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Abstract

Recent terrorist attacks on critical infrastructures using car bombs have heightened awareness on
the needs for blast resistance of structures. Blast design of civilian buildings has not been a
common practice in structural design. For this reason, therew an urgent need to mitigate the
potentially devastating effects of blast shock waves on existing structures. The current research
project, the results of which are reported in this dissertation, aims to expand knowledge on blast
resistance of reinfoed concrete building columns, while developing a technology and design
procedure for protecting critical buildings columns against the damaging effects of impulsive
blast loads through the use of externally applied fiereforced polymer (FRP) jackets of
different material architecture. The research project has a significant experimental component,

with analytical verifications.

A total of thirty two reinforced concrete columns were experimentally investigated under the
effects of simulated blast loadsing the University of Ottawa Shock Tube. Column dimensions
were 150 mm x 150 mm in cross section and 2438 mm in lekgith concrete column was
reinforced longitudinally with fourlOM rebarswhich were tiedlaterally with 6.3 mm closed
steelhoops,spacedat 37.5 mm and 100 mm ¢/epresentingeismic and noseismic column
details, respectively The experimental research had two phases. Rh@sdstudy) included

blast tests of eight dsuilt, seismically detailed columns. The behaviour of these caumnas
explored under single and multiple blast shots, with and without the applicationldfptexial
loads. Phas# (main-study) included column tests of different carbon FRP (CFRP) designs to
investigate the significance of the use of different CRRRIMNn jacket designs on dynamic

response of twentipur seismic and noseismic RC columns.

Analytical investigation was conducted to assess and verify the significance of experimentally
investigated parameters on column response. These included thef &segleDegreeof-

Freedom (SDOF) dynamic inelastic analysis, generation of dynamic resistance functions, the
effects of variable axial loads, different plastic hinge lengths and the influence of secondary

moments (FD moments) on column behaviour.

Theresults indicate that the loading history has effects on column response, with multiple shots
reducing column stiffness, and affecting dynamic response of columns relative to single blast

shots of equivalent magnitude. The effect of concrete strengthnwiti@ normaktrength



concrete range is to increase strength and decrease deformations. Columns with CFRP jackets
have considerable improvements in column deformability, with additional increases in column
strength. The CFRP laminate design influencesop@dnce, with jackets having fibres in £45
orientation especially improving column ductility and increasing plastic hinge lengths, thereby
permitting redistribution of stresses and dissipating blast energy. Axial gravity loads vary during
blast loads andan affect column strength. It was shown that SDOF dynamic inelastic analysis
does capture key structural performance parameters in blast analysis. The consideration of
experimentally observed parameters in column analysis; including the influence ofdesigR

and associated change in plastic hinge length, variable axial load during response, and secondary
moment (PD moments) result in significant improvements in the accuracy of blast analysis. The
experimental results and the suggested improvementset&DOF analysis technique can be

used to implement a performangsased design approach recommended as part of the current
research project for design of CFRP protection systems for concrete columns.

This research project was conducted jointly by theiddat Research Councifanada(NRC)

and the University of Ottawa.
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Chapter One

Introduction

1-1 General

A large number of civilian structures have been targeted by terrorist attacks worldwide over the
last two decades, often using vehicle bombs. The US Department of State reported more than
14,000 global terrorist attacks in 200KiJling more than 20,000 mgle (Buchan and Chen
2010). This highlights the susceptibility of structures like embassies, commercial centers,
governmental buildings, industrial facilities, and residential buildings to the threat of explosions.
The substantial dynamic loads generdigexplosions can extensively damage critical structural
components, such as columns, which are responsibleverall strength and stability of the
structure, resulting in high risk of developing progressive collapse. Progressive collapse is
defined ashe spread of an initial local failure from element to element, eventually resulting in
the collapse of the entire structure or a disproportionately large part of it (Sasani et al. 2011,
ASCE 2010). Past events showed that preventing progressive collapsensierably reduce

the number of casualties. For example, in Alfred P. Murrah Building in Oklahoma City it was
estimated that 87 % of the people died in the collapsed portion of the building, while only 5 % of
the people died in the rest of the buildidalvar et al. 200/ASCE 1996). This illustrates the
importance of blastesistant structural elements and structures in mitigating the effects of bomb

blasts and minimizing casualties.

In general, most buildings are not designed against blast loads, although seismically detailed
reinforced concrete structures are likely to perform better than structures designed for gravity

1



loads only(Crawford 2001) This is one reason why there is nawglobal demand to upgrade
existing critical infrastructure to make them blast resistant. One of the blast retrofit strategies
considered in the past for existing structures is the application of surface bonded or wrapped
fibre reinforced polymer (FRP) séis. The exceptional engineering properties of FRP
composites make them an excellent choice of material for retrofitting. Unfortunately, previous
research in this area is very limited (Buchan and Chen 2007). This is due to the high cost of field
tests invdving live explosives and potential hazards during testing, as well as lack of experience
in dealing with live explosives. Video monitoring and data collection during such testing become
challenging due to the formation of a fire ball. Therefore, theds temve been limited to
military and national security research projects. Furthermore, the results of such tests are often
classified information, and are not published. Hence, most structural engineers remain
uninformed about the intricacies of blast peniance and design of structures subjected to shock

waves.

In recent years, new experimental techniques and related facilities have become available for
simulated blast testing. These tests can be conducted in a laboratory environment with little
potentid for experimental hazards. The shock tube available at the structures laboratory of the
University of Ottawa is one such example. It provides a safe environment with little operating
experience, while generating blast pressures simulating the effebtsadttial blast phenomena.
Several successful investigations have already been conducted during the last 7 years involving
different types of reinforced concrete and masonry elements at the University of Ottawa.
Previous studies only focused on investiggtthe performance of FRP retrofitted RC columns
protected by wunidirectional fibers placed eit
UD 90¢e) . The time history of the axial | oad
behaviour hasot been studied comprehensively. Since blast tests are relatively costly, some
researchers tested RC components under incrementally increasing blast loads until complete
damage. The influence of this repetitive application of blast loads and its effectslumn
behavior need to be investigated. The present experimental study aims at enriching our
understanding of the dynamic response of FRP strengthened reinforced concrete columns under
simulated effects of explosions. While the current study focusesvestigating the effect of

CFRP laminate design on the structural performance of RC columns, it also adds to the



knowledgebase in this field in terms of overall column behaviour and fills in some of the existing

gaps in the literature.
1-2 FRP Retrofitting of Reinforced Concrete Columns

Until the early 1990s, the most common methods used for upgrading RC columns were
reinforced concrete and gremijected steel jackets (Teng 2002, Ballinger et al. 1993). The two
strengthening techniques are effective icr@asing the column loaahddeformation capacities
However,both methods are labour intensivelaometimes difficult to applyfhe RC jackeng
creates the challenge of hoop placement rasdlts in a considerable increase of the member
size. Steel jaakting is often difficult to handle, and prone to corrosimen used in bridges.
(Abdelrahman and EHacha 2012, Teng 20D2 FRP jacketing for strengthening deficient RC
columns are now being increasingly utilized instead of girgatted steel jacket$:RPs are a
composite material fabricated from long, oriented fibers in the form of glass, carbon or aramid
embedded in a polymanatrix such as epoxy (Rodriguesikle et al. 2012). Besides being
corrosion resistant and having high strength and stiffnesgeight ratios, these materials are
easy to handle and apply. The unidirectional FRP retrofitting technique for RC columns (mainly
fibers oriented in the hoop direction) was first investigated in Japan in the early of 1980s (e.g
Fardis and Khalili 1981, B2), and a large amount of research on this corgiteen carried

out since then (Chen et al. 2013).

Shortly after the bombing of the Alfred P. Murrah Building in Oklahoma, fiber reinforced
polymer jacketing first emerged as an effective strengthemetghod against blast loads.
Numerical analyses were conducted by Crawford et al. (1995, 1996, 1997b), to investigate the
effectiveness of jacketing techniques applied to the ground level load bearing columns of an
existing multistory reinforced concreteuilding. The findings of the analyses showed that the
FRPs jacketing and the steel jacketing systems could prevent column failure and the consequent
progressive collapse. The Federal Emergency Management Agency also reported that the
jacketing techniquesmployed to upgrade the seismic resistance of columns could be used in
structures exposed to blast (Malvar e&l07, ASCE 1996).

FRP jacketscan be implemented on site by the wet layup procedure. Concrete column is
wrapped laterally by FRP sheets orrfab impregnated in polymer resin, mostly with fibers

oriented in the hoop direction. The hoop wraps greatly increase the axial compressive capacity,



ductility, and the shear resistance of columns. When the flexural strength is not sufficient,
additional fbersare provided in the longitudinal direction in the form of FRP stifagan and
Chen 201D

1-3 Reinforced Concrete Columns under Blast Loading

Columns are the primary elements in frame structures. In-stally buildings, the failure of one
singlecolumn at the lower level is likely to have an overwhelming effect on the overall structural
integrity (Agnew 2007) Column axial loads in tall buildings are considerably high and must be
considered in blast analysig/hen reinforced concrete columns engece very low lateral
deformations their bending moment capacity is increased due topiesence ofixial load.
Columns exposed to lateral blast pressunadergo significant shear forces, out of plane
deformations, and reflected pressures. The astlgressure can be adequately approximated as a
dynamic load uniformly distributed along the height of the column and characterized by its peak
pressure and duration (Roagd Li, 2008). This approximation does not apply to columns that
are very close tthe explosion. In blast resistant design, a certain level of inelastic deformation
of the structural element is permitted in order to dissipate energy. Therefore, column
deformability is another aspect of blassistance of columns.

1-4 Blast Simulators

Dynamic behavioursof different engineering components subjected to blast loads can be
investigated using either actual explosives or blast simulators (Dusenberry 2010). Shock tubes
are the most common blast simulators employed by different research atgasiZommonly

used shock tubes are air pressure driven tubes, though when higher speeds of shock waves are
required internal explosion driven tubes may be used. For such testing, the test specimen is
mounted at the front end of a shock tube, at thednah expansion section, while a driver
section located at the other end of the tube is charged with compressed air. Single or double
diaphragms are used between the driver and the expansion sections to control the blast pressure.
Shock waves similar to tise produced by actual explosions are generated when the driver forces
air into the specimen at high velocities. Conducting shock tube testing is cost and time effective.
Moreover, these tests can be run within an environment subjected to far lessomsttiein

those in which real blast tests are condu¢Bagsenberry 2010).



1-5 Objectives

The primary objective of the current research project is to develop design and analysis
methodologies for blast retrofit of existing reinforced concrete columns with externally applied
carbon FRP (CFRP) laminates of different fibre architecture and firatations using large

scale tests of columns under simulated blast loading. The objective also includes the generation
of test data to establish the residual strength of columns following a blast for mitigation of the
adverse effects of progressive cpBa, as well as the assessment of the effects of loading history
during shock tube testing to address the significance of having a single shot versus multiple
shots. The project is intended for-fegld bomb blasts that may lead to overloads in columes du

to flexure and diagonal tension.
1-6 Scope

The objectives stated in the previous section are fulfilled by executing the following steps, which

form the scope of the research project:

1. Experimentally evaluate the effects of different FRP mamnchitecure on the
structural performance of reinforced concrete (RC) columns retrofitted by FRP
laminates when subjected to simulated blast loads.

2. Investigate the effects of loading history on column behaviour by comparing
performances of columns subjected gt versus multiple blast shots.

3. Investigate the influence of axial load on behaviour of FRP protected ard non
protected columns under blast loads.

Assess the residual pesfast axial load capacity of FRP retrofitted RC columns.
Examine the suitabilitpf simulating blast response of FRP retrofitted columns using
a singledegreeofi freedom (SDOF) model.

6. Develop design and analysis information for FRP retrofitted RC columns under blast
induced shock waves.

As can be seen above, the scope of this stodgists of experimental and analytical phases. The
experimental work consists of desjgoonstruction, instrumentation and testing of 32 RC
columns designed and detailed either for seismic effects es@iemic loads. The University of
Ottawa Shock Tubés used for simulated blast testing. Eighteen columns are retrofitted with

multiple FRP layers of various fiber types and orientations, while the other fourteen columns



represent abuilt conditions without any retrofit. Two types of FRPs are employedsistimg of

carbon fiber reinforced polymer (CFRP) and aramid (Kevlar) fiber reinforced polymer (AFRP).
Unidirectional CFRP, woven [0O0e/ 90¢] CFRP (fi
directions), and woven [ N4dgee]incliGaidrRs) aré theithreee s o r
types of carbon fiber reinforced polymer sheets that are considered. Different FRP plies are
applied to produce FRP laminates of a specific configuration and strength. The test results are

analyzed to assess the effectivers@dbe retrofit strategy.

The analytical phase involves dynamic analyses of columns undefindlased impulsive
forcing functions using SDOF analysis. The analysis results are compared with experimentally
recorded data to assess the applicability efahalysis techniques. Combined experimental and
analytical results are then used to develop a design procedure for FRP retrofitted columns having
different FRP architecture and fibre orientation.

1-7 Structure of the Thesis

The thesis is divided into sem chapters. Chapter one contating introduction, while chapter

two provides background and literature review. Chapter three describes the test specimens,
materials used, experimental setup, and loading protocol. Chapter four includes a detailed
descripion of the experimental results obtained in this study. Chapter five contains discussion
and comparisons of the experimental results. The suitability of simulating blast response of the
test columns using SDOF systampresented in chapter six. Finallyhapter seven presents

design recommendations while summarizing major findings and conclusions.
1-8 ResearchSignificance

The current research project includes a number of original contributions to blast engineering that
pertain to the response of RC colummwith and without FRP protective systems. Although a
number of previous research projects were conducted on blast retrofit of concrete columns with
externally applied FRP jackets, these were limited to the use of longitudinal and transverse
fibores. The se of different FRP architecture, consisting of different types of FRP sheets,
especially those that involve | aminas with wo
to this project. The experimental program was designed to make it possiblagaoreneertain

key information for the first time, making experimental data invaluable to research and practice

in blast engineering. Laser measuring sensors were employed to monitor theeighid
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displacement of columns during blastiuced shock waveshis precise measurement technique
made it possible to generate acceleration time histories from which the actual experimental
dynamic resistance functions were obtained for the first time in the literature, for comparison
against computed resistance fuan8. Similarly, for the first time, it was possible to capture the
axial load time histories experimentally during dynamic impulsive loading, which shed light to
the axial loaeflexure interaction effects during milliseconds of dynamic response, as ¢hatrat
which columns deform laterally happens to be fasten tha rate at which the gravity loads
could follow columns, until the static equilibrium is restored in the vertical direction. This aspect
of blast behaviour was captured and investigated fat@ngally significant impact on column
design. The effect of CFRP stacking sequence on plastic hinge length was also measured for the
first time, providing invaluable experimental data for dynamic inelastic column response, as well
as the analysis technigs used for such columns. The experimental data generated is made

available to the literature through this thesis.

A number of important analytical verifications were also made in the current research project,
which will help researchers and practicingyereers in their future work. While Single Degree

of Freedom (SDOF) dynamic analysis is used routinely for blast investigations, certain aspects of
this analysis, as affected by experimentally measured parameters were investigated and reported.
These inclde the significance of variable axial load during dynamic blast response, the
significance of plastic hinge length as affected by different FRP architecture, the effect of P
Delta effects on column response and the effects of material modelling on dyrespanse

with emphasis placed on concrete confinement with the additive nature of lateral confinement
pressures generated by internal ties and external FRP jackets, as well as the buckling of

compression bars during response.

The above contributions paved the way to the formulation of a design procedure for FRP
protected RC columns against blast loads. A performbased design procedure is presented as

an additional contribution to the design community.



Chapter Two

Background and Literature Review

This chapter contains three sections. The first section presgetseral description dhe blast
phenomenon, reinforced concrete response to blast loading, and material behaviour under high
strain rates. The second sectisrdevoted to the review of FRP external strengthening for both
beams (flexural members) and columns (axially loaded members). The third section presents
previous research conducted on; i) FRP retrofited RC columns abdilafkC columns
subjected to lalst loads and ii) the influence of fiber orientation and ply sequence on the

behaviour of confined concrete.
2.1 Blast Effects on Structures
2.1.1 Explosionsand blast phenomenon

An explosion is defined as sudden release of energy to the atmo$pimeireg a blast wave.
Based on the type of explosion, it can be classified into physical, chemical, and nuclear (Cormi
et al. 2009).

When an explosion is initiated, a blast wave is formed, rapidly travelling away from the
explosion epicenter in all diraohs at supersonic or sonic speeds. This phenomenon is
accompanied by an instantaneous increase in the pressure above the ambient atmospheric
pressure R,). This is referred to as the sida overpressure, incident overpressure, or merely
overpressureRs,). As the wave front propagates further from the explosion center, the peak
overpressure gradually decays and within a very short time this pressure falls below normal
atmospheric pressure, resulting in negative or suction phase. Generally, the negestvefpn

shock wave is lower in magnitude and longer in duration than the positive phase. Consequently,
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the negative phase is ignored in blast resistant design of structures (Biggs 1964). Fig. 2.1 shows

a detailed pressuietime history for a blast wave free air.

The impulse of the blast wave is defined as the area under the pitasguoeirve. Hence, the
positive phase impulsé,J can be found as follows:

=, 0 0Q0 (2.1)
where,

P(t) is the overpressure function with respect to time

tq is the duration of positive phase

2.1.2 Prediction ofblast pressure

The magnitude of a bomb threat is conventionally identified by the charge walghar{d
standoff distanceR) between the blast center and the target. Most blast assessments, evaluations
and design parameters are primarily expressed in terms of scaled d&taiR@\. Table2.1
provides commonly used expressions for predicting peak overpressufeasa function of

scaled distance.

When a shock wave strikes a solid surface perpendicular to the direction of wave, a reflection
occurs, increasing the overpressure applied to the surface (Fig 2.2). The reflected prassure
noticeably larger than theeefield pressure. Equation 2@ormie et al. 2009providesan

estimate of the magnitude of reflected presdare,

S It
0 ¢0 o (2.2)

2.1.3 Structural response to blast loading

Dynamic response analysis of a structsubjected to blaghduced shock wave is a complex
processdue tothe effects of high strain rates, the doear behaviour of materials, and the
uncertainties in blast load characteristibgo et al. 2007)Blast analysis can be simplified by
idealizing both the structure and the loading. These simplifications permit rapid analysis with
reasonable accuracy. Fig. 2.3 illustrates a structure subjected to a blast load idealized as a

triangular pulse having a peak force'©fand positive phase duration. The masspring model



in the same figure represents a single degree of freedom system (SDOF). The forcing function is

described by the following equation:

0
oo 0p 2 (2.3)

The impulsel() generated by the blast is the area undefattee-time curve, and is given by

0 p "o (2.4)
G
In blast analysis damping is usually neglected during the forced phase. Neglecting damping, the

eqguation of motion becomes:

- 0

where,

0 is the mass of structure
Qis the spring constant

wis the displacement of mass
wis the acceleration of mass

When a structure is exposed to blast effects, large inelastic deformations may be generated in
some or all of its structural elements, taking materials beyond their diast& Therefore,
inelastic response needs to be computed. Dynamic inelastic response can be obtaingd using
stepby-step integration technique. A simplified approach is often used in blast analysis for
designing elements to obtain an approximate salutibhis approach, also known as the
graphical solution, involves the use of transformation factors to generate an equivalent idealized
elasteplastic SDOF model that represents the behavior of the structural element. Simple
expressions and charts are usedobtain maximum dynamic response of the element for a

corresponding resistance function, as shown in Fig. 2.4, and a given blast forcing function.
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Charts from (TM 51300) are generally used to predict the maximum displacement of structural

members. A sapie chart is given in Fig. 2.5.
2.1.4 Dynamicreaction

Dynamic reactions are of great importance for designing supporting structures, as well as for
computing shear resistance of members under dynamic effects. In fact, the spring force in the
equivalent SDOF system is not equal to the dynamic forces genatdtesiend supports of the

real structure. This is because the equivalent SDOF system was originated to have the same
deflection of the actual member rather than the same force or stress characteristic (Biggs 1964).
The dynamic reaction can only be obtair®y solving the equations of dynamic equilibrium of a
structural element (Fig. 2.6). For elastic and plastic responses, the results of these solutions give

the following equations:
WO TWWO T OO Elastic Response 2.6

Wo ™o T 0O Plastic Response 2.7

where,

wis the dynamic reaction at the support

‘Yis the dynamic resistance of the structural element
"Ois the applied blast force

2.1.5 Material behaviour under high strain rates

Fig. 2.7illustrates distinctive ranges of strain rates associated with different types of loads. It can
be seen that blast loads can result in very high strain rates. The high strain rates associated with
blast loads alter the mechanical properties of materialth &eel reinforcement tensile strength

and concrete compressive strength are noticeably increased when the structure is under rapidly
applied load.

Fig. 2.8 shows typical compressive streBsin curves of plain concrete tested under fast and
slow loadng rates. It is observed that the compressive strength of concrete is greater under
rapidly applied load. On the other hand, the concrete modulus is less sensitive to high strain rates

and its increase can be ignored.
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Fig. 2.9 shows typical tensile strestsain curves for steel coupons tested under standard and

rapid loading rates. It can be observed that the fast loading rate results in a significantly higher
yield strength, whereas the maximum tensile strength is increased only slightly under a high
strain rate. The modulus of elasticity of steel remains the same under slow and high rates of

loading.

Enhancement in strength due to high strain rates can be represented by the dynamic increase
factor (DIF). Table2.2 provides design values of DIF for corterereinforcing steel, and
masonry as recommended ASCE 2011.

2.1.6 Flexural response of RC members subjected to blast loading

A reinforced concrete beam element subjected to lateral blast pressures exhibits the
characteristics of typical flexural respse. It deflects under increasing lateral pressure, with
increasing deflections until the strain energy in the element balances the applied blast energy.
The blast energy is initially consumed by the immediate development of inertia effects. As the
deformdions increase and the element begins to sustain damage, a significant portion of the

applied blast energy is converted into the strain energy.

The response of a reinforced concrete element is characterized by a resistance function, which
gives resistancéforce or moment) as a function of deformation. Fig. 2.10 shows a typical
resistancalisplacement function for a flexudominant reinforced concrete element subjected to

blast loading. It can be seen that the initial curve is linear up to the yieldingnsion
reinforcement. Thereafter, the curve becomes flat until the crushing of concrete occurs in
compressionUsually, the onset of crushing occurs at a deflection corresponding to a support
rot at i=@nCermigetdl. 2000. Concrete is effectivedin re
varies between 0 o and 2 . WitHi rSetchiignr.ande
Section has concrete cover remaining intact on both tension and compression sides, asdlldstra

in Fig. 2. 11. Me-hb &esti bas dawmwebepsingiéy or
> I N the compression concrete completely ©cr
by the reinforcement in compression, if present. In the alesehcompression reinforcement,

the member develops failure as the concrete compression block is not able to sustain applied
moments. In order to fully develop the tension reinforcement, an equal amount of steel

reinforcement must be provided in the saati Moreover, top and bottom rebars must be
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adequately supported by stirrups. member that experiensdotal crushing of compression

concrete and cracking of the cover concrete in tension is referredatdygse-2 Section. Fig.

211 illustratesa TypSect i on. Thi s behaviour wusualdly tak
i's bet weeComitetal.2000d ®ndef¢ hi ghdr the edisahcenrmaadyi on s
increase due to the strain hardening of tension steel. With further deformateakettent loses

its stability and may lose its structural integrity and experience coll@uen{e et al. 2000

Full flexural capacity of a member can be developed only if premature brittle shear failure is
prevented. The shear capacity of a member ralwgys be higher than the flexural strength if
ductile response is to be ensured. This may be possible by adding sufficient shear reinforcement

until diagonal compression crushing of concrete occurs.

Equivalent SDOF solution is widely used to obtain dymaneisponse of reinforced concrete
elements subjected to blast loads. Resistanalisplacement curve (also calledsistance
function) is a crucial tool for the SDOF analysis. An idealized resistance function can be

established by simply specifying the memh capacity and the corresponding curvature for the
section at different load levels, likeyMand M, (ASCE 2011) (Fig. 2.12). The correspondjp

a n d,areythen found using the following expressions:

2.8

o

0
Y n —
o

2.9

o

V) ,,
yngnnuun&U

where,
My is the moment capacity at yield
M, is the ultimate moment capacity

N is the yield curvature
N is the ultimate curvature
0 is the midspan deflection at yield

qu is the maximum migpan deflection
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0 is the span length

The equivalentplastic hinge length L) used in Eq. 2.9 can &
established by using one of the models availableeriiterature.

2.2 Strengthening of Concrete Structures with FRP

FRP composites, consisting of fibers (main load carrying component) embedded in resin, are
used in the construction industry primarily for retrofitting and rehabilitating existing elements.
They are often classified into thr@ategories basedn the fibres employed; i) carbon fibre
reinforced polymer (CFRP), ii) glass fibre reinforced polymer (GFRP) and iii) aramid fibre
reinforced polymer (ARP). The most common resins used are epoxy, polyester, and vinylester
(Teng et al. 2003).

External strengthening foconcrete structures with FRP is commonly done either by
implementing wet laiyup method or by using prefabricated FRP laminates of different forms.
The wet layup method is the most widely employed method as it is more adaptable to site
conditions, espeally when bonding on curved surfaces is required, or wrapping around
members is to be done. However, prefabricated laminates may result in better quality control. In
both methods it is essential to bond the FRP composite on the surface of concretevéothehie
required strengthening function.

In the wet layup method also known as laminating, one or successive layers of FRP fabric or
sheet, impregnated with liquid resin, is manually applied by hand onto an existipgepased
concrete surface. A plastserrated roller is often used to force out the trapped air from the FRP
composite and to evenly distribute the resin all over the fabric. More resin is applied if the fabric
is not fully saturated. The FRP composite is then left to cure in ambient teompsrior at least

24 hours.

2.2.1 Flexuralstrengthening of reinforced concrete components

The application of CFRP plates for enhancing flexural capacity of concrete beams was first
investigated in midl980s at the Swiss Federal Laboratory for Mateflasting and Research
(EMPA) (Teng et al. 2002). Nowadays, surface bonded FRP plates, or layers of FRP fabrics,
placed on the tension face of flexural menspes increasingly used as a method of
strengthening. D&onding at the ends of the soffit FRP sitgm be avoided by installing FRP
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U-strips bonded or mechanically bolted to the ends of the soffit strip as shown in Fig. 2.13.
Bonding of FRPs with fibers oriented along the axis of the concrete member can increase the
flexural capacity by acting as addial tensile reinforcement (ISIS 2008). This is clearly
illustrated in Fig. 2.14.

2.2.2 FRPconfinement of axially loaded reinforced concrete columns

Both strength and ductility of axially loaded reinfalceoncrete columns can be enhanced
significantly by providing transverse confinement through the use of FRP jacketing systems.
Ductility is defined as the ability of the structural member to develop inelastic deformations
without a reduction in load carrygncapacity. This is important for members subjected to
extreme loads, such as those due to earthquakes and bomb blasts. The amount of transverse FRP
reinforcement, as well abe shape of a crosection affect the efficiency of confinement. FRP
confinemen is very effective for circular concrete columns where the FRP fibers develop hoop
tension. FRP confinement is much less effective in square and rectangular columns. This is
because portions of the concrete will remain unconfined by FRP as the latefiabrmamt
pressure is reduced between the section corners (Fig. 2.15). The corners of rectangular concrete
columns need to be rounded prior to the application of FRP wraps to prevent stress concentration

and tearing of the material in the corners, anddcese the uniformity of confinement pressure.

When a reinforced concrete member is subjected to axial load and bending, longitudinal FRP
strips are applied to increase its moment resistance and transverse FRP sheets are applied to
enhance the axial loacapacity and ductility. A typical application for this dual function is
illustrated in Fig. 2.16.

2.3 PreviousStudiesof Interest
2.3.1 RCcolumns subjected to blast effects

Dynamic response of reinforced concrete columns under blast effects can beeexasiimy
different techniques of load application. These techniques include; i) field blast test (involving
detonation of explosives), ii) quastatic tests simulating blast pressure, and iii) shock wave
generated by a shock tube. This section includesiqus studies involving unretrofitted and

FRP retrofitted RC columns subjected to blast threat using one of the above mentioned test

procedures.
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Crawford et al. (2001) performed different explosive tests on fifty three bare RC and CFRP
wrapped columns. The tests were conducted to validate the design procedure developed by
Karagozian and Case, the autlimagineering firm, for blast resistant columns retrofitted with
externally applied FRP sheets. Both field and laboratory tests were carried out. The paper reports
on very limited data with few comparisons. Two columns; DB6b{ak) and DB8 (CFRP
wrapped)were examined as part tife full-scale field tests. This is depicted in Fig. 2.17. Both
columns were subjected to the same blast loads. The four story reinfometeooffice
building, shown inFig. 2.17 was designed for gravity loads only. Column DB& retrofitted

with six layers of CFRP wraps for shear strength enhancement, and three longitudinal 102 mm

CFRP strips on each side for flexural strengthening.

Field tests indicated that Column DB6 failed mainly in shear at the top and bottom. The mid
hei ght region of the column remai ned-heightit act
displacement was 250 mm (Fig. 2.18.a). In contrast, Column DB8 remained elastic and no

visible damage was observed (Fig. 2.18.b).

The behaviour of CFRP wrapped amdretrofitted columns subjected to blast effects was also
investigated by testing 20 fuficale RC columns under controlled lab conditions (gsiasic

tests). Blast loading was simulated using a lateral loading system demonstrated in Fig. 2.19.
Lateraland axial loads were applied using three and two actuators respectively (Fig. 2.20). The

test setup permitted rotational restraints at the top of the test specimen.

The results of the quastatic test of the columns showed similar behaviour to thatneatdy

the field tests. The response of unretrofitted column was identical to the companion column
tested in the field as shown in Fig. 2.21. Concrete columns retrofitted with two and six layers of
CFRP were also tested using the same testpehown inFig. 2.19. The maximum strength of

the column wrapped with two layers of CFRP was twice the maximum strength of the
unwrapped column. At failure, the migkight deflection was 114 mm. Two layers of CFRP
provided sufficient shear capacity to allow theuroh to reach its full flexural strength. In this
column the failure occurred due to the insufficient strength of CFRP wrap to withstand hoop
forces. An excess shear capacity was provided and the ductility was increased when the column
was wrapped with sidayers of CFRP. No sign of damage was observed even when the

deflection at mieheight was developed at 152 mm. The residual lateral deflection was 95 mm.
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The above research program also included a corresponding field test using charges of 1000 Ibs to
2000 1Ibs TNT at standoff distances of 10 ft and 20 ft. A special blast chamber designed by
Karagozian and Case (K&C) was used to carry out the tests. The columns were subjected to axial
loads. A sophisticated set of instrumentation was used including thokdei@ displacement

and velocity measurements, as well as the measurements of axial load and blast pressure. The
instrumentation also included higipeed cameras. Some of the visual results obtained from
these tests are shown in Fig. 2.22, illustratirgehhancement obtained in column behavior due

to the FRP strengthening.

The authors concluded that retrofitting RC columns with FRP is an effective technique to secure
the survivability of reinforced concrete buildings subjected to blast loads. Althogigificsint

efforts and resourcesvere devoted to this study, no quantitative relation between the
characteristics of the columns and the FRP retrofitting mateastleveloped.

The test data of real blast tests conducted in this study were of limitdabceese of the noise
and the instrument failures, but the importance of the tests was in verifying the effectiveness of
the retrofits (Tonatiuh Rodriguddikle 2006).

Gram et al. (2006)indicated that a blast simulator was developed and built in 2005eby th
University of California, San Diego and MTS Systems Corporation to test various modified and
unmodified RC structural components. Over 20 specimens were successfully investigated by
January, 2006 using the blast simulator mentioned above. Test sanchldedn355 mm x 355

mm X 3000 mm RC columns. The test system generates an impact load to produce 2 ms pulse
with a maximum pressure of 35 MPa and impulse of 14&kBeer the column surface (Gram et

al. 2006). With this technique, visual observation of té& was possible. The results were

recorded by successfully implemented instrumentation and a high-cpeeda.

The test system was installed on an isolated foundation that provided a fixed reinforced concrete
reaction wall at one end and a movealei@forced concrete reaction wall at the other end (Fig.
2.23). Blast generators (BG) were mounted on the fixed reaction wall through the steel plates
embedded in the wall. The positions of BGs could be adjusted as required. The movable reaction
wall was aheavy reinforced concrete mass that was built to provide a movable link system to the
upper end of the test specimen. The movable wall wast@osibned to the foundation. Weight

of the impacting masses were supported and kept aligned with the spegingeindé rails.
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Spacing was allowed between the blast generators for adjustments by attaching the guide rails to
the adjustable frame. Test columns were loaded with four blast generators distributed over the
full height of the specimens. The simulation obrcect boundary conditions and applied load

associated with an actual blast event was achieved by the following:

1. In an effort to restrain the column against translation and rotation the footing was post
tensioned to the test floor te column base.
2. Thelink system provided at the top of the column allowed vertical movement, while
providing lateral and rotational fixity.
3. Three hydraulic jacks with a mechanical lock were used to apply vertical column axial
load. The jacks reacted against a steel frametydhe loads.
Results obtained proved that the live explosive loads can be simulated using the technique
explained above. The authors stated in this study that laboratory blast tests represented field tests
with acceptable accuracy. It was possible tanitow the specimen failure, tirdgstory and the
debris generated in the simulated blast load tests because of the absence of the fire ball
associated with live explosives. This study was mainly devoted to describing the testing system,
used rather than gsenting the results of column tests. The lateral load was applied only in three
zones where the impact actuators were rigidly linked to the specimen (se&2Bijgand the
relative rotations of the column section across each zone were prevented. kiegpectmen is
divided into five zones: the two end zones,
rotations, and displacements are not continuous over the column height. On the other hand the
authors have not investigated whether fixing the astadb the column specimens would result

in any change of the inertia or the strain energy throughout the test.

Berger et al. (2008)carried out an experiment to test the effectiveness of steel reinforced
polymer (SR as external strengthening techuegfor RC columns against blast loads. CFRP
retrofitting was also investigated to compare the performance of the two materials. Five
unwrapped RC columns and twelve RC columns of various wrapping configurations were
exposed to field blast tests. The teatgmeters included charge and staffddistance, SRP
longitudinal and transverse strengthening, and CFRP strengthening.

Two vertical blast test frames were built to support two RC columns in each test. The column
dimensions, transverse reinforcement, SfRBets, and boundary conditions were identical to

those investigated by Carriee¢ al. (2009). Specimens were reinforced longitudinally with 10M
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rebars. Concrete compressive strength was 44 MPa. Yield and ultimate strengths of steel
reinforcement were 4bMPa and 630 MPa, respectively. CFRP had a fiber modulus and rupture
strain of 228 GPa and 1.67 %, respectively. Outcomes of this study proved that SRP retrofitted
columns showed considerably less damage than the control columns. Moreover, it waslobserve
that SRP modified columns showed more ductile behavior than CFRP modified columns. Finally
it seemed that the columns wrapped with SRP had better resistance to small projectile impact
loads than those wrapped by CFRP. The study did not identify anyitgtisatcomparisons
between the amount of retrofitting materials and the application methods, with the levels of

damage or the major response parameters.

Williams et al. (2008) evaluated design parameters that have the greatest impact on the
performanceof bridge columns subjected to severe blast loads. Terstelé bridge columns of
different designs were subjected to real blast actions. The test variables were cross sectional
shape, lengtho-depth (L/D) ratio, type of transverse reinforcement, vatrio reinforcement

ratio, and splice location. Due to the severity of the blast test carried out in this research project,
a unique test setup was uaepd. The reaction structureas specially designed to withstand the
repeated large magnitude blast IsadFig. 2.24). Pressure gauges, steel reinforcement strain
gauges, andh high-speed camera were used to fully capture the response during the event.
Column end condition was fixed at the base and pinned at the top. Columns were subjected to
different chage weight of various standoff distances. In this study only an overview of the basic
observation was released due to security restrictMiligms et al. 2008)

It was observed that in most specimens the base shear clearly dominated responsenaittle or
flexural cracking was noticed. Even with the extensive shear failure, some columns still retained
some axial capacity. Columns provided with adequate shear capacity performed very well as
both shear and flexural behaviour were observed. It was alsdlsgecolumns with continuous
transverse reinforcement behaved better than those reinforced with ties. Finally, this study
showed that columns of enhanced level of hoop reinforcement with long hooks performed better
than those missing these features.

Theaut horsd6 recommendati ons were to increase

and to reduce splices in longitudinal reinforcement at critical regions.
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Rodriguez-Nikle et al. (2009)tested ten abuilt and CFRP modified neseismically detailed

RC columns using the blast generators shown in the study of Gram et al. 2006 mentioned earlier.
The aim of the investigation was to search the effect of different CFRP wrapping schemes on
dynamic behaviour of RC columns subjected to Hikst loading. The wapping design
configuration adopted were i) two hoop wraps ii) six hoop wraps and iii) six hoop wraps plus
CFRP longitudinal strips. Columns were tested with and without the application of axial loads. It
was concluded that all the CFRP strengthenimgigh used highly improved structural
performance of the columns when tested by the blast generator. It was noticed that CFRP
modified specimens with large miteight deflection still had enough residual axial capacity to

prevent progressive collapse.

Captain (2009) investigatedthe possibility of representing damage patterns of RC columns
observed in a field blast test by an impact generating machine. The researcher also investigated
the effectiveness of FRP repair techniques on impact anddaasiged alumns. Eight RC
columns, 150 mm x 150 mm in cross section and 2100 mm in length, were tested under impact
and live blast loading; four specimens for each type of test. The columns were longitudinally
reinforced with four 10M rebars, and transversely \gitB mm square closed ties spaced at 100

mm c/c and the concrete compressive strength used was 20 MPa. One specimen from the blast
test and four specimens from the impact test were repaired and strengthened using a CFRP
jacketing system. Impact tests werenducted using a swiAgendulum impact hammer.
Pressure sensors, force sensors, strain gauges, LVDTSs, accelerometers, and a high speed camera
were used. The author concluded that the rapid application and the short duration of loading
created by the impaenachine may be appropriate for representing column response under a live
blast load. However; for an accurate representation of blast, the load must be distributed
uniformly over the entire height of the column. The study showed that the original esighd
capacity of damaged columns was recovered by the CFRP wrapping. The impulsive response of

the columns tested under zero axial load was well predicted by the SDOF solution.

Carriere et al. (2009)conducted an experimental study to investigate the performanR€ of
beams and beawplumns transversely wrapped with steel fiber polymers (SRP) and subjected to
field blast loading. A total of ten RC specimens were tested under various blast pressures.
According toCarriere et al. (2009)SRP sheets have recently been proposed as a potential

alternative to CFRP to strengthen reinforced concrete beams. Reinforced concrete specimens
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used were 150 mm x 150 mm in crgestion and 2100 mm in length. Unsuppdrtength was

1500 mm. Each test specimen was longitudinally reinforced with four 6 mm rebars, and was
laterally reinforced with 6 mm closed steel ties spaced at 100 mm c/c. Average concrete
compressive strength was 39 MPa. Yield and ultimate strengtrendbrcing steel were 500

MPa and 600 MPa, respectively. The specified modulus and ultimate strength of the SRP utilized
were 78 GPa and 1170 MPa, respectively. Four RC specimens were retrofitted using Hardwire
SRP while the other four were left unretttefd. A special blast test fixture (BTF) was built to

hold the RC members in place during the test. When no axial load was applied, two specimens
could be tested simultaneously in the BTF, whereas when the specimen was tested as a column,
only one specime could be fitted in the BTF. Fixdéixed boundary condition was provided at

the specimen ends. Six live blast field tests were carried out. For the first four tests, the RC
elements were tested as beams. At each test, two beams were tested at threesaone beam

was SRP retrofitted and the other beam was left unretrofitted, where each test had a different
charge weight. For the last two tests, the specimens were tested as columns. One RC column
was SRP wrapped and the other column wabhuds Stran gauges, LVDTs, pressure
transducers, and high speed camera were used to record the behaviour of test specimens. The
key findings of this study indicated that for the RC members wrapped with SRP, the concrete
crushing in the plastic hinge region wasuegd. This would likely increasenergy absorption

by the member and hence, both flexural capacity and ductility were improved. It was also
indicated that SRP wraps prevented spalling during the tests.

Lloyd (2010) investigated the dynamic behaviour of fimen half scale reinforced concrete
columns subjected to simulated blast pressures. Twelve columns had dimensions of 100 mm x
150 mm x 2438 mm, and two columns had dimensions of 150 mm x 150 mm x 2438 mm. The
Canadian Standard Association CSA2@8Bfor he @A Desi gn of Concrete
followed in design. The columns represented the first floor columns of-stoiti buildings

located in seismic and neseismic regions. The University of Ottawa Shock Tube was employed

to simulate the blast shock wavAll columns were reinforced longitudinally with19M steel

rebars. Columns were reinforced transversely with closed square ties fabricated from 6.3 mm
smooth steel rebars. A hydraulic jack was used to apply axial loads on columns. Concrete
compressivestrength used was 58 MPa for twelve columns. However, twesasmic column

of rectangular crossection were fabricated from a concrete mix having a compressive strength
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of 46 MPa. The lateral supports were placed at each end, spaced 1980 mm apdmgpaovi

near fixed condition against rotation.

The author conducted SDOF analyses to predict maximum displacement at columeightd

and compared the results with test data. The results of the experimental investigation indicated
very little or nodifference in the blast response between the seismically andemmically

detailed RC columns. It was also concluded that the SDOF model predicted well the maximum
displacement of test specimens for moderate levels of response. For large displaegpoaser

the model undepredicted the displacements; though predicted them well when the columns
suffered severe damage, approaching the development of collapse mechanism. For future
research, the author recommended to investigate the effect of increaBimgy s peci-mensod
sectional dimensions and monitoring the time history of the changes or degradation of the axial
load by means of load sensors.

Burrell (2012) experimented 13 haHcale steel fiber reinforced concrete columns (152.4 mm x
152.4 mm x 248 mm) using the shock tube at the structural lab of the university of Ottawa.
Eight normal strength steel fiber reinforced concrete (SFRC) columns and fivehigtira
performance fiber reinforced concrete (UHPFRC) columns were subjected to air blastsn€ol
were designed following the requirements of CSA A23.3 for both seismic andersmic

design. Different amounts and types of fibers were used as test variables (Russell 2012).

Longitudinal and transverse reinforcements, end conditions, and cleamcbiight between the
supports were identical to those used by Aldwyd (2010) in his study. Axial load of 379 kN

was applied prior to the application of blast pressure.

The test variables included reinforcement detailing (seismic ande&ismic), arount of steel

fibers, type of steel fibers, and concrete type. The blast response of columns was simulated by
using a singlalegree of freedom dynamic analysis software, RC Blast (Jacques et al. 2013). The
software results showed good agreements withd@st The major finding of Burréll $2012)

study was that the addition of steel fibers reduced maximum and residual displacements. The
enhancement in column resistance to blast pressure was found to be proportional to the steel
fiber added to the concreimix. The displacements obtained at rhigight for seismic columns

were 27% smaller than the corresponding displacements of gravity columns. The author
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recommended the adoption of seismic detailing together with steel fibers in concrete to obtain

improvedblast resistance.

Rodriguez-Nikle et al. (2012) studied the effectiveness of carbon fiber (CFRP) jackets in
enhancing the structural behaviour of reinforced concrete columns subjected to blast threats. In
their investigation, nine rectangular reinforcech@®@te columns were subjected to gisdatic

loads to mirror the damage patterns obtained in field blast tests in the laboratory. The column
specimens were intended to represent columns ofrisednonseismic buildings. All columns

had the same height 8267 mm with different crossections. Six specimens were 356 mm X

356 mm, one specimen was 305 mm x 305 mm and remaining two were 305 mm x 457 mm.

The test setup is illustrated in Fig. 2.19, which is identical to that us€davwfordet al. (2001)
described earlierColumns with and without CFRP wrapping were tested. The effects of
increasing the number of transverse CFRP layers and the addition of longitudinal CFRP strips
were evaluated on improving structural response. Static-defidction reldonships (static
resistance functions) and CFRP surface strains were measured. The CFRP modified columns
failed in a ductile mode rather than experiencangrittle shear mode of failure. Additional
strength gain was observed when CFRP strips were add#ée ilongitudinal direction. This
enhancement in strength resulted in an increase in energy absorption capacity and a decrease in
mid-height deflection, also reducing the geometric instability of the member. It was noticed that
CFRP wrapped columns hadaigh residual axial load capacity. Findings of this study clearly
indicated that columns strengthened with thicker jackets had higher ductility and reduced jacket

strains.

Qasrawi (2014)conductedcan experimental and analytical study to test the capghafictoncrete

filled FRP tubes (CFFTSs) to resist the effects of impact and blast loads. A total of twelve full
scale circular RC columns (with 200 mm cross sections and 4.0 m column lengths) were built
and tested in the experimental phase of the studyc@umns were CFFTs and the other six

were asbuilt control columns. The columns were subjected to monotonic, impact, and field blast
loading. Key findings showed that GFRP tubes confined and protected specimens against severe
impulsive loading. Energy absption was increased by 1223 % in CFFT specimens. Thus both
strength and ductility were significantly enhanced. It was also stated that CFFTs are effective

systems for impact and blast resistance.
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Lloyd (2015) investigated the effect of three differeptrofitting methods on blast behaviour of

RC columns using a shock tube. Sixteen half scale RC columns were designed and built for this
purpose. Retrofitting technigseised were; i) CFRP jacketing ii) transverse steel prestressed
confinement (Fig. 2.25 a)i) compression steel bracing (Fig. 2.25 b) and iv) tension steel
bracing (Fig. 2.25 c). FRP retrofitted columns had either transverse CFRP wrapping using
unidirectional fibre sheets [0°], longitudinal unidirectional CFRP strips [90°], and a comhinatio

of the two [90°/0°]. The columns were subjected to successive multiple blast shots of
incrementally increasing magnitude. In general, all three retrofit techniques used were effective
in upgrading the blast behaviour of columns. For columns with subiaeded longitudinal

CFRP fibres, the best performance was achieved when the longitudinal fibres were enclosed in
transverse FRP sheets. Transverse prestressing increased column ductility, while compression
brace retrofit substantially modified column siygn Among the three retrofitting systems
employed, the tension brace proved to give the best blast performance. The experimental results
were used to develop a SDOF model that predicted the dynamic response of retrofitted columns.

A design procedure wascommended for column retrofitting.
2.3.2 Effects of FRP orientation and ply mix on concrete confinement

Mirmiran and Shahawy (1997) tested a total of thirty 152 x 305 mm concrete cylinders to
investigate confinement characteristics of FRPs. Twenty four specimens were in the form of a
concretefilled FRP tube and six specimens were plain concrete. The FRP tube was made of
unidirectiond E-glass fibers at a winding angle ¥ Jacket thicknesses were 6, 10, and 14 plies.
Results of this study indicated that strength and ductility of concrete improved as the ntimber

FRPplies was increased. Only one fiber orientation @3%as examineth the study.

Rochette and Labossiere (2000tudied the effect of FRP wrap thickness and concrete-cross
sectional shape on compressive strength of short concrete specimens. Tiseatrosal shapes

tested were circular, square, and rectangular. Umiitireal CFRP and kilirectional aramiel

woven fabrics were utilized to confine the concrete. Fiber orientation used for the entire study

was @ with respect to the transverse directiortlad specimen; however one concrete specimen

of a square crossectionhad a different fiber orientation of [td&/ 0 e ] . I n their con
stated that the angldtbop CFRP wrap [t18 / 0 e ] shoul d be investig
orientation to achieve more strength and ductility.
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Pessiki et al. (2001¢onducted an experimental investigation to explore the axial load behaviour

of small scale circular and square plain concrete specimens, and large scale circular and square
RC columns wrapped with FRP jacketing systems. Three types of jackets were ehiploye

woven GFRP [@& +45¢ jacketi i ) uni directional GFRP [0 e] | a
[ O e] j acket . Al concrete specimens were te
outcomes of this investigation showed that both the loaal aapacity and deformability of the
investigated FRP retrofitted specimens were improved compared to unretrofitted concrete. The
degree of enhancement in concrete compressive strength and the corresponding strain is related
to the FRP jacket strength astiffness. The properties of FRP materials and the thickness of the

jacket highly influence the jacket strength and stiffness.

Parven and Jamwal (2004)examined the effect of wrap thickness and ply configuration on
compositeconfined concrete cylindersrbugh nonlinear finite element analyses. Heapgle

hoop and anglhoopangle Eglass fiber ply configurations were used. Hoop and angle
unidirectional fibers-4®ere wonihentesgp eatt Qe 4drhca
respectively. Br the same laminate thickness, the finite element analysis showed that the hoop
anglehoop wrap configuration provided a higher compressive strength and ductility when
compared with the anglgoop-angle wrap configuration. The authors recommended thefuse

the hoopanglehoop FRP wrap configuration for the confinement of short circular columns in

practice.

Au and Buyukozturk (2005) studied the effects of fiber orientation and ply mix on the-load
deformation relationship and failure mode of FRP wrappeattrete cylinders subjected to a

uniaxial load. A total of 24 concrete cylinders with dimensions of 150 mm x 375 mm were
tested. Concrete compressive strength was 24.2 MPa. Eighteen specimens wenmagfiRE

whereas 6 cylinders were left without any FRRapping. Three types of-glass fabrics were

used:; i) unidirectional fibers, ii) [O0Oel 90¢]
both directioASeg]abddirec)i pmdbeleaved fibers
directons Wr apping configurakioffctiipllovéddbeéd +el 5[
[ Oe/ Abdq/, adbe|] ©ébe/ It was concluded that ho:
confinement, however wrapping in this direction leads to brittlerizs with sudden release of

stored energy. Unlike the hoop confinement, angular FRP confinement tends to fail in a ductile

mode owing to the fiber reorientation mechanism and associated energy dissipation mechanism.
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Li et al. (2005)tested 27concretecylinders (152 mm x 305 mm) to study the effect of fiber
orientation on the structural behaviour of FRP wrapped concrete. Six fiber orientations were
examined using unidirectionatgel ass f abri c. Fiber orientations
[ 90e /[ DP@e]) 30e] AS5pAd4b545¢] [ OB/ Oe/ Oe/ Oe] , and [ ¢
that stresstrain behaviour, strength, ductility, and failure mode are considerably affected by

fiber orientation and FRP jacket thickness. It was found that fibéeated at a certain angle

between hoop and axial direction led to the enhancement of concrete compressive strength and
ductility in a similar manner as that observeddiyng Au and Oral Buyukozturk (2005).

Sadeghian et al. (2008 conducted numerical atyses to investigate the effects of various
parameters of FRP confinement, including CFRP wrap thickness, fiber orientation, concrete
compressive strength, and interfacial bond. The researchers analyzed CFRP jacketed concrete
cylinders (150 mm x 300 mmir.i ber ori entations adbperdldbnel h
30e/ 30etl5e/add [e] . Concrete compressive strencg
findings of the analyses showed a significant enhancement in the strength and ductility of CFRP
wrapped cylinders compared with plain cylinders. Concrete compressive strength enhancement
decreased and concrete ductility increased as
also showed that strength and stiffness is highly affected bjathket thickness. The gain in

compressive strength is higherwhemf ( concrete compressive streng

Sadeghian et al. (2008) studied the stresstrain behaviour of slender concrete columns
retrofitted with CFRP composites. Thirty concrete cylinders of 100 mm diameter and various
heights of 200, 400, 600, and 1000 mm were fabricated and tested under uniaxial compression.
CFRP fbric was used to wrap the cylinders. Concrete compressive strength was 20 MPa. Fiber
orientations adopted in this investigation we
results of this investigation showed the following:

1 Hoop fibers modiked the failure mode of the concrete and increased the energy
absorption capacity.
[90e/ Oe] wrapping system i mproved the ulti ma
Wrapping with pure angle fiber can reduce the effects of slenderness.
While [4%¢ / 0 e ] system i mproved the wultimate st

were not able to draw clear observations on column ductility. For this reason more
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studies were recommended to understand the behaviour of concrete columns wrapped

with anglehoopfibers.
Sadeghian et al. (2009)conducted an experimental study to explore the effect of fiber
orientation on noilinear behaviour of CFRP composites. Twenty four CFRP coupons were
subjected to axi al tension. Filberd O@rv S®®glat i[ ovr
[ Oe/ -4+54cDe] , ahBelle+t+MADe/| . Outcomes of this stuc
stressstrain behaviour of coupons with fiber ori
brittle rupture, while thosewit f i ber ori entation of N45e¢ were

The behaviour of the combination of O0Oe and N

followed by nonlinear softeningnd eventual ductile failure.

Sadeghian et al. (2010)nvestigated the effect of fiber orientation on compressive behaviour of

CFRP confined concrete columns. A total of thirty concrete cylinders were prepared. -The 28

day compressive strength of concrete ranged between 35 and 45 MPa. Seven cylinders were
unwrapped as control specimens, while twenty three cylinders were wrapped with CFRP having

di fferent fiber thicknessessdbaend oSiigennitfaitciaonnts
in compressive strength, stiffness, and ductility was observedeiCBRP wrapped cylinders

compared to those that had plain concrete. It was also stated that te@fibpéere nt ed- at [ +
45¢] possessed a | arsgammrelatiohshig. This bajpavioun cam e veryh e s
useful in cyclic loading and hysttic damping against seismic loadif@adeghian et al. 2010).

Hajsadeghi et al. (2011ronducted no#linear finite element analyses to study the behaviour of
square/rectangular reinforced concrete columns retrofitted with FRP jackets. Specimens
consideredwere 250 x 250 x 500 mm and 150 x 300 x 500 mm. Square specimens were
reinforced with four 14 mm longitudinal rebars, whereas the rectangular specimens were
reinforced with four 12 mm rebars. All specimens were reinforced laterally with six 8 mm
stirrups.Concrete cover provided was 25 mm. Specimen corners were rounded to a radius equal

to 40 mm prior to the bonding of FRP. Each specimen was fully wrapped with unidirectional

FRP sheets of a thickness of one, three, and five plies. Fiber orientationsicagide wer e [ 0 ¢
[ +1-P8¢é] ,3DeBDebhde]] +wAiStelh respect to the hoop
the stresstrain response is highly affected by the fiber orientation. It was also observed that the
highest strength enhancement was obtawwedt h Oe f i ber wrdpgindg, bteh
orientation gave the highest ductility.
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2.4 Summary

The following concluding statementan be made based on the previous research conducted on

FRP retrofitted RC columns for improved blast resistance:

1.

Most of previous studies were limited to FRP retrofitting of RC columns with two fiber
orientations of Oe and 90e. The effects
and their effects on enhancing strength and ductility of RC columns underodldstare

still not fully understood.

There are gaps in the current literature pertaining to the optimal use of FRP ply mix and
their effects on dynamic performance of RC columns under blast loads.

The variation or degradation of axial load capacity ofd®{@mns during blast events has

not been precisely monitored.

The dynamic reaction forces at lateral supports of RC columns generated during blast
loading have not been measured in earlier tests.

No study so far compared the effects of multiple shots on RC members (single versus
multiple blast shots).

None of the studies assessed fidast axial load capacity of FRP jacketed RC columns.
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Table-2.1 Different equations for estimating peak overpressure [fy.) (Ngo et al. 2007)
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Table-2.2: Dynamic increase factor (DIF) for reinforcing bars, concrete, and masonry
(ASCE 2011)

DIF
Stress Type Reinforcing Bars Concrete Masonry
Fay/Fy Fau/Fu f'aof 'c fam/f 'm
Flexure 1.17 1.05 1.19 1.19
Compression 1.10 1.00 1.12 1.12
Diagonal Tension 1.00 1.00 1.00 1.00
Direct Shear 1.10 1.00 1.10 1.00
Bond 1.17 1.05 1.00 1.00
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Fig. 2.2 Blast loads on buildings
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Fig. 2.4 Simplified resistance function of an elggkastic SDOF system.
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Fig. 2.7 Strain rates associated with different type of loading (Ngo et akrgpfitiuced)
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Fig. 2.15 Axial strengthening of a square column using FRP materials
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Fig. 2.16 FRP strips for flexural enhancement and FRP hoop wraps for shear enhancement for

rectangular concrete column (Crawford et al. 2001)
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Fig. 2.17 Concrete structure investigated prior to test (Crawford et al. 2001)

(&)
Fig. 2.18 (a) DB6 column after the test (b) DB8 column after the test (Crawford et al. 2001)
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Fig. 2.19 Lateral system used to simulate blast loads (Crawford2€i0dl)

Fig. 2.20 Full scale CFRP RC column tested by lateral loading system (Morril et al. 2004)
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