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ABSTRACT

Fibre Reinforced Polymer (FRP) composite materials have been widely used in the form of
jacketing to enhance shear and flexural strengths as well as ductility. This research study focuses
on examining the use of fibre reinforced polymers (FRP) for retrofitting, improving the
performance of circular reinforced concrete columns and developing a design algorithm for
circular column strengthening by FRP composite materials. Experimental tests are conducted on
unconfined and confined circular column specimens. Two unconfined circular columns and two
confined columns with carbon fibre reinforced polymers (CFRP) composites are wrapped in hoop
direction. The specimens are subjected to axial load and lateral cyclic load. The lateral cyclic load
is provided in two different ways; first, it was applied under force control - test (i.e. same lateral
cyclic force pulling in one direction for certain number of cycle’s~1 million cycles), second, it was
applied under displacement control - reversed cyclic loading test based on a pattern of
progressively increasing displacements. Three of the specimens (one unconfined and two
confined) are subjected to first and second loading test, and one unconfined specimen is subjected
only to second loading test.

Several research programs launched to study the effects of strengthening and retrofitting
methods using composite materials (fibre reinforced polymers) on the strength and ductility of
normal strength concrete, considering the low-cycle (reversed cyclic loading test), are reported in
the literature. In the present study, an attempt is made to expand the test database with larger range

by considering both cycle; low and high.

KEYWORDS

Fibre Reinforced Polymer composite materials, strengthening of circular column subjected to

cyclic load.
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NOTATIONS

Latina upper case letters

Ac Cross sectional area of concrete

A¢  Cross sectional area of FRP wrap

Ag Cross sectional area of longitudinal steel reinforcement

Cross sectional area of transverse steel reinforcement

E. Modulus of elasticity of concrete

E.mn  Secant modulus of elasticity of concrete

Efc  Characteristic modulus of elasticity of FRP in hoop direction
Design modulus of elasticity of FRP in hoop direction = 0.9 E;
E Modulus of elasticity of steel reinforcement

EI Bending stiffness of cross section

Second moment of area of concrete cross section

e
(g}

L Length

M, Moment resistance of concrete
M Moment of steel resinforcement
M¢ Moment resistance of FRP wrap

N, Axial load resistance of concrete
Ny Axial load resistance of steel resinforcement
N¢ Axial load resistance of FRP wrap

Latina lower case letters

b Width of cross section

C Concrete cover

d Diameter of concrete cross section

d Effective depth of concrete cross section
ds Diameter of steel reinforcement section

d¢ Diameter of FRP wrap

€ Minimum eccentricity e, = h/30 but not less than 20 mm
e, Eccentricity due to geometrical imperfections
e, Eccentricity due to second order effects

BUT- Institute of Concrete and Masonry Structures 11
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fex Characteristic compressive cylinder strength of concrete at 28 days
feq Design value of concrete compressive strength

f.m  Mean value of concrete cylinder compressive strength

foee  Characteristic compressive strength of confined concrete

feo Peak strength of unconfined concrete or (f'.,)

fec Peak strength of confined concrete or (f'.;)

frrp  Tensile strength of FRP in hoop direction

vk Characteristic yield strength of steel reinforcement

fya Design yield strength of steel reinforcement

h Height

h Overall depth of cross section

K, Confinement effectiveness coefficient

K, Strain coefficient of the effective lateral confinement pressure

Kesr  Coefficient of efficiency
Ky Coefficient of horizontal efficiency

Ky Coefficient of vertical efficiency

K4 Coefficient of efficiency, regardless of the section shape
n Number of plies or layers of FRP wrap
n; Number of longitudinal steel reinforcement

te Thickness of FRP wrap

v/ Lever arm of internal forces
X Neutral axis depth
y Distance of the compressive force to the center of cross section
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Greek lower case letters

Ucc
Yc
Vs
Y
Ym

O} eff

o S >

Coefficient taking account of sustained compression
Partial safety factor for concrete
Partial safety factor for steel reinforcement
Partial safety factor for FRP wrap
Partial safety factor for material property
Increment/redistribution ratio
Reduction factor/distribution coeffecient
Ultimate compressive strain in the concrete
Compressive strain in the concrete at the peak stress f.. or f'..
Compressive strain in the concrete at the peak stress f., or ',
Ultimate tensile strain of steel reinforcement
Tensile strain in the reinforcement layer of area Ag;
Tensile strain of FRP wrap
Characteristic rupture strain of FRP wrap
Compressive stress provided by concrete
Tensile stress provided by reinforcement layer of area Ag;
Lateral confining pressure provided by FRP
Effective lateral confining pressure provide by FRP
Slenderness ratio
Reduction factor for the depth of the stress block
Strength factor for the stress block
One half of the angle substened at the center of the cross —
section by the concrete compressive stress block
Utimate curvature
Yielding curvature

Yielding deformation

Ultimate deformation
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CHAPTER 1-INTRODUCTION

1.1 INTRODUCTION

Columns/piers are ones of the most important structural elements in buildings and bridges.
A significant number of structural failures are attributed to column failure, especially those
constructed under-designed according to load demands or seismic design provisions. Improving
ductility, compressive strength and durability of concrete structures, which are affected by the
environmental degradation, corrosion of steel and which are required for upgrading of structures
to current seismic codes, can be achieved by lateral confinement. The conventional methods of
confinement (concrete, steel) may not always be adequate or suitable to provide the desired levels
of ductility. Fiber Reinforced Polymer (FRP) composites have been used as longitudinal
reinforcement, admixtures, and fiber wraps to improve flexure, shear, ductility and compressive
strengths of reinforced concrete elements. FRP confinement can provide significantly higher
confining pressure than conventional methods and it can enhances its performance potential in

seismic design of existing and new structures.

In past years, the use of FRP composites was limited due to the high cost and lack of product
knowledge. Recent cost reductions have allowed FRP composites to become a feasible option for
structural applications, which results in an increase in research on this topic. FRPs have been
widely applied in construction and structural rehabilitation due to their high strength, stiffness-to-
weight ratio, high-corrosion resistance, minimal thickness, ease and speed of application, and

ability to fit to any structural shape.
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1.2 PROBLEM
In recent decades, the analysis and application of FRP confinement has been subject of
interest in both the construction of concrete-filled FRP tubes as earthquake-resistant columns in

new construction and in the retrofit of existing reinforced concrete columns.

Many models and standards are proposed for estimating the compressive strength and strain
enhancement provided by the FRP wraps, but there is still lacking to identify adequately accurate
model to use for design purposes. Most of these models were calibrated by limited data.
Additionally, most research studies regarding FRP-confined concrete has been focused on normal
strength concrete (NSC) and low-cycle loading. Because of lack of reliable test database for high
performance concrete (HPC), existing design equations are all restricted to normal strength
concrete (NSC). In particular, limited experiments have been conducted on large-scale circular
concrete columns confined by FRP wraps and subjected to cycle loading (high and low).

Therefore more experimental investigations and theoretical analysis shall be conducted.

1.3 RESEARCH OBJECTIVES
This present study is part of a comprehensive research program, which has been carried out

at Brno University of Technology in the Institute of Concrete and Masonry Structures.

The research objectives are:

1. To investigate the behavior of cantilever circular concrete columns transversally confined
by CFRP wrap

2. To propose design algorithm to strengthen circular concrete columns with CFRP wraps
subjected to axial load and cyclic lateral load

3. To propose an empirical model for FRP confined concrete subjected to cyclic loading.

BUT- Institute of Concrete and Masonry Structures 15
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The procedures carried out in this research are as follows:

1. Experimental test: Four specimens of cantilever circular concrete columns have been
selected to provide experimental test; one specimen as control specimen subjected to high
and low cycle loading and two specimens confined with six layers of CFRP wrap at
plastic hinge length subjected to the same load configuration as control specimen and one
unconfined specimen subjected to low cycle loading only. Columns were subjected to
axial force and lateral cyclic load in two different ways. Firstly under force control; i.e.
same lateral cyclic force pulling in one direction for certain number of cycles
(approximately 1 million cycles), secondly under displacement control; i.e. reversed cyclic
lateral load based on a pattern of progressively increasing displacements.

2. Analysis: Numerical study consists of mathematical model based on finite element
method, was created by ATENA 3D software to simulate the behavior of unconfined and
confined circular columns subjected to axial load and cyclic lateral load under
displacement control.

3. Design: Design Algorithm introduces the considerations of the design of circular column
confined with FRP subjected to cyclic loading (Empirical Model), and the procedures to
improve flexural hinge ductility, and lap splice clamp developed by C# programming
language.

1.4 DISSERTATION OUTLINE

The dissertation work consists of the following chapters:

Chapter 1 presents an introduction, the problem, the research objectives and the dissertation

outline.

Chapter 2 presents a literature review of some previous research studies on the FRP

confined concrete. It presents an overview of the composite materials, methods of retrofitting,

BUT- Institute of Concrete and Masonry Structures 16
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confinement action, factors influencing the confinement performances, proposed models for
confinement by composite materials, code provisions, reinforced concrete columns in seismic

zones, and conclusion of experimental works.

Chapter 3 presents the research study, which consists of three parts:

First part presents a theoretical part that introduces an analytical analysis of the circular concrete

column cross-section.

Second part presents an experimental work at Brno University of Technology’s laboratory that
was carried out on a number of FRP-confined circular concrete columns and the test results
evaluations. An experimental study is provided to evaluate the efficiency of the confinement of

externally bonded FRP when cyclic loading is applied.

Third part presents numerical analysis that introduces a mathematical model prepared by ATENA
3D software based on finite element method to simulate the behavior of unconfined and confined

circular columns subjected to axial load and cyclic lateral load.

Chapter 4 presents experimental evaluations, comaparion of the experimental and numerical
results, emperical model for FRP confined concrete subjected to cyclic loading, summary of
investigation, design algorithm developed by C# programming language, conclusions and

recommendations for future research.

BUT- Institute of Concrete and Masonry Structures 17
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CHAPTER 2- LITERATURE REVIEW

2.1 INTRODUCTION

This chapter presents an overview of the composite materials, the common methods of
jacketing, both types of confinement active and passive, the factors influencing the confinement
performances, a review of available models for FRP-confined columns to predict the strength and

strain enhancement, code provisions, reinforced concrete columns in seismic zones.

2.2 COMPOSITE MATERIALS

Composite materials are materials formed from two or more materials with significantly
different physical or chemical properties, that when combined, produce a material with
characteristics different from the individual components. The individual components remain
separate and distinct within the finished structure. Composite materials have the advantages of
being stronger and lighter or less expensive when compared to traditional materials. For example
Fiber-reinforced polymer tensile strength and Young’s modulus of elasticity can be increased four
and two times more than that of traditional materials, respectively. This means that a composite

material structure may weigh nearly half of a traditional material structure of equal stiffness.

Fiber Reinforced Polymer (FRP) is a composite material consisting of polymer matrix
reinforced with fibers. The fibers are stronger than the matrix. There are many types of fiber,
usually are glass (G), carbon (C) and aramid (A). The polymer matrix is usually an epoxy, vinyl
ester or polyester thermosetting plastic, and phenol formaldehyde resins are still in use. FRP is
commonly used in the aerospace, automotive, marine, construction industries and ballistic armor.
FRP involves two distinct processes, the first is the process whereby the fibrous material is
manufactured and formed, and the second is the process whereby fibrous materials are bonded
with the matrix during molding. The mechanical properties of FRP depend on many factors; fiber

quality, form, direction, volumetric ratio, adhesion to the matrix, and the manufacturing process.

The stress-strain relationships for fibers, matrix, and the resulting FRP material are illustrated in

Figure 1.
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Figure 1 - Stress-strain relationship of fiber, matrix and FRP [26]

Glass fibers are common in the naval and industrial fields to produce composites of
medium high performance. They are characterized by high strength. Glass is mainly made of
silicon with tetrahedral structure. Glass fibers are classified into three types: E-glass fibers, S-glass
and alkali resistant AR-glass fibers. E-glass fibers contain high amounts of boric and acid
aluminate, and are disadvantageous in having low alkali resistance. S-glass fibers are stronger and
stiffer than E-glass, but still not resistant to alkali. AR-glass fibers contain a considerable amount
of zircon to prevent erosion by cement-alkali. Glass fibers are susceptible to creep and have low
fatigue strength.

Aramid fibers are organic fibers, made of aromatic polyamides in an extremely oriented
form. The structure of aramid is anisotropic and gives high strength and modulus in the fiber in
longitudinal direction. Aramid fibers exhibit high toughness, damage tolerance and fatigue
characteristics. They are sensitive to moisture, and may degrade after extensive exposure to
sunlight. Their creep behavior is similar to that of glass fibers, even though their failure strength
and fatigue behavior is higher than that of glass fibers.

Carbon fibers are based on pitch or PAN, as raw material. PAN fibers are made of
polyacrylonitrile that is carbonized through burning. Carbon fibers are used for their high
performance and are characterized by high strength. Carbon fibers exhibit higher values of

Young’s modulus of elasticity than that of typical construction materials. Therefore, they are more
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effective from a structural point of view. They have a brittle failure with relatively low energy
absorption. Their failure strength are larger compared to glass and aramid fibers. Carbon fibers are
less sensitive to creep rupture and fatigue and they may show a slight reduction of the long-term

tensile strength.

Typical properties of various types of fiber materials (Feldman 1989, Kim 1995) [4] are
provided in Table 1.

Table 1 - Typical properties of fibers [4]

Tensile Strength Elastic Modulus Ultimate Tensile Strain

Fiber Type [MPa] [GPa] [%]
High Strength 3500-4800 215-235 1.4-2.0
Carbon Ultra High Strength 3500-6000 215-235 1.5-2.3
High Modulus 2500-3100 350-500 0.5-0.9
Ultra High Modulus 2100-2400 500-700 0.2-0.4
Glass E-Glass 1900-300 70 3.0-4.5
S-Glass 3500-4800 85-90 45-55
Aramid Low Modulus 3500-4100 70-80 4.3-5.0
High Modulus 3500-4000 115-130 2.5-3.5

To illustrate the variation in confining material properties, Figure 2 shows typical stress-
strain diagrams for common materials. FRP has elastic behavior up to failure contrary than steel,
which applies a constant confining pressure after yield. Therefore, FRP exhibits its confining

action on concrete under axial load in a different way than steel.
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Figure 2 - Stress-strain diagram for fibers & reinforcement steel [2]
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The matrix must also meet certain requirements in order to be convenient for FRPs and
maintain a successful reinforcement of it. The matrix must be able to properly saturate, and bond
with the fibers within a suitable curing period. The matrix should preferably bond chemically with
the fiber reinforcement for maximum adhesion. The matrix must also completely envelope the
fibers to protect them from cuts and notches that would reduce their strength, and to transfer forces
to the fibers. The fibers must be maintained separately from each other to avoid global failure as
much as possible and if failure occurs the matrix must be deboned from the fiber for similar
reasons. In civil engineering, thermosetting resins are almost used. The thermosets vinyl ester and
epoxy are the most common matrices. Epoxy is mostly favored above vinyl ester but it is more
costly. Epoxy has a pot life around 30 minutes at 20°C but it can be changed with different
formulations. The curing process goes faster with increased temperature. Epoxies have good
strength, bond, creep properties, and chemical resistance. Material properties of epoxy and

polyester are shown in Table 2.

Table 2 - Properties of matrix materials /52/

. Tensile strength Tensile modulus  Failure strain Density
Materials 3
[MPa] [GPa] [%] [kg/m°]
Epoxy 55-130 25-41 1,5-9,0 1100-1300
Polyester 20-100 21-41 1,0-65 1000-1450

2.3 METHODS OF RETROFITTING OR JACKETING

Retrofitting method is the modification of existing structures to make them more resistant to
seismic excitation, increasing in load demands, and failure due to environmental degradation.
Three common methods of jacketing are available for retrofitting and strengthening existing
reinforced concrete columns; reinforced concrete jackets, steel jackets and composite materials
FRP jackets.

2.3.1 REINFORCED CONCRETE JACKETING

Reinforced Concrete jacketing as shown in Figure 3 is conducted by enlarging the existing
cross-section with a new layer of reinforced concrete (longitudinal, transversal or ties
reinforcement, and concrete). This method is a traditional method used to strengthen existing
reinforced concrete columns (for seismic upgrading of damaged or poorly detailed reinforced
concrete construction). In applying this technique, the objective is to inhibit premature modes of
failure that would otherwise obtain in the structural members under reversed cyclic loading,

thereby promoting flexural yielding of primary reinforcement [25].
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Figure 3 - Concrete jacketing of circular & square columns [46]

Through reinforced concrete jacketing the axial strength, the bending strength and the stiffness of
the existing structures are increased, whereas dependable deformation quantities may or may not
be enhanced, depending on the aspect ratio of the upgraded element and the factors limiting
deformation capacity in the initial state of the element. The concrete jacketed columns have

similar requirements of construction of formwork, reinforcement detailing and concrete casting.

2.3.2 STEEL JACKETING

Steel jacketing as shown in Figure 4 has been used as a method to enhance the shear
strength and the ductility of existing reinforced concrete columns. Previous research (Chai,
Priestley and Seible, 1991) [23], [24] has shown that steel jacketing is an effective column retrofit
method for deficient reinforced concrete columns to improve earthquake resistant capacity. Steel
jackets provide deficient columns with the necessary confinement and are approximately
equivalent to external, closely spaced spiral reinforcement. Steel jacket retrofitting was originally
developed for retrofitting circular columns using two semi-circular shells of steel rolled. After the
two shells are welded together around the column, the gap between the jacket and the column is
filled with non-shrink grout. A clearance of approximately 50 mm between the ends of the jacket
and footing or cap beam is typically specified in order to prevent the jacket from bearing against
the member at large drift angles. Steel jacket does not require any formwork, which results in
considerable economy of time. This method of jacketing requires a surface treatment against

corrosion of steel.
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Figure 4 - Steel jacketing of circular & square columns [46]

2.3.3 FRP JACKETING

Recent development in the manufacturing of FRP makes these materials (used as
confinement materials) available for a wide range of applications in retrofitting and strengthening
of existing reinforced concrete structures including seismic upgrading of columns. Compared to
concrete and steel jacketing, FRP wrapping has several advantages (high-corrosion resistance,
minimal thickness, ease and fast application, ability to fit to any structural shape, etc.). For
columns as shown in Figure 5, the same idea applies for steel and concrete jackets. Composite
jacket reinforcement acts in most cases in passive way to increase confinement, which leads to
significant increase in strength and ductility [4], [6]. A great number of researches and tests on
composite column retrofit systems have shown to be effective. These systems are mainly divided
into three types [4]:

1) Wet lay-up systems

2) Pre-fabricated systems and

3) Special systems e.g. automated wrapping, pre-stressing etc.

Surface preparation of existing column is very important. FRP wrapping is vulnerable to stress
concentration. The prepared column surface should be roughened to ensure proper bonding of
FRP wrap with the existing column. FRP jacketing of columns also does not require any

formwork which economizes time.
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Figure 5 - FRP jacketing of columns [45]

2.4 CONFINEMENT ACTION

The main purpose of confinement is to provide lateral support to the vertical reinforcement,
to improve the compressive strain and the deformation capacity of the concrete columns. In recent
years, the strengthening of existing reinforced concrete (RC) columns using external Fiber
Reinforced Polymers (FRP) jackets is the most common method for repair and retrofit of RC
columns. The increase in strength is attributed to the lateral confinement of FRP materials. The
benefits of using FRP jackets and the differences of the behavior of the concrete confined with
FRP, compared to steel, attract the attention of civil and construction industry to work on
developing more accurate models for FRP-confined concrete especially in seismic zones. The
differences originate from the elastic behavior of FRP jackets that supply increasing pressure on
the concrete with lateral expansion. On the contrary, a steel jacket applies constant pressure after

yielding.

In last decades, a large number of experimental and analytical studies have been published
on FRP-confined concrete specimens. Two different types of confinement can be recognized:
passive and active confinement. Figure 6 shows the schematic of passively and actively confined

circular concrete columns.
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Figure 6 - Passive and active confinement of column cross-section

2.4.1 PASSIVE CONFINEMENT

Passive confinement controls the lateral expansion of concrete, and it is achieved by
wrapping the concrete with FRP wrap. When the concrete is loaded axially, a lateral expansion of
the concrete occurred, which is restrained by the confining device, which produces a lateral
pressure at the interface. As the axial load increases, the tendency for lateral expansion increases
and therefore the confining pressure increases. The amount of confining pressure is the function of
deformation characteristics of concrete, which in turn, depend on the lateral stiffness of the

confining material.

As fiber-reinforced polymers are composite materials that have been widely used in
constructions for retrofitting and repairing of RC structures due to their characteristics as
presented before, these characteristics encouraged many practitioners to use FRP wraps for
concrete passive confinement instead of steel and concrete jackets. Many studies attempted to use
FRP to encase concrete cylinders and many analytical models were developed to predict the
behavior and the stress-strain relationship of confined concrete with FRPs. The authors observed
that the strength and the ductility of the confined concrete were improved. Mander et al. (1988)
[15] model was formulated using the tri-axial test data which is characterized by a constant
confining pressure unlike the constantly increasing confining pressure applied by the FRP wraps.
In addition, the Mander et al. model [15] adopted the stress-strain curve proposed by Popovics
(1973), which was inappropriate for describing the bilinear behavior of concrete confined by
FRPs. The bilinear behavior of the confined concrete was exhibited and confirmed experimentally

by many studies. The lateral confining pressure can be derived using the stress equilibrium and
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radial displacement compatibility considerations between the concrete core and the jacket as

shown in Figure 7.
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Figure 7 - Confining action of FRP
The lateral pressure can be computed [26]

2f. t. 2E. & t.
O'| _ (;rp j — fr;:j frp™j ) (1)

where f, =E &, the tensile strength of FRP in the hoop direction, t; = total thickness of the

FRP jacket, d =diameter of the confined concrete core. The effectiveness of FRP confined
members only depends on a fraction of the confinement lateral pressure exerted by the system,

namely effective confinement lateral pressure o, . . The effective confinement lateral pressure is a

function of member cross-section and FRP configuration as indicated in the following equations
Oet =Kerr 01 (2)

where k. is the coefficient of efficiency (k. =1 for circular cross section), which will be

discussed in details in the next paragraph (Factors influencing the confinement performances).

2.4.2 ACTIVE CONFINEMENT

Active confinement, which can be achieved by pre-stressing the confinement material before
applying axial load to the concrete, is independent on the lateral expansion of concrete and the

lateral stiffness of confining material.
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Richart et al. (1928) [27] was one of the pioneers who worked in the field of concrete
confinement, especially under tri-axial stress state. The authors used a tri-axial pressure vessel to
exert active confining pressure on concrete cylinders. Lateral confining pressure was widely

varied from 7% to 57% of the compressive strength of unconfined concrete.

The superiority of active confinement compared to passive confinement encouraged some
researchers to investigate the feasibility of applying active confinement in the field of seismic
retrofit. The methodology of applying active confinement pressure varied in each study. A few
studies focused on exploring experimentally the effect of active confinement on the material level.
Other studies attempted to describe analytically the constitutive behavior of concrete when

subjected to active confinement.

2.5 FACTORS INFLUENCING THE CONFINEMENT PERFORMANCES

FRP jacketing is a feasible and efficient method for retrofitting and strengthening of existing
concrete columns. Performance of FRP jacketing is evaluated by examination of different
parameters. Parameters that affect the strength and ductility of FRP-confined concrete columns are
as follows:

e Effect of thickness of FRP wraps (number of layers),

e Effect of FRP type (material characteristics, i.e., tensile strength, modulus of elasticity),
e Effect of size of the structural elements (columns, beams, etc.),

e Effect of bond capacity (FRP-concrete interface),

e Effect of column shape (circular and square shape), and wrapping.

There are other parameters that affect the strength and ductility of confined columns like
original material properties of unconfined concrete (compressive strength, modulus of

elasticity, etc.).

2.5.1 EFFECT OF THICHNESS OF FRP WRAPS - NUMBER OF LAYERS

The increasing in the thickness of FRP can remarkably enhance the strength and ductility of
confined concrete. The second slope of stress-strain response as shown in Figure 8 is mainly
depending on the number of FRP layers as observed by Shahawy et al. (2000) [28]. Cui Ciyan
(2009) [29] came to the same results except for high strength concrete specimen where the

increasing in number of FRP leads to a decrease in confinement efficiency.
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Figure 8 - Stress-strain response [28]

2.5.2 EFFECT OF FRP TYPE (MATERIAL CHARACTERISTICS)

Based on the material properties of fibers mentioned in paragraph 2.1, glass fibers have low
modulus of elasticity, better fatigue resistance and higher fiber self-abrasion characteristics
compared to other structural fibers. Carbon fibers have a larger energy absorbing capacity that
results in an increase in ultimate axial load and ductility. Xiao et al. (2003) [30] studied the stress-
strain behavior of concrete columns confined by different types of FRP jackets. The jacket types
consisted of CFRP, GFRP, and machine wound CFRP. CFRP jacketed specimen attained higher
strength than GFRP.

2.5.3 EFFECT OF SIZE OF THE STRUCTURAL ELEMENTS

Size effect was investigated by many researchers; Miyauchi et al. (1999) [33] studied the
size effect by comparing FRP-confined specimens with sizes of 100x200 mm and 150x300 mm.
Strength enhancements from FRP confinement were reported to be independent of specimen size.
Thériault et al. (2004) [34] studied the effect of specimen size and slenderness ratio on axially
loaded FRP-confined concrete by testing specimens with diameters of 150 mm and 300 mm and
slenderness ratios of 2 and 6. The experimental work conducted on one type of CFRP and one
type of GFRP specimens indicated that the slenderness and size studied had very little influence

on confined concrete strength. It was suggested that laboratory investigations using small-scale
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150x300 mm specimens could be effectively utilized to evaluate the strength of FRP-confined
large-scale columns. A numerical study conducted by T.Jiang and J.G.Teng (2012) [35] on slender
FRP-confined column confirmed that the experimental observation of the effectiveness of FRP
confinement in enhancing the load bearing capacity of a column decreases as the column becomes

more slender.

2.5.4 EFFECT OF BOND CAPACITY (FRP-CONCRETE INTERFACE)

Bond between the FRP jacket and the concrete can be developed using an adhesive such as
epoxy. The de-bonding of FRP-concrete interface is one of the main failure modes of the
strengthened structures. The interfacial bond plays an important role in the load carrying capacity
of FRP reinforced RC members mainly subjected to bending moment. Factors affecting the
interfacial bond strength include FRP bond length, FRP stiffness, the adhesive properties, concrete
strength, and surface preparation (Antonopoulos & Triantafillou 2002, Cao et al. 2005, Dai et al.
2005, Niu & Wu 2006, Toutanji & Ortiz 2001, Ueda & Dai 2005, Yao et al. 2005)

Diab H., Wu Z. (2007) [36] studied the time-dependent behavior of FRP-concrete interface.
The study presents a viscoelastic model for studying the time-dependent behavior and creep
failure of the FRP-concrete interface. The proposed model shows its ability to predict the de-
bonding and crack propagation along the FRP-concrete interface due do the creep of adhesive not
only under low-sustained loadings but also under high-sustained loadings. The effect of bond

capacity has no significant influence in columns under axial compressive loads.

2.5.5 EFFECT OF COLUMN SHAPE (SQUARE-CIRCULAR) & WRAPPING)

The main difference between the circular and rectangular shape in terms of confinement is
that the lateral pressure is uniformly distributed over the surface of concrete core while in the
latter does not. The confinement will be effective at the column corner only, the flat sides of
square and rectangular columns remain unconfined as shown in Figure 9.

Usually, the sharp corners of the square and rectangular columns are generally rounded off
to reduce the stress concentrations at the corners. Al Salloum YA. (2007) [37] examined the
influence of edge sharpness on the compressive strength of FRP-Confined square concrete
column. Results show that smoothing the edges of square cross-section plays significant roles in
delaying the rupture of the FRP at the edges, and the confining stress influenced by the edge

sharpness (r), as a result compressive strength of the column decreases.
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Additionally, it has been found experimentally and theoretically that with higher corner
radius the effective confined concrete area increases for externally confined columns, which help

to increase the ultimate confined compressive strength of concrete.
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Figure 9 - Effectively confined core of non-circular section [26]

If the concrete is partially wrapped, less efficiency is obtained as both confined and
unconfined zones exist, such FRP strips installed with a center to center spacing of pr and clear
spacing of ps’. Reduction in the confinement effectiveness due to the diffusion of stresses (approx.

45°) between two subsequent wrappings shall be considered as shown in Figure 10.
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Figure 10 - Concrete confined with FRP strips [26]

As mentioned in the previous paragraph 2.4.1, the effective confinement lateral pressure, is a
function of strengthened member cross-section and FRP configurations, the coefficient of
efficiency [26], ke, shall be expressed as

Ky =k, K, K, 3)

The horizontal coefficient of efficiency, kn depends on cross-section shape. For circular

. . b'?+d"?
cross-sections kn = 1, and for square and rectangular cross-sectionsk,, =1—

. b’and d’ are
g

the dimensions indicated in Figure 9, and Ag is the cross-section area.
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The vertical coefficient of efficiency, kv depends on FRP configurations. For RC confined

members with continuous FRP wrapping kv = 1, for discontinuous FRP wrapping

2
k, = [1— 5 zf ] , Omin is the minimum dimension of the cross-sections.

min

Regardless of the section shape, the efficiency coefficient, k, to be used when fibers are

1

spirally installed with an angle of a with respect to the member cross-sectionk , = ————.
1+ (tana)

2.6 PROPOSED MODELS FOR CONFINEMENT
The existing models are classified into two categories Lam & Teng (2003) [9]:
1) Numerical or analysis-oriented models and
2) Empirical or design-oriented models.

For the first category, constitutive models were improved using incremental procedure to
plot the entire stress-strain response. Such models need special computer programs, for example;
non-linear finite element analysis, therefore, they are not suitable for direct use in design
applications. For the second category, the models are mainly based on test results with regression
analysis methods in order to calibrate those results. Although, there are several empirical models
to predict strength, they are not satisfactory accurate to use in design applications for estimating
the overall strengthening effects of columns retrofitted by FRP. This lack is attributed to the three

main issues:

(1) Early models were proposed based on steel-confined concrete, although many empirical
results have revealed that steel has different response from FRP material in terms of stress —strain

response;

(2) The complexity in the interaction phase between FRP jacket and concrete causes

difficulty to determine the ultimate hoop rupture strain throughout the variety of FRP forms;

(3) Limited test database is used to assess the existing models, leading to predict unreliable

model, so these models need a comprehensive comparative assessment in view of a large database.

The typical form of design-oriented expressions for the prediction of axial strength is as follows:

ks
To k, + sza'

co co

: (4)
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where ki, k,,k;are constants, the value of k, is usually 1, the values of k,and k,are different for

each model.

The analysis-oriented models are based on the tri-axial concrete material models with strain
and stress compatibility between the concrete and the FRP. Several models are based on non-

linear elastic material law. In this case there is a direct relationship between stresses and strains
o=[De, (5)

where the stress o and the strain & are represented by vectors of six components for a three

dimensional approximation and [D] is the elasticity matrix is defined in terms of the material

properties. The elements [D] depend on the current level of stresses. In uniaxial loading with
monotonic axial strain the elastic modulus of concrete decreases, meanwhile the Poisson’s ratio

increases. After reaching the peak stress, elements of [D] become negative. In these models the

actual confining pressure, o, , is used. However f is usually lower than the tensile strength of

frp

composite, and it is calculated as f,, = E; &, whereg, is the experimentally measured hoop

frp

strain at rupture.
2.6.1 FARDIS AND KHALILI (1981, 1982)

The authors [38], [39] tested 46 cylindrical short specimens loaded concentrically with size
of 75x150 mm for 34.5 MPa concrete and 100x200 mm concrete cylinders that had strength of 31
MPa, four types of glass fiber were used as confinement materials with the number of layers
varying from 1 to 5. It was observed that failure of specimens occurred while the lateral strain of
confined concrete reaches the failure strain of the FRP in hoop direction. It was stated that the
failure of the FRP and concrete occurred simultaneously. Fardis and Khalili implemented Richart
et al. model (1929) on FRP-confined concrete and a more accurate criterion suggested by Newman
and Newman. (1971) as per equation (6), both can provide satisfactory estimates for the ultimate
compressive strength of FRP-confined concrete. The ultimate strain was based on the

experimental observations as shown in equation (7)

f 0.86
=1+ 3.7(ﬂ] , 6)

co
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Eftf
&y =& +0.000 — | (7)
Df,,

2.6.2 SAMAAN, SHAHAWY AND MIRMIRAN (1998)

The authors [40] tested cylindrical specimens with size of 152.5 x 305 mm. Concrete
cylinders had strength of 30 MPa, and the fiber was unidirectional E-glass at +75° winding angle
and the thickness from 1.44 mm to 2.97 mm. The model they developed was one of the first to
recognize the principal difference between steel spiral and FRP confined concrete, while the
confining stress provided by a steel spiral is constant once the spiral yields, the confining stress

provided by FRP increases linearly based on the stiffness of the FRP, until it ruptures

f 0.7
© -14670. ©)

co co

In terms of stress-strain, the slope of the second branch model is obtained from the geometry
of stress-strain curve as shown in Figure 11. The proposed equation by Samaan et al. (1998), [40]
to estimate the slope of the second branch of the stress-strain curve reflects the influence of both

unconfined concrete strength and the confinement modulus of FRP composites

f —f
8CC = E2 0 ’ (9)
f, =0.872f, +0.3710, +6.258, (10)
B . 0.20 E(t;
E,=24561(f,) ~ +1.3456 5 (11)
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Equation 2-16
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Figure 11 - Stress-strain response of FRP confined concrete [40]

2.6.3 TOUTANJI (1999)

The model was based on analytical and experimental studies [41]; the tests were carried out
on 12 cylinder specimens with size of 76 x 305 mm. Two layers of CFRP and one layer of GFRP
were used in the tests. The core concrete strength was 31 MPa for all specimens. The model was
based on Richart et al. model (1929)

f 0.85
=1+ 3.5(?-'} . (12)

co co

In terms of strain, the slope of the second branch was based on the assumption that ¢, = 0.002 as

shown in Figure 12

f
£, = gc{l+(1.90+310.57gf { - ﬂ (13)

co
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Figure 12 - Stress-strain response of FRP confined concrete [41]

2.6.4 SPOELSTRA AND MONTI (1999)

Spolestra and Monti (1999) [14] developed an analytic, iterative model suitable for either
steel or FRP confined concrete and intended for use in a fiber type finite element model. The
model is suitable for either type of confinement because it was recognized that FRP, properly
applied, provides an ever-increasing confining pressure while a steel spiral provides a constant
confining pressure upon yield. The process constructs a stress-strain curve that crosses a series of
Mander, Priestly, and Park curves that are each of them calculated for a constant confining stress
that is based on a corresponding lateral strain. The iterative process requires seven equations and
the following sequence:

Impose ¢, .

1. Set confining stress o, = o, from previous iteration;

2. Calculate f (o) using equation (14);

3. Calculate current stress fC(fcc) from equation (15) with equation (16);
4. Update radial strain ¢, (f_) from equation (17);

5. Update confining stress o, from equation (18);

6. Iso, =07 If yes, go to 1 and impose next step. If no, go to 2;

f 7.94
chZZZMW_Z?_I_LZM’ (14)
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f el (15)
r-1+x
x:i;rzi;gm:gCO 1+5 o ) (16)
Eee Ec _Esec fco
E.e —fle.,
gr(gc’al): cbe c(gc O-I)’ (17)
2ﬂff(‘c"c’o_l)
2E t.
o, =—frdpgr L (18)

Evaluations performed by Spolestra and Monti indicate that the procedure converges rapidly
on an acceptably accurate solution. Based on this model, Spolestra and Monti also developed
exact and approximate expressions for the ultimate FRP stress and strain confined specimens.
Determination of the exact expression for the ultimate compressive stress and strain begins by
calculating the ultimate confining pressure by equation (18).

Next, the Mander stress-strain curve parameters corresponding to the ultimate confining
pressure are calculated by equations (14) and (16). Then the secant modulus of elasticity is
determined by equation (19) which allows the finding of the ultimate compressive stress and strain
by equations (20) and (21)

Esecu :% with ﬂ: Ec _i’ (19)

1+h |fc0| |‘900|

Efrp

=

£, = gcc|: Esec(Ec — Esecu):| F ) (20)
Esecu (Ec - Esecu )
f

fcu = Esecugcu Where Esecu =, (21)
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2.6.5 LAM AND TENG (2003)

Lam and Teng (2003) [9], using a database of 76 specimens from a variety of researchers,
developed a design type model which addresses behavioral aspects that were not included in most
previous models. First, they confirmed Spolestra and Monti’s (1999) [14] requirement for
sufficient confinement. Second, they advanced the understanding of the first branch of the bi-
linear stress-strain curve. Many previous models based on the equation for this curve, on one of
the expressions for plain concrete, stated that the presence of FRP did not affect behavior in this
region. Lam and Teng demonstrated that the FRP confinement becomes effective once the
concrete behavior becomes non-linear and that the first branch model must include the
contribution of the FRP. Third, many previous researchers reported that models failed to predict
the ultimate strain accurately and that the FRP jackets are ruptured at a lower strain than expected.
Lam and Teng indicated that the rupture strain of the FRP jacket, when employed on a circular

column, should be taken as 58.6% of the tensile coupon rupture strain.

Lam and Teng’s model uses two closed form equations to generate the stress-strain curve.
First, the actual maximum confining stress is calculated by equation (22) which includes a

correction for the aforementioned FRP rupture strain

2E t

&
G % with &, ,, =0.586¢,,,. (22)

The ultimate stress and strain can be calculated from the following equations:

f Lo
e —14+3312 (23)
o £ 0.45
T 1,75+ 12(iJ(—““““ j . (24)
8(30 co 8C0

A constitutive model was proposed for FRP-confined concrete based on bilinear shape as shown

in Figure 13. Two portions (parabolic and straight) were used to describe the complete response.
2

(Ec — EZ) 2

f.=E.¢,———= ¢

. e A7 < for 0<g <g, (25)

f.=1,+E,s, for g <g <e¢.,., (26)
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Figure 13 - Stress-strain response for FRP confined concrete [9]

When these parameters are known, the transition strain &, can be found by equation (28)

1:cc B fco
E, ===, 27)
2f
= _© 28
“0 (Ec - EZ) ( )

Lam and Teng’s model represents the current state of the art in designing oriented models.
Based on a wide variety of tests from various researchers, it accurately models the FRP confined
concrete behavior. Its closed form equations and its use of readily available material parameters
make it very user-friendly and applicable to programming in a spreadsheet. Its principal drawback
is that the reference database only includes specimens that failed in FRP rupture. Other failure
modes are excluded from the database and the results comparison. In addition, Table 4 and Table
4 illustrate the summary of some existing design and analysis-oriented models to predict the

ultimate axial compressive strength and strain of confined concrete.
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Table 3 - Design-oriented models for confined concrete

Models Ultimate compressive strength Ultimate strain
£ p 0,86
—==1+37 (f—]) by Richart et al.
Fardis & Khalili c° e . e 40001 ( Eftf)
1982 cc — €“co 4

fec _ o1
—=1+41|— by Newman et al.

feo feo

Df;,

Spoelstra & Monti

fee O]
—=02+30 [—
feo feo

05
€cc= SCO[Z + 1,25E Sf(ﬂ) ]

I:CO I:CO
1999 where g.,= 0,002
i fee o) 0,735
”kzloeotzal Eo =1+42,227 (E for CFRP wraps €cc = "’:co[:l + 15,156 (fc_l) ]
P o o\ /e 045
Lam and Teng % =1+ 3'5f_1 €cc = €col| 1,75+ 12 <_1) (ﬂ’)
2003 co co feo €co
f o
Fe= 142425 £ = sco+k2<fa—l>
co co Cco.
0,911 = - i
Bisby et al. h 142917 (ﬂ) K,=0,0240 for CFRP-confined concrete
2005 feo feo K,=0,0137 for GFRP-confined concrete
fec — 143587 0, %8 K,=0,0536 for AFRP-confined concrete
fCO ’ co
5 0,5
4 f ’
Youssef etal. fee _ 14225 <ﬂ> £cc = 0,003368 + 0,259 (ﬂ) <ﬂ>
2007 fco fco fco Efrp
I:(:c ! (0]
Wu et al. f—=1+3,2f— €cc = €co| 1+ 9,5 T
2009 co co co
Benzaid et al. fee _ 1 5 = 2+ 762
- + 2;2 SCC - £CO + ’ f
2010 feo feo co
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Table 4 - Analysis-oriented models for confined concrete

Models Ultimate compressive strength Ultimate strain
f
Mander et al. fC—C=2,254 1+22%01 201 495y Scc=8co[1+5<f _1>]
1988 fCO fco fco co
£ 0,83 _ 010'83
Marques et al. -1+ 6,7 O-lf €cc 8(;0(1 + 33,5k oo )
2004 co co kg = ;;—0 <1
Binici et al. fee _ 9901 4 o1 - fee
fe 1+ fo + fe €cc 5£CO(f 0,8
2005 co
. I
Albanesi et al. fec _ 1+3,609 (2L €cc = Eco [1 + 18,045 <f—>]
2007 fCO fco Cco
fcc O] _ fcc
Teng et al. —=1+4+35— €cc = 5€co| 7 — 0,8
2007 feo feo feo
0,80 1,06
Xiao et al. fec (01> (01>
<€ —1+324|— €ec =Ecoll1+ 17,4\ —
2010 feo feo “e feo

2.6.6 STRENGTHENING AND CONFINEMENT RATIO

There are different recommended equations to predict the strength enhancement of
confinement as mentioned before. Figure 14 displays the comparison of the predicted confined
compressive strength enhancement of different models as function of the confinement ratio with
considering the effect of layers number. Low confining lateral pressure leads to small increase in

strength, which cannot be reliably predicted and therefore it should be avoided. To reach sufficient

confinement, a minimum value for the confinement ratio o, / f, is recommended. Mirmiran et al.

suggested confinement ratio o, / f,, > 0.15, while Spoelstra and Monti gave a lower value o,/ f,

> 0.07 according to their experimental results.

The diameter of circular column adopted to plot the comparison of the predicted confined
compressive strength shown in the figure below is 200 mm and the compressive strength of
concrete is 73 MPa and the number of CFRP layers is 6. The strengthening ratio is ranged between
1.70 and 2.1 % for maximum confinement ratio of 0.25%.
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Figure 14 - Strengthening and confinement ratio

2.7 CODE PROVISIONS

2.7.1 CONFINEMENT OF CONCRETE - EN 1992-1-1

Confinement of concrete results in a modification of the effective stress-strain relationship:

higher strength and higher critical strains are achieved. The other basic material characteristics

may be considered as unaffected for design.

In the absence of more precise data, the stress-strain relation [1] shown in Figure 15

(Compressive strain shown positive) may be used, with increased characteristic strength and

strains according to

fckczfck(1+5ﬂj for o <0.05f,,
’ 1:ck

foo = fo (1.125+2.5ﬂJ for o, >0.05f,,

ck

(29)

(30)

(3D

(32)
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Stress-strain diagram (HSC-C90/105)
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Figure 15 - Stress-strain diagram HPC 90/105 [1]
where

f.x = characteristic compressive cylinder strength of concrete at 28 days;

fekc = characteristic compressive cylinder strength of confined concrete at 28 days;
o) = effective lateral confining pressure;

£cuz,c = ultimate compressive strain of confined concrete;

€2 = compressive strain of confined concrete;

€cuz = ultimate Compressive strain of unconfined concrete;

€ = compressive strain of unconfined concrete.

2.7.2 CONFINEMENT OF CONCRETE - ACI 440.2R

ACI 440 committee adopted the stress-strain model for FRP-confined concrete by Lam and
Teng (2003a, b) based on reasonable predictions including for real size columns. The stress-strain

model [2] is illustrated in Figure 13 and computed using the following expressions:

P i) 0<s, <z
f,=9°° 4f for (33)
¢ & <&, S &y,
f.+E,e&,
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21,
& = ,
Ec_EZ
f —f
E. —_c c
2 &

(34)

(35)

The maximum confined concrete compressive strength, f.. and the maximum confinement

pressure, o, shall be calculated using the following equations with the inclusion of an additional

reduction factor v, =0.95.
f.=1.+33y,;x,0,

2nE; g, t; . .
o, = T; for circular cross —section

2nE; g.t, ¢ ireul "
o, = —=, 10l NON —CIrcular Cross —section
\Jb? +h?

The effective strain level in the FRP at failure &, shall be given by

& =0.55¢,.

The minimum confinement ratio % shall not be less than 0.08.

c

The maximum compressive strain in the FRP-confined concrete &,

(36)

(37)

(38)

(39)

. shall not be exceeding

0.01 to prevent excessive cracking and the resulting loss of concrete integrity. The corresponding

maximum value of f_ shall be calculated using the following stress-strain relationship

0.45
&
£, =&, [1.5+12K‘b %[—fj ]< 0.01.
C gC

For circular cross-section, the shape factors «,and x, shall be taken as 1.0

For rectangular cross-section, the shape factors are calculated as follows

(40)
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. :%(%T;Kb :%(Ejo.s | (41)
g

A 3A, _ (42)

A 1=ps

2.8 REINFORCED CONCRETE COLUMNS IN SEISMIC ZONES

Most of the reinforced concrete columns are designed to support gravity loads without
consideration of the lateral forces from seismic loading. Due to the seismic loading, lateral force
components causing generation of shear and flexural forces. In order to have structures safe
against seismic these must be made ductile enough to withstand the lateral forces while some
damage may be allowed. Ductile structures dissipate more energy and thereby may be designed
for lower lateral forces than brittle structures. The deformation capacity of existing structures can

be enhanced by confinement.
2.8.1 FAILURE MODES

Three different types of failure modes [12] as shown in Figure 16 (shear, flexural plastic
hinge, and lap splice) can be observed in the existing reinforced concrete columns under seismic

excitation.

Figure 16 - Shear, plastic hinge, and lap splice failure modes of column [7]

First, shear failure is the most common failure mode; it may lead to the development of

inclined cracking, cover concrete spalling, and rupture or opening of the transverse reinforcement,
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which leads to brittle column failures. Shear strength of existing inconvenient columns can be
enhanced by providing external shear reinforcement or strength to the column through the
application of composites with fibres oriented predominantly in the hoop direction. The shear
capacity of columns has to be checked, both in the column end regions and in potential plastic
hinge regions where the concrete shear capacity can degrade with increasing ductility demands,

and in the column centre portion between flexural plastic and /or existing built-in column hinges.

Second, the potential confinement failure of the flexural plastic hinge region, where
subsequent to flexural cracking, cover concrete crushing and spalling, buckling of the longitudinal
reinforcement or compression failure of the core concrete, initiates plastic hinge deterioration.
Plastic hinge failures typically occur with some displacement ductility and are limited to shorter
regions in the column. These failures are less destructive and, because of their large inelastic
flexural deformations, are more desirable than the brittle column shear failures of the entire
column. This desired ductile flexural plastic hinging at the column ends can be achieved by
providing confinement in the form of hoop or transverse reinforcement, and using external
jacketing in existing columns. The objective of confinement is to prevent cover concrete spalling,
provide lateral support of the longitudinal reinforcement, and to enhance concrete strength and

deformation capacity.

Third, starter bars for the column reinforcement are placed during the footing construction
and lapped with the longitudinal column reinforcement in this region of maximum column
moment demand, i.e. the potential plastic hinge region. While the confinement concepts discussed
above for plastic hinge regions also apply to lap spliced column ends, the flexural strength of the
column can only be developed and maintained when de-bonding of the reinforcement lap splice is
prevented. Lap splice de-bonding occurs once vertical cracks develop in the cover concrete and
de-bonding progress with increased dilation and cover concrete spalling. The associated flexural
capacity degradation can occur rapidly at low flexural ductility in cases where short lap splices are
present and little confinement is provided but can also occur more gradual with increased lap
length and confinement.

Six design regions [12] defined are based on the different failure mechanisms discussed
above. Different column regions require different jacket designs as shown in Figure 17, they are

as follows:

1. L, =the lap splice length;

2. L, =the primary confinement region for plastic hinge;
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3. L_,=the secondary confinement region adjacent to the plastic hinge;
4. L, =the shear strengthening region;
5. L, = the shear retrofit inside the plastic hinge zone;
6. L, = the shear retrofit outside the plastic hinge zone.
Strength confinement is required for the entire length of the columns, except for the small gaps at

the footing and the cap-beam to allow for the hinge rotation without adding strength or stiffness.

The secondary confinement region is necessary to prevent flexural plastic hinging above the

primary plastic hinge zone when confinement allows for significant over strength development in
the primary plastic hinge. Plastic hinge confinement lengths L and L ,are linked actually to the
column geometry based on the expected plastic hinge length both in terms of column depth or

diameter in the loading direction, and to the shear span or distance from the column hinge to the

point of contra-flexure.

Lvi=1.5D

Ls > lap length

Lel > {05D;L/g}

Le2 > {0.5D;L/8}

i - inside hinge region
0 - outside hinge region

Bending moment
diagram

Bending moment
diagram

Single bending ‘retrofit region Double bending‘ retrofit region

Figure 17 - Single and double bending retrofit region [12]

The lap splice length L.is defined by the lap length of the starter and column bars and the
shear length L, is the remaining region between the previously defined end zones. In order to

avoid direct contact between thick column end jackets and the adjacent bridge footing or cap-
beam, a gap is designed to allow plastic hinge rotation without adding strength or stiffness from

longitudinal jacket action. For thin jackets wound directly onto the original column geometry this
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gap can be very small, i.e. less than 25 mm, whereas in cases where concrete bolsters are added to
convert column cross-sections to circular or oval shapes, gaps of 50 mm or more may be required

to prevent contact between the retrofit and the adjacent bent portions.

2.8.2 DUCTILITY OF STRUCTURES

Ductility is defined as the ability of a structure to undergo large amplitude cyclic/static
deformations in the inelastic range without reduction in strength. It is a very important parameter
in seismic design. Generally, ductility relates to energy dissipation and its transformation to heat.
When cracks occur, they must close during motion reversal; the absorbed energy is reduced
(pinching). In high performance concrete without confinement, ductility is limited. The increased
energy dissipation ability offered by ductility will protect the structures from damage and collapse.
It should be emphasized that current understanding of seismic resistant design of structures is the
assurance of the ductile behaviour of the system through the definition of appropriate positions
where inelastic deformations will occur. This method is called capacity design and comprises the
basis of many modern seismic resistant design Codes (e.g. EC8, [3]). Confinement enhances both
strength and ductility of structures. Confinement of structural columns can be provided by
transverse reinforcement placed at close intervals or by confining the columns by composite
materials (FRP). The required ductility of a structure can be estimated analytically by nonlinear
time history dynamic analysis or more approximately by the consideration of static mechanisms of
inelastic deformation. Alternatively, it can be estimated experimentally by shaking table tests or
pseudo-dynamic tests. In the nonlinear time-history dynamic analysis of structures, responding to
a severe earthquake goes in the inelastic range .It is usual to express the maximum deformations
in terms of ductility factor defined as the maximum/ultimate deformation Ay divided by
corresponding deformation when yielding deformation, Ay, occurs. Ductility factors have been
commonly expressed in terms of the various response parameters related to deformations, namely
the displacements, rotations and curvatures. The displacement ductility ratio in cyclic loading is
based on the envelope curve of the hysteretic loops that show the relationship between the strength
and displacement of a structural element. A typical envelope of the structure response is shown in
Figure 18a, which idealizing the actual structural response curve by the linear elastic-perfectly
plastic curve. In a similar manner, the displacement, rotational, and curvature ductility factors are

expressed respectively by

Hy = —, (43)
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Figure 18 — a) Envelope of actual and idealized structural response, b) Moment rotation curve, c)

Moment curvature curve [44]

where
6. = ultimate rotation of the structure;
6y = yield rotation of the structure;

¢, = ultimate curvature;
¢, = yield curvature;

Ay =ultimate deformation;
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Ay = yield deformation;
s = displacement factor;
Lo = rotational factor;
¢ = curvature factor.
2.8.3 DUCTILITY AMENDMENT

Worapping of the critical zones of reinforced concrete members/columns with FRP sheets where
the plastic hinges are developed might enhance the ductility. These sheets, in the form of hoops,
are arranged perpendicularly to the axis of the members. This approach of strengthening increases
the strain capacity of the concrete members due to confinement. Eurocode ECS8-part3
demonstrates a ratio between target or requested curvature ductility and the available curvature

ductility to define the necessary amount of confinement pressure

IX _ /Ll¢,tal’ ) (46)
/ugﬁ,avail
f e’
f,=0412 2o (47)

ju

where

fi = confinement pressure;
f., = concrete compressive strength;

&,, = concrete ultimate strain;
¢, = adopted FRP jacket strain.

In the case of circular cross-sections, the confinement pressure is computed by equation (1),
and in the case of rectangular cross-sections in which the corners have been rounded to allow
wrapping, the confinement pressure is computed after been multiplied by K=2R/D, where D is

larger section width.

Based on the relationship between the confinement pressure and the ratio of the target to
available ductility curvature ratio, Figure 19 shows that the ductility of the structure increases

with the increasing of the amount of confinement pressure.
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Figure 19 - Ductility and Confinement Pressure Diagram

2.8.4 DESIGN METHODOLOGY

Based on the column failure modes, design guidelines to determine the thickness of
composite jacket for the different column regions as shown Figure 17 are discussed. The approach
presented herein by Seible et al. (1995) [12] is one of a number of approaches for the design of
jackets for the seismic retrofit of columns.

Confinement to improve shear resistance [7]

The jacket thickness to prevent shear failure of concrete columns can be determined based

on equation
Vfo_ (Vc +Vs +VP)
?,
t, = - , (48)
0.004[jEf D
2
where
1.5M . f D cotd -
= y = ﬂA“y—; V, = P(B-9 for double bending,

V V. =kA.f. :V
0 H c '% co S ZS p

V, = shear stress in the zone of plastic articulation of the column obtained from an analysis by
side bending;
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M ,; = bending moment;

H = height of the column;

@, = resistance reduction factor by shear stress = 0.85;

V. = resistance shear stress taken by the concrete;

V, = shear stress capacity taken by the transverse reinforcement;
Vv, = contribution of the shear stress force by the axial load;

k =0.50; in the zone of plastic articulation, and k = 0.30 outside of it;

A, = effective area = 0.8x area of the column;
A, = area of the transverse reinforcement;

0 = angle of the crack by shear stress;

S = spacing of the transverse reinforcement;
D' = effective diameter = D — 2¢C — @, s ;

P = applied axial load;

¢ = depth of the neutral axis.

Confinement to improve flexural hinge ductility [7]

Inelastic deformation capacity of flexural plastic hinge regions can be increased by
confinement of the column concrete with hoop reinforcement from an advanced composite jacket
system. For circular columns, the required jacket thickness can be expressed as

D(e,, —0.004)f .

t, =0.09 , (49)
" ffrp‘("frp¢f

where @ =0.9 is the flexural capacity reduction factor.

The ultimate concrete strain which depends on the level of confinement provided by the jacket

28p. f. &
£, =0.004 4 P e (50)
cc
where prrp is the volumetric jacket reinforcement ratio. In turn, &, can be obtained from
&y =D,C,. (51)
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Based on the ultimate section curvature @ and the corresponding neutral axis depth cu

which both can be determined from a sectional moment-curvature analysis. They are directly

related to a structural member ductility factor

L L
1, =1+3{$“ —1}-”(1—0.5%}, (52)

y L
and a semi-empirical plastic hinge length assumption of

L, =0.08L +0.022f,d,, (53)

where L, represents the shear span to the plastic hinge, @, is the section yield curvature, and f_,

d, are the yield strength and bar diameter of the main column reinforcement.

Confinement to improve lap splice clamping [7]

The load transfer from the steel reinforcement into the concrete leads to the formation of
micro-cracks in the concrete that will reduce the bond between steel and concrete. Retrofitting

with FRP jackets and with pre-stressed FRP systems in particular, enhances this bond.

t, = 500D(f'—_f“) . (54)

frp
frp

The horizontal stress f, provided by the existing hoop reinforcement at strain of 10% is

calculated as follows:

0.002A,E
f=——7"=. 55
h D (55)
The lateral clamping pressure f, is calculated as follows
f
L A (56)

P
{Zn +2(d, + CC)} L,

where

P = perimeter line in the column cross section along the lap spliced bar locations;
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n = number of spliced bars along P;

A, = area of the main column reinforcement bar;
cc = concrete cover to the main column reinforcement;

d, = diameter of the main column reinforcement bars;
L, = lap splices reinforcement length.

2.8.5 DEFORMATION CAPACITY OF RC COLUMNS

The deformation capacity of reinforced concrete columns is very important for the
determination of their response and the response of the structure under cyclic or seismic loading.
The simplest procedure for the calculation of the effective stiffness and the deformation capacity
of RC members includes an assumption for the bending behaviour by a moment-curvature
relation, which is integrated along the member length. The actual curvature distribution can be
modelled in a simplified manner by elastic and inelastic regions. The contribution of the elastic

region can be considered by the equation of beam theory

¢p=— (57)

where (EI) is the elastic stiffness before yielding, ¢ is the flexural/moment curvature.

The contribution of the plastic region can be considered by assuming that the inelastic

deformation is caused by the total plastic rotation@ , which is developed in the plastic hinge

region. The plastic rotation at failure [47] is equal to
ep,u = (¢u - ¢y )Lpl' (58)

where

¢, = the ultimate curvature at the end section;
¢, = the yield curvature at the end section;

L, = the length of the plastic hinge.

For a simple cantilever member, the chord rotation capacity at failure as [EC8 - Eq. (A.4)] is given
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0, = i{ey +(g, -9, )Lp,(1—0.5%1|, (59)

j/el

where

0, =9, % - The chord rotation at yield;

M . :
L, = v The ratio moment/shear at the end section;

7 = 1.5 for primary seismic elements and 1.0 for secondary seismic elements.

The plastic hinge length for as built columns proposed by Priestly et al. is defined as
L, =0.08L, +0.022d,, f, . (60)
For FRP jacket columns based on the formulas proposed by Priestly et al.

L, =gap+0.044d,, f, . (61)

If the concrete confinement model given in 3.1.9 in Eurocode 2 is assumed, the plastic hinge
length is equal to [EC8 - Eq. (A.5)]

dy f,[MPa]

Jf.[MPa]

If the confinement model proposed by Eurocode 8 — part 3 is adopted, to better represent the

L, =0.1L, +0.17h+0.24 (62)

effects of confinement under cyclic loading, the plastic hinge length is given by

d, f,[MPa
L, = LY L o2ns 0.11M . (63)
30 Jf.[MPa]
A proposed expression for the ultimate displacement Ay, at the tip of a cantilever column
Ay =A,+A,, (64)

where Ay is the yield displacement, A, is the plastic displacement. The expression of the yield and

plastic displacement are given as follows:

A
A, = T (65)
A, =g, —¢, )L, (L-05L,). (66)
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Priestley et al. (2003) proposed that the yield curvature can be approximated as a function of

the column depth and the yield strain of the tension reinforcement

¢y =A—, (67)

where A = 2.25 for spiral-reinforced concrete columns and A = 2.10 for rectangular columns, D is
the diameter of the column, and ey is the yield strain of the longitudinal reinforcement.
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Figure 20 - Yielding chord rotation [44]
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hp, = plastic zone
h,, = strain penetration

L, = plastic hinge
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Figure 21 - Plastic hinge length [44]
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Figure 22 - Ultimate chord rotation [44]

2.8.6 SEISMIC TESTS ON FRP-CONFINED CONCRETE COLUMNS

In the last decades, FRP wrap has become an alternative seismic retrofit technique due to
many advantages mentioned in the previous paragraphs. Available experimental results are still
limited for large-scale FRP-confined columns tested under seismic loading. In the following
sections, some experiments are reported by Sheikh S.A. and Yau G. (2002) [32], Ozbakkaloglu
and Saatcioglu (2006, 2007) [21], [22], and O. Ozcan, B. Binici and G. Ozcebe (2008) [31], in
which the confined concrete columns were tested under simulated seismic effects and which were

consisted of constant axial load and lateral reversed cyclic displacements applied simultaneously.
2.8.6.1 SHEIKH SHAMIM A. AND YAU GRACE (2002)

A total of 12 specimens were tested. Each specimen consisted of a 356 mm diameter and
1470 mm long column cast integrally with a 510x760x810 mm stub. All columns were tested
under lateral cyclic loading while simultaneously being subjected to constant axial load
throughout the test. The column represented the part of a bridge column or a building column
between the section of maximum moment and the point of contra flexure. The stub represented a
discontinuity, such as a beam column joint or a footing. In all specimens, the ratio of the core area
measured to the centreline of spiral to the gross area of the column section was kept constant at
74%, which is similar to that used in previous tests. All columns contained six 25M (500 mm?)
longitudinal steel bars, and the spirals were made of U.S. No. 3 (71 mm?) bars. The reinforcement
for the stub consisted of 10M (100 mm?) horizontal and vertical stirrups at 64 mm spacing. In
addition, 10M bars with 135 degree hooks were placed at the top and bottom of the stub at the
same spacing. The longitudinal bars in the columns were completely extended into the stub,

whereas the spiral reinforcement was extended into the stub for 100 mm.
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Figure 23 - Geometry of test specimens [32]

The design of the specimens aimed at forcing the failure in the potential plastic hinge region
of the column, that is, within a length of 800 mm from the face of the stub. All specimens were
cast together in vertical positions. The test specimens are divided into three groups. The first
group, Series S, consisted of columns S-1NT, S-2NT, S-3NT, and S-4NT. Only steel spirals were
used as lateral reinforcement in these columns. Specimens S-INT and S-2NT contained the
amount of spiral reinforcement that satisfied the 1999 ACI Code provisions for seismic resistance,
whereas Specimens S-3NT and S-4NT contained much less spiral reinforcement. These four
columns were tested to failure to establish the standard behavior against which columns retrofitted
with FRP could be compared. The second group, Series ST, consisted of six columns that
contained the same amount of spiral reinforcement as Specimens S-3NT and S-4NT; however,
they were strengthened with GFRP or CFRP before testing. Specimens ST-1INT to ST-6NT falls
in this group. The third group, Series R, included Specimens R-INT and R-2NT that contained
50% less spiral reinforcement compared with Specimens S-INT and S-2NT. These two columns
were damaged to a certain extent under axial and lateral loads, repaired under axial load with FRP,
and then tested to failure. For Specimens ST-1INT and ST-2NT, the FRP composite was wrapped
within the potential plastic hinge zones of the columns, that is, for a length of approximately 800
mm starting from the stub face and the failure occurred in the test zone. During the testing of
Specimen ST-3NT, however, crushing of concrete was observed outside the test region; therefore,
to ensure that the failure took place within the plastic hinge zone, it was decided to wrap the whole
column for the rest of the specimens. Column ST-6NT was strengthened with four 100 mm wide
CFRP bands at a clear spacing of 100 mm. The first band was applied at a distance of 50 mm from
the stub face. The glass fabric was 1.25 mm thick, whereas the carbon fabric was either 0.5 or 1.0
mm thick. The type of fabric and the number of layers used were designed to study a range of
parameters for their effects on column behavior. Four columns were reinforced conventionally

with longitudinal and spiral steel. Of the remaining eight columns, six were strengthened with
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carbon or GFRP before testing, and two columns were tested to a certain damage level, repaired
with FRP under axial load, and retested to failure. FRP was used only in the transverse direction

of the column section to confine concrete.
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Figure 25 - Specified displacement history [32]

The following conclusions can be drawn from this study.
o Use of carbon and GFRP resulted in remarkable improvement in the performance of
columns, resulting in large increases in ductility, energy dissipation capacity, and strength. For a
column subjected to an axial load equal to 0.27P,, which is approximately equal to a balanced
load, one layer of carbon or GFRP increased the energy dissipation capacity by a factor of more
than 100;
o Unlike the internal spiral reinforcement that only confines the core concrete; the FRP

wraps effectively confine the entire column section. The behavior of FRP retrofitted columns
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under simulated earthquake loads matched or exceeded the performance of slab-reinforced
columns designed according to the seismic provisions of the ACI Code;

o In steel reinforced columns, section and member ductility decreased significantly with an
increased spiral pitch and reduced amount of spiral reinforcement. The adverse effects of a
reduced amount of spiral reinforcement and larger spacing can be compensated for by the
confinement provided by FRP;

o Column ductility deteriorates as the level of axial load increases. The amount of FRP
reinforcement needed to improve column behavior depends on the level of axial load. It was
observed that the amount of FRP reinforcement required under an axial load of 0.54P, is slightly
more than twice that needed for an axial load of 0.27P, for similar performance enhancement;

o Columns retrofitted with FRP showed little strength degradation with increased
displacement excursions until failure;

o FRP composites are very effective for the rehabilitation of damaged columns. The amount

of FRP needed and the performance achieved is influenced by the extent of damage.
2.8.6.2 OZBAKKALOGLU T. AND SAATCIOGLU M. (2006, 2007)

Ozbakkaloglu and Saatcioglu conducted experimental tests on HSC columns with circular
and square geometry, cast in FRP stay-in-place formwork, were tested under constant axial
compression and slowly applied lateral deformation reversals. The columns were designed with
due considerations given to the parameters that affect the efficiency and level of confinement
reinforcement. It has been established that circular spirals are more effective in confining concrete
than rectilinear ties. Similarly, it has been reported that the effectiveness of externally applied FRP
jackets is higher in circular columns than square columns (Rochette and Labossiere 2000;
Mirmiran et al. 1998; Pessiki et al. 2001). The pressure due to FRP stay-in-place formwork is
generated by the membrane action at the corners, whereas it depends on the flexural rigidity of
FRP casing between the corners. Increased corner radius (R) promotes hoop tension, thereby
improving the effectiveness of confinement. Furthermore, the cross-sectional size (D) influences
the flexural rigidity of FRP casing between the corners, affecting confinement efficiency. These
two parameters can be expressed in the form of R/D ratio. Circular and square columns were
constructed with a 270 mm cross-section and 1720 mm cantilever height. The shear span for each
column was 2000 mm since the point of application of lateral force was located on a steel loading
beam 280 mm above the column. The specimens represented the lower half of a first-story

building column with an inter-story height of 4.00 m between fully fixed ends.
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Figure 26 - Geometry of columns [21]

HSC, with cylinder strengths (fc) of 75 MPa and 90 MPa, were used to cast the columns. A
clear concrete cover of 25 mm was provided as measured to the outside of longitudinal
reinforcement. No.15 (16 mm diameter) deformed steel bars, with yield strength (fy) of 500 MPa,
were used as longitudinal reinforcement. The specimens were tested in two groups. Circular (RC-
1) and square (RS-3) columns tested in the first group had four and five plies of FRP in their
casings, respectively. Circular (RC-2) and square (RS-4 and RS-6) columns of second group had
two and three plies of FRP, respectively. The number of FRP plies was established based on the
behavior of FRP confined (Miyauchi et al. 1997; Samaan et al. 1998; Spoelstra and Monti 1999;
Saafi et al. 1999; Moran and Pantelides 2002; Lam and Teng 2002) and steel confined (Sheikh and
Uzumeri 1980; Mander et al. 1988; Saatcioglu and Razvi 1992) concrete columns, while also
considering current FRP design guidelines (Buckle and Friedland 1994; ACI 440 2002; CSA S806
2002). Because of the linear elastic behavior of FRP, the determination of design transverse strain

is critical in establishing the required number of FRP plies. Column corners of square columns

BUT- Institute of Concrete and Masonry Structures 60



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

were provided with a corner radius of 45 mm, resulting in an R/D ratio of 1/6, except for column

RS-6, which had a corner radius of 8 mm, resulting in an R/D ratio of 1/34.
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Figure 27 - Test setup [21]

From the experimental study reported here, the following conclusions can be drawn:

o High-strength concrete columns confined by carbon FRP stay-in-place formwork can
develop ductile behavior under simulated seismic loading. The use of FRP formwork as
confinement reinforcement substantially increases deformability of circular and square columns.
Column tests reported indicate that inelastic deformability of 90 MPa concrete columns can be
increased up to 12% lateral drift ratio with FRP stay-in-place formwork.

o The increased confinement requirements for HSC columns can be met by using FRP stay-
in-place formwork. Unlike conventional steel reinforcement that only confines the core concrete,
FRP stay-in-place formwork confines the entire column. Furthermore, unlike the discrete nature of
conventional steel reinforcement, FRP formwork provides continuous confinement, covering the
entire column face, resulting in higher confinement efficiency.

o The strain data recorded during column tests indicate that the strain limit of 0.4%, often
used in current design practice for jacketing bridge columns under low levels of axial
compression, can be relaxed for columns under high axial compression.

o The ratio of corner radius to column dimension (R/D) has significant impact on the
effectiveness of square FRP stay-in-place formwork. Increased corner radius promotes
effectiveness of FRP, while preventing premature material failure associated with sharp corners.
Columns with three plies of FRP, tested in the experimental program, were able to develop 6%
drift ratio prior to significant strength decay when the R/D ratio was 1/6, whereas the column with

sharper corners (R/D = 1.34) was able to develop a limited drift ratio of approximately 2%.
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o The use of FRP crossties improves the efficiency of square FRP stay-in-place formwork, in
much the same manner as overlapping hoops and crossties used in conventional steel confinement
reinforcement. Therefore, the concept of integrated crossties in FRP casings, introduced by the
authors, has proven to be effective.

o Additional confinement provided by a footing appears to strengthen the column critical
section at column-footing interface, resulting in the shifting of failure zone away from the
interface. This shift was observed to be approximately one half to full cross-sectional dimension
for square and circular columns, respectively, for the columns tested and axial loads applied in the

current investigation.
2.8.6.3 OKAN OZCAN, BARIS BINICI, GUNEY OZCEBE (2008)

The study reported herein investigates the use of carbon fiber-reinforced polymer (CFRP)
wrapping as a method of retrofitting non-ductile square reinforced concrete columns with low
strength concrete and plain bars. The primary objective of this experimental study is to investigate
the effectiveness of CFRP wrapping on improving seismic performance of square RC columns
having low concrete strength and plain bars with continuous longitudinal reinforcement and
inadequate transverse reinforcement.

Five specimen’s representative of transverse steel deficient flexure dominated columns in
existing buildings were tested under lateral cyclic displacement excursions and constant axial load.
The main parameters under investigation were the number of layers of CFRP wrap and presence

and absence of the axial load on the column during strengthening.
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Figure 28 - Geometry of test specimens [31]
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The test specimens had dimensions of 350x350%2000 mm and they were connected to a
column stub of 1350 x 500 x400 mm. The column and the stub of the specimens were cast
vertically at the same time in order to simulate the actual casting conditions. The longitudinal
reinforcement consisted of eight 18-mm-diameter plain bars and the lateral reinforcement
consisted of 10-mm-diameter plain bars with a spacing of 200 mm with 90-degree hooks. The

names and details of test specimens are presented in Table 5.

Table 5 - Detail of test specimens [31]

Specimen Specimen properties Longitudinal Axial load level,  CFRP Implementation
steel ratio (%) N /N (%)
fZ (MPa) fy (MPa} Reinforcement Ply no. Strengthening
Longitudinal Transverse
S-NL-D-34 14.0 34 0 Reference
S-NL-1-27 19.4 . . 27 1 NL*
. 8« 18 10-mm-diamete:
S-UL-1-34 14.0 247 ( :ain h:]:r: hur:n;;:l][}l{?::mr 166 M ! UL
S-NL-2-39 11.4 P o T 39 2 NL
S-UL-2-32 15.6 32 2 UL

# NL indicates strengthening intervention was made under no load.
b UL indicates strengthening intervention was made under axial load,
© N, = 085114, + Asfy

All specimens were tested with no pre-damage prior to CFRP wrapping, hence the focus of
the study reported herein is strengthening rather than repair. Specimen S-NL-0-34 had no
strengthening and served as the control specimen. Specimens S-NL-1-27 and S-UL-1-34 had one
layer of CFRP strengthening in the plastic hinge region, whereas specimens S-NL-2-39 and S-UL-
2-32 had two layers of CFRP strengthening. During the strengthening of all specimens, except S-
UL-1-34 and S-UL-2-32, no axial load was present and the axial load was applied and held
constant only during the tests. Pre-compression load was applied and held constant on specimens
S-UL-2-32 (34% and 32% of axial load carrying capacities, respectively) during CFRP application
and kept constant until the end of the tests. Results from an experimental study, in which five
column specimens were tested under constant axial load and cyclic lateral displacement
excursions that simulated seismic forces, are presented in this study. Each specimen consisted of a
350350 x 2000 mm column cast vertically together with a 1350 x500x400 mm stub. Besides the
reference specimen simulating a typical deficient building column with insufficient transverse
reinforcement and low concrete compressive strength, there were two sets of companion
specimens that were strengthened with 1 and 2 layers of CFRP. The effect of CFRP confinement,
presence of axial load during retrofit and plain bars were studied. The following conclusions can
be drawn from this study:

o The number of CFRP sheets used to confine plastic hinge regions of columns significantly

improved the seismic behavior of the deficient columns although negligible lateral load carrying
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capacity enhancement was observed (10%-15%). Increasing number of CFRP layers wrapped
around the column improved drift capacities but that was not in proportion with the CFRP

confinement.
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Figure 29 - Test setup [31]
o Wrapping the column critical region under an axial load level of about 35% of capacity did

not have a considerable influence on the behavior of the columns as the experimental results
revealed that axial strain and column lateral expansion due to existing axial load on the column
had no significant effect. Additional studies, however, are needed to support this result at higher
axial load levels further.

o Use of plain bars can result in a higher contribution of fixed end rotation component.
While strengthening columns with CFRP increased the fixed end rotations up to 2 times of the
reference, the plain bars should be considered carefully in the assessment and retrofit design of
deficient RC columns.

o A simple analytical model that takes into account FRP confinement, longitudinal rebar
buckling and deformations due to slip of plain bar is employed. A good agreement between

analytical and experimental results was observed.
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2.8.7 CONCLUSION OF EXPERIMENTAL WORK

Experimental studies introduced here presents concrete columns transversally confined by
FRP wraps and subjected to lateral reversed cyclic load and constant axial compressive load. Most
of the experimental results are based in the form of hysteresis loops of moment- curvature and
lateral shear-tip deflection curves under seismic load. Following common conclusions are drawn

here below:

o Ductility, deformability, energy dissipation capacity and flexural strength of the concrete
columns are enhanced by providing of FRP wraps and with the increase of confinement level.

o The level of confinement should increase with the increase of axial compressive load to
achieve similar curvature ductility level.

o Seismic resistance of concrete columns can be improved by providing FRP confinement.

o The efficiency of confinement is higher in circular concrete columns than in square or
rectangular concrete columns.

o FRP wraps lead to significant enhancement of flexural strength in columns under higher
axial compressive loading.

o Confined specimens with FRP jackets exhibited an increase in both lateral strength and
deformation capacity compared to unconfined specimens.

o The failure mode is changed from the brittle response (diagonal shear) to a ductile

response.

BUT- Institute of Concrete and Masonry Structures 65



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

CHAPTER 3-RESEARCH STUDY

3.1 INTRODUCTION
This chapter introduces three mains parts; theoretical, experimental, and numerical.

Firstly, the theoretical part introduces an analytical analysis of the circular concrete column

cross-section.

Secondly, the experimental part focuses on examining experimentally the effectiveness of
the FRP-confinement on the circular reinforced concrete single columns with fixed-free ends. The
cyclic loading behavior of retrofitted columns using passive confinement applied with CFRP
wraps is studied and discussed in this chapter. The behavior is compared to unconfined column.
This research work was carried out in the laboratory of the Faculty of Civil Engineering of Brno
University of Technology (Czech Republic). In this part, the test results and discussion of the

experiments are introduced.

Thirdly, the numerical analysis presents a mathematical model prepared by ATENA 3D
software based on finite element method to simulate the behavior of unconfined and confined

circular columns subjected to axial load and cyclic lateral load.

3.2 THEORETICAL PART
3.2.1 ANALYTICAL PART
3.2.1.1 CROSS-SECTION ANALYSIS OF CIRCULAR COLUMNS

An interaction diagram can express the axial and flexural resistance of reinforced concrete
column sections. The behavior of an axially loaded column depends on the magnitude of the load
eccentricity. Figure 30a shows a typical interaction diagram, the vertical axis on the diagram
presents the axial load resistance, whereas the horizontal axis presents the moment resistance. The
regions of a column interaction diagram are associated with different types of column behavior, as

follows:

Point “A” on Figure 30a presents a concentrically loaded column. This point corresponds to
the zero-eccentricity condition (e=0) and bending moment (M=0), failure of the column occurs by

the crushing of the concrete and yielding of the compressed steel reinforcement.

Region “A-C” on Figure 30a presents an eccentrically loaded column with small

eccentricity. This region is characterized by concrete failure initiated by the concrete crushing.
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This failure mode is brittle, as the column fails as soon as the concrete compressive strain reaches

0.0035 without large deformations or sufficient warning, and the tension steel does not yield.

Region “C-E” on Figure 30a presents an eccentrically loaded column with large

eccentricity. This region is characterized by steel failure caused by the steel yielding before the

concrete crushes. This failure mode is ductile, since the section will crack and develop large

deformations before failure, thus giving sufficient signs of warning before the complete collapse.
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Figure 30 - Interaction diagram of columns [42]
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Line “O-C” on the diagram on Figure 30a presents the threshold between these types of
behavior introduced by the balanced condition. This region is characterized by the balanced
eccentricity (en). At this point, the failure occurs with yielding of the tension steel and crushing of
the concrete at the same instant (i.e. compression strain in the concrete reaches 0.0035 and the
strain in the tensile reinforcement reaches ey = fy/Es simultaneously). The maximum bending
moment capacity for the section occurs at this point. Loadings larger than the balanced load Nyal

cause compression failure and loadings smaller than the balanced load cause tension failure.

Depending upon the slenderness ratio (ratio of effective length to least lateral dimension of
the columns), the columns are classified as short columns or slender/long columns. A short
column fails by crushing (pure compression failure) and a slender/long column fails by buckling
or bending. A column is considered slender/long if its cross-sectional dimension is small in
comparison to its length. Slender/long columns have smaller axial load capacity than short
columns, this reduction in its axial load capacity due to buckling and second-order effects might
lead to failure. Buckling is an instability that leads to failure mode. Buckling is characterized by
excessive bowing of columns between the supports due to axial load. Buckling might also be
caused by imperfections due to variations in material properties, construction tolerances, and load
characteristics. Euler originally developed the basic concept of the buckling failure in 1759.
Second-order effects can be developed when a slender column is subjected to axial force and
bending moments. The influence of deformation of the structures on the internal forces should be

considered. Second-order effects are these additional effects, bending moments or eccentricities.

The line “0-1” on Figure 30b is referred to as load-moment curve for the end moment (Me =
P. e), while the line “0-2” is the load-moment curve for the total column moment (M = P. (e + §)).
If the column is slender, failure occurs when the load-moment curve “0-2” behind point “2”.
Because of the increase in maximum moment due to the secondary moments, the axial load
capacity is reduced from “1” to “2”. This reduction in axial load capacity results, from what are
referred to as slenderness effect. For very slender columns, failure occurs well within the cross-
section interaction diagram because of the pronounced second-order effect. This failure is called
stability failure. In this type of failure, the collapse load of the column “3” is less than the actual
material given by the interaction diagram.

The main steps in the general computational procedure used to determine a certain point on
the column interaction diagram for unconfined column cross-sections with more than two layers

of reinforcement are as follows:
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Figure 31 - Cross section of unconfined circular columns

1. Calculate the neutral axis depth corresponding to the balanced condition (point C) in Figure 30

X = Xbal,

v g (68)

where

f
&, =0.0035; ¢, = Ei’; d,, = effective depth of cross —section.

S

2. Determine at least two points (A, B) between the zero eccentricity condition and the balanced
condition (corresponding to condition X > Xpa1) and another two points (D, E) corresponding to

a large eccentricity and a small neutral axis depth (X < Xpal);

3. Compute the strain in all reinforcement layers (at dsi, where i=1 to n=3) using the equation;

si —

For d,<x — g =¢ (1—%) (69)
X

For d,>x — ¢;=¢, (ﬁ— j (70)
X

4. Compute the stresses in all reinforcement layers (i=1 to n);

If &;>2¢, — o= f,(Reinforcement has yield), (71)

If &;,<¢, — o,;=Eg,<f,(Reinforcement has not yield), (72)
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5. Calculate the stress resultants in unconfined concrete and steel;

Stress resultant in concrete: F.=nA.f4. (73)
Stress resultant in i-th steel layer:  F; = Aoy , (74)

6. Calculate the force N based on the force equilibrium equation;

N:FC+Zn:F5i, (75)

i=1

7. Calculate the moment resistance M from the moment equilibrium equation around the center
of gravity; assume that the center of gravity of the columns cross-section is located at a

distance d/2 from the column face;

M:MC+zn;M5i, (76)

i=1
where

M. =F.Y; Y is the distance of the center of gravity of the circular cross section to the center of

the compressive stress block in equation(78), and M = F, (%— dsij :

The following equations are used to calculate the area of the compressive stress block and

the distance from the centric of the circular cross section to the center of this block area;

Centroid of compressive area Centroid of compressive area
Compressive area Compressive area

-
—8 ¥

— ® > % X X
¢ & [ POXY
© — L Tav/avavaw Ry
WA BE

\ \ |
Circular cross-section Stress block - a) Case 1 Stress block - b) Case 2

Figure 32 - Circular column cross-section
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A :dz(e—sme.cose]’ 77
4
03
Y :g M d. (78)
3\ 20 —sin 26

The cross section, strain and stress distribution is shown in Figure 31. The angle 6 as shown

in Figure 32 can be expressed as follows;

Case 1: for a=Ax<r, 6’<%; chos‘l(r_ﬁxj, (79)
Lase 1. .

Case2: for a=Ax>r; 6>%; 0 =1—q; (p:cos‘l(lx_rj. (80)
r

Similar procedures are used to plot the interaction diagram of the confined concrete columns

with FRP in transversal/hoop direction.
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Figure 33 - Cross sections of confined circular columns with FRP

1. Calculate the force N including the contribution of FRP wraps based on the force

equilibrium equation;

N :FC'+Zn:F5i, (81)

i=1

where F. =nA f_, is the stress resultant in confined concrete, and F; = Ao is the stress

resultant of i-th steel layer.
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2. Calculate the moment resistance M including the contribution of FRP wraps from the

moment equilibrium equation around the center of gravity; assume that the center of

gravity of the columns cross-section is located at a distance d/2 from the column face;

where

M:M;+Zn:Msi,

i=1

(82)

M, = F.Y ;Y is the distance of the center of gravity of the circular cross section to the center of

the compressive stress block in equation (78),and M = F, [

d

__dsij'
2

The summary of formulas considered plotting the interaction diagram of the unconfined and

confined reinforced concrete circular columns with transversal contribution of FRP are illustrated

in the following table:

Table 6 - Summary of formulas for confined and unconfined RCC columns

Unconfined RC Columns

Confined RC Column
with transversal
contribution of FRP

Force Resistance N=F + . Fy

-
N=F.+) &
[=1

n
Moment Resistance M=M + Z M
=1

n
M=M,+ Z_lms._-

Notations and symbols used in the table:

F. = stress resultant of unconfined concrete;

’c = stress resultant of confined concrete;

Fsi = stress resultants of i-th steel layer;

Mc = moment resultant of unconfined concrete;

M’ = moment resultant of confined concrete;

Msi = moment resultants of i-th steel layer;

Ac = area of the compressive stress block;

Asi = area of the i-th steel layer;

F=Ap frgond Fy = Ay fig
M, =FE.Yand My = K. (R —d,)
Frr =Ar'frrd

M, =F_.Y
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fca = compressive strength of the concrete;

fy = yielding strength of the steel bar;

f’cd = compressive strength of the confined concrete;
R = radius of the concrete column;

Y = distance of the center of gravity of the circular cross section to the center of the compressive
stress block.

3.2.1.2 ANALYTICAL SOLUTION-EXAMPLE

The analytical example is provided on the specimen presented in the experiment to show the
influence of confinement action of unidirectional (transverse direction) and multi-layers of carbon
fibre reinforced polymers (CFRP) wrap on the interaction diagram of circular reinforced concrete
columns. The axial and flexural resistance of unconfined and confined reinforced concrete column
are expressed by a column interaction diagrams as shown in Figure 34 and Figure 35 respectively.
The theory adopted was based on the Eurocode provisions and design-oriented models for
confinement concrete predicted by some authors as mentioned in Table 4 (Richard et al., Cuson
and Paultre, Kono et al., Mander et al., Lam and Teng). In addition, the effect of numbers of FRP
layers on the interaction diagram using the confinement action in Eurocode provisions was
provided. Mean value of concrete compressive strength of 73.0 MPa was obtained from
compressive test on a specimen of 200 mm of diameter and 400 mm of height. The material
properties of the circular reinforced concrete columns considered in the experiment are illustrated
in Table 7.

Table 7 - Properties of materials — RC columns

Properties of RC columns

Concrete Steel reinforcement
d fck,m fyk ds No of Asi
(mm) (MPa) (MPa) (mm) bars, ni (mm2)
200,00 73,00 500,00 8,00 6 301,59

Properties of FRP-SikaWrap® 600 C/120

Number tf Ef fr £f [%] Pi
of layers  (mm) (MPa) (MPa)
1 0,3370 242000 3800 1,55 0,00674
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N-M diagrams-Unconfined and Confined concrete Circular columns-

N [kN] fully FRP wrap in hoop direction
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== = |Vander et al.

Figure 34 - N-M diagram of RC circular column wrapped with FRP in hoop direction

N-M diagrams-Unconfined and Confined concrete Circular columns-

N [kN] fully FRP wrap in hoop direction with multi-layers (1x, 2x, 4x, 6x)
4500,00
4000,00
3500,00 Range of enhancement 1.20-1.70 %
——
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Figure 35- N-M diagram of RC column wrapped with multi-layers of FRP based on Eurocode
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Figure 34 shows the comparison of interaction diagrams between unconfined and CFRP-
confined circular reinforced concrete of selected models adopted by Richart et al., Kono et al.,
Cusson and Paultre, Lam and Teng, Mander et al., and Eurocode. The axial capacity of the
selected unconfined concrete column is 2398 kN, and the range of the enhancement on the axial

capacity provided by CFRP wrap in hoop direction as per selected design-oriented models is 2600

to 2981 kN which present 1.08 % to 1.25 %.
Figure 35 shows the influence of multi-layers CFRP wrap (1x, 2x, 4x and 6x) on the
interaction diagram of reinforced concrete columns adopting the Eurocode provisions for
confinement, a substantial gain in both axial compression and flexural capacity can be expected.

The axial capacity of the circular concrete column is 1.20, 1.29, 1.50, and 1.70 % for the 1x layer,
2x layers, 4x layers and 6x layers respectively.

3.2.1.3 CANTILEVER COLUMNS
Cantilever reinforced concrete columns are usually considered for seismic assessment. Top
end of a column is subjected to axial (P) and lateral force (V). The shear force (V) and bending
moment (My) will occur at the same time of a column. The load scheme of cantilever RC column

is shown in Figure 36.

P
\'% A
__J-"j
I
i
)
i
I
|
i
I
|
- i
4 I
|
|
[
|
4
|
|
I
L Vv
Fixed Bendi
ending
Pv MV momentM Shear V

Figure 36 - Shear and moment diagrams of cantilever columns

When lateral displacement is small, the equilibrium is not influenced by its displacements

The shear force Vy, for a corresponding moment My in the first-order is calculated as follows:

75
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V="l (83)

where L, is the clear column height.

Considering the additional moment caused by an eccentric axial load P, (i.e. P-A effect or
second-order effect), the shear force may be found as

M, — PA
L,

V= (84)

where A is the lateral displacement.

3.2.1.4 ASSESSMENT OF CONCRETE SUBJECTED TO CYLCIC LOADING
JFATIGUE

Cyclic loading is defined as the continuous and repeated application of a load on a material
or structural element that causes degradation of the strength of the materials and leads to fatigue.
When a structure is subjected to a cyclic load, failure may occur before the static loading strength
of the material is reached. This type of failure is known as a fatigue failure. The fatigue capacity
of the material is influenced by several different parameters such as load frequency, maximal load

level, stress amplitude and material composition.

Cyclic load or fatigue loading is divided into three different categories: low-cycle, high-
cycle, and super high-cycle fatigue. The number of load cycles determines the type of fatigue.
When performing a fatigue life assessment of structural elements, there are two basic approaches
that can be used. The first approach considers an analysis of crack propagation at the point under
consideration, and it is based on linear elastic fracture mechanics. The second approach, which is
more commonly applied, uses a curve that shows the relation between cycle stress range and
number of cycles to fatigue failure in logarithmic scales. This is known as a Wohler or S-N curve,
where S is the stress range and N is the number of cycles. Fatigue failure is divided into three
stages: crack initiation, crack propagation, and failure. Table 8 illustrates the comparison of test
specimen types used in the experimental study while the specimens are unconfined and confined
considering the influence of fatigue. The design fatigue resistance of concrete was computed
according to EN1992-1-1. As shown below, lateral pressure contributed by six layers of CFRP
wraps improves the compressive strength of concrete subjected to fatigue.
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Table 8 - Unconfined and confined compressive strength of concrete with fatigue [EN1992]

Unconfined Confined Unconfim'ed Confinec'z'
Column . Lateral . compressive | compressive
Compressive compressive . .
Type Pressure strength with | strength with
Strength strength . .
fatigue fatigue
fcm (MPa) O) eff (MP&) 1Ecm,c (MPa) fcm,fat (MPa) 1:cm,c,fat (MPa)
C1 60,00 17,62 111,54 38,76 87,64
C2 52,00 17,62 102,54 35,01 83,42
C3 58,00 17,62 109,29 37,86 86,63
C4 76,00 17,62 129,54 44,96 94,62

3.2.1.5 MOMENT CURVATURE ANALYSIS OF TEST SPECIMENS

Moment curvature diagram is a graphical representative of variation of moment of resistance
at a section with respect to curvature. Calculating moment for an assumed curvature required that
we assume the strain dependent on depth is distributed linearly across the depth of the column
section, compute the stressed based on the stressed strain relation for materials and then determine
the location of the neutral axis to satisfy equilibrium. Curvature is the angle in radians made by the
final position of the cross section based on the assumed extreme fibre strain and the vertical
direction. These steps are repeated for different values of extreme fibre strain. As the extreme fibre
strain increases beyond yield strain, some fibres reach yield. Moment curvature relation shown in
the paragraph 2.8.5 equation (57) is helpful to understand the ductility of reinforced concrete
elements. Analysis of moment curvature diagram including the effect of the fatigue due to cyclic

loading shall be considered into account.

Section analysis conducted by Sap2000 software is performed in moment curvature response
using a fibre section decomposition approach, which shows that the diagrams for test specimen C1
with various configurations; unconfined, confined with spiral reinforcement, and confined with
spiral and wraps. Additionally, compressive strength of concrete and reinforcement at fatigue were
studied after getting 10° cycles. Figures below illustrate the comparison between all various
configurations. The values of the initial yield moment correspond to the yield curvature of the
reinforcement, and the ultimate moment corresponding to ultimate curvature in concrete and steel

are illustrated in the Table 15.
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Table 9 - Moment curvature Analysis-Column type C1-unconfined

Concrete | Neutral Steel Curvature | Moment
Strain Axis Strain
[mm] [1/mm] [kN.m]
0 0 (0} (0} 0

-6,12E-05 | 51,2192 | 1,47E-04 1,26E-06 | 0,466714
-1,53E-04 | 51,2897 | 3,67E-04 | 3,14E-06 | 1,162361
-2,75E-04 | 51,3414 | 6,61E-04 5,65E-06 2,086405
-4,27E-04 | 51,344 1,03E-03 8,78E-06 3,24507

-6,11E-04 | 51,3291 | 1,47E-03 1,26E-05 | 4,639534
-8,24E-04 | 51,3269 | 1,98E-03 1,69E-05 | 6,264142
-1,04E-03 | 52,7439 | 2,60E-03 2,20E-05 6,700222
-1,28E-03 | 53,7756 | 3,30E-03 2,76E-05 | 7,134797
-1,54E-03 | 54,5072 | 4,08E-03 3,39E-05 | 7,625805
-1,82E-03 | 55,3954 | 4,94E-03 | 4,08E-05 | 7,867279
-2,11E-03 | 56,2737 | 5,90E-03 4,83E-05 7,924896
-2,40E-03 | 57,5665 | 6,97E-03 5,65E-05 | 7,929845
-2,70E-03 | 58,658 | 8,12E-03 6,52E-05 | 7,922735
-3,02E-03 | 59,5308 | 9,36E-03 7,47E-05 7,925082
-3,37E-03 | 60,208 0,0107 8,47E-05 8,00607

-3,74E-03 | 60,7353 0,0121 9,54E-05 | 8,171818
-4,14E-03 | 61,1871 0,0135 0,0001066 | 8,336984
-4,56E-03 | 61,5581 0,0151 0,0001186 | 8,528282
-5,00E-03 | 61,8786 0,0167 0,0001311 | 8,725302

Moment [kN.m]

Moment Curvature Diagram-C1

=4—=C1

== NITIAL YIELD

0 0,00002

0,00004

0,00006

0,00008

0,0001

0,00012 0,00014

Curvature[1/mm]

Figure 37 - Moment Curvature Diagram- Column type C1- Unconfined

BUT- Institute of Concrete and Masonry Structures

78



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

Table 10 - Moment curvature Analysis-Column type C1-Confined by Spiral

Concrete | Neutral Steel Curvature | Moment
Strain Axis Strain
[mm] [1/mm] [kN.m]
0 0 0 0 0

-1,37E-04 | 52,0325 | 3,21E-04 | 2,85E-06 | 1,098488
-3,41E-04 | 52,1082 | 8,02E-04 | 7,11E-06 | 2,737259
-6,13E-04 | 52,1001 | 1,44E-03 | 1,28E-05 | 4,928782
-9,39E-04 | 52,8558 | 2,26E-03 | 1,99E-05 | 7,064152
-1,29E-03 | 54,6966 | 3,28E-03 | 2,85E-05 | 7,996857
-1,67E-03 | 56,6197 | 4,50E-03 | 3,84E-05 | 8,828577
-2,04E-03 | 59,0615 | 5,96E-03 | 4,98E-05 | 9,028178
-2,46E-03 | 60,649 | 7,59E-03 | 6,26E-05 |9,242031
-2,95E-03 | 61,6647 | 9,39E-03 | 7,68E-05 | 9,419072
-3,51E-03 | 62,0679 | 0,0113 9,25E-05 9,70427
-4,15E-03 | 62,0857 | 0,0134 | 0,0001095 | 10,00458
-4,88E-03 | 61,9196 | 0,0157 0,000128 | 10,23044
-5,68E-03 | 61,5906 | 0,0181 | 0,0001479 | 10,40352
-6,57E-03 | 61,2132 | 0,0206 | 0,0001693 | 10,54498
-7,52E-03 | 60,8459 | 0,0233 0,000192 | 10,71779
-8,53E-03 | 60,5455 | 0,0262 | 0,0002162 | 10,9184
-9,58E-03 | 60,3839 | 0,0293 | 0,0002418 | 10,96075

-0,0107 | 60,2693 | 0,0325 | 0,0002689 | 11,04754

-0,0118 | 60,2024 | 0,0359 | 0,0002973 | 11,16058

= [
o N

Moment [kN.m]

Moment Curvature Diagram-C1-SP

=4=—C1-SP

== NITIAL YIELD

0 0,00005 0,0001 0,00015 0,0002 0,00025 0,0003 0,00035

Curvature[1/mm]

Figure 38 - Moment Curvature Diagram- Column type C1- Confined by spiral
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Table 11 - Moment curvature Analysis-Column type C1-Confined by Spiral & wrap

Concrete | Neutral Steel Curvature | Moment
Strain Axis Strain
[mm] [1/mm] [kN.m]
0 0 0 0 0

-1,81E-04 50,7 6,86E-04 | 6,16E-06 | 2,31335

-4,50E-04 | 50,8014 | 1,72E-03 | 1,54E-05 | 5,760598
-7,28E-04 | 53,7466 | 3,17E-03 | 2,77E-05 | 7,753004
-1,01E-03 | 56,5719 | 5,05E-03 | 4,31E-05 | 8,851129
-1,20E-03 | 60,4622 | 7,46E-03 | 6,16E-05 |9,221123
-1,39E-03 | 63,313 0,0103 8,31E-05 | 9,615697
-1,47E-03 | 66,3871 | 0,0137 | 0,0001078 | 10,27812
-1,56E-03 | 68,5052 | 0,0175 | 0,0001355 | 11,02607
-1,78E-03 | 69,3107 | 0,0216 | 0,0001663 | 11,89144
-2,08E-03 | 69,6315 | 0,0261 | 0,0002002 | 12,85305
-2,16E-03 | 70,905 0,0312 | 0,0002371 | 13,47039
-2,08E-03 | 72,5113 | 0,0369 | 0,0002771 | 14,04244
-1,99E-03 | 73,7748 0,043 0,0003203 | 14,66465
-1,85E-03 | 74,9625 | 0,0497 | 0,0003665 | 15,17538
-1,63E-03 | 76,079 0,0568 | 0,0004157 | 15,59644
-1,40E-03 | 77,0059 | 0,0644 | 0,0004681 | 16,02815
-1,15E-03 | 77,8034 | 0,0725 | 0,0005235 | 16,46176
-8,78E-04 | 78,4921 0,081 0,000582 | 16,87098
-6,38E-04 | 79,008 0,0899 | 0,0006436 |17,33176

N
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=
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Figure 39 - Moment Curvature Diagram- Column type C1- Confined by spiral & wrap
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Table 12 - Moment curvature Analysis-Column type C1-Unconfined -Fatigue

Concrete | Neutral Steel

) . . Curvature | Moment

Strain Axis Strain
[mm] [1/mm] [kN.m]
0 0 0 0 0

-6,12E-05| 51,2192 | 1,47E-04 | 1,26E-06 | 0,4200426
-1,53E-04 | 51,2897 | 3,67E-04 | 3,14E-06 | 1,0461249
-2,75E-04 | 51,3414 | 6,61E-04 | 5,65E-06 | 1,8777645
-4,27E-04 | 51,344 | 1,03E-03 | 8,78E-06 | 2,920563
-6,11E-04 | 51,3291 | 1,47E-03 | 1,26E-05 | 4,1755806
-8,24E-04 | 51,3269 | 1,98E-03 | 1,69E-05 | 5,6377278
-1,04E-03 | 52,7615 | 2,60E-03 | 2,20E-05 | 6,0228081
-1,28E-03 | 53,7762 | 3,30E-03 | 2,76E-05 | 6,4209546
-1,54E-03 | 54,5072 | 4,08E-03 | 3,39E-05 | 6,8632146
-1,82E-03 | 55,3954 | 4,94E-03 | 4,08E-05 | 7,0805475
-2,11E-03 | 56,2737 | 5,90E-03 | 4,83E-05 | 7,1323983
-2,40E-03 | 57,5665 | 6,97E-03 | 5,65E-05 | 7,1368596
-2,70E-03 | 58,658 | 8,12E-03 | 6,52E-05 | 7,1304615
-3,02E-03 | 59,5308 | 9,36E-03 | 7,47E-05 | 7,1325738
-3,37E-03 | 60,208 0,0107 8,47E-05 | 7,205463
-3,74E-03 | 60,7353 | 0,0121 9,54E-05 | 7,3546362
-4,14E-03 | 61,1789 | 0,0135 | 0,0001066 | 7,5122667
-4,56E-03 | 61,5579 | 0,0151 | 0,0001186 | 7,6756752
-5,00E-03 | 61,8786 | 0,0167 | 0,0001311 | 7,85277

Moment Curvature Diagram-C1-FAT

Moment [kN.m]

==—C1-FAT
== |NITIAL YIELD

o o+—+—"~+—"r+—+—tt+ttt+tt—t

0 0,00002 0,00004 0,00006  0,00008 0,0001 0,00012 0,00014

Curvature[1/mm]

Figure 40 - Moment Curvature Diagram- Column type C1- Unconfined-Fatigue
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Table 13 - Moment curvature Analysis-Column type C1-Confined by spiral-Fatigue

Concrete | Neutral Steel
] ] ] Curvature | Moment
Strain Axis Strain
[mm] [1/mm)] [kN.m]
0 0 0 0 0
-1,37E-04 | 52,0325 | 3,21E-04 | 2,85E-06 | 0,9889713
-3,41E-04 | 52,1082 | 8,02E-04 | 7,12E-06 | 2,4643611
-6,13E-04 | 52,1001 | 1,44E-03 | 1,28E-05 | 4,437396
-9,39E-04 | 52,8579 | 2,26E-03 | 1,99E-05 | 6,358392
-1,29E-03 | 54,7208 | 3,28E-03 | 2,85E-05 | 7,1880408
-1,67E-03 | 56,6188 | 4,50E-03 | 3,84E-05 | 7,9479099
-2,04E-03 | 59,0638 | 5,96E-03 | 4,98E-05 | 8,1257517
-2,46E-03 | 60,6669 | 7,59E-03 | 6,26E-05 | 8,3089098
-2,95E-03 | 61,6645 | 9,40E-03 | 7,68E-05 | 8,478081
-3,51E-03 | 62,0684 | 0,0113 9,25E-05 | 8,7345846
-4,15E-03 | 62,0858 | 0,0134 | 0,0001096 | 9,0043452
-4,88E-03 | 61,9187 | 0,0157 | 0,0001281 | 9,2078145
-5,68E-03 | 61,5896 | 0,0181 0,000148 | 9,3634551
-6,57E-03 | 61,2122 | 0,0206 | 0,0001693 | 9,4908888
-7,52E-03 | 60,8374 | 0,0233 | 0,0001921 | 9,655371
-8,53E-03 | 60,5452 | 0,0262 | 0,0002163 | 9,8262909
-9,58E-03 | 60,3835 | 0,0293 | 0,0002419 | 9,8648406
-0,0107 | 60,269 0,0325 | 0,0002689 | 9,9430632
-0,0118 | 60,2023 | 0,0359 | 0,0002974 | 10,044943
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Figure 41 - Moment Curvature Diagram- Column type C1- Confined by spiral-Fatigue
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Table 14 - Moment curvature Analysis-Column type C1-Confined by spiral & wrap-Fatigue

Concrete | Neutral Steel Curvature | Moment
Strain AXxis Strain
[mm] [1/mm] [kN.m]
0 0 0 0 0

-1,80E-04 | 50,7782 | 6,86E-04 | 6,16E-06 | 2,0756916
-4,50E-04 | 50,8022 | 1,72E-03 | 1,54E-05 | 5,1843789
-7,28E-04 | 53,7473 | 3,17E-03 | 2,77E-05 | 6,977421

-1,01E-03 | 56,5473 | 5,05E-03 | 4,31E-05 | 7,9754661
-1,20E-03 | 60,4752 | 7,46E-03 | 6,16E-05 | 8,2918089
-1,39E-03 | 63,3132 | 0,0103 8,31E-05 | 8,6540643
-1,47E-03 | 66,3865 | 0,0137 | 0,0001078 | 9,2505762
-1,56E-03 | 68,5052 | 0,0175 | 0,0001355 | 9,9234639
-1,78E-03 | 69,3107 | 0,0216 | 0,0001663 | 10,702295
-2,08E-03 | 69,6315 | 0,0261 | 0,0002002 | 11,567746
-2,16E-03 | 70,905 0,0312 | 0,0002371 | 12,123347
-2,08E-03 | 72,5113 | 0,0369 | 0,0002771 | 12,638193
-1,99E-03 | 73,7939 0,043 0,0003203 | 13,186547
-1,84E-03 | 74,9755 | 0,0497 | 0,0003665 | 13,648793
-1,64E-03 | 76,0605 | 0,0568 | 0,0004157 | 14,051472
-1,40E-03 | 77,0081 | 0,0644 | 0,0004681 | 14,423356
-1,15e-03 | 77,8046 | 0,0725 | 0,0005235 | 14,814303
-8,78E-04 | 78,4921 0,081 0,000582 | 15,183872
-6,38E-04 | 79,008 0,0899 | 0,0006436 | 15,598579

=
[e)]
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Figure 42 - Moment Curvature Diagram-Column type C1-Confined by spiral & wrap-Fatigue

BUT- Institute of Concrete and Masonry Structures 83



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

20

18

16

Moment [kN.m]

14

12

) ,ﬂf'
8 P

o p+—4—r—tt+—tt+———+—t———+——

Moment Curvature - C1 - Comparison

——C1-FAT-SP-FRP

—>4=C1-FAT-SP

=@=C1-FAT

=ie=C1

=¢=—C1-SP

e C1-SP-FRP

0 0,0001 0,0002 0,0003 0,0004

0,0005 0,0006

0,0007

Curvature[1/mm]

Figure 43 - Comparison of Moment vs. Curvature diagrams for test specimen C1

The fatigue of the material can affect the behavior of the moment curvature diagram, the
performance of the initial yield curvature and moment are reduced approximately by 3 and 11%
respectively. Confinement of the concrete column by wrap including the effect of spiral enhances
the behavior of the moment curvature diagram. Table 15 summarizes the results of the initial

yield, the ultimate moment and curvature of the concrete and steel reinforcements. Curvature

ductility of the circular concrete column increases by the confinement due to spiral and wrap.
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Table 15 - Summary of Initial yield, ultimate curvature and moment in concrete of column type C1

C1-UNCONFINED 1,71E-05 6,275776 1,31E-04 8,725302
C1-SP 1,77E-05 6,386066 | 2,97E-04 11,160578
C1-SP-WRAP 1,86E-05 6,450998 NA NA
C1-FAT 1,66E-05 |[5,5854406( 1,22E-04 8,114529
C1-FAT-SP 1,71E-05 |[5,7467331| 2,68E-04 |10,0445202
C1-FAT-SP-WRAP 1,85E-05 |6,0277605 NA NA

Notation of symbols in the graphs and tables:

e Cl1-Unconfined: represents the unconfined concrete circular column type C1;

e C1-SP: represents the column type C1 confined by spiral;

e C1-SP-WRAP: represents the column type C1 confined by spiral and wrap;

e C1-FAT: represents the unconfined column type C1 considering the degradation of
strength of concrete and steel due to fatigue;

e C1-FAT-SP: represents the column type C1 confined by spiral and considering the
degradation of strength of concrete and steel due to fatigue;

e C1-FAT-SP-WRAP: represents the column type C1 confined by spiral and wraps
considering the degradation of strength of concrete and steel due to fatigue.

3.2.1.6 INTERACTION BETWEEN DUCTILITY DISPLACEMENT AND
CURVATURE FACTORS

Displacement, rotation, and curvature ductility factors described in sections 2.8.2 and 2.8.4
are interrelated. For a simple cantilever column subjected to axial and lateral load, the
relationships between three ductility factors can be investigated. There are some common factors,
which will be appearing in each relationship. The plastic hinge length is one of the most
significant factors. Besides, the plastic hinge length depends on various parameters. Some of the
parameters that affect the plastic hinge length are the level of axial load, the moment gradient, the
level of shear stresses in the hinging region, the mechanical properties of the reinforcements, the
compressive strength of concrete, and the level of confinement. The relationship between
displacement and curvature ductility factors for test specimens is shown in the Figure 44 (refer to

equation (52)). It can be noticed that for the defined displacement ductility, the corresponding
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curvature ductility is significantly influenced by the shear span to depth ratio and the length of the

plastic hinge length.

. -r- D
Curvature and Displacement Ductility Factors -«

12,0 +
%_ | A
S C L=10D, Lp=3D
E 10,0 +
= [ —— L=5.5D, Lp=3D
%
a8 80 -
[
2 L
f>ﬂ L
£ 60
3 L

a0 4

L LDI
20 1 Referto equation (52):
H® = (pA -1)/(3Lp/L(1-0.5Lp/L))
0,0 + | | | | |
0 2 4 6 8 10
Displacement Ductility factor, pA

Figure 44 - Interaction between displacement and curvature ductility factors based on equation
[52]
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3.3 EXPERIMENTAL PART
3.3.1 TEST SPECIMENS PARAMETERS

Four specimens of circular reinforced concrete single columns were tested under axial
compressive and lateral cyclic load applied at the top free-end of the columns. Two columns were
confined by CFRP in hoop direction with six layers and two columns were unconfined (one
considered s control specimen, and another has different load configuration, refer to paragraph
1.3- Experimental test). Circular cross-section for test specimens was selected for many reasons;
in loaded circular cross-section the entire section is uniformly confined, while in rectangular or
squared cross-sections the confinement is higher at the corners and lower at the middle sides (arch
effect). Also, circular shape is preferable for seismic zones. The use of 6 layers of CFRP wraps
was selected to show the manner performance of CFRP as shown in the interaction diagrams

previously.

3.3.2 MANUFACTURING AND GEOMETRY OF TEST SPECIMENS

Manufacturing of the columns was carried out in a local company Prefa-Brno and the
confinement process was provided at BUT’s laboratory. Tubbox column formers from “Max.
Frank GmbH” company was used to build the circular columns to defined diameter and height as

presented in Figure 45.

Figure 45 - The manufacturing of the circular columns

3.3.3 GEOMETRY OF THE TEST SPECIMENS

Geometry of the columns is illustrated in Figure 46; the diameter of all columns is 200 mm;
the total height is 2440 mm, the effective height is 2090 mm measured from the column base to
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the position of lateral load application and the part of column embedded in steel footing is 350

mm.
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Figure 46 - The geometry of circular columns

A summary of test specimen’s configuration is given in Table 16.

Table 16 - Configuration of test specimens

Diameter Total height Effective
Column type lameter: ot helght= height H,  Test Parameter
[mm] H [mm]
[mm]
Cl&C4 200 2440 2090 Unconfined
C2&C3 200 2440 2090 Confined

3.3.4 CONCRETE MIX DESIGN

All four specimens were cast vertically. The concrete mix design proportions per 1000 litre
considered for the test specimens is shown in Table 17. It consisted mainly from cement CEM |

42.5, water, aggregates, sand, and additives.
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Table 17 - Mix design proportions

Mix design for Concrete /1000 litr

Cement CEM 1 425 430 kg (S;tsi?;flzzp) 0,5 kg

Water 100 kg (g"i_ng ;’n"f:) 1130 kg
TR e e e
T s

The core testing was carried out in the Institute of Building testing (Ustav stavenbniho
zkuSebnictvi-SZK) at BUT to determine the material parameters (strengths and modulus of
elasticity) of the concrete columns. Cores were cut using a drill with a hollow barrel tipped with

industrial diamonds.

g

\

T

R

\

\
T

Figure 47- Core Test Specimens of Circular Columns

For compressive cubic strength testing, the length to diameter ratio of cores was 1.0, i.e.
diameter and length of 74 mm. For compressive cylinder strength and modulus of elasticity
testing, the length to diameter ratio of cores was 2.0, i.e. diameter and length of 74 and 149.5 mm
respectively. The total number of cores used to determine the mean values of compressive cubic
strength was 24 pieces, and it was 12 pieces for mean values of compressive cylinder strength and

modulus of elasticity of concrete.

The properties of concrete (mean values) for test specimens are summarized in Table 18.
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Table 18 - Properties of Concrete for test specimens (mean values)

Compressive Cubic  Compressive Cylinder

Modulus of Elastici
Column types Strength(mean values) Strength(mean values) odulus of Elasticity

fcm,cubic [MPa] fcm,cyl [MPa] Em [Mpa]
Type C1 73,89 60,06 37333,33
Type C2 58,91 52,23 33800,00
Type C3 62,51 58,46 34500,00
Type C4 80,36 76,32 34766,67

3.3.5 STEEL REINFORCEMENT

Steel bars with different diameters were used in the test specimens for longitudinal and
transverse reinforcement. The columns were reinforced with six longitudinal reinforcement bars of
8 mm diameter, and transverse reinforcement of 6 mm diameter. The concrete cover is 20 mm,
and the characteristic yielding strength of steel reinforcement is 500 MPa (class of reinforcement
B500B).

Table 19 - Summary of steel reinforcement

Column  No. & size of
Column type diameter long.bars
[mm] [mm]
Type C1,C2,C3&C4 200 608 301.59 0.96

Steel-As  p =As/Ac
[mny’] [%]

3.3.6 SPECIMENS PREPARATION - CFRP APPLICATION

Two specimens were prepared for confinement by CFRP wraps using the following procedures.
The surface of the concrete columns was sandblasted and cleaned. A structural adhesive mortar
Sikadur®30 composed of two components A and B with convenient mix ratio A:B = 3:1 was used
for improving the surface and closing the pores as shown in Figure 48. After repairing the surface,
a layer of saturated resin Sikadur ®-300 is suitable for the wet lay-up process which is composed
of two components A and B with convenient mix ratio A:B = 100:34.5 by weight. The first layer
was applied as impregnation resin and followed by a saturated layer of carbon sheet of
Sikawrap®-600C/120. Six number of CFRP layers were applied. The saturated fabrics with epoxy
on both sides using roller brushes were wrapped manually on the surface of columns with respect
to the hoop direction and with height of 600 mm. Each layer was wrapped around the columns

with an overlap of 120 mm to avoid sliding or de-bonding of fibers during the loading tests.
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Figure 48 - Preparation of RC columns surface

For additional layers of CFRP, another layer of resin was applied for at least 12 hours after the
application of the first layer. All layers were tightly wrapped to ensure the absence of air bubbles

between the layers.

Table 20 - Properties of Sikawrap and Sikadur [48] & [49]

Sikawrap® -600C/120

Density of Sikawrap-600C/120 181 g/cm?
Tensile strength 3800 N/mm?
Tensile modulus of elasticity of wrap 242000 N/mm?
Strain at rupture 155 %
Thickness of wrap 0,337 mm
Thickness of laminate(impregnated Sikadur 300) 1,3 mm
Tensile modulus of elasticity of laminate 50000 N/mm?
Sikadur® -300
Density of Sikadur-300 (component A+B) 1,16 kg/l
Tensile strength 45  N/mm?
Tensile modulus of elasticity of Sikadur-300 3500 N/mm?
Strain at rupture 15 %

Table 20 shows the properties of Sikawrap®-600C/120 and Sikadur ®-300. A gap of 5 mm
was maintained between the footing top and CFRP wrap to avoid the strength contribution in the

longitudinal direction.
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Figure 49 - Preparation of CFRP confined column

The confinement configurations of each column type are in Table 21.

Table 21 - Confinement configurations

Column type Column height H no.of CFRP  Confinement height

[mm] layers [mm]
Type C1& C4 2090 0 0
Type C2 & C3 2090 6 600

3.3.7 STEEL FOOTING

The bottom of columns was supported by circular steel footing with height of 350 mm
encasing the circular concrete columns which are connected to stiffened steel profiles (2x HEB
300) and anchored to the laboratory floor by two bolts of 80 mm diameter to ensure the fixed-end
support of the columns. The steel footing and members as presented in Figure 50 were
manufactured in an external local company. Steel class of S235JR was considered for all steel

members.

For connections subject to fatigue friction grip, high strength bolts with different diameter of
8.8 and 10.9 grades were used due to their high fatigue strength and limited deformation

characteristics. The spacing between circular steel footing and concrete columns was filled with

BUT- Institute of Concrete and Masonry Structures 92



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

high strength precision non-shrinking cement-based grouting with compressive strength of 90-105
MPa [50] as shown in Figure 51.

a) 1- Steel base

2- Stiffeners for steel case

3- Steel case

4- Steel profile HEB 300

5- Stiffeners of HEB 300-outside

6- Stiffeners of HEB 300-inside

7- Steel plate to anchor HEB to
floor

8- Stiffeners for steel case

b)

Figure 50 - Steel pocket footing a) computer model, b) realization
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Figure 51 - RC column encased by steel footing

3.3.8 TEST SPECIMENS SET-UP AND PROCEDURES

The test set-up was designed to impose lateral cyclic load to a column, while the axial load
was hold constant. The vertical load on the columns was maintained during testing at a value of
450 KN by using check valve mounted to hydraulic jack that permits flow only in one direction
and that is measured by load cell, which represents approximately 21.50 % of the column cross-
section compressive strength (the axial load level in reinforced concrete column;

n=P/(0.85f A + f A))). On the top of columns, a steel plate was welded to transfer the axial

load from the hydraulic jack to the columns as shown in Figure 52. Hydraulic jack was connected
with the top of the columns by transverse steel beam (profile 2x 1200) and two threaded rods of 27
mm diameter (tensile strength is 264 kN/rod) were connected by special steel shoes to the steel

footing to insure the hinge connection in case of columns displacement as shown in Figure 53.

The lateral cyclic load was applied by using electrical hydraulic actuator with capacity of
100 KN and maximum stroke capacity of +50 mm. The hydraulic actuator was anchored to steel
frame. The lateral cyclic loading was applied in a quasi-static manner. Lateral cyclic loading was
applied on the columns in two different sequential manners:

First, high-cycle loading was applied under force control, i.e. constant lateral cyclic force

pulling in one direction for certain number of cycle’s~1 million cycles, the experimental cyclic
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response was obtained by the loading history of 5 seconds interval described in Figure 54 where
the minimum and maximum forces applied are 2.0 and 8.0 kN respectively, this type of loading

was applied to know the performing of column fatigue assessment.

Second, low-cycle loading was applied under displacement control (reversed cyclic load)
based on a pattern of progressively increasing displacements. The loading pattern for the
specimens consisted of three cycles at displacement levels of +2.5, +5.0, +7.5, +1.0, +12.5, +15.0,
+20, £25, +30, +£35, £40 mm. The lateral loading program is shown in Figure 55. The overall test

set-up is shown in Figure 56 and Figure 57.

Figure 52 - Arrangement of transverse beam, load cell and hydraulic jack
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Figure 53 - Connection of tie rod to steel footing
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Figure 54 - 1% phase: loading history program of high-cycle test, 10° cycles
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Figure 57 - Test set-up
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3.3.9 INSTRUMENTATIONS

The applied loads were recorded and monitored with a computer based data acquisition
system. Axial and lateral strains of concrete and FRP were measured by using strain gauges in
vertical and horizontal position. The strain gauges were installed on the surface of the concrete
and CFRP by using strain gauges adhesive after grinding the target surface and they were
protected by Aluminum foil with kneading compound as shown in Figure 58. First series of
vertical strain gauges (T1 and T4) were placed at 100 mm from the column base followed by
second (T2 and T5) and third (T3 and T6) series of horizontal and vertical gauges respectively
with distance of 100 mm center to center. Another two vertical strains (T7 and T8) were installed
at 500 mm and 1000 mm from the column base. Columns confined by CFRP wraps, and a strain
gauge (T9) were installed on the CFRP wraps perpendicular to lateral cyclic load at 300 mm from
the column base. Strain gauges T1, T2 and T3 were in compression, and T4, T5, T6, T7 and T8
were in tension. All strain gauges were mounted parallel to column axis.

Lateral displacements were at different level measured using linear variable differential
transducer (LVDTSs) which was placed on the opposite side of hydraulic actuator at 2 cm, 40 cm
and 185 cm from the column base and another two LVDTs were mounted on the steel footing as
illustrated in Figure 59. All strain gauges and LVVDTs were connected to data acquisition system
to monitor and record the data. Load and displacement data were collected at 5-seconds interval
from the hydraulic actuator cell, load cell of axial load, displacements potentiometers and strain

gauges.
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3.3.10 STATIC SCHEME DIAGRAM OF COLUMNS TEST

Single cantilever columns with fixed base subjected to axial and lateral loads can behave in
different ways depending on the boundary conditions. Figure 60 is reflecting the status of the
single cantilever column with fixed base. Fixed static vertical force (Fz) is applied downward
(compressive load) and it is presumed that the vertical displacement is small according to the
dimension of the member. This precondition allows writing equilibrium conditions for the initial

shape of the structures.

First-order analysis is a method of structural analysis that does not consider the deformed
shape of the structure to arrive at the internal actions of the structures, i.e. in the first order
analysis, the effect of the deformation on the internal forces in the members is neglected. When a
column is loaded, initially it will remain stable, when the load is larger than the buckling load
(Euler’s load), the column becomes unstable.

Opposite to the first-order, in the second order analysis the deformed shape of the structures
(B2) is considered in the equation of equilibrium. An accurate estimate of the stability effects may
be obtained by P-delta method or second-order analysis. Second order analysis is recommended in
many codes by using equations to compute the additional moments.

Figure 60 - Static scheme of column with fully fixed support at one end
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Since the axial force is applied on the column, the axial force resolves in vertical and

horizontal directions. The presence of the axial force creates an incremental increase in the

internal moment that is originally computed from the horizontal force. The incremental increase in

moment is equal to axial force times the deflection (P-delta effect or second-order).

Assuming an unstable column motion:

sina=—, (85)
cosgr=——— = (86)
L-L
Tanﬂzhz( (87)
A
The moment at point O:
M, - F,.L.cos —F, .Asin f—F,.Acosa+F,.L.sina=0 (88)
—M, =F,.(L.cos B +A.sin ) +F,(A.cosa—L.sina)
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Figure 61 — a) deformation and uplift due to 1% order analysis b) deformation due to 2" order

analysis c) final status

BUT- Institute of Concrete and Masonry Structures

104



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

Total measured deformation of column:

A=A, +A, (89)
Total rotation of column:
SinO~0=0,+0,= 8 (90)
L-W,-W,
Measured base uplift:
Y (91)

Tan@lzelzy,

where X is the distance of the centre of column to the edge of the base, and Y is the distance
vertical translation as shown in Figure 61.
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Tang, ~ 6, = (92)
Expression of Az and 02:
A Y
0,=0-=——————, (93)
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A, =A—A, (94)

During the experiment and the application of loads the uplift were measured considering the
procedures shown above to calculate the uplift and the rotation of the column base as illustrated in

the following paragraphs.

3.4. TEST RESULTS AND DISCUSSION

In this part, results and observations of the experimental tests are presented and summarized.
The performance of each specimen was evaluated based on fatigue and hysteretic behaviour.
Load-displacement data of high and low-cycle loading tests for all test specimens (unconfined and
confined columns) was recorded, compared and discussed. In the results discussion, negative

lateral loads are associated with pulling of the column into the hydraulic actuator direction.

3.4.1 UNCONFINED SPECIMEN - COLUMN TYPE C1 (CONTROL SPECIMEN)

Column type C1 was designed to be representative of a control specimen without CFRP
confinement. Its details are mentioned previously in Table 16 and Figure 46. The performance of
this control specimen was compared to confined specimens to evaluate the effectiveness of the
applied CFRP wraps on the columns behavior and to another unconfined specimen subjected only

to low-cycle load to evaluate the effect of high-cycle load on the column behavior.

3.4.1.1 HIGH-CYCLE LOADING TEST-COLUMN TYPE C1

The column type C1 was oscillated approximately one million cycles under constant axial
force of 450 kN and lateral force of 6.0 kN, which simulate the high-cycle loading acting on un-
strengthened column. During the high-cycle loading test, no cracks were observed at the lower
region of the column. Concrete strains at compression and tension zones were measured by strain
gauges in both directions, vertical and horizontal. The deformation of the column and the uplift of
the column base were measured by Linear Variable Differential Transformers (LVDT) and Dial

Test Indicator (DTI) respectively. The measured uplift of the column base was 0.11 mm.

The lateral force-displacement at top of column (at level 1.85 m from the top of steel column
footing) for number of cycles of 2x10°, 4x10°, 6x10°, 8x10° and 1x10° is represented in the Figure
62, Fx-X-010-C1 till Fx-X-050-C1 respectively. The figure shows that the lateral displacement of

column increases with the increase of number of cycles at the same level of lateral loading.
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Lateral force-Displacement at level 1.85m
-9
Z
= -8
&
-7
-6
-5
-4
-3
-2 Due to the adjustement of the
frequency and lateral load
-1
0
7 9 11 13 15 17 19 21 23 25
e Fx-X-010-C1 Fx-X-020-C1 e FX-X-030-C1 X [mm]
e Fx-X-040-C1 e Fx-X-050-C1

Figure 62 - Lateral force (Fx) vs. displacement (X) for unstrengthen column C1 (high-cycle
loading test)

Fx X010 C1

\—> Column type C1

10x Number of cycles 20000

——» | Deformation in X direction

v

Lateral Force

During the high-cyclic loading application, the test has been stopped for a while to adjust
and regulate the frequency of the cyclic loading and the lateral load based on the test configuration
shown in Figure 54 . Therefore, a gap in the lateral force-displacement between the number of

cycles 200000 and others has been resulted as shown in the figure above.

In general, a structure to be in equilibrium, all forces or moments acting upon it are
balanced. This means that each and every force acting upon a column is resisted by either another

equal or opposite forces or set of forces whose net result is zero. Table 22 shows the bending
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moments (M2=0.W) contribution from the measured stresses (o) in the concrete fibres in tension
and compression zones multiplied by the section modulus of the column (W) compared with those
resulted from the maximum applied external force multiplied by the arm (Mi=Fx.H) during the
high-cycle loading test. As illustrated in Figure 64 and Figure 65 the bending moments due to
stresses in the concrete fibres at compression and tension zones (M), which are measured by the
strain gauges positioned at different level (values considered for H — see table 22), are smaller
than the acting external force (My). Therefore, the moment due to the uplift of the column base
(M3=K.8) has been calculated and combined with the internal bending moments contributed from
the measured stresses. The moment (Mz) is equal to the column stiffness (K) multiplied by the
rotation angle (6) due to the uplift. The summary of the moments (M) and (Ms) should be equal
to the moment (M) in case the column support acts as fully fixed support. As shown in the table
below that some losses of the bending moments take place due to the connections of the concrete
column to steel footing and the steel footing to the ground of the laboratory, which concludes that

the support in the column base is not fully fixed support.

The deformation of the column C1 due to high-cycle loading test is small; therefore the

moment results due to P-A effect were not taken into consideration.
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Circular RC column-high-cycle loading test- Column C1- specimen no.12

Forces and LVDT's Straing gauges
FZ\L FZ\L
Fx Fx
N —> A 24 24 A4 A

%VTDZ

LVTD 1
%

Remarks

Strain gauges T1 and T4 are placed 10 cm from the base. The distance between strain gauges is 10
cm and between T6 and T7 is 20 cm. T8 is placed at mid-height of the column( 1,0 m from the
bace). Two LVDTs (V1 and V2) are installed with distance of 2 cm and 40 cm from the base.

Measured uplift at base = 0,55 mm, drift at top of column caused by uplift = hxuplift/b = 2350 x
0,55/225 = 5,75 mm

Figure 63 — high-cycle loading test configuration for unstrengthen column C1
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Table 22 - Bending moments- Test specimen C1

Test specimen - column type C1(12) (unconfined)

No. of Strain Ag H F, Fy 3, Stiffness K 0=E.Ae M;=F,.H M,=0.W M3;=K.6 M=M,+M;
Zone E [MPa] W [m?’]
cycles gauges [pm/m] [m] [kN]  [kN] [KN/m] [MPa] [kN.m] [kN.m] [kN.m] [kN.m]
Compression T1 341,09 190 441,03 8,13 373E404 7.85E-04 1.28E+03 12,73 15,44 10,00 3,138 13,13
(-) T3 316,13 1,70 441,03 8,13 11,80 13,82 9,26 2,808 12,07
2510 T4 376,18 190 441,03 8,13 14,04 15,44 11,02 3,138 14,16
X .
Tension T6 331,71 1,70 441,03 8,13 12,38 13,82 9,72 2,808 12,53
’ ’ ’ ’ 73E+04 7,85E-04 1,28E+H ! ! ! ’ ’
+) T7 290,60 150 441,03 8,13 3,73E+0 B5E-0 28E+03 10,85 12,19 8,52 2,477 10,99
T8 18553 1,00 441,03 8,13 6,93 8,13 544 1,652 7,09
Compression T1 345,46 190 45395 7,99 373E404 7.85E-04 1.28E+03 12,90 15,18 10,12 3,138 13,26
(-) T3 321,87 1,70 45395 7,99 12,02 13,58 9,43 2,808 12,24
4x10° T4 380,58 190 45395 7,99 14,21 15,18 11,15 3,138 14,29
X .
Tension T6 33558 1,70 453,95 7,99 373E+04 785E-04 128E+03 12,53 13,58 9,83 2,808 12,64
) T7 29461 150 45395 7,99 11,00 11,99 8,63 2,477 11,11
T8 183,71 1,00 45395 7,99 6,86 7,99 5,38 1,652 7,04
Compression T1 343,41 190 45840 7,77 373E404 7.85E-04 1.28E+03 12,82 14,76 10,06 3,138 13,20
(-) T3 320,37 1,70 45840 7,77 11,96 13,20 9,39 2,808 12,53
6x10° T4 378,95 190 45840 7,77 14,15 14,76 11,11 3,138 14,24
X .
Tension T6 33358 1,70 45840 7,77 12,45 13,20 9,78 2,808 12,58
’ ’ ’ ’ 73E+04 7,85E-04 1,28E+H ! i} ! ’ ’
(+) T7 293,25 150 45840 7,77 3,73E+0 B5E-0 28E+03 10,95 11,65 8,59 2,477 11,07
T8 188,58 100 45840 7,77 7,04 7,77 5,53 1,652 7,18
Compression T1 340,34 190 44796 7,72 373E404 7.85E-04 1.28E+03 12,71 14,66 9,97 3,138 13,11
(-) T3 316,60 1,70 44796 7,72 11,82 13,12 9,28 2,808 12,09
8x10° T4 375,85 190 44796 7,72 14,03 14,66 11,01 3,138 14,15
X .
Tension T6 330,58 1,70 44796 7,72 12,34 13,12 9,69 2,808 12,50
’ ’ ’ ’ 73E+04 7,85E-04 1,28E+H ! ! ! ’ ’
C) T7 289,94 150 44796 7,72 3.73E+0 BSE-0 28E+03 10,82 11,57 8,50 2,477 10,97
T8 186,16 100 44796 7,72 6,95 7,72 5,46 1,652 7,11
Compression T1 331,40 190 46094 7,65 373E404 7.85E-04 1.28E+03 12,37 14,53 9,71 3,138 12,85
(-) T3 309,25 1,70 460,94 7,65 11,55 13,00 9,06 2,808 11,87
1x10° T4 366,26 190 46094 7,65 13,67 14,53 10,73 3,138 13,87
X .
Tension T6 322,28 1,70 460,94 7,65 12,03 13,00 9,44 2,808 12,25
’ ’ ’ ’ 73E+04 7,85E-04 1,28E+H ! ! ! ’ ’
) T7 282,47 150 46094 7,65 3.73E+0 BSE-0 28E+03 10,55 11,47 8,28 2,477 10,76
T8 182,14 1,00 46094 7,65 6,80 7,65 5,34 1,652 6,99

Notation of Symbols in the table

H: Distance between applied lateral force and strain gauge locations;

F.: Axial compressive load;

Fx: Lateral cyclic load;

E: Modulus of elasticity of concrete = 3.73x10* MPa;

W: Section modulus of column cross-section = nd®/32 = 7.85x10 m?;

o: Stress in concrete fibers;

Mz1: Moment at location of strain gauges due to lateral force- Assumed fully fixed support;
Mo,: Effective bending moment due to stress in concrete fibers at strain gauges;
M3: Bending moment due to rotational stiffness of the base;

Ag: Strain or deformation per unit length;

K: 3EI/L® - Stiffness of columns;

I: Modulus of elasticity of column;

0: A/L — Lateral deformation/Column length;

V1 and V2: LVDT locations measuring the displacements;

T1 to T8: Strain gauges locations;

M1C: Summary of M2 and M3 for compression zone;

M1T: Summary of M2 and M3 for tension zone.
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Moment diagram C1 - Compression zone Moment diagram C1 - Tension zone
18,0 18,0
16,0 16,0
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Figure 64 - Moment diagrams of specimen C1 at 2x10° cycles
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Figure 65 - Moment diagrams of specimen C1 at 1x10° cycles
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M11C

| C: Compression zone / T:Tension zone

Column type C1

L 5 | 1: Moment about Strain gauge due to lateral force Fx
2: Moment due to actual stress in the concrete fibers

v

Bending Moment

3.4.1.2 LOW-CYCLE LOADING TEST-COLUMN TYPE C1

After performing the high-cycle loading test, the column was subjected to reversed cyclic
loading test (low-cycle loading test) which simulates the seismic load. Due to the stroke limitation
of the hydraulic actuator available in the laboratory, the hydraulic actuator was shifted to a lower
position of 1.10 m from the column base as shown below. The configuration and loading test
history were mentioned previously. During the loading test, cracks on the bottom surfaces of the
column were observed and a cracking sound was heard. Strain gauges were disrupted due to
cracks development. The formation of flexural cracks continued with increasing levels of lateral
displacement. The spalling of concrete cover of the column began due to lateral loading, exposing
the column reinforcement as shown in Figure 66a. The loading test was terminated when the
displacement level was approximately + 40 mm (maximum stroke of the hydraulic actuator), and
the damage occurred at the lower region of the column. Numerous cracks were observed
approximately up to 50 cm of the column height from the column base as shown in Figure 66b.
Load-displacement (at level 0.90 m from the column base) of column data of reversed cyclic tests
were recorded and used to plot the hysteresis curves. Additionally, the uplift of column base

during the reversed cyclic loading test was recorded as illustrated in Figure 69.
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Figure 66 - Failure of Specimen C1; a) Exposing of reinforcement, b) Cracks and damage

Circular RC column-low-cycle fatigue test- Column C1- specimen no.12

Forces & LVDT's Straing gauges

in Fz\l/

Fx VTD2 Fx

“l b o,4i
0.2 7 0,60,7/0,8

1,1

T3 T6

T2 LT

T4

Remarks

Strain gauges T1 and T4 are placed 10 cm from the base. The distance between
strain gauges is 10 cm and between T6 and T7is 20 cm. Two LVDTs (V1 and V2) are
installed with distance of 2 cm and 110 cm from the base.

Additional two LVDTs V3 and V4 are installed on the steel base to measure the
uplift of the footing during the reversed cyclic loading test. Strain gauge T8 was
removed due to hydraulic actuator shift (level 1,0 m from the base).

Figure 67 — low cycle loading test configuration for unstrengthen column C1
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Lateral force-Displacement (Hysteresis curve)
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Figure 68 - Lateral force (Fx) vs. displacement (V1) Hysteresis curve for unstrengthen specimen

C1 (low-cycle loading test)

Lateral force vs. uplift (Column base)
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Figure 69 - Lateral force (Fx) vs. uplift of column base (V3) for unstrengthen specimen C1
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Horizontal force: P= 42,11 [kN] [Free end column subjected to horizontal and vertical forces at top
Vertical force: V= 450,00 [kN] pI3 l’ \Y
Le:*ngth of column:; L= 1,10 [m] Apax= 3E VI P
Diameter of column: D= 0,20 [m] >
Modulus of elasticity: E=  37333,00 [MPa] |P - Horizontal force
Effective Moment of inertia: 1= 3,93E-05 [m*] |V - Vertical force
Max.deflection at top: Dpax= 14,54 [mm] |L - length of column L
E - modulus of elasticity of concrete column
I - moment of inertia
Amax - maximum deflection at top of the column 7 y 4

The theoretical maximum deflection of the cantilever column subjected to axial and lateral
forces simultaneously as shown in the calculation above is 14.54 mm which is smaller than the
deflection during the experiment which is 26.11 mm in Figure 68. It derives that there is a rotation

in the column support and the column base is not acting as fully support.

3.4.2 CONFINED SPECIMEN - COLUMN TYPE C2 AND C3 (6x CFRP)

Column type C2 and C3 were designed to be representative of the confined specimens with
CFRP wraps. Details of the column type C2 and C3 are mentioned previously in Table 16 and
Figure 46. The performance of these confined specimens was compared to control specimen C1 to
evaluate the effectiveness of the applied CFRP wraps on the columns behavior. Test
configurations of column type C1 for high and low cycle loading tests were implemented, the

same for columns type C2 and C3.

3.4.2.1 HIGH-CYCLE LOADING TEST-COLUMN TYPE C2 AND C3

As the column type C1, the same loading history of high-cycle loading test and number of
cycles were conducted on the column type C2 and C3. During the high-cycle loading test, no
cracks were observed on the lower surface of the columns. Strains of the concrete and FRP
surfaces were measured by strain gauges. The deformation of the columns and the uplift of the
column bases were measured by LVDTs and DTI, respectively. The measured uplift under to the
same loads (Axial and lateral) of the column base of C2 was 0.55 mm, which was bigger than in
the previous column (column type C1). To make the support of columns stiffer and to decrease the
uplift of the base, steel stiffeners were provided to column base C3. Afterwards, the measured

uplift decreased to 0.11 mm for column C3.

The lateral force- displacement at top of columns C2 and C3 (at level 1.85 m from the top of steel

column footing) for number of cycles of 2x10°% 4x10° 6x10° 8x10° and 1x10° which are
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represented in the figure by Fx-X-010-C2 till Fx-X-050-C2 respectively. Figure 70, shows that the
lateral displacement of columns increases with the increase of number of cycles at the same level
of lateral loading. The descriptions of subscripts in details are mentioned in the previous

paragraph 3.4.1.1.

Lateral force-Displacement

Fx [kN]

0 2 4 6 8 10 12 14 16
Fx-X-010-C2 Fx-X-020-C2 Fx-X-030-C2 X [mm]

Fx-X-040-C2 Fx-X-050-C2

Figure 70 - Lateral force (Fx) vs. displacement (X) for column type C2 (high-cycle loading test)

Table 23 and Table 24 show the bending moment (M>=c.W) contribution from the measured
stresses (o) in the concrete fibers compared in tension and compression zones multiplied by the
section modulus of the column (W) compared with those resulted from the maximum applied
external force multiplied by the arm (M1=Fx.H) during the high-cycle loading test. As illustrated in
Figure 72, Figure 73, Figure 74, and Figure 75 respectively for column type C2 and C3, the
bending moments (M2) due to stresses in the concrete fibers at compression and tension zones,
which are measured by the strain gauges positioned at different level (values considered for H —
see Table 23 and Table 24), are smaller than due to the acting external force (M1). Therefore, the
moment due to the uplift of the column base (M3s=K.8) has been calculated and combined with the
internal bending moments contributed from the measured stresses. The moment (Ms) is equal to
the column stiffness (K) multiplied by the rotation angle (6) due to the uplift. The summary of the
moments (Mz) and (Ms) should be equal to the moment (M) in case the column support acting as

fully fixed support. As shown in the tables below that some losses of the bending moments take
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place due to the connections of the concrete column to steel footing and the steel footing to the
ground of the laboratory, which concludes that the support in the column base for type C2 and C3

is not fully fixed support similarly to column type C1.

Lateral force-Displacement

Fx [kN]
(0]

0 2 4 6 8 10 12 14 16

Fx-X-010-C3 Fx-X-020-C3 Fx-X-030-C3

X [mm]
Fx-X-050-C3

Fx-X-040-C3

Figure 71 - Lateral force (Fx) vs. displacement (X) for type C3 (high-cycle loading test)

The deformation of the column C2 and C3 due to high-cycle loading test is small, therefore

the moment results due to P-A effect was not taken into consideration.
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Table 23 - Bending moments- Test specimen C2

Test specimen - column type C2(19) (confined with 6x FRP wraps)

No. of Zone Strain Ae H F, Fy E W Stiffness 0=E.Ae M;=F.H M,=0.W M,;=K.8 M=M,+M,
cycles gauges [um/m] [m] [kN] [kN] [MPa] [’ K[kN/m] [MPa] [kN.m] [kN.m] [kN.m]  [kN.m]
Compression () 1+ PL14 190 45048 785 oo Tl T 08 4% 172 369 11,42
T3 26215 170 45048 785 886 1335 696 3,30 10,26
- T4 31247 190 45048 785 1056 1492 829 3,69 11,98
X.
_ T6 20095 170 45048 785 983 1335 772 330 11,02
Tension (*) 17 04813 150 45048 785 Soo-tO4 TESE04 ISIEXO3 oo 1078 6ss 2.0 9,50
T8 181,18 1,00 45048 7.85 612 785 481 1,9 6,75
Compression () 1+ 28750 190 45489 786y oo T oo T 072 1498 168 369 11,32
T3 25777 170 45489 786 871 1336 684 3,30 10,14
- T4 30827 190 45489 7.86 1042 1493 818 3,69 11,87
X.
_ T6é 28608 170 45489 786 967 1336 759 3,30 10,90
Tension  (+) 338E+04 785E-04 151E+03
T7 24220 150 45489 786 819 1179 643 2,92 9,34
T8 17915 1,00 45489 7.86 606 786 475 1,9 6,70
Compression () 1+ 29037 190 45316 790 oo T T T 0L 1501 770 369 11,40
T3 26096 170 45316 7.90 882 1343 692 3,30 10,23
10" T4 31149 190 45316 7.90 1053 1501 826 3,69 11,96
X
_ T6 28921 170 45316 790 978 1343 767 3,30 10,98
Tension (") 17 54763 150 45316 790 ooTt04 TESE04 ISIEH03 o0 11es 657 292 9,49
T8 181,00 1,00 45316 7.90 612  7.90 480 1,9 6,75
Compression () 1+ 29026 190 45074 788 jooo oo T o T 0BT 1497 770 369 11,39
T3 26090 1,70 45074 788 882 1340 692 3,30 10,23
e T4 31219 190 45074 7,88 1055 1497 828 3,69 11,98
X.
_ T6 28973 170 45074 788 979 1340 769 3,30 10,99
T + E+04 7.85E-04 151E+
ension  (*) 17 4301 150 45074 788 SoOEtO4 78SE-04 LSIEXO3 o0 118 658 22 9,50
T8 181,03 1,00 45074 788 612 788 480 1,9 6,75
Compression () 1+ 29086 190 45619 788 oo Tl T oo T 088 1497 172 369 11,41
T3 26133 170 45819 788 883 1340 693 3,30 10,24
g T4 31349 190 45819 7,88 1060 1497 832 3,69 12,01
X.
_ T6 20108 170 45819 788 984 1340 772 330 11,03
T + E+04 7.85E-04 151E+
ension  (*) 17 5000 150 45819 788 Soo-tO4 TBSE-04 ISIEXOS oo 11e 663 292 9,55
T8 181,07 1,00 45819 788 612 788 480 1,9 6,75

Notations of symbols in the table above are similar to that mentioned in table 22.

E: Modulus of elasticity of concrete = 3.38x10* MPa.
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Table 24- Bending moments- Test specimen C3

Test specimen - column type C3(18) (confined with 6x FRP wraps)

No. of Zone Strain Ag H F, Fy E W Stiffness o=E.Ae M;=F,.H M,=0.W M;=K.0 M=M,+M;,

cycles gauges [pm/m] [m] [kN] [kN] [MPa]l [m®] K[kN/m] [mMPa] [kN.m] [kN.m] [kN.m] [kN.m]

Compression  T1 32923 190 45065 7.99 4cc.04 7ger o4 1sapeoz 1130 15,18 8,92 3,77 12,69

() T3 31668 170 450,65 7,99 10,93 1358 8,58 3,37 11,95

ol 0F T4 32884 190 450,65 7,99 11,35 15,18 891 3,77 12,68
X .

Tension T6 32319 170 45065 7,99 11,15 1358 8,75 3,37 12,13

' ’ ’ ’ 45E+04 7,85E-04 154E+ ' ' ' ’ ’

* T7 27372 150 450,65 7,99 3A5E+04 785E-04 154E+03 9,44 11,99 741 2,98 10,39

T8 19997 100 45065 7,99 6,90 7,99 542 1,98 7,40

Compression  T1 32890 190 46386 800 4,co.04 7ger o4 1sapeoz  LSD 15,21 8,91 3,77 12,68

) T3 31606 170 46386 8,00 10,90 1361 8,56 3,37 11,93

AP T4 329,10 190 46386 8,00 11,35 15,21 8,91 3,77 12,68
X .

Tension T6 32244 170 46386 8,00 11,12 13,61 8,73 3,37 12,11

’ ’ ’ ' 45E+04 7,85E-04 154E+ ' ' ' ’ ’

) T7 27388 150 46386 8,00 3A5E+04 785E-04 154E+03 9,45 12,01 742 2,98 10,39

T8 20028 100 46386 8,00 6,91 8,00 542 1,98 7,41

Compression T1 33258 190 45487 8,05 345E+04 7.85E-04 154E+03 11,47 15,29 9,01 3,77 12,78

() T3 319,16 170 45487 805 11,01 13,68 8,64 3,37 12,02

6108 T4 331,62 190 45487 805 11,44 15,29 8,98 3,77 12,75
X .

Tension T6 32560 170 45487 805 11,23 13,68 8,82 3,37 12,19

) T7 27611 150 45487 805 ooCt04 7TBSE04 ISAEH03 gp. 007 748 208 10,45

T8 201,37 100 45487 805 6,95 8,05 545 1,98 7,44

Compression  T1 33362 190 44550 803 .04 cger 04 1sapegz LLSL 15,26 9,04 3,77 12,81

) T3 31908 170 44559 8,03 11,01 13,66 8,64 3,37 12,01

B 105 T4 331,60 190 44559 8,03 11,44 15,26 8,98 3,77 12,75
X .

Tension T6 32647 170 44559 8,03 11,26 13,66 8,84 3,37 12,21

’ ’ ’ ’ 45E+04 7,85E-04 1,54E+03 ’ ’ ’ ’ ’

) T7 276,60 150 44559 8,03 3 04 785E-04 1, 0 9,54 12,05 7,49 2,98 10,47

T8 20213 100 44559 8,03 6,97 8,03 547 1,98 7,46

Compression  T1 33351 190 44933 805 .04 cger o4 1sapegz LLSL 15,30 9,03 3,77 12,80

) T3 31950 170 44933 8,05 11,02 13,69 8,65 3,37 12,03

1P T4 331,96 190 44933 8,05 11,45 15,30 8,99 3,77 12,76
X .

Tension T6 326,70 170 44933 8,05 11,27 13,69 8,85 3,37 12,22

' ’ ’ ’ 45E+04 7,85E-04 154E+ ’ ' ’ ’ ’

+) T7 27681 150 44933 8,05 3A5E+04 785E-04 154E+03 9,55 12,08 7,50 2,98 10,47

T8 201,78 100 44933 805 6,96 8,05 546 1,98 7,45

Notations of symbols in the table above are similar to that mentioned in table 22.

E: Modulus of elasticity of concrete = 3.45x10* MPa.
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Figure 72 - Moment diagrams of specimen C2 at 2x10° cycles
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Figure 75 - Moment diagrams of specimen C3 at 1x10° cycles

Additionally to the conclusion above, it get out of it that there is no equilibrium between the

external and internal forces due to these reasons that, the base of the columns are inherently

flexible due to the oversized holes of the anchor bolts connected to the ground and the fact that the

anchor bolts cannot be fully and perfectly pre-tensioned and to the connection of the concrete

columns to the steel pocket foundation.
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3.4.2.2 LOW-CYCLE LOADING TEST-COLUMN TYPE C2 AND C3

After performing the high-cycle loading test, the column was subjected to reversed cyclic
loading test (low-cycle test) which simulates the seismic load. Due to the stroke limitation of the
hydraulic actuator available in the laboratory, the actuator was shifted to a lower position of 1.10
m from the column base as shown in Figure 76b. The configuration and loading test history were
mentioned previously. During the loading test, some of strain gauges were disrupted due to cracks
development and a popping sound was heard. The loading test was terminated when the stroke of

the hydraulic actuator reached the maximum distance of +40 mm.

Load-displacement data of reversed cyclic (low-cycle test at level 0.90 m from the column
base) tests was recorded and used to plot the hysteresis curves for columns C2 and C3 see Figure
77 and Figure 79 respectively. Additionally, the uplift of column base during the reversed cyclic

loading test was recorded as illustrated in Figure 78 and Figure 80.
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Figure 76 - Specimen C2 and C3 a) High-cycle loading test, b) Reversed cyclic loading test and

corresponding schemes
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Lateral force-Displacement ( Hysteresis curve)
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Figure 77 - Lateral force (Fx) vs. Displacement (V1) Hysteresis curve for specimen C2

Lateral force-Uplift of footing
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Figure 78 - Lateral force (Fx) vs. uplift of column base (V3) for specimen C2
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Lateral force-Displacement (Hysteresis Curve)
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Figure 79 - Lateral force (Fx) vs. Displacement (V1) - Hysteresis curve for specimen C3
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Figure 80 - Lateral force (Fx) vs. uplift of column base (V3) for specimen C3
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3.4.3 UNCONFINED SPECIMEN - COLUMN TYPE C4

Column type C4 was designed to be representative of specimen without CFRP confinement.
Details of the column type C4 are in Table 16 and Figure 46. Specimen C4 was subjected only to
reversed cyclic load (low-cycle load as defined in paragraph 3.3.8), and the performance of this
specimen was compared to specimen C1, C2 and C3 to evaluate the effectiveness of the high cycle

load on the column behavior.

The configuration and loading test history of low cycle load were conducted in the same
way as specimens C1, C2 and C3. The behavior of specimen C4 was similar to specimen C1. The
formation of flexural cracks continued with increasing levels of lateral displacement. The loading
test was terminated when the displacement level was approximately + 40 mm (maximum stroke of
the hydraulic actuator). The spalling of concrete cover of the column began due to lateral loading,
exposing the column reinforcement as shown in Figure 81, and the damage occurred at the lower

region of column.

Figure 81 - Failure of specimen C4- Development of cracks

Load-displacement (at level 0.90 m from the column base) of column data of reversed cyclic

test was recorded and used to plot the hysteresis curves.
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Lateral force-Displacement (Hysteresis Curve)
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Figure 82 - Lateral force vs. Displacement-Hysteresis curve for specimen C4

Horizontal force:
Vertical force:
Length of column:
Diameter of column:
Modulus of elasticity:

Moment of inertia:

Max.deflection at top: A, =

P=
V=
L=

D=
E=

49,64 [kN]
450,00 [kN]
1,10 [m]
0,20 [m]
34766,00 [MPa]
3,93E-05 [m*]
18,60 [mm]

Free end column subjected to horizontal and vertical forces at top

pI3 ‘L v
P

A e
M 3El - VI2 —_—

P - Horizontal force
V - Vertical force
L - length of column .

E - modulus of elasticity of concrete column
I - moment of inertia
Amax - maximum deflection at top of the column

77 7

The theoretical maximum deflection of the cantilever column subjected to axial and lateral

forces as shown in the calculation above is 18.60 mm which is smaller than the deflection during

the experiment which is 23.56 mm. It derives that there is a rotation in the column support and the

column base is not acting as fully support.

BUT- Institute of Concrete and Masonry Structures

127



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

A 1~
PRESN : N
|
I | — A A
| |
| |
| |
| |
| |
| |
e | ;
| |
| |
| |
|
! V2 c ¢
| A A .
| \
Ly 5
v _ L b b
A I
d a i
v = - v v vy

Figure 83 - Column Test Set-up

The summary table of deformation and uplift due to high-cycle loading test of columns type
C1, C2, and C3.

Table 25 - Deformation and Uplift due to high-cycle loading test

Measurement of deformation and uplift
Location of LVDT 1 a 370.00 [mm]
Location of LVDT 2 b 750.00 [mm)]
Location of LVDT 3 c 2200.00 [mm]
Depth of Steel footing d 350.00 [mm]
e
L

Location of Hydraulic stroke 2000.00 [mm)]

225.00 [mm]
Column type Y; [mm] tgo 0; [°] Xa[mm] X, [mm] X, [mm]
C1l 0.11 0.0004889  0.0280 0.1809 0.3667 1.076
C2 0.55 0.0024444  0.1401 0.9044 1.8333 5.378
C3 0.15 0.0006667  0.0382 0.2467 0.5000 1.467
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3.5 NUMERICAL ANALYSIS

3.5.1 FINITE ELEMENT METHOD

Parallel to conducting the experimental investigations, it is necessary to use a method of
analysis in order to simulate the behavior of test specimen. Finite element method is widely used
method to understand and to simulate the behavior of circular reinforced concrete columns under

monotonic and quasi-static cyclic loading.

The common problem arising in structural analysis is to determine the deflection arising
from a set of static loads. If the loads at a number of points about a structure — or degrees of
freedom are defined by a vector ARand the displacements at the corresponding points are Ar,

matrix stiffness[k].

[k]Ar = AR, (95)

Of most interest to dynamic is a similar formulation that includes inertia and damping terms
[MIXJ+[CT{X +[K X} ={F}, (96)
where

[M ]- The mass matrix,

{X'}and {X } - the first and second derivatives of the displacement with respect to time.

The force applied to the system is a function of time. While mass and stiffness of a structure are
measured and relatively easily derived, the mechanism whereby energy is lost through damping is
less easily modelled. The viscous damping model represented by matrix [C] in equation (95) is

commonly used but by no means exclusively used, being proportional to velocity.

The basic solution procedure of equation (94) is the well-known Newton-Raphson method.

In the Newton-Raphson method, depicted in Figure 84 and equation (94) is solved by a recurrence

relation
[kT ]k -Arnk = Aerl(_l = (ARE )n - (ARI )H’ (97)
rnk+1 = rnk+_ll + Arnk ! (98)
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Figure 84 - Newton-Raphson method of nonlinear analysis [43]

until a suitable norm of the vector on the right-hand side of equation (95) becomes smaller than

the specified tolerance. Subscript index n refers to the load step, while superscript index k refers to

the iteration within a particular load step. AR is the difference between (AR, ) , the externally

applied load increments at step n, and (AR, )k’l, the internal resisting load increments.

The basic Newton-Raphson method is not necessarily the most economical solution scheme and
does not always provide rapid or reliable convergence. To improve upon some of the limitations
of the basic Newton-Raphson method, several modifications have been proposed over the years.
Some of these methods involve modifications of the stiffness matrix in equation (96) and are then

classified as Modified Newton or Quasi-Newton methods.

In Newton-Raphson approach, the load is subdivided into a series of load increments. The
load increments can be applied over several load steps. Before each solution, the Newton-Raphson
method evaluates the out-of-balance load vector, which is the difference between the restoring
forces (the loads corresponding to the element stresses) and the applied loads. The program then
performs a linear solution, using the out-of-balance loads, and checks for convergence. If
convergence criteria are not satisfied, the out-of-balance load vector is re-evaluated, the stiffness
matrix is updated, and a new solution is obtained. This iterative procedure continues until the

problem converges.

In some nonlinear static analyses, if the Newton-Raphson method is used alone, the tangent

stiffness matrix may become singular (or non-unique), causing severe convergence difficulties.
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Such occurrences include nonlinear buckling analyses in which the structure either collapses

completely or ""snaps through™ to another stable configuration.

For such situations, the arc-length method is useful to avoid bifurcation points and track
unloading. The arc-length method causes the Newton-Raphson equilibrium iterations to converge
along an arc, as can be seen in Figure 85, thereby often preventing divergence, even when the
slope of the load vs. deflection curve becomes zero or negative. The constraint equation is forced
to be satisfied at each iteration.

F i

P, Converged solutions
ry- The refarence arc-length radius
r2. T3 - Subsaquent arc-length radii

u
-

Figure 85 - Arc length method [43]

Unlike traditional non-linear solution methods, continuation methods can handle post yielding
non-linear behaviour of materials, which show strain softening after yield point. They cannot be
trapped in an infinite loop at the unstable region of the solution curve (since the stiffness matrix is

updated based on both load increment and displacement increment).

3.5.2 NUMERICAL ANALYSIS BY ATENA 3D

ATENA recognizes two models, geometrical and numerical. Geometrical model represents
dimensions, properties and loading. It consists of macro-element. Each macro-element is an
independent element defined by joints, lines and surfaces. The interaction between macro-
elements is provided by contacts. Numerical model is based on geometrical model and represents
a numerical approximation of the structural analysis. It is a result of discretization made by the
finite element method. Because of independent macro-elements, the finite element meshes are
generated for each macro-element independently. Two default methods are defined for solution of
nonlinear equations; standard Newton-Raphson method and standard arc-length method. Newton-

BUT- Institute of Concrete and Masonry Structures 131



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

Raphson method keeps the increment unchanged and iterates displacements until equilibrium is
satisfied within the given tolerance. Arc-length method keeps the solution path constant and
iterates both increments of displacement and forces. Therefore, it changes both, displacements and

forces.

3.5.3 ANALYSIS PROCEDURE OF TESTED SPECIMENS
3.5.3.1 ELEMENT FORMULATION OF THE SPECIMENS

3D structural elements are used to model the materials of the columns. The model was
developed from 3D macro-elements and reflects the actual geometry of the column, its material
composition and boundary conditions (column supporting and type of loading). The concrete was
modelled as quasi-brittle material, which considers the formation and development of cracks; it
was defined as 3D nonlinear Cementitious. The longitudinal and transverse reinforcements were

modelling as elastic-plastic material.

3.5.3.2 GEOMETRY AND MATERIALS OF SPECIMENS

Three specimens of circular concrete column (C1, C3, and C4) were considered for
numerical study. The material properties of specimen (compressive strength of concrete, yield
strength of reinforcement) in numerical study were selected the same according to the

experimental study.

More details about the geometry and material properties of specimen are mentioned in the

following paragraph (experimental part).

3.5.3.3 LOADING, SUPPORTING, AND MONITORING

Two load cases are defined, supporting and loading. First contains the supports; the support
at the bottom end is provided as fixed end support to prevent movement in three directions, and
the top end is free. Second contains the axial compressive force at the top end in Z (-) direction
and lateral cyclic load in X direction. In nonlinear analysis, it is necessary to avoid any unrealistic
stress concentration, which may cause premature failure or cracking at the end locations of
columns. Therefore, a steel plate as a macro-element of diameter of 200 mm and height of 100
mm is modeled at both ends of the column, and another steel plate of height of 200 mm and

thickness of 50 mm is modeled at both parts where cyclic loading is applied.

The loading history consists of load steps. Each load step is defined as a combination of

load cases as defined previously (supporting and loading). Each load step contains also a
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definition of solution parameters, which define solution methods that are to be used during the

load steps; in our case Newton-Raphson, method was considered.

Monitoring is useful during nonlinear analysis, to monitor forces, deformations or stresses in
the model. Four monitoring points are placed on each column at the ends of column to monitor

deformation and applied forces and to be able to define the load curve.

3.5.3.4 BOUNDARY CONDITIONS

To determine and find-out an appropriate boundary condition for the ATENA MODEL
similar to that used in the experiment. Columns were modelled with different base plate
thicknesses having different modulus of elasticity, and it was considered an elastic material with
the same modulus of elasticity as steel 2.0x10° MPa for all macro-elements used in the model
except the base plate with lower modulus of elasticity of 3.70x10* MPa. This value was reached

after many trials, to observe the appropriate support in case the material was behaving linearly.

Base plate with lower E

All support joints (X-fixed,
Y-free, Z-fixed)

Figure 86 - Boundary Conditions — Column Type C4

Figure 86 above shows the boundary conditions of the columns selected for ATENA model. As
shown Figure 87, at displacement 10 mm the force is 33.7 kN which is very close to the value

obtained from the experiment.
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Figure 87 - Hysteresis Diagram— Column Type C4 - Atena (Elastic Behavior)
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CHAPTER 4-EVALUATION AND COMPARISON OF EXPERIMENTAL AND
NUMERICAL RESULTS

4.1 INTRODUCTION

This chapter discusses the results of the experimental tests presented in the previous chapter
and presents a comparison of the experimental and numerical results; this comparison is made
between specimens with different configuration to analyze the effect of FRP wraps and low/high-
cycle load. The experimental results are introduced in form of hysteresis force-displacement
envelope diagrams, energy dissipation-displacement diagrams, energy dissipation-drift, and lateral
force-drift. Moreover, a numerical and experimental comparison of column type C1, C3, and C4

were provided.
4.2 FORCE -DISPLACEMENT ENVELOPE DIAGRAMS

The summary of the experimental test configuration of the columns type C1, C2, C3, and C4
is shown in Table 26. The CFRP wraps were installed for columns type C2 and C3 and both high
and low-cycle loading was applied. Columns type C1 and C4 were unconfined columns and the
difference between them was the load configuration, both high and low-cycle fatigue loading was

applied on column C1 and only high-cycle loading was applied on column C4.

Table 26 — Summary of Experimental Test Configuration

Experimental test configuration

Type of

column
C1l Unconfined |Both loading (high and low cycle fatigue load) are applied
Cc2 Confined |Both loading (high and low cycle fatigue load) are applied
C3 Confined |Both loading (high and low cycle fatigue load) are applied
C4 Unconfined |Only high cycle fatigue load is applied

Confinement Loading

Figure below illustrates the comparison of the experimental results of lateral force-

displacement envelope diagrams (hysteresis envelope lines) among all specimens.

The test results for the unconfined and confined specimens are compared to quantify the
improvement in column behavior provided by the FRP wraps and the effect of high and low cycle
loading. Figure 88 illustrates the comparison between unconfined specimen C1 and confined
specimens C2 and C3 subjected to high and low-cycle load, and unconfined specimen C4
subjected to low-cycle load only. The behavior of column C4 is different from the specimen C1

due to the loading pattern. It shows that column type C4 has higher ductility than C1.
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Figure 88 - Force-Displacement Envelope Diagrams for all specimens-Experimental

The fatigue occurs in the specimen C1 due to high-cycle (one million cycles) and low-cycle;
and a progressive structural damage occurs when a material is subjected to both cyclic loadings
(high and low). Same configuration has been implemented for columns type C2 and C3, and even
though a small difference in the results occurred due to the difference in the mechanical properties
of the concrete (material characteristics; i.e. the compressive strength and modulus of elasticity of

concrete).

The comparison between unconfined specimen C1 and confined specimens C2 and C3
subjected to high and low-cycle load shows that FRP wraps in hoop direction provide an
improvement in the ductility, i.e. means adding of FRP wraps to columns changes the mechanical

properties of materials which improves the fatigue resistant and the life of columns.

The initial slope of the load vs. displacement response curve defines the stiffness of the
column specimens. The initial slope of the load vs. displacement response curves for the
unconfined specimen C1 and confined specimens C2 and C3 is not similar, i.e. that the FRP wraps

have an influence on the stiffness of the columns.
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The hysteresis curve of the columns shows that the ultimate force of the unconfined column
C1 reached about 40 kN for displacement of 23 mm and for the confined column C2 and C3 47
kN and 49 kN respectively for the same displacement in the push direction (positive zone). It
means that FRP wraps enhance the capacity of the unconfined column C1 approximately by 20%
(considering the average of confined columns C2 and C3). The ultimate lateral forces in the push

and pull directions are not matching.

The asymmetrical of the curve in the positive (push direction) and negative zone (pull
direction) may be probably caused by unsymmetrical damage of the columns during the test in
push and pull directions as shown in the Figure 66 and Figure 81 and to the effect of
inhomogeneity of concrete. The reason of the symmetrical envelope line in the numerical
simulation and not in the experiment is the loose fitting of the connection between the stroke of
the electrical hydraulic actuator and the concrete columns which it was not faced in the numerical

simulation.
4.3 ENERGY DISSIPATION -DISPLACEMENT ENVELOPE DIAGRAMS

Energy dissipation is a fundamental structural property of structural elements subjected to
cyclic loading. The failure mechanism of reinforced concrete columns is dependent on the load
path history and affects the ductility and energy dissipation capacity of the columns. The energy
dissipation of the column is derived from the work done in deforming the column. This can be
defined either in function of bending moment and rotation, or shear force and lateral displacement.
Deriving energy dissipation from shear and lateral displacement is more stable consideration. The
energy dissipated by the specimens was calculated by integrating the lateral load-displacement
curve. The energy released due to change in displacement caused by a lateral force in an interval
time Esi(t) and the total energy Esi are defined by

= (t) = %ATXtI [Fi O+F., (t)] (99)
E, = jl E, (t).At (100)
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F - Lateral

Force

Figure 89 - Energy Dissipation in a cycle of Hysteresis diagram

X - Lateral Displacement

Table below shows the summary of the energy dissipation and drift of the column type C1, C2, C3

and C4.
Table 27 - Energy Dissipation and Drift of un-strengthened column type C1
Colum Type C1- Unconfined ( 10° cycles)
Area Under Curve
Displacement |Lateral Force| X,-X, [(F,+F,)/2 Drift = X,/L Energy
Point X [mm] F. [kN] (X, - X;)(F,+F,)/2 . Dissipation

i i [mm] | [kN] [KN.mm] %] [kN.mm]
1 0,000 0,000 0,000 0,000 0,000 0,000 0,000
2 1,801 6,169 1,801 3,085 5,555 0,157 5,555
3 6,702 20,471 4,901 13,320 65,285 0,583 70,840
4 8,287 23,812 1,585 22,142 35,100 0,721 105,939
5 11,738 29,822 3,451 26,817 92,540 1,021 198,480
6 15,283 34,175 3,545 31,999 113,421 1,329 311,900
7 19,341 37,499 4,058 35,837 145,437 1,682 457,337
8 23,426 40,330 4,085 38,914 158,977 2,037 616,314

Table 28 - Energy Dissipation and Drift of strengthened column type C2
Colum Type C2 - Confined (10° cycles)
Displacement | Lateral Force [ X,-X, |(F,+F,)/2 Area Under Curve Drift = X;/L Energy
Point X, [mm] F. [kN] KN (X, - X;)(F,+F,)/2 % Dissipation
' ' [mm] | [kN] [kN.mm] %] [kN.mm]

1 0,000 0,000 0,000 0,000 0,000 0,000 0,000

2 4,351 19,623 4,351 9,811 42,693 0,378 42,693

3 7,447 29,234 3,096 24,429 75,619 0,648 118,312

4 9,703 34,503 2,256| 31,868 71,900 0,844 190,211

5 14,129 40,852 4,426 37,677 166,765 1,229 356,976

6 17,913 45,058 3,784| 42,955 162,545 1,558 519,521

7 21,619 48,389 3,705| 46,724 173,130 1,880 692,651

8 25,227 50,116 3,609 49,253 177,735 2,194 870,386
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Table 29 - Energy Dissipation and Drift of strengthened column type C3

Figure below illustrates the evolution of total energy dissipation of specimens and the
comparison between them. The area under the lateral force-displacement diagrams presents the

total energy dissipation. The energy dissipation of unconfined and confined circular columns is

investigated under low and high-cyclic loadings.

Colum Type C3 - Confined (10° cycles)
i Displacement | Lateral Force [ X,-X, |(F,+F,)/2 Area Under Curve Drift = X;/L . E'Terg}’
Point X, [mm] F. [kN] [mm] [kN] (X, - X,)(F,+F,)/2 %] Dissipation
I ' [kN.mm] [kN.mm]
1 0,000 0,000 0,000 0,000 0,000 0,000 0,000
2 3,336 14,611 3,336 7,305 24,370 0,290 24,370
3 5,171 21,013 1,835 17,812 32,684 0,450 57,054
4 9,671 32,339 4,500 26,676 120,035 0,841 177,089
5 12,703 37,426 3,032 34,882 105,769 1,105 282,858
6 16,673 40,934 3,970 39,180 155,547 1,450 438,405
7 20,181 43,969 3,509 42,452 148,943 1,755 587,348
8 23,226 47,267 3,045 45,618 138,908 2,020 726,256
Table 30 - Energy Dissipation and Drift of un-strengthened column type C4
Colum Type C4 - Unconfined
) Area Under Curve A Energy
i Displacement | Lateral Force| X,-X, |(F,+F,)/2 Drift = X;/L L2
Point X, [mm] F. [kN] [mm] [kN] (X, - X;)(F,+F,)/2 %] Dissipation
I I [kN.mm] ° [kN.mm]
1 0,000 0,000 0,000 0,000 0,000 0,000 0,000
2 5,258 17,589 5,258 8,795 46,247 0,457 46,247
3 8,622 27,217 3,364 22,403 75,361 0,750 121,608
4 11,748 34,563 3,126 30,890 96,549 1,022 218,157
5 15,764 39,369 4,016 36,966 148,475 1,371 366,631
6 19,688 43,422 3,924 41,395 162,430 1,712 529,061
7 23,378 47,343 3,690 45,382 167,439 2,033 696,501
8 27,179 50,013 3,801 48,678 185,040 2,363 881,540
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Figure 90 - Energy Dissipation-Displacement Envelope Diagrams for all Specimens-

Experimental

Specimen type C1 (control specimen- unconfined) subjected to high and low-cycle load
dissipates less than the specimen C4, which is subjected to low-cycle loading only. The total
energy dissipated by the specimen Cl1 and C4 are 616,314 KN.mm and 881,540 KN.mm
respectively, which is 43% higher. Additionally, the confined specimens with FRP wraps C2 and
C3 subjected to high and low-cycle loading (same loading configurations as specimen type C1)
have higher dissipated energy level than specimen type C1. The total average energy dissipated by
the specimens C2 and C3 is 798,321 KN.mm, which is higher 29,50 % than the total energy
dissipated by the specimen C1. The difference in the energy dissipation between columns type C2
and C3 is due to the variance in the material properties (the compressive strength and the modulus
of elasticity of the concrete). It can be concluded that the ductility and energy dissipating capacity
increase when the confinement is presented. Additionally, the low-cycle loading decreases the
ductility and the energy dissipating capacity of the columns. It can be concluded that the high-

cycle loading and the FRP wraps have a significant effect of the behavior of the concrete columns.
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4.4 LATERAL FORCE-DRIFT DIAGRAMS

The lateral drift ratio of the cantilever column is defined as the ratio of maximum lateral

displacement (A, ) deriving from lateral force to total height (L) of the specimen.
Drift = u = AT"‘*’X (101)

Figure below illustrates lateral force-drift of unconfined and confined specimens.

60

50 { A m

1 A
20 %

Laeral Force -Fx

0 0,5 1 1,5 2 2,5
=== ateral Force-Drift-C1
=== | ateral Force-Drift-C2 Drift [%]
=>¢=| ateral Force-Drift-C3
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Figure 91 - Lateral Force-Drift Ratio for all Specimens-Experimental

Figure above illustrates the comparison between the unconfined columns C1 and C4, and the
confined columns with FRP wraps C2 and C3. The test data and figure above indicate that the drift
capacity of unconfined column type C1 subjected to high and low-cycle load is lower than the
drift of unconfined column type C4 subjected to low-cycle load only. Additionally, the drift
capacity increases when the confinement is presented as shown in the comparison between
columns C1 and confined columns C2 and C3. The difference in drift between columns type C2

and C3 is due to the variance in the material properties (the compressive strength and the modulus

of elasticity of the concrete).
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Table 31 - Summary of Maximum Load and Displacement Test Results

Max. T
Cotumn | "2l piopiacoment | prft) | S"e7E) Disipation | Performance
[mm]
Type C1 40,33 23,43 2,04 616,31
Type C2 50,12 25,23 2,19 870,39 29,19
Type C3 47,27 23,23 2,02 726,26 15,14
Type C4 50,01 27,18 2,36 881,54 30,09

4.5 EMPERICAL MODEL FOR FRP CONFINED CONCRETE SUBJECTED TO CYCLIC
LOADING

One of the main objectives of this dissertation work is to develop an empirical model
(design-oriented model) of the confined concrete subjected to cyclic loading and to predict the
confined compressive strength of concrete wrapped with CFRP. The typical form of design-

oriented expressions is

ks
To _ivk, [—“f] , (102)

fCO co

where k;,K,,k;are constants, the value of k,is usually 1, the values of k,and k,are unknown

parameters based on the results of loading test and the various compressive strength of the

concrete. f, f,and o, are the predicted confined compressive strength of the concrete, the

cct Teo
compressive strength of the unconfined concrete and the effective lateral pressure contributed by
the FRP wraps respectively. For the compressive strength subjected to cyclic loading a similar
expression will be adopted within consideration the FRP wraps contribution on the enhancement
of the unconfined concrete. The relationship mentioned above is describing the development of
the strength of the confined concrete which depending on the amount of the lateral pressure

contributed by the FRP warps.

Based on the results obtained from the experimental study among specimens C1, C2 and C3,
the enhancement of the FRP wraps on the behavior of the unconfined concrete is approximately
20 % (taken the average between of C2 and C3). As shown in Table 18, the properties of concrete
for test specimens are different from one specimen to another; therefore, a calibration shall be
conducted. After performing the calibration, the enhancement of the FRP wraps on the unconfined
column increased approximately 10 %. The unknown parameters k. and ks were determined based

on the results and the behavior of the unconfined and confined concrete columns subjected to
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cyclic loading by defining one unknown and finding the second unknown using the logarithm
functions . For k2 = 1.5, respectively ks = 1.30. The design oriented expression to predict the
strength of the confined concrete can be written in the following form

f o 1.30
f—CC =1+1.5( ]1*6“ J . (103)

co co

Various models for confinement of concrete with FRP have been developed. The majority of
these models were performed on plain concrete specimens’ test. Most of the existing strength
models for FRP confined concrete adopted the concept of Richart et al. (1929) [53], in which the
strength at failure for concrete confined by hydrostatic fluid pressure. In addition, limited models

have been conducted on confined concrete subjected to high cycle loading.

To validate the proposed model, the compressive strength of FRP confined columns of
various models proposed by other authors was compared with the compressive strength of the
proposed model. The compressive strength of columns type C2 and C3 was adopted and the
fatigue compressive strength of concrete was computed according to EN 1992-1-1. The lateral
confining pressure provided by 6 layers of CFRP wraps was evaluated. The comparison shown in
Table 32 that the present model is more conservative in predicting the concrete compressive
strength subjected to cyclic loading (high and low cycle loading).

A comparison of strengthening ratio versus confinement ratio of various proposed models is
presented in Table 33 and Figure 92. The confinement lateral pressure was calculated for confined
concrete column with CFRP wraps by 1x till 6x layers. The unconfined compressive strength of

concrete with fatigue was considered 35 MPa.
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Table 32 — Compressive strength comparison of the proposed models

Author of | Unconfined Confined Unconfm_ed Confme_d
orposed | Compressive Lateral compressive | COMPressive | compressive
porp P Pressure P strength with| strength with
models Strength strength fatique fatique
1:cm (MPa) csl,eff (MPa) fcm,c (MPa) fcm,fat (MPa) 1:cm,c,fat (MPa)
Richartetal | 52,00 6 124,22 35,01 107,23
1928 58,00 ’ 130,22 37,86 110,09
Mander et 52,00 62 124.70 35,01 97,23
al. 1988 58,00 ' 133,50 37,86 102,19
Cusson & 52,00 62 103,19 35,01 80,46
Paultre 1995 | g5g ' 110,89 37.86 84.40
Karbhari & 52,00 6 94,58 35,01 75,45
Gao 1997 58,00 ' 101,19 37.86 78.72
Kono et al. 52,00 60 104,40 35,01 70,28
1998 58,00 ' 116,44 37,86 76,01
samaan el 52,00 62 96,70 35,01 79,70
al. 1998 58,00 ' 102,70 37,86 82,56
Spoelstra & 52,00 62 142,80 35,01 109,50
Monti 1999 58,00 ' 153,89 37.86 115,34
Toutanji 52,00 60 124,52 35,01 103,35
1999 58,00 ' 131,72 37.86 107,02
Saafi et al. 52,00 60 98,08 35,01 78,26
1999 58,00 ' 104,89 37,86 81,66
Vousef et al. 52,00 62 82,24 35,01 68,39
2007 58,00 ' 87,42 37,86 70,60
Lam & Teng 52,00 6 110,13 35,01 93,14
2003 58,00 ' 116,13 37.86 95.99
52,00 102,54 35,01 83,42
EN 1992 17,62
58,00 109,29 37,86 86,63
52.00 71,10
o
58,00 76,48
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Table 33 — Comparison of the strengthening ratio of various proposed models

Lam & Teng Cusson & Richart et | Mander et al. |Eurocode 2| Mansour
(2003) Paultre (1995) | al. (1928) (1988) (1992) (2018)
Confm(?me nt Strengthening ratio
ratio
oII/ fco,fat fcc,fat/ fco,fat fcc,fat/ fco,fat fcc,fat/ fco,fat fcc,fat/ fco,fat fcc,fat/ fcc;,fat fcc,fat/ fco,f.':\t
0,08 1,28 1,37 1,34 1,49 1,42 1,54
0,17 1,55 1,60 1,69 1,85 1,54 1,60
0,25 1,83 1,80 2,03 2,15 1,75 1,67
0,34 2,11 1,98 2,38 2,39 1,96 1,74
0,42 2,38 2,14 2,72 2,60 2,17 1,82
0,50 2,66 2,30 3,06 2,78 2,38 1,91
3,50
| am & Teng
T
“;— 3,00 A Cusson & Paultre
S
> /: = Richart et al.
€ 750 ~
(5] ’ —
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Figure 92 — Strengthening ratio vs Confinement ratio comparison of various proposed models
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4.6 NUMERICAL RESULTS OF COLUMNS TYPE C1, C3 AND C4-ATENA

The numerical results of columns type C1 (unconfined with low and high-cycle loading), C3
(confined with low and high-cycle loading), and C4 (unconfined with low-cycle loading) carried-
out by Atena in form of hysteresis diagram are introduced hereby. Figures below illustrate the
envelope line, energy dissipation vs displacement, and energy dissipation vs drift diagrams. The

following paragraph illustrates the comparison of the numerical analysis.
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Lateral deformation-V1
[mm]

Figure 93 - Force-Displacement Envelope Diagrams for all specimens-Atena

The comparison of the experimental and numerical results is presented in the paragraph 4.7
which covers the followings:

e Envelope line (Lateral force vs lateral deformation);
e Energy dissipation vs lateral deformation;
e Energy dissipation vs drift.

The reason of the symmetrical envelope line in the numerical simulation and not in the
experiment is the loose fitting of the connection between the stroke of the electrical
hydraulic actuator and the concrete columns which it was not faced in the numerical
simulation.
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4.7 COMPARISON OF THE EXPERIMENTL AND NUMERICAL RESULTS

The following figures illustrate the comparison between the experimental and numerical
results provided by ATENA which covers the followings:

e Envelope line (Lateral force vs lateral deformation);
e Energy dissipation vs lateral deformation;

e Energy dissipation vs drift.
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Figure 96 - Envelope line - Experimental vs. Atena
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Figure 97 - Envelope line for Columns C1 - Experimental vs. Atena
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BUT- Institute of Concrete and Masonry Structures

149




Dissertation — Strengthening of circular column subjected to lateral cyclic loading

Energy Dissipation - E

[kN.mm]

700

600

500

400

300

200

100

\

0 0,5

=4¢=—C1-ENERGY DISSIPATION-DRIFT-ATENA

1,5

== C1-ENERGY DISSIPATION-DRIFT-EXPERIMENTAL

Drift [%]

Figure 99 - Energy dissipation - drift for Columns C1- Experimental vs. Atena
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Figure 101 - Energy dissipation - deformation for Columns C3- Experimental vs. Atena
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Figure 102 - Energy dissipation - drift for Columns C3- Experimental vs. Atena
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1000
900

800 /
700
600

500 /
400 ,(

300

[kN.mm]

N\

Energy Dissipation - E

200

100

20 25 30
=4¢=—C4-ENERGY DISSIPATION-DEFORMATION-ATENA Lateral deformation - V1
== C4-ENERGY DISSIPATION-DEFORMATION-EXPERIMENTAL [mm]

Figure 104 — Energy dissipation- deformation for Columns C4 - Experimental vs. Atena
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Figure 105 - Energy dissipation - drift for Columns C4- Experimental vs. Atena

As shown in the envelope line diagram obtained from the experimental and numerical
results, the behaviour of the unconfined column type C1 and C4, and confined column type C3
subjected to constant axial force, lateral cyclic force is similar, and the energy dissipation versus
lateral deformation and drift are coincident. During the experiment, the columns continued to
deform until stopping the test. In the numerical simulation, the columns stopped deformation
while large cracks appeared at the bottom zone of the column. The ultimate lateral forces in the
push and pull directions are not matching as shown in Figure 88 and Figure 96 of the
experimental results. The asymmetrical of the curve in the positive (push direction) and negative
zone (pull direction) was probably caused by unsymmetrical damage of the columns during the
test in push and pull directions and due to the effect of inhomogeneity of concrete. Additionally,
the reason of the symmetrical envelope line in the numerical simulation and not in the experiment
is the loose fitting of the connection between the stroke of the electrical hydraulic actuator and the

concrete columns which it was not faced in the numerical simulation.
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4.8 DESIGN PROCEDURE

Ductility equivalent to chord rotation of columns is the most important aspect for structural
elements subjected to seismic load. The main aim of retrofitting in seismic is to increase the

ductility of structural elements/ columns.

The design of FRP jackets for a defined or target displacement ductility. This is achieved by

the following procedure:

1. Determine the plastic hinge length based on Eurocode 2 (refer to paragraph 2.8.5, equation

60 to 62),

f
L, =%+0.2D+0.1l—ydbl

p \IIE

2. Compute the yield curvature based on cross-section analysis (refer to paragraph 2.8.5,

equation 67),
gy
¢y = 2256

3. Curvature capacity of the reinforced concrete columns based on the required or target

displacement ductility can be expressed (refer to chapter 2, section 2.8.5.)

_ (1, -1)
A 3("%)(1-05"9' ij

4. Ultimate curvature capacity of the reinforced concrete columns can be expressed (refer to

+1

section 2.8.2 equation 45)

/1¢:Z_u_)¢u ::u¢¢y
y

5. Ultimate strain of the reinforced concrete columns can be expressed (refer to section 2.8.2

equation 45)
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6. Effective lateral confining pressure contributed by the FRP wraps can be expressed based

on Eurocode 2 (refer to section 2.7.1 equation 32)

Eocu oo
O :( 02 ) foo

7. Required thickness of FRP wraps can be expressed (refer to section 2.4.1 equation 1)

o, D
=
2Ef gf,rup

f., runconfined compressive strength of concrete
f, - yielding strength of steel

&, - strain of concrete

&, :strain of steel

E, :elastic modulus of FRP

f, :tensile strength of FRP

&¢ nyp - Strain rupture of FRP

D : diameter of column

d,, : diameter of rebars

L, : plastic hinge length

L : length of column

X : depth of neutral axis

o, . effective lateral pressure due to FRP

&, - Ultimate strain of concrete due to FRP

¢, yield curvature

¢, - ultimate curvature

4, > curvature ductility

u, - displacement ductility

t, :thickness of FRP

k :2.25 for circular columns, 2.10 for square columns
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Given:D,d., f_, f ,I

bl ? co’? yr

Ei ery feopy

!

f
plastic hinge: L, = I‘%O+O.2D+O.1l—y d,

Jn
!
Yield curvature: ¢y = ki
D
!
(/‘A _1)
3("%\,}(1—0.5 L ij
!

¢u = /’l¢ ¢y Eo = PuX

+1

Curvature ductility : x4, =

(gccu —&u ) fco
0.2

O, =

__¢gb
f 2Ef gf,rup

BUT- Institute of Concrete and Masonry Structures 156



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

| DESIGN OF FRP CONFINEMENT FOR A CIRCULAR COLUMN FOR A SEISMIC RETROFIT

| INPUT

Diameter of column D= 200|[mm]
Gross area of column A= 31415,93 [mm2]
Geometry of column
Length of column L= 2000|[mm]
Concrete cover cC= 20{[mm]
Compressive strength of concrete f,= 35|[MPal]
Concrete properties
Axial strain of concrete E.= 0,002([%]
Diameter of longitudinal bars dy, = 8|[mm]
Number of longiudinal bars n= 6
Total area of longitudinal bars As= 301,59 [mm2]
Diameter of hoops dt= 6|[mm]
Reinforcing steel properties
Spacing of hoops/ pitsh for spiral s= 150([mm]
Yield strength of bars fy = 500|[MPa]
Modulus of elesaticity of bars Es= 200000|[MPa]
Yield strain 8y = 0,0025([-]
Modulus of elasticity of FRP E.= 140000([MPa]
Tensile strength of FRP fe= 1870|[MPa]
Thickness of one layer of FRP te= 0,125|[mm]
FRP wrap properties
Ratio & /€= 0,7][%]
Strain of FRP at rupture frup = 0,00935([%]
Reduction factor lIJ = 0,9
Displacement ductility Ha= 4
Column Configuration Axial force F,= 450([kN]
Effective depth of cross-section d= 170|{[mm]
ouUTPUT
Plastic hinge length L, =L,/30+0.2D +0.1 ldblfy/\/fco 181|[mm]
Required curvature ductility Ko = (KA '1)/3(Lp/|-)( 1'0-5(|-p/|-)) +1 12,57]|[-]
Yiled curvature of the section be =225€E/D 0,0281([1/m]
Required ultimate curvature (bu :H¢¢y 0,354|[1/m]
Depth of the neutral axis of uncofined concrete |C,=d [E AE+E,)] 75,56 |[mm]
Ultimate strain of the column E..i=PLCy 0,0267([%]
Actual maimum confining stress fi,=(€ccu~ Eco )feo/0.2 4,32|[MPa]
Required thickness of FRP jacket t=(f,, DV(2E; €, 0,33 |[mm]
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A design algorithm and code is part of the dissertation work. The Language used is C#.net,
was developed using Visual Studio Community 2017 edition, which is a free version of Visual
Studio. It can be downloaded at the following link:

https: //www.visualstudio.com /downloads/

This software was made to determine the shear capacity of the reinforced concrete circular column
confined with FRP in seismic zones.

It consists of inputting data to a form and getting results using the following three methods:

1. Shear strength retrofit,
2. Flexural plastic hinge confinement,
3. Clamping of lap splices.

The software will automate the calculations needed to return the required results.

The structure of the code is shown in detail in the appendix.
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4.9 SUMMARY AND CONCLUSION OF THE INVESTIGATION

The submitted dissertation work is dealing with the behaviour of unconfined and confined
circular concrete columns subjected to axial static load and lateral cyclic load (high and low-cyclic
loading). Two main issues are required for consideration for the column subjected to lateral load,;
one is strength capacity enhancement and the second is ductility enhancement. FRP wraps provide
additional strength capacity, which reduces the risk of a brittle failure, and increases the strain

capacity of concrete in compression, leading to enhancing the member ductility.

Fulfilling the objective of the dissertation work

This investigation work focused on the available knowledge required to strengthen the
circular concrete column with FRP wraps subjected to lateral cyclic loading (high and low-cyclic
loading). The majority of standards and codes provide numerical equations to predict the
confinement lateral pressure contributed by wrapping. These standards do not consider the
degradation of concrete compressive strength due to preloading and especially cyclic load (high
cyclic loading). Thereby, the degradation of the concrete compressive strength of the existing
structures has to be considered due to the material fatigue by finding out the actual concrete
compressive strength of the existing structures and by verifying the results with the theoretical
value predicted by the codes and standards. The aim of this work was to predict the enhancement
of the FRP wraps on the behaviour of the circular concrete columns subjected to lateral cyclic
loading (predicting of design-oriented model) and to introduce the strengthening procedure of a
circular column by FRP wraps. The main two issues mentioned above are the key to a successful
procedure to strengthening design. Therefore, an experimental and numerical study are presented
here to investigate the behaviour of unconfined and CFRP confined circular concrete columns
subjected to combined axial load and reversed lateral cyclic loads. The experimental procedures
are reported here in detail for four specimens unconfined and confined circular columns under

axial static load and lateral high and low-cycle loadings. The axial load was applied prior to lateral
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load. The lateral loads were applied in two different methods; first, the force control fatigue
method that column, simultaneously with axial static load, is subjected to one direction pulling
lateral force for one million cycles (high-cycle load), and second, the displacement control
reversed cyclic method (low-cycle load) is based on a pattern of progressively increasing
displacements. The hysteresis loops vs. deflection, energy dissipation vs. deflection and energy
dissipation vs. drift for each specimen were presented. The experimental results evaluation and
comparison between specimens were introduced. Part of the work is theoretical, which was
presented by the interaction diagrams and moment-curvature diagrams of the circular concrete
column cross-sections and the static scheme of the cantilever column with axial and lateral loads,
and a mathematical model of the unconfined and confined columns conducted by ATENA 3D
presented the numerical study. Additionally, a design code developed by C# programming

language presented the design algorithm.

Based on the experimental results and research of the theoretical study, the following

outlines were obtained:

e The enhancement contributed by FRP jackets on the section analysis of circular reinforced
concrete columns by using the interaction diagrams was verified (paragraph 3.2.1.2), and
the ultimate compressive strength and bending moment enhancement of a concrete section
depends on the number of FRP layers provided.

e The ductility enhancement of unconfined and confined columns, moment-curvature
analysis of test specimens conducted by software SAP2000 (paragraph 3.2.1.5) was
evaluated and it shows that the ductility performance of the unconfined columns can be
improved by the confinement of concrete conducted by FRP wraps and spiral
reinforcement.

e The plastic hinge length is a significant factor between the displacement, rotation, and

curvature ductility factors of the cantilever column (paragraph 3.2.1.6).
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e The use of FRP jackets for the ductility and load capacity enhancement in unconfined
reinforced concrete columns subjected to axial load and lateral cyclic loading was verified
experimentally, based on the comparison between unconfined specimen C1 and confined
specimens C2 and C3.

e There is a difference in the behaviour of reinforced concrete columns subjected to low and
high-cycle loadings. As listed earlier in the experimental results, the unconfined column
C1 subjected to high-cycle loading (approximately 1 million cycles) before exposing to
low-cycle loading can dissipate lower energy than the column C4 exposed to low-cycle
loading only due to the fatigue of materials. Additionally, providing FRP wraps to columns
exposed to high-cycle loading improve their energy dissipation and ductility as shown in
the comparison between unconfined column C1 and confined columns C2 and C3
(paragraph 4.3).

e During high-cycle loading (in the experiment, a lateral force of a minimum of 2.0 kN and a
maximum of 8.0 KN was selected) of 1 million cycles, specimens C1, C2, and C3 do not
display any sign of failure. The performing of a fatigue life assessment of the column
based on a pattern of progressively increasing displacements, few cycles are enough for the
strength degradation and failure of the specimens.

e The experimental results illustrated in table 22, 23, and 24 and figures 63, 64, 65, 70, 71,
72, and 73 show that some loses in the moments at fixed support were presented due to the
elastic behaviour of the column’s support.

e Prediction of a new empirical model for FRP confined concrete circular column subjected
to axial static loading and lateral cyclic loadings (high and low- cyclic loading) is
presented in the paragraph 4.5.

e The mathematical model based on FEM conducted by ATENA 3D software, which

simulates the behaviour of unconfined and confined reinforced concrete columns subjected
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to axial static load and reversed cycle lateral load was evaluated by the line envelope and
energy dissipation versus lateral displacement and compared to the experimental results,
which provide a good agreement with the experimental results.

e The strength degradation due to the high-cycle loading (comparison between unconfined
specimens C1 and C4) should be taken into consideration while the strengthening of
existing concrete column is carried out.

e During low-cyclic loading, once displacement ductility reaches values between 2 and 3,
the strains of the concrete in the plastic hinge length exceed the unconfined concrete limit,
causing spalling of the cover concrete then the crushing extends to the core, causing
buckling in the longitudinal reinforcements, this failure mode occurred at specimens C1
and C4. In the confined columns C2 and C3, many layers of FRP wraps may provide
sufficient confinements to prevent such failure.

e The stress-strain properties of concrete and steel become quite different from that purely
tensile or compressive stress due to the reversed cyclic loading (1 million cycles). This
conclusion is drawn from the comparison of specimens Cl and C4. The concrete
compressive strength decreases due to fatigue, which leads to the shear strength
degradation of the concrete columns. It is the reason of shear failure of concrete columns
under cyclic loading. It is significant to lateral deformation-based design to evaluate the
degraded shear strengths after each load cycle.

e The energy dissipation of the test specimens increased with providing the FRP wraps. The
energy dissipation of the FRP confined columns is between 17% and 28% larger than the
unconfined column subjected to high and cycle loadings, and 13% larger for the
unconfined column subjected to low-cycle loading only.

e The required amount of transverse confinement of columns should be provided to achieve

certain level of ductility and strength of concrete columns.
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e The displacement ductility capacity of the concrete columns was significantly improved by
the contribution of the FRP wraps at the plastic hinge location of the columns, and the

ductility was controlled by the strength of the FRP wraps.

The above-mentioned outcomes which based on the theoretical and experimental studies

fulfil the main objective of the dissertation work presented in paragraph 1.3.
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4.10 FUTURE RESEARCH AND RECOMMENDATIONS

Due to complexity of operation to perform such tests under realistic loads in large quantities
especially on large-scale concrete columns, the available investigations and researches are still
limited. Many different philosophies and proceedings have been suggested for the FRP
strengthening of concrete columns under cyclic loading, and the relevant provisions differ in
various design codes. Therefore, it is recommended to enlarge researches and investigations and to
describe relevant parameters to seismic behaviour of concrete columns; such as curvature ductility
factor, displacement ductility factor, and lateral drift ratio, which are used by many standards and
seismic design criteria. It has been found that the design procedures vary due to different design
criteria. Due to variations in the seismic design provisions in current design codes to determine the
confinement of concrete columns, a comprehensive database and large parameters of the columns
simulated seismic loads are significant for supplementary development of analysis and design
provisions. The ranges of important parameters such as the geometry, strength of concrete (NSC
and HPC), jacketing materials (CFRP, GFRP, etc.), additional effect of transverse reinforcement

on confinement and different loadings (monotonic and cyclic), should be studied and investigated.

Based on the experimental results and complication faced during the testing, hereby the

following recommendations:

1. To prevent moment loses at the column support and to realize the fixity of the
column base, it is recommended to have concrete column and base as one piece and
cast in one go.

2. To have statistically significant results, a larger number of columns with the same
configuration to be tested and to be able to quantify the shear strength degradation of
the concrete columns subjected to cyclic loading.

3. The selection of the geometry and the size of the specimens to be based on the

available equipment in the laboratory.
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4. To study larger number of parameters in the experimental study affecting the
columns subjected to cyclic loading such as frequency, number of layers of the FRP,
the magnitude of the lateral force, the number of cycles and the fatigue of FRP

wraps.
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APPENDIX
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Figure 107 - Specimen Type C1- Footing
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Figure 109 - Specimen Type C1- Axial and Lateral Loads Application
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Figure 111 — Steel footing fixed to ground by anchor bolts
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Confined Specimen

Column type C3
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Dynamic test

Faculty of Civil Engineering
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Figure 113 — Specimen Type C2- Confined with FRP wraps
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Figure 115 — Specimens Type C2 and C3- Loads application at lower level
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Figure 116 — Specimen Type C1- Failure mode
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Figure 117 — Specimen Type C1- Atena — Cracks Element
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Figure 118 — Specimen Type C1- Atena — Principal Stresses in Reinforcements
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Figure 120 — Specimen Type C1- Atena — Tensile Strength SIG T (1)
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Figure 122 — Specimen Type C1- Atena — Von Mises Stresses in Concrete
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Figure 123 — Specimen Type C1- Atena — Von Mises Stresses in Reinforcements
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Figure 124 — Specimen Type C3- Atena — Cracks Element
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Figure 125 — Specimen Type C3- Atena — Principal Stresses in Reinforcements
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Figure 126 — Specimen Type C3- Atena — Principal Stresses in Concrete
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Figure 127 — Specimen Type C3- Atena — Tensile Strength SIG T (1)
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Figure 128 — Specimen Type C3- Atena — Tensile Strength SIG T (2)
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Figure 129 — Specimen Type C3- Atena — Von Mises Stresses in Concrete
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Figure 130 — Specimen Type C3- Atena — Von Mises Stresses in Reinforcements
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Figure 131 — Specimen Type C4- Atena — Cracks Element
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Figure 132 — Specimen Type C4- Atena — Principal Stresses in Reinforcements
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Figure 133 — Specimen Type C4- Atena — Principal Stresses in Concrete
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Figure 134 — Specimen Type C4- Atena — Tensile Strength SIG T (1)
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Figure 135 — Specimen Type C4- Atena — Tensile Strength SIG T (2)
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Figure 136 — Specimen Type C4- Atena — Von Mises Stresses in Concrete
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Figure 137 — Specimen Type C4- Atena — Von Mises Stresses in Reinforcements
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This software was made to automate the process of calculations needed during design procedure
for circular columns in seismic zones.

It consists of entering the given data to a form and get results using three methods:

4. Shear strength Retrofit,
5. Flexural Plastic Hinge Confinement
6. Clamping of Lap Splices.

The software will automate the calculations needed to return the required results.

The Language used is C#.net, was developed using Visual Studio Community 2017 edition, which
is a free version of Visual Studio. It can be downloaded at the following link:

https://www.visualstudio.com /downloads/

GRAPHICAL USER INTERFACE
Since we have 3 methods, the interface was divided into 3 Tabs, one for each method, having

inside each only the related data, the formulas and results of calculations. A Calculate button will

call all the required functions in the code behind and display the results back to the form.

1. Shear Strength Retrofit Tab
T*abs

8 Design Procedure for circular column in seismic zones

I Shear Strength Retrofit  Flexural Plagtic Hinge Confinement  Clamping of Lap Splices I

Dita to be entered

Compressive strength of concrete (MPa) Diameter of longitudinal Bars {mm)
[ | fe [ | a6

Diameter of Horizontal Bars{mm)

Diameter of Column {mm})
| o | | as

Column Displacement Ductility Yielding Strength of Bar (MPa)
| | | | &

Concrete Cover CC {mm) Shear crack Inclination (degrees)
| | e [+ | o

Spiral Pitch ( spacing of horizontal reinfarcement) Carbon Jacket Thickness (mm)

| |5 | |‘j

Auxial Force (N) Modulus of elasticity of FRP

| | e \ |5

Reduction Factor
Distance between neutral axis and fiber (mm) |D a5 |

| | * Calculate

Length of column {mm) \

| |+

Calculate

Result
Ve Shear Contributed by Concrete

Ve ’ fle 4.
— = 0.083k
N MPa mm?

Shear contributed by shear reinfarcement

Ve=

Shear contributed by FRP jacket

/
Applied Shear Force (M)

Mominal Shear Capacty

= V4G4V 2 \
S —

Formulas

vo Check Safety

- | V, = Ptana (N) |
Vi= E}jdt)-D cotd (N)
—C
t =
where An o 21,
Vi= Vp=
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us! Design Procedure for circular column in seismic zones

Shear Strength Retrofit  Flaxural Plastic Hinge Confinement  Clamping of Lap Splices

Compressive strength of concrete (MPa) Diameter of longitudinal Bars {mm) Spiral Pitch ( spacing of horizontal reinforcement) Carbon Jacket Thickness (mm)
| e | P . | F
Diameter of Column mm) Diameter of Horizontal Barsimm) Puial Force (N) Modulus of elasticity of FRP
| o | | as | | » \ &
Column Digplacement Ductility Yielding Strength of Bar (MPa) Reduction Factor
R Distance between neutral axis and fiber {mm) |035 | 4
| PR ER -
Concrete Cover CC (mm) Shear crack Inclination (degrees) Length of column {mm)
| e s | e L
Calculate
Result
Vi Shear Contributed by Concrete Shear contributed by shear reinforcement MNominal Shear Capacity
. oy Results
' _ méAnFay D7 A
£ =0083k |- 7 W, =-""—cotf (N
N JMPa mm - 2

V=
Shear contributed by FRP jacket Axial Load shear contributi
Applied Shear Force (M)
. =Ptana (N) vo Check Safety
V= Ejj-dt)-D cot® (N)
" twna= —" Checking if thickness is
Vj- Vp- safe, otherwise calculating
thickness by changing VO

2. Flexural Plastic Hinge Confinement Tab

The Values to be entered here are needed for this method only; any other value needed should be
entered in the previous tab (Shear Strength Retrofit Tab).

If anything is missing when calculate button is pressed, a hint will appear to help show what is
missing.
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Shear Strength Retrofit  Flexural Plastic Hinge Corfinement  Clamping of Lap Splices

Tensile strength of FRP jacket (MPa)
| |

Strain of FRP jacket (%)
| | £_ju

Number of Bars

| | -

Calculate

Results

. _Df,
f) Sf}u

P . 6.9nD
0.5+ 1.25}”5149} + 0.13(p; — 0.01) (mm) £ min = 5
Results
Carbon Jacket Tickness

2% 1.4p; fiugpn havi P

£ = 0.004 + 7
cc

Ultimate Compression Strain

3. Clamping for Lap Splices Tab:

The Values to be entered here are needed for this method only, any other value needed should be
entered in the previous tab (Shear Strength Retrofit Tab).

If anything is missing a hint will appear to help show what’s missing.

BUT- Institute of Concrete and Masonry Structures 186



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

a2l Design Procedure for circular column in seismic zones

Shear Strength Retroft  Flexural Plastic Hinge Confinement  Clamping of Lap Splices

Lap Splice Length {mm)

| | Ls
Inside: Crack Perimeter {mm)
| | »
Modulus of Steel Bars (MPa)
| =
Calculate
Result
A, f_;y
= (2£ +2(dy + .-:c) L,
D(f5 — . n
t; = SUOM (mm) having
E:I
_ 0.0024;,F;
fo= Ds

Result

Carbon Jacket Tickness
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CODE

Forml.cs

using DesignP
using System;
using System.
using System.
using System.
using System.
using System.
using System.
using System.
.using System
. namespace She
public pa
//defining v
doubl

doubl

doubl

doubl

doubl

int 6

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

doubl

. //constructor
publi

38.
39.
40.
41.

42.
43.

44.

p for ductili
}

/

sing values a
returns false
priva

45.
46.
47.
48.
49.
50.

rocedure;

Collections.Generic;
ComponentModel;
Data;

Drawing;

Ling;

Text;
Threading.Tasks;

.Windows.Forms;

arRetrofit {
rtial class Forml: Form {
ariables

e diameter;

e fc;

e ductility;

e cc;

e fthy;

5

e spiral_pitch;
e P;

e c;

e L;

e tj_shear;

e Ej;

e fju;

e € _ju;

e db;

e ds;

e Vc, Vs, Vp, Vj;
e n;

e p;

e Ls;

e Eh;

e Vn;

c Form1() {
InitializeComponent();
CustomToolTip tip = new CustomToolTip();
tip.SetToolTip(labell6, "text");
labell6.Tag = DesignProcedure.Properties.Resources.ductility; //toolti

ty

*Getting the values for ShearStrengthRetrofit from the form, checking mis
nd marking them in Red * Returns true if all values are entered,
if any value is missing */

te Boolean getValuesShearStrengthRetrofit() {
bool is_missing = false; //making all labels black
1bl fc.ForeColor = Color.Black;
1bl diameter.ForeColor = Color.Black;
1bl ductility.ForeColor = Color.Black;
1bl_cc.ForeColor = Color.Black;
1bl db.ForeColor = Color.Black;
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51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
OO

100.
1e1.
102.
103.
104.
105.
106.
107.
108.
109.
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1bl_ds.ForeColor = Color.Black;
1bl_fhy.ForeColor = Color.Black;
1bl _6.ForeColor = Color.Black;
1bl spiral_pitch.ForeColor = Color.Black;
1bl P.ForeColor = Color.Black;
1bl _c.ForeColor = Color.Black;
1bl _L.ForeColor = Color.Black;
1bl_tj.ForeColor = Color.Black;
1bl_Ej.ForeColor = Color.Black;
try {
//checking if this value is entered or blank
if (this.txt_fc.Text.Equals("")) {
is_missing = true; //highliting label in red
1bl_fc.ForeColor = Color.Red;
} else { //getting the value to a variable
fc = Convert.ToDouble(this.txt_fc.Text);

}
if (this.txt_diameter.Text.Equals("")) {

is_missing = true;
1bl_diameter.ForeColor = Color.Red;
} else {
diameter = Convert.ToDouble(this.txt_diameter.Text);

if (this.txt_ductility.Text.Equals("")) {

is_missing = true;

1bl ductility.ForeColor = Color.Red;
} else {

ductility = Convert.ToDouble(this.txt_ductility.Text);
}

if (this.txt_cc.Text.Equals("")) {
is_missing = true;
1bl_cc.ForeColor = Color.Red;
} else {
cc = Convert.ToDouble(this.txt_cc.Text);
}
if (this.txt_db.Text.Equals("")) {
is_missing = true;
1bl_db.ForeColor = Color.Red;
} else {
db = Convert.ToDouble(this.txt_db.Text);
}
if (this.txt_ds.Text.Equals("")) {
is_missing = true;
1bl_ds.ForeColor = Color.Red;
} else {
ds = Convert.ToDouble(this.txt_ds.Text);
}

if (this.txt_fhy.Text.Equals("")) {
is_missing = true;

1bl_fhy.ForeColor = Color.Red;

} else {
fhy = Convert.ToDouble(this.txt_fhy.Text);

}

if (this.txt_6.Text.Equals("")) {
is_missing = true;
1bl_6.ForeColor = Color.Red;

} else {
0 = Convert.ToInt32(this.txt 6.Text);

}
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110. if (this.txt_spiral_pitch.Text.Equals("")) {

111. is_missing = true;

112. 1bl spiral_pitch.ForeColor = Color.Red;

113. } else {

114. spiral_pitch = Convert.ToDouble(this.txt_spiral_pitch.T
ext);

115. }

116. if (this.txt_P.Text.Equals("")) {

117. is_missing = true;

118. 1bl_P.ForeColor = Color.Red;

119. } else {

120. P = Convert.ToDouble(this.txt_P.Text);

121. }

122. if (this.txt_c.Text.Equals("")) {

123. is_missing = true;

124. 1bl_c.ForeColor = Color.Red;

125. } else {

126. ¢ = Convert.ToDouble(this.txt_c.Text);

127. }

128. if (this.txt_L.Text.Equals("")) {

129. is_missing = true;

130. 1bl_L.ForeColor = Color.Red;

131. } else {

132. L = Convert.ToDouble(this.txt L.Text);

133. }

134. if (this.txt_tj.Text.Equals("")) {

135. is_missing = true;

136. 1bl tj.ForeColor = Color.Red;

137. } else {

138. tj_shear = Convert.ToDouble(this.txt_tj.Text);

139. }

140. if (this.txt_Ej.Text.Equals("")) {

141. is_missing = true;

142. 1bl_Ej.ForeColor = Color.Red;

143. } else {

144. Ej = Convert.ToDouble(this.txt_Ej.Text);

145. }

146. } catch (Exception) {}

147. return is_missing;

148. } //end

149. /*Getting the values for FlexuralPlasticHinge from the form, checki
ng missing values and marking them in Red * Returns true if all values are ente
red, returns false if any value is missing & 5

150. public Boolean getValuesFlexuralPlasticHinge() {

151. bool is_missing = false;

152. 1bl_fju.ForeColor = Color.Black;

153. 1bl € ju.ForeColor = Color.Black;

154. 1bl n.ForeColor = Color.Black;

155. 1bl_diameter.ForeColor = Color.Black;

156. 1bl_db.ForeColor = Color.Black;

157. 1bl fc.ForeColor = Color.Black;

158. 1bl Ej.ForeColor = Color.Black;

159. 1blHintFlexural.Visible = false;

160. try {

161. if (this.txt_diameter.Text.Equals("")) {

162. 1blHintFlexural.Visible = true;

163. is_missing = true;

164. 1bl _diameter.ForeColor = Color.Red;

165. } else {
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166. diameter = Convert.ToDouble(this.txt_diameter.Text);

167. }

168. if (this.txt_db.Text.Equals("")) {

169. 1blHintFlexural.Visible = true;

170. is_missing = true;

171. 1bl_db.ForeColor = Color.Red;

172. } else {

173. db = Convert.ToDouble(this.txt_db.Text);

174. }

175. if (this.txt_fc.Text.Equals("")) {

176. 1blHintFlexural.Visible = true;

177. is_missing = true;

178. 1bl fc.ForeColor = Color.Red;

179. } else {

180. fc = Convert.ToDouble(this.txt_fc.Text);

181. }

182. if (this.txt_Ej.Text.Equals("")) {

183. 1blHintFlexural.Visible = true;

184. is_missing = true;

185. 1bl_Ej.ForeColor = Color.Red;

186. } else {

187. Ej = Convert.ToDouble(this.txt_Ej.Text);

188.

189. if (this.txt_fju.Text.Equals("")) {

190. is_missing = true;

191. 1bl fju.ForeColor = Color.Red;

192. } else {

193. fju = Convert.ToDouble(this.txt_fju.Text);

194. }

195. if (this.txt_e_ju.Text.Equals("")) {

196. is_missing = true;

197. 1bl € ju.ForeColor = Color.Red;

198. } else {

199. € _ju = Convert.ToDouble(this.txt_ & ju.Text);

200. }

201. if (this.txt_n.Text.Equals("")) {

202. is_missing = true;

203. 1bl_n.ForeColor = Color.Red;

204 . } else {

205. n = Convert.ToDouble(this.txt_n.Text);

206. }

207. } catch (Exception) {}

208. return is_missing;

209. }

210. /*Getting the values for ClampingofLapSplices from the form, checki
ng missing values and marking them in Red * Returns true if all values are ente
red, returns false if any value is missing * */

211. public Boolean getValuesClampingofLapSplices() {

212. bool is_missing = false;

213. 1bl_perimeter.ForeColor = Color.Black;

214. 1bl_Ls.ForeColor = Color.Black;

215. 1bl _Eh.ForeColor = Color.Black;

216. 1bl db.ForeColor = Color.Black;

217. 1bl_fhy.ForeColor = Color.Black;

218. 1bl_n.ForeColor = Color.Black;

219. 1bl_cc.ForeColor = Color.Black;

220. 1bl ds.ForeColor = Color.Black;

221. 1bl diameter.ForeColor = Color.Black;

222. 1bl_spiral_pitch.ForeColor = Color.Black;
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223. 1bl _Ej.ForeColor = Color.Black;

224. 1blHintClamping.Visible = false;

225. try {

226. if (this.txt_db.Text.Equals("")) {

227. 1blHintClamping.Visible = true;

228. is_missing = true;

229. 1bl db.ForeColor = Color.Red;

230. } else {

231. db = Convert.ToDouble(this.txt_db.Text);

232. }

233, if (this.txt_fhy.Text.Equals("")) {

234, 1blHintClamping.Visible = true;

235. is_missing = true;

236. 1bl_fhy.ForeColor = Color.Red;

237. } else {

238. fhy = Convert.ToDouble(this.txt_fhy.Text);

239. }

240. if (this.txt_n.Text.Equals("")) {

241. 1blHintClamping.Visible = true;

242. is_missing = true;

243, 1bl_n.ForeColor = Color.Red;

244 } else {

245, n = Convert.ToDouble(this.txt_n.Text);

246. }

247. if (this.txt_cc.Text.Equals("")) {

248. 1blHintClamping.Visible = true;

249. is_missing = true;

250. 1bl_cc.ForeColor = Color.Red;

251. } else {

252. cc = Convert.ToDouble(this.txt_cc.Text);

253. }

254, if (this.txt_ds.Text.Equals("")) {

255. 1blHintClamping.Visible = true;

256. is_missing = true;

257. 1bl_ds.ForeColor = Color.Red;

258. } else {

259. ds = Convert.ToDouble(this.txt_ds.Text);

260. }

261. if (this.txt_diameter.Text.Equals("")) {

262. lblHintClamping.Visible = true;

263. is_missing = true;

264. 1bl diameter.ForeColor = Color.Red;

265. } else {

266. diameter = Convert.ToDouble(this.txt_diameter.Text);

267. }

268. if (this.txt_spiral_pitch.Text.Equals("")) {

269. 1blHintClamping.Visible = true;

270. is_missing = true;

271. 1bl_spiral pitch.ForeColor = Color.Red;

272. } else {

273. spiral_pitch = Convert.ToDouble(this.txt_spiral pitch.T
ext);

274. }

275. if (this.txt_Ej.Text.Equals("")) {

276. lblHintClamping.Visible = true;

277. is_missing = true;

278. 1bl_Ej.ForeColor = Color.Red;

279. } else {

280. Ej = Convert.ToDouble(this.txt_Ej.Text);
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281. }

282. if (this.txt_perimeter.Text.Equals("")) {

283. is_missing = true;

284. 1bl perimeter.ForeColor = Color.Red;

285. } else {

286. p = Convert.ToDouble(this.txt_perimeter.Text);

287. }

288. if (this.txt_Ls.Text.Equals("")) {

289. is_missing = true;

290. 1bl_Ls.ForeColor = Color.Red;

291. } else {

292. Ls = Convert.ToDouble(this.txt_Ls.Text);

293. }

294, if (this.txt_Eh.Text.Equals("")) {

295. is_missing = true;

296. 1bl_Eh.ForeColor = Color.Red;

297. } else {

298. Eh = Convert.ToDouble(this.txt_Eh.Text);

299. }

300. } catch (Exception) {}

301. return is_missing;

302. } //function that calculates Vc: Concrete Contribution

303. private double calculateVc() {

304. double Vc = 0;

305. double Ag = Math.PI * Math.Pow(diameter, 2) / 4;

306. double Ae = Ag * 0.8;

307. double k;

308. if (ductility < 2) k = 3;

309. else if (ductility >= 2 && ductility < 4) k = 5 - ductility;

310. else if (ductility >= 4 && ductility < 8) k = 1.5 -

ductility / 8;

311. else k = 0.5;

312. Vc = 0.083 * k * Math.Sqrt(fc) * Ae;

313. Vc = Math.Round(Vc, 2);

314. this.1bl vc.Text = "Vc= " + Convert.ToString(Vc) + " N";

315. return Vc;

316. } // Function that calculates Vs : horizontal reinforcing steel con
tribution

317. private double calculateVs() {

318. double Vs = 0;

319. double d_prime = diameter - 2 * cc - db;

320. double ah = Math.PI * Math.Pow(ds, 2) / 4;

321. double radian = 6 * Math.PI / 180.0;

322. Vs = Math.PI / 2 * ah * fhy * d_prime * (1 / Math.Tan(radian))

/ spiral_pitch;
28
324.
325.
326.
327.
328.
329.
330.
331.
332.
388,
334.
335.
336.

Vs = Math.Round(Vs, 2);
this.1bl vs.Text = "Vs= " + Convert.ToString(Vs) + " N";
return Vs;

} // Function that calculates Vp : axial load shear contribution
private double calculateVp() {

double VP = 0;

VP = P * (diameter - c) / (2 * L);

VP = Math.Round(VP, 2);

this.1lbl_vp.Text = "Vp= " + Convert.ToString(VP) + " N";
return VP;

} // Function that calculates Vj : carbon jacket shear retrofit
private double calculateVj() {

double V] = 0;
double fjd = 0.004 * Ej;
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337. double radian = 6 * Math.PI / 180.0;

338. double cotan = 1 / Math.Tan(radian);

339. V] = (Math.PI / 2) * fjd * tj_shear * diameter * cotan;

340. V] = Math.Round(VJ, 2);

341. this.1bl vj.Text = "Vj= " + Convert.ToString(VJ) + " N";

342. return V3J;

343. } // Function that calculates Vn: Nominal Shear Capacity

344, private double calculateVn() {

345, Vc = calculateVc();

346. Vs = calculateVs();

347. Vp = calculateVp();

348. Vj = calculateVj();

349. return Vc + Vs + Vp + Vj;

350. } // Function that calculates thickness for flexural plastic hinge
reinforcement

351. private double calculateTjPlasticHinge() {

352. double Ag = Math.PI * Math.Pow(diameter, 2) / 4;

353. double A = Math.PI * Math.Pow(db, 2) / 4;

354, double p_ A = A / Ag;

55, double tj plastichinge = ((diameter * fc) / (5 * fju)) * (0.5 +
1.25 * P / (fc * Ag)) + ©.13 * (p_A - 0.01);

356. return tj_plastichinge;

357. } // Function that calculates thickness for lap splice clamping

358. private double calculateTjLapSpliceClamping() {

359. double tj = 0;

360. double As = Math.PI * Math.Pow(db, 2) / 4;

361. double fA = As * fhy / (((p / (2 * n)) + 2 * (db + cc)) * Ls);

362. double Ah = Math.PI * Math.Pow(ds, 2) / 4;

363. double fh = 0.002 * Ah * Eh / (diameter * spiral pitch);

364. tj = 500 * diameter * (fA - fh) / Ej;

365. return tj;

366. } //button Calculate click event for ShearStrengthRetrofit

367. private void btnCalculate Click_1(object sender, EventArgs e) {

368. this.1lblTextResult.Text = "";

369. this.1lbl_vn.Text = "Vn= ";

370. txt_new_thickness.Text = "";

371. if (!getValuesShearStrengthRetrofit()) //checking if all values
are entered by calling the function getValuesShearStrengthRetrofit()

372. {

373. Vn = calculatevn(); //calling function that calculates Vn

374. Vn = Math.Round(Vn, 2); //rounding to 2 decimal places

375. this.1lbl vn.Text = "Vn= " + Convert.ToString(Vvn) + " N"; //
showing the values in the form

376. }

377. } //Button click event for calculating thickness in shear retrofit
design in case result is UNSAFE

378. private void btnCalculateThickness Click(object sender, EventArgs e) {

379. this.1lblTextResult.Text = "Calculating...";

380. if (!this.txtVe.Text.Equals("")) { //getting VO and ¢ values

381. double VO = Convert.ToDouble(this.txtVe.Text);

382. double ¢ = Convert.ToDouble(this.txt @.Text);

383. this.lblTextResult.Text = "";

384. txt_new_thickness.Text = ""; //comparing

385. if (Vn >= (Vo / ¢)) {

386. panelResult.Visible = false;

387. this.1lblTextResult.Text = "SAFE";

388. } else {
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389. panelResult.Visible = true;

390. this.lblTextResult.Text = "UNSAFE";

391. double new_tj = (VO / ¢ -

(Vc + Vs + Vp)) / ((Math.PI / 2) * ©0.004 * Ej * diameter);

392. new_tj = Math.Round(new_tj, 2);

393. txt_new_thickness.Text = Convert.ToString(new_tj) + " m
m";

394. }

395. }

396. } //Button Calculate Click event for Flexural Plastic Hinge Confine
ment

397. private void btnCalculateflexural Click(object sender, EventArgs e) {

398. if (!getValuesFlexuralPlasticHinge()) //checking if all values

are entered by calling the function getValuesFlexuralPlasticHinge()
399. {

400. double tj = calculateTjPlasticHinge(); //calculating

401. double roundTj = Math.Round(tj, 2); //rounding

402. this.1lbl_tj_plastic_hinge.Text = Convert.ToString(roundTj)
+ " mm"; //showing

403. double minimum = 6.9 * n * diameter / Ej; //calculating min
imum thickness

404 . this.1lblResultFelxuralHinge.Visible = false; //comparing th
ickness to minimum

405. if (tj < minimum) {

406. this.lblResultFelxuralHinge.Visible = true;

407. this.lblResultFelxuralHinge.Text = "Thickness is lower
than minium. Minimum Thickness= " + Math.Round(minimum, 2) + " mm";

408. }

409. double pj = 4 * tj / diameter;

410. double ecu = ©.004 + (2 * 1.4 * pj * fju * € _ju) / (1.5 * f
c);

411. this.lblResult_ecu.Text = Convert.ToString(ecu) + " N";

412. }

413. } //Button click for calculation of Clamping of Lap Splices

414, private void btnCalculateClamping Click(object sender, EventArgs e) {

415. if (!getValuesClampingofLapSplices()) //checking if all values are
entered by calling the function getValuesClampingoflLapSplices()

416. {

417. double tj = calculateTjLapSpliceClamping(); //calculating

418. tj = Math.Round(tj, 2); //rounding

419. this.1lbl tj_clamping.Text = Convert.ToString(tj) + " mm"; //sho
wing

420. }

421. }

422. }

423, }

BUT- Institute of Concrete and Masonry Structures 195



Dissertation — Strengthening of circular column subjected to lateral cyclic loading

FLOW CHARTS

Check of failure mode

Compute the ultimate moment
resistance of the column (My)

e N\
Calculate shear input
Vu =Mu/L
g
e N
Assume the amout of FRP for
shear strengthening

g J
e N\

Compute the shear resistance
Viyd = Ved + Vsd + Virp

NO

YES

Check Ductility

NO

Calculate ductility required prq

Assume the amout of FRP for
confinement

Calculate the ductility of FRP

. End
confined column psq

Flowchart to calculate ductility of confined columns
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p
Given: column geometry, material propertiesof
concrete and reinforcement

Estimate of Neutral axis ’

Calculate the strain in reinforcement layers:

g.\‘! = gmax (] - i]
C

Calculate the stresses in reinforcement layers:
ife,2¢,then f,=f,
if €,<¢&,then f;=Ee&, <f,
\l/ /
Calculate the stress resultants in concrete and steel:
F.=nAf,
Fw‘ = A\'iG\'i
J

Calculate the force N based on the force equilibrium:
N=F +)F,
i=1

/ Calculate the moment resistance: \
M, =M+ M,
i=1
- [hoe)
2 2
Ms'! =R: (E_d:]
' U2

- /

Flowchart to plot interaction diagram of column
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Given: column geometry, material properties of
concrete, reinforcement, and FRP

‘ Select FRP thickness and number of layers

( Stress-strain diagram of the FRP confined column

Draw the moment curvature diagram by considering
the stress-strain diagram

NO Required strain of confined concrete
8('”,}”(.‘([ < EL‘L’
YES

Selected FRP thickness and number of layers are
adequate

Flowchart to design FRP based on the required strain of concrete
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