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Abstract

As a result of their low ductility, insufficient shear or flexural strength, and
inadequate reinforcing anchorage, columns built to obsolete design codes may
sustain catastrophic damage during seismic events. There are a number of factors
that can affect the hollow column's overall performance, including its shape and
cross-section thickness, the quantity of longitudinal and transverse reinforcing,
and the axial load. Square hollow parts are the focus of this study. The specimen
had a dimension (150 x 150 x 900) mm with an internal hole of (50 x 50 x 600)
mm. Main reinforcement bars of 8 mm in diameter and 6 mm for stirrups. It
investigates the behavior of columns under a state of compression with a
concentric and eccentric load. The experiments are conducted to examine the
behavior of a hollow column using carbon fibre polymer (CFRP) or textile
reinforced mortar (TRM) composite materials to improve cross-section
performance in terms of ductility and flexural strength. Thirty-two hollow
concrete columns were tested, divided into specimens without strengthening
(control specimens) composed of eight specimens, and the remaining specimens
(24 specimens) are strengthening externally by CFRP or TRM was employed.
The strengthening by CFRP consist of five specimens with concentric loading.
The same as for the TRM, also study the behavior of strengthened specimens by

CFRP or TRM under eccentric loading.

This study has two parts: the first part focuses on the structural performance of
square hollow columns, while the second part examines FRP-strengthened
hollow columns under similar loading conditions and investigates the resulting
changes in failure mode and ductility. In this study, experimental results compare
advances in axial strength and ductility. The columns' ability to withstand axial

loads has increased.



For the specimens with concentric loading, the maximum load reached (749.2)
kN for the specimen have (one vertical) CFRP laminate on each column side and
(2X-shape) of CFRP at the top and bottom, with an increase of about (22.8) %
compared with the control specimen under concentric load (CC-CO-H) (610) kN.
The maximum ductility is equal to the (1.9) of the specimen having the (one
vertical) CFRP laminate on each column side. For the specimens under eccentric
loading, the maximum. Load reached (94.8) kN for the specimen confining by
(one vertical) laminate at the tension side and (three) hoop laminate, one at the
middle height of the column and another two top and bottom, with an increase of
about (39.4) % compared with the control specimen under eccentric load (CC-
ECC-H) of (68.03) kN. In addition, the maximum ductility value obtained from
the case confining by the X-configuration at two areas, one at the top and one at
the bottom, is (5.4). For specimen has side openings, when the specimens are
subjected to concentric loading, the load decreases by about (-9) % for specimens
with the circular side opening. For specimens with square side openings, the
decreasing percentage increased to (29.5) %. These decreased in compression
load compared with the control specimen (CC-CO-H). The max ductility equals
(1.5) when the specimen has a circular opening. Moreover, for the specimen with
circular side openings and strengthened by (one vertical) CFRP laminate on each
column side and (2X-shape) of CFRP at the top and bottom, this specimen failed
at the compression load reached (660) kN, an increase of approximately (18.9) %
over the control specimen. Furthermore, for the specimen has square side
openings at the top and bottom, also strengthened by (one vertical) CFRP
laminate on each column side and (2X-shape) of CFRP at the top and bottom, the
maximum load capacity is equal to the (560.3) kN with an additional capacity of
30.3% compared with the control specimen. The circular side opening increases
the ductility by a value of about (2.1). For the specimen with circular side opening
and under eccentric loading, the max. load capacity reached the value of 65.8 kN.

The specimen has a square side opening, the maximum. load capacity equals to



the (64.8) kN. The maximum ductility equal to (2.5). For the specimen with a
circular side opening and strengthened by (one vertical) laminate at the tension
side and (three) hoop laminate, one at the middle height of the column and another
two top and bottom, and under eccentric loading, the maximum, load capacity
reached the value of (80.1) kN, and for the specimen with a square side opening
with the same configuration of strengthened, the load was equal to (75.38) kN.
The increase in load capacity obtained from the case has the circular side
openings is equal to the (21.73%) compared with control specimen, and the
increase is equal to the (16.32%) % with the specimen for the specimen has the
square side openings. and also for the case has the circular side opening and
strengthening by CFRP, the maximum value for strain in concrete via the SGC is
obtained from SGC1 = 0.0085, where the SGC1 located in the compression face
near the circular opening at the top. the experimental work was simulated in the
ABAQUS software and had a good result.
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Chapter One Introduction

Introduction

1.1. General

Worldwide application and vast experience for the last 100 years, reinforced
concrete (RC) technology has shown that correctly constructed RC structures are
dependable and long-lasting., built and maintained. It is possible that existing RC
constructions may be deficient due to porosity and cracking of concrete and
corrosion of steel reinforcement under harsh and hostile climatic conditions as well
as high loads. Design errors, increased load bearing requirements, a change in the
structure's purpose, and failure to implement more severe design rules, particularly
in high-effective seismic zones, are other reasons for structural inadequacy. as
shown in Fig. (1-1). To maintain the infrastructure of a nation, it is necessary to
either destroy and construct new buildings or rehabilitate the existing ones to satisfy
current criteria for the continuance of contemporary civilization, which is well-
known. The deterioration of long-established structures is unavoidable in nations
with well-established structural infrastructure. Irag’s Highway bridges, in particular,
were found to be in critical need of strengthening, according to the evaluation of the
infrastructure as the plate (1-1). There is, however, no estimate of how much the
restoration will cost. Increasing costs of construction materials and labor.

It is increasingly difficult for even the most developed nations to deal with this
expensive issue because of financial difficulty. Since creating a new structure is
more expensive than repairing or upgrading an existing one, today's engineers must
come up with innovative repair and upgrade methods and materials that are more

cost-efficient and effective.
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Concrete Frame Structures

Columns

Unb XTI LY

Fig (1-1): Columns and shear wall to carry the  Plate (1-1): Basra bridge under constructions
loads[1] [2]

1.1.1 RC Columns in Structures

Many structures are erected on RC columns. The entire behavior of structures is
greatly influenced by the strength, ductility, and durability of RC columns, thus
understanding how each column responds to a variety of loading scenarios is of great
importance[1][2]-[7]. Strengthening by Fiber-reinforced polymer (FRP) or textile-
reinforced mortar (TRM) is the subject of this research. Vertical load-carrying
structural components are often known as RC columns. Nevertheless, in reality,
columns can sustain shear and bending stresses depending on their placement in the
structure, and this category is only an idealization, uneven settlements,
craftsmanship flaws and seismic stresses. As highway bridge peers, vertical load-
carrying components in structures, or subterranean piles, RC columns are built to
suit your needs. Depending on structural requirements and material availability, they
may be built with a wide variety of cross-sectional geometries and heights and
several options kinds and concrete and steel reinforcing amounts. Fig (1-2) illustrate

the cross-section of a solid concrete column.
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Fig (1-2): Solid concrete column [1]

1.1.1 Hollow RC Columns in Structures

Hollow concrete column structures can be one option for enhancing strength-mass
and stiffness-mass ratios, and lessen the effect of weight on structures that will
gradually reduce the total spending of the structure. In many existing bridge piers,
Hollow structural members have already been used[8] [9], [10],and[11]. In order to
avoid the columns' delicate shear failure, special care must be given to the plastic
hinges. Shear strength of RC columns drops dramatically when the lateral
displacement ductility rises. The circular column of hollow reinforced concrete is
widely used in earthquake areas [8][12] , hollow segment piers made of reinforced
concrete ( RC) are ubiquitous the structural approach, commercially desirable for
bridge systems for a variety of factors like a greater moment- inertia as solid parts
of equivalent size [13] . Shear resistance mechanisms characteristic of hollow RC
columns are quite similar to those typical of tube sections, relying mostly on the

aspect ratio of the webs, in order to avoid catastrophic collapse of bridge piers during
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a shear failure. The low thickness of the deterioration processes limits the confined
concrete core, which is critical for seismic energy dissipation, [13].

Hollow-core columns with circular columns the holes showed better performance
compared to the columns non-circular hole [14]

If the concrete layer spills off, the longitudinal bars between the transverse reinf
orcement become exposed and are thus vulnerable to buckling,

Resulting in a weak collapse, if the section is not properly confined in a hollow
column, the inside face of the column may implode due to the high axial strain levels.
Therefore, it is also important to have a lateral reinforcement along the inside of the
column, as the plate (1-2)

Plate (1-2): Hollow concrete column [14]
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1.1.2 Confinement of RC Columns

Special transverse reinforcement strongly intersperses the concrete in directions
perpendicular to the stress applied. The behavior in circular columns of fiber-
reinforced polymer (FRP) confined concrete has been extensively studied[2], but in
FRP square columns it is far less known that the concrete is non-stringed and the
containment efficiency has been reduced considerably as the fig. (1-3) [15].

The report shows the existence of an inner space reduces the effect.

of external FRP confinement, but this reduction of confinement effects could
be adjusted by using an appropriate cylindrical tube as the interior confinement
[12][16].fig(1-4) explain the stress vs. strain curve for the stress-strain curve for

confined and unconfined concrete.

___ FRP
wraps

- .

** Effectiye .-

confinement
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Fig. (1-3): Effective confinement of concrete column [15]
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Fig. (1-4): Stress-strain curve for confined and unconfined concrete [16]
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FRP-confined concrete models for analyzing the increase in concrete strength and
peak axial strain produced experimentally are the most often used. As stated in
equation (1-1),[17][18]:

fr=f {2.25\/1 +7.9J{%—2%— 125  mmmmmmmemmeeemeeeee (1-1)
The strength and ductility of reinforced concrete are enhanced when it is surrounded
by a rigid base, such as in concrete-filled tubular steel columns. In this case, the
concrete is called confined concrete, and the mechanical properties of this concrete
improve considerably compared to unconfined concrete, based on the yield stress
and the geometries of the outer stiffness substrate [19],as the Fig.(1-5) With circular
columns, this process is considerably more efficient than with square or rectangular

columns. It is because the latter also concentrates the restricting action at the corners
[19].

100
Solid confined cylinder
80
©
a | Nl S aemaaee .
S 6 T !
@ i/ Hollow confined cylinder
o 40 ;
.
& ;
20 plain unconfined cylinder
0
-0.015 -0.010  -0.005 0.000 0.005 0.010 0.015
Lateral Axial
Strain

Fig. (1-5): Comparison confinement for solid and hollow columns [19]
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When is it important to strengthen a R.C. column?

1- Either an increase in the number of floors or a blunder in the design increases

the column's load.

2- There is a problem with the concrete's compressive strength or the percentage

and type of reinforcing.
3-The column's inclination is higher than permitted.
4-The foundation has settled longer than intended.
5- a structure that has been shaken by an earthquake.
Reinforced concrete columns may be strengthened in a variety of ways, including

the following: -

* steel jacketing.

* reinforced concrete jacketing.
*TRM confining.

*FRP jacketing.

1.1.2.1 Textile reinforced mortar (TRM)
With an open-mesh design, a natural fiber reinforced with an inorganic matrix is

used in TRM., as well as hydraulic lime-based grout or mortars. Fire retardant, easy
to apply by hand, and may be treated to wet or small surfaces, TRM is a low-cost,
manual-friendly, and can be used to wet or low-temperature surfaces, [20]-[23].
TRM is becoming increasingly popular as an alternative to FRP in the reinforcement
of internal systems for all of these reasons, as seen in the figure (1-7) improved
conditions of bonding between fibers and matrix in a mortar once continuous fiber
sheets were made of composite materials Textiles were removed. At first, the
modern composite made of textiles Materials called silk reinforced concrete (in
Europe) (TRC) or coated woven mortar (TRM) [24][25].
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In applications where the force is mostly linear, TRM wrapping may be used in
columns to assist a multiaxial stress condition to benefit from the commensurate
Improvement in constrained concrete strength and deformation efficiency. [26] ,as
the fig (1-6) and fig (1-7).
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Fig. (1-6): Textile fiber reinforcements
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(a) Textile made from carbon fiber. (b) glass fiber textile. (c) basalt fiber

textile. (d) polyphenylene bezobisoxazole (PBO)fiber textile. (e) steel fiber

textile [26].
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Fig. (1-7): Stress-strain curves for the (a) Carbon-TRM, (b) PBO-TRM, and (c) Glass-TRM[26]
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Plate (1-2) show the tensile test for TRM

Double clevis-type

connection

Clip-type displacement

transducer

Test specimen

Single clevis-type

connection

Plate (1-2):test setup and instrument for TRM tensile test

1.1.2.2 Polymer with fiber reinforcement (FRP)
Polymer reinforced with fibers (FRP) materials possess continuous carbon (c), glass (),

or aramid (a) as the fig. (1-8), fibers tied together in an epoxy matrix, vinyl ester, or
polyester materials, containing excellent properties such as high tensile strength, high
rigidity, corrosion-resistant, and lightweight. Composite structures are widely used in

engineering applications, owing to their high performance.[25]-[29]

Products from Fiber Reinforced Polymer (FPR) are used to enhance flexural
strength, shear strength, and ductility of current sub-standard structures [30][31]. A
good example is concrete structures reinforced by FRP sheets at the stress point.

10
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FPRs improve concrete’s tensile strength. Also improve column capability. Fiber-

reinforced polymer bonding (FRP) composites with suitable parts

The epoxy adhesive is one of the commonly used methods for fixing rigid concrete
beams. For general, a beam may be bonded to an FRP sheet on either the soffit or
the web, soffit bonding is used for flexural beam strengthening, while web bonding

Is used for shear strengthening.

4000
Steel
3500
/ — —CFRP
~ 3000 / - - = AFRP
© | ] e GFRP
(=9
S 2500 / g N
% 2000 R e PET
7 7 -
& 1500 [
=] I_,-'
@ 1000 |/,
500 /.;."" R 0 L i
0 k=T
0 002 004 006 008 01 012 0.14
Strain

Fig. (1-8): Stress vs. strain curve for steel and FRP[29]

Since of its ease of deployment and less time consumption compared to concrete or
steel jacket reinforcing, CFRP reinforcement has been one of the key solutions in

structural reinforcement [12].

Full CFRP containment encountered an eruption of unexpected collapse without

early notice, when no original crack or spalling could be seen [12].

The moderately confined CFRP specimens were able to provide proper

lateral mitigation which reduced concrete dilation and further decreased

column failure [32]. It was observed that the mode of strength, ductility, and failure
CFRP wrapping direction of enclosed cylinders focuses on and thickness to laminate
Wrap [4].

11
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The application of FRP in the construction industry can reduce specific harmful
concrete properties, such as high-strength concrete's brittle behavior. FRP is
particularly useful for reinforcing columns and other irregular types [4].

Due to compressive stresses in the concrete, the fibers in the direction of the hoop
resist lateral expansion. This results in confining stress to the core, delaying concrete
fracture and thus increasing the compressive strength and ultimate concrete
compressive strain [12], [33]-[41].

Reported that both ductility and shear strength improved significantly with FRP
jacket thickness, eliminating all shear cracks and changing the pattern of failure of
the specimen from shear to bending [42] [43] [44]. Plate (1-3) shows the multi types

of FRP materials used in strengthening.

S =t |
= i ,

Plate (1-3): multi types of FRP materials [41]

Fig. (1-9) explain the effect of the FRP wrap with use different column cross-
section shape

12
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Axial Compression

Axial Compression

Concrete shorten

-

Concrete dilates ———a

IConcrete shorten

Concrete dilates

FRP Wrap
Link reinforcing steel FRP Wrap
Link reinforcing steel Cohcieta

Full area is confined

ANTPAPIR

Tri-axial state of stress of
circular columns

Tri-axial state of stress
of square columns

Fig. (1-9): Comparing between the circular and noncircular
effect with use FRP [42]
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1.2 The aim of the study

* Study the compressive strength of solid concrete column and hollow concrete
column and comparing between the results.

* Investigate at hollow-core reinforced concrete columns with textile reinforced
mortar (TRM).

* Investigate at hollow-core reinforced concrete columns with carbon fibre
reinforced polymer (CFRP).

*Study the five confinement of external strengthened for hollow concrete column by
(CFRP or TRM) under concentric loading.

*Study the five confinement of external strengthened for hollow concrete column by
(CFRP or TRM) under eccentric loading.

*Comparing the results obtained from the test for the specimens subjected to
concentric or eccentric load and strengthened by (CFRP or TRM), these comparisons
according to the: compressive strength, load vs. displacement curve, ductility, mode

of failure, and stress vs. strain curve.

Originality: * Study the side opening in the hollow concrete column with two shapes

circular and square holes and also comparing the results.

Originality: * Strengthening the specimens with side opening (circular or square) by
two CFRP forms.

* Improve the capacity of the hollow concrete column by using FRP or TRM

within conditions such as locations and configurations of each of them.

14
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1.3 The Design of the Thesis

The current study is divided into six chapters, which are as follows:

The Present chapter (chapter one) provides an overview of column behavior and

applications.

Chapter two: provides a review of past research (experimental and theoretical)

relevant to the current subject.

Chapter three: provides the experimental details of thirty-two (32) similar RC
columns with similar reinforcements and strengthening partially by (CFRP or
TRM).

Chapter four: includes the outcomes of experiments and their discussion.

Chapter five: presents the finite element modeling of the present problem
using ABAQUS.

Chapter six: presents conclusions and recommendations for future works.

15
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Chapter Two

2.1: Introduction

One of the essential topics in constructing buildings and other structures such as
bridges is the problem of concrete column failure. The column is important in the
structures, as the loads move from the roof to the foundations using the column.
Rehabilitation and strengthening of concrete columns are often very significant,
and the materials and methods used are varied and various. For example, (steel

jacketing, cementitious materials, steel fibers, fiber-reinforced polymer).

2.2: Concrete column with solid section

(Doran et al., 2009),Theoretical study for the purpose of knowing the behavior
of a concrete column has the (square and rectangular) cross-section and with using
fiber-reinforced polymer (FRP) by the (non-linear finite element by using the
(NLFEA) where the proposed model was represented under the central load.
Where it was simulated 33 models short and long column with the slender column.
The columns have been the subject of much earlier research, but they have been
constrained by his limitations (FRP). Also, the maximum load on the square or
rectangular column is unpredictable without taking into account the confined load
due to the effect of the shape. Various angles as well as a modest influence on the
flat sides are used to designate non-circular columns. Therefore, find it difficult
to use the assumptions of regular pressure, as is the case for the column with a
cylindrical shape. Columns in this scheme are made of steel and concrete by using
concrete to damage plasticity (CDP). When compared to circular section models,
the non-circular specimens had a serious implication on confinement. The less

constriction there is at the flat side's midpoints[48].

17
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(Micelli & Modarelli, 2013), A practical study analyzing the properties of
concrete columns used by carbon fiber (CFRP) and (GFRP) sheets, and these
columns have different sections and lengths the sections are circular and non-
circular, and some of the columns have a hole along the column. The loads on the
columns were monophasic. Instead of the (89) models constrained by (CFRP) and
(GFRP), 128 specimens were constructed from concrete columns that were
separated into (33) models without confines. Use the fiber-reinforced polymer in
the circular sections more than effect than the non-circular sections. To test the
non-circular columns, researchers used 3000 kN for the short specimens (150x300
mm) and 1500 kN for the mid-sized specimens (400x600 mm). The results
indicated that failures occurred around the column's edges and corners, even in
the specimens that had not been strengthened. An increase in the hollow core
causes an increase in the sudden failure of the inner part due to the separation of
the concrete from the inner part of the column. Plate (2-1) show the failure in the

specimen[49].

Plate (2-1): Concrete crushing of unconfined prismatic concrete column [49]

18



Chapter Two Literature Review

(Afifi et al., 2014), Study the circular concrete bars, using a (GFRP) bars and spirals
and with subjected to axial force effect, where 12 models of reinforced concrete
columns were implemented with a circular cross-section, the dimensions (300*1500)
mm, where are these models divided to three parts, nine models are GFRP, two steel
reinforcement, one plain column without reinforcement. The research aims at assessing
the GFRP concrete columns, also studied are several variables, including longitudinal
reinforcement, the proportion of reinforcement, the diameter of the reinforcement, and
the distances of the transverse reinforcement. In the laboratory a pressure device was
used with axial capacity (11400 kN), also was used the (SG) to Record the strain in the
rebar and used the (LVVDTSs). To avoid a major event at the column's ends, employ steel
plates with a thickness of 12.7mm and a diameter of 250 mm. And work small concrete
layers have high compressive strength grouting to insure good distribution for an axial
load. The results of the examination showed that the unreinforced model (plain). This
model fails due to brittle failure caused by a lack of reinforcing steel, which gives the
member ductility. A fracture develops along the column as a result of this failure. The
failure occurred after reaching the maximum load by 2468 kN. The GFRP and steel
reinforcement specimens had the same initial behavior. Where crack hairs are
generated, he has 85% to 95% of the axial load. The load on the strengthened specimens
(GFRP) varies from 2804 to 3019 kN. In contrast, the axial loads of the steel specimens
have increased by 8% to 3159 kN. When using transverse reinforcement at wide
distances or the percentage of less than (0.7%) of failure, a result occurs when the
longitudinal bar buckling outside. While specimens have good confinement, failure
occurs due to the concrete reaching its maximum. plate (2-2) showed the test machine
[50].
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@ | (b)

Plate (2-2) (a) MTS loading machine and data-acquisition system;
(b) LVDTs and steel collars [50]

(Fitzwilliam and Bisby, 2020), in this paper, a study of strengthening concrete
long columns by using carbon fiber polymer (FRP). Where previous studies
focused on the short columns. Research is being conducted to compare the
performance of a carbon fiber-reinforced polymer composite (FRP)-encased
circular concrete column to that of a control column. In the laboratory
implementation of 18 circular concrete columns with different slenderness ratios
which had diameter (152) mm and height (300, 600, 900, 1200) with
strengthening by (CFRP) where this group labeled (C) or without strengthening
(V). In this study, the ratio of longitudinal bars based on the Canadian code was
equal to (0.7%). The longitudinal direction of the carbon fibers is unaffected by
the 100 mm hoop-to-hoop overlap of the fibers. For the purpose of strengthening
to flexural, carbon fiber (CFRP) should be placed longitudinally before the hoop
direction. The number of layers used (0, 1, 2) for axial strength and (0, 2, 4) for
flexural. The result showed, using a single carbon-fiber tape increases strength

capacity by 18%.
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Whereas the strength of the two-layer tape has enhanced about 65%. The test
occurred with a 20mm eccentric load. Also the hoop direction in (CFRP) increase
the carry load in the column for the axial and flexural. For the unstrengthen
column, the failure started in the part above the middle of the column height. For
the strengthened column, the failure was observed in the middle height of the
column. when the slenderness ratio is reduced the ultimate load increase and the
lateral deflection failure is reduced. Plate (2-3) showed the test setup and scheme
of test [51].

Steel rocker plate
25 thick

25 thick steel
plate

Circular steel
end collar

ial Pigauges Hoop foil strain gauges

Unwrapped ~ FRP wrapped
Section A-A Section A-A

Plate (2-3) Schematic and photo !'1200C-1-0-A™" of test setup
and selected instrumentation! dimensions in millimeters*[51]
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2.3: Hollow concrete columns

(Congress, 2006), A carbon fiber reinforcement has been used in this work to
investigate the hollow column's bending behavior and improve its structural
integrity (CFRP), When a lateral force is applied to a hollow column, a plastic
hinge is generated, making hollow columns ideal for seismically active places.
study the effect of using carbon fibers on non the circular columns, and study the
effect of steel reinforcement (transverse reinforcement), also study the location of
neutral axis forces, the models used were in dimensions (360x360x1300) mm and
hole (310x310) mm, as shown plate (2-4).
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Plate (2-4) Geometry of specimen [52]

Where six specimens were completed, and one specimen was used as a control,
see table (2-1) below and the (U-unstrengthen, S-strengthened) Results showed
the: specimens (U1, U3, S2) failure occurred in the base of the column. specimens

(U2, S3, S1) failure occurred in the mid-span of the column.
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the specimens without CFRP had brittle failure mode. The greater the distance of
eccentricity (e) the axial load reduced and the buckling in the main bar reduced -
CFRP delays the failure in the concrete then changes the mode of failure from
brittle to ductile [52].

Table (2-1) Test Matrix

Specimen Code Loading Condition e (mm)
UnStrengthened With FRP
uo Pure Compression 0
Ul S1 Compression and Flexure 50
U2 S2 Compression and Flexure 200
U3 S3 Compression and Flexure 300

(Kusumawardaningsih and Hadi, 2010),this research was for the study of the
effect the shape of cross-section and the shape of the inner hole of the concrete
column in a circular or square under the influence of a central force, Where casting
12 specimens of RC of the column with the use of high strength concrete (HSC),
with compressive strength about 72MPa .and had the short concrete column to
prevent lateral bending due to long Some models had been added Carbon fiber
reinforced CFRP and other specimens without CFRP use as control specimens.
The result showed concrete specimens non-container CFRP Failure gets out brittle
deformations, while models containing carbon-reinforced fibers are ductile
deformation. Circular models and contain circular holes had higher carrying
capacity than the Circular specimens containing square holes. Also, the specimens
are found Square specimens with circular holes are better than square specimens
with square holes. In the case of circular holes, this behavior provides a more
suitable distribution of strength force. Plate (2-5) represented the failure for
specimens [53].
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(b) Square RC columns without and with CFRP confinement

Plate (2-5) Typical failure behavior of circular and square columns [53].
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(Units et al., 2020),experimental study on the hollow rectangular column under
the influence of axial and cyclic bilateral forces, Where five columns were
executed with dimensions (500x360x1440)mm and inside dimensions (260x120)
as the plate (2-6), where the results showed that failure occurs due to flexural, this
failure was generated as a result of buckling for the main bar reinforcement at the
base of the column, also, the cyclic force showed a deterioration in hardness and
strength significantly. Hollow columns with add configurations lateral
reinforcement had a good efficacy against earthquake The pattern of failure in two
short sides same also for the long sides. At the (1/6) of the height column, a hinge

made of plastic was produced [54].
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Fig. 2 Column specimen geometry and reinforcement confizuration (unit: mm)
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plate (2-6) Construction of specimens [54]
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(Cassese et al., 2017), studied hollow concrete columns of bridged concrete with
rectangular cross-section, where the search includes looking at bridges
Implemented before 1980 where the details of reinforcement against seismic load
not required. where it was worked out 4 hollow concrete columns with a different
aspect ratio(Lv/H) and the dimensions (600x400x1500) mm and (400x600x900)
mm, as the plate (2-7). The primary goal of the practical research is to determine
the influence of various transverse reinforcement forms and amounts, as well as
the effect of aspect ratio. Laboratory results showed the flexural failure occurred
in the tall columns, while the shear failure occurred after flexural yield in the short
columns. Shear failure occurs in columns with an aspect ratio under 2.5, whereas

flexural failure occurs in columns with an aspect ratio greater than 2.5 [55].
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Plate (2-7) Instrumentation scheme: LPs (a), Base LVDTs (b) and Strain Gauges (SGs) (c) [55]
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(Ismail et al., 2019), In this study the study was partially strengthened for Hollow
cylinder concrete column by using (CFRP) Where six models of hollow columns
were built with dimension (250x2000) mm and hole dimension (110) mm,
strengthened of the columns using carbon fiber(CFRP) better than conventional
method like steel plate because this method ease in work and installation, where
research has proven The use of carbon fiber (CFRP)increases the strength and
ductility of the concrete column. to measure strain in rebar use SG by three
locations along the height column, (CFRP) had thickness (0.165 mm\ply) and area
(300 g\mm2) and epoxy with ratio 4:1. The load on the specimens about (1500
kN), where the load applied by adding 10 kN, with a five-minute pause, to avoid
sudden failure. The results of the investigation revealed Instead of the top of the
column failing due to a failure of the concrete cover as it did when CFRP was not
used to strengthen it, the rapture in CFRP laminates at the top was caused by the
column failing due to a failure of the concrete cover, and this was the first crack
recorded at axial force when CFRP was used (160 kN). Compared to specimens
lacking partial CFRP, the axial load of specimens having partial CFRP rose by
about 38%, as the fig (2-1) [56].

Load vs Displacement-Concentric
1000
800
_- ]
Z
=,
® ——CHC-A
3 : —CF-A
208
-16 -12 -8 -4 0 4 8 12 16
Lateral Displacement (mm) Vertical Displacement (rmm)

Fig. (2-1) Load vs Displacement Behavior [56]
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(Jamatia and Deb, 2020)' in this research using a theoretical study By simulation
in the Abaqus software program Compare the results with the practical research
was studying the effect of cohesion forces, when hollow concrete columns are
used. A quasi-brittle failure in concrete columns occurs when carbon fiber is not
used, but when central works on concrete columns are used and carbon fiber is
used, the endurance period increases for tiny columns. Is this study the
consistency between concrete and carbon fiber? Concrete expansion is the
primary cause of failure, whereas shear banding growth is the primary cause of
failure for big columns. concrete damage plasticity was employed in the Abaqus
software application The Druker-Prager vyield criterion for evaluating
confinement sites necessitates the implementation of two different types of tests.
To analyze failure sites, the second type of carbon fiber (CFRP) is utilized in place
of the first type, which has a higher ultimate strength of 1825.5MPa, while the
first type has an E=80.1 GPa and an ultimate strength of 1825.5MPa. With a large
number of layers of carbon fiber. When the number of layers is four or more, we
see a high-stress strain in the material. In order to verify this, the average confining
pressure throughout a 35-mm-high cylindrical zone on the concrete surface
positioned 800 mm from the fixed end was measured. as depicted in the following
figure (2-2) [57] .
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DAMAGET

(a) (b)

Fig. (2-2) Damage contour at applied stress of 34 MPa in (a) 2 layers and
(b) 4 layers GFRP confined hollow circular column, respectively [57] .

2.4: Strengthening by using steel jacketing

(Calderon et al., 2009)' Reinforcement of RC columns can be accomplished
using one of three major methods: jacketing in concrete, steel, and lightweight
materials (FRP).Steel caging is a variant of the technique of steel jacketing and is
known as being easy to use and fairly cheap. When designing a steel caged RC
column, the ultimate load can be determined using this novel design suggestion.
An experimental and computational analysis of specimens on a large scale is used
in the creation of the current proposal to understand the mechanisms of failure.
When an RC column is loaded axially with steel caging, it is possible to measure
the final load. For a cage-strengthened RC column, the transfer of loads between
the column and cage necessitates a series of steps. Plates 2-8 of the RC column
show how steel caging can be used to strengthen the structure [58].
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mortar
RC column

angles

Section A-A”~

Plate (2-8) RC column strengthened by steel caging
(without additional elements at the ends of the cage) [58].

(Kusuma and Suprobo, 2011)  For the containment of concrete using typical
rectilinear connections and welted wire cloth, there are several analytical models
available. The reinforced concrete column's strength and ductility are
considerably enhanced if the column's core is restrained by lateral armor. Fig. (2-
3) show how the Welded Wire Fabric WWEF, in addition to typical links, can be
stacked transversely in the concrete column's middle, with a regular longitudinal
spacing, or it can be wrapped around the column. Researchers created each and
every one of the available models to fit their unique set of data. These models, as
shown in table (2-2), took into account a variety of influencing factors, such as
the lateral reinforcement's breadth, spacing, and yield strength, as well as the
distribution of longitudinal steel and the consequent connection design. The
ability of various containment models to avoid the actual experiments is tested in
a comparative analysis. The investigation has been completed. According to the

findings, nearly all models can accurately predict the stress-strain curve's rising
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portion. It is common for models to underestimate or overestimate the test results
when attempting to estimate the post-peak stress-strain curve. That's what the
current analysis concludes: none of the currently known analytical models are able

to effectively forecast the resulting stress-strain curve [59].

Table (2-2) details Authors' and other researcher’s specimens [59].

lSectialn Heisht Gage f Transverse reinforcement
Reference dimension | Nomber {mm) length (Méﬂ)

(mm) () s(mm) | p, (%) |/ (MPa) | Grd amangement*
Holland (1993) x127| 62 | 381 [ 1324 [426469] 127508 [ 080340 [ 28376 | ABC
Hong (1997) 127 W | 381 1524 | 506-364 ) 12703175 123430 | 288490 DEF

Poxd6| 6 [ 134 ol0 [326-394| 254308 | 240380 | 4% EG
Lambert-Aikhionbare (1999) | 356x336 [ 10 | 1524 | 610 | 6276 | 4495 | 330300 4% EF
Authors (2010) 180x180) 18 [ 70 [ 30 £4 [ 010 | 10430] W0 DEHI

el TG Tl Typel

Fig (2-3) arrangements of WWF [59].
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(El-kholy and Dahish, 2015), This paper presents work for the use of single
expanded metal mesh layers combined in realistic configuration with specific
volumetric relations as lateral reinforcement for short square reinforced concrete
columns, in addition to standard tie reinforcement, this paper introduces a
functional configuration consisting of a single extended metal mesh (EMM) sheet.
When used as an extra lateral reinforcement for column specimens with a
volumetric bond ratio q = 0.2714 percent, the findings showed that one Expanded
Metal Mesh Sheet raised the ultimate load of Phase 2 by 11.02 percent and 18.55
percent compared to Phase 1 for Groups 1 and 2 as the plate (2-9). Expanded
Metal Mesh (EMM) sheet combinations in functional configurations are explored
in this research. By distorting more EMM layers and employing EMM with
stronger mechanical characteristics, it is possible to obtain high ultimate load
potential, improved ductility, larger volumetric reduction of the ties, and greater
energy dissipation. Table (2-1) and figure (2-3) illustrated it [60].

) i
1
.
11
.;‘
v |3
1 L AR

(a) Groupl

(b) Group2

Plate (2-9) Reinforcement of column specimens [60]
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(Khunetal., 2016), According to the most recent RC structure design guidelines,
strong but ductile columns are preferred because they can tolerate large
deformations without cracking. Segmental analysis of slender steel strapping,
technically constrained columns subjected to eccentric stresses yielded novel
parameters. It has been suggested that a new equivalent stress system and system
depth factor equation be developed. This research proposed new criteria for the
practical design of columns utilizing an enhanced Steel Strapping Tensioning
Technique (SSTT) for circular high-strength concrete using a nominal curvature
technique (HSC) as the fig. (2-4). Segmental analyses of thin, SSTT-confined
columns subjected to eccentric loads yielded the new parameters. For SSTT-
confined HSC columns, the nominal curvature technique yields conservative
estimates of maximum axial load and small-scale column flexural resistance.
Given the suitable stress-strain model, the suggested design approach may be used

to columns of rectangular or square sections [61].
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Fig (2-4) (a)This model has hinged ends, (b—c) and a theoretical segmented
column model [61].
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(Fatehi, 2018), Many buildings have to have their reinforced concrete (RC)
columns rehabilitated, either as a result of structural defects requiring the columns
to carry more loads than originally planned or as a result of natural wear and tear.
Many nations throughout the globe currently employ steel caging for this purpose.
Experiments to study the behavior of reinforced concrete columns under axial
stresses with a steel jacket are reported in this research. Twelve identical
(120x120) mm cross-section square reinforced concrete columns with a height of
1000 mm make up this research project. Steel angles and steel plates are
increasingly being used in the construction sector to support reinforced concrete
columns. experimenting The major goal of the test program is to gather data and
information on the structural behavior and ultimate strength of reinforced concrete
columns with steel jackets under axial compressive load in a series of twelve
columns. Various theoretical models have been used to study axially constrained
and unconfined systems. The study's main results are: Using an external steel
jacket consisting of steel angles and plates in addition to horizontal battens to
reinforce RC columns is legitimate and can raise the total load for all
reinforcement instances from (42.2-121.7 percent) compared to unreinforced
columns. In the first case of reinforcement utilizing an external steel jacket
consisting of (4 steel angles of various sizes as [(1"x1"x1/8),
"(1.25"x1.25"x3/16") and (1.5"x1.5"x3/16)] "at column corners connected by
horizontal battens of dimensions (1") with a thickNess of 3 mm, the ultimate load

is increased. Plate (2-10) showed the failure if the strengthened specimen [62].
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Plate (2-10) The failure pattern of strengthened column [62]

2.5: Strengthening by using TRM and FRP

(Colombo et al., 2011), study the behavior of the TRM material subjected to high
temperatures. TRM material was used and a substance was composed of a mixture
of (glass fabric and grind matrix). The purpose of the TRM sheets is to place the
material in the direction of the driving force and also do not need to use a concrete
cover of wear extent to get a lightweight member. One of the important things
presented by the research was the time-dependent on the loss of strength in the
case (AR-glass embedded cement base), as well as a good explanation about the
behavior of the TRM with high temperatures. The Dimensions used equaled to
(400x70x6) mm and two-dimensional with temperatures increase gradually
(20,200,400,and600), then analyzed the residual mechanical properties after

applied tensile strength and temperature. The outcomes of a 30 KN device carrying
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capacity laboratory test. Depending on the(stress-strain) diagram of the examined
specimens, the fig. (2-5) Showed it, at temperatures (20 and 200), the same curve
is made up of three sections (non-linear response), Whereas at (600) temperatures
the behavior of specimen brittle (linear). The first crack occurred at a temperature
(20 and 200), These cracks occurred as a result of the shrinkage in the mortar. but
at the (600) Sliding mortar [63].
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Fig (2-5) Load vs displacement curve in uniaxial tension at different temperatures[63]

(Raoof et al., 2016), a practical study on the cohesion between the TRM and
concrete column, Where was used from (1-4)layers of TRM. When the concrete
and TRM are bonded together, the bonding distance is around (50-450) mm. The
laboratory equipment supplied a pressure to the concrete column equivalent to
(15-30) MPa, which was measured in millimeters per second. The aim of the study

was interconnectivity and cohesion between TRM and concrete columns. 80
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models were created from square section and prism with dimensions (100x250)
mm and the width of cohesion 80mm. Used the Carbon Textile with thickness
about (0.095) mm for one layer, it was used TRM and covered with mortar. The
laboratory examination was performed after completing the treatment of the
specimens for a period of six weeks. Some of the previous studies have focused
on the cohesion between (single-lap) shear tests. Whereas, the use of the (double-
lap) is important in the case of using more than one layer. After the laboratory
examination, the following was obtained. The effect of the cohesion length and
the number of layers on the load carriers of the model, as in the use of the FRP.
In the case of using (1-4) layers, the bonding length will be L= (200-300) mm
and for users (1-2) Adhesion increases with limits (450) mm Increasing the
number of layers changes the shape of failure. As the specimens containing (1-2)
layers of TRM failed with reason slippage textile fiber from the mortar. The
specimens having three to four layers, on the other hand, failed due to the
deboning of TRM from concrete. Plate (2-11) explained the method of application
the TRM,[64].
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Plate (2-11) (a) Application of the first layer of mortar; (b) application of the first layer of
textile layer into the mortar; (c) application of the final layer of mortar; and (d)

wrapping with TRM jacket at the side of specimen under examination Test [64].

(Younis et al., 2017), A look into TRM's physical and chemical properties. This
property is tensile strength. The use of a substance that is common in
strengthening and improving the walls of the floors and the concrete structural
members. The TRM was tested in the laboratory as the plate (2-12). 15 specimens
were used from TRM of V with dimensions 410 mm length and 50 mm width and
thickness of 10 mm. Three different types of this substance are also used (carbon,
glass, polyparaphenylene ). The research aims to add some data on the properties
of TRM for the purpose of future use in repairing concrete installations. Code AC
434 was used to analyze the specimens. By using a stress-strain diagram for each
TRM model as below. The results of the examination showed that
(polyparaphenylene PBO) gives more cracks than others that is meant the failure

in this type of more ductility [65].
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Plate (2-12) Test setup and instrumentation for the TRM tensile characterization test [65].

(Yin et al., 2019),The study of the behavior of the concrete columns under the
influence of the eccentric pressure force with the use of a substance of TRM and
PV A where TRM was textile reinforced mortar and PVA as polyvinyl alcohol. In
this study, 9 specimens of concrete columns are used with the presence of corboles

at the ends of columns. Concrete facilities often need to be reinforced, for many
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reasons, including construction, environmental, or others., TRM is one of the
suitable options for strengthening the concrete column. Where the columns were
used concrete with dimensions (120x150x800) mm and corboles (120x250x200)
mm, the testing device used applied a force of (7000) kN Where the column had
to be loaded 35 mm eccentricity. With the use of a steel plate with a thickness of
(10) to avoid failure at the ends. Also, the use of three layers of FRP at the
corboles. Used 40 MPa as a compression concrete load for concrete. In contrast,
the specimens with three to four layers failed because the TRM was deboned from
the concrete. When the loads are increased, the load reaches the maximum the
longitudinal cracks appeared at the edges of the sides and when you continue to
increase the loading more effect, transverse cracks appear which were far from
the load machine area. At the side loaded with compression stress, the specimen
(C0) immediately collapsed. The specimens with strengthening by TRM in the
initial loading stage, conduct the columns similar to the corresponding specimens
without TRM. When the load reached (90%) of the maximum load, there were
fewer cracks on one side. Continuing to applied loads caused failure TRM at the
edges of the column. Textile reinforcements at mid-height have strengthened the
column by (1-2) layers. During the compressive loads, concrete was removed
from the fabric. The exhibited side cracks appeared on was tension stress,
Reinforcement of the column with fabric textile causes delays in the concrete
column, as well as improving the column deformations. In the event that the
column is reinforced with three layers of TRM, the failure appeared at the upper
edge of the TRM and the side cracks appeared at the side upper column as the
plate (2-13). PVA had led to little improvement compared to TRM [66].
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Plate (2-13) Failure modes of columns [66]

2.6: Side opening

(Son et al., 2006), a research study that aims to know the amount of loss by
resistance in the event of a side opening in the concrete column, as a result of the
need for electrical and other services. If the side openings are not taken, in other
words, there are openings during the design phase, or upon implementation, this
may cause the building to collapse, as it clearly affects the resistance and hardness,
due to a redistribution of the internal strength and
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Plate (2-14) Typical cracking pattern for column [67]
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bending. Where the nine columns were implemented, one from them as a control
specimen and the dimension (200x300x1600) mm. The opening on the side was
easily spotted. Due to the side opening's existence, the long columns become more
unstable. The presence of the side opening reduced the column resistance and was
proportional to the lost space. To avoid brittle failure, the column at the aperture
on the side must be strengthened. Plate (2-14) showed the failure for the specimen
[67].

(Alsalim et al., 2017),investigate the behavior of structural concrete columns
and subjected to axial loads and unidirectional bending, with a circular side
opening in the column at the mid-height of the column. Where 20 columns were
implemented in the laboratory with dimensions (150x150x900) mm as the fig (2-
6). According to the specifications of the ACI 2014 code, the percentage of the
side opening is no more than 4% in the cross-section Metal plates have been
installed at the column's ends to protect the column from collapsing suddenly. The
work was divided into two groups (A-B), where group (A) the eccentricity
indirection parallel to the L-open, and group (B) the eccentricity indirection
normal to the L-open. The sizes of the side aperture were (0,15,20, and 25). There
was a 2000 kN. The machine is weighed down. The percentage of side opening
under axial stress and eccentric (45-120mm) mm on specimens in group A was
determined to be (0,10,13.33,16.67). As the results showed that the resistance is
reduced due to reduced part exposed to compression. Also in the eccentric (45)
mm the results showed when the eccentric ratio was (e/h=0.3) the column fail due
to concrete reach to the ultimate strength, whereas the results with (120) mm
showed the fail in the column due to bending stress. group (A) findings revealed
a significant impact of the side opening due to the presence of all of the side
opening in the compression zone. When the eccentric load was parallel to the side

opening the column behaves better than the load was normal. The presence of the
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side opening in the structural part, which was considered a weak area, affects its

strength and stiffness [68].

LoooF

Transverse

opening

»> 700

X
BH 000 M| 100

\ 4
£ 70

Fig (2-6) Specimen details and dimensions [68].

'

(Tahir et al., 2019), A look at the impact of columns with side apertures made of
concrete. Where seven models of concrete columns were used, as the number of
reference specimens reached two. Put the side hole in the third upper of the
column. As the area of the side opening reached about 15% of the area of the side
cross-section of the column, the axial force of the concrete columns was subjected
to the purpose of examination. The implemented specimens were with dimensions

of the square section (203 x 203) mm except for the specimen in CHS they were

43



Chapter Two Literature Review

with dimensions of (229 x 229) mm and that all models with a height of 2000 mm.

also the result depicted below:

Column Nomenclature Detail of Options

CC Controlled Column without hole

CH Standard Column with a hole

CHS Column with a hole with an increased cross-sectional area
CHA Column with a hole with an increased area of steel

CHF Column with a hole with the increased strength of concrete
CHFA Column with a hole with increased strength and steel

CHP Column with a hole with MS Pipe

Laboratory results indicated that the rise in column contact area or the increase
in the concrete compression pressure did not have a clear effect on column
ductility. The reference specimen (CC) showed the first cracking and
longitudinally due to the split of the concrete at the corners of the column, with
the continue of load the cracks reach to the middle of the specimen and the
buckling of steel occurred before failure in the column. The reference
specimen showed the first cracking and longitudinally due to the split of the
concrete at the corners of the column, with the continuous load the cracks reach
the middle of the specimen and the buckling of steel occurred before they fail
in the column. The specimen (CH) showed the cracks formed as (X) shape
around the opening as the plate (2-15). The horizontal crack occurred in the
first stage of loading and the quarter of the upper column. Because of the
increased stress in the side opening area, this region is more exposed to failure.
Fig (2-7) illustrated the comparison between the strengthened specimens and
the control [69].
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Fig (2-7) Comparison of average ultimate strengths of specimens with control [69].

DAMAGEC

(Avg: 75%)
+4.0882-01
+3.748e-01
+3.407e-01
+3.066e-01
+2.726e-01
+2.385e-01
+2.044e-01
+1.704e-01
= +1.363e-01
+1.022e-01
+6.814e-02
+3.407e-02
+0.000e+00

(b)

Plate (2-15) (a) Cracks pattern of three specimens of CH Columns after testing
and (b) ABAQUS Cracks pattern [69].

45



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

D. Liu, H. Huang, J. Zuo, K. Duan, Y. Xue, and Y. Li, “Experimental and
numerical study on short eccentric columns strengthened by textile-reinforced
concrete under sustaining load,” 2017, doi: 10.1177/0731684417725396.

H. Al-nimry and A. Soman, “Performance of FRP-Jacketed RC Columns
under Axial-Flexural Loading,” no. May 2019, pp. 1-5, 2018, doi:
10.15224/978-1-63248-150-4-45.

M. N. S. Hadi, F. Asce, H. Karim, and M. N. Sheikh, “Experimental
Investigations on Circular Concrete Columns Reinforced with GFRP Bars and
Helices under Different Loading Conditions,” pp. 1-12, 2011, doi:
10.1061/(ASCE)CC.1943-5614.0000670.

M. N. S. Hadi, F. Asce, M. T. Jameel, and M. N. Sheikh, “Behavior of
Circularized Hollow RC Columns under Different Loading Conditions,” no.
1995, 2014, doi: 10.1061/(ASCE)CC.1943-5614.0000808.

H. Qiang, D. Xiuli, Y. Zhou, and G. C. Lee, “Experimental study of hollow
rectangular bridge column performance under vertical and cyclically bilateral
loads,” vol. 12, no. 3, pp. 433-445, 2013.

F. Micelli and R. Modarelli, “Experimental and analytical study on properties
affecting the behaviour of FRP-confined concrete,” Compos. Part B Eng., vol.
45, no. 1, pp. 1420-1431, 2013, doi: 10.1016/j.compositesh.2012.09.055.

A. M. El-kholy and H. A. Dabhish, “Improved confinement of reinforced
concrete columns,” AIN SHAMS Eng. J., 2015, doi:
10.1016/j.asej.2015.06.002.

M. N. S. Hadi, M. T. Jameel, and M. N. Sheikh, “Behavior of Circularized
Hollow RC Columns under Different Loading Conditions,” J. Compos.
Constr., vol. 21, no. 5, p. 04017025, 2017, doi: 10.1061/(asce)cc.1943-
5614.0000808.

I. A. S. Al- Shaarbaf, M. J. H. Al-zubaidi, and E. A. A. Al- Zaidy, “Effect of
Hollowing Ratio on the Behavior of Hollow Self-Compacting Reinforced
Concrete Slender Column Under Eccentric Loading,” Int. J. Eng. Technol.,
vol. 7, no. 4.20, p. 390, 2018, doi: 10.14419/ijet.v7i4.20.26141.



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

A. M. Sahi and M. S. A. Ali, “Experimental Study of Hollow Slender
Reinforced Concrete Columns Subjected to Eccentric Loads,” Civ. Environ.
Eng., vol. 17, no. 1, pp. 303-317, 2021, doi: 10.2478/cee-2021-0032.

Y. Kusumawardaningsih and M. N. S. Hadi, “Comparative behaviour of
hollow columns confined with FRP composites,” Compos. Struct., vol. 93, no.
1, pp. 198-205, 2010, doi: 10.1016/j.compstruct.2010.05.020.

R. Ismail, R. S. M. Rashid, F. A. A. Zakwan, and F. Hejazi, “Experimental
study of circular hollow reinforced concrete column strengthened with partial
Carbon Fibre Reinforced Polymer (CFRP) confinement,” IOP Conf. Ser.
Mater. Sci. Eng., vol. 615, no. 1, 2019, doi: 10.1088/1757-
899X/615/1/012075.

P. Cassese, P. Ricci, and G. M. Verderame, “Experimental study on the seismic
performance of existing reinforced concrete bridge piers with hollow
rectangular section,” Eng. Struct.,, vol. 144, pp. 88-106, 2017, doi:
10.1016/j.engstruct.2017.04.047.

M. N. S. Hadi and T. D. Le, “Behaviour of hollow core square reinforced
concrete columns wrapped with CFRP with different fibre orientations,”
Constr.  Build. Mater.,, wvol. 50, pp. 62-73, 2014, doi:
10.1016/j.conbuildmat.2013.08.080.

T. H. Han, N. H. Lim, S. Y. Han, J. S. Park, and Y. J. Kang, “Nonlinear
concrete model for an internally confined hollow reinforced concrete column,”
vol. 9831, no. 6, pp. 429-440, 2008, doi: 10.1680/macr.2008.60.6.429.

He, Chunbao, and Jun-Jie Zeng. "Fiber-Reinforced Polymer-Confined Non-
Circular Columns with Shape Modification: A Comprehensive Review."
Polymers 14.3 (2022): 564.

M. N. S. Hadi and T. D. Le, “Behaviour of hollow core square reinforced

concrete columns wrapped with CFRP with different fibre orientations,” vol.
50, pp. 62-73, 2014, doi: 10.1016/j.conbuildmat.2013.08.080.

M. Nematzadeh, M. Mousavimehr, J. Shayanfar, and M. Omidalizadeh,
“Eccentric compressive behavior of steel fiber-reinforced RC columns
strengthened with CFRP wraps: Experimental investigation and analytical
modeling,” Eng. Struct., vol. 226, no. April 2020, p. 111389, 2021, doi:
10.1016/j.engstruct.2020.111389.



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Z. C. Tetta, L. N. Koutas, and D. A. Bournas, “Shear strengthening of full-
scale RC T-beams using textile-reinforced mortar and textile-based anchors,”
Compos. Part B, 2016, doi: 10.1016/j.compositesb.2016.03.076.

A. Younis, U. A. Ebead, and K. C. Shrestha, “Tensile Characterization of
Textile Reinforced Mortar Tensile Characterization of Textile Reinforced
Mortar,” no. July, 2017, doi: 10.14455/ISEC.res.2017.155.

S. P. Yin, X. Q. Hu, and Y. T. Hua, “Compression performance and bearing
capacity calculation model of small-eccentricity columns strengthened with
textile-reinforced mortar ( TRM ),” vol. 69, no. 335, pp. 1-11, 2019.

Y. Hou, “Impact damage assessment in orthotropic CFRP laminates using
nonlinear Lamb wave : Experimental and numerical investigations Impact
damage assessment in orthotropic CFRP laminates using nonlinear Lamb

wave : Experimental and numerical investigations,” no. January, 2020, doi:
10.1016/j.compstruct.2020.111869.

M. Fossetti, F. Basone, G. D. Arenzo, G. Macaluso, and A. F. Siciliano, “FRP-
Confined Concrete Columns: A New Procedure for Evaluating the
Performance of Square and Circular Sections,” vol. 2018, 2018.

L. N. Koutas, Z. Tetta, D. A. Bournas, T. C. Triantafillou, and M. Asce,
“Strengthening of Concrete Structures with Textile Reinforced Mortars : State-
of- Strengthening of Concrete Structures with Textile Reinforced Mortars :
State-of-the-Art  Review,” no. October 2018, 2019, doi:
10.1061/(ASCE)CC.1943-5614.0000882.

S. M. Raoof, L. N. Koutas, and D. A. Bournas, “Bond between textile-
reinforced mortar ( TRM ) and concrete substrates : Experimental investigation
Bond between textile-reinforced mortar ( TRM ) and concrete substrates :
Experimental investigation,” Compos. Part B, vol. 98, no. May, pp. 350-361,
2016, doi: 10.1016/j.compositesb.2016.05.041.

T. C. Triantafillou, C. G. Papanicolaou, and P. Zissimopoulos, “Concrete
Confinement with Textile-Reinforced Mortar Jackets Concrete Confinement
with Textile-Reinforced Mortar Jackets,” no. January 2006, 2018.

A. Kazemnadi, “Predicting the Compressive Stress—Strain Curve of FRP-

Confined Concrete Column Considering the Variation of Poisson’s Ratio,” Int.
J. Civ. Eng., doi: 10.1007/s40999-020-00550-3.

J. Park, S. K. Park, and S. Hong, “Experimental Study of Flexural Behavior of
Reinforced Concrete Beam Strengthened with Prestressed Textile - Reinforced



[29]

Mortar,” 2020, doi: 10.3390/mal3051137.

Othman, Zrar Sedeeq, and Ahmed Heidayet Mohammad. "Behaviour of
eccentric concrete columns reinforced with carbon fibre-reinforced polymer
bars." Advances in Civil Engineering 2019 (2019).

[30] J. J. Zeng, W. Y. Gao, Z. J. Duan, Y. L. Bai, Y. C. Guo, and L. J. Ouyang,

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

“Axial compressive behavior of polyethylene terephthalate/carbon FRP-
confined seawater sea-sand concrete in circular columns,” Constr. Build.
Mater., vol. 234, 2020, doi: 10.1016/j.conbuildmat.2019.117383.

Y. Guo, W. Gao, J. Zeng, Z. Duan, X. N1, and K. Peng, “Compressive behavior
of FRP ring-confined concrete in circular columns : Effects of specimen size
and a new design-oriented stress-strain model,” Constr. Build. Mater., vol.
201, pp. 350-368, 2019, doi: 10.1016/j.conbuildmat.2018.12.183.

X. L1, H. Xie, M. Yan, H. Gou, G. Zhao, and Y. Bao, “Eccentric Compressive
Behavior of Reinforced Concrete Columns Strengthened Using Steel Mesh
Reinforced Resin Concrete,” pp. 1-22, 2018, doi: 10.3390/app8101827.

X. Liang, D. Ph, S. Sritharan, D. Ph, and M. Asce, “Effects of Confinement in
Circular Hollow Concrete Columns,” vol. 144, no. 9, pp. 1-13, 2018, doi:
10.1061/(ASCE)ST.1943-541X.0002151.

S. S. Khamees, M. M. Kadhum, and N. A. Alwash, “Experimental and
numerical investigation on the axial behavior of solid and hollow SIFCON
columns,” SN Appl. Sci., vol. 2, no. 6, 2020, doi: 10.1007/s42452-020-2907-9.

0. S. Alajarmeh, A. C. Manalo, B. Benmokrane, W. Karunasena, W. Ferdous,
and P. Mendis, “TECHNICAL PAPER A New Design-Oriented Model of
Glass Fiber-Reinforced Polymer-Reinforced Hollow Concrete Columns,” no.
117, 2020, doi: 10.14359/51720204.

Y. L. Suku and E. Flores, “Modeling and Analysis of the Effect of Holes in
Reinforced Concrete Column Structures Modeling and Analysis of the Effect

of Holes in Reinforced Concrete Column Structures,” no. January, 2020, doi:
10.22146/jcef.48722.

S. Ipek and E. Mete, “Nonlinear finite element analysis of double skin
composite columns subjected to axial loading,” 2020, doi: 10.1007/s43452-
020-0012-x.

P. Cassese, P. Ricci, and G. M. Verderame, “Experimental study on the seismic



[39]

[40]

[41]

[42]

[43]

[44]

[45]

performance of existing reinforced concrete bridge piers with hollow
rectangular  section,” vol. 144, pp. 88-106, 2017, doi:
10.1016/j.engstruct.2017.04.047.

G. Kalogeropoulos and A. Tsonos, “Cyclic Performance of RC Columns with
Inadequate Lap Splices Strengthened with CFRP Jackets,” 2020.

P. Cassese, A. Bonati, M. T. De Risi, and G. M. Ver-, “Which capacity models
for shear-critical reinforced concrete hollow piers ? Which capacity models for
shear-critical reinforced concrete hollow piers ?,” no. January 2020, 2019.

O. S. Alajarmeh, A. C. Manalo, B. Benmokrane, K. Karunasena, W. Ferdous,
and P. Mendis, “Hollow concrete columns : Review of structural behavior and
new designs using GFRP reinforcement,” vol. 203, no. October 2019, 2020.

Q. Han, J. Wen, X. Du, and J. Jia, “Journal of Reinforced Plastics and
Composites,” 2014, doi: 10.1177/0731684414557716.

S. Review, S. Raza, M. K. I. Khan, S. J. Menegon, and H. Tsang,
“Strengthening and Repair of Reinforced Concrete Columns by Jacketing :
sustainability Strengthening and Repair of Reinforced Concrete Columns by
Jacketing:  State-of-the-Art  Review,” no. June, 2019, doi:
10.3390/5u11113208.

F. Colomb, H. Tobbi, E. Ferrier, and P. Hamelin, “Seismic retrofit of
reinforced concrete short columns by CFRP materials,” Compos. Struct., vol.
82, no. 4, pp. 475-487, 2008, doi: 10.1016/j.compstruct.2007.01.028.

Freberg, Laura A. An Introduction to Applied Behavioral Neuroscience:

Biological Psychology in Everyday Life. Taylor & Francis, 2022.

[46]

[47]

[48]

Kadid, A., and A. Boumrkik. "Pushover analysis of reinforced concrete frame
structures." (2008): 47-59.

M. Z. Naser, R. A. Hawileh, and J. A. Abdalla, “Fiber-reinforced polymer
composites in strengthening reinforced concrete structures : A critical review,”
Eng. Struct.,, wvol. 198, no. June, p. 109542, 2019, doi:
10.1016/j.engstruct.2019.109542.

B. Doran, H. O. Koksal, and T. Turgay, ‘“Nonlinear finite element modeling of
rectangular / square concrete columns confined with FRP,” Mater. Des., vol.
30, no. 8, pp. 3066—3075, 2009, doi: 10.1016/j.matdes.2008.12.007.



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

F. Micelli and R. Modarelli, “Experimental and analytical study on properties
affecting the behaviour of FRP-confined concrete,” Compos. Part B Eng., vol.
45, no. 1, pp. 1420-1431, 2013, doi: 10.1016/j.compositesb.2012.09.055.

M. Z. Afifi, H. M. Mohamed, and B. Benmokrane, “Axial Capacity of Circular
Concrete Columns Reinforced with GFRP Bars and Spirals,” J. Compos.
Constr., vol. 18, no. 1, p. 04013017, 2014, doi: 10.1061/(asce)cc.1943-
5614.0000438.

J. Fitzwilliam and L. Bisby, “Slenderness effects on circular FRP-wrapped
reinforced concrete columns,” Compos. Civ. Eng. CICE 2006, vol. 14, no.
June, pp. 499-502, 2020.

I. Congress, “Flexural Behaviour of RC Hollow Columns Confined with,”
Test, no. January, pp. 1-12, 2006.

Y. Kusumawardaningsih and M. N. S. Hadi, “Comparative behaviour of
hollow columns confined with FRP composites,” Compos. Struct., vol. 93, no.
1, pp. 198-205, 2010, doi: 10.1016/j.compstruct.2010.05.020.

H. Qiang, D. Xiuli, Y. Zhou, and G. C. Lee, “Experimental study of hollow
rectangular bridge column performance under vertical and cyclically bilateral
loads,” vol. 12, no. 3, pp. 433445, 2013.

P. Cassese, P. Ricci, and G. M. Verderame, “Experimental study on the seismic
performance of existing reinforced concrete bridge piers with hollow
rectangular section,” Eng. Struct.,, vol. 144, pp. 88-106, 2017, doi:
10.1016/j.engstruct.2017.04.047.

R. Ismail, R. S. M. Rashid, F. A. A. Zakwan, and F. Hejazi, “Experimental
study of circular hollow reinforced concrete column strengthened with partial
Carbon Fibre Reinforced Polymer (CFRP) confinement,” IOP Conf. Ser.
Mater. Sci. Eng., vol. 615, no. 1, 2019, doi: 10.1088/1757-
899X/615/1/012075.

R. Jamatia and A. Deb, “FRP confined hollow concrete columns under axial
compression: A comparative assessment,” Compos. Struct., vol. 236, no. July
2019, 2020, doi: 10.1016/j.compstruct.2020.111857.

P. A. Calderon, J. M. Adam, S. Ivorra, F. J. Pallarés, and E. Giménez, “Design
strength of axially loaded RC columns strengthened by steel caging,” Mater.
Des., vol. 30, no. 10, pp. 4069-4080, 2009, doi:
10.1016/j.matdes.2009.05.014.

B. Kusuma and P. Suprobo, “The Twelfth East Asia-Pacific Conference on



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Structural Engineering and Construction INVESTIGATION OF STRESS-
STRAIN MODELS FOR CONFINEMENT OF CONCRETE BY Welded
Wire FABRIC,” vol. 14, pp. 2031-2038, 2011, doi:
10.1016/j.proeng.2011.07.255.

A. M. El-kholy and H. A. Dahish, “Improved confinement of reinforced
concrete columns,” AIN SHAMS Eng. J., 2015, doi:
10.1016/j.asej.2015.06.002.

C. Khun, A. Zawawi, R. Garcia, W. Omar, K. Pilakoutas, and M. Azimi,
“Nominal Curvature Design of Circular HSC Columns Con fi ned with Post-
tensioned Steel Straps,” ISTRUC, vol. 7, pp. 25-32, 2016, doi:
10.1016/j.istruc.2016.04.002.

Makki, Ragheed Fatehi, and Salah Talib Nimnim. "Rehabilitation of structural
columns by using steel angles." International Journal of Scientific and
Engineering Research 1.6 (2015): 981-987.

I. Colombo, M. Colombo, A. Magri, and G. Zani, “Textile Reinforced Mortar
at High Temperatures Textile Reinforced Mortar at High Temperatures,” no.
May 2014, 2011, doi: 10.4028/www.scientific.net/ AMM.82.202.

S. M. Raoof, L. N. Koutas, and D. A. Bournas, “Bond between textile-
reinforced mortar ( TRM ) and concrete substrates : Experimental investigation
Bond between textile-reinforced mortar ( TRM ) and concrete substrates :
Experimental investigation,” Compos. Part B, vol. 98, no. May, pp. 350-361,
2016, doi: 10.1016/j.compositesb.2016.05.041.

A. Younis, U. A. Ebead, and K. C. Shrestha, “Tensile Characterization of
Textile Reinforced Mortar Tensile Characterization of Textile Reinforced
Mortar,” no. July, 2017, doi: 10.14455/ISEC.res.2017.155.

S. P. Yin, X. Q. Hu, and Y. T. Hua, “Compression performance and bearing
capacity calculation model of small-eccentricity columns strengthened with
textile-reinforced mortar ( TRM ),” vol. 69, no. 335, pp. 1-11, 2019.

K. Son, K. Pilakoutas, and K. Neocleous, “Behaviour of concrete columns with
drilled holes,” vol. 9831, no. 7, pp. 411-419, 2006.

AL-Shaarbaf, IThsan AS, Abbas AbdulMajeed Allawi, and Nabeel H. AlSalim.
"Strength of Reinforced Concrete Columns with Transverse Openings.”
Journal of Engineering 23.10 (2017): 114-133.



[69]

[70]

[71]

[72]

[73]

[74]

[75]

M. F. Tahir, F. Shabbir, and A. Ahmad, “Experimental and Numerical
Investigation of Opening on Load Carrying Capacity of RC Columns Iranian
Journal of Science and Technology , Transactions of Civil Engineering
Experimental and Numerical Investigation of Opening on Load Carrying
Capacity of RC C,” no. December, 2019.

ACI COMMITTEE. Building code requirements for structural concrete (ACI
318-08) and commentary.

R. Abokwiek, J. A. Abdalla, R. A. Hawileh, and T. El Maaddawy, “RC
Columns Strengthened with NSM-CFRP Strips and CFRP Wraps under Axial
and Uniaxial Bending: Experimental Investigation and Capacity Models,” J.
Compos. Constr.,, vol. 25 no. 2, p. 04021009, 2021, doi:
10.1061/(asce)cc.1943-5614.0001117.

ASTM E8, “ASTM E8/E8M standard test methods for tension testing of
metallic materials 1,” Annu. B. ASTM Stand. 4, no. C, pp. 1-27, 2010, doi:
10.1520/E0008.

X. Li, H. Xie, M. Yan, H. Gou, G. Zhao, and Y. Bao, “applied sciences
Eccentric Compressive Behavior of Reinforced Concrete Columns
Strengthened Using Steel Mesh Reinforced Resin Concrete,” 2018, doi:
10.3390/app8101827.

EFNARC, “The European Guidelines for Self-Compacting Concrete,” Eur.
Guidel. Self Compact. Concr., no. May, p. 63, 2005, [Online]. Available:
http://www.efnarc.org/pdf/SCCGuidelinesMay2005.pdf.

BS EN 12350-2: 2009. "Testing fresh concrete. Slump-test." National
Standards Authority of Ireland (2009).

[76] British Standard, “Testing Concrete,” Constr. Stand., vol. 2, no. 2, pp. 1-14,

[77]

[78]

1983.

C. C. Test, T. Drilled, and C. Concrete, “Standard Test Method for Flexural
Strength of Concrete ( Using Simple Beam with Third-Point Loading ) 1,”
Hand, vol. C78-02, no. C, pp. 1-4, 2010, doi: 10.1520/C0078.

ASTM C469-02, “Standard Test Method for Static Modulus of Elasticity and
Poisson’s Ratio of Concrete in Compression,” ASTM Stand. B., vol. 04, pp.
1-5, 2002, [Online]. Available: http://portales.puj.edu.co/wjfajardo/mecanica
de solidos/laboratorios/astm/C469.pdf.



[79]

[80]

[81]

[82]

[83]

Y. Wei, Y. Xu, G. Wang, X. Cheng, and G. Li, “Influence of the Cross-
Sectional Shape and Corner Radius on the Compressive Behaviour of Concrete
Columns Confined by,” 2022.

M. Usman, M. Yaqub, A. Ahmad, and M. Usman, “Advance repairing
technique for enhancement of stiffness of post - heated concrete cylinders,”
Asian J. Civ. Eng., vol. 22, no. 4, pp. 689-700, 2021, doi: 10.1007/s42107-
020-00340-1.

J.J. Zeng, G. Lin, J. G. Teng, and L. J. Li, “Behavior of large-scale FRP-con
fi ned rectangular RC columns under axial compression,” vol. 174, no.
November 2017, pp. 629-645, 2018, doi: 10.1016/j.engstruct.2018.07.086.

Test, Mortar. "For each mix required, according to ASTM C 109/C 109M for
compressive strength." ASTM C 1506.

Soudki, K., and T. Alkhrdaji. "Guide for the design and construction of

externally bonded FRP systems for strengthening concrete structures (ACI 440.2 R-
02)." Structures Congress 2005: Metropolis and Beyond. 2005.

[84]

[85]

[86]

[87]

[88]

[89]

A. Kumar et al., “Prediction of FRCM — Concrete Bond Strength with Machine
Learning Approach,” pp. 1-25, 2022.

J. Zhou, W. Lin, S. Guo, J. Zeng, and Y. Bai, “Behavior of FRP-confined FRP
spiral reinforced concrete square columns ( FCFRCs ) under axial
compression,” J. Build. Eng., vol. 45, no. October 2021, p. 103452, 2022, doi:
10.1016/j.jobe.2021.103452.

M. H. Hameed et al., “Enhancing the strength of reinforced concrete columns

using steel embedded tubes,” Mech. Adv. Mater. Struct., vol. 0, no. 0, pp. 1—
16, 2020, doi: 10.1080/15376494.2020.1847373.

J. Y. Zhu et al., “FRP-Confined Square Concrete Columns with Section
Curvilinearization under Axial Compression,” vol. 24, no. 1993, pp. 1-13,
2020, doi: 10.1061/(ASCE)CC.1943-5614.0000999.

M. H. Lai, M. T. Chen, F. M. Ren, and J. C. M. Ho, “Thin-Walled Structures
Uni-axial behaviour of externally confined UHSCFST columns,” vol. 142, no.
January, pp. 19-36, 2019, doi: 10.1016/j.tws.2019.04.047.

H. Suliman, A. Nimry, R. Amer, and A. Rabadi, “Axial — Flexural Interaction
in FRP - Wrapped RC Columns,” Int. J. Concr. Struct. Mater., 2019, doi:
10.1186/s40069-019-0366-8.



[90] A. M. Sahi and M. S. A. Ali, “Experimental Study of Hollow Slender
Reinforced Concrete Columns Subjected to Eccentric Loads,” Civ. Environ.
Eng., vol. 17, no. 1, pp. 303-317, 2021, doi: 10.2478/cee-2021-0032.



2022

Republic of Iraq
Ministry of Higher Education
and Scientific Research
University of Babylon
College of Engineering
Civil Engineering Department

Structural behavior of hollow core
reinforced concrete columns confined
with textile reinforced mortar (TRM) and
lor fiber reinforced polymer (FRP)
jackets

A Dissertation
Submitted to the College of Engineering of the University
of Babylon
in Partial Fulfillment of the Requirements for the Degree
of Doctor of Philosophy in Civil Engineering
(Structure)

By
Waleed Khaleel Nayel

(B.Sc. in Civil Engineering 2005)
(M.Sc. in Civil Engineering 2017)

Supervised by
Assist.Prof. Dr. Muhammad Jawad Kadhim



2 gl © Gy a2 sy alglall gy @ullat
5 okt Y @ig 2 & samlly Gl Bay 5 gl
Oslagh ags oLy sl alg¥l Yo 5a¥U5c

sl el il sam

(2481) 223 5 5m



ACKNOWLEDGMENTS

It is with great pleasure that | express my deepest sense of gratitude to my Asst
Prof. Dr. Muhammad Jawad Kadhim for his expert guidance and support for

the research. His encouraging attitude and help was very valuable.

| would also like to express my thanks to faculty members, my classmates and

all my friends for their support.

Nothing would have been possible without the support of my family members, who
have been backing me throughout my life. Special thanks are given to my father and
the spirit of my mother my Lord forgives her and dwell her in Paradise, who was a
constant sense of inspiration and whose blessing made me achieve what | aspired.
All thanks are given to my wonderful wife, children, brothers, and dear sister, all

thanks to the people who supported me.

| would like to express my gratitude to all people behind the screen who helped

me.

All thanks are given to people who supported me.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... \Y;
A B S T R A C T Vi
TABLE OF CONTENTS ..o viii
LIST OF TABLES ..ottt eeeeeee e eeeeneeeeeenenes XV
LIST OF FIGURES .....ooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeeneeeeeeseneeenenennennnennees XViii
LIST OF PLATES ..ottt e e e e e e e e e e e e e e e e eeaeeeees XXVil
INO T ATION .ottt e et e e ettt e e e eeeeeeeeeeeeeeeeennennnennnes XXIX
CHAPTER 1: INTRODUCTION . ...ttt a e ae e e eee e e e e naanaenns 1
L. L GNEIAL ..ottt e e e e e e e e e e e aaaeaaaaaraa—_ 2
1.1.1 RC Columns IN STrUCKUIES .....coeeeeeeeeeeeeeeeeeeeeeee e 3
1.1.1 HOLLOW RC Columns in StruCtUIeS.......coooeeeeeeeeeeeee 4
1.1.2 Confinement Of RC COIUMNS ......oeieeeeeeeeeee e 6
1.1.2.1 Textile reinforced mortar (TRM) ....c.oooveiiiiieiiee e 8
1.1.2.2 Fiber-reinforced polymer (FRP).......c.ccocoiiiiiiiiiiec e, 10
1.2 The aim Of the STUAY .......ooovviiie e 14
1.3 The Design of the TheSIS .....cccv v 15
CHAPTER 2: LITERATURE REVIEW ... aeeeeeaenaens 17
P22 A 01 4 0T [0 T2 1 T PP 17
2.2: Concrete column With SO SECHION........vveeeeeee et 17
2.3: HOIIOW CONCIELE COIUMINS ...ttt e e e e e e e eeeeeennne 22
2.4: Strengthening by using steel jacketing ... 29

2.5: Strengthening by using TRM and FRP ..o 35



2.6: SIAE OPENING ...veiveeitie ettt e e reenre e 41

CHAPTER 3: EXPERIMENTAL PROGRAM........coooiietceese et
K200 I 11T [ od 1 o] o RSP 48
3.2 PropoSead MatliX.....ccvieiieiieiiieiie sttt sree e 50

3.3 Parameters CONSIAEIEd .........ccovviiiiieiiiie e 53
3.4 Materials properties (Implementation of Experiments) ............ccccceeve. 53
R R O 111 o | PP 53
3.4.2 COAISE AQgQIEUALE . ... veeetieiieeestee ettt e siteeste e beeesbe e et e srb et nbe e nreeennes 53
3. 4.3 FINE AQQregate.......eeivieciieciie ettt 53
3.4.4 chemical a0MIXIUIE.......ccoveiiiiieeeee e 54
3. 4.5 WaALEr MIXING ..uveiiieiiieiie et te et e e e 54
3.4.6 Steel bar reinforcement (8 and 6) MM ..........cccevvvevieiiieii s 54
3.5 Steel rebar configuration............cccoove e 55
I 0] 11111170 OSSR 56
3.7 Installing steel rebar strain gauges ..........cccocveieevee i 57
3.8 CoNCrete MiX DESIGN ....cc.eeiiiiiieiee e 58
3.9 Test of fresh concrete Properties .........ccovveveeieerieese s 60
3.9.1. Slump Flow Diameter & T50Cm TeStS.......cccvviiveriieiireieenee e see s 61
3.9.2 V-TUNNEITEST .. 62
3.9.3 L-BoX TSt . it 63
3.10 Hardened concrete Properties .......cccieeiveeiieeieesieeseesee e esieesieesee e 65
3.10.1 Compressive SIrENGLN ........ccoooveiiiiie e 65
3.10.1.1 Cubical and cylindrical Compression test ..........ccovvverieereneenennn, 65
3.10.2. Modulus of rupture (fr) .......coeviiiiiiii e 66
3.10.3 The static-modulus of elastiCity teSt.........cccvverviieriiiieiiee e, 67
T8 B I O 0 1o o OOV P PSPPSR 70
3.12 Columns Preparation..........cocceeieeieieeie e 70

3.13 Strengthening by CFRP and TEM .......cccooooiiiiiiiieccee e 71



3.13.1 Carbon fiber reinforced polymer (CFRP) laminate......................... 71

3.13.1.1 Epoxy Sikadur-330 Preparation ...........cccoceveeieenieenieeneeseeseesnens 73
3.13.2 Textile reinforced mortar (TRM) and bonding ..........cccceeevevveinennnn, 74
3.13.2.1 Bonding materials (ReCon HS).......c.ccceveviiviice e 75
3.14 Configuration for Strengthened by (CFRP&TRM)......cccoovviviviieiiinnnne, 76
3.14.1 Strengthening bY (CFRP) ....ooovveiiiiece e 76
3.14.2 Strengthening bY (TRM) .....oooveiii e 78
3.15 Side 0pPening SPECIMENS........cvcivereeiieiieeieeseese e s e sre e e sreesreesreeaee s 80
3.16 Strain gauge for concrete (SGC) .....oovvviviiieriiesiesie e 81
3.17 Instrumentation and Testing Procedure ..........cccoocvvvveveevieesiesieesinene, 83
TN RS YW o o0 ¢ £ PP UTRTPS 83
3.17.2 MACNINE TESE....cuviieieieeiie et ans 83
3.18 Concentric and Eccentric loading test SPeCImens ..........cccocvveveevvernnenn 85
3.18.1 Testing of control Specimens columns (CC-CO)........cccevevevvviivnnnnnnn 85
3.18.2 Testing of control Specimens columns Unconfined Columns with side
OPeNING (CC-CO-0) ...viiiiiiiicie et 87
3.19 Data Measurement during TeSES........cccvvvveieeiiieiee e 88
3.20 SEreSS-SIralN CUIMNVE.....ueeitieiiieeieesieesieeseesteeie e taesteesreesseeeaeenseesreesneeanee s 89
3.21 MaxX. CraCk WItN .......ccveiiiiieie e 90
B.22 DUCTHHILY .ottt 92
CHAPTER 4 TEST RESULTS ..ottt 96
4.1 GENEIAL ...t 96
4.2 Specimens under concentric 10ading ... 96
4.2.1 Control columns under Concentric loading (CC-CO).......ccovvvrvrnrnnene 96
4.2.1.1 Load vs. Displacement for specimens (CC-CO-S) and (CC-CO-H) 96
4.2.1.2 Stress vs. Strain curves for control Specimens ........cccccvvvevevveriennnns 97
4.2.1.3 Mode of Failure for control specimens (CC-CO-S) and (CC-CO-H)..
..................................................................................................................... 102



4.2.2 Specimens strengthening by CFRP and under concentric loading ...104

4.2.2.1 Load vs. DISplacement ..........ccocveiieiii i 104
4.2.2.2 Stress vs. Strain for strengthening specimens (CF1, CF2, CF3, CF4,
AN CFD) oo 109
4.2.2.3 Mode of Failure for strengthening specimens (CF1, CF2, CF3, CF4,
AN CFD) oo 110
4.2.2.4 Ductility for specimens (CF1, CF2, CF3, CF4, and CF5) ............. 116
4.2.3 Specimens strengthening by TRM and under concentric loading.....116
4.2.3.1 Load vs. DiSplacement ..........ccocveiieiic i 116
4.2.3.2 Stress vs. Strain for strengthening specimen s (CT1, CT2, CT3, CT4,
1[0 O I ) ST R 120
4.2.3.3 Mode of Failure for strengthening specimens (CT1, CT2, CT3, CT4,
1[0 O I ) SRS 122
4.2.3.4 Ductility for specimens (CT1, CT2, CT3, CT4, and CT5) ............ 127
4.3 Specimens under eccentric 10ading ..........ccccocvevievieiic i, 128
4.3.1 Control columns under eccentric loading (CC-ECC).........ccccuvneee. 128
4.3.1.1 Load vs. Displacement for control specimens under eccentric load
..................................................................................................................... 128
4.3.1.2 Stress vs. Strain curves for control specimens under eccentric load
................................................................................................................... 129
4.3.1.3 Mode of Failure for control specimens under eccentric load (CC-ECC-
o | PSSR PRTRURRS 131
4.3.1.4 Ductility Index for the control SpeCimens ..........ccccoeevvveveerieesnennn, 132
4.3.1.5 Max. crack width for specimen (CC-ECC-H)........ccovvvvivveivennnnne 132
4.3.2 Specimens strengthening by CFRP under eccentric loading ............ 133
4.3.2.1 Load vs. Displacement for strengthening specimens (EF1, EF2, EF3,
EFA, QNG EFD) .ot 133
4.3.2.2 Stress vs. Strain for strengthening specimens (EF1, EF2, EF3, EF4, and
) ISR 138

4.3.2.3 Mode of Failure for strengthening specimens (EF1, EF2, EF3, EF4, and
) ISR 139



4.3.2.4 DUCHHITY oooveeee et 145
4.3.2.5 Max. crack width for specimen (EF) ........cccccoeveiiiiiiie i, 145
4.3.3 Specimens strengthening by TRM and under eccentric loading....... 146
4.3.3.2 Stress vs. Strain for concrete in strengthening specimens (ET1, ET2, ET3,

ET4, and ETS)...eiiii e e, 150
4.3.3.3 Mode of failure for specimens (ET1, ET2, ET3, ET4, and ET5)...152
4.3.3.4 DUCHHITY ..ot e e 158
4.3.3.5 Max. crack width for specimens for (ET1, ET2, ET3, ET4, andET5)158
4.4 Comparison between specimens with CFRP and TRM ............cc......... 159
4.4.1 Comparison between specimens with concentric loading................. 159
4.4.2 Comparison between specimens with eccentric loading................... 163
4.5 Specimens With Side OPeNINg ........cccveveeiiie i 168

4.5.1 Control columns with side openings and under concentric loading.169

4.5.1.1 Load vs. Displacement for control column with side openings and
under concentrically 10ading ..........cccevveiiiiiiec 169

4.5.1.2 Stress vs. Strain curves for control specimens with side openings and under
concentric loading

..................................................................................................................... 170
4.5.1.3 Mode of Failure for control specimens with side openings and under
(o700 Tor=] 1 £ To (o= To SO RTORR 172
4.5.1.4 Ductility for control specimens with side openings and under
CONCENEIIC 10A........eiiiei e 174
4.5.2 Specimens with side openings that strengthening by CFRP and under
(0T g Tor=] 1 Tolt (o= To | [ To USSR 175
4.5.2.1 Load vs. Displacement for specimens (CF-Cir-O),and (CF-Squ-O)
..................................................................................................................... 176

4.5.2.2 Stress vs. Strain curves for specimens(CF-Cir-O),and (CF-Squ-O) 177
4.5.2.3 Mode of Failure for specimens (CF-Cir-O),and (CF-Squ-0) ........ 179
4.5.2.4 Ductility for the specimens(CF-Cir-O),and (CF-Squ-0)............... 180
4.5.3 Control columns with side openings and under eccentric loading...180



4.5.3.1 Load vs. Displacement curves for control speicmens with side
openings and under eccentric 10ading ..........ccccevveeiieiie i 181

4.5.3.2 Stress vs. Strain curves for control specimens speicmens with side
openings and under eccentric 10ading ..........ccccoevieiiieiiecic s, 182

4.5.3.3 Mode of Failure for control speicmens with side openings and under
eCCeNtriC 10ading.......ovviiii i e 184

4.5.3.4 Ductility for the specimens with side openings and under eccentric

[0AAING oo 186
4.5.4 Specimens with side openings that strengthend by CFRP and under
Toto=] 0 o [ = Uo [ oo OSSPSR 186
4.5.4.1 Load vs. Displacement curve for specimens with side openings that
strengthend by CFRP and under eccentric loading ...........ccccccevevveeivnennnn, 187
4.5.4.2 Stress vs. Strain curves for specimens with side openings that
strengthend by CFRP and under eccentric loading .........cc.cccoceevveeiieennen 188
4.5.4.3 Mode of Failure for specimens with side openings that strengthend by
CFRP and under eccentric 10ading ..........ccccvveeviiiii i 190
4.5.4.4 Ductility for the specimens (EF-Cir-O) and (EF-Squ-O)........... 194
4.5.4.5 Crack width for specimens (EF-Cir-O) and (EF-Squ-O) ............ 194
2.2.5 Comparison between strengthened specimens with side opens........ 196
CHAPTER 5: FINITE ELEMENT ANALYSIS. ..o 200
ST R 1 (0o [N o1 o o SRR 200
5.2 Modeling of hollow concrete coOlumn .........cccoovve e, 200
5.2.1 Parts and ASSEMDBIY ......ocovviiiiiiice e 201
5.2.2 INTEIACHION ...ttt et e 204
5.2.3 Boundary Conditions and 10ading ...........cccocevveninieniinninieneseee 205
5.3 CONVEIgENCE STUAY ....cvveiveiiieiieeie et 206
5.4 Comparison Study between the Results of the Experimental Program and
FEM ANAIYSIS ...t 207

5.4.1 Comparison between the results of the experimental program and FEM
Analysis for specimens with concentric load ..........c.cccceeviviiiiiiiecieece, 209



5.4.1.1 Load-displacement curves for specimens strengthened by CFRP and
loaded CONCENLIICAITY .......ooveeiiece e 209

5.4.1.2 Failure mode and von-misses stresses for concentric specimens

..................................................................................................................... 212
5.4.2 Comparison between the results of the experimental program and FEM
Analysis for specimens with eccentric load ..........c.cccceveiiiiii e ieecien, 217

5.4.2.1 Load-displacement curves for specimens loaded eccentrically .....218
5.4.2.2 Failure mode and von-misses stresses for eccentric specimens.....219
5.5 Case study specimens with side Openings........ccccevvvevieiiesieereeneeen 224
5.5.1 Load-displacement curves for control columns with side openings 225

5.5.2 Failure mode and von-misses stresses control columns with openings 226

5.5.3 Strengthening specimens with side 0penings..........cccccovvevieeviiee e, 229

5.5.3.1 Load-displacement curves for strengthening columns with side
(0] 01 0] 00 LSRR 229

5.5.3.2 Failure mode and von-misses stresses for strengthening specimens and
WIth SIAE OPENINGS ..eevveeiieiie et esree e 230

5.6 Specimens strengthening by TRM and under loaded concentrically 233
5.6.1 Load-displacement curves for specimens strengthening by TRM and

under loaded concentrically.........cccoovviiiiiiie s 233
5.6.2 Failure mode and von-misses stresses for strengthening specimens by
TRM and under loaded concentrically ..., 236
5.7 Eccentric loading for specimens strengthening by TRM and under eccentric
o Lo USSR SUSOSR 239
5.7.1 Load-displacement curves for specimens strengthening by TRM and
under eCCeNriC 10 .........ccviviiieiiee s 239
5.7.2 Failure mode and von-misses stresses for strengthening specimens by
TRM and under loaded eccentrically..........ccocvviniiiiiiniiiiee e, 242
CHAPTER 6: SUMMARY AND CONCLUSIONS ........ccooiiieieceere e 246
8.8 SUMMIATY ...ttt ettt ettt e et e e nneeennnas 246

6.1 Specimens under Concentric Loading.........ccoovvvvereiinnenenniesie e, 248



6.1.1 Specimens with Concentric Loading with CFRP...........ccccoveiiiiinnen, 248

6.1.2 Specimens with Concentric Loading with TRM ........c.cccceeiviiiiiiennen, 249
6.2 Specimens under Eccentric LOading .......cccovveveereriiniie e siee e 251
6.2.1 Specimens with Eccentric Loading with CFRP .........c.cccccovciviiinnnnnn 251
6.2.2 Specimens with Eccentric Loading with TRM ..........ccccooiivieiiciieennee, 252
6.3 Specimens with side Opening.............oovviiiiiiiiiiiiiiiiii e 253
6.3.1 Specimens with side opening and under concentric loading .............. 253
6.3.2 Specimens with side opening and under concentric loading............... 254
6.3.3 Specimens with side opening and under eccentric loading ..................... 254
6.4 Conclusions from Finite Element Analysis................ccooooiiiiiiin.. 255
6.5 Possible Areas for Future Research.....................o.. 256
REFERENCES. ... e, 257

APPENDICES



LIST OF FIGURES

Figure Title Page
1-1 | Columns and shear wall to carry the loads 3
1-2 | Solid concrete column 4
1-3 | Effective the confinement concrete column 6
1-4 | Stress-strain curve for confined & unconfined concrete 6
1-5 | Comparison confinement for solid and hollow columns 7
16 Stress-strain curves for the (a) Carbon-TRM, (b) PBO- 9
TRM, and (c) Glass-TRM

1-7 | Textile fiber reinforcements 9

1-8 | Stress vs. strain curve for steel and FRP 11
Comparing between the circular and noncircular effect

1-9 ) 13
with use FRP

2-1 | Load vs Displacement Behavior 27
Damage contour at applied stress of 34 MPa in (a) 2

2-2 | layers and (b) 4 layers GFRP confined hollow circular 29
column respectively

2-3 | arrangements of WWF 31

9.4 (a)This model has hinged ends, (b—c) and a theoretical 33
segmented column model.

9.5 Load vs displacement curve in uniaxial tension at 36
different temperatures

2-6 | Specimen details and dimensions 43

9.7 Comparison of average ultimate strengths of specimens 45
with control

3-1 Strengthening_by CFRP or TRM for concentric and 50
eccentric specimens

3- Strengthening by CFRP for concentric and eccentric 52
specimens with side openings

3-3 | Stress-strain curve for rebars (6 and 8) 55

3-4 | Stress-Strain curve to calculate (E) value 69

3-5 | Model under CON. and ECC. 83

3-6 | Model under concentric and eccentric loading 84

3-7 | Stress-strain curve 89

4-1 | Load-Displacement curve for (CC-CO-S) 97

4-2 | Load-Displacement curve for (CC-CO-H) 97

4.3 | Load-Strain curves for SGS in the control specimen for 99

concentric load




4-4 | Stress-Strain curve from SGC in control column 102
4-5 | Load-Displacement curve for (CF1) 104
4-6 | Load-Displacement curve for (CF2) 105
4-7 | Load-Displacement curve for (CF3) 106
4-8 | Load-Displacement curve for (CF4) 106
4-9 | Load-Displacement curve for (CF5) 107
4-10 | Load-Displacement curves for (CF) 108
4-11 | Stress vs. Strain curves for CFRP cases 109
4-12 | Load-Displacement curve for (CT1) 116
4-13 | Load-Displacement curve for (CT2) 117
4-14 | Load-Displacement curve for (CT3) 118
4-15 | Load-Displacement for (CT4) 118
4-16 | Load-Displacement curve for (CT5) 119
4-17 | Load-Displacement curves for (CT) 119
4-18 | Stress vs. Strain curves for TRM cases 121
4-19 | Load-Displacement curve for (CC-ECC-0.6h) 128
4-20 | Load-Displacement curve for (CC-ECC-0.9h) 129
Stress-Strain curves from SGC control specimens under
4-21 : 130
eccentric load
4-22 | Load-Axial displacement curve for (EF1) 133
4-23 | Load-Axial displacement curve for (EF2) 134
4-24 | Load-Axial displacement curve for (EF3) 134
4-25 | Load-Axial displacement curve for (EF4) 135
4-26 | Load-Axial displacement curve for (EF5) 136
Load-Axial displacement curves for control specimen and
4-27 | specimens that strengthened with CFRP under eccentric 136
loading
Load-Lateral displacement curves for control specimen
4-28 | and specimens that strengthened with CFRP under 137
eccentric loading
4-29 Stress vs. Strain curves for (CC-ECC-h), EF1, EF2, EF3, 139
EF4, and EF5)
4-30 | Load-Displacement curve for (ET1) 146
4-31 | Load-Displacement curve for (ET?2) 147
4-32 | Load-Displacement curve for (ET3) 147
4-33 | Load-Displacement curve for (ET4) 148
4-34 | Load-Displacement curve for (ET5) 148
4-35 Loads vs. Displacement curve for (CC-ECC-H, ET1, ET2, 149

ET3, ET4, andET5)




Loads vs. Lateral displacement curve for (CC-ECC-H,

4-36 ET1, ET2, ET3, ET4, andET5) 150
4-37 Stress vs. Strain curves for (CC-ECC-h), ET1, ET2, ET3, 151
ET4, and ET5)
4-38 | Stress vs. Strain curve for (CF1&CT1) 159
4-39 | Stress vs. Strain curve for (CF2&CT2) 160
4-40 | Stress vs. Strain curve for (CF3&CT3) 160
4-41 | Stress vs. Strain curve for (CF4&CT4) 160
4-42 | Stress vs. Strain curve for (CF5&CT5) 161
4-43 | Load vs. Axial displacement curve for (CF1&CT1) 161
4-44 | Load vs. Axial displacement curve for (CF2&CT?2) 162
4-45 | Load vs. Axial displacement curve for (CF3&CT3) 162
4-46 | Load vs. Axial displacement curve for (CF4&CT4) 162
4-47 | Load vs. Axial displacement curve for (CF5&CT5) 163
4-48 | Stress vs. Strain curve for (EF1&ET1) 163
4-49 | Stress vs. Strain curve for (EF2&ET?2) 164
4-50 | Stress vs. Strain curve for (EF3&ET3) 164
4-51 | Stress vs. Strain curve for (EF4&ET4) 164
4-52 | Stress vs. Strain curve for (EF5&ET5) 165
4-53 | Load vs. Axial displacement curve for (EF1&ET1) 165
4-54 | Load vs. Axial displacement curve for (EF2&ET?2) 166
4-55 | Load vs. Axial displacement curve for (EF3&ET3) 166
4-56 | Load vs. Axial displacement curve for (EF4&ET4) 166
4-56.a | Load vs. Axial displacement curve for (EF5&ET5) 167
4-57 | Specimens with Side Opening 168
4-58 | Strengthening for side openings 168
4-59 | Load-Displacement curve for (CC-CON-Cir-O) 170
4-60 | Load-Displacement curve for (CC-CON-Squ-O) 170
4-61 | Stress-strain curve (CC-CON-Cir-O) 171
4-62 | Stress-strain curve for (CC-CON-Squ-0) 172
4-63 | Load-Displacement curve (CF-Cir-O) 176
4-64 | Load-Displacement curve (CF-Squ-O) 176
4-65 | Stress-strain curve (CF-Cir-O) 178
4-66 | Stress-strain curve (CF-Squ-O) 178
4-67 | Load —Axail displacement curve for (CC-ECC-Cir-O) 181
4-68 | Load —Axail displacement curve for (CC-ECC-Squ-O) 182
4-69 | Stress-Strain curve for (CC-ECC-Cir-0O) 182
4-70 | Stress-Strain curve for (CC-ECC-Squ-0) 184
4-71 | Load Displacement curve (EF-Cir-O) 188




4-72 | Load Displacement curve (EF-Squ-O) 188
4-73 | Stress-Strain curve for (EF-Squ-O) and (EF-Cir-O) 190
4-74 | Stress-Strain curve for (CF-Squ-O) and (CF-Cir-O) 196
4-75 | Load-Displacement curve for (CF-Squ-O) and (CF-Cir-O) | 196
4-76 | Stress-Strain curve for (EF-Squ-O) and (EF-Cir-O) 197
4-77 | Load-Displacement curve for (EF-Squ-O) and (EF-Cir-O) | 197
5-1 | Modeling of Parts by ABAQUS 202
5-2 | rebar configuration in ABAQUS 203
5-3 | Interactions 204
5-4 | boundary Conditions 205
5-5 | Mesh Size 206
5.6-1 Stren_gthenlng Specimens by CFRP under Concentric 207
Loading
5.6- Stren_gthenlng Specimens by CFRP under Eccentric 208
Loading
5.7.1 Stren_gthenmg Specimens by TRM under Concentric 208
Loading
5.7 Stren_gthenmg Specimens by TRM under Eccentric 208
Loading
5.8 Experimental and Numerical Load vs. Displacement 210
curve for (CC-CO-H).
Experimental and Numerical Load vs. Displacement
5-9 210
curve for (CF1).
Experimental and Numerical Load vs. Displacement
5-10 211
curve for (CF3).
Experimental and Numerical Load vs. Displacement
5-11 211
curve for (CF4).
Experimental and Numerical Load vs. Displacement
5-12 211
curve for (CF5).
] Comparison between the experimental and FE for (CC-
5-13 ECC-H). 213
5-14 | Comparison between the experimental and FE for (CF1). | 214
5-15 | Comparison between the experimental and FE for (CF4). | 215
5-16 | Comparison between the experimental and FE for (CF5). | 216
517 Experimental and Numerical Load vs. Displacement 218
curve for (CC-ECC-H).
5.18 Experimental and Numerical Load vs. Displacement 218

curve for (EF1).




5-19 | Experimental and Numerical Load vs. Displacement
219

curve for (EF3).

5-20 Experimental and Numerical Load vs. Displacement 219
curve for (EF5).

5-21 Comparison between the experimental and FE for (CC- 290
ECC-H).

5-22 | Comparison between the experimental and FE for (EF1). 221

5-23 | Comparison between the experimental and FE for (EF5). 222

5-24 | Modeling of side opening with CON. & ECC. 224

5-25 | Mesh of side opening 224

5-26 | Experimental and Numerical Load vs. Displacement 995
curve for (CC-ECC-Cir-0).

5-27 | Experimental and Numerical Load vs. Displacement 995
curve for (CC-ECC-Squ-0O).

598 Experimental and Numerical Load vs. Displacement 995
curve for (CC-CON-Squ-O).

599 Comparison between the experimental and FE for (CC- 296
ECC-Cir-0).

530 Comparison between the experimental and FE for (CC- 997
ECC- Squ -0O).

5.31 Comparison between the experimental and FE for (CC- 998
CO-Squ -0).

539 Experimental and Numerical Load vs. Displacement 999
curve for (EF-Squ-0O).

5.33 Experimental and Numerical Load vs. Displacement 999
curve for (EF-Cir-O).

534 Comparison between the experimental and FE for (EF- 230
Squ -0).

535 g;)rr?ga;rlson between the experimental and FE for (EF- 231

536 Comparison between the experimental and FE for (CF- 932
Squ -0).

5.37 Experimental and Numerical Load vs. Displacement 934
curve for (CT1).

5.38 Experimental and Numerical Load vs. Displacement 234
curve for (CT2).

539 Experimental and Numerical Load vs. Displacement 934

curve for (CT3).




Experimental and Numerical Load vs. Displacement

-40 | curve for (CT4). 235
Experimental and Numerical Load vs. Displacement

5-41 235
curve for (CT5).

5-42 | Comparison between the experimental and FE for (CT1). | 236

5-43 | Comparison between the experimental and FE for (CT3). | 237

5-44 | Comparison between the experimental and FE for (CT5). | 238

545 Experimental and Numerical Load vs. Displacement 939
curve for (ET1).
Experimental and Numerical Load vs. Displacement

5-46 | curve for (ET2). 240

547 Experimental and Numerical Load vs. Displacement 240
curve for (ET3).

548 Experimental and Numerical Load vs. Displacement 240
curve for (ET4).

549 Experimental and Numerical Load vs. Displacement 241
curve for (ETHS).

5-50 | Comparison between the experimental and FE for (ET1). | 242

5-51 | Comparison between the experimental and FE for (ET3). | 243

5-52 | Comparison between the experimental and FE for (ET5). | 244




LIST OF PLATES

Plate Title Page
1-1 Basra bridge under constructions 3
1-2 Hollow concrete column 5
1-3 Test setup and instrument for TRM tensile test 10
1-4 multi types of FRP materials 12
91 Concrete crushing of unconfined prismatic concrete 18

column

9.9 (@) MTS loading machine and data-acquisition system; 20

(b) LVDTs and steel collars

9.3 Schematic and photo 11200C-1-0-A" of test setup and 21

selected instrumentation! dimensions in millimeters"

2-4 Geometry of specimen 22

2-5 | Typical failure behavior of circular and square columns 24

2-6 Construction of specimens 25

9.7 Instrumentation scheme: LPs (a), Base LVDTs (b) and 26

Strain Gauges (SGs) (c)

9.8 RC column strengthened by steel caging (without 30

additional elements at the ends of the cage).

2-9 Reinforcement of column specimens 32
2-10 | The failure pattern of strengthened column 35
2-11 | Application of the first layer of mortar 38

Test setup and instrumentation for the TRM tensile

2-12 | characterization test. 39
2-13 | Failure modes of columns 41
2-14 | Typical cracking pattern for column 41
9-15 (a) Cracks pattern of three specimens of CH Columns after 45

testing and (b) ABAQUS Cracks pattern

3-1 Specimens subjected to concentric loading 49

3-2 Specimens subjected to eccentric loading 49

3-3 a. rebar testing, b. rebar testing 54

3-4 rebar after testing a. (6mm), b. (8mm) 55

3-5 a. steel rebar configuration, b. rebar in the mould 56

3-6 Steel molds and plywood molds 56

3-7 molds for hardened concrete 57




(a) SGS for steel rebar, (b) SGS FLAB-6-11-3LGC-F, and

3-8 (c) SGS 58
3-9 materials using in SCC 59
3-10 | Cast the columns by using the steel molds 60
3-11 | Cast the columns by using the plywood molds 60
3-12 | Slump flow and T500 test 62
3-13 | V-Funnel test 63
3-14 | L-box test 64
3-15 | hardened compression test 66
3-16 | Flexure test 67
3-17 | Static-modulus of elasticity test 68
3-18 | Curing basins 70
3-19 | Rounded edges specimens 71
3-20 | CFRP-laminates 72
3-21 | Epoxy Sikadur-330 Preparation 73
3-22 | TRM sheet 74
3-23 | (ReCon HS) 75
3-24 | (CFRP-Laminates) 76
3-25 | (CFRP-strengthening) 77
3-26 | (TRM-Laminates) 78
3-26 | (TRM-strengthening) procedure 79
3-27 | (Side opening) 80
Installation the concrete strain gauge (SGC) for concentric
3-28 : : : 82
and eccentric specimens (continued)
3-29 | Supports and line load 83
3-30 | Test of control Specimens columns 86
3-31 | Test of control Specimens columns with side openings 87
3-32 | SGC & LVDT 88
3-33 | MG10081-2 -micrometer 91
3-34 | Check the crack by using crack meter 91
3-35 | Control specimens after 93
3-36 | Control specimens with side opening after failure 93
3-37 | All strengthening specimens after failure 94




LIST OF TABLES

Table Title | Page
2-1 Test Matrix 23
2-2 details Authors' and other researcher’s specimens 31
3-1 control specimen 50
3-2 specimen labels under concentric and eccentric loading 51
3-3 materials proportions of the SCC 59
3-4 results of SCC testing 64
3-5 (CFRP-TRM. Cases) 79
4-1 results for control specimens and specimens that 108
strengthening with CFRP and loaded concentrically
Stress and strain obtained from SGC for strengthening by

4-2 X ) ) 109
CFRP specimens under concentric loading

4-3 Results for control specimens and specimens that 120
strengthening with TRM and loaded concentrically
Stress and strain obtained from SGC for strengthening by

4-4 ) . . 120
TRM specimens under concentric loading

45 results for control specimens and specimens that 137
strengthening with CFRP and loaded eccentrically
Stress and strain obtained from SGC for strengthening by

4-6 X . ) 138
CFRP specimens under eccentric loading

4-7 Results for (EF1, EF2, EF3, EF4, and EF5) 146

4-8 results for control specimens and specimens that 149
strengthening with TRM and loaded eccentrically
Stress and strain obtained from SGC for strengthening by

4-9 . : : 151
TRM specimens under eccentric loading

4-10 bending moment and stresses for (CC-ECC-H, ET1, ET2, 159
ET3, ET4, andET5)

4.11 | max. width of tip crack in (CC-ECC-Cir-O) and (CC-ECC- 194
Squ-0)

5.1 Ultimate load comparison between the Experimental and 209
the FE for Concrete columns under concentric lodging

5-2 models with plastic strain 212
ultimate load comparison between the experimental and

5-3 : : 217
the FE for concrete columns under eccentric lodging

5-4 plastic strain from FE for (CC-ECC-H, EF1, EF5). 223

5.5 ultimate load comparison between the experimental and 933

the FE for concrete columns with side openings




Abbreviations

Abbreviation

Description

2D Two dimensions
3D Three dimensions
ABAQUS Finite element package
ACI American Concrete Institute
AEUDRL Actual uniformly distributed repeated load
ASTM American Society for Testing and Materials
BS British Standard
BSI British Standard Institute
clc Center to center
CFRP Carbon fiber reinforced polymer
TRM Textile reinforced mortar
e.g For example
Eq. Equation
et al. And others
etc. To the end
Exp. Experimental
FEA Finite element analysis
FEM Finite element method
GPa Giga Pascal (equal to 2000xN/mm? (MPa))
HRWRA High range water reducing admixture
i.e In other word
1QS Iragi Quality Standardization
kg Kilogram
m Meter
max. Maximum
min. Minimum
mm Millimeter
MPa Mega Pascal (MN/m?)
No. Number (issue)
NSC Normal strength concrete
SCC Self-compacted concrete
SGC Concrete strain gauge
SGS Steel strain gauge




Chapter Three Experimental Work

CHAPTER 3-EXPERIMENTAL WORK

3.1 Introduction

In this chapter , the behavior of hollow concrete column subjected
to concentric and eccentric loading with using external strengthening by
using (CFRP or TRM). At first, preparing and testing, the necessary
equipment and materials composed in this research such as (cement, sand,
gravel, steel rebars, and admixture) and manufacturing the molds (steel
plate and plywood), as well as the strain gauge for concrete and rebars
reinforcement.  In this study, two different types of concrete columns
are employed, depending on the type of loading (concentric or eccentric)
as the plates (3.1) and (3.2). The steel reinforcement configuration
conventional design, which met the basic criteria. When developing an RC
column, the ACI 318 standard is used. There are 32 columns in this group.
divided into three groups according to the type of loading (concentric
loading or eccentric loading) and the strengthening by (CFRP or TRM),
which had the same features the outside of each column's cross section
was (150 x 150) mm, and its height was 900 mm.
Furthermore, the interior hole (50mm x 50mm), the level of the
hole established in the middle zone of the column, is equal to
(600mm). According to the minimum specifications of the ACI 318[70], 4
rebars of (Dia. 8mm) were obtained to apply as it refers to the main
column rebar, and (Dia. 6mm) spaced at 100mm was used as the stirrups
reinforcements excluding top and bottom the transverse in this zone near to
the 50mm to avoid sudden failure at the ends of columns. So that could
estimate the column's theoretical load, an analysis is performed to determine
how much load may be applied to an unconfined concrete column. The
theoretical load was calculated using the ACI 318 code and the following
equation Eq(3-1)[71]:

e
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P = fL(?ffg —Ag)+ Ayf,,  Unconfined
" [l (Ag — Ay) + Agyfse  CFRP Confined | ......... (3.1)

In Equation (3.1), there is a 25 MPa limit for concrete compression
after treatment time of 4 weeks, and also a 22500 mm? cross-sectional
area (Ag), that was a total of 200.96 mm? for 4 rebars with diameter #8.
The steel rebar has a diameter (8) mm and (6) mm the yield strength is
measured to be (507) N/mm? and (486.5) N/mm?, respectively and
with elongation about (24.9) mm , and (11.2) mm, respectively. The
column's failure load was calculated using these parameters. There is a
load of (610) kN recorded.

AD-CELL Pf«\_ L/

[E8) |

[ 15

Plate (3.1) specimens subjected to Plate (3.2) specimens subjected to
concentric loading eccentric loading
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3.2 Proposed Matrix

There are 32 hollow concrete columns arranged in three groups in
the proposed matrix. Control columns are used in the first set of (8)
unconfined columns, these eight models containing the same concrete
property has the type of self-compacted concrete (SCC) divided as the
table (3.1) below: -

Table (3.1) control specimen

Control specimens
CC-CO-S CC-CON-Cir.O
CC-CO-H CC-CON-Squ.0

CC-ECC-90 CC-ECC-Cir.O
CC-ECC-60 CC-ECC-Squ.O

The specimen with the label (CC-CO-S) defines as a control column with
concentric loading for a solid column, the specimen with the label (CC-CO-
H), define as a control column with concentric loading for a hollow column,
the specimen with the label (CC-ECC-90) define as an control column with
eccentric loading (0.9h) have the eccentricity distance equal to (135)mm for
the hollow column, the specimen with the label (CC-ECC-60) define as
control column with eccentric load (0.6h) have the eccentricity distance
equal to (90)mm for a hollow column. And the (CC-CON-Cir.O) defines as
a control column with concentric loading have circular side opening, (CC-
CO- Squ.O) defines as a control column with concentric loading have square
side opening(CC-ECC-Squ.O) defines as a control column with eccentric
loading has a square side opening and the (CC-ECC-Cir.O) defined as
control column with eccentric loading has circular side opening.
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The second group comprises 10 columns of confined with (CFRP) have

two types of loading (concentric and eccentric). The third group same as

the second group but the confinement by use (TRM). All strengthening
models tabulated as below (Table (3.2))

Table (3.2) specimen labels under concentric and eccentric loading

Strengthening by
CFRP under

concentric force

Strengthening by
CFRP under

Eccentric force

Strengthening by
TRM under

concentric force

Strengthening by
TRM under

Eccentric force

CF.1 E.F.1 CT1 ET.1
C.F.2 E.F.2 CT.2 ET.2
C.F.3 E.F.3 C.T.3 E.T.3
C.F4 E.F.4 CT4 ET.A4
C.F.5 E.F.5 C.T5 ETS5

These specimens are defined as (C.F) concentric specimen confinement with
(CFRP) (E.F) eccentric specimens confinement with (CFRP) (C.T) concentric

specimens confinement with (TRM) (E.T) eccentric specimens confinement with

(TRM).

The numbering (1,2,3,4, and 5) is according to the strengthening shape, as

shown in the figures (3.1) below.
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Fig. (3.1) strengthening by CFRP or TRM for concentric and eccentric specimens
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Fig. (3.2) strengthening by CFRP for concentric and eccentric specimens with side openings
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3.3 Parameters Considered

The parameters considered in this research, study the effect of loading on the
hollow concrete column as (concentric and eccentric) loading, also the type
of external strengthening by Carbon Fiber Reinforced Polymer and
Textile reinforced mortar (CFRP and TRM), and study the effect of
shape and the position of two side opening (circular or square).

3.4 Materials properties (Implementation of Experiments)

All materials are provided before initiating this work. Appendix (A), (B) provided

the results of the test.

3.4.1 Cement

All specimens were cast with ordinary Portland cement (type 1) produced at
KARBALA under the trade name (karasta). In Appendix A, Tables A-1 and A-2
detail its chemical components and physical characteristics. The results of the tests

indicated that the cement conforms to Iraq standard No. (5)-1984. All of these tests

were done at the factory directly.

3.4.2 Coarse aggregate

Crushed gravel from (Al-Niba'ee) area was used as coarse aggregate in this
research. A sieve (10mm) separated the coarse aggregate from the larger aggregate
particles, which were then thoroughly cleaned to remove any dust and fine material
remaining in the air before being placed into nylon bags with a saturated dry surface

condition.

3.4.3 Fine aggregate

The sand used in this project came from the (Al-Ukhaider) Karbala city region, and
the sand was washed clean. In the end, the air-dried everything out, and it was ready
to use. A variety of scales and physical characteristics have been examined. Sulfate
content and grade conformed to Iraqi Specification No.45/ 1984 Zone?2 as indicated
in Appendix A of the results of the test.
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3.4.4 Chemical admixture

As a third-generation HRWRA, Sika ViscoCrete® 5930-L was utilized in the
production of SCC. Use the manufacturer's suggested dosage (1.2 to 2) percent by
weight of cement) to get the best results. According to ASTM C494/C494M -
13[72], Sika ViscoCrete® 5930-L satisfies the criteria for SP. Listed in Appendix

A is the product's datasheet from the manufacturer's website.

3.4.5 Water mixing

The water mixing use in this research is a tap water.

3.4.6 Steel bar reinforcement (8 and 6) mm
In KARBALA LAB, they were evaluating the strength of 8- and 6-mm steel rebar

reinforcement. Machine testing is used as a plate in this experiment (3.3). Steel
rebars were tested according to the ASTM E8 code[73], which specifies how they
should be tested. The yield and ultimate strength of a No. 8 steel rebar specimen
were measured. The specimen measured (400) millimeters in length. Using the
yield strength and area of the steel (Ast) of four #8 mm rebars (50.24 mm2), as
well as the yield strength of the steel (486.5MPa) and the elongation of about
24.9 mm (11.2 mm), the test results shown in the figures, the column was

examined and the load at which the column fails was calculated (3.2)

_— — ' v,
Ty Wb

o= ey |

b

Plate. (3.3.a) Plate. (3.3.b)
Plate (3.3) a. rebar testing, b. rebar testing
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Plate (3.4.a) Plate (3.4.b)
Plate (3.4) rebar after testing a. (6mm), b. (8mm)

Plate (3.4) show the behavior of steel rebar after reach the yielding stress.
Where figure. (3.4.a) represents the steel cutting in rebar (6mm), While figure.
(3.4.b) showed the failure mode in rebar (8mm).

Fig. (3.2.a) rebar test (6mm) Fig. (3.2.b) rebar test (8mm)

Fig. (2) Stress-strain curve for rebars (6 and 8)

From figure (3.2) above, the stress-strain curves for the steel rebar test showed
that the ductility for steel bar (8mm) is more than (6mm).

3.5 Steel rebar configuration

This research used two steel rebars with dimensions (8 and 6) mm, where the rebar
with diameter (8) mm use in main reinforcement in the concrete column while the
rebar has the diameter (6) mm work as the transverse rebar. The configuration of
the steel rebar represents studying the stresses on the column when the concrete

column is subject to concentric or eccentric loading. To make the hollow section

e ———
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In the concrete column use the foam-polystyrene. with dimensions (50*50) mm
and the height equal to the (600) mm, as below plate (3.5).

Plate (3.5.a) steel rebar configuration Plate (3.5.b) steel rebar inside the mold
Plate (3.5) a. steel rebar configuration, b. rebar in the mould

3.6 Framework

The dimensions of molds (150 x 150 x 900)mm for columns concerning
concentric loading and (270 x 270 x 900)mm for columns subjected to eccentric
loading. Were the molds casting from steel plate and plywood, plywood used
in the cases of sideopening (circular and square), as the plate (3.6)

Plate (3.6) steel molds and plywood molds
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In addition, a number of steel mold types were used for the determination of the
strength of experimental concrete (as seen in the plate (3.7)). For the molding of
concrete specimens for tensile tests, three cylinders of the size 150 x 300 mm were
used. For concrete moulding specimens for flexural testing, three (100x100 x500)
mm prismatic steel shapes are used. Three cubic steel molds have dimensions of
(150x150x150) mm for compression testing. All specimens have the same concrete

properties as the self-compacting concrete (SCC).

Plate (3.7) molds for hardened concrete

3.7 Installing steel rebar strain gauges

Before starting the concrete casting in molds need to install (steel strain gauge)
on the steel rebars[74]. This research has conducted a Japanese-imported strain
gauge (SGS) to measure the column's steel rebar's strain. By using the (FLAB-
6-11-3LGC-F) with a length equal to (6) mm for the steel rebar strain gauge
(SGS). For the measurement of steel rebar strain, stirrups and main rebars are
used in both directions. To ensure a flat surface for the strain gauges, the steel
rebar should be flattened off by about 10 cm before installation. When applying
the (SGS) and then put the glue type (CN-E) on the surface of (SGS), then use

the white sheet paper and press on the (SGS) for one minute approximate after
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this processing use the (wax) and covering the (SGS) to prevent the effects of

concrete on it. The (SGS) was put in the control specimens only as a plate (3.8).

)\

—
4 5 S ~ -:
of . S _
d S
- - > \\\

T

e : Plate (3.8.b) SGS FLAB-6-11-3LGC-F
\‘\‘1\" NG ~

Plate (3.8.a) SGS for steel rebar

Plate (3.8.c) SGS accessories

Plate (3.8): (a) SGS for steel rebar, (b) SGS FLAB-6-11-3LGC-F, and (c) SGS

3.8 Concrete Mix Design

A self-compacted concrete mix (SCC) is designed according to
EFNARC[75]. Also in this research dependent on a trail mixing suggested
from[76], the concrete is made of normal concrete with self-compacting
concrete to ensure the molds fully with concrete without using the vibrator or

handshaking in order not to cause damage to the hole inside the column. The
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e R e e
mixing is composed of cement, water, coarse aggregate, fine aggregate,
superplasticizer(SP)5930L, and limestone (powder) as the plate (3.9). The
concrete mix is designed with compressive strength of about 25MPa. The
materials are mixing by the electrical mixer machine, were at first put the fine
aggregate (FA), and then put coarse aggregate (CA) and mixing the
component by electrical machine with time near to (1.5) min. After that put the
cement and repeat the electrical machine with time near to (2) min, and then put
the water, after that put the (SP)5930L, these part of mixing takes time about the

(7) min. The proportions of materials are tabulated as below:

V0000w«
» 90000%

Plate (3.9): materials using in SCC
The proportions of materials mixing as the table (3.3) below: -

Table (3.3): materials proportions of the SCC

Material (kg) (kg) (kg) (kg) (kg)

Cement Water C A F A SP(5930 L) Limestone\powder

(kg)

Specimen 13.3 6.65 28 28 0.2 5.6
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Steel plate moulds were used to cast the columns vertically as the plate (3.10). Prior
to it, the concrete was uniformly spread using tiny containers. Following this, the
specimens is flattened with a metal piece that is used for this purpose to ensure
have a smooth surface at the top end of the columns as possible. For the specimens
with lateral opening, use plywood. Put the wooden moulds in the horizontal, as the
plate (3.11).

Plate (3.10): cast the columns by using the steel molds

~—————r —— —

Plate (3.11): cast the columns by using the plywood molds

3.9 Test of fresh concrete properties

The self-compacted concrete SCC mixture was examined with ordinary fresh

properties to ensuring that the SCC requirements were accomplished, in this

EEEEEE—————
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research atrial mix suggested by. It will be investigated the viscosity,
flowability, and passing ability of the fresh mixture. Various evaluation
procedures, such as Slump-flow, J-ring, V-funnel, and L-box.

3.9.1. Slump Flow Diameter & T50cm Tests
The slump test measurements are commonly used in conventional concrete to

calculate the followability and viscosity of fresh concrete when the effect of
bleeding and segregation can be interpreted. The diameter is a fluidity
measurement for the SCC, while the time required by the SCC mix is a viscosity
measurement to achieve 500 mm (T500). Truncated cone, conforming to
EN12350-2 (2010)[77]. The test has the cone consist with the top diameter of
100 mm, the bottom 200 mm, and the height of 300 mm. The cone is set on
square thick plywood with a diameter of at least 800 mm. After that, draw two
rings with a diameter of 200mm for inside and 500mm for outside. After a short
period, the cone was filled with normal concrete without a rode. Following that,
the cone was smoothly pushed upward via one motion, and with its own gravity,
the material started to flow outward. After the halted concrete flows, the concrete
spreads via two perpendicular diameters, and the mean value is indicated.
Estimated T500 is based on measuring how long it takes the cone's tip to reach

a diameter of 500mm.
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Plate (3.12) shows the performed test, the dimensions of the slump cone, and the

base plate.

Plate (3.12): Slump flow and T500 test

3.9.2 V-funnel test
To see how well it filled up and how much viscosity and ability it had,

with a maximum aggregate size of 10 (mm). (BS EN 12350-9 (2010)[78]
plate (3.13) shows the v-test funnel's and dimension. The normal concrete

was put into the device without using the shaker. The flow rate was recorded
as the amount of time it took for it to pass through it. Because of the nature
of the equipment, a large volume of coarse material or a viscous
combination might cause a blockage. Because paste viscosity and inter-
particle friction are low, reduced flow time and high filling ability can be

connected. This plate depicts the results of the test and the V- funnel.

e ———
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Opening

k. 515 mm

450 mm

65 mm

Plate (3.13): V-Funnel test

3.9.3 L-Box Test

As part of this test, the filling capacity of SCC is evaluated and the ability to pass
through enclosed openings without segregation is assessed. The apparatus of L-

Box with the horizontal and vertical channels are shown in plate (3.14). A movable

gate made of steel bars separates the vertical and horizontal channels. The vertical

portion was filled with concrete after leveling the L-Box horizontally. In order to

establish the passing ability factor, the heights H1 and H2 were measured after the

gate was opened, and the concrete was allowed to flow into the horizontal channel

under its weight.
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The readings from all of the above tests are reported in table (3.4).

Plate (3.14): L-box test

Table (3.4): results of SCC testing

Test Methods The Characteristic Measured Value Limitations
Flowability, fillin 765) mm SF (640 - 800) mm
Slump flow i g (765) ( )
ability
Viscosity, flowabilit 4.5) Sec >2 sec
T500 Y y (45)
Viscosity, flowabilit 10.10) Sec VFE (7 - 27) sec
V-funnel y y ( ) ( )
Passing ability 0.8 >0.75
L-box
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3.10 Hardened concrete properties

3.10.1 Compressive strength

According to BS.1881: Part116 (1989), the concrete compressive
strength of each patch was determined. At the same time as molding the
columns, three (150*150*150) mm cubes and (150*300) mm cylinders were
formed to assess the compressive strength. The molds were also testing after
28 days, and they passed. It is shown in plate (3.15). It's listed in table (3-4).

3.10.1.1 Cubical and cylindrical Compression test

The cubical compression test is directed following BS 1881-Part 116
[79], using concrete cubes of 150 mm length (for NSC). Concrete specimens
were cured and prepared, as described previously in section 3.3. This test was
carried out by using 2000 kN applying compression a hydraulic machine, as

shown in Plate (3.15). the stress calculate using Eq(3-2)

where:
f'. = compression strength (MPa),
P = peak load (N) and

A = specimen cross-sectional area (mm?).
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Plate (3.15.a): Cubic compression test Plate (3.15.b): cylinder compression test

Plate (3.15): hardened compression test

3.10.2. Modulus of rupture (fr)

Standard test methods such as ASTM C78-02 [80], are used to determine
the rupture modulus. For each group, three 100 x 100 x 500 mm prisms were
also cast at the same time as the columns. The prisms were put to the test at
the same day as the columns for each group. The four-point bending test was
used to conduct the testing. Modulus of rupture test results is shown on Plate
(3.16) and founded by apply equation(3-3)

fr=3PL/bd™2 ... (3-3)
where:
f = modulus of rupture (MPa).
P = peak load (N).
d = average depth of specimen (mm).
b: average width of specimen (mm).

L= span length (mm).
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Plate (3.16): Flexure test

3.10.3 The static-modulus of elasticity test
The static-modulus of elasticity test was performed for concrete

specimens in accordance with ASTM C469 / C469M — 14[81]. The stress-

strain relationships as shown in Figure (3-3) along with the modulus of

elasticity and the Poisson's ratio were investigated using cylindrical
specimens at the age of 28 days. To prepare specimens after curing, an
electrical steel grinder was used to level the top of the concrete cylinders, as
shown in Plate (3.17.a), and then fixation the concrete strain gauge (SGC) on
the middle height of the cylinder concrete specimen and also connect the
specimen with computer by using (LVDT) laser as the plate (3.17.b). This test
was done using a hydraulic machine of a capacity equal to 2000 kN, as shown
in Plate (3.17.c).
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Plate (3.17.c): machine test

Plate (3.17): static-modulus of elasticity test
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The modulus of elasticity along with a Poisson’s ratio was calculated for
each mixture of SCCs as the average of three cylindrical specimens using Eq. 3-4
and Eq. 3-5.

E=—"20 (3-4)

£,—0.00005

where:
E = the modulus of elasticity (MPa),
S, =the stress corresponding to a longitudinal strain equal to 0.00005 (MPa),
S, = the stress corresponding to 40% ultimate load (MPa) and

&, = the longitudinal strain produced by stress S,.

_ _ft27En _
B = 000005 e (3-5)

where:
u = Poisson’s ratio,
g, = transverse strain produced by stress at mid-height of the specimen
corresponding to S; and

&,= transverse strain produced by stress at mid-height of the specimen
corresponding to S,.

Stress vs Strain curve

Stress(MPa)

Strain

Fig (3.3): Stress-Strain curve to calculate (E) value
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3.11 Curing

After completing the concrete casting, the curing of concrete starts

during the 24hr until the 28 days, using a thermometer to measure the
temperature of the water used in the curing process. Where the full submerge
method is used as shown in a plate (3.18) below.

Plate (3.18): Curing basins

3.12 Columns Preparation

Before testing specimens and also before the use of external
strengthening by (CFRP and TRM), All exterior edges columns will be
rounded with the radius equal to (20-30) mm [82], in the longitudinal
direction as shown in the plate (3.19). All specimens rounded by the (small
machine for grinded) to prevent the failure in the (CFRP and TRM), Because
of the concentrated loads at sharp corners, shapes were adapted to have
round corners.
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Plate (3.19.a): Sharpe edges specimens Plate (3.19.b): Rounded edges specimens

Plate (3.19): rounded edges specimens

3.13 Strengthening by CFRP and TEM
CFRP and TRM were both utilized as exterior strengthening materials.

3.13.1 Carbon fiber reinforced polymer (CFRP) laminate

Carbon fibre reinforced polymer (CFRP) as plate (3.20) is a composite
material. A matrix and reinforcement make up the composite in this example.
Carbon fibre is used as reinforcement in FRP, and this is what gives it its
strength. To hold the reinforcements together, a polymer resin matrix, such as
epoxy, is used as a binding agent. The material characteristics of CFRP are
dependent on the two different parts that make up the structure. The use of
carbon fibre reinforced polymer (CFRP) for structural members is an external

strengthening method. The dry application procedure was employed to carry

EEEEEE—————
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e R e e
out these strengthening methods, which made use of CFRP laminate and
unidirectional woven carbon fabric. For carbon fibre production, crystal
alignment gives a high strength-to-volume ratio to the fibre., As the crystal
alignment offers the fibre an excellent strength-to-volume ratio, the long axis
of the fibre is aligned with the carbon atoms in a roughly parallel fashion (in
other words, it is strong for its size). Thousands of carbon fibres are woven
together to make a tow, which may be used on its own or as part of a fabric.
As well as the (Sika) Corporation. Look at plate (3.21 a). Physico-mechanical
traits were evident in their appearance and behavior. Appendix-C. It had a
tensile strength of 3500 MPa, a modulus of elasticity 230-GPa, and elongation
of 1.70 percent when broken. A special epoxy called Sikadur-330 was used in
conjunction with CFRP sheets. The epoxy was a two-component
impregnation resin, with each component (A resin part and B hardener
part)[83][84]. As A: B, the two components were blended at a ratio of 4:1.

Sikadur-330's usual characteristics are shown in Appendix C.

Plate (3.20): CFRP-laminates
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3.13.1.1 Epoxy Sikadur-330 Preparation

Epoxy is a polymerizing that recovers if added with a catalytic or
hardened agent. It is a multi-faceted polymer with many functions, including
industries, pigment, varnish, adhesion, computers, construction materials, and
automobile production. In this investigation, the CFRP sheet and the RC
column are bonded by Epoxy as plate (3.21.a). For the assembly operation,
two types of substances have been utilized. Of the CFRP to the concrete
columns; Primer and Saturate. To ensure that the FRP composite is properly
connected to the concrete surface, a low viscosity compound is employed as
the primary component. Any holes on the concrete surface will affect their
bonding efficiency. The base has two fluid components, a foundation, and a
hardener as plates (3.21.b) and (3.21.c). When mixed, it creates a liquid

substance used for closing the holes in the concrete surface.
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Plate (3.21.a): Epoxy Sikadur-330 Preparation

Plate (3.21.b): type A Plate (3.21.c): type B
Plate (3.21): Epoxy Sikadur-330 Preparation
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3.13.2 Textile reinforced mortar (TRM) and bonding

the textile-reinforced mortars as plate (3.22) are now the new technology

use as external strength in concrete members. These new materials are
constructed of textiles which, impregnated with inorganic bindings such as
cement-based mortars, constitute fabric meshes of long, Fiber rovings weaved
or even unwoven. As part of the strengthening approach, high-tensile carbon
fibres were inserted into cement-based mortars. The textiles in both
orthogonal orientations have an equal amount of carbon fibres with 10 mm
mesh carbon textile used in the strengthening of the tested specimens. The
textiles are supplied and manufactured by the chinas company Shandong
Jiangshan Fiber Technology. Two opposite orientations connected the textile
rovings. Both the carbon rovings had a thickness of (0,4 mm) horizontal and
vertical. The mesh measurements were (10 x 10) mm. The fibers had a tensile
strength of 4900 MPa, a modulus of 230 GPa, and elongation at a break of
2.0%. All properties of the fabric were based on the manufacturer’s product
data sheet, Appendix-B.

Plate (3.22) TRM sheet
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3.13.2.1 Bonding materials (ReCon HS)

The good bonding between the TRM and concrete surface the

cementitious materials were used. A commercial mortar was used in the
TRM strengthening system known as (ReCon HS) as a plate (3.23). In the
cementitious matrix, fibres and silica fume were added to a polymer-
modified semi repair grout. It contains specially selected ingredients to
provide high strength, fine, and smooth surfaces. This mortar is produced by
Conmix company and commercially. As per the manufacturer datasheet, the
mortar has a compressive strength of 75 MPa after 28 days of curing, as
stated by ASTM C109[85], with a water to powder ratio W/P equal to the
(0.14). The tensile strength of the mortar was 6 MPa at 28 days of casting,

according to BS 6319-7. The manufacturing data sheet was listed in

Appendix C.

Plate (3.23): (ReCon HS)
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3.14 Configuration for Strengthened by (CEFRPand TRM)

3.14.1 Strengthening by (CFRP)

The hollow concrete specimen confinement by one layer of an external
laminate sheet of CFRP [86], with a different configuration, but with the
same width. where the concentric and eccentric specimens strengthening as
plate (3.24)

Plate (3.24.a): Plate (_3.24.b)_: _
(CFRP-Concentric configuration) (CFRP-Eccentric configuration)

Plate (3.24): (CFRP-Laminates)

The plate (3.24) above content the laminates of CFRP use to strength
the concentric and eccentric hollow concrete columns where use (10)
specimens, (5) specimens in concentric load and another (5) specimens in
eccentric load. All the laminates have the same width and thickness. Where the
width (100) mm and the thickness is about (0.167) mm. The specimens are first
withdrawn from the treatment basin and allowed to dry for two days (dry
treatment), following which the scraper is used to flush and rub the specimen
(clear the specimen), and the corners of the column are rotated (rotation) for the
region covered by the strengthening process (along the column at a distance
of 600 mm). These ingredients are combined with a particular brush after
they have been pre-

e
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softened (one to a quarter) and are then applied using the epoxy materials; when
the epoxy is finished, putty (mixed epoxy) is applied to the specimen created by
CFRP. Overlapping CFRP is pressurized to prevent. air bubbles in this 100-mm-
wide overlap region. According to the (ACIl-code), you should then lift the
specimens with a length of about five days. For all CFRP reinforced specimens,
regardless of whether they are concentric or eccentrically loaded, the same
procedure is used. As the plate (3.24) below: -

il

Plate (3.24.a): (Epoxy- for CFRP) Plate (3.24.b): (particular brush)

Plate (3.24): (CFRP-strengthening)
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3.14.2 Strengthening by (TRM)

The strengthening for specimens using the textile-reinforced mortar has

the same procedure with the (CFRP) by preparing the TRM as the plate
(3.25) for concentric and eccentric loading, but in the (TRM) use the (ReCon
HS) to get good bonding between the (TRM) and surface of concrete[87]. At
first preparing, all specimens required for this purpose, mix the (ReCon HS)
with water according to the prepared proportions. And since the concrete's
skin is smooth, so to reach a deep relationship between the (TRM) and
concrete's surface. The smaller drill machine can be used to form grid
grooves lines in the concrete as plate (24-a). After that, put the first layer of
mortar; after that, employ the TRM show plate (24-b), followed by the
second layer of (ReCon HS) illustrated as plate (24-c). leave the specimen
24 hr. approximately and then start the curing by water. All specimens
strengthening with (TRM) have the same procedure in case the load is

concentric or eccentric. As a plate (3.26) below:

60
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Plate (3.25.a): (TRM-Concentric configuration) Plate (3.25.b): (TRM-Eccentric configuration)

Plate (3.25): (TRM-Laminates)
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Plate (3.26.a) (grid grooves lines)

Plate (3.26.b)
(TRM-strengthening)

Plate (3.26.c)
second LY.of mortar

Plate (3.26) (TRM-strengthening) procedure
Table (4) below shows the specimens with strengthening shape by
using (CFRP-TRM)

Table (3.5): (CFRP-TRM. Cases)

Specimen CFRP TRM
CON-1 Three pieces of CFRP Three pieces of TRM
ECC-1 With a length of 750mm With a length of

750mm
CON-2 Eight pieces of CFRP Eight pieces of TRM
ECC-2 With the length of 250mm With the length of
250mm
CON-3 Four pieces of CFRP Four pieces of TRM
With the length of 600mm With the length of
600mm
ECC-3 One piece of CFRP One piece of TRM
With the length of 600mm With the length of
600mm
CON-4 - -
ECC.4 Combined (2+3) Combined (2+3)
CON-5 - -
ECC.E Combined (1+3) Combined (1+3)

The labels (CON), (ECC) define the concentric and eccentric loading with the
strengthening configuration, and (1, 2, 3, 4, 5) designates the numbers of cases.
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3.15 Side opening specimens

All most the previous researchers did not study the hollow concrete
column with side opening as the plate (3.27), in this research, is investigated
the behavior of hollow concrete column with side opening. According to
real functional services, it was located on the mould that produces square
and round holes in specific positions. Present work (8) specimens,
these specimens separate to another (4) specimens create as
reference’s specimens and have the two openings in one specimen (square
or circular) opening located at the ends of the column, and remain, (4)
specimens are strengthening specimens by (CFRP) as the figure
below (3-27). The dimensions of side opening (50x50) mm and
(50) mm for thesquare and a circular opening, respectively. These

size dimensions of side opening according to ACI-code.

Plate (3.27): ((side opening)
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3.16. Strain gauge for concrete (SGC)

Before installing the specimen in the machine for the test, fix the
concrete strain gauge (SGC) [88][84], on the concrete surface with the
position selected at the points need to read the straining of concrete. This
work needs some of the materials using to these proposed as the plate
(3.28.d). At first, and with the region needed to get the concrete
deformations, the outer surface of the specimen is cleaned with a small
scraper used for this purpose, and then a cloth is used for the purpose of
removing dust from the specimen. Then the glue is added to the (SGC) so
that this part is adjacent to the concrete surface, and then the paper is used
and pressing on the (SGC) for one minute. Attention at this stage is not to
damage the cable connected to the (SGC). This procedure will apply to the
concentric and eccentric specimens as the plate (3.28.a) and (3.28.b)

respectively.

Plate (3.28.d): ((SGC- accessories) (continue)
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Plate (3.28.a): ((SGC-concentric specimen)

Plate (3.28.c): (concrete strain gauge (SGC))

Plate (3.28): installation the concrete strain gauge (SGC) for concentric and eccentric specimens (continued)
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3.17 Instrumentation and Testing Procedure

3.17.1 Supports

The boundary conditions of the two ends of the hollow concrete column
it is (pin-pin)[89]. By creating 4 boxes to describe the scenario. Two boxes
for the specimen subject to concentric loading with dimension (160x160x80)
mm, and another two boxes for the specimen subject to eccentric loading
with dimension (280x160x80) mm as the plate (3.29). the top and bottom
steel plate (loading zone) used with the thickness (20) mm to avoid
unexpected failure at the top, and the side steel plate have the thickness (4)
mm. by using the rode as a line load with the diameter (180) mm to represent

the load case in the concentric or eccentric cases, as the Figure (3.4).

i
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Fig. (3.4): model under CON. and ECC. Plate (3.29): supports and line load

3.17.2 Machine test

All tested for hollow concrete column specimens were carried out in

the structural laboratory of the civil engineering department at the

University of Karbala. Were the test machine and computer are connected

O
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________________________________________________________________________________________________________________________]
by cables so that the loads can be conducted by the computer. This machine
has (8) (USB) wires to connect the (strain gauge) for the concrete and the
steel rebar. The lateral and vertical displacement take come by lateral
variable displacement transmitted (LVDT)[90][91] , were these advises
connected with the specimen and computer. All concrete moulds were
subjected to two types of loading uniaxial compressive load and eccentric
load using a test machine it is equivalent of 2000kN of force. A
displacement rate of 0.5mm/min was used to produce the load. The top and
bottom surfaces of the column were covered with thick sheets before
testing to verify that the contact surface and applied load remained

concentric. Fig (3-5) represent this machine test.

load-cell !
Specimen
?0_ 135~
~.
o 5 ]
900
0
ALY -
~ 560~
I ® 1 o
: I
usb Control Computer to
- board apply the load
1%0 cable
Control room

Fig. (3.5): Model under concentric and eccentric loading
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3.18 Concentric and Eccentric loading test specimens

The number of specimens (32) tested up to failure with applied the line
load at the center of a cross-section of the column for the specimens subjected
to concentric load and applied the line load at the points from the center (e)
of the column for the specimens subjected to eccentric load. The line load is

applied via the load cell at the top end of the specimens.

3.18.1 Testing of control Specimens columns (CC-CQO)

The control specimens have the (4) unconfined hollow RC columns
divided into two specimens as concentric loading (solid, hollow) have the
code by the following symbol (CC-CO-S),(CC-CO-H) respectively. The
other specimens have the eccentric loading with eccentricity measured
according to the aspect ratio (e/h) equal to (0.6h,0.9h) have the symbol (CC-
ECC-60), (CC-ECC-90) respectively. (CC-CO-S),(CC-CO-H) underwent a
concrete failure which took place at the surface and the bottom of the column
as the plate (3.30.a)and (3.30.b), the increase of the load cause the buckled
outward in the main reinforcement at the bottom, and then these steel rebar
will cause damage to concrete. The solid specimen (CC-CO-S) have
compressive strength (800) kN while these reading will reduce according to
the hole in the hollow specimen (CC-CO-H) with compressive strength
equal to the (610) kN. (CC-ECC-60), (CC-ECC-90) had a concrete failure
due to the bending effect. However, the failure took place slightly away from
the mid-height level with created the cracks on the tension side as the plate
(3.30.c) and (3.30.d). The specimen has an aspect ratio (0.6h) carried a
capacity more than the (0.9h). the case (CC-ECC-60) has the compressive
strength equal to (150) kN and (68) kN for the (CC-ECC-90), So based on

the above results, will utilize (0.9h) in strengthening specimens.
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CC-ECC-60

Plate. (3.30.c): (CC-ECC-60) Plate. (3.30.d): (CC-ECC-90)

Plate. (3-30): Test of control Specimens columns

O
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3.18.2 Testing of control Specimens columns Unconfined Columns
with side opening (CC-CO-0)

Another control specimens have the (4) unconfined hollow columns
with side opening, and this group is divided to the concentric loading and
the eccentric loading with side opening (square and circular) as (CC-CON-
SEQ-0),(CC-CON-CIR-0), (CC-ECC-SEQ-0), and (CC-ECC-CIR-O) as a
plate (3.31).In this part of the research, reference specimens with side
openings were examined, where two types of openings (circular and square)
were used, and under the concentric and eccentric loading, the specimen
(CC-CON-SEQ-O) gave a compressive load of about (430) KN, and for the
case (CC-CON-CIR-0O) have the compressive load equal to the (558)KN,
the specimen with eccentric loading has the compressive load (64)KN for
the specimen (CC-ECC-SEQ-O) and (65)KN for the specimen (CC-ECC-
CIR-0).

Plate. (3.31.a): Plate. (3.31.b): Plate. (3.31.c): Plate. (3.31.d):

(CC-CON-SEQ-0) (CC-ECC-SEQ-0) (CC-CON-CIR-0) (CC-ECC-CIR-0)

Plate. (3.31): Test of control Specimens columns with side openings
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3.19 Data Measurement during Tests

During the axial compression of the hollow RC columns, the external
responses of the RC column such as the axial load (P), vertical displacement
(v), and lateral displacement (x,y) values at the mid-height were
automatically measured and recorded as a plate (32). Besides the external
response of the hollow RC column, the readings from the axial and hoop
strain values were also measured by the strain gauges attached to the steel
reinforcement (SGS-for control specimens only) and recorded at were also
recorded simultaneously with the external response of the hollow RC
column. The axial load (P) was measured by the load cell of the (2000) kN
compression machine. Since the upper plate is positioned according to the
height of the tested specimen using the switch and does not move during the
loading, the axial displacement and the lateral displacement of the hollow
RC column is measured by a three LVDT device attached to the upper plate
of the Loading machine assuming that the axial deformation(vertical
displacement —Direction) and the two LVDT attached to the specimen at the
mid-height with another direction (X, Y) to read the lateral displacement as
in plate (3-32).

TURD-CEL
o .

LVDT-to read the
vertical displacement
(V)

L Concrete strain gauge (SGC) ~

_.LVDT-to read the lateral
displacement (X, Y)

Plate. (3-32): SGC & LVDT
O
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3.20 Stress-strain curve

When the load increases, the pressure on an unconfined concrete
column increases. After the concrete column's yield level is attained via
compression failure, the load decreases, the behavior of an RC concrete
column covered with FRP, on the other hand, is unique. Confinement
significantly increases the axial load due to warping resistance of the FRP.
This rise continues until it achieves its maximum compressive strength
(point D shown in Fig. (3.6). call it "Strain Hardening™ when it happens.
It's possible that if the confinement is not strong enough, then the columns
will simply collapse under the imposed axial load. The relationship between
stress and strain in any form of deformation can be regarded as stress-strain
curves in this research. The stress calculated as the normal stress for the
specimens has the concentric loading. In contrast, the stress with the
specimens has the eccentric loading equal to the normal stress with the stress

generated from the effect of the bending , see the equations below:

oA
/u' I = el o e T © T it D
Confined concrete with | b
strain hardening | \\
B | \
f“ L A Confined concrete with | \
. Il \“‘
strain softening ] \ FRP
P ___—  ruptures
AN A N PP
|
: Unconfined cpncrete :
l | L -
2 6‘1'/) 6‘( u é‘( C é‘l

Fig. (3.6): stress-strain curve
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For specimens that carry the concentric loading, the stress calculates as the

equation (3-6) below:

P

A (3-6)

A

where:
f'. = compression stress (MPa)
P = load (N)

A = specimen cross-sectional area (mm?).

For specimens subjected to the eccentric loading, the stress

calculates as the below by Eq(3-7):

P M.C

flo= =4 == —mmmmmmmmeees (3-7)

A I

M = moment of neutral axis (N.mm)
C = perpendicular distance to the neutral axis (mm)

I = second moment area of neutral axis (mm?)

3.21 max. crack width

Crack width was measured for specimens with eccentric loading using
a micrometer, as shown in Plates (3-33). Were these specimens formed

horizontal cracks on the tension face as the plate (3-34).
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MG100g_, ) N
’5""'?#5&2@

Plate. (3.34): Check the crack by using crack meter
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3.22 Ductility

When looking at the behavior of FRP-wrapped columns, similarly
important as a concrete column's strength is its ductility, which is influenced
by its displacements at the point of failure and yield. The ductility of a
solid material refers to its ability to deform under tensile stress. Tested the
ductility and strength of CFRP-confined,partly degraded concrete columns.
The confined concrete column ductility calculations are based on the load
vs. displacement curve yield and failure point deformation measurements.
The following equation can be used the equation (3-8) to calculate
ductility (uA)[92][93]:

(A =(Awayy e (3-8)

In other words, the ratio between the ultimate displacement (Au)
corresponding to 85 % of the maximum load after peak strength and the

yielding displacement (Ay).
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All specimens were collected after examination as the following plates
(3-35), (3-36) and (3-37).

) (G ECC
A

Plate. (3.36): Control specimens with side opening after failure
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Plate. (3.37): All strengthening specimens after failure
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Chapter Four: Experimental Results and Discussion

4.1 General

This chapter gives an overview and discussion of the results from the

experimental test study reported in Chapter three. The prepared hollow RC
columns are tested under axial compression with two types of loading
(concentric and eccentric) with partial strengthening by (CFRP or TRM)
laminates. All tests are conducted under displacement control with a
Imm/min displacement rate. Therefore, the summary for this section include

as below:; -

4.2 Specimens under concentric loading

In this case, will study the outcome of testing specimens carrying

concentric loading and has a confinement by the CFRP or TRM.

4.2.1 Control columns under Concentric loading (CC-CQO)

The experimental testing began with the unstrengthened columns. These
groups were divided into four specimens of types , (CC-CO-S), (CC-CO-

H).and the results were conducted as below:

4.2.1.1 Load vs. Displacement for specimens (CC-CO-S) and
(CC-CO-H)

According to Figure.(4-1), the load vs. displacement curve for (CC-
CO-S) starts from zero and travels upwards until it reaches a displacement of
(1.2) mm. Where the failure load was (800) kN. The load vs. displacement
curve for column (CC-CO-H) starts from zero and moves with an increased

slope
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until it reaches a final displacement equal to the (4.19) mm. with ultimate
load reaching to the failed at (610) KN, as the figure. (4-2).

s ~
Load vs.Displacement curve
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Fig. (4-1) Load-Displacement curve for (CC-CO-S)
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Fig. (4-2) Load-Displacement curve for (CC-CO-H)

4.2.1.2 Stress vs. Strain curves for control specimens

In this research, the (load vs. strain) curve for steel rebar by (SGS), fixed
only in the control specimen (CC-CO-H) as the plate (4-1-a), in the previous
chapter explained the prepared and fixation of the (SGS). This specimen
(CC-CO-H) has the four steel strain gauge, three in the main steel rebar
(SGS4), (SGS5), (SGS7), as the bottom, top, and middle, respectively.
The (SGS6) for the stirrup. From figure (4-1-a), the strain gauge curve
was reliable and objective in (SGS4) near the area of failure as the plate
(4-1-b).
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Plate. (4-1-a) Locations of SGS Plate. (4-1-b) behavior of main rebar

Plate. (4-1) Strain gauge for steel rebar in control column
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Fig. (4-3-a) Stress-Strain curve for SGS5
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Fig. (4-3-b) Stress-Strain curve for SGS4

Fig. (4-3-c) Stress-Strain curve for SGS6
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S 200
100
0
0 0.0002 00004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0015
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Fig. (4-3-d) Stress-Strain curve for SGS7

Fig. (4-3) Load-Strain curves for SGS in the control specimen for concentric load
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For the concrete in the control specimen, the data are measured from the
concrete strain gauge (SGC). These strain gauges are positioned on the

specimen's outer concrete surfaces. Were data Illustrate via the figs. (4-4): -

The control column (CC-CO-S) has the one concrete strain gauge (SGC) at
the middle height of the specimen as the plate (4-2-a). Moreover, the
specimen ((CC-CO-H) has three (SGC), these a three strain gauge fixed on
the specimen with three locations (SGC1), (SGC2), (SGC3) at the top,
middle height, and bottom, respectively. As the plate (4-2-b).

The control column (CC-CO-S) have stress about (35) MPa and the strain
equal to the (0.00143), and the (CC-CO-H) have the stress (28.8) MPa, and
concrete strain (0.00138) for the both (SGC1, SGC2), was this reading to
comparing between the cases, while the concrete strain (0.00182) for the

(SGC3) near the failure position.

plate. (4-2-a) (CC-CO-S) plate. (4-2-b) (CC-CO-H)

Plate. (4-2) Strain gauge for concrete in control column
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-
Stress vs. Strain curve

D W
n [=]

Stress (Mpa)

0 .
0 0.0002  0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016

Strain
—SGC1
. J
Fig. (4-4-a) Stress-Strain curve from SGC1
-

\
Stress vs. Strain curve

Stress (Mpa)

0 -~
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016
Strain

—SGC2
/

Fig. (4-4-b) Stress-Strain curve from SGC2

~
Stress vs. Strain curve
35
30
=
6 ;0
o 15
@
= 10
m -
0
0 0.0005 0.001 0.0015 0.002
Strain
—SGC(C3
y,

Fig. (4-4-c) Stress-Strain curve from SGC3

Fig. (4-4) Stress-Strain curve from SGC in control column (continue)
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4 N\
Stress vs. Strain curve
40
35
T 30
S 25
o 20
o 15
= 10
5
0
0 0.0005 0.001 0.0015 0.002
Strain
——CC-C0-S§
g J

Fig. (4-4-d) Stress-Strain curve from SGC. Solid column

Fig. (4-4) Stress-Strain curve from SGC in control column (continued)

4.2.1.3 Mode of Failure for control specimens (CC-CO-S) and
(CC-CO-H)

This group tested is (CC-CO-S) and (CC-CO-H). This group represents the
columns without the wrap of CFRP or TRM. It can be noted that the mode of
failure shared the same from one column to another. Look to the plate (4-3)
and (4-4). These two failure cases are due to the generated plastic hinge near
the bottom end. These columns failed because of two brittle mechanisms:
steel reinforcement compressive bars buckled and the concrete cover spalls.
Were explained in the stress-strain curve for concrete and steel in the
specimen (CC-CO-H). From the steel strain gauge (SGS), the strain reaches
the (0.0068), but the concrete strain is equal to the (0.0014) from the
concrete strain gauge (SGC).
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Plate. (4-3) Failure for (CC-CO-S) Fig. (4-4) Failure for (CC-CO-H)

4.2.1.4 Ductility Index for the control specimens

Ductility defines as the ratio between the ultimate displacement (Au)
corresponding to 85 % of the maximum load after peak strength and the
yielding displacement (Ay). Depending on the (load-displacement curve) to
calculate the ductility by applying the equation below: -

Ductility=(Au/AY) ...........coovvevevevereieveeeneen.. €0, (3-4)

for the specimen (CC-CO-H), the ductility is equal to (1.1).
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4.2.2 Specimens strengthening by CFRP and under concentric
loading

This group has (5) cases with partials different form of CFRP
configurations. illustrate the load vs. displacement as below and compare
each result with the control case (CC-CO-H).

4.2.2.1 Load vs. Displacement

eThe case (CF1) has the CFRP's three hoops in the top, middle, and bottom,
as the plate (4-5). The load vs. displacement curve in fig (4-5) begins from
(0,0) with total displacement equal to (5.44) mm when the maximum load
was applied. This case failed at (625) KN with an increase in compressive

strength about (2.5) % compared with the reference case (CC-CO-H).

-
Load vs. Displacement curve
700
600
S 500
X a0
T 300
2w
100
0
0 1 2 3 4 5
Displacement (mm)
—(cr1)
\.
Fig. (4-5) Load-Displacement curve for (CF1) Plate. (4-5) CF1
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e The case (CF2) has two opposite (2X) shapes of CFRP at the top and bottom
of the column as the plate (4-6). The load vs. displacement curve in fig (4-6)
begins with a bit of concavity. When the load increases gradually, the
maximum load reached (640.8) KN with maximum displacement equal to
the (5.26) mm. This case has an increase in compressive strength of about
(5) % compared with the reference case (CC-CO-H).

CF2
e ™ E
Load vs. Displacement curve
700
600 —
E 500
X 400
T 300 -
2 200 -
100
)
0 1 2 3 4 5 6
Displacement (mm)
(cF2) ’ ‘
\ y, 4 ) ok
Fig. (4-6) Load-Displacement curve for (CF2) Plate. (4-6) CF2

eThe case (CF3) has the one vertical CFRP laminates on each column side as
the plate (4-7). The load vs. displacement curve in fig (4-7), when the
loading increases, the max load reaches the (659.64) KN with max.
displacement equal to the (6.17) mm, this case has an increase in
compressive strength of about (8.1) % compared with the reference case
(CC-CO-H).
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e A
Load vs. Displacement curve
700
600
E 500
EE, 400
B 300
=]
= 200
100
0
0 1 2 3 4 5 6 7
Displacement (mm)
— (CF3)
. J

Fig. (4-7) Load-Displacement curve for (CF3)

Results and Discussion

Plate. (4-7) CF3

e The case (CF4) this specimen has the (four vertical) CFRP laminate on each

column side and (2X-shape) of CFRP at top and bottom as the plate (4-8). In

the load vs. displacement curve in fig (4-8), the max load reaches the (749.2)

KN with max when the loading increases. Displacement equal to the (4.85)

mm, this case has an increase in compressive strength of about (22.8) %

compared with the reference case (CC-CO-H).

-
Load vs. Displacement curve

800
700
__ 600
£ 500
= 400
8 300
= 200
100
0

0 1 2 3 4 5 6

Displacement (mm)
——(cra)
.

Fig. (4-8) Load-Displacement curve for (CF4)

Plate. (4-8) CF4
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In the case (CF5), this specimen has the (4 vertical) CFRP laminate on each
column side and (3hoop) of CFRP as the plate (4-9). The load vs.
displacement curve in fig (4-9) has little concavity at first. When the loading
increases, the max load reaches the (689.5) KN with max. displacement
equal to the (5.19) mm. This case has an increase in compressive strength of
about (13) % compared with the reference case (CC-CO-H).

e ~
Load vs. Displacement curve

0 1 2 3 4 5 6

Displacement (mm)

— (cF5)

Fig. (4-9) Load-Displacement curve for (CF5)

Plate. (4-9) CF5

all results of displacement curve obtained from (LVVDT) plotted in one graph
with fig. (4-10)
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Table. (4-1) results for control specimens and specimens that strengthening

Chapter Four

Results and Discussion

The fig. (4-10) and table (4-1) show all results for all cases dealing with

concentrically loading and strengthening partially by CFRP.

the

strengthening ratio in the table below calculated with respect to the control
specimen (CC-CO-H).

with CFRP and loaded concentrically

Fig. (4-10) Load-Displacement curves for (CF)

case | max.load(KN||strain-concrete| ~ axial-disp.(mm)  |failure-location axial-disp. at yeild(mm)| Ductiity |strengthening(%)
CCCOS| 800 0.00145 ) bottom i e i
(C-CO-h| 610 0.00138 4.19 bottom 391 11 i
CFL | 625 00029 5.44 top 45 1.2 25
CR2 | 6408 00022 5.26 top 478 1.1 5.
(R | 659.64 | 000216 6.17 hottom 327 19 8.1
Ck4 | 7492 0.0017 485 top 414 12 208
CF5 | 6895 00011 519 top 4.2 1.2 13
4 N
-
Displacement (mm)
—— (cc-co-H) ——(cF1) (CF2) (cF3) ——(cF4) — (CF5)
\_ J
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4.2.2.2 Stress vs. Strain for strengthening specimens (CF1,
CE2, CF3, CF4, and CF5)

All cases with partially strengthening by CFRP and subjected to concentric

loading contain one concrete strain gauge (SGC), positioned near the upper
end of the column. Fig (4-11) and table (4-2) shows the results of these

strain gauges.

Table. (4-2) Stress and strain obtained from SGC for strengthening by CFRP specimens

under concentric loading

Case Stress (MPa) Strain
CF1 27.36 0.00304
CF2 28.04 0.00231
CF3 29.35 0.00127
CF4 33.08 0.00184
CF5 30.86 0.00113

Vs

Stress vs Strain
40
]
0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Strain
stress vs strain (cc-co-h) stress vs strain (CF1) stress vs strain (CF2)
L stress vs strain (CF3)  ——stress vs strain (CF4) stress vs strain (CF5)

Fig. (4-11) Stress vs. Strain curves for CFRP cases
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e These specimens have stressed more than or getting close to the (CC-CO-H),
with a slight increase in strain.

e The max. stress founded in the case (CF4) (33.08) MPa, with an increase of
about (14.86) % compared with the (CC-CO-H) have the stress (28.8) MPa.

e The max. strain occurred from the (CF1) (0.00304) with an increase (120.3)
% compared with (0.00138) for the control specimen (CC-CO-H).
From the stress-strain curves that can be seen, the shape of (CF2) same as
(CF4) and (CF1, CF3, and CF5) have the same curve. This is related due to
the effect of (X-shape) in case (CF2 and CF4) and the hoop laminates in case
(CFland CF5).

4.2.2.3 Mode of Failure for strengthening specimens (CF1,
CF2, CF3, CF4, and CF5)

The specimen s with partials strengthening by CFRP laminates have the

failure mode as below:

e In the case (CF1), the failure occurred in the top end of the column as the
plate (4-10). this failure location differs from the control specimen (CC-
CO-H)

T -

= -
(3 . - gi/ .

¢\

i P N
N '§/ ) ¢ ﬁ
51 N Y i i . o 4

Plate. (4-10-a) before failure for (CF1)  plate. (4-10-b) after failure for (CF1)

Plate. (4-10) Failure mode for (CF1)
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¢ Inthe case (CF2), the failure occurred in the top end of the column as the
plate (4-11). This failure location differs from the control specimen (CC-
CO-H), the failure occurred when the main rebar bent at the top end of

the column.

" | LOAD-CELL g
, -7_:_‘ _.i :;;v ‘

Plate. (4-11-a) specimen (CF2) before testing  Fig. (4-11-b) specimen (CF2) after testing

Plate. (4-11) Failure mode for (CF2)
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e While in the case (CF3), the failure occurred in the bottom end of the

column as the plate (4-12). this failure location is similar to the control
specimen (CC-CO-H).

plate. (4-12-a) specimen (CF3) before testing  plate. (4-12-b) specimen (CF3) after testing

Plate. (4-12) Failure mode for (CF3)
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In the case (CF4), the failure occurred in the top end of the column as the plate
(4-13). This failure location differs from the control specimen (CC-CO-H), the
steel rebar near the hollow part buckled outward and then the concrete was

damaged.

5-
=

T

1}

{

Plate. (4-13-b) specimen (CF4) after testing

Plate. (4-13-a) specimen (CF4) before testing

Plate. (4-13) Failure mode for (CF4)
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¢ In the case (CF5), the failure occurred in the top end of the column as the plate

(4-14). this failure location differs from the control specimen (CC-CO-H)

e L8

=

Plate. (4-14-a) specimen (CF5) before testing Plate. (4-14-b) specimen (CF5) after testing

Plate. (4-14) Failure mode for

According to the failure position, the specimens (CF1, CF2, CF4, and CF5)

have failed due to the creation plastic hinge near the hollow part at the top
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end of the concrete column as the plate (4-15), but specimen (CF3) have
failure position near the bottom, this is caused to (CF3) did not have the
hoop or bow laminates. Therefore, when the concentric loading increases
during the test, these specimens (CF1, CF2, CF4, CF5) avoid the failure at
the bottom as the (CC-CO-H). The mechanism of failure in specimens
occurred when the main rebar reached the max. capacity then go to bent
behavior outward direction then make the pressure on the concrete at this
time, and so, the concrete expands and pushes outward and finally damaged,
the CFRP will be ragged.

plate. (4-15) Failure mode for specimens that strengthening with CFRP

and loaded concentrically

From the plate above the CFRP configuration with labels (CFland CF5)
containing a degree of concrete degradation less than other cases.
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4.2.2.4 Ductility for specimens (CF1, CF2, CF3, CF4, and CE5b)

These cases have the ductility the same as the control column or a little more

than the control specimen where the case (CF3) has the excellent ductility
value (1.9). all results of ductility were mentioned in the table (4-1)
4.2.3 Specimens strengthening by TRM and under concentric

loading

This group has (5) cases with partials different form of TRM configurations.

the load vs. displacement Can be illustrated as below. and comparing each
result with the control case (CC-CO-H).

4.2.3.1 Load vs. Displacement

e The case (CT1) has the three hoops of TRM in the top, middle, and bottom
as in plate (4-15). The load vs. displacement curve in fig (4-12) begins at (0)
and increases in slope until it reaches a total displacement of (6.11) mm
when the maximum load is applied. This case failed at (620) kN with an
Increase in compressive strength of about (1.6) % compared with the
reference case (CC-CO-H).

e ~
Load vs Displacement curve
700
600
= 500
=
X 400
B 300
(=]
= 200
100
0
1 2 3 4 5 6 7
Displacement (mm)
— (cTY)
. /

Fig. (4-12) Load-Displacement curve for (CT1)

Plate. (4-16) CT1
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eThe case (CT2) has the (2X) shape of TRM at the top and bottom of the
column as the plate (4-17). Fig (4-13), begins with a little concavity when
the load increases. Gradually, the max load reaches the (635) KN with max.
Displacement equal to the (8.65) mm, this case has an increase in
compressive strength of about (4.1) % compared with the reference case
(CC-CO-H).

Load vs. Displacement curve

Load (KN)
[ R~ N ¥ s B« ¥
o B8 888388
1
1}
1
h
\
|

0 1 2 3 a 5 6 7 8 9 10
Displacement (mm)

(cT2)

Fig. (4-13) Load-Displacement curve for (CT2)

Plate. (4-17) CT2

e The case (CT3) has one vertical TRM laminates on each column side
as the plate (4-18). In the load vs. displacement curve in fig (4-14),
when the loading increases, the max load reaches the (627) KN with
max. displacement equal to the (6.8) mm, this case has an increase in
compressive strength of about (2.8) % compared with the reference
case (CC-CO-H).
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Load vs. Displacement curve

~
8

Load (KN)
=N W s
- 8388888
\
3
N

Displacement (mm)

(cT3)
\ J

Fig. (4-14) Load-Displacement curve for (CT3)

Plate. (4-18) CT3

e In case (CT4) the specimen has the (four vertical) TRM laminate on each
column side, and (2X-shape) of TRM at top and bottom as the plate (4-18).
The load vs. displacement curve in fig (4-15), when the loading increases the
max load reach to the (654) KN with max. Displacement equal to the (10.67)
mm, this case has an increase in compressive strength of about (7.2) %

compared with the reference case (CC-CO-H).

e N
Load vs Displacement curve
700
600
-E 500
x> 400
B 300
o
=l 200
100
0
0 1 2 3 4 5 6 7 8 9 10 11 12
Displacement (mm)
— (cTa)
\ Y,
Fig. (4-15) Load-Displacement for (CT4) Plate. (4-19) CT4
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e In the case (CT5), this specimen has the (4 vertical) TRM laminate on each
column side and (3hoop) of TRM as the plate (4-20). The load vs.
displacement curve in fig (4-16) has little concavity at first. When the
loading increases, the ultimate strength reaches the (662) KN. The
displacement is equal to (6.84) mm. This case has an increase in
compressive strength of about (8.5) % compared with the reference case
(CC-CO-H).

Load vs. Displacement curve

Load (KN)
[ = I - ¥ B o R
8838388288

(=]

0 1 2 3 4 5 6 7 g
Displacement (mm)

— (cT5)
. J

Fig. (4-16) Load-Displacement curve for (CT5)
Plate. (4-20) CT5

via fig (4-17) all cases that strengthened with TRM and loaded
concentrically has the same behavior.

f ™
Load vs. Displacement curve
700
600
500
400
300
200
100

Load (KN)

o 1 2 3 4 5 6 7 8 E] 10 11 12
Displacement (mm)

(cc-co-H) —— (CT1) (cT2) (cT3)

(cTa)

(CT5)

Fig. (4-17) Load-Displacement curves for (CT)
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Results and Discussion

Table (4-3) illustrate all results for specimen s with strengthening by TRM

under concentric loading.

Table. (4-3) results for control specimens and specimens that strengthening

with TRM and loaded concentrically

case |max.load(KN)|strain-concrete| axial-disp.(mm) |failure-location jaxial-disp. at yeild(mm)| Ductility [strengthening(%)
CC-C0-S 800 ek 2 bottom ok e Hk
cc-co-h 610 0.00138 4.19 bottom 391 1.1 Hk

m 620 0.0013 6.11 top 5.7 1.1 1.6

n 635 0.0007 8.65 bottom 8.19 1.1 4.1

(13 627 0.0015 6.9 top 6.4 1.1 28

CT4 654 0.0006 10.67 bottom 8.1 13 7.2

CT5 662 0.00069 6.84 bottom 6.3 1.1 8.5

4.2.3.2 Stress vs. Strain for strengthening specimen s (CT1,

CT2,CT3,CT4, and CT5)

These cases have the same number and locations of the concrete strain gauge

(SGC) for specimens strengthened by CFRP (CF). Fig (4-18) and table (4-4)
Illustrates the data of (SGC).

Table. (4-4) Stress and strain obtained from SGC for strengthening by TRM specimens

under concentric loading

Case Stress (MPa) Strain
CT1 27.35 0.00137
CT2 27.76 0.00073
CT3 28.13 0.0015
CT4 28.93 0.0007
CT5 29.42 0.0007
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The specimens confining partially by the TRM did not have more stress than
the control specimen (CC-CO-H). Therefore, the max. stress consists of the
case (CT5) with a value that reaches (29.42) MPa and the max. Strain
obtains from the case (CT3) and the value equal (0.00150).

The increase about the (2) % for the stress of specimen (CT5) compared

with the un-confining specimen (CC-CO-H).

The max. strain value obtained from the case (CT3) has the strain in concrete
equal to the (0.0015) with enhancing in concrete deformation about (8.7) %
in comparison with (CC-CO-H).

(CT2, CT4, CT5) these specimens have the same behavior of (stress-strain)
curves, also (CT2) have the stress little less than in cases (CT4, CT5). These
specimens in (CT4 and CT5) did not have a good reading from concrete
strain (SGC). This problem due to failure damage occurred far from the
(SGC) location in these specimen s. These specimens failed by generating a
plastic hinge near the bottom end. Moreover, the specimen s (CT1, CT3)
have the same behavior, and a good strain reading was obtained from the
(SGC).

\
Stress vs Strain curve
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016
Strain
—— stress vs strain (cc-co-h) stress vs strain (CT1) stress vs strain (CT2)
stress vs strain (CT3) stress vs strain (CT4) stress vs strain (CT5)
J/

Fig. (4-18) Stress vs. Strain curves for TRM cases
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4.2.3.3 Mode of Failure for strengthening specimens (CT1,
CT2,CT3,CT4, and CT5H)

In the case (CT1), the failure occurred in the top end of the column as the plate

(4-21). this failure location differs from the control specimen (CC-CO-H)

Plate (4-21-a) specimen (CT1) before testing  plate (4-21-b) specimen (CT1) after testing

Plate (4-21) Failure mode for (CT1)
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In the case (CT2), the failure occurred in the top end of the column as the plate
(4-22). this failure location differs from the control specimen (CC-CO-H).

|

L -
qE m’u Rt
[ty i l I‘

P e

Plate (4-22-a) specimen (CT2) before testing Plate (4-22-b) specimen (CT2) after testing

Plate (4-22) Failure mode for (CT2)
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-in the case (CT3) has the failure occurred in the top end of the column as
the plate (4-23). This failure location differs from the control specimen (CC-
CO-H)

Plate (4-23-a) specimen (CT3) before testing  Plate (4-23-b) specimen (CT3) after testing

Plate (4-23) Failure mode for (CT3)
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In the case (CT4), the failure occurred in the bottom end of the column as the

plate (4-24). This failure location is similar to the control specimen (CC-CO-H)

Plate (4-24-a) specimen (CT4) before testing Plate (4-24-b) specimen (CT4) after testing
Plate (4-24) Failure mode for (CT4)
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In the case (CT5), the failure occurred in the bottom end of the column as

the plate (4-25). This failure location is similar to the control specimen (CC-
CO-H)

Plate (4-25-a) specimen (CT5) before testing Plate (4-25-b) specimen (CT5) after testing

Plate (4-25) Failure mode for (CT5)

-
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The specimens with labels (CT1, CT2, and CT3) have the same failure
position. This failure is generated by creating the plastic hinge near the
upper end of the column specimen, but the (CT4, and CT5) have the failure
location near the lower end of the column. As a plate (4-26), the difference
between these specimens is in the extent of the failure damage in the
concrete of the specimen, where we notice in the specimen s (CT1, CT2, and
CT3) that the damage is very clear in concrete, but it is less in the case (CT4,
and CT5). The plate (4-26) below represent the failure in all cases and the
(CT5) and (CT4) configuration illustrate the degradation in concrete less

compared with other specimens.

4.2.3.4 Ductility for specimens (CT1, CT2, CT3, CT4, and
CTh)

The max. value of ductility for these cases obtained from the case (CT4)

equal to the (1.3). other ductility results for remain specimens inserted in

previous time with table (4-4).

Plate (4-26): Failure mode for specimens that strengthened with TRM and
loaded concentrically
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4.3 Specimens under eccentric loading

This case has the specimens subjected to eccentric loading the
work contain a control specimen s with two cases as below: -

4.3.1 Control columns under eccentric loading (CC-ECC)

In this case, the columns are subjected to eccentric loading with the
eccentricity equal to the (0.6h) and (0.9h).

4.3.1.1 Load vs. Displacement for control specimens under

eccentric load
The Column (CC-ECC-0.6h) has the load capacity reach to the (150) kN

with displacement about (7.8) mm as the figure. (4-19). and for the Column
(CC-ECC-0.9h) has the load vs. displacement curve rising from zero
until it reaches a displacement of (5.59) mm. The curve undergoes
increase in the slope until it reaches the ultimate load. The column
eventually failed at (68.03) kN.as the figure (4-20)

4 )
Load vs. Displacement curve
160
140
__ 120
g 100
-= 80
8 60
= a0
20
0
0 1 2 3 4 5 6 7 8 9
Displacement (mm)
—— (CC-ECC-0.6H)
\. J/

Fig. (4-19) Load-Displacement curve for (CC-ECC-0.6h)
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~ ~
Load vs. Displacement curve
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< 40
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Displacement (mm)
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Fig. (4-20) Load-Displacement curve for (CC-ECC-0.9h)

4.3.1.2 Stress vs. Strain curves for control specimens under

eccentric load

The control specimen with the label (CC-ECC-H), the eccentricity in this case

equal to the (0.9h). To study the stress-strain curve in this specimen, put the

(6) SGC divided into two groups, three in the tension face and another three

in the compression face. The strain gauge in tension face has the labels
(SGC1, SGC2, and SGC3), and the (SGC4, SGC5, and SGC6) for the

compression face. Figure (4-21) illustrate the results of these SGC.

L

Stress vs. Strain curve

Stress (Mpa)

-0.0012 -0.001 -0.0008 -0.0006 -0.0004 -0.0002

Strain

—SGC1

Fig. (4-21-a) stress-strain curve from
(SGC1)

Stress vs. Strain curve
25

20

10

Stress (Mpa)

0

-0.001 -0.0008 -0.0006 -0.0004 -0.0002 0 0.0002 0.0004 0.0006

Strain

——SGC2

&

Fig. (4-21-b) stress-strain curve from
(SGC2)
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Stress vs. Strain curve
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Fig. (4-21-c) stress-strain curve from (SGC3)
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Fig. (4-21-d) stress-strain curve from (SGC4) Fig. (4-21-e) stress-strain curve from (SGC5)
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Stress vs. Strain curve
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Fig. (4-21-f) stress-strain curve from (SGC6)

Fig. (4-21) Stress-Strain curves from SGC control specimens under eccentric load
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- The data outcome from the (SGC1) had the concrete strain equal to the (-
0.001), but the data from another strain gauge on the tension side did not
have good reading due to the generated horizontal cracks and these cracks
effect on the SGC reading, therefore neglecting the reading for (SGC2,
SGC3) where the (SGC1) is located at the top end of the column.

The data for the compression side will stand from the (SGC4, SGC5, SGC6),
the results found with (0.001,0.0038,0.0018) respectively. The strain
(0.0038) from (SGC5) with stress equal to the (20) MPa, will compare with
the other strengthening cases, the (SGC5) fixed at the middle height of the

column.

4.3.1.3 Mode of Failure for control specimens under eccentric
load (CC-ECC-H)

In the case (CC-ECC-H) contain the two unconfined specimens with a
eccentricity equal to (135) mm from the center of the column for the
specimen (0.9h) (CC-ECC-90), and (90) mm for the specimen (0.6h) (CC-
ECC-60). The failure occurred due to the bending action as the plate (4-27),
concrete failed in (CC-ECC-H), failure occurred somewhat above mid-
height. Were the horizontal cracks formed at the tension face and the

spalling in the concrete cover in the compression zone.
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Plate. (4-27-a) Failure mode for (CC-ECC-0.9h) Plate. (4-27-b) Failure mode for (CC-ECC-0.6h)

Plate (4-27) Failure mode for (CC-ECC-h)

4.3.1.4 Ductility Index for the control specimens
Max. Ductility obtained from the specimen (0.9h) (CC-ECC-90) the ductility
equal to the (1.4).
4.3.1.5 Max. crack width for specimen (CC-ECC-H)

The horizontal tensional crack occurred due to the effect of the bent of the

specimen. Because of the eccentricity, the stress will be formed as the tension face
the surface concrete far from the load and compression area near the load. The max

crack width (4) mm.
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4.3.2 Specimens strengthening by CEFRP under eccentric
loading

This group has (5) specimens with partials different from CFRP
configurations. Can illustrate the load vs. displacement as below and

compare each result with the control case (CC-ECC-H).

4.3.2.1 Load vs. Displacement for strengthening specimens
(EF1, EF2, EF3, EF4, and EF5)

e The case (EF1) has the CFRP's three hoop in the top, middle and bottom as
the plate (4-28). The load vs. displacement curve in fig (4-22) begins at (0)
and the total displacement equal to the (12.7) mm when the maximum load
Is applied. This case failed at (69.53) kN with an increase of about (2.2) %
compared with the reference case (CC-ECC-H).

. N
Load vs Displacement curve
80
70 -
— 60 'l
£ o
S 40
8 30
— 20
10
0
0 2 4 6 8 10 12 14 16
Displacement (mm)
Load vs deflection (EF1)
. J

Fig. (4-22) Load-Axial displacement curve for (EF1) Plt. (4-28) EF1
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e The case (EF2) has the (2X) shape of CFRP at the top and bottom of the
column as the plate (4-29). The load vs. displacement curve in fig (4-23),
begins with little concavity. When the load increases Gradually, the max
load reaches the (68.9) KN with max. displacement equal to (20.73) mm.
This case has an increased compressive capacity of about (1.3) % compared

with the reference case (CC-CO-H).

4 N\
load vs Displacement curve
80
70
__ 60 —
Z 50 -
; 40 » .
8 30
— 20
10
0
0 2 4 6 8 10 12 14 16 18 20 22 24
Displacement (mm)
(EF2)
. /
Fig. (4-23) Load-Axial displacement curve for (EF2) Plate. (4-29) EF2

e The case (EF3) has the one vertical CFRP laminates on the tension side of
the column as the plate (4-30). The load vs. displacement curve in fig (4-24)
shows that the max load reaches (87.9) KN with max. displacement equal to
the (8.62) mm, this case has an increase of about (29.2) % compared with

the reference case (CC-CO-H).

e R
Load vs Displacement curve

8

=

Load (KN)
5 8 3 8

o

0 2 4 6 8 10
Displacement (mm)

(EF3)
o J

Fig. (4-24) Load-Axial displacement curve for (EF3) Plate. (4_0) EE3
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In the case (EF4), this specimen has the (one vertical) CFRP laminate on the

tension side and (2X-shape) of CFRP at the top and bottom as the plate (4-

31). In the load vs. displacement curve in fig (4-25), the max load reaches

(90.5) KN with max when the loading increases. Displacement equal to the

(11.63) mm, this case has an increase of about (33) % compared with the
reference case (CC-ECC-H).

N

Load (KN)

100
90
80
70
60
50
40
30
20
10

load vs Displacement curve

2 4 6 8 10
Displacement (mm)

— (EF4)

12

14

J/

Fig. (4-25) Load-Axial displacement curve for (EF4)

Plate. (4-31) EF4

In the case (EF5), this specimen has the (one vertical) CFRP laminate on the
tension side and (3hoop) of CFRP as the plate (4-32). The load vs.

displacement curve in fig (4-26) has little concavity at first; when the

loading increases, the max load reaches the (94.8) KN with max.

displacement equal to the (10.91) mm, this case has an increase of about
(39.4) % compared with the reference case (CC-ECC-H).
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' N
load vs Displacement curve
120
100
E‘ 80
=
- 60
§ 40
20
0 5
0 2 4 6 8 10 12 - \
Displacement (mm) 1 '
—— (EF5) lu,’ ‘
\. S [ ML &
Fig. (4-26) Load-Axial displacement curve for (EF5) Plate. (4-32) EF5

fig. (4-27) explain the behavior for all cases with eccentric loading, wherein

the elastic stage all cases have the same behavior but the difference take

place after plastic stage starting.

Load vs. Displacement curve

Load (KN)
z 8 8 B

£
(=]

Displacement (mm)

— Load vs deflection (EF1) (EF2) (EF3) —— (EF4) —— (EF5) ——CC-ECC-H

Fig. (4-27) Load-Axial displacement curves for control specimen and specimens

that strengthened with CFRP under eccentric loading
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The lateral displacement also generated and measured by (LVDT) for the
middle height of the column. And the fig. (4-28) show the load with lateral

displacement for all cases.

4 N\
Load vs. Laterl curve
120
100
= 80
[~ -
; 0 _.------...""'..".':{
(1]
9 40
20
0
15 20 25 30 35
Displacement (mm)
——CC-ECC-H lateral (EF1) (EF2) (EF3) —— (EF4) — (EF5)
4 J

Fig. (4-28) Load-Lateral displacement curves for control specimen
and specimens that strengthened with CFRP under eccentric loading
All the test results of eccentric column strengthening by CFRP reported in the
table (4-5)

Table (4-5): results for control specimens and specimens that strengthening

with CFRP and loaded eccentrically

case | maxloaa(KN) strain-compressior strain-ension | axail-disp.(mm) X-lateral (mm]Y-lateral (mm) | axail-disp.at yeild (mm) | ductility | strengthening (%)
CCECCO9n  6.03 0.0038 NIA 550 57 01 4 14 ik

EFt 6953 0.0018 00018 A 1375 0.61 56 23 23

ER2 689 0.0036 00199 24 28 083 4 54 13

4] 619 0.0017 00039 862 594 008 55 L6 293

EFd 905 0.0013 000316 1183 9.6 0,055 592 20 31

EFS 048 0.002 -0.0062 1041 91 0.1 106 15 304
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4.3.2.2 Stress vs. Strain for strengthening specimens (EF1, EF2,
EF3, EF4, and EF5)

These specimens used two concrete strain gauges (SGC) located at the
middle height of the concrete column on the tension and compression side.
The results explain in fig (4-29). The stress calculated from eq (). This stress
Is created due to form a bent in the specimen because of the eccentricity
(0.9h). also table (4-6) scheme all readings collected from SGC for

specimens on compression and tension sides

Table (4-6): Stress and strain obtained from SGC for strengthening by CFRP specimens

under eccentric loading

Case Stress (MPa) Strain
(C) 0.0018
EF1 215 (T)-0.0018
(C) 0.0036
EF2 23.1 (T)-0.0199
(C) 0.0017
EF3 25.9 (T)-0.0039
(C) 0.0013
EF4 27.2 (T)-0.00316
(C) 0.0020
EF5 28.5 (T) -0.0062
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ss (MPa)

Stre

Stress-Strain tension Stress-Strain compression

——stress vs strain comp.(cc-ECC-h)

—stress vs strain (EF1)

stress vs strain . (EF2)

—stress vs strain (EF3)

—stress vs strain (EF4)

—stress vs strain.(EF5)

Strain Strain
AL J

Fig. (4-29) Stress vs. Strain curves for (CC-ECC-h), EF1, EF2, EF3, EF4, and EF5)

e According to the results obtained from the concrete strain gauge (SGC) the
significant value of compression and tension strain was obtained from the
case (EF2) is (0.0036) and (-0.0199), respectively. The max. value of stress
is founded from the case (EF5) with a value equal to the (28.5) MPa.

4.3.2.3 Mode of Failure for strengthening specimens (EF1,
EF2, EF3, EF4, and EF5)

When the eccentricity developed, more ductile behavior was observed. The
failure occurred in the middle height of the column. As a result of
eccentricity, two types of stress are generated: tensile and compressive. The
tensile side was found to have horizontal cracks. Also, the compression side
has damage in concrete. The CFRP will increase the compressive strength

and decrease the deterioration in concrete for the specimens as below: -

*For the case (EF1) and from the plate (4-33) note that the side exposed to

the compressive stresses as in the plate (4-33-a), the behavior of the
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specimen is similar to the reference specimen (CC-ECC-H), noting that the
presence of (CFRP) has reduced the percentage of damaged concrete.
Speaking with the side exposed to tensile stresses, generation of horizontal
cracks is noted as the plate (4-33-b)

Plate (4-332-a) compression side for ~ Plate (4-33-b) tension side for EF1

Plate (4-33) Failure mode for EF1

*In the case of studying the failure mode of the (EF2) as the plate (4-34), the
area of damage has increased in the part exposed to compressive stress

compared with the reference specimen, this is caused due to effect of (X-
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shape) of CFRP as the plate (4-34-a). And with the same specimen behavior
but in the tension side, the horizontal crack will appear due to effect the

tensile stresses as the plate (4-34-b)

Plate (4-34-a) compression side for EF2 Plate (4-34-b) tension side for EF2

Plate (4-34) Failure mode for EF2
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In the specimen (EF3) as the plate (4-35) and in the compression side, no
destroyed concrete surface was as the plate (4-35-a). Also, in the tension
part, the horizontal cracks did not presences just in the top tension face as
plate (4-35-b). This specimen (EF3) has the vertical CFRP laminate with a

length equal to (600) mm.

Plate (4-35-a) compression side for EF3 Plate (4-35-b) tension side for EF3

Plate (4-35) Failure mode for EF3
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According to the specimen (EF4) in the plate (4-36). Via the plate (4-36-a)
the area of damage in concrete is decrease or eliminate compared with the
reference specimen, and the horizontal crack formed in the bottom part of
tension face as the plate (4-36-b)

Plate (4-36-a) compression side for EF4 Plate (4-36-b) tension side for EF4

Plate (4-36) Failure mode for EF4

-
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In the specimen (EF5) as the plate (4-37), we notice that the damage is very

little on both sides concerning the tensile or compressive stresses as the
plates (4-37-a) and (4-37-Db).

Plate (4-37-a) compression side for EF5 Plate (4-37-b) tension side for EF5

Plate (4-37) Failure mode for EF5
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From the all cases failure mode above and the plate (4-38) below, it can be
seen that the (EF5) has an excellent external partially strengthening by

CFRP to carry the eccentric loading.

Plate (4-38) Failure mode for (EF1, EF2, EF3, EF4, and EF5)

4.3.2.4 Ductility

Maximum. ductility obtained from the specimen (EF2) was equal to (5.4)

and has the label (EF2). This specimen has the partial strengthening by
2(X-shape) of CFRP at the top and bottom. Remain specimens less than
(5.4)

4.3.2.5 Max. crack width for specimens (EF)

In this research, did not read the value and the width of the crack in the case

of specimens subjected to concentric loading. Where the failure in this
situation more brittle and go to more risk. While in the eccentric case,
measured the width of crack was measured when the test finished. The table

below (4-7) show the results of all cases (EF).
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Table (4-7) results for (EF1, EF2, EF3, EF4, and EF5)

Case | maxoaa(KN) | ML=(P*e) (n.mm) | M=(P*{etd) (n.mm) | StressL=(PIA) (Vpa)| Stress2=(M2*CI1) (M) | Strss(S1452) | crack-wicthmm)
(CECCO%h | 6603 9184050.0 9571821 30 m 00 W

. 69.53 9386550 103425875 31 184 13 0.4mid

i) 689 93015000 11230700 31 200 B0 0.3-mid

iE) 19 11866500, 12383626 39 A B3 0.1-top.side

M 05 12175001 13055530 4 Bl 1 0.05-top

5 08 12798000, 13660680 4 U3 85 0.15-t0p

4.3.3 Specimens strengthening by TRM and under eccentric

loading

eThe case (ET1) have the three hoop of TRM in the top, middle, and bottom

of as the plate (4-39). The load vs. displacement curve in fig (4-30), begins

at (0) and the total displacement equal to the (19.3) mm when the maximum

load is applied. This case failed at (68.5) kN with an increase of about (0.7)

% compared with the reference case (CC-ECC-H).

Load (KN)

) w
[SH =1 =1

., ©
o

\

Load vs Displacement curve

Displacement (mm) —— (ET1)

~

J/

Fig. (4-30) Load-Displacement curve for (ET1)

Plate (4-39) ET1
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e The case (ET2) has the (2X) shape of TRM at the top and bottom of the
column as the plate (4-40). In fig (4-31), when the load increases gradually,
the max load reaches the (70.7) KN with max. displacement equal to the
(9.11) mm. This case has an increased compressive capacity of about (4) %
compared with the reference case (CC-ECC-H).

™~
Load vs Displacement curve

80

70 I NPE N—
o
€ so -
'.‘5' 40
8 30
= 20

10

o

-0.1 1.9 3.9 59 79 99

Displacement {(mm)
(ET2)
J

Fig. (4-31) Load-Displacement curve for (ET2) Plate (4-40) ET?2

e The case (ET3) has the one vertical TRM laminates on the tension side of
the column as the plate (4-41). In the load vs. displacement curve in fig (4-
32), when the loading increases, the max load reach to the (82.64) KN with
max. displacement equal to the (15.6) mm, this case has an increase of about
(21.5) % compared with the reference case (CC-ECC-H).

e ™
Load vs. Displacement curve

w
=}

~ @
c o

Load (KN)
B 1%y [=)]
o [=] (=]

=N w
o o o ©

Displacement (mm)

(ET3)

o J
Fig. (4-32) Load-Displacement curve for (ET3)

Plate (4-41) ET3
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In the case (ET4), this specimen has the one vertical TRM laminate on the
tension side and (2X-shape) of TRM at the top and bottom as the plate (4-
42). The load vs. displacement curve in fig (4-33), when the loading
increases the max load reach to (84.4) KN with max. displacement equal to
the (12.35) mm, this case has an increase of about (24.1) % compared with
the reference case (CC-ECC-H).

-

Load vs Displacement curve
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20
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40
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Displacement (mm)

— (eT4)
J/

Fig. (4-33) Load-Displacement curve for (ET4)

Fig. (4-34) Load-Displacement curve for (ET5)

Plate (4-42) ET4

In the case (ET5), this specimen has the one vertical TRM laminate on the
tension side and (3hoop) of TRM as the plate (4-43). The load vs.
displacement curve in fig (4-34), when the loading increases, the max load
reaches the (86.5) KN with max. displacement equal to the (19.15) mm, this
case has an increase of about (27.2) % compared with the reference case
(CC-ECC-H).

Load Displacemen t curve

Load (KN)

10 12 14
Displacement (mm)

— (eT5)

Plate (4-43) ET5
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The results for specimens with strengthening by TRM are grouped into the
table (4-8)
Table (4-8): results for control specimens and specimens that strengthening

with TRM and loaded eccentrically

(a5t | maloaaKI) straimompresson striension | aval-i, ) -l (m|Ylateral )| aval-cispat yeid (mm) | - cuetty (srengthening ()
(CRCOS 6808 | 0003 A ok b it ! 14 i
M| 683 0001 00043 i 187 A7 4 48 07
m | W 00037 N 511 0er | LA 39 13 )
| 0M 0003 {0l 161 mn | - 43 3 13
| B 0,005 ! 1268 073 | 06 3 1 U
| %3 000059 | 013 1946 1118 15 34 3 iy

the fig. (4-35) and (4-36) illustrate the all load with axial displacement curves

and (load with lateral curve for all cases strengthening by TRM.

Load vs. Displacement curve

Load (KN)

0 5 10 15 20 25
Displacement (mm)

— (ETY) (ET2) (ET3) —— (ET4) —— (ET5) ——CC-ECCH
L v

Fig. (4-35): Loads vs. Displacement curve for (CC-ECC-H, ET1, ET2, ET3, ET4, andET5)
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e ~
Load vs. Lateral curve
100
80
5 60
=
m 40
Q
—]
20
0
0 5 10 15 20 25
Displacement (mm)
—— CC-ECC-H —— (ET1) (ET2) (ET3) ——(ET4) —— (ET5)
\_ Y,

Fig. (4-36): Loads vs. Lateral displacement curve for (CC-ECC-H, ET1, ET2, ET3, ET4, andET5)

4.3.3.2 Stress vs. Strain for concrete in strengthening
specimens (ET1, ET2, ET3, ET4, and ET5)

This specimen used two strain concrete gauges (SGC) located at the middle
height of the concrete column on the tension and the compression side. The
results explain in fig (4-37) and table (4-9). The stress calculated from eq ().
This stress created due to form the bent in the specimen because the

eccentricity (0.9h)
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Table (4-9): Stress and strain obtained from SGC for strengthening by TRM specimens

under eccentric loading

Case Stress (MPa) Strain
(C) 0.0012
ET1 21.9 (T) -0.0043
(C) 0.0037
ET2 21.5 (T) N/A
(C) 0.003
ET3 26.1 (T)-0.02
(C) 0.005
ET4 25.6 (T)-0.02
(C) 0.00059
ET5 217.2 (T) -0.011
( Stress vs.Strain tension | stress vs.Strain compression \

e 105V Str2lN cOMP.(CC-ECC-H)
e Shr58 V3 st [ET1)

stress vs strain comp,(ET2)

Stress (Mpa)

stress vs strain comp., (€T3)
e gh1055 VS Stran comp(ET4)

e 15 V8 str0i cOMD.{ETS)

Strain

Strain

Fig. (4-37) Stress vs. Strain curves for (CC-ECC-h), ET1, ET2, ET3, ET4, and ET5)
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4.3.3.3 Mode of failure for specimens (ET1, ET2, ET3, ET4,
and ETS)

These specimens strengthened by (TRM) laminates subjected to eccentric
loading have the behavior and failure mode same as the specimen s in
(CFRP) under the same type of loading. The horizontal crack created in the
tension face is due to the bent in the specimen because of the buckling

outward in main rebar and crushing in the concrete in compression side.

in the case (ET1) as the plate (4-44), concerning the area exposed
to compression stresses, a slight damage of concrete column is noted
(the reason may be due to the use of mortar in TRM) as it works to block
the view, as the plate (4-44-a). As for the part exposed to tensile stresses,
the specimen was affected by these stresses by forming horizontal cracks on
this side, see plate (4-44-b). The crack width is greater than the

same configuration but uses CFRP laminates.
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Plate (4-44-a) Compression side for ET1 Plate (4-44-b) Tension side for ET1

Plate (4-44) Failure mode for ET1

Regarding the specimen (ET2) with the plate (4-45), where no damage was
observed in the concrete for the part subjected to compressive stresses as the

plate (4-45-a).and for the tension face, the cracks generated as the plate (4-45-a).
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Plate (4-45-a) Compression side for ET2 Plate (4-45-b) Tension side for ET2

Plate (4-45)Failure mode for ET2

154



Chapter Four Results and Discussion

The plate (4-46) this specimen (ET3) showed a clear effect of tensile stresses
through the generation of many horizontal cracks along the specimen as the

plate (4-46-a). Likewise, the part exposed to compressive stresses was

clearly concrete damage in the middle area, as the plate(4-46-b).

Plate (4-46-a) Compression side for ET3 Plate (4-46-b) Tension side for ET3

Plate (4-46) Failure mode for ET3
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for the plate (4-47) explain the mode of failure for the case (ET4) which
showed cracks on the part exposed to tensile stresses as the pate (4-47-a).and

with the compression stress a few the lost in concrete as the plate (4-47-b).

Plate (4-47-b) Compression side for ET4 Plate (4-47-a) Tension side for ET4

Plate (4-47) Failure mode for ET4
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For the specimen (ET5) and with the plate (4-48), the cracks are evident in
the upper part of the side exposed to tensile stresses and clearly in part near
the upper third part of the column as the plate (4-48-a). For the compression
face, the specimen showed the concrete failure near the corner as the plate
(4-48-b).

Plate (4-48-a) Compression side for ET5 Plate (4-48-b) Tension side for ET5

Plate (4-48) Failure mode for ET5
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plate (4-49) illustrate all tension cracks for all cases

Plate (4-49) Failure mode for ET

4.3.3.4 Ductility
Max. ductility obtained from the specimen (ET1) is equal to (4.8). This

specimen has the partial strengthening by 3(hoop) of TRM at the top,
middle, and bottom. Remain specimens less than (ET1), and the values were
inserted with table (4-8)

4.3.3.5 Max. crack width for specimens for (ET1, ET2, ET3,

ET4, andET5)

In these cases, the crack width did not have good reading for strengthening

by TRM due to the cementitious materials used as mortar in TRM.

All results for stress in cases are reported in the table (4-10). Moreover, the
crack width mentioned in this table is for the mortar TRM and not for the

concrete of the column.
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Table (4-10) bending moment and stresses for (CC-ECC-H, ET1, ET2, ET3, ET4, andET5)

Case | max.load(KN) |M1=(P*e) (n.mm)| M2=(P*(e+d) (n.mm) | Stress1=(PIA) (Mpa) | Stress2=(M2*C/1) (Mpa) | Stress(S1+52) | crack-width(mm)
(C-ECC-0.9h 68.03 9184050.0 9571821 3 17 2 ik

ET 68.5 9247500.0 10596950 30 188 219 b

En 10.7 95445000 102968869 3l 183 215 28

En3 §2.64 11156400.0 12623260 37 24 26.1 3

ET4 844 11394000.0 12299612 38 219 25,6 1

ET 86.5 11677500.0 13154920 38 34 212 3

4.4 Comparison between specimens with CFRP and TRM

For the specimens under concentric loading the figures below illustrated the
comparison for (stress vs. strain) curve and the (load vs. Displacement)
curve for the two cases CFRP and TRM.

4.4.1 Comparison between specimens with concentric loading

Stress vs. Strain curve

MNoW
"1 -]

[\
=]

Stress (Mpa)
o &

9]

]

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
Strain

stress vs strain (CT1) stress vs strain (CF1)
. S

Fig. (4-38): Stress vs. Strain curve for (CF1 and CT1)
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Fig. (4-39): Stress vs. Strain curve for (CF2 and CT2)
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Fig. (4-40): Stress vs. Strain curve for (CF3 and CT3)
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Fig. (4-41): Stress vs. Strain curve for (CF4 and CT4)

160



Chapter Four Results and Discussion

= 30

S
2 15

Stress vs. Strain curve

0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
Strain

stress vs strain (CTS) stress vs strain (CF5)

Fig. (4-42): Stress vs. Strain curve for (CF5 and CT5)

From the figures with (stress vs. strain) curves above, the strain in specimens
with strengthening by CFRP more than the TRM except for the specimen

(CT3) and also the behavior of slightly elastic stage has the same response

for two models.

' ™
Load vs. Displacement curve
0 1 2 3 4 5 6 7
Displacement (mm)
Load vs deflection (CT1) —(CF1)
. /

Fig. (4-43): Load vs. Axial displacement curve for (CF1 and CT1)
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Load vs. Displacement curve

0 1 2 3 4 5 6 7 8 9 10

Displacement (mm)

(CT2) ——(CF2)
. vy

Fig. (4-44): Load vs. Axial displacement curve for (CF2 and CT2)
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Load vs. Displacement curve
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Fig. (4-45): Load vs. Axial displacement curve for (CF3 and CT3)
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Fig. (4-46): Load vs. Axial displacement curve for (CF4 and CT4)

162



Chapter Four Results and Discussion

é N
Load vs. Displacement curve
0
1 2 3 4 5 [ 7 g
Displacement (mm)
(CTS) (CF5)

. vy

Fig. (4-47): Load vs. Axial displacement curve for (CF5 and CT5)

From the figures above with the (load vs. Axial displacement) curves the

specimens with CFRP has the compressive strength more than the TRM, but

with respect to the displacement the specimens with TRM more than the

CFRP.

4.4.2 Comparison between specimens with eccentric loading

Also for specimens with strengthening by CFRP or TRM under subjected to

the eccentric loading, the comparison between the specimens is as below:

4 N
stress vs strain curve
25
E\ 20 = ’
= 15 - :
S
:\lb
g’j 10
~—
v 5
o}
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012 0.0014 0.0016 0.0018 0.002
Strain
Stress vs strain .(ET1) stress vs strain (EF1)
(. S/

Fig. (4-48): Stress vs. Strain curve for (EF1 and ET1)
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Fig. (4-49): Stress vs. Strain curve for (EF2 and ET2)
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Fig. (4-50): Stress vs. Strain curve for (EF3 and ET3)
g N
stress vs strain curve
E =
-
<
w
wn
&
»
0 0.001 0.002 0.003 0.004 0.005 0.006
Strain
stress vs strain .(ET4) stress vs strain (EF4)
. J/

Fig. (4-51): Stress vs. Strain curve for (EF4 and ET4)
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Fig. (4-52): Stress vs. Strain curve for (EF5 and ET5)

From the figures above with the (Stress vs. Strain) curves the specimens
with CFRP has the stress more than the TRM, but the max. strain obtained
from (ET4) with value (0.005).

Load vs. Displacement curve

0 2 4 6 8 10 12 14 16 18 20
Displacement (mm)

(ET1) ——(EF))
\. J

Fig. (4-53): Load vs. Axial displacement curve for (EF1 and ET1)
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Fig. (4-54): Load vs. Axial displacement curve for (EF2 and ET2)
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Fig. (4-55): Load vs. Axial displacement curve for (EF3 and ET3)
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Fig. (4-56): Load vs. Axial displacement curve for (EF4 and ET4)
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Fig. (4-56. a): Load vs. Axial displacement curve for (EF5 and ET5)

For the (load vs. displacement) curves the two specimens slightly have the
same response for the elastic stage, and related to the axial displacement the
specimens with TRM has the max displacement compared with CFRP,
except the (EF2).

**From these comparisons above the CFRP its come out a good result for
the compressive strength, therefore if the criterion of strengthening
depending on the compressive strength the CFRP its good idea. and with

displacement and strain the TRM had a good result.
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4.5 Specimens with Side Opening

In this research, and also to the addition studying the effect of partial reinforcement

of the hollow concrete column using two materials (CFRP or TRM). Furthermore,

the behavior of the same column is studied with the addition of side openings at the

two ends of the column subjected to concentric or eccentric loading, with two side

holes (square or circular). as in Fig. (4-57) and fig.(4-58).

load cell load cell
E) : T £l - L
. S e
7_:_[_ 4338 7%7P_ side-opening
9200 d E —150—,[, oe@100 | 1 !
1 M {0 —
Al b A = Al A
Vo sec(A-A) .o
P -
| 1" ]side-opening _:!:_;:_
1 1
150
Fig. (4-57) Specimens with Side Opening
load-cell load-cell load-call load-cell
feo ] ) SEEEE ey

A0

Fig. (4-58-a) strengthened specimen with
side opening under eccentric loading

Fig. (4-58-b) strengthened specimen with
side opening under concentric loading

Fig. (4-58) Strengthening for side openings
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Where in this research (8) specimens are examined, these specimens are divided
into two groups. The first one has (4) specimens, and they are considered reference
specimens that contain circular or square holes without external strengthening and
under the influence of concentric or eccentric loading. In contrast, the remaining
columns contain the same side openings and the same effect of loads with addition
of Partial strengthening of the specimens using ( CFRP),and with depended on the
results obtained from the specimens previously examined in this research, which
do not contain side openings. in this case of side openings, the form of
strengthening (CF4) was adopted for specimens with concentric loading, while the
strengthening has the label (EF5) was adopted for specimens under eccentric

loading, as shown in fig (4-58).

4.5.1 Control columns with side openings and under concentric
loading

4.5.1.1 Load vs. Displacement for control column with side

openings and under concentrically loading

According to Fig.(4-59), the load vs. displacement curve for the specimen with
circular side opening (CC-CON-CIR-O) starts from zero and travels upwards
until it reaches a displacement of (8.78) mm. where the max. load reach to
the(555) kN. with decreased about (-9) % comparing with the control specimens
without side open (CC-CON-H) (610) kN. and for specimen has the square side
opening(CC-CON-Squ-0) the displacement reach to the (4.36) mm with the max.
load capacity reach to the (430)kN as the fig. (4-60), with decreased about the
(-29.5)% compare with the (CC-CO-H).
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Fig. (4-59) Load-Displacement curve for (CC-CON-Cir-O)
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Fig. (4-60) Load-Displacement curve for (CC-CON-Squ-O)

4.5.1.2 Stress vs. Strain curves for control specimens with side
openings and under concentric loading

In this specimens fixed only one strain gauge (SGC) near the top opening side for
the circular side opening as the plate (4-50). the stress reach to the (24.6) MPa, and
the strain obtained from the (SGC1) equal to the (0.0017) as the fig. (4-61). and for
the square side opening fixed three (SGC) as the plate (4-51),the strain obtained
from these three strain gauge equal to the (SGC1=0.00132,SGC2=0.0008,and
SGC3=0.00088) and the stress reach to the (19.11)MPa, as the fig. (4-42)
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plate. (4-51) Locations of SGC for (CC-CON-Squ-O) plate. (4-50) Locations of SGC for (CC-CON-Cir-O)
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Fig. (4-61) Stress-strain curve (CC-CON-Cir-O)
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Fig. (4-62-a) Stress-strain curve obtained from SGC1) Fig. (4-62-b) Stress-strain curve obtained from (SGC2)
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Fig. (4-62-c) Stress-strain curve obtained from (SGC3)

Fig. (4-62) Stress-strain curve for (CC-CON-Squ-0)

4.5.1.3 Mode of Failure for control specimens with side openings
and under concentric load

For the specimen has the circular side opening the mode of failure as the plate (4-
52) this failure occurred by generating plastic hinge near the circular opening at the
bottom end as the plate (4-52-a) and (4-52-b). Where the main rebar buckled due
to increase the concentric loading and then the concrete cover spalling out. And for

the specimen with square opening, the plastic hinge creation near the side opening

at the top end, as the plate (4-53)
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plate. (4-52-a) plastic hinge near the circular open  plate. (4-52-b) buckling in main rebar for (CC-CON-Cir-O)

plate. (4-52) Failure mode for (CC-CON-Cir-O)
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plate. (4-53) Failure mode for (CC-CON-Squ-O)

4.5.1.4 Ductility for control specimens with side openings and under
concentric load

The circular side opening increase the ductility with value about (1.5) and the
specimen with square side opening has the ductility equal to the (1.3), and the

ductility for the specimen without side opening has the value about (1.1).
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4.5.2 Specimens with side openings that strengthening by CFRP and
under concentric loading

These specimens have the side openings (square or circular) subjected to the
concentric loading. The strengthening for this specimens same the case (CF4) with
the labels (CF-Cir-O) and (CF-Squ-O) for circular and square side openings
respectively, as the plate (4-54)

Plate (4-54) Specimens (CF-Cir-O), (CF-Squ-O)
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4.5.2.1 Load vs. Displacement for specimens (CFE-Cir-O),and (CEF-Squ-O)

In figures (4-63) and (4-64) illustrate the load vs. displacement curves for the specimens
(CF-Cir-0O),and (CF-Squ-O) respectively , when the load starting applied the curve
begin from (0) and increases in slope until it reaches a total displacement. the
specimen has the label(CF-Cir-O) this specimen failed at the compression load equal
to (660) kN with the displacement equal to (7.86) mm. At the failure point this
specimen has increased about the (18.9) % comparing with the control (CC-CON-Cir-
O). And for the specimen (CF-Squ-O) ,the max load capacity equal to the (560.3) kN
with additional in capacity reached to the (30.3) %compared with the (CC-CON-
SQU-0). The max. displacement has the value equal to the (6.06) mm.
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Fig. (4-63) Load-Displacement curve (CF-Cir-O)
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Fig. (4-64) Load-Displacement curve (CF-Squ-O)
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4.5.2.2 Stress vs. Strain curves for specimens(CF-Cir-O),and (CF-Squ-O)

For the specimen (CF-Cir-O) two strain gauge (SGC)are fixed,the first near the
circular opening at the top (SGC1) and another one at the middle height of column
(SGC3) as the plate (4-55). the stress reach to the (29.33) MPa, and the strain
obtained from (SGC1) equal to (0.00168) and for (SGC3) the strain reach to the
(0.0018). and for the (CF-Squ-0) fixed three (SGC) as the plate (4-56). The strain
obtained from these three strain gauge equal to the (SGC1=0.00326,
SGC2=0.00164, and SGC3=0.002) and the stress reach to the (25.1) MPa. the

figures (4-65) for circular side openings and (4-66) for the square side openings

below show the stress strain curves for this specimens .

plate. (4-55) Locations of SGC for (CF-Cir-O) plate. (4-56) Locations of SGC for (CF-Squ-O)
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Fig. (4-65-a) Stress-strain curve (SGC3) Fig. (4-65-b) Stress-strain curve (SGC1)
Fig. (4-65) Stress-strain curve (CF-Cir-O)
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Fig. (4-66-a) Stress-strain curve (SGC1)

Fig. (4-66-b) Stress-strain curve (SGC2)
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Fig. (4-66-c) Stress-strain curve (SGC3)

Fig. (4-66) Stress-strain curve (CF-Squ-O)
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From the figures above the strain in concrete and comparing the reading between
specimens in control and the strengthening columns, the strain increased in the

specimen (CF-Squ-0), but in the (CF-Cir-O) the increase had more marginal.

4.5.2.3 Mode of Failure for specimens (CF-Cir-O),and (CEF-Squ-0O)

The two specimens (CF-Cir-O) and (CF-Squ-O) failed due to generating the plastic
hinge near the side opening at top end of column. as the plate (4-57). Where the
main rebar buckled due to increase the concentric loading and then the concrete
cover spalling out. The configuration of the CFRP has the increase in load capacity
for the column under concentric loading but also the concrete affected more than

comparing with the control specimens.

plate. (4-57) Failure mode for (CF-Cir-O) and (CF-Squ-O)

179



Chapter Four Results and Discussion

4.5.2.4 Ductility for the specimens(CFE-Cir-O).and (CEF-Squ-O)

Depending on the (stress- strain) curve to compute the ductility [1], for these
specimens (CF-Cir-O) and (CF-Squ-O). The circular side opening increase the
ductility with value about (2.1) and the specimen with square side opening has the
ductility equal to the (1.64), and the ductility for the control specimens without
strengthening equal to the (1.5) and (1.3) for the circular and the square side

openings, respectively.

4.5.3 Control columns with side openings and under eccentric loading

The specimens under eccentric loading with the circular and square side openings at
the ends of the column, with the labels (CC-ECC-Cir-O) and (CC-ECC-Squ-0),
respectively.as the plate (4-58)and (4-59)

plate. (4-58) (CC-ECC-Squ-O) plate. (4-59) (CC-ECC-Cir-O)
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4.5.3.1 Load vs. Displacement curves for control speicmens with
side openings and under eccentric loading

For the specimen with circular side opening (CC-ECC-Cir-O) and under
eccentric loading the max. load capacity reached to the value (65.8) kN
with the displacement equal to the (11.4) mm as the fig.(4-67) , and for the
specimen has the square side opening (CC-ECC-Squ-O) the load equal to the
(64.8)kN with the axail displacement equal to the (12.84)mm as the fig.(4-48).
And also the reducing in compressive load comparing with specimen under
eccentric loading and without side opening (CC-ECC-0.9H) (68.03) kN very
little. But the vertical displacement it has doubled, where the displacement equal
to the (5.59) mm for the (CC-ECC-0.9H).
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Fig. (4-67) Load —Axail displacement curve for (CC-ECC-Cir-O)
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Fig. (4-68) Load —Axail displacement curve for (CC-ECC-Squ-O)

4.5.3.2 Stress vs. Strain curves for control specimens speicmens

with side openings and under eccentric loading

To evaluate the strain in concrete for the specimen (CC-ECC-Cir-O), used the

concrete strain gauge (SGC) in the different positions on the tension and

compression sides as the (SGC1) in the compression face, and (SGC2) in the
tension face, the strain equal to the (0.00138) from the (SGC1) and (-0.02) for the

(SGC2) as the fig.(4-69).
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Fig. (4-69) Stress-Strain curve for (CC-ECC-Cir-0)
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Also for the specimen (CC-ECC-Squ-0) , six strain gauge divided to two groups
three on the tension face (SGC1,2,and 3) and remain part on the compression face
(SGC4,5,6) located at the top and middle and bottomof column for both groups.

The figures (4-70) below explain these stress-strain curve obtained from the SGC.
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Fig. (4-70-a) Stress-Strain curve for (SGC1 and SGC4)
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Fig. (4-70-b) Stress-Strain curve for (SGC2 and SGC5)

Fig. (4-70) Stress-Strain curve for (CC-ECC-Squ-O) (continue)
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Fig. (4-70-c) Stress-Strain curve for (SGC3 and SGC6)

Fig. (4-70) Stress-Strain curve for (CC-ECC-Squ-O) (continued)

The reading of the strain concrete in tension face equal to the (SGC1=-0.003,SGC2=-

0.0067) and for the SGC3 did not have reading .and for the compression face the
(SGC4=0.005,SGC5=0.0015,and SGC6=0.0028) .

4.5.3.3 Mode of Failure for control speicmens with side openings and

under eccentric loading

In the case (CC-ECC-Cir-O) when the eccentric load applied the horizontal crack

will have developed at the circular side open at the top where the cracks start from the

inner face of the circular hole also more cracks will generate with increase loading as

the plate (4-60).and for the compression face the area of concrete damage will have

developed at the top near the circular open as the plate (4-61).And for the specimen

(CC-ECC-Squ-0) the failure also generate at the top side opening and the crack

initiated from the corner of square open as the plates (4-62),(4-63) for tension and

compression face respectively .
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plate. (4-62) Tension Face of (CC-ECC-Squ-O) plate. (4-60) Tension Face of(CC-ECC-Cir-O)

plate. (4-63) Compression Face(CC-ECC-Squ-0) plate. (4-61) Compression Face(CC-ECC-Cir-0)
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The concrete damage in compression zone will have changed from the middle in
the control specimens without side opening (CC-ECC-H) to the top at the side
opening in the two cases (CC-ECC-Cir-O) and (CC-ECC-Squ-0).

4.5.3.4 Ductility for the specimens with side openings and under
eccentric loading

By using the load vs displacement curve calculate the ductility for the two cases is
calculated. The specimen with circular opening has the ductility equal to the (2.3)
while the specimen with the square side opening has the ductility reach to the (2.5),

these two specimens have the ductility more than the control specimens (1.4).

4.5.4 Specimens with side openings that strengthend by CFRP and
under eccentric loading

This specimens have the side openings (square or circular) and subjected to the
eccentric loading. According to the results of specimens without opening and carry
the eccentric loading, this specimen with label (EF5) has a good performance
comparing with the control specimen. The labels (EF-Cir-O),and (EF-Squ-O) for

circular and square side opening respectively, as the plate (4-64).
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plate. (4-64) Strenfthening specimens with labels (EF-Cir-O) and (EF-Squ-O)

45.4.1 L oad vs. Displacement curve for specimens with side openings
that strengthend by CFRP and under eccentric loading

For the specimen with circular side opening (EF-Cir-O) and under eccentric loading,
the max. load capacity reached to the value (80.1) kN with the axail displacement
equal to the (10.84) mm as in fig (4-71). and for the specimen has the square
side openings (EF-Squ-O), the load equal to the (75.38) kN with the vertical
displacement equal to the (12) mm as in fig.(4-72). the increased in load capacity
obtained from the case (EF-Cir-O) equal to the (21.73) % comparing with (CC-
ECC-Cir-O) ,and the increases equal to the (16.32)% in specimen (EF-Squ-O)
with respect to (CC-ECC-Squ-0).
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Fig. (4-71) Load Displacement curve (EF-Cir-O)
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Fig. (4-72) Load Displacement curve (EF-Squ-O)

4.5.4.2 Stress vs. Strain curves for specimens with side openings

that strengthend by CFRP and under eccentric loading

In the specimen (EF-Cir-O) , three concrete strain gauge two on the compression
side and one on the tension side at middle height of column as in plate (4-65). The
reading obtained from (SGC1=0.0085) near the circular opening at the top and the
(SGC3=0.002). and the strain in concrete in tension face obtained from (SGC2=-
0.0036). and for the specimen (EF-Squ-0), three strain gauge on the compression face
and one on the tension face as the plate (4-66). the reading of the compression face
equal to the (SGC2=0.003), (SGC3=0.0046),and (SGC4=0.0018), and for the tension
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face equal to the (SGC1=-0.005). The max strain in concrete on compression face
gained from the (EF-Cir-O) with the (SGC1=0.0085). the figures (4-73) below

explain the curves for stress —strain curves for this two specimens.

plate. (4-65) Locations of SGC for (EF-Cir-O)

plate. (4-66) Locations of SGC for (EF-Squ-O)

e Y N
Tension strain-SGC2 Compression strain
30 30
25 25
E 20 20
2
) 15 15
o
5 10 10
w
5
— 0 O
0004 00035 0003 -00025 0002 -00015 -0.001 -0.0005 0 0 0001 0002 0003 0004 0005 0006 0007 0008 0.009
. Strain
Strain ——SGC3 ——SGC1
. \. y,

Fig. (4-73-a) Stress-Strain curve for (EF-Cir-O)

Fig. (4-73) Stress-Strain curve for (EF-Squ-0) and (EF-Cir-O) (continue)
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Stress (Mpa)

-0.005

Tension strain-SGC1 Compression strain

0 0 0.001 0.002 0.003 0.004 0.005
-0.004 -0.003 -0.002 -0.001 0
Strain

Strain —5GC2 SGC4 ——SGC3
I\ J

Fig. (4-73-b) Stress-Strain curve for(EF-Squ-0O)

Fig. (4-73) Stress-Strain curve for (EF-Squ-0) and (EF-Cir-O) (continued)

4.5.4.3 Mode of Failure for specimens with side openings that strengthend
by CFRP and under eccentric loading

In the case (EF-Cir-O) and (EF-Squ-O) The CFRP confining in two models delayed
the longitudinal main rebar buckling at the top and disallowed external concrete
cover spall out as the control specimens (CC-ECC-CIR-0) and (CC-ECC-SQU-
0), when the eccentric load applied the horizontal crack will have developed at the
circular side open at the top where the cracks start from the inner face of the circular
hole and square hole also more cracks will generating with increase loading. But
the CFRP blocking vision of this cracks on the tension face for two cases, as the
plate (4-67-a) and (4-67-b).and for the two cases, the compression side did not
exhibit the damage in concrete. or the crushing in concrete very slightly comparing

with control specimens.as the plates (4-68-a)(4-68-b).
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plate. (4-67-a) Tension Face of (EF-Cir-O) plate. (4-67-b) Compression Face of(EF-Cir-O)

plate. (4-67) Failure mode for (EF-Cir-O)
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plate. (4-68-a) Tension Face of (EF-Squ-O) plate. (4-67-b) Compression Face of (EF-Squ-O)

plate. (4-68) Failure mode for (EF-Squ-O)
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Plate. (4-69) Cracks in at top end for (EF-Cir-O) and (EF-Squ-O)
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From the plate (4-69) showed the cracks inside the hole for the tension face.

4.5.4.4 Ductility for the specimens (EF-Cir-O) and (EF-Squ-0)

By using the load vs displacement curve to compute the ductility for the two cases.
The cases (EF-Cir-O) and (EF-Squ-0) have the ductility equal to the (2.2) and (2.5)
respectively, the ductility in two specimens did not show more value with the

control specimens.

4.5.4.5 Crack width for_specimens (EF-Cir-O) and (EF-Squ-O)

Table (4-11) illustrated the cracks width and load capacity for intervals time during
the test for the cases (CC-ECC-Cir-O) and (CC-ECC-Squ-0) with two locations
near the side open at top and the middle height of column. Also the max crack
width equal to the (4) mm and (3) mm for specimens (CC-ECC-Squ-0) and (CC-
ECC-Cir-O) as the plates (4-70), where the reading of this cracks takes after

complete the test.

Table. (4-11) max. width of tip crack in (CC-ECC-Cir-O) and (CC-ECC-Squ-0)

specimens Loading (kN) | Cracks width (mm) Location
15 0.05
CC-ECC-Cir-O 35 0.16 Close to the
50 3 open at top
15 0.03
CC-ECC-Squ-O 45 0.2 Close to the
60 4 open at top
_ 20 0.07
CC-ECC-Cir-O 35 0.1 At the middle
50 0.15
20 0.05
CC-ECC-Squ-O 45 0.2 At the middle
60 0.25
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plate. (4-70-a) max.of tip crack in (CC-ECC-Cir-0) plate. (4-70-b) max.of tip crack in (CC-ECC-Squ-O)

plate. (4-70)max.of tip crack in (CC-ECC-Squ-O) and (CC-ECC-Cir-0)

And for the specimens strengthening by CFRP (EF-Cir-O) and (EF-Squ-O), The
first crack did not appear in the case (EF-Cir-O) as the control specimen, while the
initiated cracks begin from the inner surface of circular opening with load reach
to (20) kN .and the final crack at max load measured after complete the test (3)

mm.

(EF-Squ-0) the first crack starting from the load (15) kN in the inner wall of the
side open as the control specimen. The final crack equal to the (4) mm.
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2.2.5 Comparison between strengthened specimens with side opens

For the specimens under concentric loading the figures below illustrated the
comparison for (stress vs. strain) curve and the (load vs. Displacement) curve for
the two cases CFRP and TRM.

e N
Stress vs. Strain curve (SGC2-Squ-0) and (SGC1-Cir-0)
35
30
E 25
2 20
» 15
[
s 10
)]
5
0
0 0.0005 0.001 0.0015 0.002 0.0025
Strain
—SG(C1 ——SGC2
. J
Fig. (4-74) Stress-Strain curve for (CF-Squ-0) and (CF-Cir-O)
s ~
Load vs. Displacement curve
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CF-Cir-O —CF-5qu-0
. J

Fig. (4-75) Load-Displacement curve for (CF-Squ-0) and (CF-Cir-O)
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Fig. (4-76) Stress-Strain curve for (EF-Squ-O) and (EF-Cir-O)

Load vs. Displacement curve
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Fig. (4-77) Load-Displacement curve for (EF-Squ-O) and (EF-Cir-O)

197



Chapter Four Results and Discussion

*From these comparsons above , and for the specimens subjected to concentric
loading, the load capacicity for (CF-Cir-O) more than the (CF-Squ-0),also the
behaviore of curves obtained from (SGC) near the top opening for the circular and
square open showed the same respons for elastic stage and then increase in stresses

when the plastic stage begined as in figures. (4-74)and (4-75).

*And with respect to the eccentric loading ,the load capacity didn’t showed the
more diffrences between the speicemens (EF-Cir-O) and (EF-Squ-O),and for the
readings obtained from the (SGC) on the compression face and also near the side
open at the top edge (EF-Cir-O) gaveed the strain about twicing the ((EF-Squ-
0),as the figures (4-76)and (4-77).
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CHAPTER 5: FINITE ELEMENT ANALYSIS

5.1 Introduction

By using F.E computer program with commercial ABAQUS/Standard 2019 that is an
advanced three dimensional finite element computer program, is adopted to perform a
nonlinear finite element analysis to analyze the behavior of hollow concrete columns
strengthening by carbon fiber and textile mortar (CFRP-TRM) that were conducted
experimentally in the current study. In this section, the experimental laboratory works a
study is presented among the differences between the outcomes of the three dimensional
nonlinear finite element (FE) study and the outcomes of the laboratory work to confirm
the appropriateness of elements types, material properties, the convergence study, and the
real constants of the representing hollow concrete models, with the different
configurations of external strengthening by using the two materials (CFRP-TRM),
loading conditions including the boundary conditions (pin-pin) at the top and bottom of

the column, and the static of (concentric and eccentric) line load.

5.2 Modeling of hollow concrete column

This section presents detailed date regarding the simulation of the geometry along with
the boundary of the supporting and loading conditions of the tested column models. also
the simulation for (CFRP or TRM).
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5.2.1 Parts and Assembly

Generally, five parts were involved in the modeling the column models. Those parts were

concrete column, main reinforcement of the rebar, transvers of reinforcement for stirrups
rebar, carbon fiber reinforced polymer (CFRP), textile reinforced mortar (TRM), two
boxes from steel plate for the supporting conditions and steel rode for the line load in
the two load cases (CON and ECC). Each one of those parts was firstly drawn, and
then different parts were assembled and merged to produce the modelling column
specimens. Figures (5-1-a) and (5-1-c) exhibit prototype models that tested under
the effects of concentric (CON.), and eccentric (ECC.) loading, respectively. In
additionally, modeling the (CFRP and TRM) as the figures (5-1-d), (5-1-e),
respectively and the fig(5-1-b) explain the hollow part inside the column. the

features of the rebars modelling are illustrated in fig. (5-2)

In meshing the hollow concrete columns, solid brick components were employed.
to achieve a sufficient 3D final element evaluation stress distribution. ABAQUS
provides a variety of solid brick elements for meshing purposes. Linear Hexahedral
elements with reduced integration (C3D8R) that is an 8-node linear brick with reduced
integration and hourglass control. Also, a 2-node linear 3-D truss (T3D2) was
adopted for meshing steel rebar for main and stirrups of reinforcement. To model
CFRP and TRM material use shell element type (S4R),and elastic data with laminate
type and Hashing’s damage criterion is selected. The failure can be obtained
through the force-displacement diagram.
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(5-1-a) model for concentric (5-1-b) Hollow part (5-1-c) model for eccentric

(5-1-d) CFRP-Laminate for case (CFlor EF1) (5-1-e) TRM-Laminate for case (CT1 or ET1)

(5-1) Modeling of Parts by ABAQUS

I
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Figures (5-2) rebar configuration in ABAQUS
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5.2.2 Interaction

After the assembly operation completed, then the interactions between these components
will create as: hollow concrete columns and steel rebar, the top and bottom concrete
column and the bearing load plates, also between the external surface of the concrete side
and the internal surface of the (CFRP.TRM). The type of interaction between the concrete
and steel rebar its (embedded region).and the connections between the two ends and
supports its (surface to surface contact). The final interaction between the (CFRP, TRM)
and the external surface of concrete will come out by the (tie), these interactions between
the materials have the were linked with different forms of constraint based on
experimental results for the production of a progressive composites system., as shown in
Figure (5-3). In this study, a tie constraint was chosen to connect the bearing steel plate
(loading plates) and the concrete at the top and bottom head of column. Another tie
constraint was used as a constrain between the concrete column and the steel rode

(supports).

(5-3-a) for concentric (5-3-b) for eccentric (5-3-c) for (CFRP or TRM) (5-3-d) for Load plate

Figures (5-3) Interactions

-
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5.2.3 Boundary Conditions and loading

To emulate the setting of the experimental program, boundary conditions were carefully
determined. At the top and bottom of the column, simply supported (pin-pin) criteria were
given. The two references points created to simulated the boundary conditions at top and
the bottom. After creation the references points then simulate the boundary conditions for
the two type of loading in concentric or eccentric loading as fig (5-4). Displacements
were constrained in supports for both the x- and z-axes at top and bottom ends, while
permitted in the y-axis at the top. In this experimental work the static load come out as
the line loading. In which the line load represented the concentric and eccentric loading.
It took 20mm away from the center of each concentric column, and this displacement was
applied to the top of each column at 135mm (0.9h) intervals along its axis, depending on

how much eccentricity was desired.

Boundary condition at top
UX=UzZ=0
Uy #0

Boundary condition at bottom
UX=UY=UZ=0

Figures (5-4-a) boundary Conditions for ECC. models Figures (5-4-b) boundary Conditions for CON. models

Figures (5-4) boundary Conditions

-
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5.3 Convergence Study

Mesh size selection is a crucial stage in finite element modeling. Before beginning the
study, an appropriate pre-analysis of several mesh sizes was done to establish the optimal
size that provides the requisite accuracy based on the level of analysis complexities. A
convergence analysis was conducted on hollow concrete column models. A good
convergence of findings is attained when the column is partition into a sufficient number
of components. This is essentially accomplished when the mesh is reduced the size of the
object has a minor impact on the outcome. The convergence research for hollow column
models was assessed as a result of the influence of changing the element size from (50
mm to 10 mm) on the final loading capacity. As illustrated in Figure. (5-5). In compared
to the experimental results, using a mesh size of (10 mm) as the fig(5-5-f) resulted in

more precise displacement.

(5-5-a) Mesh -50 (5-5-b) Mesh -40 (5-5-c) Mesh -30 (5-5-d) Mesh -20 (5-5-e) Mesh -10

10 20 30 40 50
Element Side (mm)

Figures (5-5-f) The convergence study
Figures (5-5) Mesh Size
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5.4 Comparison Study between the Results of the Experimental

Program and FEM Analysis

This section provides a comparison of the findings of the experimental study with
the data of the nonlinear Finite element analysis. The nonlinear FE analysis was
conducted for all hollow concrete column models divided to concentric and eccentric
loading by considering the types of concrete (NSC), steel rebar with two dimeters (8 and
6), with use two types for external strengthening (CFRP and TRM) with five
configuration of strengthening for each part as figures (5-6-1) for concentric
loading and (5-6-2) for models with eccentric loading. Same models with
strengthening by (TRM) under concentric and eccentric loading as the figures (5-7-1)
and(5-7-2).

The structural behavior of hollow concrete column models developed using nonlinear
FE analysis coincided well with the structural performance gained through the
experimental investigation. The compared study covered the load to the displacement

curve, mode of failure, and plastic strain.

S

(5-6-1-a) =(CF1)  (5-6-1-b) —(CF2) (5-6-1-c) =(CF3) (5-6-1-d) —(CF4) (5-6-1-e) —(CF5)

Figures (5-6-1) Strengthening Specimens by CFRP under Concentric

_
207



Chapter Five Finite Element Analysis

=P

(5-6-2-a) —(EF1) (5-6-2-b) —(EF2) (5-6-2-c) —(EF3) (5-6-2-d) —(EF4) (5-6-2-e) —(EF5)

Figures (5-6-2) Strengthening Specimens by CFRP under Eccentric

(5-7-1-a) =(CT1) (5-7-1-b) —(CT2) (5-7-1-c) -(CT3) (5-7-1-d) —(CT4) (5-7-1-e) =(CT5)

Figures (5-7-1) Strengthening Specimens by TRM under Concentric Loading

4|

(5-7-2-a) —(ET1) (5-7-2-b) —(ET2) (5-7-2-c) ~(ET3) (5-7-2-d) —(ET4) (5-7-2-e) —(ET5)

Figures (5-7-2) Strengthening Specimens by TRM under Eccentric Loading
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5.4.1 Comparison between the results of the experimental program and

FEM Analysis for specimens with concentric load

Table (5-1) illustrates the comparison of the ultimate loads and displacement from

computed finite element models and experimental testing. The FEA and experimental

findings were performed to validate association.

Table (5-1) Ultimate load comparison between the Experimental and the FE for

Concrete columns under concentric lodging

Pult lab Pult FE PultpE—Pult_lab
Model ID (kN) (kN) ( Pt 1 ) * 100
CC-CO-H 610 648.2 6.2
C.F1 625 676.2 8.2
C.F2 640.8 673.1 5
C.F3 659.64 721 9.35
C.F4 749.2 779.4 4
C.F5 689.5 749.7 8.7
C.T1 620 674.2 8.7
C.T2 635 639.3 0.67
C.T3 627 648.2 3.4
C.T4 654 686.1 4.9
C.TS5 662 671.6 1.45
Average 5.5

Table (5-1) above clearly indicates that all of the numerical values of axial

compressive load of the tested specimens were more than the experimental values.

5.4.1.1 Load-displacement curves for specimens strengthened by

CERP and loaded concentrically

Figures from (5-8) to (5-12), compare test and numerical findings in terms of load-

displacement curves for specimens with concentrically condition. In terms of ultimate

load capacity and displacement, the analytical results for the investigated specimens

correspond well with the experimental results. The FEA findings additionally show a

failure point, but the experimental load-displacement curves didn’t contain this point,
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although with a smaller difference. Several factors are indicated in finite element
analysis as the hypotheses for the increased stiffness in elastic stage. Some of these
concepts have been observed:

1. The FEA hypothesized that the concrete was a homogeneous material, but the
actuality that it was heterogeneous.

2. In the FEA, a perfect connection was assumed between the steel rebar and the
concrete, as well as between the TRM textile and the mortar and the concrete surface.
The assumption, however, would not remain true in the physical specimen.

3. The boundary conditions and supports in FEM was simulated as the perfect situation
(pin-pin) at two ends, but in the laboratory these simulations did not accurate have
the hundred percent.

- ~
Load vs. Displacement curve
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Fig. (5-8) Experimental and Numerical Load vs. Displacement curve for (CC-CO-H).
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Fig. (5-9) Experimental and Numerical Load vs. Displacement curve for (CF1).
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Load vs. Displacement curve
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Fig. (5-10) Experimental and Numerical Load vs. Displacement curve for (CF3).
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Fig. (5-11) Experimental and Numerical Load vs. Displacement curve for (CF4).

' Y
Load vs. Displacement curve
800
700
= 600
& 500
= 400
Z 300
—
200
100
o
o 1 2 3 4 5 6 7 8 =l
Displacement (Inm)
(CF5) Aba-{CF5)
" _/

Fig. (5-12) Experimental and Numerical Load vs. Displacement curve for (CF5).
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5.4.1.2 Failure mode and von-misses stresses for concentric specimens

Figures (5-13) to (5-16) to demonstrate how much the loaded specimens have warped
after failing in both tests and numerical simulations. According to the position and angle
of their failure surfaces, the two forms are very similar. The comparison between the
outcomes is given a true satisfaction. von-mises stress, from the ABAQUS program
funded the stress at the max elastic stage and the stress when the curve started dropped.
This information will be important for calculating the column's plastic
dissipation energy while formulating analytic solutions to the problem. obtained this
parameter from the plastic strain (PE) [1],in ABAQUS, where these plastic strain
depended on the damage occurred in the concrete. For the specimens with strengthen by

CFRP. The max. plastic strain obtained from the cases reported in the table (5-2) below

Table (5-2) models with plastic strain

Model Plastic strain

CC-CO-H 1.386*10

CF1 1.487*10%
CF4 3.486%10%
CF5 1.124*10°
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(5-13- a) failure mode of column (CC-CO-H) in

laboratory

PE, Max. Principal

{Avg: 75%)
+1,3862-02
+1.271e-02
+1.155-02
+1.040e-02
+9.243e-03
+8.0872-03
+6.9322-03
+5.777e-03
+4.6212-03
+3.4662-03
42.311e-03
+1.155-03
+0.000e+00

Max: +1.386e-02
Elem: COL ROUNDER HOLLOW-1,5168
Node: 5875

(5-13-b) failure mode of column (CF1) in ABAQUS

S, Mises

(Avg: 75%)
+2.601e+02
+2.3852+02
+2.1682+02
+1.951e402
+1.7342402
+1.517e402
+1.301e402
+1.0842402
+8.671e4+01
+6.50324+01
+4.3362+01
+2.16824+01
+0.000e400

Max: +2.601e402

Elem: $8-1.34
Node: 35

(5-13-c) von-misses stress at max. elastic

S, Mises

{Avg: 75%)
+4.604e+02
+4.220e402
+3.837e+02
+3.453e4-02
+3.069e+02
+2.686e+02
+2.302e402
+1.918e+02
+1.535e+02
+1.151e402
+7.673e+01
+3.837e401
+0.000e+00

Max: +4.6042402
Elem: 58-1.34
Node: 35

(5-13 d) von-misses stress at failure

Fig. (5-13) Comparison between the experimental and FE for (CC-ECC-H).
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(5-14 a) failure mode of column (CF1) in laboratory

PE, Max. Principal

(Avg: 75%)
+1,487e-02
+1.363e-02
+1.23%-02
+1.115-02
49,912a-03
48.6732-03
+7.434e-03
+6.195¢-03
+4,9562-03
+3.717a-03
+2.4782-03
+1.23%-03
+0.000e+00

Max: +1.487e-02

Node: 8482

Elem: COL ROUNDER HOLLOW-1,5396

(5-14-b) failure mode of column (CF1) in ABAQUS

(5-14-c) von-misses stress at max. elastic

S, Mises

SNEG, (fraction = -1,0)

(Avg: 75%)
+2,648e+02
+2.427e402

- +2.206e+02

+1,986@+02
+4+1.765e402
+1.544e+02
+1,324e+02
+1,103e+402
+8.826e+01
+6.619e+01
+4,413e+01
+2.206e+401
+2.678e-07

Max: +2.648e+402
Elem: 58-1.35
Node: 36

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+5.576e+02
+5.111e+02
+4.647e+02
+4.182e+02
+3.717e+02
+3.253e+02
+2.788e+02
+2.323e+02
+1.85%+02
+1.394e+02
+9.293e+01
+4.647e+01
+6.143e-06

Max: +5.576e+02
Elem: CFRP1-1-LIN-3-1.332
Node: 142

Max:

( 5-14- d) von-misses stress at failure

Fig. (5-14) Comparison between the experimental and FE for (CF1).
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PE, Max, Principal

(Avg: 75%)
+3.486e-02
+3.19%-02
+2.90%-02
+2.6142-0
+2.324e-02
+2.033-02
+1.743-02
+1.452e-02
+1.162e-02
+8.714e-03
+35.810e-03
+2.905-03
+0.000e+00

Max: +3.486e-02

Elem: COL ROUNDER HOLLOW-1.1358

Node: 437

(5-15-b) failure mode of column (CF4) in ABAQUS

S, Mises

SNEG, (fraction = -1.0) S, Mises

(Avg: 75%) SNEG, (fraction = -1.0)
+2.888e+02 (Avg: 75%)
+2.647e+02 +1.094e+03
+2.406e+02 +1.002e+03
+2.166e+02 +9.1132+02
+1.925e+02 +8.202e+02
+1.684e+02 +7.291e+02
+1.444e+02 +6.379%e+02
+1.203e+02 +5.468e+02
+9.625e+01 +4.557e+02
+7.219%+01 +3.6452+02
+4.813e+01 +2.734e+02
+2.406e+01 +1.823e402
+1.506e-06 +9.113e+01

Max: +2.888e+02 +2.39%e-04

Elem: $8-1.35 Max: +1.094e+03
Node: 36 Elem: CF4-1-1.6
Node: 7

(5-15-c) von-misses stress at max. elastic (5-15-d) von-misses stress at failure

Fig. (5-15) Comparison between the experimental and FE for (CF4).
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PE, Max, Principal

(Avg: 75%)
+1.124e-02
+1.030e-02
+9.36%-03
48.428e-03
+1.492e-03
+6.55%-03
+5.61%-03
+4.682¢-03
+3.746e-03
+2.80%-03
+1873-03
+9.363-04
40.000e+00

Max: +1.124e-02
Elem: COL ROUNDER HOLLOW-1,5104
Node: 57%

(5-16-b) failure mode of column (CF5) in ABAQUS

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.534e402
+2.323e+02
+2.112e+02
+1.901e+02
+1.689%+02
+1.478e+02
+1.267e+02
+1.056e+02
+8.447e401
+6.335e+01
+4.224e+01
+2.112e+01
+0.000e+00

Max: 42.534e+02
Elem: $8-1-LIN-2-1-LIN-2-1.35
Node: 36

(5-16-c) von-misses stress at max. elastic

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.241e+03
+1.137e+03
+1.034e+03
+9.305e+02
+8.271e+02
+7.237e+02
+6.204e+402
+5.170e+02
+4.136e+02
+3.102e+02
+2.068e+02
+1.034e+02
+0.000e+00

Max: +1.241e403
Elem: CFINEW-1.300
Node: 8

(5-16- d) von-misses stress at failure

Fig. (5-16) Comparison between the experimental and FE for (CF5).
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Chapter Five Finite Element Analysis

From the figures above and with respect to the von-misses stresses, the contributions of
the CFRP started when the elastic stage finished. And the max. von-misses stresses
obtained from the case (CF5) with value reached to the (1.24*10% MPa, With percentage
of the contributions near to the (31.79) % from the strength of the CFRP laminate.

5.4.2 Comparison between the results of the experimental program and

FEM Analysis for specimens with eccentric load

Table (5-3) illustrates the comparison of the ultimate loads and displacement from
computed finite element models and experimental testing. The eccentricity fixed with

distance equal to the (0.9h) for all models as the experimental cases.

Table (5-3) ultimate load comparison between the experimental and the FE for

concrete columns under eccentric lodging

Puit tab | Puie rE PultpE—Pult_lab
Model ID (kN) (kN) ( P ) 100
CC-ECC-H| 68.03 71.7 5.4
E.F1 69.53 78.1 123
E.F2 68.9 78.1 13.3
E.F3 87.9 98.18 11.6
E.F4 90.5 102.8 136
E.F5 94.8 110.8 16.9
ET1 68.5 77.35 12.9
E.T2 70.7 78.9 9.78
E.T3 82.64 | 87.05 11.59
E.T4 84.4 86.79 28
E.T5 865 | 90.79 4.95
Average 10.46

217



Chapter Five

5.4.2.1 Load-displacement curves for specimens loaded eccentrically

Finite Element Analysis

For model specimens, vertical displacement is calculated at the position of the line load
was measured at the top end of column same with experimental column and at the tension
face of the column model. The load-displacement curves plot for all columns got from
the numerical analysis and together with the experimental results as shown in Figures (5-
17) to Figure (5-20). At the early stages of loading, the column models are free from any
cracks and the relation between the load and the displacements is linear. With increasing
of the applied load, the first crack is happening, the slope of the load-displacement curve
decrease, the relation between the load and the displacements convert to nonlinear and it

continues until the buckling is happen.

Load vs.Displacement curve

Load (KN)

2 4
Displacement (mm)

CC-ECC-H

Aba-CC-ECC-H

ey

Fig. (5-17) Experimental and Numerical Load vs. Displacement curve for (CC-ECC-H).

(
Load vs. Displacement curve

Load (KN)
= W B Uy~ 0 WD
o O O O O O O O O O

0 2 4 6 8 10
Displacement (mm)

Load vs deflection (EF1) Aba-EF1

.

12

Y

v

Fig. (5-18) Experimental and Numerical Load vs. Displacement curve for (EF1).
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Load vs. Displacement curve

Load (KN)
[=3]
(=]

0 2 4 6 8 10
Displacement (mm)

Load vs deflection (EF3) Aba-EF3
(. J

Fig. (5-19) Experimental and Numerical Load vs. Displacement curve for (EF3).

Load vs. Displacement curve

e

Load (KN)
1= PO =00 LD =
OoOOOOOOOODOOOO

0 2 - 6 8 10 12 14
Displacement (mm)

load vs deflection (EF5) Aba-EF5
. J

Fig. (5-20) Experimental and Numerical Load vs. Displacement curve for (EF5).

5.4.2.2 Failure mode and von-misses stresses for eccentric specimens

At the ultimate stage, damage has occurred for both experimental and numerical tested
columns. Depending on the CDP theory that if the plastic strain (PE) exceeds zero, the
concrete will have cracked, then the maximum plastic principal strain was used in the
current study as a proxy for the creation of cracks. The cracks are considered to be vertical
orient toward the principal plastic strain. The figures (5-21) to (5-23) show the mode
failure for these specimens.
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(5-21- a) failure mode of column (CC-ECC-H) in laboratory

PE, Max. Principal
(Avg: 75%)
+1,586e-02
+1.454e-02
+1.321e-02
+1.189%-02
+1.057e-02
+9.250e-03
= +7.928e-03
+ +6.607e-03
+5.286e-03
+3.964e-03
+2.643e-03
+1.321e-03
+0.000e+00

Max: +1.586e-02
Elem: HOLLOW-COLUMN-1.12168
Node: 594

(5-21-b) failure mode of column (CC-ECC-H) in ABAQUS

S, Mises

(Avg: 75%)
+3.362e+01
+3.082e+01
+2.802e+01
+2.522e+01
+2.242e+01
+1.962e+01
+1.682e+01
+1.402e+01
+1.122e401
+8.418e400
+5.6172+00
+2.8172+00
+1.671e-02

Max: +3.362e+401
Elem: REBAR-8-2.197
Node: 200

(5-21-c) von-misses stress at max. elastic

5, Mises

(Avg: 75%)
+3.22% 402
+2.960e+402
+2.691e402 .
13 a22e400 A%
+2.153e402
+1.884e402
+1.615e+402
+1.346e402
+1.077e402
+8.075e+401
+5.384e 401
+2.693e401
+2.538e-02

Max: +3.229e+402
Elem: REBAR-8-2.76
Node: 84

( 5-21- d) von-misses stress at failure

Fig. (5-21) Comparison between the experimental and FE for (CC-ECC-H).

-
220



Chapter Five

Finite Element Analysis

(5-22- a) failure mode of column (EF1) in laboratory

PE, Max. Principal
(Avg: 75%)
+1.901e-02
+1.743e-02
+1.585e-02
+1.426e-02
+1.268e-02
+1.109e-02
+9.507e-03
+7.923e-03
+6.338e-03
+4.754e-03
+3.169e-03
+1.585e-03
+0.000e+00

Max: +1.901e-02
Elem: HOLLOW-COLUMN-1,10737
Node: 17082

(5-22-b) failure mode of column (EF1) in ABAQUS

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+4.376e+02
+4.011e+02
+3.647e+02
+3.282e+02
+2.917e+02
+2.553e+02
+2.188e+02
+1.8242+02
+1.45%+02
+1.094e+02
+7.298e+01
+3.652e+01
+5.337e-02

Max: +4.376e+02
Elem: REBAR-8-2.72
Node: 80

(5-22- c) von-misses stress at max. elastic

5, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+4.684e+02
+4.2942+02
+3.903e+02
+3.513e+02
+3.123e+02
+2.733e+02
+2.342e+02
+1.952e+02
+1.562e+02
+1.172e+02
+7.813e+01
+3.910e+01
+7.914e-02

Max: +4.684e+02
Elem: CF1-1.328
Node: 435

(5-22- d) von-misses stress at failure

Fig. (5-22) Comparison between the experimental and FE for (EF1).
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( 5-23- a) failure mode of column (EF5) in laboratory

PE, Max. Principal
(Avg: 75%)
+4,975e-02
+4,560e-02
+4,146e-02
+3.731e-02
+3.317e-02
+2.902e-02 ,
+2.488e-02 Max:
+2.073e-02
+1,658e-02
+1.244e-02
+8.292e-03
+4,146e-03
+0.000e+00

Max: +4.975e-02
Elem: HOLLOW-COLUMN-1.7364
Node: 3454

(5-23-b) failure mode of column (EF5) in ABAQUS

S, Mises

SNEG, (fraction = -1.0)

{Avg: 75%)
+4.413e+02

+4.046e+02
+3.678e+02

+3.310e+02 Max: +4.4

+2.942e+02
+2.575e+02
+2.207e+02
+1.83%e+02
+1.471e402
+1.103e+02
+7.356e+01
+3.678e+01
+0.000e+00

Max: +4.413e402
Elem: REBAR-8-2.73
Node: 81

(5-23-c) von-misses stress at max. elastic

5, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+8.594e+02
+7.878e+02
+7.161e+02
+6.445e+402
+5.729e+02
+5.013e+02
+4.297e+02
+3.581e+02
+2.865e+02
+2.148e+02
+1.432e+02
+7.161e+01
+0.000e+00

Max: +8.594e+02
Elem: CF1-1-LIN-2-1.443
Node: 121

( 5-23- d) von-misses stress at failure

Fig. (5-23) Comparison between the experimental and FE for (EF5).
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From the figures above and with respect to the von-misses stresses, the

contributions of the CFRP started when the elastic stage finished. And the max.

von-misses stresses obtained from the case (EF5) with value reached to the

(8.59x10%) MPa, with percentage of the contributions near to the (22) % from

the strength of the CFRP laminate. The max. plastic strain obtained from

the modeling in the ABAQUS reported in the table (5-4) below

Table. (5-4) plastic strain from FE for (CC-ECC-H, EF1, EF5).

Model Plastic strain
CC-ECC-H 1.586x102
EF1 1.901x1072
EF5 4.975x10?

_
223



Chapter Five Finite Element Analysis

5.5 Case study specimens with side openings

For the specimens with consist the side opening, the modeling in ABAQUS with figure

(5-24) for specimens unstrengthen and subjected to concentric and eccentric loading,

and the mesh as in the figure (5-25).

Fig. (5-24) Modeling of side opening with CON. & E! Fig. (5-25) Mesh of side opening

I
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Chapter Five Finite Element Analysis

5.5.1 Load-displacement curves for control columns with side openings

The load-displacement curve plots for columns got from the numerical analysis and
together with the experimental results as shown in figure (5-26) to figure (5-29) For model

specimens. a good agreement was obtained between the experimental and FEA results.

s ~
Load vs. Displacement curve

Load (KN)

0 2 4 6 8 10 12 14

Displacement (mm)

——— (CC-ECC-Cir-Q) = (CC-ECC-Cir-O)Aba

Fig. (5-26) Experimental and Numerical Load vs. Displacement curve for (CC-ECC-Cir-0).

e ~
Load vs. Displacement curve
90
80 —
70 ‘_‘h“‘-\_\\
= 60 e ——
= 50 P
= 40
S 30
20
10
0
0 2 4 6 8 10 12 14 16
Displacement (mm)
- (CC-ECC-Squ-0) (CC-ECC-Squ-0O)Aba
N vy

Fig. (5-27) Experimental and Numerical Load vs. Displacement curve for (CC-ECC-Squ-O).

-~ ™
Load vs. Displacement curve
00
400 —— e —
= —
= 300 -
= 200
100
o —
o 1 2 3 q
Displacement (mm)
— CC-CON-Squ-O —_— CC-CON-Squ-O (Aba)
- >y

Fig. (5-28) Experimental and Numerical Load vs. Displacement curve for (CC-CON-Squ-O).
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5.5.2 Failure mode and von-misses stresses control columns with openings

PE, Max. Principal

(Avg: 75%)
+1.958e-02
+1.795e-02
+1.632e-02
+1.46%-02
+1.305e-02
+1.142e-02
+9.790e-03
+8.15%-03
+6.527e-03
+4.895e-03
+3.263e-03
+1.632e-03
+0.000e+00

Max: +1.958e-02
Elem: HOLLOW-COLUMN-1.4755
Node: 49

S, Mises

(Avg: 75%)
+3.045e+02
+2.792e+02
+2.538e+02
+2.284e+02
+2.030e+02
+1.777e+02
+1.523e+02
+1.26%e+02
+1.015e+02
+7.617e+01
+5.080e+01
+2.542e+401
+4.706e-02

Max: +3.045e+02
Elem: REBAR-8-2.85
Node: 93

AW AW AW LY
A N N\ ¢

\/

\ATAW.
/XN
'O .
\

A\
/ '
WA,
X
AV %

(5-29-c) von-misses stress at max. elastic

S, Mises

(Avg: 75%)
+4.569e+02
+4.189%e+02
+3.808e+02
+3.427e+02
+3.047e+02
+2.666e+02
+2.285e+02
+1.904e+02
+1.524e+02
+1.143e+02
+7.623e+01
+3.816e+01
+9.322e-02

Max: +4.569e+02
Elem: REBAR-8-2.85
Node: 93

.
/

SO0

/S ARVARYARVAR 7 |

&

A
3

L
!‘
2
:

%
AN S,

0

A

(5-29- d) von-misses stress at failure stage

Fig. (5-29) Comparison between the experimental and FE for (CC-ECC-Cir-0O).
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PE, Max. Principal
(Avg: 75%)
+2.904e-02 Max:
+2.662e-02 y
+2.420e-02
+2.178e-02
+1.936e-02
+1.694e-02
+1.452e-02
+1.210e-02
+9.682e-03
+7.261e-03
+4.841e-03
+2.420e-03
+0.000e+00

Max: +2.904e-02
Elem: HOLLOW-COLUMN-1.2036
Node: 448

(5-30-a) failure mode of column (ECC-Squ-O) in laborator| (5-30-b) failure mode of column (ECC-Squ-O) in FE

S, Mises S, Mises
(Avg: 75%) Max: {Avg: 75%)
+2.45692+02 +4.578e+02Max: +4. !
42.2632+02 +4.1972 402
+2.058e+02 +3.815e402
+1.852a+02 +3.4342 402
+1.6462+02 +3.052e402
+1.4402+02 +2.671e402
+1.235e402 +2.2892+02
+1.0292+02 +1.908e 402
+8.232e+01 +1.5268+02
+6.1742+01 +1.145e402
+4.1172+01 +7.631e401
+2.060e+01 +3.8168+01
+2.508e-02 +6.7072-03
Max: +2.469e+02 Max: +4.578e+02
Elem: REBAR-8-2.84 Elem: REBAR-8-2.83
Node: 92 Nede: 91
(5-30-c) von-misses stress at max. elastic (5-30- d) von-misses stress at failure stage

Fig. (5-30) Comparison between the experimental and FE for (CC-ECC- Squ -O).
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PE, Max. Principal

(Avg: 75%)
+1.105e-02
+1.013e-02
+9.212e-03
+8.291e-03
+7.370e-03
+6.449e-03
+5.527e-03
+4,606e-03
+3.685e-03
+2.764e-03
+1.842e-03
+9.212e-04
+0.000e+00

Max: +1.105e-02
Elem: COL ROUNDER HOLLOW-1.12603
Node: 24510

Max: 2

(5-31-b) failure mode of column (CC-CO-Squ-0) in FE

S, Mises

(Avg: 75%)
+1.607e+02
+1.473e+02
+1.33%+02
+1.205e+02
+1.071e+02
+9.374e+01
+8.035e+01
+6.696e+01
+5.357e+01
+4.018e+01
+2.678e+01
+1.33%+01
+0.000e+00

Max: +1.607e+02
Elem: $8-1.22
Node: 23

(5-31-c) von-misses stress at max. elastic

S, Mises

(Avg: 75%)
+3.991e+02
+3.658e+02
+3.326e+02
+2.993e+02
+2.661e+02
+2.328e+02
+1.995e+02
+1.663e+02
+1.330e+02
+9.977e+01
+6.651e+01
+3.326e+01
+0.000e+00

Max: +3.991e+02
Elem: $8-1.22
Node: 23

(5-31- d) von-misses stress at failure stage

Fig. (5-31) Comparison between the experimental and FE for (CC-CO-Squ -O).

I
228




Chapter Five Finite Element Analysis
From the results related to control specimens with side openings the good coincide
between the FEM and the experimental work for the failure position has been occurred.

For specimen with circular side open gathered value of the plastic strain less than the
square open for as the figures (5-29-b) and (5-30-b).

5.5.3 Strengthening specimens with side openings

5.5.3.1 Load-displacement curves for strengthening columns with side
openings

with the side opening and subjected to the eccentric loading the figures (5-30)

illustrated the comparing between the FEM, and laboratory test for the load vs.
displacement curve

7~

Load vs. Displacement curve

Load (KN)
\
\
A

8 10 12

Displacement (mm)

EF-Squ-0O

(EF-Squ-0O)-Aba

-

_/

Fig. (5-32) Experimental and Numerical Load vs. Displacement curve for (EF-Squ-O).

s ~N
Load vs. Displacement curve
an
80 " P —
70 o~ :
& 60 L
= 50 /
= 40 y
S 30 £
20 )/
10 /‘J
0 L
0 2 4 6 8 0 12 1
Displacement (mm)
-EF-Cir-O = (EF-Cir-0)-Aba
A

vy
Fig. (5-33) Experimental and Numerical Load vs. Displacement curve for (EF-Cir-O).
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5.5.3.2 Failure mode and von-misses stresses for strengthening
specimens and with side openings

PE, Max. Principal

(Avg: 75%)
+3.157e-02
+2.894e-02
+2.631e-02 Max
+2.368e-02
+2.105e-02
+1.842e-02
+1.578e-02
+1.315e-02
+1.052e-02
+7.892e-03
+5.262e-03
+2.631e-03
+0.000e+00

Max: +3.157e-02
Elem: HOLLOW-COLUMN-1.2040
Node: 6

(5-34-a) failure mode of column (EF-Squ-O) in laboratory|  (5-34-b) failure mode of column (EF-Squ-O) in FE

. S, Mises

S, Mises A ion = -

SNEG, (fraction = -1.0) (Sf‘,iﬁ'};:,:‘;m" =-10)

(Avg: 75%) Max: 4 +5.132e+02
+3.890e+02 +4.704e+02
HHh
+3.242e+ .
+2.918e+02 13.421e402
+2.593e+02 e Seeat0s
+2.269e+02 +2.138e+02
+1.945e+02 +1.711e+02
+1.621e+02 +1.283e+02
+1.297e+02 +8.553e+01
+9.728e+01 +4.277e+01
+6.487e+01 +6.245e-03
+3.245e+01 Max: +5.132e+02
+4.180e-02 Elem: CF1-2.344

Max: +3.890e+02 Node: 482

Elem: REBAR-8-2.84
Node: 92
(5-34-c) von-misses stress at max. elastic (5-34- d) von-misses stress at failure stage

Fig. (5-34) Comparison between the experimental and FE for (EF- Squ -O).
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PE, Max. Principal

(Avg: 75%)
+3.615e-02
+3.313e-02 Max:
+3.012e-02
+2.711e-02
+2.410e-02
+2.10%-02
+1,807e-02
+1,506e-02
+1,205e-02
+9.037e-03
+6.024e-03
+3.012e-03
+0.000e+00

Max: +3.615e-02
Elem: HOLLOW-COLUMN-1.4755
Node: 49

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%) Max:
+3.224e+02
+2.955e+02
+2.687e+02
+2.418e+02
+2.14%+02
+1.881e+02
+1.612e+02
+1.344e+02
+1.075e+02
+8.063e+01
+5.377e+01
+2.691e+01
+4.881e-02

Max: +3.224e+02
Elem: REBAR-8-2.85
Node: 93

(5-35-c) von-misses stress at max. elastic

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+5.389e+02
+4.940e+02
+4.491e+02
+4.042e+02
+3.593e+02
+3.144e+02
+2.695e+02
+2.246e+02
+1.796e+02
+1.347e+02
+8.983e+01
+4.492e+01
+1.782e-02

Max: +5.38%9e+02
Elem: CF1-1-LIN-2-1.317
Node: 121

(5-35- d) von-misses stress at failure stage

Fig. (5-35) Comparison between the experimental and FE for (EF- Cir -O).

From the previous figures above the specimens with strengthening by CFRP the

maximum. Von-misses stress obtained from the case (EF-Cir-O) with value reached to the
(5.389x10%) MPa, while the sample (EF-Squ-O) has the stress equal to the (5.132x10%)

MPa.

I
231



Chapter Five Finite Element Analysis

PE, Max. Principal

(Avg: 75%)
+1.177e-02
+1.079e-02
+9.80%-03
+8.828e-03
+7.847e-03
+6.866e-03
+5.885e-03
+4.9042-03
+3.923e-03
+2.943e-03
+1.962e-03
+9.809e-04
+0.000e+00

Max: +1.177e-02
Elem: COL ROUNDER HOLLOW-1,11428
Node: 23453

(5-36-a) failure mode of column (CF-Squ-O) in laboratory (5-36-b) failure mode of column (CF-Squ-O) in FE

S, Mises 5, Mises
SNEG, (fraction = -1.0) : i L e Mo
(Avg: 75%) Max: -SENNae +02 gl—s—B.896e+02 '
+3.652e+02 +8.155e+02
+3.348e+02 +7.4142+02
+3.043e+02 +6.672e+02
+2.73%e+02 45.931e402
+2.435e+02 +5.190e+02
+2.130e+02 137070102
+1.826e+02 129650102
+1.522e+02 +2.224e+02
+1.217e+02 +1.483e402
e i
. + . -
+3.043e+01 .
Max: +8,896e+02
+2.434e-08 Elem: CFRP2-SQU-OPEN-1.76
Max: +3.652e+02 Node: 40
Elem: CFRP2-SQU-OPEN-1.76
Node: 40
—w e

(5-36-c) von-misses stress at max. elastic (5-36- d) von-misses stress at failure stage

Fig. (5-36) Comparison between the experimental and FE for (CF- Squ -O).

From the figures (5-31), and for the concentric loading the specimen (CC-CO-Squ-O)
has the maximum. von-misses stress equal to the (3.99x10?) MPa. and for the
strengthening sample (C.F-Squ-O) the stresses rise to the (8.89x10?) as the fig (5-36).
Also for this case the contribution of the CFRP starting from the elastic stage as the fig
(5-36-c,d).
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All results conducted from the ABAQUS and related to the side opening were tabulated
in the table (5-5).

Table (5-5) ultimate load comparison between the experimental and the FE for

concrete columns with side openings

Pt 1ab Py rE Puttpg—Puit_tab

Model ID (kN) (kN) ( Pt 100 ) * 100
CC-CO-Squ-O 430 441.2 2.6
CC-CO-Cir-0O 555 580.4 4.5
CC-ECC-Squ-O 64.8 70.1 8.1
CC-ECC-Cir-O 65.8 68.5 4.1
C.F-Squ-O 661 557.47 15.6
C.F-Cir-O 560.3 659.71 17.7
E.F-Squ-O 75.38 80.49 6.7
E.F-Cir-O 80.1 85.66 6.9
Average 8.27

5.6 Specimens strengthening by TRM and under loaded concentrically
in this part study the compression between the specimens with strengthening by TRM

in experimental and FEM, under the effect of two types of load concentric and

eccentric loading.

5.6.1 Load-displacement curves for specimens strengthening by TRM
and under loaded concentrically

Figure (5-37) to Figure (5-44) compared the load-displacement curve for columns got
from the numerical analysis and together with the experimental results For model
specimens under concentric loading. A good agreement was obtained between the
experimental and FEA results. Also comparing between the finite element and laboratory

work for failure location.

233



Chapter Five

Finite Element Analysis

Load (KN)

100

Load vs. Displacement curve

Displacement (mm)

e CT 1

Fig. (5-37) Experimental and Numerical Load vs. Displacement curve for (CT1).
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Fig. (5-38) Experimental and Numerical Load vs. Displacement curve for (CT2).

Load (KN)
E "

~
Load vs. Displacement curve

Displacement (mm)
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Fig. (5-39) Experimental and Numerical Load vs. Displacement curve for (CT3).
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Load (KN)

Load vs Displacement curve

ﬁi\p];n‘l-nu-ut ()

Fig. (5-40) Experimental and Numerical Load vs. Displacement curve for (CT4).

-

Load (KN)

Load vs. Displacement curve

Fig. (5-41) Experimental and Numerical Load vs. Displacement curve for (CT5).
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5.6.2 Failure mode and von-misses stresses for strengthening
specimens by TRM and under loaded concentrically

PE, Max. Principal

(Avg: 75%)
+3.092e-02
+2.834e-02
+2.576e-02
+2.319%-02
+2.061e-02
+1.803e-02
+1.546e-02
+1.288e-02
+1.031e-02
+7.72%-03
+5.153e-03
+2.576e-03
+0.000e+00

Max: +3.092e-02
Elem: COL ROUNDER HOLLOW-1.8960
Node: 10878

(5-42-a) failure mode of column (CT1) in laboratory (5-42-) failure mode of column (CT1) in FE

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+5.159e+02 +2.985e+03
jeeetie i
+4. e+ +2. e+
+3.869e+02 +2.238e+03
+3.440e+02 +1.990e+03
+3.010e+02 +1.741e+03
g
+1.720e+02 155400402
+1,2900+02 +7.461e+02
+8.59%e+01 +4.974e+02
+4.299e+01 12 4876402
+2.428e-06 :
+3.129e-06

Max: +5.159e+02
Elem: TRM3.1223
Node: 1506

Max: +2.985e+03
Elem: TRM1.1279
Node: 1479

(5-42-c) von-misses stress at max. elastic stage (5-42- d) von-misses stress at failure stage

Fig. (5-42) Comparison between the experimental and FE for (CT1).
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PE, Max. Principal

(Avg: 75%)
+8.115e-02
+7.439e-02
+6.763e-02
+6.086e-02
+5.410e-02
+4.734e-02
+4.058e-02
+3.381e-02
+2.705e-02
+2.029e-02
+1.353e-02
+6.763e-03
+0.000e 400

Max: +8.115e-02
Elem: COL ROUNDER HOLLOW-1,4609
Node: 5000

(5-43-b) failure mode of column (CT3) in FE

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+4.478e+02
+4.105e+02
+3.732e+02
+3.35%+02
+2.986e+02
+2.612e+02
+2.23%+02
+1.866e+02
+1.493e+02
+1.120e+02
+7.464e+01
+3.732e+01
+1.862e-07

Max: +4.478e+02
Elem: $8-1.33
Node: 34

(5-43-c) von-misses stress at max. elastic stage

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+1.388e+03 |, 4
+1.272e+03 ax:
+1.156e+03
+1.041e+03
+9.251e+02
+8.094e+02
+6.938e+02
+5.782e+02
+4.625e+02
+3.46%e+02
+2.313e+02
+1.156e+02
+1.365e-07

Max: +1.388e+03
Elem: TRM1.1136
Node: 1450

(5-43- d) von-misses stress at failure stage

Fig. (5-43) Comparison between the experimental and FE for (CT3).
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(5-44-a) failure mode of column (CT5) in laboratory

PE, Max, Principal

(Avg: 75%)
+1.070e-02
+9.811e-03
+8.919%-03
+8.027e-03
+7.135-03
+6.243e-03
+5.351e-03
+4.45%-03
+3,568e-03
+2.676e-03
+1.784e-03
48.91%-04
40.000e-+00

Max: +1.070e-02
Elem: COL ROUNDER HOLLOW-1.4582
Node: 5208

(5-44-b) failure mode of column (CT5) in FE

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+3.226e+02
+2.957e+02
+2.68%+02
+2.420e+02
+2.151e+02
+1.882e+02
+1.613e+02
+1.344e+02
+1.075e+02
+8.066e+01
+5.377e+01
+2.68%+01
+7.280e-07

Max: +3.226e+02
Elem: $8-1.33
Node: 34

(5-44-c) von-misses stress at max.

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+1.037e+03
+9.507e+02
+8.643e+02
+7.778e402
+6.914e+02
+6.050e+402
+5.186e+02
+4.321e+402
+3.457e+402
+42.593e402
+1.72%e402
+8.643e+01
+3.271e-06

Max: +1.037e+03
Elem: CFINEW-1-LIN-2-1.418
Node: 549 MFX:

(5-44- d) von-misses stress at failure stage

Fig. (5-44) Comparison between the experimental and FE for (CT5).
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From the figures (5-42) and (5-43) for the models (CT1) and (CT3), respectively, good
agreement between the FE and the experimental test with the failure location. The
maximum Vvon-misses stress obtained by model (CT5) with value near to the
(1.037x10°%) MPa. also the max. plastic strain (PE) reading in the (CT3) with value
(8.11x10%?).

5.7 Eccentric loading for specimens strengthening by TRM and under
eccentric load
For the specimens subjected to eccentric loading and strengthening by TRM, ABAQUS

utilizing to comparing between the experimental and FEM as below:

5.7.1 Load-displacement curves for specimens strengthening by TRM and
under eccentric load

For model specimens, vertical displacement is measured at the position of the line load
was measured at the top end of column same with experimental column and at the tension
face of the column model. The load-displacement curves plot for all columns got from
the numerical analysis and together with the experimental results as shown in figure (5-
45) to figure (5-23). At the early stages of loading, the column models are free from any
cracks and the relation between the load and the displacements is linear. With increasing
of the applied load, the first crack is happening, the slope of the load-displacement curve
decrease, the relation between the load and the displacements convert to nonlinear and it
continues until the buckling is happen.

' ™
Load vs. Displacement curve

Load (KN)

Displacement (mm)

\ ' J

Fig. (5-45) Experimental and Numerical Load vs. Displacement curve for (ET1).
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Load vs Displacement curve

Load (KX)

0.1 1.9 3.9 59 fAa 9.9 119

Displacement {mm)

—ET2-Aba ——— (ET2)

Fig. (5-46) Experimental and Numerical Load vs. Displacement curve for (ET2).

. ™~
Load vs. Displacement curve
100
S0
80
70
g 60
= =50
E 40
30
20
10 |
(0]
0 2 4 6 8 10 12 14 16 18
Displacement (mm)
——ET3-Aba (ET3)
- W,

Fig. (5-47) Experimental and Numerical Load vs. Displacement curve for (ET3).

4 ™
Load vs Displacement curve
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Fig. (5-48) Experimental and Numerical Load vs. Displacement curve for (ET4).
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' It
Load vs. Displacement curve
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Fig. (5-49) Experimental and Numerical Load vs. Displacement curve for (ET5).
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5.7.2 Failure mode and von-misses stresses for strengthening
specimens by TRM and under loaded eccentrically

Max: +5.637e-02
PE, Max. Principal :
(Avg: 75%)
+5.637e-02
+5.167e-02
+4.698e-02
+4.228e-02
+3.758e-02
+3.288e-02
— +2.819e-02
4+ +2.34%-02
+1.87%-02
+1.409-02
+9.395e-03
+4.698e-03
+0.000e+00

Max: +5.637e-02
Elem: HOLLOW-COLUMN-1,16753
Node: 22391

(5-50-a) failure mode of column (ET1) in laboratory (5-50-b) failure mode of column (ET1) in FE

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

+2.576e+02 HOE A
+2.361e+02 *2'3322*8%
+2.147e 402 147740405
+1,932e+02 142430105
+1.717e+02 Max: +D.8§ +3.713e+02
+1.503e+02 +3.183e+02
+1.288e+02 +2.653e+02
+1.073e+02 +2.122e+02
+8.58% 401 +1.592e+02
+6.442e+01 +1.062e+02
+4.296e+01 +5.313e+01
+2.150e+01 +9.397e-02
+3.163e-02 :

Max: +6.365e+02
Elem: TRM1.3631
Node: 1246

Max: +2.576e+02
Elem: REBAR-8-2.72
Node: 80

(5-50-c) von-misses stress at max. elastic (5-50- d) von-misses stress at failure stage

Fig. (5-50) Comparison between the experimental and FE for (ET1).
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(5-51-a) failure mode of column (ET3) in laboratory

PE, Max. Principal

(Avg: 75%)
+9.904e-02
+49.07%e-02
+8.253e-02
+7.428e-02
+6.603e-02
+5.777e-02
+4.952e-02
+4.127e-02
+3.301e-02
+2.476e-02
+1.651e-02
+8.253e-03
+0.000e+00

Max: 4+9.904e-02
Elem: HOLLOW-COLUMN-1,16753
Node: 22377

(5-51-b) failure mode of column (ET3) in FE

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+2.053e+02
+1.882e+02
+1.710e+02

+1.368e+02
+1.197e+02
+1.026e+02
+8.552e+01
+6.842e+01
+5.131e+01
+3.421e+01
+1.710e+01
+0.000e+00

Max: +2.053e+02
Elem: REBAR-8-2.79
Node: 87

+1.53%e+02 Max: +R.€

(5-51-c) von-misses stress at max. elastic

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+4.641e+02 .
¥4.254e402 ¥
+3.868e+02
+3.481e+02
+3.094e+02
+2.707e+02
+2.321e+02
+1.934e+02
+1.547e+02
+1.160e+02
+7.735e+01
+3.868e+01
+0.000e+00

Max: +4.641e+02
Elem: CT3-1.215
Node: 1868

(5-51- d) von-misses stress at failure stage

Fig. (5-51) Comparison between the experimental and FE for (ET3).
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\ Max: +4.988e-02

PE, Max. Principal

(Avg: 75%)
+4.988e-02
+4.572e-02
+4.157e-02
+3.741e-02
+3.325e-02
+2.910e-02
+2.494e-02
+2.078e-02
+1.663e-02
+1.247e-02
+8.313e-03
+4.157e-03
+0.0002+00

Max: +4.988e-02
Elem: HOLLOW-COLUMN-1.16753
Node: 22391

(5-52-a) failure mode of column (ET5) in laboratory (5-52-b) failure mode of column (ET5) in FE

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+2.771e+02
+2.540e+02
+2.309e+02
+2.078e+02
+1.847e+02 Max:
+1.616e+02
+1.385e+02
+1.155e+02
+9.238e+01
+6.929%e+01
+4.621e+01
+2.312e+401
+3.343e-02

Max: +2.771e+02
Elem: REBAR-8-2.72
Node: 80

S, Mises

SNEG, (fraction = -1.0)
(Avg: 75%)
+7.64%e+02
+7.011e+02
+6.374e+02
+5.737e+02
+5.09%e+02
+4.462e+02
+3.825e+02
+3.188e+02
+2.550e+02
+1.913e+02 Max:
+1.276e+02
+6.383e+01
+9.702e-02

Max: +7.649e+02
Elem: CT3-1.1262
Node: 1822

(5-52-c) von-misses stress at max. elastic (5-52- d) von-misses stress at failure stage

Fig. (5-52) Comparison between the experimental and FE for (ET5).

From the figures (5-51-b) the plastic strain reach to the (9.9x102) for model (ET3).
and the maximum von-misses stresses equal to the (7.64x10%) MPa from the (ET5) as
the figure(5-52-d).
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Chapter 6: Conclusions

The experimental results of this study have shown that the concentric and eccentric
loading and deformation capacities of hollow RC columns are increased considerably
after strengthening with partial confinement by using carbon fibre polymer (CFRP) or

textile reinforce mortar (TRM).

however, the effect on the axial load capacity diminishes as the loading
eccentricity increases. Prediction of the behavior of strengthening hollow RC
columns were proven quite difficult as the tests in laboratory on the specimen
columns exhibited many unexpected factors such as the failure location as generate
the plastic hinge in the top or bottom when the load applied concentrically or
formed two parts when specimens subjected two eccentric loading by creation
the tension face and compression zone, for two cases of strengthening (CFRP or
TRM ) this differs due to the nonhomogeneity in the concrete.
The experimental and the modelling study were aimed to demonstrate and predict

the behavior of the isolated hollow RC columns with pin ended connections
with a confinement by CFRP or TRM materials. In reality many unforeseen factors
such as the non-homogeneous nature of the concrete, existence of weak planes
throughout the volume of the column specimens, uneven confinement of the
FRP due to workmanship errors, possible errors in applying the boundary
conditions at two ends. In spite of all the factors mentioned above, the specimens
under concentric loading with CFRP or TRM confinement, failed with more
dangerous during the test where the failure has the brittle behavior in the

(strengthening or unstrengthening) cases.

From the above, the work is divided to two groups, first group have the
specimens subjected to concentric loading and another group the specimens

subjected to eccentric loading.
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First group composed the (12) cases, these cases have the two cases without
strengthening (solid or hollow) casting as the reference specimens with the labels
(CC-CO-S) and (CC-CO-H). And five specimens strengthening partially by CFRP
with labels (CF1, CF2, CF3, CF4, and CF5) and remain five strengthening with TRM
as the (CT1, CT2, CT3, CT4, and CT5). the second group have the same details for
the first group but the load carried eccentrically and the references specimens not
containing the solid column, use two cases of hollow column with two eccentricity
distance as (0.6h and 0.9h) with labels as (CC-ECC-0.6h) and (CC-ECC-0.9h). After
complete the test of control specimens and analysis the results, the eccentricity fixed
for the strengthening cases with (0.9h) about (135) mm from the center of column.
However, for the specimens strengthening by CFRP the labels (EF1, EF2, EF3, EF4,
and EF5).and when the apply the TRM have the labels (ET1, ET2, ET3, ET4, and
ET5).

And also created the eight specimens with two type of side opening (circular or
square) at the ends of column. divided the specimens into two groups. The first group
has four specimens with control columns without strengthening and the side openings
have the labels (CC-CON-Cir-O) for the case subjected to concentric loading with
circular side openings at both edges, (CC-CON-Squ-O) for the case subjected to
concentric loading and square opening at the top and bottom, (CC-ECC-Cir-O) for
the case subjected to eccentric loading and circular open at the top and bottom , (CC-
ECC-Squ-O) for the case subjected to eccentric loading and square open at the top
and bottom. And remain group have the specimens with strengthening by CFRP with
the same configuration in the (CF4) for specimens subjected concentric loading with
labels (CF-Cir-O) and (CF-Squ-O) for the specimen with circular side opening and
square side opening, respectively. And another specimens subjected to eccentric
loading have the strengthening configuration with in (EF5) and has the labels (EF-
Cir-O) and (EF-Squ-O) for the specimen with circular side opening and square side

opening, respectively
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The selection of the cases in CFRP configuration same with (CF4, EF5) in the
specimens with side opening depending on the results come out from the first stage of
specimens.

The structural performance of each model was investigated by evaluating the ultimate
loading capacity, curves of load vs. displacement, curve of load vs. strain, stress vs.
strain curves, ductility, and failure mode. This chapter offers conclusions that based
on the results of the experimental program and the numerical study along with

suggestions for future works.

6.1 Specimens under Concentric Loading

Study the behavior of unstocky concrete column, confining with partially CFRP or
TRM laminates with (5) different configurations. (12) specimens exposed to
concentric loading were tested. Deboning between the layers of CFRP confinement
and the concrete column was detected by clicking noises in RC columns confined
by CFRP composites prior to their final failure. However, they were not abrupt.

For the TRM the mortar make work as the covering for the specimen.

6.1.1 Specimens with Concentric Loading with CFRP

1- The max. compressive strength obtained from (CF4) with an increase of about
(22.8) % compared with (CC-CO-H).This specimen (CF4) have the (four
vertical) CFRP laminate on each column side and (2X-shape) of CFRP at the top
and bottom.

2-The failure position changed from the bottom as in the reference specimens(CC-
CO-H) and (CC-CO-9), to the top end of the column (CF1, CF2, CF4, and CF5),
due to the development of the plastic hinge near the hollow part, except the (CF3)
have the same behavior as the reference specimens. This specimen has this response
maybe because it did not have the (hoop or X) shape as the other specimen.
3-According to the ductility, the specimen (CF3) with four vertical CFRP laminates
on each column side has a good value of ductility equal to (1.9).
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4-The two specimens (CF4 and CF5) have a good load capacity (749.2) and (689.5)
kN, respectively, but the ductility is not enhanced.

5- (CF1) have a concrete strain (0.0029), and the specimens (CF4 and CF5) have
(0.0017and 0.001) respectively.

6- The drop in concrete strain and ductility obtained by (SGC) for the two
specimens (CF4 and CF5) owing to partial confinement by CFRP. Furthermore, the
failure of the interior hollow section of the concrete column might explain the
problem.

*The results showed changing behavior and the failure position between the control
column and the strengthening specimens.

*Also, the strengthening with the partially confining of (CFRP) has a good
performance for the compressive capacity and the ductility.

* The CFRP increased the confinement of the column and then delayed the failure of
the specimen .in other words, it changed the failure in the column from the brittle

failure (sudden failure) to the semi-brittle failure.

6.1.2 Specimens with Concentric Loading with TRM:-

1- The specimen with the case (CT5) has the max. value of compressive strength
about (662) kN and the increase about to the (8.5) % compared with the
control specimen (CC-CO-H) have the compressive strength about to the
(610) kN. Case (CT5) have partially TRM strengthening and composed from
(1) vertical segments on each face of the column and the confining by (3)
hoop segments at the top, middle, and bottom, this increase in the
compressive stress occurred in the case (CT5) due to confinement effect of

the confinement of by TRM.
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According to the ductility, the max. Value (1.3) obtained from the case (CT4),
where this case has the partially confining by TRM with (1) vertical segments
at each face and (2X) shape at the top and bottom laminates.

For deals with (stress-strain) curve the max. stress value reaches to the (29.4)
MPa from the case (CT5) with increase near to the (2) % comparing with the
unconfined specimen (CC-CO-H), have the stress about (28.8) MPa.

The max. Strain occurred with the case (CT3) have the value (0.0015)
obtained from the (SGC), this case has the TRM configuration as the (1)
vertical TRM segments on each face of the column, the increase in concrete
deformation for this case (CT3) about the (8.7) % compared with the control
specimen (CC-CO-H) have the strain (0.00138).

The sound at the failure in the case (CC-CO-H) is more than the case (CC-
CO-S). due to dispersed energy formed in the hollow inside the column.

The specimens partially coated by TRM have a sound failure less than the
control column, caused by the mortar used to block the specimen and
covering, so the TRM is the shell around the column. Therefore, the amount
of splitting concrete is small when it fails. This situation happened with cases
(CT4, CT5).

The specimens (CT1 and CT3) mechanism of failure occurred due to
buckling the main rebar at the top and then concrete damaged, but when
increased the confinement as the (CT4 and CT5) the behavior and failure
location changed, also the specimen (CT2) has the failure location same the
specimens (CT4, CT5). However, it contains a large amount of fragmented
concrete. This difference in behavior between specimens is due to different

TRM configurations and locations.

250



Chapter Six Conclusions

6.2 Specimens under Eccentric Loading

Experimental measurements of eccentric static loads and their distribution over these
columns are being studied. Unstocky concrete column behavior with partial composite
laminates CFRP and TRM confined in five forms is examined, were tested (12)
specimens subjected to eccentric loading. Moreover, the following conclusions can be

drawn:

6.2.1 Specimens with Eccentric Loading with CFRP

1- The failure mode reaches the ductile failure for the specimen without being confined
by CFRP (CC-ECC-H). The horizontal cracks grow up at the middle height of the
hollow column on the tension face, and by increasing load, the horizontal crack
width and new cracks will be increasing. Also, the concrete at the compression side
will be pressing and damaged. The specimen with no full confinements (EF) gives
the impression of failure more ductility than the (CC-ECC-H).

2- Concerning compressive strength, the case (EF5) has the value (94.8) kN, with
increase about (39.4) % compared with the reference specimen (CC-ECC-H). This
case has the vertical laminate of CFRP on the tension side and three hoops of CFRP
laminate.

3- All failures mode with eccentric load has the behavior of horizontal crack on the
tension face of the intermediate length of the specimen, with smash concrete for the
opposite side, except the specimen (EF5) these tension cracks did not appear.

3- The ductility reached the max. value (5.4) in the case (EF2), also this case has the
max axial and lateral displacement (21.44,28) mm, respectively. This case has the
(2X-shape) at the top and bottom.

4- The stress vs. strain curve has the same behavior for all cases in the elastic stage.

5- Strain in compression side, the significant value obtained from the case (EF2)
(0.0036), also have the max value in the tension side (-0.0199). This tension strain

value is due to the developed horizontal crack at the (SGC) position.
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7- For this study, the configuration in the specimen (EF5) has a good performance
concerning the strength capacity.
8- The specimens with vertical laminate in the tension side did not have concrete

damage on the compression side as (EF3and EF5)

6.2.2 Specimens with Eccentric Loading with TRM: -

This group contain five configurations of the external partials strengthening with use

TRM, the following conclusions can be drawn:

1-With respect to compressive strength the max. load capacity equal (86.5) kN for
the (ET5) with increase in compressive about (27.2) comparing with control
specimen(CC-ECC-H).
2- The cracks formed on the side subjected to tensile stress, as well as the part
exposed to pressure, as is the case in specimens reinforced with CFRP, but it cannot
be relied on more clearly and that is because the mortar blocks the view.
3- The ductility reached the max. Value (4.8) in the case (ET1), also this case has the
max Vertical and lateral displacement (20,19.7) mm, respectively.
4- The max. reading obtained from SGC equal to (0.005) with compression strain for
specimen (ET4), and for tensile strain all specimens more than the CFRP specimens,

also mortar maybe effect on this reading.

 The results showed the change of the behavior for the failure position between the

control column and the strengthening specimens.

» Also, the strengthening with the partially confining of (CFRP) has a good
performance concerning the compressive capacity and the ductility.
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6.3 Specimens with side opening

6.3.1 Specimens with side opening and under concentric loading

For the specimens without strengthening the results showed: -

1-

when the specimens subjected to concentric loading the load decreasing about
(-9) % for specimen with the circular side opening. And the percentage of
decreasing rising to the (-29.5) % for specimens with square side opening.
These decreasing in compression load compared with the control specimen

(CC-CO-H), this is due to the reducing in the concrete part.

the value of the load capacity in specimen with circular hole more than that
with square opening, this due to the effect of the Sharpe edge in the square side

open.

The failure occurred in the bottom when the specimen has the circular opening
and the plastic hinge generated in the area of the hole. but with the specimen
has the square side openings the plastic hinge formed near the square hole at

the top end.

For this cases the ductility calculated depended on the figures of (load vs.
strain curve) obtained the SGC.So the max value obtained from the specimen

with circular side openings.

The strain in concrete measured by using (SGC) marginal change comparing
with the control specimens for the specimen has the circular or square side

open.
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6.3.2 Specimens with side opening and under concentric loading

For the specimens strengthening the outcomes showed

1- Partial strengthening using CFRP gives a percentage increase in compressive
capacity up to limits (19.1 and 30.3) %, for specimens (CF-CIR-O and CF-SQU-O)
comparing with (CC-CO-CIR-O and CC-CO-SQU-O), respectively.

2- By generated the plastic hinge at the top for the two models the failure occurred in
the area of the side hole. and the main rebar bent at this zone (side open).

3- The ductility computed depending on the (stress- strain) curves for specimens
(CF-Cir-0O) and (CF-Squ-O), The circular side opening has the ductility with
value about (2.1) and the specimen with square side opening has the ductility
equal to the (1.64).

6.3.3 Specimens with side opening and under eccentric loading

1- When the specimen subjected to eccentric loading and also has the side opening,
the capacity of the load decreased with marginal value due to the effect of presence
side opening for both cases circular or squared, this is because the eccentric
loading applied perpendicular on the axes of the side opening.

2- the increased in load capacity obtained from the case (EF-Cir-O) equal to the
(21.73) % comparing with (CC-ECC-Cir-0), and the increases equal to the (16.32)
% in specimen (EF-Squ-O) with respect to (CC-ECC-Squ-O).

3- The failure occurred by developed the tension cracks near the side opening at the

top of column. when the eccentric loading increased the horizontal cracks
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generated at the inner face of the side opening for the both cases circular or
sguare opening.

4- Max. value for concrete strain gauge (SGC) obtained from the case (EF-Cir-O)
with the value reached to (0.0085), this value for the SGC near the circular
opening at the top edge.

5- The crack width reduced due to effect of the CFRP for the (EF-Cir-O) or (EF-
Squ-0).

6.4 Conclusions from Finite Element Analysis

1- In terms of compressive strength, load displacement curves, and failure
mechanism, the model built by the ABAQUS software predicts a reasonable
simulation for the true behavior of hollow concrete columns with an acceptable
level of accuracy.

2- The three-dimensional finite element model by ABAQUS/Standard was
capable to simulate the structural behavior of hollow concrete column
strengthened parially by CFRP or TRM and subjected to concentric and
eccentric loading with an average variation ratio equal to (5.5)% and (10.46)%
respectivaly for the ultimate loading capacity.the average of side opening equal

to (8.27)% for the two models simulation and the two types of loadings.

3- As a consequence, the suggested model is dependable and can be implemented
with confidence, as shown by the high agreement between the analytical
findings and the experimental values.

4- In addition, the cohesive model demonstrated a high degree of accuracy in
simulating the binding behavior between the CFRP sheet and the TRM and
concrete substrate. It was determined that the failure mechanism and the

estimated ultimate load were the most closely linked with the testing outcomes.
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5- Simulation for the models with side opening has a good result in terms of

failure position, by generated internal cracks at the hole (circular or square).

6.5 Possible Areas for Future Research

The possible future research areas are suggested as follows:

1. The effect of column length can be investigated by testing taller columns, as

the model proposed already gives the predicted loading lines for any given length.

2. The effect of hollow core diameter can be investigated in larger cross-sections.
3. A similar study to this study can be done on the rectangular cross-sectioned

hollow RC columns to see the effects of the same variables used in this study.

4. For the textile mortar (TRM) apply this technology in the same cross-section of the

hollow column with rehabilitation column.

5. For the side opening study the effect of the repeated load on the two cases.
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A-1 Design of Concrete Columns

According to the ACI-Code 318-18, the design calculations are induced, as

follows:
408

e Longitudinal Reinforcement B ge@i00
Ag= (150*150) -(50*50) =20000 mm? — NV
Ast:4*%*(8)2:201.06 mm? T ©. | 150
«
_Aw 20106 _ o
Ag _ 20000

0.01< p <0.08 (oK) ACI Code 10.9.1 specifies that reinforcement ratio between (1-8)%

e Clear Spacing of Longitudinal Reinforcement  ACI Code 7.6.3

40 mm

The greatest of 41'5 *dp L= 40 mm

3 * dagg.

e Length development

_[SY Ve Pe
(1) o

_( 500.7%1x1 _
Ld_(—z.1*1* m) * 8 = 348mm

e Lap Splice
300 mm}

1.30 * Ld
:{ 300 mm

1.30 x 348

the greatest of {

}: 453 mm

e Max Spacing of Transverse Reinforcement  ACI Code 7.10.5.2

16 d,
Max Spacing { 48 dyjp } = 125 mm use 100 mm, and 50 mm at top and
least dimension

bottom. use As= (0.01x20000) =200 mm? Pu=[0.85fc'(Ag—As:) +fyAst]

e Pu=[0.85x30% 20000—200) +500.7x200] =605 kN. load in the experimental
test reach to the (610) KN for the control specimen.
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APPENDIX-B MATERIAL PROPERTIES

B.1 Cement

Table B-1 Chemical composition and main compounds of cement.

No. (Chemical Composition % by (weight) | Limits of 1QS No. 5/1984
1 Lime CaOo 62.79
2 Silica SiO2 20.58
3 Alumina Al2O3 5.6
4 Iron Oxide Fe203 3.28
5 Magnesia MgO 1.77 <5
6 Sulfate trioxide SOs 2.35 <28ifC3A>5
7 Free lime f.CaO 0.9
8 Loss on ignition L.O.1I 1.94 <4
9 Insoluble residue I.R 0.86 <15
10 | Lime saturation factor | L.S.F 0.9 (0.66 —1.02)
Compound composition
11 | Tri-calcium aluminates | CsA 9.4
12 Tri-calcium silicate CsS 50.55
13 Di-calcium silicate C2S 23.22
14 Gluminaesfore | CAF | 108
Tested by the factory.

Table B-2 Mechanical composition of cement.

Mechanical Properties Test Result Limits of 1QS No. 5/1984
Fineness (m?/kg) 395 > 230
Initial Setting time (min) 150 > 45
Final Setting time (hr) 3:27 <10
Compressive strength (MPa)
2 days 25.3 >15
28 days 43.1 >23

Tested by the factory.
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B.2 Fine Aggregate
Table B-3 Grading of the fine sand.

Sieve Size Cumulative Passing Limits of 1QS No.45/1984, Zone 2
(mm) %
4.75 99 90-100
2.36 83 75-100
1.18 70 55-90
0.6 58 35-59
0.3 26 8-30
0.15 5 0-10
Tested by the Laboratories of the Engineering College/ University of Karbala.

Table B-4 Physical Properties of the Fine Aggregate

Physical Properties Test Result Limits of 1QS No0.45/1984
Specific gravity Fkx -

Fineness modulus falaled -

Sulfate content SO3 0.1% <0.5%
Absorption 2.1% 5

Tested by the Laboratories of the Engineering College/ University of Karbala

B.3 Coarse Aggregate

Table B-5 Mechanical and chemical properties of coarse aggregate.

Properties Test Result Limits of 1QS No0.45/1984
Sulfate content SOs3 0.062% <0.1%
Clay content 0.3% < 2%

Tested by the Structural Laboratories of the Engineering College/ University of Karbala.
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Table B-6 Grading of the coarse aggregate.

Sieve Size(mm) Passing %
Coarse aggregate Limits of 1QS No0.45/1984
(2.36-9.5)mm
12.5 100 100
10 100 85-100

4.75 10 0-30

2.36 2 0-10
Tested by the Structural Laboratories of the Engineering College/ University of Karbala.

Table B-7 Rebar test (8&6) mm

[ S e i 8 | gl )
il W] [yl Sl | g um\ )1331\\ )um\ A )x\\ Ob“j
,L‘,w/ @uyl/ 4l eill | poadll | kil | Al | s

Giho 4490 |-4g] 155 248662 F500 3| Go3 | foum| G| -1 | 167

G 4o '/{ 0 /0./75/ %0/!1 I 4 |506.9 qué.sztf.g\\s.c \\ e“\\ o\ \\ 18

Tested by the Mechanical Laboratories of the Engineering College/ University of Karbala.

B.4 Carbon Fiber Textile

Table B-8 Properties of carbon fiber textile (data provided by the manufacture)

Property* Unit Value

Mass per unit length g/km 820

Fiber density glcm® 1.82

Thickness of rovings Mm 0.4

Width of rovings (weft) Mm 4

Width of rovings (warp) Mm 10*10 (double)
(mm)

Fiber tensile strength MPa 4900

Fiber elastic modulus GPa 230

Fracture strain Mm 2
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APPENDIX-C MATERIAL DATASHEETS

C.1 Superplasticizer (Sika Viscocrete 5930L)

Product Data Sheet
Edition 02/2016/025

Version 02
Sikae ViscoCretes 5930-L

Sika ViscoCretes 5930-L

High Performance Super plasticizer Concrete Admixture

Product Sika ViscoCretee 5930-L is a third generation super plasticizer for concrete and
Description mortar. It meets the requirements for super plasticizer according to ASTM-C- 494

Types G and F and BS EN 934 part 2° 2001.

Uses: Sika ViscoCretee 5930-L is suitable for the production of concrete.
Sika ViscoCretee 5930-L facilitates extreme water reduction, excellent flow ability at
the same time optimal cohesion and highest self-compacting behavior.
Sika ViscoCretee 5930-L is used for the following types of concrete:
-Precast concrete.
-Ready Mix Concretes
-Concrete with highest water reduction (up to 30%).
-High strength concrete.
-Hot weather Concrete

-Self compacting concrete.
-High water reduction, excellent flowability, coupled with high early strengths, have a

-positive influence on the above mentioned applications.

Sika ViscoCretee 5930-L acts by different mechanisms. Through surfaces adsorption
and sterical separation effect on the cement particles, In parallel to the hydration
process, the following properties are obtained:

-Strong self-compacting behavior. Therefore suitable for the production of self
compacting concrete.

-Extremely high water reduction (resulting in high density and strengths).

-Excellent flowability (resulting in highly reduced placing - and compacting efforts)
-Increase high early strengths development.

-Improved shrinkage- and creep behavior.

-Reduced rate of carbonation of the concrete

-Improved Water Impermeability.
Sika ViscoCretes 5930-L does not contain chloride or other, steel corrosion promoting

ingredients, It may therefore be used without any restrictions for reinforced
and prestressed concrete construction.

Advantages

Technical Data
Basis Aqueous solution of modified polycarboxylate

Appearance Brownish liquid

Density 1.1 kg/lt. + 0.01
PH 6-8
Packaging 1000 Kg (IBC) /200Kg/20kg/5 Kg Jerry cans

Bulk Tanks packing available upon request

Storage/ Shelf Life In unopened, undamaged original container, protected from direct sunlight and frost
at temperatures between + 5 °C and + 35°C. Shelf life at least 12 months from date

of production

1 Sika viscocrete ® 50301 2
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Application
Dosage Recommended dosage:

For soft plastic concrete: 0.4 - 1 % liter by weight of cement
For flowing and self-compacting concrete (S.C.C.) 1.2 - 2 % liter by weight of

Cement.

Addition Sika ViscoCretes 5930-L is added to the gauging water or simultaneously with it
Poured into the concrete mixer. For optimum utilization of the high water reduction
We recommend through mixing at a minimal wet mixing time of 60 seconds.
The addition of the remaining gauging water - to fine tune concrete consistency -
May only be started after 2/3 of wet mixing time, to avoid surplus water in the

Concrete.

Concrete Placing With the use of Sika ViscoCretes 5930-L concrete of highest quality is being produced.
The standard rules of good concreting practice (production as well as placing)
Must also be observed Sika ViscoCretes 5930-L concrete.

Fresh concrete must be cured properiy.

Frozen Frozen Sika ViscoCretes 5930-L may be used after It has been slowly thawed at
Sika room temperature and intensively mixed
ViscoCrete® -5930L

Combinations Sika ViscoCretes 5930-L may be combined with the following Sika products:
Sika Pumpe.
Sika Rapide.
Sika Femogarde-901.
Sikafumes.
Sika Retardere
Pre-trials are recommended if combinations with the above products are being
Made. Please consult our technical service.

Important Sika ViscoCretes 5930-L is also used to produce flowing and self-compacting
Flowing Concrete  Concrete (S.C.C.) for these, special mix designs are required, contact our
s.c.Cc Technical Service division.

Safety Instructions
Ecology Do not dispose of into water or soil, but according to local regulations.

Transport Non-hazardous.

Safety Precautions In contact with skin, wash off with soap & water. In contact with eyes or mucous
Membrane, rinse immediately with clean warm water and seek medical attention

without delay.
Toxicity Non-Toxic under relevant health and safety codes.
Legal notes the information and in particular the recommendations relating to the application and end-use of Sika

Products, are given in good faith based on Sika's cument knowledge and experience of products when
Properly stored, handled and applied under normal conditicns. In practice, the differences in materials,
Subsirates and actual site conditions are such that no warranty in respect of merchantability or of fitness for
A particular purpose, nor any liability arising out of any legal relationship whatsoever, can be inferred either
From this information, or from any written recommendations, or from any other advice offered. The
Proprietary rights of third parties must be observed. All orders are accepted subject to cur cument terms of
Sale and delivery. Users should always refer to the most recent issue of the technical data sheet for the
Product concemed, copies of which will be supplied on reguest.

For further technical information, please consult our technical service department.

Sikalrag LLC

Southern industrial Phone 00964/7480501393
area-Makhmour road
PO Box 33-0884 o DDQE?N‘BBQ&]BS&‘1
ERBIL info.irag@eg. sika com
IRAC wwwiw.sika.com

2
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C.2 Cement Mortar (Recon HS)

AN
<X
v

{MSASA

ReCon HS

High Strength Cementitious
Structural Repair Mortar

DESCRIPTION

ReCon HS

is a ready to use single componant, polymer modified non-shrink repair
mortar containing fibers and silica fume. It contains specially selected ingredients fo
provide high strength, fine, smooth repaired surfaces.

ReCon HS

is suitable for spray or trowel applications with high bulld charactenstics,

Typical applications Inchude, but are not restricted to:

*» Repairs 1o reinforced or prestressed concrete elements

» Repair of honeycomb, cavities, plugging tie holes

» Repairs im manne environments

» Can also be used as dry pack mortar of varlous consistencies by adjusting the
water content of the mix

ADVANTAGES

* Maintains durability of the structure

+ Easy to apply

+ Can be used for repairs in contact with potable water

+ Low permeable mortar

+ Gives excefient resistance to attack by aggressive elements
* Inhibits carbonation significantly

» Excellent adhesion and mechanical strengths

+ Containg no chlorides or salls thal may cause corrosion

TYPICAL PROPERTIES at 25°C with W/P ratio at 0.14

PROPERTY [rest meTHoD vAwE

Component Single

Form Powder

Colour Gray

Frash Wet Dansity BSEN 123506 2.30 kg/ltr +/- 0,05

Working Time 20 mins

Compressive Strength ASTM C109 1day 40 N/mm*

28 days 75 Nfmm?

Bond Strength ASTM D4541 > 2 N/mm* at 28 days

Flexural Strength B85 63193 11 N/mm? at 28 days

Tensile Strength BS 6319.7 6 N/mm* at 28 days

Water Absorption (ISAT) 85 1881-208 <0.01 ml/m?fsec at 2 hrs

Water Permeability BSEN 123908 <8mm

Rapid Chioride Permeability ASTM C1202 < 650 coulombs

Drying Shrinkage ASTM C157 < 500 micrastrain at 28 days
SURFACE PREPARATION The area to be repaired should be dearty marked and saw cut to adepthof atieast 5mm

to avoid feather edges. The surface should be clean and sound. Remove dirt. dust, oil,
grease, laitance, sealers, release agents, curing compounds and pants. Exposed rebar
should be cleaned by suitable means and protected with ReCon Zinc  or ReCon ST.

Tochnical Datasheot




C.3 Carbon Fiber Sheet (SikaWrap 300C)

PRODUCT DATA SHEET
SikaWrap®-300 C

WOVEN UNIDIRECTIONAL CARBON FIBRE FABRIC, DESIGNED FOR STRUCTURAL STRENGTHENING
APPLICATIONS AS PART OF THE SIKA® STRENGTHENING SYSTEM.

DESCRIPTION

SikaWrap®-300 C is a unidirectional woven carbon
fibre fabric with mid-range strengths, designed for in-
stallation using the dry or wet application process.

USES

SikaWrap®-300 C may only be used by experienced
professionals.

Structural strengthening of reinforced concrete, ma-
sonry, brickwork and timber elements or structures, to
increase flexural and shear loading capacity for:

= Improved seismic performance of masonry walls

= Replacing missing steel reinforcement

= Increasing the strength and ductility of columns
Increasing the loading capacity of structural ele-
ments

Enabling changes in use / alterations and refurbish-
ment

Correcting structural design and / or construction de-
fects

Increasing resistance to seismic movement
Improving service life and durability

Structural upgrading to comply with current stand-

CHARACTERISTICS / ADVANTAGES

Multifunctional fabric for use in many different
strengthening applications

Flexible and accommodating to different surface
planes and geometry (beams, columns, chimneys,
piles, walls, soffits, silos etc.)

Low density for minimal additional weight
Extremely cost effective in comparison to traditional
strengthening techniques

APPROVALS / CERTIFICATES

Poland: Technical Approval ITB AT-15-5604/2011:
Zestaw wyrobéw Sika CarboDur do wzmacniania i
napraw konstrukcji betonowych

Poland: Technical Approval IBDiM Nr AT/2008-03-
0336/1 , Ptaskowniki. prety, ksztattki i maty kom-
pozytowe do wzmacniania betonu o nazwie hand-
lowej: Zestaw materiatéw Sika CarboDur® do wzmac-
niania konstrukcji obiektéw mostowych

USA: ACI 440.2R-08, Guide for the Design and con-
struction of Externally Bonded FRP Systems for
strengthening concrete structures, July 2008

UK: Concrete Society Technical Report No. 55, Design
guidance for strengthening concrete structures using
fibre composite material, 2012.

0° (unidirectional)

Black carbon fibres 99 %

ards
PRODUCT INFORMATION
Construction Fibre orientation
Warp
Weft

White thermoplastic heat-set fibres
1%

Fibre Type

Selected mid-range strength carbon fibres

Product Data Sheet
SikaWrap®-300 C

March 2020, Version 01.01
020206020010000011
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Packaging

Fabric length per roll Fabric width
10 rolls in cardboard 250m 100 mm
box
4 rolls in cardboard box =50 m 300 mm
2 rolls in cardboard box =50 m 600 mm

Shelf life

24 months from date of production

Storage conditions

Store in undamaged, original sealed packaging, in dry conditions at tem-
peratures between +5 °C and +35 °C.

Protect from direct sunlight.

Dry Fibre Density

1.82 g/cm?

Dry Fibre Thickness

0.167 mm (based on fibre content)

Area Density

304 g/m? £10 g/m? (carbon fibres only)

Dry Fibre Tensile Strength 4 000 N/mm? (1O 10618)
Dry Fibre Modulus of Elasticity in Ten- 230 000 N/mm? (1SO 10618)
sion
Dry Fibre Elongation at Break 1.7 % (1SO 10618)
TECHNICAL INFORMATION
Laminate Nominal Thickness 0.167 mm
Laminate Nominal Cross Section 167 mm? per m width
Laminate Tensile Strength Average Characteristic (EN 2561%)
3 500 N/mm? 3200 kN/mm? (ASTM D 3039%)
Laminate Modulus of Elasticity in Ten-  Average Characteristic (EN 2561%)
sion 225 kN/mm?2 220 kN/mm?
Average Characteristic (ASTM D 3039*)
220 kN/mm? 210 kN/mm?

* modification: sample with 50 mm

Values in the longitudinal direction of the fibres
Single layer, minimum 27 samples per test series

Laminate Elongation at Break in Tension

1.56 %

(based on EN 2561)

1.59 % (based on ASTM D 3039)

Tensile Resistance Average Characterstic (based on EN 2561)

585 N/mm 534 N/mm (based on ASTM D

3039)

Tensile Stiffness Average Characteristic (based on EN 2561)
37.6 MN/m 36.7 MN/m

37.6 kN/m per %o, elonga-
tion

Average

36.7 kN/m per %o elonga-
tion

Characteristic

36.7 MN/m

35.1 MN/m

36.7 kN/m per %o elonga-
tion

35.1 kN/m per %o elonga-
tion

(based no ASTM D
3039)

Product Data Sheet
SikaWrap®-300 C

March 2020, Version 01.01
020206020010000011
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C.4 Epoxy Resin (Sikadur 330)

PRODUCT DATA SHEET
Sikadur®-330

2-COMPONENT EFOXY IMPREGNATION RESIN

PRODUCT DESCRIPTION

Sikadur®-330 is a 2-component, thixotropic epoxy
based impregnating resinand adhesive,

USES

Sikadur®-330 may only be used by experienced profes-

sionals.

Sikadur®-330 is used as:

+ Impregnation resin for SikaWrap® fabric reinforce-
ment for the dry application method

= Primer resin for the wet application system

= Structural adhesive for bonding Sika® CarboDur®
plates into slits

PRODUCT INFORMATION

CHARACTERISTICS / ADVANTAGES

= Easy mix and application by trowel and impregnation
raller

» Manufactured for manual saturation met hods

» Excellent application behaviour to vertical and over-
head surfaces

« Good adhesion to many substrates

+ High mechanical properties

* Noseparate primer reguined

APPROVALS / STANDARDS

= Adhesive for structural bonding tested according to
EN 1504-4, provided with the CE-mark

Chemical Base Epoxy resin
Packaging 5 kg [A+B) Pre-batched urit
Colour Component A: white paste

Component B: grey paste
Components A+ Bmixed: light grey paste

Shelf Life 24 months from date of production

Storage Conditions Store in original, unopened, sealed and undamaged packaging in dry condi-
tions at temperatures between +5 "Cand +30°C. Protect from direct sun-
light.

Density 1,30+ 0.1 kg [component A+B mixed) [at +23*C)

Viscosity Shear rate: 50 /s
Temperature WViscosity
+10 *C ~10 000 mPas
+23°C =6 000 mPas
+35 °C =5 000 mPas

Pradiet Data Sheat
Sbadur® 130

Poflry 2007, felr i 0000
N A0 G004




TECHNICAL INFORMATION

Flexural E-Modulus ~3 800 Nfmm? |7 days at +23°C) 10N EN 1405]
Tensile Strength ~ 30 N/mm? [T days at +23°C) Y50 5271
Tensile Modulus of Elasticity ~4 500 Njmm |7 days at +23°C} N150 527)
Elongation at Break 0.9% |7 days at +23°C) 50 5271
Tensile Adhesion Strength Concrete fracture (> 4 N'mm?} on sandblasted substrate N 50 4624)
Coefficient of Thermal Expansion 4.5 % 10-5 1/K [Temperature range -10°C - +40 *C} {EM 1770
Glass Transition Tempe rature Curing time Curing temperat- TG {EN 12014]
30 days T;E*c +58°C
Heat Deflection Temperature Curing time Curing tem perat- HDT {ASTM [ 848
7 days :E“E +3E°C
T days +23°C +HIT°C
T days +35°C +53°C
Resistant to continuous exposure up to +45°C,
Service Temperaturn =0 *C to+45 *C

SYSTEM INFORMATION

System Structure

Substrate primer - Sikadur®-330,
Impregnating / laminating resin - Sikadur®-330,
Structural strengthening fabric - SikaWrap® type to suit requirements,

APPLICATION INFORMATION

Mixing Ratio Component & : component B =4 ;1 by weight
When wsing bulk material the exact mixing ratio must be safeguarded by
accurately weighing and dosing each component,
Consumption See the "Method Statement Tor SikaWrap® manual dry application” Ref 850
41 02,
Guide: 0.7 - 1.5 kg/m?
Ambient Air Temperature +10 *C min, / +35 *C max.
Dew Point Beware of condensation.
Substrate temperature during application must be at keast 3 °C above dew
paint.,
Substrate Temperature +10 *C min, /435 *C max,
Substrate Moisture Content <4 % pbw
Pot Life Temperature Pot life Open time N 50 a514)
+10*C ~90 minutes ~50 minutes
5 kg}
+23°C ~60 minutes ~b0 minutes
5 kg}
+35 °C ~30 minutes ~30 minutes
15 kgl
That et b baging whn the risin and har doner ar mixed. 1 s sherer ot high sem peraures and knger at
Iow nempe e The greaner i quant ity miwed, the shorne the pot ife. To ditain longe workabliny an
high temperatures, the mixesd adhedve may be divided int o porans. Anather methad & fo chil compon-
g A B Before mixng them {nct below 4 °C1
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