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ABSTRACT

One of the major requirements for strengthening or upgrading existing
reinforced concrete structures is to increase their column capacities to withstand
larger expected loads. There are different techniques to increase existing column
capacities; however, such techniques differ in their advantages and
disadvantages.

The main objective of the present study is to investigate the efficiency of
confining plain concrete column with ferrocement jacket.

The study consists of two parts, experimental and theoretical. The main
purpose of the experimental program was to investigate the structural behavior
of concrete column strengthened with ferrocement jackets under monotonic and
cyclic compression loading conditions. The experimental phase of this
investigation consists of 48 short concrete columns. The main variables
considered in this study were the volume fraction (number of wire mesh layers),
the mortar compressive strength, column size, and column loading type. It was
found that the ferrocement jacket provided sufficient lateral support to the
concrete core and significantly increases both the strength and ductility of the
specimens under axial loading. The ratio of strength of concrete column
strengthened with ferrocement jacket to strength of plain concrete column
ranged between 1.132 and 2.291 for columns with 35 MPa mortar compressive
strength, whereas it was between 1.364 and 2.34 for columns strengthened with
45 MPa. Also, the validity of an envelope curve to describe cyclic behavior is
discussed.

In the second part of the study, the tested columns are analyzed using
nonlinear three dimensional finite element models. ANSY'S (11.0) program is
used to analyze the three dimensiona model. Concrete core and ferrocement
shell is modeled by using the 8-noded isoparametric brick elements (SOLID 65),
while the loading steel plate as isoparametric brick elements (SOLID 45) with 8-
nodes. Reinforcement in the ferrocement shell is assumed to be smeared

throughout the concrete element. Perfect bond between concrete core and
I



ferrocement shell is assumed. The adopted finite element models are found to
giveresults in a good agreement with the test results. It is found that the ratios of
experimental to theoretical values of ultimate loads are between 0.88 to 1.094
with average of 0.983 for strengthened concrete columns with ferrocement
jackets.

Several parametric studies have been carried out to investigate the effect
of some important parameters on the predicted finite element results. The effects
of concrete compressive strength, modulus of elasticity of ferrocement shell and

applied load on ferrocement shell have been investigated.

The research aso proposed new models for stress-strain relationship of
concrete column strengthened with ferrocement jacket under monotonic load

and for envelope curve, unloading and reloading.
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Notation

Symbol Description
Ag Cross sectional area of spiral reinforcement
D Diameter of column
D/t Length to thickness ratio
Db Bar diameter of wire mesh
D Centre to centre spacing of wires aligned longitudinally in reinforcement
mesh
Dy Centre to centre spacing of wires aligned transversely in reinforcement
mesh
Ec Modulus of elasticity of concrete
Es Modulus of elasticity of ferrocement shell
Eeec. Secant modulus of elasticity of confining concrete
FE Finite element
F A function of the principal stress state (61, 62, 63).
f Yield function
f¢ Uniaxial compressive strength of concrete
fec Axial compressive strength of strengthened column with ferrocement
jacket
fem Compressive strength of mortar
e Axial compressive strength of unconfined concrete
fr Lateral confining pressure
fre Reloading stress
fi/ Uniaxial tensile strength of concrete
fy yield strength of wire mesh reinforcement
fsy Yield stress of stirrup reinforcement
fun Unloading stress
h thickness or ferrocement shell
k1 constant
ke Confinement coefficent
L Length (height) of column
L/D Height to diameter ratio




Symbol

Description

L/r Column slenderness ratio
N Number of layers of mesh reinforcement
P Axia load, kN

Pec Ultimate strength of concrete column strengthened with ferrocement

jacket, kN

Peo Ultimate strength of plain concrete column, kKN

R? Correlation coefficient

w/c Water to cement ratio

u,v,w Displacement components
V¢ volume fraction of wire mesh
X,Y,Z | Global coordinate system at sampling point

B Shear transfer coefficient
€ strain

€ Concrete strain

€cc Strain at ultimate strength of strengthened concrete column with

ferrocement jacket

€co Strain at ultimate strength of plain concrete column

€cu Concrete ultimate strain

&p Plastic strain

€un Unloading strain

€1, €2, €3 | Principa strains

€o Strain corresponding to peak uniaxial concrete compressive stress
€ Normalized unloading strain

€y Yield strain of wire mesh
v Poissons ratio
o Stress

Oh Hydrostatic stress

01, 62, 03 | Principal stresses
Matrices
[A] Displacement gradient matrix




Symbol

Description

[B]

Strain displacement matrix

[D] Constitutive matrix
[J] Jacobian matrix
]| Jacobian determinant
[K] Stiffness matrix
[L] Differential operator matrix
[N] Shape function matrix
Vector
{a} Nodal displacement or flow vector
{b} Body force
{f} External load vector
{F} Vector of applied loads
{F} Total applied force vector
{F"M Restoring force vector
{R} Residual vector
{u} Displacement vector (u,v,w) at node k
{c} Stress vector at sampling point
{e} General strain vector at sampling point
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CHAPTER ONE INTRODUCTION

CHAPTER ONE
INTRODUCTION

1.1Gener al

Compression members are the key elements of all skeletal structures, and
the study of their behavior is usually based on testing of concentrically |oaded
columns. Compression members, or columns, may be defined as a members that
carry axial compressive loads, and whose length is considerably greater than
cross-sectional dimensions. Such members may carry other types of loadings,
and may have end conditions and end moment of different kinds[1].

In buildings, bridges and other structures, columns play the vital role of
transferring the vertical and lateral loads to the foundation. They are often
reinforced with reinforcement consisting of longitudinal and transverse steel.
The longitudina reinforcement contributes to axial and flexural resistance. The
transverse reinforcement contributes to improving shear (diagona tension)
capacity, preventing or delaying buckling of longitudinal reinforcement in
compression, and confining concrete to improve strength and deformability of
concrete. While the amount of longitudinal reinforcement affects flexura and
axia strength, it does not play a significant role on column deformability.
However, the transverse reinforcement plays a vital role on column shear
strength and deformability [2]. Columns are often required to be designed with
sufficient transverse reinforcement, in the form of ties, hoops, overlapping
hoops and cross ties for excess shear capacity to prevent premature shear failure,
which is regarded as a brittle form of failure. Hence, in properly designed
concrete columns, brittle shear failure never precedes ductile flexural failure [2].

The same transverse reinforcement also improves flexural performance if

placed with sufficiently small spacing. Closely spaced transverse reinforcement



CHAPTER ONE INTRODUCTION

provides a reinforcement cage which confines the compression concrete.
Performances of reinforced concrete buildings and bridges located in earthquake
regions have demonstrated that columns, especially at the first story level, suffer
significant damage during strong earthquakes [2]. The damage aso may be
caused by the effects of missile impact, blast pressure, air raid, fire or vehicle
collison. If any of these situations or others should arise, it needs to determine
whether it is more economic to strengthen and rehabilitate the existing structure
or to replace it [3].

Although the current design practice calls for strong columns and weak
beams to dissipate seismic induced energy by yielding of the beams, it is
difficult to prevent indastic deformation in lower story columns
during a strong earthquake [4]. Therefore, for earthquake resistant design,
columns are proportioned to sustain a large number of inelastic
deformation reversals without a significant loss of strength. This is
referred to as inelastic deformability of columns and can be attained
through the confinement or strengthening of core concrete [4]. Confined or
strengthened concrete column is laterally restrained against possible expansion.
Axially compressed concrete cannot crush unless it expands laterally due to the
Poisson effect and develops vertical tensile cracks. The lateral pressure provided
by confinement overcomes the tendency to expand, improving strength and
ductility of concrete. In order to predict the behavior of concrete members with
confinement throughout their loading range, the knowledge of the complete
stress-strain relationship of confined concrete under various loading history is
needed. The stress strain characteristics of confined concrete are distinctly
different from those of uniaxially stressed concrete [5].

As a result of concrete column confinement, both the compressive
strength and the ultimate strain of concrete can be enhanced. In al types of
applications of strengthening techniques, the stress-strain behavior of confined
concrete, under both monotonic and cyclic compression, needs to be properly

understood and modeled [6]. The stress-strain behavior of confined concrete

2



CHAPTER ONE INTRODUCTION

under cyclic compression is of particular interest in the seismic retrofit and

design of concrete structures.

1.2 Strengthening and Retrofitting Techniqgues of a Reinfor ced

Concr ete Element

One of the challenges in strengthening and rehabilitation of concrete
structures is the selection of a method that will enhance the strength and
serviceability of the structure while addressing limitation such as
constructability, building operations, and budget. Strengthening and
rehabilitation are accomplished either by reducing the magnitude of the internal
forces or by enhancing the resistance of the existing structure to them [3].

The common confinement techniques that are used for strengthening and
rehabilitation of the concrete structures are [7]:

1) Encasing concrete in steel jackets;

2) Lateral reinforcement in the form of steel ties or spirals (Section

Enlargement);

3) External fiber composite wraps; or

4) Encasing concrete in fiber composite tubes.

The confinement of concrete columns by these means is passive by
nature. The activation of these means depends on the lateral expansion due to
axial compressive load. The latera strain or the dilation of the column increases
as the axial strain increases with increasing amount of compressive load. At the
instant when concrete starts to crack due to the axial load carried by the column
with strengthening means, the strengthening materials will experience tensile
hoop stresses [4].

The most commonly method used for column retrofitting is steel jacketing
as shown in plate (1.1). Steel jacketing involves covering the column surface by
steel plates, welding the plates to form a sleeve, and filling the gap between the
steel and concrete by pressure injected grout. The steel jacket overcomes

diagonal tensile and compressive stresses generated by shear, while also
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restraining concrete against lateral expansion, thereby confining the column for
improved deformability [2]. In circular columns, passive confinement pressure
is developed from hoop tension in the steel jacket as the concrete expands
laterally. However, the same mechanism cannot be utilized in sguare and
rectangular columns, unless the column is first re-shaped to have an €lliptical or
circular shape before a steel jacket is put in place [2]. The steel jacketing can be
guite costly because of the large amounts of steel used and each steel jacket has
to be custom made especially for non-circular columns.

Jacketing concrete columns can be done by providing a reinforced concrete
sleeve around existing columns as shown in plate (1.2). This technique requires
placement of reinforcement cage around the existing column which may be
guite cumbersome especially because of the substantial amount of closely
spaced transverse reinforcement that has to be placed around the column.
Another complication is to provide the formwork and place concrete in the
sleeve [2]. The mechanism of confinement and shear force resistance remains
the same as that for steel jacketing. This technique results in a larger column
size that may not be convenient and needing more space for the structure, which
is not always possible. Therefore, section enlargement may require longer
installation time than other strengthening method; however using reinforced
concrete jackets resultsin arelatively lower cost [8].

All the previous strengthening and rehabilitation techniques are both labor
intensive because of using heavy materials and vulnerable to future corrosion.
Therefore, the other retrofitting techniques, that are being researched and
developed for concrete columns, are FRP wraps and FRP tubes, involving fiber
reinforced polymer (FRP) materials [2]. FRP can be used in strengthening
systems because of its superior combination of properties with respect to weight,
strength, stiffness, durability, fatigue, impact and corrosion resistance. Itseasein
handling and application, and its light weight eliminates the need of mechanical
lifting or anchoring devices, hence minimizing disruption to service for the

duration of strengthening and maintenance process [3]. These techniques
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involve covering the surface of concrete column by an FRP wrap or FRP tube,
which provides passive confinement pressure as the concrete expands laterally
under compression. While these techniques were proven to be effective for
concrete confinement, its use against diagonal tension caused by shear is still
guestionable [3]. These techniques results in a higher load capacity without
increasing section size, and can be done in a shorter construction time beside
that it can be used while the building under operation; however such techniques
resultsin arelatively high cost [8]. Plate (1.3) shows the concrete column wraps

with FRP composite.

1.3 Ferrocement

Ferrocement was invented by a Frenchman, Joseph Louis Lambot, in 1848.
It was aform of reinforced concrete, and it was used for the first time in making
boats. Since the 1940's its application in the civil engineering field has widened.
Definition of ferrocement reported by ACI Committee 549 [9] is aform of thin
reinforced concrete structure in which a brittle cement-sand mortar matrix is
reinforced with closely spaced multiple layers of thin wire mesh and /or small
diameter rods, uniformly dispersed throughout the matrix of the composite.
Figure (1.1) depicts the typica steel wire meshes used in ferrocement
applications[10].

Ferrocement is a special form of reinforced concrete, which exhibits a
behavior differing much from conventional reinforced concrete in strength
performance and potential application. Therefore, the uniform dispersion of
reinforcement in the matrix offers in achieving improvement in many of the
engineering properties of the material, such as tensile and flexural strength,
toughness, fracture, crack control, fatigue resistance and an impact resistance
and in addition it provides advantages in fabrication [11]. In developing
countries, the raw materials for ferrocement construction are easily available,
and aso it could be constructed in any complicated shape. The skill required is
of low level and it has superior strength properties as compared to conventiona

reinforced concrete [11]. These are the reasons for which the ferrocement is
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considered to be an appropriate confinement material in developing countries
[11].

The ranges recommended for common ferrocement applications are: sand-
cement ratio by weight, 1.5 to 2.5, and water-cement ratio by weight 0.35 to 0.5.
The mix should be as stiff as possible, provided it does not prevent full
penetration of the mesh. For most applications, the 28-day compressive strength
of (75 x150 mm) moist-cured cylinders should not be less than 35 MPa[9].

Welded Wire Fabric (WWF) and Welded Wire Mesh (WWM) with either
hexagonal or square opening are commonly used as ferrocement reinforcements.
Meshes with sguare openings are made out of straight wires in both the
longitudinal and transverse directions welded at points of intersections. Figure
(1.4) shows different types of wire meshes reinforcement used in ferrocement
applications. Woven mesh is made of longitudinal wires woven around straight
transverse wires. Welded-wire meshes have a higher modulus and hence higher
stiffness than woven meshes. The major differences between Welded Wire
Mesh (WWM) and Welded Wire Fabric (WWF) are the size and spacing of
wires. Welded Wire Fabric normally contains larger diameter wires (2mm or
more) spaced at 25mm or more [9].

In itsrole as a thin reinforced concrete product and as laminated cement-
based composite, ferrocement can be used in numerous applications, including
agricultural applications, applications in water supply and sanitation, housing,
rural energy, and repair and rehabilitation. Details of these applications are
given below [10].

a. Agricultura applications: grain storage bins and silos, water tanks,
lining for underground pits and irrigation channels pipes, shells for
fish and chicken farms, and pedestrian bridges.

b. Rura energy applications: biogas digestors, biogas holders,

incinerators and panels for solar energy collectors.
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c. Water supply and sanitation: water tanks, sedimentation tanks,
well casings, service modules, sanitary tanks, linings for
swimming pools, and fuel tanks.

d. Housing applications: house, commonly centers, museums,
mosgue domes and other worship place, domes structures, precast
housing element, wall panels, sandwich panels, corrugated roofing
sheets, hollow-core dabs, permanent formwork and repair and
rehabilitation of existing housing.

e. Building Industry: Roofing element, wall element, lintels, beams,

and columns.

1.4 Concrete under Cyclic L oading

Reinforced concrete structures may be subjected to various repeated |oads
that normally cover load ranges from dead load only to dead load plus live load
during their service life [12].

Concrete under variable loading behaves differently compared to that
under monotonic loading because the former includes considerations of the
loading history that the concrete has experienced [13]. The effects of variable
loads on structures can be divided into two categories. The first is the
incremental deformations which occur under a relatively small number of load
cycles but of rather high stress. The second is the fatigue effect which isdueto a
large number of cycles of loadings of relatively low stress level. The fatigue
phenomenon may occur in concrete and reinforcement. It should be noted that
the important factor in fatigue is stress repetition, not the rate of strain asin the
first kind. Thus, faillure of second kind might occur under static loading (of

cyclic nature) as well as under dynamic loading [14].

1.5 Objectives of the Study

The main objective of this study is to investigate the behavior of short
concrete columns strengthened with ferrocement jacket under axial monotonic

and cyclic compressive loadings. For this purpose, experiments have been
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performed on plain concrete columns confined externally with different layers of
Welded Wire Mesh (WWM) and covered with external mortar layer subjected to
various axial monotonic and cyclic compressive loadings. The volume fraction
of reinforcements (number of wire mesh layer), compressive strength of the
mortar (two target strengths), specimen size, and four different load regimes are
used in order to assess the effect of these variables on the strength of columns.
The tested columns were analyzed by using nonlinear three-dimensional

finite element method using ANSYS (version 11), and the predicted

behavior was compared with the experimental one.

1.6 Thesis L ayout

The thesis is organized in six chapters. The current chapter is being the
first, which gives a general introduction on the strengthening techniques of
concrete columns.

Chapter two presents literature review concerning the experimental and
theoretical studies of the confined concrete columns.

Chapter three concerns with the experimental work. In this chapter the
properties and testing of the materials used in the investigation, details of test
columns, instrumentation, and test procedure, are illustrated.

The finite element formulation and description of the model proposed to
predict the strengthened column behavior is presented in chapter four.

The results and behavior of the tested concrete columns are demonstrated
and discussed in chapter five and the predicted behavior of the column using the
finite element method is also presented and compared with the experimental
behavior.

Finally, the main conclusions of the project in this thesis are given in

Chapter six. Recommendations are also given for further research.
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Plate (1.1) Strengthened Plate (1.2) Size enlargement of
concr ete column with steel plate. concr ete columns.

Plate (1.3) FRP wrapped around concr ete
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Square woven mesh; D=3.18mm, Square welded mesh; D=25.4mm,
galvanized non -galvanized

Expanded metal mesh,

Square woven mesh; D=12.7mm, non- galvanized

non -gal vanized

Figure (1.1): Typical steel meshes used in ferrocement [10]
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CHAPTER TWO
Literature Review

2.1 Introduction

The common retrofit techniques that are used for strengthening concrete
structures are concrete, fiber reinforcement polymer (FRP), and steel jackets.
Concrete jackets are constructed by enlarging the existing cross section with a
new layer of concrete and reinforcement. This reinforcement is traditionaly
provided by hoop or spira rebar, or welded wire fabric. FRP reinforcement is
typicaly applied in two ways. prefabricated (tubes) jackets or wraps. Steel
jackets are constructed by placing a sted sheet or tube with a dlightly larger
diameter around the member to be retrofitted.

In this chapter, a literature review is presented of the research performed
in the area of confinement of concrete columns, with a special emphasis on the
commonly used confinement models. The confinement of concrete columns is
reviewed in the first part of the chapter, followed by the behavior of concrete

under cyclic loadings in the second part.

2.2 Confinement of Concrete Columns

2.2.1 Confinement by Reinforcement Concr ete Jackets

Some research was conducted in order to evaluate the enhanced strength
of concrete due to confinement. The early tests mainly considered the "active
state of confinement, in which the confining pressure was kept constant during
the entire loading process.

Considere (1903) as cited in [7] tested the triaxial behavior of (80 x 300
mm) mortar cylinders, in which the latera confinement was provided by
constant hydraulic pressure. From the test results, proposed the following
relationship to predict the compressive strength of confined concrete:

flo =Ky flo+ KTy

cc” "1 'co (2.1)
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where, f'.. and f'., are the compressive peak stress of the confined and
unconfined concrete (in psi), respectively, k; is a constant varying between 1
and 1.5, k. is the confinement coefficient equal to 4.8, and f, , is the lateral
confining pressure.

Considere's findings were further investigated by Richart et a. [15]. (1928)
for concrete cylinders. They subjected (101.5x 203 mm) normal-weight concrete
cylinders to constant hydraulic pressure while applying the axial compressive
load until failure. The unconfined strength of the concrete varied from 1 to 3.8
ks, while the applied lateral pressure varied from 550 and 4090 psi. They
defined the confined strength of concrete as:

flo=f +k fr (2.2)

where the average value of k _for the tests they conducted was 4.1.
Balmer in 1949, as cited in Ref. [7], tested (150 x 300 mm) concrete

cylinders under triaxial compression. A maximum confining ratio f,./f’., of 6.8
was applied. Later, Chinn and Zimmerman (1965) as cited in [7] found out that
for high confining pressures ( f./f'., < 17) the confinement coefficient k. is a
function of the lateral pressure. They proposed the following formulafor k.
k. =365f ~0-117 (in ksi) (2.3)
In 1972, lyengar et al. [16] tested a series of spira-reinforced normal-
weight concrete cylinders under concentric compression. The specimens were of
two sizes: (101.5 x 203 mm) with spira pitches ranging from 30 mm to 98mm,
and (150 x 300 mm) with pitches ranging from 30 mm to 118 mm. They
concluded that the strength enhancement due to the spiral confinement could
still be represented by the expression of Richart et a., yet with a confinement
coefficient of 4.6 instead of 4.1. They suggested a modified expression for the

confining pressure f;, as:

_ 2A.S'p fS_’y

fr = Dy (2.4)
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where Ag, fy, Sp are the cross-sectional area, yielding stress, and pitch of the
spiral, respectively, and D isthe inside diameter of the column.

Ahmad and Shah [17], in 1982a, developed a constitutive relationship for
plain concrete subjected to triaxia compressive stresses. They proposed an
equation to predict the complete stress-strain curve of “actively' confined
concrete. They arrived at a bilinear relationship in lieu of the linear equation of
Richart et al.. According to their procedure, the confined compressive strength

was expressed as follows:

foe=f 0ot 4.256 f; (forf, <0.679 f)

2.5
[=1.776 f o+ 31171, (for f; <0.679 o) )

They also established a procedure to predict the behavior of “passively' confined
concrete using their model for ‘active’ confinement (Ahmad and Shah
[18]1982b). Experimental data of their own [17, 18] and of lyengar et a. on
short concrete columns confined by steel stirrups, were used to verify ther
model. Experimental and predicted results compared favorably.

In 1988, Mander et al. [19] developed a more ssmplified confinement
model applicable to concrete confined by circular or rectangular transverse
reinforcement. The proposed stress-strain model is based on an equation
proposed by Popovics for plain concrete. The axial compressive stress in
concrete /. is expressed in terms of the axial strain ¢, the peak strength /°.. and

the corresponding strain e, as follows:

rfée (2.6)

fl=
Cr_ 1+ X

where,_ ¢c ,, . Ec | E. is the tangent modulus of elasticity of
8CC EC_E%

concrete, and Eeec _ fec . The value of £ is determined based on the multi-
€cc

axial failure surface by William and Warnke, and for circular sectionsit is given
by [19]:
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fé = féo{—1.254+2.254 1+7'?Z';f _2 f‘;rO] (MPa) (2.7)

and the value of ¢ isgiven by [19]:

goc=gco{1+5[ foc _1ﬂ (28)

feo

The model assumes a constant confining pressure throughout the loading history
and it is insensitive to variation of the Poisson's ratio of concrete, and thus it
does not satisfy the strain compatibility condition at peak stress. In other words,
it presents a solution for the active confinement problem rather than the passive
confinement [19].

Bett et a. [20] in (1988) conducted testing on sguare columns repaired
and strengthened by concrete jackets under compressive axia loading as well as
lateral loading. Three square column test specimens were constructed, retrofitted
with a concrete jacket, and then tested. One of the specimens was tested,
repaired, and then retested. The other two specimens were strengthened before
testing. Specimens were tested under axial and lateral loads simultaneoudly to
simulate earthquake loading. Again, the experiment determined that a damaged
retrofitted column has nearly the same strength and stiffness as an undamaged
retrofitted column with asimilar concrete jacket.

Ersoy et a. [21] in 1993 carried out two series of tests to study the
behavior of strengthened and repaired concrete jacketed columns. The first
series compares the behavior of jacketed columns with a monolithic reference
specimen under monotonic axial loading. All the concrete for the monolithic
specimen was cast with the base column and retrofit reinforcement in place, to
provide a specimen with perfect interaction and bond between the base columns
and retrofit material. Hoop reinforcement was used in the base column and
retrofit reinforcement, as shown in Fig. (2.1). The jackets were applied under
two conditions: after the compression loading was applied and removed, as well
aswhile the axia load was still applied. It was determined that columns jacketed
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after unloading performed well, reaching 80 to 90 percent of the strength of the
monolithic reference specimen. Repair jackets applied while the column was
still under load did not perform as well and only reached 50 percent of the axial
load carried by the monolithic specimen. The second series of tests studied the
effectiveness of concrete jackets with columns tested under combined axia load
and bending. Both repaired and strengthened jackets behaved adequately under
monotonic and reversed cyclic loading. From the results it was obvious that the
strengthened specimens perform adequately and carry axia loads comparable to

the monolithic reference specimen.

13
T
15 |
mm T n:u
100
FI.'L]II
15 13
. T T THIITT
Basic Column Jacketed Colummn

Figure (2.1) Cross section dimension for retrofitted specimens[21].

Rodriguez and Park [22] in (1994) conducted further testing on
rectangular columns repaired and strengthened by concrete jackets under
compressive axial loading as well as lateral loading. Rebar hoops were provided
as the retrofit reinforcement for the concrete jackets. Concrete jackets increased
the strength and stiffness of the as-built (unretrofitted or base) columns by up to
three times. It was also shown that damage before the retrofit has no significant
influence on the performance of the jacketed columns. Overall, concrete jackets
with rebar reinforcement significantly improved stiffness, strength, and ductility
of typical reinforced concrete columns, but construction was very labor
intensive,

Lehman et a. [23] in 2001 used concrete jackets to repair severely
damaged columns. Three repair methods were considered and implemented for

the damaged columns, which were built to modern seismic specifications. Initial
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damage to the columns included crushing of concrete, buckling and fracture of
longitudinal reinforcement, and fracture of the spiral reinforcement, which was
the result of axial and lateral loading. Concrete jacketed columns were
reinforced with spira transverse reinforcement, as shown in Fig. (2.2). Loose
concrete was removed from the cover as well as the base column. The concrete
jacket retrofitted column displayed increased stiffness and strength, comparable

to the original column before damage.

—

____ Ongnal Column

Jr_gu

‘ EI_G"

— R Jacket

No. 3 Spiral
1 Inch Pitch ™

16 No.
Headed Bars

Fig. (2.2) geometry and reinforcement of columns 430SR with spiral reinforcement [23].

2.2.2 Confinement by Ferrocement Jackets

Balaguru [24] in1989 presented the results of an investigation on the
behavior of plain concrete cylinders confined in ferrocement shell. The
experimental investigation consisted of strength tests using (150 X 300 mm)
cylinders. The primary variables were: compressive strength of concrete in the
range of (20-40 MPa) and one to four layers of wire mesh. The wire mesh
provided effect confinement, resulting in an increase of compressive strength
and increase in ductility. The increase in number of wire mesh resulted in
consistent increase in both strength and ductility. The increase in compressive
strengths estimated using constitutive models for confined concrete compares

well with the experimental results.
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Mansur and Paramasiva [25] in 1990 studied the behavior and strength of
ferrocement box sections with and without concrete infill under axial and
eccentric compression. It was concluded that ferrocement in the form of a box
section in which reinforcing wire meshes are folded in the form of a cage may
be used as a structural column, and its strength can be enhanced with concrete
infill.

A method was presented by Fahmy et al. [26] in 1999 for repairing
reinforced concrete columns using ferrocement laminates as a viable economic
dternative to the highly expensive conventional jacketing methods. The
experimental results demonstrated that irrespective of the pre-loading level or
the mesh type, better behavior and load carrying capacity for all test specimens
could be achieved compared to their origina behavior.

Kabir and Hasan [27] in 1999 presented the test results performed on
thirty two axially loaded brick masonry columns. These columns were divided
into four sets. The first set of columns were completely bare, the second set of
columns were plastered, the third set had precast ferrocement jackets divided
into two equal halves, around the columns and the fourth set had precast
ferrocement jackets divided into three segments, around the columns. All the
columns were tested under increasing load until failure. Compared to bare brick
masonry columns and plastered columns, precast ferrocement jacketed columns
had better cracking resistance and higher ultimate |load carrying capacity. They
also exhibited more ductile behavior at failure.

Takiguchi et a. [28] in 2001 reported the result of an experimental
investigation carried out on strengthening and repairing of shear failure type
reinforced concrete columns by using circular ferrocement jacket. Four identical
original reinforced concrete columns were constructed. Two origina columns
were tested as control specimens. The remaining two columns were tested after
being strengthened with four and six layers of wire mesh respectively. Unless
failure occurred at an earlier stage, all columns were tested under cyclic lateral

forces and constant axial load. The conclusions were drawn from the test results
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that circular ferrocement jacket was effective in preventing the shear failure that
occurred on control specimens, in restoring the flexural strength, and enhancing
the ductility of concrete columns.

Keisuke et al. [29] in 2002 tested a total of nine sguare cross section
specimens (120 x 120 x 240 mm) which was prepared and tested to study the
strength and behavior of concrete confined by ferrocement boxes. Three
identical specimens were prepared as control specimens in series 1. All
specimens in series 2 were reinforced with wire meshes only. Besides being
confined with wire meshes, specimens in series 3 were reinforced with laterally
hoop bars of 2 mm diameter and containing four longitudinal bars of 2 mm
diameter, one at each corner. Five millimeters gaps were provided at both ends
of specimens confined with ferrocement boxes to avoid the confining box from
bearing direct axial load. Two main variables considered in this investigation
were: volume fraction of wire mesh and combination of confining
reinforcement, hoop and ferrocement box. Based on test results of this
investigation, it was found that deterioration of stiffness of concrete filled
ferrocement boxes specimens began when crack formed. Also, the use of
ferrocement boxes provided various degrees of confinement to the core concrete
which resulted in improving strength and ductility significantly. The proposed
method to calculate strength of concrete confined by ferrocement box agreed
well with test results.

Abdullah and Takiguchi [30] in 2003 presented behavior and strength of
reinforced concrete (RC) columns strengthened with ferrocement jackets. A total
of six identical reference columns were prepared and tested after being
strengthened with circular or square ferrocement jackets. Other than the ratio of
axia load, parameters studied included the jacketing schemes, and the number
of layers of wire mesh. Unless failure occurred at an earlier stage of loading, the
columns were tested under cyclic lateral forces and constant axial load. Test
results showed that by providing external confinement over the entire length of

the RC columns, the ductility was enhanced tremendously. Also, test results of
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this investigation reveded that the design method, proposed earlier by the
authors, was very effective.

Kumar et al. [31] in 2005 conducted an experimental investigation to
strengthen shear deficient reinforced concrete columns using ferrocement
jacketing. Three scale model specimens, identical to the actual bridge piers,
were tested. One of the piers was tested under as-built condition while the other
two were strengthened with layers of wire mesh before being tested. All the
specimens were subjected to a smulated seismic loading and constant axial
load. It was observed from the experimental results that the ferrocement-
jacketed specimens exhibited enhanced stiffness, strength, energy dissipation
and ductility and the mode of failure changed from brittle shear failure to a
ductile flexural failure. The control specimens failed by shear at arelatively low
lateral displacement. A finite element model was developed and the results
obtained from the numerical analysis compared with the experimental results. A
design methodology for strengthening piers and square/rectangular columns
with inadequate shear strength using ferrocement jackets was a so presented.

Kazemi and Morshed [32] in 2005 presented results of an experimental
study to evaluate a retrofit technique for strengthening shear deficient short
concrete columns. In that technique a ferrocement jacket reinforced with
expanded steel meshes was used for retrofitting. Six short concrete columns,
including four strengthened specimens, were tested. Specimens were under a
constant compressive axial force of 15% of column axial load capacity based on
origina concrete gross, and the concrete compressive strength. Main variables
were the spacing of ties in original specimens and the volume fraction of
expanded metal in jackets. Origina specimens faled before reaching their
nominal calculated flexural strength, and had very poor ductility. Strengthened
specimens reached nominal flexural strength and had a ductility capacity factor
of up to 5.5. Based on the test results, it was concluded that ferrocement jackets
reinforced with expanded steel meshes can be used effectively to strengthen

shear deficient concrete columns.
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Mourad [8] in 2006 investigated the efficiency of confining plain concrete
with different layers of Welded Wire Mesh (WWM) and different methods of
attachment of the (WWM) around the concrete specimen. An experimental
program was conducted on different plain concrete cylinders (150 X
300 mm) confined with ferrocement jackets that have different WWM layers
and different methods of attaching the WWM to the concrete cylinders. The
tested specimens were divided into three different groups namely, group A, B
and C, according to the method of WWM attachment to the concrete cylinder.
Group A specimens were prepared by attaching the WWM to the concrete
specimens by means of L-shaped fasteners screwed in pre-drilled holes, group B
specimens were prepared by attaching only the edge of WWM by fast setting
epoxy, while group C specimens were prepared by wrapping the first two layers
of WWM around the concrete specimen by applying Sikadur-31 on the concrete
surface and between the first two layers of WWM. All WWM wrapped
specimens were covered with a mortar layer to form the ferrocement jacket. All
specimens were tested under axia loads. Stress-strain relationships were plotted
and the ultimate load capacities were recorded and the failure modes were
observed and compared to the unconfined specimens, in order to investigate the
effect of confinement of the specimens with ferrocement Jackets. It was
concluded that confining plain concrete cylinders with ferrocement jackets
provided remarkable lateral confinement pressure that in turns increases its axial
load carrying capacity. However, such increase depended mainly on the method
of attaching the WWM on the specimen and the number of layers used in the
ferrocement jacket.

Kumar et al. [33] in 2007 investigated reinforced concrete and
ferrocement jacketed columns subjected to simulate seismic loading. The
experimental program consisted of three scale model bridge pier specimens
designed as shear deficient specimens, tested under different axial loads, before
and after retrofitting with ferrocement jackets. The specimens were reinforced

with 6 bars of 16mm diameter distributed evenly around the perimeter of the
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pier cross section. 6 mm diameter ties a 300mm spacing were used as the
transverse reinforcement. The three RC columns were strengthened with six

layers of ferrocement jackets (V; =3.46%) after their failure. Woven wire mesh

of 2.76mm square opening and 0.44mm diameter were used as reinforcement for
ferrocement jackets throughout the test program. The specimen used was 500
mm long, 70 mm wide, 120 mm thick, and symmetrically reinforced. The test
specimen was a cantilever with the fixed end framing into a footing. All the
specimens were subjected to a cyclic lateral load at the tip of the cantilever. The
main variable parameter in the study was the axia load ratio. Cyclic lateral
loading was applied on the scale model test piers while being simultaneously
subjected to axial loads of 100, 150 and 200kN respectively. They concluded
that the external confinement using ferrocement resulted in enhanced stiffness,
ductility, strength and energy dissipation capacity. The mode of failure changed
from brittle shear failure to ductile flexural failure. The axial loads influenced
the hysteretic response of columns and the energy absorption capacity. The
effect of axial compression on response was the acceleration of strength and
stiffness degradation under repeated inelastic load cycles.

Kondraivendhan and Pradhan [11] in 2009 studied the use of ferrocement
as an external confinement to concrete specimens. The effectiveness of
confinement was achieved by comparing the behavior of retrofitted specimens
with that of conventional specimens. The primary test variables considered in
this study was the concrete compressive strength. All the other parameters, such
as size, shape, number of layers of wire mesh, and height to diameter (L/D) ratio
of the specimens, were kept constant. The sections chosen were circular
cylinders with a size of (150 X900 mm) and L/D ratio of 6:1. The test results
showed that the confining of concrete specimens can enhance the ultimate
concrete compressive strengths and failure strains.

Experimental study was made on burnt clay brick column specimens by
Shah [34] in 2011. Burnt clay bricks of 221 mm x 110 mm x 55 mm were used.
Ordinary Portland cement and alkaline free sand were mixed together to cast
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cement mortar joint of 4.6 mm. In addition, 24 gage steel wire having tensile
strength of 276 MPa was used in the ferrocement. Masonry columns of 221 mm
X 221 mm x 784 mm, were prepared. After a period of one week of wet curing,
steel wire was manually wrapped around column in both directions. Cement
mortar was then applied as plastering and cured for minimum of 10 days before
testing in compression. The type of mortar for brick masonry joint was same for
all specimens. Specimens without ferrocement application were aso constructed
for comparison. The parameters such as cement mortar thickness, gage-wire
spacing and bond at the interface of ferrocement and brick columns have been
atered to study their effects on overall behavior. In this experimental study, it
was found that the first crack load and ultimate load of a ferrocement encased
masonry column was increased by 119% and 121% respectively. Cracks
developed in ferrocement encased column were finer and well distributed as
compared to plain specimen. However, premature failure was possible when
bond at the interface of brick masonry column and ferrocement was poor. At

higher reinforcement ratio, severe spalling and delamination was expected.

2.2.3 Confinement by Steel Jacketing

Knowles and Park [35, 36] (1969, 1970) conducted a series of tests on
concrete-filled steel tubes of different slenderness ratios, and concluded that in
most cases buckling of the tube dictated the overall failure of the composite
column. They recommended avoiding loading the steel tube in the longitudina

direction in order to achieveitsfull utilization in the circumferential direction.

In 1994, Prion and Boehme [37] performed a series of tests on concrete-
filled circular steel tubes. They reported that the enhancement of strength is
noticeable for a slenderness ratio, L/D, less than 15, where L and D are the
height and diameter of the column, respectively. The failure mode for short
columns (L/D < 15) was a shear failure of the concrete core.

Schneider [38] in 1998 presented an experimental and analytical study on
the behavior of short, concrete filled steel tube columns concentrically loaded in
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compression to failure. Fourteen specimens were tested to investigate the effect
of the steel tube shape and wall thickness on the ultimate strength of the
composite column. Depth-to-tube wall thickness ratios between 17 < D/t < 50,
and the length-to-tube depth ratios of 4 < L/D < 5 were investigated. Nonlinear
finite element models were developed and verified using experimental results. It
was shown that, the circular tubes offer substantial post-yield strength and
stiffness, not available in most square or rectangular cross sections.

Uy [39] in 2001, presented experimenta tests on the behavior of concrete
filled high strength steel box columns. The experimental results were used to
calibrate a numerical model developed elsewhere. Both the model and the
experiments were then compared with the approach adopted in Eurocode 4. It
was shown that whilst the numerical model is conservative, the Eurocode 4
model needs modifications in order to provide a conservative result in
estimating the member cross-sectiona strength. A mixed analysis approach was
therefore suggested which was found to provide a conservative but reasonable
estimate of the cross-section strength, which is more suitable for design
applications.

Johansson and Gylltoft, [40] in 2002, studied the mechanical behavior of
circular steel—concrete composite columns. Thirteen specimens, with L=650mm
and D=159mm, were tested. To examine different types of mechanica behavior
of the columns, three loading conditions were studied. Three dimensional
nonlinear finite-element models were established and verified with the
experimental results. The results obtained from the tests and the finite-element
anayses showed that the mechanical behavior of the column was greatly
influenced by the method used to apply the load to the column section. The bond
strength had no influence on transformation of load on the behavior when the
steel and concrete sections were loaded simultaneoudly. On the contrary, for the
columns with the load applied only to the concrete section, the bond strength

highly affected the mechanical behavior of the columns.
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Liu [41] 2004 presented an experimental study on the behavior of 12 high
strength rectangular concrete-filled steel hollow section columns subjected to
eccentric loading. The primary test parameters were the cross-sectional aspect
ratio, slenderness and load eccentricity. The specimens with cross-sectional
aspect ratios of 1.0, 1.5 and 2.0 were fabricated from high strength materials
(fy= 550 MPa; f,,= 70.8 and 82.1 MPa). The slenderness ratios of the
specimens were 20 and 50, while the load eccentricity ratios (e/B; e is the load
eccentricity, B is the breadth of cross-section) varied between 0.17 and 0.40.
Favorable ductility performance was observed for al specimens during the test.
The experimental ultimate capacities of the specimens were compared with the
design strengths predicted by the codes. Comparison of results showed that
Eurocode 4 overestimated the ultimate capacities of the columns with a
difference of 3%. ACI and AISC, on the other hand, conservatively predicted
the failure loads by 11% and 25%, respectively.

In 2005, Lam and Wong [42] performed a series of tests to consider the
behavior of short composite concrete stainless steel columns under axial
compressive loading. The columns were constructed of stainless steel square
hollow sections filled with normal and high strength concrete. Eight specimens,
of 100 x 100 mm stainless steel square hollow sections, were tested with various
concrete strength (30, 60, and 100 N/mm?) and wall thickness (2 and 5 mm).
Results showed that the standard rules for composite columns design gave a
reasonabl e prediction of the compressive strength, with the Eurocode 4 appeared
to over-estimate the specimens filled with high strength concrete, while the ACI-
318 and Australian standards would appear to under-estimate the compressive
strength of the composite columns filled with normal strength concrete.

Ellobody et a. [43] in 2006 presented the behavior and design of axially
loaded concrete-filled stedl tube circular stub columns. The study was conducted
over a wide range of concrete cube strengths ranging from 30 to 110 MPa. The
external diameter of the steel tube-to-plate thickness (D/t) ratio ranged from 15

to 80 covering compact steel tube sections. An accurate finite element model
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was developed to carry out the analysis. Accurate nonlinear material models for
confined concrete and steel tubes were used. The column strengths and load-
axial shortening curves were evaluated. An extensive parametric study was
conducted to investigate the effects of different concrete strengths and cross-
section geometries on the strength and behavior of concrete-filled compact steel
tube circular stub columns. The column strengths predicted from the finite
element analysis were compared with the design strengths calculated using the
American, Australian and European specifications. Based on the results of the
parametric study, it was found that the design strengths given by the American
Specifications and Australian Standards are conservative, while those of the
European Code are generally unconservative. Reliability analysis was performed
to evaluate the current composite column design rules.

Y ang and Han, [44] in 2006 studied the behavior of steel tubular columns
of circular and sguare section filled with normal concrete and recycled aggregate
concrete. Thirty specimens, including 24 recycled aggregate concrete filled steel
tubular (RACFST) columns and 6 normal concrete filled steel tubular (CFST)
columns, were tested to investigate the influence of variations in the tube shape,
circular or square, concrete type, normal concrete and recycled aggregate
concrete, and load eccentricity ratio, from 0 to 0.53 on the performance of such
composite columns. The test results showed that both types of filled columns
failed due to overall buckling. Comparisons were made with predicted ultimate
strengths of RACFST columns using the existing codes. The predicted load
versus deformation relationships were in good agreement with test results.

Gupta et a. [45] in (2007), studied the behavior of circular concentrically
loaded concrete filled steel tube columns. Eighty-one specimens were tested to
investigate the effect of diameter and D/t ratio of a steel tube on the load
carrying capacity of the concrete filled tubular columns. Diameter to wall
thickness ratios between 25 < D/t < 39, and the length to tube diameter ratios of
3 < L/D < 8 were investigated. Results were compared with the corresponding

findings of the available literature. Also a nonlinear finite element model was
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developed to study the load carrying capacity using the finite element code
ANSYS. This model was validated by comparison of the experimental and
computational results of load-deformation curves and their corresponding modes
of collapse. They concluded that for smaller D/t ratio, the steel tube provided
good enhancement in the concrete strength, and that the load carrying capacity
of the columns decreased as the D/t ratio increases.

In 2007, Ellobody [46] investigated the nonlinear behavior of concrete-
filled high strength stainless steel stiffened slender square and rectangular
hollow section columns. The stiffened slender tubes had overall depth-to-plate
thickness (D/t) ratios ranging 60-160. The concrete strengths covered normal
and high-strength concrete. The investigation was focused on short axially
loaded columns. A nonlinear finite element (FE) model had been developed to
study the behavior of the concrete-filled stiffened tube columns. The results of
the concrete-filled stiffened tube columns were compared with the results of the
companion concrete-filled unstiffened tube columns. It was shown that the
concrete-filled stiffened slender tube columns offer a considerable increase in
the column strength and ductility than the concrete-filled unstiffened slender
tube columns. The column strengths obtained from the FE anaysis were
compared with the design strengths cal culated using the American specifications
and Australian/New Zealand standards. A design equation was proposed for
concrete-filled stainless sted stiffened slender tube columns. It was shown that
the proposed modified equation provides more accurate design strengths

compared to the American and Australian/New Zealand predictions.

2.2.4 Confinements by Fiber Reinforcement Polymer s (FRP)

2.2.4.1 Confinements by FRP Wraps

Shahawy et a. [47] in 2000. A tota of 45 carbon-wrapped and 10
unconfined control concrete cylinders with 152.5 mm diameter and 305 mm
height were tested under uniaxial compression. Two concrete batches of normal

and high-strength concrete and five different numbers of wraps (from 1 to 5
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layers) were used. A nonlinear finite element model was developed. Model
compared favorably with test results. It was concluded that the adhesive bond
between concrete and the wrap would not significantly affect the confinement
behavior. The same confinement model can be applied to carbon and glass
fibers, aslong as the model has incorporated the dilation tendency of concrete as
a function of the stiffness of the jacket. It is of outmost importance to establish
the effective hoop rupture strain of the wrap through a reliability anaysis by
settingproper confidence level for design purposes.

Li et a. [48] in 2003 presented a study on the behavior of concrete
columns repaired by FRP under axia load. The RC column dimensions were
(152.4x609.6 mm). A finite element analysis using ANSY S was utilized to
conduct a parametric analysis. Experiments were also conducted to justify the
finite element analysis results. A reasonable agreement was found between the
finite element analysis and the test results. The effect of the thickness, stiffness,
and fiber orientation of the FRP layers as well as the interfacial bonding
between the FRP wraps and the concrete on the strength and stiffness of the
repaired columns was eval uated using the finite element modeling.

Lin and Liao [49] in 2004 presented experimental and the numerical
model to predict the compressive strength of concrete columns confined by
composite materials. FRP was wrapped around plain concrete columns and RC
columns to determine the difference between their behavior under uniaxial
compression. Experimental results indicated that the FRP confinements of the
two specimen types were similar. Accordingly, a method for analyzing the
behavior of an FRP-wrapped plain concrete column can be used aso to analyze
that of an FRP-wrapped RC column. Its stress-strain plot was bilinear. The study
presented a theoretica stress-strain model. Some comparisons between
experimental stress and the stress predicted using a model indicated that the
presented model was good to predict the fracture stress of FRP-wrapped

concrete column.
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Li [50] in 2006 studied the behavior of FRP concrete columns under axial
compression. Two types of fiber reinforced polymer (FRP) confined concrete
cylinders were used in this study. One was FRP jacketed concrete cylinders; the
other was FRP tube encased concrete cylinders. A total of 24 jacketed cylinders
and 15 encased cylinders were prepared. It was found that insufficiently
confined cylinders behave similar to unconfined cylinders. FRP cannot confine
the concrete core until the concrete is damaged (cracked or crushed) due to the
larger transverse Poisson’s ratio and lower axial stiffness of FRP. The rate of
increase in confinement effectiveness decreased nonlinearly as confinement
ratio increases. A considerable deviation was found between the prediction by
existing design-oriented confinement models and test results.

Hadi [51] in 2007 presented results of testing eccentricaly loaded
columns externally wrapped with two types of materials. Six cylindrical (205
mm diameter and 925 mm height) plain columns were cast and tested. Half of
the columns were wrapped with GFRP and the other half with CFRP. All
columns were tested by applying an axia load at 50 mm eccentricity. In each
group GFRP or CFRP wrapped of columns, one column did not have any
vertical straps, one had vertical straps made of one layer of wrapping material
and one column had vertical straps made of three layers of wrapping material.
The vertica straps were made of 50 mm GFRP or CFRP and were glued to the
columns at an equa spacing of 57.5 mm. All columns were horizontally
wrapped with three layers of materid GFRP or CFRP. One column was
reinforced longitudinally and helically with steel bars to serve as a reference
column. Based on testing the columns it was concluded that considerable gain in
strength and ductility was obtained when reinforcing the columns with CFRP
vertical straps and horizontally wrapped. Although being tested under eccentric
loads, the CFRP columns outperformed both the GFRP and the steel reinforced
columns.

Wu et al. [52] in 2008 studied the behavior of concrete cylinders confined
with hybrid FRP composites. A total of 35 cylindrical specimens with
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dimensions of (150x 300mm) were tested, which included three plain concrete
cylinders as control specimens, 12 concrete cylinders confined with one kind of
FRP sheet and 20 specimens confined with hybrid FRP sheets. The experimental
parameters included the different types of FRP sheets, the number of layers of
FRP sheets and the different kinds of hybridization with two or three types of
FRP composites. First, the characteristics of the stress-strain curves of hybrid
FRP-confined concrete were described based on previous studies. Then, in order
to describe the main mechanica features of hybrid FRP-confined concrete
cylinders including stress and strain behavior, some simple models were
suggested based on a number of empirical equations determined from
mechanica tests. Finally, a multi-linear model was proposed to predict the axial
stress-strain model of concrete cylinders confined with hybrid FRP composite.
The proposed model closely agreed with the experimental results of the
presented study.

Chakrabarti et a. [53] in 2008 developed a nonlinear finite eement
model for the analysis of plain and reinforced concrete column confined by FRP
sheets. The column sections chosen for the analysis were either circular or
square in shape. The behavior of small and large scale FRP wrapped concrete
columns under uniaxial compression was investigated using the developed
model. A detail parametric study was done to quantify the effect of the
thickness, stiffness and fiber orientation of the FRP sheets as well as unconfined
concrete strength on confinement and stiffness of the strengthened columns
using the proposed model. Based on the analysis results, accurate stress
distribution in concrete and FRP was aso obtained which improves
understanding of the confinement mechanism.

Benzaid et al. [54] in 2008 tested a total of twenty-one prisms of size (100
x 100 x 300 mm) concrete column confined with GFRP composite wrap under
axial compression, in order to study the effect of confinement. The parameters
considered were the number of composite layers and the corner radius for a
square shape. Based on the analysis of experimental results obtained from tests
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on square concrete column, it concluded that composite wrapping can enhance
the structural performance of concrete columns under axial loading. The number
of layers of GFRP materias and the corner radius having a significant influence
on the behaviour of specimens. Applying multiple layers of GFRP led to
increase the stiffness of column. A larger radius expanded the strong constraint
zone and diminished the stress concentration. So the reduced confining pressure
in a sguare section due to the concentration of stresses at the corners was solved
by using a square section with circular corners.

Sadeghian and Rahai [55] in 2008 presented the results of numerical
analyses of concrete cylinders (i.e., columns) confined in composites jackets.
The specimens were subjected to uniaxial compression and the analysis was
carried out using a non-linear finite e ement method. Various parameters such as
wrap thickness, fiber orientation, concrete strength, and interfacial bonding were
considered. The finite element analysis results were in good agreement with
experimental data presented by other researchers. The numerical analysis results
demonstrated significant enhancement in the compressive strength, stiffness, and
ductility of the CFRP-wrapped concrete cylinders compared to unconfined
concrete cylinders. The stress-strain response of cylinders was greatly affected
by analysis parameters.

Sadeghian et a. [56] in 2009 presented the results of experimental studies
about concrete cylinders confined with high-strength Carbon Fiber Reinforced
Polymer (CFRP) composites. Forty small scale specimens (150 x 300 mm) were
subjected to uniaxial compression up to failure and stress-strain behavior was
recorded. The various parameters such as wrap thickness and fiber orientation
were considered. Different wrap thicknesses (1, 2, 3, and 4 layers), fiber
orientation of 0° 90°, +45° and combinations of them were investigated. The
results demonstrated significant enhancement in the compressive strength,
stiffness, and ductility of the CFRP wrapped concrete cylinders as compared to
unconfined concrete cylinders. An analytical model for ultimate stress and strain

of confined concrete has been proposed.
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Yu and Niu [57] in 2010 presented a calculating model of the load-
carrying capacity of PV C-FRP confined concrete column. The influences of the
hoop spacing of FRP strips and equivalent confinement effect coefficient on
load-carrying capacity were well considered. According to the regression of
experimental data, a formula of the ultimate axial strain was aso put forward.
For this last case, a bilinear stress-strain model of PV C-FRP confined concrete
column in axial and lateral directions was established. The comparison between
experimental and numerical results indicated that the model provides
satisfactory predictions of the stress-strain response of the columns.

Mostofingjad and Saadatmand [58] in 2010 described how to predict the
behavior of concrete confined with Carbon Fiber Reinforced Polymers (CFRP)
using non-linear analysis. The results of 29 experimental studies were used,
where confining composites have been unidirectional CFRP. The stress-strain
behavior of the concrete members from these experiments was estimated as
bilinear curves and, by extracting the necessary data, specific expressions for
modeling of the nonlinear behavior of confined concrete were presented. The
presented relationships were verified using the results of 29 distinct
experiments. The relationships were applicable in the confinement modeling by
considering the hoop rupture strain of the CFRP attached to the concrete, and by
using the Tsal-Wu failure criterion. As part of the study, concrete specimens
confined with a CFRP composite were modeled with ANSY S software using the
presented relationships. The results showed the suitability of the model selected,
such that the stress-strain curves obtained from the software are properly
applicable in the parametric studies conducted on the confined concrete

subjected to axia load and flexural moment.

2.2.4.2 Confinements by FRP Tubes

Harmon et a. [59] in 1995, tested small scale fiber reinforced plastic
(FRP) tubes filled with concrete under axial compression. Glass/epoxy and
carbon/epoxy circular 50.8 x 101.6mm tubes were used and filled with high
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strength concrete (64 MPa). Fibers to concrete volume ratios ranging from O to
0.06 were used. Bi-linear stress-strain responses were obtained for al the glass
and carbon specimens. The following observations were reported: 1) the second
slope of the axial stress-strain curves was proportional to the tube stiffness; and
2) the axial stress at the bend-point of the bilinear stress-strain curve was
proportional to the tube stiffness.

Mirmiran and Shahawy [60] in 1995 proposed a concrete-filled FRP tube
(CFFT), in which the tube acts as. formwork for the encased concrete, hoop and
longitudinal reinforcement, and corrosion-resistant casing for the concrete. The
CFFT was proposed for bridge columns as well as for pile splicing.

Kargahi [61] in 1995 investigated the strength of CFFT under uniaxial
compression. A total of 12 circular specimens were tested, nine CFFTs and three
(152.4 x 304.8mm) plain concrete cylinders. Filament-wound E-glass/polyester
tubes were used, with winding angle of £75° with respect to the longitudinal
axis of the tube. Three different tube thicknesses were included, namely, 1.88,
3.3, and 6mm. An enhancement in the concrete strength, in the order of 2.5-3.5
times the unconfined strength, was reported. A parametric study was also
performed on the effect of ply thickness and winding angle. It was concluded
that the thickness of the tube enhances the pure axia strength. Moreover, the
pure flexural capacity was maximum at a winding angle of £45°.

In 1997, Pico [62] tested a total of 9 (152.4mm x 152.4mm x 304.8mm)
square concrete-filled FRP tubes under axial compression, in order to study the
effect of cross section of the CFFT. No bond was provided between the concrete
core and the FRP tube. A margina increase in strength was observed
independent of the jacket thickness.

El Echary [63] in 1997 evaluated the effects of length-to-diameter (L/D)
and diameter-to-thickness (D/t) ratios on the behavior of the CFFT. A total of 24
circular CFFTS (D6 =145mm) with three different tube thicknesses (6, 10,
and 14 layers) and four different lengths (304.8, 457.2, 609.6, and 762mm) were
tested. No buckling was observed during the tests. The analysis of the test
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results indicated that the reduction in strength was not significant. It was
concluded that up to aratio L/D of 5:1, slenderness effects are negligible.

In 1998, Kanatharana and Lu [64] studied the behavior of FRP reinforced
concrete composite columns under uniaxial compression. Two types of FRP
tubes were used in this study; namely the filament-wound FRP (FFRP) and the
pultruded FRP (PFRP) tubes. The FFRP has continuous glass fibers winding at
53° and 127° from its circumference, whereas the PFRP has continuous fibers
running along its axis. The experimental results showed that significant
increases in concrete ductility and FRP strength occurred in al the FFRP
specimens but not in the PFRP specimens. Detailed examination revealed that
the inclined orientations of the glass fibers enable strength and ductility gainsin

the FFRP specimens.
In 1999, Sadfi et a. [65] tested FRP tubes filled with concrete under axial

compression. Glass and carbon circular tubes were used. It was proved that the
increase in axial stress over the plain specimen ranged from 51 to 137 percent
for the concrete-filled glass tubes and 57 to 177 percent for the concrete-filled
carbon tubes.

Marzouk and Sennah [66] in 2002 conducted an experimental study in
which four concrete filled PV C columns were tested up to failure. All specimens
were of 100 mm diameter and of different heights (270, 416, 562, and 758 mm)
and were subjected to monotonically increasing axial load until compression
failure occurred. They concluded that the use of PV C tube provides considerable
lateral confinement to the concrete columns and as the dlenderness ratio
increases, the compressive strength of the concrete filled PV C tubes decreases.

Hong and Kim [67] in 2004, presented experimental and analytical
investigations of axia behavior of large-scale circular and square concrete filled
carbon composite tube columns. The specimens were filament-wound carbon
composite with (£90°, +60°, +45°, and £30°) winding angles with respect to a
longitudinal axis of atube. The influence of winding angle, thickness of a tube,

as well as shape of the column section on stress-strain relationships of the

33



CHAPTER TWO LITERATURE REVIEW

composite columns was identified and discussed. Proposed equations to predict
both strength and ductility of concrete filled carbon composite tubes
demonstrated good correlation with test data obtained from large-scale
specimens.

In 2005 Li et a. [68] tested twenty-seven 101.6 x 304.8 mm composite
columns with FRP tube. The composite columns were divided into three equa
groups. The first group was prepared using 35 MPa concrete, the second group
using 50 MPa concrete, and the third one using 80 MPa concrete. FRP tubes
with 5 mm wall thickness were used. They found that the structura behavior of
the tested columns depends on the concrete strength. The tube efficiency was
low for very high strength concrete.

As part of his study on FRP confined concrete specimens, Li [69] in 2006
tested fifteen FRP tube encased concrete cylinders. The tubes had two wall
thicknesses: 8.10 mm and 6.35 mm. The inner diameter of the tube was 101.6
mm. Each composite specimen was 304.8 mm in height. Four batches of
concrete with normal to high strength were used. It was found that insufficiently
confined cylinders behave similar to unconfined cylinders. FRP cannot confine
the concrete core until the concrete was damaged (cracked or crushed) due to the
larger transverse Poisson’s ratio and lower axial stiffness of FRP. The rate of
increase in confinement effectiveness decreased nonlinearly as confinement
ratio increases.

Mohamed and Masmoudi [70] in 2009 investigated the performance of
concrete-filled FRP tube columns (CFFT) under concentric and eccentric loads.
The experimental program was conducted on ten unconfined cylinders and eight
CFFT columns. The results were compared to steel spiral reinforcement which
have the same confinement pressure of the FRP tubes. The diameter of the FRP
tubes was 152 mm and the fibers orientation were mainly in the hoop direction.
The test results indicated that by increasing the thickness of the GFRP tubes a
significant improvement is achieved in the confinement efficiency. The
confinement provided by the GFRP tubes improved both the load-carrying
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capacity and the ductility of the concrete columns under concentric load. The
stress-strain curve of the CFFT tube columns was bilinear and nonlinear for the
concentric and eccentric loading, respectively. Increasing the eccentricity values
decreased the ultimate load capacity and increased the horizontal and axial
deformation of the CFFT columns.

2.3 Behavior of Concrete under Cyclic L oadings

Sinha et al. [71] in 1964 carried out an experimental investigation on the
behavior of plain concrete under cyclic compression loading. A series of forty-
eight tests were performed on concrete cylinders to obtain information about the
properties of the envelope curve and the unloading and reloading curves, and
analytical stress-strain relations for cyclic loading were derived. They assumed
the property of uniqueness of the stress-strain relations (i.e. if the envelope of
the unloading and the reloading curve passing through any point in the stress-
strain plane remain independent of the previous load history, then the stress-
strain relationship is unique) to predict behavior of concrete subjected to an
arbitrary compression load history. This hypothesis was refuted by subsequent
experimental evidence.

Karsan and Jirsa [72] in 1969 developed an experimenta study of the
strength and behavior of plain concrete subjected to repetitions of compressive
stress to multiple levels. A total of 46 short rectangular columns were tested
under cyclically varying axia loads. This was carried out in order to determine
the stress-strain envelope and the unloading and reloading curves. The test
results indicated that the stress-strain paths under cyclic loading generally do not
exceed the envelope curve; furthermore, this curve can be modeled as the stress-
strain curve obtained under monotonic loading to failure. The authors reported
that the loading and unloading curves starting from a point within the stress-
strain domain were not unique and that the value of stress and strain at the peak
of the previous loading cycle had to be known to estimate the response. They
considered the residual plastic strain as principal parameter to determine the

unloading curve equation and proposed an empirical formula to correlate the
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residual plastic strain with the point on the envelope from which unloading
starts. When reloading started from zero stress to meet the envelope curve, it
was found that the reloading curve becomes rather flat in most of its range and
may be represented by a simple straight line.

Lam [13] in 1980 presented an experimental study on plain concrete
cylinder specimens subjected to various uniaxia cyclic compressive loading.
The experimental results were compared with the available data previously
obtained by other investigators. Behaviora trends were studied and
considerations for predictive model were given. The results obtained from this
study indicated agreement with the previous findings on the behavior of
concrete under uniaxial cyclic compressive loadings. Based on the results from
this study, modifications were made to the predictive stress-strain equations of
concrete proposed by previous investigators.

Maher and Darwin [73] in 1982 studied the behavior of the mortar
constituent of concrete under monotonic and cyclic uniaxial compression. Two
mixes were used. Forty four groups of three specimens each were tested.
Complete monotonic and cyclic envelopes were obtained using six different
loading regimes. Mg or emphasis was placed on tests using relatively high stress
cycles. These different loading regimes were: monotonic loading, cyclic loading
to the envelope, cyclic loading with a constant strain increment between
successive cycles, cyclic loading between fixed maximum and minimum
stresses, cyclic loading to specific strain and cyclic loading to common points.
According to the tests results, they concluded that using the accumulation of
residual strain and changes in the initial modulus of easticity must be used to
evaluate the damage and structural change. The maximum strain appeared to be
the mgjor factor controlling damage in mortar, but the total cyclic strain range
and/or the number of load cycles also played significant roles. The behavior of
concrete and mortar was highly similar, indicating that the mortar constituent
may control the primary stress-strain behavior of concrete.

Buyukozturk and Tseng [74] in 1984 conducted an experimental program
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to study the behavior of concrete under low-cycle high amplitude biaxial cyclic
compression. Biaxia loading was achieved by subjecting square concrete plates
to in-plane loading where compressive stress was applied in one direction while
confining the deformation of the specimen in the orthogonal direction. Three
main types of tests were performed: monotonic loading to failure, cycling of
compressive stresses to a limiting envelop curve, and cycling of compressive
stresses to prescribed vaues. In each category, tests were performed on
specimens under different levels of strain confinement, and for comparison, on
unconfined specimens. Complete stress-strain histories were recorded and
analyzed to assess the effect of confinement on concrete behavior under
different non proportional load conditions. A ssimple predictive model for the
congtitutive behavior of concrete in biaxial cyclic compression was proposed.
Predicted behavior from the model which does not require any a priori
information from experiments was found to be in good agreement with the
measured response.

Perry et a. [75] in 1986 tested prisms concrete having the same 138 mm
cross section and an overall length of 414 mm. Prisms were cast in the upright
position and a rectangular arrangement of 54 ducts was formed in each, to
accommodate the bolts. Prisms were confined by high-tensile steel bolts inserted
horizontaly in two orthogonal directions through pre-formed ducts, and the
annular space between ducts and bolts was grouted with high strength epoxy
resin. The specimens were subjected to monotonic and cyclic loading. The
effects of cyclic loading, energy absorption and dissipation characteristics of
concrete prisms at variable strain rates were studied. Significant enhancement of
the strength and ductility of the concrete was obtained. Specimens displayed
large energy absorption and dissipation capacity under cyclic loading. The
validity of an envelope curve to describe cyclic behavior was discussed.

An experimental investigation of the behavior of steel fiber reinforced
concrete under cyclic compressive loading was presented by Otter and Naaman
[76] in 1988. Cylindrical specimens (100 x 200 mm) were cast using normal
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and high strength concrete mixes with four types of steel fiber and three
different volume fractions. Stress-strain responses were obtained for three cyclic
loading regimes as well as for monotonic loading. Based on the tests results the
envelope curve was shown to govern cyclic response. Toughness under cyclic
loading was found to be at least as great as that under monotonic loading. The
behavior of fiber reinforced concrete under cyclic loading, when normalized by
its monotonic behavior, was very similar to that of plain concrete or concrete
confined by steel spirals, indicating that the fibers primarily influence the
envelope curve.

Bahn and Hsu [77] in 1998 developed a parametric study and an
experimental investigation on the behavior of concrete under random cyclic
compressive loading. They studied in a semi empirical way a set of parameters
that control the overal shape of cyclic stress-strain curve. This was carried out
by combining the theoretical smulation and a series of experimental results. A
power type equation was proposed for the unloading curve and a linear
relationship for the reloading curve.

Lam et a. [6] in 2006 presented the results of an experimental study on
the behavior of FRP-confined concrete under cyclic compression. A total of 18
concrete cylinders of 152 mm in diameter and 305 mm in height were prepared
and tested in two series. Each series consisted of six cylinders confined by
carbon FRP (CFRP) jackets, plus three unconfined cylinders as control
specimens. The six confined cylinders in Series | were wrapped with one ply of
CFRP, and those in Series |1 were wrapped with two plies of CFRP. Test results
obtained from CFRP-wrapped concrete cylinders were presented and examined,
which alows a number of significant conclusions to be drawn, including the
existence of an envelope curve and the cumulative effect of loading cycles. The
results were also compared with two existing stress-strain models for FRP-
confined concrete, one for monotonic loading and another one for cyclic

loading. The monotonic stress-strain model of Lam and Teng was shown to be
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able to provide accurate predictions of the envelope curve, but the only existing
cyclic stress-strain model was shown to require improvement.

Shao et al. [78] in 2006 studied the behavior of FRP plain concrete stub
under cyclic loading. A total of 24 FRP-confined concrete stub specimens were
tested in uniaxial compression under different levels of loading and unloading.
The stubs were 152mm in diameter and 305 mm in height. Test parameters
included fiber type (GFRP and CFRP), thickness of the wrap, and loading
patterns. A new model for FRP-confined concrete under uniaxia cyclic
compression was proposed using regression analysis of test results. An existing
bi-linear confinement model under uniaxial monotonic loading was employed to
serve as the unique envelope curve. The proposed model included cyclic rules
for loading and unloading, plastic strains, and stiffness and strength
degradations. Good agreement was obtained between the analytical predictions
of the model with the experimental results of an independent test series,
confirming the ability of the model to predict the cyclic behavior of FRP-
confined concrete.

A constitutive model for concrete subjected to cyclic loadings in both
compression and tension was presented by Sima et al. [79] in 2008. The
proposed model was intended to provide improvements on modeling the cyclic
behavior of concrete structures in the context of computational programs based
on a smeared crack approach. Particular emphasis has been paid to the
description of the strength and stiffness degradation produced by the load
cycling in both tension and compression, the shape of unloading and rel oading
curves and the transition between opening and closing of cracks. Two
independent damage parameters in compression and in tension have been
introduced to model the concrete degradation due to increasing loads. In the case
of cyclic compressive loading, the model has been derived from experimental
results obtained by other authors by considering the dependency of the cyclic
variables with the damage level attained by the concrete. In the case of cyclic

tension a simple model was adopted based on experimental observations. The
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main novelty of the proposed constitutive model lays in the fact that al the
required input data can be obtained through the conventiona monotonic
compression and tension tests.

A constitutive model to predict the cyclic axial compressive behavior of
reinforced concrete columns confined with CFRP was proposed by Varama et
a. [80] in 2008. The proposed model was implemented in a FEM-based
computer program, able to simulate the material nonlinear behavior of
reinforced concrete structures. The performance of the developed model was
assessed using results obtained from experimental tests.

Thayalan et al. [81] in 2009 presented the results of static loading (SL)
and variable repeated loading (VRL) tests on concrete filled steel tubular
(CFST) columns. Assessment of the columns was based on its length, concrete
strength and load eccentricity. The column behavior (with and without filling)
from the tests was studied. The ultimate strength of the columns subjected to
VRL reduced by up to 16% after undergoing a number of load cycles. The
incremental collapse (1C) limit was found to lie between 70% and 88% of the
static collapse load for CFST columns. The deformations a IC limit were
significant and could affect practical designs. The theoretical strengths of the
stub and long columns tested are determined on the basis of building code 318
of the American Concrete Institute, and compared with the test results. The
squash load equation of the code was found to underestimate the nomina
strength of short composite columns.

A new stress-strain formulation for confined concrete under cyclic loading
was proposed by Sadeghi and Nouban [82] in 2010. This law can be used in
numerical simulations to describe the stress-strain relationship for fibers or
layers within the sections of reinforced concrete elements. In order to eliminate
the problem of scale effect, a finite element model was generated and the
simulated and experimental results of tests on the prototype reinforced concrete

column models subjected to cyclic loading were compared. In this way, the
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proposed stress-strain law for confined concrete under cyclic loading was
accordingly modified and then validated.

An experimental program to study the cyclic behavior of steel fiber
reinforced concrete was presented by Shukla [83] in 2011. Two types of
cylindrical specimens, containing steel fibers in different proportions, one
percent and two percent by volume of concrete, were subjected to cyclic uni-
axial compressive loads. Unloading-reloading curves were obtained from these
tests. Analytical expressions to predict the reloading and unloading stress-strain
curves at various values of residual strain were proposed. It has been observed
that simple parabola and an exponential expression were suitable to model the
unloading and reloading curves respectively. The proposed models take in to
account the potential effects of residual strain on these curves. Comparison of

test results with the proposed analytical expressions showed good agreement.

2.4Summary

This chapter has reviewed many experimental and theoretical studies
concerning the behavior of concrete columns confined with different techniques

and the behavior of concrete columns subjected to axial compressive loadings.

It is apparent that a small amount of applications of ferrocement in
strengthening concrete columns exists in comparison with the other techniques
of confinement. Also, there is no application concerning the use of this
technique to determine the ultimate strength of concrete columns subjected to
axial compressive cyclic loading.

The available structural engineering softwares are not utilized for
theoretically model concrete column strengthened with ferrocement, so that their
behavior could be predicted.

However, al of the previous works described provide significant insight

into the development of a confinement by ferrocement for current investigation.
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CHAPTER THREE
Experimental Program

3.1 General

The experimental work was carried-out in the Construction Materias
Laboratory of the College of Engineering at University of Basrah.

The primary aim of this experimental program is to study the structural
behavior of concrete columns strengthened with ferrocement jackets. The
experimental program included testing of forty eight circular columns subjected
to monotonically increasing and cyclic concentric axial compression.

Details of the test specimens, their construction, material properties, test
set-up, instrumentation, and test procedure are presented in this chapter.

The parameters studied included compressive strength of the mortar,
specimen size, volume fraction of mesh reinforcements (number of wire mesh
layers), and loading types. The column specimens were instrumented to evaluate

the behavior in terms of the load-axial displacement response.

3.2 The Objectives of Experimental Work

The main objectives of experimental work were:

1. To study the influence of varying the number of mesh layers (volume
fraction of mesh reinforcement) on the ultimate strength of strengthened
columns.

2. To study the influence of varying compressive strength of mortar on the
ultimate strength of strengthened columns.

3. Toinvestigate the effect of specimens size.

4. To study the influence of loading type (monotonic and cyclic load) on

behavior of concrete columns strengthened with ferrocement.
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3.3 Materials Used to Fabricate the Specimens

The materials used in this investigation were commercialy available
materials, which include cement, natural gravel, natura silica sand, water,
welded wire mesh (WWM) and superplasticizer.

3.3.1 Cement

Iragi cement designed as ordinary Portland cement was used throughout
this investigation. The whole quantity required was brought to the laboratory
and stored in adry place. The physical properties of cement used throughout this
work are presented in Table (3.1).The setting time test is conducted according to
ASTM C191 [84]. The compressive strength test is accomplished according to
ASTM C109 [85]. The chemical compositions of it are presented in Table (3.2).
Results indicate that the cement conforms to the Iragi standard No. 5/1984 [86].

Table (3.1) Physical propertiesof ordinary Portland cement

Limitsof Iraqi
Physical and Mechanical Properties| Test Result gpecification
No0.5/1984

Compressive strength, N/mm?

3 - day 18 > 15.00
7 — day 25 >23.00
Setting time, h:minutes

Initial setting 02:31 >00: 45
Final setting 03:19 <10: 00
Standard consistency, % 27.92

Fineness

Specific surface area ( by Blaine
3011 >2300
method), cm?/gm

43



CHAPTER THREE EXPERIMENTAL PROGRAM

Table (3.2) Chemical composition of cement

Requirement according to
Components Results . I.raqi
specification N0.5/1984
Minimum Maximum
Silicon Dioxide SI02 21.14%
Aluminum Trioxide AL203 | 4.00%
Ferric Oxide Fe203 | 3.05%
Calcium Oxide CaO 62.69%
Magnesium oxide MgO 2.11% 5%
Sulphate SO3 2.32% 3%
potassum oxide K20 0.66%
Sodium Oxide Na20 | 0.18%
Insoluble Residue Ins.Res. | 1.14% 1.50%
Loss on Ignition LOI 3.38% 4%
Freelime FL 0.84%
Lime Saturation Factor LSF 91.2 66 102
Silicon Ratio SM 2.66%
Alumina Ratio AM 1.61%
Tricalcium Silicate C3S 50.59%
Dicalcium Silicatr C2Ss 22.44%
Tricalcium Aluminates C3A 7.82%
Tetracalcium Aluminoferrate | C4AF | 9.27%
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3.3.2 Agaregate

1. Fine aggregate (Sand): Natural silica sand brought from Al-Zubair area

was used as a fine aggregate in this research. The sieve analysis test was
conducted according to ASTM C-136 [87]. Table (3.3) shows the grading
of sand used for making concrete in this work. Results indicate that the
sand conforms to Iragi specification No. 45/1984 [88]. Same natural silica

sand passing through sieve No. (1.18) was used for ferrocement shell as

shown in Table (3.4).

Table (3.3) Sieve analysis of sand (for concrete core)

Per cent Passing
Sievesize
Limits of Iraqi Specification No.
mm
Sand used 45/1984
4.75 100 90-100
2.36 93 85-100
1.18 77 75-100
0.60 48 60-79
0.30 22 12-40
0.15 3 0-10
< 0.5%
Sulfate 0.09 % 0
content

Table (3.4) Sieve analysis of sand (for ferrocement shell)

Per cent Passing
Sievesize
Limitsof Iragi Specification
mm
Sand used No. 45/1984

4.75 100 90-100
2.36 100 85-100
1.18 100 75-100
0.60 69.2 60-79
0.30 345 12-40
0.15 7.3 0-10
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2. Coarse agaregate (Gravel): Crushed natural gravel obtained from Zubair

area was used in making concrete. Its grading satisfied the limits of Iraq
standard N0.45/1984 [88] for graded gravel with maximum size of 14 mm
as shown in Table (3.5). The sieve analysis test was conducted according
to ASTM C136 [87].

Some properties of the aggregate are presented in Table (3.6).

Table (3.5) Grading of gravel

Sieve size (mm) % Passing % Passing of the overall limit of
Iraqgi Standards No. 45/1984

20 100 100

14 96.5 90 - 100

10 68.9 50 -85

5 6.6 0-10

Table (3.6) Properties of aggregate
Property Sand Grave

Absorption (%) 1.10 0.54

Bulk specific gravity
- Ovendry 2.60 2.63
- S.SD. 2.45 2.65

Unit weight (kg/m®)

- Loose 1628 1470
- Tamped 1775 1584
3.3.3 Water

Ordinary potable water was used in making and curing concrete core and

ferrocement shell.

3.3.4 Super plasticizer

The superplasticizer used was highly effective in the production of free

flowing concrete and also as a substantial water reducing agent to enhance the
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early and ultimate strength of concrete. KUT PLAST MF (ADM-07-0104) was
used for the present study. Its specific gravity was 1.10. Different dosages of
superplasticizer were used for finding the target strength of the mixes. KUT
PLAST MF complies with BS-5075, 1982 and ASTM-C494, Type F.

3.3.5 Steel M esh Reinfor cement

Steel welded wire meshes (WWM) of 12.5 mm sguare opening with
average wire diameter of (1 mm) has been used in this investigation. Figure

(3.1) shows the geometry and dimensions of the mesh type used throughout this

work.
12.5*12.5 mm
sguare opening
diameter=1 mm
N
N

Figure (3.1): Typical squarewelded wire mesh

3.3.5.1 M echanical Properties of WWM

Locally available it was decided to determine the mechanical properties of
the WWM, by conducting a tensile test on three coupon specimen using the
guidelines presented by ACI committee 549, 1999 [9].The tested specimen was
prepared by embedding both ends of a rectangular coupon of mesh in mortar
over alength equal to the width of the specimen, that should not be less than six
times the mesh opening or wire spacing measured normally to the loading
direction (11 mm). The width of the specimen was taken 80 mm, and it was
embedded in mortar with alength of 100 mm. The length of the tested specimen
should not be less than three times its width or 150 mm whichever is larger. The
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length of the tested specimen was taken 240 mm. Wooden Molds were prepared
to cast mortar blocks at the end of the WWM coupon. The dimension of the
molds was in accordance with the ACI committee 549 [9] recommendations. It
was 100 mm length, 80 mm width, 20 mm thick to be sufficiently attached to the
testing machine clamper, and the length of the tested sample was 240 mm. Plate
(3.1) shows the tested WWM coupon inserted in the wooden mold before
applying the mortar at ends.

The wooden molds were filled with mortar (1: 2 cement to sand with water
cement ratio of 0.45) and pressed well to fill al voids. The final shape of the
tested specimen with its final dimensions after removing the wooden forms is
shown in plate (3.2).

Plate (3.1) Tested WWM Coupon inserted in the wooden mold befor e applying mortar

at ends

Plate (3.2)Testeed specimens and their dimensions
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3.3.5.2 Test Setup for Tensile Test of WWM

A 5 kN tensile test machine (Bench-Top) model BT-1000 as shown in plate
(3.3) was used to perform the tensile test on three specimens of WWM coupons.
Plate (3.3) shows the setup of tension test. The tensile stress was determined by
dividing the tensile load by the total cross section area of the mesh coupon
(cross section area of 7 wires = 7 * /4 * (1)? = 5.498 mm?) while the tensile
strains were determined by dividing the axial elongation by the coupon length
(240mm).The resulted stress-strain curves were plotted for all tested WWM
specimens. The yield stress was determined as recommended by ACI committee
549, 1988 [9], as the stress at the yield strain (e,). €, istaken asthe strain at the
intersection of the best straight line fits the initial portion of the stress-strain
curve and the best straight line fits the yielded portion of the stress-strain curve,
asshownin Fig. (3.2).

Plate (3.3) Tension testing machine for wire mesh
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Figure (3.2) Schematic description of mesh tensileyield stress and corresponding strain.

3.3.5.3WWM Coupon Test Results

The stress-strain curves of the three tested WWM specimens were obtained
and plotted as shown in Fig. (3.3). All specimens failed by wire cutting at
ultimate loads as shown in plate (3.4). The yield strength, ultimate strength and
the modulus of éasticity of the three tested specimen were obtained from the

resulted stress-strain curves and are given in Table (3.7).

700

600 —0

-
500 —

300 //
200 /
100

0 5 10 15 20 25

Stress (MPa)

Strain(mm/mm) *0.001

Figure (3.3) Stress-strain curvefor thetested WWM specimens
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Plate (3.4) Failure mode of tested WWM specimens

Table (3.7) Tensletest results of WWM specimens

Specimens | Wire diameter fy fu Modulus of Elasticity
(mm) (M Pa) (MPa) (MPa)

Couponl |1 406 588 89400

Coupon 2 |1 410 602 89500

Coupon 3 |1 39 583 88910

Average 1 403.33 | 591 89270

3.4 Concrete and Ferrocement Mixes

3.4.1 Concrete Core

The same concrete mix was used through the whole investigation. The mix
proportions of the ingredients by dry weights were [1 cement
1.5 sand : 3 gravel], and the water cement ratio (w/c) was 60%, to give a cube
compressive strength of about 30 N/mm? at age of 28 days and slump of about
100 mm.

Mixing was carried out according to BS1881 [89]. Drum mixer was used.
The interior surface of the drum mixer was cleaned and moistened before use.
The dry ingredients were added in the following order, about one haf of the
coarse aggregate, al the fine aggregate, all the cement, and finally the remaining
part of coarse aggregate. Then water was added and mixing was started. The
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period of mixing ranged from two to three minutes so that a homogenous mix

was obtained.

3.4.2 Ferrocement Shell

Two mortar mixes were used to investigate the influence of the mortar
strength on the behavior of concrete columns confined with ferrocement. The
mix proportions of the ingredients of the first mix, Mix 1, by dry weights were
[1 cement: 2 sand], and the water cement ratio (w/c) was 40%. To improve
workability a superplasticizer was added at 0.02% by weight of cement. The
target 50 mm cube compressive strength of this mix was 35 MPa at age of 28
days. For the second mix, Mix 2, the mix proportions of the ingredients by dry
weights were [1 cement: 1.5 sand], and the water cement ratio (w/c) was 35%.
Also 0.025 % superplasticizer was added. The average compressive strength of
50mm mortar cube samples was 45M Pa at age of 28 days.

The mixing was carried out in a Tilting pan type mixer. The mixing procure
was according to ASTM specification C305-65 [90] of mixing mortars. The
water with superplasticizer and cement was first mixed for 30 second. Then sand
was added while mixing continued for another 30 seconds. Mixing was
continued for a further 30 second, after which the mixer was stopped for 90
seconds for the mixture to settle. During that time, any lumps on the blades were
guickly removed. The mixing was resumed for a further 60 seconds, after which

the mortar was ready for casting.

3.5 Mould Preparation

Three circular steel moulds were used in this work. The dimensions of
these moulds are (150* 300mm),(150* 450mm) and (200* 750mm). They were
cleaned with a scraper and a steel hair brush and were lubricated to ensure an

easy demolding.

3.6 Fabrication of the Column Specimens

The preparation of specimens involves severa steps as follows.
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A PVC-tube of externa diameter equal to the inner diameter of ferrocement
shell, 151.5 mm diameter for (200* 750 mm) specimens and 101mm diameter
for both (150*300mm) and (150*450mm) specimens, was fastened on a wood
base.

The wire mesh was cut from the roll (1.2*25m) to the required width and
length. An overlap of 100 mm was provided in latera direction for the wire
mesh. The required number of wire mesh layers was properly wrapped around
the PV C-tube. The steel mould was then fastened to cover the PV C-tube.

Casting was carried out on a vibrating table. The specimen mould with the
ferrocement packed in was placed on the vibrating table. Mortar was filled in
between the mesh layers while the vibration table was in operation. After about
15 minutes of casting the PV C-tube was drawn from the mould leaving hollow

cylindrical shape of ferrocement as shown in plate (3.5).

Plate (3.5) Hollow cylindericl ferrocement shell after drawing of PVC-tube.

Then this hollow cylinder was filled with concrete in approximately 10
cm layers and each layer was compacted by steel rod. After the mold was filled
the top surface was flattened carefully. After 24 hours the specimens were
removed from the molds and stored in a water tank till the time of testing (28
days). Finally the specimens were taken out from the tank and kept in the natural
temperature of |aboratory room before testing. The specimens were prepared for
testing by capping its top surface with grout cement paste to ensure paralléel
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surfaces, and to distribute the load uniformly in order to reduce any
eccentricities. All specimens were painted white before testing so that cracks
would be easily noticed and clearly photographed.

3.7 Strength of Concrete and Mortar

During casting, three 150 x 150 x 150 mm cubes and two 150 x 300 mm
cylinders for concrete were made. The control specimens were compacted by a
steel rod asthe original columns, and were cured under the same conditions.

The cube compressive strength of concrete was obtained by testing three
cubes according to BS1881 [89], and the cylinder compressive strength was
evaluated by testing two cylinders according to ASTM C39 [91].The properties
of concrete are shown in Table (3.8).

The mortar specimens were prepared for both mixes according to ASTM C
109 [85] specifications. For each mortar mix, six standard cubes for compressive
tests and three standard briquettes for tensile tests were prepared, as shown in
plate (3.6). All specimens were moist cured for one day and water cured for 28
days before testing.

The compressive strength and tensile strength of tested specimen for both

mortar mixes are summarized in Table (3.9).

Plate (3.6) Control mortar specimens
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Table (3.8) Properties of concrete

Group No. Compressive Strength (M Pa)
Cube Cylinder

J 28.4 22.4
J1 27.3 23
J2 28.5 24
J3 29.5 22.7
A 27.0 21.8
J5 30.1 24.5
J6 29.0 22.6
J7 28.3 23.1
J8 30.0 24.3
J9 28.2 23
J10 27.4 22.8
J11 28.8 24.2
J12 290.1 23.6
J13 28.2 21.8
J14 29.0 23.1
J15 27.3 24.5
J16 20.2 24.1
J17 27.6 21.5
Average 28.5 23.2
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Table (3.9) Compressive and tensile strength of tested mortar specimens

Group No. | Compressive Tensile Strength
Strength (M Pa) (MPa)

J 36.2 3.73
J1 35.8 3.93
J2 34.9 3.14
J33 353 3.35
A 34.4 31

J5 46.1 4.6

J6 44.6 4.14
J7 45.2 4.33
J8 45.4 4.32
J9 447 4.38
J10 46 4.58
Jil 45.8 4.32

3.8 Calculation of Volume Fraction of WWM L ayers

The volume fraction of the mesh reinforcement used was calculated as
given by the ACI committee 549, 1988 [9]. The volume fraction of mesh in a
ferrocement section may be readily calculated if the density of the mesh material
and the weight of mesh per unit area were known [9]. By using a micrometer six
random readings were taken and the average diameter (Db) was found to be 1
mm. Using a caliper, twenty readings on both inner longitudinal and transverse
spacings at different locations were taken and the average reading was found to

be 11.5 mm. For ferrocement reinforced with square or rectangular mesh, the

56



CHAPTER THREE EXPERIMENTAL PROGRAM

volume fraction of mesh reinforcement may be calculated from the Equation
below [10]. Table (3.10) gives the volume fraction for 2, 3, 4, 5 and 7 layers of

mesh reinforcement.

_ NmDyA[1 1
V=" Dl+Dt] (31)

where;

N = number of layers of mesh reinforcement

D, = diameter of mesh wire=1 mm

h = thickness of ferrocement

D,=center-to-center spacing of wires aligned longitudinally in reinforcing mesh
D, = center-to-center spacing of wires aligned transversely in reinforcing

mesh

D;= D, =115+ (2) (1/2) (1) = 12.5 mm.

Table (3.10) Volumefraction for each number of layers

Thickness(h) Volume Fraction
No. of Layers
(mm) Ve
2 23 1.09%
3 23 1.64%
4 23 2.18%
5 23 2.73%
7 23 3.82%

3.9 Details of Test Specimens

A total of forty eight circular short concrete columns were prepared for test.
Forty-two columns out of 48 circular columns were strengthened with
ferrocement jackets. The jacket thickness was constant and equal to 23 mm for
al strengthened specimens. The strengthened columns were divided into twelve
groups (J-J11). Group J and J9 has one specimen only and remaining groups,
four specimens were prepared one of them was tested under monotonicaly
increasing axial compressive loading condition and the three others were tested

under cyclic axia load. All groups were casted without steel reinforcement in
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concrete core and the same concrete mix was used through the investigation.
Two mortar mixes were used, Mix 1 was used for groups (J- J4) and Mix 2 was
used for groups (J5-J11)). The variables of these specimens were the column
height (300, 450 and 750 mm), number of wire mesh layers (2, 3, 4, 5, and 7),
mortar cube compressive strength (35 and 45 N/mm?), and type of loading
history imposed on the specimen (monotonic and cyclic load conditions).
Specimen diameter was constant. Six columns were remained of 48 plain
concrete without ferrocement jacket group (J12-J17). Specimens J12 to J17 were
tested under monotonically increased axial compressive loading and they were
used as control specimens. Table (3.11) gives the details of the columns
including their designation. For the strengthened specimens (J-J11) on the
specimen designation, shown in the second column of Table (3.11) isasfollows:
the first number in the designation refers to the number of layers of wire mesh
in. The first letter A, B or D indicates the height of the column. The second
letter pertains to the loading type, M for monotonic load, E for cyclic to
envelope, L for cyclic between maximum stress level (90% f'.) and zero stress
level and S for cyclic between maximum stress level (90% £, ) and minimum
stress level (40% f'.). The last numbers 1 and 2 in the designation refer to the
mortar compressive strength (35 and 45 MPa) respectively. For plain concrete
specimens (J13-J18), the first number 100, 150 or 200 indicates the diameter of
the column in mm. The first letter A, B or D indicates the height of the column.
The second letter pertains to the loading type (monotonic load).

For example specimen 7DM2 is a strengthened circular concrete column
with 7 layers of wire mesh, height of 750 mm, under monotonic load and 45
MPa compressive strength of mortar. Specimen 150BM is a plain concrete
column with150 mm diameter of cross section, height of 450 mm and under
monotonic load. Figure (3.4) shows cross section dimensions for plain concrete

columns and strengthened columns with ferrocement.
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100300 By 1n¥ mm 0w 1502450 mm 150750 mm

J12 J15 J13 J16 J14 J17

(b)

150%450 mm 200 750 mm
(J1. 32. 15. 16. 7. 18) (J3.J4.J10. J11)
130

Figure (3.4) (a) Cross section dimensionsfor plain concr ete specimens (b) cross section dimensions for
strengthened specimenswith ferrocement
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Table (3.11) Details of columns

Group Column No. of Nominal External Jacket Height of
No. designation | welded mortar diameter thickness(h) | specimen
wire strength (D) (mm) (mm) (L) (mm)
mesh (MPa)

J 4AM 1 4 35 150 23 300

Ji 2BM1 2 35 150 23 450

2BE1 2 35 150 23 450

2BL1 2 35 150 23 450

2BS1 2 35 150 23 450

J2 4BM 1 4 35 150 23 450

4BE1 4 35 150 23 450

4BL 1 4 35 150 23 450

4BS1 4 35 150 23 450

J3 4DM 1 4 35 200 23 750

4DE1 4 35 200 23 750

4DL 1 4 35 200 23 750

4DS1 4 35 200 23 750

A /DM 1 7 35 200 23 750

7DE1 7 35 200 23 750

7DL1 7 35 200 23 750

7DS1 7 35 200 23 750

J5 2BM2 2 45 150 23 450

2BE2 2 45 150 23 450

2BL2 2 45 150 23 450

2BS2 2 45 150 23 450

J6 3BM2 3 45 150 23 450

3BE2 3 45 150 23 450

3BL2 3 45 150 23 450

3BS2 3 45 150 23 450

J7 4BM 2 4 45 150 23 450

4BE2 4 45 150 23 450

4BL 2 4 45 150 23 450

4BS2 4 45 150 23 450

J8 5BM2 5 45 150 23 450

5BE2 5 45 150 23 450

5BL2 5 45 150 23 450

5BS2 5 45 150 23 450

J9 4AM 2 4 45 150 23 300

J10 4DM 2 4 45 200 23 750

4DE?2 4 45 200 23 750
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Table (3.11) Continued

J10 4DL 2 4 45 200 23 750
4DS2 4 45 200 23 750
Ji1 7DM2 7 45 200 23 750
7DE2 7 45 200 23 750
7DL2 7 45 200 23 750
7DS2 7 45 200 23 750
J12 100AM --- --- 100 --- 300
J13 100BM --- --- 100 --- 450
J14 150DM --- --- 150 --- 750
J15 150AM --- --- 150 --- 300
J16 150BM --- --- 150 --- 450
J17 200DM --- --- 200 --- 750

3.10 Instrumentation and Test Setup

All specimens were tested under axial compression using a Torsee's
universal testing machine with a capacity of 1000 kN at the laboratory of
construction materias at the University of Basrah. The column specimen was
centered in the testing machine to ensure that the compressive axial load was
applied without any eccentricity. The top and bottom faces of specimen were
grinded and made smooth and leveled to remove surface imperfections and
maintain uniformity of loading on the surface. The vertical displacement of the
lower movable head of the testing machine was measured in relation to the
upper head of the testing machine by a dia gauge with magnetic base. This
measured displacement was assumed to be equal to the vertical shortening of the
test specimen. Two dia gauges, one at the right and the other at the left of the
specimen were used. The accuracy of the dial gauge was 0.01 mm. The test
setup along with specimen is shown in plate (3.7).

Tests performed in four different series. These test series are classified

according to the type of loading history imposed on the specimen. They are:
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1. Monotonic loading to failure: unconfined and confined specimens were
tested by monotonically increasing the axia strain until the failure of
column.

2. Cyclic to envelop curve: confined specimens were loaded axially up to a
given value of axial strain, unloaded to zero axial stress, and then
reloaded to a new stress level. The specimen was again unloaded to zero
axial stress and the procedure was repeated in the same fashion until
failure occurred.

3. Cyclic between two fixed value of stress: this series can be subdivided
into two groups;

a. Confined specimens were loaded monotonicaly up to 90% of
ultimate strength, unloaded to zero axia stress and then reloaded
until the stress attained the same previous point (90% of ultimate
strength). This procedure was repeated until failure occurred or 70
cycles of loading were applied. If the failure did not occur then the
load was increased monotonically to failure.

b. Specimens were loaded as in the above case except that in this case
the minimum stress level was 40% of ultimate strength instead of

Zero stress level.

Plate (3.7) Test setup and instrumentation of tested columns
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CHAPTER FOUR
Finite Element M ethod

4.1 I ntroduction

The finite element method is now firmly accepted as a powerful general
technique for the numerical solution of a variety of problems encountered in
engineering. One of the principal advantages of the finite element method is the
unifying approach; it offers the solution of diverse engineering problems [92].

The basic steps of the finite element process can be listed as follows [93].

1- The structure is divided into distinct non-overlapping regions known as

elements over which the main variables are interpol ated.

2- These elements are connected at a discrete number of points along their

periphery known as nodal points.

3- For each element the stiffness matrix and the applied load vector are
calculated.

4- The stiffness matrices and the load vectors of al elements are assembled
to give respectively, the global stiffness matrix and the global load vector

for the complete structure.

5- The resulting system of simultaneous equations is solved for the
unknown nodal variables; which for structural problems are the

displacement components.

6- Finally subsidiary quantities such as stress components are evaluated for
each element.
In the present work, ANSYS computer program (ANalysis SY Stem) is
used to create the finite element model.
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4.2 Finite Element For mulation

4.2.1 Basic Finite Element Relationships

The basic step in any finite element anaysis is the derivation of the
element stiffness matrix, which relates the nodal displacement vector, {a}, to the
nodal force vector, {f}. To derive thisrelation, three conditions must be satisfied
[94]:

1. Compatibility of strains and displacements (kinematic condition).
2. Equations of equilibrium (equilibrium condition).
3. Stress-strain relations (constitutive relations).

The element stiffness matrix can be determined by using the principle of
virtual displacement, which states that, if the work done by the external forces
on a structural system is equal to the increase in strain energy of the system for
any set of admissible virtual displacements, then the system is in equilibrium
[95].

When a body is subjected to a set of external forces, the displacement

vector at any point within the element, { U}, is given by,

{Ule=[N].{&}e (4.1)

where, [N] is the matrix of shape functions, and {a}. is the column vector of
nodal displacements. The strain at any point can be determined by
differentiating Eq. (4.1),

{e}e= [L]{U}e (4.2

where, [L] is the matrix of differential operator. In expanded form, the strain

vector can be expressed as,
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Substitution of Eq. (4.1) into Eq. (4.2) gives,

{e}e=[B].{a}e (4.4)
where [B] is strain-nodal displacement matrix given by,

[B]=[L].[N] (4.5

With the strains within the el ement are known, the stress vector can be

determined by using the appropriate stress-strain relationship as:

{c}e=[D].{e}e (4.6)
where [D] is the constitutive matrix and {c}¢IS:

{6} = [Ox Oy 62 Ty Tyz T ' 4.7)

From Egs. (4.4) and (4.6), the stress-nodal displacement relationship can
be expressed as,

{c}e= [D].[B]{&}¢ (4.8)

For writing the force-displacement relationship, the principle of virtual

displacement is used. If an arbitrary virtual nodal displacement, {a'},, is

imposed, the external work, Wey, will be equal to the internal work, Wiy ,

Wexi= Wit (4.9
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inwhich

W= fa' [} {f}e (4.10)
and

Win= L{g*}:.{c}e.dv (4.11)

where {f}. is the nodal force vector. Substitution of Eq. (4.4) into Eq. (4.11),
yields,

Win= fa' |, [[B]" .{o}edv (4.12)
From Egs. (4.8) and (4.12),
Win= fa' |} [[B]" .[D].[B].dv.{ a}. (4.13)

Then Eq. (4-9) can be written as,

it =t [CRCICEYS (4.14)
or,

{f}e= j [B]".[D].[B].dv{al, (4.15)
L etting:

[K]e= j [B]".[D].[B].dv. (4.16)
then

{f}e= [Kle{a}e (4.17)

where, [K], is the element stiffness matrix.
The overal stiffness matrix, [K], can be obtained by direct addition of the
elements stiffness matrices after transforming from the local to the global

coordinates, therefore,
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[K]= > [[B]".[D].[B].dv (4.18)
The total external force vector {f} isthen,
{f}=[K]{a} (4.19)

where, { &} isthe unknown nodal point displacement vector.

4.2.2 Strain-Displacement M atrix

The strain vector at any point within the brick element (8 nodes) is related

to the nodal displacements vector by EQ. (4.3) which may be written in

expanded
formas[94]:
N9 o
oX
£, 0 N, 0
u.
&y N, '
e, —Zgl 0 0 pe v (4.20)
7/>(y i=1 aNl % 0 VVI
y oy OX
g o N oN
Vax 0z oy
N, N,
0z oX

where, the 6x3 matrix is the strain-displacement [B], which contains the global
derivatives of the shape functions, N;.

Since the shape functions are defined in terms of the local coordinates,
then a relationship between the derivatives of the shape functions in the two
coordinate systems must be defined. This relationship can be found by using the

chain rule as follows [94]:

ON, 0N, ax N, dy 0N, oz

0s X 0s Oy 0s o0z os

ON. ON. ox ON, ON. 0z
_|:_|__+_|_@+_|__ (421)
ot ox ot oy ot o0z ot

N, N, ox N, oy oN, az

o ox o oy o oz or
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In matrix form, Eg. (4.21) can be written as,

oN, ox 0y 0z||oN,
os| |es  as os||ox
ON, OX oy 0z | |oN,
ot 2 ot ot a_y (4.22)
ON, OX gy 0Z||oN,
o) lor o ol oz

The 3x3 matrix is called the Jacobian matrix [J], therefore,

N[N
oS OX
ON. ON.
hah I O I 0 ) i
ot [ ] oy (4.23)
NN
or oz

For the isoparametric element, the shape functions are also used to define
the geometry of the element. Therefore, the Cartesian coordinates of any point

within the element are given by [94],

X(s,t,r) = ZBZ N, (s,t,r)- X
y(s,t,r) :ZB“Ni(s,t,r).yi (4.24)

z(s,t,r) = 28: N, (st,r)-z

Making use of Eq. (4.24), the Jacobian matrix can be written as,

> 0y YT
=1

i1 7 0S it 0S

8 ON. 8 ON. 8 ON.
= — ' OX —Loy —L10z 4.25
[J] ;atx' ;aty' éatz' (4.25)

RN 5 ON, 5 AN,
Za ™ Lat Za

= r i-1

The global derivatives of the shape functions can be obtained by inverting
the Jacobian matrix.
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N N

OX oS

% _[9]* % (4.26)
oN, N

oz or

4.2 .3Element Stiffness M atrix

The stiffness matrix for an element as given in Eq. (4.16) can be written
as[94].

[K]e= jjj[B]T.[D].[B].dv (4.27)

in which dv represents the volume of the element in the global coordinates and

can be expressed as:
dv= dx.dy.dz (4.28)
In local coordinates it can be written as:

dv= |J] .ds.dt.dr (4.29)

where, |J] is the determinate of the Jacobian matrix.

Substituting Eq. (4.28) into equation (4.29), the element stiffness matrix is
then given by,

[Kle= [ ] [te1" [D1.(8119}dsctr (4.30)

-1-1-1

4.3 Material Constitutive Relationships

The performance of any structure under load depends to a large degree on
stress-strain relationship of the material from which it is made.

The problem of short concrete columns strengthened with ferrocement
jacket deals with different materials (concrete, welded wire mesh and mortar)
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which are brought together to work as a composite system. That system is made
to exploit the material relationship of each constituent material according to its
designated position so as to form a composite relationship describing the
behavior of the whole configuration under loading conditions [96].

In the following sections and as required within the frame of this study, a
description of the constitutive relationships for the materials comprising

concrete column strengthened with ferrocement shell are given.

4.3.1 Concrete

Concrete exhibits a large number of microcracks, especialy, at the
interface between coarse aggregate and mortar, even before subjected to any
load. The presence of these microcracks has a great effect on the mechanical
behavior of concrete, since their propagation during loading contributes to the
nonlinear behavior at low stress levels and causes volume expansion near
failure. Many of these microcracks are caused by segregation, shrinkage or
thermal expansion of the mortar. Some microcracks may develop during loading
because of the difference in stiffness between aggregates and mortar. Since the
aggregate-mortar interface has a significantly lower tensile strength than mortar,
it congtitutes the weakest link in the composite system. This is the primary
reason for the low tensile strength of concrete. The response of a structure under
load depends to a large extent on the stress-strain relation of the constituent
materials and the magnitude of stress[97].

Concrete exhibits varying deformation characteristics under different
loading conditions and load levels. The uniaxia stress-strain response is
essentialy linear elastic up to about (30%) of the uniaxial strength ( ;) [99].
Above this stress level, non-linearity in response is obtained. An increase in

non-linearity is evidenced in the stress range of approximately (0.75 f/) to (0.90
f.). From this point onward the curve bends sharply until the peak stress f; is

reached. Beyond the peak stress, concrete exhibits strain softening characterized

by the descending portion of the curve as shown in Fig. (4.1-a). Concrete
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Poisson's ratio, v, has been observed to remain approximately constant and
ranging in value from about 0.15 to 0.22 up to stress level of about (0.8 f! ), at

which stress the Poisson’s ratio begins to increase suddenly [99].

As shown in Fig. (4.1-b)When the volumetric strain (& =&a+s+s ) IS
found initially to be aimost linear up to about 0.75f 'to  0.90f " (herel, 2, 3 are
subscripts representing direction of principal stresses and strains). At this point,
the direction (or sign) of the volumetric strain is reversed, resulting in a

volumetric expansion near or at ( f/). The stress corresponding to the minimal

value of volumetric strain beyond which no further reduction in volume occur is
termed critical stress[100].
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Figure (4.1) Typical stress-strain curvesfor concretein uniaxial compression test. ()
Axial and lateral strains. (b) Volumetric strain (g, =&, +¢&, +&;) [3].

Figure (4.2) shows the response of concrete to uniaxial loading and
unloading. If the unloading is performed in the stress range between 50 and 75
percent of f/, the unloading curve exhibits some nonlinearity. If reloading takes
place, the small characteristics hysteresis loop is formed, the unloading-
reloading curve is farly paralel to initial tangent of the original curve.

However, for unloading from stresses at about 75 percent of f; the unloading-

reloading curves exhibit strong nonlinearities, and a significant degradation of
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stiffness can be also observed. A reloading shows that the materials-stiffness
properties have changed drastically [99].

g s

—— Cyclic Loading
————— Envelope Curve

28

g

Stress, psi pura)
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Figure (4.2) Response of concreteto uniaxial cyclic loading [72].

In Fig. (4.3) different uniaxial stress-strain curves are given for concrete

with various values of compressive strength, f/. The shape of the stress-strain

curve is similar for concrete of low, normal, and high strength concrete. High-
strength concrete behaves in a linear fashion to a relatively higher stress level
than the low-strength concrete, but all peak points are located close to the strain
value of 0.002 (although high-strength concretes have somewhat a little higher
strain at peak stresses). On the descending portion of the stress strain curve,
higher strength concretes tend to behave in a more brittle manner, with the stress
dropping off more sharply than it does for concrete with lower strength [101].

According to ACI-318M Code [102], ultimate compressive strength
occurs at astrain ( o) of approximately (0.002). Also, the code specifies that
the ultimate strain (¢, ) be taken as (0.003).

Under different combinations of proportional biaxial loading, concrete
exhibits strength and stress-strain relation somewhat different from that under

uniaxial conditions. For equal biaxial compression a strength increase of about
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(16%) over f! is achieved; this increase is about (25%) at a stress ratio of (6,/0;

= 0.5) [103].
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Figure (4.3) Uniaxial compressive stress-strain curvesfor concrete with different
strengths[100].

In the vicinity of peak stresses concrete under compression exhibits
inelastic volume increase. This phenomenon, termed as volume dilatancy, is
usually attributed to the progressive microcracking in concrete during loading,
Fig. (4.4).Under biaxial compression-tension, the compressive strength
decreases amost linearly as the applied tensile stressis increased. Under biaxial

tension, the strength is almost the same as that of uniaxial tensile strength.
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Figure (4.4) Stress-volumetric strain curves[96].
73



CHAPTER FOUR FINITE ELEMENT METHOD

A typical biaxia strength envelope obtained by Kupfer et a. [103] is
presented in Fig. (4.5).
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Figure (4.5) Failure envelope of plain concretein biaxial stress space [96].

Concrete under triaxial compression shows a fairly consistent failure
surface, Fig. (4.6) which is a function of the three principal stresses [104].
Experimental results indicate that the failure surface of concrete is a function of
the three principal stresses. For increasing hydrostatic compression (along
01=0,=03) the deviatoric section (planes perpendicular to the axis 6,;=6,=63) Of
the failure surface becomes increasingly bulged (Mohr’s circle) indicating that
the failure in the region is independent of the third stress invariant. For small
hydrostatic pressure, this deviatoric cross section is convex and noncircular [99].

In the present study, concrete behavior is ssmulated by using:

e Nonlinear-inelastic-isotropic ~ material  (multilinear  stress-strain

relationship).

e Failure criterion to simulate cracking and crushing types of fractures.

e Cracking modeling.

e Crushing modeling.
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Figure (4.6) 3-D Failure surfacein principal stress space [96].

4.3.1.1 Multilinear Stress-Strain Relationship

The uniaxia behavior is described by a piece-wise linear total stress-total
strain curve. The slope of the first segment of the curve must correspond to the
elastic modulus of the material and no segment slope should be larger. No
segment can have a slope less than zero. The slope of the stress-strain curve is
assumed to be zero beyond the last defined stress-strain data point [105].

ANSYS program requires the uniaxial stress-strain relationship for
concrete in compression. Experimental results of the columns that tested in this
study are used to construct the uniaxial compressive stress-strain curve for
concrete in the present study.

The modulus of elasticity (E.) is calculated with reasonable accuracy from
the following empirical formula suggested by ACI Committee 318M-2008
[102],

E=4700,/f, (MPa) (4.31)

The shape of the uniaxial tensile stress-strain curves is similar to the

uniaxial compression curves. The tensile strength of concrete f is lower than
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its compressive strength. The limit of elasticity in tension may be taken to about
(60%) of the uniaxial tensile strength ' [106].

The ratio between uniaxia tensile and compressive strength may vary
considerably but usually ranges from 0.05 to 0.10. The modulus of elasticity
under uniaxial tension is somewhat higher and the Poisson's ratio somewhat
lower than in uniaxial compression [107].

Based on the above information, the stress-strain curve of concrete in

tension is drawn by using the same modulus of elasticity, and f; isused instead

of f/.Inthisstudy the magnitude of tensile strength in (MPa) is taken as[108],

£/=(0.31/f,) (MPa) (4.32)

4.3.1.2 Failure Criteria for Concrete

In general, the actual behavior and strength of concrete materials are quite
complicated because they depend on many factors such as the physical and
mechanical properties of the aggregate, cement paste and the nature of loading.
No single mathematical model can describe the strength of real concrete
materials completely under al conditions, so, simpler models or criteria are used
to represent the properties that are essential to the problem being considered
[105].

Willam and Warnke in 1975[109], developed a mathematical model
capable of predicting failure for concrete materials under multiaxial stress state.
Both cracking and crushing failure modes are accounted for this model is

represented by the following Eq.:

~-S>0 (4.33)

F = function of principal stress state (G, , Gy, O )
S=failure surface expressed in terms of principal stresses and five
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input parameters ( f,, f_, f,, f,and f,).
Oy 1Oy O 5 principal stressesin principal directions
If Eq. (4.33) is satisfied, the material cracks or crushes.
A total of five input strength parameters are needed to define the failure

surface as well as an ambient hydrostatic stress state (csﬁl ). These are:
f, = ultimate uniaxial tensile strength.
f(': = ultimate uniaxial compressive strength.
f 4, = ultimate biaxial compressive strength
f,=ultimate compressive strength for a state of biaxial compression
superimposed on hydrostatic stress state (Gﬁ)
f,= ultimate compressive strength for a state of uniaxial compression
superimposed on hydrostatic stress state ( Gﬁ)

cp = ambient hydrostatic stress state.

The failure surface can be specified with a minimum of two constants, f,

and f'.. The other three constants can be determined from Willam and Warnke
[109]:

fy= 121, (4.34)
f,= 1451 (4.35)
f,= 1.725f (4.36)

However, these values are valid only for stress states where the condition
stated below is satisfied:

lon| <3 (4.37)

where;

77



CHAPTER FOUR FINITE ELEMENT METHOD

o, = hydrogtatic stress state = %(axp to,+0,) (4.38)

When the crushing capability is suppressed with f; =-1.0, the materia
cracks whenever aprincipal stress component exceeds f,.

Both function F and failure surface S are expressed in terms of principal
stresses denoted as o, o,, and o, where:

0,=MaX (05,0,,,0,)

o3=min (o,0,,0,)

and 0,> o, > o,.

Thefailure of concrete is categorized into four domains [96]:

1- 0> o, > o, > o, (COmpression — compression — COMPression)

2- 0, >0>0, >0, (tensile— compression— compression)

3- 0,>0,>20=>0, (tensile—tensile—compression)

4- 0,20,20,20  (tensile—tensile— tensile).

Concrete cracks if any principal stress is a tensile stress, while crushing
will occur if al principal stresses are compressive [96].

Figure (4.7) shows the failure surface for states of stressthat are biaxia or
nearly biaxial. If the most significant nonzero principal stresses are in the x and
y directions, represented by oy, and oy, the three surfaces presented are for 64
slightly greater than zero, o, equal to zero, and o, Sightly less than zero.
Although the three surfaces, shown as projections on the oy, - 6, plane, are
nearly equivalent and the three-dimensional failure surface is continuous, the
mode of material failureis afunction of the sign of 6,, [96].

In a concrete element, cracking occurs when the principal tensile stressin
any direction lies outside the failure surface.

After cracking, the elastic modulus of the concrete element is set to zero
in the direction parallel to the principal tensile stress direction. Crushing occurs

when all principal stresses are compressive and lies outside the failure surface;
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subsequently, the elastic modulus is set to zero in all directions at that Gauss
point and its stiffness, and the element effectively disappears [96].
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Figure (4.7) Failure surfacein principal stress space with nearly biaxial stress states
(ANSYS).

4.3.1.3 Modéding of Cracking

The internal stresses and deflections of reinforced concrete structures are
affected by cracking. This phenomenon can be modeled in finite element

schemes either as discrete cracking approach, or as smeared cracking approach.
¢ |n the discrete cracking approach, the disconnecting or separating of the
concrete element nodes through which the cracking is passing, requires
additional nodes to occupy the same location, and connected by linkage
elements [110]. This physicaly appealing representation has
computational difficulties in that it requires node renumbering after the
development of the cracks and there is restriction on the crack

propagation direction depending on the mesh layout [111].

e The smeared crack model introduced by Rashid [112], who represents

cracks as a change in the material property of the element over which the
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cracks are assumed to be smeared and offer an automatic generation of
cracks without the redefinition of the finite element topology. It assumes
that the concrete becomes orthotropic after the cracking has occurred
with zero modulus of elasticity in the direction normal to the crack.
Poisson's effect is neglected due to lack of interaction between the two
orthogonal directions after cracking.

ANSY S adapts smeared cracking model to simulate the cracking of
concrete. The shear transfer coefficient B represents conditions of the crack face.
The value of B ranges from (0.0 - 1.0). B= 0.0 represents a smooth crack
(complete loss of shear transfer) and 1.0 represents a rough crack (no loss of
shear transfer) [113]. Therefore, the shear transfer coefficient used in this study

is 0.3 for asmooth crack and 0.9 for arough crack.

4.3.1.4 Modeling of Crushing

If the material at an integration point fails in uniaxial, biaxial, or triaxia
compression, the material is assumed to crush at that point. Under this condition,
material strength is assumed to have degraded to an extent such that the
contribution to the stiffness of an element at the integration point in equation can
beignored [105].

4.3.1.5 Nonlinear Behavior-Concr ete

In solid mechanics problems, there are two sources of nonlinearity. The
first is due to non-linear material behavior and is usualy referred to as material
nonlinearity. The second is geometric nonlinearity due to the change in solid
geometry.

In the present study, material nonlinearity due to nonlinear stress-strain
relationship is considered.

4.3.2 Ferrocement M atrix

There are numerous similarities between ferrocement and reinforcement

concrete. In addition to fact that both use smilar matrix and reinforcement
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material, they obey the same principles of mechanic and can be modeled
according to the same theories.

They can be analyzed using similar techniques and they can be designed
according to the same philosophy. So, the ferrocement can be considered as an
extreme boundary of reinforced concrete and scale effect may be significant
enough to differentiate them [10].

In the present study, the adopted stress-strain relation for ferrocement
matrix is based on work done by Desayi and Krishnan [114], Fig. (4.8).
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Figure (4.8) Idealized uniaxial stress-strain curve for ferrocement matrix [114].

The compressive uniaxial stress-strain relationship for ferrocement model
was obtained by using the following equations to compute the multilinear

isotropic stress-strain curve for the ferrocement.

fo=¢ E; for O<e<g (4.39)
E
fo= tc 5 for g1<e<eo (4.40)
1+[8]
80
fo=f, for g <e<gy, (4.41)

and
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~ 03f,

€1 (Hooke’s law) (4.42)

C

21,
EC

€o = (4.43)

where

f.= stress at any strain €, MPa

¢ = strain at stress f

&, =Strain at ultimate compressive stress  f; and

E. = concrete elastic modulus, MPa

The multilinear curves were used to conduct the nonlinear solution
algorithm [115].

4.3.3 Steel Wire Mesh

In the current work, an elastic linear work hardening model is adopted
to simulate the uniaxia stress-strain behavior of reinforcing steel wire mesh.
The initial slope of the curve is taken as the elastic modulus of the material. At
the specified yield stress (fy=C1), the curve continues along the second slope
defined by the tangent modulus C2 (having the same units as the elastic
modulus). The tangent modulus cannot be less than zero nor greater than the
elastic modulus.

Anidealized uniaxial stress-strain curve for steel wire mesh isshownin
Fig. (4.9).
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Figure (4.8) Idealized uniaxial stress-strain curvefor steel wire mesh.
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4.4 ANSY S Computer Program

The computer program ANSYS (ANalysis SYStem version 11) is a
powerful and impressive engineering finite element package that may be used to
solve a variety of problems. Over the years, finite element method has become
the most commonly used method for studying the stress, deformation, and other
engineering parameters. Finite element method uses complicated mathematical
eguations to accurately approximate how a complex structure reacts to a certain
load or condition. Finite element packages such as ANSY S solve thousands or
millions of these equations to find a solution for a model. Handling all these
equations as a whole be difficult and mostly impossible to solve manually.
ANSYS is a comprehensive genera -purpose finite element computer program
that contains different elements implemented in the program. ANSY S has the
capacity of solving linear and nonlinear problems including the effect of
cracking, crushing, yielding of reinforcement, creep..... etc. In order to use
ANSY S or any other finite element analysis computer program intelligently, itis
imperative that one first fully understands the underlying basic concepts and

limitation of the finite element method.

4.4.1. Nonlinear Solution Techniques

In general, applying the finite element method for any problem leads to a
set of algebraic equations of the following form:

[KI{a}={f} (4.44)
where

{a} isthe unknown nodal displacement vector.

{f} isthe nodal applied force vector.

[K] isthe stiffnessmatrix  ( [[B["[D]Bdv ) (4.45)

The solution for these equations for linear elastic structural problems can

be obtained directly. In nonlinear problems, a direct solution is no longer
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possible since the stiffness matrix [K] depends on the displacement level ([K] =
[K (8)]), and therefore, it cannot be exactly calculated before the determination
of the unknown nodal displacement {a}. For nonlinear solution, the state of
equilibrium of structural system corresponding to the applied load must be
found. These equilibrium equations can be derived by applying the equilibrium
to the structural system. The equilibrium equations can be expressed as [103]:

fri={p}-{f} (4.46)

where {r} the out of balance force vector, and {p} represents the vector of the

nodal forces equivalent to the stress level, which is given by:

({p}={pi{a}) (4.47)
and have to be approximated in successive steps until equation (4.46) is
satisfied. The solution of nonlinear problems by finite element method is usually

attempted by one of the following three basic techniques [116]:

4.4.1.1 Incremental M ethod

In this method, the load { R’} is divided into a number of small increments
{AR}. The response {d} is obtained by the summation of the incremental

displacement { Ad} calculated from a series of incremental equilibrium Egs.
{ad} = [K, ] R} (4.48)

{d}i = {d}i.1 +{Ad}; (4.49)

where, i represents the ith loading step, and [K];.; is the tangent stiffness matrix
at the end of the pervious increment.
The solution tends to drift away from the true path unless {ARY}; is

chosen to be very small as shown in Fig.(4.10-a).
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A more accurate solution can be obtained when the unbalanced force
{R"., from the previous step are added to the current load increment {AR},
from the solution of { Ad};. Mathematically this can be represented as

{ady = [k, [ (AR +{RY)) (4.50)
(b ={cia + {Ad, (4.51)

Unbalanced forces at any stage {R"}; is the difference between the applied
external loads{ R’} and the internal resisting loads { R'}, Fig.(4.10-b).

I':'IRj -: ﬁ_’_ﬂ‘____.—-
AR
AR
T i T .‘I:l -‘d
0 Ad 'l.'|: il
a. Pure incremental b. Incremental with residual

corrections

Figure (4.10) Scheme of the solution procedurein a non-linear problem

4.4.1.2 Newton-Raphson I terative M ethod

In this iterative method, the total value of {R} is applied only once and
the values of the tangent stiffness matrix, [K ], and displacement vector, {d}, are
continuously updated by successive application of unbalanced forces through an
iterative fashion, until convergence is achieved, as shown in Fig.(4.10-c).

More than one Newton-Raphson iteration is needed to obtain a
converging solution. The general algorithm proceeds as follows:
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1- At the ith iteration, the unbalanced forces { R"}; can be evaluated from the
difference between the total joint loads {R'} and the internal resisting loads

{R}
{R} ={R} - {R}i1 (4.52)

2- The unbalanced force vector is then applied to obtain the incremental

displacements { Ad};
{adhi = [k, 24 RS (4.53)
then,
{d}i ={d}i.. +{Ad} (4.54)

where, the tangent stiffness matrix [K';. is a function of the total displacements
{d}is

To avoid the processes of formulating the tangent stiffness [K'] at each
iteration a modified Newton-Raphson method may be employed, as shown in
Fig. (4.10-d). In this method the initial tangent stiffness [K'], is used for the

successive iterations such that Eq. (4.53) becomes,

ad) =k} R (4.55)

Savings in the computation time in each iteration due to this modification may
compensate the increased number of iterations, especially for elements with high
degrees of freedom.

The modified initial Newton-Raphson procedures converge slower than
the full Newton-Raphson procedure, but they require fewer matrix reformulation

and inversion.

4.4.1.3 Step-lterative M ethod (Mixed Procedur e)

In order to overcome the defects of the so far described methods, a

combination of the incremental and iterative schemes has been used. In this
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procedure the load is applied incrementally and within each increment
successive iterations are performed to obtain more accurate results, as shown in
Fig. (4.10-e). It is not necessary that the values of the increments of the load are
egual. This method has been widely used in the non-linear analysis of reinforced

concrete structures, and it is adopted in the present investigation.

i8]

c. Newton- Raphson method d. Modified Newton- Raphson
method

;
AR/ /V

!
e. Combined incremental and iterative

. d

Figure (4.10) continued

4.4.2Convergence Criteria

The problem associated with iterative techniques is the decision as to

whether the current iteration is sufficiently close to the root without knowing the
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true solution. The convergence criterion for non-linear structural problems can
usualy be classified as:
I- Force criterion, ii- Displacement criterion, iii- Stress criterion

In the present study the force criterion is used.

In the ANSY S software convergence is assumed when,

|{R}| < s R« (out of balance convergence) (4.56)

where, { R} istheresidual vector, given by
{R} ={F} - {F"} (4.57)

eriS tolerance and R« is reference values. || is a vector norm; that is, a scalar

measure of the magnitude of the vector. F? is vector of applied loads. F" is
vector of restoring loads corresponding to the element internal loads.

Convergence, therefore, is obtained when the size of the residua
(disequilibrium) is less than a tolerance times a reference value. The default
tolerance is 0.001.

The default out-of-balance reference value Ry is |[{ F}||. For DOFs with
imposed displacement constraints, {F"} a those DOFs are used in the
computation of R.. For structural DOFs, if ||{ F%} || falls below 1.0, then R, uses

1.0 asitsvaue.

4.4.3 Analysis Termination Criteria

In the physical test under force control, collapse of a structure takes place
when no further loading can be sustained. This is usually indicated in the
numerical tests by successively increasing iterative displacements and a
continuous growth in the dissipated energy. Hence, the convergence of the
iterative process cannot be achieved. A maximum number of iterations for each
increment are specified to stop the nonlinear solution if the convergence limit
has not been achieved for this study. This maximum number of iterations

depends on the type of the problem, extent of nonlinearities, and on the specified
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tolerance. In this study the maximum number of iteration is equa to 100 are

adopted for load control problems.
4.5 Material Modéeling of Confined Concrete Column

To create the finite element model in ANSY S there are multiple tasks that
have to be completed for the model to run properly. Models can be created using
command prompt line input or Graphical User Interface (GUI). To create this
model both the command prompt line input and GUI are utilized. Due to
symmetry in the cross section of the tested column as well as their loading,
symmetry was utilized in the finite element analysis; only one quarter of the
column was modeled. This section described the different tasks and entries used

to create the finite element analysis.

4.5.1 Representation of Concrete Core and Mortar

The choice of the proper element is very important in the finite element
formulation. For a reinforced concrete idealization, the element type depends
upon the geometry of the structure and the number of independent space
coordinates necessary to describe the problem. In the present study, SOLID65
three-dimensional reinforced concrete brick element, Fig. (4.11), is used to

model the concrete core and ferrocement shell.

Figure (4.11) Geometry of the brick element SOLID 65 (ANSYS)
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SOLIDG65 can be used for the three-dimensional modeling of solids with
or without reinforcing bars (rebars). The element is defined by eight nodes
having three degrees of freedom at each node, trandation in the x, y, and z
directions. The element is capable of cracking in tension, in three orthogonal
directions, crushing in compression, and plastic deformation. The rebars are
capable to resist tension and compression, but not shear. They are a so capable
to revea plastic deformation. The most important aspect of this element is the
treatment of nonlinear material properties[105].

SOLID65 alows the presence of four different materials within each
element; one matrix material and a maximum of three independent reinforcing
materials. The matrix material is capable of directional integration point
cracking and crushing besides incorporating plastic and creep behavior [105]

The shape functions of the SOLID65 element are interpolation functions
used to express the displacements at any point within the element in terms of
nodal displacements.

Using the shape functions, the displacement components (u, vV,

and w) at a particular point can be found as follows [105],
u=1/8 [u,(1-9)(1-t)(1-n)+ uy(1+s)(1-t)(1-r)+ uk(1+s)(1+t)(1-r)

+ UL (1-5)(1+1)(2-r) + um(1-9)(1-1)(1+r) + un(1+s)(1-1)(1+)
+ Uo(1+s)(1+)(1+1) + up(1-s)(1+1)(1+1)]

+ Uy (1-59) + up(1-t7) + ug(1-r%) (4.58)
v=18[v/(1-s) ............ (analogous to u)] (4.59)
w=1/8[w/(1-s)............ (analogous to u)] (4.60)

where, (s, t, and r) are the local coordinates, and they are normalized, ranging

from -1 to +1, and are not necessary orthogonal to one another.
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4.5.2 Representation of Wire M esh

In developing a finite element model of reinforced concrete member, at
|east three alternative representations of the reinforcement have been used [113],
Fig. (4.12).

1- Distributed (smeared) representation: the steel is assumed to be

distributed over the concrete element, with a particular orientation angle
0, Fig. (4.13). A composite-reinforcement constitutive relation is used in
this case. To derive such a relation, perfect bond must be assumed to
occur between the concrete and the steel.

2- Embedded representation: the reinforcing bar is considered as an axia

member built into the concrete element such that its displacements are
consistent with that of the element. Also perfect bond must be assumed to
occur between the concrete and the stesl.

3- Discrete representation: one-dimensional bar element may be used in this

approach to simulate the reinforcement, this element is connected to
concrete mesh nodes at bar location. Therefore, the concrete and the
reinforcement mesh share the same nodes and concrete occupies the same

regions occupied by the reinforcement.
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Figure (4.12) Modelsfor reinforcement in reinforcement concrete; (a) discrete, (b)
embedded and (c) smeared
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Figure (4.13) Reinfor cement orientation for distributed model

In the present study the distributed representation of reinforcement is
considered to model steel wire mesh within ferrocement matrix.

4.5.3 Representation of Stedl Plate

In the present study, SOLID45 three-dimensional structural brick element,
Fig. (4.14) is used to model steel plate. The element is defined by eight nodes

having three degrees of freedom at each node, translation in the x, y, and z

directions.
2w r':'l-" IIII".,
"—\_._-_\_\_\_‘__
_“I"'i“_'- 3
Y.v [ === —/—;l K
e
x.u "

o

Figure (4.14) SOLID 45 3-D Structural Solid element (ANSY'S)
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The used material properties for this element include Y oung's modulus (of
elasticity), density, and Poisson ratio, and they are taken into account.

This element was generated in the x-y plane, and then, extruded in the z
direction, to complete the three dimensional model.

The element has plasticity, creep, swelling, stress stiffening, large
deflection, and large strain capabilities.

The used shape functions for this element are illustrated in
section (4.5.1) and Egs. (4.58), (4.59), and (4.60).

4.5.4 M odeling and M eshing

A three dimenson model of the concrete structure was built using
ANSYS. For modeling circular columns a cylindrical coordinate system was
created in the active work plane. The cylindrical model was built by first
modeling 1/36th radial sector (10°) of the concrete cylinder. Thisfirst sector was
used so that a regular radial symmetric mesh can be generated. Once the radial
sector was meshed and due to symmetric geometry and loading only a quarter of
the column of given radius and height was created. The cylindrical column was
generated by repetition of this first sector. The ferrocement jacket was aso
modeled in the same way and was incorporated onto the initial sector. The
concrete column was modeled using a special concrete element SOLID 65. It
enables to define up to three different rebar materials within the concrete. A
rebar material is defined by specifying the rebar material properties including
volume fraction with respect to the concrete, and the orientation of the rebar
with respect to element coordinate system. The welded wire mesh in
ferrocement shell was represented by smeared model. Reinforcement has
uniaxial stiffness only and is assumed to be smeared throughout the element
[105]. The interfacial bonding between the concrete core and ferrocement shell
was controlled by the number of nodes merged at the interface of the two
materials assuming a perfect bonding between them. For the validation of the

model, the dimensions used were of those specimens used in the experiments
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program of this study which presented in chapter three. Refinement of the mesh
increases accuracy of the ssimulation and also increases the analysis time. The
number and size of elements in the models was vary depend on the size of the
specimen. The properties of element materials were defined using the
experimental results. The both concrete core and ferrocement jacket were
meshed with Solid65 and the steel plate was meshed with Solid45 elements. The
coordinate axes of all the element of the model are oriented to the cylindrical
coordinate system. In the model, Z-axis of the coordinate system coincides with
the axis of the column. The X and Y axis represent the radia and hoop
directions of the column respectively. Figure (4.15) shows the finite element

model of the circular concrete column strengthened with ferrocement.

i bearing plate E-:H vz

bE- B -2

ferrocement shell

e

concrete core

bearing plate

Figure (4.15) Finite element model of concrete column strengthened with ferrocement
jacket (ANSYYS)

4.5.5 Boundary Conditions and L oading

It has been found that the simulation of the applied load and the supports
has significant effect on the results of the finite element analysis. In the
experimental work of the present investigation bearing plates were used at the

loading and supporting points. Displacement boundary conditions are needed to

94



CHAPTER FOUR FINITE ELEMENT METHOD

constrain the model to get a unique solution. To ensure that the model acts the
same way as the experimental column, the boundary conditions needed to be
applied at points of symmetry and where the supports exist. The boundary
conditions are:

1. The concrete column was considered fixed at the bottom end with no
vertical displacement of the nodes in the z direction.

2. The model being used is symmetry about two planes. The symmetric
boundary conditions are applied at the two cut planes XZ and YZ pardl€
to axis of the column and all nodes on each plane of symmetry were fixed
only in the direction normal to that plane but were free to move within
that plane.

3. Anaxial compressive pressure load was applied onto the surface of a steel
plate which was placed on the column top cross-section.

The axia pressure load is increased gradually until the ferrocement jacket
fails. Figure (4.16) demonstrate the loading and boundary conditions for a

concrete column strengthened with ferrocement jacket.
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Figure (4.16) Boundary conditions and loading on quarter model (ANSYS)
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CHAPTER FIVE
Results and Discussion

5.1 Introduction

This chapter describes the results of the experimental work conducted on
48 concrete columns strengthened with ferrocement jackets and tested under
concentrated monotonic and cyclic loads. Concrete columns behavior under
various loading history and falure modes of strengthened columns are
discussed. The behavior of the strengthened columns is compared with that of
the plain concrete. A study is carried out to explore the affect the various
parameters which are expected to affect the behavior of such columns. The
parameters include:

1. Volume fraction of wire mesh reinforcement.

2. Size of the concrete columns.

3. Strength of mortar compressive strength.

4. Type of loading (monotonic and cyclic).

The three dimensional finite element model described in the previous
chapters was used to anayze the tested columns in order to examine the ability
of the model to predict the overall behavior of the columns and to obtain more
information about the stresses and strains developed in the columns. Parameters,
which affect the analysis such as compressive strength of concrete core, stiffness
of ferrocement shell, and loading applied on the ferrocement shell, which give

best fit to the experimental results, are selected.

5.2 Results of the Experimental Program and Discussion

5.2.1 Testing Program and Procedur e

A total of 48 test specimens described in the previous chapters were tested
to investigate the behavior of strengthened concrete columns with ferrocement
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jackets under varied axia compressive load histories. Characteristics of

specimens and the loading histories are described below.

5.2.1.1 Monotonically Increasing Axial Load Tests

Monotonically increasing axial load tests were conducted to obtain the
ultimate strength of specimens and to determine the strain at ultimate strength.
These testes were aso used in investigating the existence of an envelope curve.
The envelope is defined as the locus of limiting stress values in stress-strain
domain which will not be exceeded by any loading curve. The existence of the
envelope curve was examined by comparing the results of specimens subjected
to monotonic loading to failure with the results of specimens subjected to
various stress and strain histories.

Axia load tests were conducted on groups of specimens in which one
specimen was tested under monotonic load. In this way, the maximum capacity
and the strain at the maximum stress were determined for each specimens tested

under various load histories.

5.2.1.2 Axial Compressive L oad Cyclesto the Envelope Curve

In these tests the stress-strain envelope was reached during each load
cycle. By comparing the stress- strain curve obtained from the tests with
monotonic load and the curves in these tests existence of the envelope curve was
examined. This test was aso used to investigate the common points limit.

The confined specimens were loaded axialy up to a given vaue of axia
strain, unloaded to zero axial stress, and then reloaded until the stress follows
the previous loading point. The specimen was again unloaded to zero axia stress
and the procedure was repeated in the same fashion until failure occurred. The
histories were controlled by the incremental strain in each cycle. The
incremental strain was chosen so that the loading curve, in each cycle attained
the envelope curve.
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5.2.1.3 Repeated Loads Between Specified Maximum and

Minimum Stress L evels

Repeated axial loading between specified stress levels were carried out to
examine the mechanism of failure under stress levels below ultimate. This series

was subdivided into two groups:

a. Confined specimens were loaded under monotonically increasing axial
compression up to 90% of ultimate strength, unloaded to zero axial
stress and then reloaded until the stress approaches the same previous
point. This procedure was repeated until failure occurred or 70 cycles
were applied. The specimens in which alarge number of cycles would
have been needed to reach failure were loaded monotonically from the
minimum stress level to ultimate after a finite number of cycles had

been applied.

b. Confined specimens were loaded as in the above case except that in

this case the minimum stress level was 40% of ultimate strength.

5.2.2 Evaluation of the Tests Results

5.2.2.1 Confinement Effect on Concrete

A.Behavior under a Monotonic Axial L oading up to Failure

In order to evaluate the beneficial effect of confinement on the total load
carrying capacity of concrete column strengthened with ferrocement jacket, the
measured axial load-axial strain behavior of column 5BM2 isgivenin Fig. (5.1).
On the same figure the behavior of plain concrete column is also shown. The
axial load-axial strain behavior of the plain concrete core was obtained using the
measured axial load-axial strain curve of column 150BM. The figure clearly
indicates that the capacity of the strengthened column significantly exceeds the

load capacity of the plain concrete columns.
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For the concrete column confined with the ferrocement shell, the initial
axial load-axia strain behavior was similar to that of unconfined concrete, since
the lateral expansion of the core was insignificant and confinement causes very
little change in the initial slope of the stress-strain curves. Hence, the initia
stiffness is not affected by confinement. At this stage, the circumferential strain
is low and hence there is no confining pressure from wire mesh. After that, the
ferrocement shell was activated and the axial load-axial strain curve of confined
concrete showed nonlinear behavior until the final rupture of the ferrocement
jacket. From that stage the concrete is under triaxial compression due to restraint
by the ferrocement shell, which is under vertical compression and transverse
tension. Due to the confinement of the concrete the triaxial stress state causes a
reduction of the axial compressive strength of the ferrocement shell while there
is an increase in the longitudinal compressive strength of the concrete core. The
interaction between the ferrocement shell and the concrete core works
beneficialy and leads to an ultimate load exceeding the uniaxial compression

loads of plain concrete.
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Figure (5.1) Effect of ferrocement jacket on ultimate load of strengthened concrete

columns
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B. A Cyclic Axial L oading to Failure (Existence of Envelope
Curve)

The envelope is defined as the locus of limiting stress values in stress-

strain domain which will not be exceeded by any loading curve without having
an apparent failure. In the following discussion the existence and validity of the
envelope curve will be examine. The existence of an envelope curve for
strengthened concrete columns with ferrocement jackets can be investigated by

comparing with test results of the monotonically increased axial load tests.

A basic hypothesis in studies on the cyclic stress-strain behavior of
unconfined and steel-confined concrete is that an envelope curve exists and this
envelope curve is approximately the same as the stress-strain curve for the same
concrete under monotonic loading [6]. Such an envelope curve can be
considered as the upper boundary of the response of the concrete subjected to

different loading histories in the stress-strain domain.

To compare the monotonic and cyclic stress-strain curves of concrete
confined with ferrocement jackets in present study, Figs. (5.2) to (5.11) show
envelope curves for the axial stress-axial strain, which were obtained by
connecting the initial unloading points on the stress-strain curve for the cyclic
loading. The envelope curve is approximately coincident with the stress-strain
curve for corresponding monotonic loaded specimens, as the two amost
coincide. This observation indicates that the basic hypothesis of envelope curves
isvalid for concrete confined with ferrocement jackets.

This observation supports the concept that the monotonic curve (or
envelope curve) serves as a limiting curve below which lie al the stress-strain

paths under cyclic loading.
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Figure (5.2) Comparison of monotonic axial load with cyclic to envelope for J1
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Figure (5.3) Comparison of monotonic axial load with cyclic to envelope for J2
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Figure (5.4) Comparison of monotonic axial load with cyclic to envelope for J3
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Figure (5.5) Comparison of monotonic axial load with cyclic to envelope for J4
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Figure (5.6) Comparison of monotonic axial load with cyclic to envelope for J5
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Figure (5.7) Comparison of monotonic axial load with cyclic to envelope for J6
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Figure (5.8) Comparison of monotonic axial load with cyclic to envelope for J7
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Figure (5.9) Comparison of monotonic axial load with cyclic to envelope for J8
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Figure (5.10) Comparison of monotonic axial load with cyclic to envelope for J10
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Figure (5.11) Comparison of monotonic axial load with cyclic to envelope for J11
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5.2.2.2 Strength of Concrete Columns Strengthened with

Ferrocement

The ultimate load and the corresponding strain for all specimens are
summarized in Tables (5.1), (5.2) and (5.3). From these tables, it can be seen
that the use of ferrocement jackets enhances the load carrying capacity of
concrete columns. For al the specimens strengthened with ferrocement jacket,

the load ratio P_/P,, is aways larger than one. The P_/P, varies between
(2.481 and 4.116) and P_/P,, between (1.132 and 2.291) for columns with 35
MPa mortar compressive strength. However, P./P,, varies between (2.571 and
4.873) and P,./P,, between (1.173 and 2.367) for columns made with 45 MPa
mortar compressive strength. This increase in strength is due to the ferrocement
materials which have mesh reinforcement providing confinement to the core
concrete. Large confining pressure was also exerted on the core contents and the

redistribution of crack propagation resulted in less lateral expansion of the core.

Thus, the strength increased in the confined specimens as compared to the

control specimens (unconfined columns).

TABLE (5.1) Test results of plain concrete columns

Column P.o1 Displacement Ecol
Group No. ) _
designation (KN) (mm)
J12 100AM 180.5 0.870 0.00290
J13 100BM 177.3 1.156 0.00257
J14 150DM 405.5 1.897 0.00253

TABLE (5.2) Test results of plain concrete columns

Column Py Displacement Eco2
Group No. ) _
designation (KN) (mm)
J15 150AM 390.0 0.759 0.00253
J16 150BM 388.7 1121 0.00249
J17 200DM 703.4 1.995 0.00266
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Table (5.3) Test results of strengthened concrete columnswith ferrocement shell

Group Column P, Displacement P, P, Ecc Ecc

No. | designation| (kN) (mm) Fec Peoor | Peoz | €cot | Ecoz
J 4AM 1 743.0 2.010 0.00670 | 4.116 | 1.905 | 2.310 | 2.648
J1 2BM1 463.0 1.179 0.002621 | 2.611 | 1.191 | 1.019 | 1.053
2BE1 447.1 1.206 0.00268 | 2.521 | 1.150 | 1.043 | 1.076
2BL1 455.9 1.165 0.00259 | 2571 | 1.173 | 1.007 | 1.040
2BS1 439.9 1.170 0.00260 | 2.481 | 1.132 | 1.012 | 1.044
J2 4BM 1 636.1 2.623 0.00583 | 3.587 | 1.636 | 2.143 | 2.341
4BE1 613.2 2.466 0.00548 | 3.458 | 1.577 | 2.015 | 2.201
4BL1 583.1 2.560 0.00569 | 3.288 | 1.500 | 2.092 | 2.285
4BS1 636.1 2412 0.00536 | 3.587 | 1.637 | 1.971 | 2.153
J3 4DM 1 1115.3 4.222 0.00563 | 2.750 | 1.586 | 2.225 | 2.117
4DE1 1127.8 4.890 0.00652 | 2.781 | 1.603 | 2577 | 2.451
4DL 1 1171.8 4912 0.00655 | 2.890 | 1.666 | 2.589 | 2.462
4DS1 1090.1 4.800 0.00640 | 2.688 | 1.550 | 2.530 | 2.406
J4 /DM 1 1570.8 6.750 0.00900 | 3.874 | 2.233 | 3.557 | 3.383
7DE1 1592.8 6.900 0.00920 | 3.928 | 2.264 | 3.636 | 3.459
7DL1 1611.6 6.885 0.00918 | 3.974 | 2.291 | 3.628 | 3.451
7DS1 15771 6.675 0.00890 | 3.889 | 2.242 | 3.518 | 3.346
JS 2BM2 489.5 1.260 0.00280 | 2.760 | 1.259 | 1.029 | 1.124
2BE?2 464.7 1.264 0.00281 | 2.621 | 1.196 | 1.033 | 1.129
2BL?2 455.9 1.327 0.00295 | 2571 | 1.173 | 1.085 | 1.185
2BS2 459.4 1.381 0.00307 | 2591 | 1.182 | 1.129 | 1.233
J6 3BM2 538.9 2.025 0.00450 | 3.039 | 1.386 | 1.654 | 1.807
3BE2 540.3 2.123 0.004718 | 3.047 | 1.390 | 1.735 | 1.895
3BL2 530.1 2.340 0.00520 | 2.989 | 1.364 | 1.912 | 2.088
3BS2 556.6 2.218 0.00493 | 3.139 | 1.432 | 1.813 | 1.980
J7 4BM 2 705.9 2.731 0.00607 | 3.981 | 1.816 | 2.232 | 2.438
4BE2 648.5 2.623 0.00583 | 3.657 | 1.668 | 2.143 | 2.341
4BL 2 671.5 2.709 0.00602 | 3.787 | 1.728 | 2.213 | 2.418
4BS2 676.8 2.5601 0.00569 | 3.817 | 1.741 | 2.092 | 2.285
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Table (5.3) Continued

J8 S5BM 2 821.7 | 3.812 | 0.00847 | 4634 | 2114 | 3.114 3.402

5BE2 858.8 | 4.001 | 0.00889 | 4843 | 2.209 | 3.268 3.570

S5BL2 759.8 | 3.668 | 0.00815 | 4.285 | 1.955 | 2.996 3.273

5BS2 8128 | 3.668 | 0.00815 | 4.584 | 2.091 | 2.996 3.273

J9 4AM 2 749.2 | 1.980 | 0.00660 | 4.151 | 1.921 | 2.276 2.609

J10 4ADM 2 12221 | 5,250 | 0.00700 | 3.014 | 1.737 | 2.767 2.632

4DE2 1303.8 | 5.250 | 0.00700 | 3.215 | 1.854 | 2.767 2.632

4DL 2 1288.1 | 5483 | 0.00731 | 3.177 | 1.831 | 2.889 2.748

4DS2 1193.8 | 4.800 | 0.00640 | 2944 | 1.697 | 2.530 2.406

J11 7DM 2 1665.05 | 7.500 | 0.01000 | 4.106 | 2.367 | 3.953 3.759

7DE2 1646.2 | 7.635 | 0.01018 | 4.060 | 2.340 | 4.024 3.827

7DL2 1269.2 | 6.698 | 0.00893 | 3.130 | 1.804 | 3.530 3.357

7DS2 13195 | 6.998 | 0.00933 | 3.254 | 1.876 | 3.688 3.508

5.2.2.3 Strain behavior of concrete columns strengthened with

ferrocement

From Tables (5.1), (5.2) and (5.3), it can be seen that the use of
ferrocement jackets enhances the extrapolated axia strain at ultimate load of
concrete columns. For al the specimens strengthened with ferrocement jacket,

the strain ratio ¢./¢,, is aways larger than one. The ¢, /¢, varies between

(1.007 and 3.636) and ¢ /¢, between (1.04 and 3.459) for mortar compressive
strength of f'.=35 MPa. However, ¢ /¢, Vvaries between (1.029 and 4.024) and
£ /Ex, DEtween (1.124 and 3.827) for specimens having mortar compressive
strength of f'.=45 MPa. This increase in strain could be attributed to the
containment of concrete inside the ferrocement shell and the restrained lateral
expansion of concrete during loading. Because of confinement, the crack growth
and crack network formations occurred at a much controlled rate, leading to
these higher strains as compared to the control specimens. A typical combined
axial stress-strain is shown in Fig. (5.12). From this curve, it is observed that the
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confined concrete specimens have high ultimate strengths and strains as

compared to the conventional specimens.

45
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5 .
—o0—4AM1
0 4t T T T T T T T
0 0.002 0.004 0.006 0.008

Axial Strain

Figure (5.12) Stress-Strain curve for concrete confined with ferrocement and control

specimen for (150* 300) mm specimens

5.2.2.4 L oad-Axial Displacement Response

The axial load plotted as a function of axial displacement for strengthened
concrete columns and plain concrete columns are shown in Figs. (5.13 to 5.18).
Together, these figures and Table (5.3) clearly show that confinement with
ferrocement jackets can considerably enhance the structural performance of
concrete columns, both its strength and ductility, under axial load.

In strengthening concrete columns, at low levels of axial stress the

transverse strain are so small that the ferrocement jacket induces little
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confinement, if any. At higher axial stress levels, the dramatic increase in
transverse strains activates the ferrocement jacket and confining pressure
becomes more significant. The general confining pressure induces atriaxial state
of stress in the confined concrete. That concrete under triaxial stress exhibits
superior behavior, in both strength and ductility as compared to plain concrete.

The load-displacement relationships of al strengthened concrete columns
with ferrocement jackets are generally nonlinear in nature. The behavior of
strengthened columns under axial loading can be divided into two regions. In the
first region, the behavior of confined column is similar to that of plain concrete
column: this is due to the fact that the confining effect of ferrocement shell is
still not activated by the lateral expansion of the concrete core. In the vicinity of
the peak load of plain concrete columns, the confined concrete reaches a state of
unstable volumetric growth caused by excessive cracking. At this point, the
ferrocement shell is activated and starts to gradually restrain the rapid growth of
the lateral strains. This region of response is characterized by atransition curve
at approximately the ultimate load of the plain concrete column. And, this region
is recognized in which the ferrocement jacket shell is fully activated and the
|oad-displacement relationship continued as a nonlinear line up to the failure at
ultimate load.

Observations, after peak loads, showed that the failure of the strengthened
columns happens step by step and a complete collapse of the column by a
sudden explosive mode does not occur until large deformations are introduced.
Thisindicates that the energy absorption capacity or the ductility of the confined
concrete columns with ferrocement shell is much greater. However, the presence
of the ferrocement shell significantly enhanced the axial plastic strain before
collapse. This would provide warning to progressive failure rather than brittle

failure of plain concrete columns.
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Figure (5.13) L oad-displacement relation of (150* 300)mm specimens and f'cm=35 M Pa
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Figure (5.14) L oad-displacement relation of (150*300) mm specimens and f'cm=45 M Pa
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Figure (5.15) L oad-displacement relation of (150*450) mm specimens and f'cm=35 M Pa
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Figure (5.16) L oad-displacement relation of (150*450) mm specimens and f'cm=45 M Pa
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Figure (5.17) L oad-displacement relation of (200* 750) mm specimens and f'cm=35 M Pa
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Figure (5.18) L oad-displacement relation of (200* 750) mm specimens and f'cm=45 M Pa
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5.2.2.5 Effect of Number of Wire Mesh L ayers

In this section, the effect of number of wire mesh layers is investigated.
The number of layers is changed from 2 to 5 for the specimens having
(150*450mm) dimensions, (4 and 7 layers) for specimens with (200* 750 mm)
dimensions and 4 layers for specimen with (150*300 mm) dimensions. The
designation of specimensis used such that the first number indicates the number
of wire mesh layers.

Table (5.3) shows the effect of increasing the number of wire mesh layers
(volume fraction of mesh reinforcement) on the behavior of strengthened
concrete columns with ferrocement jackets. It can be seen from this table, when
al other parameters are the same, the increase of number of wire mesh layers
leads to greater increase in ultimate strength and the corresponding strain of the
strengthened columns with ferrocement jackets. This could be attributed to the
different ratios of the volume fraction reinforcement. The volume fraction of
reinforcement (v;) in this study is defined by the ratio of the volume of
reinforcement to the volume of composite [10]. It is noted that when increasing
the number of layers from 2 to 7 a considerable increase in the strength of
specimens is obtained.

Figures (5.19) and (5.20) show the effect on ultimate strength and strain,
respectively, of the volume fraction (v;) of wire mesh of strengthened
specimens. From Fig. (5.19), it can be seen that the ultimate strength increases
as the volume fraction is increased. It is clear that increasing v; leads to increase
of axia strength capacity and show that increasing v; from 1.09% to 2.73% in
specimen having size of (150*450 mm) gives an increase of axia strength in the
ratio of 1.952.

Also Figs. (5.13) to (5.18) show that as the number of mesh layers
increases, the axia displacement at ultimate load increases and the specimens
become more ductile. The same figures depict that the number of layers has an

insignificant effect on load displacement relationships at the first loading stage,
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until approaching the strength of unconfined columns, and strongly influences

the behavior

of the second region of axia load-displacement curves. This stiffer response is
due to the higher stiffness of these specimens. The ultimate load of specimens

with ferrocement jackets was reached at axial displacement which is higher than

after this point. The higher volume fraction, the stiffer the response

that of plain concrete specimens.
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Figure (5.19) Effect of volume fraction on ultimate strength
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Figure (5.20) Effect of volume fraction on ultimate strain
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5.2.2.6 Effect of Mortar Compressive Strength

Table (5.4) shows the ultimate load of the strengthened columns with
ferrocement jackets for the two different used mortar strengths. From this table,
it can be seen that the strength of the strengthened columns slightly increases as
the mortar strength increases.

The extrapolated axial strain at ultimate load of the strengthened columns
is plotted against the mortar strengths as shown in Fig. (5.21). From this figure
and Table (5.5), it can be seen that the ultimate axial strain of the strengthened
columns slightly increases as the concrete strength increases.

The load-displacement relationships for specimens 4AM1 and 4AM?2
have been drawn in Fig. (5.12) to examine the effect of mortar strength on this
relationship. As shown in this figure, the ultimate strength slightly increases as
the mortar strength increases, and also the strain at ultimate |oad increases as the

mortar strength increases.

Table (5.4) Ultimate load of specimenswith different mortar compressive strength

Layer No. Ultimate load (kN) Pys
f em=35MPa f em=45MPa P35
Monotonic 2 463.0 489.5 1.057
|oad 4 636.1 705.9 1.110
4 1115.3 1222.1 1.096
7 1570.8 1665.1 1.060
Cyclicto 2 447.1 464.7 1.040
envelope curve
613.2 648.5 1.058
1127.8 1303.8 1.156
7 1592.8 1646.2 1.034
average 1.076
Standard deviation 0.0415
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Table (5.5) Ultimate strain of specimenswith different mortar compressive strength

Layer No. Ultimate strain €45
€35
f'em=35MPa f' cm=45 M Pa
Monotonic load 2 0.00262 0.00280 1.068
4 0.00583 0.00607 1.041
4 0.00563 0.00700 1.243
7 0.00900 0.01000 1.111
Cyclicto 2 0.00268 0.00281 1.049
envelope curve
4 0.00548 0.00583 1.064
4 0.00652 0.00700 1.074
7 0.00920 0.01020 1.109
average 1.095
Standard deviation 0.065
0.011
0.01 - D/ﬂ
0.009 -
0.008 -
(=
‘s 0.007 -
&
£ 0.006 - — —°
E
£ 0.005 -
- ]
0.004 - 2 layer
0.003 -
—o—4 layer o A
0.002 -
—o—7 layer
0001 T T T T T T T

30 32 34 36 38 40 42 44 46
Mortar Compressive Strength (MPa)

Figure (5.21) Effect of mortar compressive strength on ultimate strain of specimens
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5.2.2.7 Effect of Column Size

Table (5.6) demonstrates the effect of the column size on the ultimate
strength of concrete columns strengthened with ferrocement jacket. As it is
evident from this table, the increase of the column size led to decrease ultimate
strengths.

Figure (5.22) also shows the effect of the column size on the strength of
concrete column strengthened with ferrocement jacket. As shown in this figure,
the increase of Size causes a reduction in the ultimate compression stress of the
column. This reduction in ultimate strength is not significant and could be
attributed to that with an increase in the column height, the effect of the friction
between the machine loading plates and the ends of the column is decreased
providing a region at the midheight of the column far from the ends which are
subjected to combined stresses. The region at the midheight of column will be
free to expand laterally and this will cause excessive cracking of concrete which

|leads to failure of columns.

Table (5.6) Effect of endernessratio on ultimate stress of specimen

Compressive | No.of | Dimension* | Slendernessratio | Ultimate strength (M Pa)
Strength Layer (mm)
(M Pa) (Monotonic load)
35 4 450* 150 12 36.0
4 750* 200 15 35.5
45 4 300* 150 8 42.4
4 450* 150 12 39.9
4 750* 200 15 38.9

*HeightxDiameter
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Figure (5.22) Histogram of the column size effect

5.2.2.8 Investigation of the Common Points L imit

The common point limit has been defined as "the locus of the points
where the reloading portion of any cycle crosses the unloading portion of
previous cycle. Stresses above this limit will lead to additional strains, while the
stresses below this limit give no strain increments, and the stress-strain curves
will go into a closed hysteresis loop” ( as cited in Ref. [13])

Figures (5.2) to (5.11) show the common point limit for cycles with zero
minimum stress levels applied to specimens loaded to or very close to the
envelope curve before they are unloaded. At points (A through D) in Fig. (5.2),
the reloading portion of the cycles starting from stress equals zero intersects the
unloading curves of the previous cycle given the locus of points which constitute
the common point limit for the applied load history.

The effect of the level of minimum stress is illustrated in Figs. 5.23) to

(5.32). In these figures, two tests on specimens made of the same concrete were
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conducted and the specimens were loaded to same maximum stress level (90
percent of ultimate strength) but the minimum stress level was different. First
test specimen was subjected to cyclic loading between 0.9 f'. and zero
minimum stress level. Faillure occurred after a certain number of cycles when
accumulated strain reached the envelope curve. The second test specimen was
subjected to cycles with the same maximum stress level but with a minimum
stress level of 0.4 f'.. Although the minimum stresses were different, the
common point limit was the same for both tests. The figures show that the
minimum stress in a cyclic loading does not have a significant effect on the
location of the common point limit. Therefore, it can be assumed that the
common point limit is unique and identical with the common point limit

corresponding to a cycle with zero minimum stress level.
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Figure (5.23) Effect of minimum stresslevel on common point limit J1

120



CHAPTER FIVE

RESULTS AND DISCUSSION

40

35

30

25

20

15

Axial Stress (MPa)

10

—4BL1

——4BS1

0.001

0.002

0.003

Axial Strain

0.004

0.005 0.006

Figure (5.24) Effect of minimum stress level on common point limit J2
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Figure (5.25) Effect of minimum stress level on common point limit J3
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Figure (5.26) Effect of minimum stresslevel on common point limit J4
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Figure (5.27) Effect of minimum stress level on common point limit J5
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Figure (5.28) Effect of minimum stresslevel on common point limit J6
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Figure (5.29) Effect of minimum stress level on common point limit J7
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Figure (5.30) Effect of minimum stresslevel on common point limit J8
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Figure (5.31) Effect of minimum stress level on common point limit J10
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Figure (5.32) Effect of minimum stresslevel on common point limit J11

5.2.2.9 Effect of Nonrecoverable Strain on Behavior

The nonrecoverable or plastic strain of concrete is defined as the residua
axia strain corresponding to a zero stress level on the loading or unloading
stress-strain curve. In the present study, al the unloading curves were
terminated when reaching the zero stress. In a number of existing studies [78,
117], the plastic strain of unconfined or steel-confined concrete was related to
the axial strain at the starting point of unloading. Sakai and Kawashima [117]
suggested that the plastic strain of steel-confined concrete is a linear function of
the unloading strain. It should be noted that unloading can be initiated from the
envelope curve, or from a reloading path. Only the plastic strain for unloading
from the envelope curve can be directly related to the unloading strain, as shown
in Fig. (5.33). This unloading strain is referred to as the envelope unloading
strain. In this figure, a linear relationship between the plastic strain and the
envelope unloading strain is also observed for ferrocement confined concrete.
Figure (5.33) shows that al series of specimens confined with (2, 3, 4, 5 and 7)
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layers of wire mesh have approximately the same line trend. This appears to
indicate that the plastic strain of confined concrete with ferrocement jacket is
independent of the amount of confinement for the range considered. As al series
of specimens had almost the same unconfined concrete strength, it is not clear

whether the unconfined concrete strength has an effect on the plastic strain.
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Figure (5.33) plastic strain vs. envelope unloading strain

5.2.2.10 Effect of L oading History

Sinha et al. [71] suggested a uniqueness concept which means that the
locus of common points, where the reloading path of an unloading/reloading
cycle crosses the unloading path, can be considered as a stability limit. Stresses
at or below thislimit will lead to stress-strain responses following the same path
without causing further permanent strains. According to this uniqueness
concept, the effect of loading history is negligible in predicting the unloading
and reloading paths of concrete. However, this uniqueness concept was not
supported by subsequent tests by Karson and Jirsa [72]. This non-uniqueness
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concept has been verified by other studies on unconfined concrete and steel
confined concrete [78, 117].

The results of the present tests show that the uniqueness concept is also
invalid for confined concrete with ferrocement jackets. Figures (5.23) to (5.32)
show that when subjected to repeated cycles at each prescribed axiad
displacement level, the axia stress-axial strain response of a subsequent
unloading/ reloading cycle does not coincide with that of the previous cycle and
instead shifts to the higher axial strain side. This shift of the unloading/reloading
curve indicates a cumulative effect of the loading history on the permanent
strain (plastic strain) and stress deterioration of confined concrete with

ferrocement jackets.

5.2.2.11 Failure M odes

The failure modes of al the test specimens are shown in Plates (5.1) and
(5.2).

The unconfined (plain concrete) columns, as shown in Plates (5.1), suffers
from excessive lateral expansion due to unstable propagation of the internal
micro-cracks, which causes the strain softening behavior and eventually the
concrete mass loses its integrity and fails in splitting manner. The complete
collapse of the column usually occurred suddenly at strains between 0.00249
and 0.00290.

For the concrete columns confined with ferrocement jacket, the typica
failure mode for columns was as follows. The first crack started at the top of the
specimen and the number of cracks started increasing gradually on all the sides
of the specimens. The cracks were widened at approximately 1/3rd height from
top or bottom of the specimen and ultimately the specimen reached the failure. It
was observed that there was no failure between the core and ferrocement
laminate. But the specimen failure was due to the network of cracks in the
concrete core and the yielding of transverse wires. The failure modes clearly

demonstrated that the transverse wires were subjected to hoop tension and
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thereby produced passive confinement pressure. The domination of vertical
cracks indicates that the failure was initiated by the development of vertical
cracks which led to the ultimate failure through the yielding of transverse wires.
Some of the meshes retrieved from crushed specimens showed broken
horizontal wire, indicating that the yielding of these wires is due to hoop
tension. The failure modes of confined concrete specimens are shown in plate
(5.2).

(b)

Group J 12 plain concrete Group J 15 plain concrete
(100*300) mm (150*300) mm

Group J 13 plain concrete (100*450) mm

Plate (5.1) Failure mode of plain concrete columns
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(d)

Group J 16 plain concrete (150*450) mm

(€)

Group J 14 plain concrete (150* 750) mm

(f)

Group J 17 plain concrete (200* 750) mm

Plate (5.1) Continued

129



CHAPTER FIVE RESULTS AND DISCUSSION

(@

Group J 1 Strengthen Column with 2wwm and f'cm=35 M Pa (150* 450) mm

(b)

Group J 5 Strengthen Column with 2wwm and f'cm=45 M Pa (150* 450) mm

(©)

Group J 6 Strengthen Column with 3wwm and f'cm=45 M Pa (150* 450) mm

Plate (5.2) Failure mode of strengthened concr ete column with ferrocement jacket
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(d)

Group J 2 Strengthen Column with 4wwm and f'cm=35 M Pa (150* 450) mm

Group J 7 Strengthen Column with 4wwm and f'cm=45 M Pa (150* 450) mm

(f)

Group J 8 Strengthen Column with 5wwm and f'cm=45 M Pa (150* 450) mm

d

Plate (5.2) Continued
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(9)

Group J 3 Strengthen Column with 4wwm and f'cm=35 M Pa (200* 750) mm

(h)

Group J 10 Strengthen Column with 4wwm and f'cm=45 M Pa (200* 750) mm

(i)

Group J 4 Strengthen Column with 7wwm and f'cm=35 M Pa (200* 750) mm

Plate (5.2) Continued
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(k)

Group J 11 Strengthen Column with 7wwm and f'cm=45 M Pa (200* 750) mm

0 (m)

Group J 9 Strengthen Column with Group J Strengthened Column with
4wwm and f'cm=45 M Pa (150* 300) mm 4wwm and f'cm=35 M Pa (150* 300) mm

Plate (5.2) Continued
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5.3 Finite Element Analysis

In the present section, the tested concrete columns strengthened with
ferrocement jackets have been analyzed using three dimensional finite element
models. The main objectives of the analysis are to check the validity of the
adopted finite element models in predicting the overal behavior of the tested
columns, and to get more information about stresses and strains developed in the
specimens.

It has been found that the simulation of the applied load has a significant
effect on the results of the finite element analysis. In the experimental work of
the present investigation, and to insure uniform distributed load on the top of
specimens, loading plates are used. Therefore in the present study the load is
distributed on the nodes under the loading plate in such a manner that each node
takes a load equal to the uniform applied pressure times the related area to the
node.

The analysisis made by using ANSY S 11.0 computer program. The three
dimensional 8-noded brick element (SOLIDG65) is selected to represent the
concrete column core and ferrocement jacket, while (SOLIDA45) is used for the
loading steel plate. The contact between concrete core and ferrocement jacket is

assumed perfect bonded.

5.3.1 Stress-Strain Relationship

Figures (5.34) and (5.35) illustrate the contours for axia displacement
obtained from the finite element model for one loading step. The hidden lines
represent the undeformed (original) edge of the column while the solid lines
represent the deformed shape of the column. Fig. (5.36) shows the cracking and

crushing of concrete specimen at ultimate load.

Figures (5.37) to (5.66) illustrate the stress-strain relationships for the
tested columns. The theoretica relationships alongside the experimental ones
are collected for each column. These figures show that the predicted behavior
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concerning the stress-strain curve is amost similar to the experimental results.
Good agreement between the experimental and theoretical resultsis achieved.

Tz IEN . @ EEax
Ui L)

Figure (5.34) contour plot of axial displacement for specimen (150*450) mm
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Figure (5.35) Deformed shape of axial displacement for specimen (150*450) mm
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Figure (5.36) Concrete cracking and crushing of concrete specimen with two layers of

wire mesh reinfor cement
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Figure (5.37) Stress-strain relation of monotonic load for 2BM 1
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Figure (5.38) Stress-strain relation of monotonic load for 4BM 1
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Figure (5.39) Stress-strain relation of monotonic load for 4ADM 1
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Figure (5.40) Stress-strain relation of monotonic load for 7DM 1
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Figure (5.41) Stress-strain relation of monotonic load for 2BM 2
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Figure (5.42) Stress-strain relation of monotonic load for 3BM 2
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Figure (5.43) Stress-strain relation of monotonic load for 4BM 2
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Figure (5.44) Stress-strain relation of monotonic load for 5BM 2
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Figure (5.45) Stress-strain relation of monotonic load for 4AM 2
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Figure (5.46) Stress-strain relation of monotonic load for 4ADM 2
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Figure (5.47) Stress-strain relation of monotonic load for 7DM 2
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Figure (5.48) Stress-strain relation of monotonic load for 4AM 1
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Figure (5.49) Stress-strain relation of cyclic load to envelope for 2BE1
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Figure (5.50) Stress-strain relation of cyclic load to envelope for 4BE1
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Figure (5.51) Stress-strain relation of cyclic load to envelope for 4DE1
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Figure (5.52) Stress-strain relation of cyclic load to envelope for 7DE1
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Figure (5.53) Stress-strain relation of cyclic load to envelope for 2BE2
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Figure (5.54) Stress-strain relation of cyclic load to envelope for 3BE2
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Figure (5.55) Stress-strain relation of cyclic load to envelope for 4BE2
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Figure (5.56) Stress-strain relation of cyclic load to envelope for 5BE2
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Figure (5.57) Stress-strain relation of cyclic load to envelope for 4DE2
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Figure (5.58) Stress-strain relation of cyclic load to envelope for 7DE2
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Figure (5.59) Stress - strain relation of cyclic load to 90% of ultimate strength and zero
stresslevel for 2BL1
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Figure (5.60) Stress - strain relation of cyclicload to 90% of ultimate strength and zero
stresslevel for 4BL 1
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Figure (5.61) Stress - strain relation of cyclic load to 90% of ultimate strength and zero
stresslevel for 4DL1
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Figure (5.62) Stress - strain relation of cyclicload to 90% of ultimate strength and zero
stresslevel for 7DL1
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Figure (5.63) Stress - strain relation of cyclic load between (90% - 40%) of ultimate
strength for 2BS1
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Figure (5.64) Stress - strain relation of cyclic load between (90% - 40%) of ultimate
strength for 4BS1
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Figure (5.65) Stress - strain relation of cyclic load between (90% - 40%) of ultimate
strength for 4DS1
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Figure (5.66) Stress - strain relation of cyclic load between (90% - 40%) of ultimate
strength for 7DS1

5.3.2 Ultimate L oad

The values of ultimate load and ultimate strain for all columns are shown
in Table (5.7). It can be seen that the ratios of values of experimental to
theoretical ultimate loads are between 0.88 to 1.094 with average value of 0.983
for strengthened concrete columns with ferrocement jackets.

Table (5.7) dso gives the experimental (extrapolated) and theoretical
values of strain at ultimate loads. The ratios of experimental to theoretical values
of strain are between 0.858 to 1.261 with average value of 1.04.

Table (5.7) Ultimate load of tested columns

Group Column Pgyp EExp Prum ENum ﬂ EExp
No. designation | (kN) (kN) Pyym | ENum

J 4AM 1 743.0 | 0.00670 | 715.6 | 0.00607 | 1.038 1.104
J1 2BM1 463.0 | 0.002621 | 475.3 |0.00242 | 0.974 1.083
2BE1 4471 | 0.00268 | 462.9 0.003 0.966 0.893
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Table (5.7) Continued

2BL1 455.9 | 0.00259 | 460.3 | 0.0026 | 0.990 0.996
2BS1 4399 | 0.00260 | 478.4 | 0.0029 | 0.920 0.897
J2 4BM 1 636.1 | 0.00583 | 632.6 |0.00611| 1.006 0.954
4BE1 613.2 | 0.00548 | 646.7 | 0.00561| 0.948 0.977
4BL1 583.1 | 0.00569 | 650.3 |0.00589 | 0.897 0.966
4BS1 636.1 | 0.00536 | 644.7 | 0.0061 | 0.987 0.879
J3 4DM 1 11153 | 0.00563 | 1162.4 | 0.0055 | 0.959 1.024
4DE1 1127.8 | 0.00652 | 1234.6 | 0.0061 | 0.914 1.069
4DL1 1171.8 | 0.00655 | 1162.5 | 0.00587 | 1.008 1.116
4DS1 1090.1 | 0.00640 | 1187.4 | 0.0064 | 0.918 1.000
J4 7/DM1 1570.8 | 0.00900 | 1592.8 | 0.0075 | 0.986 1.200
7DE1 1592.8 | 0.00920 | 1633.6 | 0.0081 | 0.975 1.136
7DL1 1611.6 | 0.00918 | 1473.4 | 0.00865 | 1.094 1.061
7DS1 1577.1 | 0.00890 | 1552.2 | 0.00789 | 1.016 1.128
J5 2BM2 489.5 | 0.00280 | 475.7 |0.00248 | 1.029 1.124
2BE?2 464.7 | 0.00281 | 450.0 |0.00249 | 1.033 1.129
2BL?2 4559 | 0.00295 | 420.2 |0.00249 | 1.085 1.185
2BS2 4594 | 0.00307 | 406.9 |0.00248 | 1.129 1.233
J6 3BM2 538.9 | 0.00450 | 590.2 |0.00357| 0.913 1.261
3BE2 540.3 | 0.004718 | 5124 | 0.0047 | 1.054 1.004
3BL2 530.1 | 0.00520 | 546.3 | 0.00415| 0.970 1.253
3BS2 556.6 | 0.00493 | 533.9 |0.00392| 1.043 1.258
J7 4BM 2 7059 | 0.00607 | 715.6 | 0.00550 | 0.986 1.104
4BE2 648.5 | 0.00583 | 664.4 |0.00555| 0.976 1.050
4BL 2 6715 | 0.00602 | 687.3 |0.00522| 0.977 1.153
4BS2 676.8 | 0.00569 | 691.8 |0.00581| 0.978 0.979
J8 5BM 2 821.7 | 0.00847 | 876.4 |0.00943| 0.938 0.898
SBE2 858.8 | 0.00889 | 858.8 |0.00938| 1.000 0.948
5BL2 759.8 | 0.00815 | 863.4 |0.00894 | 0.880 0.912
5BS2 812.8 | 0.00815 | 875.6 | 0.00950| 0.928 0.858
J9 4AM 2 749.2 | 0.00660 | 749.2 |0.00623 | 1.000 1.059
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TABLE (5.7) Continued

J10 4DM?2 1222.1 0.007 1272.4 0.009 0.920 0.897
4DE?2 1303.8 0.007 1303.7 0.007 1.006 0.954
4DL 2 1288.1 | 0.00731 | 1288.2 | 0.0085 | 0.948 0.977
4DS2 1193.8 0.0064 | 1293.6 | 0.0088 | 0.897 0.966
J11 /DM 2 1665.05 0.01 1731.1 | 0.0085 | 0.987 0.879
7DE2 1646.2 | 0.01018 | 1658.8 | 0.00885 | 0.959 1.024
7DL2 1269.2 | 0.00893 | 1715.3 | 0.0086 | 0.914 1.069
7DS2 13195 | 0.00933 | 1679.9 | 0.0092 | 1.008 1.116

J12 100AM 180.5 0.00290 | 189.7 | 0.00285 | 0.952 1.017
J13 100BM 177.33 | 0.00257 | 166.7 | 0.00266 | 1.064 0.966
J14 150DM 405.5 0.00253 | 387.4 | 0.00243 | 1.047 1.041
J15 150AM 390.3 0.00253 | 388.6 | 0.00255 | 1.004 0.992
J16 150BM 388.7 0.00249 | 398.2 | 0.00237 | 0.976 1.050
J17 200DM 703.4 0.00266 | 712.6 | 0.00257 | 0.987 1.035
mean
0.983 1.04

Standard deviation

0.054 0.107

5.3.3 Parametric Study

To investigate the effect of some material and solution parameters on the
nonlinear finite element analysis of concrete columns strengthened with
ferrocement jackets, column J1 for small size and column J2 for large size have
been chosen to carry out this study. The parameters considered are the concrete
compressive strength, applied load on ferrocement jackets and modulus of
elasticity of ferrocement jackets. In each numerical test, one parameter has been
considered to vary while the other parameters being held constants in order to
isolate the effects of the parameters considered. In the following sections, the

effect of each parameter considered in this study is described.
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5.3.3.1 Effect of Concrete Compressive Strength

In order to study the effect of using different values of compressive

strength of concrete f; on the overal behavior of the concrete columns

strengthened with ferrocement jackets, the concrete column J1 and J3 have been

analyzed for different values of f!. The values considered are 30, 35 and 40
MPa. Figures (5.67) and (5.68) show the effect of this parameter on the response

of strengthened concrete column represented by the stress-strain rel ationships.
It is obvious from these figures that the ultimate capacity of the concrete

column increases with the increase of the compressive strength f/.

Figure (5.69) shows a plot of the confinement effectiveness f'../f" .,
versus the unconfined concrete strength f',, for specimens with two and four
layers of wire mesh reinforcement. It is evident that as the unconfined concrete
strength increase, the confinement effectiveness decreases. The strengthened
specimens with ferrocement jacket having the least f'., show the maximum
increase in confined stress.

Table (5.8) shows the ultimate loads obtained for different values of
concrete compressive strength. The increase of the concrete compressive
strength leads to higher ultimate loads. The increase in axial strength in term of
confinement effectiveness f'../f’,, decreases from a maximum of 83.2% and
26.8% for the specimen having unconfined compressive strength of 22 MPa to
37.5% and 14.3% for the specimen having unconfined compressive strength of
40MPa for specimens strengthened with two and four layers of wire mesh
reinforcement respectively. Maximum confined concrete strength is observed in

the case of specimen having 22 MPa grade of concrete.
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Table (5.8) Ultimate load of specimenswith different concrete strength

NO Of Layer fICC (M Pa) f’CO(M Pa) f,CC/f,CO
2 36.2 30.0 1.21
41.0 35.0 1.17
45.7 40.0 1.14
4 48.0 30.0 1.60
52.5 35.0 1.50
55.0 40.0 1.38
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Figure (5.67) Effect of concrete compressive strength for column with 2 layers of wire
mesh
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Figure (5.68) Effect of concrete compressive strength column with 4 layers of wire mesh
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Figure (5.69) Effect of concrete compressive strength on confinement (2 layer of wire
mesh)
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5.3.3.2 Effect of Loading the Ferrocement Shell in the Axial

Direction

The effect of loading the shell in the axial direction simultaneously with
the concrete core can be illustrated by comparing results of experimentally
tested columns (2BM2, 3BM2, 4BM2, and 5BM2) with another group of
columns for which concrete cores only were axially loaded. The results of this
effect are shown in Table (5.9) for comparison. From Table (5.9), it is clearly
shown that the specimens loaded through both core and shell showed less
strength under the same other parameters. This is mainly attributed to the fact
that the ferrocement jackets were axialy loaded, therefore, they expanded
outward due to Poisson's ratio effect under their own share of axial load, which
results in less confinement pressure on concrete. Another factor is that the shells
are also axiadly loaded and lateral tension reduces their tensile strength in the
hoop direction. On the other hand, the ferrocement shells in the second group
are fully utilized in the hoop direction only, under uniaxial tensile stresses which

allow the development of their tensile strengths.

Table (5.9) Effect of Loading of ferrocement shell on ultimate strength

No. of Layer f'ec (MPa) FeeMP) | Ffee/fleo | Fec/Fleo
EXp. Num. EXp. Num.
2 27.70 29.26 1.26 1.33
3 30.50 36.52 1.39 1.66
4 39.90 43.34 1.82 1.97
5 46.00 48.18 2.10 2.19

5.3.3.3 Effect of Modulus of Elasticity of Ferrocement Shell

In order to study the effect of modulus of elasticity of ferrocement shell

(E9) on the behavior of strengthened concrete columns, different values of (Ey)
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have been considered. The selected values for this parameter are 35x10°,
38x10°, 41x10° and 44x10°MPa Figure (5.70) shows the stress-strain
relationships obtained from the finite element model for the selected values of
(Es). The ultimate loads obtained from this study are listed in Table (5.10). The
table shows that the increase of the modulus of elasticity of ferrocement jacket
from 35x10°MPa to 44x10°MPa leads to an increase in the ultimate load of
24.5%. From the figures, it can be seen that the effect of the stiffness of the
ferrocement jacket on the stress-strain relation is insignificant in the first region
and the ferrocement shells are activated gradually in region two. Once the
ferrocement shells are fully activated, the effect of the stiffness of the

ferrocement layers on the stress-strain is substantial .

Table (5.10) Ultimate L oads for Different Values of Modulus of Elasticity of ferrocement
shell

Specimen No. Modulus of Elasticity Load (kN) Displacement
(MPa) (mm)
1 35000 777.04 2.619
2 38000 842.38 2.750
3 41000 900.66 2.439
4 44000 967.77 2.327
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Figure (5.70) Effect of modulus of elasticity of ferrocement jacket on column strength
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5.4 Proposed Stress-Strain Relationship of Confined Concrete by

Ferrocement Jacket

The results shown in the previous section clearly indicated that
confinement produced by ferrocement jackets leads to enhancement of concrete
strength under axial loading. In addition, use of ferrocement jacket in columns
improves ductility of concrete. The strength and ductility enhancement of
concrete by confinement gives a considerable influence on stress strain
relationship of concrete. Therefore, stress-strain relationship of confined
concrete is quite different from that of unconfined concrete. The stress-strain
relationship of confined concrete provides a better understanding of the behavior
of the strengthened columns with ferrocement jacket. Also the stress-strain
relationship of confined concrete is essential in predicting the response of the

strengthened concrete column members.

54.1 Stress-Strain Relation for Confined Concrete under

M onotonic L oading

Based on the test results, a new model for stress-strain relation of
confined concrete by ferrocement under compression monotonic loading is
described below. This curve is also used as the envelope curve for the cyclic
loading case. The proposed analytic equation for the stress-strain relationship is
a parabola. An expression originally proposed by Popovics in1973 [118], and
later used by Cusson and Paultre in1995 [119] for high-strength concrete, was
adopted for the proposed stress strain relationship of the confined concrete with
ferrocement jacket. The mathematical expression for the curve is represented as

f=f i] (5.1)

ce [r=1+C)
cc

a— (5.2)

Ec_Esec

where;
f. » axial compressive stress of concrete.
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f'.. - axia compressive strength of confined concrete.

€. . concrete strain.

.. . Strain a maximum stress of confined concrete.

The parameter (r) above determines the initial slope and the curvature of the
curve. In Eq. (5.2), E,,.is the secant modulus of elasticity of confined concrete

and can be determined from

Eype = Le (5.3)

Ecc

The following equation, based on regression anaysis of test results

obtained from this study are used to determine the maximum stress of confined

concrete with ferrocement jacket as shown in Fig. (5.71).
flo=7",+@2xKx*f,=7) (5.4)

where;

f',, :strength of unconfined concrete.

kz

k, = 2L (5.6)

Ve volume fraction of wire mesh reinforcement.

fy ‘yield strength of wire mesh reinforcement.

f'., :compressive strength of mortar.

L/. : dendernessratio.

Table (5.11) shows a comparison between the experimental and predicted
ultimate strength. As can be seen from this table, good agreement with the test

data was obtained.
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The strain gain was found based on the regression analysis of test results
of this study as shown in Fig. (5.72). The strain gain is defined as difference
between the strain at the maximum stress of confined concrete and strain at the
maximum stress of unconfined concrete. The following equation is proposed for

the strain at the maximum stress of confined concrete.

K*fy
f’CD

£,0 = £, + 0.194 % (—X) — 0.0025 (5.7)

where;
&, . Strain at the maximum stress of unconfined concrete.

Figures (5.73) and (5.74) show the regression analysis of the results of the
proposed maximum stress and strain from Egs. (5.4) and (5.7), respectively. As
shown in these figures, R? = 0.9604 and 0.9436 for stress and strain,
respectively. These values indicate a well agreement between the predicted and
the actua values.

The proposed model was verified by comparing the analytically generated
stress-strain relation with those obtained from concrete columns tested in this
study. Figures (5.75 to 5.88) show the comparison of the experimental and
analytical results for the selected columns. The comparison indicates satisfactory

correlation between the analytical and experimental results.
5.4.2 Stress-Strain Relation for Confined Concrete under Cyclic
L oading

5.4.2.1 Unloading from Envelope Curveto Zero Stress

Test data sets were collected from present study, for full unloading from
the envelop curve to a zero stress level. Figure (5.89) shows the obtained
experimental values of the stress and strain. The stresses are expressed as ratios

between the unloading stresses (f,) and the residua stress(f,,,,). The strains are

expressed in terms of (E) The unloading curves in Figs. (5.2) to (5.11) show

161



CHAPTER FIVE RESULTS AND DISCUSSION

that the strain is constant as the stress decrease from f.to 0.9f, . On the other
hand, after the point (e,,, , 0.9f.) a shape of convex curve is not unique. The
unloading curve starts from the unloading point (&, , f,,,) to the point of plastic
strain (e,, 0). Depending on Fig. (5.89) unloading branches may be represented

by two equations, such as

e =1 for 0.9f, <€'< f,, (5.8)
w2 ,
_ 1—e 1—e ,
fo = fn [0.6 * (E) +0.3 (E)] for 0<e'<1 (5.9)
where;

e isthe normalized strain of the unloading branch, as given by

¢ = fuwm 0<e'<1

Ep—E€un
Two boundary conditions are given, as follows:
1. € =0,leadto £. = 0.9f,,
2. € =1,leadto f, = 0 at the zero stresslevel.

To predict the plastic strain at the residual point, the relationship of the
strain between the unloading point (&, , f,») and the residua point (g,,0) is
plotted in Fig. (5.33). Both strains are divided by the peak strain (¢..). The
relation in Fig. (5.33) is formulated according to the regression anaysis of
experimental resultsin this study as alinear function as follows:

& = & [0.725(22) — 0.09)] (5.10)
Figures (5.90) to (5.99) show comparison between anaytic and
experimental unloading curves obtained from tests. The curves are in very good

agreement.
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5.4.2.1 Reloading from Zero Stress to Envelope Curve

To determine the reloading path from zero stress to envelope curve, the
new stress at the reference strain (the envelope unloading strain) f,., On a

reloading path is akey value as shown in Fig.(5.100), which is determine by

foew = 0.9fun (5.11)

The reloading path can therefore, be constructed between the point of
plastic strain (&,,0) and the new stress level (g4, , frew ). FOr simplicity, the
reloading branch is then extended using the same slope until its return to the

envelope curve (&, , f.) @

fr_e — fnew (5.12)

Ere Eun —€p

where the return point (e, , f,.) can be computed in combination with Eqg. (5.1)
for the envelope curve.
Figures (5.101) to (5.110) show the comparison between analytic and

experimental reloading curves obtained from tests. The curves are in very good

agreement.
Table (5-11) Ultimate L oads for Columns
Group No. Ultimate Load (kN)
Experimental (P, ) Analytical (Py,, ) Prp
P pnal
J 689.1 689.1 1.000
J1 463.0 468.2 0.989
J2 636.1 642.3 0.990
J3 1115.3 1065.3 1.047
J4 1570.8 1517.1 1.035
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J5 489.5 474.9 1.031
J6 538.9 585.2 0.921
J7 705.9 692.6 1.019
S8 821.7 800.9 1.026
J9 749.2 749.2 1.000
J10 1222.1 1118.9 1.092
J11 1665.05 1664.3 1.000
mean 1.013
Standard deviation 0.039
35
30 4 y = 32.683x - 6.8202 .

R?=0.9706 .

25 4

20 -

fcc—fco

10 +

0 0.2 0.4 0.6 0.8 1 1.2 1.4
K.fy

Figure (5.71) Comparison between f'c. — f'c, and K. fy,
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Figure (5.75) Variation of stress-strain with monotonic load for 2BM 1
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Figure (5.76) Variation of stress-strain with monotonic load for 4BM 1
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Figure (5.78) Variation of stress-strain with monotonic load for 7DM 1
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Figure (5.80) Variation of stress-strain with monotonic load for 3BM 2
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Figure (5.81) Variation of stress-strain with monotonic load for 4BM 2
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Figure (5.82) Variation of stress-strain with monotonic load for 5BM 2
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Figure (5.84) Variation of stress-strain with monotonic load for 4DM2

60

50 -~

40 4

30 ~

Axial Stress (MPa)

20 ~

10 —o— Exp.

—o— Analytical
O '[|‘ T T T T T

0 0.002 0.004 0.006 0.008 0.01 0.012
Axial Strain
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Figure (5.86) Variation of stress-strain with monotonic load for 4AM 1
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Figure (5.87) Variation of stress-strain with cyclic to envelope load for column J8
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Figure (5.93) Variation of stress-strain with unloading path for column J4
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Figure (5.95) Variation of stress-strain with unloading path for column J6
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Figure (5.105) Variation of stress-strain with reloading path for column J5
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182



CHAPTER FIVE RESULTS AND DISCUSSION

60
50 .
T 40 - i ¢ " 4
n- e O
TE’: .', d 4 /.
g 30 - )
& n A d d
& 20 A
10 | g —o—EXxp.
—o— Analytic
O 1 T T
0 0.002 0.004 0.006 0.008 0.01

Axial Strain

Figure (5.108) Variation of stress-strain with reloading path for column J8
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CHAPTER SIX

Conclusions and Recommendations

6.1 Introduction

This study investigates the behavior of short concrete columns
strengthened with ferrocement jacket subjected to various axial monotonic and
cyclic compression loadings. Different volume fraction of wire mesh
reinforcement, column size, mortar strengths and loading type are used in order
to assess the effect of these variables on the strength of columns.

Moreover, a finite element model is presented to predict the behavior of
short concrete columns strengthened with ferrocement jacket through the stages
of the test program. As well as new analytical models are proposed for stress-
strain relationship of confined concrete with ferrocement under monotonic load

and for unloading and reloading under complete cyclic load.

6.2 Conclusions

The most important conclusions that can be drawn from the present study
are the followings:

1. The external confinement with ferrocement jacket can provide sufficient
lateral support to the concrete core and significantly increase the strength
and ductility of the specimens under axial loading. The experimental
results clearly demonstrate that jacket can enhance the structural
performance of concrete columns under axial loading.

2. The ratio of strength of concrete column strengthened with ferrocement
jacket to strength of plain concrete column ranged between 1.132 and

2.291 for columns with 35 MPa mortar compressive strength, whereas it
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was between 1.364 and 2.34 for columns strengthened with 45 MPa
mortar compressive strength.

3. The strain ratio of concrete column strengthened with ferrocement jacket
to strain of plain concrete column ranged between 1.04 and 3.459 for
columns with 35 MPa mortar compressive strength, whereas it was
between 1.124 and 3.827 for columns strengthened with 45 MPa

4. The number of layers of wire mesh is the major parameter and has
significant influence on the behavior of specimens. Thetest results proved
that the benefit of confinement could be enhanced by multiple layers.

5. The stress-strain relationship of the concrete columns strengthened with
ferrocement under monotonic load is generally parabola.

6. The failure of the tested specimens usually occurred near the top or
bottom of the columns (within the upper or lower quarter or one third of
the column height).

7. The results of experimental test showed that ferrocement jackets can
produce agood lateral confinement pressure to column specimens. Then it
can be used for strengthening and repairing structures.

8. The stress-strain relationship of concrete column under cyclic loadings
possesses an "Envelope Curve'. This envelope curve is constructed by
joining the end of all the reloading curves. Moreover, this envelope curve
approximately coincides with the stress-strain curve obtained from tests
on specimens under monotonic loading.

9. In the stress-strain relationship of concrete column under axial cyclic
loading, the reloading curves intersect the previous unloading curves at
so-called "Common Points". The locations of common points are found to
be independent of the minimum stress level.

10.The stress-strain curve of monotonic loading for strengthened specimens

can employ to serve as the envelope curve of cyclic load.
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11.The analysis of the test specimen indicates that the maximum of the
common point limits is at a stress level of about 90% of the ultimate
strength of concrete.

12.For the same concrete strength, the plastic strain of concrete column
strengthened with ferrocement jacket is linearly related to the envelope
unloading strain, but is independent of the amount of volume fraction of
wire mesh of reinforcement.

13.Repeated unloading/reloading cycles have a cumulative effect on the
permanent strain and stress deterioration.

14.Nonlinear finite element solution by ANSYS package program using
three dimensional elements for modeling the concrete column
strengthened with ferrocement jacket gives acceptable agreement with the
experimental results for the stress-strain relationships.

15.The ratios of theoretica to experimental values of ultimate loads are
between 0.88 to 1.094 for strengthened concrete columns with
ferrocement jackets. The ratios of theoretical to experimental values of
strain are between 0.858 to 1.261.

16.The finite element analysis shows that the increase in the modulus of
elasticity of the ferrocement shell (E,) causes an increase in the ultimate
load.

17.The specimens loaded on both concrete core and ferrocement shell
showed less strength than specimens loaded on the concrete core only

under the same other parameter.

6.3 Recommendations for Future Work

The following is a list of problems on which further studies are
recommended:

1. Experimental and theoretical studies for investigating the behavior

of concrete columns strengthened with ferrocement jacket with

longitudinal and transverse steel reinforcement are required.
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2.

Experimental and theoretical studies for investigating the behavior
of concrete columns strengthened with ferrocement jacket under
eccentric loads are recommended.

The effectiveness of using ferrocement jackets for columns with
high strength concrete under cyclic load.

The effectiveness of using ferrocement jackets on concrete columns
having square or rectangular cross sections.

Further testing is recommended on long concrete column

strengthened with ferrocement under monotonic and cyclic loads.
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