-
LS-5C-C16 was only 1.96, 1.87 and 1.95% higher than the experimentally recorded
value, respectively, whereas only 1.91% decrease in the prediction of mid span

deflection were observed for the finite element model HEYBB-C16.

11.4.2.4 Group D

The predicted load versus mid span deflection curves of SGFRP strengthened
RC deep beams with openings (Group D) are shown in Figures 11-28 to 11-31 and the
results are summarized in Table 11-2. The predicted ultimate load carrying capacities
of the finite element models strengthened with SGFRP were in good agreement with
values recorded experimentally. However there is found a slight overestimate in the
prediction of ultimate load carrying capacity. The ultimate load of the finite element
models FEMES-3A-C10, FEMLS-5A-C10, FEMLS-5B-C10 and FEM:S-5C-C10
was 0.59%, 1.60%, 0.90% and 1.76% higher, than the experimental value, respectively.
The predicted mid span deflections by the finite element models IFE=BA-C10 and
FEM-LS-5A-C10 are found to be 0.82% and 1.19%, respectively, lower than the
experimental ones. A slight increase of 0.09% and 0.54% in mid span deflection is
observed for finite element model FEIMS-5B-C10 and FEM-S-5C-C10 compared
with experimental ones, respectively. This difference in the prediction of the ultimate
load and de-flection is considered to be slight and it can be said that the finite element

model can reasonably reproduce the experimental results.

11425 Group E

From Table 11-2 and Figures 11-33 to 11-36, it can be seen that the finite
element model tended to slightly overestimate the load capacity and mid span deflection
of the RC deep beams with openings. The ultimate load of the finite element models
FEM-HS-3A-S18, FEMHS-5B-S18 and FEMAS-5C-S18 was 1.16%, 1.32% and
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4.12% higher, than the experimental value, respectively, whereas only 0.16% decrease
in the prediction of the ultimate loads were found for finite element models H&M-
5A-S18. The mid span deflection of the models FEBBA-S18, FEMHS-5A-S18

and FEMHS-5C-S18 was only 1.15%, 0.46% and 3.46 lower than the experimentally
recorded value, respectively, whereas only 0.81% increase in the prediction of mid span

deflection were observed for the finite element model HEBM5B-S18.

11.4.2.6 Group F

From Table 11-22 and Figures 11-38 and 11-39, it can be seen that the finite
element model tended to slightly overestimate the load capacity and mid span deflection
of the RC deep beams with openings. The ultimate load of the finite element models
FEM-HS-3A-S12 and FEMHS-5A-S12 was 2.57% and 1.38% higher, than the
experimental value, respectively. A slight decrease of 0.31% in mid span deflection is
observed for finite element models FEN&-3A-S12 and FEMAS-5A-S12 compared
with experimental one. Although the predicted mid span deflections are slightly lower
than the experimentally recorded values, it can be stated that the overall behavior of
strengthened specimens can be well simulated by the finite element models.

11.4.2.7 Strengthening configurations

Finite element analysis results revealed that mostly ultimate load carrying
capacity of SFRP strengthened RC deep beams with SFRP configurations A, B and C,
recorded from finite element results is higher than experimental ones. The exception
i.e. low ultimate load carrying compared with experimental one is observed only in few
beams such as FEMS-5A-S12 and with strengthening configuration A. Similar
behavior i.e. higher mid span deflections are recorded from finite element analysis

compared with experimental ones with few exceptions.

11.5Effect of openings size and location

In the previous section, the finite element analysis was performed for the tested
beams and the analytical results were compared with the experimental ones. It can be
seen that the present finite element models are capable of efficiently reproduce the load-
mid span deflections, crack pattern and the failure modes. In this section, the finite
element model has been adopted to further parametrically examine the behavior of low

strength RC deep beams with openings. The parameters included the opening size,
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opening shape, location, and the thickness of the SFRP sheets. In the finite element
analysis, RC deep beam without opening is also considered to investigate the effect of
presence of opening on shear strength of RC deep beams.

Extensive research attempts are available to investigate the behavior of RC
beams with openings, located at different locations and strengthened with externally
bonded unidirectional FRP for RC beams [66]. However, no research activity is found
in literature on the behavior of RC deep beams with openings, located at different
locations and strengthened with SFRP. In this finite element analysis, the RC deep
beams with openings, located at different locations were strengthened with different
thickness of SFRP to investigate the effect of SFRP strengthening on shear strength of
RC deep beams with openings. The details of RC deep beams are shown in Figures 11-
48 to 11-54 and summarized in Table 11-3. Finite element models of these beams are
shown in Figures 11-55to 11-61.
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Table 11-3: Details of finite element models

SFRP

Finite element Opening Thickness

Group model shape Opening size Location of opening  (mm)

A N-C No opening - - No

B N-S-B Sqaure a=150,b =150 Bottom of shear span No
F-S-B-3 Sqgaure a=150,b =150 Bottom of shear span 3
F-S-B-5 Sqgaure a=150,b =150 Bottom of shear span 5
N-R-B Rectangular a =150,b =250 Bottom of shear span No
F-R-B-3 Rectangular a =150, b =250 Bottom of shear span 3
F-S-B-5 Rectangular a =150, b =250 Bottom of shear span 5

C N-S-T Sqgaure a=150,b =150 Top of shear span No
F-S-T-3 Sgaure a=150,b =150 Top of shear span
F-S-T-5 Sqgaure a=150,b =150 Top of shear span
N-R-T Rectangular a=150,b =250 Top of shear span No
F-R-T-3 Rectangular a=150,b =250 Top of shear span
F-S-T-5 Rectangular a=150,b =250 Top of shear span

D N-S-C Sqgaure a=150,b =150 Centre of shear span No
F-S-C-3 Sqgaure a=150,b =150 Centre of shear span
F-S-C-5 Sqgaure a=150,b =150 Centre of shear span 5
N-R-C Rectangular a =150,b =250 Centre of shear span No
F-R-C-3 Rectangular a=150,b =250 Centre of shear span 3
F-S-C-5 Rectangular a =150, b =250 Centre of shear span 5
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Figure 11-55: Finite element model N-C

Figure 11-56: Finite element model N-S-B

Figure 11-57: Finite element model N-S-T
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Figure 11-58: Finite element model N-S-C

Figure 11-59: Finite element model N-R-B

Figure 11-60: Finite element model N-R-T
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Figure 11-61: Finite element model N-R-C

11.6Finite element analysisresults

11.6.1 Effect of openings location

The finite element results for un-strengthened RC deep beams without opening and
with openings located at different locations are summarized in Table 11-4. The load
versus mid span deflection plots are shown in Figures 11-62 and 11-63, comparison of
ultimate load between different beams is given in the Figure 11-642 and crack patterns
are shown in Figures 11-65 to 11-71. As it can be seen that there is considerable
decrease in ultimate load carrying capacity of the RC deep beams for both square and
rectangular openings. For square opening, a maximum decrease of 34.0% is observed
when openings provided at the center of shear span and a minimum decrease of 3.0%
is observed when square openings were located at the bottom. A decrease of 10% is
observed for square openings located at top of the shear span. Similar to the square
openings, decrease in ultimate load is also observed for rectangular openings. However
percentage decrease is higher than square openings as shown in figure 11-62.51%, 47%
and 29% decrease in ultimate load carrying capacity is observed for rectangular

openings located at center, top and bottom, respectively.
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Table 11-4: Details of finite element models

Ultimate load Mid span Percentage decrease
Beam (KN) deflection (mm) in ultimate load (%)
N-C 186.98 1.36 -
N-S-B 181.09 1.44 3.00
N-S-T 167.65 1.20 10.0
N-S-C 122.33 1.92 34.0
N-R-B 132.73 1.52 29.0
N-R-T 98.39 1.20 47.0
N-R-C 91.30 2.08 51.0
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Figure 11-62: RC deep beams without opening and with squar e openings
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Figure 11-65: Finite element model N-R-C

Figure 11-66: Finite element model N-S-B

Figure 11-67: Finite element model N-S-T

Figure 11-68: Finite element model N-S-C
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Figure 11-69: Finite element model N-R-B

Figure 11-70: Finite element model N-R-T

Figure 11-71: Finite element model N-R-C
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11.6.2 Effect of SGFRP strengthening

The finite element analysis results for SGFRP strengthBr@dleep beams with
openings along with unstrengthened beams are summariZembie 11-5. The load
versus mid span deflection plots are shown in Figures 1@-¥2-77 and comparison of
ultimate load between different beams is given in thereg11-78 and 11-79. According
to finite element analysis results, it can be seen thiathtbaontrol finite element model
N-S-B failed at the ultimate load of 181.09 kN. Whereiagefelement models F-S-B-3
and F-S-B-5, strengthened by 3 mm and 5 mm of SFRR] &ikhe ultimate load of 264
kN and 305.30 kN, respectively. The loading capacitynitief element models F-S-B-3
and F-S-B-5 was increased up to 46% and 69% compared to tha spetimen. The
control finite element model N-R-B exhibited an ultimate load32.73 kN. Whereas,
71% and 91% increases in peak load were observed wigp#dagmens of 3 mm and 5
mm GFRP thickness (finite element models F-R-B-3, F-B:Brespectively. By
changing the opening location to the top, the peak lodkafdntrol finite element model
with square openings (N-S-T) was 167.65 kN. Whereas; finite elencdels F-S-T-3
and F-S-T-5, strengthened by 3 mm and 5 mm of GFRPd fail¢he ultimate load of
275.66 KN and 324.61 kN, respectively. The referenceefiegiement model N-R-
exhibited an ultimate load of 98.39 kN. The loading capadifinite element models F-
R-T-3 and F-R-T-5 increased up to 71% and 122% compaikd control finite element
model. The un-strengthened finite element model N-S-C gadiib load of 121.74KkN.
The increase of 87% and 129% increases in peak load wergaibagdth the specimens
of 3 mm and 5 mm GFRP thickness (F-S-C-3, F-S-C-5), respectivelpcByasing the
width of the opening, the control finite element models watttangular opening was
failed at the lowest ultimate load of 97.30kN. An increas#lét and 121% of the peak
load were achieved from beams model with 3mm and 5mm oPGibBRr to the beam

webs, respectively.

It was observed from the FEM analysis results that tiatk loads of the beams
with the rectangular openings were lower than that of the beamsauiare openings.
Applying the fiber compo-sites to the web of beams le@actease the ultimate loading
capacity. It is also noticed from the FEM results thatliopening location investigated,

it is more effective to strengthen the beams with rectanggenings than that with
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square openings. In case of openings at the center,biie domposites have less
contribution to the loading capacity of the beams. It is malyleeto the less amount of
fiber at the critical zone. Fiber thickness also has an effect mapiaeity of the beams.
Increase the fiber thickness from 3mm to 5mm lead to inetbadoading capacity from

87% to 129% for specimen having a square openings at the okslterar span.

Table 11-5: Summary of finite element analysis

Finite
element Ultimate % Increase in Displacement % Increase in
Group model load (kN) ultimate load (mm) displacement
B N-S-B 181.09 - 1.44 -
F-S-B-3 264.00 46.0 1.68 17.0
F-S-B-5 305.30 69.0 1.84 28.0
N-R-B 132.73 - 1.52 -
F-R-B-3 226.81 71.0 1.84 21.0
F-S-B-5 253.49 91.0 1.91 26.0
C N-S-T 167.65 - 1.20 -
F-S-T-3 275.66 64.0 1.76 47.0
F-S-T-5 324.61 94.0 1.84 53.0
N-R-T 98.39 - 1.20 -
F-R-T-3 168.54 71.0 1.36 13.0
F-S-T-5 219.35 122.0 1.76 47.0
D N-S-C 121.74 - 1.68
F-S-C-3 228.00 87.00 1.84 10.0
F-S-C-5 278.60 129.0 1.92 14.0
N-R-C 97.30 - 2.96 -
F-R-C-3 175.90 81.0 2.40 -
F-S-C-5 214.74 121.0 2.56 -
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Chapter 12

SFRP Strengthening of Large Sized RC Columns
12.1Introduction

Seismic record in the past have shown that most of the buildings during
earthquakes were collapsed due to the failure of vertical members (i.e. Columns). In the
low seismic areas, buildings are usually designed for gravity loads only, which are
vulnerable to damage during earthquakes. A recent survey of existing reinforced
concrete buildings in Thailand revealed that most columns are designed against gravity
loads only and seismic design provisions are not generally regulated. The significant
detailing deficiencies typically found are the use of widely spaced stirrup and the use
of lap splices in potential plastic hinge area [98]. These columns are referred as non-
ductile columns in available literature [99]. The seismic behavior of RC columns is
notably improved with conventional unidirectional FRP jacketing in the existing studies
[100-107]. Despite of successful application of the conventional uni-directional FRP to
improve the seismic behavior of RC columns, the ultimate failure of the conventional
FRP jacketed RC columns is often governed by the FRP rupture in weak direction and
bulging [107-110]which may be accompanied by rapid buckling of longitudinal steel
bars [111].

However, in existing literature, limited research efforts are available on behavior
of concrete confined with SFRP [21]. A detailed review of existing literature showed
that so far no research effort is conducted to explore the performance of SFRP to
enhance the strength and ductility of non-ductile RC columns. Therefore, the present
experimental program (Chapter 12) is mainly conducted to investigate the beliavior o
non-ductile RC columns (representing reinforcement detailing of those structures
which were designed against gravity loads only or constructed prior to the development
of modern seismic codes) strengthened using SFRP. Three types of RC columns (i.e.
shear, flexure-shear and flexure dominated) were strengthened using SFRP jackets and
tested under lateral cyclic loading. A constant axial load was also applied along with
lateral cyclic loading. In SFRP, two types of fiber materials (i.e. glass and carbon) were

used for seismic strengthening of RC columns.
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12.2 Experimental program

In this experimental program a total of five RC column specimens with same cross
sectional dimensions but different heights were constructed and strengthened with
SFRP composite. The results of SFRP strengthened RC columns were compared with
control or un-strengthened RC columns in the existing study [99]. The details of
constructed RC columns are shown in Figure 12-1. All columns were reinforced with
continuous longitudinal reinforcement and similar cross section of 250 x 350 mm. Two
of the columns were flexure-dominated cantilevers with a height to the point of
application of the load (shear span) of 2.10 m and two column specimens were shear
dominated cantilevers with shear span of 1.10 m. The remaining one RC column was
flexure-shear dominated cantilever with shear span of 1.60 m. All columns were
designed as non-ductile column representative of typical detailing of midrise buildings
in Thailand. The names and details of test specimens are presented in Table 12-1. The
RC columns were fixed into 0.5 m deep heavily reinforced and high strength concrete
block (Figure 12-1). The longitudinal steel bars were anchored with 90 degree hooks
at the bottom of concrete block. RC columns were reinforced longitudinally with steel
bars of 16 mm in diameter (deformed bars) and transversely with round steel bars of 6
mm in diameter in accordance with the control or un-strengthened specimens. The yield
and ultimate strength of the longitudinal steel bars was 410 MPa and 530 MPa,
respectively. The corresponding values for the round steel bars used for stirrups were
390 MPa and 450 MPa. The casting of RC columns was performed following field
practice. In first step the base concrete block was casted with ready-mixed high strength
concrete (50 MPa) and in second step (on two consecutive days) RC columns were
casted. The compressive strengths of concrete measured on standard cylinders
(diameter = 150 mm and height = 300 mm) on the day of testing of columns are
presented in Table 1. The notation of RC column specimens is assigned to represent
curvature behavior and strengthening material. For example, the meaning of column
designation FSD-CARB was as follows: FSD = flexure-shear dominated RC column
and CARB was designated a column strengthened with Sprayed Carbon Fiber

Reinforced Polymer composites (SCFRP). Test matrix is summarized in Table 12-1.
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Table 12-1: Details of test specimens
Sr.No Specimen Shear span  Strength of SFRP Thickness of
(m) concrete (MPa) material SFRP (mm)
1 SD-CON* 1.10 28 - -
2 FSD-CON* 1.60 33 - -
3 FD-CON* 2.10 30 - -
4 SD-CARB 1.10 29 Carbon 10
5 SD-GLAS 1.10 29 Glass 10
6 FSD-CARB 1.60 32 Carbon 10
7 FD-CARB 2.10 30 Carbon 10
8 FD-GLAS 2.10 30 Glass 10

*The control specimens are taken from available literature [99]
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12.3Strengthening of RC columns

RC columns were strengthened with SFRP composites. The location and height of
SFRP jackets were selected based on observed failure modes and crushing of concrete
in un-strengthened RC columns [99]. The SFRP jacketing was applied in the plastic
hinge region in all three types of columns (i.e., shear, flexure-shear and flexure
dominated). The SFRP was applied up to the height of 0.50 m from the base of the
column as shown in Figure 12-2. The SFRP strengthening of RC columns was
performed using Sprayed Carbon Fiber Reinforced Polymer composites (SCFRP) and
Sprayed Glass Fiber Reinforced Polymer composites (SGFRP). Throughout in this
study a single fiber length of 26 mm was used for SCFRP and SGFRP. The thickness
of SFRP was kept constant equal to 10 mm for both SGFRP and SCFRP strengthened
RC columns. Prior to the SFRP application, the concrete surfaces of the RC columns
were roughened using a hammer and a chisel to improve the bond between SFRP and
concrete (Figure 12-3). In the next step, RC columns were rounded with a corner radius
of 25 mm in strengthening zone to avoid pre-mature rupture of SFRP at the corners
(Figure 12-4). The roughened concrete surfaces were washed with high water pressure
to remove dust and loose debris. The SFRP was applied onto the specimens using an
UltraMax chopper/Saturator unit as shown in Figure 12-4. The thickness of the SFRP
was continuously monitored and controlled by experienced technicians during spraying
fibers. After the SFRP was applied, an aluminum ribbed roller was used to remove any
entrapped air and to obtain uniform thickness for the SFRP (Figure 12-5). Prior to the
testing, the SFRP over the required height and footing block were removed using an
electric cutter (Figure 12-6). Since the SFRP was applied in 10 mm thickness, at larger
drift ratio there were chances of high bearing pressure in SFRP jacket at the column
ends (i.e. at the intersection of column and footing). Therefore, SFRP jacketed RC
columns were additionally wrapped with 3 layers of CFRP sheet (width of sheet = 3
cm) at the bottom end of columns to avoid pre-mature rupture of SFRP. Typical SCFRP
and SGFRP strengthened RC columns are shown in (Figure 12-7).
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Figure 12-2: Details of SFRP strengthening

Figure 12-3: Roughened concr ete surface of column
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Figure 12-4: SFRP application process

Figure 12-5: Surface preparation using ribbed aluminum roller

192



e

Figure 12-6: SFRP cutting process

Figure 12-7: SFRP strengthened RC Columns

193



12.41nstrumentation and testing procedure

The RC column specimens were well instrumented to record the required
necessary data at different deformation steps. A large number of strain gauges with a
gauge length of 5 mm were fixed to the longitudinal and transverse steel bars in each
specimen to measure the strains. The strain gauges were installed prior to the casting of
concrete at different locations as shown in (Figure 12-8). The location of the strain
gauges for longitudinal bars was chosen to estimate the strain in the steel bars at the
onset of buckling i.e. either middle height between the column base and first stirrup or
middle of two stirrups. Eight linear variable differential transducers (LVDTSs) were used
(four on each side of the RC column) to obtain displacement, rotation and curvatures
during test. The LVDTs were installed at different heights equal to 100 mm, 350, 600
and 850 mm from column base. The shear deformation was captured by installing
additional six LVDTs. One LVDT was installed directly at the top of the RC column to
monitor axial deformation. Typical installation of LVDTs at different locations is
shown in Figure 12-9. During the test, the lateral and axial loads were recorded using
pre-calibrated load cells. The RC columns were subjected to combine reversed cyclic
load and constant axial load. The axial compressive load (equal to 400 kN representing
axial load ratio of 14-16%) was applied prior to the lateral load began using a hydraulic
jack. Axial load was kept constant and monitored continuously throughout the test. The
lateral load was applied using a horizontally installed 250kN-hydraulic actuator to
simulate the seismic demand. The loading set up is show in the Figure 12-10. RC
column specimens were subjected to reversed cyclic loads using a target percent drift
of +0.25, £0.5, +0.75, £1.0, 1.5, £2.0, +2.5, £3.0 and etc., for convenient. The
hydraulic actuator was operated manually in a displacement control mode. In lateral
loading program, 2 cycles per drift level was applied up to the 8% drift and beyond this
drift level, 1 cycle per drift was applied. The lateral loading history is shown in the
Figure 12-11.
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12.5Results and discussion

The experimental response of SFRP strengthened RC columns along with
reference or un-strengthened RC columns is given in Figures 12-12 to 12-19 in the form
of lateral load versus drift ratio. The drift ratio is calculated by dividing the top end
displacement with the column’s height (distance between the base and point of
application of lateral load). The envelop curves of the corresponding columns are also
presented in Figures 12-20 to 12-22. Experimental results in term of lateral load and
displacement at first yieldP( and ¢y), the maximum load Rmay, the ultimate
displacementdy), the displacement ductility factoud) and failure modes in term of
buckling or rupture of longitudinal reinforcement are summarized in Table 12-2. The
ultimate displacement{) was defined as that at which a drop of the load fiRagizto
P80% was observed and displacement ductility facied (s considered as ratio
between ultimate displacement and first yield displacement. On the lateral load versus
drift ratio graphs, the yielding point of longitudinal reinforcement, the yielding point of
transverse reinforcement and buckling of longitudinal reinforcement are marked as 1,
2, and 3, respectively. A dotted line is drawn to indicate the ultimate displacement point.

Test results are discussed in detail in the following sections.

Table 12-2: Summary of test results

Specimen Test results
Py dy Prax du ue =0y 0y  Failure modes

SD-CON* 120.0 1.00 162.8 2.0 2.00 Buckling of longitudinal bars
FSD-CON* 90.00 150 1195 35 2.33 Buckling of longitudinal bars
FD-CON* 80.00 150 86.80 4.0 2.67 Buckling of longitudinal bars
SD-CARB 2056 150 2421 8.0 5.33 Buckling of longitudinal bars
SD-GLAS 204.7 150 237.8 8.0 5.33 Buckling of longitudinal bars
FSD-CARB 91.35 1.50 1445 7.0 4.70 Buckling of longitudinal bars
FD-CARB 95.80 150 105.3 8.0 5.33 -

FD-GLAS 9230 150 1059 7.0 4.70 Rupture of longitudinal bars

*The details were taken from available literature [3]
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12.5.1 Shear dominated RC columns

In the shear dominated control specimen SD-CON, Initial cracking was
observed at 0.50% lateral drift at 150 mm and 200 mm height from the pedestal. These
cracks increased in number as the lateral drifts increased. At 1.5% specimen reached its
peak lateral strength. At this stage (1.5% lateral drift) an inclined shear crack was
observed. At 2% lateral drift another large shear crack appears from other side. 20%
of peak lateral strength dropped at 2% drift. With increasing drift beyond 2% it was
observed that shear plan penetrating downward and increase in axial deformation was
observed. The shear crack increased in width as the lateral drift increased. At 2.5% drift
buckling of longitudinal reinforcement was observed from strain variation at 400-500
mm height from the pedestal. At 3.5 % lateral drift ultimate gravity load collapse
occurred due to excessive core crushing as shown in the Figure 12-23 [99].

The SFRP strengthened shear dominated RC columns exhibited excellent performance
up to drift ratio more than 8. In the both specimens (i.e. SD-GLAS and SD-CARB)
there were no flexural cracks observed up to the lateral drift of 1.5%. Few flexural
cracks were start appearing at 2.0% lateral drift at about 100-200 mm above the top

level of SFRP. Further during the whole experiment no more cracks were observed with
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no cover concrete spalling. At 5.0% (230% higher lateral drift compared with control
specimen) lateral drift peak lateral strength was reached in both SFRP strengthened
shear dominated specimens (i.e. SD-CARB and SD-GLAS). At 8% lateral drift (second
cycle) buckling of the longitudinal reinforcement started, and 20% drop in peak lateral
strength reached. Overall for both SFRP strengthened shear dominated specimens, the
SFRP jackets enhanced 46-48% strength and also improved the displacement ductility
considerably (166%) compared with un-strengthened specimen. Figure 12-24 shows an
image of the SFRP strengthened specimens SD-GLAS at 9% lateral drift. Tests were
stopped at 9% lateral drift due to the limitations of test setup and to avoid anyedamag

to the test equipment.

:’ ,;‘. f*“'ﬂ
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Figure 12-23: Failure mode of column SD-CON at 3.5% lateral drift
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Figure 12-24: Failure mode of column SD-GLAS at 9% lateral drift

12.5.2 Flexure-shear dominated RC columns

In the flexure-shear dominated control specimen FSD-CON, initial flexural cracking
were observed at 0.50% lateral drift, at location of 250mm and 350mm from above the
pedestal level. These cracks increase in number as the lateral drift increased. At 2.5%
lateral drift the peak lateral strength was achieved. At 2.5% lateral drift cover concrete
started spalling. At lateral drift of 3.5% a shear crack was observed which was later
widened in width and length and at the same stage transverse reinforcement yielded.
Lateral strength dropped to 20% of peak lateral strength at 3.5% drift. At 4% lateral
drift longitudinal steel was visible with large crushing of the concrete as shown in the
Figure 12-25 [99].

Compared to the reference specimen (FSD-CON), the behavior of the SCFRP
strengthened specimen (FSD-CARB) was more ductile. Initial flexural cracking were
observed at 1% lateral drift at about 100-300 mm above the top level of SCFRP. These
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cracks increase slightly in number as the lateral drift increased. At 5% lateral drift
(100% higher lateral drift compared with control specimen) the peak lateral strength
was achieved. At 7% lateral drift buckling of the longitudinal reinforcement started,
and 20% drop in peak lateral strength reached. The strength and ductility of the SCFR
strengthened specimen FSD-CARB was recorded almost 20% and 102%, respectively,
higher than un-strengthened specimens FSD-CON. Figure 12-26 shows an image of the
SCFRP strengthened specimen FSD-CARB at 9% lateral drift. Test was stopped at 9%
lateral drift due to the limitations of test setup and to avoid any damage to the test

equipment.

Figure 12-25: Failure mode of column FSD-CON at 4% lateral drift
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Figure 12-26: Failure mode of column FSD-CARB at 9% lateral drift

12.5.3 Flexure dominated RC columns

In the flexure dominated control specimen FD-CON, Visible flexural crack start
appearing at 0.5% lateral drift at about 150mm, 450mm and 550mm above the pedestal
level. With increasing the lateral drift number of flexural cracks goes on increasing. At
1.5% lateral drift cover concrete start spalling at about 150 mm where the maximum
moment occurred. This spalling of cover concrete increases as lateral drift increases. At
2.0% lateral strength peak lateral strength reached. At 2% lateral drifts cracks along the
corner reinforcement start appearing, these cracks increased in length and width as the
strain in this region goes on increasing with increasing lateral drift. At 4% buckling of
the longitudinal reinforcement started, and 20% drop in peak lateral strength reached
(Figure 12-27[99].

For SFRP strengthened specimens (FD-GLAS and FD-CARB), the results
showed that the SFRP jackets improved the flexural strength and flexural ductility. The
behavior of SFRP strengthened specimen FD-GLAS and FD-CARB was observed

similar irrespective of strengthening material type (i.e. glass and carbon). Initial flexural
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cracking were observed at 0.75% lateral drift at about 50-500 mm above the top level
of SFRP. These cracks increased in number as the lateral drift was increased. At 3.0%
(50% higher lateral drift compared with control specimen) lateral drift, peak lateral
strength was reached in both SFRP strengthened flexure dominated specimens (i.e. FD-
CARB and FD-GLAS). In SGFRP strengthened RC column FD-GLAS, rupture of
longitudinal reinforcement was observed at 7% lateral drift thus resulting into sudden
20% drop in peak lateral strength. Whereas in SCFRP strengthened RC column FD-
CARB, no signs of buckling or rupture of reinforcement were observed up to 9% lateral
drift and test was stopped due to limitations of the test setup to avoid any damage to the
test equipment. Figure 12-28 shows an image of the SFRP strengthened RC column

specimens at 9% lateral drift.

Figure 12-27: Failure mode of column FD-CON at 4.5% lateral drift
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Figure 12-28: Failure mode of column FD-GLAS at 9% lateral drift
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12.6 Ductility

The displacement ductility ratips is here defined as the ratio between ultimate
displacement and yielding displacement. Those specimens with larger displacement
ductility ratio had better ductility. The displacement ductility ratio of all RC column
specimens is given in the Table 12-2. A comparison of the skelton curves of the SFRP
strengthened and control specimens is shown in Figures 12-20 to A2-BZan be
observed from Table 12-2 and Figures 12-20 to 12-22, the ductility of the un-
strengthened specimens is lower and the ductility of the both SCFRP and SGFRP
strengthened RC columns is greatly improved. However the initial stiffness of the SFRP
strengthened specimens is almost same as the un-strengthened ones.

The displacement ductility ratio of un-strengthened specimen SD-CON is 2.0, and that
of the SFRP strengthened specimens SD-CARB and SD-GLAS is 5.33. Both
strengthening fiber materials (i.e. carbon and glass) resulted into similar increased
ductility compared with un-strengthened specimens. The displacement ductility ratio of
un-strengthened specimen FSD-CON is 2.33, and that of the SCFRP strengthened
specimens FSD-CARB is 4.70. Whereas, the displacement ductility ratio of un-
strengthened specimen FD-CON is 2.67, and that of the SFRP strengthened specimens
FD-CARB and FD-GLAS is 5.33 and 4.70, respectively. Here in case of flexure
dominated RC columns, the SCFRP strengthening performs better than SGFRP
strengthening. Since the breakage of the longitudinal bars is observed in the FD-GLAS
at lateral drift ratio of 7.0%, thus resulting into sudden loss of load carrying capacity

and lower ductility ratio.

12.7Development of strain in steel bars

The strains in the longitudinal reinforcement were measured using strain gauges
installed on the bars at the center of the flexural faces. Whereas; strains in the transverse
reinforcement were measured using strain gauges installed at the centers of the stirrups
as shown in Figure 12-8. Hysteretic responses of the longitudinal and transverse steel
bars are shown in Figures 12-29 to 12-36. The strain variation in the longitudinal
reinforcement of SCFRP strengthened RC columns (i.e. shear and flexure dominated)

is shown in Figure 12-39. The yielding of longitudinal reinforcement and transverse
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reinforcement along with buckling of longitudinal reinforcement captured from the
hysteretic load-strain responses are marked as 1, 2 and 3 respectively in Figures 12-29
to 12-38. It can be seen that yielding of longitudinal and transverse reinforcement
always resulted in a rapid increase in the tensile strains of longitudinal and transverse
reinforcement. However, the buckling of the longitudinal reinforcement did not change
much the responses of the transverse reinforcement. It can be observed from Figures
12-12 to 12-19 (Lateral load versus drift ratio) that the yield of transverse steel
reinforcement occurred at lateral displacements of approximately 3%-5% for all SFRP
strengthened RC columns. It is noticeable that for reference specimens (SD-CON, FSD-
CON and FD-CON) the ultimate state was reached immediately after the buckling of
longitudinal reinforcement. However for the SFRP strengthened specimens the
buckling of longitudinal reinforcement did not lead to an immediate degradation of the

load carrying capacity.
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Figure 12-29: Strain in longitudinal reinforcement (SD-CARB)
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12.8 Stiffness

To evaluate further the effectiveness of SFRP strengthening versus unstrengthened
specimens, the stiffness curves (instantaneous secant stiffness at a certain displacement)
are plotted in Figures 12-40 to 12-42. On these figures, a positive value of cycle number
corresponds to a loading cycle involving upward lateral displacement, and negative
values are related to cycles involving downward displacement. The initial stiffness of
all un-strengthened RC columns is lower compared with SFRP strengthened specimens
but there is no significant different in terms of initial stiffness between two
strengthening material (i.e. carbon and glass). Moreover, from Figures 12-40 to 12-42,
it can be observed that the SFRP strengthening is resulted into improved stiffness of

RC columns irrespective of their aspect ratio (i.e. shear, flexure-shear and flexure

dominated).
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12.9Cumulative dissipated energy

The cumulative hysteretic dissipation energy was evaluated for all the tests,
considering the area of each loading cycle in the X and Y direction and then the total
energy was calculated as the sum of these two parts. The cumulative energy dissipation
versus the lateral drift ratio is presented in Figures 12-43 to 12-45. It can be seen that
SFRP strengthened RC columns permits to dissipate more energy compared with un-
strengthened specimens. This is mainly due to the plastic hinge zone confinement
provided by the SFRP jackets. The RC columns confined with SFRP in the plastic hinge
zone can experience bigger deflections. However if we see on the first part of graphs
(i.e. until failure of SD-CON, FSD-CON, and FD-CON), there is no significant
difference between the curves of strengthened and un-strengthened specimens. Further,
it can be observed that there is no noticeable difference between the two strengthening
materials (i.e. carbon and glass) is terms of energy absorption capacity. For a same
displacement path, the same energy dissipation occurred in both SCFRP and SGFRP
strengthened RC columns.
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Figure 12-43: Cumulative dissipated energy of shear dominated RC columns
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12.10 Effect of aspect ratio

From Table 12-2, it can be seen that all un-strengthened RC columns were failed
due to the crushing of concrete and buckling of steel bars within the plastic hinge region
with ductility of 2.30-2.67. Whereas, SFRP strengthened RC columns exhibited
excellent performance up to ductility of 4.70-5.33. The comparison of normalized
lateral load and normalized displacement ductility ratio of SFRP strengthened and un-
strengthened specimens is presented in Figure 12-46 and 12-47, respectively. In each
group of RC columns, the maximum lateral load and displacement ductility ratio of the
control un-strengthened specimen is set as a benchmark, by normalizing its maximum
lateral load and ductility 100%, and the effectiveness of SFRP is computed as the
percentage ratio of the lateral load and ductility to that of the control specimen. From
Figure 12-46, it can be seen that efficiency of SFRP strengthening in terms of maximum
lateral load is higher for shear dominated columns compared with flexure-shear and
flexure dominated columns. Overall, 48%, 20% and 21% increases in maximum lateral
load is observed for shear, flexure-shear and flexure dominated SFRP strengthened RC
columns, respectively. Similar to the maximum lateral load, increase in ductility due to
SFRP jacketing is found higher for shear dominated columns compared with others. In
Figure 12-46, 166%, 101% and 99% increases in ductility is observed for SCFRP
strengthened RC columns SD-CARB, FSD-CARB and FD-CARB, respectively.
Whereas, 166% and 76% increases in ductility is recorded for SD-GLAS and FD-
GLAS, respectively.
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12.11 Effect of SFRP material

RC columns strengthened with SCFRP and SGFRP exhibited excellent performance in
terms of strength and ductility enhancement compared with un-strengthened specimens.
SCFRP and SGFRP jacketing is resulted into similar increase of maximum lateral load
for shear and flexure dominated RC columns as shown in the Figure 12-46. For both
strengthening materials, 48% and 22% increases in maximum lateral load was observed
for shear and flexure dominated RC columns, respectively. In accordance with strength
increase, SCFRP and SGFRP strengthening materials also resulted into similar increase
in ductility. 166% increases in ductility is recorded for RC columns specimens SD-
CARB and SD-GLAS. However, in flexure dominated RC columns, the SGFRP
strengthened RC column FD-GLAS is resulted into lower ductility compared with
SCFRP strengthened RC column FD-CARB. 125% and 76% increases in ductility is
recorded for specimens SD-CARB and SD-GLAS, respectively. This exception may
can be associated with rupture of the longitudinal reinforcement which was observed
in RC column SD-GLASS. The behavior of both strengthening materials is also found
similar in terms of stiffness and cumulative energy dissipation as shown in Figures 12-
40 to 12-45.

12.12 Bulging of concrete

In RC columns retrofitted with conventional unidirectional FRP, failure of FRP
jacketing is reported as bulging out of the concrete and FRP near column ends following
the fracture in the FRP wrap in the hoop direction as shown in the Figure 12-48 [34,
104, 112]. However, in All SFRP strengthened RC columns, no bulging out of concrete
and SFRP were observed (Figures 12-24, 12-26 and 12-28). This is indicating the
effectiveness of SFRP to confine concrete. Since SFRP are comprised of randomly
distributed fibers, the tensile strength of composite is uniform in both directions thus
avoiding rupture in hoop direction. In addition, SFRP are low price compared with
unidirectional FRP and can be sprayed with large thickness. RC columns were
strengthened with 10 mm thickness of SFRP. Since the strength and stiffness of SFRP
composite varied with thickness, a stiffer SFRP jacket is more helpful to avoid outward
bulging of concrete.
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Figure 12-48: Rupture of FRP strap in hoop direction in FRP strengthened RC Column [34]

12.13 Observed failure modes

In un-strengthened RC column specimens, a higher rate of lateral strength degradation
was observed, especially after yielding of stirrups, rate of lateral strength degradation
has been found increased significantly. Difference of rate of lateral strength degradation
for FSD-CON and FD-CON is marginal owing to small change in shear demand. In
specimen SD-CON, pre-mature buckling of longitudinal reinforcement was observed
at an early stage after developing large shear cracks. In case of flexurdeshieated

and flexure dominated RC columns (FSD-CON, FD-CON) longitudinal reinforcement
buckled at 100 mm from the bottom where the maximum moment occurred. Overall all
un-strengthened RC columns were failed due to excessive crushing of concrete and
buckling of longitudinal reinforcement in the plastic hinge region [3]. In contrast to the
un-strengthened specimens, SFRP strengthened columns showed excellent
performance up to lateral drift ratio more than 8 due to the confinement effect of SFRP.
Rate of lateral strength degradation is observed very gradual in SFRP strengthened RC
columns compared with un-strengthened RC columns. No buckling of longitudinal
steel bars were observed in flexure dominated RC columns owing to confinement effect
of SFRP in plastic hinge area. Whereas buckling of longitudinal reinforcement in
medium and short columns started very late (after 6% lateral drift). In SFRP
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strengthened RC columns, minor cracking was observed in parts above the SFRP,
however the width and number of cracks was found very less due to low moment

seismic demand in upper part of columns.
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Chapter 13

Conclusions and Recommendations

13.1 Conclusions

In general, the experimental results obtained in this study, support the
hypothesis that Sprayed glass fiber reinforced polymers and sprayed carbon fiber
reinforced polymers do have the potential to become a feasible alternative to existing
strengthening techniques for reinforced concrete members.

The sprayed fiber technique used in this research is capable of producing a
reliable fiber reinforced polymer composites which exhibit tow dimensionally isotropic
strength properties. With the shopper/spray equipment use for study, glass and carbon
fiber reinforced polyester matrix was produced. These materials exhibited maximum
composite strength of 92 and 104 MPa for glass and carbon SFRP, respectively.
Material strength properties are highly depended upon fiber length and fiber material.

The application process of SFRP is very easy and straightforward which
requires a minimal amount of operator training. Thickness of SFRP material is directly
controlled and managed by the operator, resulting in more flexibility in the design
process compared with conventional unidirectional FRPs. One salient feature of the
SFRP is their ability to easily bend around much sharper corners than unidirectional
continuous fiber fabrics.

SFRP is effective to enhance the strength and deformability of concrete for both
circular and square sections. The increase in the compressive strength and deformability
varies with the SFRP shell thickness for both circular and square sections. The fiber
length of 26 mm was found to be superior to 13 mm, both in terms of ultimate strength
and deformability enhancement. The efficiency of SFRP for providing the external
confinement and the resulting increase in strength and ductility is greater in circular
columns than in square columns.

It was found that almost all strength models (developed for conventional
unidirectional FRP) are conservative to predict the experimental compressive strength
of SFRP-confined concrete. New strength models propose for SFRP confined concrete

are capable to predict the compressive strength of SFRP confined concrete columns.
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The SFRP was shown to be capable of significantly increasing both the strength
and stiffness of RC deep beams with and without web openings. However, the
application of SFRP without anchoring system was not effective to enhance the ultimate
load and deflection. The sole application of SFRP produces almost the same
performance as the unstrengthened beam due to the premature SFRP debonding failure
that inhibited the development of the usable SFRP strength. SFRP slits made on the
beam surfaces provided a little increase in the ultimate load. The slits could not prevent
the debonding of SFRP from concrete surface. The beneficial effect of SFRP slits was
low, in comparison to other proposed anchoring systems. Three proposed anchoring
systems (i.e. TB, MB and EB systems) are found to be effective to prevent the
delamination of SFRP. Provided that they are installed at close spacing and with enough
embedment length, they could effectively inhibit the debonding failure and brought
about more favourable failures such as concrete crushing and SFRP rupture that could
mobilise higher strength. The effectiveness of these anchoring systems depends on the
thickness of SFRP. The thicker SFRP requires a stronger anchoring system to firmly
fix it with the specimens. Among the three anchoring systems, TB system is found to
be the most effective technique to hold the SFRP. The thickness of SFRP has a great
impact on the increase in the ultimate load and deflection of deep beams, both for low-
and high- strength concrete. The increase in the ultimate load was in proportion to the
thickness provided that sufficient anchoring system is installed to prevent premature
debonding failure. Both strengthening configurations A and B were found to be
efficient to increase the ultimate load and deflection of RC deep beams. Strengthening
configuration B resulted in a little higher increase in the ultimate load as compared to
strengthening configuration A due to the additional benefits on the bonding
enhancement at the bottom face. SCFRP resulted in a higher increase in the ultimate
load than SGFRP. The load increase was supposedly due to the higher tensile strength
of carbon fibres over the glass fibres.

The externally bonded SFRP was remarkably effective to increase the ultimate
load of the RC deep beams with both the square and circular openings and both low-
and high-strength concrete beams. The mechanical Expansion Bolt (MB) anchoring
system was effective to prevent the de-bonding failure of the SGFRP from concrete

surface. In this study, no pullout of the expansion bolts and de-bonding failure was
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observed for beams with MB anchoring system, except for the specimen HS-7A-S12
which was strengthened with a 7 mm thick SFRP. All strengthening configurations (A,

B and C) enhanced the shear strength of the RC deep beams with openings by a factor
of 1.5-2.4. The strengthening configuration B was superior to configurations A and C.
The increase in the ultimate load of RC deep beams with opening varied with the
thickness of SFRP. The higher the SFRP thickness, the higher the increase in the
ultimate load. The efficiency of the SGFRP strengthening and MB anchoring system
was lower for the high-strength concrete specimens as compared with the low-strength
specimens. The SGFRP-strengthened RC deep beams with sufficient anchoring system
failed by the inclined crack rupture in the SGFRP, whereas the failure was pullout of
anchors and accompanying SGFRP de-bonding when the anchoring system was not
sufficient.

The finite element analysis results are found to be in good agreement with
experimental results for both low and high strength concrete RC deep beams with and
without web openings. The finite element models are also capable of simulating the
behavior of RC deep beams strengthened with glass and carbon fibers. The analytical
models successfully show the crack propagation and failure modes of RC deep beams.

The SFRP was shown to be capable of significantly increasing both the strength
and stiffness of RC Columns, while at the same time dramatically improving their
energy absorption characteristics. SFRP strengthening is found effective for different
types of columns (i.e. shear, flexure-shear and flexure dominated) to increase strength
and ductility. However, percentage increase in strength and ductility is found higher for
shear dominated RC columns compared with flexure-shear and flexure dominated RC

columns.

13.2 Recommendationsfor futureresearch work

Probably the most obvious suggestion for continued research into SFRP
technique is to investigate the feasibility of implementing this technique in the field.
The design of the apparatus used in this process appears to be well adapted for such use
since it is completely portable and requires minimal support equipment. However, in
its current configuration on site use would be very difficult since the spraying of

overhead surfaces is virtually impossible without modifications to equipment design.
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Future studies should examine a wider range of geometry, SFRP material
thickness, SFRP material properties and they should also be concerned with a more
systematic comparison between the specimens strengthened with SFRP and
conventional unidirectional FRP with equivalent jacket stiffness.
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