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ABSTRACT

The presented doctoral thesis deals with the strengthening of circular concrete columns by
Fibre Reinforced Polymers (FRP) wraps subjected to lateral cyclic loadings. This research study
focuses on examining the use of FRP for retrofitting, improving the performance of circular
reinforced concrete columns and developing a design algorithm for circular column strengthening
by FRP composite materials based on the analytical study, numerical simulations and the
experimental results. Therefore, a design process of strengthening and confinement was presented
to predict the behaviour of the concrete columns subjected to lateral cyclic loadings.
Simultaneously with the axial force application, the lateral cyclic load was provided in two
different ways; first, it was applied under force control test (i.e. same lateral cyclic force for 1
million cycles), second, it was applied under displacement control - reversed cyclic loading test
based on a pattern of progressively increasing displacements. The dissertation also presents a
literature review of research studies on the FRP confined concrete, design methodology of FRP
jackets in seismic zones and code provisions of Eurocode and ACI. The experimental program
was considered to verify the behaviour of confined circular column subjected to lateral cyclic
loading. In the conclusions, the behaviour of a cantilever concrete column confined by FRP wraps
was investigated and an empirical model for FRP confined concrete subjected to high and low
cyclic loadings was proposed and some information on possible future research were provided.

ABSTRAKT

Predlozena disertaéni prace se zabyva zesilenim kruhovych zelezobetonovych sloupt
pomoci vlakny vyztuzenych polymerti (FRP) namahanych lateralnim cyklickym zatizenim. Tato
vyzkumna studie se zabyvad popisem chovéani ovinutych sloupi a odvozenim névrhového
algoritmu pro zesileni kruhového sloupu pomoci kompozitnich FRP materidli. Navrhovy
algoritmus byl odvozen na zaklad¢ analytické studie, numerickych simulaci a vysledku
experimentalni ¢innosti. Pfi experimentalni praci byly zkuSebni vzorky zatiZeny soucasné axialni
silou a pfi€nym cyklickym zatiZenim. Toto bylo provedeno dvéma rliznymi zptsoby. Prvni zpisob
zatézovani byl proveden konstantni velikosti lateralni sily po dany pocet cykll (1 milion) se
sledovanim zmény deformace. A druhy zplisob provedeni spocival v zatizeni konstantni deformaci
se sledovanim ubytku sily béhem zatéZovaci zkousky. Dizerta¢ni prace rovnéz piedklada prehled
soucasného stavu poznani zesileni zelezobetonovych kruhovych sloupl ovinutim FRP tkaninou
vystavenych plisobeni seismického zatizeni. Dale uvadi pfehled ndvrhovych metodik a normova
ustanoveni Eurokodu a ACI. Experimentalni program byl proveden za ucelem ovéfeni chovani
ovinutych kruhovych sloupii pfi piisobeni lateralniho cyklického zatiZzeni. Zavér prace sumarizuje
poznatky o chovani sloupti zesilenych ovinutim FRP tkaninou pii ptisobeni lateralniho cyklického
zatizeni a predstavuje empiricky model pro navrh zesileni ovinutim pii vysokém a nizkém
cyklickém zatizeni.

KEYWORDS/KLICOVA SLOVA

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

Vlakny vyztuzeny polymer, kompozitni material, zesileni kruhového sloupu cyklickym zatizenim.
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1. INTRODUCTION

Columns 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 to provide the desired levels of
ductility. 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. 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.

2. 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.

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 static axial and cyclic lateral load.

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.

3. OVERVIEW OF THE COMPOSITE MATERIAL AND CONFINEMENT
3.1 COMPOSITE MATERIAL

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. Composite materials have the advantages
of being stronger and lighter or less expensive when compared to traditional materials. 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) andaramid (A). The polymer matrix is usually an epoxy, vinyl
ester or polyester thermosetting plastic, and phenol formaldehyde resins are still in use. 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 [14]

Table 1 - Typical properties of fibers (Feldman 1989, Kim 1995) [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 4.5-5.5
Aramid Low Modulus 3500-4100 70-80 4.3-5.0
High Modulus 3500-4000 115-130 2.5-3.5
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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.

Carborn
6000 — HS
F 4000 —
= _
@ | carbon Aramid
£ Glass
0]
2000 — f /Steef fendon
_III Steel bar
0 —f‘V | [ I [
0 1 2 3 4 5
Strain [%]

Figure 2 - Stress-strain diagram for fibers & reinforcement steel [2]

3.2 METHODS OF RETROFITTING OR JACKETING

Retrofitting method is the modification of existing structures to make them more resistant to
lateral excitation, increasing in load demands, and failure due to environmental degradation. Three
common methods of jacketing are available for retrofitting/strengthening existing structures;
reinforced concrete jackets, steel jackets and composite materials FRP jackets. 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.). Composite
jacket reinforcement acts in most cases in passive way to increase confinement, which leads to
significant increase in strength and ductility [4], [6]. 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.

3.3 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. 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. The differences originate from the
elastic behavior of FRP jackets that supply increasing pressure on the concrete with lateral
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expansion. On the contrary, a steel jacket applies constant pressure after yielding. Two different
types of confinement can be recognized: passive and active confinement.

FRP wrap

FRP wrap

Concrete column

no lateral confining ) o
pressure with lateral confining
pressure

Figure 3 - Passive and active confinement of column cross-section

3.3.1 PASSIVE CONFINEMENT

Passive confinement controls the lateral expansion of concrete, and it is achieved by
wrapping the concrete with FRP wraps. When the concrete is loaded axially, a lateral expansion of
the concrete occurred, which is restrained by the confining, 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. Mander et al. (1988) [11] 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 [11]
adopted the stress-strain curve proposed by Popovics (1973), which was inappropriate for
describing the bilinear behavior of concrete confined by FRPs.

A load Reinforcement
vﬁi:é FRP wrap FRP wrap
=
s NS&—
N
g N—r
g ﬁ @ finli finli
—" * —
— f —> Lateprfe!szﬂrgmmg

Concrete dilates
Figure 4 - Confining action of FRP

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
radial displacement compatibility considerations between the concrete core and the jacket as
shown in Figure 4.



The lateral pressure can be computed [14]

2f. t. 2E, & .t
O'| _ gp j _ fr;:j frptj ) (1)

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

frp
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

O eff =Kes 0, (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).
3.3.2 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. Richart et al. (1928) [15] 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.

3.4 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 (non-linear
finite element analysis). For the second category, the models are mainly based on test results with
regression analysis methods in order to calibrate those results.

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

ks
%=k1+k2“' , 3)

co co




where ki, k,,k;are constants, the value of Kk, 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=[D]e, (4)

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.

Table 2 - Design-oriented models for confined concrete

Models Ultimate compressive strength Ultimate strain
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Table 3 - Analysis-oriented models for confined concrete

Models Ultimate compressive strength Ultimate strain

f
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4. THEORETICAL PART

4.1 ANALYTICAL PART- CROSS-SECTION ANALYSIS OF CIRCULAR
COLUMNS

The analytical example is provided 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 5 and Figure 6 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 3. In addition, the effect of numbers of FRP layers on the
interaction diagram using the confinement action in Eurocode provisions was provided.

Figure 5 shows the comparison of interaction diagrams between unconfined and CFRP-
confined circular reinforced. 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 in hoop
direction is 2600 to 2981 kN which present 1.08 % to 1.25 %.

Figure 6 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.
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N-M diagrams-Unconfined and Confined concrete Circular columns-
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Figure 5 - N-M diagram of RC circular column wrapped with FRP in hoop direction

N-M diagrams-Unconfined and Confined concrete Circular columns-
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Figure 6- N-M diagram of RC column wrapped with multi-layers of FRP based on Eurocode



4.2 MOMENT CURVATURE ANALYSIS OF TEST SPECIMENS

Moment curvature diagram is a graphical representative of moment of resistance variation at
a section with respect to curvature. Moment curvature relation is helpful to understand the
ductility of reinforced concrete elements. 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.

Moment Curvature - C1 - Comparison

20

18

16

14

12

Moment [kN.m]

10 - C1-FAT-SP-FRP

=>é=C1-FAT-SP
=@=C1-FAT
=ie=C1
=¢=—C1-SP
==fe==C1-SP-FRP

0 0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007

Curvature[1/mm]

Figure 7 - 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.

Notation of symbols in the graphs and tables:

e C1-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;

o CI1-FAT: represents the unconfined column type C1 considering the degradation of
strength of concrete and steel due to fatigue;

o CI1-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.
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5. EXPERIMENTAL PART
5.1 TEST SPECIMENS PARAMETERS

Four specimens of circular reinforced concrete columns were tested under axial compressive
and lateral cyclic loads applied at the top free-end of the columns. Two columns were confined by
CFRP in hoop direction with six layers up to 600 mm from the column base and two columns
were unconfined (one considered as control specimen, and another has different load
configuration). Simultaneously with the axial force application, the lateral cyclic load was
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 load based on a pattern of progressively
increasing displacements. The diameter of all test specimens is 200 mm with total height of 2440
mm. The effective height is 2090 mm measured from the column base to the position of lateral
load application and the part of column embedded in steel footing is 350 mm.

A summary of test specimen’s configuration is given in Table 4.

Table 4 - Configuration of test specimens

Experimental test configuration

Type of

column
C1l Unconfined |Both loading (high and low cycle fatigue load) are applied
C2 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

Table 5 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.

Table 5 - Properties of Sikawrap and Sikadur [16] & [17]

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) 13 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 %
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Figure 8 - The geometry of circular columns

5.2 EXPERIMENTAL TEST RESULTS

The experimental results are introduced in form of hysteresis force-displacement envelope
diagrams, energy dissipation-displacement diagrams, energy dissipation-drift, and lateral force-
drift. The test results are compared to quantify the improvement in column behavior provided by
the FRP wraps and the effect of high and low cycle loading.

5.2.1 FORCE DISPLAEMENT ENVELOPE DIAGRAMS

Figure 9 illustrates the comparison between unconfined specimen C1 and confined
specimens C2 and C3 subjected to high and low-cycle loading, and unconfined specimen C4
subjected to low-cycle loading only. It shows that column type C4 has higher ductility than C1.
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). The comparison between unconfined specimen C1 and
confined specimens C2 and C3 subjected to high and low-cycle loadings 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 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. 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
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and for the confined column C2 and C3 47 kN and 49 kN respectively for the same displacement
in the push direction (positive zone).
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Figure 9 - Force-Displacement Envelope Diagrams for all specimens-Experimental

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 and to the effect of inhomogeneity of
concrete.

5.2.2 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. The energy
released due to change in displacement caused by a lateral force in an interval time Esi(t) and the
total energy Esj are defined by

O e GIOREZMO) )
E, = [E 0 ®)
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Specimen type C1 subjected to high and low-cycle loading dissipates less than the specimen
C4, which is subjected to low-cycle loading only. The total energy dissipated by the specimen C1
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 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. 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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Figure 10 - Energy Dissipation-Displacement Envelope Diagrams for all Specimens-
Experimental

5.2.3 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.

. A
Drift = g = =™ (7)
L
Figure below illustrates the comparison of the lateral force-drift of 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
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loading is lower than the drift of unconfined column type C4 subjected to low-cycle loading 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.
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Figure 11 - Lateral Force-Drift Ratio for all Specimens-Experimental

5.2.4 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
%:kﬁkz[af'vﬂ , ©)

co 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

cc? ‘co!
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
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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). A calibration was conducted due to the properties
of concrete variations of the test specimens. After performing the calibration the enhancement of
the FRP wraps on the unconfined column increased approximately 10 %. The unknown
parameters kz and ks were determined based on the results and the behavior of the unconfined and
confined concrete columns subjected to 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[]+e“j . (9

co co

Various models for confinement of concrete with FRP have been developed. The majority of
these models were performed on plain concrete specimens’ tests. Most of the existing strength
models for FRP confined concrete adopted the concept of Richart et al. (1929), 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. A comparison of
strengthening ratio versus confinement ratio of various proposed models is presented in Figure
12Chyba! Nenalezen zdroj odkazi.. The confinement lateral pressure was calculated for
confined concrete column with CFRP wraps by 1x till 6x layers.

Table 6 — Comparison of the strengthening ratio of various proposed models

Lam & Teng Cusson & Richart et | Manderetal. [Eurocode 2| Mansour
(2003) Paultre (1995) | al. (1928) (1988) (1992) (2018)
Conflm?ment Strengthening ratio
ratio
0'|/ fco,fat fcc,fat/ fco, fat fcc,fat/ fco,fat fcc, fat/ fco,fat fcc,fat/ fco,fat fcc,fat/ fco,fat fcc,fat/ fco, fat

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
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6. NUMERICAL ANALYSIS

Parallel to the experimental investigations, finite element method was used to understand
and to simulate the behaviour of circular reinforced concrete columns under monotonic and quasi-
static cyclic loading. The numerical analysis was conducted by ATENA 3D software. The model
was developed from 3D macro-elements and reflects the actual geometry of the column, its
material composition and boundary conditions. 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. 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. 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 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.
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7. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

The following figures illustrate the comparison between the experimental and numerical
results provided by ATENA.
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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 9 and Figure 14 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.

8. SUMMARY AND CONCLUSION OF THE INVESTIGATION

The 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
loadings). Based on the overall results, 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. 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
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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.

Conclusions of the dissertation work

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.

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, 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 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.

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 fatigue loadings. 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.

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 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.

e The mathematical model based on FEM conducted by ATENA 3D software, which
simulates the behaviour of unconfined and confined reinforced concrete columns subjected
to axial static load and reversed cycle lateral load was evaluated by the line envelope and
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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 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.

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.

9. 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. Therefore, it is recommended to enlarge researches and investigations and to describe
relevant parameters to seismic behaviour of concrete columns. Based on the experimental results
and complication faced during the testing, hereby the following recommendations:

1. 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.

2. The selection of the geometry and the size of the specimens to be based on the
available equipment in the laboratory.

3. 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.

28



REFERENCES

[1] CSN EN 1992-1-1 (73 1201), “Design of concrete structures”. Part 1-1: General Rules and
Rules for Buildings.

[2] ACI 440.2R-02, “Guide for the Design and Construction of Externally Bonded FRP Systems
for Strengthening Concrete Structures”, ISBN 0-87031-088-7

[3] EN 1998-3-3, “Design of Structures for Earthquake Resistance”. Part 3: Strengthening and
Repair of Buildings.

[4] FIB Bulletin, “Design and Use of Externally Bonded FRP Reinforcement (FRP EBR) for
Reinforced Concrete Structures”. Bulletin no. 14, prepared by sub-group EBR (Externally Bonded
Reinforcement) of fib Task Group 9.3 ‘FRP Reinforcement for Concrete Structures’ (2001).

[5] FIB Bulletin no. 65, “Model Code 2010 Volume 1, 2”, International Federation for Structural
Concrete, 2010, Lausanne, Switzerland, ISBN 978-2-88394-105-2

[6] Technical report no. 55, “Design Guidance for Strengthening Concrete Structures using Fibre
Composite Materials”. UK: The Concrete Society; 2000.

[7] Hernandez-Barrioas H., Jara J.M.., Jara M., “Revision Constitutive Models for Repair of
Bridge Columns with Fibre Polymers”, International Journal of Engineering, Science and
Technology vol.3, No.4, 2011, pp.48-64.

[8] Cusson, D., and Paultre, P., “Stress-Strain Model for Confined High Strength Concrete”,
Journal of Structural Engineering, 121(3), pp.468-477.

[9] Lam, L., and Teng, J.G.,” Design-Oriented Stress-Strain Model for FRP-Confined Concrete”,
Construction Building Materials, 17(6-7), 2003, pp.471-489.

[10] Seible, F.; Priestley, M. J. N.; Chail, Y. H. (1995). “Earthquake Retrofit of Bridge Columns
with Continuous Carbon Fibre Jackets”, Advanced Composites Technology Transfer consortium,
Report No. ACTT-95/08, La Jolla, California.

[11] Mander J.B., Priestley M.J.N., Park R. “Theoretical Stress—Strain Model for Confined
Concrete”. ASCE Journal of Structural Engineering 1988; 114(8):1804-26.

[12] Cervenka, V., Cervenka, J.: ATENA Program Documentation — ATENA 3D User’s manual,
Cervenka Consulting, Prague, 2011.

[13] Cervenka, V., Jendele, L., Cervenka, J.: ATENA Program Documentation — ATENA Theory,
Cervenka Consulting, Prague, 2012.

[14] National Research Council, “Guide for the Design and Construction of EB FRP Systems for
Strengthening Existing Structures”, CNR-DT 200/2004, Rome-CNR July 13th, 2004.

[15] Richart, F. E., Brandtzaeg, A., and Brown, R. L., 1928. “A Study of the Failure of Concrete
under Combined Compressive Stresses.” University of Illinois Bulletin, 185.

[16] Product Datasheet of SikaWrap-600C/120-Stitched unidirectional carbon fiber fabric,
designed for structural strengthening applications as part of the Sika strengthening system.

[17] Product Datasheet of Sikadur 300, 2-Components Epoxy Impregnation Resin.

29



BIBLIOGRAPHY

LIST OF PUBLICATIONS

VI.

VII.

VIII.

Kostiha, V.; Girgle, F.; Stépanek, P.; Mansour, M, strengthening of circular reinforced
concrete columns using FRP wrap, Conference Proceedings - 1st CECOM 2012
CONFERENCE, ISBN 978-83-7283-514-7, Publisher Lodz University of Technology,
Lodz, Poland, 2012.

Kostiha, V.; Girgle, F.; Stdpanek, P.; Mansour, M.; Kugerova, A Strengthening of
reinforced concrete columns using FRP wrap, Conference Proceedings - Conference
19. Concrete days 2012, ISBN 978-80-87158-32-6, Czech Concrete Society, Prague,
2012,

Kostiha, V.; Girgle, F.; Stépének, P.; Mansour, M.; Lanikova, I., Strengthening of
reinforced concrete elements using composite NSM reinforcement, Conference
Proceedings - Conference 19. Concrete days 2012, ISBN 978-80-87158-32-6, Czech
Concrete Society, Prague, 2012.

Mansour, M., Confinement of high strength concrete circular reinforced concrete
columns using CFRP, Conference Young scientist 2013, ISBN 978-80-553-1305-4,
Technical University of KoSice, Faculty of Civil Engineering, KoSice, 2013.

Mansour, M., FEM modelling of FRP-confined circular concrete columns,
Conference Young scientist 2013, ISBN 978-80-553-1305-4, Technical University of
Kosice, Faculty of Civil Engineering, kosice, 2013.

Kostiha, V.; Girgle, F.; Stépanek, P.; Mansour, M.; Kucerova, A. Design of the
resistant structures reinforced by inner FRP reinforcement. Conference Proceedings-
20th Czech Concrete days 2013, ISBN: 978-80-87158-34- 0, Czech Concrete Society,
Prague, 2013.

Girgle, F.; Kostiha, V.; Stépének, P.; Lanikova, I.; Mansour, M., Vliv zesileni sloupii
ovinutim kompozitni tkaninou na jejich tnosnost, ¢lanek ve sborniku- 8. seminar
sanacia betonovych konstrukcii, ISBN — 978-80-8076-109-7, Jaga, Bratislava, 2013.

Mansour, M., Behavior of FRP-confined RC column under high cycle fatigue loading,
16th International Conference for PhD student Juniorstav 2014, ISBN 978-80-214-
4851-3, Brno University of Technology, Faculty of Civil Engineering, Brno, 2014.

Ondiej, J; Girgle, F.; Kostiha, V.; Stépanek, P.; Sulak, P.; Mansour, M., Effect of
surface treatment and test configuration on bond behavior of GFRP rebar, Beton TKS,
3/2018, MK CR E — 11157 ISSN 1213-3116.

Girgle, F.; Ondfej, J; Kostiha, V.; Bodnarova, L.; Stépa’mek, P.: Zlamal,M.; Cairovié,

D.; Mansour, M., Dlouhodobé vlastnosti kompozitni vyztuze pii aplikace v betonovych
konstrukcich, Beton TKS, 2/2019, MK CR E — 11157 ISSN 1213-3116.

30



CURRICULUM VITAE

PERSONAL INFORMATION

EDUCATION

Nationality: Lebanese and Czech
Date of birth: 08 October 1976
Marital status: Married

Number of children: 2

2011-present:

Brno University of Technology - Faculty of Civil Engineering, Brno - Czech
Republic

PhD candidate - Institute of Concrete and Masonry Structures
(Strengthening of Circular RC columns subjected to lateral cyclic loading)

1998-2003:

Czech Technical University - Faculty of Civil Engineering, Prague - Czech
Republic

Master of Science degree in Civil Engineering

Major: Building Construction

WORK EXPERIENCES

2014 — present: MZ and Partners — Architectural and Engineering Consultancy,
Qatar and Lebanon

Occupation: Senior Structural Design Engineer

Main activities and responsibilities: Design of Concrete and Steel Structures,
Value Engineering, Coordination.

2010 — 2012: DOKA - The Formwork Experts, Lebanon, United Arab
Emirates, and Czech Republic

Occupation or position held: Senior Project Engineer

Main activities and responsibilities: Designing cost effective formwork, shoring
or scaffolding solution for various concrete construction projects.

2008 — 2010: Harsco Infrastructure, United Arab Emirates

Occupation or position held: Team Leader

Main activities and responsibilities: Leading the staff in all daily operations,
monitoring working practices of designers, managing and developing key
customer accounts, negotiations and proposals, designing cost effective
formwork, shoring solution for various concrete construction projects.

2003 — 2008: DOKA - Lebanon, United Arab Emirates, and Czech Republic
Occupation or position held: Project Engineer

Main activities and responsibilities: Designing cost effective formwork, shoring
or scaffolding solution for various concrete construction projects.

31



